
  

Ulm University Hospital 

Department of Neurology 

Director: Prof. Dr.med. Albert Christian Ludolph 

 

 

 

Chemogenetic investigation of Amyotrophic Lateral Sclerosis 

(ALS): controlling signaling in astrocytes and in motoneurons 

to affect disease manifestations in an ALS mouse model 

 

 

 

Dissertation 

Submitted to the 

Medical Faculty of University of Ulm 

For the Doctoral Degree of Medicine (Dr. med.) 

 

 

 

 

        Presented by 

 Linyun Tang  

Born in Taizhou city, Jiangsu Province, P. R. China 

2019



 

 

 

 

 

 

 

 

 

 

 

 

 

Dean of the Faculty of Medicine: Prof. Dr. rer. nat. Thomas Wirth  

1st reviewer: PD Dr.Dr.Francesco Roselli  

2nd reviewer: PD Dr.Bernd Baumann 

Date of defense: December 13rd, 2019 



 

 

Parts of this work have already been published elsewhere:  

 

Najwa Ouali Alami, Christine Schurr, Florian Olde Heuvel, Linyun Tang, Qian Li, 

Alpaslan Tasdogan, Atsushi Kimbara, Matthias Nettekoven, Giorgio 

Ottaviani, Catarina Raposo, Stephan Röver, Mark Rogers-Evans, Benno 

Rothenhäusler, Christoph Ullmer, Jürgen Fingerle, Uwe Grether, Irene Knuesel, 

Tobias M Boeckers, Albert Ludolph, Thomas Wirth, Francesco Roselli, Bernd 

Baumann. NF-κB activation in astrocytes drives a stage-specific beneficial 

neuroimmunological response in ALS. EMBO J 2018, 37(16): e98697

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ouali%20Alami%20N%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schurr%20C%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Olde%20Heuvel%20F%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tang%20L%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Q%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tasdogan%20A%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kimbara%20A%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nettekoven%20M%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ottaviani%20G%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ottaviani%20G%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Raposo%20C%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=R&%23x000f6;ver%20S%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rogers&%23x02010;Evans%20M%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rothenh&%23x000e4;usler%20B%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rothenh&%23x000e4;usler%20B%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ullmer%20C%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fingerle%20J%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grether%20U%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knuesel%20I%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boeckers%20TM%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ludolph%20A%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wirth%20T%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roselli%20F%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumann%20B%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumann%20B%5bAuthor%5d&cauthor=true&cauthor_uid=29875132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6092622/


List of Content 

 

I 

List of Content 

 

List of Content ................................................................................................................................ I 

Abbreviations ............................................................................................................................. III 

1 Introduction ............................................................................................................................... 1 

1.1 General introduction of ALS disease ................................................................................... 1 

1.2 The SOD1-G93A ALS mouse model of this study ........................................................... 3 

1.2.1 Copper-zinc superoxide dismutase (SOD1) gene ............................................... 4 

1.2.2 Mutant SOD1-ALS mouse model ............................................................................... 4 

1.3 Roles of astrocytes in ALS ....................................................................................................... 6 

1.3.1 Physiological roles of astrocytes ............................................................................... 6 

1.3.2 Astrocytes in ALS pathogenesis ................................................................................. 7 

1.3.3 Current therapy targets on astrocytes of ALS ...................................................... 8 

1.4 Blood-Spinal cord Barrier (BSCB) disruption involved in ALS pathogenesis .. 10 

1.4.1 Normal structure and function of Blood-Brain-Barrier (BBB) and BSCB10 

1.4.2 Tight junctions (TJs) and Claudin-5 ...................................................................... 12 

1.4.3 BSCB disruption in ALS .............................................................................................. 15 

1.5 Motor neuron (MN) degeneration of ALS ...................................................................... 17 

1.5.1 Synaptic dysfunction in MNs of ALS ..................................................................... 17 

1.5.2 Autophagy dysfunction in MNs of ALS ................................................................. 19 

1.6 Chemogenetic approaches for exploring ALS ............................................................... 19 

1.6.1 G-protein-coupled receptors (GPCRs) ................................................................. 20 

1.6.2 Muscarinic acetylcholine receptor (mAchR)-derived DREADDs .............. 22 

1.6.3 Pharmacokinetic properties of Clozapine-N-oxide (CNO) ........................... 25 

1.6.4 Pharmacologically Selective Actuator Module (PSAM)- 
Pharmacologically Selective Effector Molecule (PSEM) approach ...................... 25 

1.6.5 Viral approaches to achieve cell type-specific DREADDs/PSAM 
expression .................................................................................................................................. 26 

1.7 The aim of this study .............................................................................................................. 28 

2 Materials and methods ....................................................................................................... 30 

2.1 Materials ..................................................................................................................................... 30 

2.1.1 Laboratory equipment ............................................................................................... 30 

2.1.2 Plastic materials ........................................................................................................... 31 

2.1.3 Equipment for intraspinal cord injection ........................................................... 32 

2.1.4 Chemicals and drugs ................................................................................................... 33 

2.1.5 Chemical structure and pharmacology data of CNO ....................................... 35 

2.1.6 Antibodies for immunofluorescence staining ................................................... 35 



List of Content 

 

II 

2.1.7 Animal model and husbandry ................................................................................. 37 

2.2 Methods ....................................................................................................................................... 38 

2.2.1 Recombinant AAV (rAAV) vectors ......................................................................... 38 

2.2.2 Intraspinal cord injection ......................................................................................... 40 

2.2.3 Mouse perfusion and spinal cord dissection and fixation ............................ 41 

2.2.4 Cryostat sections preparation ................................................................................. 43 

2.2.5 Free-floating immunofluorescence staining ...................................................... 44 

2.2.6 Confocal image acquisition ....................................................................................... 46 

2.2.7 Image analysis ............................................................................................................... 47 

2.2.8 Statistics ........................................................................................................................... 48 

3 Results ...................................................................................................................................... 49 

3.1 Results 1 ...................................................................................................................................... 49 

3.1.1 Tight-junctions lesions in Blood-Spinal cord-Barrier were found at 
different disease stages in SOD1-G93A mice................................................................ 49 

3.1.2 Plasma-derived protein extravasation in the spinal cord parenchyma .. 51 

3.1.3 Dysfunction in spinal cord capillaries upon AAV8/GFAP::eGFP  
intraspinal injection ............................................................................................................... 53 

3.1.4 Dysfunction in spinal cord capillaries upon AAV8-GFAP::DREADD(Gq) 
intraspinal injection ............................................................................................................... 56 

3.2 Results 2 ...................................................................................................................................... 60 

3.2.1 Disease burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) 
intraspinal injection ............................................................................................................... 60 

3.2.2 Disease burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) 
+ AAV9-CBA::PSAM inhibitor intraspinal injection ................................................... 66 

4 Discussion ................................................................................................................................ 72 

4.1 Tight-junctions of Blood-Spinal cord-Barrier are disrupted before disease 
onset ..................................................................................................................................................... 72 

4.2 Dysfunction in spinal cord capillaries upon AAV8/GFAP::DREADD(Gq)  
intraspinal injection ....................................................................................................................... 73 

4.3 Disease burdens in MNs of spinal cord upon manipulating MN signaling and 
excitability ......................................................................................................................................... 75 

4.4 Limitations and future direction ....................................................................................... 77 

4.5 Conclusion .................................................................................................................................. 78 

5 Summary .................................................................................................................................. 79 

6 Reference ................................................................................................................................. 81 

7 Acknowledgements .............................................................................................................. 98 

8 Curriculum vitae ................................................................................................................... 99 

 



Abbreviations 

 

III 

Abbreviations 

 

5HT   5-hydroxytryptamine  

℃    Degree Celsius 

 

A 

AAV   Adeno-associated virus 

AC    Adenylyl cyclase 

ACh    Acetylcholine  

AJ    Adherens junctions  

ALS    Amyotrophic Lateral Sclerosis 

ANG   Angiogenin 

ANOVA  Analysis of variance 

ATG   Autophagy-related gene 

ATP   Adenosine triphosphate  

 

B 

BBB   Blood-Brain Barrier  

B-CNS-B  Blood-Central Nervous System barrier  

BSA    Bovine Serum Albumin 

BSCB   Blood-Spinal-Cord Barrier  

BCSFB   Blood-cerebrospinal fluid barrier  



Abbreviations 

 

IV 

C 

C9orf72  Chromosome 9 open reading frame 72  

cAMP   Cyclic adenosine monophosphate  

cAMP-GEF  cAMP-regulated guanine nucleotide exchange factor 

CBF    Cerebral blood flow 

CD    Cluster of differentiation  

ChAT   Choline acetyltransferase 

CNO   Clozapine-N-oxide  

CNS    Central Nervous System 

CREB   cAMP response element binding protein 

CSF    Cerebrospinal fluid 

 

D 

Da    Dalton  

DAG   Diacylglycerol 

DNA   Deoxyribonucleic acid  

DREADDs  Designer receptors exclusively activated by designer drugs  

 

E 

EAAT2   Excitatory amino acid transporter-2  

ECLs   Extracellular loops  

EC SOD  Extracellular superoxide dismutase  



Abbreviations 

 

V 

EDTA   Ethylenediaminetetraacetic acid  

eGFP   Enhanced green fluorescent protein 

ER    Endoplasmic reticulum  

ESC    Embryonic stem cell  

ERK   Extracellular signal-regulated kinase 

et al.   And others  

 

F 

fALS   Familial ALS  

FUS    Fused in sarcoma RNA-binding protein 

 

G 

g    Gram  

GABA   Glutamate and gamma-aminobutyric acid  

GDP   Guanosine diphosphate  

GFAP   Glial fibrillary acidic protein  

GFP    Green fluorescent protein 

GIRK   G protein-regulated inward rectifier potassium channels  

GJ    Gap junction  

GlyR   Glycine receptor 

GTP   Guanosine triphosphate 

GPCRs   G-protein-coupled receptors  



Abbreviations 

 

VI 

GRKs   G protein-coupled receptor kinases 

 

H 

H2O2   Hydrogen peroxide  

HCl    Hydrochloric acid  

hMDi   Human M muscarinic DREADD receptor coupled to Gi  

hMDq   Human M muscarinic DREADD receptor coupled to Gq  

hMDs   Human M muscarinic DREADD receptor coupled to Gs  

HNRNPA1  Heterogeneous nuclear ribonucleoprotein A1  

 

I 

Iba-1    Ionized calcium-binding adapter molecule-1 

ICLs   Intracellular loops  

i.e.    For example 

IFN-γ   Interferon gamma  

IL    Interleukin 

Ig    Immunoglobulin 

IGF    Insulin-like growth factor 

i.p.    Intraperitoneal(ly) 

IP3    Inositol-trisphosphate 

IPDs   Ion pore domains 

iPSCs   Induced pluripotent stem cells  



Abbreviations 

 

VII 

IRES   Internal ribosome entry site  

 

J 

JAM   Junctional adhesion molecules 

 

K 

kDa      Kilo Dalton 

Kir    Inwardly rectifying potassium channels 

 

L 

l    Litre 

L    Lumbar spinal cord 

LBDs   Ligand binding domains 

LBHI   Lewy-body-like hyaline inclusions 

LC3    Light chain 3 

LGICs   Ligand gated ion channels 

LSM   Laser scanning microscope 

 

M 

M1R-M5R  Muscarinic acetylcholine receptors 1-5 

mAChRs  Muscarinic acetylcholine receptors  

mg    Milligram 



Abbreviations 

 

VIII 

mGluR   metabotropic glutamate receptor 

min    Minutes   

ml    Millilitre  

mm        Millimeter 

MN    Motor neuron  

MND   Motor neuron disease 

MnSOD  Manganese superoxide dismutase  

msec      Millisecond 

mW   Milliwatt 

 

N 

Na2HPO4  Natriumhydrogenphosphat 

nAChR   Nicotinic acetylcholine receptors 

NaCl   Sodium chloride 

NADPH  Nicotinamide adenine dinucleotide phosphate  

NaOH   Sodium hydroxide 

NF-kB   Nuclear factor-kappa B  

nM    Nanomolar 

nm                                 Nanometre 

NOX2   Nicotinamide adenine dinucleotide phosphate oxidase 2 

NPCs   Neural progenitor cells  

NVU   Neurovascular unit 



Abbreviations 

 

IX 

O 

O2    Oxygen  

OPTN   Optineurin  

 

P 

PBS    Phosphate buffered saline 

PFA    Paraformaldehyde 

PIP2   Phosphatidylinositol-4,5-bisphosphate 

PKC   Protein kinase C 

PKA   Protein kinase A 

PLC    Phospholipase C 

PNS    Peripheral nervous system 

 

R 

rAAV   Recombinant adeno-associated virus 

RASSLs  Receptors activated solely by synthetic ligands  

RFP    Red fluorescent protein 

Rho-GEFs  Rho-specific guanine nucleotide exchange factors 

rM3Ds    Rat M3 muscarinic DREADD receptor coupled to Gs  

RNS   Reactive nitrogen species  

ROS   Reactive oxygen species  

 



Abbreviations 

 

X 

 

S 

sALS   Sporadic ALS  

SD    Standard deviation  

SMCs   Smooth muscle cells  

SOD1   Copper-Zinc binding superoxide dismutase 1 

SODs   Superoxide dismutases  

SQSTM1  Sequestosome 1  

 

T 

T    Thoracic  

TARDBP/TDP-43 Trans-activation response element DNA-binding protein 

TBK1   TANK-binding kinase 1  

TEM   Transmission electron microscopy  

Tg    Transgenic 

TMs   Transmembrane domains  

TNF-α   Tumor necrosis factor alpha 

Th 2   T helper 2 cells 

TJs    Tight junctions 

Tregs   Regulatory T cells   

 

U 



Abbreviations 

 

XI 

UBQLN2  Ubiquilin 2 

μl       Microlitre 

μm      Micrometre 

UPS    Ubiquitin-proteasome system 

USA        United States of America 

 

V 

VCP    Valosin-containing protein  

VAChT   Vesicular acetylcholine transporter 

 

W 

w/o   Without 

WT    Wild type   

 

Z  

ZO   Zonula occludens 



Introduction 

 

1 

1 Introduction 

 

1.1 General introduction of ALS disease 

 

In the 1800s, Jean-Martin Charcot, one of the greatest French neurologists firstly put 

forward the term of Amyotrophic Lateral Sclerosis: “Amyotrophic” [54, page 1] means 

muscular atrophy, and “Lateral Sclerosis” [54, page 1] depicts the scarring or hardening 

of tissues in the lateral spinal cord. It is a rare and fatal adult-onset motor neurons 

(MNs) disease (MND) involving in the MN degeneration of cerebral cortex, pyramidal 

tract, brainstem, and spinal cord. The degeneration of the upper MNs results in a loss of 

central control of the lower motor neuron system, and the degeneration of the lower 

MNs leading to the denervation of muscles followed by skeletal muscular weakness, 

fasciculation, and muscular atrophy [153]. Based on the predominantly affected MNs 

and corresponding muscle group, muscle paresis of the limbs is mostly the first 

symptom in spinal-onset disease (more than 75% of patients), whereas dysarthria is 

usually seen in patients with bulbar paralysis [117]. Pathological hallmarks 

characterizing degenerating motor neurons are cytoplasmic insoluble inclusions 

containing aggregated/misfolded proteins as well as RNAs.  

Studies in population show that the annual incidence of ALS is 2.1 per 100,000 people, 

with an estimated prevalence of 5.4 cases per 100,000 people [23, 58]. Average survive 

in ALS patients is around 2-5 years following diagnosis, mostly owing to respiratory 

failure and its complications [111]. 

Among all ALS patients, around 5-10% cases have a family history of the disorder, 

mostly owing to an autosomal dominant, which is also called familial ALS (fALS) [51]. To 

date, several causative mutant genes have been discovered, the most common of which 

are the cytosolic antioxidant enzyme Copper-Zinc binding superoxide dismutase 1 

(encoded by SOD1), an intronic hexanucleotide expansion in the gene encoding the 

chromosome 9 open reading frame 72 (encoded by C9orf72), trans-activation response 
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element DNA-binding protein (encoded by TARDBP or TDP-43), fused in sarcoma RNA-

binding protein (encoded by FUS), angiogenin (encoded by ANG), heterogeneous nuclear 

ribonucleoprotein A1 (encoded by HNRNPA1), sequestosome 1 (encoded by SQSTM1), 

valosin-containing protein (encoded by VCP), optineurin (encoded by OPTN), TANK-

binding kinase 1 (encoded by TBK1), and ubiquilin 2 (encoded by UBQLN2) [13]. 

Depending on global epidemiology literature, about two-thirds of fALS mutations are 

discovered in four genes: C9orf72, SOD1, TDP-43 and FUS [22]. On the other hand, most 

patients in which genes and environment interact with each other are considered to be 

sporadic ALS (sALS) cases [125], and potential risk factors for the ALS disease onset and 

progression including occupations associated with heavy manual labor and agricultural 

work (especially contact with pesticides), insufficient availability of trophic factors, 

military service, sport (i.e., football), chemicals, smoking, heavy metals, geography, and 

electric shock [28]. 

