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2 Introduction 
 
2.1 Multiple sclerosis 
Multiple sclerosis (MS) is an autoinflammatory disease of the central nervous system 
(CNS) and the most common non-traumatic cause of neurological disability in young 
adults1. It is estimated that 2.3 million people are suffering from MS worldwide and its 
prevalence has increased substantially in the last decades2. First symptoms usually 
manifest in the third or fourth decade of life and thus lead to great socioeconomic costs 
for lifelong support and treatment3.  

Three main subtypes of MS exist. The majority of patients, 85%, suffer from 
relapsing-remitting MS (RRMS) characterised by episodes with worsening of 
neurological symptoms followed by clinical remission. However, after several years of 
the disease, a considerable number of patients develop secondary progressive MS 
(SPMS), where neurological symptoms accumulate with very limited response to 
disease-modifying anti-inflammatory therapies. Notably, number of relapses does not 
correlate with disease progression in late stages. Approximately 15% of patients suffer 
from primary progressive MS with accumulation of neurological symptoms from 
disease onset4.  

The pathogenesis of MS has been attributed to a breakdown of the blood-brain 
barrier and subsequent infiltration of autoreactive T cells that secrete pro-inflammatory 
cytokines and initiate the formation of a chronic inflammatory and excitotoxic 
environment5,6. This is further maintained by activation of parenchymal glial cells and 
sub-meningeal lymphoid follicles7. Subsequently, demyelination and 
neurodegeneration occur that drive neurological symptoms in MS patients. Potent 
immunomodulatory drugs have been developed in recent years that suppress 
inflammatory relapses. Mechanistically, these drugs inhibit CNS infiltration 
(natalizumab8), proliferation of leukocytes (cladribine9, alemtuzumab10) or repress the 
migration of immune cells from lymphoid organs (fingolimod11). Nonetheless, 
neurodegeneration is not halted sufficiently. Additionally, histopathological and 
transcriptomic studies of post-mortem tissues of MS patients identified neuronal stress 
responses and neurodegeneration in non-lesioned normal-appearing grey matter 
without immune cell infiltration12–14. Furthermore, regression analyses of neurological 
disabilities in large MS cohorts revealed that rather cortical volume than the number of 
inflammatory lesions are most predictive for disease progression15. However, 
treatment strategies that specifically reduce neurodegeneration are limited due to lack 
of knowledge about neuron-intrinsic molecular pathways that determine susceptibility 
or resilience to a chronic inflammatory environment. 

Preclinical in vivo studies heavily rely on the mouse model of MS, experimental 
autoimmune encephalomyelitis (EAE). Here, mice are actively immunized against 
myelin-oligodendrocyte-glycoprotein (MOG) by subcutaneously injecting an emulsion 
of MOG35–55 and complete Freund’s adjuvant (CFA). Blood brain barrier leakage is 
induced by intraperitoneally injecting pertussis toxin. Thus, antigen presenting cells are 
primed against MOG, migrate to lymph nodes, and activate T cells that are specific for 
MOG. These T cells infiltrate the CNS and induce demyelination, synaptic loss and 
neuronal demise16. Pharmacological and genetic studies using EAE revealed several 
mechanisms that contribute to inflammatory neurodegeneration in MS. These include 
production of reactive oxygen and nitrogen species which lead to mitochondrial 
damage and energy failure12,17. Moreover, activation of the unfolded protein 
response18,19, disturbance of the nucleocytoplasmic shuttle19, somatic aggregation of 
synaptic proteins and disruption of the ion homeostasis further drive neuroaxonal 
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demise20,21. However, identification of druggable targets remains difficult due to lack of 
knowledge of injurious neuron-intrinsic pathways and respective regulators.  

Therefore, to deepen our understanding of the neuronal stress response is of 
crucial importance for the development of novel neuroprotective strategies that 
guarantee fine-tuned modulation of neuronal maladaptive pathways and at the same 
time do not reduce neuronal functionality. 
 
2.2 Glutamate excitotoxicity 
A pathological driver of neuronal miswiring and loss that is shared between primary 
and secondary neurodegenerative diseases is glutamate excess22,23. Glutamate is the 
main excitatory amino acid in the CNS and thus, its tight regulation is crucial for 
neuronal function and communication. While synaptic glutamate release is promoting 
neuronal survival and is necessary for synaptic activity, glutamate excess can also 
lead to neuronal cell death24. The latter is common for acute neuronal challenges as 
observed during ischemic stroke25 but also for chronic neuronal stress as present in 
primary neurodegenerative disorders26. Notably, glutamate excess is also found in MS. 
Here, glutamate levels in the cerebrospinal fluid as well as in the brain parenchyma of 
MS patients are elevated as measured by magnetic resonance spectroscopy 
imaging27,28. 

Glutamate binds to ionotropic (iGluR) and metabotropic glutamate receptors 
(mGluR) and thereby leads to a variety of downstream signalling. Whether glutamate 
enhances neuronal survival or promotes cell death has been attributed to its binding 
to different N-methyl-D-aspartate (NMDA) receptors, a subtype of iGluRs, with either 
synaptic (sNMDAR) or extrasynaptic (eNMDAR) location29. By systematically 
stimulating and inhibiting glutamate receptors in primary neuronal cultures, it has been 
shown that activation of eNMDAR as opposed to stimulation of sNMDAR results in 
somatic and nuclear calcium accumulation, transcriptional inhibition of anti-apoptotic 
and induction of apoptotic gene profiles30. This is mainly mediated by post-translational 
modifications of different transcription factors. For example, sustained activation of 
sNMDAR results in phosphorylation and subsequent nuclear translocation of the 
cyclic-AMP response element binding protein (CREB) that induces pro-survival genes 
that are also involved in several other processes such as neurogenesis, synaptic 
plasticity, and memory consolidation. This is in line with in vitro studies that have shown 
activity-dependent CREB phosphorylation (pCREB) and neuroprotection against 
oxidative and excitotoxic insults31. In contrast, activation of eNMDAR results in a shut-
down of pCREB and activation endogenous apoptotic pathways by inhibiting the RAS-
ERK1/2 pathway that physiologically increases CREB phosphorylation. Its activation 
also initiates nuclear translocation of the juxtasynaptic attractor of caldendrin on 
dendritic boutons protein (JACOB) that inhibits CREB phosphorylation32,33.  

