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Abbreviations 

3-MT   3-methoxytyramine 

5-HIAA  5-hydroxyindoleacetic acid 

5-HT   serotonin (5-hydroxytryptamine) 

6-OHDA  6-hydroxydopamine 

ACN   acetonitrile 

aCSF   artificial cerebrospinal fluid 

AD   Alzheimer´s disease 

AIM   abnormal involuntary movement 

AION   anterior ischemic optic neuropathy 

ALS   amyotrophic lateral sclerosis 
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BCA   bicinchoninic acid 

CAD gas  collisionally activated dissociation gas 

cAMP   cyclic adenosine-3´,5´-monophosphate 

cGMP   cyclic guanosine-3´,5´-monophosphate 

cIMP   cyclic inosine-3´,5´-monophosphate 

CJD   Creutzfeldt-Jakob disease 

CSF   cerebrospinal fluid 

DA   dopamine 

DARPP-32  dopamine and cAMP-regulated phosphoprotein of 32 kDA 

DOPAC  3,4-dihydroxyphenylacetic acid 

ECD   electrochemical detection 

EIA   enzyme immunoassay 

ELISA   enzyme-linked immunosorbent assay 

ESI   electrospray ionization 

ESR   electron spin resonance 

fCJD   familial CJD 

G3 Terc-/--mice third generation, TERC deficient mice 

GABA   -aminobutyric acid 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
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GFAP   glial fibrillary acidic protein 

GPCR   G-protein coupled receptor 

GPR6   G-protein coupled receptor 6 

GPR6-/--mice  GPR6 deficient mice 

HPLC   high performance liquid chromatography 

HVA   homovanillic acid 

Iba1   ionized calcium binding adaptor protein 1 

Icam-1  intercellular adhesion molecule-1 

IB   inhibitor of NFB 

IKK   IB kinase 

IKK2-CA  constitutive active allele of human IKK2 

IKK2 mice transgenic mice with IKK2-CA under control of the GFAP 

promotor 

IL-1   interleukin-1 

IMP   inosine-5´-monophosphate 

iNOS   inducible nitric oxide synthase 

L-DOPA  L-3,4-dihydroxyphenylalanine 

LC-MS/MS  liquid chromatography/tandem mass spectrometry 

LLOQ   lower limit of quantification 

LOD   limit of detection 

LOQ   limit of quantification 

LPS   lipopolysaccharide 

Mac2   galectin-3 

MCP-1  monocyte chemotactic protein-1 

MeOH   methanol 

MMSE  Mini Mental State Examination 

MPP+   1-methyl-4-phenylpyridinium 

MPTP   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

MRM   multiple reaction monitoring 

NADPH  nicotinamide adenine dinucleotide phosphate 

NFB   nuclear factor B 

O-GlcNAc  single, O-glycosidically linked -N-acetylglucosamine 

OGA   O-GlcNAcase 

OGT   O-GlcNAc transferase 
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P-DARPP-32  DARPP-32 phosphorylated at Thr34 

PCA   perchloric acid 

PCR   polymerase chain reaction 

PD   Parkinson´s disease 

PDA   photodiode array detector 

PDD   Parkinson´s disease dementia 

PDE   phosphodiesterase 

PrP   prion protein 

PTC   pseudotumor cerebri 

Q-FISH  quantitative fluorescence in situ hybridization 

RLU   relative luciferase intensity units 

RNS   reactive nitrogen species 

ROC curve  receiver operating characteristic curve 

ROS   reactive oxygen species 

RSD   relative standard deviation 

SDS PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

S/N   signal-to-noise ratio 

SN   substantia nigra 

SNpc   substantia nigra pars compacta 

TERC   telomerase RNA component 

TERT   telomerase reverse transcriptase 

TFI   telomere fluorescence intensity 

TH   tyrosine hydroxylase 

TNF   tumor necrosis factor  
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1. Introduction 

Parkinson´s disease (PD) is a neurodegenerative movement disorder affecting 

0.3% of the entire population and up to 4% of the elderly in developed countries 

(de Lau and Breteler 2006; Wirdefeldt et al. 2011). Because age is the most 

important risk factor for PD the demographic changes in developed countries 

towards an aging population will increase the prevalence of the disease in future, 

making it a serious health problem (Dorsey et al. 2007; Hindle 2010). The cause 

and pathogenesis of PD are still elusive and the current treatment strategies only 

consist of symptomatic approaches which cannot cure or at least halt the 

progression of the disease (Hirsch and Hunot 2009; Meissner et al. 2011). 

Furthermore, long-term treatment with current medications carries the risk of 

severe side-effects such as dyskinesia. Regarding the increasing prevalence of 

PD in future the development of new and disease-modifying treatment strategies is 

an unmet medical need (Meissner et al. 2011). 

The development of disease-modifying drugs requires knowledge of the disease´s 

pathogenesis and the presence of reliable biomarkers of the disease to monitor 

disease progression and to identify treatment effects (Meissner et al. 2011). 

Although some mechanisms have been identified that are involved in PD 

pathogenesis (e.g. protein aggregation, neuroinflammation, oxidative stress) their 

contribution to and temporal onset in the neurodegenerative process is unknown 

(Hirsch and Hunot 2009). 

Neuroinflammation originates from different sources including microglia and 

astrocytes (Hirsch and Hunot 2009). One of the detrimental consequences of the 

inflammatory process is the production of reactive oxygen species (ROS) such as 

superoxide radical by NADPH oxidase and reactive nitrogen species (RNS) such 

as nitric oxide by iNOS (Brown 2007). Superoxide radical and nitric oxide can fuse 

to form peroxynitrite that leads to oxidation and nitration of proteins, lipids and 

nucleic acids and impairs their biological function (Hald and Lotharius 2005). A 

receptor that is able to activate NADPH oxidase is the angiotensin II receptor 1 

(AT1). Its inhibition has anti-inflammatory effects and is protective in the 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD (Joglar et al. 

2009). 
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The nuclear factor B (NFB) transcription factors are important activators of 

inflammatory reactions. They are activated by different stimuli that result in the 

phosphorylation of the inhibitor of NFB (IB) by the IB kinase 2 (IKK2). The 

phosphorylated IB is rapidly degraded and releases the active NFB (Hayden 

and Ghosh 2008). NFB activation is extensively upregulated in PD patients 

(Hunot et al. 1997). 

Addition and removal of a single O-linked -N-acetylglucosamine on serine and 

threonine residues of proteins (O-GlcNAc) by O-GlcNAc transferase (OGT) and O-

GlcNAcase (OGA) is a dynamic posttranslational modification with similarities to 

phosphorylation (Hart et al. 2007). There is evidence for the O-GlcNAc 

modification to influence inflammatory processes (Not et al. 2010) and regulate 

inflammatory mediators such as NFB (Xing et al. 2011) but information whether it 

affects neuroinflammation is missing. 

Since age is the most important risk factor for PD (de Lau and Breteler 2006) age-

related mechanisms have to be considered in the study of PD pathogenesis. Aging 

is ascribed to several mechanisms including the shortening of telomeres. 

Telomeres are DNA sequences at the end of chromosomes and are responsible 

for their stabilization. They shorten during each cell division resulting in 

destabilization of chromosomes and subsequent apoptosis thus limiting the ability 

for regeneration in age (Oeseburg et al. 2010; von Figura G. et al. 2009). 

The search for reliable PD biomarkers revealed several potential candidates such 

as -synuclein that can be measured in cerebrospinal fluid (CSF), the preferred 

central source of biomarkers in neurological disorders. However, the candidate 

biomarkers so far lack sensitivity and selectivity and there is still no reliable 

biomarker available that can be used in clinical trials (Jesse et al. 2009). Cyclic 

adenosine-3´,5´-monophosphate (cAMP) and cyclic guanosine-3´,5´-

monophosphate (cGMP) are second messengers of many cellular receptors. 

Modulation of dopamine (DA) receptor activity alters cAMP and cGMP 

concentrations in CSF (Torremans et al. 2010) indicating their potential as 

biomarker candidates for PD. 

PD is characterized by a degeneration of dopaminergic, tyrosine hydroxylase 

(TH)-positive neurons in the substantia nigra pars compacta (SNpc) leading to a 

DA depletion in their nerve endings in the striatum. Here, DA activates the 

dopamine D1 and D2 receptors (Kreitzer and Malenka 2008) which belong to the 
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huge group of G-protein coupled receptors (GPCRs) (Missale et al. 1998). 

Because the striatum is involved in movement initiation, PD patients show motor 

disturbances including bradykinesia, tremor, rigidity and postural instability 

(Kreitzer and Malenka 2008; Meissner et al. 2011). Another GPCR with unknown 

function that is specifically expressed in the striatum is the G-protein coupled 

receptor 6 (GPR6) but there is no information about whether GPR6 influences the 

dopaminergic system (Lobo et al. 2007). 

The neurotoxins 6-hydroxydopamine (6-OHDA) and MPTP have been used to 

study PD pathogenesis in vivo for a long time. Both toxins are injected either 

directly into the brain of mice (6-OHDA) or given systemically (MPTP) resulting in 

alterations that are characteristic of PD such as the degeneration of TH-positive 

neurons in the SNpc and striatal DA depletion (Bove and Perier 2012; Schmidt 

and Ferger 2001). Moreover, the 6-OHDA and MPTP mouse model show further 

hallmarks of PD such as neuroinflammation and increased oxidative stress in the 

SNpc making them a valuable tool to study pathogenic mechanisms and new 

treatment strategies for PD (Bove and Perier 2012). Another mouse model 

designed to investigate inflammatory mechanisms involved in PD pathogenesis 

comprises the stereotaxical injection of the inflammogen lipopolysaccharide (LPS) 

into the SN which results in profound neuroinflammation and neurodegeneration 

(Arai et al. 2004). 

      

Parkinson´s disease

Potential biomarkersAnimal models

Pathogenesis Treatment strategies

cAMP

cGMP

ROS/RNS

MPTP mouse model

LPS mouse model

Mouse dyskinesia model

IKK2 activation

Telomere shortening

AT1 receptor (telmisartan)

NADPH oxidase (apocynin)

O-GlcNAc level (Thiamet G)

GPR6 deficiency  

Fig. 1. Graphical abstract showing the relationship of the studies in my PhD thesis. 
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), LPS (lipopolysaccharide), cAMP 
(cyclic adenosine-3´,5´-monophosphate), cGMP (cyclic guanosine-3´,5´-monophosphate), 

ROS (reactive oxygene species), RNS (reactive nitrogen species), IKK2 (IB kinase 2), 
AT1 (angiotensin II receptor 1), NADPH (nicotinamide adenine dinucleotide phosphate), 

O-GlcNAc (single, O-glycosidically linked -N-acetylglucosamine), GPR6 (G-protein 
coupled receptor 6). 
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The aim of my PhD thesis was to uncover pathogenic mechanisms as well as new 

biomarkers of PD and to study new potential treatment strategies for PD using 

methods such as high performance liquid chromatography (HPLC), liquid 

chromatography/tandem mass spectrometry (LC-MS/MS), in vivo microdialysis as 

well as the 6-OHDA and MPTP model (Fig. 1). 

This included (1) the establishment of an assay to generate biomarkers for free 

radical formation using D-phenylalanine as trapping agent (Chapter 7) (Oeckl and 

Ferger 2009). Furthermore, (2) I investigated cAMP and cGMP concentrations in 

CSF as potential biomarkers for PD (Chapter 8 and 9) (Oeckl and Ferger 2012; 

Oeckl et al. 2012b). To study potential pathogenic mechanisms of PD, I 

investigated (3) the astrocyte-specific activation of IKK2 (Chapter 10) (Oeckl et al. 

2012a) and (4) telomere shortening (Chapter 11) in the MPTP model using 

transgenic mice. (5) I established the LPS mouse model of PD to investigate 

inflammatory mechanisms involved in PD pathogenesis. In terms of new treatment 

strategies, (6) I used the GPR6 deficient mouse to study the impact of GPR6 in the 

striatal dopaminergic system (Chapter 12 and 13). Furthermore, I investigated (7) 

AT1 inhibition by telmisartan, (8) NADPH oxidase inhibition by apocynin  and (9) 

the increase of O-GlcNAc levels by Thiamet G (Chapter 14) for their anti-

inflammatory potential in the MPTP model. 

  



Materials and Methods  5 

2. Materials and Methods 

2.1. Analysis of the free radical biomarkers o-, m-, p-tyrosine, 

nitrophenylalanine and nitrotyrosine in vitro and in vivo 

The biomarkers o-, m-, p-tyrosine, nitrophenylalanine and nitrotyrosine as well as 

the trapping agent D-phenylalanine were measured by isocratic HPLC using a 

reversed-phase column. 

A cell-free in vitro radical assay was established to test the suitability of D-

phenylalanine to trap free radicals and form the biomarkers o-, m-, p-tyrosine, 

nitrophenylalanine and nitrotyrosine. D-Phenylalanine was dissolved in artificial 

cerebrospinal fluid (aCSF) and incubated with different concentrations of 

peroxynitrite. Subsequently, the solutions were analyzed by HPLC. 

6-OHDA, which generates free radicals and is used to induce a parkinsonian 

phenotype in vivo, was stereotaxically injected into the striatum of mice for in vivo 

validation of the assay. The biomarkers o-, m-, p-tyrosine, nitrophenylalanine and 

nitrotyrosine were measured in the striatum after 30 min by HPLC and normalized 

to the D-phenylalanine concentration. The mice received an intraperitoneal 

injection of D-phenylalanine 45 min before brain removal to trap free radicals.  

The in vitro data were statistically analyzed by two-way ANOVA and Pearson´s 

correlation coefficient (r). In vivo data were compared by Student´s t-test (radical 

determination) (Chapter 7) (Oeckl and Ferger 2009). 

 

2.2. LC-MS/MS analysis of cAMP and cGMP 

A method was established to measure the biomarkers cAMP and cGMP in 

different matrices. Cyclic AMP and cGMP were analyzed by LC-MS/MS using a 

reversed-phase column and gradient elution as well as the API 4000 triple 

quadrupole mass spectrometer for detection. 

To test the suitability of the established method to analyze cAMP and cGMP in 

different biological matrices, mice were treated with the cAMP-specific 

phosphodiesterase (PDE) 4 inhibitor rolipram or the cGMP-specific PDE5 inhibitor 

zaprinast. Cyclic AMP and cGMP were measured 30 min after treatment in 

plasma, striatal tissue and CSF. Brain tissue concentrations were normalized to 
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the tissue protein content which was measured by a commercially available BCA 

(bicinchoninic acid) Protein Assay Kit. 

A Student´s t-test was used for statistical analysis (Chapter 8) (Oeckl and Ferger 

2012). 

 

2.3. Analysis of the biomarkers cAMP and cGMP in CSF of patients with 

PD and other neurodegenerative diseases 

CSF samples of control patients and patients suffering from PD, PD dementia 

(PDD), amyotrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob disease (CJD) 

were collected at the Universities of Ulm and Göttingen. The clinical diagnostics 

was carried out at these institutions. Cyclic AMP and cGMP were measured in the 

CSF samples as described in section 2.2 (Oeckl and Ferger 2012). Total tau 

protein concentrations were analyzed with an ELISA by the Department of 

Neurology, University of Ulm. 

The statistical analysis included the Mann-Whitney and Kruskal-Wallis test as well 

as Spearman´s rank correlation coefficient. Cut-off levels of cAMP, cGMP, tau 

protein and tau/cAMP for diagnosis of CJD were selected by calculating the 

Youden Index of the receiver operating characteristic (ROC) curves (Chapter 9) 

(Oeckl et al. 2012b). 

 

2.4. Investigation of astrocyte-specific IKK2 activation in the MPTP 

model 

Transgenic mice conditionally overexpressing a constitutive active allele of human 

IB kinase 2 (IKK2-CA) under control of the astrocyte-specific glial fibrillary acidic 

protein (GFAP) promotor (IKK2 mice) were provided by the Institute of 

Physiological Chemistry, University of Ulm. 

Motor activity was measured with the InfraMot - Activity System (TSE Systems) in 

untreated mice during the night. 

The mice were treated with an acute MPTP regimen (4x10 mg/kg free base at 

intervals of 2 h) and the brains were removed 7 days after the treatment. The 

Institute of Physiological Chemistry, University of Ulm, verified the transgene 

expression by immunoblot detection of IKK2-CA and reporter gene activity in brain 

tissue. They also measured the expression of the inflammatory cytokines 
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monocyte chemotactic protein-1 (MCP-1), intercellular adhesion molecule-1 (Icam-

1), interleukin-1 (IL-1) and tumor necrosis factor  (TNF) by a quantitative 

realtime-PCR. Activation of astrocytes and microglia in the SN was analyzed by 

immunohistochemistry in cooperation with the University of Ulm using the 

astrocyte-marker GFAP and the microglia markers Iba1 (ionized calcium binding 

adaptor protein 1) and Mac2 (galectin-3). The number of TH-positive neurons in 

the SNpc was quantified by immunohistochemistry. The concentrations of DA and 

its metabolites in the striatum were analyzed by HPLC. To investigate the MPTP 

metabolism, the mice were treated with a single MPTP dose (10 mg/kg) and MPP+ 

(1-methyl-4-phenylpyridinium) concentrations in the striatum were analyzed after 

30 min by LC-MS/MS. 

For statistical analysis the groups were compared by a Student´s t-test or two-way 

ANOVA and Bonferroni´s post hoc test for multiple comparisons (Chapter 10) 

(Oeckl et al. 2012a). 

 

2.5. Investigation of telomere shortening in the MPTP model 

Third generation, TERC (telomerase RNA component)-deficient mice (G3 Terc-/--

mice) were provided by the Institute of Molecular Medicine and Max-Planck-

Research-Group on Stem Cell Ageing, University of Ulm. They also measured 

telomere length in nigral TH-positive neurons by quantitative fluorescence in situ 

hybridization (Q-FISH). 

Motor activity was measured with the InfraMot - Activity System (TSE Systems) in 

untreated mice in the day-time. 

The mice were treated with a mild, acute MPTP treatment regimen (2x5 mg/kg & 

2x7.5 mg/kg free base at intervals of 2 h). Brains were removed after 7 days and 

the concentrations of DA and its metabolites in the striatum were measured by 

HPLC. 

The groups were compared by a Student´s t-test or one-way ANOVA. Motor 

activity was statistically analyzed by a two-way ANOVA (Chapter 11). 
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2.6. Investigation of the behavioural and neurochemical effects of 

GPR6 deficiency in mice 

Homozygous GPR6 deficient mice (GPR6-/--mice) were purchased from Deltagen, 

Inc. (San Mateo, USA). C57BL/6J mice from Charles River Laboratories served as 

controls. 

Striatal cAMP and cGMP concentrations were measured by the method described 

in section 2.2. (Oeckl and Ferger 2012). Concentrations of DA, 5-HT and their 

metabolites in the striatum and in in vivo microdialysates were analyzed by HPLC.  

The protein expression of TH, dopamine D2 receptor, DARPP-32 (dopamine and 

cAMP-regulated phosphoprotein of 32 kDA), phospho-DARPP-32 (pThr34) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as loading control was 

investigated in total cell lysates and subcellular fractions of striatal tissue by SDS 

PAGE and immunoblot analysis. Subcellular fractions were prepared as previously 

described (Xiao et al. 2009). Immunohistochemistry was used to determine the 

number of TH-positive neurons in the SNpc. 

Extracellular concentrations of DA in the striatum were investigated by in vivo 

microdialysis. Locomotor activity and the number of rearings in untreated mice and 

after pharmacological inhibition of the dopamine D2 receptor by 0.1 mg/kg 

haloperidol were monitored during the night phase using the Actimot from TSE 

Systems. 

A unilateral lesion of the nigrostriatal neurons was induced by stereotaxical 

injection of 1.5 µg 6-OHDA (free base) into the SN. All 6-OHDA-lesioned animals 

used for the following experiments and analyses had a depletion of striatal DA 

concentrations and nigral TH-positive neurons of at least 95 % compared with the 

contralateral side. The 6-OHDA-lesioned mice were used to investigate abnormal 

involuntary movements (AIMs) in GPR6-/-- and control mice after treatment with 

different dopaminergic drugs including L-3,4-dihydroxyphenylalanine (L-

DOPA)/benserazide, apomorphine, quinpirole and A77636. AIMs were rated by a 

well-accepted rating scale (Cenci and Lundblad 2007). 

An acute MPTP treatment regimen (4x12.5 mg/kg free base at intervals of 2 h) 

was used to compare MPTP effects in GPR6-/-- and control mice. The brains were 

analyzed 7 days after MPTP treatment. The MPTP metabolism in the mice was 

examined using a single MPTP injection (12.5 mg/kg) and subsequent LC-MS/MS 

analysis of striatal MPP+, 90 min after MPTP treatment. To study the effect of 
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MPP+-induced DA release from striatal presynapses, 500 µM MPP+ was infused 

into the striatum by reverse microdialysis. 

Statistical analysis included the Student´s t-test, one-way ANOVA and Tukey´s 

multiple comparison test and two-way ANOVA and Bonferroni´s post hoc test. As 

recommended by Cenci and Lundblad (2007), the total AIM score was compared 

by Student´s t-test and statistically significant differences were confirmed by the 

non-parametric Mann-Whitney test (Chapter 12 and 13). 

 

2.7. Establishment of the LPS mouse model of PD 

The LPS strain O55:B5 (Calbiochem) was stereotaxically injected (2 µL, 5 µg/µL in 

saline) into the substantia nigra of mice under ketamine/xylazine/isoflurane 

anaesthesia with a flow rate of 1.0 µL/min at the following coordinates relative to 

bregma: 3.0 mm posterior, 1.3 mm lateral and 4.5 mm ventral. The mice received 

regular subcutaneous injections of saline after surgery to support recovery. The 

brains were removed after 7 days. Striatal DA concentrations were measured by 

HPLC. The number of TH-positive neurons in the SNpc was analyzed by 

immunohistochemistry. Microglia activation in the SN was confirmed by Iba1-

immunohistochemistry. 

 

2.8. Investigation of the AT1 receptor antagonist telmisartan in the 

MPTP model 

C57BL/6J mice were treated with 4 injections of MPTP (12.5 mg/kg) at intervals of 

2 h (acute MPTP regimen). Peroral telmisartan treatment (10 and 30 mg/kg, 1x/d) 

started 3 days before MPTP until day 6. Telmisartan was dissolved in 0.5 mL 1 M 

NaOH. The solution was diluted with 8.5 mL saline and pH was adjusted to 9.5 

using 0.5 M HCl. Striatal DA concentrations were measured by HPLC 7 days after 

MPTP treatment. 

For the determination of telmisartan in plasma and brain tissue a LC-MS/MS 

method was established using a Waters XTerra C18 column (50 x 2.1 mm, 5µm), 

10 mM ammonium acetat/acetic acid (pH 4.8-5.0) as mobile phase A and 100% 

methanol as mobile phase B. The following transition was used for detection: 

515.23  497.30. Mice (n = 3) received 10 mg/kg telmisartan or vehicle perorally 

and blood as well as brain samples were collected after 4h. Proteins were 
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precipitated from plasma and brain samples with acetonitrile and the samples 

were analyzed by LC-MS/MS. 

 

2.9. Investigation of the NADPH oxidase inhibitor apocynin and the O-

GlcNAcase inhibitor Thiamet G and their effect on microglia 

activation in the MPTP model 

MPTP treatment was performed as described in section 2.8 in different dosing 

groups (10, 12.5, 15 and 18 mg/kg) to study the dose-dependency of microglia 

activation in the SNpc after 3 days. The effect of apocynin and Thiamet G 

treatment (5 or 10 mg/kg) on nigral microglia activation was investigated using a 

MPTP dose of 12.5 mg/kg. Apocynin and Thiamet G treatment (2x/d) started 3 

days before MPTP injection. 

The number of activated microglia in the SNpc was analyzed by 

immunohistochemistry 3 days after MPTP treatment. Striatal concentrations of DA 

and its metabolites were measured by HPLC. 

Statistical analysis was performed by one-way ANOVA followed by Tukey´s 

multiple comparison test or Dunnett´s multiple comparison test (Chapter 14). 
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3. Results 

3.1. Analysis of the free radical biomarkers o-, m-, p-tyrosine, 

nitrophenylalanine and nitrotyrosine in vitro and in vivo 

The established HPLC method yielded a limit of detection (LOD) of 100 nM for o-

tyrosine, 5 nM for m-tyrosine, 6 nM for p-tyrosine and 50 nM for 

nitrophenylalanine, nitrotyrosine and D-phenylalanine. Linearity was given for 

concentrations of up to 50 µM for o-, m-, p-tyrosine and D-phenylalanine and up to 

100 µM for nitrophenylalanine and nitrotyrosine (r > 0.999). 

Incubating D-phenylalanine (100 µM) with different concentrations of peroxynitrite 

(0-350 µM) in the cell-free in vitro radical assay resulted in a concentration-

dependent increase of the concentrations of the biomarkers o-, m-, p-tyrosine, 

nitrophenylalanine and nitrotyrosine (r = 0.9581 - 0.9995) as well as a decrease of 

D-phenylalanine (r = -0.9963). 

Striatal infusion of the free radical generating 6-OHDA increased the ratio of m-

tyrosine/D-phenylalanine in the striatum more than twofold (p < 0.01). 

Nitrophenylalanine and nitrotyrosine were not detectable (Chapter 7) (Oeckl and 

Ferger 2009). 

  

3.2. LC-MS/MS analysis of cAMP and cGMP 

The established LC-MS/MS method had a LOD for cAMP and cGMP of 50 pM and 

a lower limit of quantification (LLOQ) of 0.5 nM. Linearity was given in a range of 

0.5 - 500 nM (r = 0.9981 for cAMP and r = 0.9995 for cGMP). Both analytes could 

be measured in plasma, striatum homogenates and CSF providing valid data 

indicated by proper precision and accuracy (i.e. relative standard deviation and 

relative error < 15%). 

Treatment of mice with rolipram increased cAMP concentrations in plasma by 

110% (p < 0.01), in the striatum by 50% (p < 0.05) and in CSF by 25% (p < 0.05). 

Cyclic GMP concentrations were also increased in CSF by 44% (p < 0.01) but not 

in plasma and the striatum. 

Zaprinast led to a significant increase of cGMP concentrations in plasma by 20% 

(p < 0.05) but did not alter cAMP concentrations. There was no effect in the 

striatum on either cGMP or cAMP. CSF concentrations were not measured 
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because zaprinast is not able to cross the blood-brain barrier (Rodrigo et al. 2006) 

(Chapter 8) (Oeckl and Ferger 2012). 

 

3.3. Analysis of the biomarkers cAMP and cGMP in CSF of patients with 

PD and other neurodegenerative diseases 

Cyclic AMP and cGMP concentrations in the CSF of patients with PD, PDD and 

ALS were not different compared with controls. There was also no correlation 

between cAMP and cGMP concentrations and age (p = 0.71 for cAMP, p = 0.49 

for cGMP), the Hoehn & Yahr score (p = 0.80 for cAMP, p = 0.70 for cGMP) and 

the MMSE (Mini Mental State Examination) score (p = 0.53 for cAMP, p = 0.67 for 

cGMP). 

CJD patients showed a marked reduction of cAMP concentrations in CSF of about 

70% compared with controls (12.60 ± 2.11 nM vs. 3.90 ± 0.83 nM, p = 0.002). 

Cyclic GMP concentrations were reduced by 55% (2.45 ± 0.42 nM vs. 1.08 ± 0.29 

nM, p = 0.003). Cyclic AMP concentrations were negatively correlated with tau 

protein concentrations (p = 0.04, r = -0.5357) whereas cGMP concentrations were 

not (p = 0.11). There was no correlation of cAMP or cGMP concentrations and the 

survival of the CJD patients (p = 0.35 for cAMP and p = 0.48 for cGMP). ROC 

curve analysis, which was used to determine the diagnostic potential of cAMP and 

cGMP for CJD, yielded an area under the curve (AUC) of 0.8606 (cAMP) and 

0.8545 (cGMP) which could be increased by using the term cAMPxcGMP (0.9152) 

and the ratio tau/cAMP (0.9879) (Chapter 9) (Oeckl et al. 2012b). 

 

3.4. Investigation of astrocyte-specific IKK2 activation in the MPTP 

model 

The constitutive activation of IKK2 in astrocytes of mice resulted in a 

neuroinflammatory phenotype in vivo. It was characterized by the increased 

expression of the inflammatory cytokines MCP-1 (270-fold), IL-1 (54-fold) and 

TNF (44-fold) as well as the cell adhesion molecule Icam-1 (17-fold) in the brain. 

Furthermore, there was a marked activation of astrocytes (ninefold increase of 

GFAP-positive area, p < 0.001) and microglia in the SN. 

IKK2 mice had reduced striatal DA concentrations (-20%) compared with controls 

(p < 0.01) whereas the number of TH-positive neurons in the SNpc was not 
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different (8015 ± 403 vs. 8543 ± 833 in IKK2 mice, p > 0.05). Motor activity of IKK2 

mice was similar to control mice. 

MPTP treatment led to a substantial decrease of striatal DA concentrations by 

85% (p < 0.001) and a moderate decrease of nigral TH-positive neurons by 25% 

(p < 0.05) but there was no difference between IKK2 and control mice. The GFAP-

positive area in the SN was increased in MPTP-treated control mice by 400% (p < 

0.05) indicating astrogliosis but there was no further increase in IKK2 mice 

compared with the vehicle group. MPTP also induced microglia activation in the 

SNpc of control mice. The MPTP metabolism as determined by striatal MPP+ 

concentrations was similar in both genotypes (2.69 ± 0.51 ng/mg tissue vs. 2.30 ± 

0.98 ng/mg tissue in IKK2 mice, p = 0.61) (Chapter 10) (Oeckl et al. 2012a). 

 

3.5. Investigation of telomere shortening in the MPTP model 

Telomere length was reduced by 40% in nigral TH-positive neurons of G3 Terc-/--

mice (p < 0.001). Motor activity, striatal DA, DOPAC (3,4-dihydroxyphenylacetic 

acid), HVA (homovanillic acid) and 3-MT (3-methoxytyramine) concentrations as 

well as DA turnover were not different between G3 Terc-/-- and control mice. MPTP 

treatment led to a decrease of striatal DA concentrations (-30%, p < 0.01) and 

increase of the DA turnover (+25%) but to a similar extent in both genotypes 

(Chapter 11). 

 

3.6. Investigation of the behavioural and neurochemical effects of 

GPR6 deficiency in mice 

GPR6-/--mice had reduced striatal cAMP concentrations (-20%, p = 0.04) and 

increased striatal DA concentrations (+8%, p = 0.007). Extracellular DA 

concentrations in the striatum, the number of TH-positive neurons in the SNpc, 

striatal TH expression, striatal D2 receptor expression and subcellular distribution 

were not different in GPR6 deficient mice compared with controls. However, the 

phosphorylation of DARPP-32 at Thr34 (P-DARPP-32) in the striatum was 

increased by 200% in GPR6-/--mice (p = 0.04). 

GPR6-/--mice showed an increased locomotor activity (p < 0.01) in the open field of 

about 35%. This difference persisted after haloperidol treatment (p < 0.05). The 
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number of rearings was not different in untreated GPR6-/-- and control mice but 

elevated in GPR6-/--mice after haloperidol injection (+95%, p < 0.01). 

Unilateral 6-OHDA lesion of the SN led to a loss of striatal tissue DA 

concentrations (>95%), striatal cAMP concentrations (-15-25%, p < 0.01), striatal 

glutamate concentrations (-7%, p < 0.01) and the number of nigral TH-positive 

neurons (>95%) on the lesioned hemisphere. In contrast, striatal GABA (+20%, p 

< 0.001) and 5-HT concentrations increased. The increase of striatal 5-HT 

concentrations was lower in GPR6-/--mice (+64% vs. +58% in GPR6-/--mice, p < 

0.01). 

Treatment of 6-OHDA-lesioned mice with the DA agonists L-DOPA, apomorphine, 

quinpirole and A77636 resulted in the induction of AIMs. AIMs were significantly 

reduced in GPR6-/--mice after apomorphine (-25%, p = 0.0095) and quinpirole (-

50%, p = 0.04) injection and with borderline significance after L-DOPA treatment (-

20%, p = 0.09). There was no difference in the total AIM score between the two 

genotypes after treatment with the D1 agonist A77636 (22.0 ± 2.81 vs. 24.6 ± 4.10 

in GPR6-/--mice, p = 0.59). 

MPTP treatment led to a significantly increased depletion of striatal DA (-90% vs. -

75%, p < 0.001) and HVA concentrations (-65% vs. -45%, p < 0.05) as well as 

number of nigral TH-positive neurons (-50% vs. -25%, p < 0.05) and to an elevated 

striatal DA turnover (p < 0.001) in GPR6-/--mice. Striatal MPP+ concentrations after 

MPTP injection were not significantly different (p = 0.07) but GPR6-/--mice showed 

an increased striatal DA release (+20%) after intrastriatal stimulation with MPP+
 (p 

= 0.03) (Chapter 12 and 13). 

 

3.7. Establishment of the LPS mouse model of PD 

The stereotaxic coordinates for LPS injection into the SNpc were optimized and 

verified by immunohistochemistry. Nigral injection of LPS in mice (day 0) resulted 

in a maximal decrease of striatal DA concentrations on day 3 (-30%) that stabilized 

at -10% at day 7 and persisted until day 28 (Fig. 2A). Several parameters were 

tested and optimized including the LPS strain (O55:B5 vs. O26:B6), LPS dose (1-

10 µg) and volume (1 vs. 2 µL), injection side (intra- vs. supranigral), co-injection 

of interferon  (40 ng), animal age (4-5 vs. 12-13 month) and anaesthesia 

(ketamine/xylazine/isoflurane vs. pentobarbital). The combination of optimized 

LPS strain (O55:B5) and LPS dose (10µg in 2µL) yielded a striatal DA depletion of 
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up to 50% and no or only marginal decrease of nigral TH-positive neuron number 

(Fig. 2B) with high intra- and inter-experimental variation. Only animals with 

intense striatal DA depletion showed microglia activation in the SN indicated by 

increased Iba1-positive staining in brain sections (Fig. 2C). 
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Fig. 2. Nigral LPS injection induces striatonigral neurodegeneration and microglia 
activation. (A) Time-course of striatal dopamine depletion after nigral LPS 
(lipopolysaccharide) injection measured by HPLC. Vehicle (veh) injection into the 
contralateral side served as control (n = 6-7). (B) Striatal dopamine concentrations and 
tyrosine hydroxylase (TH)-positive neuron number in the substantia nigra pars compacta 
(SNpc) in the optimized LPS mouse model measured on day 7 by HPLC (dopamine) and 
immunohistochemistry (TH-positive neurons) (n = 6). (C) Iba1-stained brain section of a 
LPS-injected mouse brain showing the substantia nigra (SN). The intensified staining on the 
ipsilateral side indicates microglia activation. Scale bar, 1500 µm. Data were analyzed by a 
paired t-test and are mean ± SEM. *p < 0.05, **p < 0.01. 

3.8. Investigation of the AT1 receptor antagonist telmisartan in the 

MPTP model 

MPTP treatment (4x12.5 mg/kg) led to a decrease of striatal DA concentrations of 

about 80% (Fig. 3). Telmisartan (10 and 30 mg/kg) did not have an effect on 

MPTP-induced striatal DA depletion. 

