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Abstract 

 

Neurodegenerative diseases (NDDs) such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) 

represent an increasing economic and medical challenge due to the ageing population and a partial 

understanding of the detrimental mechanisms. These age-related disorders share several pathological 

hallmarks such as abnormal intra- and extracellular misfolded protein aggregation. Yet, the implication 

of astrocytes, one of the major glial cell types with key physiological functions (e.g. maintenance of 

brain homeostasis, neuroprotection, etc.), and their relationship to early noradrenergic system 

deterioration still need to be further investigated. After decades on the sidelines, recent research has 

revealed the significant contribution of astrocytes to the progression of neurodegeneration. They are 

known to change their properties and react to brain insults, with exhibiting a spectrum of reactive 

responses which may become toxic under certain conditions. Noradrenaline (NA) is a strong modulator 

of astrocytes and has potent anti-inflammatory and anti-oxidative effects on these cells. Interestingly, 

it has been shown that an alteration of the noradrenergic system affects glial cells in AD and PD. 

However, how NA system disruption affects astrocyte function and responses in such disorders is still 

poorly understood. Furthermore, the astrocytic heterogeneity is increasingly recognised, since 

astrocytes exhibit notable diversity in morphologies, properties and functionality between and within 

brain regions. Nevertheless, their heterogeneity is still poorly considered as a factor of regional 

vulnerability and/or in the progression of NDDs. This PhD thesis addressed two crucial aspects of 

astrocyte implication in NDDs pathophysiology. The first study provides a detailed characterisation of 

the heterogeneity of the hippocampal astrocytes and their distribution within the hippocampus of 

healthy individuals as well as patients with AD and PD with dementia (PDD). Using a high-content 

neuropathological approach involving chromogenic immunohistochemistry and digital pathology, we 

discovered specific distribution patterns of astrocyte markers, suggesting the existence of distinct 

subpopulations with region-specific vulnerabilities and molecular signatures. In addition, we also 

emphasise the importance of incorporating new markers in order to capture the full astrocytic response 

to neurodegeneration. The second study provides a comprehensive understanding of the modulatory 

role of NA on astrocyte physiology and responses. By combining bulk RNA sequencing on primary 

mouse astrocytes with RT-qPCR, cytokine assays and digital pathology analyses on post-mortem brain 

samples, we demonstrated that NA influences core astrocyte functions, and that the expression of NA-
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sensitive genes in hippocampal astrocytes is severely altered in NDDs. Our results suggest that the 

intimate relationship between the noradrenergic system and the astrocytes affords a significant 

phenotypic control of the astrocytes by NA and may be drastically impacted in disease. NA deprivation 

might lead to altered astrocyte roles and impaired neuroprotection, thus enhancing pathology 

progression.  
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Part I: Scope & Outline  
 
 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common age-related 

neurodegenerative diseases (NDDs) and the main causes of dementia. They share many cognitive 

symptoms and cellular changes, including progressive cognitive decline. 

A few decades ago, astrocytes, one of the main glial cell types in the brain, started to attract the 

attention of the scientific community due to their potential active roles in neurodegeneration. 

However, their exact implication remains poorly understood and underestimated. Recent single-cell 

and single-nucleus transcriptomic analyses have revealed the highly complex heterogeneity of mouse 

astrocytes that guides their phenotypes and responses (Green et al. 2024; Habib et al. 2020). These 

analyses have also shown that astrocyte subpopulations change their signatures in disease states. 

However, whether human astrocyte heterogeneity may be involved in regional-vulnerability and 

disease progression remains poorly understood.  

NDDs are also characterised by degeneration of the locus coeruleus (LC), a small brainstem nucleus 

comprising noradrenaline (NA)-producing neurons, leading to a progressive alteration of the 

noradrenergic system. The LC innervates several brain regions including the hippocampus, a crucial 

brain structure for memory processes. Hence, the LC-NA system has been shown to play a pivotal role 

in processes such as arousal, anxiety, learning and memory as well as neuronal survival and 

neuroinflammation. Indeed, NA is a potent modulator of neurons and glial cells, especially astrocytes, 

regulating their phenotypes and responses. Interestingly, it has been demonstrated that altering the 

NA system affects glial cells in AD and PD (Zorec et al. 2018; Evans et al. 2024a; Yao et al. 2015; Braun 

et al. 2014). This suggests that NA deprivation could be a factor in impaired neuroprotection and 

neurodegeneration progression. While the alteration of the NA system has been proposed as a cause 

of NDDs, it remains unclear whether LC alteration and NA depletion drive the onset of cognitive and 

behavioural phenotypes.  

The overarching goals of my PhD project were twofold: (i) to define the multifaceted responses of 

astrocytic subgroups in the hippocampus of AD and PD with dementia (PDD) patients, and (ii) to 

characterise the modulatory role of NA on astrocyte phenotype and responses in vitro, under both 

homeostatic and inflammatory conditions. This study was performed to improve our understanding of 

the astrocytic heterogeneity in disease context, as well as the impact of NA deprivation on astrocytes 

and its consequences on memory-associated brain regions, particularly the hippocampus. Therefore, 

we took advantage of our large collection of post-mortem samples from non-demented individuals, AD 



Page | 19  
 

and PDD patients to investigate the noradrenergic system and the astrocyte heterogeneity across 

neurodegenerative conditions. 

 

The results of the current project are presented in Part IV across chapters I (preprint in BioRxiv) and II 

(ready-to-submit) and discussed in Part V, followed by final conclusions and perspectives in Part VI. 

The multifaceted identity of the astrocytes in ageing and NDDs is reviewed in Part IV, Chapter III, 

published in Frontiers in Physiology. 

 

Part IV: Chapter I – Manuscript I – In this chapter, I present the manuscript entitled “GPC5 expression 

highlights astrocytic heterogeneity and divergent hippocampal responses in Alzheimer’s and 

Parkinson’s Dementia”. In this article, we highlighted the degree of astrocyte heterogeneity in the 

hippocampus of healthy individuals and investigated whether this heterogeneity is affected in AD and 

PDD patients. We identified a new astrocytic subtype, the GPC5-positive astrocytes, with specific 

molecular signature and responses to neurodegeneration. We also proposed the use of multiple 

astrocytic markers such as AQP4, ALDH1L1 and ALDH7A1 for monitoring astrocyte changes in disease 

states.  

 

Part IV: Chapter II – Manuscript II – This chapter concerns the manuscript entitled “Noradrenaline 

modulation of astrocytic molecular signatures is disrupted in Alzheimer’s and Parkinson’s dementia”, 

in which the main findings of the characterisation of the NA effect on astrocyte phenotype and 

responses are described. This article also shows the molecular signatures of astrocytes to DA exposure. 

We also investigated the expression of NA-sensitive genes in the hippocampus of healthy, AD and PDD 

cases.  

 

Part IV: Chapter III – Manuscript III – This chapter presents the manuscript entitled “The multifaceted 

neurotoxicity of the astrocytes in ageing and age-related neurodegenerative diseases: a translational 

perspective”, in which we reviewed astrocyte responses in ageing and NDDs from a translational 

perspective. In addition, we discussed how reactive astrocytes become neurotoxic and whether they 

could be interesting therapeutic targets.  
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Part II: Introduction  
 

“I am writing to share a story with you, specifically for you. My hope is that it will help you understand 

your patients along with their spouses and caregivers a little more. And as for the research you do, 

perhaps this will add a few more faces behind the why you do what you do.” – Susan Schneider Williams 

in her letter “The terrorist inside my husband’s brain”, wife of Robin Williams who severely suffered 

from Lewy Body Dementia (Williams 2016). This letter is a meaningful testament to the importance of 

our research for patients with neurodegenerative diseases and, above all, for their beloved ones. 

Despite centuries of inquiry into the complexities of the brain, and decades of dedicated research into 

neurodegeneration, many aspects remain poorly understood and continue to challenge the 

development of effective diagnostic tools and therapeutic strategies. To understand brain processes in 

health and disease, it is crucial to take a multi-layered point of view that encompasses cellular 

physiology, responses and interactions. This doctoral project makes a scientific contribution by 

characterising astrocytes identities and responses in both homeostatic and diseased states and their 

relationship to one of the most potent neuromodulators, the noradrenaline.  

 

1. Age-related neurodegenerative diseases and associated dementia 

Neurodegenerative diseases (NDDs) represent a heterogeneous group of neurological disorders 

characterised by a progressive loss of neurons in the central nervous system (CNS) or peripheral 

nervous system. These diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD) and 

dementia with Lewy body (DLB), share multiple hallmarks such as, among others, the deposition of 

pathological protein aggregates, altered neuronal networks and neuroinflammation (Figure 1), all 

leading to dementia. Dementia is a syndrome described as a progressive and irreversible cognitive 

decline that interferes with daily life and independence. Nowadays, over 55 million people worldwide 

are affected by dementia, including around 7,500 people in Luxembourg, with numbers expected to 

triple to 150 million by 2050, according to the World Health Organization (WHO).  

AD is the main cause of dementia, accounting for 60-70% of cases, followed by DLB. Both diseases, 

as well as PD, are defined by a prodromal phase that can begin up to 20 years prior to diagnosis and 

during which time no notable but still identifiable symptoms (from medical records) are present (e.g. 

mild cognitive impairment, sleep deprivation, constipation) (Mellergaard et al. 2023; Roos et al. 2022). 

If only 5-15% of cases have a genetic cause, the vast majority of AD, DLB and PD cases are sporadic, 

resulting from a complex interplay of ageing, lifestyle and environmental factors in addition to genetic 
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susceptibility (without a familial pattern). The sporadic form, the causes of which are still not 

understood, poses an exceptional challenge to the scientific community whose struggles to develop 

therapies that not only alleviate symptoms or slow down disease progression, but also that have the 

potential to halt the disease. Multidisciplinary research is crucial for unravelling the causes of 

neurodegeneration, understanding the mechanisms behind these diseases, and ultimately, identifying 

potential targets for novel biomarkers or therapeutic strategies.  

 

Figure 1: Pathological hallmarks of neurodegenerative diseases and evidence from the human 
hippocampus. 

A The last decades of translational and clinical research allow to identify eight NDDs hallmarks shared 

by AD, DLB and PD. Adapted from Wilson et al., 2023 (Wilson et al. 2023) and created with BioRender. 

B-F Representative IHC of pathological hallmarks from post-mortem FFPE brain samples. B In AD, AT8 

(DAB) stains phospho-tau and labels flame-shaped neurofibrillary tangles enwrapping pyramidal 

neurons. C Anti-pSyn staining (DAB) in the CA3 of a patient with PDD. D GFAP staining (DAB) in AD 

hippocampus reveals hypertrophic astrocytes. E Iba1 (DAB) labels microglia that can be found in small 

clusters (full arrow) in AD hippocampus. F Multiplex IHC revealing an Ab plaque (4G8, DAB) surrounded 

by a reactive glial net composed of hypertrophic astrocytes (GFAP, green) and activated microglia (Iba1, 

purple) in the AD hippocampus. Scale bars: 50 μm. Own microscopic images. 
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1.1. Alzheimer’s and Parkinson’s disease: distinct disorders with common threads.  

In 1906, Prof. Alois Alzheimer described for the first time the clinical case of Auguste Deter who 

suffered from an “unusual illness of the cerebral cortex” (“Eine eigenartige Erkrankung der Hirnrinde”), 

which later became known as AD. In his clinical report, A. Alzheimer depicted a progressive cognitive 

impairment with hallucinations, delusions and psychosocial alterations, highlighting a rapid loss of 

memory and a severe disorientation in time and space. His post-mortem analysis described an evenly 

atrophic brain as well as neurofibrillary tangles replacing neurons (Stelzmann et al. 1995).  

PD, by contrast, was first clinically documented by James Parkinson in his 1817 essay, “ An Essay on the 

Shaking Palsy”, in which he described “involuntary tremulous motion, with lessened muscular power, in 

parts not in action and even when supported […] the senses and intellects being uninjured” (Parkinson 

2002). Today, PD is recognised as a complex neurodegenerative disorder that includes not only motor 

symptoms, but also a wide range of non-motor features. As a result, two different forms of PD have 

been identified (Sezgin et al. 2019): PD with mild cognitive impairment (PD-MCI) and PD with dementia 

(PDD), which, alongside AD, will be the focus of this thesis manuscript. PDD is classified as a Lewy body 

dementia (LBD), together with DLB, and clinically characterised by fluctuating cognition (e.g. variations 

in attention and alertness) and behavioural changes (e.g. apathy, anxiety), parkinsonian motor 

symptoms (e.g. bradykinesia, rest tremor or rigidity), visual hallucinations and disruption of sleep-wake 

cycles, that might precede severe cognitive impairment (Sezgin et al. 2019). 

Hence, these NDDs share several clinical features: while cognitive impairment is a relatively common 

feature in patients with PD (Riedel et al. 2010; Fang et al. 2020), some parkinsonian symptoms are also 

observed in individuals diagnosed with AD (Wilson et al. 2000; Ono et al. 2025). However, despite these 

overlapping hallmarks, AD and PDD exhibit substantial pathological heterogeneity. 

 

At the genetic level, distinct gene mutations are responsible for the development of AD or PD(D) 

phenotypes. Familial forms of AD, also known as early-onset AD (EOAD), are genetically inherited from 

rare, highly penetrant mutations in the amyloid precursor protein (APP), presenilin 1 (PSEN1) and 

presenilin 2 (PSEN2) genes (Andrews et al. 2023). Genetic variants responsible for developing familial 

PD forms include mutations in PRKN (encoding Parkin), SNCA (encoding Synuclein Alpha), PINK1 

(encoding PTEN-induced kinase 1), and LRKK2 (encoding Leucine Rich-Repeat Kinase 2) genes, among 

others (Funayama et al. 2023). There are additional genetic risk factors that are specifically involved in 

the development of cognitive impairment in PD, including mutations in GBA (encoding 
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Glucocerebrosidase), MAPT (encoding Microtubule-associated protein tau) and APOE (encoding 

Apolipoprotein) genes (Sezgin et al. 2019). 

 

The neuropathological basis of AD mainly involves changes in the medial temporal cortex and the 

neocortical association areas. Such alterations underlie the characteristic impairment in episodic 

memory of patients with AD. In PDD patients, subcortical nuclei as well as frontal and parietal lobes are 

predominantly affected by the deposition of misfolded protein aggregates (see Part III, 1.2. “Misfolded 

proteins in AD and PD(D)”), thus affecting executive, attentional and visuospatial functions (Park et al. 

2011). Although the neuropathological substrate of PD is very similar to that of PDD, the progression 

of the pathology differs, affecting only the brainstem and limbic areas without impacting the neocortex 

(Walker et al. 2019). 

The next section outlines the neuropathology of AD and PDD, focusing on amyloid, tau and �-synuclein 

mechanisms.  

 

1.2. Misfolded protein pathologies in AD and PDD.  

One of the most extensively studied pathological hallmarks of AD and PDD is the aggregation of 

misfolded proteins.  

In AD, this includes amyloid plaques and tau tangles and neurites (Figure 1B, F). Amyloid plaques are 

extracellular deposits consisting of fibrillary aggregates of amyloid b (Ab) (Masters et al. 1985). Ab is a 

by-product of the sequential cleavage of the neuronal, highly expressed APP by b- and g-secretases. 

APP can be processed via two different pathways: the non-amyloidogenic and the amyloidogenic 

pathways. The non- amyloidogenic pathway involves a-secretase-mediated APP cleavage, that 

generates soluble N-terminal fragments (APPsa, APPsb), and prevents Ab production. In contrast, the 

amyloidogenic pathway is mediated by b-secretase cleavage and generates Ab peptides. Indeed, APP 

processing produces membrane-associated C terminal fragments (CTFa, CTFb) that are further cleaved 

by the g-secretase into monomeric Ab peptides (Guo et al. 2012). It is hypothesised that mis-regulation 

of APP cleavage and/or impaired clearance of APP generate excessive Ab peptides that are prone to 

aggregating into oligomers and fibrils, and ultimately Ab plaques (Guo et al. 2012; Hampel et al. 2021). 

The histology of Ab plaques has been extensively studied, resulting in the establishment of a 

classification based on plaque morphology. This classification distinguishes between diffuse and 

neuritic plaques, among others. Diffuse plaques are ill-defined deposits with blurred borders, whereas 

neuritic plaques, also known as dense-core or focal plaques, are well-defined structures characterised 
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by a central dense, spherical mass surrounded by a corona of dystrophic neurites and neural cell 

processes (Dickson and Vickers 2001; Bussière et al. 2004; D’Andrea and Nagele 2010; Jellinger 2020). 

The formation and accumulation of these plaques follow spatiotemporal dynamics. Ab deposition 

evolves through five phases starting first in the neocortex (frontal, temporal, parietal and occipital 

cortices; Thal phase 1), then affecting allocortical regions (e.g. hippocampus, entorhinal cortex, 

amygdala; Thal phase 2), diencephalic nuclei and basal ganglia (e.g, putamen, caudate nucleus, 

striatum; Thal phase 3), brainstem nuclei and medulla oblongata (Thal phase 4) and finally the 

cerebellum, additional brainstem nuclei (e.g. locus coeruleus) and the pons (Thal phase 5) (Thal et al. 

2002; Walker 2020) . 

 

The accumulation of hyperphosphorylated MAPT in the cell body and processes of neurons forms the 

neurofibrillary tangles (NFTs) and dystrophic neurites (or neuropil threads) typical of AD (Bancher et al. 

1989; Braak and Braak 1988). In disease, abnormally hyperphosphorylated tau (pTau) is present in the 

cytosol where it inhibits the assembly of microtubules and therefore promotes the disruption of the 

cytoskeleton (Iqbal et al. 2009). pTau is also prone to self-aggregation forming oligomers, paired-helical 

filaments (PHFs), also known as pretangles, NFTs (mature tangles), and ultimately ghost tangles (dead 

NFT-bearing neurons that is degrading) (Guo et al. 2017). Tau pathology also evolves into different 

stages, appearing first in the brainstem, including the locus coeruleus, and spreading towards the 

transentorhinal regions (Braak NFT stage I), the entorhinal cortex (Braak NFT stage II) and the limbic 

brain areas (e.g. hippocampus, amygdala, perirhinal cortex) (Braak NFT stage III). In Braak NFT stage IV 

and V, it affects the superior temporal gyrus and the neocortex, respectively. Finally, tau pathology 

accumulates in primary cortical areas (Braak NFT stage VI) (Braak and Braak 1991; Thal et al. 2025). 

Based on these different Ab and NFT stages, the neuropathological assessment of AD staging is now 

standardised using the ABC score. This score represents the following: A–amyloid pathology (Thal 

phases); B–tau pathology (Braak staging); and C–neuritic plaques (C = CERAD, Consortium to Establish 

a Registrery for Alzheimer’s Disease) (Table 9).  

 

PDD pathophysiology involves the presence of α-synuclein (α-syn) inclusions, such as Lewy bodies (LBs) 

and Lewy neurites (LNs) in neuronal cell bodies and processes, respectively (Figure 1 C). Under 

pathological states, α-syn is susceptible to extensive post-translational modifications, such as 

phosphorylation. This leads to conformational changes that result in a-syn misfolding, and ultimately 

the formation of pre-fibrillar aggregates and highly toxic oligomers (Arias-Carrión et al. 2025). LBs and 
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LNs are preliminary composed of phosphorylated a-Syn aggregates. Two types of LBs have been 

reported in the literature: brainstem LBs, defined by an acidophilic central core and a pale-stained halo 

mainly observed in the substantia nigra and the locus coeruleus; and cortical LBs which are irregularly 

shaped, do not have a core neither a halo, and are mainly found in cortical layers V and VI and limbic 

brain areas, especially the amygdala (Perry et al. 1990; Outeiro et al. 2019). The mechanisms underlying 

the propagation of α-syn pathology appear to be more complex and less understood than those 

governing the spread of Aβ and NFTs. Although the majority of cases follows a rostral-caudal 

propagation pattern, different staging systems have been developed to assess a-syn distribution in LBD 

brain, including the Newcastle-McKeith criteria (McKeith et al. 2017a) and the modified version by 

Leverenz and colleagues (Leverenz et al. 2008), the Braak staging system (Braak et al. 2003), the unified 

staging of Beach and colleagues (Beach et al. 2009), and the newly proposed “neuronal a-synuclein 

disease integrated staging system” (NSD-ISS) (Simuni et al. 2024a; Dam et al. 2024) (Figure 2). 

 

These key hallmark lesions are fundamental to the neuropathological assessment of post-mortem 

brains affected by AD or PDD. However, these misfolded protein pathologies are not mutually exclusive 

and often co-occur across NDD cases, thus referred to as cerebral multimorbidity (Jellinger and Attems 

2015; Rahimi and Kovacs 2014). In fact, the presence of only one distinct lesion type, that defines a 

pure pathology, is the exception rather than the rule. Indeed, multiple post-mortem studies reported 

AD patients with LB deposition  (Uchikado et al. 2006), TDP-43 inclusions (Meneses et al. 2021) and 

severe cerebrovascular lesions (Jellinger and Attems 2005; Iadecola and Gottesman 2018); and LBD 

cases with strong Ab and tau pathology accompanied by cerebrovascular diseases (Sarro et al. 2017; 

Jellinger 2021). Even though the co-occurrence of misfolded protein pathologies is now widely 

accepted, the mechanisms behind regional vulnerability and neurodegeneration are still being 

elucidated. 

NIAA ABC SCORE 

SCORE 
“A” – Amyloid pathology 

(Thal phase) 

“B” – Tau pathology 

(Braak and Braak NFT stage) 

“C” – Neuritic plaques 

(CERAD score) 

0 0 None  None  

1 1 or 2 I or II Sparse 

2 3 III or IV Moderate 

3 4 or 5 V or VI Frequent 
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Table 1: National Institute on Aging-Alzheimer's Association (NIAA) ABC score for evaluating 

neuropathological changes in patients with AD. Adapted from Montine et al., 2011 (Montine et al. 

2012); Kautzky et al., 2018 (Kautzky et al. 2018). 

 

 

Figure 2: Staging criteria of a-Synuclein deposition in LBD brains.  

A, B The BrainNet Europe protocol has been proposed by BrainNet Europe consortium to assess the 

deposition of aSyn in different brain regions, using Braak stage and Newcastle-McKeith type. To meet 

the criteria for a Braak stage, only one of the designated regions must be affected with one of the 

requested lesion types (LBs or LNs). To be classified as McKeith brainstem, limbic or neocortical type, at 

least one of the brainstem (medulla, pons or midbrain), limbic (basal forebrain, hippocampus, gyrus 

cingula or temporal cortex) or neocortical (frontal or parietal cortex) regions, respectively, needs to be 

affected with LBs or LNs. In the amygdala (AC)-predominant type, LBs are found either exclusively in the 
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AC or occur more abundantly in the AC compared to the brainstem regions. Modified criteria and staging 

systems have been proposed for cases where α-syn pathology is limited to the amygdala (Leverenz et 

al.), or the olfactory bulb (Beach et al.), or follows a limbic-predominant pathway without affecting the 

brainstem (Beach et al.). C Neuronal a-synuclein disease integrated staging system (NSD-ISS) 

framework. Abbreviations: dmV, dorsal motor nucleus of vagus; irx, intermediate reticular zone; LC, 

locus coeruleus; R, raphe; SN, substantia nigra; nbM, nucleus basalis of Meynert; TOcx, temporo-

occipital cortex. Adapted from Alafuzoff et al., 2009 (Alafuzoff et al. 2009); Outeiro et al., 2019 (Outeiro 

et al. 2019) and Simuni et al., 2024 (Simuni et al. 2024b). 

 
1.3. The hippocampus vulnerability as a core driver of memory impairment 

The hippocampus is a crucial brain structure located in the medial temporal lobe supporting 

memory and learning processes (Figure 3). Named after its seahorse-like shape (from the Ancient Greek 

“hippos” – horse, “kampos” – sea creature), the hippocampus is formed by the infoldings of the dentate 

gyrus (DG), Cornu Ammonis (CA1, CA2, CA3 and CA4) and subiculum. The latter is continuous with the 

entorhinal area and the parahippocampal cortex (Duvernoy 2005). The hippocampus is the brain center 

of memory being involved in different forms of memory, including spatial (navigation and orientation), 

episodic (personal experience) and semantic (factual knowledge) memories (Ekstrom and Hill 2023; 

Eichenbaum 2017; Duff et al. 2020). Hippocampal processing is supported by multiple cellular 

connections. It notably involves the trisynaptic loop (or the polysynaptic pathway) that connects the 

entorhinal cortex to the DG. In turn, the granular cells of the DG projects to CA3 pyramidal neurons 

that send a large collateral projection to the CA1 pyramidal neurons, and finally output to subiculum 

(Duvernoy 2005). Moreover, the hippocampus is indirectly connected to specific components of the 

limbic system such as the amygdala and the thalamus thanks to its central position within the Papez 

circuit that links the subiculum and the entorhinal cortex to the mammillary bodies of the 

hypothalamus (Willis and Haines 2018). 

Given its critical role in cognition, the slightest disturbance can have disastrous consequences for 

cognitive functions. The hippocampus is particularly vulnerable to pathological processes, and 

hippocampal atrophy is a hallmark of age-related NDDs, particularly AD. Indeed, the hippocampus and 

the cortex both undergo severe shrinkage alongside ventricle enlargement. This results in progressive 

cognitive impairments with disability in memory formation and retrieval, affecting first the episodic 

memory, closely followed by spatial and semantic memories (Jahn 2013). While mechanisms behind 

neurodegeneration is extensively studied across different NDDs, the cell-type-specific mechanisms 
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underlying selective hippocampal vulnerability remain unclear, particularly how ageing, the primary 

shared risk factor, interacts with these processes to drive region- and disease-specific vulnerability.  

 

Figure 3: The human hippocampus in health and disease. 

A Coronal view of the healthy human brain revealing the hippocampal area. B Histological 

representation of the main hippocampal subregions (white dashed lines) through which the trisynaptic 

circuit projects. Axons from entorhinal cortex (EC) send projection to the DG through the perforant 

pathway (purple arrow). The DG relays the information to the pyramidal neurons in the CA3 via mossy 

fibers (orange arrow). In turn, the CA3 neurons projects to CA1 pyramidal cells through the Schaffer 

collateral. CA1 neurons send back information into deep-layer neurons of the EC (cyan dashed arrow). 

CA3 and CA1 pyramidal neurons also receive direct projections from the EC (purple arrows). C Structural 

MRI acquisitions in cognitively normal (CN), amnestic mild cognitive impairment (aMCI) and AD 

individuals show brain atrophy notably visible with brain shrinkage and ventricles enlargement. Image 

from Vemuri and Jack, 2010 (Vemuri and Jack 2010). Created with BioRender and Illustrator. 
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2.  Astrocytes, the star cells of the brain 

In 1858, the term neuroglia (“Nervenkitt”) is for the first time introduced to the scientific community 

by Rudolf Virchow who described a connective substance filling spaces between neurons, a kind of 

biological glue or scaffold (Kettenmann and Verkhratsky 2008). By the end of the 19th century, it had 

become clear that this material was composed of distinct cells with their own nuclei, and the term of 

astrocyte is finally introduced by Michael von Lenhossék in 1895 (von Lenhossék and Mills 1895). 

Among the key scientists in astrocyte characterisation was Ramón y Cajal, who developed a microscopic 

method using gold chloride sublimate. This allowed him to visualise and describe the star-shaped cells 

that we know now as astrocytes (y Cajal 1913). His illustrations and descriptions revealed their intricate 

processes and close relationships with neurons and blood vessels, forming the basis of our modern 

understanding of astrocyte morphology and spatial organisation (Figure 4). 

 

Figure 4: Astrocytes over a century of discovery: from initial descriptions to modern observations.  

A-C Using different staining methods, including the Golgi method, Santiago Ramón y Cajal was able to 

observe and draw astrocytes in detail from the human brain. A Representation of Golgi-impregnated 

human astroglia across cortical layers. B Drawing of perivascular astrocytes. C In this drawing, Ramón 

y Cajal depicted hippocampal astrocytes wrapping around pyramidal neurons. (These images are part 
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of the Cajal Legacy collection at the Cajal Institute of the Spanish Research Council (CSIC) in Madrid, 

Spain. © CSIC 2017). D–E Nowadays, we routinely use immunofluorescence and chromogenic 

immunohistochemistry for such observations. D 3D confocal image of primary mouse astrocytes stained 

with GFAP (green) and DAPI (white). E Multiplex chromogenic immunohistochemistry image of human 

cortical astrocytes astrocytes stained with GFAP (teal) and ALDH1L1 (purple). Scale bars: D 100 μm; E 

50 μm. D and E: Own microscopic images. 

 

2.1.  The core roles of the astrocytes in the healthy brain 

Astrocytes are a very large population of glial cells in the CNS, accounting for approximately 20 to 

40% of all brain cells (Khakh and Sofroniew 2015), supporting CNS development, homeostasis and 

function (Figure 5). During development of the mammalian brain and throughout adulthood, astrocytes 

have a critical position in which their intimate interactions with neurons allow active communication 

and orchestrate the development of neuronal circuits. Several in vitro studies showed that astrocytes 

guide the formation, the maturation, but also the pruning of synapses by secreting synaptogenic 

factors. Thrombospondins, hevins, secreted protein acidic and rich in cysteine (SPARC), and glypicans 

are such astrocyte-secreted synaptogenic molecules that interact with synaptic binding partners, thus 

enabling connectivity and circuit refinement (Christopherson et al. 2005; Kucukdereli et al. 2011; Clarke 

and Barres 2013). In the mature brain, astrocyte modulate synaptic plasticity and transmission. The 

tripartite synapse is a real proof of concept of the crucial role of astrocytes in synaptic processes. 

Because of their intricate arborisation and ramifications, they can enwrap the synaptic terminal to 

sense the synaptic cleft milieu. This allows them to respond to released neurotransmitters, notably 

glutamate and gamma-aminobutyric acid (GABA), via high-affinity transporters such as the glutamate 

aspartate transporter (GLAST), to prevent excitotoxicity (Rothstein et al. 1996) and fine-tune synaptic 

activity (Hahn et al. 2015). Moreover, astrocytes release various neuroactive molecules named 

gliotransmitters, such as D-serine, adenosine and ATP that influence neuronal signalling and contribute 

to the regulation of synaptic plasticity and long-term potentiation (LTP) (Ota et al. 2013). Although far 

more complex, such processes lay the foundations for memory formation and learning processes. 

Indeed, these glial cells, and especially hippocampal astrocytes, are recognised as being involved in 

learning and memory processes. They are able to contribute to different forms of memory, such as 

working and spatial memory, as well as recognition and contextual memory (Escalada et al. 2024). 

Moreover, by integrating and computing neural signals, they play a central role in decision-making 

(Wang et al. 2017; Kofuji and Araque 2021). Emerging evidence also implicates astrocytes in the 
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regulation of circadian rhythms (Hastings et al. 2023). Indeed, they can influence the timing of neuronal 

activity in the suprachiasmatic nucleus via glutamate and ATP signalling, indicating the involvement of 

astrocytes in initiating and sustaining complex behaviour (Tso et al. 2017; Brancaccio et al. 2019).  

 

Astrocytes are essential for brain homeostasis that is necessary for optimal synaptic transmission. They 

are notably central to ion homeostasis to maintain the ionic environment necessary for proper 

neuronal firing. For example, they are key in buffering the extracellular potassium via specific channels, 

such as Kir4.1 that is enriched in astrocytic branches enwrapping blood vessels and synapses (McNeill 

et al. 2021). Moreover, astrocytes play a crucial role in water homeostasis, notably through aquaporin 

4 (AQP4), a water channel highly expressed in perivascular astrocytic endfeet. AQP4 facilitates 

bidirectional water transport, thus mediating a tonic water efflux, which is essential for maintaining 

osmotic balance to support cellular equilibrium in the brain (Pham et al. 2024). Being a key component 

of the glymphatic system, AQP4 plays a crucial role in clearing interstitial waste and soluble proteins 

(Iliff et al. 2012; Nagelhus and Ottersen 2013). Furthermore, astrocytes are an integral part of the 

vascular unit. Indeed, astrocytic endfeet form a critical interface between the parenchyma and the 

vasculature. Thus, astrocytes contribute to the development and maintenance of the blood-brain-

barrier (BBB). In vitro studies reported that astrocytes promote the development of BBB properties in 

endothelial cells notably by regulating the expression of tight junction proteins (Tao-Cheng et al. 1987; 

Tontsch and Bauer 1991). Hence, astrocytes are ideally positioned to actively participate in the 

controlling of the cerebral blood flow. Indeed, they have been reported to regulate the neurovascular 

coupling by detecting neuronal activity and releasing vasoactive molecules (e.g. prostaglandins, nitric 

oxide, ATP) onto cerebral vessels, thus changing vascular diameter and in fine, regulating the 

cerebrovascular tone (Metea and Newman 2006; Gordon et al. 2008; MacVicar and Newman 2015). 