Glutamate concentrations differ across different tissues and cell compartments. 
While intracellular glutamate concentrations in neurons are approximately 10 mM, 
measurements by microdialysis in vivo estimate that extracellular glutamate 
concentrations vary from 1 to 5 µM. Following action potential mediated synaptic 
release, glutamate levels in the synaptic cleft reach up to 1 mM for a few milliseconds 
and then return to less than 20 nM34. The concentration gradient of glutamate between 
the intra- and extracellular milieu is maintained by cellular compartmentalization and 
glia cells which immediately remove extracellular glutamate via excitatory amino acid 
transporters (EAATs). Thus, disruption of neuronal compartments such as synapses 
by hyperexcitation and glutamate spillover or disturbance of the neuronal soma 
integrity by uncontrolled activation of cell death pathways results in excessive 
glutamate release35. Furthermore, loss of glia cells contributes to increased 
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extracellular glutamate levels by decreased re-uptake36,37. In addition to neurons 
another source of glutamate constitutes its active secretion by infiltrating immune cells. 
For example, by leveraging genetically encoded fluorescent glutamate reporters it has 
been shown that TH17 cells secrete glutamate in MS and EAE that contributes to 
neuronal demise38. This thesis focused on therapeutic strategies to counteract 
glutamate excitotoxicity in inflammatory neurodegeneration in MS. 
 
2.3  Metabotropic glutamate receptors 
Phylogenetically, metabotropic glutamate receptors (mGluR) are assigned to the 
glutamate-type metabotropic receptors. Additionally, four other groups of G-protein 
coupled receptors (GPCR; adhesion, secretin, rhodopsin, frizzled/Tas2) have been 
classified that consist of more than 350 non-olfactory metabotropic receptors, among 
them are more than 30% orphan receptors with unknown ligands and downstream 
signalling. Due to their often cell-specific expression and membranous location they 
have been attractive drug targets and consequently, more than 30% of FDA-approved 
drugs target metabotropic receptors39,40.  

Eight mGluRs have been characterized and can be subdivided into three 

groups. Whereas group one mGluRs (GRM1, 5) are Gq/11-coupled and thereby 
enhance glutamate excitation, group two (GRM2, 3) and three (GRM4, 6, 7, 8) 

negatively regulate cyclic adenosine monophosphate (cAMP) signalling by Gi-
coupling, thereby inhibiting further glutamate release41. Accordingly, inhibition of 
GRM5 has been shown to be neuroprotective in rodent models of Parkinson’s disease 
(PD), Alzheimer’s disease (AD) and Fragile-X syndrome (FXS)42–44 but failed to show 
effects in phase 2 clinical trials for FXS45 and in EAE46. At the same time, positive 
modulation of group three metabotropic receptors also showed promising protective 
effects in neuronal stress assays. Indeed, activation of group three GRM4 has been 
reported to reduce EAE disease severity, but this was attributed to an effect on the 
immune response by directly blocking dendritic cell activation47. By contrast, the 
predominantly neuronally expressed group three GRM8 constitutes an attractive 
pharmacological target, which thus far has been mainly investigated in mouse models 
of anxiety and neuropathic pain48,49. Grm8–/– mice show increased anxiety and are 
more sensitive to neuropathic pain which is reversed by Grm8 activation50,51. 
Electrophysiologic recordings showed that these behavioural phenotypes are 
mediated by inhibiting excitatory synaptic transmission. Furthermore, demonstrating 
Grm8-dependent pre-pulse inhibition49 and immunolabeling of Grm8 in olfactory bulbs 
and lateral perforant pathway52,53 supported the notion of a presynaptic localisation. 
However, the lack of a specific antibody against GRM8 has made it difficult to 
investigate its localisation and regulation during CNS pathologies. In addition to the 
behavioural phenotypes, Grm8-deficiency in mice results in mild insulin resistance and 
weight gain50. Furthermore, Grm8 is expressed in glutamatergic neurons of the enteric 
system and enhances intestinal motility54. Notably, gene variants of GRM8, among 
other iGluRs have been associated with MS progression in genome wide association 
studies55,56.  
 
Thus, the aim of my thesis was to disentangle the role of GRM8 in inflammatory 
neurodegeneration and its underlying molecular pathways. 
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3.  Methods 
 
To identify common transcriptional signatures of neurodegeneration in MS, in a first 
step we compared transcriptional responses of MS post-mortem tissues with in vitro 
mouse cultures that were exposed to defined stressors. Therefore, we analysed 
publicly available RNA bulk sequencing datasets that were obtained from Gene 
Expression Omnibus (GEO). By extracting differentially regulated genes of challenged 
neuronal cultures we defined transcriptional signatures for each stressor. We chose 
the top 100 differentially upregulated genes for subsequent analyses as defined by 
foldchange of the expression level. To obtain the MS-specific transcriptional stress 
signature we analysed two microarrays that compared brain tissues of healthy donors 
and MS patients by bulk RNA-sequencing22,57. Furthermore, we extracted neuronal  
transcriptional changes in MS by analysing two published single nucleus RNA 
sequencing (snRNA-seq) datasets of brains of healthy donors and MS patients58,59. To 
perform geneset enrichment analysis (GSEA) we created ranked gene lists by 
arranging the differential expression results from healthy donors and MS comparisons 
by t-statistics for microarray and Wald statistics for single-nucleus sequencing 
datasets. Finally, an enrichment analysis by hypergeometric testing of the neuronal 
stress signatures and the MS specific ranked gene lists was performed. Thus, we 
extracted neuronal stress responses from MS transcriptomes. 

In the next step, we aimed to identify co-regulatory gene modules and their 
underlying master regulators that drive these neuronal stress responses and 
subsequent neuronal demise in MS. Therefore, we created a neuron-specific receptor 
interactome and compared the neuronal nuclei of MS patients with control donors. We 
first created correlative gene networks by retrieving raw read counts of 502 neuron-
specific mRNA sequencing datasets of in vitro challenged neuronal cultures and in vivo 
mouse models of psychiatric, neurodegenerative, neuroinflammatory and metabolic 
diseases. Regulatory networks were reversely engineered by an algorithm for the 
reconstruction of gene regulatory networks (ARACNe)60. Next, we defined hub genes 
and calculated their underlying transcriptional network. We provided transmembrane 
receptors as defined as family member of the Gene Ontology identifier GO:0003700, 
“transmembrane receptor activity”, and its respective offspring as hub genes. Finally, 
we calculated perturbed receptor interactomes of neurons from brains of MS patients 
in comparison to healthy donors by Virtual Inference of Protein activity by Enriched 
Regulon (VIPER)61.   