Measurement of telmisartan in plasma and brain tissue by LC-MS/MS 4h after 

administration (10 mg/kg, n = 3) yielded concentrations of 6137 ± 2211 nmol/L 

(plasma, mean ± SEM) and 25.64 ± 8.15 nmol/kg (brain, mean ± SEM) and a 

brain/plasma ratio of 0.004. 
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Fig. 3. Effect of telmisartan in the MPTP model. 
Mice received 4x12.5 mg/kg MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) or vehicle (veh) at 
intervals of 2h. Telmisartan (Tel) (10 or 30 mg/kg, 
1x/d) or veh treatment started three days before 
MPTP until day 6 (n = 7-8). Striatal dopamine 
concentrations were measured on day 7 by HPLC. 
Data were analyzed by one-way ANOVA and 
Tukey´s multiple comparison test and are mean ± 
SEM. ***p < 0.001 (compared with vehicle group). 

3.9. Investigation of the NADPH oxidase inhibitor apocynin and the O-

GlcNAcase inhibitor Thiamet G and their effect on microglia 

activation in the MPTP model 

MPTP treatment dose-dependently increased the number of activated microglia in 

the SN with the most prominent effect using a dose of 18 mg/kg. 

To test the effect of apocynin and Thiamet G on microglia activation, I used a 

MPTP dose of 12.5 mg/kg to avoid mortality. Apocynin and Thiamet G (5 or 10 

mg/kg) significantly reduced microglia activation in the SN by 80% (apocynin, p < 

0.01) and 75% (Thiamet G, p < 0.05) (Chapter 14). 
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4. Discussion 

4.1. Identification and analysis of biomarkers 

Analysis of the free radical biomarkers o-, m-, p-tyrosine, nitrophenylalanine and 

nitrotyrosine in vitro and in vivo 

The cell-free in vitro assay showed the ability of D-phenylalanine to trap radicals 

generated from peroxynitrite and the capability of o-, m-, p-tyrosine, 

nitrophenylalanine and nitrotyrosine to serve as biomarkers for radical formation. 

Using other radical generating agents such as 6-OHDA or an in vitro Fenton 

system in this assay (data not shown) supported the idea that the phenylalanine 

derivatives can be used as biomarkers for oxidative stress. These results are in 

agreement with other studies (Themann et al. 2001). 

D-Phenylalanine was also suitable to scavange free radicals generated from 6-

OHDA in vivo indicated by the increase of the ratio m-tyrosine/D-phenylalanine in 

the striatum. This observation supports the finding of Henze et al. (2005) who 

injected 6-OHDA into rats (Henze et al. 2005). Oxidative stress is thought to be 

involved in the pathogenesis of PD (either of exogenous origin or endogenously 

generated by inflammatory processes) and it is a crucial pathogenic mechanism in 

currently-used animal models of PD such as the 6-OHDA and MPTP model (Bove 

and Perier 2012). The biomarkers o-, m-, p-tyrosine, nitrophenylalanine and 

nitrotyrosine may therefore be useful to identify treatment strategies aiming in the 

reduction or elimination of the source of free radicals and oxidative stress. 

 

Analysis of the biomarkers cAMP and cGMP 

Cyclic AMP and cGMP are important second messengers for a variety of cellular 

receptors including the DA receptors (Beavo and Brunton 2002; Missale et al. 

1998). Modulation of the DA receptors induces alterations of cAMP and cGMP 

concentrations in CSF and they may serve as biomarkers for PD (Torremans et al. 

2010). However, LC-MS/MS analysis of CSF samples from PD patients yielded no 

differences in cAMP and cGMP concentrations compared with controls being in 

line with previous studies (Cramer et al. 1973; Navarro et al. 1998). Cyclic 

AMP/cGMP concentrations were also not altered in PDD and ALS cases. In 

contrast, CJD patients are characterized by a marked decrease of cAMP and 
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cGMP concentrations in CSF. Statistical analysis with ROC curves showed a good 

diagnostic potency of the term cAMPxcGMP with a sensitivity of 80% and a 

selectivity of 91% to detect CJD. These data are comparable to other potential 

biomarkers of CJD (Otto et al. 1997; Singh et al. 2011). Especially cAMP could be 

helpful in the differential diagnosis of CJD and Alzheimer’s disease (AD) patients 

because the currently used biomarkers are lacking specificity. Contrary to CJD, 

cAMP concentrations in CSF of AD patients are increased (Martinez et al. 1999) 

and may distinguish between CJD and AD patients since the currently used 

markers 14-3-3 protein and tau protein do not necessarily (Dupiereux et al. 2009). 

 

Conclusion 

The biomarkers o-, m-, p-tyrosine, nitrophenylalanine and nitrotyrosine are a 

valuable tool to study the formation of ROS in animal models and to monitor 

treatment strategies with the aim of reducing radical generation. Cyclic AMP and 

cGMP are candidate biomarkers of CJD and may be useful to monitor disease 

progression and therapy control. 

 

4.2. Investigation of factors influencing the pathogenesis of PD 

The pathogenesis of PD is still elusive which hampers the discovery of new 

therapeutic drugs and highlights the need for studies investigating pathogenic 

factors in PD (Hirsch and Hunot 2009; Meissner et al. 2011). 

 

Investigation of astrocyte-specific IKK2 activation in the MPTP model 

The IKK2 mouse was used to study the impact of IKK2 activation in astrocytes on 

nigrostriatal dopaminergic neurodegeneration. The increased expression of 

inflammatory cytokines and the presence of astrogliosis and microgliosis indicates 

a neuroinflammatory phenotype in IKK2 mice and the successful activation of the 

IKK2/NFB pathway in astrocytes. Furthermore, it shows that the inflammatory 

process started in astrocytes spread to the surrounding tissue. Similar effects of 

IKK2 activation in other cell types were described (Baumann et al. 2007) but 

differed in the extent to which the expression of the various cytokines was altered. 

This highlights the tissue-dependency of IKK2/NFB activation. 
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IKK2 mice showed reduced striatal DA concentrations indicating an initiating 

impairment of the nigrostriatal system. However, motor activity was not altered in 

the 12-15 week-old mice and the neuroinflammatory phenotype did not result in an 

increased susceptibility to the parkinsonian neurotoxin MPTP. This is in contrast to 

studies using the endotoxin LPS to induce neuroinflammation which leads to 

increased neurodegeneration after MPTP treatment (Byler et al. 2009; Gao et al. 

2003b). This difference might be explained by different types of neuroinflammtion 

(acute with LPS vs. chronic in IKK2 mice) since chronic neuroinflammation was 

shown to induce nigrostriatal neurodegeneration after a longer incubation time 

(Qin et al. 2007). Furthermore, inflammation is often called a “double-edged 

sword” because inflammatory cytokines like TNF can exert neurotoxic as well as 

neuroprotective effects depending on the concentration and time of their 

expression (Barger et al. 1995; Chertoff et al. 2011; Ferger et al. 2004; Wyss-

Coray and Mucke 2002). 

 

Investigation of telomere shortening in the MPTP model 

Age is the most important risk factor for PD (de Lau and Breteler 2006). G3 Terc-/--

mice reflect a phenotype of accelerated aging and showed reduced telomere 

length in nigral TH-positive neurons that is comparable with other neuron 

populations (Rolyan et al. 2011). However, G3 Terc-/--mice showed a similar 

striatal DA depletion after MPTP treatment compared with control mice. 

Because inhibition of telomerase activity, which is responsible for telomere 

elongation, makes cells more vulnerable to oxidative stress (Fu et al. 1999), a 

higher susceptibility to MPTP was expected for G3 Terc-/--mice. The toxic action of 

MPTP comprises increased oxidative stress to dopaminergic neurons owing to the 

formation of free radicals (Gerlach and Riederer 1996). A mild acute MPTP 

regimen (2x5 mg/kg and 2x7.5 mg/kg) was used in this study and it cannot be 

ruled out that the selected MPTP dose was too low to disclose a different 

susceptibility to MPTP at all. However, at least the moderate total MPTP dose 

which reflects early neurochemical alterations of PD (Gerlach and Riederer 1996) 

did not reflect a higher susceptibility to MPTP in mice with telomere shortening. 

Epidemiological studies investigating telomere length in PD patients reported 

inconsistent findings regarding the risk of developing PD with shorter telomeres 

(Eerola et al. 2010; Guan et al. 2008; Hudson et al. 2011; Wang et al. 2008; Watfa 
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et al. 2011). However, only the study by Hudson et al. (2011) investigated 

telomere length in the substantia nigra of PD patients directly and they did not 

observe a difference to control patients. They concluded that telomere shortening 

is unlikely to be involved in the pathogenesis of PD (Hudson et al. 2011) which is 

in agreement with the observation in G3 Terc-/--mice. 

 

Conclusion 

Although several pathological hallmarks (such as neuroinflammation) and risk 

factors for PD (such as age) are identified, their contribution to and interaction in 

the PD pathogenesis is complex. The results of the astrocycte-specific IKK2 

activation in mice show that origin and type of inflammation significantly influences 

the pathological outcome and neuroinflammation can have different faces. The 

lack of increased MPTP toxicity in G3 Terc-/--mice indicates that the isolation of 

single pathologic factors may not be the optimal way to study a disease caused by 

multiple factors. Combinations of risk factors or pathological hallmarks in vivo may 

lead to a situation better reflecting the pathogenesis of PD. 

 

4.3. Identification of potential treatment strategies 

Investigation of the behavioural and neurochemical effects of GPR6 deficiency in 

mice 

In agreement with previous in vitro studies (Lobo et al. 2007), GPR6 deficient mice 

had reduced striatal cAMP concentrations in vivo. Since GPR6 is specifically 

expressed in striatopallidal neurons (Lobo et al. 2007) the cAMP reduction is most 

likely located in these neurons as well. Similar to GPR6, the dopamine D2 receptor 

is also expressed in striatopallidal neurons and its activation leads to a reduction 

of cAMP (Kreitzer and Malenka 2008). Thus, GPR6 depletion mimics dopamine 

D2 receptor activation with respect to cAMP. 

The observed increase of striatal DA concentrations in GPR6-/--mice was not of 

extracellular origin, as shown by in vivo microdialysis. However, the intrastriatal 

infusion of MPP+, which induces the release of vesicular DA (Lotharius and 

O'Malley 2000), led to an increased DA release in GPR6-/--mice indicating an 

accumulation of DA in presynaptic vesicles. The accumulation might be ascribed 
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to a negative feedback mechanism induced by the mimicked dopamine D2 

receptor activation by GPR6 depletion. 

Behavioural tests showed an increased locomotor activity in GPR6 mice. More 

importantly, after pharmacological reduction of DA signaling by haloperidol, as 

existent in PD, GPR6-/--mice had still a higher locomotor activity than control mice. 

Bradykinesia is a common symptom of PD and the presented data support the 

pharmacological inhibition of GPR6 as a potential treatment strategy to counteract 

the reduced striatal DA signaling. In fact, GPR6 depletion has the same effect on 

locomotor activity as the depletion of the adenosine A2A receptor, another 

striatopallidal GPCR (Chen et al. 2001). Several adenosine A2A antagonists are 

currently under development for the treatment of PD (Meissner et al. 2011). 

A severe side-effect of the current dopaminergic therapy in PD is the development 

of dyskinesia (Buck and Ferger 2010). GPR6-/--mice had reduced AIMs in the 

dyskinesia model of PD after treatment with the DA agonists apomorphine and 

quinpirole. Dyskinesia is thought to originate from a hypersensitivity of striatal 

postsynapses to DA agonists and an unregulated conversion of L-DOPA to DA in 

serotonergic innervations of the DA depleted striatum (Calabresi et al. 2010; 

Guerra et al. 1997; Kim et al. 2000). The lower striatal 5-HT increase in 6-OHDA-

lesioned GPR6-/--mice might indicate a reduced serotonergic hyper-innervation. 

Furthermore, with respect to striatal cAMP concentrations, GPR6 depletion mimics 

continuous dopamine D2 receptor stimulation supporting the idea of a reduced 

hypersensitivity of striatopallidal neurons as the cause of the anti-dyskinetic effects 

in GPR6-/--mice. 

GPR6 deficiency in mice resulted in an increased depletion of striatal DA and HVA 

concentrations as well as TH-positive neurons in the SNpc after MPTP treatment. 

The extensive striatal DA release induced by the toxic metabolite of MPTP, MPP+, 

significantly contributes to its toxic action because ROS are formed during DA 

degradation (Gerlach and Riederer 1996). GPR6-/--mice showed an elevated DA 

release after striatal MPP+ infusion via reverse in vivo microdialysis which might 

explain the higher susceptibility of the mice to MPTP. Since PD patients are not 

exposed to MPTP and suffer from decreased instead of increased striatal DA 

concentrations as observed in GPR6-/--mice, the increased susceptibility of GPR6-/-

-mice to MPTP does not argue against GPR6 inhibition as potential treatment 

strategy in PD. 



Discussion  22 

Establishment of the LPS mouse model of PD 

I established the LPS mouse model of PD to investigate new treatment strategies 

for PD targeting neuroinflammatory processes. Nigral LPS injection led to a 

maximal striatal DA depletion of about 50% and only to a marginal reduction of 

nigral TH-positive neuron number. Additionally, the intra- and inter-experimental 

variation of neurodegeneration was very high. Several parameters which influence 

the inflammatory reaction were optimized but did not result in a comparable 

neurodegeneration as described by others (Arai et al. 2004; Qin et al. 2004). 

Therefore and due to the high intra- and inter-experimental variation, the LPS 

model was not used for further studies on mechanisms involved in microglia-

mediated neurodegeneration or for the investigation of new treatment strategies of 

PD. Instead, the MPTP mouse model of PD was used. MPTP induces 

inflammatory processes in the substantia nigra that contribute to the degeneration 

of TH-positive neurons and is generally used to address such questions with 

transgenic mice or pharmacological approaches (Hirsch and Hunot 2009; Schmidt 

and Ferger 2001). 

 

Investigation of the AT1 receptor antagonist telmisartan in the MPTP model 

The inhibition of the AT1 receptor by the AT1 receptor antagonists candesartan 

and losartan is protective in the MPTP model and reduces microglia activation 

(Grammatopoulos et al. 2007; Joglar et al. 2009). To date, there is no information 

whether telmisartan shows protection against MPTP as well. Telmisartan can be 

measured in CSF of rats after oral administration (Gohlke et al. 2001) implicating 

its brain availability. Treatment with telmisartan did not result in a neuroprotection 

in the acute MPTP model. Subsequent pharmacokinetic analysis with LC-MS/MS 

showed that telmisartan is not able to cross the blood-brain barrier indicated by a 

brain/plasma ratio of 0.004. In contrast to my study, a recent publication described 

a protective effect of telmisartan in the sub-acute MPTP model (Garrido-Gil et al. 

2012). They injected MPTP (30 mg/kg) five times at intervals of 1 day. MPTP 

disrupts the blood-brain barrier (Chen et al. 2008) and makes it accessible for 

telmisartan. In the acute MPTP model where MPTP is injected only on a single 

day, the blood-brain barrier disruption by MPTP may be too late for telmisartan to 

influence the neurodegenerative process. However, MPTP injection and 
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neurodegeneration occurs during a longer period of time in the sub-acute MPTP 

model. Thus, telmisartan could have mediated its effects when the blood-brain 

barrier was disrupted after the first MPTP injection which could be an explanation 

for the different results in the acute and sub-acute MPTP model. 

 

Investigation of the NADPH oxidase inhibitor apocynin and its effect on microglia 

activation in the MPTP model 

The NADPH oxidase inhibitor apocynin significantly reduced microglia activation in 

the MPTP model. This is in agreement with in vitro data, showing reduced MPP+-

induced neurodegeneration with apocynin (Gao et al. 2003a) and studies using 

NADPH oxidase deficient mice which had reduced protein oxidation and reduced 

loss of TH-positive neurons in the SNpc after MPTP treatment (Wu et al. 2003). 

Furthermore, pharmacological and genetic NADPH oxidase inhibition was also 

protective in animal models of cerebral ischemia (Chen et al. 2007; Kleinschnitz et 

al. 2010; Yoshioka et al. 2011). These observations support the idea of NADPH 

oxidase inhibition as treatment strategy in diseases involving neuroinflammation 

and microglia activation such as PD. 

 

Investigation of the O-GlcNAcase inhibitor Thiamet G and its effect on microglia 

activation in the MPTP model 

Similar to apocynin, Thiamet G reduced microglia activation after MPTP treatment 

in mice. Thiamet G increases the level of the O-GlcNAc modification of proteins 

(Yuzwa et al. 2008) which was shown to reduce inflammatory processes induced 

by different mechanisms (Not et al. 2010; Xing et al. 2008). For instance, the 

inflammatory transcription factor NFB is modified by O-GlcNAc and O-

GlcNAcylation of NFB inhibits its signaling and expression of inflammatory 

mediators (Xing et al. 2011). Additionally, the elevation of O-GlcNAc levels 

increases the resistance of cells to different physical and chemical stimuli 

(Zachara et al. 2004) and its protective effects could also be shown in models of 

ischemia and Alzheimer´s disease (Liu et al. 2007; Yuzwa et al. 2012). 
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Conclusion 

The inhibition of GPR6 may represent a beneficial addition to the current DA 

replacing treatment strategies in PD. It may lower the establishment and degree of 

dyskinesia as shown in the presented study. Furthermore, it can reduce the 

dosage of DA agonists since it promotes movements by itself and thus GPR6 

inhibition can further lower the risk of developing dyskinesia. Telmisartan did not 

have a protective effect in the acute MPTP model since it cannot cross the blood-

brain barrier. It may be beneficial in situations when the blood-brain barrier is 

disrupted but this has to be confirmed. NADPH oxidase inhibition by apocynin was 

shown to be a successful treatment strategy in reducing microglia activation. More 

selective tool compounds than apocynin are needed to corroborate the concept of 

microglia inhibition in PD. Further studies are necessary to uncover the exact 

mechanisms by which Thiamet G mediates its anti-inflammatory effects. 
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5. Abstract 

Parkinson´s disease (PD) is a neurodegenerative disorder with a characteristic 

loss of nigrostriatal dopaminergic neurons and disturbances of the motoric system. 

There is an unmet medical need for the discovery of disease modifying treatment 

strategies and identification of reliable biomarkers. 

The aim of my PhD thesis was to establish an analytical method for the 

determination of the free radical biomarkers o-, m-, p-tyrosine, nitrophenylalanine 

and nitrotyrosine by HPLC as well as the biomarkers cyclic adenosine-3´,5´-

monophosphate (cAMP) and cyclic guanosine-3´,5´-monophosphate (cGMP) by 

liquid chromatography/tandem mass spectrometry (LC-MS/MS). In order to 

improve the knowledge about PD pathogenesis, I investigated the impact of 

astrocyte-specific IKK2 activation and telomerase deficiency in the MPTP model of 

PD using neurochemical and behavioural readouts as well as 

immunohistochemistry. I established the neuroinflammatory-based LPS 

(lipopolysaccharide) mouse model of PD and investigated new treatment 

strategies for PD including GPR6 deficiency, angiotensin II receptor 1 (AT1) 

antagonism by telmisartan, NADPH oxidase inhibition by apocynin and the 

increase of single, O-glycosidically linked -N-acetylglucosamine (O-GlcNAc) on 

proteins by Thiamet G. 

The HPLC method for the determination of the free radical biomarkers showed 

good sensitivity (up to 5 nM) and linearity (up to 100 µM). The increased formation 

of the free radical biomarkers after in vitro incubation of D-phenylalanine with 

peroxyinitrite and in vivo injection of 6-hydroxydopamine (6-OHDA) in mice verified 

the use of this biomarkers for free radical determination. The LC-MS/MS method 

for cAMP and cGMP showed high sensitivity (limit of quantification 0.5 nM). It was 

suitable to measure cAMP and cGMP in plasma, cerebrospinal fluid (CSF) and 

brain tissue. The measurement of cAMP and cGMP in CSF of patients with PD, 

PD dementia or amyotrophic lateral sclerosis did not show differences to control 

patients. However, patients suffering from Creutzfeldt-Jakob disease (CJD) had 

significantly reduced cAMP (70%) and cGMP (55%) concentrations in CSF and 

the analysis by receiver operating characteristic (ROC) curves indicated a good 

diagnostic potential of the term cAMPxcGMP and the ratio tau/cAMP for CJD. 
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Astrocyte-specific activation of IKK2 in mice resulted in increased cytokine 

expression, astrogliosis, microglia activation and reduction of striatal dopamine 

(DA) concentrations (20%) but MPTP-induced decrease of striatal DA and nigral 

TH-positive neurons was not augmented. Telomerase deficient mice showed 

reduced telomere length in the substantia nigra (SN) by 40%. However, there was 

no difference in telomerase deficient and control mice with respect to striatal tissue 

concentrations of DA and its metabolites before and after treatment with MPTP. 

GPR6 depletion in mice decreased cAMP concentrations (20%) and increased DA 

concentrations (10%) in the striatum whereas basal extracellular DA levels were 

not changed. Western blot analyses revealed no alteration in the expression and 

subcellular localization of the D2 receptor in the striatum of GPR6-/--mice and the 

number of TH-positive neurons in the SN was unchanged. GPR6-/--mice had a 

higher locomotor activity in the open field before and after treatment with the D2 

receptor antagonist haloperidol and they showed reduced abnormal involuntary 

movements in the mouse dyskinesia model of PD. Furthermore, MPTP-induced 

striatal DA and nigral TH-positive neuron loss was more pronounced in GPR6-/--

mice accompanied with increased MPP+-induced striatal DA release. 

The nigral injection of LPS in mice resulted in nigral microglia activation and a 

decrease of striatal DA concentrations and nigral TH-positive neurons to a variable 

extent. Therefore, the MPTP model of PD was preferred to study anti-inflammatory 

treatment strategies for PD. Treatment with the AT1 antagonist telmisartan did not 

reduce MPTP-induced striatal DA depletion because it was not able to cross the 

blood-brain barrier as shown by LC-MS/MS (brain/plasma ratio: 0.004). The 

NADPH oxidase inhibitor apocynin and the O-GlcNAcase inhibitor Thiamet G both 

reduced microglia activation in the SN three days after MPTP treatment in mice 

(80% and 75%). 

In conclusion, the biomarkers o-, m-, p-tyrosine, nitrophenylalanine and 

nitrotyrosine may be used to identify and monitor treatment strategies of PD 

targeting free radical generation. Cyclic AMP and cGMP could be helpful in the 

diagnosis of CJD. GPR6 deficiency could offer an alternative for treatment of PD 

beyond dopamine replacement therapy. The reduction of MPTP-induced microglia 

activation by NADPH oxidase inhibition with apocynin and by O-GlcNAcase 

inhibition with Thiamet G indicates their potential as treatment strategies for PD 

which has to be confirmed in further studies.  



References  27 

6. References 

 1.  Arai H, Furuya T, Yasuda T, Miura M, Mizuno Y, Mochizuki H: Neurotoxic 

effects of lipopolysaccharide on nigral dopaminergic neurons are mediated 

by microglial activation, interleukin-1beta, and expression of caspase-11 in 

mice. J Biol Chem 279: 51647-51653 (2004) 

 2.  Barger SW, Horster D, Furukawa K, Goodman Y, Krieglstein J, Mattson 

MP: Tumor necrosis factors alpha and beta protect neurons against amyloid 

beta-peptide toxicity: evidence for involvement of a kappa B-binding factor 

and attenuation of peroxide and Ca2+ accumulation. Proc Natl Acad Sci U 

S A 92: 9328-9332 (1995) 

 3.  Baumann B, Wagner M, Aleksic T, von WG, Weber CK, Adler G, Wirth T: 

Constitutive IKK2 activation in acinar cells is sufficient to induce pancreatitis 

in vivo. J Clin Invest 117: 1502-1513 (2007) 

 4.  Beavo JA, Brunton LL: Cyclic nucleotide research -- still expanding after 

half a century. Nat Rev Mol Cell Biol 3: 710-718 (2002) 

 5.  Bove J, Perier C: Neurotoxin-based models of Parkinson's disease. 

Neuroscience 211: 51-76 (2012) 

 6.  Brown GC: Mechanisms of inflammatory neurodegeneration: iNOS and 

NADPH oxidase. Biochem Soc Trans 35: 1119-1121 (2007) 

 7.  Buck K, Ferger B: L-DOPA-induced dyskinesia in Parkinson's disease: a 

drug discovery perspective. Drug Discov Today 15: 867-875 (2010) 

 8.  Byler SL, Boehm GW, Karp JD, Kohman RA, Tarr AJ, Schallert T, Barth 

TM: Systemic lipopolysaccharide plus MPTP as a model of dopamine loss 

and gait instability in C57Bl/6J mice. Behav Brain Res 198: 434-439 (2009) 

 9.  Calabresi P, Di FM, Ghiglieri V, Tambasco N, Picconi B: Levodopa-induced 

dyskinesias in patients with Parkinson's disease: filling the bench-to-

bedside gap. Lancet Neurol 9: 1106-1117 (2010) 

 10.  Cenci MA, Lundblad M: Ratings of L-DOPA-induced dyskinesia in the 

unilateral 6-OHDA lesion model of Parkinson's disease in rats and mice. 

Curr Protoc Neurosci 9.25.1-9.25.23 (2007) 

 11.  Chen JF, Moratalla R, Impagnatiello F, Grandy DK, Cuellar B, Rubinstein 

M, Beilstein MA, Hackett E, Fink JS, Low MJ, Ongini E, Schwarzschild MA: 

The role of the D(2) dopamine receptor (D(2)R) in A(2A) adenosine 



References  28 

receptor (A(2A)R)-mediated behavioral and cellular responses as revealed 

by A(2A) and D(2) receptor knockout mice. Proc Natl Acad Sci U S A 98: 

1970-1975 (2001) 

 12.  Chen JX, Zeng H, Tuo QH, Yu H, Meyrick B, Aschner JL: NADPH oxidase 

modulates myocardial Akt, ERK1/2 activation, and angiogenesis after 

hypoxia-reoxygenation. Am J Physiol Heart Circ Physiol 292: H1664-H1674 

(2007) 

 13.  Chen X, Lan X, Roche I, Liu R, Geiger JD: Caffeine protects against MPTP-

induced blood-brain barrier dysfunction in mouse striatum. J Neurochem 

107: 1147-1157 (2008) 

 14.  Chertoff M, Di PN, Schoeneberg A, Depino A, Ferrari C, Wurst W, 

Pfizenmaier K, Eisel U, Pitossi F: Neuroprotective and neurodegenerative 

effects of the chronic expression of tumor necrosis factor alpha in the 

nigrostriatal dopaminergic circuit of adult mice. Exp Neurol 227: 237-251 

(2011) 

 15.  Cramer H, Ng LK, Chase TN: Adenosine 3',5'-monophosphate in 

cerebrospinal fluid. Effect of drugs and neurologic disease. Arch Neurol 29: 

197-199 (1973) 

 16.  de Lau LM, Breteler MM: Epidemiology of Parkinson's disease. Lancet 

Neurol 5: 525-535 (2006) 

 17.  Dorsey ER, Constantinescu R, Thompson JP, Biglan KM, Holloway RG, 

Kieburtz K, Marshall FJ, Ravina BM, Schifitto G, Siderowf A, Tanner CM: 

Projected number of people with Parkinson disease in the most populous 

nations, 2005 through 2030. Neurology 68: 384-386 (2007) 

 18.  Dupiereux I, Zorzi W, Quadrio I, Perret-Liaudet A, Kovacs GG, Heinen E, 

Elmoualij B: Creutzfeldt-jakob, Parkinson, lewy body dementia and 

Alzheimer diseases: from diagnosis to therapy. Cent Nerv Syst Agents Med 

Chem 9: 2-11 (2009) 

 19.  Eerola J, Kananen L, Manninen K, Hellstrom O, Tienari PJ, Hovatta I: No 

evidence for shorter leukocyte telomere length in Parkinson's disease 

patients. J Gerontol A Biol Sci Med Sci 65: 1181-1184 (2010) 

 20.  Ferger B, Leng A, Mura A, Hengerer B, Feldon J: Genetic ablation of tumor 

necrosis factor-alpha (TNF-alpha) and pharmacological inhibition of TNF-



References  29 

synthesis attenuates MPTP toxicity in mouse striatum. J Neurochem 89: 

822-833 (2004) 

 21.  Fu W, Begley JG, Killen MW, Mattson MP: Anti-apoptotic role of telomerase 

in pheochromocytoma cells. J Biol Chem 274: 7264-7271 (1999) 

 22.  Gao HM, Liu B, Zhang W, Hong JS: Critical role of microglial NADPH 

oxidase-derived free radicals in the in vitro MPTP model of Parkinson's 

disease. FASEB J 17: 1954-1956 (2003a) 

 23.  Gao HM, Liu B, Zhang W, Hong JS: Synergistic dopaminergic neurotoxicity 

of MPTP and inflammogen lipopolysaccharide: relevance to the etiology of 

Parkinson's disease. FASEB J 17: 1957-1959 (2003b) 

 24.  Garrido-Gil P, Joglar B, Rodriguez-Perez AI, Guerra MJ, Labandeira-Garcia 

JL: Involvement of PPAR-gamma in the neuroprotective and anti-

inflammatory effects of angiotensin type 1 receptor inhibition: effects of the 

receptor antagonist telmisartan and receptor deletion in a mouse MPTP 

model of Parkinson's disease. J Neuroinflammation 9: 38 (2012) 

 25.  Gerlach M, Riederer P: Animal models of Parkinson's disease: an empirical 

comparison with the phenomenology of the disease in man. J Neural 

Transm 103: 987-1041 (1996) 

 26.  Gohlke P, Weiss S, Jansen A, Wienen W, Stangier J, Rascher W, Culman 

J, Unger T: AT1 receptor antagonist telmisartan administered peripherally 

inhibits central responses to angiotensin II in conscious rats. J Pharmacol 

Exp Ther 298: 62-70 (2001) 

 27.  Grammatopoulos TN, Jones SM, Ahmadi FA, Hoover BR, Snell LD, Skoch 

J, Jhaveri VV, Poczobutt AM, Weyhenmeyer JA, Zawada WM: Angiotensin 

type 1 receptor antagonist losartan, reduces MPTP-induced degeneration 

of dopaminergic neurons in substantia nigra. Mol Neurodegener 2: 1 (2007) 

 28.  Guan JZ, Maeda T, Sugano M, Oyama J, Higuchi Y, Suzuki T, Makino N: A 

percentage analysis of the telomere length in Parkinson's disease patients. 

J Gerontol A Biol Sci Med Sci 63: 467-473 (2008) 

 29.  Guerra MJ, Liste I, Labandeira-Garcia JL: Effects of lesions of the 

nigrostriatal pathway and of nigral grafts on striatal serotonergic innervation 

in adult rats. Neuroreport 8: 3485-3488 (1997) 

 30.  Hald A, Lotharius J: Oxidative stress and inflammation in Parkinson's 

disease: is there a causal link? Exp Neurol 193: 279-290 (2005) 



References  30 

 31.  Hart GW, Housley MP, Slawson C: Cycling of O-linked beta-N-

acetylglucosamine on nucleocytoplasmic proteins. Nature 446: 1017-1022 

(2007) 

 32.  Hayden MS, Ghosh S: Shared principles in NF-kappaB signaling. Cell 132: 

344-362 (2008) 

 33.  Henze C, Earl C, Sautter J, Schmidt N, Themann C, Hartmann A, Oertel 

WH: Reactive oxidative and nitrogen species in the nigrostriatal system 

following striatal 6-hydroxydopamine lesion in rats. Brain Res 1052: 97-104 

(2005) 

 34.  Hindle JV: Ageing, neurodegeneration and Parkinson's disease. Age 

Ageing 39: 156-161 (2010) 

 35.  Hirsch EC, Hunot S: Neuroinflammation in Parkinson's disease: a target for 

neuroprotection? Lancet Neurol 8: 382-397 (2009) 

 36.  Hudson G, Faini D, Stutt A, Eccles M, Robinson L, Burn DJ, Chinnery PF: 

No evidence of substantia nigra telomere shortening in Parkinson's disease. 