Ultimately, through all these interactions, astrocytes are responsible for and critical to neuronal 

metabolic support. They support neurons notably via the astrocyte-neuron lactate shuttle wherein 

astrocytes metabolise glucose to lactate, which is then shuttled to neurons to fuel oxidative 

phosphorylation, providing most or all ATP necessary for neuronal energetic metabolism (Pellerin and 

Magistretti 1994; Bélanger et al. 2011). It is also worth noting that astrocyte glycogen and glutamine 

are additional sources of metabolic support for neurons, the glycogen resource being modulated by 

certain neurotransmitters such as noradrenaline (Sorg and Magistretti 1992). Hence, such metabolic 

support is fundamental for neuronal activity and survival, and consequently for cognition, particularly 

for learning and memory processes (Roumes et al. 2023). 
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In addition, astrocytes are actively involved in neuroprotection. Indeed, they efficiently respond to 

oxidative stress through the upregulation of specific antioxidant pathways, such as Nrf2-Keap1-ARE 

pathway (Heurtaux et al. 2022). They can also develop antioxidant activity, including the synthesis and 

release of glutathione precursors and the detoxification of reactive oxygen species (ROS) (Chen et al. 

2020). Additionally, astrocyte are potent modulators of the inflammatory immune response in the CNS, 

notably by releasing a cocktail of pro- and anti-inflammatory cytokines (IL6, IL33, IL10, etc.) and 

chemokines (CXCL10, CXCL12, CCL2, etc.) in response to injury or infection. Through these signalling 

molecules, astrocytes might recruit immune cells and support BBB integrity. Moreover, growing 

evidence indicate a key role of astrocytes in antigen presentation and interaction with T cells. Indeed, 

they have been reported to express major histocompatibility complex class II (MHC II) but also co-

stimulatory molecules (CD80, CD86, CD40), suggesting a potential role in antigen-specific T cell 

activation (Rostami et al. 2020; Beretta et al. 2025). However, these mechanisms behind astrocyte 

immune modulatory function remains still unclear. Crucially, astrocytes can engulf and degrade 

extracellular Aβ and tau aggregates (Thal et al. 2000; Kim et al. 2024; Reid et al. 2025). Through 

phagocytic activity and/or receptor-mediated processes (e.g. TLRs, LDLR), in addition to the expression 

of Ab-/tau-degrading enzymes (e.g. NEP, IDE, HMGCS2) (Mohamed and Posse De Chaves 2011; Mulder 

et al. 2012; Bouvier and Murai 2015; Reid et al. 2025), they play an active role in the clearance of such 

pathological protein aggregates. Importantly, astrocytes responses to CNS injury or any other abnormal 

stimuli involve a bidirectional communication with microglia, the immune cells of the brain. Indeed, 

astrocyte are known to influence microglia states and function through releasing signalling molecules. 

This is the case of interleukine-3 (IL-3) secreted by astrocytes that has been shown to induce 

transcriptomic, morphological and functional reprogramming in microglia to modulate their immune 

response, enhance their motility and facilitate microglia barrier formation and A� clearance (McAlpine 

et al. 2021). In turn, microglia signalling (e.g. C1q, IL1b, Tnfa) also shape astrocyte responses by 

triggering either resting or reactive states. Overall, astrocyte–microglia communication forms a 

bidirectional signalling axis that fine-tunes neuroimmune balance. Through these interactions, 

astrocytes can either amplify or restrain microglial-mediated inflammation, making this crosstalk a 

central mechanism in coordinating neuroprotective responses and preserving brain homeostasis. 

 

This chapter summarises some of the diverse functions of astrocytes and highlights their fundamental 

role in maintaining brain homeostasis. Their central position suggests that astrocytes play a significant 

role in the pathogenesis of NDDs, although their implication is still widely underestimated and poorly 
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understood. Moreover, astrocyte research over the last decade has revealed a remarkable astrocyte 

heterogeneity, which also explains the diversity of functions described above. This heterogeneity 

makes it even more difficult to characterise and understand astrocyte implication in ageing and disease 

processes. Therefore, it is fundamental to deeper investigate astrocyte diversity and their potential 

influence in the onset and/or progression of neurodegeneration. 

 

 
Figure 5: The multifaceted functions of astrocytes: examples of core roles in the CNS. 

Astrocytes support synapse formation and maturation by secreting thrombospondins (TSP), glypicans 

(GPC), hevins and SPARC in the synaptic cleft; and synapse stabilisation and homeostasis by releasing 

gliotransmitters (D-serine, ATP, adenosine) and uptaking excess glutamate that might cause 

excitotoxicity. They are responsible for ion and water homeostasis and supply neurons with energetic 

resources. They also support the formation of tight junctions, such as cadherin, claudin, occluding and 

junctional adhesion molecules (JAM) and maintain epithelial cells for an efficient BBB integrity. They 

regulate the cerebral blood flow by influencing contraction of the smooth muscle tissue through the 

release of Ca2+ ions. Astrocytes are widely involved in memory and learning processes, in the circadian 

regulation of metabolism, energy, behaviour, etc., but also in developing complex behaviour, such as 

feeding behaviour. Together with microglia, astrocytes are fundamental to CNS neuroprotection. 

Created with BioRender. 
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2.2.  Astrocytic heterogeneity within a conventionally defined homogeneous cell type  

Although these cells have traditionally been considered a functionally homogeneous population, it 

is now more widely appreciated that they exhibit a notable panel of morphologies, properties, and 

functionality between, but also within, brain regions (Holt 2023). Initially, astrocytes were defined by 

their star-shaped morphology, which rapidly evolved into a more advanced classification by Albert von 

Kölliker and William Lloyd Andriezen, who described protoplasmic and fibrous astrocytes located in the 

grey and white matter, respectively (Verkhratsky and Parpura 2010a). However, investigation on 

astrocyte morphologies revealed other astrocytic subtypes and differences between rodents and 

primate astrocytes (Figure 6). By comparing rodents and human astrocytes, Oberheim and colleagues 

showed that human astrocytes exhibit a greater morphological complexity and heterogeneity 

(Oberheim et al. 2009). Human protoplasmic astrocyte, defined by highly branched, bushy processes, 

are larger with a greater number of processes than the rodent counterparts. However, they show a 

similar non-overlapping organisation in both species. Given their wide distribution across the grey 

matter, protoplasmic astrocytes are largely involved in the functions described above (Part III, section 

2.1) (Tabata 2015). In humans, as in rodents and nonhuman primates, fibrous astrocytes are 

remarkably larger than protoplasmic astrocytes. They are characterised by a morphology with fewer 

fine bulbous processes, reflecting the reduced presence of synapses in white matter, and longer, 

straighter branches. Interestingly, they show a higher expression of GFAP than protoplasmic astrocytes. 

Although their functions are not clear yet, these cells appear to be primarily adapted for structural 

support (Oberheim et al. 2009; Tabata 2015). The primate brain also contains interlaminar astrocytes, 

which were first described by William Lloyd Andriezen in 1893 as caudate neuroglial fibre cells. These 

cells were studied in depth and characterised by Colombo and his colleagues hundreds of years later 

(Colombo et al. 1995; 1997; Colombo and Reisin 2004). Interlaminar astrocytes project straight and 

poorly ramified processes, sometimes arborising a few varicosities loaded with GFAP+ material, into 

the cortical grey matter, terminating in layers II to IV and frequently ending on capillaries. Given their 

close contact with the microvasculature of the brain, these astrocytes might be involved in the 

coordination of the blood flow. A second astrocytic subtype that is primate-specific have been 

discovered by Oberheim and colleagues and is designated as varicose projection (VP) astrocytes. This 

GFAP+ astrocyte subtype is mainly localised in the cortical layers V and VI, extending shorter and more 

spiny processes than protoplasmic astrocytes. In addition, they project within deep cortical layers one 

to five unbranched processes, each a few millimetre-long, containing many varicosities (Oberheim et 

al. 2009; Sosunov et al. 2014). These varicosities suggest specialised structures or 
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compartmentalisation of cellular components, but their exact function and significance remain unclear. 

A recent study showed that VP astrocytes are in vitro inducible by the presence of proinflammatory 

cytokines (Ciani et al. 2025). Moreover, Ciani and colleagues demonstrated through their quantification 

data an increase in the density of this astrocytic subtype in patients with AD, PD and multiple sclerosis 

(MS), suggesting that VP astrocytes are a reactive phenotype that appears in response to pathological 

states (Ciani et al. 2025). 

In addition to these complex and specific morphologies, there are also specialised astrocytic 

populations enriched in distinct brain regions. The Müller glial cells is a subtype of radially polarised 

astrocytes localised in the retina that contributes to retinal structure and homeostasis, supporting 

functioning and metabolism of retinal neurons (Bringmann et al. 2009; Reichenbach and Bringmann 

2013). The Bergmann glia, another example of specialised astrocytic subtype, is localised in the 

cerebellar cortex where it exhibits a complex polarised morphology with very long processes. These 

cells are in close interaction with the Purkinje cells, the neuronal output cells of the cerebellar cortex, 

and are fundamental for ion homeostasis, synapse plasticity and stability, metabolic functions and 

neuroprotection (De Zeeuw and Hoogland 2015). 

In addition to this remarkable morphological diversity, astrocytes also exhibit very diverse molecular 

signatures. Investigations into single-cell RNA sequencing over the last decade have shed light on the 

molecular heterogeneity of these cells and highlighted new astrocyte signatures. Habib and colleagues 

described a population of disease-associated astrocytes (DAAs) that appears at early disease stage and 

increases in abundance with disease progression (Mathys et al. 2019; Habib et al. 2020; Green et al. 

2024). They described these DAAs as a GFAP-high population with a unique molecular profile and 

exclusively found in AD. They also identified a homeostatic population of astrocytes in a low-GFAP state 

that expresses a unique set of genes and whose number decreases consistently with AD progression, 

alongside a corresponding increase in DAAs. Thus, such studies indicate an important diversity of 

astrocyte responses in disease conditions. Indeed, reactive astrocyte populations are highly dynamic 

and have been shown to adopt distinct profiles such as proliferative versus non-proliferative, or 

neurotoxic versus neuroprotective profiles (Zamanian et al. 2012; Liddelow et al. 2017; Hasel et al. 

2021). Furthermore, some studies showed that the intrinsic signalling activity of the astrocytes to 
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disease conditions is highly heterogeneous, which partly explains such functional differences (Qin et al. 

2023). 

 

Figure 6: Representative examples of astrocyte morphological diversity. 

The human brain is a veritable niche hosting diverse and complex astrocytic morphologies: (A) 

interlaminar astrocytes (GFAP, DAB, brown) and their very long processes projecting across cortical 

layers (full arrows); (B-C) protoplasmic astrocytes (B: GFAP, DAB, brown; C: GFAP in purple, AQP1 in 

teal) with a bushy and very ramified morphology; (D) fibrous astrocytes and their long and straight 

branches; and (E) varicose projections astrocytes with varicosities along extended processes (empty 

arrows). Scalebars: A 100 �m, B-E 50 �m. Own microscopy images.  

 

2.3.  Astrocyte responses in neurodegenerative diseases 

The multifacets of astrocyte neurotoxicity and the astrocyte involvement in ageing and NDDs are 

thoroughly discussed in the following review (manuscript III, Part IV, Chapter III):  

 

The Multifaceted Neurotoxicity of Astrocytes in Ageing and Age-Related 

Neurodegenerative Diseases: A Translational Perspective 
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3. The noradrenergic system: from modulation to degeneration  

Noradrenaline (NA), also known as norepinephrine (NE), has been suggested as a byproduct of 

tyrosine degradation in 1939 by Hermann Blaschko and Peter Holtz, but its role in the body has been 

discovered by the physiologist Ulf van Euler in 1945 (Euler 1946). Finally, it is Marthe Vogt who 

investigated and made a detailed map of the NA distribution in the dog brain and showed its uneven 

distribution across the brain (Vogt 1954). 

 

3.1.  The noradrenergic system: from a small brainstem nucleus to a brain-wide system 

The forebrain noradrenergic system originates in the locus coeruleus (LC), a small brainstem 

nucleus located in the dorsal pontine tegmentum (Figure 7). Despite its very small size, the LC widely 

projects noradrenergic (NA) efferences throughout the entire brain following three main NA pathways: 

the cortical/ascendant pathway, including projections to the amygdala, hippocampus, and prefrontal 

cortex (PFC); the spinal pathway (or descendent) that projects to brainstem nuclei (e.g. nervus vagus); 

and the cerebellar pathway, connecting both cerebellar cortex and nuclei (Foote et al. 1983; Ordway 

et al. 2007; Hussain et al. 2025). With such large-scale projections, the NA system exerts extensive 

modulatory influence on physiological as well as cognitive processes. Indeed, through the cortical 

pathway, the NA system has been shown to be involved in learning, memory, attention/arousal and 

sleep processes (Berridge and Waterhouse 2003; Aston-Jones and Cohen 2005; Ordway et al. 2007; 

Roozendaal 2007; Sara 2009; O’Donnell et al. 2012; Mather and Harley 2016; Mercan and Heneka 2022; 

Hussain et al. 2025).  

The LC is the main source of NA in the CNS, a catecholaminergic neurotransmitter synthesised by the 

NA neurons. These neurons are identifiable by a darkly pigmentation due to neuromelanin (Figure 7), 

a byproduct of both dopamine (DA) and NA that binds metal ions (Zucca et al. 2006; Clewett et al. 

2016). NA is synthesised from tyrosine, which is converted into dihydroxyphenylalanine (DOPA) by the 
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tyrosine hydroxylase, and then into DA by the DOPA decarboxylase. DA is finally converted into NA by 

the dopamine b-hydroxylase within NA neurons. NA is then released either via classical synaptic 

transmission into the synaptic cleft or by volume transmission via axonal varicosities. The latter enables 

a broad, paracrine-like mode of signalling that can influence a wide range of cellular targets beyond 

synapses, including astrocytes, microglia, and endothelial cells of the neurovascular unit (Stone and 

Ariano 1989; Marien et al. 2004; Vizi et al. 2010; O’Donnell et al. 2012; Pan et al. 2025). Indeed, all 

these cell types express various noradrenergic receptors belonging to the a1-, a2- and b-adrenergic 

receptor families, to which NA binds with the highest, lowest and intermediate affinity, respectively 

(Ordway et al. 2007). These three main receptor families are further divided into three subtypes each: 

a1A, a1B, a1D; a2A, a2B, a2C and b1, b2, b3. Through these G protein-coupled receptors, NA exerts 

either stimulatory (via a1 coupled to Gq proteins or b-adrenergic receptors coupled to Gs proteins) or 

inhibitory (via a2-adrenergic receptors coupled to Gi proteins) effects on cell signalling (Ordway et al. 

2007; O’Donnell et al. 2012; Mercan and Heneka 2022; Hussain et al. 2025). 

 

The following section will briefly summarise the noradrenergic signalling within the aforementioned 

cell types, before describing more precisely the intimate relationship between the NA system and 

astrocytes. 

 
3.2.  Noradrenergic signalling in neurons, glia and brain immune cells 

NA is a potent modulator of neuronal circuits signalling through the three above mentioned 

adrenergic receptor families. Indeed, a1-adrenergic receptors (a1-ARs) are mainly expressed by the 

postsynaptic terminals located in various brain regions, including the LC, DG, amygdala, cerebral cortex, 

olfactory bulb and thalamus, and mainly perform excitatory actions. Notably in the PFC, activation of 

these receptors may increase glutamate release, inducing persistent firing activity. The a2-AR subtypes 

are found both pre- and postsynaptic, notably in the LC, amygdala and hypothalamus, mainly exerting 

inhibitory effects. Similar to a1-ARs, b-ARs are mainly expressed at postsynaptic sites and promote 

inhibitory actions. Through these receptors, NA can regulate both excitatory and inhibitory 

transmission, thus shaping neuronal circuit activities and contributing to cognitive functions, including 

attention, learning and memory processes (Mercan and Heneka 2022; Hussain et al. 2025; O’Donnell 

et al. 2012).   

Glial cells are also key targets of the noradrenergic system and are highly responsive to NA. For 

example, oligodendrocyte precursor cells (OPCs) express a1-AR and activation of a1A-AR subtype by 
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NA binding has been shown in mice to stimulate OPCs proliferation (Lu et al. 2023) and promote their 

differentiation into myelinating oligodendrocytes (Fiore et al. 2023). Thus, NA is an important regulator 

of OPCs fate.  

The modulatory effect of NA on astrocytes physiology will be detailed in the following section. 

Finally, NA is also a potent modulator of microglia, the resident immune cells of the brain. Indeed, 

NA is well recognised for its anti-inflammatory effects on microglia, notably by signalling through b-

ARs. This includes the down-regulation of the expression of pro-inflammatory genes (e.g. MCP, iNOS, 

COX2) and reduced secretion of pro-inflammatory cytokines (e.g. TNFa, IL-6) and chemokines (e.g. 

CCL2, CCL5) (Heneka et al. 2010; Zou et al. 2021; Durcan et al. 2025). NA was also reported to reduce 

the IFNg-dependent upregulation of MHCII antigens (Loughlin et al. 1993; Gutiérrez et al. 2022), thus 

mediating microglial immune response. Furthermore, NA has been shown to increase microglia 

phagocytosis and migration (Heneka et al. 2010; Feinstein et al. 2016; Mercan and Heneka 2019; 

Durcan et al. 2025). NA was also found to promote process retraction in both resting and activated 

microglia through a2a- and b2-ARs activation, thereby modulating cell motility and reducing microglial 

surveillance as well as synaptic plasticity (Stowell et al. 2019; Gyoneva and Traynelis 2013; Liu et al. 

2019).  

 Hence, NA is a potent neuromodulator that finely tunes the activity and interactions of all brain 

cell types to maintain CNS homeostasis and adaptability. However, all the mechanisms behind these 

modulatory effects are still not fully understood.  

 

3.3.  Astrocyte-noradrenergic signalling: a modulatory interface  

Astrocytes are deeply integrated into this neuromodulatory architecture. Indeed, they express all 

families of noradrenergic receptors enabling them to respond dynamically to fluctuations in 

extracellular NA levels (Hertz et al. 2004; O’Donnell et al. 2012; Ding et al. 2013; Wahis and Holt 2021; 

Pan et al. 2025). Activation of these receptors leads to an increase of intracellular calcium (Ca2+) and 

cAMP, thus stimulating multiple effector mechanisms and influencing key astrocytic functions (Duffy 

and MacVicar 1995; Bekar et al. 2008; Hertz et al. 2010; Paukert et al. 2014; Wahis and Holt 2021; 

Bogdanović Pristov et al. 2025). Indeed, NA has been demonstrated to control the glycogen breakdown 

and synthesis in astrocytes to provide neurons with lactate, and thus supporting neuronal metabolism 

(Sorg and Magistretti 1992; Fink et al. 2021). NA is also known as a vasoactive neurotransmitter that 

contributes to astrocyte-mediated vasoconstriction. Indeed, Mulligan and MacVicar reported that NA 

increases significantly intracellular Ca2+ in astrocyte endfeet, leading to arteriole constriction (Mulligan 
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and MacVicar 2004). In addition to its potent vasoconstrictive properties, NA has been recently shown 

to promote glymphatic fluid transport and brain clearance during sleep (Hauglund et al. 2025). These 

crucial functions might be partly supported by astrocyte endfeet that have been proposed to function 

as “valves” promoting glymphatic flow in perivascular spaces and averting backward flow (Bork et al. 

2023; Gan et al. 2023; Bellier et al. 2025). Moreover, Chen and colleagues have recently demonstrated 

the critical role of astrocytic AQP4 in glymphatic exchange and clearance (W. Chen et al. 2025). 

Importantly, recent research has revealed that NA-mediated astrocyte activity is critical for synaptic 

regulation and behavioural outcomes. Indeed, NA has been shown to act via astrocytic purinergic 

signalling to influence passive behaviour state in zebrafish by modulating neuronal excitation (A. B. 

Chen et al. 2025). Conjointly, studies in mice and zebrafish showed that NA shapes synaptic dynamics 

via astrocytic signalling, specifically through astrocytic a1A-ARs, and, in fine, modulates synaptic 

strength (A. B. Chen et al. 2025; Lefton et al. 2025). Such neuromodulation has been reported to 

contribute to specific memory processes (e.g. astrocytic cAMP elevations) during vigilance state in 

awake mice (Oe et al. 2020). Interestingly, NA is known to induce morphological changes in astrocytes 

through b-ARs via elevation of intracellular cAMP (Vardjan et al. 2014; Sherpa et al. 2016). These 

microstructural changes mainly affect astrocytic leaflets (or perisynaptic astrocyte processes) 

regulating the astrocytic coverage of the synapse, thus influencing synaptic transmission (Henneberger 

et al. 2020; Zorec 2025). In addition, Guttenplan and colleagues have recently shown in drosophila that 

tyramine, a functional analog of NA, “gates” astrocytic responsiveness to other neurotransmitters such 

as DA, implying that NA does not merely activate astrocytes, but also reprograms their functional state 

(Guttenplan et al. 2025). 

Importantly, NA is a potent modulator of brain inflammation by regulating the expression of 

inflammatory genes in endothelial (Feinstein et al. 2002) and glial cells, including microglia (Dello Russo 

et al. 2004; Schlachetzki et al. 2010; Ishii et al. 2015; Zou et al. 2021) and astrocytes (Madrigal et al. 

2009; Hinojosa et al. 2013; Laureys et al. 2014). This modulatory effect has been shown in vitro to be 

mediated mainly through b-ARs and validated in AD mouse models in which the pharmacological 

blockade of these receptors potentiates neuroinflammation (Ardestani et al. 2017; Evans et al. 2020; 

2024b). Such antagonistic effect increases the expression of proteins involved in inflammation, such as 

TNFa and IL1b in both astrocytes and microglia, NOS2 in astrocytes mainly,  and adhesion molecules 

(e.g. ICAM-1) in astrocytes and brain endothelial cells. It also increases the expression of genes related 

to class II major histocompatibility complexes (MHC II) in brain endothelial cells (Feinstein et al. 2016). 

Furthermore, LC lesion in PD rodent models was associated with exacerbated neuroinflammation in 
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addition to an increased sensitivity of nigrostriatal DA cells to damage and degeneration (Fornai et al. 

1999; Song et al. 2019; Af Bjerkén et al. 2019). By contrast, some studies have demonstrated that NA 

stimulates the expression and release of anti-inflammatory factors, including astrocytic MCP-1 

(monocyte chemotactic protein-1, or CCL2), IL-10, IL-1 receptor antagonists (e.g. IL-1ra, IL-R2), and GM-

CSF (granulocyte-macrophage colony-stimulating factor, recognised for its anti-inflammatory and 

neuroprotective properties) (Ağaç et al. 2018). 

Moreover, NA plays a crucial role in neuronal protection against oxidative stress (Troadec et al. 

2001). Indeed, in vitro studies showed that NA increases the intracellular concentration of glutathione 

(GSH) in astrocytes through the stimulation of b3-ARs (Yoshioka et al. 2016; 2021). GSH is a key factor 

of the antioxidant machinery that protects cells against oxidative damage notably by scavenging and 

detoxifying intra- and extracellular ROS (Pérez-Sala and Pajares 2023). The astrocytic GSH is essential 

for providing neighbouring neurons with the fundamental precursors needed to synthesise neuronal 

GSH, thereby supporting neurons in their response to oxidative stress (Dringen and Arend 2025). The 

antioxidant properties of NA has been validated in vivo in a PD mouse model in which LC lesion 

exacerbated oxidative stress associated with reduced pools of GSH and glutathione peroxidase as well 

as an increased lipid peroxidation (Song et al. 2019; Hou et al. 2019). 

 

3.4.  Selective vulnerability: the noradrenergic system in neurodegenerative disorders 

The LC is a highly vulnerable structure sensitive to brain insults. This can be explained by its exposed 

location in close proximity to the fourth ventricle, accentuating its exposure to inflammatory molecules 

and toxins that might circulate in the cerebrospinal fluid (Matchett et al. 2021). Importantly, there is 

growing consensus that the LC is among the earliest sites of pathology in AD, with tau pathology and 

neuronal loss occurring well before overt cognitive symptoms emerge (German et al. 1992; Braak and 

Del Tredici 2011; Braak et al. 2011; Theofilas et al. 2017; Gilvesy et al. 2022; Bueichekú et al. 2024; Hary 

et al. 2025). In vivo evidences showed a spread of tau pathology in AD mice from the LC to the forebrain, 

underlying the selective vulnerability of the LC to AD pathogenesis (Kang et al. 2020; Iba et al. 2015). 

Similarly, early LC degeneration is observed in other disorders such as PDD (Bertrand et al. 1997; Sun 

et al. 2023) and DLB (Szot et al. 2006; Železníková et al. 2025), underscoring the potential unifying role 

of NA system disruption in (Zarow et al. 2003; Weinshenker 2018; Jacobs et al. 2020; Matchett et al. 

2021). Notably, in AD, loss of rostral LC neurons, which predominantly innervate the hippocampus, is 

particularly pronounced and may underlie early memory deficits characteristic of the disease (Theofilas 

et al. 2017; Gutiérrez et al. 2022; Bae et al. 2025).  
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Moreover, the vulnerability of the NA neurons can be partly explained by impairment of the “metabolic 

coupling” between astrocytes and LC neurons. Indeed, secreted NA induces astrocytes to release L-

lactate, which in turn excites LC neurons and stimulates the further release of NA, thus supporting extra 

energy demand and enhanced metabolic activity of LC neurons (Tang et al. 2014; Vardjan et al. 2018). 

Hence, the disruption of the excitation-energy coupling might accentuate the vulnerability of the LC 

neurons (Zorec 2025). In addition, hyperactivation of LC neurons accompanied by mitochondrial 

dysfunction and subsequent oxidative stress (Sanchez-Padilla et al. 2014; Wang et al. 2020), as well as 

heavy metal accumulation (Ehrenberg et al. 2025), are additional crucial factors that render the LC 

vulnerable to neurodegeneration.  

 

3.5.  Disruption of the glial cell-noradrenergic crosstalk as a key factor in the progression of 

neurodegeneration. 

 

Given its involvement in fundamental functions and its modulatory effect, the early depletion of NA 

due to LC degeneration is believed to trigger widespread dysregulation of astrocytic, microglial and 

neuronal activity and responses in NDDs, contributing to progressive cognitive impairment 

(Weinshenker 2008). Several studies reported detrimental effects of NA depletion notably on microglia 

responses to disease states. Heneka and colleagues demonstrated an increase of microglia activation, 

accompanied with astrocyte reactivity, in NA-depleted APP transgenic mice (Heneka et al. 2006). They 

also showed that NA deprivation induces deficit of microglial phagocytosis and reduces the recruitment 

of these cells to Ab plaques. This was accompanied with increased levels of extracellular Ab deposition 

in the hippocampus and frontal cortex. Conversely, pharmacological rescue of NA levels prevents the 

decrease in phagocytosis and migration of microglia, thereby restoring Ab clearance (Heneka et al. 

2010). Moreover, chronic depletion of NA levels has been reported in APP transgenic mice to increase 

neuroinflammation in NA-targeted brain regions, including hippocampus and cortex. This 

neuroinflammation was characterised by an elevation of pro-inflammatory cytokines and contributed 

to early impaired neuronal functions and increased cognitive deficits (Heneka et al. 2006). In addition, 

activated microglia induced by LC lesion have been shown to release superoxide and some other forms 

of ROS, thereby increasing oxidative stress in neurons before they degenerate (Song et al. 2019).    

 

As explained above (see Part III, 3.3. “ Astrocyte-noradrenergic signalling: a modulatory interface”), 

chronic NA depletion also severely affect astrocytes with a loss of their homeostatic roles, adopting 
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neurotoxic phenotypes that contributes to inflammation, oxidative stress, and neuronal dysfunction 

(Braun et al. 2014; Bouvier et al. 2022; Escartin et al. 2021; Hinojosa et al. 2013). However, despite 

growing recognition of these processes, the molecular mechanisms by which NA shapes astrocyte 

responses during disease remain incompletely understood.   

 

Therefore, this thesis presents a comprehensive characterisation of astrocytic changes and the 

impact of NA deprivation on their phenotype and responses in NDDs. 

 

 

 

Figure 7: The locus coeruleus is an early vulnerable brain region in NDDs.  