To assess the impact of Grm8 activation on inflammatory neurodegeneration, 
we used experimental autoimmune encephalomyelitis (EAE), the mouse model of MS. 
All EAE experiments were conducted with mice on C57BL/6J background. Adult mice 
(6-20 weeks) from both sexes were used and mice were sex- and age-matched. Mice 
were immunized subcutaneously with 200 μg MOG35–55 peptide (Schafer-N) in 
Complete Freund’s Adjuvant (CFA; Difco, cat. no. DF0639-60-6) containing 4 mg × 

ml−1 Mycobacterium tuberculosis (Difco, cat. no. DF3114-33-8). In addition, 200 ng 
pertussis toxin (Calbiochem, cat. no. CAS70323-44-3) was injected intraperitoneally 
on the day of immunisation and 48 hours later. Animals were scored daily for clinical 
signs by the following system: 0, no clinical deficits; 1, tail weakness; 2, hind limb 
paresis; 3, partial hind limb paralysis; 3.5, full hind limb paralysis; 4, full hind limb 
paralysis and fore limb paresis; 5, premorbid or dead. Animals reaching a clinical score 
≥ 4 were euthanized according to the regulations of the local Animal Welfare Act. We 
compared Wildtype and Grm8–/– mice50 that were treated with DMSO vehicle control 
or the positive allosteric modulator (PAM) of Grm8 AZ12216052 (AZ; Tocris; cat. no. 
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4832)51. Where indicated in the respective figures, animals were injected 
intraperitoneally with 1 mg kg–1 body weight AZ starting from day of disease onset.  

We analysed neuronal loss and immune cell infiltration following Grm8 deletion 
by immunohistochemistry of spinal cord sections of respective animals that were 
perfused with 4% paraformaldehyde (PFA) and embedded in paraffin. The exact 
procedures as well as the primary and secondary antibodies used in this study are 
provided in the methods section of the publication. Fluorescent imaging was performed 
with confocal microscopy (Zeiss LSM 700).  

To quantify transcripts of GRM8 in human post–mortem samples of healthy 
controls and MS patients, we performed RNAscope fluorescent in situ hybridization 
using the RNAscope Fluorescent Multiplex Kit V2 (Advanced Cell Diagnostics). Images 
were acquired with a Panoramic 250 FLASH II (3DHISTCH) Digital Slide Scanner.  

Mechanistic studies were conducted in primary cortical cultures. These were 
prepared from cortices of mouse embryos at Theiler’s embryonic stage 16.5. Cortices 
were collected, dissociated, and plated at a density of 105 per 1 cm2. Subsequently, 
cells were treated with 1 µM cytarabine at 1 day in vitro (div) to inhibit glial proliferation. 
We carried out experiments after div 14 to 23. 

We assessed cell viability by luminescence-based assays. We applied the 
RealTime-Glo assay (Promega) to measure the intracellular redox potential as 
approximation of cell viability. The assay was performed as provided in the 
manufacturer’s protocol. Treatments were added after 5 hours of equilibration. 
Luminescence was recorded with a Spark 10M multi-mode microplate reader (Tecan) 
at 37°C and 5% CO2 every 30 minutes for an overall time of 24 hours. For statistical 
analysis of the time series data, we assessed area under the curve (AUC). 
Furthermore, for end point measurements the CellTiter-Glo assay (Promega) that 
monitors ATP levels in cell lysates was performed according to manufacturer’s protocol 
24 hours after stimulation.  

For cytosolic calcium imaging we seeded primary neurons on Ibidi 60 µ-Dish 
Quad (Ibidi). To visualize calcium levels, we infected neuronal cultures with an adeno-
associated virus (AAV) serotype 7 containing the genetically encoded fluorescent 
calcium indicator pAAV-hSyn-GCamp6f-WÜRE-SV4062 at 8-12 div with a 10,000–
20,000-fold multiplicity of infection. Metabotropic glutamate receptor-dependent 
calcium activity was isolated by inhibiting all glutamate receptors except for mGluRs. 
Therefore, we applied 25 µM bicuculline (gamma-aminobutyric acid (GABA)A-R 
blocker), 2 µM CGP 55845 (GABAB-R) blocker, 50 µM D-2-Amino-5-
phosphonopentanoic acid (APV; NMDAR blocker), 20 μM 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX; alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and Kainat-R blocker) 
and 20 μM DL-threo-beta-benzyloxyaspartate (DL-TBOA; blocker of excitatory amino 
acid transporters) and subsequently mGluRs were activated by adding 20 µM 
glutamate. To analyse nuclear calcium levels, we incubated neuronal cultures with 5 
μM Fluo-4 acetoxymethyl ester for 30 minutes at 37°C and 5% CO2 and subsequently, 
pictures were acquired in an imaging buffer that contained 10 mM glucose, 140 mM 
NaCl2, 1 mM MgCl2, 5 mM KCl, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) buffer, and 2 mM CaCl2, pH 7.4. We electrically silenced cultures by 
adding 1 µM tetrodotoxin (Ttx) for at least 1 hour. Since Gcamp6f and Fluo-4 do not 
allow ratiometric estimations of calcium levels we added 10 µM ionomycin at the end 
of each recording to induce the maximum cellular calcium response that was used for 
normalisation in the analysis. We performed live cell calcium imaging with a confocal 
LSM 700 laser scanning microscope (Zeiss) every 0.48 seconds with 20-fold 
magnification in an imaging chamber maintaining 37°C and 5% CO2.  
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To measure intracellular levels of cAMP, we made use of a transgenic mouse 
line that allowed Förster resonance energy transfer (FRET) based measurements of 
cAMP. Neuronal cultures from pregnant FVB/NRJ Epac1-PLN mice63,64 were prepared 
and cultured on 25-mm-diameter coverslips. The imaging details have been described 
in detail elsewhere65. Coverslips were washed in the imaging buffer and subjected to 
the mGluR isolation protocol (see above). As a viability control, we added 50 μM 
forskolin and 50 μM 3-isobutyl-1-methylxanthine at the end of each recording. FRET 
measurements were recorded with an inverted fluorescent microscope (Nikon Ti) and 
Fiji software. The FRET donor CFP was excited at 440 nm using a CoolLED light 
source and 10 ms exposure time. 

Neuronal nuclei were isolated according to the Nuclei Isolation Kit (Sigma 
Aldrich) following the manufacturer`s protocol. We visualised nuclei with propidium 
iodide staining and neurons by NeuN fluorescent labelling. Nuclei were sorted using a 
BD Aria III cell sorter (BD Biosciences). 

RNA was reverse transcribed with the RevertAid H Minus First Strand cDNA 
Synthesis Kit (ThermoFisher) according to the manufacturer`s protocol and gene 
expression was analysed by real-time PCR in an ABI Prism 7900 HT Fast Real-Time 
PCR System (Applied Biosystems). All TaqMan gene Expression Assays 
(ThermoFisher) are provided in the methods section of the manuscript. 

To quantify the impact of Grm8 modulation on the immune system the CNS 
infiltrating immune cells from EAE animals during acute inflammation 12–17 days after 
immunisation were isolated and quantified as previously described. Furthermore, an 
antigen-specific recall assay was performed. Here, immune cells were isolated from 
draining inguinal lymph nodes in preclinical EAE animals nine days after immunization 
and were stimulated ex vivo with vehicle control, MOG35–55 or CD3 with CD28 for in 
total 72 hours. To quantify proliferation cells were pulsed with bromodeoxyuridine 
(BrdU) for 16 hours. The exact protocol, concentrations, used antibodies and gating 
strategies are provided in the methods section of the publication. 