Neurobiol Aging (2011) 

 37.  Hunot S, Brugg B, Ricard D, Michel PP, Muriel MP, Ruberg M, Faucheux 

BA, Agid Y, Hirsch EC: Nuclear translocation of NF-kappaB is increased in 

dopaminergic neurons of patients with parkinson disease. Proc Natl Acad 

Sci U S A 94: 7531-7536 (1997) 

 38.  Jesse S, Steinacker P, Lehnert S, Gillardon F, Hengerer B, Otto M: 

Neurochemical approaches in the laboratory diagnosis of Parkinson and 

Parkinson dementia syndromes: a review. CNS Neurosci Ther 15: 157-182 

(2009) 

 39.  Joglar B, Rodriguez-Pallares J, Rodriguez-Perez AI, Rey P, Guerra MJ, 

Labandeira-Garcia JL: The inflammatory response in the MPTP model of 

Parkinson's disease is mediated by brain angiotensin: relevance to 

progression of the disease. J Neurochem 109: 656-669 (2009) 

 40.  Kim DS, Szczypka MS, Palmiter RD: Dopamine-deficient mice are 

hypersensitive to dopamine receptor agonists. J Neurosci 20: 4405-4413 

(2000) 

 41.  Kleinschnitz C, Grund H, Wingler K, Armitage ME, Jones E, Mittal M, Barit 

D, Schwarz T, Geis C, Kraft P, Barthel K, Schuhmann MK, Herrmann AM, 

Meuth SG, Stoll G, Meurer S, Schrewe A, Becker L, Gailus-Durner V, 



References  31 

Fuchs H, Klopstock T, de Angelis MH, Jandeleit-Dahm K, Shah AM, 

Weissmann N, Schmidt HH: Post-stroke inhibition of induced NADPH 

oxidase type 4 prevents oxidative stress and neurodegeneration. PLoS Biol 

8: (2010) 

 42.  Kreitzer AC, Malenka RC: Striatal plasticity and basal ganglia circuit 

function. Neuron 60: 543-554 (2008) 

 43.  Liu J, Marchase RB, Chatham JC: Increased O-GlcNAc levels during 

reperfusion lead to improved functional recovery and reduced calpain 

proteolysis. Am J Physiol Heart Circ Physiol 293: H1391-H1399 (2007) 

 44.  Lobo MK, Cui Y, Ostlund SB, Balleine BW, Yang XW: Genetic control of 

instrumental conditioning by striatopallidal neuron-specific S1P receptor 

Gpr6. Nat Neurosci 10: 1395-1397 (2007) 

 45.  Lotharius J, O'Malley KL: The parkinsonism-inducing drug 1-methyl-4-

phenylpyridinium triggers intracellular dopamine oxidation. A novel 

mechanism of toxicity. J Biol Chem 275: 38581-38588 (2000) 

 46.  Martinez M, Fernandez E, Frank A, Guaza C, de la FM, Hernanz A: 

Increased cerebrospinal fluid cAMP levels in Alzheimer's disease. Brain 

Res 846: 265-267 (1999) 

 47.  Meissner WG, Frasier M, Gasser T, Goetz CG, Lozano A, Piccini P, Obeso 

JA, Rascol O, Schapira A, Voon V, Weiner DM, Tison F, Bezard E: 

Priorities in Parkinson's disease research. Nat Rev Drug Discov 10: 377-

393 (2011) 

 48.  Missale C, Nash SR, Robinson SW, Jaber M, Caron MG: Dopamine 

receptors: from structure to function. Physiol Rev 78: 189-225 (1998) 

 49.  Navarro JA, Jimenez-Jimenez FJ, Molina JA, ito-Leon J, Cisneros E, 

Gasalla T, Orti-Pareja M, Tallon-Barranco A, de BF, Arenas J: 

Cerebrospinal fluid cyclic guanosine 3'5' monophosphate levels in 

Parkinson's disease. J Neurol Sci 155: 92-94 (1998) 

 50.  Not LG, Brocks CA, Vamhidy L, Marchase RB, Chatham JC: Increased O-

linked beta-N-acetylglucosamine levels on proteins improves survival, 

reduces inflammation and organ damage 24 hours after trauma-

hemorrhage in rats. Crit Care Med 38: 562-571 (2010) 

 51.  Oeckl P, Ferger B: Analysis of hydroxylation and nitration products of D-

phenylalanine for in vitro and in vivo radical determination using high-



References  32 

performance liquid chromatography and photodiode array detection. J 

Chromatogr B Analyt Technol Biomed Life Sci 877: 1501-1508 (2009) 

 52.  Oeckl P, Ferger B: Simultaneous LC-MS/MS analysis of the biomarkers 

cAMP and cGMP in plasma, CSF and brain tissue. J Neurosci Methods 

203: 338-343 (2012) 

 53.  Oeckl P, Lattke M, Wirth T, Baumann B, Ferger B: Astrocyte-specific IKK2 

activation in mice is sufficient to induce neuroinflammation but does not 

increase susceptibility to MPTP. Neurobiol Dis 48: 481-487 (2012a) 

 54.  Oeckl P, Steinacker P, Lehnert S, Jesse S, Kretzschmar HA, Ludolph AC, 

Otto M, Ferger B: CSF concentrations of cAMP and cGMP are lower in 

patients with Creutzfeldt-Jakob disease but not Parkinson's disease and 

amyotrophic lateral sclerosis. PLoS One 7: e32664 (2012b) 

 55.  Oeseburg H, de Boer RA, van Gilst WH, van der HP: Telomere biology in 

healthy aging and disease. Pflugers Arch 459: 259-268 (2010) 

 56.  Otto M, Stein H, Szudra A, Zerr I, Bodemer M, Gefeller O, Poser S, 

Kretzschmar HA, Mader M, Weber T: S-100 protein concentration in the 

cerebrospinal fluid of patients with Creutzfeldt-Jakob disease. J Neurol 244: 

566-570 (1997) 

 57.  Qin L, Liu Y, Wang T, Wei SJ, Block ML, Wilson B, Liu B, Hong JS: NADPH 

oxidase mediates lipopolysaccharide-induced neurotoxicity and 

proinflammatory gene expression in activated microglia. J Biol Chem 279: 

1415-1421 (2004) 

 58.  Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, Knapp DJ, Crews FT: 

Systemic LPS causes chronic neuroinflammation and progressive 

neurodegeneration. Glia 55: 453-462 (2007) 

 59.  Rodrigo R, Monfort P, Cauli O, Erceg S, Felipo V: Pharmacological 

manipulation of cyclic GMP levels in brain restores learning ability in animal 

models of hepatic encephalopathy: therapeutic implications. Neuropsychiatr 

Dis Treat 2: 53-63 (2006) 

 60.  Rolyan H, Scheffold A, Heinrich A, Begus-Nahrmann Y, Langkopf BH, 

Holter SM, Vogt-Weisenhorn DM, Liss B, Wurst W, Lie DC, Thal DR, Biber 

K, Rudolph KL: Telomere shortening reduces Alzheimer's disease amyloid 

pathology in mice. Brain 134: 2044-2056 (2011) 



References  33 

 61.  Schmidt N, Ferger B: Neurochemical findings in the MPTP model of 

Parkinson's disease. J Neural Transm 108: 1263-1282 (2001) 

 62.  Singh A, Beveridge AJ, Singh N: Decreased CSF Transferrin in sCJD: A 

Potential Pre-Mortem Diagnostic Test for Prion Disorders. PLoS One 6: 

e16804 (2011) 

 63.  Themann C, Teismann P, Kuschinsky K, Ferger B: Comparison of two 

independent aromatic hydroxylation assays in combination with 

intracerebral microdialysis to determine hydroxyl free radicals. J Neurosci 

Methods 108: 57-64 (2001) 

 64.  Torremans A, Van HA, Straetemans R, Vanhoof G, Van Den KG, 

Drinkenburg WH: Selective D1 agonism but not D2 antagonism is reflected 

in cAMP and cGMP levels in rat CSF. Brain Res Bull 81: 549-551 (2010) 

 65.  von Figura G., Hartmann D, Song Z, Rudolph KL: Role of telomere 

dysfunction in aging and its detection by biomarkers. J Mol Med (Berl) 87: 

1165-1171 (2009) 

 66.  Wang H, Chen H, Gao X, McGrath M, Deer D, De V, I, Schwarzschild MA, 

Ascherio A: Telomere length and risk of Parkinson's disease. Mov Disord 

23: 302-305 (2008) 

 67.  Watfa G, Dragonas C, Brosche T, Dittrich R, Sieber CC, Alecu C, Benetos 

A, Nzietchueng R: Study of telomere length and different markers of 

oxidative stress in patients with Parkinson's disease. J Nutr Health Aging 

15: 277-281 (2011) 

 68.  Wirdefeldt K, Adami HO, Cole P, Trichopoulos D, Mandel J: Epidemiology 

and etiology of Parkinson's disease: a review of the evidence. Eur J 

Epidemiol 26 Suppl 1: S1-58 (2011) 

 69.  Wu DC, Teismann P, Tieu K, Vila M, Jackson-Lewis V, Ischiropoulos H, 

Przedborski S: NADPH oxidase mediates oxidative stress in the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine model of Parkinson's disease. Proc Natl 

Acad Sci U S A 100: 6145-6150 (2003) 

 70.  Wyss-Coray T, Mucke L: Inflammation in neurodegenerative disease--a 

double-edged sword. Neuron 35: 419-432 (2002) 

 71.  Xiao MF, Xu JC, Tereshchenko Y, Novak D, Schachner M, Kleene R: 

Neural cell adhesion molecule modulates dopaminergic signaling and 



References  34 

behavior by regulating dopamine D2 receptor internalization. J Neurosci 29: 

14752-14763 (2009) 

 72.  Xing D, Feng W, Not LG, Miller AP, Zhang Y, Chen YF, Majid-Hassan E, 

Chatham JC, Oparil S: Increased protein O-GlcNAc modification inhibits 

inflammatory and neointimal responses to acute endoluminal arterial injury. 

Am J Physiol Heart Circ Physiol 295: H335-H342 (2008) 

 73.  Xing D, Gong K, Feng W, Nozell SE, Chen YF, Chatham JC, Oparil S: O-

GlcNAc modification of NFkappaB p65 inhibits TNF-alpha-induced 

inflammatory mediator expression in rat aortic smooth muscle cells. PLoS 

One 6: e24021 (2011) 

 74.  Yoshioka H, Niizuma K, Katsu M, Okami N, Sakata H, Kim GS, Narasimhan 

P, Chan PH: NADPH oxidase mediates striatal neuronal injury after 

transient global cerebral ischemia. J Cereb Blood Flow Metab 31: 868-880 

(2011) 

 75.  Yuzwa SA, Macauley MS, Heinonen JE, Shan X, Dennis RJ, He Y, 

Whitworth GE, Stubbs KA, McEachern EJ, Davies GJ, Vocadlo DJ: A 

potent mechanism-inspired O-GlcNAcase inhibitor that blocks 

phosphorylation of tau in vivo. Nat Chem Biol 4: 483-490 (2008) 

 76.  Yuzwa SA, Shan X, Macauley MS, Clark T, Skorobogatko Y, Vosseller K, 

Vocadlo DJ: Increasing O-GlcNAc slows neurodegeneration and stabilizes 

tau against aggregation. Nat Chem Biol 8: 393-399 (2012) 

 77.  Zachara NE, O'Donnell N, Cheung WD, Mercer JJ, Marth JD, Hart GW: 

Dynamic O-GlcNAc modification of nucleocytoplasmic proteins in response 

to stress. A survival response of mammalian cells. J Biol Chem 279: 30133-

30142 (2004) 

 

 

  



Analysis of hydroxylation and nitration products of D-phenylalanine using HPLC   35 

7. Analysis of hydroxylation and nitration products of D-

phenylalanine for in vitro and in vivo radical 

determination using high-performance liquid 

chromatography and photodiode array detection 

Patrick Oeckl and Boris Ferger  

 

7.1. Abstract 

D-Phenylalanine is capable of trapping reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) by forming three major hydroxylation (o-, m-, p-

tyrosine) and two major nitration products (nitrophenylalanine, nitrotyrosine). Here, 

we show how a method for the analysis of these phenylalanine derivatives was 

established using isocratic HPLC (Nucleosil120, C18 column) coupled with 

photodiode array detection and validated for cell-free in vitro and in vivo 

determination of radical formation. An ideal separation was achieved using a 

mobile phase consisting of 5% acetonitrile, 50mM KH2PO4, pH3.0, a column 

temperature of 35°C and a flow rate of 1.0mL/min. Limits of detection were in the 

range of 5–100nM. Linearity was given within 5nM to 100µM (correlation 

coefficient >0.999). Retention times as well as peak heights exhibited a high 

precision (RSD: 0.1% and <1.5%, respectively). The feasibility of D-

phenylalanine for ROS/RNS measurement was demonstrated in a cell-free in vitro 

assay using peroxynitrite and by analysis of brain samples of mice treated with the 

dopaminergic neurotoxin 6-hydroxydopamine. 

 

7.2. Introduction 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are widely 

accepted as one of the causes of neuronal damage in a variety of 

neurodegenerative diseases such as Parkinson´s disease (PD) and Alzheimer´s 

disease (Sayre et al. 2008). ROS and RNS can be of exogenous or endogenous 

origin. Many of the endogenous pathways involved in ROS/RNS generation rely 

on the presence of transition metal ions, which catalyse the radical formation (Kaur 

and Halliwell 1994). Additionally, during the innate immune response 
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phagocytosing cells like macrophages, monocytes and microglia produce 

ROS/RNS. This latter pathway includes the generation of the superoxide radical 

(O2
.-) by NADPH oxidase and nitric oxide (NO.) by inducible NO synthase (iNOS) 

(Babior 1999; Brown 2007). Both radicals, O2
.- and NO., exhibit only a low 

reactivity but are able to form peroxynitrite. Following protonation of peroxynitrite 

to peroxynitrous acid, this non stable intermediate degrades, producing the 

hydroxyl radical (OH.), the most reactive ROS and the nitrogen dioxide radical 

(NO2
.) (see Eq. (1)) (Beckman et al. 1990; Brown 2007; Halliwell 1997; Kaur and 

Halliwell 1994). 

 

O2
.- + NO.  ONOO- + H+  ONOOH  OH. + NO2

.  (1) 

 

There are several methods to measure ROS and RNS formation. They can be 

classified into direct measurement techniques like electron spin resonance (ESR) 

and indirect techniques, such as trapping and fingerprint assays (Cheng et al. 

2002; Giammarioli et al. 1999; Kaur and Halliwell 1994; Murrant and Reid 2001; 

Tarpey et al. 2004). Indeed, direct detection in biological samples is difficult due to 

the fast reaction of ROS and RNS and the low sensitivity of ESR (Tarpey et al. 

2004). Fingerprint assays include the investigation of oxidative and nitrative 

modifications of biomolecules such as protein carbonyl determination, protein 

tyrosine nitration, lipid peroxidation as well as DNA-base oxidation. These assays 

cannot distinguish between the acute radical-mediated effect and already 

produced alterations by former radical-induced insults (Giammarioli et al. 1999). 

Trapping approaches which use molecules that react with ROS/RNS to form 

stable and measurable adducts are a preferable tool especially for in vivo studies, 

which can be applied for blood and tissue samples. 

In this context the application of aromatic compounds like salicylate is well 

documented, e.g. to measure hydroxyl radicals in several pathological conditions 

such as animal model of Parkinson’s disease, brain ischemia and cardiovascular 

diseases (Cheng et al. 2002; Das et al. 1991; Henze et al. 2005; jen et al. 1998; 

Kaur and Halliwell 1994; Themann et al. 2001). D-Phenylalanine is another 

aromatic trapping molecule which is tolerated well in in vivo studies. It can be 

administered systemically or locally e.g. via the in vivo microdialysis technique 

(Biondi et al. 2006; Ferger et al. 2001; Henze et al. 2005; Kaur and Halliwell 1994). 
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Using the D-isomer of phenylalanine is advantageous over the physiologic 

enantiomer L-phenylalanine because the D-phenylalanine is not metabolised by 

phenylalanine hydroxylase forming p-tyrosine. Hydroxyl radicals or nitrogen 

dioxide radicals lead to a hydroxylation and/or nitration of D-phenylalanine and to 

the formation of o-, m-, p-tyrosine, nitrophenylalanine and nitrotyrosine, 

respectively (Fig. 4). Measurement of these products can be used as a marker for 

ROS/RNS generation (Biondi et al. 2006; Kaur and Halliwell 1994; van der Vliet et 

al. 1995; van der Vliet et al. 1994). 

 

Fig. 4. Hydroxylation and nitration 
products of phenylalanine. 

The aim of the present study was to establish a rapid and robust HPLC analysis of 

the major hydroxylation and nitration products of D-phenylalanine for cell-free in 

vitro and in vivo ROS/RNS determination (e.g. in blood plasma, tissue 

homogenates, cerebrospinal fluid and cell media). For assay demonstration 

synthetic peroxynitrite was used in a cell-free system and intrastriatal 6-

hydroxydopamine (6-OHDA) administration in an in vivo experiment. 

 

7.3. Experimental 

Reagents 

D-phenylalanine, DL-m-tyrosine, DL-o-tyrosine, DL-tyrosine, -(4-nitrophenyl)-DL-

alanine hydrate, 3-nitro-L-tyrosine, dopamine hydrochloride, 3,4-

dihydroxyphenylacetic acid, homovanillic acid, 3-methoxytyramine hydrochloride, 
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serotonin hydrochloride, 5-hydroxyindole-3-acetic acid, acetonitrile 

CHROMASOLV Plus for HPLC (ACN), methanol CHROMASOLV Plus for HPLC 

(MeOH) and 6-hydroxydopamine hydrobromide were purchased from Sigma 

(Steinheim, Germany). The peroxynitrite solution was purchased from 

Calbiochem, Darmstadt, Germany. All reagents used were of the highest purity 

available. Water was provided by a Milli-Q Advantage A10 System (Millipore, 

Schwalbach, Germany). 

 

HPLC 

The final mobile phase composition and its optimisation are described in the 

results part. The best results were obtained using 5 % ACN, 50 mM KH2PO4, pH 

3.0, a flow rate of 1.0 mL/min and a column temperature of 35 °C. The HPLC 

system consisted of a HPLC pump (P680), an automated sample injector (ASI-

100) and photodiode array detector (PDA-100) (all Dionex GmbH, Idstein, 

Germany). PEEK tubing was used to minimise unspecific hydroxylation reactions. 

Chromatographic separation was performed using a reversed-phase column (250 

mm x 4.0 mm with precolumn 5 mm x 4.0 mm, Nucleosil120, C18, 5 µm, MZ 

Analysentechnik, Mainz, Germany) which was kept in a column oven to ensure a 

constant temperature. The HPLC software Chromeleon 6.60 (Dionex GmbH, 

Idstein, Germany) served for data acquisition and analysis. 

Unless otherwise stated, in all experiments an injection volume of 20 µL was 

applied and the samples were kept at 4 °C in the autosampler until analysis. 

 

Standard solutions 

Standard stock solutions of D-phenylalanine and its derivatives were prepared in 

Milli-Q water. Stock solutions of neurotransmitters and metabolites were dissolved 

in 0.1 M HCl. All standards had a concentration of 1 mM and were stored at -80 

°C. For HPLC analysis the stock solutions were further diluted in 0.4 M perchloric 

acid. Perchloric acid was used because of the protein precipitating properties 

within the brain tissue analysis protocol of our laboratory (see below). 
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Cell-free in vitro radical assay 

D-phenylalanine was dissolved in artificial cerebrospinal fluid (aCSF, 147 mM 

NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.85 mM MgCl2, 1 mM Na2HPO4) at a 

concentration of 1 mM and was further diluted to 100 µM in the final reaction 

mixture. aCSF was used to ensure almost physiological conditions which is 

particularly preferred for the application of the phenylalanine assay for radical 

determination in the brain using the in vivo microdialysis technique. 

Because the peroxynitrite solution contained NaOH for stabilisation, the pH of the 

reaction mixture was adjusted with HCl to approximately pH 7 immediately before 

the assay, in order to activate the peroxynitrite. Finally, different amounts of 

peroxynitrite were added to investigate the concentration dependency of 

hydroxylation and nitration of D-phenylalanine, respectively. After addition of 

peroxynitrite the mixture was incubated at 37 °C for 1 h whilst undergoing 

repeated mixing and subsequent analysis by HPLC. 

An external standard curve (5 nM – 100 µM) was used for quantitation (10 point 

calibration without replicates). 

Note: The suppliers declaration of the peroxynitrite solution contained a 

concentration range (160 – 200 mM). The figure legends and descriptions in the 

text refer to the upper limit (e.g. 200 mM). 

 

In vivo radical determination 

C57BL/6J mice (Charles River Laboratories, Sulzfeld, Germany) were 

anaesthetised using ketamine and xylazine (70 and 6 mg/kg i.p., respectively) and 

fixed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) in a flat-

skull position. Anaesthesia was maintained by inhalation of 1.1 vol% isoflurane in 

O2/air (80/20). The mice received an unilateral injection of 6 µg 6-OHDA (free 

base), dissolved in 2 µL (0.02 % ascorbate in saline), at a flow rate of 0.2 µL/min 

into the left striatum (coordinates: 1.0 mm anterior, 2.4 mm lateral and 3.7 mm 

ventral relative to bregma). The needle (33G) was kept in place for another 3 min, 

after the injection was finished. As a control, vehicle was administered into the 

right striatum. 
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In order to measure radical formation, the mice received an i.p. injection of D-

phenylalanine (200 mg/kg in saline), 45 min before brain removal (Henze et al. 

2005). 

Mice were killed by cervical dislocation 30 min following neurotoxin administration. 

Striata were rapidly dissected out, immediately homogenised in ice-cold 0.4 M 

perchloric acid using sonication and frozen until HPLC analysis. At the day of 

HPLC analysis, the samples were thawed, centrifuged (3000 x g, 20 min, 4 °C), 

filtered through a 0.22 µm regenerated cellulose membrane (Sartorius Stedim 

Biotech GmbH, Goettingen, Germany) and analysed by HPLC using an injection 

volume of 40 µL. Calibration was performed as described for the cell-free in vitro 

radical assay. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany) and performed in an 

AAALAC (Association for Assessment and Accreditation of Laboratory Animal 

Care International)-accredited facility in accordance with the European Convention 

for Animal Care and Use of Laboratory Animals. 

 

Statistics 

The concentrations of the tyrosine isomers after peroxynitrite treatment of 100 µM 

D-phenylalanine were analysed by two-way ANOVA followed by Bonferroni´s post 

test. Paired Student´s t test was used to compare ipsi- and contralateral sides in 6-

OHDA treated mice. Correlation coefficients were calculated according to 

Pearson. GraphPad Prism 5.01 for windows (GraphPad Software, USA) was used 

for all statistical analysis. 

 

7.4. Results and discussion 

Chromatographic conditions 

The resolution factor Rs and retention factor k of the chromatograms were used as 

the evaluation parameters to optimise the separation conditions. Rs and k are 

given as: 

                   

21

12 )(2
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tt
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   (2) 
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t1 and t2 are the retention times of the first and the second of two adjacent peaks, 

respectively. W1 and W2 are their respective baseline bandwidths. t0 is defined as 

the column dead time and tR as the retention time of the peak. The Rs-value of a 

chromatogram is the lowest Rs-value of all adjacent peak pairs. For optimisation a 

limit of Rs ≥ 2.0 was applied. For the separation of D-phenylalanine and its 

hydroxylation and nitration products o-, m-, p-tyrosine, nitrophenylalanine and 

nitrotyrosine only the lowest k-value was relevant. It was set to > 0.8, because the 

substances that were not retarded yielded a broad peak. The column used had a 

t0 of 2 min which was determined by observing the first disturbance of the 

chromatogram baseline and by a calculation using the column dead volume and 

the flow rate of 1.0 mL/min according to Snyder et al. (Snyder et al. 1997). 

To optimise the separation of D-phenylalanine and its derivatives ACN and MeOH 

were tested to yield the ideal type of organic solvent and its concentration in an 

isocratic elution. A concentration range of 1-20 % of both, ACN and MeOH was 

investigated. 50 mM KH2PO4 was used as a buffering agent, was adjusted to a pH 

of 3.15 (using concentrated phosphoric acid) and delivered at a flow rate of 1.0 

mL/min (Ferger et al. 2001). 

The best results were achieved with a mobile phase containing 5 % ACN, but the 

Rs-value was still too low. However, the column temperature and particularly the 

pH of the mobile phase are two additional parameters that influence the separation 

of ionic compounds. The impact of pH and temperature on Rs and k is shown in 

Fig. 5. If pH declines, then the k-value increases which is consistent with the pKa 

of phenylalanine and tyrosine (1.8 and 2.2, respectively) and the measured pH 

range (Stryer 1996). Coming closer to the pKa is accompanied with an elevation of 

hydrophobicity and therefore a longer retention time in the reversed-phase 

column. A higher temperature led to a decrease of k. 
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Fig. 5. (A) k-value of the first eluting compound and (B) Rs-value of the chromatogram 
depending on mobile phase pH and column temperature in a mixture of D-phenylalanine, 
o-, m-, p-tyrosine, nitrophenylalanine and nitrotyrosine (10 µM each in 0.4 M HClO4). 
(Mobile phase: 5 % ACN, 50 mM KH2PO4). 

For Rs, pH and temperature had the opposite effect as for k. Five combinations 

fullfilled the defined criteria as seen in Table 1. The Rs-value was highest at a pH 

of 3.0 and a temperature of 35 °C. Therefore, this condition was selected for the 

further experiments. 

Table 1. Separation conditions which 
fullfilled the defined criteria of Rs ≥ 2.0 and k 
> 0.8 (mobile phase: 5 % ACN, 50 mM 
KH2PO4, flow rate: 1.0 mL/min). 

 

 

 

 

 

Since the flow rate had a minor effect on column efficiency (Fig. 6), it was 

maintained at 1.0 mL/min. Using these final settings (mobile phase: 5 % ACN, 50 

mM KH2PO4, pH 3.0; settings: 35 °C, 1.0 mL/min), the chromatographic separation 

was achieved within 12 min. 

 

Condition Rs-value k-value 

pH 3.0, RT 

pH 3.0, 30 °C 

pH 3.0, 35 °C 

pH 2.5, 35 °C 

pH 2.5, 40 °C 

2.06 

2.34 

2.43 

2.03 

2.14 

0.99 

0.87 

0.82 

1.11 

1.03 
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Fig. 6. Theoretical plate height of the column against 
linear velocity (van Deemter curve) in a mixture of D-
phenylalanine (D-Phe), o-, m-, p-tyrosine (o-, m-, p-Tyr), 
nitrophenylalanine (N-Phe) and nitrotyrosine (N-Tyr) (10 
µM each in 0.4 M HClO4). (Mobile phase/settings: 5 % 
ACN, 50 mM KH2PO4, pH 3.0, 35 °C). 

This separation protocol bears some further advantages. Using ACN as an organic 

solvent and KH2PO4 as a buffering agent suit measurements in the lower UV 

range, which is important for the phenylalanine derivatives (see below) (Snyder et 

al. 1997). The pH of 3.0 is within the buffering capacity of KH2PO4. By adjusting 

the temperature actively, a high reproducibility of the separation can be ensured. 

A possible application of the phenylalanine assay is the determination of 

phenylalanine-derived hydroxylation and nitration products as surrogate markers 

of free radical concentration in the brain. Therefore, we looked for a co-elution of 

some frequent appearing neurotransmitters and their metabolites with D-

phenylalanine and its derivatives using the established HPLC settings. Neither 

dopamine and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 

homovanillic acid (HVA) and 3-methoxytyramine (3-MT) nor serotonin and 5-

hydroxyindole-3-acetic acid (5-HIAA) co-eluted with any of the six compounds. 

 

Detection 

The use of a photodiode array detector (PDA) is beneficial due to the collection of 

the full UV/VIS spectrum of all six compounds in a range of 190 – 800 nm. 

Therefore, the absorption maxima for each peak can be determined and used for 

quantitation. The spectra can also be used for peak identification. Figure 7 shows 

the respective absorption spectra and Table 2 lists the absolute and relative 

maxima. All compounds have their maximal absorption in the lower UV-range. 
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Fig. 7. Representative absorption spectra of D-phenylalanine 
and its hydroxylation and nitration products (10 µM each in 0.4 
M HClO4). In the wavelength range up to 800 nm, which is not 
shown, no absorbance was detected. (Mobile phase/settings: 
5 % ACN, 50 mM KH2PO4, pH 3.0, 35 °C, 1.0 mL/min). 

Table 2. Absolute and relative absorption maxima of D-phenylalanine 
and its hydroxylation and nitration products in a range of 190 – 800 nm. 

Compound Absolute maxima 

(nm) 

Relative maxima 

(nm) 

p-Tyrosine 

m-Tyrosine 

o-Tyrosine 

D-Phenylalanine 

Nitrotyrosine 

Nitrophenylalanine 

194 

195 

194 

191 

191, 217 

199 

224, 276 

275 

274 

- 

278, 367 

277 

 

Table 3. Characteristics of the established HPLC-PDA analysis with an injection volume of 20 µl. 

Compound Retention time 

(min) 

LOD
 

(nM) 

LOQ
 

(nM) 

Detection wavelength 

(nm) 

Bandwidth 

(nm) 

p-Tyrosine 

m-Tyrosine 

o-Tyrosine 

D-Phenylalanine 

Nitrotyrosine 

Nitrophenylalanine 

3.675 

4.258 

5.425 

6.083 

8.850 

9.758 

6 

5 

100 

50 

50 

50 

50 

50 

100 

50 

50 

100 

194 

195 

194 

192 

217 

199 

4 

5 

4 

2 

10 

9 

LOD: limit of detection, LOQ: limit of quantitation 
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The wavelengths used for detection are shown in Table 3. For D-phenylalanine an 

elevation to 192 nm was advantageous because the noise could be reduced by 

selecting a higher bandwidth during data acquisition. 

Previous studies using HPLC coupled with photometric detection to analyse 

hydroxylation or nitration products of phenylalanine usually applied a detection 

wavelength of 274 nm (Biondi et al. 2001; Kaur et al. 1997; Liu et al. 1998; Sun et 

al. 1993; van der Vliet et al. 1995; van der Vliet et al. 1994). Although these 

compounds have a relative absorption maximum of around 274 nm (Table 2), all 

absolute maxima are below 200 nm, with the exception of nitrotyrosine (217 nm). 

The great difference in absorption between the absolute and relative maxima is 

important concerning the limit of detection (LOD) and limit of quantitation (LOQ). 

 

Limit of detection/quantitation 

In this study signal-to-noise ratios (S/N) of  3 and  10 were set as the thresholds 

for calculating the LOD and LOQ, respectively. Different concentrations were 

analysed in triplicate and the mean of the three samples was compared with the 

threshold mentioned above (Table 3) (Snyder et al. 1997). p- and m-Tyrosine were 

detected in the low nanomolar range, but for o-tyrosine and D-phenylalanine, the 

sensitivity was considerably lower. This was due to a co-eluting peak of unknown 

origin, making it impossible to identify the peaks of the two compounds in this 

concentration range. A lower UV/VIS absorption is the reason for the less sensitive 

LOD of the nitro-derivatives (Fig. 8). 

 

Precision, accuracy, linearity 

The analysis of ten samples (1 µM of each compound) yielded a relative standard 

deviation (RSD) of the retention times of  0.1 %. For the peak height the RSDs 

were all < 1.5 % whereas for peak area the RSD exceeded 10 % for nitrotyrosine. 

Therefore, the peak height was used for quantitative measurements. Precision and 

accuracy of the HPLC analysis were determined using standard solutions of 

different concentrations and are presented in Table 4. For the validation in in vivo 

samples, tissue homogenates of murine striata were spiked with varying amounts 

of the phenylalanine derivatives. Figure 8 shows representative chromatograms of 

in vivo samples before and after addition of synthetic phenylalanine derivatives. 
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A      B 

  

C      D 

  

Fig. 8. Representative chromatograms of (A) D-phenylalanine, o-, m-, p-tyrosine, 
nitrophenylalanine and nitrotyrosine (10 µM each in 0.4 M HClO4) at 210 nm, (B) a 3D-Plot of it and 
of a striatal tissue homogenate before (C) and after (D) addition of 1 µM of each of the compounds 
using the optimised conditions. (Mobile phase/settings: 5 % ACN, 50 mM KH2PO4, pH 3.0, 35 °C, 
1.0 mL/min). 

Linearity was given for concentrations of up to 50 µM for o-, m-, p-tyrosine and D-

phenylalanine. Nitrophenylalanine and nitrotyrosine exhibited a linear range up to 

100 µM. The correlation coefficient of all the phenylalanine derivatives was > 

0.999 at the respective detection wavelength. 
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Table 4. Precision and accuracy of phenylalanine derivatives in standard solutions (perchloric acid) 
and a homogenate of the murine striatum (n = 5). 

Compound added (nM) Measured value (mean  SD) (nM) RSD (%) Accuracy (%) 

p-Tyrosine 
 Standard solution 
 6 
 60 
 600 
 6000 
 50000 
 Brain homogenate 
 0 
 1000 
 10000 
 
m-Tyrosine 
 Standard solution 
 6 
 60 
 600 
 6000 
 50000 
 Brain homogenate 
 0 
 5 
 50 
 1000 
 
o-Tyrosine 
 Standard solution 
 100 
 600 
 6000 
 50000 
 Brain homogenate 
 0 
 100 
 1000 
 

 
 

6.36  0.57 

51.68  0.67 

631.75  5.18 

6458.5  81.6 

49537.1  414.5 
 

721.92  5.00 

1636.6  5.2 

10467.1  41.0 
 
 
 

3.69  0.86 

50.10  0.61 

626.24  6.43 

6356.7  91.6 

49396.3  378.4 
 

22.38  2.37 

18.25  0.76 

66.79  1.07 

1027.4  3.9 
 
 
 

112.09  10.52 

634.29  22.0 

6439.2  80.2 

49222.3  396.5 
 
0 

107.94  2.15 

1088.9  9.2 

 
 

8.9 
1.3 
0.8 
1.3 
0.8 

 
0.7 
0.3 
0.4 

 
 
 

23.3 
1.2 
1.0 
1.4 
0.8 

 
10.6 
4.2 
1.6 
0.4 

 
 
 

9.4 
3.5 
1.2 
0.8 

 
- 

2.0 
0.8 

 
 

106.0 
86.1 
105.3 
107.6 
99.1 

 
- 

95.0 
97.6 

 
 
 

61.5 
83.5 
104.4 
105.9 
98.8 

 
- 

66.7 
92.3 
100.5 

 
 
 

112.9 
105.7 
107.3 
98.4 

 
- 

107.9 
108.9 

D-Phenylalanine 
 Standard solution 
 60 
 600 
 6000 
 50000 
 Brain homogenate 
 0 
 1000 
 10000 
 
Nitrotyrosine 
 Standard solution 
 60 
 600 
 6000 
 60000 
 Brain homogenate 
 0 
 50 
 1000 
 
Nitrophenylalanine 
 Standard solution 
 60 
 600 
 6000 
 60000 
 Brain homogenate 
 0 
 50 
 100 
 1000 

 
 

58.87  2.81 

646.82  13.49 

6628.0  85.0 

49150.5  395.1 
 

571.32  9.66 

1508.7  14.9 

10491.0  83.0 
 
 
 

48.81  1.90 

619.52  6.48 

6283.8  94.0 

62121.6  770.5 
 
0 

50.63  0.36 

1004.1  4.1 
 
 
 

50.51  2.42 

614.99  7.24 

6303.7  97.5 

62416.5  744.9 
 
0 

56.18  3.72 

106.17  2.27 

999.8  9.7 

 
 

4.8 
2.1 
1.3 
0.8 

 
1.7 
1.0 
0.8 

 
 
 

3.9 
1.0 
1.5 
1.2 

 
- 

0.7 
0.4 

 
 
 

4.8 
1.2 
1.5 
1.2 

 
- 

6.6 
2.1 
1.0 

 
 

98.1 
107.8 
110.5 
98.3 

 
- 

96.0 
99.2 

 
 
 

81.4 
103.3 
104.7 
103.5 

 
- 

101.3 
100.4 

 
 
 

84.2 
102.5 
105.1 
104.0 

 
- 

112.4 
106.2 
100.0 

SD: standard deviation, RSD: relative standard deviation 
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Cell-free in vitro radical assay 

In order to demonstrate the phenylalanine assay as a valuable tool to measure 

ROS and RNS generation, a cell-free in vitro radical assay using peroxynitrite as 

the ROS and RNS producing agent was established. Peroxynitrite can form the 

very reactive hydroxyl radical, as well as the nitrogen dioxide radical after being 

protonated to peroxynitrous acid (Beckman et al. 1990). 

Assuring almost physiological reaction conditions was important due to the fact 

that the reaction is pH and temperature dependent. Hydroxylation and nitration by 

peroxynitrite decreases at higher pH and the pKa of peroxynitrite in turn decreases 

with temperature (Beckman et al. 1990; Kaur et al. 1997). 

The incubation of 100 µM D-phenylalanine with different concentrations of 

peroxynitrite resulted in a concentration-dependent increase of the hydroxylation 

products, o-, m- and p-tyrosine, as well as the nitration products, 

nitrophenylalanine and nitrotyrosine (Fig. 9A and B).  

 

 

0 100 200 300
0

500

1000

p-tyrosine

m-tyrosine

o-tyrosine

A

peroxynitrite concentration (µM)

h
yd

ro
x
yl

a
ti

o
n

 p
ro

d
u

c
ts

 (
n

M
)

0 100 200 300
0

200

400

600

800 nitrotyrosine

nitrophenylalanine

B

peroxynitrite concentration (µM)

n
it

ra
ti

o
n

 p
ro

d
u

c
ts

 (
n

M
)

 

0 100 200 300
80

85

90

95

100

C

peroxynitrite concentration (µM)

D
-p

h
e

n
yl

a
la

n
in

e
 (

µ
M

)

 

Fig. 9. Appearance of (A) o-, m-, p-tyrosine (Tyr), (B) nitrophenylalanine (N-Phe), nitrotyrosine (N-
Tyr) and (C) D-phenylalanine by incubating 100 µM D-phenylalanine with different concentrations 
(see section 7.3) of peroxynitrite for 1 h at 37 °C in aCSF. Statistical analysis revealed the following 
correlation coefficients (Pearson): 0.9581 (o-Tyr), 0.9685 (m-Tyr), 0.9630 (p-Tyr), 0.9859 (N-Phe), 

0.9995 (N-Tyr) and -0.9963 (D-phenylalanine).  (mean  SD, n = 3). 
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As expected, the D-phenylalanine concentration decreased (Fig. 9C). Peroxynitrite 

by itself did not yield any of the six compounds. Peak identity was verified using 

the respective absorption spectrum. Three further peaks of unknown identity 

appeared during acquisition in the second half of the chromatogram, but with 

considerably lower intensity than the others. 