A The LC is a small brainstem nucleus that projects NA efferences throughout the CNS. The localisation 

of NA neurons within the LC reflects their projection destination: neurons from the rostral part of the LC 

project to the forebrain regions (purple); middle LC neurons to the pons (blue) and caudal LC neurons to 

the cerebellum and the spinal cord (green). Adapted from (Matchett et al. 2021). Created with 
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BioRender. B Macroscopic image of the LC from a non-demented individual. The LC (circle) appears 

darkly pigmented due to the presence of neuromelanin. C In AD patients, the LC (circle) is significantly 

depigmented due to a loss of neuromelanin, reflecting neurodegeneration. D Multiplex cIHC of 

pigmented LC neurons among GFAP+ (teal) and GPC5+ (purple) astrocytes. Scale bars: 50 µm. Own 

macro- and microscopic images. 
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Part III: Material & Methods 
 

1. Material  
 

Table 2:  Primary cells  

Primary cells   Tissue  Mouse strain  Source Manuscript 
Primary mouse 
astrocytes Cerebrum Crl:CD-1 (1-3 days old pups) Charles-River, France  II 

Primary mouse 
microglia Cerebrum Crl:CD-1 (1-3 days old pups) Charles-River, France  II 

 

Table 3: Post-mortem human samples   

Post-mortem 
human samples   Brain regions Sample 

storage Source Manuscript 

Non-demented 
control (CTL) Hippocampus; 

Locus coeruleus; 

Prefrontal 

cortex; 

Amygdala  

FFPE; 
PFA-fixed; 
frozen 

Douglas-Bell Canada Brain Bank; GIE-
Neuro-CEB biobank; The 
Netherlands Brain Bank 

I, II 

Alzheimer’s 
disease (AD) 

FFPE;  
PFA-fixed; 
frozen 

Douglas-Bell Canada Brain Bank; GIE-
Neuro-CEB biobank; The 
Netherlands Brain Bank 

I, II 

Parkinson’s 
disease with 
dementia (PDD) 

FFPE The Netherlands Brain Bank I, II 

 
Table 4: Cell culture media and solutions 

Cell culture media and solutions Source Manuscript 
DMEM 10% (= DMEM, 10% (v/v) FBS, 100 U/mol Penicillin, 
10 mg/ml Streptomycin)  Gibco II 

DMEM Gibco II 
 
Table 5:  Chemicals and recombinant proteins  

 
 
 
 
 

Chemicals and recombinant proteins Reference Source Manuscript 
Noradrenaline  A9512 Sigma-Aldrich II 
Dopamine  H8502 Sigma-Aldrich II 
Murine TNFa 315-01A PeproTech II 
Murine IL1b 211-11B PeproTech II 
Murine IFNg 315-05 PeproTech II 
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Table 6: Antibodies 

Antibodies Reference Source Manuscript 
PRIMARY ANTIBODIES 

Rabbit polyclonal anti-ALDH1L1 HPA050139 Sigma I, II 
Rabbit polyclonal anti-ALDH7A1 HPA023296 Sigma I 
Mouse monoclonal anti-AQP4 AMAb90537 Sigma I, II 
Mouse monoclonal anti-β-Amyloid 800712 BioLegend I 
Rabbit polyclonal BACE2 HPA035416 Sigma II 
Rabbit polyclonal anti-CBS HPA001223 Sigma II 
Rabbit monoclonal anti-GFAP 760-4345 Ventana Medical Systems I, II 
Guinea-pig polyclonal anti-GFAP 173004 SynapticSystem II 
Rabbit polyclonal anti-GPC5 HPA040152 Sigma I 
Rabbit polyclonal SPARC HPA003020 Sigma II 
Mouse monoclonal anti-phospho 
Synuclein – clone 81A (Ser129) 

MABN826 Millipore II 

Rabbit polyclonal anti-phospho tau –
pS396 

44-752G Thermo Fisher Scientific I 

Mouse monoclonal anti-phospho tau –
AT8 (Ser202, Thr205) 

MN1020 Thermo Fisher Scientific I, II 

Rabbit polyclonal anti-VGAT HPA058859 Sigma I 
Rabbit polyclonal anti-VGLUT1 HPA063679 Sigma I 
Mouse monoclonal Vimentin  05278139001 Ventana Medical Systems II 
Mouse monoclonal anti-VMAT2 TA500506 Origene II 

SECONDARY ANTIBODIES 
DISCOVERY OmniMap anti-Rb HRP  760-4311  Roche I, II 
DISCOVERY OmniMap anti-Ms HRP  760-4310  Roche I, II 
DISCOVERY CM DAB kit  760-159  Roche I, II 
DISCOVERY Purple Kit  760-229  Roche I, II 
DISCOVERY Teal HRP kit  760-247  Roche I, II 
Discovery Green HRP kit  08478295001  Roche I, II 

Donkey anti-guinea pig Alexa Fluor 647 706-605-148 
Jackson ImmunoResearch 
Labs 

II 

Donkey anti-rabbit Alexa Fluor 555 A-31572 Invitrogen II 
Donkey anti-rat Alexa Fluor 488 A21208 Life Technologies II 
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Table 7: Primers  

siRNA and 
primers 

Sequence Source Manuscript 

Ace2 primers 
(NM_ 001130513) 

F: 5’-GAC-AAC-TTC-TTG-ACA-GCC-CA-3’ 
R: 5’-CAA-CAG-CTT-CAT-GGA-ACC-CT-3’ Eurogentec II 

Camk4 primers 
(NM_ 009793) 

F: 5’-ATG-CAA-ACA-GAA-GGG-GAC-C-3’ 
R: 5’-ATG-TTC-GGG-TGT-GAG-AGA-CG-3’ Eurogentec II 

Cartpt primers 
(NM_ 013732) 

F: 5’-ACA-TCT-ACT-CTG-CCG-TGG-AT-3’ 
R: 5’-GCT-TCG-ATC-TGC-AAC-ATA-GCG-3’ Eurogentec II 

Cxcl10 primers  
(NM_ 021274.2) 

F: 5’-TGCTGCCGTCATTTTCTGCCTC-3’ 
R: 5’-AGCTTCCCTATGGCCCTCATTCTC-3’ Eurogentec II 

Igf1 primers 
(NM_010512) 

F: 5’- CTC TGC TTG CTC ACC TTC-3’ 
R: 5’- CAA CAC TCA TCC ACA ATG C-3’ Eurogentec II 

Rpl27 primers 
(NM_011289.3) 

F: 5’-TGG-GCA-AGA-AGA-AGA-TCG-CCA-AG-3’ 
R: 5’-TTC-AAA-GCT-GGG-TCC-CTG-AAC-AC-3’ Eurogentec II 

Scg2 primers 
(NM_009129.3) 

F: 5’-AGA-TGA-AAC-GTT-CAG-GGC-AG-3’ 
R: 5’-CCC-ACA-GCA-TTC-ACT-AAC-CT-3’ Eurogentec II 

Sod3 primers 
(NM_011435.3) 

F: 5’-GCC-TTC-TTG-TTC-TAC-GGC-TTG-CTA-C-3’ 
R: 5’-GCG-TGT-CGC-CTA-TCT-TCT-CAA-CC-3’ Eurogentec II 

Tnfa primers 
(NM_013693.3) 

F: 5’-GCA-CAG-AAA-GCA-TGA-TCC-GCG-AC-3’ 
R: 5’-TGA-GAA-GAG-GCT-GAG-ACA-TAG-GCA-C-3’ Eurogentec II 

 
Table 8: Kits 

Kits Source Manuscript 
MACS® isolation kit (autoMACS® Rinsing Solution, MACS® 
BSA stock solution, MACS LS separation columns)  Miltenyi II 

innuPREP RNA Mini kit 2.0 IST Innuscreen GmbH II 
ImProm-II(TM) Reverse Transcription System Promega II 

 
2. Methods  

 
Table 9: Methods  

Methods  Manuscript 
Magnetic Cell Sorting (MACS)  II 
siRNA-mediated knock-down II 
RNA extraction, reverse transcription, qPCR and RNA-sequencing II 
Immunoblotting II 
Immunohistochemistry and microscopy I, II 
Digital pathology I, II 
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Part IV: Results  

 

3. CHAPTER I – GPC5 expression highlights astrocytic heterogeneity and divergent hippocampal 

responses in Alzheimer’s and Parkinson’s Dementia. 

 

3.1.  Introduction 

Astrocytes, one of the main glial cell types in the CNS, play crucial roles in brain development, 

homeostasis, and function. In response to injury or disease, they undergo reactive changes, making 

astrocyte reactivity a biomarker of neuroinflammation and a potential indicator of NDDs (Liddelow et 

al. 2017; Pelkmans et al. 2024; Luijerink et al. 2024). While GFAP emerged as a promising CSF and 

plasma biomarker to assess astrocyte reactivity (Benedet et al. 2021; Abdelhak et al. 2022; Lin et al. 

2023; Liu et al. 2023; Gogishvili et al. 2025), its capacity to reflect parenchymal heterogeneity remains 

debated (Chiotis et al. 2023; Edison 2024; Youn et al. 2025). Indeed, increasing evidence challenges the 

traditional view of astrocytes as a homogeneous population, highlighting their diverse morphologies, 

functions, and region-specific subtypes. Single-cell studies further reveal that astrocytic responses to 

pathology are markedly heterogeneous as well. Despite this, the astrocyte heterogeneity is still poorly 

considered as a factor in the onset and/or progression of neurodegeneration. Therefore, we believe 

that characterising astrocyte heterogeneity in both healthy and diseased brains is crucial to 

understanding how specific subtypes shift their phenotype and whether they are involved in disease 

progression. To this purpose, we mapped and quantified established and emerging astrocytic markers 

(GFAP, ALDH1L1, AQP4, GPC5, ALDH7A1) across hippocampi of cognitively non-impaired elderly 

individuals (CTLs) as well as AD and PDD patients, using chromogenic immunohistochemistry (cIHC) and 

digital pathology.  

 

3.2.  Personal contributions 

For this paper, I conducted the study under the supervision of Dr David Bouvier and with the technical 

support of my colleagues Mónica Miranda de la Maza, Sophie Schreiner and Dr. Gaël Hammer. Below 

are listed my personal contributions:  

o FFPE sample slicing, cIHC staining and imaging;  

o HALO quantification  

o Data analysis and visualisation  
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o Production and design of the below listed figures submitted for this manuscript, except figure 1D 

(designed by Sophie Schreiner).  

- Figure 1 (A-C, E), Figure 2 (A-G), Figure 3 (A-J), Figure 4 (A-O), Figure 5 (A-G), Figure 6 (A-E); 

- Supplementary figure 1 (A-E), Supplementary figure 2, Supplementary figure 3 (A-E), 

Supplementary figure 4 (A-B), Supplementary figure 5 (A-F); Supplementary figure 6 (A-B); 

o Drafting and final writing of the manuscript (with the support of Dr David Bouvier); 

o Editing and reviewing of the final manuscript; 

o Details of each author’s individual contributions are provided in the author contribution section 

at the end of the manuscript. 
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ABSTRACT 

Astrocytes are central to central nervous system (CNS) homeostasis and memory consolidation. They 

also display remarkably heterogeneous morphological phenotypes, functions and molecular profiles 

between and within distinct regions of the human brain. Yet, their role in regional vulnerability in 

neurodegenerative diseases (NDDs) remains poorly understood. To elucidate this subregional 

heterogeneity of astrocytes in the hippocampus and parahippocampal cortex and its implication for 

neurodegeneration, we employed high-content neuropathology, integrating chromogenic 

immunohistochemistry (cIHC) and digital pathology, to map and quantify the expression of functional 

astrocytic markers (GFAP, ALDH1L1, AQP4, GPC5 and ALDH7A1) of healthy individuals, of patients with 

Alzheimer’s disease (AD) or Parkinson’s disease with dementia (PDD). We found that astrocytic markers 

followed distinct expression patterns in AD and PDD. In AD, GFAP was strongly reduced in specific 

hippocampal regions, whereas AQP4 was increased and GPC5 expression, although regionally stable, 

was locally associated with amyloid and tau pathology. In PDD, astrocytic responses were characterized 

by selective decreases in ALDH1L1 and ALDH7A1, with GFAP and GPC5 remaining largely unaffected. 
Notably, GFAP and GPC5 expression delineated distinct astrocytic subtypes that were differentially 

distributed across hippocampal subfields and showed specific responses to AD and PD pathologies. 

These findings provide new insights into the landscape of astrocytic heterogeneity in the human 

hippocampus and beyond, revealing disease- and region-specific astrocytic signatures. Importantly, 

they underscore the value of incorporating novel markers such as GPC5 to fully capture astrocytic 

diversity and to better understand astrocyte contributions to neurodegeneration. 
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INTRODUCTION 

Astrocytes are glial cells of the central nervous system (CNS) essential for its development, homeostasis 

and function. It is estimated that they constitute between 20% and 40% of all brain cells (Khakh and 

Sofroniew 2015) performing critical roles in the regulation of synapse formation and plasticity (Perea 

et al. 2009; Eroglu and Barres 2010; Sancho et al. 2021) ; neurotransmitter clearance and ion 

homeostasis (Sancho et al. 2021), as well as neuroprotection (Bouvier et al. 2022). Astrocytes are also 

an integral component of the neurovascular unit contributing to blood-brain barrier function (Díaz-

Castro et al. 2023; MacVicar and Newman 2015) and neuronal metabolic support (Bélanger et al. 2011). 

They are actively involved in key physiological processes including blood flow regulation (Díaz-Castro 

et al. 2023; Mulligan and MacVicar 2004), glymphatic clearance (Silva et al. 2021; Das et al. 2023), 

responses to inflammation (Fisher and Liddelow 2024a) and oxidative stress (Chen et al. 2020), and 

circadian rhythm regulation (Hastings et al. 2023). Moreover, they integrate and compute neural 

signals suggesting a central role in decision-making (Wang et al. 2017; Kofuji and Araque 2021). In the 

hippocampus, a brain region crucial for learning and memory, astrocytes contribute to different forms 

of memory, including working, spatial and contextual memory (Escalada et al. 2024). Although 

astrocytes perform a variety of homeostatic and protective functions, they are known to alter their 

properties in response to brain insults, displaying a range of severity in their reactive profile. Reactive 

astrocytes can be toxic under certain conditions (Rothhammer and Quintana 2015; Liddelow and Barres 

2017; Escartin et al. 2021; Lawrence et al. 2023). A reactive astrocytic phenotype is commonly assessed 

using markers such as glial fibrillary acidic protein (GFAP), which remains the most widely used 

astrocyte marker (Liddelow and Barres 2017; Luijerink et al. 2024), alongside aldehyde dehydrogenase 

1 family member L1 (ALDH1L1), aquaporin 4 (AQP4), S100 calcium-binding protein beta (S100b), 

excitatory amino acid transporter 1/2 (EAAT1/2 ; GLAST and GLT1), and connexin 43 (Cx43) (Jurga et al. 

2021). GFAP in cerebrospinal fluid (CSF) and blood has also emerged as a promising biomarker for 

neurodegenerative diseases (NDDs) such as Alzheimer’s disease (AD) (Benedet et al. 2021; Abdelhak et 

al. 2022; Lin et al. 2023; Liu et al. 2023; Gogishvili et al. 2025). However, its correlation with 

parenchymal astrocytic changes is still being debated (Chiotis et al. 2023; Youn et al. 2025). Questions 

are being raised about the development of astrocyte-specific positron emission tomography (PET) 

tracers that would capture the complexity of their changes and internal heterogeneity (Edison 2024).  

Although it is widely accepted that astrocytes exhibit notable differences in morphology, properties,  

and functionality between and within brain regions, this heterogeneity is still poorly understood in the 

context of onset or progression of brain diseases. Furthermore, the astrocyte-to-neuron ratio is higher 
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in humans than in other species, and human astrocytes exhibit even greater morphological and 

molecular complexity and heterogeneity (Oberheim et al. 2009; Vasile et al. 2017). Astrocytes are 

traditionally defined by a star-shaped morphology in grey matter but specialised subtypes exist 

throughout the CNS. These include the fibrous astrocytes of the white matter (Verkhratsky and Parpura 

2010b), the Müller glia which is a subtype of radially polarised astrocytes localised in the retina, the 

Bergmann glia in the cerebellar cortex which display a complex polarised morphology with very long 

processes (Farmer and Murai 2017; Baldwin et al. 2024), as well as the glia limitans, the interlaminar 

astrocytes and the varicose projection astrocytes found in the superficial cortical layers of the human 

brain (Oberheim et al. 2012; Falcone et al. 2021; Ciani and Falcone 2024; Hasel et al. 2025). Studies 

using single-cell transcriptomics have further highlighted new astrocyte signatures. Disease-associated 

astrocytes (DAAs) appear at an early stage of AD, increase as the disease progresses and may therefore 

be a key factor in disease progression (Mathys et al. 2019; Green et al. 2024; Habib et al. 2020). Habib 

et al. described the DAAs as a GFAP-high population with a unique molecular profile in an AD mouse 

model and human samples. They also identified a low-GFAP state population expressing a distinct set 

of genes, including glypican 5 (Gpc5), a membrane-associated heparan sulfate proteoglycan. Therefore, 

given the profound molecular and functional diversity of astrocytes, it is crucial to characterize their 

heterogeneity to better understand how specific subsets shift their phenotype and contribute to 

disease progression. 

In this study, we investigate astrocyte heterogeneity in the hippocampus of healthy individuals, and 

patients with NDD such as AD, and Parkinson’s disease with dementia (PDD) patients. Using 

chromogenic immunohistochemistry (cIHC) and digital pathology, we assessed the expression and 

distribution of canonical and emerging astrocytic markers such as GFAP, AQP4, ALDH1L1, alongside 

aldehyde dehydrogenase 7 family member A1 (ALDH7A1) and GPC5. Our comprehensive profiling 

approach revealed marker-specific patterns of astrocyte distribution, suggesting the presence of 

distinct subpopulations with region-specific vulnerabilities and molecular signatures. Our findings 

highlight the limitations of relying only on traditional markers such as GFAP and underscore the 

importance of incorporating novel markers such as GPC5 to better capture the heterogeneity of human 

astrocytes and their roles in NDDs. 
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MATERIALS AND METHODS  

 

Human brain samples 

Post-mortem formalin-fixed paraffin embedded (FFPE) hippocampal and cortical tissues were obtained 

from The Netherlands Brain Bank (NBB, Amsterdam, The Netherlands), the Douglas-Bell Canada Brain 

Bank (Douglas Mental Health University Institute, Montreal, QC, Canada), and the GIE-Neuro-CEB 

biobank (Groupe Hospitalier Pitié-Salpêtrière, Paris, France). Research involving these samples was 

conducted with approval from the respective ethic committees of these institutions, as well as the 

University of Luxembourg (ERP 16-037 and 21-009). 

Neuropathological assessments were carried out by specialized neuropathologists at the brain banks, 

following standardized criteria including Braak (Braak and Braak 1991; Braak et al. 2003), ABC (Montine 

et al. 2012) and McKeith (McKeith 2006) staging, based on the presence of Aβ plaques, neurofibrillary 

tangles (NFTs), and α-synuclein pathology. 

FFPE hippocampal and cortical samples include age-matched non-demented CTLs (n= 8), AD (n= 9) and 

PDD patients (n=10). Age at death, post-mortem delay (PMD), sex and staging of the human subjects 

are listed in Supplementary Table 1. 

 

Immunohistochemistry (IHC)  

FFPE hippocampal and cortical tissue blocs were sectioned at 5 µm thickness using a standard 

microtome and mounted on Dako FLEX IHC-coated slides (Cat# K8020, Agilent). The sections were then 

dried at 60 °C for at least one hour before undergoing automated staining on a Dako Omnis 

Immunostainer (Agilent). Antigen retrieval was performed using heat-induced epitope retrieval (HIER) 

with high- or low-pH buffer solutions (EnVisionTMFLEX Target Retrieval Solution, Cat# K8004 and Cat# 

K8005, respectively) for 30 min at 97 °C. 

Primary antibodies (anti-ALDH1L1 Cat# HPA050139 and anti-AQP4 Cat# AMAb90537) were prepared 

in EnVisionTMFLEX antibody diluent (Cat# K8006), with specific concentrations provided in 

Supplementary Table 2. The sections were incubated with primary antibodies for one hour at room 

temperature (RT), followed by 54isualization using a horseradish peroxidase (HRP)/3,3ʹ-

diaminobenzidine (DAB) detection system (EnVisionTMFLEX Detection Kit, Cat# K8000). 

Counterstaining was performed using hematoxylin (Cat# GC808), after which the slides were 

dehydrated through ethanol washes and mounted. 
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Multiplex chromogenic IHC (cIHC) 

For experiments conducted using the Ventana Discovery Ultra automated IHC and in situ hybridisation 

(ISH) platform (Roche Ventana Medical Systems, Tucson, AZ, USA), 5 µm sections from FFPE tissue blocs 

were mounted onto hydrophilic adhesion slides (Matsunami TOMO®, Cat# TOM-1190). Slides were 

dried as previously described. All reagents were provided within the system as per Roche Diagnostics’ 

recommendations, and washing steps were carried out using Reaction Buffer (Cat# 950-300). Antibody 

concentrations used in the assays are detailed in Supplementary Table 2. 

For both single and multiplex IHC, counterstaining was performed using haematoxylin II (Cat# 790-

2208) and bluing reagent (Cat# 760-2039), each incubated for 4 min. Following staining, all slides 

underwent washing, dehydration through a graded alcohol series, and were coverslipped. 

For single-plex cIHC, sections were first deparaffinised at 69 °C in EZ Prep solution (Cat# 950-102) for 8 

min, repeated across three cycles. HIER was carried out at 95 °C for 40 min using Cell Conditioning 1 

(CC1, Cat# 950-224). To block endogenous peroxidase and non-specific protein interactions, sections 

were incubated with Chromomap (CM) inhibitor at 37 °C for 8 min. Primary antibodies (anti-ALDH1L1 

Cat# HPA050139, anti-ALDH7A1 Cat# HPA023296, anti-AQP4 Cat# AMAb90537, anti-GFAP Cat# 760-

4345, anti-GPC5 Cat# HPA040152, anti-VGAT Cat# HPA058859 and anti-VGLUT1 Cat# HPA063679) were 

automatic and manually applied after dilution in EnVisionTMFLEX buffer, respectively. Incubation with 

primary antibodies lasted 60 min, followed by detection using OmniMap anti-Rb (Cat# 760-4311) or 

OmniMap anti-Ms (Cat#  760–4310) for 16 min. This was followed by sequential incubations of H₂O₂ 

CM (4 min), DAB CM (8 min), and Copper CM (4 min), all from the Discovery CM DAB kit (Cat# 760-159). 

All multiplex protocols (two- to three-plex) shared a common initial sequence, including 

deparaffinization, HIER using CC1, and blocking with the Discovery inhibitor, unless otherwise specified. 

In the two-plex combinations (GPC5/GFAP, GPC5/ALDH1L1, ALDH1L1/GFAP, AQP4/GFAP, GPC5/AQP4, 

ALDH7A1/GPC5, ALDH7A1/GFAP, ALDH1L1/ALDH7A1, GPC5/AT8 and GPC5/pS396) following 

deparaffinization and HIER, one drop of Discovery inhibitor (Cat# 760-4840) was applied for 8 min. 

Subsequently, primary antibodies including anti-GPC5, anti-ALDH1L1, anti-ALDH7A1 and anti-AQP4 

were incubated for 60 min. These were developed using OmniMap anti-Rb or OmniMap anti-Ms HRP  

for 16 min, followed by a chromogenic reaction using Discovery Purple and H2O2 Purple from the 

Discovery Purple Kit (Cat# 760-229), with 4 min and 32 min of incubation, respectively. Between each 

staining cycle, heat-mediated antibody denaturation (100 °C for 24 min) was performed using Cell 

Conditioning 2 (CC2) reagent (Cat# 950-223) to dissociate primary antibody-HRP complexes and 

prevent cross-reactivity with residual HRP. Next, anti-GFAP, anti-ALDH1L1, anti-ALDH7A1, anti-
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phospho tau AT8 (Cat# MN1020), anti-phospho tau pS396 (Cat# 44-752G), anti-GPC5, and anti-AQP4 

were applied for 48 min (anti-GFAP) or 60 min (all others). Detection involved signal amplification with 

OmniMap anti-Rb or anti-Ms HRP for 16 min, followed by chromogenic development with either 

Discovery Teal HRP chromophore (Cat# 760-247) or Discovery Green HRP chromophore (Cat# 

08478295001), involving a 4-min incubation with Teal/Green HRP Substrate, 32 min with Teal/Green 

HRP H2O2, and 16 min with Teal/Green HRP Activator. 

The three-plex protocols (4G8/GPC5/GFAP; pSYN/GPC5/GFAP) were carried out as follows: anti-4G8 

(Cat# 800712) or anti-pSYN (Cat# MABN826) were incubated for 1 hour and 32 min, amplified with 

OmniMap anti-Ms HRP for 16 min, and revealed using Discovery CM DAB according to the single-plex 

IHC method. After denaturation, anti-GPC5 was applied for 60 min, followed by OmniMap anti-Rb HRP 

for 16 min and chromogenic detection with Discovery Purple. Finally, anti-GFAP was incubated for 48 

min, followed by signal amplification using OmniMap anti-Rb HRP for 16 min and development using 

either Discovery Teal HRP or Discovery Green HRP. 

 

Brightfield Microscopy 

Brightfield imaging of chromogenic stained FFPE sections was conducted using a Leica DM2000 LED 

microscope equipped with 5X, 10X, 20X, 40X and 63X objectives, along with a Leica DMC2900 camera 

(Leica Microsystems). Additionally, high-throughput whole-slide scanning was performed using the 

IntelliSite Ultra Fast Scanner (Philips). In certain analysis, if needed, images were also acquired using 

the HALO® image analysis platform (Indica Labs, version 3.6). 

 

Digital pathology and statistical analysis 

Analysis of cIHC images were performed using the HALO® image analysis platform (Indica Labs, version 

3.6). The areas of the hippocampus, which was manually segmented into five subregions (dentate gyrus 

(DG), Cornu Ammonis 4 (CA4), CA3, CA1/CA2, and subiculum as well as the parahippocampal cortex 

were measured. GFAP, AQP4, ALDH1L1, ALDH7A1 and GPC5-positive areas were quantified using the 

HALO® area quantification module. Comparisons of stained area percentages were conducted using 

Wilcoxon test with R Studio software (Supplementary File 1– Supplementary Excel 1). 
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R2 Genomics platform database analysis 

The gfap and gpc5 genes, which showed a positive correlation, were extracted from the R2 Genomics 

platform (https://r2.amc.nl/) from a dataset (n=173) of cognitively unimpaired individuals in the 

Alzheimer’s Disease Research Center (Brain-ADRC) Cotman (253 – MAS5.0 – u133p2) regrouping four 

brain regions: the hippocampus, the entorhinal cortex, the post-central gyrus and the superior frontal 

gyrus (GSE48350 ). To further refine astrocyte-relevant targets, we integrated data from the Brain RNA-

seq (https://brainrnaseq.org/ ) and Human Protein Atlas (https://www.proteinatlas.org/) databases, 

selecting genes associated with astrocyte identity or function. The 500 most highly correlated genes 

for gfap or gpc5 were then subjected to STRING pathway enrichment analysis (https://string-db.org), 

with the four most prevalent Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways reported 

graphically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48350
https://brainrnaseq.org/
https://www.proteinatlas.org/
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RESULTS  

GFAP and AQP4 reveal heterogeneous, spatially restricted astrocyte subpopulations in the human 

hippocampus, in contrast to the homogeneous distribution of the pan-astrocytic marker ALDH1L1. 

To assess the distribution, composition, and morphology of astrocytes within the human 

hippocampus in the context of NDDs, we first evaluated the spatial expression patterns of three 

commonly used astrocytic markers – GFAP, AQP4, and ALDH1L1 – in the hippocampus. cIHC was 

performed on FFPE sections from 8 cognitively normal elderly donors (CTL) (mean age at death: 89 

years, 5 females, 3 males) for each marker. The DAB-stained area was measured using HALO® software 

and analysed for each hippocampal subfield DG, CA4, CA3, CA1/CA2, subiculum and parahippocampal 

cortex (PHC) (Fig. 1A-E).   

While GFAP, AQP4 and ALDH1L1 were all expressed throughout the hippocampus, each marker 

revealed distinct astrocyte features (Fig. 1). Staining for GFAP, the most used marker for visualizing the 

astrocyte cytoskeleton, showed a heterogeneous expression pattern across hippocampal subfields and 

layers (Fig. 1Aa-d). Within the CA and subiculum regions, GFAP expression was the highest in the oriens, 

molecular and radiatum layers (Fig. 1Ab-d). However, in the pyramidal layer, GFAP staining was more 

sparse, almost patchy, with some areas clearly devoid of GFAP+ astrocytes (Fig. 1Ac). There was no 

significant difference in relative GFAP expression between subfields and PHC, even though it was lower 

in CA1/CA2 and the subiculum (Fig. 1E). The staining of AQP4, a water channel protein enriched in the 

perivascular endfeet and the membrane of the astrocytes, showed higher intensity in the DG and CA4, 

and denser labeling in the molecular layer of CA compared to the radiatum and pyramidal layers (Fig. 

1Be-h). In the subiculum, AQP4 was sparsely distributed within the pyramidal layer, in contrast to the 

polymorphic and molecular layers, which displayed a high density of AQP4+ cells (Fig. 1Bh). The relative 

expression of AQP4 was significantly higher in the DG and CA4 compared to other hippocampal 

subfields (Fig. 1E). ALDH1L1 staining, which detects a cytoplasmic astrocytic enzyme, exhibited a 

broader expression than GFAP throughout the hippocampus, showing a uniform astrocyte density 

across subfields (Fig. 1Ci-l). Its relative expression was also similar across hippocampal subfields (Fig. 

1E). These results suggest that ALDH1L1 is a broader astrocyte marker.AQP4 is expressed unevenly by 

hippocampal astrocytes with predominant expression polarized towards blood vessels, whereas GFAP 

defines subsets of astrocytes with distinct spatial distributions.  

 

Glypican 5 is expressed by a distinct astrocyte subpopulation in the human hippocampus.  
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Given the observed astrocytic heterogeneity, we hypothesized the existence of subpopulations 

not fully captured by GFAP. To explore this, we investigated the expression of glypican 5 (GPC5) 

previously linked to GFAPLOW astrocyte population in single cell transcriptomic analysis (Habib et al. 

2020). GPC5 expression was assessed in hippocampal regions from the same cohort of post-mortem 

CTL samples. 

GPC5 showed a more discrete and spatially restricted expression pattern throughout the 

hippocampus (Fig. 2A-E). Quantitative analysis confirmed its limited surface coverage across 

hippocampal subfields relative to the broader expression observed with GFAP, AQP4 and ALDH1L1 

(mean expression in total hippocampus:  GFAP= 64.73%; AQP4= 77.58%; ALDH1L1= 74.38%; GPC5= 

2.97%) (Fig. 2F, Supplementary File 1– Supplementary Excel 1). GPC5 was most prominently expressed 

in the DG, particularly in the outer two-thirds of the molecular layer (SM 2/3) where its diffuse staining 

resembled synaptic labelling. Well-defined GPC5+ astrocytes were observed in CA4 (Fig. 2B). In the CA 

subfields, GPC5 displayed a laminar distribution, characterised by a higher proportion of GPC5+ 

astrocytes in the molecular and oriens layers, compared to the radiatum and pyramidal layers (Fig. 2C-

D). In the subiculum, GPC5+ astrocytes exhibited complex branching, although a few GPC5+ neurons 

were also detected (Fig. 2E). Given the synaptogenic properties of GPC5 (Bosworth et al. 2023; Salas et 

al. 2024a), we further investigated whether GPC5 expression is associated with excitatory and 

inhibitory synapses in the DG. The diffuse staining of GPC5 In the DG overlapped with VGAT (vesicular 

GABA transporter) but not VGLUT (vesicular glutamate transporter) staining, labelling inhibitory and 

excitatory synapses, respectively (Fig. 2G). Next, we investigated the presence of GPC5+ astrocytes in 

the PHC and prefrontal cortex (PFC). In the PHC, GPC5 overall expression was significantly lower than 

that of GFAP, AQP4 and ALDH1L1 (Supplementary Fig. 1A-E). In the PFC, GPC5+ astrocytes were sparsely 

distributed, with enrichment in layers I–III and VI (Supplementary Fig. 2).  

 

GPC5 labels distinct astrocyte subsets with a shared core identity 

To explore potential functional differences between GFAP+ and GPC5+ astrocyte populations, 

we identified genes positively correlated with either gfap or gpc5 across four brain regions 

(hippocampus, entorhinal cortex, post-central gyrus, and superior frontal gyrus) from cognitively 

unimpaired individuals in the Alzheimer’s Disease Research Center (Brain-ADRC) Cotman dataset 

(n=173) using the R2 Genomics platform. This analysis revealed both marker-specific gene sets and a 

core set of genes that were correlated with the expression of both gfap and gpc5 (Fig. 3A). Astrocyte-

relevant genes included cd44 and st6galnac3 for GFAP+ astrocytes, and slc1a4 and erbb4 for GPC5+ 
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astrocytes. A set of canonical astrocytic genes; slc1a2, slc1a3, aldh1l1, aqp4, aldh7a1, and apoe; was 

shared between both groups, supporting the hypothesis of a common core identity. To infer biological 

differences, we subjected the first 500 positively correlated genes for each group to STRING pathway 

enrichment analysis (https://string-db.org). GFAP-associated genes were enriched for KEGG pathways 

including regulation of the actin cytoskeleton and TGF-β signalling, while GPC5-correlated genes 

showed enrichment in fatty acid degradation and glycine, serine and threonine metabolism, pointing 

to distinct functional programs between these astrocyte subsets (Fig. 3B-C). 

To further investigate the complex identity of hippocampal astrocytes, we first performed 

multiplex cIHC for GFAP combined with AQP4 (n=3) or ALDH1L1 (n=5) or ALDH7A1 (n=5) in CTL post-

mortem samples. Co-staining for GFAP and AQP4 revealed that GFAP+ astrocytes were also AQP4+ such 

as in the CA4 or DG with a spectrum of AQP4 intensity. In the CA3 to CA1 subfields, GFAP+/AQP4+ 

astrocytes were often adjacent to AQP4+ single positive cells. In the subiculum and the PHC we 

observed a mosaic pattern of GFAP+/AQP4+ astrocytes alongside single positive cells for either AQP4 

or GFAP (Fig. 3D, Supplementary Fig. 3A). GFAP/ALDH1L1 co-staining in the hippocampus and PHC 

confirmed that ALDH1L1 is a broader marker than GFAP, with numerous astrocytes stained only for 

ALDH1L1 whereas GFAP astrocytes were predominantly ALDH1L1+/GFAP+ double-positive (Fig. 3E, 

Supplementary Fig. 3B). ALDH7A1 showed a uniform expression throughout the hippocampus, with 

surface coverage comparable of ALDH1L1 (Supplementary Fig. 4A). Combined with ALDH1L1 (n=4), co-

staining confirmed that the two markers were expressed by hippocampal astrocytes in an overlapping 

manner, with almost all of them being ALDH7A1+/ALDH1L1+ (Supplementary Fig. 4B). Duplex staining 

of ALDH7A1 and GFAP (n=6) revealed that almost all GFAP+ astrocytes expressed ALDH7A1 (Fig. 3F). 

Furthermore, many astrocytes expressed ALDH7A1 with low or undetectable levels of GFAP.   

We next multiplexed GPC5 in combination with GFAP (n=6), AQP4 (n=3), ALDH1L1 (n=5) or 

ALDH7A1 (n=4) in CTL hippocampal samples. Duplex staining with GPC5 and GFAP revealed a spectrum 

of profiles among astrocytes, with cells that were either single-positive for GPC5 or GFAP, or double-

positive for GPC5 and GFAP. Importantly, they were expressing GFAP at various levels ranging from 

GPC5/GFAPLOW to GPC5/GFAPHIGH  mainly in the CA4 and the molecular layer of the CA, but also in the 

glia limitans and the first layer of the PHC (Fig. 3G, Supplementary Fig. 3C). Co-staining for GPC5 and 

AQP4 showed double-positive AQP4+/GPC5+ astrocytes in the CA4 region, and few in the molecular 

layer of the CA. We also observed double-positive AQP4+/GPC5+ cells in the second layer of the PHC 

with many single AQP4+ astrocytes (Fig. 3H, Supplementary Fig. 3D). ALDH1L1 or ALDH7A1 were both 

labelling all GPC5+ astrocytes in the hippocampus (Fig. 3I-J, Supplementary Fig. 3E).  

https://string-db.org/
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These observations highlight the molecular heterogeneity of hippocampal astrocytes. ALDH1L1 

and ALDH7A1 are more ubiquitous markers, whereas GFAP, AQP4 and GPC5 delineate distinct astrocyte 

subpopulations in terms of identity, localisation and numbers, suggesting a continuum of astrocyte 

phenotypes. This underscores the importance of using a broader panel of astrocyte markers to gain a 

more comprehensive understanding of astrocyte responses in the context of NDDs. 