To visualise Grm8 localization, we inserted an EGFP at the N-terminal 
extracellular domain next to its 33–amino acid–long signal peptide. Sequentially, 
EGFP, Grm8 signal peptide and murine Grm8 without signal peptide were inserted into 
a temporary backbone and finally inserted into a pAAV backbone with a neuron specific 
hSynapsin-promoter. Primary cortical neurons were transfected with 500 ng DNA with 
Lipofectamine 2000 according to the manufacturer`s protocol. 

To visualise the membranous localisation and distribution of Grm8, surface 
staining of GFP and GFP-Grm8 transfected neurons was performed. Therefore, 
primary antibody against GFP was added to living neurons and incubated for 30 min 
at 4°C. Subsequently, cultures were fixed with 4% PFA and blocked with 10% Normal 
Donkey Serum (NDS) and secondary antibody was added for 30 min. Thus, only 
surface GFP-Grm8 was labelled. After washing the fixed cultures were permeabilised 
and intracellularly fixed with 10% NDS and 0.1% Triton. Afterwards primary antibody 
against GFP was added again and labelled with a different fluorescent secondary 
antibody. Thus, we labelled total GFP-Grm8 and membranous GFP with different 
colours.   

We differentiated human-induced pluripotent stem cell-derived neurons (hiPSC-
neurons) as previously published66–69. We performed assays after 18–20 weeks of 
incubation. Medium was changed twice weekly. To analyse the impact of GRM8 
modulation on cell viability, we incubated hiPSC-neurons with vehicle or 1 µM AZ for 
1 hour and subsequently stimulated cultures with 200 µM glutamate, 100 ng mL–1 IFN–
𝛾 and 50 ng mL–1 TNF–𝛼 for 24 hours. This was followed by measurement of cell 
viability by applying the cell impermeable nuclear dye DAPI for 10 minutes on unfixed 
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cultures. Subsequently, DAPI uptake as marker of cell membrane damage was 
quantified by immunofluorescence. To measure the impact of positive GRM8 
modulation on ionotropic potassium currents, somatic whole-cell voltage-clamp and 
current-clamp recordings were performed with hiPSC-neurons that were incubated in 
artificial cerebrospinal fluid (ACSF). All compounds were added for 4–8 seconds and 
immediately washed out afterwards. The buffer recipes and different stimulations are 
provided in detail in the methods section of the publication. 

All statistical comparisons and visualisations were conducted within the R 
environment (version 1.2.5001) on a Mac OS X. The R packages that were used in 
this thesis are provided in the methods section of the publication. Flow cytometric data 
was analysed with FlowJo Software (FlowJo LLC), confocal images were analysed 
with Fiji software (NIH), patch-clamp experiments were analysed with Fitmaster (HEK 
Elektronik) and Igor Pro 6.03 (Wavemetrics). Unless stated otherwise in the respective 
figure legends of the publication the data are presented as mean ± standard error 
mean. Differences between two groups were analysed by an unpaired two-tailed 
Student’s t test with FDR correction for multiple comparisons if applicable. Clinical 
scores of EAE animals were compared by applying a non-parametric Mann–Whitney 
U test to the AUC of the score of each animal. The exact number of experiments and 
biological replicates are provided in the figure legends of the publication.  
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4. Results 
 
The following section describes the results of the research paper “Neuronal 
metabotropic glutamate receptor 8 protects against neurodegeneration in CNS 
inflammation” that was published in the journal “Journal of Experimental Medicine” 
(Woo et al. 2021) and is provided in chapter one. All figure references pertain to this 
publication.  
 
First, we assessed transcriptional signatures of neuronal demise in MS. Therefore, we 
set out to compare neuronal stress responses that are induced by defined stressors 
with transcriptional signatures of MS. In a first step, published mRNA-sequencing 
datasets of primary neurons that were exposed to defined challenges were analysed 
for differentially expressed (DE) genes, thereby generating stimuli-specific 
transcriptional signatures. Subsequently, we extracted transcriptomes and DE genes 
of bulk sequencing datasets of cortices of MS patients22,70 in comparison to healthy 
controls and of neuronal nuclei of single-nucleus mRNA sequencing datasets (snRNA-
seq) of white and grey matter of MS patients58,59. These MS specific transcriptional 
signatures of CNS tissue or isolated neuronal nuclei were compared with the stimuli-
specific transcriptional signatures of in vitro challenged primary neurons by gene set 
enrichment analysis. Here, transcripts indicative of glutamate excitotoxicity and viral 
infection showed the strongest enrichment across whole CNS and neuronal nuclei of 
MS patients in all different neuronal populations (cf. Fig. 1A–C, supplemental Fig. 1 A–
C)71. Subsequently, we aimed to find determinants of glutamate excitotoxicity in MS. 
Thus, we focused on glutamate receptors that have been previously associated with 
disease progression and brain volume loss in MS patients55,56. We assessed their 
expression in neuronal nuclei of publicly available snRNA-seq datasets and observed 
that these receptors were not differentially expressed in MS patients compared to 
healthy donors (cf. Fig. 1D, supplemental Fig. 1D)71. Since receptor activity is not 
transcriptionally determined, we inferred the respective receptor activity by analysing 
their transcriptional downstream networks. We leveraged the reverse engineering by 
an algorithm for the reconstruction of gene regulatory networks (ARACNe) 
algorithm60,72 to create receptor interactomes of 502 publicly available neuronal 
transcriptomes of murine disease models and challenged primary neurons. 
Subsequently, we compared differentially perturbed receptor activities in neuronal 
nuclei of MS patients. Of all identified neuronal subtypes, we found that excitatory 
pyramidal neurons were most severely affected by dysregulated receptor interactome 
with ionotropic glutamate receptor and inhibitory G-protein coupled receptor (GPCR) 
signalling being highest upregulated whereas adenylate cyclase-activating GPCR 
signalling and networks that regulate excitatory postsynaptic potential were 
downregulated. Notably, the receptor interactomes of GRM8 and GRIK4 were 
upregulated in MS. We decided to focus on GRM8 since its downstream network 
consisted of genes that are crucial for synaptic plasticity, electric transmission and 
responses to axonal injury as assessed by GO term analysis (cf. Fig. 1E–H, 
supplemental Fig. 1E–F)71. 