Treatment with peroxynitrite provided comparable amounts of o-, m- and p-

tyrosine which is in agreement with observations of other groups (Biondi et al. 

2001; Li et al. 2003). At higher peroxynitrite concentrations, the formation of o-, m- 

and p-tyrosine decreased. This decline could be due to ongoing reactions, as the 

probability of a second hydroxylation increases with higher amounts of tyrosine. 

Kaur et al. (Kaur et al. 1997) reported the generation of dihydroxyphenylalanine 

(DOPA) during incubation of peroxynitrite with phenylalanine, but this was not 

observed in our analysis. Instead of DOPA, the three unidentified peaks 

mentioned above may represent other products emerging from a further 

hydroxylation reaction. Due to the fact that the unknown peaks exhibit longer 

retention times than the tyrosines it is conceivable that there may also exist at 

least one additional nitration site. As seen for tyrosine and phenylalanine, nitration 

leads to an increase of the retention time. Concordantly, van der Vliet et al. (van 

der Vliet et al. 1994) also assumed the generation of such phenylalanine nitration 

derivatives. 

Regarding the nitration products after peroxynitrite treatment, the rise of 

nitrophenylalanine is more pronounced than for nitrotyrosine. This fact is 

understandable considering the higher supply of phenylalanine versus tyrosine 

isomers. 

Surprisingly, the phenylalanine decline was much higher than the sum of detected 

nitration and hydroxylation products. Li et al. (Li et al. 2003) proposed a 

degradation pathway for phenylalanine triggered by hydroxyl radicals. Indeed, 

using LC-MS (liquid chromatography-mass spectrometry) they detected a peak 

eluting between p- and m-tyrosine and proposed a structure based on the two 

masses (M + H+; 136 and 118 m/z) found.  These masses are consistent with the 

hypothetical endproducts of the potential pathway mentioned above. We also 

detected a peak in the same range, but it did not show the absorption spectrum 

specified by the authors (Li et al. 2003). 
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In agreement with other groups, the reaction of phenylalanine with peroxynitrite did 

not result in a stoichiometric yield of nitration and hydroxylation adducts (Kaur et 

al. 1997; van der Vliet et al. 1994).  

 

In vivo radical determination 

Additionally to the cell-free in vitro demonstration of the phenylalanine assay, we 

tested the feasibility in vivo using the dopaminergic neurotoxin 6-OHDA. 6-OHDA 

mediates its toxic effects by the formation of free radicals through autoxidation as 

well as inhibition of complexes I and IV of the respiratory chain and expression 

and phosphorylation of the transcription factor c-Jun is involved in both cases 

(Glinka et al. 1997; Winter et al. 2006). Therefore, 6-OHDA is a good tool to 

demonstrate the application of the assay in vivo. 

The intrastriatal administration of 6-OHDA resulted in a more then 2-fold increase 

of the ratio of m-tyrosine/phenylalanine in the striatum compared to the 

contralateral side (Fig. 10). The reliability of the phenylalanine assay for tissue 

samples is higher by expressing the ROS/RNS formation using the respective 

ratio, m-tyrosine/phenylalanine for ROS and nitrotyrosine/phenylalanine for RNS. 

In vivo, absorption, distribution, metabolism and elimination of D-phenylalanine 

affects striatal D-phenylalanine levels and consequently the substrate for 

hydroxylation and nitration reactions at the side of action. The results of the 

present study are in agreement with a previous observation in rats by Henze et al.  
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Fig. 10. Ratio of m-tyrosine to phenylalanine (m-Tyr/Phe) 
as a marker of ROS generation in the striatum of mice, 
30 min following intrastriatal 6-OHDA administration (6 µg 
free base within 2 µL). The contralateral side served as a 
control (2 µL saline). D-phenylalanine (200 mg/kg i.p.) 
was administered 45 min prior to the striatum dissection. 

(mean  SEM, n = 6; ** p < 0.01) 
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(Henze et al. 2005). They also found a 2-fold increase of m-tyrosine/phenylalanine 

25 min after intrastriatal 6-OHDA administration. However, in contrast to this study, 

we could not detect any formation of nitrophenylalanine or nitrotyrosine. Henze et 

al. (Henze et al. 2005) performed their experiment in rats and we used mice and 

the 6-OHDA dose was 3-fold higher than in the present study. 

There are other existing LC-MS based methods to determine ROS and RNS using 

endogenous molecules such as proteins or other cellular markers (Delatour et al. 

2002a; Delatour et al. 2002b). Although not tested in the present study we assume 

that these methods will lead to similar results as using exogenously administered 

phenylalanine. The advantage of the phenylalanine method is the temporal 

resolution. Only the exogenously administered phenylalanine immediately before 

the ROS/RNS determination is involved which excludes false positive results 

which are caused by radical generation before the administration of phenylalanine. 

Endogenous biomolecules which are present all over the time cannot distinguish 

between the former and acute ROS/RNS-induced alterations. Thus, the method 

described here may provide an additional approach with comparable validity. 

 

Conclusion 

In conclusion, we developed an assay for the simultaneous measurement of the 

major hydroxylation and nitration products of D-phenylalanine which could be 

applied in a cell-free in vitro as well as in vivo experiment. The analysis comprises 

isocratic HPLC coupled to PDA detection, with a running time of 12 min per 

sample. Furthermore, we demonstrated the feasibility of D-phenylalanine for 

measuring ROS/RNS generation in a cell-free in vitro experiment using 

peroxynitrite to generate o-, m-, p-tyrosine and nitrotyrosine as well as 

nitrophenylalanine. The successful implementation of the phenylalanine assay in 

vivo indicated by analysis of brain samples after 6-OHDA administration has been 

shown. 
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8. Simultaneous LC-MS/MS analysis of the biomarkers 

cAMP and cGMP in plasma, CSF and brain tissue 

Patrick Oeckl and Boris Ferger 

 

8.1. Abstract 

The cyclic nucleotides cyclic adenosine-3’,5’-monophosphate (cAMP) and cyclic 

guanosine-3’,5’-monophosphate (cGMP) are important second messengers. They 

are useful biomarkers to indicate biological activity of drugs such as 

phosphodiesterase (PDE) inhibitors which block the degradation of these 

nucleotides. Here, we established a fast and sensitive method for the 

simultaneous analysis of cAMP and cGMP by LC-MS/MS with broad applicability. 

The limit of detection is 50 pM. Linearity is given in a range of 0.5 – 500 nM for 

both nucleotides, with a high intra- and inter-assay precision and accuracy and an 

analysis time of 3.5 min. We validated the suitability of the method by 

pharmacological modulation of cAMP or cGMP concentrations in mice with the 

PDE4 inhibitor rolipram and the PDE5 inhibitor zaprinast. Rolipram significantly 

increased cAMP concentrations in plasma, CSF and brain tissue. Zaprinast 

increased cGMP concentrations in plasma but not in brain tissue, which is in 

accordance with its blood brain barrier permeability. In conclusion, the LC-MS/MS 

method described here could be a valuable analytical tool for investigating 

pharmacodynamic effects of PDE inhibitors and to monitor disease-related 

changes of cAMP and cGMP in the periphery as well as in the central nervous 

system. 

 

8.2. Introduction 

Cyclic adenosine-3’,5’-monophosphate (cAMP) and cyclic guanosine-3’,5’-

monophosphate (cGMP) are important second messengers for many G-protein 

coupled receptors in a lot of cell types and tissues. Modulation of intracellular 

cAMP/cGMP concentrations occurs by activation or inhibiton of adenylyl/guanylyl 

cyclases, the cAMP and cGMP synthesising enzymes. To inhibit signaling, both 

second messengers are degraded by different phosphodiesterases (PDEs) with 

more or less specificity for either cAMP or cGMP (Beavo and Brunton 2002; Conti 
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and Beavo 2007; Rehmann et al. 2007). Owing to the wide distribution of this 

second messenger system, an imbalance in its homeostatic regulation leads to a 

variety of pathological states and the system is targeted for treatment in several 

diseases such as cancer and cardiovascular, neurodegenerative and psychiatric 

disorders (Reffelmann and Kloner 2009; Reneerkens et al. 2009; Savai et al. 

2010). 

According to the definition of a biomarker provided by the National Institutes of 

Health, cAMP and cGMP measurement could serve as a valuable method to 

improve biomarker analysis to indicate normal biological and pathogenic 

processes as well as pharmacological responses to a therapeutic intervention 

(Biomarkers Definitions Working Group 2001). Precise and accurate methods with 

a high sensitivity and selectivity are essential for investigating mechanisms that 

alter the concentration of the biomarkers cAMP and cGMP. Their determination 

could be important in future for diagnosis of diseases and for the development of 

novel drugs, targeting these second messenger systems. 

Currently the most applied methods to measure cAMP and cGMP are 

immunological assays, sometimes including an acetylation step and radiolabelling 

to improve sensitivity (Giorgi et al. 2008; Marte et al. 2008; Torremans et al. 

2010a; Torremans et al. 2010b; Wade et al. 2004). These assays are sensitive 

and have detection limits below 100 pM; however, only one of the cyclic 

nucleotides can be analysed in a given sample. Concerning safety aspects the use 

of radioactivity in some of these assays favours the use of alternative methods. 

There are a few HPLC-based methods coupled to fluorescence or photodiode 

array detection that have good precision and accuracy, but these require a high 

sample volume and have low sensitivity, which limits their applicability (Diaz Enrich 

et al. 2000; Goossens et al. 1994). 

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is a 

tool becoming more and more popular in the analysis of biomarkers owing to its 

highly selective multiple reaction monitoring (MRM). A further advantage is the 

simultaneous measurement of several analytes in a single run, which ideally 

allows the analysis of the biomarker and the drug within the same sample. This 

reduces the sample volume needed and is less time consuming. Concomitant 

analysis of cAMP and cGMP is meaningful, since both second messenger 
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systems are interconnected, a fact that could be important in drug development 

(e.g. investigating selectivity to a particular PDE) (Zaccolo and Movsesian 2007). 

LC-MS/MS methods for the analysis of either cAMP or cGMP have been reported 

(Cordell et al. 2008; Goutier et al. 2010; Lorenzetti et al. 2007; Martens-

Lobenhoffer et al. 2010; Witters et al. 1997; Zhang et al. 2009); however, they 

either focused on the measurement of a single cyclic nucleotide, included time-

consuming sample purification steps, or featured analysis times of up to 19 min. 

To the best of our knowledge, no LC-MS/MS method has been developed to date 

that reached the sensitivity of the immunological assays. Indeed, high sensitivity is 

necessary, especially if only a limited sample volume is available or when samples 

have concentrations in the sub-nanomolar range.  

Here, we describe the development of a fast and sensitive LC-MS/MS method for 

the simultaneous analysis of cAMP and cGMP following a simple sample 

preparation. We show the reliability of the method to measure the two cyclic 

nucleotides in different sample matrices including plasma, brain homogenates and 

cerebrospinal fluid (CSF) after blocking PDE4 or PDE5. 

 

8.3. Materials and Methods 

Reagents 

Acetonitrile (LC-MS grade), cAMP, cGMP, formic acid (LC-MS grade), methanol, 

zaprinast, inosine-5’-monophosphate (IMP) and adenosine-5’-monophosphate 

(AMP) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 

Cyclic inosine-3’,5’-monophosphate (cIMP) was obtained from BIOLOG Life 

Science Institute (Bremen, Germany), perchloric acid (70 %) from Merck KGaA 

(Darmstadt, Germany) and rolipram from Alexis Corporation (Lausen, 

Switzerland). Ultrapure water (18 M.cm) was generated using the Milli-Q 

Advantage A10 System from Millipore GmbH (Schwalbach, Germany). 

 

Synthesis of internal standards (IS) 

Stable isotope-labelled internal standards were synthesised at Boehringer 

Ingelheim Pharma GmbH & Co. KG. The chemical structure of [13C5]cAMP and 

[15N5]cGMP is depicted in Fig. 11. 
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H

 

[13C5]cAMP    [15N5]cGMP 

Fig. 11. Chemical structure of the internal MS standards [
13

C5]cAMP and [
15

N5]cGMP. 

Instrumentation 

The HPLC system consisted of an HTS PAL autosampler (CTC Analytics AG, 

Zwingen, Switzerland), maintained at 4 °C during all experiments, Agilent 1200 

Binary Pump, Agilent 1200 Micro Vacuum Degasser and Agilent 1200 

Thermostatted Column Compartment (Agilent Technologies, Morges, 

Switzerland). Chromatographic separation was performed at room temperature 

using a reversed-phase column (Varian MetaSil AQ, 120-5, C18, 100 x 2.0 mm, 

Varian, Palo Alto, USA). Mobile phase A consisted of 0.1 % formic acid in water, 

whereas mobile phase B was 100 % acetonitrile. The following gradient elution 

profile was applied at a flow rate of 0.4 mL/min: 0.00 min: 100 % A, 0.50 min: 100 

% A, 1.00 min: 10 % A, 2.20 min: 10 % A, 2.30 min: 100 % A, 3.50 min: 100 % A. 

The column switching valve was set to the waste at 0.00 min, to the mass 

spectrometer at 1.50 min and to the waste again at 2.50 min. 

Eluates were detected using an API 4000TM triple quadrupole mass spectrometer 

(AB Sciex, Ontario, Canada) in the positive electrospray ionisation (ESI) mode by 

MRM. The settings for the ion source were as follows: entrance potential (EP): 10 

V, collisionally activated dissociation gas (CAD): 6 psi, curtain gas: 35 psi, 

nebulizer gas (gas 1): 50 psi, turbo gas (gas 2): 60 psi, ion spray voltage: 5500 V 

and source temperature: 600 °C. The analysis was carried out with an operating 

pressure of 3.9 x 10-5 Torr. Table 5 shows the mass spectrometric settings for the 

measured transitions. Analyst® 1.4.2 (AB Sciex, Ontario, Canada) was used for 

data acquisition and processing. 
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Standard and stock solutions 

All stock solutions were prepared at a concentration of 1 mM and stored at -80 °C. 

cAMP and cGMP were separately dissolved in 50 % methanol in water. 

[13C5]cAMP and [15N5]cGMP were dissolved in water. The stock solutions were 

thawed and diluted immediately before use. 

 

Standard curve and quantification 

The standard curve was generated with standard solutions of eight different 

concentrations; 100 nM of the IS were included. For the analysis of plasma and 

tissue samples 0.4 M perchloric acid (PCA) was used as solvent. Artificial 

cerebrospinal fluid (aCSF, containing 147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 

0.85 mM MgCl2, and 1 mM Na2HPO4, pH 7.0-7.4) was used for CSF. 

The peak area was used for quantification with a weighting of 1/x2. Quality control 

samples were included in all analyses. 

 

Animals 

The in vivo experiments were performed using eight week old male C57BL/6J 

mice (Janvier, Le Genest St. Isle, France). Animals were housed in groups of four 

mice per cage under a 12h light/dark cycle (lights on: 06:00-18:00) in temperature 

(23 ± 2 °C) and humidity (55 ± 5 %) controlled rooms. The mice had ad libitum 

access to food and water. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany) and performed in an 

AAALAC (Association for Assessment and Accreditation of Laboratory Animal 

Care International)-accredited facility in accordance with the European Convention 

for Animal Care and Use of Laboratory Animals. 

 

Treatment and sample collection 

Both rolipram and zaprinast were given at a dose of 10 mg/kg. Rolipram was 

suspended in a 0.5% hydroxyethyl cellulose solution and perorally administered. 

Zaprinast was dissolved in 0.05 M NaOH and injected by intraperitoneal route. 
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Animals in the control group received the respective vehicle solvent for 

comparison. Samples were collected 30 minutes post treatment. 

Blood was obtained by puncture of the facial vein and collected in an EDTA-

coated tube. After centrifugation at 2500 x g for 5 min (4°C), plasma was mixed 

with 0.4 M PCA (1:1) and centrifuged again (20000 x g, 10 min, 4 °C). The 

supernatant was collected and stored at -80°C until analysis. 

To remove the brain, the mice were killed by cervical dislocation and then 

decapitated. The striatum was dissected out of the brain and homogenised in 200 

µL 0.4 M PCA using sonication. Following centrifugation at 20000 x g (10 min, 4 

°C), the supernatant was filtered through a 0.22 µm regenerated cellulose 

membrane (Sartorius Stedim Biotech GmbH, Goettingen, Germany) and stored at 

-80°C. The pellet was re-dissolved in 250 µL 1 M NaOH by sonication and 

centrifuged (see above), before the protein concentration was determined with a 

commercial BCA Protein Assay Kit (Pierce Biotechnology, Rockford, USA).  

Cerebrospinal fluid was collected by puncture of the cisterna magna under 

isoflurane anaesthesia (1.1 vol% in pure oxygen) and stored at -80°C until use. 

 

Sample preparation 

A mixture of both IS was added to all samples to yield a final concentration of 100 

nM. Striatum homogenates were spiked with the IS (49 µL homogenate + 1 µL IS) 

and a volume of 25 µL was injected into the LC-MS system. Plasma samples were 

diluted 1:5 with 0.4 M PCA and spiked with the IS. An injection volume of 10 µL 

was used. The varying amounts of CSF (2-10 µL) were spiked with 1.5 µL IS, filled 

up to 15 µL with aCSF before 12 µL was injected. 

 

Statistics 

The cAMP and cGMP concentrations after rolipram and zaprinast treatment were 

compared by a Student´s t-test. A p-value < 0.05 was regarded as statistically 

significant. 

All statistical analyses were performed using the Prism 5.03 software (GraphPad 

Software, Inc.). 
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8.4. Results and discussion 

Optimisation of LC-MS/MS analytical method 

To analyse cAMP and cGMP in biological samples, two transitions were used for 

each molecule. The most intense one was applied for quantification. The other 

transition served as a qualifier. For the internal standards, a single transition was 

used. The mass spectrometric settings for the MRM (Table 5) were optimised 

using the “Quantitative Optimisation” tool of the Analyst® software by continuous 

infusion of a standard solution containing a single analyte. The parameters at the 

ion source were manually optimised by a flow injection analysis of cAMP and 

cGMP. 

Table 5. Mass spectrometric settings for the measured transitions of cAMP, cGMP and IS. 

Analyte
a 

Precursor 
ion (m/z) 

Product ion 
(m/z) 

Application DP (V) CE (eV) CXP (V) 

cAMP 330.08 136.10 Quantifier 91.00 35.00 10.00 
 330.08 119.10 Qualifier 91.00 73.00 8.00 
cGMP 346.15 152.10 Quantifier 71.00 27.00 10.00 
 346.07 135.10 Qualifier 76.00 65.00 8.00 
[
13

C5]cAMP 335.15 136.20 IS 56.00 33.00 8.00 
[
15

N5]cGMP 351.03 157.00 IS 61.00 27.00 12.00 

DP: declustering potential, CE: collision energy, CXP: collision exit potential, IS: Internal standard 

a
 Dwell time was 150 ms for all transitions 

 

Since the sample solvent can influence the ionisation efficacy of the analytes, 

several different solvent compositions were tested to obtain the highest sensitivity 

possible. To yield a better ionisation of the analytes, the presence of organic 

solvents such as acetonitrile or methanol is usually recommended in LC-MS/MS 

analysis. Therefore it is preferred for protein precipitation in complex matrices. 

However, the peak height of cAMP and cGMP in a solution of 50% acetonitrile in 

water (in presence or absence of 0.1 % formic acid) was up to 50% lower 

compared with water alone. In contrast, 0.4 M PCA or aCSF did not influence the 

ionisation efficiency. Therefore, 0.4 M PCA was used for protein precipitation in 

plasma and tissue samples instead of organic solvents. CSF was directly injected 

without any further preparation. 

We tested different gradients with increasing concentrations of acetonitrile to 

optimise the HPLC separation. Starting with an interval of 0.5 min using 0.1% 

formic acid alone improved peak intensity compared to elevating the organic 

solvent concentration from the beginning. Reducing the time of this aqueous 

period resulted in a lower signal intensity whereas its prolongation did not result in 
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an additional advantageous effect. Following this initial phase, increasing the 

acetonitrile concentration to 90% within the described time interval gave the best 

results. Lower concentrations or shortening of the duration of the gradient reduced 

the peak intensity. After the analytes were eluted, the column was equilibrated 

again before the next sample started. An elevation of signal intensity was also 

obtained by using the column switching valve to transfer undesired analytes in the 

samples to the waste. 

Under these optimised conditions, the analysis time per sample is 3.5 min. Both, 

cAMP and cGMP have a retention time of 2.08 min (Fig. 12). To rule out 

interferences with molecules of similar structure and molecular weight, we 

analysed standard solutions of IMP (Mr: 348.2), cIMP (Mr: 330.2) and AMP (Mr: 

347.2). In all transitions measured, no signal was observed. The suitability of the 

internal standards was checked by analysing blank plasma and striatum 

homogenate samples. No peak was detected in the two transitions measured for 

[13C5]cAMP and [15N5]cGMP. 

 

 

 

Fig. 12. Representative chromatograms of a blank injection of aCSF (A, D), a standard solution 
containing 10 nM of cAMP and cGMP (B, E) and a mouse CSF sample (C, F). Please note the 
differences in the intensity scale (cps: counts per second). 

Precision, accuracy, linearity 

Linearity was given in a range of 0.5 – 500 nM with a correlation coefficient of r = 

0.9981 (cAMP) and r = 0.9995 (cGMP). The limit of detection (LOD), as defined by 

XIC of +MRM (6 pairs): 330.1/136.1 amu from Sample 19 (blank) of 2010-09-24 10-032 CSF samples (rolipram).wiff (Turbo Spray) Max. 66.7 cps.
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a signal-to-noise ratio of > 3, was 50 pM for both cyclic nucleotides. This high 

sensitivity is within the same range of immunological assays without the 

drawbacks of using radioactive labelling and additional acetylation steps during 

sample preparation. This enables the use of LC-MS/MS in the analysis of samples 

with only very low concentrations of cAMP and cGMP.  

Intra- and inter-assay precision and accuracy were examined by the analysis of 

0.4 M PCA, plasma samples and striatum homogenates spiked with different 

concentrations of cAMP and cGMP (Table 6). 

Table 6. Precision and accuracy of the LC-MS/MS analysis of cAMP and cGMP in standard 
solutions (dissolved in 0.4 M PCA) or sample matrix (injection volume: 25 µL). 

Compound 
added 
(nM) 

Mean ± SD 
n = 6 
(nM) 

RSD 
 

(%) 

RE (mean) 
n = 6 
(%) 

 Mean ± SD 
n = 3 
(nM) 

RSD 
 

(%) 

RE (mean) 
n = 3 
(%) 

        
cAMP Intra-assay    Inter-assay   
        
Standard 
solution 

       

0.5 0.504 ± 0.05 11.2 0.8  0.626 ± 0.05 7.2 25.3 
1.0 1.014 ± 0.09 8.7 1.4  1.046 ± 0.05 4.8 4.6 
10 10.09 ± 0.32 3.2 0.9  10.83 ± 0.21 1.9 8.3 
100 97.25 ± 4.22 4.3 -2.8  101.0 ± 2.00 2.0 1.0 
        
Striatum 
homogenate 

       

0 (naive) 226.7 ± 9.22 4.07 -  233.3 ± 9.29 4.0 - 
50 263.2 ± 9.99 3.80 -4.9  269.7 ± 11.4 4.2 -6.2 
500 623.0 ± 22.0 3.52 -14.3  680.7 ± 28.4 4.2 -7.7 
        
Plasma 
sample 

       

0 (naive) 10.45 ± 0.66 6.29 -  10.50 ± 0.20 1.9 - 
50 54.25 ± 1.97 3.64 -10.3  53.43 ± 1.00 1.9 -12.0 
500 445.0 ± 12.5 2.80 -12.8  473.0 ± 8.51 1.8 -7.4 
        
cGMP Intra-assay    Inter-assay   
        
Standard 
solution 

       

0.5 0.464 ± 0.59 12.7 -7.1  0.470 ± 0.07 15.6 -6.0 
1.0 1.010 ± 0.08 7.6 1.0  0.992 ± 0.07 7.0 -0.8 
10 10.19 ± 0.22 2.1 1.9  9.95 ± 0.05 0.5 -0.5 
100 101.8 ± 2.40 2.4 1.8  103.0 ± 1.00 1.0 3.0 
        
Striatum 
homogenate 

       

0 (naive) 1.15 ± 0.19 16.30 -  1.14 ± 0.03 2.54 - 
10 9.00 ± 0.64 7.13 -19.3  9.73 ± 0.14 1.39 -12.9 
100 93.78 ± 2.39 2.55 -7.3  93.47 ± 1.72 1.84 -7.6 
        
Plasma 
sample 

       

0 (naive) 2.70 ± 0.11 4.18 -  2.863 ± 0.06 2.3 - 
10 11.57 ± 0.55 4.72 -8.9  12.23 ± 0.06 0.5 -4.2 
100 98.20 ± 2.31 2.35 -4.4  98.97 ± 0.71 0.7 -3.7 

RSD: relative standard deviation, RE: relative error 

 

To determine intra-assay precision and accuracy, each sample was analysed 6 

times. For inter-assay validation, the samples were analysed in three separate 

runs, each including its own standard curve. Based on these parameters, the 
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lower limit of quantification (LLOQ) was 0.5 nM for both cAMP and cGMP, 

according to internationally well accepted criteria (RSD and RE < 20 %). 

 

In vivo validation 

Since cAMP and cGMP are important second messengers and could serve as 

biomarkers, their measurement in different biological matrices is of great interest. 

For in vivo validation we selected rolipram (an inhibitor of the cAMP-specific 

PDE4), which is known to increase cAMP, and zaprinast (inhibitor of cGMP-

specific PDE5), which is known to increase cGMP. Indeed, treatment with rolipram 

(10 mg/kg, p.o.) increased cAMP concentrations in plasma, CSF and the striatum 

(Fig. 13). This is in agreement with data from Cheng et al. using immunological 

assays (Cheng et al. 1997). Cyclic GMP concentrations were not altered in plasma 

following rolipram administration but in CSF cGMP was significantly elevated 

compared with vehicle treated animals. Although rolipram is considered a cAMP-

specific PDE inhibitor, Marte et al. showed that high doses of rolipram can elevate 

cGMP in the cerebellum (Marte et al. 2008). Whether this could be caused by a 

cGMP-hydrolysing activity of one of the PDE4 variants, or by the complex cross-

talk between the two second messenger systems is not clear yet. 

 

Plasma

0

50

100

150

200
**

c
A

M
P

(n
M

)

CSF

0

10

20

30

40

50
*

c
A

M
P

(n
M

)

Striatum

0

20

40

60

80

100
* Veh

Rol

c
A

M
P

 (
p

m
o
l/
m

g
 p

ro
te

in
)

Plasma

0

5

10

15

20

c
G

M
P

(n
M

)

CSF

0

5

10

15

20

**

c
G

M
P

(n
M

)

Striatum

0.0

0.5

1.0

1.5

c
G

M
P

(p
m

o
l/
m

g
 p

ro
te

in
)

 

Fig. 13. Effect of the PDE4 inhibitor rolipram on cAMP and cGMP 
concentrations. C57BL/6J mice (n = 6) were treated (p.o.) with either a 
0.5 % hydroxyethyl cellulose solution (Veh) or 10 mg/kg rolipram (Rol). 
Plasma, CSF and striatum samples were collected 30 min after 
administration and analysed for cAMP and cGMP using LC-MS/MS. Data 
are means ± SEM, *p < 0.05, **p < 0.01, Student´s t-test 
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Zaprinast increased the cGMP concentration in plasma (Fig. 14), which is in 

agreement with a study of Ibrahim et al. (Ibrahim et al. 2004). Since zaprinast 

cannot cross the blood brain barrier (Rodrigo et al. 2006), cGMP in the striatum 

was not altered. Owing to the selectivity of zaprinast to PDE 5, cAMP 

concentrations were not altered in plasma and the striatum. 

 

Plasma

0

5

10

15

20

*

c
G

M
P

(n
M

)

Striatum

0.0

0.2

0.4

0.6

0.8
Veh
Zap

c
G

M
P

(p
m

o
l/
m

g
 p

ro
te

in
)

Plasma

0

50

100

150

c
A

M
P

(n
M

)

Striatum

0

20

40

60

80

c
A

M
P

(p
m

o
l/
m

g
 p

ro
te

in
)

 

Fig. 14. Effect of the PDE5 inhibitor zaprinast on cAMP and cGMP 
concentrations. C57BL/6J mice (n = 6) were treated (i.p.) with either 0.05 
M NaOH (Veh) or 10 mg/kg zaprinast (Zap). Plasma and striatum 
samples were collected 30 min after administration and analysed for 
cAMP and cGMP using LC-MS/MS. Data are means ± SEM, *p < 0.05, 
Student´s t-test 

The original idea was to include also in vivo microdialysis samples to measure 

extracellular concentrations of cAMP and cGMP. Since cAMP and cGMP are 

intracellular signalling molecules the extracellular concentration is low. We were 

able to measure peak cAMP concentrations after PDE4 inhibition using rolipram, 

however, the basal striatal microdialysate concentrations were below the LLOQ 

(data not shown). The method needs further improvement to measure in vivo 

microdialysates. Additionally, the procedure for sample preparation of tissue 

homogenates is important to reliably quantify the cyclic nucleotides. Eventually, a 

reduction of the homogenisation volume to 200 µL was sufficient for striatal tissue 

analysis (see section 8.3 materials and methods). 
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Conclusion 

In conclusion, we established a fast and sensitive LC-MS/MS method which is 

suitable to measure cAMP and cGMP simultaneously in different sample matrices. 

This makes the method applicable for biomarker studies. We showed that the 

method can successfully be used to analyse CSF samples. This is relevant for 

targets in the central nervous system. Eventually, LC-MS/MS could be considered 

as an alternative to immunoassays with radioactive labeling. 
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9. CSF concentrations of cAMP and cGMP are lower in 

patients with Creutzfeldt-Jakob disease but not 

Parkinson´s disease and amyotrophic lateral sclerosis 

Patrick Oeckl, Petra Steinacker, Stefan Lehnert, Sarah Jesse, Hans A. 

Kretzschmar, Albert C. Ludolph, Markus Otto and Boris Ferger 

 

9.1. Abstract 

Background: The cyclic nucleotides cyclic adenosine-3’,5’-monophosphate 

(cAMP) and cyclic guanosine-3’,5’-monophosphate (cGMP) are important second 

messengers and are potential biomarkers for Parkinson´s disease (PD), 

amyotrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob disease (CJD). 

Methodology/Principal Findings: Here, we investigated by liquid 

chromatography/tandem mass spectrometry (LC-MS/MS) the cerebrospinal fluid 

(CSF) concentrations of cAMP and cGMP of 82 patients and evaluated their 

diagnostic potency as biomarkers. For comparison with a well-accepted 

biomarker, we measured tau concentrations in CSF of CJD and control patients. 

CJD patients (n=15) had lower cAMP (-70%) and cGMP (-55%) concentrations in 

CSF compared with controls (n=11). There was no difference in PD, PD dementia 

(PDD) and ALS cases. Receiver operating characteristic (ROC) curve analyses 

confirmed cAMP and cGMP as valuable diagnostic markers for CJD indicated by 

the area under the curve (AUC) of 0.86 (cAMP) and 0.85 (cGMP). We calculated a 

sensitivity of 100% and specificity of 64% for cAMP and a sensitivity of 67% and 

specificity of 100% for cGMP. The combination of both nucleotides increased the 

sensitivity to 80% and specificity to 91% for the term cAMPxcGMP (AUC 0.92) and 

to 93% and 100% for the ratio tau/cAMP (AUC 0.99).  

Conclusions/Significance: We conclude that the CSF determination of cAMP 

and cGMP may easily be included in the diagnosis of CJD and could be helpful in 

monitoring disease progression as well as in therapy control. 
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9.2. Introduction 

The cyclic nucleotides cyclic adenosine-3’,5’-monophosphate (cAMP) and cyclic 

guanosine-3’,5’-monophosphate (cGMP) are important second messengers. 

Synthesis by adenylate and guanylate cyclases and degradation by 

phosphodiesterases (PDEs) regulate the concentrations of cAMP and cGMP 

(Beavo and Brunton 2002). 

In the brain, cAMP and cGMP signaling is involved in a multitude of mechanisms 

in neurons, astrocytes, oligodendrocytes and microglia. Examples are signal 

transduction in synapses, communication between neurons and glia cells or 

inflammatory processes (Baltrons et al. 2008; Cali and Bezzi 2010). Alterations of 

these second messengers affect normal brain function and can be found in several 

neurological diseases. Parkinson´s disease (PD) is characterised by the 

degeneration of dopaminergic neurons in the substantia nigra. In a rat model of 

PD, the destruction of nigral dopaminergic neurons with the neurotoxin 6-

hydroxydopamine (6-OHDA) resulted in an increase of striatal cAMP and decrease 

of striatal cGMP (Giorgi et al. 2008; Hossain and Weiner 1993). Amyotrophic 

lateral sclerosis (ALS) is a neurodegenerative disorder characterised by a loss of 

motor neurons in the spinal cord, brain stem and cerebral cortex. In a genetic 

mouse model of ALS lower concentrations of cGMP in the cerebral cortex have 

been reported (Aguila and Kuljis 1999; Rowland and Shneider 2001). In 

Creutzfeldt-Jakob disease (CJD) a reduced expression of soluble guanylate 

cyclase 1 in astrocytes in the white matter (Baltrons et al. 2004) has been shown 

but data on cGMP concentrations from human brain samples in CJD are missing. 

To date, clinical or even preclinical biomarkers for neurodegenerative diseases 

such as PD, ALS, CJD are desirable and in the focus of biomedical research 

(Dupiereux et al. 2009; Turner et al. 2009). A biomarker as defined by the National 

Institutes of Health is “a characteristic that is objectively measured and evaluated 

as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention” (Biomarkers Definitions 

Working Group 2001). Cerebrospinal fluid (CSF) is currently the preferred central 

source for biochemical biomarkers in neurological disorders because CSF is close 

to the site of the neuropathology and is routinely taken in specialised centers 

during the clinical work-up of patients under the differential diagnosis of a 

neurodegenerative disease (Jesse et al. 2011). However, reliable biomarkers in 
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CSF with the desired degree of specificity and sensitivity for clinical diagnosis of 

PD, PD dementia (PDD) and ALS are still missing. Usually, post mortem 

histopathological analysis is necessary to confirm the diagnosis (Dupiereux et al. 

2009; Nyhlen et al. 2010; Turner et al. 2009). There are some promising CSF 

biomarker candidates in PD with -synuclein as the most important and also in 

ALS (e.g. neurofilament heavy chain or erythropoietin) but they lack sensitivity and 

specificity (Brettschneider et al. 2006; Brettschneider et al. 2007; Jesse et al. 

2009; Mollenhauer et al. 2011; Nyhlen et al. 2010; Turner et al. 2009). In CJD, 

there are already some CSF markers in use in combination with other diagnostic 

tools. More precisely, the diagnostic criteria of CJD include the increase in CSF 

concentrations of the 14-3-3 protein (World Health Organisation 1998). However, 

this marker cannot be used in a “screening” situation (Geschwind et al. 2003; Otto 

et al. 2002). Other proteins such as tau, ERK2, ubiquitin or most recently 

aggregated prion protein (PrP) have been identified as potential biomarkers but 

their specificity has not yet been confirmed (Atarashi et al. 2011; Otto et al. 2002; 

Steinacker et al. 2010a; Steinacker et al. 2010b).  