 

Astrocyte markers are differently affected in AD and PDD. 

To investigate disease-associated alterations in astrocyte subtypes, we performed cIHC and 

quantified DAB-stained area for GFAP, AQP4, ALDH1L1, ALDH7A1 and GPC5 in post-mortem 

hippocampal sections from individuals with AD (n=9, average age at death: 73.4 years, 6 females, 3 

males) and PDD (GFAP, AQP4, ALDH1L1 and GPC5: n=10, average age at death: 74.6 years, 5 females, 

5 males; ALDH7A1: n=8, average age at death: 73.8 years, 3 females, 5 males), compared to CTLs. All 

markers tested followed a specific pattern across disease groups and hippocampal subfields (Fig. 4A-

O). GFAP expression was significantly reduced in AD relative to CTLs and PDD in DG, CA4 and CA3. In 

CA1/CA2, GFAP intensity was decreased in both AD (p value=0.07) and PDD (p value=0.04) cases. 

Despite the reduced staining, we observed focal areas of intense GFAP expression. In some of these 

areas in AD, GFAP+ astrocytes displayed a hypertrophic appearance polarised towards presumed 

amyloid-� plaques, especially in CA1. We also found clusters of astrocytes expressing high level of GFAP 

in PDD (Fig. 4A-C). AQP4 expression, however, was significantly increased in AD compared to both CTLs 

and PDD in CA3, CA1/CA2 and subiculum. In PDD, the distribution of AQP4 was comparable to CTL cases 

to the exception of CA4 (p value=0.03) showing significant lower levels (Fig. 4D-F). Expression of 

ALDH1L1 was significantly decreased in both AD and PDD. In AD cases, the decrease was more 

prominent in DG, CA4, CA3 and PHC, whereas in PDD the decrease was significant for all subfields and 

PHC. In both AD and PDD, we observed a general reduction of ALDH1L1 intensity in the astrocyte 

arborisation (Fig. 4G-I). ALDH7A1 followed the general ALDH1L1 pattern, showing a significant and 

strong reduction in PDD cases globally, with the strongest decrease seen in the CA3, CA1/CA2, 

subiculum and PHC subregions. There was a significant decrease in the subiculum and PHC of AD cases 

(Fig. 4J-L). Finally, GPC5 expression displayed a specific expression pattern, remaining stable across 

diseases. Besides, we observed a decrease of GPC5 expression in DG of AD patients (p value=0.07), 

mainly due to the loss of a more diffuse staining in the molecular layer. Nevertheless, GPC5+ astrocytes 

exhibited a partially altered spatial organisation in AD, appearing more scattered and forming small 

clusters across the hippocampus. GPC5+ astrocyte adopted a spectrum of morphologies, ranging from 
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thin to very enlarged phenotypes. Furthermore, we observed plaque-like and tangle-like morphologies 

labelled by a more diffuse GPC5 staining (Fig. 4M-O). 

To further characterize whether the pattern of astrocyte identity is affected by 

neurodegeneration, we next used multiplex cIHC to co-stain pairs (n=3 GFAP/AQP4; n=6 

GFAP/ALDH1L1; n=6 GFAP/ALDH7A1; n=6 GPC5/GFAP; n=3 GPC5/AQP4; n=6 GPC5/ALDH1L1; n=6 

GPC5/ALDH7A1) of astrocyte markers in AD hippocampal samples. We observed a broader range of 

AQP4 and GFAP expression in the AQP4+/GFAP+ population, from low to very high intensity. AQP4 was 

also found to be associated with Aβ plaques (Fig. 5A, Supplementary Fig. 5A). The mosaic pattern of 

GFAP, AQP4, ALDH1L1 and ALDH7A1 expression found in the subiculum and PHC of CTLs was largely 

preserved in AD (Supplementary Fig. 5A-C). By combining GPC5 with GFAP, we observed a variety of 

profiles, a high proportion of single-positive GFAP, some GFAP+/GPC5+ cells displaying GFAP intensity 

ranging from low to high; and a small number of single-positive GPC5 cells. GPC5+/GFAP+ cells 

exhibited various morphologies, ranging from very elongated to enlarged. In the hippocampus as well 

as the PHC, GPC5+ astrocytes forming nets around Aβ plaques were all positive for GFAP (ranging from 

low to very high level) but were less frequent than single GFAP+ astrocytes (Fig. 5D, Supplementary Fig. 

5D). GPC5 staining also revealed tangle-like structures near GPC5+ astrocytes, often double stained by 

GFAP forming then a kind of astrocyte tangle mesh (Fig. 5D). The relationship between GPC5+ 

astrocytes and AQP4, ALDH1L1 and ALDH7A1 remained the same as in CTLs (Fig. 5E-G). Multiplexed 

cIHC of GPC5 with AQP4, ALDH1L1 or ALDH7A1 in the hippocampus and PHC revealed plaques 

surrounded by double-positive astrocytes (Fig. 5E-G; supplementary Fig. 5E-G). Although ALDH1L1 

expression was reduced in AD, it was still present in double-positive GPC5+/ALDH1L1+ cells.  

Taken together, our data revealed that each astrocyte marker follow a distinct alteration 

pattern across disease types, also dependant of the subregional anatomy. We also report that GFAP+ 

and GPC5+ astrocytes are differentially impacted by neurodegeneration. Overall, GFAP expression is 

severely decreased in AD hippocampal samples opposed to the increase of AQP4. GPC5 expression 

largely persists. Both GFAP and GPC5 may be focally involved in Alzheimer’s pathology.  Broader 

astrocyte markers, such as ALDH1L1 and ALDH7A1, are also affected in AD and PDD, with a more 

significant reduction observed in PDD. 

 

GPC5+ astrocytes are associated with amyloid and tau pathology but not with synuclein pathology.  

Based on the above observation of regrouped GPC5+ astrocytes around putative amyloid-� 

plaques, we next decided to investigate whether GPC5+ astrocytes were associated with pathological 
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hallmarks of AD and PDD (Salas et al. 2024b; Green et al. 2024). To this end, we examined the 

association of GPC5+ astrocytes with amyloid-b (Ab), tau or a-synuclein pathology in post-mortem 

samples from AD and PDD patients. To evaluate the misfolded protein pathologies in AD samples, we 

co-stained markers of amyloid (4G8) and tau (AT8 or pS396) pathology with GPC5. Duplex staining with 

4G8 (n=3) confirmed the frequent association, but not systematic, of GPC5+ astrocytes with Aβ plaques 

across hippocampal subfields and PHC (Fig. 6A). GPC5 was also found diffuse in the core. Other clusters 

of GPC5+ astrocytes were again found within the pyramidal layer alongside tangle-like structures 

positive for GPC5 (Fig. 6A). The triplex staining 4G8, GPC5 and GFAP (n=8) confirmed that GPC5+/GFAP+ 

are often associated with Aβ plaques across hippocampal subfields and PHC (Fig. 6B). We decided to 

extended our analysis to the PFC (n=3), where amyloid-b might accumulate prior to the hippocampus 

(Thal et al. 2002). As expected, the PFC exhibited a higher amyloid burden compared to the 

hippocampus, and this was accompanied by a marked presence of single GPC5+ astrocytes, particularly 

in proximity to Aβ plaques. These cells were observed to be polarised towards diffuse, non-cored and 

dense core Aβ plaques (Almeida et al. 2025). Some exhibited hypertrophic morphology and invaded 

the boundaries of the plaques. GFAP+ astrocytes were present, albeit to a lesser extent than in the 

hippocampus. Hypertrophic GPC5+/GFAP+ double-positive astrocytes were mostly observed close to 

Aβ plaques (Supplementary Fig. 6).  

To investigate the relationship between GPC5 and tau tangles, we double-stained tissue 

sections for GPC5 and either AT8 (n = 3) or pS396 (n = 3). These are two markers of different stages of 

tau tangle maturation: AT8 is more general, whereas pS396 is more specific to advanced stages 

(Augustinack et al. 2002; Fixemer et al. 2025). GPC5+ astrocytes were frequently found near AT8+ 

tangles. However, there was no overlap with diffuse GPC5 (Fig. 6C). Double staining with pS396 

revealed that pS396 tangles were frequently stained with GPC5 and were often surrounded by GPC5+ 

astrocytes (Fig. 6D). 

In PDD samples stained for GPC5, GFAP and pSYN (pSYN 81A), we found no clear association between 

GPC5+ astrocytes, Lewy bodies or neurites. However, we did observe some dysmorphic GFAP+ 

astrocytes, some of which exhibited intracellular accumulation of phosphorylated α-synuclein (Fig. 6E). 

Overall, our data revealed that GPC5+/GFAP+ astrocytes can be associated with amyloid deposition or 

tau tangle maturation in AD. These results support the idea that GPC5+ astrocytes are a distinct subtype 

of astrocytes in terms of both spatial distribution and response to pathology. They may engage at 

different stages of disease progression.  
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DISCUSSION 

For a long time, astrocytes have been considered a functionally uniform population, however 

accumulating evidence now highlights their extensive regional and molecular heterogeneity. Recent 

transcriptomic studies revealed astrocyte subtypes with distinct molecular profiles in different brain 

regions of mice (Chai et al. 2017; Batiuk et al. 2020; Viana et al. 2023; Bocchi et al. 2025). Still, how this 

diversity manifests in the human brain, and its potential involvement in the onset or progression of 

NDDs remains poorly defined. In this study, we present a systematic characterisation of astrocyte 

heterogeneity in the human hippocampus, integrating chromogenic immunohistochemistry and 

quantitative digital pathology in both non-demented control and disease contexts (AD and PDD). Our 

results provide a comparative mapping of canonical and subtype-specific astrocytic markers across 

hippocampal subfields and of the PHC in aged human brains. Notably, we demonstrate that astrocyte 

identity is more accurately captured through combinatorial marker analysis rather than through 

reliance on a single marker such as GFAP, which limits the resolution of astrocytic phenotyping (Escartin 

et al. 2021; Zimmer et al. 2024). We distinguish astrocytic subtypes across a spectrum of phenotypes, 

which are mainly characterised by the degree of expression of GFAP and GPC5. These subtypes have 

divergent spatial distributions in healthy and pathological conditions. 

 

GFAP identifies a large subgroup of astrocytes and is widely decreased in AD but not in PDD. 

By mapping GFAP+ astrocytes in the healthy human hippocampus, we show that GFAP labels only a 

subset of astrocytes, exhibiting subfield-specific expression with a more sparse and patchy distribution 

particularly within the pyramidal layers of CA1/CA2 and CA3, as well as in the subiculum. However, 

these GFAP-negative or low parenchyma territories are not devoid of astrocytes, as they are populated 

by ALDH1L1+ and ALDH7A1+ astrocytes, as well as AQP4+ astrocytes to a lesser extent. Similar 

observations were made in the PHC, where GFAP expression varies across cortical layers. These findings 

demonstrate the necessity of moving beyond single-marker definitions of astrocyte identity (Escartin 

et al. 2021; Sofroniew and Vinters 2010). GFAP negative or GFAPLOW  astrocytes are not unique to 

human and have been found in the CA1 radiatum layer of the adult rat (Walz and Lang 1998) or mouse 

(Habib et al. 2020) hippocampus. The patchy distribution of GFAP, confirmed in eGFP-GFAP mice (Nolte 

et al. 2001), has led to the development of more inclusive astrocyte reporter models using markers 

such as ALDH1L1 (Cahoy et al. 2008; Srinivasan et al. 2016; Yang et al. 2011) which we show here also 

offer broader coverage in the human hippocampus. Strikingly, we observe a pronounced decrease in 

GFAP expression in the hippocampus of AD patients but not in PDD. The decrease is more pronounced 
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in DG, CA4 and CA3 which are the subfields with the highest GFAP expression in CTLs. These results 

appear to contradict prior studies reporting GFAP upregulation in AD animal models (Kamphuis et al. 

2012; Olsen et al. 2018) and AD patient (Simpson et al. 2010; Phillips et al. 2024) brains. However, the 

brain samples analysed in our study reflect advanced stages of disease, and the reported increase in 

GFAP expression may represent earlier, transient astrocytic responses that precede severe 

neurodegeneration. This interpretation aligns with in vivo PET imaging studies of astrocyte reactivity. 

Using a new astrocyte-specific PET tracer (11C BU99008), Livingston et al. reported that astrocyte 

reactivity peaks in the early stages of AD, but declines during the later stages, suggesting a shift from a 

reactive to a potentially functionally impaired astrocytic phenotype (Livingston et al. 2022). Notably, 

Mohammed et al., employing the same tracer, found no significant differences in astrocyte reactivity 

between individuals with Parkinson’s disease dementia and age-matched controls (Mohamed et al. 

2022), which is consistent with our own findings and supports the hypothesis that astrocytic activation 

in neurodegeneration is disease- and stage-specific. Despite the overall reduction of GFAP in late-stage 

AD, we still observed GFAP+ astrocytes closely associated with Aβ plaques. Our recent work supports 

that human GFAP+ astrocytes contribute to the formation of glial-immune hotspots around Aβ plaques, 

linking them to hippocampal deterioration and broader disease progression (Fixemer et al. 2025), 

providing direct validation of mechanisms previously described in AD mouse models (Huang et al. 2024; 

Mallach et al. 2024). 

 

AQP4 expression is increased in AD while ALDH1L1 and ADH7A1 ones are decreased in PDD. 

AQP4 plays critical roles in maintaining water homeostasis and ensuring an efficient glymphatic 

clearance (Nagelhus and Ottersen 2013). Alteration of the glymphatic system is associated with ageing 

(Kress et al. 2014; Hsiao et al. 2023) and NDDs (McKnight et al. 2021; Liu et al. 2024; Carotenuto et al. 

2022; Zeppenfeld et al. 2017). Alteration of AQP4 expression and perivascular localization has been 

reported in AD models (Ishida et al. 2022; Xu et al. 2015; Pedersen et al. 2023) as well as in patients 

(Zeppenfeld et al. 2017), resulting in a dysfunctional glymphatic system that affects Ab and tau 

clearance (MohanaSundaram et al. 2024), contributing to cognitive impairment (Xu et al. 2015). Our 

data show a strong increase of AQP4 expression in AD confirming astrocyte dysfunction associated with 

the neurovascular and glymphatic system; highlighting AQP4 as a potential therapeutic target for AD. 

Surprisingly PDD samples that were mostly preserved from GFAP and AQP4 changes showed a 

subregional decrease of both ALDH1L1 and ALDH7A1. An imbalance of ALDH1L1 could potentially 

disrupt folate metabolism in the brain, a process that is known to be altered in PD (Bou Ghanem et al. 
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2024; Doddaballapur et al. 2025). Also known as Antiquitin, ALDH7A1 plays a critical role in regulating 

adult hippocampal neurogenesis, learning and memory processes (Yan et al. 2024). Mutations in 

ALDH7A1 are linked to pyridoxine-dependent epilepsy (PDE), a condition marked by cognitive 

impairment,  making it a promising target (Yan et al. 2024; Coughlin and Gospe 2023; Salih et al. 2024). 

In the human brain, ALDH7A1 expression has been observed in cortical astrocytes of young adults and 

colocalized with GFAP (Jansen et al. 2014). Conditional deletion of ALDH7A1 in astrocytes induces 

spontaneous seizures in mice in a pyridoxine-dependent manner and is accompanied by impaired 

dendritic spine development and cognitive deficits. Loss of ALDH7A1 also leads to the dysregulation of 

the MGP (matrix Gla protein) gene in astrocytes, which potentially disrupts extracellular matrix (ECM) 

homeostasis (Wu et al. 2025). ECM remodelling is relevant to both astrocyte function, AD and PD 

progression (Jones and Bouvier 2014; Yang et al. 2024; Jacobson and Song 2024). These findings suggest 

that ALDH7A1 alterations may also contribute to astrocyte dysfunction in various neurodegenerative 

conditions.  

The various patterns of GFAP, AQP4, ALDH1L1, and ALDH7A1 across conditions overall indicates a 

partial or severe loss of astrocyte homeostatic signatures in the advanced stages of AD and PDD. These 

results reveal significant differences in astrocytic signatures that appear to be related to the disease 

and the anatomical distribution and suggest that different underlying cellular mechanisms are involved 

in these pathologies (Song et al. 2009; van den Berge et al. 2012). 

 

GPC5 astrocytes constitute a subgroup with unique disease signature. 

GPC5 belongs to the glypican family of GPI-anchored heparan sulphate proteoglycans (GPC1–GPC6) 

and is widely expressed in the mammalian brain throughout development and adulthood (Filmus et al. 

2008). Among these, GPC5 is notably expressed by human astrocytes and has been associated with 

synapse maturation and maintenance (Bosworth et al. 2023). Moreover, GPC5 expression has been 

reported to be dysregulated in various NDDs, including fronto-temporal dementia (Marsan et al. 2023), 

multiple sclerosis (Schirmer et al. 2019) and AD (Salas et al. 2024a; Lau et al. 2020). This suggests a 

broad role of GPC5 in brain pathology. In healthy hippocampus, the expression of GPC5 is relatively low 

compared to that of GFAP, AQP4, ALDH1L1 and ALDH7A1. However, it displays distinct laminar 

distributions across the CA subfields that differ from the pattern of GFAP. We also observed a strong, 

diffuse GPC5 immunoreactivity in the molecular layer 2/3 of the DG, overlapping with VGAT+ inhibitory 

synapses in CTL and preserved in PDD. This pattern is markedly changed in AD. Given GPC5's role in 

synapse regulation, changes in its expression could influence synaptic dysfunction and neuronal 
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hyperexcitability (Bosworth et al. 2023; Salas et al. 2024a). Reduced GPC5 expression in the DG could 

then significantly impact the hippocampal neuronal circuitry. The spatial organization of GPC5+ 

astrocytes in AD differed from age-matched controls, especially in the CA1/CA2, PHC as well as in the 

PFC of AD patients where they can form clusters toward Ab plaques or be found close to tangles. Given 

the association of GPC5 expression with homeostatic astrocytic signatures (Green et al. 2024; Habib et 

al. 2020; Saliu and Zhao 2024; Dai et al. 2023), our finding suggest that GPC5+ astrocytes represent a 

protective subtype. Our data highlight the heterogeneity of the astrocyte cluster forming reactive glial 

nets (RGNs) (Bouvier et al. 2016) with microglia, which may differ over time and in different anatomical 

regions. Interestingly we have also found a more diffuse staining of GPC5 localised in amyloid plaque 

core and tangles. Glypicans such as GPC1 and GPC4 are intimately involved in the amyloid plaque 

formation (Williamson et al. 1996) and are found in diffuse and core plaques (Van Horssen et al. 2002). 

GPC5 has recently been found to be associated with AD brain proteome and plaques in CRDN8 AD 

mouse model and humans (Levites et al. 2024). Based on our results, GPC5+/GFAP+ astrocytes may 

release GPC5 in the vicinity of the plaque. Similarly, we found GPC5 in tangles, which are often 

surrounded by GPC5+ /GFAP+ astrocytes. The presence of diffuse GPC5 around tangles is associated 

with small invasive processes of GFAP, seemingly forming an astrocyte tangle mesh. This distribution is 

potentially associated with the severity of tau pathology and appears to be linked to specific types of 

tangles identified by the pS396 antibody but not the AT8 antibody.  

 Overall, our findings on human hippocampal and cortical astrocytes support the notion that astrocyte 

identity and response evolve along the spatial and temporal trajectory of AD pathology (Serrano-Pozo 

et al. 2024) and that astrocyte metabolism and function are partially dysregulated in late PD 

(Derevyanko et al. 2025). 

 

Limitations of the study 

This study has several limitations. First, our cohort includes limited number of patient brain samples, 

which may affect the generalizability of our findings. Second, our analysis focused primarily on tissues 

representing advanced stages of the disease. Validation in larger and independent cohorts is therefore 

necessary. Additional studies are needed to assess astrocyte diversity and vulnerability in other key 

regions implicated in disease. 
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Conclusion 

In summary, our study highlights the significant heterogeneity of astrocytes in the human 

hippocampus, challenging the near-exclusive reliance on GFAP to define these cells to date. We 

propose the use of multiple markers such as AQP4, ALDH1L1 and ALDH7A1 for observing changes in 

the overall distribution and number of astrocytes in healthy and diseased brains. Our results revealed 

marker-specific patterns of astrocyte distribution, suggesting the presence of distinct subpopulations 

with region-specific vulnerabilities and molecular signatures. We identified two distinct astrocyte 

subpopulations based on their expression of GFAP and/or GPC5, exhibiting different responses to 

neurodegeneration. This work advances the field by demonstrating that astrocyte heterogeneity in the 

human hippocampus is not merely a static regional characteristic but is dynamically shaped by disease 

type and stage (Edison 2024). These insights underscore the importance of incorporating astrocytic 

diversity into models of NDD pathogenesis and highlight new avenues for targeted therapeutic 

strategies. 
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FIGURE LEGENDS 

Figure 1: Distribution of astrocyte markers GFAP, AQP4 and ALDH1L1 across the hippocampus of 

healthy aging brain. 

Representative IHC of (A) GFAP, (B) AQP4 and (C) ALDH1L1 expression in control hippocampus. A GFAP 

expression (DAB, brown) differs between hippocampal subfields with a strong density of GFAP+ 

astrocytes in (a) DG and CA4. GFAP+ astrocytes in the (b) CA3, (c) CA1 and (d) subiculum shows a patchy 

distribution, especially in the pyramidal layer (stratum pyramidale, SPy). In the subiculum, we 

distinguished two types of GFAP+ astrocytes: cells with high levels of GFAP (GFAPHIGH, full lines) and 

cells with low GFAP expression (GFAPLOW, dashed lines). B AQP4 (DAB, brown) is highly expressed in 

astrocytes of the (e) DG/CA4, (f) CA3 and stratum moleculare of the CA compared to (g) CA1 and (h) 

subiculum. C ALDH1L1 (DAB, brown) is widely expressed by hippocampal astrocytes across all 

hippocampal subfields (i-l). D Digital pathology workflow used for digital pathology quantification. E 

The relative expression of GFAP and ALDH1L1 is stable across the hippocampal subfields whereas APQ4 

expression is the lowest in the CA3 and CA1/CA2. n= 8; statistical analysis: Wilcoxon test, * p<0.05, ** 

p<0.005, *** p<0.0005 (case #8). DG, dentate gyrus; SM, stratum moleculare; SO, stratum oriens; SPy, 

stratum pyramidale; SR, stratum radiatum. Scale bars: low magnification, 500 µm; high magnification 

(a–l) 50 µm. 

 

Figure 2: Glypican 5 is selective to spatially restricted subgroups of astrocytes in the hippocampus.  

A-E cIHC reveals the expression of GPC5 by astrocytes in the healthy hippocampus. A GPC5 (DAB, 

brown) expression is enriched in specific layers of the hippocampus subfields (case #5). B GPC5 labels 

many well-defined astrocytes of the CA4 but is diffuse in the DG (case #6). C GPC5+ astrocytes of the 

CA3 are mainly observed in the stratum moleculare (case #6). D In the CA1, the radiatum and pyramidal 

layers showed low density of GPC5+ astrocytes compared to the stratum moleculare (case #6). E In the 

subiculum, GPC5 labels many astrocytic branches and stains a few neurons (asterisk) (case #12). F GPC5 

expression is uniformly distributed across the hippocampal subfields, although the DG contains high 

levels of diffused GPC5. n= 8; statistical analysis: Wilcoxon test, * p<0.05, ** p<0.005, *** p<0.0005. G 

Representative IHC staining (DAB, brown) of VGAT, GPC5 and VGLUT1 in the healthy DG show an 

enrichment of GPC5 in VGAT positive areas (case #2). SG, stratum granulosum; SM 1/3, inner stratum 

moleculare; SM 2/3, outer stratum moleculare. Scale bars: A 500 µm; B-E 50 µm; G 50 µm. 

 

Figure 3: GFAP and GPC5 reveal subtypes of astrocytes.  
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A-C Gfap and gpc5-associated signatures in the R2 human brain bulk RNA-seq database. Gene 

expression positively correlated (p value cutoff: 0.05 FDR) with gfap and gpc5 were extracted from 

the GSE48350  dataset (173 normal brain samples, 4 brain regions) in the R2: Genomics analysis and 

visualization platform. A The Venn diagram shows a shared astrocytic signature between gfap and gpc5 

correlates as well as unique associations. B-C Functional signatures associated with (B) gfap or (C) gpc5. 

The top 500 genes with the strongest positive correlation with gfap or gpc5 revealed specific KEGG 

pathway enrichment. D The multiplex cIHC for GFAP (green) and AQP4 (purple) reveals a large number 

of GFAP+/AQP4+ double-positive astrocytes (dark purple, full arrows), which are found amongst AQP4+ 

cells (white arrows) (case #9). E Co-staining of GFAP (green) and ALDH1L1 (purple) shows a widespread 

expression of ALDH1L1 across the astrocyte population through the hippocampal layers. In contrast, 

GFAP labels only specific subgroups of astrocytes that co-express ALDH1L1 (dark purple, full arrows) 

(case #9). F ALDH7A1 (purple) is widely expressed by hippocampal astrocytes. GFAP+ astrocytes (green) 

also co-express ALDH7A1 (dark purple, full arrows) (case #9). G Co-staining of GFAP and GPC5 highlights 

single-positive astrocytes for either GFAP (teal, empty arrows) or GPC5 (purple, white arrows). It also 

reveals double-positive GFAP+/GPC5+ astrocytes (full arrows) (cases #2 and #9). H Co-staining of GPC5 

(purple) and AQP4 (teal) revealed double-positive GPC5+/AQP4+ cells (dark blue, full arrows) (case #9). 

I GPC5+ astrocytes also express ALDH1L1 (dark blue, full arrows) (case #16). J GPC5+ astrocytes are 

positive for ALDH7A1 (dark blue, full arrows) (case #12). White arrows identify single positive 

astrocytes. DG, dentate gyrus. Scale bars: D 50 µm; E low magnification: 100 µm, high magnification: 

50 µm; F 50 µm; G left panel – low magnification 100 µm, – high magnification 50 µm; right panel 50 

µm; H-I 50 µm; J low magnification 100 µm, high magnification 50 µm. 

 

Figure 4: Differential alterations of astrocytes markers in AD and PDD. 

A-B GFAP+ astrocytes (DAB, brown) display a dysmorphic morphology in AD and PDD hippocampi and 

form cluster of cells reminiscent of reactive glial nets in AD (A) and reactive gliosis in PDD (B) (AD case 

#31; PDD case #43). C The quantitative analysis of GFAP expression in the different hippocampal 

subfields of patients with AD and PDD (surface coverage area of the DAB staining) shows a strong 

decrease of GFAP in the DG, CA4 and CA3 of AD cases, and only in the CA1/CA2 of PDD patients. N= 8 

CTL, n= 9 AD, n= 11 PDD. D-F AQP4 (DAB, brown) is highly expressed by astrocytes in both AD and PDD 

and is even significantly increased in the CA3, CA1/CA2 and subiculum of patients with AD (AD case 

#27; PDD case #34). N= 8 CTL, n= 9 AD, n= 10 PDD. G-H ALDH1L1 expression (DAB, brown) is generally 

decreased among astrocytes, which appear to have less complex arborisation. Its relative expression is 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48350


Page | 72  
 

affected in the DG, CA4 and CA3 of AD cases and overall decreased in all hippocampal subfields in PDD 

(AD case #27; PDD case #35). n= 8 CTL, n= 9 AD, n= 10 PDD. J-K ALDH7A1 expression (DAB, brown) is 

decreased in disease notably in the CA3, CA1/CA2 and PHC in PDD and in the subiculum in both AD and 

PDD patients (AD case #26; PDD case #34). n= 8 CTL, n= 9 AD, n= 8 PDD. M-O GPC5 expression (DAB, 

brown) remains stable across disease conditions. M In AD, GPC5 labeling reveals secreted GPC5 

concentrated in potential amyloid b plaques (zoom-in). N In PDD, the distribution pattern of GPC5+ is 

similar to that of the CTL but it also shows enlarged and potentially reactive astrocytes (zoom-in) (AD 

case #26; PDD case #40). n= 8 CTL, n= 9 AD, n= 10 PDD. Statistical analysis: Wilcoxon test, * p<0.05, ** 

p<0.005, *** p<0.0005. Scale bars: low magnification: 500 µm; high magnification: 50 µm. 

 

Figure 5:  Astrocyte identity is affected in patients with AD. 

A-C Multiplex cIHC of (A) GFAP (green) with AQP4 (purple), (B) GFAP (green) with ALDH1L1 (purple) 

and (C) GFAP (green) with ALDH7A1 (purple) in AD samples shows that GFAP astrocytes still co-express 

AQP4, ALDH1L1 and ALDH7A1 (dark purple, black arrows). AQP4+ and ALDH1L1+ astrocytes are found 

close to plaques while ALDH7A1+ cells are mainly observed around astrocyte tangle mesh (cases #25, 

#30, #31). D Co-staining of GFAP (green, empty arrows) with GPC5 (purple, white arrows) reveals a few 

single-positive GPC5+ astrocytes and many double-positive GFAP+/GPC5+ astrocytes (dark purple, full 

arrows) in areas of astrogliosis, around plaques and astrocyte tangle mesh (zoom-in). (cases #25, #30, 

#31). E-G In AD, GPC5 astrocytes still co-express (E) AQP4, (F) ALDH1L1 and (G) ALDH7A1 (black arrows). 

AQP4+ astrocytes are found surrounding plaques (cases #31, #26). White and black arrows indicate 

single and double-positive astrocytes, respectively. Scale bars: A-C 50 µm; D left panel 50 µm, right 

panel – low magnification 100 µm, high magnification 50 µm; E-G 50 µm. 

 

Figure 6: GPC5 astrocytes are associated with Aβ plaques and tau tangles, but not with Lewy bodies 

and neurites. 

A GPC5+ astrocytes (purple) form a net around Aβ plaques (green) in the hippocampus as well as the 

parahippocampal cortex (cases #25, #32). B Most of the Aβ plaques (DAB, brown) in the hippocampus 

are surrounded by GFAP+ astrocytes (teal), with a few GPC5+ astrocytes (purple) (case #30). C-D Co-

staining of GPC5 (purple) with tau pathology markers (AT8 or pS396 in green) shows an association 

between GPC5+ astrocytes and tau tangles (cases #25, #32). E In PDD, multiplex cIHC of GPC5 (purple) 

with GFAP (green) and pSyn (DAB, brown) showed no direct interaction between GPC5 astrocytes and 

Lewy bodies and neurites but revealed some GFAP+ astrocytes with intracellular pSyn (right panel, 
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black arrows) (cases #34, #43). Scale bars: A-B low magnification 100 µm, high magnification 50 µm; C 

left panel – low magnification: 100 µm, high magnification: 50 µm; right panel 50 µm; D-E low 

magnification 100 µm, high magnification 50 µm. 