Many pathogenic pathways of ALS have been found through various ALS-causing gene 

products (Figure 1), including glutamate toxicity, mitochondrial dysfunction, 

endoplasmic reticulum (ER) stress, axonal dysfunction, synaptic vesicle defects, lesions 

of Blood-Brain-Barrier (BBB) and Brian-Spinal cord-Barrier (BSCB), abnormalities in 

RNA metabolism and proteostasis, oxidative stress, and neuroinflammation, exhibiting 

multifactorial pathomechanisms in ALS [26, 78, 96, 99,  158]. Restricted and robust 

expression of mutant SOD1 gene in all or most motor neurons of ALS mouse models is 

not sufficient for early-onset disease [24, 161], and mutant TDP-43 selectively express 

within motor neurons of rodents models drives disease onset but not development in 

ALS [31], all of which definitely reveal that the pathogenic cascade of ALS is related to a 

non-cell autonomous mechanism. Besides MNs themselves, many different kinds of cells 

such as microglia, astrocytes, oligodendrocytes, Schwann cells, peripheral immune cells, 

endothelial cells, and muscle cells are found to be comprehensively responsible for the 

neurodegeneration [66, 88, 116, 139, 162]. 
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Figure 1. Schematic depiction of proposed pathological mechanisms in SOD1-mediated 

Amyotrophic Lateral Sclerosis. (A) Due to deficiency of the glutamate transporter excitatory amino 

acid transporter-2 (EAAT2) in the surrounding astrocytes, excitotoxic glutamate accumulates and 

cannot be transported from synapses. (B) Accumulated abnormal misfolded protein aggregates interact 

with mutant endoplasmic reticulum (ER) proteins leading to persistent ER stress in motor neurons. (C) 

Insoluble misfolded aggregates inhibit the function of the ubiquitin-proteasome system (UPS), which 

may damage neighboring astrocytes and motor neurons. (D) Mitochondrial vacuolization induced by 

mutant Copper-Zinc binding superoxide dismutase 1 (SOD1) protein decreases the activity of the 

mitochondrial enzymes citrate synthase, cytochrome c oxidase, and complex I + III, II + III, and IV, 

whereas in astrocytes it contributes to the nitroxidative stress. (E) Toxic extracellular mutant SOD1 

protein is released by motor neurons and astrocytes. (F) Noxious free radicals of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) generated from microglia or astrocytes can damage 

neighboring motor neurons. (G) Disruption of axonal transport found in mutant SOD1-expressing 

motor neurons prevents energy supply and calcium buffering capacity at the neuromuscular junction. 

(H) Synaptic vesicle defects has been found at the early stage of ALS and worsened with disease 

development. (I) Due to the loss of tight junction proteins (such as Claudin-5), disruption of the 

Blood-Brain Barrier (BBB) and the Blood-Spinal Cord Barrier (BSCB) is detected as an early event in 

ALS. [66], distributed under a Creative Commons License Attribution–Noncommercial–Share Alike 

3.0, http://creativecommons.org/licenses/by-nc-sa/3.0. 

 

1.2 The SOD1-G93A ALS mouse model of this study 

 

http://creativecommons.org/licenses/by-nc-sa/3.0.
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1.2.1 Copper-zinc superoxide dismutase (SOD1) gene 

 

Superoxide dismutases (SODs) belong to the family of isoenzymes. In mammals, there 

are three isoforms of superoxide dismutases: (1) copper-zinc superoxide dismutase 

(Cu/Zn SOD or SOD1), which is localized in the cytoplasm and outer mitochondrial 

space, (2) manganese superoxide dismutase (Mn SOD or SOD2), which is exclusively 

distributed in the inner mitochondrial space, and (3) extracellular superoxide dismutase 

(EC SOD or SOD3), which exhibits mainly in the extracellular matrix [83, 87]. Superoxide 

and other reactive oxygen species (ROS) are toxic byproducts of normal cellular 

metabolism, which can damage cellular components and structures. SODs alternately 

catalyzes the dismutation of the superoxide (O2−) radical into ordinary 

molecular oxygen (O2) and hydrogen peroxide (H2O2) or hydroxic acid (H2O), reducing 

levels of ROS and maintaining cell homeostasis [104]. The human SOD1 gene is located 

on chromosome 21q22.11, and it codes for the monomeric SOD1 protein (153 amino 

acids, molecular weight 16 kDa) [117]. In 1993, Rosen et al. reported the mutant SOD1 

gene as the first ALS-associated gene of fALS [129]. Subsequently accumulated 

researches demonstrate that the SOD1 gene is the second prevalent mutations in ALS, 

associated with 15% of fALS patients and up to 2% of sALS cases [153]. 

 

1.2.2 Mutant SOD1-ALS mouse model 

 

Up to now then, over 170 different mutations have been described in the mutant SOD1 

gene, most of which are missense mutations throughout the five exons of the SOD1 gene 

and inherited in an autosomal-dominant fashion [134]. The most common SOD1 gene 

mutants are the D90A (aspartic acid at codon 90 changed to alanine), the A4V (alanine at 

codon 4 changed to valine) and the G93A (glycine 93 changed to alanine) [117]. Several 

ALS mouse models have been generated based on encoding mutant forms of human 

SOD1 gene, such as G93A, G85R (glycine 8 changed to arginine), A4V, G37R (glycine 37 

https://en.wikipedia.org/wiki/Dismutation
https://en.wikipedia.org/wiki/Superoxide
https://en.wikipedia.org/wiki/Radical_(chemistry)
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen_peroxide
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changed to arginine), H46R (histidine 46 changed to arginine) mutations, meanwhile 

overexpression of wild-type forms of human SOD1 has been repeatedly demonstrated 

not causing disease in rodents, hinting that SOD1 produced neurotoxicity are the results 

of protein’s degeneration [136]. It is widely accepted that the deposition of SOD1 

protein into insoluble aggregates in motor neurons are named Lewy-body-like hyaline 

inclusions (LBHI). As a consequence of structural destabilization and/or oxidative 

damage induced by SOD1 gene mutations, LBHI, in turn, transform the misfolding and 

aggregation of SOD1 into neurotoxic species [5].  

The SOD1-G93A transgenic mutation is the most studied and published one in 

experimental ALS mouse models, benefiting from its ALS symptom reproducibility and 

the widespread availability [76]. The mean age of SOD1-G93A mice at onset reported by 

the articles is most frequently in the range of 90 to 100 days, and the mean lifespan is 

respectively 127.39 ± 1.46 days and 144.4 ± 1.97 days in B6SJL and C57BL/6 genetic 

background mice [119]. Generally, all mutant SOD1-G93A mice develop following adult-

onset pathogenesis as seen in clinical patients: astrogliosis and microgliosis, glutamate-

mediated excitotoxicity, axonal transport deficits, mitochondrial vacuolization, aberrant 

neurofilament processing and reduced metabolic support to motor neurons by the 

surrounding glial cells [41, 144].  

In the present thesis work, I have investigated how selective manipulation of one of the 

many players in the ALS pathogenesis reveals specific roles and overall contributions to 

the disease pathways. In particular, I have elected to study astrocytes and blood brain 

barrier on one hand and motoneurons on the other hand. A major point of the present 

work is that manipulation of signaling cascades by chemogenetic approaches has been 

performed with cellular specificity, enabling me to uncover i) the contribution of a given 

cell type or process to the overall disease and, ii) the contribution of specific signaling 

cascades in regulating the behaviour of these cells. In detail, I have used PKC/Ca2+ 

signaling to control astrocytes and cAMP/PKA signaling to control motoneurons. 

Therefore, I will introduce the pathogenic pathways involving astrocytes and PKA-

controlled processes in MNs in two distinct sections of the introduction. 
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1.3 Roles of astrocytes in ALS 

 

1.3.1 Physiological roles of astrocytes 

 

The Central Nervous System (CNS) is made up of two types of cells: neurons and glial 

cells, and recently counting studies demonstrate that the number of glia: neuron ratio is 

less than 1:1 and the total number of glial cells is less than 100 billion in a human brain 

[11]. It is believed that CNS glial cells can be divided into 6 categories: astrocytes, 

microglia, oligodendrocytes, ependymal cells, polydendrocytes (NG2 glia, also called 

oligodendrocyte progenitor cells) and radial glia [2]. Increasing evidence indicates that 

the function of these glial cells is: to maintain homeostasis within the neuronal vicinity, 

to maintain appropriate concentrations of ions and neurotransmitters in the neuronal 

environment, and to support the function of synapses around the axons in the CNS 

responsible for the cell-to-cell signaling [67, 112]. 

Astrocytes are neural cells of ectodermal, neuroepithelial origin that providing for 

homeostasis, support and defense of the CNS, and they are the most abundant glial cells 

in the CNS. With star-shaped morphology, astrocytes contain thousands of processes 

that can interact with almost all cell types of the CNS [151].  At homeostasis, astrocytes 

maintain the homeostasis of the CNS microenvironment through different aspects. One 

of the most recognized roles of astrocytes is balancing levels of neurotransmitters such 

as glutamate and gamma-aminobutyric acid (GABA). Astrocytes take in glutamate via 

the excitatory amino acid transporter and turn it into glutamine by glutamine 

synthetase. They provide neurons with glutamine and clear excess glutamate from 

synaptic clefts in the normal state [122, 133]. On the other hand, astrocytes also release 

the inhibitory neurotransmitter GABA, regulating the dynamic levels of 

neurotransmission of synapses [110]. Additionally, the astrocytic perivascular endfeet, 

ensheathing approximately 95% of the abluminal side of cerebral capillaries, comprise 

the anatomical structure of BBB/BSCB. Astrocytes regulate normal BBB/BSCB structure 

by increasing cerebral microvascular endothelial cells barrier integrity and enhancing 
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tight junctions, preventing toxins and other substances from entering the brain [3, 138]. 

What’s more, astrocytes also have ion channels for transporting K+, Na+/H+, HCO3-, and 

water between astrocytes and other cell types, regulating CNS water content, 

maintaining normal cell shape, and modulating extracellular ion homeostasis. 

Particularly, aquaporin 4, the most abundant water channel protein predominantly 

expressed in astrocytic end-feet, maintain CNS homeostasis by synchronizing metabolite 

levels with cerebral blood flow (CBF) and vasodilation [154, 165]. Under physiological 

conditions, astrocytes also regulate glucose and adenosine triphosphate (ATP) 

metabolism to supply energy to neurons and adjust the redox states of the CNS 

environment [65]. Besides, astrocytes actively communicate with neurons, microglia, 

and other non-neuron cells, they inhibit the activation of microglia in intact brain and 

spinal cord, and secret important growing facts to protect neurons and regulate 

formation and phagocytosis of synapses [70].  

 

1.3.2 Astrocytes in ALS pathogenesis 

 

During ALS process, astrocytes respond to mutant SOD1 and neighboring pathological 

cellular stresses by rapidly proliferating and adopting a reactive phenotype, which is 

called astrogliosis. Astrogliosis is characterized by thousands of long and thick processes 

of astrocytes with an increased content of glial fibrillary acidic protein (GFAP) [61]. 

Microscopy researches confirm that astrogliosis occurs concomitantly with a decrease in 

motor neuron numbers in mutant SOD1 mice [86]. Extensive studies in sALS and fALS 

patients, as well as mutant SOD1 rodents reveal that a subpopulation of astrocytes 

strictly confined to the microenvironment of motor neuron dendrites termed as 

degenerating astrocytes or aberrant astrocytes [133, 148, 162]. 

Nowadays, astrocytes are recognized to contribute more than previously thought to MN 

loss [106]. Astrocytic intracellular ROS together with reactive species produced by 

endothelial cells, can loosen the tight junctions between endothelial cells of the capillary 
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lumen, reduce the expression and activity of the membrane-bound drug efflux 

transporter and P-glycoprotein, contributing to increased permeability of the 

endothelial monolayer and dysfunction of BBB and BSCB [120]. It is believed that 

activated astrocytes in ALS lose the function of absorbing glutamate and aspartate from 

the synaptic cleft as a result of the deficiency of excitatory amino acid transporter-2 

(EAAT2) [73]. The excess amount of extracellular synaptic glutamate leads to excitatory 

toxicity in motor neurons and increase the influx of calcium, which can be eventually 

toxicant to MNs. Furthermore, dysfunctional astrocytes secret much less neurotrophic 

factors and together with a metabolic deficiency of lactate efflux transporter, losing their 

support and maintenance function for motor neurons [36]. 

In addition to motor neurons, abnormalities in the mitochondria can also be found in 

astrocytes of SOD1-ALS mouse models. ALS-related proteins (i.e., SOD1, TDP-43, and 

FUS) accumulated in mitochondria of astrocytes leading to oxidative dysfunctions, 

elevated levels of ROS and ROS productions, as well as nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase 2 (NOX2), which have been detected in both 

ALS patients and SOD1-ALS rodents [20, 94]. Astrocytic cytosolic ROS and reactive 

nitrogen species (RNS) act as intracellular second messengers activating the nuclear 

factor-kappa B (NF-kB) pathway and leading to the induction of proinflammatory genes 

such as tumor necrosis factor alpha (TNF-α), and interferon gamma (IFN-γ), resulting in 

subsequent neurotoxic inflammatory cascades [27, 106]. An increasing expression of 

connexin 43 in astrocytes can also be seen in ALS rodents during disease progress, 

giving rise to the modification of the gap junction (GJ) structure and hemichannel 

activity, affecting the activity of exchanging glucose, lactates, ions, and second 

messengers, which together provoking astrocytes-mediated toxicities to motor neurons 

[4]. 

 

1.3.3 Current therapy targets on astrocytes of ALS  
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So far, there is no effective cure for ALS, nor even a way to stop its progression. Since 

astrocytes become increasingly important in the etiology of ALS, a growing interest has 

arisen for astrocyte-mediated pathways in the development of treatments aiming at 

targeting the root causes of the diseases. Recent evidence has indicated that enhanced 

astrocytic function could ameliorate neurometabolic coupling, as well as resistance to 

oxidative stresses and glutamate-mediated excitotoxicity [37], while selective ablation 

of mutant SOD1 gene from astrocytes could slow the disease acceleration in ALS mice 

[161]. 

As astrocytes lose the function of uptaking the neurotransmitters glutamate during ALS 

process, targeting astroglial synaptogenesis in ALS could be a strategy for therapeutic 

development. Riluzole, presenting the only drug that approved to treat ALS thus far, is 

thought to prevent glutamatergic neurotransmission in the CNS. The pharmacological 

action is probably through inactivation of voltage-dependent sodium channels on 

glutamatergic nerve terminals, as well as activation of G-protein-dependent signal 

transduction process [98]. However, it shows modest effects on patients, oral 

administration of riluzole (100 mg/day) improves the 1-year survival by 15% and 

prolongs survival by 3 months after 18 months treatment [101]. Administration of 

neurotrophic factors [i.e., insulin-like growth factor (IGF-1)] presents a neuroprotective 

effect in ALS mouse models, which may be considered as the monotherapy or 

combination therapy for ALS [146].  

Another strategy on astrocytes is the cell therapy approach, in which healthy astrocytes 

are transplanted to replace degenerative cells and to promote the survival of existing 

neurons [9]. Primary sources or from differentiated embryonic stem cells (ESCs) or 

induced pluripotent stem cells (iPSCs) and neural progenitor cells (NPCs) can offer to 

induce astrocytic progenitor cells [53]. Researchers have shown that NPCs derived 

astrocytes exhibited a variety of positive therapeutic effects on ALS animal models, 

including upregulation of VEGF, modulation the host immune environment, reducing 

inflammation and tangles or aggregates, protecting MNs from degeneration [100]. 

Although there is no clear evidence of exact efficacy of these cells in ALS patients to date, 
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the therapeutic potential of cell therapy is currently undergoing evaluation in clinical 

trials, obviously will become great potential for the therapeutic development [9]. 

 

1.4 Blood-Spinal cord Barrier (BSCB) disruption involved in ALS pathogenesis 

 

1.4.1 Normal structure and function of Blood-Brain-Barrier (BBB) and BSCB 

 

The Blood-Brain-Barrier, which is composed of the highly specialized CNS microvascular 

endothelial cells, was firstly coined by Ehrlich over 100 years ago. Analogous to the 

brain, the spinal cord is protected by the blood-spinal cord barrier (BSCB). Since they 

share the major structural and functional properties in mammals, nowadays, BBB and 

BSCB are termed as blood-Central Nervous System barrier (B-CNS-B) system [124]. The 

BBB and BSCB form a highly restrictive and protective barrier between cerebral blood 

and the CNS, separating peripheral blood circulation from the CNS parenchyma. It 

selectively regulates the transport of molecules into and out of the CNS, acts as a semi-

permeable cellular interface that tightly regulates bidirectional molecular transport 

between peripheral blood and the CNS parenchyma. It limits the entry of neurotoxic 

plasma components (i.e., Albumin, Fibrinogen, blood cells, and microbial pathogens) into 

the brain and spinal cord, approximately 98% of small molecule drugs and all large 

molecules such as recombinant peptides, proteins, antisense-agents and genetic vectors 

are precluded from entering the CNS [118]. Meanwhile, BBB and BSCB allow essential 

water/lipid-soluble nutrients and metabolites crossing into the CNS [143, 165]. Under 

physiological state, human brain receives 20% of the cardiac output, and up to 20% of 

the body’s oxygen and glucose are made use for the proper functioning of neuronal 

circuits, synaptic transmission and remodeling, angiogenesis, and neurogenesis [48].   

The total length of cerebral blood vessels in the human brain is about 400 miles, and the 

endothelial surface area available for molecular transport exchanges is around 12 m2, 

while the thickness of the area is 0.2 to 0.3mm [165]. The mainly unique structure of the 
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B-CNS-B is: brain and spinal cord capillary endothelial cells are distributed along the 

length of the vessels, completely encompassing the vessel lumen, and connected with 

each other via special junction proteins. The basement membrane composed of a 

mixture of different collagens, laminins, fibrillin, fibronectin, and vitronectin, encircles 

the endothelial cells and pericytes and protects the abluminal side of the endothelium 

layer. The astrocytic perivascular endfeet enclosing about 95% of the vessel wall as in a 

sheath [49]. Endothelial cells as well as their tight/adherens junctions, and other cell 

types such as pericytes, smooth muscle cells (SMCs), perivascular macrophages, basal 

laminae, and astrocytes function as a multicellular complex. The intricate network of 

crosstalk between this multicellular complex, neurons, microglia, and other brain 

components is called neurovascular unit (NVU) (Figure 2), cementing its place as 

maintaining B-CNS-B integrity, regulating neurovascular coupling, cell-matrix 

interactions, neurotransmitter turnover, angiogenesis and neurogenesis [48, 113]. Due 

to the osmotic pressure gradient between the two interfaces, peripheral plasma is 

passively filtered across the fenestrated capillary endothelium into the choroidal 

interstitial space, forming cerebrospinal fluid (CSF) [75], which maintains stable 

intracranial pressure and continuously supplies nutrition to the CNS. BBB and BSCB 

primarily regulate the composition and volume of the CSF, ensuring a homeostatic 

environment within the CNS. In addition, the BBB and BSCB regulate ionic composition 

for optimal synaptic transmission, maintain differences in neurotransmitter levels 

between the CNS and peripheral nervous system (PNS) [32] via thousands of transcripts 

encoding different transporters, receptors, active efflux pumps, ion channels, and 

regulatory molecules. 
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Figure 2. Schematic depiction of the neurovascular unit (NVU) of Blood-Brain-Barrier (BBB). 