To further characterise Grm8, we first analysed its distribution throughout the 
CNS and found high expression in the cortex and spinal cord of mice. Next, we isolated 
and separated neuronal nuclei from the spinal cord by fluorescent immunolabeling with 
the pan-neuronal marker NeuN and subsequent flow cytometric sorting and compared 
Grm8 expression in NeuN+ neuronal and NeuN– non-neuronal nuclei. We found 15-
fold enrichment of Grm8 transcripts in NeuN+ nuclei underlining its predominant 
neuronal expression (cf. Fig. 2A, supplemental Fig. 2A–D)71. Since commercially 
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available antibodies showed unspecific staining, we constructed an overexpression 
plasmid and inserted an EGFP between the N-terminal signalling peptide and the rest 
of Grm8. Since the N-terminus is extracellularly located we were able to visualise its 
surface localisation by fluorescent staining. We detected its expression in pre- and 
post-synapses as well as at the surface of neuronal soma. Interestingly, it was located 
in the synaptic cleft as well as in its close proximity at the synaptic shaft (cf. Fig. 2B–
E, supplemental Fig. 2E–F)71. 

Next, we aimed to analyse how Grm8 modulation affects neuronal viability in an 
excitotoxic environment. Therefore, we used primary neurons of Grm8–/– mice50 and 
tested the effect of the positive allosteric modulator of Grm8 AZ12216052 (AZ)51 on 
survival. First, we treated Grm8–/– and WT neuronal cultures with the vehicle and AZ 
and subsequently glutamate and observed that Grm8 activation was neuroprotective 
whereas genetic deletion resulted in more deleterious effects of glutamate (cf. Fig. 
3A)71. Notably, AZ did not affect glutamate-induced toxicity in Grm8–/– neuronal 
cultures underlining the compound’s specificity. Since calcium accumulation in 
neurons is a major effector of glutamate excitotoxicity, we measured nuclear and 
cytosolic calcium levels. Consistent with our cell viability results, we observed that 
Grm8–/– neurons were more prone to glutamate induced calcium accumulation, an 
effect that could be rescued with AZ pre-treatment (cf. Fig. 3B–E, supplemental Fig. 
2G–I)71. Notably, baseline cell viability and glutamate receptor expression were similar 
between Grm8–/– and WT neurons (cf. supplemental Fig. 2J–L)71. Subsequently, we 
aimed to identify the source of the glutamate-induced neuronal calcium elevations that 
is modulated by Grm8. Since Grm8 is an inhibitory GPCR we hypothesized that its 
activation negatively regulates calcium release from internal stores, especially the 
endoplasmic reticulum (ER). Thus, we prevented calcium release from the ER by 
emptying its calcium stores. This was achieved by either inhibiting calcium reuptake or 
by activating ryanodine receptors. Furthermore, we inhibited calcium release by 
blocking IP3-receptors and subsequently, applied glutamate. We observed that 
preventing calcium release from the ER strongly reduced glutamate-induced calcium 
increase in neurons. Accordingly, IP3R-inhibitors protected neurons from glutamate 
excitotoxicity (cf. Fig. 3F–G)71. 

To further elucidate the role of mGluR signalling in glutamate excitotoxicity, we 
established a protocol to specifically activate mGluRs and monitor the downstream 
calcium activation in neurons. This was dependent on IP3R-singalling since the IP3R-
inhibitor 2-Aminoethoxydiphenylborane (2-APB) completely abolished the mGluR-
dependent calcium activation. Notably, Grm8–/– showed enhanced mGluR-dependent 
calcium release from the ER that could be reversed by AZ treatment in WT neurons 
but not in Grm8–/– neurons underlining its specificity. Since Grm8 is an inhibitory GPCR 
we next analysed the role of the second messenger cAMP in mGluR-induced calcium 
release of the ER. Therefore, we stimulated neuronal cultures with forskolin which led 
to acute increase in cAMP levels. This resulted in enhanced vulnerability of neurons to 
glutamate challenge and exacerbated the mGluR-specific calcium response. Next, we 
used primary neurons of a FRET-based cAMP reporter mouse and observed that 
mGluR activation resulted in robust cAMP increase which was inhibited by Grm8 
activation but not by 2-APB indicating that the cAMP signalling acts upstream of the 
IP3R activation. Notably, we found that the cAMP-dependent IP3R-sensitisation is 
independent of protein kinase A (PKA) activation implying direct regulation of IP3R 
sensitivity by cAMP. In conclusion, we found that Grm8 activation limits glutamate-
induced calcium accumulation by inhibiting IP3R-dependent calcium release from the 
ER (cf. Fig. 4, supplemental Fig. 3)71.  
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To translate our in vitro findings, we induced EAE, the mouse model of MS that 
strongly affects the motoneurons of the spinal cord. Murine motoneurons are a good 
model system since they show tight resemblance with human excitatory pyramidal 
neurons which we observed when performing transcriptional enrichment analysis of 
human neuronal cell types and motoneuron-specific transcriptomes of the spinal cord 
of mice. Thus, we conducted EAE with WT and Grm8–/– mice and found that Grm8 
deficiency resulted in increased disability in EAE. Histopathologic analyses revealed 
less neuronal loss and less axonal damage in WT animals. Importantly, immune cell 
infiltration was similar as analysed by immunohistochemistry and flow cytometry. (cf. 
Fig. 5, supplemental Fig. 4)71. In a next step, we induced EAE in WT and Grm8–/– mice 
and treated them with AZ starting from the day of disease onset and induced EAE. 
Here we observed that AZ protects WT mice from clinical disability but not Grm8–/– 
mice underlining its specificity in vivo. Immunohistochemistry showed less neuronal 
loss but similar inflammatory activity indicating neuroprotective potential of 
pharmacological positive Grm8 modulation (cf. Fig. 6, supplemental Fig. 5A–I)71.  

Finally, we set out to investigate whether positive GRM8 modulation reduces 
glutamate excitotoxicity in hiPSC neurons. First, we analysed an established marker 
of glutamate excess: the phosphorylation of CREB at serine 133 (pCREB) in post-
mortem tissue of MS patients and found robust neuronal upregulation in normal 
appearing grey matter and in lesions. This was also observed in hiPSC neurons that 
were exposed to glutamate and was inhibited by pre-treatment with the NMDAR-
inhibitor APV, 2-ABP and AZ indicating that GRM8 activation and subsequent 
desensitization of IP3R counteract glutamate-induced pCREB upregulation in human 
neurons (cf. Fig. 7A–E, supplemental Fig. 5J–P)71. Notably, we did not observe 
differences in whole-cell patch-clamp recordings in vehicle and AZ pre-treated neurons 
that were exposed to glutamate indicating that GRM8 does not act by directly 
modulating the activity of ionotropic glutamate receptors (Fig. 7F)71. Last, we set out 
to translate our findings in the animal model and investigate whether positive GRM8 
modulation acts neuroprotective in human neurons. Thus, we treated hiPSC neurons 
with vehicle and AZ and subsequently exposed them to cytokines and glutamate to 
mimic the inflammatory and excitotoxic environment in MS. Notably, AZ treatment 
reduced neurotoxicity (Fig. 7G, supplemental Fig. 5Q)71, underlining the 
neuroprotective properties of GRM8 in human neurons and translatability of our 
findings. 
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5. Discussion 
 