The aim of the present study is to investigate cAMP and cGMP in CSF of PD, 

PDD, ALS, CJD and control patients. The analysis of cAMP and cGMP in CSF is 

carried out with liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS). To evaluate the suitability of cAMP and cGMP as biomarkers we use 

receiver operating characteristic (ROC) curves and the Youden index (Baker and 

Kramer 2007) to calculate the cut-off value with the best combination of sensitivity 

and specificity for diagnosis. 

 

9.3. Materials and Methods 

Patients and CSF collection 

All patients included in this study attended to the general outpatient clinic, the 

outpatient memory clinic, the outpatient clinic for motoneuron diseases or the 

surveillance unit for transmissible spongiform encephalopathies (University of 

Göttingen and University of Ulm, Departments of Neurology). The Ethics 

Committees of the Universities Göttingen and Ulm approved the collection and 

analysis of CSF samples and specifically approved this study (Ulm). Samples of 

CJD patients were obtained from the surveillance and therapy trail (Otto et al. 
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2004; Otto et al. 2002). All patients or their relatives provided written consent to be 

included in these studies. CSF was collected by lumbar puncture, centrifuged and 

stored at -80°C until analysis. The time between lumbar puncture and final storage 

ranged between 6 and 48 h. 

 

Patients with PD or PDD 

Table 7 shows the characteristics of the PD and PDD patients. The clinical 

diagnosis including the Mini Mental State Examination (MMSE) and the Hoehn & 

Yahr score was carried out by neurologists and neuropsychologists according to 

the DSM-IV criteria and the consensus criteria for PD and PDD (McKeith et al. 

1996). 

Table 7. Characteristics of patients included in the study. 

Diagnosis Gender (m/f) Age (years) Disease related characteristics 

PD study   Hoehn & Yahr score MMSE 

CON 4/5 55.4 ± 18.3 - - 

PD 6/5 69.6 ± 9.0 1.9 ± 0.7
a
 27.4 ± 6.4

b
 

PDD 2/6 77.9 ± 9.0 3.2 ± 1.4 19.3 ± 7.5
c
 

p-value  0.005 0.06 0.04 

ALS study   First symptoms  

CON 5/9 49.0 ± 16.8 -  

ALS 9/5 61.4 ± 11.0 S = 8, B = 4, S+B = 2  

p-value  0.06   

CJD study   PRNP Polymorphism 

Codon 129 

Tau protein (pg/mL) 

CON 6/5 66.4 ± 11.8 not done 300 ± 237 

CJD 6/9 60.3 ± 12.9 MM = 8, MV = 1, VV = 2 

not done = 4 

10188 ± 8477 

p-value  0.32  0.001 

Data are means ± SD, Data are missing for 
a
three, 

b
six and 

c
one patients 

CON: control patients, m: male, f: female, S: spinal, B: bulbar, S+B: spinal and bulbar, PRNP: prion protein gene, M: 

methionine, V: valine 

 

Patients with ALS 

The group consisted of 14 patients diagnosed with ALS. Table 7 summarises the 

characteristics of the patients. 

 

Patients with CJD 

Table 7 shows the characteristics of the CJD patients. Nine of the CJD patients 

were neuropathologically verified as definite CJD cases. Among them, six patients 
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had two methionine alleles (M/M) at the PRNP codon 129, one was heterozygous 

(M/V) and two patients were homozygous for the valine (V/V) allele. Five of the 

definite cases had a positive 14-3-3 immunoblot and one of them was diagnosed 

as familial CJD (fCJD). Tau protein exceeded the proposed cut-off of 1300 pg/mL 

in all but the fCJD case (Otto et al. 2002). The genotype at PRNP codon 129 of 

the five neuropathologically-defined probable CJD cases is unknown except for 

one (M/M). All of them had a positive 14-3-3 immunoblot and tau protein in the 

CSF above the cut-off. A last case underwent no histopathological examination but 

was diagnosed as fCJD. 

 

Control patients 

We investigated different control groups for the three neurodegenerative diseases 

to account for age differences. Table 7 shows the characteristics of the groups. 

The statistical analysis later on showed no difference in the cAMP and cGMP 

concentrations between the three control groups (p = 0.70 for cAMP and p = 0.38 

for cGMP, Kruskal-Wallis test). The cAMP and cGMP concentrations did not 

correlate with age as well. 

 

Control patients for PD and PDD 

The control patients had the following diagnosis: polymyositis (two patients), 

diabetes mellitus (two patients), amnesia, sinusitis. In three patients the lumbar 

puncture was carried out to exclude an acute or chronic inflammation. 

 

Control patients for ALS 

The 14 patients in the control group had the following diagnoses: migraine with 

aura, episodic headache and symptomatic epilepsy, transient ischemic attack, 

borreliosis, anterior ischemic optic neuropathy (AION), PD, vestibular neuritis with 

depression and iron deficiency anemia, pseudotumor cerebri (PTC), migraine and 

polymyalgia rheumatica. For one of the control patients a lumbar puncture was 

carried out to exclude an acute or chronic inflammation. 

 

Control patients for CJD 

The patients in the control group had the following diagnoses: migraine, vestibular 

neuritis, ALS, vertigo, epilepsy, polyneuropathy, subcortical vascular disease and 
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ischemia, recessive transient attacks, lower body parkinsonism, neuritis 

retrobulbaris and for one case the lumbar puncture was carried out to exclude an 

acute or chronic inflammation. 

 

Determination of tau protein 

Total tau protein concentrations in CSF samples of the CJD cohort were measured 

by a commercially available ELISA (Innogenetics, Gent, Belgium) (Otto et al. 

2002). 

 

LC-MS/MS analysis of cAMP and cGMP 

The CSF samples (35 µL) were mixed with 0.4 M perchloric acid (1:1) and 

centrifuged at 20000 x g for 10 min at 4 °C to precipitate and remove proteins. The 

supernatant was analysed in duplicate by LC-MS/MS as described previously 

(Oeckl and Ferger 2011). The LC-MS/MS system consisted of an HTS PAL 

autosampler (CTC Analytics AG, Zwingen, Switzerland), maintained at 4 °C during 

all experiments, Agilent 1200 Binary Pump, Agilent 1200 Micro Vacuum Degasser 

and Agilent 1200 Thermostatted Column Compartment (Agilent Technologies, 

Morges, Switzerland). Chromatographic separation was carried out at room 

temperature using a reversed-phase column (Varian MetaSil AQ, 120-5, C18, 100 

x 2.0 mm, Varian, Palo Alto, USA). Mobile phase A consisted of 0.1 % formic acid 

in water and mobile phase B was 100 % acetonitrile. The following gradient elution 

profile was applied at a flow rate of 0.4 mL/min: 0.00 min: 100 % A, 0.50 min: 100 

% A, 1.00 min: 10 % A, 2.20 min: 10 % A, 2.30 min: 100 % A, 3.50 min: 100 % A. 

The column switching valve was set to the waste at 0.00 min, to the mass 

spectrometer at 1.50 min and to the waste again at 2.50 min. 

Eluates were detected with an API 4000 triple quadrupole mass spectrometer (AB 

Sciex, Ontario, Canada) in the positive electrospray ionisation (ESI) mode by 

multiple reaction monitoring (MRM). The following transitions were used: 330.08 

 136.10 (cAMP) and 346.15  152.10 (cGMP). The injection volume was 25 µL. 

Standard solutions were prepared in a mixture (1:1) of artificial CSF (aCSF, 147 

mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.85 mM MgCl2, and 1 mM Na2HPO4, pH 

7.0-7.4) and 0.4 M perchloric acid. The stable isotope-labelled internal standards 

13C5-cAMP (transition: 335.15  136.20) and 15N5-cGMP (transition: 351.03  
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157.00) were added to the standard solutions and CSF samples in a concentration 

of 100 nM to account for matrix effects and variations in ionisation. 

 

Stability of cAMP and cGMP in CSF 

A CSF sample was divided into 100 µL aliquots and frozen at -80°C to investigate 

the stability of cAMP and cGMP. Afterwards the aliquots were either stored at 4°C 

or at room temperature (RT) for the indicated time (see Fig. 15). Three aliquots 

underwent a series of freeze/thaw cycles that consisted of thawing at RT, 

incubating for 5 min at RT and freezing at -80 °C. 

 

Statistics 

All statistical analyses were carried out with GraphPad Prism 5.03 (La Jolla, USA). 

The data of the stability measurement were analysed by a one-way ANOVA and 

compared with the control sample by Dunnett´s multiple comparison test. The 

cAMP and cGMP concentrations of the different groups of patients were compared 

by a Mann-Whitney or Kruskal-Wallis test. Spearman´s rank correlation coefficient 

(r) was calculated for cAMP or cGMP with the Hoehn & Yahr score, MMSE, age 

(PD and PDD), tau protein as well as survival (CJD). A p-value < 0.05 was 

regarded as statistically significant. Cut-off levels of cAMP, cGMP, tau protein and 

tau/cAMP for diagnosis of CJD were selected by calculating the Youden Index of 

the ROC curves. 

 

9.4. Results 

cAMP & cGMP are stable in human CSF 

Different storage and handling conditions during and after CSF collection could 

affect the results. We checked the stability of cAMP and cGMP in CSF under 

diverse conditions to reduce the risk of false positive or negative results. 
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Fig. 15. Cyclic AMP and cGMP are stable in human CSF. Stability of cAMP and cGMP in 
human CSF after different handling and storage conditions. A CSF sample was splitted and 
subjected to the indicated procedures before being measured by LC-MS/MS in triplicate. 
Data were analysed by a one-way ANOVA followed by Dunnett´s multiple comparison tests 
to compare the different groups against the control. Data are means ± SD, p = 0.58 (cAMP), 
p = 0.70 (cGMP). 

The concentrations measured in the differently treated CSF samples were all 

within the range of ± 1 SD of the control sample (Fig. 15). This is the intrinsic 

variation of the LC-MS/MS method. Additionally, we compared CSF samples taken 

from control subjects and stored for several years or collected recently. There was 

no significant difference in the mean cAMP and cGMP concentrations (data not 

shown) indicating the good stability of cAMP and cGMP. 

 

CSF concentrations of cAMP & cGMP are not different in PD, PDD and controls 

We measured the concentrations of cAMP and cGMP in CSF samples of patients 

suffering from PD or PDD and control patients (CON) (Fig. 16). Mean CSF 

concentrations of cAMP were 13.20 nM (CON), 13.01 nM (PD) and 15.76 nM 

(PDD) and of cGMP 3.15 nM (CON), 5.11 nM (PD) and 3.97 nM (PDD). There was 

no statistical significant difference between the groups. 

A correlation analysis of the measured CSF concentrations in PD and PDD 

patients revealed no correlation between cAMP or cGMP and the Hoehn & Yahr 

score (p = 0.80 for cAMP, p = 0.70 for cGMP), MMSE (p = 0.53 for cAMP, p = 0.67 

for cGMP) or age (p = 0.71 for cAMP, p = 0.49 for cGMP). 
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Fig. 16. CSF concentrations of cAMP and cGMP are not 
altered in PD and PDD. CSF concentrations of cAMP (A) and 
cGMP (B) in cases with Parkinson´s disease (PD, n = 11), PD 
dementia (PDD, n = 8) and control patients (CON, n = 9) measured 
by LC-MS/MS. Data are means ± SEM, p = 0.50 (cAMP), p = 0.57 
(cGMP), Kruskal-Wallis test. 

CSF concentrations of cAMP & cGMP are not different in ALS and controls 

The measurement of the concentrations of cAMP and cGMP in CSF of ALS and 

control patients yielded mean values of 10.93 nM (CON) and 10.81 nM (ALS) for 

cAMP and 2.00 nM (CON) and 1.64 nM (ALS) for cGMP (Fig. 17). Neither cAMP 

nor cGMP concentrations were significantly different between the groups. 
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Fig. 17. CSF concentrations of cAMP and cGMP are not 
altered in ALS. CSF concentrations of cAMP (A) and cGMP (B) in 
cases with amyotrophic lateral sclerosis (ALS, n = 14) and control 
patients (CON, n = 14) measured by LC-MS/MS. Data are means ± 
SEM, p = 0.80 (cAMP), p = 0.48 (cGMP), Mann-Whitney test. 

CJD patients have lower CSF concentrations of cAMP & cGMP 

The LC-MS/MS analysis of cAMP and cGMP in CSF of patients with CJD showed 

a marked reduction of cAMP of about 70 % compared with controls (Fig. 18). 

Mean concentrations were 12.60 nM (CON) and 3.90 nM (CJD). We observed a 

similar decrease for cGMP (-55 %) with mean concentrations of 2.45 nM (CON) 

and 1.08 nM (CJD). 
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Fig. 18. CSF concentrations of cAMP and cGMP are reduced in 
CJD. CSF concentrations of cAMP (A) and cGMP (B) in cases with 
Creutzfeldt-Jakob disease (CJD, n = 15) and control patients 
(CON, n = 11) measured by LC-MS/MS. Data are means ± SEM, 
**p < 0.01, Mann-Whitney test. 

Since tau protein is suggested for the diagnosis of CJD we looked for a correlation 

with the cyclic nucleotides (Otto et al. 2002). Fig. 19 shows a correlation analysis 

of cAMP and cGMP with tau protein. There was a weak but significant negative 

correlation (p = 0.04) between cAMP and tau protein concentrations in the CSF of 

CJD patients (Fig. 19A). Concentrations of cGMP did not correlate with tau protein 

(Fig. 19B). 

We further investigated, whether cAMP and cGMP concentrations correlated with 

the survival of the CJD patients. The patients had a survival time of 50.9 ± 25.1 d 

(mean ± SEM) after lumbar puncture. There was no correlation with cAMP (p = 

0.35) or cGMP (p = 0.48). 
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Fig. 19. CSF concentrations of cAMP negatively correlate with tau protein in CJD. 
Correlation of tau protein with cAMP (A) or cGMP (B) concentrations in CSF of 
Creutzfeldt-Jakob disease (CJD) patients. Spearman´s rank correlation coefficient (r) 
and the respective p-values are given. 
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Suitability of cAMP & cGMP in CSF as diagnostic biomarkers for CJD 

We calculated ROC curves to evaluate the diagnostic suitability of the cyclic 

nucleotides in CJD. ROC curves are depicted in Fig. 20 and values for sensitivity, 

specificity and the area under the ROC curve (AUC) are listed in Table 8. The 

sensitivity and specificity of cAMP and cGMP increased using the product of the 

concentrations of cAMP and cGMP. 

The ratio of tau/cAMP also resulted in an increase of the AUC. Cyclic GMP had 

the same effect (data not shown). 
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Fig. 20. Diagnostic potency of cAMP and cGMP for CJD. Receiver 
operating characteristic (ROC) curves of cAMP, cGMP and tau protein 
concentrations in CSF and combinations of them (cAMP x cGMP, 
tau/cAMP) for the differentiation of Creutzfeldt-Jakob disease (CJD) and 
control patients. Values for the area under the curve (AUC) and the best 
combinations of sensitivity and specificity are listed in Table 2. 

Table 8. Characteristics of potential CSF biomarkers for CJD in ROC analysis. 

Parameter cAMP cGMP cAMP x cGMP Tau protein Tau/cAMP 

AUC 0.8606 0.8545 0.9152 0.9758 0.9879 

p-value 0.002 0.002 0.001 0.001 0.001 

Cut-off
1 

< 10.44 nM < 0.96 nM < 5.92 > 977 pg/mL > 174.7 

Sensitivity (%) 100 66.7 80.0 93.3 93.3 

Specificity (%) 63.6 100 90.9 100 100 

AUC: area under the curve 

1
The cut-off was calculated using the Youden index (Baker and Kramer 2007). 

 

9.5. Discussion 

In this study, we investigated the concentrations of the cyclic nucleotides cAMP 

and cGMP in CSF of patients suffering from PD, PDD, ALS or CJD in comparison 

with controls. The measured values for cAMP and cGMP in the control groups 

agree with previously reported data showing concentrations in the range of 8-14 

nM (cAMP) and 2-3 nM (cGMP) (Covickovic-Sternic et al. 1987; Cramer et al. 

1973; Cramer et al. 1984; Ikeda et al. 1995; Maida and Kristoferitsch 1981; Tsang 

et al. 1976). For the first time we observed significantly lower cAMP and cGMP 
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concentrations in CJD patients. In PD, PDD and ALS patients no effect on cAMP 

and cGMP CSF concentrations was detected. 

Both nucleotides cAMP and cGMP are stable in human CSF during different 

handling and storage conditions as shown in Fig. 15. Even the storage of CSF 

over years did not affect cAMP and cGMP concentrations in the present study. 

The high stability of the cyclic nucleotides in CSF is in agreement with stability 

measurements in other biological matrices (Zhang et al. 2009). 

The impact of the cyclic nucleotides cAMP and cGMP in CSF of PD cases has 

been questioned for several years (Belmaker et al. 1978; Covickovic-Sternic et al. 

1987; Cramer et al. 1973; Cramer et al. 1984; Ikeda et al. 1995; Navarro et al. 

1998; Volicer et al. 1986). Alterations in the central dopaminergic system after 

pharmacological modulation are reflected in changes of CSF concentrations of 

cAMP and cGMP (Torremans et al. 2010). Since dopaminergic neurons in the 

substantia nigra pars compacta are degenerated in PD, an alteration of CSF cyclic 

nucleotides seems conceivable. However, in the present study we found no 

differences in the concentrations of cAMP and cGMP between PD and control 

patients. This is in line with the findings by Cramer and colleagues who firstly 

addressed this topic (Cramer et al. 1973) and their observation was confirmed by 

others (Covickovic-Sternic et al. 1987; Cramer et al. 1973; Cramer et al. 1984; 

Ikeda et al. 1995; Navarro et al. 1998). In contrast, two studies reported reduced 

cyclic nucleotide concentrations in the CSF of PD patients (Belmaker et al. 1978; 

Volicer et al. 1986). A difference in the mean age of the study populations can be 

ruled-out as a cause for the discrepancies because the concentration of cAMP and 

cGMP are not age dependent (Cramer et al. 1973). Drug-induced variations are 

also unlikely since most of the patients used in the studies were drug-free at the 

time of CSF collection and L-DOPA, the most widely used anti-parkinsonian drug, 

does not affect cyclic nucleotides in human CSF (Belmaker et al. 1978; Cramer et 

al. 1973). Circadian changes for cAMP do not exist (Cramer et al. 1973). The 

discrepancies between some of the studies may be due to the small number of 

patients and the high inter-individual variations of cAMP and cGMP 

concentrations.  

In contrast to PD, there are no studies of the cyclic nucleotide concentrations in 

CSF of PDD patients. Similar to the observation in PD patients without dementia 

we did not find differences in PDD cases. There are reports of alterations in other 
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types of dementia but the findings are not consistent. The discrepancies could be 

ascribed to distinct primary disorders causing the dementia (Martinez et al. 1999; 

Tsuji et al. 1981; Volicer et al. 1985). This indicates that the alterations in CSF 

cAMP and cGMP predominantly originate from other brain regions not responsible 

for dementia but affected by the primary disease. Our findings support this 

hypothesis since the cyclic nucleotides were not altered in PD patients without 

dementia as well. 

Two studies investigated CSF cGMP concentrations in ALS patients so far with 

conflicting results. Ilzecka (2004) showed a 50 % decrease of cGMP in CSF of 

ALS cases but an earlier study by Ikeda et al. (1995) observed no difference 

(Ikeda et al. 1995; Ilzecka 2004). Our results confirm the findings of the study by 

Ikeda and colleagues that CSF cGMP is not altered in ALS. As discussed by 

Ilzecka the discrepancy with Ikedas study could be mediated by inclusion of 

patients with vasomotor headache and increased cGMP concentrations in their 

control group (Ilzecka 2004). In our study no patients with vasomotor headache 

were included in the control group. Additionally, we examined cAMP 

concentrations in CSF of ALS patients because it is not known if there are 

differences in CSF cAMP. Similar to cGMP we observed equal concentrations of 

cAMP in ALS and control patients. By using a higher number of ALS patients in 

future studies it would be possible to investigate differences in cAMP and cGMP 

concentrations between spinal and bulbar onset of ALS as well. Brettschneider 

and colleagues showed that the type of disease onset may influence CSF 

concentrations of biomarkers (Brettschneider et al. 2006). However, our data 

indicate that motor neurons which are degenerated in ALS contribute only 

marginally or not at all to the CSF pool of cAMP and cGMP.  

For the first time we investigated concentrations of cAMP and cGMP in CSF of 

Creutzfeldt-Jakob disease patients. Since there is a substantial degeneration of 

the whole brain in prion diseases in a relatively short time-span (Venneti 2010), we 

asked whether this is reflected in CSF cAMP and cGMP. In the present study, CJD 

patients had about 70 % lower cAMP and about 55 % lower cGMP concentrations 

in the CSF than controls. This effect could originate from an increased clearance 

or decreased synthesis of the nucleotides. Because of the profound degeneration 

of brain tissue, the decreased synthesis seems to be more likely. There is no 

concentration gradient between CSF and blood because they contain similar 



CSF concentrations of cAMP and cGMP in PD, ALS and CJD   83 

concentrations of cAMP and cGMP (Hartley et al. 1981). This fact makes an 

increased diffusion of the cyclic nucleotides into the blood unlikely that could result 

from an impairment of the blood-CSF-barrier in the choroid plexus. An increased 

release of PDEs by necrotic cells could also influence the CSF content of cyclic 

nucleotides. 

In our study, the CJD patients distinguish from PD and ALS cases by the reduction 

of cAMP and cGMP concentrations in CSF. Therefore, we evaluated the suitability 

of cAMP and cGMP as biomarkers for CJD. The ROC analysis showed that both 

cyclic nucleotides have the potential for a diagnostic marker. With a sensitivity of 

100% and specificity of 63.6% for cAMP and a sensitivity of 66.7% and specificity 

of 100% for cGMP they do not reach the potency of other CJD biomarkers, e.g. 

tau protein, 14-3-3 protein or S-100 protein (Kenney et al. 2000; Otto et al. 1997; 

Otto et al. 2002). We obtained a marked increase of the diagnostic potency 

combining both cyclic nucleotides. With this approach, the sensitivity and 

specificity (80.0% and 90.9%, respectively) is in the range of other reported CJD 

biomarkers (Otto et al. 1997; Singh et al. 2011). Tau protein featured a better 

diagnostic potential than cAMP and cGMP in our study cohort, but the potency is 

quite high when being compared with ROC curves of tau protein in other studies 

(Otto et al. 2002; Singh et al. 2011). 

In contrast to cGMP, there is a significant correlation between tau protein and 

cAMP concentrations. The combination of tau with cAMP in a single ratio 

tau/cAMP again resulted in an improvement of the diagnostic potency although 

sensitivity and specificity where similar. We assume that the potential of the 

combination of tau protein and cAMP is underestimated in our study since the 

potency of tau protein itself is very high in our cohort. Using cAMP in this ratio 

seems to be more useful than cGMP because of the more pronounced decrease 

of cAMP in CJD patients. 

Although the diagnostic potency of cAMP and cGMP alone or in combination is 

lower than for other recently established potential biomarkers of CJD such as 

ERK2 or ubiquitin, there are still some advantages of the cyclic nucleotides 

(Steinacker et al. 2010a; Steinacker et al. 2010b). Both nucleotides are stable in 

CSF also under different handling and storage conditions. Especially cAMP could 

be helpful in the differential diagnosis of CJD and Alzheimer´s disease (AD) 

patients because the currently used biomarkers are lacking specificity. Dying 
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neurons release tau protein which indeed is elevated in the CSF of CJD and AD 

patients. Thus, tau protein is a general marker for neurodegeneration rather than a 

disease-related biomarker. Similarly, there are AD cases that show a positive 

result for the 14-3-3 protein test in CSF which is included in the diagnosis of CJD 

(Dupiereux et al. 2009). So far we did not analyse CSF cAMP levels of patients 

suffering from AD. It has been shown that cAMP increases in the CSF of patients 

with AD and the cAMP concentrations positively correlate with CSF tau protein 

(Martinez et al. 1999). In contrast, our study demonstrates decreased cAMP 

concentrations in CJD patients and a negative correlation between CSF cAMP and 

tau protein. These data indicate that cAMP concentrations in the CSF may 

distinguish between CJD and AD patients. In combination with the very sensitive 

tau protein determination in CSF, cAMP could improve the specificity of the current 

diagnostic tests. In the clinic, cAMP and cGMP might be used as markers of 

disease progression or even as therapy control. 

Immunological assays, which are often preferred in the clinic, are commercially 

available for the determination of cAMP and cGMP if LC-MS/MS analysis is not 

possible. They enable a simple and fast analysis without involving expensive 

equipment. However, Zhang and colleagues (2009) showed the advantage of LC-

MS/MS over enzyme based immuno assays by comparing a competitive enzyme 

immunoassay (EIA) for the analysis of cGMP in plasma samples and a LC-MS/MS 

assay for the same analytes. The LC-MS/MS method showed a better precision 

and accuracy as well as reduced matrix effects (Zhang et al. 2009). In our study 

the LC-MS/MS method used for the analysis of the cyclic nucleotides features the 

convenience of measureing cAMP and cGMP simultaneously combined with the 

provided high selectivity of LC-MS/MS.  

The combination of cAMP and cGMP or tau protein and cAMP is a good example 

for the combination of different markers to obtain a higher diagnostic potency. This 

is important since biomarkers related to the pathological process are not always 

available. Hence, “secondary” markers that indicate downstream effects of the 

pathological events have to be used. However, frequently they lack specificity for 

the disease as described above for tau protein. Such weaknesses could be solved 

or reduced by combinations of biomarkers. In this context, LC-MS/MS analysis is a 

beneficial tool as shown in the present study. It allows the simultaneous 

measurement of several analytes in a single run. 
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Conclusion 

In conclusion, we showed reduced concentrations of cAMP and cGMP in CSF of 

CJD patients but not in PD, PDD or ALS. This may be owing to the widespread 

brain atrophy in CJD compared with the localised neurodegeneration in the other 

diseases. Especially in combination, cAMP and cGMP have a diagnostic potential 

for CJD. In combination with tau protein, cAMP led to a further improvement of this 

marker. Since there are already fast and reliable immunological assays for cAMP 

and cGMP available the cyclic nucleotides can easily be included into routine 

analysis and may improve the diagnosis of CJD if LC-MS/MS is not applicable. 

The measurement of cAMP and cGMP CSF concentrations may be useful to 

monitor disease progression and therapy control. Our study also highlighted the 

advantages of LC-MS/MS for the combination of different biomarkers. 
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10. Astrocyte-specific IKK2 activation in mice is sufficient to 

induce neuroinflammation but does not increase 

susceptibility to MPTP 

Patrick Oeckl, Michael Lattke, Thomas Wirth, Bernd Baumann and Boris Ferger 

 

10.1. Abstract 

A key regulator of inflammatory gene expression is the transcription factor NF-B 

that is controlled by the IB proteins. We used a transgenic mouse model 

expressing a constitutively active IB-kinase-2 (IKK2-CA) in astrocytes under 

control of the human glial fibrillary acidic protein promotor (IKK2-mice) to 

investigate neuroinflammation, proinflammatory cytokine expression, microglial 

activation and a potential enhanced susceptibility to the neurotoxin MPTP 

(4x10mg/kg). Readouts included the determination of cytokines, striatal dopamine 

(DA), nigral tyrosine hydroxylase (TH) positive neurons, microglial activation and 

motor activity. 

IKK2-CA expression in astrocytes conditionally induced by the tet-off system 

resulted in a widespread neuroinflammation indicated by the increased expression 

of inflammatory cytokines and presence of activated microglia and astrogliosis. 

Additionally, striatal DA concentrations but not nigral TH-positive neurons were 

reduced in IKK2-mice by 20%. Motor activity of IKK2-mice was not affected. 

Surprisingly, there was a similar reduction in striatal DA concentrations and 

number of nigral TH-positive neurons in IKK2 and control mice after MPTP 

treatment. 

In conclusion, although naïve IKK2-mice showed reduced striatal DA 

concentrations and an increase in inflammatory markers in the brain, a higher 

susceptibility to MPTP was not observed. This finding argues against a prominent 

role of astrocyte specific, IKK2-mediated neuroinflammation in MPTP-induced 

neurodegeneration. 

 

10.2. Introduction 

Inflammatory processes are thought to play an important role in the pathogenesis 

of Parkinson’s disease (PD) and are in the focus as potential targets for 
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neuroprotection (Hirsch and Hunot 2009). Indeed, activated microglia are present 

in PD brains and the use of non-steroidal anti-inflammatory drugs is associated 

with a reduced risk to develop PD (Chen et al. 2003). So far, it is not clear at what 

extent inflammation is causal in the initiation of nigrostriatal neurodegeneration. 

Nevertheless, there is a consensus for inflammatory mechanisms contributing 

considerably to disease progression in PD (Qian et al. 2010; Tansey and Goldberg 

2010). 

Animal studies showed that inflammatory processes induced by the injection of the 

bacterial endotoxin lipopolysaccharide (LPS) are sufficient to provoke a 

degeneration of nigral dopaminergic neurons (Arai et al. 2004; Qin et al. 2004; Qin 

et al. 2007). Furthermore, the LPS-induced neuroinflammation renders the 

dopaminergic neurons more vulnerable and exacerbates the toxicity of the 

parkinsonian neurotoxin MPTP (Byler et al. 2009; Gao et al. 2003; Goralski and 

Renton 2004). 

The family of nuclear factor B (NF-B) transcription factors is known to play a 

pivotal role in the regulation of inflammatory processes. NF-B family consists of 5 

members (p65/RelA, RelB, c-Rel, p50/NFKB1, and p52/NFKB2) and their activity 

is controlled by specific inhibitory proteins (IBs), which retain NF-B proteins in 

the cytoplasm (Hayden and Ghosh 2008). Different stimuli (e.g. proinflammatory 

cytokines) initiate the activation of the IB kinase (IKK) complex funneling in the 

phosphorylation of IB proteins. This induces ubiquitination, proteasomal 

degradation of the IB inhibitor molecules, and release of the active NF-B 

complexes. The IKK complex consists of at least three subunits, IKK1 (IKK), 

IKK2 (IKK) and NEMO (IKK). The canonical pathway of NF-B activation 

depends on IKK2 and NEMO function and is essential for the regulation of 

inflammatory responses (Karin 2008). There is a more than 70-fold upregulation of 

NF-B activation in dopaminergic cells in PD patients and NF-B activation is 

thought to significantly contribute to the disease pathogenesis (Hunot et al. 1997). 

A constitutively active allele of IKK2 (IKK2-CA) in transgenic animals that is 

controlled by a tissue-specific promoter enables the region-specific induction of 

inflammatory processes. It allows the investigation of tissue-specific inflammation 

and its contribution to the development and progression of diseases (Baumann et 

al. 2007; Herrmann et al. 2005).  
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The aim of the present study was to investigate the effect of constitutive activation 

of IKK2 in astrocytes on the nigrostriatal system in mice (GFAP-tTA x IKK2-CA 

mouse model) and its impact on the susceptibility to the parkinsonian neurotoxin 

MPTP. 

 

10.3. Materials and Methods 

Transgenic mice 

Mice conditionally overexpressing constitutively active IKK2 in astrocytes (GFAP-

tTA x IKK2-CA mice, abbreviated as IKK2 mice) were generated by crossing of 

GFAP-tTA transgenic mice (Pascual et al. 2005) with mice carrying a constitutively 

active allele of human IKK2 and a luciferase reporter gene under the control of a 

bidirectional (tetO)7 promotor (Herrmann et al. 2005). To avoid expression of the 

transgene during brain development, the animals were given doxycycline in the 

drinking water (0.5 g/l, MP Biomedicals, in 1% sucrose) during pregnancy until 4 

weeks of age (Fig. 21A, B). As a rapid measure of transgene expression, 

luciferase activity in native tissue protein extracts from the cerebellum/brainstem 

was measured, as described previously (Baumann et al. 2007). For the 

experiments described here, only male animals at the age of 13-16 weeks were 

used, with wildtype and single transgenic littermates as control animals. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany). 

 

Immunoblot detection of IKK2-CA and reporter gene activity 

Native cerebellum/brainstem tissue protein extracts were prepared as described 

previously (Baumann et al. 2007). Fifty micrograms of protein were separated by 

SDS-PAGE, transferred to a PVDF membrane and blocked with 5% dry milk in 

TBS buffer. The transgene was detected with a goat antibody against human 

IKK2, recognizing specifically the transgene, but not endogenous murine IKK2. As 

loading control ERK2 was detected with a rabbit antibody. These antibodies and 

the corresponding HRP coupled secondary antibodies were purchased from Santa 

Cruz Biotechnologies. Luminescence signals were detected with the “Intelligent 

Dark Box” (Fuji). 
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Quantitative realtime-PCR of MCP-1, Icam-1, IL-1 and TNF 

RNA was prepared from cerebellum/brainstem tissue with the Peqlab Trifast 

reagent and cDNA from polyA-mRNA was synthesized with the Roche 

Transcriptor High fidelity cDNA synthesis kit according to the manufacturer’s 

instructions. Quantitative realtime-PCR was performed with the Roche Lightcycler 

480, with primers and hydrolysis probes designed by the Roche Universal Probe 

Library system. The following primer sequences were used: IL-1 (5´-TGT AAT 

GAA AGA CGG CAC ACC-3´, 5´-TCT TCT TTG GGT ATT GCT TGG-3´), TNF 

(5´-TGC CTA TGT CTC AGC CTC TTC-3´, 5´-GAG GCC ATT TGG GAA CTT CT-

3´), Icam-1 (5´-CCC ACG CTA CCT CTG CTC-3´, 5´-GAT GGA TAC CTG AGC 

ATC ACC-3´), MCP-1 (5´-CAT CCA CGT GTT GGC TCA-3´, 5´-GAT CAT CTT 

GCT GGT GAA TGA GT-3´) and HPRT1 (5´-GGA GCG GTA GCA CCT CCT-3´, 

5´-CCT GGT TCA TCA TCG CTA ATC-3´). 

 

HPLC analysis of dopamine (DA) and DA metabolites 

The mice were sacrificed by cervical dislocation and the striatum was dissected 

out of the brain after decapitation. The striatum was homogenised in 500 µL of 0.4 

M perchloric acid by sonication and centrifuged at 20000 x g for 10 min at 4 °C. 

The supernatant was filtered through a 0.22 µm membrane and analysed by 

HPLC. Isocratic separation of DA was carried out with a reversed-phase C18 

column (YMC-Pack ODS-AQ, 100 x 2.1 mm, S-3 µm, YMC Europe GmbH, 

Dinslaken, Germany). An electrochemical cell with a glassy carbon electrode and 

an ISAAC Ag/AgCl reference electrode (Antec VT-03, Leyden, The Netherlands) 

was used for detection. The mobile phase consisted of 1.7 mM 1-octanesulfonic 

acid sodium salt, 1.0 mM Na2EDTA × 2 H2O, 8.0 mM NaCl, 100 mM NaH2PO4 × 2 

H2O (pH 3.80), mixed up with 9.3% acetonitrile and was delivered with a flow rate 

of 0.4 mL/min as previously described (Buck and Ferger 2008). 