Different cell types including vascular cells (i.e., endothelial cells and pericytes), glia (i.e., astrocytes, 

microglia), and neurons constitute the neurovascular unit. Processes of astrocytes interact with 

surrounding almost all cell types of brain and their end-feet or foot-like processes ensheath 

microvessels of the BBB, which can ideally sense and respond to both neuronal and vascular activity. 

Reprinted from [17] with permission from Elsevier Ireland Ltd for Ageing Research Reviews. 

 

1.4.2 Tight junctions (TJs) and Claudin-5 

 

The microvascular in the CNS is continuous capillaries which lack fenestrations and have 

a continuous basal lamina. Tight junctions and adherens junctions (AJ) expressed 

between neighboring endothelial cells function together to form and maintain the high 

integrity of the Blood-CNS-Barrier. In details, tight junctions are comprised of a group of 

tight junction proteins, contributing to eliminating the paracellular cleft between 

endothelial cells and function as a diffusion barrier for most blood-derived substances. 
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In ultrathin section transmission electron microscopy (TEM), opposing cell membranes 

of TJs approach each other, so that the outer leaflets appear to fuse and thereby 

obliterate the intracellular space, leading to so-called “kissing points” [60, page 17] or 

trans-interaction. This specific structure impedes the flow of solutes and ions from the 

blood to the brain and vice versa, and only permitting passage of a select few types of 

substances between the cells (i.e.,  oxygen, carbon dioxide) [55]. While adherens 

junctions support intercellular adhesion through vascular endothelial cadherin and 

neural cadherin [142].  

The predominant TJ proteins of BBB and BSCB are the claudins, occludin, junctional 

adhesion molecules (JAM) and lipolysis-stimulated lipoprotein receptor (LSR) (Figure 

3). Claudins belong to a multigene family of more than 20 members, and all of them 

share the same structural pattern: four transmembrane domains, two extracellular loops 

(ECLs) and two cytoplasmic termini: a short chain N terminus and a longer chain 

carboxyl terminus [115]. The ECLs of claudins interact with each other through 

homophilic claudin-claudin interactions, which allows for a binding to those situated on 

the adjacent endothelial cells and leads to the formation of an intercellular primary seal. 

On the other hand, the carboxyl-terminus of the claudins and occludin bind to the 

scaffolding proteins ZO-1, ZO-2, ZO-3 on the intracellular domain of the plasma 

membrane, therefore indirectly being tethered to the actin/vinculin based cytoskeleton 

[33, 113]. 
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Figure 3. Schematic diagram of the Blood-Brain-Barrier connections between endothelial cells. 

ESAM: endothelial cell adhesion molecule; CX30/43: connexin-30/43; JAM: junctional adhesion 

molecule; LSR: lipolysis-stimulated lipoprotein receptor; PECAM-1: platelet endothelial cell adhesion 

molecule-1; VE: vascular endothelial; ZO: Zonula occludens. Reprinted from [144] with permission 

from American Physiological Society for Physiological Reviews. 

 

Claudin-5, a 31.6 kDa protein, was the first claudin to be identified as specifically 

endothelial protein in 1999, and its mRNA levels in cerebral capillaries is 600-700 times 

higher compared to claudin-1, -3 or -12, appearing the most abundant claudin protein in 

TJs [105]. In addition to inducing and maintaining periendothelial tightness, claudin-5 is 

also involved in controlling the permeation of BBB and BSCB. Based on recent research 

on genetic knock-out rodent models, impaired BBB is found on those claudin-5 knockout 

mice. What’s more, the permeability of the BBB decreases when lacking claudin-5, 

allowing up to 800 Dalton (Da)-sized molecules to pass the barrier.  Subsequently 

studies hints that the strict closing function against small molecules (less than 800 Da) 

of claudin-5 is probably caused by bicellular seals via extracellular loops of the protein 

[124]. Further exploration reveals that the expression and claudin-5 pathways are 

controlled under phosphorylation processes [i.e., protein kinase A (PKA)-, cyclic 
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adenosine monophosphate (cAMP)-induced phosphorylation] and its ubiquitination on 

lys199 is mediated by a combined proteasomal and lysosomal pathways [90].  

 

1.4.3 BSCB disruption in ALS 

 

Microvascular impairments have recently been pointed out as a key signature in the 

pathogenesis of ALS. Results from both patients and animal models strengthen the 

hypothesis that BBB/BSCB disruption take a crucial part in the disease pathogenesis 

cascades. The reduced capillary length and tight junction proteins, decreased circulating 

endothelial cells basement membrane components, microvascular leakage, 

microhemorrhages and lower blood flow have been identified in the spinal cords ALS 

animal models [47, 103, 127, 140, 159]. Damaged endothelial cells can be induced by 

surrounding pro-inflammatory cytokines, various growth factors, infectious agents, and 

oxidative stress released from nearby neurons and non-neurons [50]. 

Electron microscopy firstly showed ultrastructural alterations in the vessels in the fields 

of degenerating neurons dense areas [45, 49]. Further research focused on the brain 

(brainstem) and spinal cord (cervical and lumbar part) suggests that the ultrastructural 

alterations taken place already at the early stage and worsened with disease 

development [158, 162]. Additionally, confocal microscopy and immunohistochemical 

analysis confirmed that BBB/BSCB impaired prior to MNs failure and neurovascular 

inflammation, hinting that the vascular alteration is an early ALS pathological event 

before disease onset.  

Compromised BBB/BSCB allows blood-borne toxins enter into the CNS, which could 

become a key mechanism accelerating motor neuron death in ALS pathogenesis (Figure 

4). High levels of immunoglobulin (Ig) G, albumin and complement components have 

been recognized in the brain motor cortex and spinal cords of ALS patients [47]. Based 

on SOD1-G93A mouse models, BBB/BSCB breakdown results in a leakage of serum 

proteins [i.e., IgG] into the CNS, and generates focal ischemic and hypoxic conditions 
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within the spinal cord tissue [159]. Hemoglobin and iron-containing hemosiderin 

released from extravasated erythrocytes confer direct toxicity to MNs, which is related 

to iron-induced ROS production, lipid peroxidation, and MNs death [158]. 

 

                           

Figure 4. Schematic of blood-borne toxins mediated motor neuron degeneration after Blood-

Brain-Barrier breakdown in Amyotrophic Lateral Sclerosis. Disrupted Blood-Brain-Barrier 

(BBB) and Blood-Spinal cord-Barrier (BSCB) leads to extravasation of red blood cells (RBC) in the 

Central Nervous System (CNS). Subsequent accumulation of erythrocyte-derived hemoglobin (Hb) 

and iron-containing hemosiderin, as well as extravasation of multiple plasma-derived proteins such as 

immunoglobulin (Ig), generating neurotoxic products (i.e., free iron) associated with reactive oxygen 

species (ROS) and lipid peroxidation, which produce direct toxicity to motor neurons. Reprinted from 

[165] with permission from Elsevier Inc. for Neuron. 

 

 

Disrupted BBB and BSCB also open the chance for activated peripheral immune cells to 

cross into the CNS, as a result of responding to chemotactic signals where they act in 

mutual feedback with glia-mediated inflammation [121]. Neuroinflammation is 

progressively identified as one of key signs in the non-cell autonomous pathogenesis of 

ALS and is followed by hyperreactive central microglia and astrocytes, infiltrating 

peripheral monocytes and lymphocytes as well as the subsequent production of 

inflammatory cytokines and neurotoxic or neuroprotective molecules [126, 147]. The 
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progression of neuroinflammation generally found consisting of two stages, at the early 

phase of the disease, the immune system in CNS is protective with reactive glial cells and 

infiltrating immune cells, especially M2 macrophages or microglia (anti-inflammatory 

macrophages or microglia), T helper 2 cells (Th 2) and regulatory T cells (Tregs), 

releasing anti-inflammatory factors such as interleukin-4 (IL-4), IL-13, and IL-10, 

resulting in anti-inflammatory and neuroprotective effects [89]. Initially, motor neurons 

at this time point sustain injuries through multiple mechanisms inside and outside the 

motor neuron micro-ambience [39, 147]. However as disease progression accelerates, 

when patients or ALS animals reaching to the late stage of the disease, 

neuroinflammation alters its place into proinflammatory and neurotoxic effects. Injured 

motor neurons start to release suffering signals, which induce inflammatory processes 

interacting with surrounding glial cells in the CNS as well as leaked immune cells, 

characterized by M1 macrophages or microglia (pro-inflammatory macrophages or 

microglia), and proinflammatory T cells [12, 14, 79], meanwhile secreting a number of 

proinflammatory cytokines such as IFN-γ, TNF-α, and interleukin 1 beta (IL-1β), and 

upregulating oxidative metabolites including nitric oxide (NO). All together ultimately 

leads to MNs degeneration and neuromuscular failure. 

 

1.5 Motor neuron (MN) degeneration of ALS  

 

In this thesis, we focus on two different cell populations of ALS, one population are 

astrocytes as described above, and the other are MNs that are introduced as follows. 

 

1.5.1 Synaptic dysfunction in MNs of ALS  

 

Synapses are structures in which neurons interact with each other, and they act as the 

basic structural and functional component for neural communication in the nervous 

system. The most important function of synapses is that they gather a series of 
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excitatory or inhibitory inputs to drive a highly regulated release of neurotransmitters. 

Progressive synapse loss and dysfunction has already been found in ALS owing to the 

abnormalities in synaptic vesicle and synaptic protein, as well as neurotransmission and 

Ca2+ dynamics impairment [69, 141]. Excessive accumulation of Ca2+ on ionotropic 

glutamate receptors at the synaptic cleft can increase sensitivity of motor neurons to 

glutamate, preceding motor neuron cell body and axonal degeneration.  

 A line of evidence indicates that the misfolded SOD1 of ALS are localized at the pre and 

post-synapse, contributing to axonopathy and synaptic dysfunction [8]. Fast-fatigable 

motor neurons, the subpopulation of motor neurons most vulnerable in ALS, display the 

highest density of IA afferents [102]. Proprioceptive IA afferents, which originate from 

muscle spindles and make direct synaptic excitatory contacts with motor neurons, 

provide a significant excitation to MNs [97]. It has already been found that 

proprioceptive excitatory synaptic inputs are substantially depressed (more than 30%) 

in MNs of ALS mice at pre-symptomatic stage. Decreased IA afferent firing obviously 

leads to improved disease course, suggesting a direct detrimental effect of IA activity on 

motor neuron degeneration [80]. Unpublished data from Bączyk’s group (Paris 

Descartes University, France) suggests that synaptic responses in MNs are disrupted 

very early in disease progression and that acute activation of PKA pathway by direct 

intracellular injection of a PKA-activating compound (cAMP) is sufficient to restore 

synaptic responses of MNs upon IA afferent stimulation. One of the potential mechanism 

is that the activated PKA pathway can increase the phosphorylation of glutamate 

receptors in synapses. For instance, activation of metabotropic glutamate receptors 5 

(mGlu5Rs) in the striatum results in cAMP/PKA-dependent phosphorylation of GluA1 at 

Ser845, which facilitating downstream glutamate transmission [29]. Therefore 

restoration of synaptic responses by activation of PKA signaling could be explored as 

potential therapeutic strategy. In fact, reduced MN excitability and decreased MN firing 

have been detected in different models of ALS (both murine and iPSC-derived) and 

decreased neuronal firing is thought to be a vulnerability factor not only in ALS but also 

in other degenerative conditions [130]. 
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1.5.2 Autophagy dysfunction in MNs of ALS 

 

In order to monitor the effect of signaling modulation in MNs, some markers of disease 

activity are necessary. Recent studies demonstrate that dysfunction of the 

autophagic/lysosomal system in MNs is one of the initial pathological factors of ALS 

[123], in which degenerating motor neurons and surrounding cells lose the function of 

either turning over the misfolded protein or clearing formed aggregates. Accumulation 

of cytoplasmic insoluble protein aggregates has been found in MNs both in tissues of 

postmortem ALS patients and ALS rodent models, mainly as a result of reduced 

autophagy activation, abnormal lysosomal function as well as increased autophagic 

stress. 

It is well known that the autophagy-lysosome pathway is one of the evolutionarily 

conserved self-degradation processes in eukaryotes and plays crucial roles in the 

maintenance of homeostasis. Among the three major autophagy processes, 

macroautophagy is the most fully understood over several decades, in which relatively 

long-lived, soluble and insoluble misfolded proteins, cytoplasmic proteins as well as 

entire organelles are encapsulated by autophagic vesicles (also called autophagosome) 

of bilayer membrane structure and then fused with lysosomes (animals) or vacuoles 

(yeast and plants) for subsequent degradation and recycling [107]. In selective 

macroautophagy process, autophagy is mediated by autophagy receptors 

[p62/sequestosome-1 (SQSTM1)] and their adaptors [i.e., autophagy-related gene (ATG) 

8 family, including autophagy marker light chain 3 (LC3A), LC3B, LC3C] [30]. Briefly, 

autophagy receptors connect the selected cargoes, and ATG8s attach cargo to the inner 

membrane surface of the growing phagophore. After selection, labeling, co-aggregation, 

and recruitment, autophagosome can finally fuse with lysosome [81]. 

 

1.6 Chemogenetic approaches for exploring ALS 
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In this thesis, we applied advanced chemogenetic tools to manipulate signaling in 

astrocytes and in MNs. Chemogenetics has been defined as a method by which 

macromolecules can be engineered to interact with previously unrecognized small 

molecule chemical actuators for transient manipulating cellular activity in laboratory 

animals in vitro. Such designed macromolecules mainly are metabolic enzymes, nucleic 

acid hybrids, kinases and GPCRs [132]. In the field of GPCRs research, numerous 

chemogenetic tools have been generated, including allele-specific activation of 

genetically encoded receptors, receptors activated solely by synthetic ligands (RASSLs), 

engineered receptors, neoceptors, and designer receptors exclusively activated by designer 

drugs (DREADDs). Of these engineered GPCR platforms, DREADDs, which are selectively 

activated by the inactive clozapine analog clozapine-N-oxide (CNO), has emerged as the 

most widely adopted technology in the basic sciences, particularly in neuroscience over 

the past few years [149, 157]. 

 

1.6.1 G-protein-coupled receptors (GPCRs)  

 

Heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors 

belong to the largest membrane receptors family in eukaryotic organism, making them 

the most highly favorable class of drug targets for pharmacotherapeutic design over 

several decades [40]. There are more than 1000 kinds of GPCRs encoded in mammalian 

genomes, more than 800 different categories of which are expressed on human beings. 

What’s more, around 90% of these GPCRs are expressed in the human brain tissue, 

where they play important roles in numerous physiological processes [43]. A wide 

diversity of substances surrounding the cells (i.e., photons, ions, biogenic amines, 

organic odorants, peptide and non-peptide neurotransmitters, pheromone, hormones, 

growth factors, and lipids) have been identified uniquely recognize GPCRs, where they 

transduce extracellular stimulations into intracellular signals, and eventually lead to 

alterations in cell status [64, 89]. Based on their sequence and structural similarities, 
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GPCRs are phylogenetically classified into five main families: Rhodopsin, Glutamate, 

Adhesion, Frizzled/Taste2, and Secretin [18]. 

The G protein-mediated signaling system is consisting of a receptor, a heterotrimeric G 

protein, and an effector, in which they interact with each other in a relatively 

conservative way. The receptor is composed of seven-helical transmembrane domains 

(TMs), three extracellular loops (ECLs) and an N-terminus, and three intracellular loops 

(ICLs) and a C-terminus. The seven-helical TMs cross the plasma membrane in a 

counter-clockwise fashion, forming the unique recognition and connection site for the 

ligands. The heterotrimeric G protein contains a Gα-subunit that binds guanosine 

diphosphate (GDP) and a Gβγ subunit dimer that forms an indissociable complex [93, 

152, 156]. In resting state, the GDP-bound Gα-subunit and the Gβγ-complex form a 

trimeric protein complex. Receptor-coupled G protein activation is initiated through 

ligand-driven changes in the tertiary structure of the heptahelical core, which then 

serves to both facilitate GDP release by allosterically disrupting the nucleotide-binding 

site and stimulate Guanosine triphosphate (GTP) binding to the Gα-subunit of the 

coupled G protein. GTP binding leads to conformational changes in Gα-subunit, 

promoting functional dissociation of the Gα-subunit and Gβγ-complex, allowing each to 

modulate the activity of specific effector proteins. Intracellular molecules including 

adenylyl cyclase (AC), phospholipase C (PLC), or Rho-specific guanine nucleotide 

exchange factors (Rho-GEFs) can interact with Gα proteins, in turn altering the activity 

of numerous downstream target signals. On the other hand, Gβγ-complex gather 

proteins to the plasma membrane to induce cellular responses, as well as directly 

regulating the activity of ion channels, kinases, or phospholipases [18, 57, 64, 85]. Up to 

now, 20 kinds of known α-subunits have been found and can be mainly categorized into 

four subfamilies (Gs, Gi/o, Gq/11, and G12/13) according to individual sequence and 

functional similarities, together with five β and fourteen γ proteins being found, which 

can combine combinatorially to produce a various array of potential G protein 

heterotrimers [41, 43, 156]. The Gi/o family of Gα protein including Gi1, Gi2, Gi3, Go, Gz, 

Ggust, and Gt members are widely expressed in mammals. Strikingly, the Gi1, Gi2, and Gi3 



Introduction 

 

22 

have been demonstrated to mediate receptor-dependent inhibition of series types of AC, 

resulting in a reduced intracellular cAMP level. In addition, Gβγ-complex released from 

activated Gi/o generally activate G protein-regulated inward rectifier potassium 

channels (GIRK), while inhibiting voltage-dependent calcium channels [63, 156].  