 
LIST OF ABBREVIATION 

Aβ: amyloid-b; AD: Alzheimer’s disease; ADRC: Alzheimer’s Disease Research Center; ALDH1L1: 

aldehyde dehydrogenase 1 family member L1; ALDH7A1: aldehyde dehydrogenase 7 family member 

A1; AQP4: aquaporin 4; CA: Cornu Ammonis; Cat: catalog; cIHC: chromogenic immunohistochemistry; 

CM: ChromoMap; CNS: central nervous system; CSF: cerebrospinal fluid, CTL: control; DAA: disease-

associated astrocytes; Cx43: connexin 43; DAB: 3,3ʹ-diaminobenzidine; DG: dentate gyrus; EAAT1/2: 

excitatory amino acid transporter 1/2; ECM: extracellular matrix; eGFP: enhanced Green Fluorescent 

Protein; ERP: Ethics Review Panel; FDR: False Discovery Rate; FFPE: formalin-fixed paraffin embedded; 

Fig.: Figure; GFAP: glial fibrillary acidic protein; GFAPLOW: low-GFAP state; GFAPHIGH: high-GFAP state; 

GPC5: glypican 5; H₂O₂: hydrogen peroxide; HIER: heat-induced epitope retrieval; HRP: horseradish 

peroxidase; IHC: immunohistochemistry; ISH: in situ hybridization; KEGG : Kyoto Encyclopedia of Genes 

and Genomes; LED: light-emitting diode; NBB: Netherlands Brain Bank; NFT: neurofibrillary tangles; 

NDD: neurodegenerative diseases; MAS5.0: Microarray Analysis Suite version 5.0; MGP: matrix Gla 

protein; Ms: mouse; PDD: Parkinson’s disease with dementia; PDE: pyridoxine-dependent epilepsy; 

PET: positron emission tomography; PFC: prefrontal cortex; pH: potential of hydrogen; PHC: 

parahippocampal cortex; PMD: post-mortem delay; pSyn: phosphorylated α-Synuclein; QC: Quebec; 

Rb: rabbit; RGN: reactive glial nets; RNA-seq: RNA sequencing; RT: room temperature; S100b: S100 

calcium-binding protein beta; SM: stratum moleculare; SM 1/3: inner stratum moleculare; SM 2/3: 

outer stratum moleculare; SO: stratum oriens; SPy: stratum pyramidale; SR: stratum radiatum; STRING: 

Search Tool for the Retrieval of Interacting Genes/Proteins; TGF-β: ransforming Growth Factor Beta; 

u133p2: Affymetrix GeneChip Human Genome U133 Plus 2.0 Array; vGAT: vesicular GABA transporter; 

vGLUT1: vesicular glutamate transporter. 
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Supplementary Fig. 1: Distribution of GPC5, GFAP, AQP4 and ALDH1L1 in the parahippocampal cortex 

of healthy aging brain. 

A In the PHC, GPC5+ astrocytes (DAB, brown) are mainly found in the glia limitans and in the first and 

second cortical layers (case #6). B GFAP+ astrocytes (DAB, brown) are differentially distributed across 

the PHC layers. In the deeper layers, GFAP+ astrocytes are organised into non-overlapping domains 

with many expressing high levels of GFAP (GFAPHIGH, full lines) and some expressing low levels 

(GFAPLOW, dashed lines) (case #6). C AQP4 (DAB, brown) distribution shows a PHC stratification with 

an enrichment in the glia limitans, the second and deeper layers (case #6). D ALDH1L1 chromogenic 

staining (DAB, brown) shows that the first PHC layer is less enriched than the deeper layers (case #6). 

E GPC5 expression in the PHC is much lower than that of GFAP, AQP4 and ALDH1L1. n=8. Scale bars: A 

low magnification 100 µm, high magnification 50 µm; B-D low magnification 200 µm, high 

magnification 50 µm.  

 

Supplementary Fig. 2: GPC5 is expressed by astrocytes of the prefrontal cortex.  

In the healthy PFC, GPC5+ astrocytes (DAB, brown) are mainly observed in the three first cortical layers 

as well as layer V (case #2). Scale bars: left panel: 500 µm; middle and right panels: 50 µm.  

 

Supplementary Fig. 3: Astrocytes of the parahippocampal cortex display a spectrum of identities. 

A In the healthy PHC, most of GFAP+ (green) astrocytes co-express AQP4 (dark purple) (case #9). B They 

also represent a subpopulation of ALDH1L1+ astrocytes (dark purple) (case #9). C The glia limitans is 

composed of double-positive GFAP+/GPC5+ astrocytes (dark purple) that can also be observed in the 

first cortical layer. Deeper layers, however, are mainly populated by single GFAP+ astrocytes (green) 

(case #12). D GPC5+ astrocytes of the PHC also express (D) AQP4 and (E) ALDH1L1 (dark blue) (case 

#12). White and black arrows indicate single and double-positive astrocytes, respectively. Scale bars: 

100 µm.  

 

Supplementary Fig. 4: ALDH7A1 is a generic marker for hippocampal astrocytes. 

A Representative IHC stainings of ALDH7A1 (DAB, brown) in the healthy hippocampus. a-d Zoom-in on 

the different hippocampal subfields: (a) DG-CA4, (b) CA3, (c) CA1 and (d) subiculum (case #7). B 

Multiplex cIHC of ALDH7A1 (purple) with ALDH1L1 (teal) shows that hippocampal astrocytes co- express 

both markers (dark blue) (case #6). SO, stratum oriens; SPy, stratum pyramidale; SR, stratum radiatum. 

Scale bars: A low magnification: 500 µm, high magnification (a-d) 50 µm; B 50 µm.  
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Supplementary Fig. 5: In AD patients, astrocytes of the PHC exhibit hometostatic and disease 

signatures. 

Multiplex cIHC of GFAP (green) with (A) AQP4 (purple) or (B) ALDH1L1 (purple) or (C) ALDH7A1 (purple) 

in the PHC of AD patients highlights the mosaic pattern of expression of these markers (cases #30, #31). 

GPC5 staining (purple) reveals plaque-like structures surrounded by (D) GFAP+ astrocytes (green), 

GFAP+/GPC5+ double positive cells (dark purple), (E) AQP4+ astrocytes, (F) ALDH1L1+ astrocytes and 

(G) ALDH7A1+ astrocytes (cases #25, #26, #30, #31). White and black arrows indicate single and double-

positive astrocytes, respectively. Scale bars: A, D, E, F: low magnification 100 µm, high magnification 

50 µm; B, C, G: 50 µm.  

 

Supplementary Fig. 6: GPC5+ astrocytes form clusters in the prefrontal cortex and accumulate around 

amyloid plaques. 

A Immunostaining of GPC5 (DAB, brown) revealed GPC5+ astrocytes in clusters in the PFC (cases #13, 

#14) of AD post-mortem samples. B In the PFC, Aβ plaques (DAB, brown) are often surrounded by 

GPC5+ astrocytes displaying characteristics of plaque-associated astrocytes (purple, white arrows). We 

also found a few double-positive GFAP+/GPC5+ astrocytes (dark blue, full arrows) in the vicinity of Aβ 

plaques (case #13, #14). Scale bars: A 50 µm; B left panel – low magnification 100 µm, high 

magnification: 50 µm; right panel 50 µm.  

 

Supplementary Table 1: Case information of the samples used in this study. Details regarding the 

samples and their corresponding neuropathological reports were obtained from brain banks.  

 

Supplementary Table 2: Antibodies used in IHC chromogenic (Dako Omnis, Ventana Discovery Ultra).  

 

Supplementary Table 3: Other material and resources.  

 

Supplementary File 1 – Supplementary Excel 1: Statistical analysis from HALO® quantification (see Part 

IX, 1. Supplementary data Manuscript I). 
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Supplementary Table 1 

 

 

 

 

 

 

 

 

 

 

Pathological diagnosis Case Sex Age at death (years) PMD (hh:mm) ABC / McKeith score/ Braak Lewy Bodies Brain Bank 
1 F 83 35:45 A0B0C0
2 M 83 16:50 A0B0C0
3 M 72 07:29 A0B0C0
4 M 68 23:22 A0B1C0
5 M 87 04:50 A2B1C0
6 F 91 09:30 A0B2C0
7 M 79 06:20 A1B1C0
8 F 102 03:55 A1B2C0
9 F 79 06:00 A2B2C2

10 M 84 05:20 A1B1C0
11 F 86 06:25 A2B1C1
12 F 104 07:33 A2B2C1
13 F 83 25:00 A2B3C2
14 M 91 25:00 A2B3C2
15 F 96 26:30 A2B3C2
16 F 81 23:45 A2B3C2
17 M 77 19:25 A2B3C2
18 M 90 14:36 A2B2C2
19 M 90 26:07 A3B2C3
20 F 87 17:00 A1B2C2
21 M 90 31:59 A2B2C3
22 F 86 39:00 A3B3C2
23 M 85 21:00 A3B1C1
24 F 84 24:00 A3B3C2
25 F 53 06:30 A3B3C3
26 F 70 07:25 A3B3C3
27 F 86 03:50 A3B3C3
28 M 38 05:45 A3B3C3
29 F 92 05:15 A3B3C3
30 F 98 05:45 A2B2C2
31 M 64 04:58 A3B3C3
32 M 74 05:25 A3B3C3
33 F 86 06:00 A3B3C3
34 M 71 04:35 A1B1C0/LB5
35 M 73 05:35 A1B1C0/LB5
36 F 83 06:05 A0B1C0/LB5
37 M 72 04:00 A0B1C0/LB4
38 M 61 05:00 A1B1C0/LB6
39 F 71 09:05 A0B1C0/ LB5
40 M 85 05:15 A1B2C1/ LB4
41 F 73 06:10 A1B1C0/ LB4
42 F 88 06:05 A1B1C0/ LB6
43 F 69 07:05 A1B1C0/ LB6

PDD

AD

CTL

Douglas Canada Bell 
Brain Bank

The Netherlands Brain 
Bank

Douglas Canada Bell 
Brain Bank

GIE-Neuro-CEB 
biobank

The Netherlands Brain 
Bank

The Netherlands Brain 
Bank
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Supplementary Table 2 

 

Rabbit polyclonal anti- 
ALDH1L1 

Atlas 
Antibodies 

Cat# HPA050139, 
RRID: AB_2681031 

 
1:2000 

 
1:2000 

Rabbit polyclonal anti- 
ALDH7A1 

 
Sigma-Aldrich 

Cat# HPA023296, 
RRID: AB_1844738 

 
- 

 
1:1000 

Mouse monoclonal anti- 
phospho tau (AT8) 
(Ser202,Thr205) 

Thermo Fisher 
Scientific 

Cat# MN1020, 

RRID: AB_223647 

 
- 

 
1:400 

Rabbit polyclonal anti- 
phospho tau (ps396) 

Thermo Fisher 
Scientific 

Cat# 44-752G, 

RRID: AB_2533745 

 
- 

 
1:1000 

 
Mouse monoclonal anti-AQP4 Atlas 

Antibodies 
Cat# AMAb90537, 
RRID: AB_2665579 

 
1:200 

 
1:200 

 
Rabbit monoclonal anti-GFAP 

Ventana 
Medical 
Systems 

Cat# 760-4345 (also 
05269784001), 

RRID: N/A 

 
- 

 
Ready to 
use* 

 
Rabbit polyclonal anti-GPC5 Atlas 

Antibodies 
Cat# HPA040152, 
RRID: AB_2676863 

 
- 

 
1:500 

Mouse monoclonal anti- 
phospho synuclein (clone 81A, 
pSYN) (Ser129) 

 
Millipore 

Cat# MABN826 

RRID: AB_2904158 

 
- 

 
1:500 

 
Rabbit polyclonal anti-VGAT 

 
Sigma-Aldrich 

Cat# HPA058859, 
RRID: AB_2683836 

 
- 

 
1:200 

 
Rabbit polyclonal anti-VGLUT1 Atlas 

Antibodies 
Cat# HPA063679, 
RRID: AB_2685086 

 
- 

 
1:200 

Mouse monoclonal anti-β- 
Amyloid, AA17-24 (4G8) 

 
BioLegend 

Cat# 800712, RRID: 
AB_2734548 

 
- 

 
1:500 

SECONDARY ANTIBODIES 

ANTIBODIES SOURCE IDENTIFIER DILUTION 
IHC 

DILUTION 
cIHC 

PRIMARY ANTIBODIES 
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DISCOVERY OmniMap anti-Rb 
HRP 

 
Roche 

Cat# 760-4311, 
RRID: AB_2811043 

 
- Ready to 

use* 

DISCOVERY OmniMap anti-Ms 
HRP 

 
Roche 

Cat# 760-4310, 
RRID: AB_2885182 

 
- Ready to 

use* 

 
DISCOVERY CM DAB kit 

 
Roche 

Cat# 760-159, RRID: 
N/A 

 
- Ready to 

use* 

 
DISCOVERY Purple Kit 

 
Roche 

Cat# 760-229, RRID: 

N/A 

 
- 

Ready to 
use* 

 
DISCOVERY Teal HRP kit 

 
Roche 

Cat# 760-247, RRID: 

N/A 

 
- 

Ready to 
use* 

 
Discovery Green HRP kit 

 
Roche 

Cat# 08478295001, 

RRID: N/A 

 
- 

Ready to 
use* 

 

*Vials ready-to-use purchased from Roche Ventana Medical Systems 
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Supplementary Table 3 
 
 

 

 

 

 

 

  

 

 

REAGENT OR RESOURCE 
Biological samples 
Human post-mortem FFPE 
hippocampus and prefrontal 
cortex 

GIE-Neuro-CEB biobank See Supplementary 
Table 1 Douglas-Bell Brain Bank and GIE-Neuro- 

CEB biobank 
Netherlands Institute for Neuroscience, 
Amsterdam, the Netherlands Brain Bank 

Software and algorithms 
Biorender Biorender.com RRID: SCR_018361 
R studio (Version 4.5.1.) RStudio RRID: SCR_001905 
Adobe Illustrator (Version 
28.7.8.) 

Adobe.com/illustrator RRID:SCR_010279 

HALO (Version 3.6.) Indicalab.com/halo RRID: SCR_018350 
Other 
Dako Omnis Autostainers Dako 
IntelliSite Ultra Fast Scanner Philips 
Ventana Discovery Ultra 
Autostainer 

Roche Diagnostics 
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3.4. Conclusion 

In conclusion, our results reveal the remarkable heterogeneity of human hippocampal astrocytes 

and highlights limitations of GFAP as a universal astrocytic marker. GFAP labels only certain subsets of 

astrocyte, whereas ALDH1L1 and ALDH7A1 provide broader coverage and better reflect astrocyte 

populations across hippocampal subregions. In advanced AD patients, we observed a general loss of 

astrocytic homeostatic markers, including reduced GFAP, ALDH1L1, and ALDH7A1 expression, 

alongside increased AQP4 levels, suggesting astrocyte dysfunction affecting metabolic, neurovascular, 

and glymphatic processes. Additionally, we identified a distinct GPC5+ astrocyte subtype, spatially and 

molecularly different from GFAP+ astrocytes, that remains relatively preserved in neurodegenerative 

disease but shows altered spatial organisation and polarisation toward amyloid plaques and tau 

pathology. Taken together, these findings emphasise the dynamic and subtype-specific nature of 

astrocyte responses in neurodegeneration, highlighting the importance of using a set of astrocytic 

markers to accurately assess astrocyte identity and changes in health and across disease progression. 
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4. CHAPTER II – Noradrenaline modulation of astrocytic molecular signatures is disrupted in 

Alzheimer’s and Parkinson’s dementia. 

 

4.1.  Introduction  

Over the past forty years, several clinical studies have described an early degeneration of the LC in 

AD and PD patients. This early alteration of the NA system leads to a progressive imbalance of the NA 

levels in brain areas associated with memory processes, such as the hippocampus. NA is involved in 

core brain functions that are altered in age-associated NDDs, such as attention, alertness, memory 

formation and consolidation. Moreover, NA acts as a strong modulator of neuronal but also microglial 

and astrocytic activities. Physiologically, astrocytes and microglia are involved in neuroprotection. 

However, in a pathological context, these cells produce pro-inflammatory molecules associated with 

severe neuroinflammation that may aggravate neurodegeneration. NA is one of these 

neuromodulators particularly studied for its important regulatory role on astrocytes. Indeed, in vitro 

and in vivo studies have demonstrated that NA has potent anti-inflammatory and neuroprotective 

effects on astrocytes and microglia, limiting neuroinflammatory events that may occur in the brain 

(Heneka et al. 2010; Hinojosa et al. 2013; Ishii et al. 2015; Bharani et al. 2017). Interestingly, it has been 

shown that an alteration of the NA system affects glial cells in AD and PD and that NA depletion 

increases astrocytic oxidative stress in AD mouse models (Zorec et al. 2018; Heneka et al. 2010). 

However, the mechanisms underlying the modulatory effect of NA on astrocytes remain poorly 

understood. The aim of this study was to characterise the modulatory role of NA on astrocytes more 

precisely, in order to gain a deeper insight into how NA influences the molecular profile and functional 

roles of astrocytes. To this purpose, we have designed a translational approach using mouse primary 

cells in culture and human AD, PDD, and age-matched control post-mortem samples. In vitro, we 

analysed astrocyte phenotype and responses to NA exposure in a physiological context or under 

inflammatory conditions (Manuscript II, Fig. 1A). In parallel, we investigated NA-targeted genes in 

human samples as well as the interplay between astrocytes and the NA system using cIHC and digital 

pathology. 

 

4.2.  Personal contributions 

For this article, I conducted the study under the supervision of Dr David Bouvier and with the technical 

support of my colleagues Mónica Miranda de la Maza, Sophie Schreiner, Dr. Gaël Hammer and Denis 

Charbonnier-Renaud. Below are listed my personal contributions:  
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o Cell culture experiments: mice take down, brain extraction, MACS isolation, routine 

maintenance, cell treatments;  

o Sample collection: RNA/DNA/protein extraction, coverslip fixation, supernatant collection; 

o Sample processing: RT-qPCR, RNAseq, Western-Blot, ELISA tests, ICF, microscopy acquisition;  

o Transcriptomic data analyses and data visualisation;   

o FFPE sample slicing, cIHC staining and imaging;  

o HALO quantification and analysis  

o Production and design of the below listed figures submitted for this manuscript:  

- Figure 1 (A-E), Figure 2 (A-D), Figure 3 (A-H), Figure 4 (A-C), Figure 5 (A-F); 

- Supplementary Figure 1, Supplementary Figure 2, Supplementary Figure 3. 

o Drafting and final writing of the manuscript (with the support of Dr David Bouvier); 

o Editing and reviewing of the final manuscript; 

o Details of each author’s individual contributions are provided in the author contribution section 

at the end of the manuscript. 
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ABSTRACT 

Early alterations of the locus coeruleus (LC) have been reported in Alzheimer's disease (AD) and 

Parkinson's disease (PD) with particular deterioration of the noradrenergic (NA) system leading to 

imbalances in NA levels, especially in memory-related regions like the hippocampus. Furthermore, 

alterations of the NA system have been linked to glial dysfunction and increased oxidative stress in AD 

models, but the concrete underlying mechanisms pathologically affecting astrocytes remain unclear. In 

this study, we aimed to elucidate the regulatory effects of NA on astrocytic  molecular signatures and 

functional dynamics. To achieve this, we employed a translational strategy ranging from the 

investigation of primary mouse astrocyte cultures to post-mortem brain samples from individuals with 

AD, PD with dementia (PDD), and age-matched healthy controls. Our in vitro experiments showed that 

NA influences core astrocytic functions by modulating the expressions of genes involved in the 

regulation of the cerebral blood flow (Cbs, Ace), circadian rhythms (Cartpt, Bdnf), neuroprotection 

(Scg2), inflammatory responses (Ptgs2, Vim) and oxidative stress (Sod3, Nqo1).  Concurrently, we 

analysed the expression of NA-responsive genes and the interactions between astrocytes and the NA 

system in human tissues using chromogenic immunohistochemistry and digital pathology. We 

observed a partial decrease of VMAT2 in AD cases and severe alteration of CBS expression in both AD 

and PDD patients. Our results suggest that the intimate relationship between the noradrenergic system 

and astrocytes results in a significant phenotypic control of astrocytes by NA and may be drastically 

impacted in NDDs. 

Our findings indicate that NA modulates key astrocytic genes and dampens inflammation-associated 

signatures induced by a cytokine mix. Furthermore, NA-treated astrocyte medium mitigated the pro-

inflammatory response of microglia, indicating a non-cell-autonomous immunomodulatory role. 
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INTRODUCTION  

Noradrenaline (NA), or norepinephrine (NE), is a potent neuromodulator involved in key processes such 

as attention, arousal, memory formation and consolidation; functions that are disrupted in 

neurodegenerative diseases (NDDs) (1). In the brain, NA is primarily produced by neurons located in 

the locus coeruleus (LC), a small brainstem nucleus of the dorsal pons. There is now accumulating 

evidence that LC is one of the first brain regions to deteriorate in Alzheimer’s disease (AD) (2–4), but 

also in Parkinson’s disease (PD) (5,6). These findings highlight the importance of understanding the role 

of the NA system in the progression of neurodegeneration (7–9). LC neurons send widespread 

projections to multiple brain regions, notably the hippocampus, amygdala, and prefrontal cortex. 

Interestingly, the loss of most rostral LC neurons, which innervate the hippocampus, is particularly 

pronounced in AD (10). The molecular, cellular, and pathological consequences of LC-neuron loss in LC-

targeted areas involved in the memory process in AD remain to be fully characterized (9,11,12). NA 

transmission occurs via two mechanisms, namely conventional synaptic release and volume 

transmission through axonal varicosities. These varicosities release NA into the extracellular space, 

allowing it a paracrine-like modulation of surrounding neurons, glial cells, and the neurovascular unit 

(13,14). NA plays a central role in modulating astrocytic function, a highly abundant glial cell type 

involved in key physiological processes such as brain metabolism (15), blood flow regulation (16,17), 

and synaptic modulation (18–20). Astrocytes express various adrenergic receptors at their surface 

(21,22), and respond dynamically to NA signals by modifying their calcium activity and function (23,24). 

NA-driven astrocytic pathways contribute in specific memory processes during the vigilance state in 

awake mice (25), influence behavior (26) and regulate cortical state in rodents (27,28). Recent studies 

suggests that NA-mediated control of astrocyte activity is crucial for the regulation of synaptic 

transmission and neuronal circuitry, offering new insights into brain function across species (29–31). 

Studies in Drosophila have shown that NA gates astrocytic responsiveness to other neurotransmitters, 

such as dopamine (29). In zebrafish and mice, activating astrocytic α1A-adrenergic receptors induces 

ATP release, which converted to adenosine, can suppress synaptic transmission of neighboring neurons 

via the presynaptic adenosine A1 receptors (30,31). Lefton and colleagues showed that astrocyte 

activation is conditional upon the suppression of synaptic strength induced by NA in the mouse CA1 

hippocampus. Moreover, NA contributes to astrocyte-mediated vasoconstriction (16) and may 

influence glymphatic clearance dynamics during sleep (32). Dysregulation and progressive depletion of 

NA, resulting from early LC degeneration, may profoundly alter astrocyte functions and their responses 

in NDDs. In disease conditions, astrocytes can also lose their core functions, adopt neurotoxic 
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phenotypes, and favour neuroinflammation and oxidative stress (33). However, how NA influences 

their disease responses remains poorly understood. In vitro studies suggest that NA has anti-

inflammatory properties in astrocytes, whereas its depletion increases astrocytic oxidative stress in AD 

mouse models (34,35).  

To better understand how NA shapes astrocyte molecular identity and functions, we compared the 

transcriptomic profiles of primary mouse astrocytes under homeostatic and pro-inflammatory 

conditions, with or without NA exposure. Using bulk RNA sequencing, RT-qPCR, and cytokine arrays, 

we identified differentially expressed genes (DEGs) and proteins regulated by NA, and compared these 

effects to those induced by dopamine (DA). To assess the relevance of these findings in human disease, 

we examined post-mortem hippocampal tissue from individuals with AD and PD with dementia (PDD), 

as well as age-matched non-demented individuals (CTLs). Using chromogenic immunohistochemistry 

(cIHC) and digital pathology, we quantified the vesicular monoamine transporter 2 (VMAT2) 

noradrenergic input and key NA-responsive genes in vitro. Altogether, our findings suggest that NA 

plays a critical role in modulating astrocyte reactivity and neuroinflammation, with potential relevance 

to NDD pathology. 
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MATERIAL AND METHODS 
 
Animal experiments 

Crl:CD1 mice (Charles-River, France) were bred and housed in groups of three (2 females for 1 male) in 

ventilated cages in a conventional animal facility at the University of Luxembourg. Mice were kept 

under a 12-hour light-dark cycle with ad libitum access to water and food. Animal experiments were 

approved by the Animal Experimentation Ethics Committee (AEEC) of the University of Luxembourg 

and the relevant government agencies. All the procedures were performed following the 2010/63/EU 

European Union Directive. 

 

Primary cell cultures  

Mixed glial cells were obtained from the brains of Crl:CD1 mice. Briefly, brains were removed from 

postnatal day 1 to 3 CD1 mouse pups. Because the number of extracted microglia or astrocytes from 

one newborn mouse brain is only 0.6 million or 0.8 million cells on average, respectively, we had to 

pool the cells from several newborn mice (both sexes included) before starting the respective 

experiments. The meninges and large blood vessels were removed before the brains were minced and 

mechanically dissociated in PBS (Life Technology Europe Cat#14040133) solution. Subsequently, the 

cells were seeded into 75cm2 flasks containing culture medium, called DMEM 10%, consisting of 

Dulbecco’s Modified Eagle Medium (DMEM, Life Technology Europe, Cat#41965039) supplemented 

with 10% (v/v) of fetal bovine serum (FBS, Gibco, Cat#10270-106) and 100 U/ml of penicillin and 10 

mg/ml of streptomycin (Gibco, Cat#15140122). The mixed glial cell cultures were maintained at 37°C 

in a 5% CO2 humidified atmosphere. Upon reaching confluency two weeks later, microglia were 

positively isolated using an anti-CD11b antibody (Miltenyi Biotec, Cat#130093634) and magnetic cell 

sorting (MACS) according to the manufacturer’s instructions (Miltenyi Biotec). Microglia were plated 

(600,000-650,000 cells/well, 12-well plates) in a mix (1:1 v/v) of DMEM and mixed glial cell culture-

conditioned medium, and treated 24h later. Astrocytes were recovered in the negative fraction and 

seeded in new 75cm2 flasks. Once astrocytes reached confluency one week later, a second MACS 

isolation was performed as described previously to remove any remaining microglia. Astrocytes were 

plated (700,000-750,000 cells/well, 12-well plates) in DMEM 10% and left in culture for an additional 

week before cell treatments. The medium was changed with fresh DMEM 10% every 3-4 days. Both 

cultures were maintained at 37°C in a 5% CO2 humidified atmosphere.  
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Cell treatments  

Astrocyte cultures were left unstimulated (non-exposed/CTL astrocytes) or exposed to 100 µM of 

Noradrenaline (NA-exposed astrocytes, Sigma Aldrich Cat# A9512) or Dopamine (DA-exposed 

astrocytes, Sigma Aldrich Cat#H8502) for 2x24h, or to a mix of cytokines (CM, 24h) composed of 

recombinant mouse IFNg, recombinant mouse IL-1b, and recombinant mouse TNFa (10 ng/ml each, 

Peprotech Cat# 315-05, Cat# 211-11B, Cat# 315-01A, respectively), or combined NA and CM (NA+CM-

exposed astrocytes) for 72h in total (2x24h NA + 24h CM). Concentrations and exposure times were 

selected based on previous in vitro studies on primary mouse astrocytes and microglia that reported 

effects on glial cell responses (35–37).    

To obtain astrocyte “conditioned medium” (ACM) for further in vitro experiments, astrocytes were 

treated with or without NA as described above. After initial stimulations, the conditioned medium, 

containing the entire astrocyte secretome, was collected and stored at -20°C. Before using it for 

microglia stimulation, ACM was centrifuged at 6,000 rpm and filtered through a 0.2 µm syringe filter. 

Microglia were left unstimulated (CTL) or exposed for 6h to 1ng/ml of lipopolysaccharide (LPS derived 

from Escherichia coli 055:B5, Sigma), or exposed to LPS combined with ACM from non-exposed or NA-

exposed astrocytes, for 6h.  

 

Immunocytofluorescence (ICF) 

To verify the purity of astrocytes and microglia cultures, cells were plated (300.000 cells/well, 12-well 

plates) on Poly-D-Lysine (Gibco, Cat#A38904-01) coated coverslips and fixed with 4% 

paraformaldehyde (PFA, Sigma, Cat#818715) for 20 min at RT. Cells were then permeabilised for 10 

min with 0.3% Triton-X 100 (Sigma, Cat#T8787) and washed three times in PBS 1X. After 30 min of 

blocking with 3% (w/v) BSA (Sigma, Cat#A3059), astrocytes and microglia were stained with primary 

antibodies in blocking solution for 2h at RT. Cells were then washed three times for 5 min in PBS and 

subsequently incubated in 3% BSA at RT for 1h with fluorophore-coupled secondary antibodies. 

Coverslips were finally washed three times in PBS 1X (5 min) and two times in distilled water (5 min) 

before mounting on glass slides with DAPI Fluoromount-G (SouthernBiotech, Cat#0100-20). Primary 

and secondary antibody references are listed in Supplementary Table 3.    

Pictures were acquired using a Zeiss LSM 710/800 confocal microscope with a 20X objective (Zeiss Plan-

APOCHROMAT 20x/0.8 420650-9902). Pictures were visualised with Imaris Viewer (9.9.0) after each 

channel underwent intensity normalisation and background subtraction to remove noise.  
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RNA extraction, reverse transcription and qPCR  

Total RNA was extracted using the innuPREP RNA Mini kit (Analytikjena) following the manufacturer’s 

instructions. The isolated RNA was stored at -80°c until they were used.  For reverse transcription, the 

samples were processed with the ImProm-II Reverse Transcription System kit (Promega) using a Bio-

Rad T100TM Thermal Cycler. For qPCR analyses, synthesized complementary DNA (cDNA) and 

SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) were used on a Bio-Rad Thermal Cycler (CFX 

ConnectTM Real-Time PCR Detection System, Bio-Rad). Primer sequences are summarised in 

Supplementary Table 1. Gene expression was determined using the comparative threshold cycle (Ct) 

method employing the 2−ddCt formula, with ddCt = (Ct, target − Ct, housekeeping)treated sample − (Ct, target 

− Ct, housekeeping)control sample. To standardise the expression of the target genes, Rpl27 (coding for a 

ribosomal protein) served as a housekeeping gene. 

 

RNA-seq library preparation, quality control and statistical analysis 

RNA libraries for the 18 samples with 3 replicates per biological condition were prepared using the 

Illumina Stranded mRNA Prep Ligation Kit (polyA selection), following the manufacturer’s protocol. 

Sequencing was performed on the Illumina NovaSeq platform® (SP200), targeting 19 million reads per 

sample (paired-end, 2 × 75 bp). Raw FASTQ files underwent quality assessment using FastQC, FastQ 

Screen, and RSeQC tools. Preliminary processing included read trimming (Cutadapt) and mapping (STAR 

2.7.9a) to the mouse reference genome (GRCm39 – Mus_musculus.GRCm39.104.gtf) (38,39). Gene 

counting, as well as all aforementioned steps, were integrated within a local Snakemake workflow (40). 

Differential gene expression analysis was conducted in R (version 4.1.0) using DESeq2 (version 1.32.0) 

(41) on the resulting gene count tables. Multiple visual inspections were performed to assess data 

distribution and sample clustering. Principal component analysis (PCA) was used to verify that biological 

replicates clustered as expected and that no outlier sample has to be addressed. All p values were 

adjusted for multiple comparisons using the Benjamini–Hochberg procedure with false discovery rate 

(FDR) of 0.05. 

Raw read counts were normalised, and genes were filtered according to the criteria: genes with at least 

1 read count in at least 5 samples per comparison were considered eligible for further analysis. 

Significance of expression was calculated for each comparison using adjusted p value (FDR method), 

and results with p value < 0.01 were presented in tables and visualised with volcano plots. 

To elucidate biological functions over-represented in differentially expressed gene (DEG) groups, we 

performed over-representation analysis (ORA) using the R package clusterProfiler (v4.5.0) for DEGs 
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having a log-fold change lower than – 0.5 or greater than 0.5 and adjusted p value < 0.05. We employed 

the following databases: Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). 

In this manuscript and supplementary files, * indicates P < 0.05, ** P < 0.01 and *** P < 0.001. 

 

Measurement of cytokine and chemokine release  

The measurement of secreted cytokines and chemokines by astrocytes was performed using a Mouse 

Cytokine Array Panel A (R&D Systems Inc., Cat#ARY006) following the manufacturer’s instructions. 

Briefly, nitrocellulose membranes, which consist of 40 different cytokine and chemokine antibodies 

printed in duplicate, were incubated for 1h at RT with Array Buffer 6, a blocking buffer. Meanwhile, 

samples were prepared with 0.5 mL of Array Buffer 4 and Array Buffer 6 if necessary, and incubated 

with reconstituted Mouse Cytokine Array Panel A Detection Antibody Cocktail for 1 h at RT. This 

sample/antibody mixture was then applied to the membranes. After overnight incubation at 4°C, 

membranes were washed three times in 1X Wash Buffer, incubated with Streptavidin-HRP for 30 min 

at RT and finally with Chemi Reagent Mix for 1 min before being exposed to X-ray film for 1 sec to 100 

sec. Membrane imaging was done with a ChemiDoc XRS+ imaging system, and chemiluminescence was 

quantified with ImageLab imaging and analysis software. HRP-conjugated antibody served as a positive 

substrate control at six spots and was additionally used to ascertain membrane orientation. Net density 

grey level for each spot was calculated by subtracting the background grey levels from the total raw 

density grey levels. 