 

MPP+ analysis by liquid chromatography/tandem mass spectrometry (LC-MS/MS) 

Striatal tissue was prepared in the same way as described for the HPLC analysis 

of DA and metabolites above. MPP+ was separated on a Synergi Hydro-RP 

column (C18, 4 µm, 150 x 2.0 mm, Phenomenex, Aschaffenburg, Germany) by an 

Agilent 1200 LC system (Agilent Technologies, Morges, Switzerland). Mobile 
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phase A consisted of 0.1 % formic acid in water and mobile phase B of 100 % 

acetonitrile. The following gradient elution profile was applied at a flow rate of 0.5 

mL/min: 0.00 min: 80 % A, 2.00 min: 80 % A, 2.10 min: 20 % A, 2.60 min: 20 % A, 

2.70 min: 80 % A, 3.50 min: 80 % A. MPP+ was detected with an API 4000TM triple 

quadrupole mass spectrometer (AB Sciex, Ontario, Canada) by multiple reaction 

monitoring. The following transitions were used: 170.10-128.10 (quantifier), 

170.10-154.10 (qualifier). 

 

Immunohistochemistry and quantification of tyrosine hydroxylase (TH)-positive 

neurons. 

Brain tissue was immersion-fixed in 4 % buffered formalin for four days at 4°C. 

After embedding in paraffin, 10 µm serial sections of the substantia nigra pars 

compacta (SNpc) were prepared. Every 6th section was immunostained for TH 

with a rabbit anti-TH antibody (1:1000, Merck KGaA, Darmstadt, Germany) and 

the Vectastain ABC Kit (Vector Laboratories, Inc., Burlingame, USA) and 3,3’-

diaminobenzidine (DAKO, Hamburg, Germany). 

One representative section per animal was stained for microglial cells with a rabbit 

anti-Iba1 antibody (1:500, Biocare Medical, Concord, USA). The section was 

selected according to the TH stained sections to allow a valid comparison of 

animals. 

Immunohistochemically stained slides were scanned with a MIRAX SCAN (Carl 

Zeiss MicroImaging GmbH, Jena, Germany). TH-positive neurons in the SNpc 

were counted in every section by an investigator blinded to the genotype and 

treatment. The neuron number of all sections that belong to one animal were 

summed up and multiplied by six to extrapolate the number of TH-positive neurons 

in the whole SNpc. 

 

Immunofluorescence staining of GFAP and Mac2 (Galectin-3) in brain sections 

After rehydration of the paraffin embedded sections, heat mediated antigen 

retrieval was performed with Tris-EDTA (10 mM Tris, 1 mM EDTA, pH 9, 0.05% 

Tween 20). For full permeabilization sections were incubated with 0.5% Triton X-

100 for 30 min. Sections were blocked with 5% BSA for 1 h. Incubation with the 

primary antibodies (rabbit anti-Mac2 (1:100) and mouse anti-GFAP (1:200) in 5% 

BSA, Santa Cruz Biotechnologies) was performed overnight at 4 °C. The 
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secondary antibodies (goat anti-rabbit and goat anti-mouse labeled with Alexafluor 

488 and 568 from Invitrogen (each 1:500 in 5% BSA)) were applied for 1 h at room 

temperature with DAPI for nuclear counterstaining.  

Fluorescence images were aquired with the Zeiss Axiovert 200M microscope with 

filters for DAPI, FITC/Alexa Fluor 488 and TexasRed/Alexa Fluor 568/594 and the 

Zeiss Axiovision software. For each channel, exposure times were separately 

adjusted and kept for the complete session. Adjustment of contrast and brightness 

was performed for each channel separately, but in all compared pictures equally. 

For quantification, images of the GFAP immunostaining of the substantia nigra 

were taken with a 10x-objective in one session and equal acquisition conditions. 

To determine the fraction of GFAP positive area with the ImageJ software, the 

images were adjusted by the background subtraction tool, a threshold was 

determined automatically for each image. Finally the fraction of area above the 

threshold was measured in a 200 m square in the substantia nigra. 

 

MPTP treatment regimen 

The mice received four intraperitoneal injections of MPTP (10 mg/kg, calculated as 

free base, Biotrend Chemikalien GmbH, Köln, Germany) or saline in intervals of 

2h. The mice were killed seven days after MPTP treatment and the brains were 

removed for further analysis (Fig. 21B). To investigate the MPTP metabolism, 

mice received a single MPTP injection (10 mg/kg) and the brains were removed 90 

min afterwards to measure the MPP+ concentration in the striatum. 

 

Motor activity 

The total motor activity of the mice was analysed by sensors measuring the 

infrared radiation of the animals and its spatial displacement in an animal cage 

(InfraMot - Activity System, TSE Systems, Bad Homburg, Germany). The mice 

were monitored during their active phase in the night over 13 hours.  

 

Statistics 

All statistical analyses were carried out with GraphPad Prism 5.03 (La Jolla, USA). 

The experimental groups were compared by a Student´s t-test or two-way ANOVA 
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and Bonferronis post hoc tests for multiple comparison. A p-value <0.05 was 

regarded as statistically significant. If not other stated data are means ± SEM. 

 

10.4. Results 

IKK2 mice have a neuroinflammatory phenotype 

To study the role of neuroinflammation and astrocytes on the onset and 

progression of neurodegenerative diseases, in particular PD, we generated a 

mouse model with constitutive activation of the IKK/NF-B system in astrocytes. 

We combined the GFAP-tTA transgenic mouse line (Pascual et al. 2005), which 

expresses the tetracycline dependent transactivator (tTA) under the control of the 

astrocyte specific GFAP promotor, with the (tetO)7.IKK2-CA transgenic mouse line 

(Herrmann et al. 2005). The tetracycline-responsive transcription factor tTA 

induces the expression of a constitutively active allele of human IKK2 that is 

essential for the canonical activation of the NF-B system (Fig. 21A). 
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Fig. 21. Conditional expression of a constitutively active IKK2 allele in astrocytes in the 
GFAP-tTA x IKK2-CA mouse model. (A) IKK2-CA and a luciferase reporter gene are 
conditionally expressed in a tetracycline regulated (“tet-off”) system under the control of the 
human GFAP promotor. Application of doxycycline (Dox) blocks transgene expression by 
inhibiting binding of the synthetic transcription factor tTA to the (tetO)7 promotor construct. (B) 
Transgene expression is activated at 4 weeks of age by withdrawal of Dox. MPTP treatment 
starts 8-11 weeks after transgene activation and animals are analysed 7 days after MPTP 
treatment. (C) Reporter gene activity in the cerebellum/brainstem (relative luciferase units, RLU) 
confirms transgene expression to a variable extent in all animals of the IKK2 groups (n = 5-7). 
(D) Immunoblot analysis of human IKK2 (hIKK2) and ERK2 as loading control. Transgene 
expression is reactivated at the age of 13-16 weeks in the cerebellum/brainstem and is not 
influenced by MPTP treatment. (E) Quantitative realtime-PCR of MCP-1 mRNA in the 

cerebellum/brainstem. IKK2-CA induces strong upregulation of the NF-B target gene MCP-1 (n 
= 3-5). Reporter gene activity and MCP-1 mRNA expression were analysed by a two-tailed 
Student´s t-test. Data are means ± SEM, ***p < 0.001. 
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In addition, a luciferase reporter gene is coexpressed with the IKK2-CA transgene 

in a doxycycline repressible manner (Fig. 21A). We confirmed transgene 

expression in cerebellum/brainstem extracts of these animals by immunoblotting 

against human IKK2 and by measurement of the activity of the luciferase reporter 

gene (Fig. 21C, D). We detected a prominent transgene expression and to some 

extent variable luciferase activity in double transgenic animals (Fig. 21C, D). Mice 

with no or very low transgene expression (luciferase activity < 1000 RLU/g 

protein) were excluded. To test the functional consequences of IKK2-CA 

expression we determined NF-B activation by measuring the mRNA levels of the 

chemokine MCP-1 (CCL2). MCP-1 is a known NF-B target gene (Harari and Liao 

2010) that is expressed in astrocytes under neuropathological conditions in a NF-

B-dependent manner (Brambilla et al. 2009). Indeed, we observed a more than 

100-fold upregulation of MCP-1 transcripts compared with the control animals. We 

further characterised potential inflammatory alterations in the brain of transgenic 

animals and studied the expression of Icam-1, IL-1 and TNF. The three 

cytokines were found highly upregulated in our mouse model indicating an 

ongoing CNS inflammation (Fig. 22A-C). 
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Fig. 22. Activation of NF-B signaling in astrocytes induces inflammatory 

cytokine expression and astrogliosis. mRNA expression of (A) Icam1, (B) IL-1 

and (C) TNF in the cerebellum/brainstem measured by quantitative realtime-PCR (n 

= 3-5). The cell adhesion molecule Icam-1 and the proinflammatory cytokines IL-1 

and TNF are prominently upregulated in IKK2 mice (IKK2). (D) GFAP-positive area in 
the substantia nigra in tissue sections of vehicle (veh) and MPTP-treated control (Co) 
and IKK2 mice. The GFAP-positive area is increased in IKK2 mice compared with 
controls indicating astrogliosis. Furthermore, MPTP treatment increased the GFAP-
positive area in control mice. The experimental groups were compared by a two-tailed 
Student´s t-test (cytokine expression) or two-way ANOVA followed by Bonferroni post 
hoc tests for multiple comparisons (GFAP-positive area). Data are means ± SEM, *p < 
0.05, **p < 0.01, ***p < 0.001. 
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To examine if these changes in gene expression of proinflammatory mediators 

actually cause an inflammatory response in the substantia nigra, we performed an 

immunohistochemical staining for astrocytes and microglia. Indeed, the staining 

using the astrocyte marker GFAP showed a more intense staining density in IKK2-

mice compared with controls indicating astrogliosis (Fig. 22D and 23A). 

Furthermore, Iba1-staining showed a prominent activation of microglia in IKK2 

mice indicated by the increased staining intensity and amoeboid phenotype of 

microglia (Fig. 23B). Microglia activation is further supported by the presence of 

Mac2-positive cells in the SN, a marker for activated microglial cells (Fig. 23C). 
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Fig. 23. Activation of NF-B signaling in astrocytes induces astrogliosis and 
microglia activation. Representative tissue sections of the ventral midbrain 
immunostained with the astrocyte marker GFAP (A, scale bar, 100 µm), the microglia 
marker Iba1 (B, scale bar, 500 µm and 50 µm in small pictures) and the activated 
microglia marker Mac2 (C, scale bar, 500 µm). The GFAP-staining shows a denser 
astroglial network in IKK2 mice indicating astrogliosis (A). Microglia in control mice 
(Co) have a small cell body and long cell processes whereas Iba-staining is more 
intense, the cell body of microglia is bigger and the microglia density in the tissue is 
increased in IKK2- and MPTP-treated mice (B). The activated microglia marker Mac2 
confirms microglia activation in IKK2 mice and to a lower degree in MPTP-treated 
controls (C). 
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IKK2 mice have reduced striatal DA concentrations 

Nigrostriatal dopaminergic neurons are especially vulnerable to inflammatory 

processes (Block et al. 2007). We measured striatal tissue concentrations of DA to 

investigate whether the nigrostriatal neurons are affected by the 

neuroinflammatory phenotype of IKK2 mice. IKK2 mice had significantly lower 

striatal DA concentrations than control mice (Fig. 24A). 
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Fig. 24. Neuroinflammation in IKK2 mice does not alter the susceptibility to 
MPTP. Effect of MPTP treatment (4 x 10 mg/kg) on (A) striatal dopamine 
concentrations and (B) the number of tyrosine hydroxylase (TH)-positive neurons in 
the substantia nigra pars compacta (SNpc) measured by HPLC and 
immunohistochemistry 7 days after MPTP treatment (n = 4-9). (C) Representative 
TH-stained tissue sections of vehicle (veh) and MPTP-treated control (Co) and IKK2 
mice (IKK2). Scale bar, 500 µm. Data were analysed by a two-way ANOVA and 
Bonferroni post hoc tests for multiple comparisons. MPTP- and vehicle-treated IKK2 
mice in (B) were also analysed by a separate Student´s t-test. Data are means ± 
SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 

#
p < 0.05 (separate t-test). 

The number of nigrostriatal neurons measured by counting TH-positive neurons in 

the SNpc was not different between the two genotypes (Fig. 24B, C). DA release 

in the striatum by nigrostriatal neurons is important for movement selection and 

initiation (Kreitzer and Malenka 2008). For behavioural analysis IKK2 and control 

mice were analyzed on motor activity over 13 hours which did not show any 

significant differences (Fig. 25). 

 

No difference in susceptibility to MPTP between IKK2 and control mice 

After having demonstrated the induction of neuroinflammation by transgenic 

activation of IKK2 in astrocytes, we investigated whether this type of 

neuroinflammation influences the loss of dopaminergic neurons as consequence 

of MPTP intoxication. We injected 4 x 10 mg MPTP per kg body weight in the 
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transgenic mice and control littermates at the age of 12-15 weeks and killed the 

animals 7 days later (Fig. 21B). The MPTP treatment induced a marked decrease 

of striatal DA concentrations and a moderate decrease of TH-positive neurons in 

the SNpc (Fig. 24A-C). There was no difference between IKK2 and control mice in 

both parameters. 
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Fig. 25. Motor activity is not altered in IKK2 mice. Motor activity of 
control (Co) and IKK2 mice (IKK2) was monitored during the night for 13 
h (n = 9-14). Data were analysed by a two-way ANOVA and Bonferroni 
post hoc tests for multiple comparisons and revealed no significant 
differences between groups. 

To rule out an impact of IKK2-CA expression on MPTP metabolism in IKK2 mice 

we measured the concentrations of MPP+ in the striatum. MPP+ concentrations did 

not differ significantly between IKK2 and control mice (2.30 ± 0.49 ng/mg tissue vs. 

2.69 ± 0.51 ng/mg tissue, p = 0.61). 

 

10.5. Discussion 

The IKK2 mice were generated to specifically address the impact of IKK2 

activation in astrocytes on nigrostriatal dopaminergic neurodegeneration. Indeed, 

pronounced neuroinflammation characterised by the detection of inflammatory 

cytokines, the presence of activated microglia and astrogliosis was observed in the 

brain of IKK2 mice. Surprisingly, despite the neuroinflammatory phenotype of IKK2 

mice the neurotoxic effect of MPTP was not augmented. 

Astrocytes are important mediators of neuroinflammation (Sofroniew and Vinters 

2010), and IKK2/NF-B signaling is a key regulator of inflammation (Harari and 

Liao 2010). We speculated that activation of the IKK2/NF-B signaling cascade in 

astrocytes is able to create a proinflammatory milieu in the brain and generated 

the IKK2 mouse to address this hypothesis experimentally. The upregulation of the 
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NF-B target gene MCP-1 (Harari and Liao 2010) shows the induction of NF-B 

dependent gene expression in the IKK2 mouse model. It also indicates the 

initiation of proinflammatory processes in the CNS, as this chemokine is an 

important proinflammatory factor involved in chemotactic recruitment of 

macrophages to the site of inflammation (Wilson et al. 2010). Besides 

chemokines, cell adhesion molecules are important for the trafficking of leukocytes 

to the brain. Therefore, we studied the expression of Icam-1, a NF-B regulated 

cell adhesion molecule (Harari and Liao 2010; Wilson et al. 2010), which was 

found to be upregulated as well. Furthermore, the expression of the 

proinflammatory cytokines IL-1 and TNF, that are implicated in PD 

pathogenesis (Glass et al. 2010), was also increased in IKK2 mice. We previously 

described the effect of the constitutive IKK2 activation in pancreatic acinar cells 

(Baumann et al. 2007) and the accompanied increase of Icam-1, IL-1 and TNF 

mRNA levels in the tissue. Although the IKK2-CA-induced increase in Icam-1 

expression is similar in both studies, the increase in mRNA levels of IL-1 and 

TNF is more pronounced by the astrocyte-specific IKK2 activation (55-fold vs. 13-

fold for IL-1 and 42-fold vs. 8-fold for TNF). Furthermore, the IKK2-CA gene in 

acinar cells did not significantly alter the MCP-1 expression in the pancreas 

(Baumann et al. 2007) but in the brain, MCP-1 levels showed the most prominent 

increase of the cytokines (270-fold) if IKK2 is activated in astrocytes. This 

difference in the cytokine profile highlights the tissue-dependent effects of the 

IKK2/NF-B signaling. However, it is difficult to directly compare the two studies 

because we cannot rule out differences in transgene expression and the studies 

also differ in the time between initiation of the IKK2 transgene expression and the 

cytokine expression analysis (Baumann et al. 2007). 

Microglia are the primary immune cells of the brain (Block et al. 2007) and we 

investigated whether the IKK2 activation in astrocytes affects microglia in the 

midbrain. The Iba1-antigene is expressed by microglial cells and it is used to stain 

microglia by immunohistochemistry (Ito et al. 1998). Microglia activation is 

characterised by an increase in the Iba1 expression and the amoeboid phenotype 

of microglia cells that is visible in Iba1-stained histological sections. The Iba-1 and 

Mac2 staining of sections from IKK2 mice showed a widespread microglia 

activation that is not restricted to a certain brain area. This has to be considered in 

studies with the IKK2 mice.  In the case of PD, microglia activation and other 
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inflammatory processes affect only certain brain regions (McGeer and McGeer 

2008) and the IKK2 mice do not fully reflect the situation in PD. Since we 

measured disease-related parameters, the IKK2 mice are a valuable tool to 

investigate the contribution of astrocyte-specific IKK2 activation and 

neuroinflammation in the MPTP model. 

The increased cytokine expression in combination with the presence of activated 

microglia in the IKK2 mice suggests that the IKK2 activation in astrocytes induces 

a response that is not limited to astrocytes and creates a neuroinflammatory 

environment in the brain involving several cell types. Our IKK2 mice bear some 

major advantages compared with other approaches to study the effects of 

neuroinflammation. The conditional expression of the IKK2-CA gene enables the 

temporal control of the inflammatory process by treatment with doxycycline. Since 

our aim was to investigate the impact of IKK2 activation in the mature brain we 

repressed transgene expression during embryonic development until the age of 4 

weeks by the application of doxycycline in the drinking water of pregnant mice and 

their offsprings. This is important because NF-B activation is implicated in the 

development of the CNS and the constitutive IKK2 activation may interfere with 

this function (Gutierrez and Davies 2011). 

Several research groups used the bacterial endotoxin LPS to induce 

neuroinflammation (Arai et al. 2004; Qin et al. 2004). It is stereotaxically injected 

into the brain and thus it is accompanied with tissue damage and a local disruption 

of the blood brain barrier. With our transgenic approach, we avoided the 

interference of a mechanical lesion. Furthermore, by using the human GFAP 

promotor we were able to target the IKK2-CA expression specifically to astrocytes 

whereas LPS acts on different cell types (Dutta et al. 2008). This is the first study 

investigating the effect of astrocyte-specific IKK2 activation on neuroinflammatory 

parameters and MPTP toxicity in vivo. 

The nigrostriatal DAergic neurons are especially vulnerable to inflammatory 

processes and their degeneration is a major hallmark of PD (Block et al. 2007). 

Here, we investigated the effect of the neuroinflammatory phenotype in IKK2 mice 

on striatal DA concentrations and the number of TH-positive neurons in the SNpc. 

Indeed, the IKK2 mice had reduced striatal DA concentrations indicating an 

impairment of the nigrostriatal neurons, although the number of TH-positive 

neurons was not altered at the investigated time point. It is difficult to compare 
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these results with former published work since this is the first study with a 

transgenic approach to study IKK2 activation in astrocytes and the corresponding 

neuroinflammation and its impact on the nigrostriatal system. Several research 

groups injected LPS into the brain and induced an acute inflammation (Arai et al. 

2004; Qin et al. 2004). This leads to a loss of TH-positive neurons in the SNpc of 

up to 50% and is in contrast to our observation in the IKK2 mice that had an IKK2 

activation for 8-11 weeks. Another research group injected LPS systemically in 

mice and observed a chronic neuroinflammation (Qin et al. 2007) which better 

reflects the situation in IKK2 mice. In agreement with our results, there was no 

degeneration of nigral TH-positive neurons after 2 months and significant changes 

occurred not until 7 month after LPS injection. We speculate that there is a similar 

situation in the IKK2 mice and a neurodegeneration might occur in older IKK2 

mice. Although IKK2 mice had reduced striatal DA concentrations, we did not 

observe a difference in motor activity. This is in agreement with the fact that the 

depletion of striatal DA by about 17% in IKK2 mice did not exceed the threshold 

necessary to produce motor impairment (Grealish et al. 2010). 

We used the MPTP model of PD to study the influence of neuroinflammation in the 

pathogenesis of PD. The MPTP model is generally used to address such 

questions with transgenic mice or with pharmacological approaches. MPTP itself 

induces inflammatory processes in the substantia nigra that contribute to the 

degeneration of TH-positive neurons (Hirsch and Hunot 2009; Schmidt and Ferger 

2001). This includes the activation of both microglia and astrocytes and MPP+ 

induces the IKK2/NF-B pathway in both cell types (Ghosh et al. 2007). MPTP-

induced neuroinflammation peaks 1-3 days after acute MPTP treatment and fades 

out in the next days (Ciesielska et al. 2003; Ferger et al. 2004). We used a low-

dose acute MPTP regimen in our experiments with the injection of 4 x 10 mg/kg 

MPTP on a single day. The contribution of microglia activation and 

neuroinflammation to neurodegeneration in the acute MPTP model is well 

characterized for MPTP doses of 10-20 mg/kg (Du et al. 2001; Kurkowska-

Jastrzebska et al. 1999; Patel et al. 2011; Wu et al. 2002). The presence of 

astrogliosis and activated microglia in the SN of our MPTP-treated control mice is 

also in agreement with the findings of others using a low-dose MPTP regimen (4 x 

10 mg/kg) (Kurkowska-Jastrzebska et al. 1999; Patel et al. 2011). Thus, although 
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we did not observe a higher susceptibility of IKK2-mice to MPTP, this fact does not 

argue against a prominent role of neuroinflammation in MPTP toxicity. 

The observed decrease of TH-positive neurons by 25% in MPTP-treated control 

mice was expected and is in agreement with another study that used a similar 

MPTP regimen (Patel et al. 2011). Although the decrease of striatal DA in IKK2 

mice indicates an impairment of the nigrostriatal neurons, the neuroinflammatory 

phenotype of IKK2 mice did not result in an increased neurodegeneration after 

MPTP treatment. This is in contrast to the observation of studies using LPS 

injection to induce neuroinflammation. These studies reported an increased 

neurotoxicity of MPTP in combination with LPS (Byler et al. 2009; Gao et al. 2003; 

Goralski and Renton 2004). There are also conflicting results in approaches that 

inhibit the IKK2/NF-B pathway in the MPTP model. Ghosh and colleagues (2007) 

obtained a neuroprotective effect by the pharmacological inhibition of NF-B 

activation but the transgenic depletion of the NF-B subunit p50 has no effect on 

MPTP toxicity (Teismann et al. 2001). This highlights the complexity of IKK2/NF-

B signaling during neurodegeneration and the need of a cell-type specific 

examination. Our study is a first step to shed light on the role of astrocyte-specific 

IKK2/NF-B signaling in MPTP-induced neurodegeneration. 

Astrocytes are essential in the conversion of MPTP to its toxic metabolite MPP+ by 

monoamine oxidase B (Gerlach and Riederer 1996). The activation of IKK2 in 

astrocytes may influence the MPTP metabolism and affect the outcome of the 

MPTP treatment. We measured MPP+ concentrations in the striatum after MPTP 

injection and there was no difference between IKK2 and control mice. The lack of 

a different susceptibility to MPTP in IKK2 mice cannot be attributed to an alteration 

of the MPTP metabolism. 

The unexpected lack of an augmentation of the MPTP toxicity by the 

neuroinflammatory phenotype in IKK2 mice may originate in different mechanisms. 

An increase in Nurr1 expression may account for the observed effects as Nurr1 

suppresses inflammatory responses in glial cells by inhibition of NF-B 

downstream targets (Glass et al. 2010). Upregulation of Nurr1 may protect against 

dopaminergic cell death. However, we could not detect any Nurr1 upregulation in 

IKK2 mice (data not shown). Inflammation is often called a “double-edged sword” 

because it usually exerts protective effects by the release of trophic factors and 

the clearance of toxic components but the dysregulation of inflammation has 
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detrimental consequences (Block et al. 2007; Wyss-Coray and Mucke 2002). For 

instance, the proinflammatory cytokine TNF significantly contributes to MPTP-

induced neurotoxicity (Ferger et al. 2004; Sriram et al. 2006) and TNF mRNA 

levels are increased in IKK2 mice. However, there are also reports showing 

protective effects of TNF against neurotoxic insults depending on the 

concentration and time of TNF expression (Barger et al. 1995; Chertoff et al. 

2011). In this context, the elevated TNF expression in IKK2 mice could also 

counteract against other inflammatory factors that increase the susceptibility to 

MPTP. We previously observed a lower potency of the constitutive active IKK2 

variant to activate NF-B than the inflammogen caerulein that is used to induce 

pancreatitis (Aleksic et al. 2007). A less pronounced neuroinflammation in IKK2 

mice could explain the different susceptibility to MPTP compared with LPS-

induced neuroinflammation but has to be confirmed. Furthermore, IKK2 mice show 

a chronic neuroinflammation in contrast to the acute inflammation induced by local 

LPS injection. As discussed above, the chronic neuroinflammation may have a 

more pronounced effect after a longer incubation time in older IKK2 mice 

uncovering the higher susceptibility to MPTP. 

In conclusion, our results argue against a prominent role of IKK2 activation in 

astrocytes in MPTP-mediated toxicity. Further studies with a neuron-specific IKK2 

activation or a cell-type specific IKK2 knockout in mice may be helpful to unravel 

the complexity of IKK2/NF-B signaling in the MPTP model. 
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11. Substantial telomere shortening in the substantia nigra of 

telomerase deficient mice does not increase the 

susceptibility to MPTP-induced dopamine depletion 
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11.1. Abstract 

The most important risk factor for developing Parkinson’s disease (PD) is age. 

Aging is ascribed to different mechanisms including telomere shortening. 

Telomeres consist of repetitive DNA sequences and stabilise chromosome 

integrity. Up to date reports on telomere shortening in PD patients are 

inconsistent.  

We investigated the effect of telomere shortening in the MPTP mouse model of PD 

using late generation telomerase deficient mice (G3 Terc-/--mice). G3 Terc-/--mice 

showed a reduction of telomere length in nigral tyrosine hydroxylase (TH)-positive 

neurons by 40% indicated by quantitative fluorescence in situ hybridisation. There 

was no difference in total motor activity and striatal tissue concentrations of 

dopamine, DOPAC (3,4-dihydroxyphenylacetic acid), HVA (4-hydroxy-3-

methoxyphenylacetic acid) and 3-MT (3-methoxytyramine) concentrations or 

dopamine turnover in G3 Terc-/--mice in comparison to controls without MPTP 

treatment. Low dose MPTP treatment (4 injections, 2 h intervals, 2x5mg/kg + 

2x7.5 mg/kg) led to a significant decrease of striatal dopamine concentrations that 

did not differ in G3 Terc-/--mice compared with control mice (19.15±0.44ng/mg to 

12.81±1.26ng/mg in control mice in comparison to 19.51±0.59ng/mg to 

13.56±1.10ng/mg in G3 Terc-/--mice).  

In conclusion, telomere shortening does not increase the susceptibility to MPTP-

induced dopamine depletion in mice, which implicates that other age-related 

mechanisms in the brain are more important to enhance MPTP-induced dopamine 

depletion. 
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11.2. Introduction 

Age is the most important risk factor for Parkinson´s disease (de Lau and Breteler 

2006). Aging is ascribed to several mechanisms including the shortening of 

telomeres. Telomeres are repetitive DNA sequences at the chromosomes´ ends. 

They are responsible for chromosomal stabilisation and they shorten during each 

cell division. Telomere length critically influences the possible number of cell 

divisions and thus the ability for regeneration. If telomere length reaches a minimal 

threshold and loses its stabilising function, the cell switches in a senescent state or 

undergoes apoptosis. DNA damaging events such as oxidative stress promote the 

induction of senescence and apoptosis (Oeseburg et al. 2010; von Figura G. et al. 

2009). 

Telomerase is an enzyme that elongates telomeres and is able to compensate for 

the shortening of telomeres during cell division. It is highly expressed in stem and 

progenitor cells that are able to replenish damaged tissue. The telomerase 

complex includes the telomerase reverse transcriptase (TERT) and the telomerase 

RNA component (TERC), both are essential for its activity (Oeseburg et al. 2010). 

The investigation of telomerase deficient mice (Terc-/--mice) that lack telomerase 

activity greatly expanded the knowledge on telomere function (Oeseburg et al. 

2010). Terc-/--mice have a reduced telomere length resulting in an impairment of 

tissues with high proliferative activity such as the intestine, bone-marrow and skin 

(Jaskelioff et al. 2011; Rudolph et al. 1999). 

A recent study investigated the impact of telomerase deficiency in Terc-/--mice on 

neurogenesis and the progression of Alzheimer´s disease (AD) amyloid pathology 

(Rolyan et al. 2011; von Figura G. et al. 2009). Rolyan and colleagues (2011) 

showed that telomere shortening impairs neurogenesis in the dentate gyrus and 

results in neuronal loss in the hippocampus and frontal cortex. However, in a 

mouse model of AD, TERC deficiency resulted in a reduced number of amyloid 

plaques and reactive microglia, two major hallmarks of AD (Rolyan et al. 2011). 

To date, there are no studies investigating the effect of TERC deficiency and 

telomere shortening in other neurodegenerative disorders. Parkinson´s disease 

(PD) is a neurodegenerative disorder that is characterised by a degeneration of 

nigrostriatal dopaminergic neurons. The resulting dopamine (DA) deficiency in the 

striatum is responsible for the major clinical symptoms of PD, i.e. bradykinesia, 

tremor, rigidity and postural instability (de Lau and Breteler 2006; Schapira et al. 
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2006). There are conflicting results about the telomere length in PD patients and 

the contribution of telomere shortening to the pathogenesis of PD is not known 

(Eerola et al. 2010; Guan et al. 2008; Hudson et al. 2011; Wang et al. 2008; Watfa 

et al. 2011). 

In the present study, we investigated for the first time whether telomere shortening 

in Terc-/--mice modulates the effect of MPTP treatment on the nigrostriatal 

dopaminergic system in the MPTP mouse model of PD. 

 

11.3. Materials and Methods 

Animals 

Mice heterozygous for a targeted depletion of the Terc-gene (Terc+/--mice) in a 

C57BL/6J background (Blasco et al. 1997) were intercrossed to produce first 

generation, homozygous G1 Terc-/--mice. Further breeding to generate third 

generation G3 Terc-/--mice was necessary to reach a sufficient amount of telomere 

shortening. In the present experiments, we used male G3 Terc-/--mice with an age 

of 5-9 month and male C57BL/6J-mice as controls. They were kept under a 12h 

light/dark cycle (lights on: 06:00-18:00) in temperature (23 ± 2 °C) and humidity 

(55 ± 5 %) controlled rooms. The mice had ad libitum access to food and water. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany). 

 

Acute MPTP treatment 

The mice received four intraperitoneal injections of MPTP (2 x 5 mg/kg and 2 x 7.5 

mg/kg, free base, Biotrend Chemikalien GmbH, Köln, Germany) or saline in 

intervals of 2h. The mice were sacrificed seven days after MPTP treatment and 

the brains removed for further analysis. 

 

Motor activity 

The total motor activity of the mice was analysed by infrared sensors for spatial 

displacement in an automated motor activity measurement system (InfraMot - 

Activity System, TSE Systems, Bad Homburg, Germany). The mice were 

monitored for 30 min during day time. 
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Quantitative fluorescence in situ hybridisation measurement for telomere length 

determination (Q-FISH) 

Quantitative measurement of telomere length was performed using a specific 

telomeric PNA probe (5´-Cy3-CCC TAA CCC TAA CCC TAA-3´). For staining of 

nigral tyrosine hydroxylase (TH)-positive neurons, sections were cut between -2.8 

mm and -1.06 mm bregma. 

The staining was performed on 5 µm thick paraffin sections. Buffers and method 

were used according to previous protocols (Lechel et al. 2007). After the 

unmasking procedure, slides were digested with pepsine for 10 minutes. The 

hybridisation mix was added to the sections and the covered slides were 

denaturated for 3 minutes at 80°C and incubated for two hours at room 

temperature in a humid chamber. After several washing steps, double staining for 

TH (Millipore #AB152 1:500) positive neurons was done overnight. The FITC- 

labeled secondary antibody was incubated for 2 hours. For the analysis of 

sections, pictures were taken in 100-fold magnification with the same exposure 

time and gain. For quantification of telomeric spots the TFL Telo analysis software 

was used (Poon et al. 1999). 

 

HPLC analysis of DA and its metabolites. 

The mice were killed by cervical dislocation and the striatum dissected out of the 

brain after decapitation. The striatum was processed as previously described 

(Buck and Ferger 2008). In brief, striata were homogenised in 500 µL of 0.4 M 

perchloric acid by sonication and centrifuged at 20000 x g for 10 min at 4 °C. The 

supernatant was filtered through a 0.22 µm membrane and analysed by HPLC. 

Isocratic separation of DA and its metabolites 3,4-dihydroxyphenylacetic acid 

(DOPAC), 4-hydroxy-3-methoxyphenylacetic acid (HVA) and 3-methoxytyramine 

(3-MT) was carried out with a reversed-phase C18 column (YMC-Pack ODS-AQ, 

100 x 2.1 mm, S-3 µm, YMC Europe GmbH, Dinslaken, Germany). An 

electrochemical cell with a glassy carbon electrode and an ISAAC Ag/AgCl 

reference electrode (Antec VT-03, Leyden, The Netherlands) was used at an 

oxidation potential of 650mV for detection. The mobile phase consisted of 1.7 mM 

1-octanesulfonic acid sodium salt, 1.0 mM Na2EDTA × 2 H2O, 8.0 mM NaCl, 100 

mM NaH2PO4 × 2 H2O (pH 3.80), mixed up with 9.3% acetonitrile and was 
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delivered with a flow rate of 0.4 mL/min. An external standard curve (5 nM – 1 µM) 

was used for quantitation (6 point calibration). 

 

Statistics 

All statistical analyses were carried out with GraphPad Prism 5.03 (La Jolla, USA). 

Telomere fluorescence intensity was compared by an unpaired Student´s t-test. 

Motor activity was analysed by a two-way ANOVA and Bonferroni´s post hoc tests 

for multiple comparisons. The groups of the MPTP experiment were compared by 

a one-way ANOVA and Tukey´s multiple comparison test. A p-value <0.05 was 

regarded as statistically significant. Data are means ± SEM. 