   

1.6.2 Muscarinic acetylcholine receptor (mAchR)-derived DREADDs 

 

Since GPCRs are expressed in multiple tissues, and heterogeneous cells express multiple 

GPCRs.  It is difficult to find solutions targeting a specific GPCR-signaling pathway in a 

selected cell population from current pharmacological technology. What’s more, the 

ubiquitous endogenous ligands further embarrass the pharmacological approach. To 

eliminate these disadvantages, engineered muscarinic receptor-based DREADDs have 

been created to control a given GPCR-signaling in a cell type- or tissue-specific manner, 

while producing minimal constitutive activity both in vitro and in vivo [6, 95].  

Muscarinic acetylcholine receptors (mAChRs) are an important subfamily of class A 

GPCRs and are expressed throughout the central nervous systems and peripheral 

organs, which can be recognized and activated by natural neurotransmitter 

acetylcholine (ACh) [16]. There are five distinct mAChR subtypes (M1R-M5R) in 

mammalian species, each of them has its own particular distribution, physiological 

function, and G protein coupling. M1R, M3R and M5R signal predominantly through 

activation of G proteins from the Gq/11 subunit family, whereas M2R and M4R primarily 

signal through the Gi/o subunit family of G proteins [1, 35].  

In 2007, based on receptors activated solely by synthetic ligands (RASSLs), Bryan Roth’s 

research group generated a variety of mutationally modified muscarinic 3 acetylcholine 

receptors in yeast that can be specifically activated by CNO with high potency and 

efficacy, but losing response to native ligand ACh (Figure 5) [7].  
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Figure 5. Initial experimental design to create designer receptors exclusively activated by 

designer drugs (DREADDs) through directed mutation of muscarinic acetylcholine 

receptors. (1) Libraries of randomly mutant rat M3 receptors with a visible deletion in its third 

intracellular loop [(i3), rM3∆i3] were produced by mutagenic polymerase chain reaction (PCR); (2) 

Mutant rM3∆i3 receptors expressed in yeast were activated by synthetic ligands [clozapine-N-oxide 

(CNO)] before being transferred into nutrient deficient medium for growth; (3) Secondary liquid 

growth assays were used to confirm the mutants; (4) Plasmid DNA of the selected mutant receptors 

was isolated from yeast; (5) Clones of the DNA were retransformed into yeast to pharmacologically 

profile mutants, and those with high affinity to CNO were sequenced and remutagenized for  multiple 

rounds of selection to generate receptors with higher potency. Reprinted from [7] with permission 

from National Academy of Sciences, for Proceedings of the National Academy of Sciences of the 

United States of America, copyright © 2007 National Academy of Sciences, U.S.A.. 

 

Furthermore, the human muscarinic receptors undergo multiple selections of random 

mutagenesis in yeast producing a chimeric Gq/11 protein. Finally only double mutant 

points Y149C3.33 and A239G5.46 in transmembrane domains (TM) 3 and TM5 

respectively, were obtained to present a mutation with nanomolar (nM) potency for 

CNO, insensitivity to acetylcholine, and low levels of constitutive activity. These human 

muscarinic receptors (M1R, M3R, M5R) with the Y149C3.33 and A239G5.46 mutations 

were dubbed as hM1Dq (human M1 muscarinic DREADD receptor coupled to Gq), 

hM3Dq, and hM5Dq respectively [149].  As Y3.33 and A5.46 are highly identical among all 

recognized mAchRs in eukaryotic organism, subsequently Gi-DREADDs by producing the 

same two mutation points in M2 and M4 mAchRs were created, termed as human M2 

muscarinic DREADD receptor coupled to Gi (hM2Di) and hM4Di respectively [7]. Lately, 
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a Gs DREADD that represents a rat M3R and a turkey β1-adrenergic hybrid receptor 

(Figure 6) were generated as well by Guettier and his colleagues, in which the 2nd and 

3rd intracellular loops of the rat M3R have been substituted with the corresponding 

turkey β1-adrenoceptor sequences, showing promiscuous Gs and Gq/11 protein-coupling 

properties [56]. One more β-arrestin DREADD has also been generated by mutation of 

an amino acid required for G protein signaling in hM3Dq [108]. Different from hM3Dq 

and hM4Di, Gs DREADDs have a modest degree of constitutive potency, which could 

limit their utility in vivo. Up to date, muscarinic acetylcholine receptors-derived 

DREADDs tools have been successfully transformed into different cell types to target 

specific GPCR signaling,  including pancreatic β-cells, astrocytes, and a variety of 

neurons. Importantly, overexpression of these engineered does not enhance basal 

activity in vivo [149]. 
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Figure 6. Schematic description of designer receptors exclusively activated by designer 

drug (DREADDs) conferred with different G protein coupling properties.  (A) Structure of the 

human M3 muscarinic DREADD receptor coupled to Gq (hM3Dq) and human M4 muscarinic 

DREADD receptor coupled to Gi (hM4Di). (B) Structure of Gs DREADDs, which represents a rat M3 

receptor coupled to Gs (rM3Ds) and a turkey β1-adrenergic hybrid receptor. All generated DREADDs 

share the same Y149C3.33 and A239G5.46 point mutations (the red x marks indicating the two mutant 

points) that located in transmembrane domains (TM) 3 and TM5 respectively. The resulting designer 

receptors lose response to their endogenous muscarinic acetylcholine receptor agonist acetylcholine 

(ACh), but can be exclusively activated by clozapine-N-oxide (CNO) with nanomolar (nM) potency 

and efficacy. Reprinted from [155] with permission from Elsevier Ltd for Trends in Pharmacological 

Science. 

 

1.6.3 Pharmacokinetic properties of Clozapine-N-oxide (CNO) 

 

CNO is a major inert and inactive metabolite of the atypical antipsychotic medication 

clozapine. Because clozapine has high potency to muscarinic receptors, its metabolite, 

CNO, is selected as the designed drugs for muscarinic DREADDs. In addition, the inert 

CNO is highly bioavailable in rodents and patients and without appreciable potency for 

native receptors, further cementing their roles in DREADDs technology [7]. It is found 

that the plasma levels of CNO peak at 15 min after a single intraperitoneal (i.p.) injection, 

and becomes very low after 2 hours [52]. In addition, it is proved that DREADDs infected 

animals presented apparent central effects after systemic administration of CNO [68], 

and DREADDs can also be effectively absorbed through gastrointestinal tract [155].  

 

1.6.4 Pharmacologically Selective Actuator Module (PSAM)- Pharmacologically Selective 

Effector Molecule (PSEM) approach 

 

PSAM-PSEM system is another widely used chemogenetic tool for controlling neuronal 

electrical activity. Different from the DREADDs platform, PSAM-PSEM system 

concentrates on ligand gated ion channels (LGICs). Briefly, PSAM is based on a strategy 

to create chimeric LGICs with distinct conductance properties derived from modular 



Introduction 

 

26 

combinations of pharmacologically selective ligand binding domains (LBDs) and 

functionally diverse ion pore domains (IPDs) [92]. Depending on the ionic conductance 

of interest, engineered IPDs in PSAM can be designed from several members of the Cys-

loop LGIC family: serotonin, glycine, GABA C, and nicotinic acetylcholine receptors 

(nAChR). For example, by fusing the α7nAChR LBD into the IPD of the serotonin receptor 

[5-hydroxytryptamine (5HT3a)], a chimeric channel called α7-5HT3 are created, 

containing both the α7nAChR pharmacology and the 5HT3a conductance properties 

[142]. After testing a library of mutated amino acids on LBDs of the ion channels, many 

agonist is highly selected that don’t activate the endogenous LBD but has high 

recognition properties of the PSAM. For example, α7nAChR LBDs at amino acid position 

141 from Leucine to phenylalanine (L141F), together with mutation at position 115 

from Tyrosine to phenylalanine (Y115F), which called PSAML141F, Y115F, are widely used in 

CNS for silencing neurons activity when fusing into the IPDs of a glycine receptor (GlyR). 

 

1.6.5 Viral approaches to achieve cell type-specific DREADDs/PSAM expression  

 

DREADDs and PSAM-PSEM techniques have been applied predominantly to switch on 

and off engineered receptor signaling in specific cells in a temporally and spatially 

controlled manner. Expressing the DREADDs or PSAM in a cell-type of interest can either 

by transgenic animals or by viral transduction technology (Figure 7) [19].  

For viral approaches, there are many viral vehicles encoding DREADDs or PSAM that 

contain genetic recombination to produce functional designer receptors. Under the 

control of a cell type-specific promoter or Cre-system, the virus can drive DREADDs or 

PSAM receptor expression in different cell types depending on the experimental design 

and needs [71]. More recently, owing to its very low immunogenic and non-toxic 

properties as well as long-term expression capability [109], adeno-associated virus 

(AAV) becomes most effective tools driving engineered receptor expression in distinct 

cellular subpopulations. In addition, capsid genes from other AAV serotypes are adopted 
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to improve viral transduction capability [44], serving as vehicles for genetic delivery of 

the engineered receptors. Normally, AAV vectors are injected by stereotaxic 

microinjection (i.e., intracranial/intraspinal-cord injection), showing robust expression 

of DREADDs or PSAM in desired cells within 2 weeks, and their expression is quite 

highly flexible. The AAVs can also be tagged with a fluorescent protein reporter, which 

allow the visual examination to confirm viral infection efficiency in targeted areas and 

cell types of interest [71].  

 

 

Figure 7. Schematic diagram for the transduction of designer receptors exclusively activated by 

designer drugs (DREADDs) through viral vehicle approach. Briefly, cre-dependent and cre-

independent viral transduction approaches have been widely used in neuroscience researches. (A) In 

the cre-dependent system, viruses containing double-floxed inverted DREADDs are stereotaxically 

microinjected into the defined area. After transformed into specific cells expressing Cre recombinase, 

DREADDs are reversed into the correct sequence. (B) In the cre-independent system, viruses encoding 

a cell-type specific promoter and DREADDs are stereotaxically microinjected into a designed region, 

where cells express the same promoter. After that, DREADDs gene can be subsequently expressed in 

desired cell types. AAV: adeno-associated virus; CNO: clozapine-N-oxide; L-ITR: left inverted 

terminal repeat; R-ITR: right inverted terminal repeat; WPRE: woodchuck hepatitis virus 

posttranscriptional regulatory element. Reprinted from [164] with permission from Oxford University 

Press for International Journal of Neuropsychopharmacology. 
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1.7 The aim of this study  

 

The purpose of present work is to investigate whether chemogenetic activation in 

mutant SOD1-G93A mice can improve disease burdens in tight-junctions (TJs) and 

motor neurons (MNs) aspects. For this reason, two separate chemogenetic experiments 

are designed. 

In the first part, we activate astrocytes signaling via DREADDs tools and focus on BSCB 

integrity. 

1) As described above, the proper function of the BSCB is essential to maintain normal 

microenvironment required for optimal neural and non-neural cells function. During 

ALS development, the BSCB undergoes structural and functional deteriorations that 

result in or exacerbate neuroinflammation and neurodegeneration. The first aim of this 

study is to identify the breakage of the tight-junctions of BSCB in the lumbar spinal cord 

at different disease stages through SOD1-G93A ALS mouse models, and to investigate 

the existence of plasma-derived Albumin and Fibrinogen deposits in lumbar spinal cord 

parenchyma following the BSCB disruption.  

2)  In ALS, astrocytes have been described to adopt a potential toxic role contributing to 

motor neuron cell death and disease progression, becoming crucial promising 

therapeutic targets for ALS. Whether AAV8-GFAP::DREADD(Gq) can infect astrocytes 

efficiently will be explored. In addition, after remotely controlling astrocytes function by 

systemic CNO administration, whether activated AAV8-GFAP::DREADD(Gq)-modified 

astrocytes have effects on BSCB integrity of ALS at pre-symptom stage will be 

investigated.     

In the second part, we manipulate MNs signaling and activity via DREADDs and PSAM-

PSEM respectively, to identify the disease burdens of MNs. 

3) It has been found that excitatory synapses of MNs are disrupted in presymptomatic 

ALS mice comparing to WT controls, which can be restored by prolonged activation of 
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PKA pathway in MNs through AAV2/9-hSyn::DREADD(Gs). Whether AAV2/9-

hSyn::DREADD(Gs) can decrease MNs disease burdens will be investigated. Inhibiting 

MNs firing by injecting AAV9-CBA::PSAM inhibitor simultaneously, whether MNs disease 

burdens can be restored by AAV2/9-hSyn::DREADD(Gs) will be explored .  

The results should allow further investigation relating to the therapeutic targets both on 

astrocytes and motor neurons via chemogenetic approaches in ALS. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Laboratory equipment  

Item Company 

-80°C Deep freezer Kaltis, Taiwan 

-20°C Freezer  Kirsch, Germany     

Cryostat Leica, Germany 

Desk centrifuge VWR International GmbH, Germany  

Disposable hypodermic needle  

0.4 x 20 mm 

B.Braun Melsungen AG, Germany  

Disposable hypodermic needle 

0.9 x 40 mm 

B.Braun Melsungen AG, Germany 

Disposable hypodermic needle 

0.45 x 12 mm 

Henke sass wolf, Germany 

Excel 2013 Microsoft, USA 

Fume cupboard Wesemann, Germany  

GraphPad Prism 6  GraphPad Software, USA  

Image J  National Institutes of Health 

LSM-710 Confocal laser scanning  

microscope 

Carl Zeiss AG, Oberkochen, Germany 

Magnetic hotplate stirrer VWR International GmbH, Germany  

https://en.wikipedia.org/wiki/National_Institutes_of_Health
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2.1.2 Plastic materials 

Item Company 

15ml FALCON conical tube  BD Falcon Biosciences, Germany  

50ml FALCON conical tube BD Falcon Biosciences, Germany  

24-well plate Greiner Bio-one GmbH, Germany 

Microwave oven Severin, Germany 

Microscope slides (Ground edges frosted) VWR International GmbH, Germany 

Microscope coverslips 24x50 mm VWR International GmbH, Germany 

Microscope coverslips 21x 26 mm VWR International GmbH, Germany 

Microscope slides folder VWR International GmbH, Germany 

Microtome blades  Feather, Japan 

Mini microcentrifuge Biozym, Germany 

Mini vortex shaker  Greiner Bio-one GmbH, Germany 

Perfusion tubing pump Ismatec, Germany 

Scalpel  Aesculap AG, Germany 

Scales Sartorius, Germany  

Shaker IKA® Werke GmbH, Germany 

Sterile nitril gloves B.Braun Melsungen AG, Germany 

Tissue-Tek O.C.T compound Sakura Finetek, Netherlands 

Water bath VWR International GmbH, Germany 

Word 2013  Microsoft, USA 
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48-well plate Greiner Bio-one GmbH, Germany 

96-well plate Greiner Bio-one GmbH, Germany 

Eppendorf tubes 0.5 ml  Eppendorf, Germany 

Eppendorf tubes 1.5 ml  Eppendorf, Germany 

Eppendorf tubes 2 ml Eppendorf, Germany 

Eppendorf tubes 5 ml Eppendorf, Germany 

Filter   Sartorius, Germany  

Peel-A-Way® disposable plastic tissue 

embedding molds (22×22×20 mm deep) 

Polyscience, Inc. U.S.A. 