 

Human brain samples  

All human tissues involved in this study have been pseudonymised and listed in Supplementary Table 

2. All autopsy brain samples were obtained from the Netherlands Brain Bank. The use of these samples 

for research purposes was approved by the ethic panel of this institution and by the University of 

Luxembourg (ERP 16-037 and 21-009). Hippocampal samples were classified by brain bank intern 

neuropathologists following the established Braak (42,43), ABC (44), and McKeith staging criteria (45), 

which assess the presence of Aβ plaques, NFTs, and α-synuclein. The FFPE samples from the 

hippocampus and cortex include controls (n=8), AD patients (n=8) and PDD patients (n=13). Detailed 

information regarding age at death, post-mortem delay (PMD), sex, fixation time, reported concomitant 

misfolded protein pathologies ta are indicated in Supplementary Table 2. 
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Immunohistochemistry (IHC) 

IHC experiments were carried out as previously described (46). Briefly, FFPE samples were cut into 5 

µm thick sections and processed on an automated immunostainer (Dako Omnis Immunostainer, 

Agilent) with heat-induced epitope retrieval (HIER) (EnVisionTMFLEX Target Retrieval Solution high or 

low pH buffer, Cat#K8004 and Cat#K8005 respectively) for 30 min at 97 °C. Primary antibodies (anti-

VMAT2 Cat#TA500506, anti-CBS Cat#HPA001223) were diluted in EnVisionTMFLEX antibody diluent 

(Cat#K8006) and incubated for 1h at RT, detection based on horseradish peroxidase (HRP)/ 3, 3ʹ-

diaminobenzidine (DAB) substrate system (EnVisionTMFLEX Detection kit, Cat#K8000) and, finally, 

counterstained with hematoxylin (Cat#GC808). The slides were then dehydrated through ethanol baths 

before being coverslipped.  

Images were visualised and acquired using 5, 10, 20 and 40X objectives of a Leica bright-field DM2000 

LED microscope combined with a Leica DMC2900 camera (Leica Microsystems) and scanned with a 

high-throughput bright-field slide scanner (IntelliSite Ultra Fast Scanner, Philips).  

 

Multiplex chromogenic IHC  

Multiplex chromogenic IHC experiments were conducted as previously described (46), using Ventana 

Discovery Ultra automated IHC/in situ hybridisation (ISH) research platform (Roche Ventana Medical 

Systems, Tucson, AZ, USA). The system included all reagents as advised by Roche Diagnostics, and 

washing was performed in between steps using Reaction buffer (Cat#950-300). Briefly, FFPE samples 

were cut into 5 �m thick sections and mounted on Matsunami TOMO® hydrophilic adhesion glass slides 

(Cat#TOM-1190), dried at 60°c for 60 min minimum, stained with antibodies of interest (see 

Supplementary Table 3), counterstained with hematoxylin II (Cat#790-2208) and bluing reagent 

(Cat#760-2039), and finally washed, dehydrated and coverslipped.  

For DAB single-plex IHC experiments, samples were deparaffinised using EZ Prep solution (Cat#950-

102) at 69°c for 8 min over three cycles and processed with Cell Conditioning 1 reagent (standard CC1, 

Cat#950-224) at 95°c for 40 min for the HIER step. Sections were then treated with the inhibitor 

ChromoMap reagent for 8 min at 37°c to block endogenous peroxidases and proteins. Primary 

antibodies (anti-BACE2 Cat#HPA035416, anti-SPARC Cat#HPA003020, and anti-Vimentin V9 

Cat#05278139001) were diluted in EnVisionTMFLEX antibody diluent (Cat#K8006), manually applied on 

the sections of interest and incubated for 60 min. Samples were then treated with either OmniMap 

anti-Rb HRP (Cat#760-4311) or OmniMap anti-Ms HRP (#Cat760-4310) for 16 min. Stainings were 

developed using reagents from the Discovery ChromoMap DAB kit (Cat# 760-159). This involved 
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sequential applications of H2O2 ChromoMap for 4 min, DAB ChromoMap for 8 min, and Copper 

ChomoMap for 4 min. 

Regarding the two-plex IHC experiments (CBS/GFAP, CBS/ALDH1L1, BACE2/GFAP, BACE2/ALDH1L1, 

SPARC/GFAP, SPARC/ALDH1L1, VIM/GFAP and VIM/ALDH1L1), the initial steps of deparaffinisation, 

HIER with CC1 and blocking with inhibitor ChromoMap were performed as previously described, unless 

stated otherwise. A single drop of Discovery inhibitor (Cat# 760-4840) was applied for 8 minutes. 

Primary antibodies (anti-CBS, anti-BACE2, anti-SPARC and anti-VIM) were then incubated for 60 

minutes. Detection was carried out with OmniMap anti-Rb or anti-Ms HRP (16 minutes), followed by 

chromogenic development using the Discovery Purple Kit (Cat# 760-229), involving 4 min substrate 

incubation and 32 min H2O2 incubation. Between staining cycles, antibody denaturation was achieved 

by heating at 100 °C for 24 minutes with Cell Conditioning 2 reagent (CC2, Cat# 950-223), ensuring 

dissociation of antibody-HRP complexes and minimizing cross-reactivity. Next, anti-GFAP (Cat# 760-

4345) and anti-ALDH1L1 (Cat# HPA050139) were applied (48 minutes for anti-GFAP and 60 minutes for 

ALDH1L1). Signal was then amplified using OmniMap anti-Rb or anti-Ms HRP (16 minutes) and 

visualised with either Discovery Teal HRP chromophore (Cat# 760-247) or Discovery Green HRP 

chromophore (Cat# 08478295001). Chromogenic development steps included 4 minutes with HRP 

substrate, 32 minutes with HRP H2O2, and 16 minutes with HRP activator. 

 

Brightfiel microscopy 

Chromogen-stained FFPE sections were visualized using a Leica DM2000 LED microscope fitted with 5X, 

10X, 20X and 40X objectives, paired with a Leica DMC2900 camera (Leica Microsystems). For 

comprehensive imaging, whole-slide scans were obtained with the Philips IntelliSite Ultra Fast Scanner, 

and images were acquired using the HALO® image analysis software (Indica Labs, version 3.6). 

 

Digital pathology and statistical analysis 

Chromogenic IHC images were analysed using HALO® image analysis platform (Indica Labs, version 3.6). 

To investigate the expression of the different proteins of interest in the hippocampal and para-

hippocampal regions, the hippocampus was manually divided into four sub-regions (dentate gyrus 

(DG), CA4, CA3 and CA2/CA1) and the subiculum as well as the parahippocampal cortex (PHC) were 

identified, all based on the Atlas of the Human Brain (47). Sub-region areas were measured, and CBS, 

VMAT2, SPARC, BACE2 and VIM quantifications were assessed by measuring stain-positive areas using 

the area quantification module from HALO® software. With R Studio software (R version 4.5), 
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comparisons of stained area percentages were conducted using Wilcoxon test (Supplementary File 1– 

Supplementary Excel 1). 
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RESULTS 
 
The stimulation of astrocytes by noradrenaline induces phenotypic and molecular changes. 

To characterise the effect of NA on the regulation of astrocyte genes, we performed bulk RNA 

sequencing (RNA-seq) on NA-exposed and non-exposed post-natal primary mouse astrocytes (Fig. 1A). 

Having analysed the NA dose-response of astrocytes to three different concentrations of NA–1, 10 and 

100 µM– by measuring changes in gfap, s100b, nqo1 and camk4, we found that 100 µM produced the 

most significant modulation of gene expression (Supplementary Fig. 1), in lines with previous studies 

(35–37).  To mimic the long-term and pulsatile modulation of NA in the brain, we stimulated the primary 

cells with two 24-hour sequences. We analysed the differentially expressed genes (DEGs) between 

astrocytes non-exposed and NA-exposed astrocytes using unpaired t test with multiple comparison 

adjustment (Benjamini-Hochberg with FDR of 0.1) and identified 1,037 significantly DEGs. DEGs were 

displayed in a volcano plot (Fig. 1B) and the top 15 up- and 15 down- DEGs were identified and sorted 

by padj.overall (most enriched and lowest padj.overall value) (Fig. 1C). When comparing NA-exposed 

astrocyte to non-exposed astrocyte transcripts, we found Cartpt, Scg2, Sod3, Sema3g, and S1pr1 

among the most enriched and statistically significant genes for NA-exposed astrocytes. In parallel, 

Cxcl9, Npy, Ace, Ace2 and Camk4 were observed among the most downregulated and statistically 

significant genes (Supplementary File 2– Excel 2). 

We confirmed the upregulation of Sod3, Scg2 and Cartpt and the downregulation of Camk4 and Ace2 

by qPCR (Fig. 1E). We then implemented an over-representation analysis (ORA) for NA-exposed versus 

non-exposed astrocyte DEGs. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways over-represented in NA-exposed astrocytes revealed inflammatory and anti-oxidative 

responses (e.g. Gbp2, Ptgs2, Vim, Casp1, Mgst1, Nqo1), cell dynamic activities (e.g. S1pr1, Cxcl14, Scg2), 

circadian rhythm (e.g. Bdnf, Cartpt, Per1) and muscle contraction activities (e.g. Adra2c, Sod3, Cbs, 

Ptgs2). In contrast, we observed down-regulation of pathways related to synaptogenesis (e.g. Snta1, 

Dag1, EphB2, Sema6d) and to the regulation of the blood flow (e.g. Ace, Ace2, Adra2a, Aqp4) (Fig. 1D, 

Supplementary File 3– Excel 3). Taken together, these data validated the potent modulatory role of NA 

on astrocyte molecular signatures and responses.  

 

Both Noradrenaline and Dopamine are potent modulators of astrocyte molecular identity. 

To investigate whether these modulatory properties are specific to NA or a shared feature by NA and 

Dopamine (DA), the catecholamine direct precursor of NA, we compared the transcriptome profiles of 
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astrocytes exposed to DA and NA. We first evaluated the DEGs between astrocytes non-exposed versus 

DA-exposed astrocytes (unpaired t-test and multiple comparison adjustment) and found 8,514 

significantly DEGs. DEGs were presented in a volcano plot (Fig. 2A) accompanied with the top 15 up- 

and 15 down- DEGs sorted by padj.overall (most enriched and lowest padj.overall value) (Fig. 2B). When 

analysing the transcripts enriched in DA-exposed astrocytes compared to non-exposed astrocytes, we 

found genes previously cited for NA-exposed astrocytes, such as Cartpt, Sod3 and Scg2, but also Srxn1, 

Hmox1 and Nqo1 among the most up-regulated and statistically significant genes. In contrary, we found 

Ctnna2, Sorcs1, C3, Adra2a, Erbb4, and Nrxn3 among the less enriched and statistically significant 

genes. We then performed an ORA analysis for DA-exposed astrocytes compared to non-exposed 

astrocytes (Supplementary File 4– Excel 4). According to the GO and KEGG pathway enrichment 

analysis, DA-exposed astrocytes up-regulated neuropeptide signaling activity, feeding behavior, 

circulatory system processes, ferroptosis and PD. In parallel, this analysis revealed a down-regulation 

of pathways associated to organelle activities, axon guidance, circadian entrainment and cAMP 

signaling pathway (Fig. 2C, Supplementary File 5– Excel 5).  

We then compared the DEGs obtained from cells exposed with NA (vs. non-exposed) to DA-exposed 

astrocytes (vs. non-exposed) (Fig. 2D, Supplementary Excel 6). We found 7,733 DEGs that were only 

significantly differentially regulated in the DA comparison. Among these transcripts, 3,655 were 

significantly up-regulated (e.g Srxn1, Matcap2, Pdcd2 and Skic8) and 4,078 were significantly down-

regulated DEGs (e.g. C3, C4a, C4b, Lcn2, Sparc, Sparcl1 and Qki). In contrast, 256 DEGs were significantly 

differentially regulated exclusively in the NA comparison. Among them, 179 DEGs were significantly up-

regulated (e.g. Cbs, Bdnf, Il33, Ptgs2, Vim) and 77 were significantly down-regulated (e.g. Cd74, Clock, 

Nos2, Snta1). However, we observed that both comparisons shared 305 significantly up-regulated (e.g. 

Il11, Nqo1, S1pr1, Sod3, Cartpt, Casp1) and 448 significantly down-regulated (e.g. Ace, Ace2, Adra2a, 

Aqp4, Dtna, Nrxn3, Scg3) DEGs. Moreover, we found 28 transcripts with divergent expression between 

NA- and DA-comparisons: 2 (Foxj2, Gsdme) were up-regulated in DA (vs. non-exposed) but down-

regulated in NA (vs. non-exposed) astrocytes, while 26 (e.g. Slc13a4, Slc43a3, Pdcd4) were down-

regulated in DA (vs. non-exposed) and up-regulated in NA (vs. non-exposed). 

These results indicated that both NA and DA played a modulatory role on primary mouse 

astrocytes, influencing their molecular identity. However, we observed that DA impacted a greater 

number of genes than NA and identified genes that were specifically regulated by one catecholamine 

or the other. We also found some shared and a few divergent molecular signatures. Collectively, these 
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findings suggest that there are some common mechanisms by which NA and DA regulate astrocytes, as 

well as specific regulatory processes for each of these catecholamines. 

 

Combined stimulation of cytokines in astrocytes induces an inflammatory gene signature that is 

mitigated by NA. 

Next, we addressed the modulatory effect of NA on astrocyte responses to inflammation. To mimic 

inflammatory processes, we stimulated astrocytes with a mix of cytokine (CM) composed of TNFa, IL1b 

and IFNg, at 10 ng/mL each. These cytokines are commonly used to activate pro-inflammatory 

pathways such as NFkB and STAT1/STAT3 signaling pathways. We investigated the transcriptomic 

profile of these cells after either 24 hours of CM stimulation or a combined treatment with 2 x 24 h of 

NA followed by 24 hours of CM stimulation (NA+CM). As previously explained, we evaluated the DEGs 

between astrocytes non-exposed versus CM-exposed (7,385 significantly DEGs), NA+CM-exposed 

versus NA-exposed (6,383 significantly DEGs) and NA+CM versus CM-exposed astrocytes (986 

significantly DEGs). DEGs from each comparison were presented in three distinct volcano plots (Fig. 3A-

C) 

 Treatment with CM induced severe changes in the transcriptomic response of the astrocytes, 

mainly characterised by upregulation of inflammation-related genes, such as immune response (e.g. 

C3, Casp1, C4a, C4b, Cd274, Irf1, Irgm1, Gbp2, Gbp6, Gbp10), NFkB signaling pathway (e.g. Cd40, Casp1, 

Nlrp3, Nod1, Nlrc5) and MHC assembly and antigen presentation activities (e.g. Calr, H2-Ab1, H2-DMa, 

Tapbp, Tap1, Tap2) among others. This stimulation led to the downregulation of genes mainly related 

to cytoskeletal remodeling (e.g. Mapt, Mtcl1, Ttl, Plekhb1), as well as synapse organisation and axon 

guidance (e.g. Daw1, Dnal1, Drc1) (Supplementary Fig. 2A, Supplementary File 7– Excel 7, 

Supplementary File 8– Excel 8). 

The comparison of DEGs between NA+CM-exposed and NA-exposed astrocytes showed the same 

profile of gene expression than the previous comparison with up- and downregulation of similar 

pathways (Supplementary Fig. 2B, Supplementary File 7– Excel 7, Supplementary File 8– Excel 8). From 

the comparison between NA+CM-exposed and CM-exposed astrocytes, we found some significantly 

differentially genes that we previously described as NA-targeted genes (e.g. Ace, Cartpt, Cbs, Scg2, 

Sod3, Snta1, S1pr1). Moreover, we observed a modulation of astrocyte responses to the inflammatory 

stimulation notably with downregulation of inflammation-related genes, such as antigen processing 

and presentation (e.g. H2-Ab1, H2-DMa, C3), CXCL5, CXCL12, as well as oxidative stress-related genes, 

including Hmox1, Nfe2l1, Prdx1. Interestingly, we also found Apoe as down-regulated DEGs. The 



Page | 109  
 

analysis of the upregulated DEGs mainly showed the upregulation of the mitotic activity of the cells 

(e.g. Brca1, Cdc6, Clspn, Dtl, Lmnb1) (Fig. 3C-D, Supplementary File 8– Excel 8). We validated the 

expression of certain genes via qPCR (Fig. 3E). These data showed that despite the strong inflammatory 

profile induced by CM, astrocytes pretreated with NA recovered some molecular signatures specifically 

induced by NA stimulation in addition to moderate their molecular responses to inflammation. 

To validate these findings, we next investigated the secretome of non-exposed (CTL), NA-

exposed, CM-exposed and NA+CM-exposed astrocytes by measuring released cytokines and 

chemokines in the cell culture medium (Fig. 3F). Because many of them were not detected or very low, 

we focused our analysis on 3 cytokines (TNFa, IL1b, IL6), 5 chemokines (CCL5, CXCL1, CXCL2, CXCL9, 

CXCL10) and CD54 (or ICAM1). We observed that the CM stimulation led to an important release of 

these molecules, especially TNFa, CCL5, CXCL1, CXCL2, CXCL10 and IL6, suggesting that the astrocytes 

actively respond to the inflammatory conditions. When astrocytes were pre-treated with NA and then 

stimulated with CM, we observed a global reduction of the cytokine and chemokine release, notably 

CXCL2 and IL6. Nevertheless, none of these differences was significant. The qualitative nature of the 

assays used for these experiments might explain the lack of significance in these data. 

Taken together, these results showed that NA exposure modulates astrocyte responses to 

inflammation by changing their molecular signatures. Moreover, NA had a long-lasting effect and 

mitigated the secretory response of astrocytes to subsequent inflammatory challenges. 

 
NA-exposed astrocytes exert non-cell-autonomous immunomodulatory effects on activated 

microglia. 

To investigate whether NA influences the astrocyte-microglia crosstalk, we performed indirect co-

culture experiments. We cultured primary mouse microglia that we next stimulated with LPS to create 

an inflammatory environment. In addition to LPS stimulation, we exposed the cells to astrocyte 

conditioned medium (ACM). This ACM was obtained beforehand from either non-exposed (ACMCTL) or 

NA-exposed (ACMNA) astrocytes (Fig. 3G).  

To analyse microglia responses we evaluated gene expression of the cells by qPCR. We found 

that LPS stimulation induced a significant increase of gene expression related to inflammatory response 

such as Tnfa, Cxcl10 and Il6 (Fig. 3H). When microglia were stimulated with ACM alone (ACMCTL or 

ACMNA), very low levels of expression were observed, if any. Co-treatment with LPS and ACMCTL led to 

increased gene expression, including Tnfa and Cxcl10 whose expression was decreased when microglia 

were treated with LPS and ACMNA, although the difference of expression was significant for Tnfa only. 
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Il6 expression was not changed, suggesting a specific response through the TNFa pathway (Fig. 3H). 

These results suggest that NA might modulate microglia activation through astrocyte signaling. 

 

The noradrenergic efferences are slightly impacted in the hippocampi of AD patients. 

To measure the impact of the deterioration of LC noradrenergic neurons, we assessed the distribution 

and density of VMAT2, which indirectly labels all NA branches accessing the hippocampus. To this 

purpose, we performed cIHC and quantified DAB-stained area for VMAT2 in the hippocampus of post-

mortem samples from AD (n=8, average age at death: 71.9 years, 5 females, 3 males), and PDD patients 

(n=13, average age at death: 73.4 years, 7 females, 6 males), as well as age-matched non-demented 

individuals (n=7, average age at death:  86.9 years, 4 females, 3 males).  

VMAT2 staining revealed that the hippocampus is a noradrenergic-enriched structure with 

heterogeneous distribution of these projections throughout the hippocampus (Fig. 4A). We observed 

in the DG many VMAT2+ fibers as well as a diffuse staining in the inner one-third of the molecular layer 

(STR. MOL 1/3) (Fig. 4Aa). The CA4, CA3 and CA2 were highly enriched with short VMAT2 fibers while 

CA1 mainly contained long VMAT2+ fibers, crossing the entire pyramidal layer for some of them (Fig. 

4Ab-c). We also observed in the CA1 a layered distribution of the VMAT2 staining with an enrichment 

in the pyramidal layer, mainly due to a diffuse staining, less in the stratum radiatum and low staining 

in the molecular layer. We found VMAT2+ fibers in the subiculum and a few positive cells (Fig. 4Ad). 

The PHC showed very low density of VMAT2 staining.  

Next, we performed the quantification in AD and PDD hippocampal samples. We found that VMAT2 

staining was partially reduced, especially in AD patients in CA4, CA3, CA1/CA2, subiculum and PHC. In 

PDD, we observed a reduction of VMAT2 staining mainly in CA1/CA2, subiculum and PHC. However, 

these differences were not statistically significant (Fig. 4B). Interestingly, we observed significant 

VMAT2 staining enrichment in the inner molecular layer of the DG and the CA3 subfield of PDD patients 

(Fig. 4C). 

 

CBS expression, a NA-responsive gene, is severely altered in neurodegenerative diseases.  

To evaluate the significance of our in vitro results, we examined the expression of CBS, which is encoded 

by the Cbs gene, in human brain samples. The expression of this gene was increased in astrocytes 

exposed to NA and may play a direct role in responses to oxidative stress. To this purpose, we 

performed cIHC and quantified DAB-stained area for CBS in post-mortem hippocampal samples from 

non-demented healthy individuals (CTLs, n=7, average age at death: 89.4 years, 4 females, 3 males) and 
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patients with AD (n=9, average age at death: 73.4 years, 6 females, 3 males) or PDD (n=10, average age 

at death: 74.6 years, 5 females, 5 males), using HALO® digital pathology software.  

 CBS staining revealed a strong expression of this enzyme by hippocampal astrocytes although 

its expression was not uniform across all hippocampal subfield (Fig. 5A). CBS was highly expressed in 

the CA4 and the DG subregions, as well as in the pyramidal and molecular layers but less so in the 

radiatum and oriens layers of the CA subfields. Given its cytoplasmic location, CBS mainly labeled the 

soma, but also the proximal processes of astrocytes. 

To further understand the identity of these astrocytes, we performed multiplex cIHC for CBS 

combined with GFAP (n=3) or ALDH1L1 (n=3) in CTL post-mortem hippocampi. Co-staining of CBS with 

GFAP showed many astrocytes stained only for CBS while GFAP astrocytes were mainly CBS+/GFAP+ 

double-positive (Fig. 5B). Multiplexing CBS together with ALDH1L1, a broader pan-astrocytic marker, 

showed an overlapping expression of the two markers with numerous CBS+/ALDH1L1+ double-positive 

cells. We also observed several astrocytes single-positive for either CBS or ALDH1L1 (Fig. 5C).  

Next, we examined the expression of CBS in the hippocampi of patients with AD and PDD, as both 

conditions are affected by the deterioration of LC and the depletion of NA. We found a significant loss 

of CBS expression in AD and PDD patients across the hippocampus (Fig. 5D). CBS staining revealed a 

general reduction in CBS cell surface coverage and shorter positive branches, particularly in PDD cases 

(Fig. 5E-F).   

We also investigated the expression of SPARC and BACE2, the gene expression of which was 

down-regulated in NA-exposed astrocytes, as well as VIM, encoded by the Vim gene which was up-

regulated under NA exposure. We assessed the quantification of DAB-stained area in post-mortem 

hippocampal tissues from CTLs individuals (n=3, average age at death: 87.3 years, 2 females, 1 male), 

AD patients (n=5, average age at death: 69.4 years, 3 females, 2 males) and PDD cases (n=5, average 

age at death: 72.4 years, 2 females, 3 males). SPARC was found to be highly expressed by certain 

astrocytes, including ALDH1L1+ astrocytes (Supplementary Fig. 2A). SPARC expression was significantly 

decreased in the CA3, CA1/CA2, subiculum and PHC of PDD patients. In AD, we observed a slight 

decrease in SPARC expression in the same subregions, though these differences were not significant 

(Supplementary Fig. 2B-C). A few hippocampal astrocytes expressed BACE2, mainly in the oriens layer 

of the CA subfields. These astrocytes were also ALDH1L1+ (Supplementary Fig. 2D). No differences in 

BACE2 expression were observed in AD and PDD samples compared to CTLs, except in the CA4 subfield 

where BACE2 levels were significantly higher in patients with PDD (Supplementary Fig. 2E-F). VIM was 

mainly found to label blood vessels, as well as some astrocytes that were also positive for ALDH1L1 
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(Supplementary Fig. 2G). VIM expression was decreased in the CA3, CA1/CA2 and PHC in both AD and 

PDD, although these differences were only significant in the PHC of PDD cases (Supplementary Fig. 2H-

I). 

These data suggest that the potential disruption of the NA system in NDDs could alter the 

expression of key astrocytic proteins. 
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DISCUSSION 
 
In this study, we provide a detailed characterisation of the effect of NA on phenotypic and molecular 

responses of astrocytes, integrating bulk RNA sequencing, RT-qPCR and cytokine assays on primary 

mouse astrocytes, in both homeostatic and inflammatory states. Our results demonstrate that NA 

profoundly influences the transcriptomic profile of astrocytes, controlling their molecular signature and 

consequently modulating core astrocytic functions. Additionally, we validated the modulatory role of 

NA on astrocyte responses to inflammation. By investigating the impact of the deterioration of the NA 

system in the human hippocampus, we revealed a moderate alteration of the NA efferences in AD 

patents. Furthermore, we demonstrate an association between this deterioration, which may indicate 

an imbalance in NA levels in the hippocampus, and a reduction in the expression of NA-stimulated 

proteins in astrocytes, resulting in dysregulation of their functions. 

 

Noradrenaline and Dopamine are core modulators of astrocytic activity and identity. 

Astrocytes are no longer perceived as a passive cell type with a simple structural function, but as 

multitasking cells deeply involved in brain functions. As neurons, astrocytes can sense and respond to 

various factors and neurotransmitters such as NA and DA (28–30,48,49). However, how catecholamines 

shape the molecular identity and functions of astrocytes is not yet fully understood. By investigating 

the transcriptomic identity of primary mouse astrocytes exposed to NA, we show that NA regulates the 

expression of certain genes involved in key astrocytic functions. Notably, we found that astrocytes 

exposed to NA change their transcriptomic activity related to the blood flow regulation (Sod3, Cbs, 

Adra2a, Ace). This observation aligns with previous studies that place the astrocytes as an integral part 

of the vascular unit (17,50). Indeed, in addition to contributing to the development and the 

maintenance of the blood-brain-barrier (BBB) (51), astrocytes are also involved in the neurovascular 

coupling, which ideally positions them to control the cerebral blood tone (50,52,53). Mulligan and 

MacVicar demonstrated that NA modulates the intracellular calcium concentration in the astrocytic 

endfeet resulting in arteriole vasomotion (16), this type of almost instantaneous modulation may 

depend on a chronic modulation of astrocyte molecular identity, as shown by our data. 

Our results also highlight that NA could influence the astrocyte-neuron crosstalk by regulating genes 

involved in synaptogenesis. Indeed, we observe changes in the transcription of genes coding for 

proteins that mediate neuronal circuit assembly, such as S1pr1. The sphingosine 1 phosphatase 

receptor 1 (S1PR1) is expressed by perisynaptic astrocytes and has been shown to be essential for 

astrocyte-synapse association, regulating the expression of astrocyte-secreted synaptogenic factors 
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such as hevins (SPARCL1) and thrombospondins (TSP4) (54). Such data highlight the crucial role of 

astrocytes in synapse formation, maturation, stabilisation and transmission (55–59).  

Our data also show that dopamine is a potent regulator of the astrocyte transcriptome. Dopamine 

signalling is also central to many functions involving the hippocampus, such as learning and memory 

(60). Astrocytes are also known to express dopamine receptors (61) and DA exerts a strong modulation 

of their activity (48). Here, we show in vitro an overlap of their modulation processes but also clear 

specificity. This might regionally influence the identity and the function of astrocytes in relation to the 

anatomical dopaminergic and noradrenergic innervations. 

 

Noradrenaline mitigates astrocytes and microglia responses to neuroinflammation. 

Importantly, our transcriptomic data demonstrate that NA controls astrocyte responses to 

inflammation and oxidative stress. When exposed to NA, astrocytes increase the expression of gene 

related to inflammatory (Ptgs2, Vim) and antioxidant (Cbs, Sod3, Mgst1, Nqo1) responses. This is 

consistent with the findings of Hinojosa and colleagues who showed that the effects of NA on astrocytes 

are context-dependent: in inflammatory conditions, NA reduces the production of pro-inflammatory 

cytokines, while under basal conditions it may contribute to maintaining their moderate expression 

levels (62). Indeed, by investigating the responses of NA-exposed astrocytes to inflammation, we show 

a moderation of their pro-inflammatory profile, notably by a down-regulation of genes associated with 

the MHC assembly and antigen presentation. Astrocytes have been recently reported to act as antigen-

presenting cells and T cell activators in disease (63–65), suggesting astrocytes as active immune 

effectors in CNS immunity. Moreover, we show that NA attenuates the secretory response of astrocytes 

to subsequent inflammatory challenges by reducing the release of pro-inflammatory cytokines and 

chemokines. In addition, NA exerts non-cell-autonomous immunomodulatory effects on microglia 

through astrocyte-mediated signaling.   

Altogether, these observations align with those of several in vitro studies of AD mouse models, which 

have shown that NA depletion leads to an increase in astrocytic and microglial inflammatory signatures 

and oxidative stress (34,35,66), suggesting NA as a potent anti-inflammatory agent in astrocytes and 

microglia responses.  

Cystathionine-b-synthase, at the core of brain physiology, oxidative stress and homocysteine 
pathways.  
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CBS is the rate-limiting enzyme that catalyses the condensation of serine and homocysteine (Hcy) to 

cystathionine, which serves as a precursor for both glutathione (GSH) and hydrogen sulfide (H2S). It has 

been reported that the expression of CBS is reduced in the ageing brain, accompanied by decreased 

levels of H₂S and an imbalanced GSH/GSSG ratio, resulting in increased oxidative stress, specifically in 

astrocytes (67). Interestingly, astrocytes have been shown to be the most active producer of H2S that 

is described as a neuroprotective factor with potent anti-inflammatory and antioxidant properties (68). 

In our study, we first demonstrate the upregulation of the Cbs gene in primary mouse astrocytes 

exposed to NA. This suggests that CBS is an NA-sensitive target and validates NA as a neuroprotective 

agent via astrocyte signalling. We also confirm the expression of CBS in the human brain, particularly 

in hippocampal astrocytes, which strongly express the enzyme. Importantly, we show a severe 

reduction of CBS expression in AD and PDD patients. Both AD and PD are characterized by a progressive 

LC deterioration and decrease of NA levels (69–71). Here, we found that VMAT2, which we use as a 

marker to estimate NA projections, was moderately decreased in AD, but remained quite stable in PDD 

compared to CTLs. The loss of CBS is recognised to cause hyperhomocysteinemia (HHcy), resulting in 

metabolic, neurological and vascular disruptions. It also increases oxidative stress and the risk of 

cardiovascular and NDDs. HHcy has been reported to enhance neuroinflammation in ageing and CNS 

diseases and is associated with the risk of developing AD, vascular dementia, fronto-temporal dementia 

and PD (69–72). Our findings in diseased samples suggest that loss of CBS, which results in HHcy, may 

be caused by disruption to astrocyte identity, possibly due to dysregulation of the NA system. 