To date no MS therapy exists which directly prevents neuronal loss and the 
immunomodulatory and -suppressive drugs which are available cannot prevent 
secondary or primary progression sufficiently. One reason is that neuron-intrinsic (mal-
)adaptations to an inflammatory and excitatory environment remain poorly 
understood5. Here, we investigated neuron-intrinsic mechanisms of 
neurodegeneration in MS and identified glutamate excitotoxicity as its major driver. 
Excessive extracellular levels of glutamate have been proposed to be involved in 
several primary and secondary neurodegenerative diseases such as PD, AD and 
Huntington’s disease (HD)32. Sources of glutamate are the release of intracellular 
stores from dying cells, spillover from hyper-excitatory synapses as well as active 
secretion by immune and glia cells. Here, it is unclear, whether elevated levels of 
glutamate in the CNS of MS patients and their CSF occur as by-product of acute 
inflammatory activity or whether neurons are exposed to a sustained excitatory 
environment. We used pCREB as a marker of glutamate activation33,73,74 and found it 
strongly induced in glutamate-exposed hiPSC neurons and in MS lesions suggesting 
prolonged exposure to excessive glutamate levels. Notably, pCREB levels were also 
increased in normal-appearing grey matter indicating that glutamate excitotoxicity 
promotes chronic neuronal stress independent of inflammatory lesions. This might be 
explained by a subtle global inflammation in the CNS or an imbalance of neuronal 
excitation and inhibition that is triggered by local inflammatory damages75. Intriguingly, 
the widespread neuronal stress response might explain brain atrophy and cognitive 
deficits that cannot be solely explained by the spatial pattern of lesions76–78.  

Mechanistically, in vitro studies in primary neuronal cultures and organotypic 
slice cultures have demonstrated that excessive extracellular levels of glutamate is 
toxic by activation of eNMDAR whereas stimulation of sNMDARs acts neuroprotective. 
eNMDAR activation results in ionic imbalance, the production of reactive oxygen 
species and mitochondrial damage by excessive cytosolic and nuclear calcium 
accumulation. Thus far, this has been mostly attributed to calcium influx through 
ionotropic glutamate receptors by activation of direct glutamate binding and 
subsequent activation of voltage-dependent calcium channels79–81. However, here we 
demonstrated that eNMDAR induced calcium accumulation strongly depends on IP3R-
controlled calcium release from the ER. We found that inhibiting calcium release by 
blocking IP3R protected against glutamate excitotoxicity, whereas enhancing 
glutamate-induced calcium release from the ER by simultaneously activating 
ryanodine receptors was more deleterious for neurons. The ER is the main internal 
calcium store and extends throughout the entire neuron82. Accordingly, missense 
mutations of Itpr1, the gene encoding for IP3R1, have been found in patients with 
spinocerebellar ataxia and deletion of Itpr1 in cerebellar neurons results in severe 
ataxia and synaptic loss. Moreover, IP3R-induced calcium release is promoting 
neurodegeneration in AD and HD, indicating the importance of ER calcium for neuronal 
health83–85. In our experiments IP3R-induced calcium release from the ER was strongly 
enhanced by elevation of cytosolic cAMP levels and could be reduced by decreasing 
cytosolic cAMP concentration. There are several possible explanations how cAMP 
might regulate IP3R dynamics: (I) cAMP-dependent activation of the proteinkinase A 
and subsequent phosphorylation of IP3R1 and IP3R286. (II) Engaging to low-affinity 
cAMP binding sites that shift the cytosolic calcium-concentration dependent IP3R 
opening probability87. As we observed immediate increase of IP3R-dependent calcium 
release from the ER after pharmacologically stimulating cAMP production, and as this 
was independent of PKA inhibition, we suggest that our observed effects are mediated 
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by sensitisation of IP3Rs by direct cAMP binding. This mechanistic link has been 
shown in HEK cells and osteoblasts, although the binding site is currently unknown87. 
However, our data indicate that direct IP3R sensitisation by cAMP is a widespread 
mechanism throughout different cell-types that can be modulated by pharmacologically 
modifying GPCRs.  

Thus, we focused on pharmacological activation of inhibitory GPCRs as 
neuroprotective strategy in MS to reduce glutamate-triggered calcium release from the 
ER. We investigated GRM8 since its downstream receptor interactome was 
upregulated in neurons of MS patients and GWAS studies found it significantly 
associated with brain volume loss and disease progression in MS55. Interestingly, we 
found that in MS mainly excitatory pyramidal neurons were affected by dysregulated 
receptor interactomes that were driven by glutamate excess. This may indicate 
selective neuronal vulnerability of excitatory pyramidal neurons to an excitotoxic and 
inflammatory environment. Histopathological studies that identified predominant loss 
of pyramidal layer V neurons in MS support this hypothesis13,14. In addition to 
identification of pathologic receptor signalling in neurons of MS patients, the novel 
neuron-specific receptor interactome is a powerful tool to study possible GPCR drug 
candidates in other diseases. For this purpose, we included transcriptional signatures 
of healthy and challenged neurons in vitro and in vivo as supposed to publicly available 
interactomes that only used transcriptomes of different brain regions of healthy mice. 
This is important since recent studies have demonstrated transcriptional responses in 
neurons that are specifically induced upon challenges to respective stressors. For 
example, we and others have shown that neurons exhibit type I and type II interferon 
responses in mouse models of neuroinflammation that are absent in steady-state 
neurons18,88. Thus, in silico analyses of other neurological diseases by leveraging our 
receptor interactome framework holds the promise to identify novel druggable master 
regulators of neurodegeneration. 

To counteract the receptor disbalance and consecutive neuronal loss in MS, we 
focused on the inhibitory group III mGluR GRM8 as it was associated with disease 
severity and progression and as we found its downstream regulatory network – that 
was associated with neuroaxonal repair and synaptic plasticity – significantly 
upregulated in pyramidal neurons of MS patients. Studies have shown that inhibition 
of stimulatory mGluRs GRM1 and GRM5 did not affect disease course in EAE46. 
Moreover, the other inhibitory mGluRs GRM4 and GRM7 are highly expressed in non-
neuronal cells whereas GRM6 is exclusively expressed in retinal ON-bipolar 
cells52,89,90. Thus, other mGluRs do not constitute attractive pharmacological targets to 
confer neuroprotection. For example, Grm4-deficiency primarily affects the activation 
of dendritic cells and subsequently, the differentiation of TH17 cells47. In contrast, 
GRM8 is an attractive pharmacological target since it is mainly expressed in neurons, 
and it has been reported that its activation confers neuroprotection in neuronal cell 
lines against the neurotoxin MPP4+, indicating broader neuroprotective properties of 
GRM8 signalling91. Additionally to MS, GRM8 has been associated with various 
psychiatric disorders such as major depression and schizophrenia92,93 and behavioural 
studies revealed that Grm8-deficient mice suffer from higher levels of anxiety50. 