 

11.4. Results 

G3 Terc-/--mice reflect a phenotype of accelerated aging. To investigate the effect 

of TERC deficiency on the nigrostriatal system we measured telomere length in 

nigral TH-positive neurons using telomere fluorescence intensity (TFI). Telomere 

length decreased by 40% in G3 Terc-/--mice compared with controls (Fig. 26A). 
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Fig. 26. Telomerase deficiency reduces telomere length but does not affect 
motor activity and susceptibility to MPTP. (A) Telomere length in nigral tyrosine 
hydroxylase (TH)-positive neurons was quantified by telomere fluorescence intensity 
(TFI) measurement in brain tissue sections (n = 5). G3 Terc

-/-
-mice had significantly 

reduced telomere length than controls (Con). (B) Motor activity of G3 Terc
-/-

- and 
control mice was measured during day time for 30 min (n = 16). The two genotypes 
did not differ in their motor activity. (C) Striatal dopamine (DA) concentrations and (D) 
striatal DA turnover of G3 Terc

-/-
- and control mice 7 days after treatment with MPTP 

or vehicle (veh) measured by HPLC (n = 9-13). The data were analysed by an 
unpaired Students t-test (TFI), a one-way ANOVA and Tukey´s multiple comparison 
test (DA + DA turnover) and a two-way ANOVA and Bonferronis post hoc tests for 
multiple comparisons (motor activity, p = 0.95). Data are means ± SEM, **p < 0.01, 
***p < 0.001. 
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We investigated motor activity of G3 Terc-/--mice as a behavioural read-out for 

disturbances in the nigrostriatal system. There was no difference between the 

motor activity of G3 Terc-/-- and control mice (Fig. 26B). 

In order to investigate the susceptibility of G3 Terc-/--mice to the parkinsonian 

neurotoxin MPTP we applied a low dose MPTP regimen (2x5mg/kg + 2x7.5mg/kg) 

instead of a standard MPTP dose because we expected a higher mortality 

applying a standard dose of MPTP (4x12.5-20mg/kg). The basal values of striatal 

tissue DA, DOPAC, HVA and 3-MT concentrations and striatal DA turnover were 

not different comparing both genotypes. MPTP treatment produced a significant 

decrease of striatal DA concentrations and an increase of the striatal DA turnover 

in control and G3 Terc-/--mice (Fig. 26C+D). DOPAC concentrations decreased in 

the striatum of MPTP treated G3 Terc-/-- and control mice, whereas HVA and 3-MT 

did not show a significant reduction (Table 9). Again, the two genotypes did not 

significantly differ in their response to MPTP (Fig. 26 and Table 9). 

 

Table 9. Striatal DOPAC (3,4-dihydroxyphenylacetic acid), HVA (4-hydroxy-3-
methoxyphenylacetic acid) and 3-MT (3-methoxytyramine) concentrations in 
MPTP- and vehicle- (veh) treated G3 Terc

-/-
- and control (con) mice 

Genotype + Treatment Striatal dopamine metabolite concentration 
(mean ± SEM) 

 DOPAC 
(ng/mg tissue) 

HVA 
(ng/mg tissue) 

3-MT 
(ng/mg tissue) 

Con + veh (n = 11) 1.04 ± 0.03  1.29 ± 0.06 0.742 ± 0.053 
Con + MPTP (n = 13) 0.73 ± 0.05

a 
1.06 ± 0.08 0.605 ± 0.039 

G3 Terc
-/-

 + veh (n = 9) 1.06 ± 0.06  1.10 ± 0.08 0.756 ± 0.044 
G3 Terc

-/-
 + MPTP (n = 13) 0.75 ± 0.06

a 
1.00 ± 0.07 0.679 ± 0.024 

Data are mean ± SEM. 

a
p<0.001 in comparison to the vehicle-treatment (one-way ANOVA and Tukey´s multiple comparison 

test). 

 

11.5. Discussion 

G3 Terc-/--mice had decreased telomere length in nigral TH-positive neurons but 

did not show a difference on striatal dopamine and metabolite concentrations in 

the MPTP model of PD. 

These results contradicted our expectation that telomere shortening would 

increase susceptibility to the neurotoxic effects of MPTP. The toxic action of MPTP 

comprises increased oxidative stress to dopaminergic neurons owing to the 

formation of free radicals (Gerlach and Riederer 1996). In vitro inhibition of 

telomerase activity increases the susceptibility of cells to oxidative stress resulting 

in enhanced apoptosis (Fu et al. 1999). We used a mild acute MPTP regimen in 
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our study (2x5mg/kg and 2x7.5mg/kg) compared with other studies applying acute 

protocols using higher MPTP doses (4x10mg/kg - 4x20 mg/kg) (Jackson-Lewis 

and Przedborski 2007) because we expected a higher susceptibility of G3 Terc-/--

mice to MPTP and to avoid any mortality. We cannot rule out that the selected 

MPTP dose was too low to uncover a different susceptibility to MPTP at all. 

However, at least the moderate total MPTP dose which reflects early 

neurochemical alterations of PD (Gerlach and Riederer 1996) did not reflect a 

higher susceptibility to MPTP. 

The G3 Terc-/--mice in the present study were 5-9 month of age and telomere 

shortening in nigral TH-positive neurons was comparable as described for other 

neuron populations in these mice (Rolyan et al. 2011). Furthermore, Rolyan and 

colleagues (2011) showed that neuronal alterations already appear after 3 month 

in G3 Terc-/--mice which is reflected in reduction of Alzheimer's disease amyloid 

pathology. 

The developed brain comprises mainly post-mitotic tissue but microglia retain a 

high proliferative potential. After activation, microglia increase their telomerase 

activity to avoid telomere shortening (Flanary and Streit 2005). If telomerase 

activity is absent, microglia activation is in turn significantly affected. TERC 

deficiency reduces the proliferative capacity of microglia (Rolyan et al. 2011) and 

could protect from a deleterious overactivation of these immune cells. Indeed, 

reduced amyloid pathology combined with a decreased number of microglia in a 

TERC-deficient transgenic mouse model of Alzheimer´s disease has been shown  

(Rolyan et al. 2011). Since the MPTP-induced degenerative process also involves 

the activation of microglia (Wu et al. 2002), telomere shortening could be 

protective in the MPTP model. The MPTP model used reflects some of the acute 

pathogenic mechanisms in PD but does not address the progressive nature of PD. 

Further studies in progressive animal models of PD are necessary to follow up the 

idea of central active compounds to confer protection by preventing telomerase 

shortening. Indeed, studies using genetically or pharmacologically increased 

telomerase activity demonstrated a reduction of neurodegeneration in mouse 

models of ischemia, amyotrophic lateral sclerosis and excitotoxicity (Eitan et al. 

2012; Kang et al. 2004). 

A few epidemiological studies investigated the association of telomere length and 

the risk of PD (Eerola et al. 2010; Guan et al. 2008; Hudson et al. 2011; Wang et 
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al. 2008; Watfa et al. 2011). The telomere length in blood cells was used as a 

surrogate marker but the findings were not consistent including no difference 

between PD patients and controls (Eerola et al. 2010) as well as accelerated 

telomere shortening in PD (Guan et al. 2008; Watfa et al. 2011) or reduced relative 

risk for PD with shorter telomeres (Hudson et al. 2011; Wang et al. 2008). 

However, only one study investigated the telomere length in the brain more 

precisely in the substantia nigra (Hudson et al. 2011). Hudson and colleagues 

(2011) observed no difference in the nigral telomere length in PD and control 

patients and concluded that telomere shortening is unlikely to be involved in the 

pathogenesis of PD. G3 Terc-/--mice are characterized by a reduced telomere 

length in nigral TH-positive neurons and we also did not observe a different 

susceptibility to the dopaminergic neurotoxin MPTP compared with control 

animals.  

In conclusion, our results show that telomere shortening does not affect the 

susceptibility to the dopaminergic neurotoxin MPTP. Other age-related alterations 

could contribute to PD pathogenesis and telomere shortening seems to play a less 

important role. 
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12. GPR6 deficiency alters striatal dopamine and cAMP 

concentrations and reduces dyskinesia in a mouse model 

of Parkinson´s disease 

Patrick Oeckl, Bastian Hengerer and Boris Ferger 

 

12.1. Abstract 

The orphan G-protein coupled receptor 6 (GPR6) is a constitutively active receptor 

which is positively coupled to the formation of cyclic adenosine-3’,5’-

monophosphate (cAMP). GPR6 is predominantly expressed in striatopallidal 

neurons. Here, we investigated neurochemical and behavioural effects of GPR6 

deficiency in mice. 

GPR6 depletion decreased in vivo cAMP tissue concentrations (20%) in the 

striatum. An increase of striatal tissue dopamine concentrations (10%) was found 

in GPR6-/- mice, whereas basal extracellular dopamine levels were not changed 

compared with wildtype controls, as shown by in vivo microdialysis. Western blot 

analyses revealed no alteration in the expression and subcellular localisation of 

the dopamine D2 receptor in the striatum of GPR6-/- mice, and the number of 

tyrosine hydroxylase positive neurons in the substantia nigra was unchanged. 

DARPP-32 (dopamine and cAMP-regulated phosphoprotein of 32kDA) expression 

in the striatum of GPR6-/- mice was not altered, however, a twofold increase in the 

phosphorylation of DARPP-32 at Thr34 was detected in GPR6-/- mice compared 

with wildtype controls. GPR6-/- mice showed higher locomotor activity in the open 

field, that persisted after treatment with the dopamine D2 receptor antagonist 

haloperidol. They also displayed reduced abnormal involuntary movements in the 

mouse L-3,4-dihydroxyphenylalanine (L-DOPA) dyskinesia model of Parkinson´s 

disease. 

In conclusion, the depletion of GPR6 reduces cAMP concentrations in the striatum 

thereby mimicking a stimulation of the dopamine D2 receptor. GPR6 deficiency 

causes an interesting behavioural phenotype in the form of enhanced motor 

activity combined with reduced L-DOPA induced abnormal involuntary 

movements. These findings could offer an opportunity for treatment of Parkinson’s 

disease beyond dopamine replacement. 
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12.2. Introduction 

G-protein coupled receptors (GPCRs) are a large group of transmembrane 

proteins involved in extra-to-intra-cellular signal transduction. In the brain, GPCRs 

are essential in neurotransmission by mediating the signal transduction of several 

neurotransmitters. For instance the dopamine (DA) D1 receptor is coupled to a 

stimulatory G-protein and leads to an increase of cyclic adenosine-3’,5’-

monophosphate (cAMP) concentrations. In contrast, the dopamine D2 receptor 

decreases cAMP after activation (Pivonello et al. 2007). 

Several putative GPCRs were identified by homology to known GPCRs. One of 

these orphan GPCRs is the G-protein coupled receptor 6 (GPR6). The 

constitutively active GPR6 is coupled to a stimulatory G-protein and increases 

cAMP (Uhlenbrock et al. 2002). There is a controversy about the endogenous 

ligand. Initial studies showed agonism for the lysophospholipid sphingosine-1-

phosphate (S1P) but these results were not confirmed by other groups (Ignatov et 

al. 2003; Uhlenbrock et al. 2002; Yin et al. 2009). GPR6 is predominantly 

expressed in the striatum but knowledge of its function is sparse (Chenn et al. 

2001; Roth et al. 2006; Tanaka et al. 2007). Lobo and colleagues (2007) identified 

GPR6 as a regulator of instrumental conditioning which is supported by a recent 

study in humans (Collins and Frank 2012). Additionally, increased neurite 

outgrowth after overexpression of GPR6 in vitro has been reported (Tanaka et al. 

2007). 

The striatum, the site of the most intense GPR6 expression, is a brain region 

important for the selection and initiation of motor movements. It consists 

predominantly of two types of medium spiny neurons (MSNs) that differ in 

expression of DA receptors. About one half of the MSNs express the D1 receptor 

and project into the internal globus pallidus and the substantia nigra pars reticulata 

(direct, striatonigral pathway). The other subtype of MSNs contains the D2 

receptor and inhibits the external globus pallidus (indirect, striatopallidal pathway). 

Both types of MSNs release the inhibitory neurotransmitter -amino butyric acid 

(GABA) after activation (Kreitzer and Malenka 2008). GPR6 is expressed in 

striatopallidal, D2 receptor-positive neurons (Lobo et al. 2007). DA release in the 

striatum by neurons located in the substantia nigra pars compacta (SNpc) and 

subsequent D1 and D2 receptor activation controls the basal ganglia motor loop 

and enhances movements. Degeneration of the dopaminergic neurons in the 
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SNpc, such as occurs in patients of Parkinson´s disease (PD), results in an 

impaired DA signaling in the striatum. The clinical symptoms of the striatal DA loss 

in PD are disturbances in the motoric system, i.e. bradykinesia, rigidity, tremor and 

postural instability (Kreitzer and Malenka 2008). 

The objective of our study was to investigate the effects of GPR6 deficiency in a 

mouse model on the striatal dopaminergic system in terms of: neurochemical 

alterations, by measuring cAMP and dopamine concentration in the tissue and in 

the extracellular space; behavioural consequences, by measuring L-3,4-

dihydroxyphenylalanine (L-DOPA)-induced abnormal involuntary movements 

(AIMs) and haloperidol-induced motor activity. 

 

12.3. Materials and Methods 

Animals 

Homozygous GPR6 deficient mice (B6.129P2-Gpr6tm1Dgen) that were backcrossed 

to the C57BL/6 background were purchased from Deltagen, Inc. (San Mateo, 

USA) (Lobo et al. 2007). The single exon of the GPR6 gene was depleted by 

insertion of a LacZ-Neo construct. The GPR6-/- colony was expanded by Charles 

River Laboratories (Sulzfeld, Germany). Male animals were used in all 

experiments and kept under a 12h light/dark cycle (lights on: 06:00-18:00) in 

temperature (23 ± 2 °C) and humidity (55 ± 5 %) controlled rooms. The mice had 

ad libitum access to food and water. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany) and carried out in an 

AAALAC (Association for Assessment and Accreditation of Laboratory Animal 

Care International)-accredited facility in accordance with the European Convention 

for Animal Care and Use of Laboratory Animals. 

 

Cyclic AMP and cGMP measurement by LC-MS/MS 

The mice were killed by cervical dislocation and the striatum was dissected out of 

the brain after decapitation. The striatum was homogenised in 500 µL of 0.4 M 

perchloric acid by sonication. After centrifugation (20000 x g, 10 min, 4 °C), the 

pellet was resuspended in 250 µL of 1 M NaOH, centrifuged and the protein 

concentration measured by a commercial BCA Protein Assay Kit (Pierce 
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Biotechnology, Rockford, USA). The supernatant was filtered through a 0.22 µm 

membrane and analysed by LC-MS/MS. 

LC-MS/MS analysis of cAMP and cGMP was carried out as described previously 

(Oeckl and Ferger 2012) using an Agilent 1200 LC system (Agilent Technologies, 

Morges, Switzerland) and API4000 triple quadrupole mass spectrometer (AB 

Sciex, Ontario, Canada). Mobile phase A consisted of 0.1 % formic acid in water 

and mobile phase B of 100 % acetonitrile. The following gradient elution profile 

was applied at a flow rate of 0.4 mL/min: 0.00 min: 100 % A, 0.50 min: 100 % A, 

1.00 min: 10 % A, 2.20 min: 10 % A, 2.30 min: 100 % A, 3.50 min: 100 % A. Cyclic 

AMP and cGMP were detected by multiple reaction monitoring using the following 

transitions: cAMP 330.08-136.10, cGMP 346.15-152.10. Stable isotope-labeled 

[13C5]cAMP and [15N5]cGMP were added to all samples and standards as internal 

standard. 

 

HPLC analysis of DA 

Striatal tissue was prepared as described for the LC-MS/MS analyses. 

Microdialysates were analysed directly. Isocratic separation of DA was carried out 

with a reversed-phase C18 column (YMC-Pack ODS-AQ, 100 x 2.1 mm, S-3 µm). 

An electrochemical cell with a glassy carbon electrode and an ISAAC Ag/AgCl 

reference electrode (Antec VT-03, Leyden, The Netherlands) were used for 

detection. The mobile phase consisted of 1.7 mM 1-octanesulfonic acid sodium 

salt, 1.0 mM Na2EDTA × 2 H2O, 8.0 mM NaCl, 100 mM NaH2PO4 × 2 H2O (pH 

3.80), mixed with 9.3% acetonitrile, and was delivered with a flow rate of 0.4 

mL/min. 

 

SDS-PAGE and immunoblot analysis 

Total cell lysates of striatal tissue were prepared by sonication in RIPA buffer 

containing a protease inhibitor cocktail (both Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany) and subsequent centrifugation (8000 x g, 10 min, 4 °C). For 

subcellular fractionation the striatal tissue was homogenised by successive 

passage through 22 and 26 gauge needles with a Hamilton syringe. The 

fractionation was carried out as described previously with all buffers containing 

phosphatase inhibitor cocktail 1 + 2 (Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany) (Xiao et al. 2009).  
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Proteins were separated on a NuPAGE® 4-12 % or 12 % Bis-Tris Gel (Invitrogen 

GmbH, Darmstadt, Germany) by SDS-PAGE and blotted onto a nitrocellulose 

membrane. The following antibodies were used for immunoblot analyses: rabbit 

anti-TH antibody (1:1000, Merck KgaA, Darmstadt, Germany), rabbit anti-

dopamine D2 receptor antibody (1:1000, Millipore GmbH, Schwalbach, Germany), 

rabbit anti-DARPP-32 (dopamine and cAMP-regulated phosphoprotein of 32 kDA) 

antibody (1:2500, Cell Signaling Technology, Danvers, USA), rabbit anti-phospho-

DARPP-32 (pThr34) antibody (1:500, AbD Serotec, Düsseldorf, Germany) and 

chicken anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody 

(1:10000, Sigma-Aldrich Chemie GmbH, Steinheim, Germany). We used IRDye®-

labelled secondary antibodies to visualise the proteins of interest by the Odyssey® 

Infrared Imaging System (both LI-COR Biotechnology GmbH, Bad Homburg, 

Germany). 

 

Immunohistochemistry and counting of TH-positive neurons 

Brains were immersion-fixed in 4 % buffered formalin for four days at 4°C. After 

embedding in paraffin, 10 µm serial sections of the SNpc were prepared. Every 6th 

section was immunostained for TH. In brief, the endogenous peroxidase was 

blocked with 5 % methanol and 0.04 % H2O2 in PBS for 10 min. Epitope-retrieval 

was carried out with 10 mM citrate buffer (pH 6.0) at 90 - 95°C for 10 min. After 

treatment with 0.5 % Triton X-100 for 10 min and blocking with 2 % bovine serum 

albumin and 2 % goat serum for 1 h, the sections were incubated with rabbit anti-

TH antibody (1:1000) overnight at 4°C. TH-positive neurons were visualised with 

the Vectastain ABC Kit (Vector Laboratories, Inc., Burlingame, USA) and 3,3’-

diaminobenzidine. Nuclei were counterstained with hematoxylin. 

Immunohistochemically stained slides were scanned with a MIRAX SCAN (Carl 

Zeiss MicroImaging GmbH, Jena, Germany). TH-positive neurons in the SNpc 

were counted in every section by an investigator blind to the genotype. The neuron 

number of all sections belonging to one animal were summed and multiplied by six 

to extrapolate the number of TH-positive neurons in the whole SNpc. 

 

Locomotor activity and rearings 

The distance travelled and the number of rearings in the open field were measured 

by infrared light-beam breaks with an automated motor activity system (ActiMot, 
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TSE Systems, Bad Homburg, Germany). The animals were monitored during the 

night, the active phase of rodents. They were habituated to the experimental room 

in their home cages for 1h and put into the ActiMot cages at 5 p.m. Lights switched 

off at 6 p.m. Haloperidol (0.1 mg/kg) or vehicle (saline) was injected 

subcutaneously before the animals were put into the ActiMot cages. 

 

Striatal in vivo microdialysis 

Mice were anaesthetised using ketamine (70 mg/kg, i.p.) and xylazine (6 mg/kg 

i.p.) before being fixed in a stereotaxic frame. Anaesthesia was maintained by 

inhalation of 1.1 vol% isoflurane in pure oxygen. An intracerebral guide cannula 

(MAB 4.9.IC, Microbiotech, Stockholm, Sweden) was implanted to target the 

striatum at the following coordinates relative to bregma: AP: +0.5 mm, ML: +2.0 

mm, DV: -2.6 mm according to the brain atlas of Franklin and Paxinos (Franklin 

and Paxinos 1997). The cannula was fixed to the skull with two stainless steel 

screws and dental cement. Meloxicam (0.2 mg/kg, s.c.) was used for peri- and 

post-operative analgesia. In vivo microdialysis experiments were conducted after a 

recovery period of at least 6 days. 

On the experimental day, the microdialysis probe (4.9.2.Cu, 2 mm membrane 

length, Microbiotech, Stockholm, Sweden) was inserted into the guide cannula 

under isoflurane anaesthesia. The probes were perfused with artificial 

cerebrospinal fluid (aCSF, containing 147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 

0.85 mM MgCl2, and 1 mM Na2HPO4, pH 7.0-7.4) at a flow rate of 1.0 µL/min. 

After an equilibration time of 3 h to reach a stable baseline, five baseline fractions 

were collected at intervals of 20 min. The microdialysates were spiked with 10 µL 

0.1 M HCl and immediately frozen at -80°C until HPLC analysis. 

 

Unilateral 6-OHDA lesion surgery 

The stereotaxic surgery was carried out as described for the in vivo microdialysis. 

One microliter of a 6-OHDA solution (1.5 µg/µL free base) was injected into the left 

SNpc at the following coordinates relative to bregma: AP: -3.0 mm, ML: -1.3 mm, 

DV: -4.5 mm according to the brain atlas of Franklin and Paxinos (Franklin and 

Paxinos 1997). 6-OHDA was dissolved in saline containing 0.02% ascorbate and 

injected at a flow rate of 0.2 µL/min. The injection needle was left in place for 
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further 5 min before being removed. In the first weeks after surgery the mice 

received regular subcutaneous injections of saline to support recovery. 

All 6-OHDA lesioned animals used for the following experiments and analyses had 

a depletion of striatal DA concentrations and nigral TH-positive neurons of at least 

95 % compared with the contralateral side. 

 

Treatment of 6-OHDA lesioned mice 

L-DOPA methyl ester hydrochloride, benserazide hydrochloride (both Biotrend 

Chemikalien GmbH, Köln, Germany), apomorphine hydrochloride hemihydrate, 

quinpirole hydrochloride, A77636 hydrochloride hydrate (Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany) were prepared immediately before use and injected 

subcutaneously. L-DOPA and benserazide were given in combination with a fixed 

benserazide dose of 12 mg/kg. All substances were dissolved in saline except for 

apomorphine which was dissolved in a solution of 0.1 % ascorbic acid in saline. 

The doses stated refer to the free base. 

 

Rating of AIMs 

AIMs were rated using a well-accepted rating scale (Cenci and Lundblad 2007) by 

an investigator blind to genotype. The mice were scored at intervals of 20 min after 

drug treatment (monitoring period: 1 min). Three types of AIMs were distinguished: 

(1) axial subtype: axial motor response complications indicated by dystonic 

posturing or choreiform twisting of the neck and upper body; (2) limb subtype: 

abnormal, purposeless movement of the forelimb and digits; (3) orolingual 

subtype: orolingual dyskinesia indicated by empty jaw movements and 

contralateral tongue protrusion. Each AIM subtype was rated individually on a 

severity scale from 0 to 4 based on its duration and severity: 0 = nonexistent; 1 = 

occasional < 50% of observation time; 2 = frequent > 50% of observation time; 3 = 

continuous but can be interrupted; 4 = continuous, full blown and not interruptible. 

The values of the different subtypes were summed up to the AIMs score. The sum 

of the AIMs scores over the whole monitoring period (120 min) is the total AIMs 

score. 
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Statistics 

All statistical analyses were carried out with GraphPad Prism 5.03. The 

neurochemical data, number of TH-positive neurons, densitometric analysis of the 

immunoblots and the cumulative data of locomotor activity and rearings were 

compared by a Student´s t-test or one-way ANOVA and Tukey´s multiple 

comparison test. The time course experiments including DA concentrations in 

microdialysates and behavioural data were analysed by a two-way ANOVA and 

Bonferroni-corrected post hoc test. The total AIMs score was compared by a 

Student´s t-test (Cenci and Lundblad 2007). A p-value < 0.05 was regarded as 

statistically significant. If not stated otherwise, data are presented as mean ± SEM. 

 

12.4. Results 

Striatal cAMP and DA concentrations are altered in GPR6-/- mice 

The depletion of GPR6 in mice results in an impaired cAMP production in striatal 

membranes in vitro (Lobo et al. 2007). It is unclear if this impairment can be 

compensated in vivo. We measured cAMP concentrations in the striatum of GPR6-

/- and wildtype control mice by liquid chromatography/tandem mass spectromertry 

(LC-MS/MS). GPR6-/- mice showed significantly lower striatal cAMP 

concentrations of approximately 20% (Fig. 27A). 
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Fig. 27. GPR6 depletion leads to neurochemical changes in the 
striatum. Striatal tissue concentrations of (A) cyclic adenosine-3’,5’-
monophosphate (cAMP) and (B) dopamine (DA) in wildtype control and 
GPR6

-/-
 mice (n = 8) measured by LC-MS/MS and HPLC using 

electrochemical detection. (C) DA concentrations in striatal in vivo 
microdialysates of wildtype control and GPR6

-/-
 mice (n = 7) measured by 

HPLC. The data were analysed by (A+B) Student´s t-test or (C) two-way 
repeated-measures ANOVA and Bonferroni-corrected post hoc test (p = 
0.89). Data are means ± SEM. 



GPR6 deficiency reduces dyskinesia in a mouse model of PD   128 

Since the second messenger systems of cAMP and cyclic guanosine-3’,5’-

monophosphate (cGMP) are interconnected (Zaccolo and Movsesian 2007), we 

also investigated striatal cGMP concentrations. GPR6 deficiency did not lead to 

altered cGMP concentrations in the striatum (0.65 ± 0.03 in GPR6-/- vs. 0.71 ± 0.04 

pmol/mg protein in wildtype controls, p = 0.25). 

Both GPR6 and the dopamine D2 receptor are located on striatopallidal MSNs and 

the signaling of both receptors involves cAMP. Thus, we investigated whether the 

depletion of GPR6 affects the dopaminergic system via a feedback mechanism. 

Striatal tissue concentrations of DA were significantly (p<0.01) increased, by 10% 

on average, in GPR6-/-mice compared with wildtype controls (Fig. 27B). In 

contrast, in vivo microdialysis measurements, which reflect extracellular levels, 

showed no significant effects of GPR6 deficiency on basal extracellular DA 

concentrations of the striatum (Fig. 27C). 

The dopaminergic terminals in the striatum originate from tyrosine hydroxylase 

(TH)-positive neurons located in the SNpc. We observed no difference in the 

number of TH-positive neurons between the two genotypes by 

immunohistochemical analysis (Fig. 28). 
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Fig. 28. The substantia nigra is not affected by GPR6 
depletion. (A) Number of tyrosine hydroxylase (TH)-positive 
neurons in the substantia nigra pars compacta (SNpc) of wildtype 
control (n = 17) and GPR6

-/-
 mice (n = 13). Representative brain 

sections (10 µm) of wildtype control (B) and GPR6
-/-

 mice (C) 
showing the TH-positive neurons in the substantia nigra. Scale bar, 
500 µm. The data were analysed by Student´s t-test. Data are 
means ± SEM. 

GPR6 depletion increases DARPP-32 (dopamine and cAMP-regulated 

phosphoprotein of 32 kDA) phosphorylation in the striatum at Thr34  

Since there are neurochemical changes in the striatum we investigated regulatory 

mechanisms of the striatal dopaminergic system. Long-term regulation occurs via 



GPR6 deficiency reduces dyskinesia in a mouse model of PD   129 

the expression of the DA receptors and of TH, the rate-limiting enzyme of DA 

synthesis (Kumer and Vrana 1996; Pivonello et al. 2007). The analysis of striatal 

dopamine D2 receptor and TH expression by western blot revealed no difference 

in the GPR6-/- mice compared with wildtype controls (Fig. 29A). There was also no 

change in the subcellular distribution of the dopamine D2 receptor (Fig. 29B) as a 

mechanism of short-term regulation. 
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Fig. 29. GPR6 depletion in mice increases striatal P-DARPP-32 
concentrations. Expression of tyrosine hydroxylase (TH), dopamine D2 receptor 
(D2R), DARPP-32 (dopamine and cAMP-regulated phosphoprotein of 32 kDA) and 
DARPP-32 phosphorylated at Thr34 (P-DARPP-32) in (A) total cell lysates of the 
striatum, (B) plasma membrane, endosome-enriched and (C) cytosol fractions of 
the striatum of wildtype control (Con) and GPR6

-/-
 mice (GPR6). (D) Densitometric 

analysis of the DARPP-32 and P-DARPP-32 immunoblot (n = 3 - 4). The signal 
intensity of DARPP-32 and P-DARPP-32 was normalised to the intensity of 
GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Data are means ± SEM 
and were compared by Student´s t-test. 

The signaling cascade of the DA receptors includes the phosphorylation of 

DARPP-32 in the cytosol. We did not observe differences in the overall content of 

DARPP-32 in the striatum of GPR6-/- and wildtype control mice. However, there 

was a twofold increase in the phosphorylation of DARPP-32 at Thr34 (P-DARPP-

32) in GPR6 deficient mice (Fig. 29C, D). 
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Increased locomotor activity in GPR6-/- mice 

Activation of the striatal dopamine D2 receptor decreases cAMP and increases 

locomotor activity (Kreitzer and Malenka 2008). GPR6 depletion in mice also 

resulted in a decrease of striatal cAMP and therefore may mimic dopaminergic 

activation of the dopamine D2 receptor. Indeed, by monitoring GPR6-/- and 

wildtype control mice during the active (dark) phase of their circadian cycle, we 

observed a higher locomotor activity of the GPR6 deficient mice compared with 

wildtype control mice. As shown in Fig. 30A+B, the significantly higher activity 

persisted across the majority of the active phase. In contrast, the number of 

rearings was not altered in GPR6-/--mice (Fig. 30C+D). 
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Fig. 30. Increased activity in GPR6
-/-

 mice with and without haloperidol 
treatment. (A, B) Time-course and total distance travelled as well as (C, D) time-
course and total number of rearings of wildtype control (Con) and GPR6

-/-
 mice in the 

open field during the active phase. The mice received a subcutaneous injection of 
either saline (veh) or haloperidol (0.1 mg/kg) before they were put into the open field 
(n = 12 per group). Data were analysed by a one-way ANOVA and Tukey´s multiple 
comparison test. Data are means ± SEM. 

Attenuated decrease of locomotor activity in GPR6-/- mice after haloperidol 

treatment 

We investigated whether the depletion of GPR6 in mice can counteract a reduced 

dopaminergic signaling in the striatum. The reduced signaling was induced 

pharmacologically by treatment with the dopamine D2 receptor antagonist 

haloperidol. After haloperidol injection, both GPR6-/- and wildtype control mice 

showed a decrease in locomotor activity of about 35-40% when taking the average 

decrease across the total observation period (Fig. 30B). Notably, also following 

haloperidol treatment, the significantly higher activity of GPR6-/- relative to wildtype 

control mice persisted. 
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Haloperidol decreased the number of rearings of both genotypes but the decrease 

was less pronounced in the GPR6-/- mice (Fig. 30C+D). 

 

Reduced AIMs in 6-OHDA lesioned GPR6-/- mice 

A major unwanted side-effect of current DA replacement therapy in PD is the 

development and manifestation of dyskinesia (Buck and Ferger 2010), 

characterised by AIMs. Since a dysregulation of striatal DA signaling is implicated 

in the establishment of dyskinesia, we investigated whether GPR6 depletion 

affects AIMs in the 6-OHDA mouse model. 

AIMs already appeared after the first treatment. L-DOPA (6 mg/kg) induced 

dyskinesia in GPR6-/- and wildtype control mice (Fig. 31A). There was a trend to a 

decreased total AIMs score in GPR6 depleted mice which was not significant (p = 

0.09). As indicated in Fig. 31B the lower total AIMs score of the GPR6-/- mice 

resulted from the shorter duration of dyskinesia. Other L-DOPA doses (3 mg/kg 

and 12 mg/kg) produced similar effects and only differed in the duration of AIMs. 

The dual dopamine D2/D1 receptor agonist apomorphine (Missale et al. 1998) 

also induced AIMs. Notably, a significant lower degree was observed in GPR6-/- 

mice (Fig. 31A). Again the shorter duration of AIMs in the GPR6 depleted mice led 

to the main difference between both genotypes (Fig. 31C). 

To test whether the direct or indirect pathway is involved in the different 

susceptibility of GPR6-/- and wildtype control mice to dyskinesia, we used DA 

agonists with specificity to a certain subtype of DA receptor. Quinpirole, a 

dopamine D2 receptor agonist, induced a significantly lower total AIMs score in 

GPR6-/- mice than in wildtype controls. In contrast, the dopamine D1 receptor 

agonist A77636 resulted in a similar total AIMs score in both genotypes. 

The differences in the absolute values of the total AIMs score between the four 

drugs used in our study (Fig. 31A) was primarily due to the different 

pharmacokinetic profiles of the drugs and not to differences in peak dyskinesia. 
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Fig. 31. Reduced AIMs in 6-OHDA lesioned GPR6
-/-

 mice. (A) Total AIMs 
score in wildtype control (Con, n = 12) and GPR6

-/-
 mice (n = 8) after treatment 

with L-DOPA /benserazide (6 mg/kg and 12 mg/kg), apomorphine (0.5 mg/kg), 
quinpirole (0.1 mg/kg) and A77636 (1.0 mg/kg). The groups were compared by 
a Student´s t-test (see Materials and Methods). Time-course of L-DOPA- (B) 
and apomorphine-induced (C) dyskinesia. Data are means ± SEM. 

12.5. Discussion 

In this study, we investigated neurochemical and behavioural effects of GPR6 

depletion in mice. GPR6 deficiency led to a reduction of striatal cAMP 

concentrations and increased DA and P-DARPP-32 concentrations in the striatum.  

The neurochemical changes were accompanied with a higher basal locomotor 

activity and attenuated decrease of locomotor activity after haloperidol treatment in 

GPR6-/- mice. Furthermore, GPR6 deficiency resulted in a reduced AIMs score in 

the dyskinesia mouse model of PD, implicating an anti-Parkinsonian potential of 

GPR6 inhibition. 

Lobo and colleagues (2007) described a 55% reduction of cAMP synthesis in 

striatal membranes of GPR6-/--mice in vitro. Our data extend on this, and 

demonstrate that the in vivo striatal cAMP concentration is reduced after GPR6 

depletion, albeit to a lesser extent (20%). This difference may indicate 

compensatory mechanisms that mitigate the effect of GPR6 deficiency in vivo. 

GPR6 belongs to a superfamily of orphan GPCRs including GPR3 and GPR12 

that also have constitutive activity (Uhlenbrock et al. 2002). Tanaka et al. (2007) 

showed that the effect of GPR3 depletion on neurite outgrowth can be 
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compensated by overexpression of GPR12 and they speculated that this may be a 

general feature of the three receptors. GPR3, GPR6 and GPR12 are all highly 

expressed in the brain (Tanaka et al. 2007). This fact complicates the elucidation 

of the GPR6 function in knockout mice and the potential compensatory 

mechanisms by GPR3 and GPR12 need further evaluation. Unfortunately, to date 

no pharmacological tool compounds such as specific GPR6 antagonists are 

available. 

Since GPR6 is expressed exclusively in striatopallidal MSNs (Lobo et al. 2007) we 

assume that the reduction of striatal cAMP concentrations in GPR6-/- mice is 

restricted to striatopallidal neurons. Activation of the D2 receptor on striatopallidal 

neurons decreases cAMP which is mimicked by depletion of GPR6. The 

stimulation of the D2 receptor usually induces internalisation of the receptor and 

after continuous stimulation a reduction in receptor expression (Pivonello et al. 