 Our data also show a significant decrease of SPARC expression in PDD patients. Physiologically, 

SPARC contributes to maintaining BBB stability and participates in processes such as tissue repair, 

extracellular matrix remodeling, inflammation, and immune modulation (73,74). SPARC is also crucial 

for synapse formation and maturation (75). In the human brain, elevated SPARC levels have been 

reported in reactive astrocytes located near brain tumors, as well as in individuals with neurological 

conditions such as epilepsy, stroke, and AD (75–77). To date, however, there is no clear evidence linking 

SPARC directly to the pathogenesis of PDD. Given its key physiological functions, reduced SPARC 

expression may compromise astrocyte-mediated roles, particularly vascular regulation and BBB 

maintenance. 
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Conclusion 

In conclusion, our study highlights the strong phenotypic control exerted by NA and DA on astrocyte 

physiology and responses. Each catecholamine exhibits specific modulatory properties, although there 

is also overlap in the regulatory processes. We demonstrate profound transcriptomic changes, as well 

as modulation of the astrocyte secretome, in response to an inflammatory microenvironment. Our 

investigation of the human hippocampus revealed a partial reduction in NA efferences in AD patients, 

which may indicate an imbalance in NA levels within the hippocampus. Associated with this, we 

demonstrated severe loss of CBS expression in astrocytes, which may increase oxidative stress, 

decrease neuroprotection, and cause deregulation of homocysteine metabolism. Taken together, these 

findings emphasise the importance of understanding the role of glial cells in the NA system to gain new 

insights into the physiopathology of NDDs as well as in therapeutic effort against dementia progression.  
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FIGURES  

Figure 1: Noradrenaline induces distinct phenotypic and molecular changes in primary mouse 

astrocytes 

A Cell culture workflow used to obtain primary mouse astrocytes. After four weeks in culture, including 

isolation steps, the cells were treated with 100 µM for 2 x 24 h. Biological material was then recovered 

to perform different analysis. B Volcano plot representing the differentially expressed genes (DEGs) in 

NA-exposed astrocytes compared to non-exposed cells (n=3). Thresholds of Log2FC=0.5, P value=0.05 

and FDR=0.1 are indicated in the graph. C Representation of the top 15 up- and top 15 down-regulated 

DEGs in astrocytes exposed to NA compared non-exposed cells, sorted by padj.overall value. D Over-

representation analysis (ORA) dotplot representing the significance of selected up- and down-regulated 

pathways, based on Kyoto Encyclopedia of Genes and Genomes (KEGG) database, comparing NA-

exposed vs non-exposed astrocytes, sorted by padjust value and gene counts (see full list in 

Supplementary File 3- Excel 3). E Via qPCR, we validated the difference of expression of certain genes 

between NA-exposed (NA) and non-exposed astrocytes (CTL). Expression normalised to Rpl27. n=3 per 

condition, statistical analysis: t test, * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005.  

 

Figure 2: In primary mouse astrocytes, dopamine induces certain molecular changes that are similar 

to those induced by noradrenaline.  

A-C RNA-seq analysis from primary mouse astrocytes exposed to DA or non-exposed (n=3). A Volcano 

plot representing the DEGs in DA-exposed astrocytes compared to non-exposed (n=3). Thresholds of 

Log2FC=0.5, P value=0.05 and FDR=0.1 are indicated in the graph. B Representation of the top 15 up- 

and top 15 down-regulated DEGs in astrocytes exposed to DA compared with non-exposed cells, sorted 

by padj.overall value. C ORA KEGG of up- and down-regulated DEGs in DA-exposed astrocytes shows 

that DA is another strong modulator of astrocyte physiology and responses (see full list in 

Supplementary File 5- Excel 5). D Comparing the DEGs induced by NA exposure with those induced by 

DA stimulation reveals several shared transcripts, as well as numerous DEGs that are specific to either 

NA or DA. The Venn diagram represents the overlap (total number and percentage) of all significantly 

DEGs in either comparisons (NA-exposed vs. Non-exposed and DA-exposed vs. Non-exposed 

astrocytes). Red and blue transcript names correspond to up- and down-regulated DEGs, respectively 

(see full list in Supplementary File 6- Excel 6). 
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Figure 3: NA modulates astrocytes responses under inflammatory conditions.   

Volcano plots representing the DEGs in (A) CM-exposed versus non-exposed, in (B) NA+CM exposed 

versus NA-exposed and in (C) NA+CM-exposed versus CM-exposed astrocytes (n=3 per condition). 

Thresholds of Log2FC=0.5, P value=0.05 and FDR=0.1 are indicated in the graph. Each volcano plot is 

accompanied with the list of the top 15 up- and top 15 down-regulated DEGs, sorted by padj.overall 

value. D ORA KEGG of up- and down-regulated DEGs in NA+CM-exposed astrocytes shows that NA 

reduces astrocyte responses to oxidative stress and inflammation (see full list in Supplementary File 8- 

Excel 8). E qPCR validation  of gene expression between all conditions (CTL = non-exposed astrocytes). 

Expression normalised to Rpl27. n=3 per condition, statistical analysis: one-way ANOVA, Tukey’s 

multiple comparisons test, * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005. F Cytokine assays 

(n=3) show an increase of cytokine and chemokine release when astrocytes are stimulated with CM. 

NA tends to modulate this response (NA+CM), slightly reducing the release of chemokines. G 

Experimental design representing the indirect co-culture between microglia and astrocytes. Microglia 

were non-stimulated (CTL) or stimulated with LPS and/or with astrocyte conditioned media (ACM) from 

NA-exposed (ACMNA) or non-exposed (ACMCTL) astrocytes. H Under inflammation, microglia exposed to 

ACMNA showed a significant reduction of Tnfa gene expression and a slight decrease of Cxcl10, but no 

change in Il6 gene expression. Expression normalised to Rpl27. n=4 per condition, statistical analysis: 

one-way ANOVA, Tukey’s multiple comparisons test, * p<0.05, ** p<0.005, *** p<0.0005, **** 

p<0.00005. 

 

Figure 4: Noradrenergic efferences are slightly affected by neurodegeneration in AD hippocampi. 

A Representative cIHC stainings of VMAT2 (DAB, brown) in the healthy hippocampus reveal VMAT2+ 

projections across all hippocampal subfields: (a) DG/CA4, (b) CA3, (c) CA1 and (d) subiculum (case #7). 

B The quantitative analysis of VMAT2 (surface coverage area of the DAB staining) shows a partial 

decrease of VMAT2 expression in AD patients, although these differences are not statistical. n=7 CTL, 

n=8 AD, n=13 PDD; statistical analysis: Wilcoxon test, * p<0.05, ** p<0.005, *** p<0.0005. C VMAT2 

staining (DAB, brown) remains stable in the CA3 of AD patients and is enriched in the inner molecular 

layer of the DG of PDD cases (AD case #11, PDD case #19). SG, stratum granulosum; SM1/3, inner stratum 

moleuclar 1/3; SM2/3, outer stratum moleculare 2/3; SPy, stratum pyramidale; SR, stratum radiatum. 

Scale bars: A low magnification: 500 µm, high magnification (a-d) 50 µm; C low magnification: 500 µm, 

high magnification 50 µm.  
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Figure 5: CBS expression is severely reduced in AD and PDD brains. 

A Representative IHC staining of CBS (DAB, brown) in the healthy hippocampus. a-d Zoom-in on 

different hippocampal subfields: (a) CA4, (b) CA3, (c) CA1 and (d) subiculum (case #5). B Multiplex cIHC 

of CBS with GFAP shows that all GFAP+ astrocytes express CBS (dark blue, black arrows) while CBS 

(purple, white arrows) is expressed by astrocytes to a greater extent than GFAP (teal) (case #5). C 

Duplex staining of CBS with ALDH1L1 reveals that numerous CBS+ astrocytes are also ALDH1L1+ (dark 

blue, black arrows) although several astrocytes are single-positive (white arrows) for either CBS (purple) 

or ALDH1L1 (teal) (case #5). D CBS expression is drastically decreased in AD and PDD. n=7 CTL, n=9 AD, 

n=10 PDD; statistical analysis: Wilcoxon test, * p<0.05, ** p<0.005, *** p<0.0005. E Representative IHC 

staining of CBS (DAB, brown) in AD and PDD hippocampi. In both AD and PDD, the intensity of CBS 

staining appears decreased in astrocyte processes (AD case #9, PDD case #22). SPy, stratum pyramidale; 

SR, stratum radiatum. Scale bars: A low magnification: 500 µm, high magnification (a-d) 50 µm; B 50 

µm; E low magnification: 500 µm, high magnification 50 µm.  
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Supplementary Figure 1: Astrocyte responses to noradrenaline. 

To determine the optimal concentration of NA to which astrocytes respond most strongly, we 

evaluated three different concentrations (1 µM, 10 µM, 100 µM) by measuring the gene expression of 

Gfap, S100b, Nqo1 and Camk4 via qPCR. (CTL = non-exposed astrocytes). Expression normalised to 

Rpl27. n=3 per condition, statistical analysis: t test, * p<0.05, ** p<0.005, *** p<0.0005. 

 

Supplementary Figure 2: Astrocytes are highly responsive to inflammatory stimuli. 

ORA dotplot representing the significance of selected up- and down-regulated pathways, based on 

KEGG database, comparing (A) CM-exposed vs. non-exposed astrocytes and (B) NA+CM-exposed vs. 

NA-exposed astrocytes, sorted by padjust value and gene counts (see full list in Supplementary File 8- 

Excel 8). 

 

Supplementary Figure 3: Sets of human astrocytes express proteins that are modulated in diseased 

hippocampi. 

A SPARC (DAB, brown) is expressed by hippocampal astrocytes (case #5). Some ALDH1L1+ astrocytes 

(green) are also SPARC+ (purple) (case #6). B-C SPARC expression is slightly decreased in AD hippocampi 

and severely altered in PDD patients (AD case #10, PDD case #18). D BACE2 (DAB, brown) labels some 

astrocytes mainly localised in the stratum oriens of healthy hippocampi (case #3). Multiplex staining 

reveals that BACE2 (purple) is expressed by ALDH1L1+ astrocytes (green) (case #3). E-F The expression 

of BACE2 is significantly increased in the CA4 of PDD patients (AD case #8, PDD case #18). G VIM (DAB, 

brown) is expressed by astrocytes and labels blood vessels in the healthy hippocampus (case #5). A few 

ALDH1L1+ astrocytes (green) also express VIM (purple) (case #6). H-I VIM expression is significantly 

decreased in the PHC of PDD cases (AD case #10, PDD case #29). Black arrows indicate double-positive 

astrocytes. n=3 CTL, n=5 AD and n=5 PDD; statistical analysis: Wilcoxon test, * p<0.05. Scale bars: low 

magnification: 500 µm, high magnification 50 µm.  

 

Supplementary Table 1: Primer sequences used for real-time qPCR. 

 

Supplementary Table 2: Case information of the human samples used in this study. Details 

regarding the 29 samples and their corresponding neuropathological reports were obtained from The 

Netherlands Brain Bank. 
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Supplementary Table 3: List of antibodies used in IHC chromogenic (Dako Omnis and Ventana 

Discovery Ultra). 

 

Supplementary File 1– Supplementary Excel 1*: Statistical analysis from HALO® quantification. 

Supplementary File 2– Supplementary Excel 2**: DESeq2 analysis from NA-exposed astrocytes.  

Supplementary File 3– Supplementary Excel 3**: ORA analysis from NA-exposed astrocytes.  

Supplementary File 4– Supplementary Excel 4**: DESeq2 analysis from DA-exposed astrocytes.  

Supplementary File 5– Supplementary Excel 5**: ORA analysis from DA-exposed astrocytes.  

Supplementary File 6– Supplementary Excel 6**: Comparison analysis from NA- versus DA-exposed 

astrocytes.  

Supplementary File 7– Supplementary Excel 7**: DESeq2 analysis from CM- and NA+CM-exposed 

astrocytes.  

Supplementary File 8– Supplementary Excel 8**: ORA analysis from CM- and NA+CM-exposed 

astrocytes.  

 

* see supplementary data in Part IX, 2. Supplementary data Manuscript II, 2.1 to 2.5 

** see summary of supplementary files (1 to 8) in Part IX, 2. Supplementary data Manuscript II, 2.6 to 

2.7. The original files can be found through the following link: https://uniluxembourg-

my.sharepoint.com/:f:/g/personal/0211640329_uni_lu/IgC2xRz8nc6hSYLVC_IVP1oYAchJdQ20qKHE9c

cOT6dY5ls  

  

https://uniluxembourg-my.sharepoint.com/:f:/g/personal/0211640329_uni_lu/IgC2xRz8nc6hSYLVC_IVP1oYAchJdQ20qKHE9ccOT6dY5ls
https://uniluxembourg-my.sharepoint.com/:f:/g/personal/0211640329_uni_lu/IgC2xRz8nc6hSYLVC_IVP1oYAchJdQ20qKHE9ccOT6dY5ls
https://uniluxembourg-my.sharepoint.com/:f:/g/personal/0211640329_uni_lu/IgC2xRz8nc6hSYLVC_IVP1oYAchJdQ20qKHE9ccOT6dY5ls
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Supplementary Figure 3 
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Supplementary Table 1 

 

 

 

 

 

 

 

 

 

 

PRIMERS 
(Accession number) SEQUENCES SOURCE 

Ace2 primers 
(NM_ 001130513) 

F: 5’-GAC-AAC-TTC-TTG-ACA-GCC-CA-3’ 
R: 5’-CAA-CAG-CTT-CAT-GGA-ACC-CT-3’ Eurogentec 

Camk4 primers 
(NM_ 009793) 

F: 5’-ATG-CAA-ACA-GAA-GGG-GAC-C-3’ 
R: 5’-ATG-TTC-GGG-TGT-GAG-AGA-CG-3’ Eurogentec 

Cartpt primers 
(NM_ 013732) 

F: 5’-ACA-TCT-ACT-CTG-CCG-TGG-AT-3’ 
R: 5’-GCT-TCG-ATC-TGC-AAC-ATA-GCG-3’ Eurogentec 

Cxcl10 primers  
(NM_ 021274.2) 

F: 5’-TGCTGCCGTCATTTTCTGCCTC-3’ 
R: 5’-AGCTTCCCTATGGCCCTCATTCTC-3’ Eurogentec 

Igf1 primers 
(NM_010512)  

F: 5’- CTC TGC TTG CTC ACC TTC-3’ 
R: 5’- CAA CAC TCA TCC ACA ATG C-3’ Eurogentec 

Rpl27 primers  
(NM_011289.3) 

F: 5’-TGGGCAAGAAGAAGATCGCCAAG-3’ 
R: 5’-TTCAAAGCTGGGTCCCTGAACAC-3’ Eurogentec 

Scg2 primers 
(NM_009129.3) 

F: 5’-AGA-TGA-AAC-GTT-CAG-GGC-AG-3’ 
R: 5’-CCC-ACA-GCA-TTC-ACT-AAC-CT-3’ Eurogentec 

Sod3 primers 
(NM_011435.3) 

F: 5’-GCC-TTC-TTG-TTC-TAC-GGC-TTG-CTA-C-3’ 
R: 5’-GCG-TGT-CGC-CTA-TCT-TCT-CAA-CC-3’ Eurogentec 

Tnfa primers 
(NM_013693.3) 

F: 5’-GCA-CAG-AAA-GCA-TGA-TCC-GCG-AC-3’ 
R: 5’-TGA-GAA-GAG-GCT-GAG-ACA-TAG-GCA-C-3’ Eurogentec 
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Supplementary Table 2 

 

Pathological 
Diagnosis 

Case Sex Age at death 
(years) 

PMD 
(hh:mm) 

ABC / McKeith score/ Braak 
Lewy Bodies 

CTL 

1 M 87 04:50 A2B1C0 
2 F 91 09:30 A0B2C0 
3 M 79 06:20 A1B1C0 
4 F 102 03:55 A1B2C0 
5 F 79 06:00 A2B2C2 
6 M 84 05:20 A1B1C0 
7 F 86 06:25 A2B1C1 
8 F 104 07:33 A2B2C1 

AD 

9 F 53 06:30 A3B3C3 

10 F 70 07:25 A3B3C3 

11 F 86 03:50 A3B3C3 

12 M 38 05:45 A3B3C3 

13 F 92 05:15 A3B3C3 

14 F 98 05:45 A2B2C2 

15 M 64 04:58 A3B3C3 

16 M 74 05:25 A3B3C3 

PDD 

17 F 75 06:10 A1B1C0/ LB5-6 

18 M 71 04:35 A1B1C0/LB5 

19 M 73 05:35 A1B1C0/LB5 

20 M 67 06:30 A1B1C0/LB6 

21 F 83 06:05 A0B1C0/LB4 

22 M 72 04:00 A1B1C0/LB6 

23 M 61 05:00 A0B1C0/LB5 

24 F 71 09:05 A0B1C0/ LB5 

25 M 85 05:15 A1B2C1/ LB4 

26 F 73 06:10 A1B1C0/ LB4 

27 F 88 06:05 A1B1C0/ LB6 

28 F 66 05:50 A2B0C0/ LB6 

29 F 69 07:05 A1B1C0/ LB6 
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Supplementary Table 3 
 

ANTIBODIES SOURCE IDENTIFIER 
DILUTION 

IHC 
fluorescent 

DILUTION 
IHC 

chromogenic 

DILUTION 
Ventana 

Discovery 
Ultra 

PRIMARY ANTIBODIES 

Rabbit polyclonal 
anti-ALDH1L1 

Atlas 
Antibodies 

Cat# 
HPA050139, 
RRID: 
AB_2681031 

- 1:2000 1:2000 

Rabbit polyclonal 
BACE2 Sigma-Aldrich 

Cat# 
HPA035416, 
RRID: 
AB_2732467 

- - 1:100 

Rabbit polyclonal 
anti-CBS Sigma-Aldrich 

Cat#HPA001223
, RRID: 
AB_1846112  

- 1:500 1:200 

Guinea-pig anti-
GFAP SynapticSystem 

Cat#173004,      
RRID: 
AB_10641162 

1:500 - - 

Rabbit monoclonal 
anti-GFAP 

Ventana 
Medical 
Systems 

Cat# 760-4345 
(also 
05269784001),  
RRID: N/A 

- - Ready to 
use* 

Rat monoclonal 
anti-F4/80 BioRad 

Cat# MCA497,  
RRID: 
AB_2098196 

1:300 - - 

Rat monoclonal 
anti-MBP Abcam 

Cat# ab7349,  
RRID: 
AB_305869 

1:50 - - 

Rabbit polyclonal 
SPARC Sigma-Aldrich 

Cat# 
HPA003020, 
RRID: 
AB_1079531 

- - 1:200 

Mouse monoclonal 
Vimentin  

Ventana 
Medical 
Systems 

Cat# 
05278139001, 
RRID: 
AB_2687607 

- - Ready to 
use* 

Mouse monoclonal 
anti-VMAT2 OriGene 

Cat# TA500506, 
RRID: 
AB_2188120 

- 1:500 - 
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SECONDARY ANTIBODIES 
DISCOVERY 
OmniMap anti-Rb 
HRP  

Roche  Cat# 760-4311, 
RRID: 
AB_2811043  

-  Ready to use*  

DISCOVERY 
OmniMap anti-Ms 
HRP  

Roche  Cat# 760-4310, 
RRID: 
AB_2885182  

-  Ready to use*  

DISCOVERY CM DAB 
kit  

Roche  Cat# 760-159, 
RRID: N/A  

-  Ready to use*  

DISCOVERY Purple 
Kit  

Roche  Cat# 760-229, 
RRID: N/A  

-  Ready to use*  

DISCOVERY Teal 
HRP kit  

Roche  Cat# 760-247, 
RRID: N/A  

-  Ready to use*  

Discovery Green 
HRP kit  

Roche  Cat# 
08478295001, 
RRID: N/A  

-  Ready to use*  

Donkey anti-guinea 
pig Alexa Fluor 647 

Jackson 
ImmunoResear
ch Labs 

Cat# 706-605-
148, RRID: 
AB_2340476 

1:300 - 

Donkey anti-rabbit 
Alexa Fluor 555 Invitrogen 

Cat# A-31572,  
RRID: AB_ 
162543 

1:500 - 

Donkey anti-rat 
Alexa Fluor 488 

Life 
Technologies 

Cat# A21208, 
RRID: 
AB_2535794 

1:500 - 

 
*Vials ready-to-use purchased from Roche Ventana Medical Systems 
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4.4.  Conclusion  

In conclusion, our findings demonstrate that catecholamines, and NA in particular, are potent 

modulators of astrocyte molecular identity and responses. Under homeostatic conditions, NA and DA 

regulate overlapping yet distinct astrocytic transcriptional signatures involved in vascular regulation, 

synaptic support, oxidative stress responses, and immune surveillance, highlighting complementary 

roles in maintaining brain homeostasis. NA further attenuates astrocyte inflammatory responses and 

exerts non–cell-autonomous immunomodulatory effects on microglia, indicating a broader role in 

regulating neuroinflammation. Importantly, analysis of human post-mortem samples revealed that 

disruption of NA signalling in AD and PDD is associated with reduced expression of key astrocytic 

proteins, including CBS and SPARC, implicating impaired antioxidant response, metabolic regulation, 

vascular support, and blood–brain barrier integrity. Taken together, our results highlight the profound 

transcriptomic changes induced by NA in astrocytes, under both homeostatic and inflammatory states. 

Our findings suggest that progressive depletion of NA may affect the expression of key astrocytic 

proteins, disrupting some core astrocyte functions and contributing to increased oxidative stress, 

decreased neuroprotection, and metabolism deregulation, among other detrimental effects.  
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5. CHAPTER III – The multifaceted neurotoxicity of the astrocytes in ageing and age-related 

neurodegenerative diseases: a translational perspective. 

 
5.1.  Introduction  

In the broader context of NDD research, the intricate role of glial cells, particularly astrocytes, has 

emerged as a key area of focus for understanding the pathophysiological mechanisms underlying the 

onset and/or progression of neurodegeneration. In this review, we aimed at providing comprehensive 

and critical synthesis of current insights into astrocyte-mediated neurotoxicity across experimental 

models and human pathology. We reviewed the diverse and context-dependent neurotoxic roles of 

astrocytes in ageing and age-related NDDs, including AD and PD as well as primary tauopathies (e.g. 

progressive supranuclear palsy, globular glial tauopathy, corticobasal degeneration), synucleinopathies 

(e.g. PDD, DLB, multiple system atrophy), and TDP-43 associated proteinopathies (e.g. fronto-temporal 

dementia, amyotrophic lateral sclerosis). We described how reactive astrocytes can lose supportive 

functions and adopt neurotoxic roles, often driven by inflammatory cytokines from microglia or by 

exposure to disease-specific protein aggregates such as Aβ, tau, α-synuclein, or TDP-43. We discussed 

about diverse molecular "neurotoxic" signatures that astrocyte can adopt (e.g., A1 astrocytes, disease-

associated astrocytes, and UPR-reactive astrocytes), with emphasis on their heterogeneity and limited 

consensus across models. We reported on the various factors that could influence the transformation 

of neuroprotective astrocytes into neurotoxic cells (e.g., ageing, neuroinflammation, oxidative stress, 

neurotransmitter depletion). Finally, bringing cellular and molecular observations from in vitro systems, 

rodent models and human studies, we highlighted both the similarities and significant differences 

between human and rodent astrocytes.  

 

5.2.  Personal contributions 

Below are listed my personal contributions to this publication: 

o Conducting literature research and selecting relevant references concerning the effects of the 

alteration of the noradrenergic and dopaminergic systems on astrocytes; 

o Writing of the part entitled “Depletion of Noradrenaline and Dopamine, Vectors for Neurotoxic 

Astrocytes”; 

o Editing and reviewing of the final manuscript;  

o Details of each author’s individual contributions are provided in the author contribution 

section at the end of the manuscript. 
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5.3.  Original manuscript III  
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5.4.  Conclusion 

In summary, we highlighted the heterogeneity and context-dependent nature of astrocyte 

responses in NDDs. By integrating evidence from diverse methodologies and disease contexts, we shed 

light on the complex interplay between astrocyte reactivity, ageing, and disease progression, and 

discuss translational strategies aimed at mitigating astrocyte-driven neurotoxicity. This review 

underscores the importance of a system-level understanding of glial biology in neurodegeneration. 

Importantly, it reflects the evolving view that targeting non-neuronal cell types may hold key 

therapeutic promise in slowing or halting the progression of neurodegeneration. 
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Part V: Discussion   

 
1. Hippocampal astrocytes exhibit complex heterogeneity and disease signatures.  

 
1.1 GFAP labels a substantial subset of astrocytes and is severely reduced in AD patients. 

By evaluating the expression of GFAP, AQP4 ALDH1L1, and ALDH7A1 in the hippocampus of CTLs 

individuals, we showed that GFAP is actually labelling only certain subsets of astrocytes that are 

specifically distributed in the hippocampus and within the hippocampal subregions. Indeed, we 

observed a patchy distribution in the pyramidal layers of the CA subfields as well as in the subiculum 

and the PHC, while the molecular, radiatum and oriens layers display an intense GFAP expression. 

Nonetheless, regions lacking GFAP expression are not devoid of astrocytes; they contain astrocytes 

expressing ALDH1L1, ALDH7A1, and to a lesser degree AQP4, all these markers showing a broader 

coverage of the astrocytic populations in the human hippocampus (Manuscript I, Fig. 1, Supplementary 

Fig. 1B-E, Supplementary Fig. 3A-B, Supplementary Fig. 4). These findings suggest ALDH1L1 and 

ALDH7A1 as more generic markers for hippocampal astrocytes.  

Interestingly, our quantification data revealed a severe decrease of the expression of GFAP in AD 

patients across the hippocampus, although strong GFAP expression was observed in some focal areas 

where clusters of GFAP+ astrocytes and hypertrophic GFAP+ cells are evident (Manuscript I, Fig. 4A-C, 

Fig. 5A-C, Supplementary Fig. 5A-C). These findings contrast previous studies showing notably an 

upregulation of GFAP in both animal models (Kamphuis et al. 2012; Olsen et al. 2018) and AD brain 

patients (Simpson et al. 2010; Phillips et al. 2024). We explained our results by the fact that the brain 

samples we used reflect advanced stages of the disease during which astrocyte reactivity may decline 

or shifting to a neurotoxic phenotype (Ding et al. 2021; Livingston et al. 2022). ALDH1L1 expression is 

significantly reduced in both AD and PDD, while expression of ALDH7A1 is significantly decreased 

mainly in PDD patients (Manuscript I, Fig. 4G-L). Both proteins are widely involved in basic astrocytic 

functions; ALDH1L1 being associated to metabolic functions and ALDH7A1 to learning and memory 

processes, known to be affected in NDDs (Coughlin and Gospe 2023; Bou Ghanem et al. 2024; Salih et 

al. 2024; Yan et al. 2024; Doddaballapur et al. 2025). Interestingly, our quantification data show an 

increase of AQP4 expression in AD cases (Manuscript I, Fig. 4D-F). AQP4 is very well known for its crucial 

roles in ensuring and maintaining water and glymphatic homeostasis (Nagelhus and Ottersen 2013). 

Importantly, studies on AD models (Xu et al. 2015; Ishida et al. 2022; Pedersen et al. 2023) and patients  

(Zeppenfeld et al. 2017) have reported alterations in AQP4 expression and of its perivascular 
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localisation. Such alterations result in impaired clearance of Ab and tau (MohanaSundaram et al. 2024), 

contributing to cognitive decline  (Xu et al. 2015) and supporting astrocyte dysfunction associated with 

the neurovascular and glymphatic system.   

Overall, our findings argue for a loss of astrocyte homeostatic signatures, suggesting astrocyte 

dysfunction (e.g. neurovascular, glymphatic, metabolic dysfunctions) in advanced stages of AD. 

 

1.2  Glypican 5 identifies a subtype of astrocytes with a distinct disease signature. 

Glypican 5 (GPC5) is a member of the glypican family of GPI-anchored heparan sulphate 

proteoglycans, expressed by astrocytes (among other cells). GPC5 has been shown to be associated 

with GFAP-low astrocyte population in previous single cell transcriptomic analysis (Habib et al. 2020). 

Our study showed that GPC5 labels a specific subtype of astrocytes that is distinct from GFAP+ 

astrocytes in terms of spatial distribution in the human hippocampus. Although both subtypes share a 

common core identity, we identified marker-specific molecular signatures (Manuscript I, Fig. 2, Fig. 3, 

Supplementary Fig. 1, Supplementary Fig. 3C-E) that may indicate marker-specific biological functions. 

While GFAP+ astrocytes would support a variety of functions, such as buffering the extracellular milieu 

or providing metabolic and physical support to neurons (see Part II, 2.1 “The core roles of the 

astrocytes in the healthy brain.”), GPC5+ cells may specialise in synaptic maturation and stabilisation, 

given their synaptogenic properties (Bosworth et al. 2023; Salas et al. 2024b). Moreover, our 

quantification data showed that GPC5+ and GFAP+ subtypes were differently affected in NDDs with 

GPC5 expression remaining comparable in AD and PDD to CTLs (Manuscript I, Fig. 4M-O). However, the 

spatial distribution of GPC5+ astrocytes in AD appeared sparser with GPC5+ cells tending to form small 

clusters. Interestingly, we observed in AD hippocampi GPC5+ astrocytes polarised towards Ab plaques, 

together with GFAP+ and AQP4+ astrocytes. We also found several GPC5+ astrocytes surrounding 

pS396+ tau tangles (Manuscript I, Fig. 5, Fig. 6, Supplementary Fig. 5, Supplementary Fig. 6), 

suggesting GPC5 astrocytes to be associated with amyloid deposition and potentially with advanced 

stages of tau pathology.   

Nevertheless, further research may help clarify the relationship between these astrocyte subtypes and 

amyloid or tau pathology. One possible avenue of investigation would be to determine whether the 

GFAP+ and GPC5+ astrocytes that we found to be polarised towards Aβ plaques constitute distinct 

subpopulations within the broader population of Aβ-containing astrocytes. Indeed, previous 

neuropathological studies have described morphologically distinct astrocyte populations associated 

with different amyloid structures. These include astrocytes associated with fleecy amyloid and 
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containing N-terminal-truncated Aβ (Thal et al. 2000; Lasagna-Reeves and Kayed 2011; Funato et al. 

1998; Nagele et al. 2003). As fleecy amyloid deposits have been reported in the entorhinal cortex and 

are associated with early stages of Alzheimer’s disease (Thal et al. 2000), it implies to extend the study 

beyond the hippocampus and include cases representing earlier disease stages.   

 

Overall, our study suggests ALDH1L1 and ALDH7A1 as broader canonical markers than GFAP, and 

the use of a set of astrocytic markers (including AQP4) to better evaluate astrocyte changes in healthy 

and diseased conditions. We identified two astrocytic subpopulations that exhibit distinct profiles and 

responses to diseased states, reinforcing the idea that astrocyte identity changes across both spatial 

and temporal axes of neurodegeneration. 

 
2. Noradrenaline shapes astrocyte identity and responses  

 
2.1.  Catecholamines induce distinct phenotypic and molecular changes in primary mouse 

astrocytes.  

By analysing the transcriptomic profile of astrocytes exposed to NA versus non-exposed astrocytes, 

we showed that NA strongly influences astrocyte physiology and responses (Manuscript II, Fig. 1). In 

physiological conditions, NA modulates core functions of the astrocytes by influencing the expression 

of genes that are involved in blood flow regulation (Cbs, Snta1, Aqp4), responses to inflammation 

(Ptgs2, Vim) and oxidative stress (Sod3, Nqo1, Hmox1), neuroprotection (Scg2), regulation of the 

synaptogenesis (Snta1, EphB2, Sparc), but also genes related to the circadian clock (Cartpt, Bdnf).  

To investigate whether these modulatory properties are specific to NA or a shared feature by the 

catecholamines in general, we decided to analyse the transcriptome profile of astrocytes exposed to 

DA (Manuscript II, Fig. 2). Our results revealed DA as another strong modulator of astrocyte molecular 

identity. We showed that astrocyte signatures and responses to NA and DA are partially overlapping, 

most of the DEGs being shared in both conditions (Manuscript II, Fig. 2D). However, we found some 

genes that were specific for either NA or DA. For example, Cbs was found significantly up-regulated 

upon NA exposure only. Cbs codes for the hydrolase enzyme cystathionine-b-synthase (CBS) that is a 

key enzyme for the homocysteine (Hcy) metabolism (Jhee and Kruger 2005). Importantly, CBS catalyses 

the production of cysteine, which is a precursor of both glutathione (GSH) and hydrogen sulfide (H2S), 

two potent antioxidant molecules (Lee et al. 2009; Dey et al. 2023). In parallel, DA exposure induces 

significant up-regulation of Srxn1, coding for the sulfiredoxin-1 protein, another powerful antioxidant 

factor protecting from oxidative stress and apoptosis induced by H2O2 exposure (Zhou et al. 2015). 
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These results emphasise the potent antioxidant properties of catecholamine-sensitive astrocytes. 

Interestingly, DA exposure results in a significant down-regulation of genes associated to the 

complement pathways, such as C3, C4a and C4b, whereas NA induces significant up-regulation of 

certain genes that can be associated to a pro-inflammatory response (e.g. Vim, Il33, Ptsg2). This 

suggests that, under homeostatic conditions, NA and DA may play complementary roles in astrocyte 

surveillance: NA could support basal, low-level expression of some pro-inflammatory mediators, while 

DA could counterbalance by reducing the expression and/or secretion of others. 