Pipettes tips Sarstedt, Germany 

Sarstedt serological pipettes 5 ml Sarstedt, Germany 

Sarstedt serological pipettes 10 ml Sarstedt, Germany 

Sarstedt serological pipettes 25 ml Sarstedt, Germany 

Syringe 1ml BD Plastipak, Spain 

 

2.1.3 Equipment for intraspinal cord injection 

Item Company 

Active charcoal absorption filter UNO BV, Netherlands 

Bepanthen® wound and healing ointment Bayer, Germany 

Capillary puller PC-10  Narishige, Japan 

Cotton-tipped applicator Paul-Hartmann, Germany 

Dumont vessel cannulation forceps Fine science tools, Germany 
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2.1.4 Chemicals and drugs 

Chemicals and drugs Company Reference number 

Albumine Bovine Fract V 

(BSA) 

Applichem Panreac, 

Germany 

A1391 

Temgesic ampullen 

Buprenorphine 

Reckitt Benckiser 

Healthcare, UK 

- 

Clozapine-N-oxide (CNO) Tocris, Germany 4936 

D(+)Sucrose Carl Roth GmbH, Germany 4661.2 

Fine scissors Fine science tools, Germany 

Gas anesthesia head holder David Kopf Instruments, USA 

Gas exhaust unit UNO BV, Netherlands 

Glass capillaries 1mm World precision instrument, USA 

Heating pad Stoelting, Ireland 

Induction box for anesthesia UNO BV, Netherlands 

Microloader pipette tips Eppendorf, Germany 

Micro needle holder Fine science tools, Germany 

Picospritzer  Parker, USA 

Prolene 7-0 suture thread Ethicon, Germany 

Sigma-delta isoflurane vaporizer Penlon, UK 

Stereotactic frame Consultants GmbH D-40211, Germany 

Vannas-Tübingen spring scissor Fine science tools, Germany 

Zoom stereo microscope for surgery Olympus, Japan 
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Distilled water Fresenius Kabi, Germany 7151-5 

Ethylenediaminetetraacetic 

acid (EDTA) 

Applichem Panreac, 

Germany 

A4892 

Ethylene glycol  Carl Roth GmbH, Germany 6881.1 

Fast green FCF Sigma-aldrich Chemie 

GmbH, Germany 

F7252-5G 

Glycerol Honeywell, Germany 15523 

Hydrochloric acid (HCl) Honeywell, Germany 35328 

Meloxicam  Böhringer Ingelheim,  

Germany 

- 

Natriumhydrogenphosphat 

(Na2HPO4) 

Carl Roth GmbH, Germany P030.2 

Ketamine WDT, Germany - 

Paraformaldehyde (PFA) Sigma-Aldrich Chemie 

GmbH, Germany 

441244 

Phosphate buffered saline 

(PBS) 1X  w/o Ca2+/Mg2+ 

Gibco, Thermo Fisher 

Scientific, Germany 

14190-094 

Sodium chloride (NaCl) Sigma-aldrich Chemie 

GmbH, Germany 

31434 

Sodium hydroxide(NaOH) Carl Roth GmbH, Germany 6771.3 

Triton-X-100 Sigma-Aldrich Chemie 

GmbH, Germany 

T8787 

Rompun (Xylazine) Bayer, Germany - 

Tri-Sodium citrate Sigma-Aldrich Chemie 

GmbH, Germany 

71405 
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2.1.5 Chemical structure and pharmacology data of CNO 

Clozapine-N-oxide (CNO) 

 

Chemical structure 

 

 

 

Chemical Name 

8-chloro-11-(4-methyl-1-piperazinyl)-5H-

dibenzo(b,e)(1,4)diazepine N-oxide 

Purity ≥99% 

Molecular weight 342.82 

Formula C18H19ClN4O 

InChI Key WYRDWWAASBTJLM-UHFFFAOYSA-N 

Smiles ClC(C=C3)=CC1=C3NC(C=CC=C2)=C2C(N4CC[N+](C)([O-

])CC4)=N1 

 

2.1.6 Antibodies for immunofluorescence staining 

Primary antibody Dilution Company Reference 

number 

Chicken polyclonal  anti-GFP 

antibody 

1:500 Abcam Ab54461 

Dylight® 594 Lycopersicon 

esculentum (Tomato) lectin 

1:200 Vector Labs DL-1177 

Goat polyclonal anti-Albumin 

antibody 

1:40 Abcam ab112980 
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Goat polyclonal anti-VAChT 

antibody  

1:300 Millipore ABN100 

Mouse monoclonal anti-Claudin-5 

antibody   

1:100 Invitrogen 35-2500 

Mouse monoclonal anti-Misfolded 

Human SOD1 (B8H10) antibody   

1:500 Medimabs MM-0070 

Rabbit monoclonal anti-LC3A 

(D50G8) XP® 

1:300 Cell Signaling  

Technology 

4599 

Rabbit polyclonal anti-Collagen IV 

antibody 

1:200 Abcam ab6586 

Rabbit polyclonal anti-human 

Fibrinogen antibody 

1:200 DaKo A00800 

Secondary antibody Dilution Company Reference 

number 

FluoTag® -X4 anti-RFP Atto 565 1:250 Nano Tag 

Biotechnologies 

N0404 

Donkey anti-chicken IgG (H+L) 

Alexa Fluor® 488  

1:500 Biotium 20166 

Donkey anti-goat IgG (H+L) Alexa 

Fluor® 405 

1:500 Life Technologies ab175664  

Donkey anti-goat IgG (H+L) Alexa 

Fluor® 633 

1:500 Life Technologies A21082  

Donkey anti-mouse IgG (H+L) Alexa 

Fluor® 405  

1:500 Abcam Ab175658 

Donkey anti-mouse IgG (H+L) Alexa 

Fluor® 488  

1:500 Life Technologies A21202 
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Donkey anti-mouse IgG (H+L) Alexa 

Fluor® 647 

1:500 Life Technologies A31571 

Donkey anti-rabbit IgG (H+L) Alexa 

Fluor® 405  

1:500 Abcam Ab175651 

Donkey anti-rabbit IgG (H+L) Alexa 

Fluor® 568  

1:500 Life Technologies A10042  

 

2.1.7 Animal model and husbandry 

 

All experimental animals and all animal experimental procedure in this study were in 

agreement with the guidelines for the care of experimental animals issued by German 

animal protection act and by the local ethics committee (Ulm University), and all mice 

used in this study are authorized under the animal license No. 1212 and No.1404. We 

applied the B6SJL73 transgenic (Tg) (SOD1-G93A) 1Gur/J (high-copy, henceforth 

mutant SOD1) mouse strains, which were obtained from Jackson Laboratories, as our 

experimental ALS mouse model.  Chemogenetic experiments infecting astrocytes 

were done on the SOD1-G93A mice. In addition, for the chemogenetic experiments 

targeting MNs, high-copy B6SJL-Tg(SOD1*G93A)1Gur/J male mice were crossed with 

homozygous choline acetyltransferase (ChAT)-cre females (kind gift of Prof. Pico 

Caroni) and the first offsprings (F1) mutant SOD1/ChAT-cre double-Tg mice were 

used for experiments. MNs of the double Tg mice uniquely express Cre recombinase 

under the control of the specific ChAT promoter in the MNs.  For each experimental 

group or time point, at least 4 mice were processed. 

All experimental animals were housed at the animal research center in Oberberghof 

of Ulm University. All the animals were kept under standard conditions: 3-4 animals 

per cage, and were kept in temperature- and humidity-controlled rooms on a 12-

hour: 12-hour light-dark cycle. Food and water were provided ad libitum. In this 

study, all experiments were conducted in male mice, and mice expressing mutant 
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SOD1 were routinely tested for motor impairment and euthanized in case of overt 

motor disability. The experimenter was kept blind to the mice genotype from 

intraspinal cord injection, transcardially perfusion, spinal cord dissection, and 

imaging, the genotype was revealed only when each mouse was assigned to a group 

for the statistical analysis. 

 

2.2 Methods 

 

2.2.1 Recombinant AAV (rAAV) vectors 

 

All single-stranded rAAV8 vectors targeting astrocytes were obtained from the 

University of North Carolina at Chapel Hill (UNC Vector Core). The vectors contained 

a GFAP promoter driving the expression of DREADDs, and a GFP tag was fused to the 

DREADD for visualization of the viral expression (Table 1). The plasmid was 

combined to an HA and an internal ribosome entry site (IRES) primer respectively 

(Table 2). While the AAV2/9-hSyn::DREADD(Gs) vectors (produced in this laboratory) 

and the AAV9-CBA::PSAM inhibitor vectors (from Vector Biolabs) containing a double 

floxed inverted gene were used to infect MNs under the control of  the Cre-dependent 

system (Table 1). The AAV serotype used in this study was AAV8 for astrocytes and 

chimeric AAV2/AAV9 [DREADD(Gs)] and AAV9 (PSAM inhibitor) for motor neurons. 

The chimeric AAV2/AAV9/Gs viruses containing the genome of AAV2 were packaged 

within the capsid of AAV9. Genes that used to infect astrocytes were hM3Dq, and 

AAV8/GFAP::eGFP  were used as controls. While DREADD genes that used to target 

MNs were double-floxed inverted rM3Ds, and PSAM inhibitor genes were double-

floxed inverted PSAML141F, Y115F-GlyR. All chemogenetic vectors suspension was 

injected at the titer of 10×10^9 genomic copies per μl. 
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Table 1. Recombinant adeno-associated viruses (rAAVs) 

CBA: chicken beta actin promoter 

DIO: double-floxed inverse open reading frame  

eGFP: enhanced green fluorescent protein 

GFAP: glial fibrillary acidic protein promoter 

GlyR: glycine receptor 

IRES: internal ribosome entry site 

hM3Dq: a human M3 muscarinic DREADD receptor coupled to Gq 

hSyn: human synapsin promoter 

PSAM: Pharmacologically Selective Actuator Module 

rAAV: recombinant adeno-associated virus 

rM3Ds: a rat M3 muscarinic DREADD receptor coupled to Gs 

WPRE: woodchuck hepatitis virus posttranscriptional regulatory element 

HA, IRES are primers (see Table 2) 

 

Virus Plasmid Supplier 

AAV8-GFAP::eGFP GFAP-eGFP UNC GTC Vector 
Core 

AAV8-
GFAP::DREADD(Gq) 

GFAP-HA-hM3Dq(Gq)-IRES-eGFP UNC GTC Vector 
Core  

AAV2/9-
hSyn::DREADD(Gs) 

hSyn-DIO-double floxed rM3Ds(Gs)-
mCherry 

In house 

AAV9-CBA::PSAM 
inhibitor 

CBA-GFP-2A-double floxed 

PSAML141F, Y115F-GlyR-WPRE           

Vector Biolabs 

 

Table 2. Primers of the rAAVs 

IRES: internal ribosome entry site 

 

Primer Sequence 

HA tag forward primer (HA-F) 5´-TACCCATACGACGTCCCAGA -3´ 

HA tag reverse primer (HA-R) 5´-TCTGGGACGTCGTATGGGTA -3´ 

IRES forward primer (IRES-F) 5´-TGGCTCTCCTCAAGCGTATT -3´ 

IRES reverse primer (IRES-R)  5´-CCTCACATTGCCAAAAGACG -3´ 
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2.2.2 Intraspinal cord injection 

 

All the intraspinal cord injection procedures were done in the operating room of the 

animal research center in Oberberghof of Ulm University. Mice were administered 

buprenorphine (0.01 mg/kg, subcutaneous injection) and meloxicam (1.0 mg/kg, 

subcutaneous injection) firstly. After waiting for 30 min for the painkiller absorbing 

and entering into the whole body, mice were put into a stereotaxic frame in arched 

prone position and supplied with continuous 4% sevoflurane anesthesia (in 96% 

oxygen at 800 ml/min). Mice eyes were covered with Bepanthen® wound and 

healing ointment, and the fur was removed with the blade. After local Iodophor 

disinfection, skin and fasciae were incised to expose the underlying paraspinal 

muscles. Paraspinal muscles were then blunt-dissected to expose the underlying 

vertebral laminae. The interspinous ligaments were cut between thoracic vertebra 11 

(T11) and T12, and the vertebral laminar flap was then removed using a corneal limb 

scissor to expose the dorsal surface of the spinal cord. Taking central dorsal artery as 

reference, single chemogenetic injections [AAV8-GFAP::eGFP or AAV8-

GFAP::DREADD(Gq) for infecting astrocytes, or AAV2/9-hSyn::DREADD(Gs) for MNs 

in one injection] were performed in the right anterior horns of the lumbar spinal cord 

2 (L2)-L5 hemicord (y＝+0.25 mm; z= -0.3 mm), according to the positional 

relationship between spinal cord segments and vertebrae. While double 

chemogenetic injections were performed in both anterior horns (right anterior horns: 

AAV9-CBA::PSAM inhibitor + AAV2/9-hSyn::DREADD(Gs); left anterior horns: AAV9-

CBA::PSAM inhibitor for control). For virus delivery, a total of 1μl of viral suspension 

(Table 1, Table 3 and Table 4) was injected within a pulled-glass capillary coupled to 

a Picospritzer-III microinjection dispense system at 8-10 msec pulses. The Fast-Green 

visible dye, used to visually monitor the injection, is easily washed away in PBS and 

does not interfere with the imaging procedures. An injection was performed with 8-

10 msec pulses over a span of 10 min (at 0.1μl/min). The capillary was kept in place 

for 10 more min after injection to prevent backflow of the viral suspension. After 
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removing the capillary, paraspinal muscles and skin were stitched with Prolene 6.0 

surgical thread sequentially. The animals were then transferred to a single cage with 

facilitated access to water, food and heating system for recovery. After recovering 

from the anesthesia, animals were sent back to the animal room, housed in the 

original groups and home cages. Mice were monitored for eventual neurological 

impairment and were administered buprenorphine (0.05 mg/kg, subcutaneous 

injection, twice per day) and meloxicam (1.0 mg/kg, subcutaneous injection, once per 

day) for the following three days after surgery. The DREADDs agonist CNO (at the 

dose of 5mg/kg in saline) and the AAV9-CBA::PSAM inhibitor agonist PSEM/0308 (in 

double chemogenetic cases, at the dose of 5mg/kg in saline) were administered by 

daily intraperitoneal injections for 7 days, starting on the 7th day after viral injection. 

In this thesis, all the intraspinal cord injection were done together with Najwa Quali 

Alami, a Ph.D. candidate from the same research group of the Neurology department 

of Ulm University. 

 

Table 3. Preparation of 1% Fast Green solution 

1% Fast Green solution (10 ml)  

100 mg  Fast Green 

10 ml Distilled water 

 

Table 4. Preparation of Viral suspension 

Viral suspension (1 μl) 

0.5 μl  Viral solution 

0.5 μl  1% Fast Green solution 

2.2.3 Mouse perfusion and spinal cord dissection and fixation 

After waiting for 7 days of viruses expression and receiving 7 days of CNO and/or 
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PSEM/0308 treatment (in double chemogenetic experiments), then the vasculature of 

the mice was perfused by intracardial injection to the left ventricle. Briefly, animals 

were terminally anesthetized with anesthesia solution (Table 5). By using the tubing 

pump, the mice were transcardially perfused with 2 ml/g cold PBS 1X containing 

EDTA (Table 6, Table 7, and Table 8) followed by 2.5 ml/g of 4% PFA solution (Table 

9). After removing all organs in the thoracic and abdominal cavity, the whole bilateral 

vertebral lamina was continuously cut off to expose the whole spinal cord. The spinal 

cord was then carefully and quickly extracted and post-fixed in 4% PFA solution at 

4˚C for 18 hours. Thereafter washed in PBS and cryoprotected in 30% sucrose (Table 

10) at 4℃ for 36 hours. The lumbar spinal cord 2 (L2)-L5 was then isolated, 

embedded in a disposable tissue embedding mold (22×22×20 mm) in O.C.T., and 

snap-frozen by dry ice. 

Table 5. Preparation of Anesthesia solution  

 Anesthesia solution (5 ml) 

3500 μl 0.9% Saline solution 

1250 μl  Ketamine 

250 μl Xylazine 

 

Table 6. Preparation of PBS 10X 

PBS 10X (1000 ml)  

14.4 g Na2HPO4 

2.4 g  KH2PO4 

80 g  NaCl 

2 g  KCl 

fill up to 1000 ml with Distilled water 

Adjusted to pH 7.4 1M HCl or NaOH 
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Table 7. Preparation of PBS 1X 

PBS 1X (1000 ml)  

100 ml PBS 10X 

900 ml Distilled water 

 

Table 8. Preparation of 5 mM EDTA in cold PBS for perfusion  

 5mM EDTA in cold PBS (1000 ml)  

10 ml 0.5M EDTA 

990 ml  PBS 1X 

 

Table 9. Preparation of 4% PFA 

4% PFA (100 ml)  

4 g PFA 

fill up to 100 ml with PBS 1X 

Adjust pH to 7.4 1M HCl or NaOH 

 

Table 10. Preparation of 30% Sucrose  

30% Sucrose (500 ml)  

150 g Sucrose 

fill up to 500 ml with PBS 1X 

 

2.2.4 Cryostat sections preparation 

 

After snap-frozen and embedded, samples were transferred to the cryotome machine 

at -15 ℃. Each frozen sample was taken out from the tissue embedding mold, and was 
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snap-frozen and fixed on a sample tray. 40 μm-thick cryostat sections were cut and 

serially collected in a 24-well/48-well plate containing PBS 1X for free-floating 

immunohistochemistry staining. 

 

2.2.5 Free-floating immunofluorescence staining 

 

Free-floating lumbar spinal cord sections were incubated for 2 hours at room 

temperature in blocking buffer (Table 11-13), followed by incubation with 

appropriate primary antibodies combination. Primary antibodies used for 

immunohistochemistry were: chicken anti-GFP antibody, goat anti-VAChT antibody, 

goat anti-Albumin antibody,  mouse anti-Claudin-5 antibody, rabbit anti-Collagen IV 

antibody, rabbit anti-Fibrinogen antibody, mouse anti-misfolded SOD1, and rabbit-

anti LC3A (as listed above). Firstly, primary antibodies were diluted in blocking 

buffer (concentration as listed above), and sections were incubated for 48-72 hours 

at 4℃. Thereafter, sections were washed in PBS 1X (45 min x 3 times) and incubation 

with the appropriate combination of secondary antibodies [Alexa Fluor-conjugated 

donkey anti-mouse, donkey anti-goat, donkey anti-rabbit, donkey anti-chicken; 

Dylight® 594 Lycopersicon esculentum (Tomato) lectin] in blocking buffer for 2 

hours incubation at room temperature, and then washed again in PBS 1X (45 min x 3 

times).  

After washing, preparing one microscope slice and one coverslip for mounting the 

sections. Rest sections could be stored in Cryoprotectant solution (Table 14) at -20℃. 

The mounting procedure was as follows:  

1) Put little drops of PBS 1X on the coverslip and transfer each section on 1 drop; 

2) Aspired the excess PBS 1X and waited for the sections dry for 10-15 min at room 

temperature; 
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3) Add 1 drop of ProLong Gold antifade mounting medium on the microscope slice, 

covered microscope slide with the coverslip. 

 

Table 11. Preparation of 10% BSA  

10% BSA (100 ml)  

10 mg Albumine Bovine Fract V 

fill up to 100 ml with PBS 1X 

 

Table 12. Preparation of 10% Triton solution 

10% Triton solution (50 ml)  

5 ml  Triton-X-100 

45 ml  PBS 1X 

 

Table 13. Preparation of Blocking buffer 

Blocking buffer (6.67 ml)   

2000 μl 10% BSA 

200 μl 10% Triton solution 

4466.67μl PBS 1X 

 

Table 14. Preparation of Cryoprotectant solution 

Cryoprotectant solution (100 ml)   

50 ml  PBS 1X  

20 ml Ethylene Glycol 

30 ml  Glycerol 
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2.2.6 Confocal image acquisition   

 

High-resolution optical images were acquired through confocal laser scanning 

microscopy technique. The key feature of confocal microscopy is its capability to 

obtain in-focus images of thick specimens with structures labeled with fluorescence. 