Our receptor interactome revealed that GRM8 is continuously activated in CNS 
inflammation that might be interpreted as endogenous countermeasure to adapt to a 
chronic inflammatory and excitotoxic environment. In accordance, Grm8-deficient 
neuronal cultures were more prone to glutamate excitotoxicity, whereas treatment with 
AZ, the positive allosteric modulator of GRM8 conferred neuroprotection in mouse and 
human neuronal cultures. Notably, this was translatable into the preclinical mouse 
model of MS since Grm8-deficient mice were more sensitive to inflammation-induced 
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neurodegeneration whereas daily intraperitoneal injections with AZ were 
neuroprotective. We chose to utilise a positive allosteric modulator because it is 
mechanistically advantageous in comparison to direct orthosteric agonists40,94. First, 
instead of directly stimulating GRM8, we increased the sensitivity of GRM8 activation 
and therefore, supported physiologic signalling. Second, PAMs allow for more specific 
drug designs because in contrast to orthosteric agonists they are directed against 
receptor-specific binding sites and not against the active zone. The latter requires high 
structural similarity to the ubiquitous natural ligand glutamate and consequently 
orthosteric agonists are more prone to unspecific binding. Therefore, unphysiological 
receptor activity as well as unspecific binding and subsequent adverse effects are 
minimized. Nevertheless, when considering GRM8 modulation as pharmacological 
strategy some potential adverse effects need to be taken into account. GRM8 is 
expressed in glutamatergic neurons of the enteric nervous system and enhances 
intestinal motility. Additionally, Grm8-deficient mice show mild weight gain and 
increased insulin resistance in comparison to wildtype mice50,54. Furthermore, we 
found Grm8 to be expressed in plasmacytoid dendritic cells in mice. However, we did 
not observe differences in immune cell infiltration and activation in EAE when 
pharmacologically or genetically modifying GRM8 activation. Hence, our data indicate 
that GRM8 activation confers neuroprotection by specifically increasing neuronal 
resilience.     

Mechanistically, it has been proposed that GRM8 signalling acts as a 
presynaptic negative feedback loop to limit glutamate transmitter release. The notion 
of presynaptic localisation is derived from electrophysiological recordings that 
identified GRM8-dependent pre-pulse inhibition and immunolabeling in the olfactory 
bulbs and lateral perforant pathway49,52. Nevertheless, its precise neuronal localisation 
was unknown. By expressing Grm8 with an extracellular fluorescent Tag we visualised 
its surface localisation at pre-and post-synapses as well as at surfaces of neuronal 
somata. Although, overexpression might result in unphysiological localisations, the 
proximity to excitatory synapses might allow to closely control extracellular glutamate 
levels. Although, electrophysiological recordings in the stria terminalis have shown that 
Grm8 limits synaptic transmission49, its exact mode of action and potential 
neuroprotective properties have remained unknown. 

We found that GRM8 limits glutamate-induced calcium accumulation by 
desensitising IP3R open probabilities. This was mediated by inhibiting cAMP 
production which is in line with its proposed function as inhibitory GPCR. Notably, we 
did not observe interference with glutamate-induced currents, indicating that the 
neuroprotective properties did not result from modulating ionotropic NMDARs or 
AMPARs. In contrast, we identified that glutamate-induced ER calcium release is 
carefully balanced by mGluR signalling. Genetic deletion of GRM8 strongly enhanced 
mGluR-mediated calcium release from the ER that together with iGluR induced 
calcium influx eventually resulted in toxic cytosolic and nuclear calcium accumulation. 
On the other hand, increasing GRM8 activity selectively decreased glutamate-induced 
calcium release from the ER and thereby, conferred neuronal resilience. Our data 
show that the calcium release probability from the ER is a crucial constituent of 
neuronal integrity and is directly modulated by the druggable GRM8. The interplay 
between mGluR signalling and internal calcium stores emerges as crucial determinant 
of neuronal viability and is of interest for other neurodegenerative diseases. 