2007). Lobo et al. (2007) observed a reduced mRNA expression of the D2 

receptor in the striatum of GPR6-/--mice. In the present study neither altered 

expression of the D2 receptor at the protein level nor changes in its subcellular 

localisation were observed in GPR6-/- mice. However, the expression of the D2 

receptor would appear not to be a reliable marker of changes in striatopallidal 

MSNs. Another study investigating mice with a depletion of the striatum-specific 

GPR88 observed clear behavioural differences that could be ascribed to changes 

in striatopallidal neurons and, similar to our study, in the absence of altered D2 

receptor density or affinity in the striatum (Logue et al. 2009). 

Stimulation of the D2 receptor inhibits the GABAergic striatopallidal MSNs 

(Kreitzer and Malenka 2008). We did not observe differences in striatal tissue 

GABA concentrations between GPR6-/- and wildtype control mice. However, 

reduced activity of these neurons would be predominantly reflected in decreased 

GABA release rather than tissue concentrations. This hypothesis would need to be 

tested by in vivo microdialysis in the globus pallidus. 

We measured a low but consistent increase in DA concentrations in the striatum of 

GPR6-/- mice. The increase was not of extracellular origin as shown by in vivo 

microdialysis. We counted the number of TH-positive neurons in the SN and found 

no differences, thus excluding a higher number of dopaminergic neurons in the 

SNpc of GPR6-/- mice. This suggests an accumulation of DA in presynaptic 

vesicles of GPR6-/- mice, which could be a consequence of a negative feedback 
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mechanism induced by the reduced striatal cAMP concentrations leading to 

altered vesicular storage and release of DA. 

Stimulation of DA receptors in the striatum is important in movement control 

(Kravitz et al. 2010). Since the depletion of GPR6 mimics an activation of the D2 

receptor at the neurochemical level, we monitored the locomotor activity of GPR6-/- 

mice during their active phase. In agreement with the study of Lobo et al. (2007) 

we did not observe a significant difference in locomotor activity during the first 15-

30 min because this period is strongly influenced by exploratory behaviour in the 

novel environment in all mice. GPR6-/- mice did not differ in their exploratory 

behaviour as indicated by the number of rearings in the open field. However, 

monitoring the mice across the active phase demonstrated a marked increase in 

locomotor activity in GPR6-/- mice. Furthermore, the relatively high locomotor 

activity of GPR6-/- mice persisted under conditions of reduced DA signaling as 

induced by the D2 receptor antagonist haloperidol. 

GPR6 is regulated predominantly by gene expression because of the high 

constitutive activity (Uhlenbrock et al. 2002). Interestingly, there is evidence for 

reduced GPR6 expression in the striatum in Huntington´s disease, which is 

characterized by degeneration of MSNs and subsequent random and 

uncontrollable movements (Hodges et al. 2006). In diseases characterised by 

impaired DA signaling in the striatum, as the major example of which is PD, GPR6 

may be a useful therapeutic target to overcome reduced DA signaling and thereby 

lead to symptom reduction. 

GPR6 depletion appears to exert a similar effect to the depletion of the adenosine 

A2A receptor. As for GPR6, the adenosine A2A receptor is highly expressed on 

striatopallidal neurons and is coupled to a stimulatory G-protein (Chen et al. 2001). 

Several adenosine A2A antagonists are currently under development for the 

treatment of PD (Meissner et al. 2011) and provide symptomatic benefit in PD 

animal models (Bibbiani et al. 2003). 

The degeneration of dopaminergic neurons in PD results not only in impaired DA 

signaling but additionally induces postsynaptic hypersensitivity of the striatal 

neurons to DA (Kim et al. 2000). This leads to major unwanted side-effect of 

current dopamine replacement therapy in PD, namely abnormal DA signaling in 

the striatum and dyskinesia (Calabresi et al. 2010). Peak levels of L-DOPA-

induced dyskinesia in our experiments were in the same range as described by 
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others (Bateup et al. 2010; Francardo et al. 2011). GPR6-/- mice had reduced AIMs 

after treatment with L-DOPA or apomorphine in the dyskinesia model of PD. 

Importantly, not only L-DOPA but also D2 receptor agonists are able to induce 

dyskinesia in 6-OHDA lesioned mice (Darmopil et al. 2009; Delfino et al. 2007). 

The reduced total AIMs score in GPR6 depleted mice after treatment with the D2 

agonist quinpirole but not with the D1 agonist A77636 indicates the striatopallidal 

origin of the GPR6 effect. In fact, our results support the idea of a reduced 

hypersensitivity of striatopallidal neurons as the cause of the anti-dyskinetic effects 

in GPR6-/- mice because GPR6 depletion causes changes similar to continuous 

D2 receptor stimulation. 

The phosphorylation of DARPP-32 at Thr34 by the cAMP/proteinkinase A (PKA) 

pathway is a key mediator of D1 and D2 receptor signal transduction 

(Svenningsson et al. 2004). Although we observed reduced striatal cAMP 

concentrations in GPR6-/- mice, P-DARPP-32 was increased in the striatum. This 

indicates that cAMP-independent mechanisms are also altered in GPR6-/- mice, 

which influence DARPP-32 phosphorylation. Indeed, there is evidence that GPR6 

also constitutively activates inhibitory G-proteins, leading to intracellular calcium 

release (Ignatov et al. 2003; Uhlenbrock et al. 2002). Calcium activates 

calcineurin, the most effective P-DARPP-32 dephosphorylating phosphatase 

(Svenningsson et al. 2004). Thus, in addition to the reduced striatal cAMP/PKA 

signaling in GPR6-/- mice, dephosphorylation of DARPP-32 by the Ca2+/calcineurin 

axis might also be reduced, resulting in a net increase of P-DARPP-32. It is not 

clear if the increase in striatal P-DARPP-32 originates in striatopallidal or 

striatonigral neurons. Lobo et al. (2007) showed adaptive changes in striatonigral 

neurons of GPR6-/- mice which might be responsible for the increased DARPP-32 

phosphorylation, but this remains to be tested. 

In conclusion, our study on GPR6 depletion expands knowledge on this potentially 

important regulator of dopaminergic signaling, and should stimulate further 

research on elucidation of the potential anti-Parkinsonian effects of GPR6 

inhibition. 
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13. Increased susceptibility of G-protein coupled receptor 6 

deficient mice to MPTP neurotoxicity 

Patrick Oeckl, Bastian Hengerer and Boris Ferger 

 

13.1. Abstract 

The G-protein coupled receptor 6 (GPR6) is a constitutive active orphan GPCR 

which is predominantly expressed in striatopallidal medium spiny neurons. GPR6 

deficiency in mice may alter the striatal dopaminergic system relevant for 

Parkinson’s disease. Here, we investigated the effect of GPR6 deficiency in mice 

on neurotoxicity induced by the dopaminergic neurotoxin MPTP (1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine). 

GPR6-/-- and control mice were treated with MPTP (4 x 12.5 mg/kg, i.p., 2 h 

intervals) and analyzed after seven days. Striatal dopamine (DA), 3,4-

dihydroxyphenylacetic acid (DOPAC) and 4-hydroxy-3-methoxyphenylacetic acid 

(HVA) concentrations were measured by HPLC using electrochemical detection. 

The number of tyrosine hydroxylase (TH)-positive neurons in the substantia nigra 

pars compacta (SNpc) was analyzed by immunohistochemistry. In a separate 

group of mice MPP+ (500µM for 20min) was administered via an intrastriatal 

microdialysis probe to measure the MPP+-induced DA release. 

MPTP produced a significant reduction in striatal DA, DOPAC, HVA and an 

increase in dopamine turnover in control and GPR6 deficient mice. The MPTP-

induced DA and HVA depletion was significantly more pronounced in GPR6-/--mice 

compared to controls. Consistently, the MPTP-induced reduction of TH-positive 

neurons in the SPpc was significantly higher in GPR6-/--mice. Furthermore, the 

MPP+-induced dopamine release was significantly higher in GPR6 deficient mice. 

In conclusion, our study showed that MPTP induces an enhanced dopaminergic 

neurodegeneration in GPR6-/--mice which may implicate that GPR6 signaling is 

involved in the cascade of neurodegenerative events of the parkinsonian 

neurotoxin MPTP. 
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13.2. Introduction 

G-protein coupled receptors (GPCRs) are transmembrane proteins important in 

the signal transmission of extracellular mediators into the cell. In the brain, their 

function in neurotransmission is essential (Ritter and Hall 2009). The G-protein 

coupled receptor 6 (GPR6) is a constitutive active orphan GPCR but the 

knowledge about its function is sparse. It is predominantly expressed in the brain 

in striatopallidal neurons (Lobo et al. 2007; Tanaka et al. 2007). Striatopallidal 

neurons receive dopaminergic input from neurons located in the substantia nigra 

pars compacta (SNpc). Both, striatopallidal and nigrostriatal neurons are part of 

the basal ganglia a group of nuclei that are highly interconnected and crucial in the 

motor system (Kreitzer and Malenka 2008). 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that is 

converted to its toxic metabolite 1-methyl-4-phenylpyridinium (MPP+) in astrocytes. 

MPP+ is enriched in dopaminergic neurons by the DA transporter resulting in the 

destruction of nigrostriatal neurons. MPP+ inhibits complex I of the respiratory 

chain, induces an extensive release of vesicular DA and activates microglial cells. 

All these mechanism led to the formation of free radicals and mediate cellular 

damage (Schmidt and Ferger 2001). 

Parkinson´s disease (PD) is a neurodegenerative disorder that is characterized by 

the loss of nigrostriatal dopaminergic neurons and an impaired motor system. 

MPTP injection in mice led to degeneration of nigrostriatal neurons and induces a 

parkinsonian phenotype in mice. The MPTP mouse model is used to investigate 

mechanisms of nigrostriatal neurodegeneration and new treatment strategies for 

PD (Bove and Perier 2012). 

Here we investigated whether the depletion of GPR6 in mice alters the effect of 

MPTP-induced nigrostriatal neurodegeneration in vivo. 

 

13.3. Materials and Methods 

Animals 

Homozygous GPR6 deficient mice (B6.129P2-Gpr6tm1Dgen) that were backcrossed 

to the C57BL/6 background were purchased from Deltagen, Inc. (San Mateo, 

USA). The single exon of the GPR6 gene was depleted by insertion of a LacZ-Neo 

construct. Male animals (age 11-12 weeks) were used in all experiments and kept 
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under a 12h light/dark cycle (lights on: 06:00-18:00) in temperature (23 ± 2 °C) and 

humidity (55 ± 5 %) controlled rooms. The mice had ad libitum access to food and 

water. 

All animal studies were approved by the appropriate institutional governmental 

agency (Regierungspraesidium Tuebingen, Germany) and carried out in an 

AAALAC (Association for Assessment and Accreditation of Laboratory Animal 

Care International)-accredited facility in accordance with the European Convention 

for Animal Care and Use of Laboratory Animals. 

 

Acute MPTP treatment 

The mice received four intraperitoneal injections of MPTP (12.5 mg/kg, free base, 

Biotrend Chemikalien GmbH, Köln, Germany) or saline at intervals of 2h. The mice 

were killed seven days after MPTP treatment and the brains removed for further 

analysis. To investigate the MPTP metabolism, the animals received a single 

MPTP injection (12.5 mg/kg) and the brains were removed 90 min afterwards to 

measure the MPP+ concentration in the striatum. 

 

Striatal in vivo microdialysis. 

Mice were anaesthetized using ketamine (70 mg/kg, i.p.) and xylazine (6 mg/kg 

i.p.) before being fixed in a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA, USA). Anesthesia was maintained by inhalation of 1.1 vol% isoflurane in pure 

oxygen. An intracerebral guide cannula (MAB 4.9.IC, Microbiotech, Stockholm, 

Sweden) was implanted to target the striatum at the following coordinates relative 

to bregma: AP: +0.5 mm, ML: +2.0 mm, DV: -2.6 mm according to the brain atlas 

of Franklin and Paxinos (Franklin and Paxinos 1997). The cannula was fixed to the 

scull with two stainless steel screws and dental cement. Meloxicam (0.2 mg/kg, 

s.c., Boehringer Ingelheim Vetmedica GmbH, Ingelheim, Germany) was used for 

peri- and post-operative analgesia. In vivo microdialysis experiments started after 

a recovery period of at least 6 days. 

On the experimental day, the microdialysis probe (4.9.2.Cu, 2 mm membrane 

length, Microbiotech, Stockholm, Sweden) was inserted into the guide cannula 

under isoflurane anesthesia. The probes were perfused with artificial cerebrospinal 

fluid (aCSF, containing 147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.85 mM 
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MgCl2, and 1 mM Na2HPO4, pH 7.0-7.4) at a flow rate of 1.0 µL/min. After an 

equilibration time of 3 h to reach a stable baseline, six baseline fractions were 

collected at intervals of 20 min. The microdialysates were spiked with 10 µL 0.1 M 

HCl and immediately frozen at -80°C until HPLC analysis. After fraction six, 500 

µM MPP+ iodide in aCSF was infused into the striatum for 20 min via the 

microdialysis probe. 

 

HPLC analysis of DA and its metabolites 

The mice were killed by cervical dislocation and the striatum was dissected out of 

the brain after decapitation. The striatum was homogenised in 500 µL of 0.4 M 

perchloric acid by sonication and centrifuged at 20000 x g for 10 min at 4 °C. The 

supernatant was filtered through a 0.22 µm membrane and analyzed by HPLC. 

Isocratic separation of DA and its metabolites 3,4-dihydroxyphenylacetic acid 

(DOPAC), 4-hydroxy-3-methoxyphenylacetic acid (HVA) and 3-methoxytyramine 

(3-MT) was carried out with a reversed-phase C18 column (YMC-Pack ODS-AQ, 

100 x 2.1 mm, S-3 µm, YMC Europe GmbH, Dinslaken, Germany). An 

electrochemical cell with a glassy carbon electrode and an ISAAC Ag/AgCl 

reference electrode (Antec VT-03, Leyden, The Netherlands) was used for 

detection. The mobile phase consisted of 1.7 mM 1-octanesulfonic acid sodium 

salt, 1.0 mM Na2EDTA × 2 H2O, 8.0 mM NaCl, 100 mM NaH2PO4 × 2 H2O (pH 

3.80), mixed up with 9.3% acetonitrile and was delivered with a flow rate of 0.4 

mL/min. 

 

MPP+ analysis by liquid chromatography/tandem mass spectrometry (LC-MS/MS) 

Striatal tissue was prepared as described for HPLC analysis. MPP+ was separated 

on a Synergi Hydro-RP column (C18, 4 µm, 150 x 2.0 mm, Phenomenex, 

Aschaffenburg, Germany) by an Agilent 1200 LC system (Agilent Technologies, 

Morges, Switzerland). Mobile phase A consisted of 0.1 % formic acid in water and 

mobile phase B was 100 % acetonitrile. The following gradient elution profile was 

applied at a flow rate of 0.5 mL/min: 0.00 min: 80 % A, 2.00 min: 80 % A, 2.10 min: 

20 % A, 2.60 min: 20 % A, 2.70 min: 80 % A, 3.50 min: 80 % A. MPP+ was 

detected with an API 4000TM triple quadrupole mass spectrometer (AB Sciex, 
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Ontario, Canada) by multiple reaction monitoring. The following transitions were 

used: 170.10-128.10 (quantifier), 170.10-154.10 (qualifier). 

 

Immunohistochemistry and counting of tyrosine hydroxylase (TH)-positive 

neurons. 

Brain tissue was immersion-fixed in 4 % buffered formalin for four days at 4°C. 

After embedding in paraffin 10 µm serial sections of the SNpc were prepared. 

Every 6th section was immunostained for TH. In brief, the endogenous peroxidase 

was blocked with 5 % methanol and 0.04 % H2O2 in PBS for 10 min. Epitope-

retrieval was carried out with 10 mM citrate buffer (pH 6.0) at 90 - 95°C for 10 min. 

After treatment with 0.5 % Triton X-100 for 10 min and blocking with 2 % bovine 

serum albumine and 2 % goat serum for 1 h the sections were incubated with 

rabbit anti-TH antibody (1:1000, Merck KgaA, Darmstadt, Germany) over night at 

4°C. TH-positive neurons were visualized with the Vectastain ABC Kit (Vector 

Laboratories, Inc., Burlingame, USA) and 3,3’-diaminobenzidine (DAKO, 

Hamburg, Germany). Nuclei were counterstained with hematoxylin. 

Immunohistochemically stained slides were scanned with a MIRAX SCAN (Carl 

Zeiss MicroImaging GmbH, Jena, Germany). TH-positive neurons in the SNpc 

were counted in every section by an investigator blinded to the genotype and 

treatment. The neuron number of all sections that belong to one animal were 

summed up and multiplied by six to extrapolate the number of TH-positive neurons 

in the whole SNpc. 

 

Statistics 

All statistical analyses were carried out with GraphPad Prism 5.03 (La Jolla, USA). 

The striatal DA, DOPAC and HVA concentrations, the striatal DA turnover and the 

number of TH-positive neurons were compared by a one-way ANOVA and 

Tukey´s multiple comparison test or Bonferroni´s multiple comparison test. Striatal 

DA concentrations in vehicle-treated animals were also compared by a Student´s 

t-test. Striatal MPP+ concentrations were analyzed by a Student´s t-test and DA 

concentrations in in vivo microdialysates were compared by a two-way repeated-

measures ANOVA and Bonferroni´s post hoc tests. A p-value <0.05 was regarded 

as statistically significant. Data are means ± SEM. 
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13.4. Results 

We measured the striatal DA, DOPAC and HVA concentrations, the DA turnover 

as well as the number of TH-positive neurons in the SNpc to investigate the effect 

of MPTP on the nigrostriatal dopaminergic system in GPR6-/--mice. Vehicle-treated 

GPR6-/--mice had higher striatal DA concentrations of about 8 % than controls 

(Fig. 32A). The striatal DOPAC and HVA concentrations (Fig. 32B+C) were not 

different. MPTP led to a significant decrease of striatal DA, DOPAC and HVA 

concentrations and increased the striatal DA turnover (Fig. 32). 
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Fig. 32. GPR6 deficiency enhances the susceptibility to MPTP-induced DA 
loss. Striatal dopamine (DA) (A), 3,4-dihydroxyphenylacetic acid (DOPAC) (B) and 
4-hydroxy-3-methoxyphenylacetic acid (HVA) (C) concentrations as well as DA 
turnover (D) in GPR6

-/-
- and control mice seven days after treatment with MPTP (4 x 

12.5 mg/kg, free base) or vehicle (n = 6-8). Data were analyzed by one-way ANOVA 
and Tukey´s multiple comparison test. Data are means ± SEM, *p < 0.05, **p < 0.01, 
***p < 0.001, 

#
p < 0.05 (separate t-test). 

Striatal DA concentrations were significantly lower and the striatal DA turnover 

was higher in MPTP-treated GPR6-/--mice than in controls. HVA concentrations in 

the striatum were also significantly lower in GPR6-/--mice after MPTP treatment 

and there was also a trend for lower DOPAC concentrations. 

MPTP decreased the number of TH-positive neurons in the SNpc and the 

decrease was significantly enhanced in GPR6-/--mice (Fig. 33). 

Intrastriatal infusion of MPP+ led to a marked striatal DA release as measured by 

in vivo microdialysis (Fig. 34). MPP+-induced DA release was significantly 

increased (20%) in GPR6-/--mice. 

To exclude an alteration of the MPTP metabolism in GPR6-/--mice, we measured 

the concentration of the toxic metabolite of MPTP, MPP+, in the striatum after a 

single injection of MPTP. There was no significant difference between GPR6-/-- 

and control mice (data not shown). 
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Fig. 33. GPR6 deficiency increases the MPTP-induced loss of TH-positive 
neurons in the SNpc. Number of tyrosine hydroxylase (TH)-positive neurons in 
the substantia nigra pars compacta (SNpc) (A) in GPR6

-/-
- and control mice 

seven days after treatment with MPTP (4 x 12.5 mg/kg, free base) or vehicle (n 
= 8). (B-E) Representative TH-stained brain sections. Scale bar, 500 µm. Data 
were analyzed by one-way ANOVA and Bonferroni´s multiple comparison test. 
Data are means ± SEM, *p < 0.05, ***p < 0.001. 
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Fig. 34. GPR6 deficiency increases striatal DA release by MPP
+
. 

Dopamine (DA) concentrations in striatal in vivo microdialysates of 
control and GPR6

-/-
-mice (n = 7) measured by HPLC. MPP

+
-iodide (500 

µM) was infused into the striatum for 20 min via the microdialysis probe. 
Data were analyzed by two-way repeated-measures ANOVA and 
Bonferroni´s post hoc tests. Data are means ± SEM, ***p < 0.001. 

13.5. Discussion 

GPR6 deficiency in mice resulted in an increased depletion of striatal tissue DA 

and HVA concentrations as well as a significant augmentation of TH-positive 

neurons loss in the SNpc after MPTP treatment. MPP+ striatal tissue concentration 
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was found to be unchanged and MPP+-induced striatal DA release was enhanced 

in GPR6-/--mice.  

This is the first study investigating GPR6-/--mice in the MPTP model or an animal 

model of neurodegenerative diseases in general. The observed striatal DA 

depletion and increase of DA turnover is characteristic of the acute MPTP model 

used in our experiments (Schmidt and Ferger 2001) and the effects were more 

pronounced in GPR6 deficient mice (Fig. 32). The effects of GPR6 deficiency in 

the MPTP model are not restricted to the striatum. The increased degeneration of 

TH-positive neurons in the SNpc of GPR6-/--mice (Fig. 33) indicates that the 

neurochemical differences in the striatum of GPR6-/-- and control mice are not due 

to a temporal fluctuation induced by MPTP. 

Since GPR6 is specifically expressed on striatopallidal neurons (Lobo et al. 2007), 

a direct influence of GPR6 depletion on MPTP toxicity or metabolism is unlikely. 

This is supported by similar MPP+ concentrations in the striatum of GPR6-/-- and 

control mice after MPTP injection. Striatal alterations found in GPR6 deficient mice 

include the reduced formation of the second messenger cyclic adenosine-3’,5’-

monophosphate (cAMP) in striatal neurons (Lobo et al. 2007). Changes of cAMP 

concentrations may influence MPTP toxicity since the pharmacological increase of 

cAMP concentrations by the phosphodiesterase (PDE) inhibitor rolipram is 

neuroprotective in the MPTP model (Yang et al. 2008). Reduced striatal cAMP 

concentrations in GPR6 mice might result in the opposite effect giving a 

mechanistical explanation for the observations in our study. However, the effect on 

cAMP concentrations in GPR6-/--mice is restricted to striatopallidal neurons (Lobo 

et al. 2007) whereas rolipram can affect several brain regions and different cell 

types including microglia making it difficult to localize the positive effect of cAMP 

elevation. Furthermore, there is no evidence for a reduction of cAMP in the brain 

of PD patients (Oeckl et al. 2012). 

In addition to the altered striatal cAMP concentrations (Lobo et al. 2007), GPR6 

deficiency leads to increased striatal DA concentrations (Fig. 32). MPP+ induces 

the extensive release of vesicular DA into the extracellular space (Chiueh et al. 

1992; Obata et al. 1992). DA is a potent source of free radicals that are generated 

during DA degradation and can be measured after MPP+ or malonate treatment. 

Free radical formation correlates well with extracellular DA concentrations and the 

DA-associated free radical generation contribute to MPTP toxicity (Chiueh et al. 
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1992; Ferger et al. 1999). The in vivo microdialysis technique is a valuable tool to 

study extracellular DA concentrations and has been used to study MPP+-induced 

DA release in the striatum before (Dauer et al. 2002). As shown in Fig. 34, DA 

release after MPP+ infusion is increased in GPR6 deficient mice and gives a 

mechanistical explanation for the increased susceptibility of GPR6-/--mice to 

MPTP. Further studies measuring free radical formation in the striatum of GPR6-/-- 

and control mice by in vivo microdialysis may be helpful to confirm this hypothesis. 

The pharmacological validation of our results is difficult because there are 

currently no selective GPR6 inhibitors available. However, the study of GPR6-/--

mice in other neurotoxin-based or transgenic animal models of PD will give further 

information about the function of GPR6 in neurodegenerative processes. A recent 

study in humans showed that there is a single nucleotide polymorphism in the 

GPR6 gene that influences GPR6 function (Collins and Frank 2012). Our results 

may implicate that there could be a difference in the risk to develop PD in carriers 

of different GPR6 alleles but this has to be confirmed. 

In conclusion, our data show that GPR6 deficiency in mice increases susceptibility 

to MPTP by increasing MPP+-induced DA release in the striatum. This may 

implicate that GPR6 signaling is involved in the cascade of neurodegenerative 

events of the parkinsonian neurotoxin MPTP. 
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14. The NADPH oxidase inhibitor apocynin and the O-

GlcNAcase inhibitor Thiamet-G attenuate MPTP-induced 

microglia activation in vivo 

14.1. Abstract 

NADPH oxidase and O-linked -N-acetylglucosamine (O-GlcNAc) modification of 

proteins are thought to be involved in inflammatory processes in Parkinson´s 

disease (PD) and may contribute to neuronal death and disease progression. 

Here, we investigated whether the NADPH oxidase inhibitor apocynin and the O-

GlcNAcase inhibitor Thiamet G are able to reduce microglia activation in C57BL/6J 

mice treated with the dopaminergic neurotoxin MPTP. MPTP (4x12.5mg/kg, i.p., 2 

h interval) led to a dose-dependent increase of activated microglia in the 

substantia nigra three days after MPTP treatment measured by Iba1 

immunohistochemistry. This effect was accompanied with a decrease of striatal 

dopamine concentrations and increase of the striatal dopamine turnover. The 

NADPH oxidase inhibitor apocynin and the O-GlcNAcase inhibitor Thiamet G (5 

and 10 mg/kg, 2x/d) significantly reduced the number of activated microglia after 

MPTP treatment by 85% and 75%. 

In conclusion, we showed that the inhibition of NADPH oxidase by apocynin and 

inhibition of O-GlcNAcase by Thiamet G are able to reduce MPTP-induced 

microglia activation in vivo which suggests that both mechanisms could be a 

useful approach in the treatment of microglial activation in PD. 

 

14.2. Introduction 

Parkinson´s disease (PD) is a neurodegenerative disorder characterized by a loss 

of dopaminergic neurons in the substantia nigra pars compacta (SNpc). This is 

accompanied by a decrease of dopamine (DA) concentrations in the striatum 

resulting in motor disturbances. The cause of the disease is not yet clear but 

inflammatory mechanisms are thought to be involved particularly in disease 

progression. This assumption is based on the detection of activated microglia and 

increased concentrations of inflammatory cytokines in the brains of PD patients 

(Qian et al. 2010; Tansey and Goldberg 2010). 
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The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) selectively 

destroys dopaminergic neurons and is used in mice to study mechanisms of PD 

pathogenesis. MPTP-induced neurodegeneration involves inflammatory processes 

such as microglia activation and is suitable to investigate anti-inflammatory 

treatment strategies of PD (Schmidt and Ferger 2001). 

The activation of microglial NADPH oxidase and the resulting production of 

reactive oxygen species (ROS) is a key contributor to the neurodegenerative effect 

of inflammation (Block et al. 2007). NADPH oxidase knockout mice have a 

reduced neurodegeneration in the SNpc after lipopolysaccharide- and MPTP-

induced microglia activation (Qin et al. 2004; Wu et al. 2003).  

Another mechanism influencing inflammatory processes is the O-GlcNAc 

modification of proteins (Not et al. 2010) by the addition and removal of a single, 

O-linked -N-acetylglucosamine on serine and threonine residues (O-GlcNAc) on 

proteins by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). O-GlcNAc is a 

dynamic posttranslational modification of proteins with similarity to phosphorylation 

by kinases and phosphatases (Hart et al. 2007). An increase of O-GlcNAc levels in 

vivo by pharmacological inhibition of OGA was shown to have anti-inflammatory 

properties (Not et al. 2010). Whether elevation of O-GlcNAc levels influences 

MPTP-induced microglia activation in vivo has not been investigated so far. 

In the present study we investigated the potential of the NADPH oxidase inhibitor 

apocynin and the OGA inhibitor Thiamet G (Yuzwa et al. 2008) to inhibit MPTP-

induced microglia activation in the SNpc of mice. 

 

14.3. Materials and Methods 

Eight-week-old male C57BL/6J mice received four intraperitoneal injections of 

MPTP or saline at intervals of 2h. Apocynin (Merck KGaA, Darmstadt, Germany) 

and Thiamet G (synthesized according to Yuzwa et al. 2008) were dissolved in 

saline and injected intraperitoneally twice a day for 7 days starting three days 

before the MPTP treatment. The brains were removed three days after the MPTP 

treatment. The mice received the last apocynin or Thiamet G treatment in the 

morning of the day of brain removal. 

The mice were sacrificed by cervical dislocation and the striatum was dissected 

out of the brain after decapitation. The analysis of tissue concentrations of DA and 

its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 4-hydroxy-3-
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methoxyphenylacetic acid (HVA) and 3-methoxytyramine (3-MT) was carried out 

by HPLC-ECD as described previously (Oeckl et al. 2012). Brain tissue containing 

the SN was immersion-fixed in 4 % buffered formalin and embedded in paraffin. 

Every 6th section (10µm) was immunostained with a rabbit anti-Iba1 antibody 

(1:500, Biocare Medical, Concord, USA) and 3,3’-diaminobenzidine (Oeckl et al. 

2012). Activated microglia were defined as Iba1-positive cells with intensified Iba1-

staining and an amoeboid phenotype (i.e.an increased cell body and few but thick 

cell processes) compared to the microglia in the surrounding brain tissue (see Fig. 

1). The activated microglia in the SNpc were counted in every section according to 

the brain atlas of Franklin and Paxinos (1997) by an investigator blind to the 

treatment (Franklin and Paxinos 1997). The number of activated microglia in all 

sections belonging to one animal were summed and multiplied by six to 

extrapolate the number of activated microglia in the whole SNpc. 

All statistical analyses were carried out with GraphPad Prism 5.03. A p-value < 

0.05 was regarded as statistically significant. 

 

14.4. Results 

We studied different MPTP doses and their effect on microglia activation three 

days after MPTP treatment. There was a dose-dependent increase of the number 

of activated microglia in the SNpc (Fig. 35A). 
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Fig. 35. Dose-dependent effect of MPTP on microglia activation and neurochemical 
parameters. Male C57BL/6J mice were treated with different doses of MPTP (in mg/kg) or vehicle 
(veh) (n = 4-6). The number of activated microglia (Iba1-positive) in the substantia nigra pars 
compacta (SNpc) (A) was analysed by immunohistochemistry, striatal dopamine concentrations (B) 
and dopamine turnover (C) were measured by HPLC. (D) Iba1-positive microglial cell with resting 
and (E) activated phenotype. Scale bar, 50 µm. Data were analysed by one-way ANOVA and 
Tukey´s multiple comparison test and are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 (vs. 
veh group), 

#
p < 0.05, 

##
p < 0.01, 

###
p < 0.001 (vs. 10mg group). 
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Treatment with the highest MPTP dose of 18 mg/kg (free base) resulted in the 

most intense microglia activation. Striatal DA concentrations dose-dependently 

decreased and the DA turnover dose-dependently increased (Fig. 35B,C). In 

contrast to microglia activation the maximal effect on both parameters was already 

reached with a dose of 12.5 mg/kg MPTP. 

The moderate MPTP dose of 12.5 mg/kg was used to test the effects of apocynin 

and Thiamet G treatment to avoid mortality. Treatment with a dose of 12.5 mg/kg 

MPTP induced strong microglia activation after three days and did not produce 

any mortality. Apocynin and Thiamet G significantly reduced the microglia 

activation in the SNpc after MPTP treatment (Fig. 36A). There was a trend to 

higher striatal DA concentrations and reduced striatal DA turnover in the apocynin 

treated MPTP mice in comparison to MPTP control (Fig. 36B,C). This effect did 

not reach the significance level (p<0.05) at 3 days. 

 

 

Fig. 36. Apocynin and Thiamet G reduce MPTP-induced microglia activation. Male C57BL/6J 
mice were treated with MPTP (4x12.5 mg/kg) and apocynin (Apo), Thiamet G (TG) or vehicle (n = 
8-10). The number of activated microglia in the substantia nigra pars compacta (SNpc, analyzed by 
immunohistochemistry) (A), striatal dopamine concentrations (B) and striatal dopamine turnover 
(measured by HPLC) (C) were investigated three days after MPTP treatment. Data were analysed 
by one-way ANOVA and Dunnett´s multiple comparison test to compare the groups against the 
MPTP+vehicle group. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 

14.5. Discussion 

Previously, the involvement of NADPH oxidase in MPTP mediated toxicity has 

been shown (Gao et al. 2003; Wu et al. 2003). In the present study the 

pharmacological inhibition of NADPH oxidase by apocynin administration 

decreased the number of activated microglia in MPTP treated mice. This is in 

agreement with the observation of in vitro studies which used the NADPH oxidase 
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inhibitors apocynin and DPI (diphenyleneiodonium) to reduce MPP+-induced 

neurodegeneration (Anantharam et al. 2007; Gao et al. 2003). The first in vivo 

data in the MPTP mouse model were obtained in mutant mice defective in NADPH 

oxidase. In this study MPTP administration produced an upregulation of NADPH 

oxidase which was paralleled with an increase of local ROS production and 

microglial activation. Importantly, the MPTP-induced changes of dopaminergic 

neuronal loss in the SNpc and ROS mediated protein oxidation were reduced in 

mutant NADPH oxidase mice deficient in gp91phox (Wu et al. 2003). 

Pharmacological inhibition of NADPH oxidase does not necessarily produce the 

same effect as provided by genetic deletion of the target because of compensatory 

mechanisms during development and potential off target effects of the 

pharmacological compound. Apocynin has been widely used as an NADPH 

oxidase inhibitor. Its dimer, diapocynin, and accounts for NOX2 inhibition through 

peroxidase activity and apocynin has some oxidant scavenging activity (Sorce et 

al. 2012). 

The MPTP-induced microglia activation was determined three days after MPTP 

treatment. This time-point was selected because microglia activation peaks within 

2-3 days after MPTP treatment and goes back to basal levels after one week 

(Sugama et al. 2004). 

Thiamet G increases O-GlcNAc levels in the brain (Yuzwa et al. 2008) and we 

could show for the first time that it reduces MPTP-induced microglia activation in 

vivo. In agreement with our observation, other researchers showed anti-

inflammatory properties of elevated O-GlcNAc levels in the cardiovascular system, 

characterized by reduced serum levels of IL-6, reduced expression of iNOS and 

reduced activation of NFB after hemorrhagic shock (Not et al. 2010). Indeed, the 

inflammatory transcription factor NFB is modified by O-GlcNAc itself and in 

contrast to phosphorylation, O-GlcNAcylation of NFB inhibits its signaling and 

expression of inflammatory mediators (Xing et al. 2011). Since NFkB signaling is 

involved in MPTP-induced microglia activation (Ghosh et al. 2007), elevated O-

GlcNAcylation of NFkB in the brain by Thiamet G could account to the observed 

reduction of microglia activation in the present study. 

In conclusion, the reduced microglia activation in the MPTP mouse model after 

pharmacological NADPH oxidase or OGA inhibition is one step further to elucidate 

the role of inflammatory processes in the pathophysiology of PD. 
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