In this study, a Zeiss inverted laser scanning microscope (LSM)-710 that was 

connected to a Zen software in a computer was applied to acquire images. Since the 

fast and flexible detection technology of the LSM-710 is combined with the high 

performing In Tune, the laser was allowed to measure the lifetime of any dye excited 

within the spectral range of 488 to 640 nm (> 1.5 mW per wavelength). The Zen 

software was applied as locating eyepieces to control the microscope, scanning, laser 

module, tools, and image acquisition and processing. 

After starting up the microscope and Zen software system, each microscope slide 

containing sections were loaded onto the microscope stage. Manually focus up (away) 

until immersion liquid contacted sample (if a 40X or 63X oil objective was used), the 

gray matter in motor neuron dense areas of both ventral horns (using VAChT signal 

as reference) of each spinal cord was eventually found and focused through 

eyepieces.  A Smart set was used to set the acquisition configurations by choosing 

proper dyes and track colors. Briefly, the 405nm laser was used for Alexa Fluor 405, 

the 488 nm laser was used for green dyes (GFP signal in this study), the 561 nm laser 

was used for Alexa Fluor 561, and the 633 nm laser used for Alexa Fluor 647. Imaging 

parameters including laser power, photomultiplier voltage, master gain (~500-750), 

digital gain (leave at 1.0) and digital offset (keep near 0) were set in order to obtain a 

signal intensity of no less than 150 (lowest signal intensity), while preventing 

saturation in target structures. In addition, all confocal images were collected using a 

pinhole diameter of 1 Airy unit for optimal section thickness. Z-stacks of each ROI 

were acquired using a 1024×1024 frame size, 12-bit image resolution. Imaging 

parameters were kept the same throughout the acquisition and across different 

specimens. After all the sections were acquired, images were then deconvolved in an 
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Image J software for analysis.   

 

2.2.7 Image analysis 

 

Images of each ventral horn in the lumbar spinal cord region were loaded in the 

Image J software, and Z-stacks (5-9 optical sections) of each image were collapsed in 

the maximum-intensity projection. Background of each track was subtracted via 

appropriate tools to identify proper marker signals. For quantitative analysis, at least 

8 sections of each mouse were analyzed. For determination of infected astrocytes or 

MNs, we took the 75th percentile of the threshold value in infected anterior horns as 

reference. Cells with values above the threshold were then computed into infected 

groups. 

For the analysis of the early and progressive disruption of tight junctions in BSCB 

endothelium, SOD1-G93A mice at postnatal day (P) 30, P50, P90, and Wild type (WT) 

mice were used as controls. BSCB endothelium was visualized as continuous ribbons 

in WT vessels, while was fragmented in SOD1-G93A mice. By tracing the total the 

vascular ribbon (taking Collagen‐IV signals as reference), the total length of each 

vessel was recorded. And by tracing break length among all vascular segments 

(taking Collagen-IV and Claudin-5 signals as reference), each break length was 

recorded. By adding all the break lengths, the BSCB tight-junction breakdown values 

were expressed in terms of percentage over total vascular length.  

100%
 lsmicrovesse all oflength  Total

5 -Claudinbetween  breaks oflength  Total
 breaksjunction -Tight of Percentage    

 

For the analysis of Albumin and Fibrinogen deposits in the parenchyma of the spinal 

cord, P50 SOD1-G93A and WT mice were used. Only descriptive statistics were used 

for the extravasations. The procedure was as following: Lectin immunostaining was 

used as vessels reference. Co-immunostained for Albumin or Fibrinogen found in 

parenchyma confirmed the Albumin or Fibrinogen extravasation of SOD1-G93A mice 
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when comparing to WT littermates. 

For the analysis of the disruption of tight junctions in BSCB endothelium in AAV8 

infected mice. SOD1-G93A mice at P20 were used for intraspinal cord injection. GFAP 

and eGFP signals were used for identifying AAV8 infected astrocytes. The infected 

anterior horns of the spinal cord at the right side were set as DREADDs infected 

group, whereas the uninfected left anterior horns were treated as controls. 

For the analysis the chemogentic affected MNs, double transgenic SOD1-G93A/ChAT-

Cre mice at P20 were used for intraspinal cord injection. VAChT and GFP staining 

were used for identifying AAV9-CBA::PSAM inhibitor infected MNs, while VAChT and 

RFP staining were used for identification of AAV2/9-hSyn::DREADD(Gs) infected MNs. 

Different groups were set for comparing the disease burdens. For analysis of 

misfolded SOD1 and LC3A levels in each MN, the MN cytoplasm region was 

determined by manually tracing the whole cell body and excluding the cell nucleus 

(taking VAChT signals as reference), the integrated mean gray value of in cell area 

containing misfolded SOD1 and LC3A was then obtained.  

 

2.2.8 Statistics 

 

Statistical analysis was performed by using GraphPad Prism 6 software. The raw data 

of the repeated measurements were derived from the mean values, and results of the 

statistical analysis were shown by the mean± standard deviation (SD). For comparing 

Albumin and Fibrinogen deposits in the spinal cord parenchyma between SOD1-G93A 

and WT mice, only descriptive statistics were used for the results. Unpaired t-Test 

with Mann-Whitney correction was also adopted to compare affected right ventral 

horn and non-affected left ventral horn group in every single intraspinal injection. For 

comparing MNs burdens among different groups in double chemogenetic injections, 

ordinary one-way analysis of variance (ANOVA) test was used for multiple 

comparisons. A difference at P < 0.05 was considered to be statistically significant.
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3 Results  

3.1 Results 1 

 

3.1.1 Tight-junctions lesions in Blood-Spinal cord-Barrier were found at different disease 

stages in SOD1-G93A mice 

 

First of all, the BSCB tight-junctions disruption in SOD1-G93A mice was the focus of 

interest. General disease stages of the same SOD1-G93A ALS model were previously 

reported in this laboratory. Therefore, SOD1-G93A mice at postnatal (P) day 30, P50, 

P90 were applied to measure the disruption of the tight-junctions, and wild type (WT) 

mice at the same time points were used as controls. Sections immunostained for 

Collagen-IV in the lumbar spinal cord confirmed the vascular basement membrane 

structure, and co-immunostained for Claudin-5 confirmed the tight-junctions 

between endothelial cells (immunofluorescence staining described in the Materials 

and Methods section). In WT mice, based on the Collagen-IV-expressed vascular basal 

membrane, Claudin-5 expression was visualized as an almost continuous and 

complete ribbon, without any disruptions (see Figure 8A, 8C, and 8E). However, in 

SOD1-G93A mice, the Claudin-5 expression presented discontinuously inside 

Collagen-IV-expressed vascular ribbon, and gaps between Claudin-5 could already be 

seen at P30 (see Figure 8B, 8D, and 8F). The tight-junction breakdown of SOD1-G93A 

mice was 145.8 ± 6.4% of WT P30 mice (P <0.0001, see Figure 9), when data of WT 

mice was normalized as 100%, and the fold change of Claudin-5 breaks at P50 and 

P90 was 155.3 ± 13.9% of WT P50 mice and 156.6 ± 13.5% of WT P90 mice, 

respectively (P < 0.05, see Figure 8C-D, 8E-F, and Figure 9). The total break length of 

the gaps among Claudin-5 in the vascular ribbon didn’t show a progressive increase 

when comparing among P30, P50 and P90 SOD1-G93A mice (P > 0.05) during disease 

developed.  
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Figure 8. Tight-junctions 

lesions in Blood-Spinal 

cord-Barrier (BSCB) were 

found at different disease 

stages in SOD1-G93A 

mice. A, B Representative 

micrographs of wild type 

(WT) and SOD1-G93A 

mice at postnatal day (P) 30 

(n=4) confirming the 

microvessels of Blood-

Spinal cord Barrier (BSCB). 

C, D Representative 

micrographs of WT and 

SOD1-G93A mice at P50 

(n=4) representing the 

microvessels of BSCB. E, F 

Representative micrographs 

of WT and SOD1-G93A 

mice at P90 (n=4) exhibiting 

the microvessels of BSCB. 

Co-immunostained for 

Collagen IV (green), 

Claudin-5 (red) and VAChT 

(blue) showing the integrity 

of the microvascular 

endothelial cells barrier in 

the fields of motor neuron 

dense regions of the lumbar 

spinal cord (magnification 

40X). Scale bars equal 30 

micrometers (μm). 

 



Results 

 

51 

                 

Figure 9. Tight-junctions lesions in Blood-Spinal cord-Barrier were found at different disease 

stages in SOD1-G93A mice. Quantification results of fold change of Claudin-5 breaks compared 

between SOD1-G93A (black) and wild type (WT) (gray) mice shown in the graph are means ± 

standard deviation (SD) of visual fields per animal group and time point.  **** p < 0.0001, *** p < 

0.001,** p < 0.01, * p < 0.05 using unpaired t-test. Scale bars equal 30 micrometers (μm). P: 

postnatal day. This graph has previously been published in [116]. With permission of the EMBO J.  

 

In summary, these data show that Claudin-5 protein got disrupted in SOD1-G93A 

mice, leading to the breakdown of tight-junctions between endothelial cells of the 

BSCB. 

 

3.1.2 Plasma-derived protein extravasation in the spinal cord parenchyma 

 

Since the breakdown of the tight-junctions was detected, next we explored their 

effects on the permeability of the BSCB. SOD1-G93A mice at P80 were used to 

investigate the alteration of the microvascular permeability. WT mice at P80 were 

used as controls. Sections co-immunostained for Lectin and Albumin/ Fibrinogen in 

the lumbar spinal cord confirmed the plasma-derived Albumin and Fibrinogen 

leakage in the spinal cord parenchyma. In WT mice, taken Lectin positive vascular 

basal membrane as background, Albumin/Fibrinogen expressed almost inside the 

vascular ribbon. However, in SOD1-G93A mice, Albumin/Fibrinogen expression can 
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be found both inside the microvascular ribbon and in the spinal cord parenchyma 

(Figure 10A and 10B).  I took parts in free-floating immunostaining and confocal 

images acquisition, and the analysis part of these confocal images was done by other 

members of this laboratory, so only descriptive analysis was used to present the 

results that done by me. 

 

Figure 10. Plasma-derived protein extravasation in the spinal cord parenchyma. 

A  Representative micrographs of wild type (WT) and SOD1-G93A mice at postnatal day (P) 80 

confirming the permeability alteration of the Blood-Spinal cord Barrier (BSCB). Co-

immunostained for Albumin (green) and Lectin (red) in SOD1-G93A mice showing some plasma-

derived Albumin deposits can be visualized in the spinal cord parenchyma, while in WT mice, 

Albumin (green) located strictly inside the microvessels. B Representative micrographs of WT and 

SOD1-G93A mice at P80 showing the distribution of plasma-derived Fibrinogen. Co-

immunostained for Fibrinogen (gray), Lectin (magenta) and VAChT (blue) in SOD1-G93A mice 

confirming the Fibrinogen extravasation in motor neuron dense regions of the lumbar spinal cord 

parenchyma, while in WT mice, Fibrinogen distributed strictly inside microvessels. Magnification 

40X, scale bars equal 30 micrometers (μm).
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In conclusion, following the breakdown of the tight-junctions of microvascular in 

SOD1-G93A mice, the permeability of the BSCB was altered. Plasma-derived Albumin 

and Fibrinogen extravasation found in the spinal cord parenchyma indicated that the 

barrier lost the ability to restrictively limit the entry of blood-derived neurotoxic 

plasma components. 

 

3.1.3 Dysfunction in spinal cord capillaries upon AAV8/GFAP::eGFP  intraspinal injection  

 

As preliminary investigation to the use of DREADDs to modulate astrocytes signaling 

in ALS mice, we checked that the injection of the virus per se did not caused a 

permanent damage to the BSCB. Thus, AAV8/GFAP::eGFP virus (in which the eGFP was 

expressed under the control of a GFAP promoter, see Figure 11) was stereotactically 

injected into the right anterior horn gray matter of lumbar spinal cord (L2-L5), and 

without any injections into the left anterior horns. Following injection of the 

AAV8/GFAP::eGFP virus in the fields of motor neuron dense regions of the spinal cord 

(anterior horns of the lumbar part), infected astrocytes can be easily visualized by 

GFP staining and distinguished from neurons and other cells according to their 

morphology.  SOD1-G93A mice at P20 when they were in the presymptomatic 

situation were used for intraspinal cord injection.   

Seven days after the viral infection and another seven days of CNO treatment (i.p. 

administration, once daily), mice were sacrificed at P34. Sections from the lumbar 

spinal cord (L2-L5) were manipulated and immunostained for GFP. Infected 

astrocytes in the right anterior horn were confirmed by their GFP fluorescence 

expression (see Figure 12A), which can’t be visualized from the left anterior horn in 

the same spinal cord section (see Figure 12B). 

Tight-junctions lesions between endothelial cells of the BSCB were compared 

between the right anterior horns (infected anterior horns) and the left anterior horn 

(uninfected anterior horns) through co-immunostained for Claudin-5 and Collagen-IV. 
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Total break length of gaps among tight-junctions comparison revealed no significant 

differences between infected (55.3 ± 4.5%) and uninfected (63.1 ± 3.1%) anterior 

horns of the spinal cord (P>0.05, see Figure 13). Thus, this control experiment 

demonstrates that the experimental procedure does not modify BSCB per se.  (Figure 

12-13 were performed together with Najwa Quali Alami. I took a part in 

immunostaining and data analysis.)  

 

 

 

Figure 11. Dysfunction in spinal cord capillaries upon AAV8/GFAP::eGFP  intraspinal 

injection. Illustration of the experimental design and viral vector targeting approach. 

AAV8/GFAP::eGFP vectors (in which the eGFP was expressed under the control of a GFAP 

promoter) were injected into right anterior horns of the lumbar spinal cord in SOD1-G93A mice at 

postnatal day (P) 20, while without any injection and manipulation in the left anterior horns of the 

same animal. 7 days after virus expression and another 7 days of systematic clozapine-N-oxide 

(CNO) administration, mice were sacrificed at P34.  eGFP: enhanced green fluorescent protein. 

GFAP: glial fibrillary acidic protein.  
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Figure 12. Dysfunction in spinal 

cord capillaries upon 

AAV8/GFAP::eGFP  intraspinal 

injection. A Representative sections 

of microvessel immunofluorescence 

and eGFP tagged viruses expression in 

the right anterior horns of the SOD1-

G93A mice (n=4). GFP 

immunostaining confirmed that 

AAV8-GFAP::eGFP robustly 

expressed in the right anterior horns 

and could infect the astrocytes 

efficiently according to the GFP signal 

distribution. B Representative sections 

of microvessel immunofluorescence in 

left anterior horns of the lumbar spinal 

cord in the field of motor neuron 

dense areas from the same animals. 

No GFP immunostaining visualized 

confirmed that left anterior horns were 

not infected by the AAV8-

GFAP::eGFP at all. Co-

immunostained for Collagen IV (red), 

Claudin-5 (gray) and VAChT (blue) in 

both anterior horns showing the 

integrity of the microvascular 

endothelial cells barrier in the fields of 

motor neuron dense regions of the 

anterior horns of lumbar spinal cord 

(magnification 40X).  Scale bars equal 

30 micrometers (μm). eGFP: enhanced 

green fluorescent protein. 
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Figure 13. Dysfunction in spinal cord capillaries upon AAV8/GFAP::eGFP  intraspinal 

injection. Quantification results of the percentage of Claudin-5 breaks compared between infected 

anterior horns (green) and uninfected anterior horns (gray) shown in the graph are means ± 

standard deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 0.001,** p < 0.01, * p 

< 0.05, ns= not significant, using unpaired t-test. eGFP: enhanced green fluorescent protein.  

 

3.1.4 Dysfunction in spinal cord capillaries upon AAV8-GFAP::DREADD(Gq) intraspinal 

injection   

 

Several evidence demonstrated that DREADD(Gq) can mimic acute activation of 

astrocytic GPCRs that triggers Ca2+ activation, then we take an interest in the AAV8-

GFAP::DREADD(Gq) tool to investigate their effects on tight-junction lesions. For the 

virus delivery, AAV8-GFAP::DREADD(Gq) (in which the hM4Dq and eGFP were 

expressed under the control of a GFAP promoter) was stereotactically injected into 

the right anterior horn gray matter of lumbar spinal cord (L2-L5) in SOD1-G93A P20 

mice (see Figure 14), meanwhile without any injections into left anterior horn. Seven 

days after the viral infection and another seven days of CNO treatment, mice were 

sacrificed at P34. Immunostained for GFP in right anterior horns (infected anterior 

horns) confirmed the expression of redesigned hM4Dq on the astrocytes (see Figure 

15A), while the green fluorescence could not be visualized in the left anterior horns 

(uninfected anterior horns) (see Figure 15B). Once responded to their agonist-CNO, 
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the effects of these designed receptors were detected. 

Co-immunostained for Claudin-5 and Collagen-IV revealed tight-junction disruptions 

in AAV8-GFAP::DREADD(Gq)-infected anterior horns and uninfected anterior horns 

from the same section. Strikingly, compared to uninfected anterior horns, total break 

length of gaps among tight-junctions was significantly decreased in infected anterior 

horns, the percentage of tight-junctions breakdown in uninfected anterior horns was  

40.6 ± 1.5%, whereas in infected anterior horns was 25.8 ± 0.4% (P < 0.001, see 

Figure 16). (Figure 15-16 were performed together with Najwa Quali Alami. I 

performed the immunostaining and data analysis parts.)  