In summary, this thesis identified GRM8 signalling as a neuroprotective negative 
feedback loop that counteracts glutamate-induced calcium accumulation. 
Mechanistically, GRM8 decreases cAMP production that desensitizes IP3Rs and thus, 
reduces calcium release from the ER. Notably, GRM8 activation conferred 
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neuroprotection in mouse and human neurons in vitro as well as in the preclinical 
mouse model of MS in vivo underlining the translatability of these findings. This 
commend GRM8 as novel and valuable therapeutic target to counteract inflammatory 
neurodegeneration.   
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7 Synopsis 
Introduction: Multiple sclerosis (MS) is an inflammatory disease of the central nervous 
system (CNS) and the most common non-traumatic cause for neurological disability in 
young adults. Initially, patients suffer from inflammatory relapses with transient 
neurological deficits and recovery. During later disease stages, disability often 
accumulates which is apparent in progressive brain volume loss. Although, 
inflammation can be effectively halted, treating neurodegeneration is the major unmet 
clinical need and remains difficult due to a lack of knowledge about neuronal 
adaptations to inflammation. Chronic inflammation results in excessive extracellular 
glutamate that induces neuronal loss by calcium accumulation. Thus, glutamate levels 
are carefully balanced by ionotropic as well as stimulatory and inhibitory metabotropic 
glutamate receptors (GRM). The inhibitory GRM8 has been mostly investigated in 
psychiatric disorders. Its activation reduces electric transmission and protects cell lines 
from apoptosis. Notably, GRM8 has been associated with disease progression in MS. 
However, its role in neuroinflammation has been unclear. 
Methods: We analysed the transcriptional signatures of neurons that were exposed to 
defined stressors and aligned them to transcriptomes of whole CNS tissues or isolated 
neuronal nuclei of MS patients by gene set enrichment analysis. We built receptor 
interactomes by reverse engineering by an algorithm for the reconstruction of gene 
regulatory networks (ARACNe) of 502 publicly available neuronal transcriptomes of 
disease models and challenged primary neurons. We pharmacologically enhanced 
Grm8 activation by applying the positive allosteric modulator AZ12216052 (AZ) and 
prevented by using Grm8–/– mice. We used murine primary cortical neurons and human 
induced pluripotent stem cells derived neurons (hiPSC-neurons) for in vitro studies. 
Calcium activity was measured by infecting cultures with the genetically encoded 
fluorescent calcium sensor Gcamp6f or by applying the calcium dye Fluo-4. cAMP 
levels were quantified in a transgenic mouse. We measured cell viability with 
luminescent based RealTimeGlo and CellTiterGlo assays. Immunofluorescent staining 
was used to visualise our GFP-Grm8 construct. We daily treated WT and Grm8–/– mice 
with experimental autoimmune encephalomyelitis (EAE) with vehicle or AZ. Flow 
cytometry was used to analyse immune cell infiltration and immunohistochemistry was 
applied to quantify inflammatory lesions, neuroaxonal damage in EAE and pCREB in 
post-mortem CNS tissue of controls and MS patients. 
Results: Transcriptional signatures of glutamate excitotoxicity were strongly enriched 
in neurons of MS patients. Dysregulated glutamate receptor interactomes in pyramidal 
neurons of MS patients confirmed this finding. Especially, the downstream network of 
GRM8 was upregulated. To analyse its localisation, we transfected neurons with GFP-
Grm8 and found it localised in proximity to synapses. Pharmacological activation of 
Grm8 by AZ protected neurons from glutamate excitotoxicity by inhibiting cytosolic and 
nuclear calcium accumulation, whereas Grm8-deficient neurons were more prone to 
glutamate. Grm8 reduced cytosolic cAMP levels and thus, limited glutamate induced 
calcium release from the ER that depend on IP3R activity. Accordingly, Grm8–/– mice 
were more prone to neuronal loss in EAE that was limited by treatment with AZ in WT 
but not Grm8–/– mice underlining its specificity. Notably, immune cell infiltration and 
activation were not modulated by Grm8. Finally, we identified pCREB upregulation as 
maker of prolonged glutamate exposure in post-mortem MS brains and counteracted 
glutamate-induced pCREB upregulation and toxicity in hiPSC-neurons by AZ. 
Outlook: This thesis (i) shows neuroprotective properties of GRM8 in inflammatory 
neurodegeneration, (ii) dissects its underlying molecular pathways and (iii) provides a 
neuronal receptor interactome. I commend that prospective studies should further 
develop strategies to enhance GRM8 activity to induced neuronal resilience in MS. 
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Einleitung: Multiple Sklerose (MS) ist eine entzündliche Erkrankung des zentralen 
Nervensystems (ZNS) und die häufigste nicht-traumatische Ursache für neurologische 
Behinderung im jungen Erwachsenenalter. Betroffene leiden in der Regel unter einem 
schubförmigen Verlauf mit transienter neurologischer Symptomatik gefolgt von 
Remission. Im Verlauf kommt es häufig zu einer zunehmenden Behinderung und 
Hirnvolumenverlust. Trotz Behandlung der Entzündung kann Neurodegeneration 
wegen fehlender Kenntnisse über neuronale Stress-Antworten nicht aufgehalten 
werden. Vermehrte Glutamat-Exposition induziert Nervenzellverluste durch Calcium-
Akkumulation. Daher werden Glutamat-Konzentrationen streng durch ionotrope und 
metabotrope Glutamat-Rezeptoren (GRM) reguliert. Der inhibitorische GRM8 wurde 
bisher in psychiatrischen Erkrankungen untersucht, da dessen Aktivierung neuronale 
Aktivität moduliert. Zudem sind genetische Varianten des GRM8 Gens mit der MS 
Progression assoziiert. Die Rolle für neuronale Entzündung blieb jedoch bisher unklar. 
Methoden: Wir analysierten transkriptionelle Signaturen von Nervenzellen, die 
definierten Stressoren ausgesetzt waren und verglichen diese mit den Transkripten 
von Gehirnen oder neuronalen Zellkernen von MS-Patient:innen durch eine „Gene set 
enrichment“ Analyse. Rezeptorinteraktome wurden durch reverses Engineering 
mithilfe des ARACNe Algorithmus aus 502 Neuronen-spezifischen Datensätzen von 
Mauskrankheitsmodellen und gestressten Neuronen erzeugt. Wir aktivierten Grm8 
durch den positiven allosterischen Modulator AZ12216052 (AZ) und dessen Inhibition 
erfolgte durch eine transgene Knockout Maus. Für in vitro Studien wurden primäre 
Neuronen aus Mäusen und humane Neurone, die aus induzierten pluripotenten 
Stammzellen differenziert wurden, verwendet. Calciumaktivität wurde durch den 
genetisch kodierten Calcium Sensor Gcamp6f oder durch den calciumbindenden 
Farbstoff Fluo-4 gemessen. cAMP wurde mithilfe einer transgenen Mauslinie 
gemessen. Zellviabilität wurde mit den Assays RealTimeGlo und CellTiterGlo 
bestimmt. Immunofluoreszenz-Färbungen wurden angefertigt, um unser GFP-Grm8 
Konstrukt zu visualisieren. WT und Grm8–/– Mäuse mit experimenteller autoimmuner 
Enzephalomyelitis (EAE) wurden täglich mit Vehikel oder AZ behandelt. 
Durchflusszytometrie wurde verwendet, um Immunzellinfiltration zu quantifizieren und 
durch Immunohistochemie wurden entzündliche Läsionen und neuronaler Schaden in 
EAE und pCREB in post-mortem Gewebe von Kontrollen und MS gemessen.  
Ergebnisse: Die transkriptionellen Signaturen von Glutamat-Toxizität waren in 
Neuronen von MS-Patient:innen überrepräsentiert. Dies zeigte sich auch in den 
dysregulierten Glutamat-Rezeptor-Interaktomen in deren pyramidalen Neuronen. Vor 
allem das GRM8-Netzwerk war hochreguliert. In transfizierten Neuronen mit einem 
GFP-Grm8 Konstrukt konnten wir Grm8 in enger Nähe zu Synapsen darstellen. Grm8-
Aktivierung durch AZ schützte Neurone vor Glutamat-Toxizität durch Reduktion der 
Calcium-Akkumulation, wohingegen Grm8–/– Neurone anfälliger für Glutamat-Stress 
waren. Grm8 reduzierte cAMP Konzentrationen und limitierte dadurch Glutamat-
induzierten IP3R-abhängige Calcium-Einstrom aus dem ER. Grm8–/– Mäuse zeigten 
einen vermehrten Verlust von Nervenzellen in EAE, welcher durch Behandlung mit AZ 
in WT, aber nicht in Grm8–/– Mäusen verringert werden konnte, was dessen Spezifität 
unterstreicht. Infiltration von Immunzellen und deren Aktivierung wurde nicht von Grm8 
moduliert. Zudem identifizierten wir pCREB als Marker für chronischen Glutamat-
Stress in post-mortem MS-Gehirnen und konnten Glutamat-induzierte pCREB-
Hochregulation und -Toxizität durch AZ-Behandlung in hiPSC-Neuronen vermindern.  
Outlook: Diese Arbeit belegt (i) das neuroprotektive Potenzial von GRM8 in 
entzündlicher Neurodegeneration, (ii) dessen molekulares Netzwerk und (iii) erstellt 
ein Neuronen-spezifisches Rezeptor-Interaktom. Zukünftige Studien sollten 
pharmakologische GRM8-Aktivierung zur Neuroprotektion in MS weiterentwickeln.    
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