 

 

 

 

Figure 14. Dysfunction in spinal cord capillaries upon AAV8-GFAP::DREADD(Gq) 

intraspinal injection.  Illustration of the experimental design and viral vector targeting approach. 

AAV8-GFAP::DREADD(Gq) (in which the hM4Dq and eGFP were expressed under the control of 

a GFAP promoter) was injected into right anterior horns of the lumbar spinal cord in SOD1-G93A 

mice at postnatal day (P) 20, while without any injections into the left anterior horns of the same 

animal. 7 days after virus expression and another 7 days of systematic clozapine-N-oxide (CNO) 

administration, mice were sacrificed at P34. hM3Dq (Gq): human M3 muscarinic DREADD 

receptor coupled to Gq. DREADD: Designer receptors exclusively activated by designer drug. 

eGFP: enhanced green fluorescent protein. GFAP: glial fibrillary acidic protein. 
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Figure 15. Dysfunction in spinal 

cord capillaries upon AAV8-

GFAP::DREADD(Gq) intraspinal 

injection. A Representative sections 

of microvessel immunofluorescence 

and eGFP tagged virus expression in 

the right anterior horns of the SOD1-

G93A mice (n=4). GFP 

immunostaining (green) confirmed 

that DREADD(Gq) robustly 

expressed in the right anterior horns 

and infected the astrocytes efficiently 

according to GFP signal distribution. 

B Representative sections of 

microvessel immunofluorescence in 

left anterior horns of the lumbar 

spinal cord in the field of motor 

neuron dense areas from the same 

animals. No GFP immunostaining 

(green) visualized confirmed that the 

left anterior horns are not infected by 

the DREADD(Gq) at all. Co-

immunostained for Collagen IV 

(red), Claudin-5 (gray) and VAChT 

(blue) in both anterior horns showing 

the integrity of the microvascular 

endothelial cells barrier in the fields 

of motor neuron dense regions of the 

anterior horns of lumbar spinal cord 

(magnification 40X). Scale bars 

equal 30 micrometers (μm).  

DREADD: Designer receptors 

exclusively activated by designer 

drug. eGFP: enhanced green 

fluorescent protein. 
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Figure 16. Dysfunction in spinal cord capillaries upon AAV8-GFAP::DREADD(Gq)  

intraspinal injection. Quantification results of the percentage of Claudin-5 breaks compared 

between infected anterior horns (green) and uninfected anterior horns (gray) shown in the graph are 

means ± standard deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 0.001,** p < 

0.01, * p < 0.05, ns= not significant, using unpaired t-test.  DREADD: Designer receptors 

exclusively activated by designer drug. 

 

Taken together, 7 days after CNO treatment, no differences were found in tight-

junction disruptions between AAV8/-eGFP infected anterior horns and uninfected 

anterior horns in the lumbar spinal cord, which can exclude the impact of the 

intraspinal cord injection per se on the microvessels of BSCB. Moreover,  intraspinal 

cord injection into the right anterior horns resulting efficiently infection on local 

astrocytes by visualized GFP expression, whereas has no effects on the left anterior 

horns, suggests that the intraspinal cord injection technique can stereotactically 

control astrocytes. Surprisingly, chemogenetic activation of astrocytes in the lumbar 

spinal cord of SOD1-G93A mice from P20 through AAV8-GFAP::DREADD(Gq) tools 

improved the tight-junction lesions of BSCB.  
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3.2 Results 2 

 

Earlier work on ALS patients and mouse models suggesting that excessive activation 

of glutamatergic synapses and motor neuron hyperexcitability may be a leading 

pathogenic cascade in ALS. Additionally, motor neuron response to IA synapses is 

actually weakened in correlation with a disruption of the postsynaptic density. It has 

been demonstrated that synaptic impairment could be reversed by intracellular 

activation of the PKA pathway, we then applied DREADD(Gs) to activate PKA 

signaling in MNs to investigate their effects on MN burdens. 

 

3.2.1 Disease burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) 

intraspinal injection 

 

The AAV2/9-hSyn::DREADD(Gs) [in which the rM3Ds gene and mCherry were 

expressed under the control of the Cre reconbinse in MNs, mCherry is a member of 

the mFruits family of monomeric red fluorescent proteins (mRFPs)] was 

stereotactically injected into the right anterior horn gray matter of lumbar spinal cord 

(L2-L5), meanwhile without any manipulation on left anterior horn (see Figure 17).  

Similarly, SOD1-G93A mice at P20 were used for intraspinal cord injection. Following 

injection of the AAV2/9-hSyn::DREADD(Gs) virus in the fields of motor neuron dense 

regions of the spinal cord (anterior horns of the lumbar part), infected MNs can be 

easily visualized by RFP staining and distinguished from glia  cells according to their 

morphology. Seven days after the viral infection and another seven days with or 

without CNO treatment (i.p. administration, once daily, no CNO treatment mice were 

controls), mice were sacrificed at P34 (Figure 17). Infected MNs in the right anterior 

horn were confirmed by their RFP fluorescence expression [see Figure 18 A(1) and 

18 B(1)], which can’t be visualized from the left anterior horn in the same spinal cord 

section [see Figure18 A(2) and 18 B(2)]. Firstly, co-immunostained for the 

conformation-specific antibody B8H10 and VAChT showed misfolded SOD1 protein in 
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MNs in viral infected and uninfected anterior horns. Mean gray value of misfolded 

SOD1 were compared between MNs from the right anterior horns (infected anterior 

horns) and the left anterior horn (uninfected anterior horns) and as well as between 

CNO treatment and non-treatment mice. Take the mean values of uninfected MMs as 

the baseline (100%), data normalization was done after obtaining all mean gray 

values in each group.  

Comparing to infected without CNO treated MNs, mean gray value of misfolded SOD1 

in uninfected without CNO treated MNs showed no significant difference (102 ± 

24.72% of uninfected without CNO treated MNs, P > 0.05, see Figure 19). But there 

was a significant decrease of misfolded SOD1 in infected with CNO treated MNs 

(85.27 ± 16.65%) comparing to infected but without CNO treated MNs in anterior 

horns of the spinal cord (P < 0.0001, see Figure 19). 

 

  

 

Figure 17. Misfolded SOD1 burdens in MNs of spinal cord upon AAV2/9-

hSyn::DREADD(Gs) intraspinal injection. Illustration of the experimental design and viral 

vector targeting approach. AAV2/9-hSyn::DREADD(Gs) was injected into right anterior horns of 

the lumbar spinal cord in SOD1-G93A/ChAT-cre mice at postnatal day (P) 20, while without any 

injection and manipulation in the left anterior horns of the same animal. 7 days after virus 

expression and with 7 days of systematic clozapine-N-oxide (CNO) administration or without 

treatment at all, mice were sacrificed at P34. DREADD: Designer receptors exclusively activated 

by designer drug. rM3Ds (Gs): rat M3 muscarinic DREADD receptor coupled to Gs.                                                                                                                                         
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Figure 18. Misfolded SOD1 burdens 

in MNs of spinal cord upon AAV2/9-

hSyn::DREADD(Gs) intraspinal 

injection. A (1) Representative sections 

of SOD1-G93A mice (n=4) that 

received injection of mCherry tagged 

AAV2/9-hSyn::DREADD(Gs) vectors, 

while no clozapine-N-oxide (CNO) 

treatment with these mice. VAChT (red) 

and RFP (magenta) immunostaining 

confirmed that DREADD(Gs) robustly 

expressed in the right anterior horns and 

infected the MNs efficiently. (2) While 

no RFP immunostaining visualized in 

the left anterior horns confirming 

uninfected MNs in the contralateral 

anterior horns. B (1) Representative 

sections of SOD1-G93A mice (n=4) that 

received injection of mCherry tagged 

DREADD(Gs) virus, as well as received 

7 days of CNO treatment. VAChT (red) 

and RFP (magenta) immunostaining 

confirmed that DREADD(Gs) robustly 

expressed in the right anterior horns and 

infected the motor neurons (MNs)  

efficiently. (2) While no mCherry 

immunostaining visualized in the left 

anterior horns. Co-immunostained for 

misfolded SOD1 (gray) showing the 

disease burdens intensity in the fields of 

motor neuron dense regions of the 

anterior horns of the lumbar spinal cord 

(magnification 40X). Scale bars equal 

30 micrometers (μm). DREADD: 

Designer receptors exclusively activated 

by designer drug. RFP: red fluorescent 

protein. 
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Figure 19. Misfolded SOD1 burdens in MNs of spinal cord upon AAV2/9-

hSyn::DREADD(Gs) intraspinal injection. Quantification of the mean gray values of misfolded 

SOD1 compared among infected anterior horns (right anterior horns), uninfected anterior horns 

(left anterior horns), and with or without clozapine-N-oxide (CNO) treatment. Data shown in the 

graph are means ± standard deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 

0.001,** p < 0.01, * p < 0.05, ns= not significant, using unpaired t-test. DREADD: Designer 

receptors exclusively activated by designer drug.  
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Next, the autophagy marker LC3A in MNs of SOD1-G93A mice were analyzed, which 

displayed increased levels and showed a dense punctuate pattern in the cell body. 

Mean gray value of LC3A were compared between MNs in the right anterior horns 

and the left anterior horns of CNO treated and non-treated mice through co-

immunostained for LC3A and VAChT (see Figure 20 A-B). Take the mean values of 

uninfected MMs as the baseline (100%), data normalization was done after obtaining 

all mean gray values in each group.  

Mean gray value of LC3A comparison revealed no significant differences between 

uninfected and no CNO treated MNs (100%) and infected no CNO treated MNs [104.7 

± 22.16%, P > 0.05, see Figure 20 A(1) and (2), Figure 21] in anterior horns of the 

spinal cord. While the mean values of LC3A in infected and CNO treated MNs [(84.78 

± 22.85%, P < 0.0001, see Figure 20 B(1) and (2), Figure 21] are significantly lower 

than infected but without CNO treated MNs. 
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Figure 20. LC3A burdens in MNs of 

spinal cord upon AAV2/9-

hSyn::DREADD(Gs) intraspinal 

injection.  Experimental design and 

viral vector targeting approach are the 

same as in Figure 12. A Representative 

sections of SOD1-G93A mice (n=4) 

that received injection of mCherry 

tagged AAV2/9-hSyn::DREADD(Gs) 

virus, while no clozapine-N-oxide 

(CNO) treatment with these mice. 

VAChT (red) and RFP (magenta) 

immunostaining confirmed that 

AAV2/9-hSyn::DREADD(Gs) robustly 

expressed in the right anterior horns 

and infected the motor neurons (MNs) 

efficiently. While no mCherry 

immunostaining visualized in the left 

anterior horns. B Representative 

sections  of SOD1-G93A mice (n=4) 

that received injection of mCherry 

tagged AAV2/9-hSyn::DREADD(Gs) 

virus, while receiving CNO treatment 

with these mice. Co-immunostained for 

LC3A (gray) showing the disease 

burdens intensity in the fields of motor 

neuron dense regions of the anterior 

horns of the lumbar spinal cord 

(magnification 40X). Scale bars equal 

30 micrometers (μm). DREADD: 

Designer receptors exclusively 

activated by designer drug. RFP: red 

fluorescent protein. 
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Figure 21. LC3A burdens in motor neurons (MNs) of spinal cord upon AAV2/9-

hSyn::DREADD(Gs) intraspinal injection.  Quantification of the mean gray values of LC3A 

compared among infected anterior horns (right anterior horns), uninfected anterior horns (left 

anterior horns), and with or without clozapine-N-oxide (CNO) treatment. Data shown in the graph 

are means ± standard deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 0.001,** 

p < 0.01, * p < 0.05, ns= not significant, using unpaired t-test.  DREADD: Designer receptors 

exclusively activated by designer drug. 

 

To conclude, after intraspinal cord injection of DREADD(Gs), PKA activation by 

DREADD produces beneficial effects on disease markers. 

 

3.2.2 Disease burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) + AAV9-

CBA::PSAM inhibitor intraspinal injection  

 

It has been shown that vulnerable motor neurons lose their ability to fire repetitively 

in presymptomatic ALS adult mice. We then considered to combine PSAM inhibitor, 

an ion chemogenetic tool to manipulate MN firing. We performed a double 
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chemogenetic injection to interact with MNs simultaneously for further exploring 

disease burdens of ALS. Besides the same AAV2/9-hSyn::DREADD(Gs) vectors as 

above, the AAV9-CBA::PSAM inhibitor (in which the PSAML141F, Y115F-GlyR and GFP 

were expressed under the control of cre recombinase in MNs) was applied to silence 

MNs firing. Mixed viral suspension was intraspinal injected into right anterior horns 

of the lumbar spinal cord, and only AAV9-CBA::PSAM inhibitor injected into the 

contralateral anterior horns (left anterior horns). Double transgenic SOD1-

G93A/ChAT cre mice at P20 were used to drive the cre-dependent gene expression in 

MNs (see Figure 22A). Following the injection, the fields of motor neuron dense 

regions of the spinal cord (anterior horns of the lumbar part), double infected MNs 

can be easily visualized by containing double GFP and RFP staining [see Figure 

22B(2)] and distinguished from single infected MNs [see Figure 22B(1)] and other 

cells according to their morphology. After seven days of the viral infection and 

another seven days with CNO  plus PSEM/0308 treatment (both i.p. administration, 

once daily), mice were sacrificed at P34. 

Similarly, the autophagy marker of LC3A was quantified by co-immunostained for 

GFP, RFP, LC3A, and VAChT. By using the same tracing and analysis methods, mean 

gray values of misfolded SOD1 in each MN was obtained. Comparison among different 

groups was performed.  

In single AAV9-CBA::PSAM inhibitor injected anterior horns, accumulated burden of 

LC3A was significantly higher in AAV9-CBA::PSAM inhibitor infected MNs (2685 ± 

498.8) than in totally not infected MNs of the contralateral spinal anterior horns 

(2563 ± 331.6, P<0.05, see Figure 23). While in double AAV2/9-hSyn::DREADD(Gs) + 

AAV9-CBA::PSAM inhibitor injected horns, accumulated burden of LC3A in only 

DREADD/Gs infected MNs was significantly lower (2311 ± 430.5) than in totally not 

infected MNs, only AAV9-CBA::PSAM inhibitor infected MNs, and double infected MNs 

(2563 ± 331.6, 2969 ± 494.3, and 2661 ± 461, respectively, P < 0.001, see  Figure 23). 

No significant difference was found between totally not infected MNs and double 

infected MNs (2563 ± 331.6, versus 2661 ± 461, P > 0.05, see Figure 23). 
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Figure 22. LC3A burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) + AAV9-

CBA::PSAM inhibitor intraspinal injection. A Illustration of the experimental design and viral vector 

targeting approach. Mixed DREADD(Gs) and PSAM inhibitor suspension were injected into right anterior 

horns of the lumbar spinal cord in SOD1-G93A/ChAT-cre mice at P20, meanwhile PSAM inhibitor was 

injected into the left anterior horns of the same animal. 7 days after virus expression and another 7 days of 

systematic clozapine-N-oxide (CNO) plus PSEM/0308 administration, mice were sacrificed. 

B Representative sections of SOD1-G93A/ChAT-cre mice (n=4) that received viral injection of both anterior 

horns. VAChT (red), RFP (magenta), as well as GFP (green) immunostaining confirmed that DREADD(Gs) 

and PSAM inhibitor robustly expressed in the right anterior horns and could infect the MNs efficiently. 

VAChT (red) and GFP (green) immunostaining confirmed that MNs were only infected by PSAM in the left 

anterior horns. (1)Taking VAChT as reference in double injected horns, MNs which were both RFP and GFP 

negative were totally uninfected MNs; MNs which were RFP negative and GFP positive were only PSAM 

inhibitor infected MNs; MNs which were RFP positive and GFP negative were only DREADD(Gs) infected 

MNs; MNs which were both RFP and GFP positive were double infected MNs. (2)While in left horns, MNs 

which were single GFP positive were set as only PSAM inhibitor infected MNs. Co-immunostained for 

LC3A (gray) showing the disease burdens intensity in the fields of motor neuron dense regions of the anterior 

horns of the four groups (magnification 40X). Scale bars equal 30 micrometers (μm). 
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Figure 23. LC3A burdens in MNs of spinal cord upon AAV2/9-hSyn::DREADD(Gs) + AAV9-

CBA::PSAM inhibitor intraspinal injection. Quantification of the mean gray values of misfolded 

SOD1 in MNs compared among the four groups. Data shown in the graph are means ± standard 

deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 0.001,** p < 0.01, * p < 0.05, 

ns= not significant, using unpaired t-test.  

 

We then performed the misfolded SOD1 staining on the right anterior horns where 

double chemogenetic injection was performed on MNs (see Figure 24A). Same image 

parameters were set as above to analyze the misfolded SOD1 burdens. Highly 

consistent with the results of LC3A, the mean gray values of misfolded SOD1 was 

significantly lower in only DREADD/Gs infected MNs (1884 ± 735.4) than in totally 

not infected MNs, only AAV9-CBA::PSAM inhibitor infected MNs, and double infected 

MNs (2539 ± 626.8, 2867 ± 621, and 2434 ± 803.1, respectively, P < 0.0001, see  

Figure 24B). No significant difference was found between totally not infected MNs 

and double infected MNs (2539 ± 626.8 versus 2434 ± 803.1, P > 0.05, see Figure 

24B). 
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Figure 24. Misfolded SOD1 burdens in MNs of spinal cord upon AAV2/9-

hSyn::DREADD(Gs) + AAV9-CBA::PSAM inhibitor intraspinal injection. Experimental 

design and viral vector targeting approach are the same as Figure 14.  A SOD1-G93A/ChAT-cre 

mice (n=4) that received injection of mCherry tagged AAV2/9-hSyn::DREADD(Gs) and GFP 

tagged AAV9-CBA::PSAM inhibitor viruses. VAChT (red), RFP (magenta), as well as GFP (green) 

immunostaining confirmed that AAV2/9-hSyn::DREADD(Gs) and AAV9-CBA::PSAM inhibitor 

robustly expressed in the right anterior horns and could infect the MNs efficiently. Taking VAChT 

as reference, MNs which were both RFP and GFP negative were totally uninfected MNs; MNs 

which were RFP negative and GFP positive were only AAV9-CBA::PSAM inhibitor infected MNs; 

MNs which were RFP positive and GFP negative were only DREADD/Gs infected MNs; MNs 

which were both RFP and GFP positive were double infected MNs. Co-immunostained for 

misfolded SOD1 (gray) showing the disease burdens intensity in the fields of motor neuron dense 

regions of the anterior horns of the four groups (magnification 40X). B Quantification of the mean 

gray values of LC3A in MNs compared among the four groups. Data shown in the graph are means 

± standard deviation (SD) of visual fields per group. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * 

p < 0.05, ns= not significant, using unpaired t-test. Scale bars equal 30 micrometers (μm). 
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Taken together, the Gs signaling activation in MNs is beneficial but the beneficial 

effect can be partially removed by decreasing the excitability of MN. 
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4 Discussion 

 

Among all Designer Receptors Exclusively Activated by Designer Drugs (DREADD)-

based chemogenetic tools [141], we have chosen AAV8-GFAP::DREADD(Gq) 

to temporally and spatially control astrocytes function, and AAV2/9-

hSyn::DREADD(Gs) to activate MNs functions by systemic CNO administration. 

Additionally, we choose PSAML141F, Y115F-GlyR inhibitor and PSEM/0308 tools to 

specifically inhibiting MNs firing by combining the cre platform. In the present thesis, 

further effects on BSCB integrity and disease burden of MNs have been evaluated. The 

ultimate goal of this study was to investigate whether chemogenetic manipulation on 

astrocytes and MNs at the pre-symptom stage of ALS are able to improve the BSCB 

integrity and disease burdens. 

 

4.1 Tight-junctions of Blood-Spinal cord-Barrier are disrupted before disease onset  

 

Past studies utilizing both ALS animal models and patients have suggested BSCB 

disruption is an early pathological event of the disease. Impaired endothelium 

integrity in spinal cords as shown by significant loss of claudin protein and mRNA 

was detected from both ALS patients and animal models. Meanwhile, researches on 

spinal cord tissues from postmortem ALS patients also confirm the decreased 

occludin and claudin-5 in the endothelium layer of the BSCB, and astrocyte end-feet 

dissociated from the endothelium were also observed from the same areas [46, 48, 50, 

159]. In the present study, we measured the changes in microvascular components 

from inner side (Claudin-5) before the progression stage of the disease in SOD1-G93A 

mice. Consistent with the published literature, we show that the BSCB breakdown in 

SOD1-G93A ALS mice is associated with Claudin-5 proteins loss in motor neuron 

dense regions of the spinal cord (anterior horns of lumbar part), which can already be 

found at P30, before the disease onset and motor neurons degeneration. Analysis of 
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gap length among BSCB disruptions suggests that Claudin-5 proteins loss leads to the 

breakdown of tight-junctions. As described in the literature, Claudin-5 is associated 

with maintaining the permeation of BSCB by strictly limit small molecules [105]. In 

this thesis, following the reduction of Claudin-5, plasma-derived Albumin (66 kDa) 

and Fibrinogen extravasation detected in the gray matter of lumbar spinal cord 

anterior horn confirmed the permeability lesions. Recent studies have demonstrated 

that deposits of albumin can produce ROS and initiate an autoimmune response 

(interact with motor neuron antigens). Autoimmune response activated around axons 

can cause demyelination, disruption of neuronal transmission, and motor neurons 

death [33]. As disease developed, previous ultrastructural study demonstrated that 

progressive endothelial disruption was characterized by mitochondrial degeneration, 

cellular edema, and cell rupture in the spinal cord tissues [45]. The reductions of 

tight-junctions beginning from the presymptomatic stage suggests the early attacks to 

endothelial cells, which subsequently lead to a progressive reduction of effective 

microcirculation, causing chronic hypoperfusion and hypoxia [82]. Imbalance 

between motor neural activity and microcirculation can lead to the neuronal 

dysfunction, which can, in turn, alter the neuronal regulation of microvascular 

function, worsen BSCB integrity and neural degeneration [72]. 

 

4.2 Dysfunction in spinal cord capillaries upon AAV8/GFAP::DREADD(Gq)  intraspinal 

injection  

 

Nowadays, astrocytes have been clearly identified as one of the most important 

components in maintaining structural and functional properties of BBB/BSCB. In this 

thesis, we show astrocytic activation via Gq-coupled receptor hM3Dq and followed by 

systematic administration of CNO can strikingly improve tight-junctions of BSCB loss 

when comparing to the inactivated anterior horn. Our results clearly demonstrated 

that astroglial signaling is important for maintaining BSCB integrity. 
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Several groups have shown that the Gq-DREADD technology can mimic acute 

activation of astrocytic GPCRs that triggers Ca2+ activation [21]. Specifically, 

activation of Gq-DREADD in astrocytes activates PLC-β to stimulate 

phosphatidylinositol-4, 5-bisphosphate (PIP2) hydrolysis into inositol-trisphosphate 

(IP3) and diacylglycerol (DAG). After that, IP3 activates the IP3 receptor, and DAG 

activates protein kinase C (PKC) to cause calcium release from the endoplasmic 

reticulum. This causes extracellular signal-regulated kinase (ERK) 1/2 activation 

[129], triggering a release of [Ca2+]i within astrocyte endfeet. Ca2+ dependent release 

of neurotransmitters from astrocytes, termed “gliotransmission” [160, page 10], 

playing important roles in facilitating communication between neurons and other 

glial cells. Ca2+ excitability can be propagated to neighboring unstimulated astrocytes 

by diffusion of IP3 and/or Ca2+ via gap junction communication [150]. Among those 

gliotransmitters, many vasoactive compounds including ATP, adenosine, nitric oxide, 

prostaglandins and epoxyeicosatrienoic are found to be associated with the function 

of the microvessels of the BBB/BSCB. Gliotransmitters expressed in each astrocyte 

endfoot process can regulate the contraction of arterial smooth muscle, finally 

mediating spinal/cerebral blood flow. In addition, exocytotic glutamate released from 

astrocytes and its role as a signaling mechanism to BSCB remain contradictory [135]. 

Here we show that activating astrocytes by DREADD(Gq)  in ventral horns of lumbar 

spinal cord promotes the tight-junction breakdown. Further experiments both in vivo 

and vitro need to be done to investigate if those gliotransmission is related to 

enhancing the integrity of BSCB and how the molecular modulates the BSCB tight-

junctions. 

Comparing to the similar experiments that done by this laboratory, in which 

astrocytes were activated via a human M4 muscarinic DREADD receptor coupled to Gi 

(hM4Di) and followed by systematic administration of CNO, the results showed that 

AAV8/Gi can strikingly improve tight-junctions of BSCB loss when comparing to the 

inactivated anterior horn as well. These results clearly demonstrated that astroglial 

signaling is indispensable for maintaining BSCB integrity. Under normal conditions, 
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astrocytic endfeet membranes are enriched in inwardly rectifying potassium 

channels (Kir) 4.1 [77]. It is suggested that the inwardly rectifying potassium 

channels which are in charge of regulating extracellular K+ concentration are 

important for the maintenance of a functional BBB/BSCB astrocytic lining. While in 

ALS, as described in published literature, hypoperfusion, hypoxia, and 

neuroinflammation are all associated with decreased astrocytic Kir 4.1 current 

amplitude and astrocytic dysfunction [114]. In addition, the decreased sensitivity of 

Kir currents to increasing [K+]o in ALS indicates a reduced K+ buffering system of ALS 

astrocytes that contributing to cellular hyperexcitability and induce motor neuron 

death and microvessels impairment in ALS [10]. 

In this thesis, we applied advanced platforms to specifically manipulate astrocytes in 

the anterior horns of the lumbar spinal cords. We showed that astrocytic activation 

via Gq-coupled receptor hM3Dq can dramatically improve BSCB integrity when 

comparing to the inactivated anterior horn. However, the mechanism through which 

activated astroglial-Gq signaling influences BSCB integrity remains unclear. As 

mentioned above, one potential mechanism may be through Ca2+ dependent release 

of neurotransmitters from astrocytes. Previous studies demonstrated that once in 

response to CNO, Gβγ-complex released from activated hM3Dq generally activate G 

protein-regulated Ca2+ channels, causing the release of gliotransmission. It remains to 

be investigated, how increased gliotransmission activated by astrocytes can affect 

Claud-5 expression and tight-junctions improvement. To understand the underlying 

mechanisms, further studies are needed.  

 

4.3 Disease burdens in MNs of spinal cord upon manipulating MN signaling and 

excitability 

 

Several studies demonstrated that activation of Gs sub-units in MNs stimulates the 

enzyme adenylyl cyclase (AC), which catalyzes the conversion of ATP into cyclic 
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adenosine monophosphate (cAMP) [150]. cAMP is the major second messenger 

resulting from Gs signaling, mediating its effects via direct binding and stimulation of 

several molecules, such as protein kinase A (PKA), cAMP-regulated guanine 

nucleotide exchange factors (cAMP-GEFs) [59] and so on. Previous literature has 

reported that PKA is directly involved in synaptic plasticity by controlling the 

insertion of AMPA receptors (including GluR1 and GluR4 subunits). PKA mediated 

phosphorylation of GluR4 at Ser842 in MNs is necessary and sufficient for receptor 

delivery into synapses. What’s more, PKA phosphorylation of GluR1 at Ser845 

probably through calcium/calmodulin dependent kinase II activity is required for 

long-term potentiation plasticity and synaptic incorporation [34]. Additionally, it is 

found that PKA can modulate synaptic plasticity and cognition via cAMP response 

element binding protein (CREB) modulation, which mediate a neuroprotective effect 

against oxidative stress in MNs [137]. Under normal state, PKA phosphorylates CREB 

at serine 133, which can enhance synaptic plasticity, augment synaptic transmission, 

as well as regulate the activity in the context of activity-dependent neuroprotection 

[25, 42]. It is found that CREB-mediated gene expression is impaired in the CNS in 

ALS, and exocytotic gliosignal release related to increased cAMP/PKA in MNs is much 

less found. It seemed that cAMP/PKA signals in MNs exhibit tonic dynamics and are 

slower than Ca2+ signals with phasic dynamics, which makes it most suitable to 

regulate slow processes [62]. 

In this thesis, after chemogenetic injection of cAMP/PKA pathways in MNs through 

DREADD/Gs, we measured disease burdens of misfolded SOD1 and autophagy maker 

LC3A. Interestingly, the levels of misfolded SOD1 and LC3A of MNs markedly 

decreased, and DREADD/Gs infected MNs showed no significant difference in absence 

of CNO activation. Inhibiting MN firing by co-injection with PSAML141F, Y115F-GlyR and 

following administration with the agonist PSEM/0308, the levels of misfolded SOD1 

and LC3A in only PSAML141F, Y115F-GlyR infected MNs are much higher than double 

infected or only DREADD/Gs infected MNs, which further indicates that MNs disease 

burdens are reversed by chemogenetic activation of cAMP/PKA pathways. Whether 
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pathological synaptic phenotype associated with these MNs can also be partially 

rescued by acute intracellular injection of cAMP analog of motor neurons or 

chemogenetic activation will be the further direction.  

 

4.4 Limitations and future direction 

 

Although all of the experiments have been finished according to the study design, 

there are still some limitations in this thesis.  

Firstly, for the blood-derived protein extravasation, only descriptive statistics was 

used to have a general overview of the alteration of BSCB permeability. Further 

quantitative analysis and more proteins will be needed to confirm the breakdown 

severity of the BSCB permeability. 

Secondly, it is assumed that AAV8-GFAP::DREADD(Gq) improves the BSCB integrity 

via Ca2+ dependent release of neurotransmitters from astrocytes. Preciously 

electrophysiological experiments at the molecular biology and biochemistry level and 

following release of neurotransmitters detection will be the future direction in this 

field. 

Thirdly, as astrocytes comprise the anatomical structure of BBB/BSCB predominantly 

through astrocytic perivascular endfeet. Whether AAV8-DREADDs used in this study 

can affect astrocytic endfeet coverage on the microvessels of BSCB would help reveal 

the details in further study.    

Fourthly, it is hypothesized that excitatory synaptic transmission to motoneurons is 

enhanced before degeneration. Whether chemogenetic excitation of MNs firing can 

improve disease burdens and rescue excitatory synaptic transmission will be 

explored in the further.  
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4.5 Conclusion 

 

1) Tight-junctions lesions in Blood-Spinal cord-Barrier are already found at P30 when 

SOD1-G93A mice are at presymptomatic disease stage, and Blood-derived Albumin 

and Fibrinogen deposits are found in the lumbar spinal cord parenchyma following 

BSCB tight-junctions broken.  

2) AAV8-GFAP::eGFP and AAV8-GFAP::DREADD(Gq) can infect astrocytes efficiently 

after spatially injected into anterior horns of the lumbar spinal cord under the control 

of GFAP promoter. While AAV2/9-hSyn::DREADD(Gs) and AAV9-CBA::PSAM inhibitor 

can infect MNs efficiently under the ChAT-cre platform. The direct virus injection per 

se has no obvious interference on local vessels and MNs. 

3) AAV8-GFAP::DREADD(Gq) significantly improve the Claudin-5 loss of in BSCB at 

presymptomatic disease stage after activated by CNO and thereby have positive 

effects on BSCB integrity. 

4) AAV2/9-hSyn::DREADD(Gs) significantly improve the disease burdens in LC3A and 

misfolded SOD1 levels at presymptomatic disease stage after activated by CNO and 

thereby have positive effects on improving disease burdens. AAV9-CBA::PSAM 

inhibitor silencing MNs firing results in increase disease burdens, which can be 

rescued by AAV2/9-hSyn::DREADD(Gs) activation through the PKA pathway. 
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5 Summary 

 

Background and purpose: Amyotrophic lateral sclerosis (ALS) is among the fatal 

neurodegenerative diseases that lack widely available effective treatments. Extensive 

evidence shows that the pathogenic cascade of ALS is associated with a non-cell 

autonomous mechanism, in which other non-neuron cells such as astrocytes, 

microglia, and immune cells are comprehensively responsible for the 

neurodegeneration. To date, there is no effective cure for ALS, and novel therapies are 

needed for targeting astrocytes or motor neurons (MNs) to prevent disease burdens. 

The ultimate purpose of this study was to investigate whether manipulation on 

astrocytes and MNs via chemogenetic approaches at the pre-symptom stage of ALS 

are able to improve Blood-Spinal cord-Barrier (BSCB) integrity and MNs burdens. 

Methods: We performed a series of experiments on mutant superoxide dismutase 1 

(SOD1-G93A) transgenic mice, double transgenic SOD1-G93A/ChAT-cre mice, and 

their wild type (WT) littermates. Firstly, we infected astrocytes located in right 

anterior horns of lumbar spinal cords with AAV8-GFAP::DREADD(Gq) viral vectors 

expressing designed Gq receptors under control of the glial fibrillary acidic protein 

(GFAP) promoter. Secondly, we individually infected MNs located in the right anterior 

horns of lumbar spinal cords with AAV2/9-hSyn::DREADD(Gs) viral vectors under 

control of the cre recombinase. Thirdly, we infected MNs with mixed AAV2/9-

hSyn::DREADD(Gs) and AAV9-CBA::PSAM inhibitor vectors in the right anterior horns 

of lumbar spinal cords under control of the cre recombinase. We achieved the 

temporally and spatially control of these cells through intraspinal cord injection. 

Through immunochemistry staining, we measured Claudin-5 disruption of BSCB, and 

LC3A and misfolded SOD1 levels of MNs. Effects of these chemogenetics approaches 

on BSCB integrity and MN disease burdens have been evaluated.  

Results: Intraspinal cord injection into the anterior horns resulting efficiently 

infection on local astrocytes or MNs by visualized fluoresce expression, whereas no 
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reporter fluorescence on the left anterior horns (in single injection cases), which 

suggests the intraspinal cord injection technique can stereotactically control desired 

cells under the control of the designed promoter or cre system. (1) 7 days after 

systematic CNO administration, no differences were found in tight-junction 

disruptions between AAV8-GFAP::eGFP infected anterior horns and uninfected 

anterior horns in the lumbar spinal cord, which can exclude the impact of the 

intraspinal cord injection per se on the microvessels of BSCB. Surprisingly, 

chemogenetic activation of astrocytes in the lumbar spinal cord of SOD1-G93A mice 

at P20 through AAV8-GFAP::DREADD(Gq) tools improved the tight-junction lesions of 

BSCB. (2) On the other hand, chemogenetic activation of MNs in the lumbar spinal 

cord of SOD1-G93A mice at P20 through AAV2/9-hSyn::DREADD(Gs) tools improved 

the disease burdens of infected MNs. In addition, AAV9-CBA::PSAM inhibitor silencing 

MNs firing results in increased disease burdens, which can be rescued by AAV2/9-

hSyn::DREADD(Gs) activation. 

Conclusion: Recombinant adeno-associated virus can infect desired cells (astrocytes 

and MNs in this thesis) efficiently after spatially injected into anterior horns of the 

lumbar spinal cord. In addition, the direct virus microinjection into the spinal cord 

has no obvious damage to the local tissue. AAV8-GFAP::DREADD(Gq) significantly 

improved the Claudin-5 loss of in BSCB, and AAV2/9-hSyn::DREADD(Gs) decreased 

the disease burdens of infected MNs at the presymptomatic disease stage after 

activated by CNO. All together, chemogenetic manipulation on astrocytes and MNs can 

improve disease manifestations in tight-junctions integrity and MN disease burdens 

of ALS. 
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