 

2.2.  Noradrenaline mitigates the response of astrocytes to inflammation. 

To understand whether NA influences astrocyte responses to inflammation, we exposed astrocytes 

to a mix of cytokines mimicking inflammatory conditions. Transcriptomic analyses (RNAseq) confirmed 

strong molecular changes of the astrocytes in response to inflammation with up-regulation of many 

genes involved in inflammatory pathways such as type II interferon (Gbp2, Irf1, Stat1) and NFkB 

signalling pathways (Nfkb1, Ikbkb, Tnf) (Manuscript II, Fig. 3A-B). When exposed to NA (Manuscript II, 

Fig. 3C-D), we observed that astrocytes mitigate their responses to inflammation by down-regulating 

certain genes that are notably implicated in antigen processing and presentation (Ciita, H2-DMa, H2-

Ab1), as well as in complement (C3), NFkB (Tollip, Ikbkb, Ikbkg) and interferon (Gbp6, Gbp10, Gbp11, 

Ifi27) pathways. We confirmed these observations by analysing the secretome of these cells that 

indicated a reduced release of certain cytokines (IL6) and chemokines (CXCL2, CXCL9) (Manuscript II, 

Fig. 3F). However, these data were obtained from qualitative tests (cytokine assays) and need to be 

further validated with quantitative experiments (e.g., ELISA tests).  

We also showed that NA exerts a non-cell-autonomous immunomodulatory effect. Indeed, by exposing 

reactive microglia (LPS stimulation) to the medium of NA-exposed astrocytes (Manuscript II, Fig. 3G-

H), we observed a modulation of microglia inflammatory responses, notably with a decrease of Tnfa 

gene expression. Nevertheless, these results should be validated regarding the effect of NA exposure 

on microglia molecular signatures. To this purpose, we performed RNAseq on NA-exposed microglia 

compared to non-exposed microglia. The resulting data is currently being analysed.  

Together, these results suggest that a depletion of NA levels, as observed in disease conditions, 

might affect several core roles of the astrocytes leading to dysfunction of fundamental functions such 

as synaptic plasticity, vascular tone and glymphatic drainage. To assess this assumption, we 

investigated certain NA-targeted genes identified in our RNA-seq data in post-mortem samples from 

AD and PDD patients, as well as from age-matched individuals.  
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2.3.  Dysregulation of the noradrenergic system affects key astrocytic proteins in AD and PDD. 

Using cIHC and digital pathology, we mapped and quantified the expression of VMAT2, CBS, SPARC, 

VIM and BACE2. To address whether hippocampal NA efferences are affected in our collection of 

samples, we stained for and quantified VMAT2 that indirectly reveals NA projections (Manuscript II, 

Fig. 4). Our results showed a partial alteration of the NA efferences in the hippocampus of patients with 

AD, although no significance was obtained. Such alteration might affect NA levels in the hippocampus, 

thus altering the phenotype and/or responses of NA-sensitive cells of the hippocampal areas. However, 

to characterise the NA efferences in the hippocampus more precisely, this analysis should be 

supplemented with a quantification of DBH expression. Indeed, DBH (dopamine β-hydroxylase) is 

responsible for the conversion of DA into NA, making it more specific to NA projections.   

To determine whether a potential reduction in NA efferences could impact astrocytic signatures, we 

analysed the expression of CBS, SPARC, VIM and BACE2, proteins encoded by genes previously 

identified in vitro as NA-sensitive. CBS staining revealed a strong labelling of hippocampal astrocytes 

throughout the hippocampus, with an enrichment in the CA4 subfield as well as in the pyramidal layer 

of the CA (Manuscript II, Fig. 5A). Multiplex staining showed that all GFAP+ astrocytes also expressed 

CBS, whereas many CBS+ astrocytes were single-positive (Manuscript II, Fig. 5B). The latter were mainly 

double-positive CBS+/ALDH1L1+, although we found single-positive astrocytes for either CBS+ or 

ALDH1L1+ (Manuscript II, Fig. 5C). The quantitative analysis of CBS expression in AD and PDD 

hippocampi revealed a severe decrease of CBS in both diseases compare to CTLs (Manuscript II, Fig. 

5D). These results are in line with the literature that reports predominant expression of CBS in 

astrocytes as well as a decrease of its expression in aging brain (Dey et al. 2023). Dey and colleagues 

showed that the loss of CBS expression in astrocytes leads to mitochondrial dysfunction and increased 

levels of ROS. This was accompanied by a decrease of H2S production that has been shown to be 

severely decreased in AD patients (Eto et al. 2002), resulting in increased oxidative damages (Tabassum 

et al. 2020). Furthermore, it is reported that a loss of CBS activity leads to hyperhomocysteinemia 

(HHcy), which is characterised by elevated plasma Hcy levels (Kamath et al. 2006). Such elevated Hcy 

levels have been shown to affect brain microvessels and compromise BBB integrity in mice. This 

establishes HHcy as a risk factor for ischemic stroke (Kamath et al. 2006) and cerebral small vessel 

disease (Hassan 2004), which is one of the most common causes of vascular contributions to cognitive 

impairment and dementia (Hainsworth et al. 2016). Previous research has also demonstrated an 

association between HHcy and hippocampal atrophy in patients with AD (Clarke et al. 1998). All these 

studies highlight the role of homocysteine metabolism in AD development and suggest that CBS plays 
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a central role in the pathophysiology of NDDs. Hence, our findings support disruption of the 

CBS/H2S/homocysteine pathway in AD but also in PDD patients and reinforce the hypothesis of 

disrupted astrocytic functions in NDDs.  

SPARC staining was enriched in hippocampal astrocytes across the hippocampus (Manuscript II, 

Supplementary Fig. 3A). Interestingly, our quantitative analysis revealed a strong decrease of SPARC 

expression in patients with PDD (Manuscript II, Supplementary Fig. 3B-C). Physiologically, SPARC is 

essential for BBB homeostasis and is involved in tissue repair and remodeling as well as in inflammation 

and immune regulation (McGovern et al. 2021; Yang et al. 2024). SPARC also plays a fundamental role 

in synapse development (Jones and Bouvier 2014). In the human brain, SPARC has been shown to be 

upregulated in reactive astrocytes close to brain tumours but also in patients suffering of CNS disorders, 

including epilepsy, stroke and AD (Jones and Bouvier 2014; Strunz et al. 2019; Yang et al. 2025). 

However, to our knowledge, there is no evidence of a direct involvement of SPARC in PD(D) 

pathogenesis. Due to its fundamental roles described above, a loss of SPARC expression could impair 

certain astrocytic functions, including vascular support and BBB integrity.  

VIM immunostaining predominantly labeled blood vessels, with additional labelling of a subset of 

hippocampal astrocytes, whereas BACE2 marked only a small number of astrocytes (Manuscript II, 

Supplementary Fig. 3D,G). Quantitative analyses indicated largely unchanged expression of both 

markers across hippocampal subregions and disease conditions, except from a significant increase in 

BACE2 expression in the CA4 of PDD patients compared to AD cases and a significant decrease in VIM 

expression in the PHC of PDD patients compared to CTLs (Manuscript II, Supplementary Fig. 3E-F, H-I). 

However, these results require further validation by increasing the number of replicates for each 

condition.  

VIM, together with GFAP, is a type III intermediate filament and component of the astrocytic 

cytoskeleton. The upregulation of both markers is usually indicative of reactive astrogliosis, notably 

observed surrounding Ab plaques in AD (Calvo et al. 1991; Pixley and De Vellis 1984; O’Leary et al. 

2020). Importantly, in vivo studies have reported that VIM deletion (Vim-/- mouse model) affects 

synaptic plasticity and hippocampal neurogenesis, thereby resulting in deficits in learning and memory 

processes, and notably accelerated forgetting (Zhang et al. 2025; Wilhelmsson et al. 2019). In this 

context, the reduced VIM expression observed in PDD may reflect compromised astrocytic and 

cytoskeletal responses to ongoing neurodegeneration, thereby limiting neuronal support mechanisms 

and contributing to the progression of cognitive decline.  
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BACE2 is a close homologue of BACE1, which is recognised as the main β-secretase involved in the 

amyloidogenic pathway. BACE2, however, is involved in both the amyloidogenic and non-

amyloidogenic pathways of AβAPP processing (Yeap et al. 2023). Notably, increased BACE2 expression 

has been reported in patients with MCI and preclinical AD, while an inverse correlation with Braak 

stages has been observed in advanced AD. This supports the idea that BACE2 upregulation may be an 

early event in neurodegenerative processes (Yeap et al. 2023). Thus, given the early NA depletion 

observed in NDDs, it is plausible that reduced NA signalling contributes to the dysregulation of BACE2 

expression in astrocytes. Such alterations could shift APP processing towards increased amyloidogenic 

activity, thereby promoting Aβ accumulation and plaque formation. Furthermore, these data further 

support the concept of shared molecular pathways between AD and PDD (Compta et al. 2011; McKeith 

et al. 2017b; Wakasugi and Hanakawa 2021; Zhou et al. 2025; Canal-Garcia et al. 2025).  

 

Taken together, these results suggest that progressive loss of NA efferences contributes to astrocyte 

dysfunction and may exacerbate neurodegenerative processes by compromising homeostatic, 

metabolic, and neuroprotective astrocyte functions. 

 
Finally, it should be noted that, for both studies, we did control for age and sex in our statistical 

analyses of the human post-mortem samples. However, neither parameter had a significant effect on 

the measured outcomes, nor modified the observed group differences. For this reason, age and sex 

were not represented in the quantification plots, as their inclusion did not provide additional 

interpretative value and would have reduced figure readability. Nevertheless, we acknowledge that 

including these variables in the visual representation could enhance transparency further. We are 

therefore currently exploring alternative chart designs that would allow age and sex to be included 

without compromising clarity.  
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Part VI: Conclusions & Perspectives   

 

In recent decades, evidence has emerged indicating that astrocytes play an active role on the onset 

and progression of neurodegeneration. On the other hand, continuous research efforts on the LC-

noradrenergic system over the past forty years have demonstrated its early vulnerability to 

neurodegeneration, progressively disrupting NA levels within the CNS. The main aims of this PhD 

project were to (i) understand the multifaceted responses of astrocytes in NDDs; (ii) better characterise 

the heterogeneity of hippocampal astrocytes in both healthy and diseased conditions; and (iii) identify 

the modulatory role of NA on astrocyte physiology and understand whether their responses might be 

affected by NA progressive depletion in neurodegeneration. To address these objectives, we first 

reviewed the evidence collected on astrocyte neurotoxic signatures in ageing and NDDs. Then, using 

human post-mortem samples from healthy individuals, AD and PDD patients, we highlighted the 

considerable heterogeneity of hippocampal astrocytes and identified two distinct astrocytic subtypes 

with divergent identity and responses to neurodegeneration. Finally, we addressed astrocytic 

transcriptional and functional changes upon NA exposure and/or inflammatory conditions using murine 

primary cells. Using a translational approach, we investigated whether NA-targeted genes are affected 

by neurodegeneration in human AD and PDD post-mortem samples.  

The main findings of this thesis can be summarised as follows: (i) Hippocampal astrocytes exhibit 

significant heterogeneity across the entire hippocampus, including between and within subfields and 

subfield layers. This diversity is reflected in their molecular profiles, spatial distribution and 

morphological features. (ii) GFAP labels only a subpopulation of astrocytes, while ALDH1L1 and 

ALDH7A1 are broader astrocytic markers. Therefore, the astrocyte identity should be determined using 

a combination of multiple astrocytic markers rather than relying on a single marker. (iii) Astrocyte 

heterogeneity is affected in NDDs, notably with decreased expression of GFAP in AD and of ALDH1L1 

and ALDH7A1 in both AD and PDD. In contrast, AQP4 expression is increased in AD patients. Certain 

markers, such as GPC5 that identifies a distinct subgroup of astrocytes with specific disease signatures, 

remain stable throughout ageing and NDDs. Thus, distinct subtypes of astrocytes might promote 

selective vulnerability, evolving along the spatial and temporal trajectory of NDDs. (iv) NA and DA exert 

a strong phenotypic control on astrocyte physiology and responses, notably by regulating core 

astrocytic functions. (v) NA mitigates astrocytes and microglia responses to inflammation by 

modulating their pro-inflammatory profile. (vi) In AD patients, NA efferences in the hippocampus might 
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be altered, leading to an imbalance in NA levels. (vii) In the human hippocampus, certain genes that 

we identified to be NA-sensitive targets in primary mouse astrocytes, such as Cbs and Sparc, are 

strongly expressed by hippocampal astrocytes, but also severely affected in NDDs. Therefore, 

disruption of the NA system might lead to imbalanced NA levels in the hippocampus and progressively 

affect the expression of key astrocytic proteins, thus impacting core functions of the astrocytes and, in 

fine, pathology progression. 

Overall, this PhD thesis highlights the central role of the astrocytes in brain function and the intimate 

relationship between this glial cell type and the NA system. Our results support the hypothesis of direct 

and indirect effects of NA on astrocyte signatures and their responses to physiological and pathological 

stimuli. They also suggest that astrocyte identity and heterogeneity are partly influenced by NA and 

certainly by catecholamines in general. Our work strengthens the idea that, alongside microglia, 

astrocytes are crucial for neuroprotection and play an active role in the brain’s immune response  

(Fisher and Liddelow 2024b). This makes astrocytes as promising targets for new therapeutic 

approaches, notably those aimed at enhancing resilience against neurodegeneration (De La Fuente et 

al. 2023; Wareham et al. 2022).  

 

Nevertheless, this pioneer work on the human hippocampus needs further refinement, notably by 

integrating new astrocytic markers (e.g. AQP1, ITPKA) but also new analytic tools to improve the 

mapping and quantification of these markers. Moreover, additional studies exploring other key brain 

regions implicated in NDDs (e.g. LC, substantia nigra, amygdala, PFC) are essential to refine the 

characterisation of astrocyte identity in the human brain. This would help to further elucidate whether 

neurodegeneration impacts astrocytic identity and heterogeneity and clarify the critical role of 

astrocytes in the onset and/or progression of neurodegeneration. This also implies to develop a 

correlation tool in order to understand the potential association of certain astrocytic markers with 

pathological ones, such as 4G8, AT8 and pS396. In vitro and in vivo studies using induced pluripotent 

stem cells, brain organoids and conditioned knockout models are necessary to investigate the markers 

we studied, including GPC5 and CBS, and better understand their physiological functions and their 

implication in disease progression. Indeed, the neuroprotective properties of both markers, GPC5 and 

CBS, make them as potential interesting targets for therapeutic approaches. Furthermore, it is crucial 

to precisely define the distribution of the NA receptors and understand whether certain astrocyte 

populations might be more sensitive to NA signalling and finally more vulnerable to neurodegeneration 

when NA levels are disrupted. Such investigations require cutting-edge technologies such as single cell 
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RNA sequencing and/or spatial transcriptomic and proteomic. Moreover, there is a real need to develop 

antibodies that can specifically target different NA receptor subtypes. This would help refine the 

mapping of NA receptor expression. It would be also interesting to analyse the potential correlations 

between the NA system (e.g. VMAT2 and NA receptors) and concomitant misfolded pathology markers 

(e.g. 4G8, AT8, pS396, pSyn), in order to determine whether proteinopathy affect the disruption of the 

NA system. Furthermore, by demonstrating the potent modulatory effect of DA on the transcriptomic 

signatures of astrocytes, we have opened up new avenues of research into the global effects of 

catecholamines on glial cell identity and activity, and on the ability of the cells to integrate simultaneous 

catecholaminergic signalling. Ultimately, expanding these investigations beyond astrocytes to include 

microglia, oligodendrocytes, as well as infiltrating immune cells, will be essential for achieving a more 

comprehensive understanding of the cellular mechanisms underlying NDDs. Furthermore, 

accumulating evidence highlights the involvement of glial cells, including astrocytes, in psychiatric 

disorders (e.g. schizophrenia, anxiety disorders, and ADHD) which are also shaped by dysfunction of 

the catecholaminergic systems, particularly NA and DA systems (Yamamoto et al. 2014; Brisch et al. 

2014; Bacchi 2025; Mäki-Marttunen et al. 2020). Thus, an in-depth exploration of the glial–

noradrenergic/dopaminergic interplay would not only advance our understanding of 

neurodegenerative processes, but also open up promising avenues into broader fields such as 

psychiatric disorders. 
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Part IX: Annex of original publications 

 

1. Supplementary data of Manuscript I  

1.1.  Figure 1 – Quantification data – all markers  

 
Table 10: Statistical analysis of HALO quantification for GFAP, ALDH1L1 and AQP4 in healthy brains.  

marker group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

GFAP CA1/CA2 SUBICULUM 0.65 1.00 ns Wilcoxon 8 56.81 56.71 8 52.52 48.96 

GFAP CA3 CA1/CA2 0.23 1.00 ns Wilcoxon 8 69.49 74.47 8 56.81 56.71 

GFAP CA3 SUBICULUM 0.08 1.00 ns Wilcoxon 8 69.49 74.47 8 52.52 48.96 

GFAP CA4 CA1/CA2 0.16 1.00 ns Wilcoxon 8 71.48 72.26 8 56.81 56.71 

GFAP CA4 CA3 0.96 1.00 ns Wilcoxon 8 71.48 72.26 8 69.49 74.47 

GFAP CA4 SUBICULUM 0.10 1.00 ns Wilcoxon 8 71.48 72.26 8 52.52 48.96 

GFAP DG CA1/CA2 0.33 1.00 ns Wilcoxon 8 65.28 71.27 8 56.81 56.71 

GFAP DG CA3 0.57 1.00 ns Wilcoxon 8 65.28 71.27 8 69.49 74.47 

GFAP DG CA4 0.57 1.00 ns Wilcoxon 8 65.28 71.27 8 71.48 72.26 

GFAP DG SUBICULUM 0.19 1.00 ns Wilcoxon 8 65.28 71.27 8 52.52 48.96 

ALDH1L1 CA1/CA2 SUBICULUM 0.72 1.00 ns Wilcoxon 8 70.92 78.07 8 74.35 76.38 

ALDH1L1 CA3 CA1/CA2 0.80 1.00 ns Wilcoxon 8 73.97 73.47 8 70.92 78.07 

ALDH1L1 CA3 SUBICULUM 0.88 1.00 ns Wilcoxon 8 73.97 73.47 8 74.35 76.38 

ALDH1L1 CA4 CA1/CA2 0.51 1.00 ns Wilcoxon 8 77.76 79.32 8 70.92 78.07 

ALDH1L1 CA4 CA3 0.57 1.00 ns Wilcoxon 8 77.76 79.32 8 73.97 73.47 

ALDH1L1 CA4 SUBICULUM 0.65 1.00 ns Wilcoxon 8 77.76 79.32 8 74.35 76.38 

ALDH1L1 DG CA1/CA2 0.38 1.00 ns Wilcoxon 8 78.93 80.06 8 70.92 78.07 

ALDH1L1 DG CA3 0.44 1.00 ns Wilcoxon 8 78.93 80.06 8 73.97 73.47 

ALDH1L1 DG CA4 0.96 1.00 ns Wilcoxon 8 78.93 80.06 8 77.76 79.32 

ALDH1L1 DG SUBICULUM 0.51 1.00 ns Wilcoxon 8 78.93 80.06 8 74.35 76.38 

AQP4 CA1/CA2 SUBICULUM 0.12 1.00 ns Wilcoxon 8 73.69 70.98 7 86.18 87.76 

AQP4 CA3 CA1/CA2 0.13 1.00 ns Wilcoxon 8 87.48 89.40 8 73.69 70.98 

AQP4 CA3 SUBICULUM 0.54 1.00 ns Wilcoxon 8 87.48 89.40 7 86.18 87.76 

AQP4 CA4 CA1/CA2 0.01 0.20 ** Wilcoxon 8 95.95 97.36 8 73.69 70.98 

AQP4 CA4 CA3 0.03 0.73 * Wilcoxon 8 95.95 97.36 8 87.48 89.40 

AQP4 CA4 SUBICULUM 0.00 0.06 ** Wilcoxon 8 95.95 97.36 7 86.18 87.76 

AQP4 DG CA1/CA2 0.01 0.40 * Wilcoxon 8 94.11 94.54 8 73.69 70.98 

AQP4 DG CA3 0.10 1.00 ns Wilcoxon 8 94.11 94.54 8 87.48 89.40 

AQP4 DG CA4 0.19 1.00 ns Wilcoxon 8 94.11 94.54 8 95.95 97.36 

AQP4 DG SUBICULUM 0.00 0.11 ** Wilcoxon 8 94.11 94.54 7 86.18 87.76 
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1.2.  Figure 2 – Quantification data  
 

Table 11: Statistical analysis of HALO quantification for GPC5 in healthy brains. 

marker group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

GPC5 CA1/CA2 SUBICULUM 0.51 1.00 ns Wilcoxon 8 1,54 1,63 8 1,08 1,15 

GPC5 CA3 CA1/CA2 0.80 1.00 ns Wilcoxon 8 1,62 0.86 8 1,54 1,63 

GPC5 CA3 SUBICULUM 0.96 1.00 ns Wilcoxon 8 1,62 0.86 8 1,08 1,15 

GPC5 CA4 CA1/CA2 0.16 1.00 ns Wilcoxon 8 0.69 0.53 8 1,54 1,63 

GPC5 CA4 CA3 0.38 1.00 ns Wilcoxon 8 0.69 0.53 8 1,62 0.86 

GPC5 CA4 SUBICULUM 0.38 1.00 ns Wilcoxon 8 0.69 0.53 8 1,08 1,15 

GPC5 DG CA1/CA2 0.44 1.00 ns Wilcoxon 8 5,56 1,72 8 1,54 1,63 

GPC5 DG CA3 0.16 1.00 ns Wilcoxon 8 5,56 1,72 8 1,62 0.86 

GPC5 DG CA4 0.04 0.38 * Wilcoxon 8 5,56 1,72 8 0.69 0.53 

GPC5 DG SUBICULUM 0.16 1.00 ns Wilcoxon 8 5,56 1,72 8 1,08 1,15 

             

1.3.  Figure 4 – Quantification data – GFAP  
 

Table 12: Statistical analysis of HALO quantification for GFAP in disease conditions. 

 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.00 0.05 ** Wilcoxon 9 38.95 40.74 11 60.87 57.97 

DG CTL AD 0.01 0.16 * Wilcoxon 8 65.28 71.27 9 38.95 40.74 

DG CTL PDD 0.35 1.00 ns Wilcoxon 8 65.28 71.27 11 60.87 57.97 

CA4 AD PDD 0.00 0.00 *** Wilcoxon 9 50.38 57.33 11 77.44 78.15 

CA4 CTL AD 0.03 0.36 * Wilcoxon 8 71.48 72.26 9 50.38 57.33 

CA4 CTL PDD 0.35 1.00 ns Wilcoxon 8 71.48 72.26 11 77.44 78.15 

CA3 AD PDD 0.00 0.04 ** Wilcoxon 9 46.26 47.50 11 71.83 73.52 

CA3 CTL AD 0.01 0.08 ** Wilcoxon 8 69.49 74.47 9 46.26 47.50 

CA3 CTL PDD 0.90 1.00 ns Wilcoxon 8 69.49 74.47 11 71.83 73.52 

CA1/CA2 AD PDD 0.94 1.00 ns Wilcoxon 9 39.97 43.59 11 40.27 40.95 

CA1/CA2 CTL AD 0.07 0.82 ns Wilcoxon 8 56.81 56.71 9 39.97 43.59 

CA1/CA2 CTL PDD 0.04 0.49 * Wilcoxon 8 56.81 56.71 11 40.27 40.95 

SUBICULUM AD PDD 0.37 1.00 ns Wilcoxon 9 44.98 48.24 11 47.82 50.71 

SUBICULUM CTL AD 0.61 1.00 ns Wilcoxon 8 52.52 48.96 9 44.98 48.24 

SUBICULUM CTL PDD 0.90 1.00 ns Wilcoxon 8 52.52 48.96 11 47.82 50.71 

PHC AD PDD 0.10 0.95 ns Wilcoxon 9 39.19 33.43 11 53.91 55.38 

PHC CTL AD 0.17 1.00 ns Wilcoxon 8 57.47 55.35 9 39.19 33.43 

PHC  CTL PDD 0.84 1.00 ns Wilcoxon 8 57.47 55.35 11 53.91 55.38 
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1.4.  Figure 4 – Quantification data – AQP4 
 

Table 13: Statistical analysis of HALO quantification for AQP4 in disease conditions. 

 

1.5.  Figure 4 – Quantification data – ALDH1L1 
 

Table 14: Statistical analysis of HALO quantification for ALDH1L1 in disease conditions. 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.07 0.65 ns Wilcoxon 9 94.80 95.36 10 91.67 91.62 

DG CTL AD 0.61 1.00 ns Wilcoxon 8 94.11 94.54 9 94.80 95.36 

DG CTL PDD 0.24 1.00 ns Wilcoxon 8 94.11 94.54 10 91.67 91.62 

CA4 AD PDD 0.00 0.06 ** Wilcoxon 9 96.88 96.69 10 91.97 94.25 

CA4 CTL AD 0.96 1.00 ns Wilcoxon 8 95.95 97.36 9 96.88 96.69 

CA4 CTL PDD 0.03 0.29 * Wilcoxon 8 95.95 97.36 10 91.97 94.25 

CA3 AD PDD 0.00 0.02 *** Wilcoxon 9 96.11 96.56 10 86.56 91.73 

CA3 CTL AD 0.02 0.20 * Wilcoxon 8 87.48 89.40 9 96.11 96.56 

CA3 CTL PDD 0.97 1.00 ns Wilcoxon 8 87.48 89.40 10 86.56 91.73 

CA1/CA2 AD PDD 0.00 0.02 ** Wilcoxon 9 92.08 92.66 10 62.32 59.58 

CA1/CA2 CTL AD 0.02 0.20 * Wilcoxon 8 73.69 70.98 9 92.08 92.66 

CA1/CA2 CTL PDD 0.32 1.00 ns Wilcoxon 8 73.69 70.98 10 62.32 59.58 

SUBICULUM AD PDD 0.00 0.03 ** Wilcoxon 9 93.58 93.52 10 70.73 76.30 

SUBICULUM CTL AD 0.00 0.03 ** Wilcoxon 7 86.18 87.76 9 93.58 93.52 

SUBICULUM CTL PDD 0.36 1.00 ns Wilcoxon 7 86.18 87.76 10 70.73 76.30 

PHC AD PDD 0.40 1.00 ns Wilcoxon 9 91.68 92.28 10 78.42 81.67 

PHC CTL AD 0.09 0.83 ns Wilcoxon 8 84.09 89.47 9 91.68 92.28 

PHC CTL PDD 0.97 1.00 ns Wilcoxon 8 84.09 89.47 10 78.42 81.67 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.66 1.00 ns Wilcoxon 9 42.63 41.40 10 50.48 55.05 

DG CTL AD 0.01 0.08 ** Wilcoxon 8 78.93 80.06 9 42.63 41.40 

DG CTL PDD 0.00 0.05 ** Wilcoxon 8 78.93 80.06 10 50.48 55.05 

CA4 AD PDD 0.78 1.00 ns Wilcoxon 9 37.34 33.27 10 43.11 45.23 

CA4 CTL AD 0.01 0.08 ** Wilcoxon 8 77.76 79.32 9 37.34 33.27 

CA4 CTL PDD 0.00 0.02 ** Wilcoxon 8 77.76 79.32 10 43.11 45.23 

CA3 AD PDD 0.18 1.00 ns Wilcoxon 9 49.54 53.34 10 37.27 44.16 

CA3 CTL AD 0.04 0.32 * Wilcoxon 8 73.97 73.47 9 49.54 53.34 
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1.6.  Figure 4 – Quantification data – ALDH7A1 
 

Table 15: Statistical analysis of HALO quantification for ALDH7A1 in disease conditions. 

CA3 CTL PDD 0.00 0.02 *** Wilcoxon 8 73.97 73.47 10 37.27 44.16 

CA1/CA2 AD PDD 0.24 1.00 ns Wilcoxon 9 52.52 60.94 10 44.06 43.46 

CA1/CA2 CTL AD 0.07 0.60 ns Wilcoxon 8 70.92 78.07 9 52.52 60.94 

CA1/CA2 CTL PDD 0.01 0.13 * Wilcoxon 8 70.92 78.07 10 44.06 43.46 

SUBICULUM AD PDD 0.50 1.00 ns Wilcoxon 9 51.03 54.91 10 46.60 50.34 

SUBICULUM CTL AD 0.09 0.65 ns Wilcoxon 8 74.35 76.38 9 51.03 54.91 

SUBICULUM CTL PDD 0.00 0.03 ** Wilcoxon 8 74.35 76.38 10 46.60 50.34 

PHC AD PDD 0.72 1.00 ns Wilcoxon 9 56.96 69.16 10 58.72 60.94 

PHC CTL AD 0.02 0.21 * Wilcoxon 8 80.64 84.10 9 56.96 69.16 

PHC CTL PDD 0.01 0.08 ** Wilcoxon 8 80.64 84.10 10 58.72 60.94 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.54 1.00 ns Wilcoxon 9 22,43 21,32 8 20,11 16,51 

DG CTL AD 0.09 0.83 ns Wilcoxon 8 39,62 35,19 9 22,43 21,32 

DG CTL PDD 0.06 0.78 ns Wilcoxon 8 39,62 35,19 8 20,11 16,51 

CA4 AD PDD 0.81 1.00 ns Wilcoxon 9 18,93 19,11 8 19,19 15,47 

CA4 CTL AD 0.14 0.97 ns Wilcoxon 8 41,39 33,22 9 18,93 19,11 

CA4 CTL PDD 0.08 0.83 ns Wilcoxon 8 41,39 33,22 8 19,19 15,47 

CA3 AD PDD 0.24 1.00 ns Wilcoxon 9 16,07 12,68 8 11,55 9,51 

CA3 CTL AD 0.11 0.91 ns Wilcoxon 8 23,45 21,17 9 16,07 12,68 

CA3 CTL PDD 0.01 0.17 * Wilcoxon 8 23,45 21,17 8 11,55 9,51 

CA1/CA2 AD PDD 0.07 0.82 ns Wilcoxon 9 18,52 18,03 8 10,10 8,40 

CA1/CA2 CTL AD 0.74 1.00 ns Wilcoxon 8 20,49 19,25 9 18,52 18,03 

CA1/CA2 CTL PDD 0.05 0.65 * Wilcoxon 8 20,49 19,25 8 10,10 8,40 

SUBICULUM AD PDD 0.37 1.00 ns Wilcoxon 9 13,89 12,92 8 11,24 9,24 

SUBICULUM CTL AD 0.02 0.29 * Wilcoxon 8 25,23 22,51 9 13,89 12,92 

SUBICULUM CTL PDD 0.00 0.08 ** Wilcoxon 8 25,23 22,51 8 11,24 9,24 

PHC AD PDD 0.96 1.00 ns Wilcoxon 9 7,73 7,76 8 13,23 6,54 

PHC CTL AD 0.00 0.00 *** Wilcoxon 8 30,29 26,04 9 7,73 7,76 

PHC CTL PDD 0.01 0.22 * Wilcoxon 8 30,29 26,04 8 13,23 6,54 
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1.7.  Figure 4 – Quantification data – GPC5 
 

Table 16: Statistical analysis of HALO quantification for GPC5 in disease conditions. 

 

1.8.  Supplementary Figure 1 – Quantification data  
 

Table 17: Statistical analysis of HALO quantification for GFAP, ALDH1L1, AQP4 and GPC5 in the PHC of 
healty brains. 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

PHC ALDH1L1 AQP4 0.51 0.51 ns Wilcoxon 8 80.64 84.10 8 84.09 89.47 

PHC GFAP ALDH1L1 0.03 0.08 * Wilcoxon 8 57.47 55.35 8 80.64 84.10 

PHC GFAP AQP4 0.03 0.08 * Wilcoxon 8 57.47 55.35 8 84.09 89.47 

PHC GFAP GPC5 0.00 0.00 *** Wilcoxon 8 57.47 55.35 8 0.97 0.26 

PHC GPC5 ALDH1L1 0.00 0.00 *** Wilcoxon 8 0.97 0.26 8 80.64 84.10 

PHC GPC5 AQP4 0.00 0.00 *** Wilcoxon 8 0.97 0.26 8 84.09 89.47 

  

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.24 1.00 ns Wilcoxon 9 2,08 0.51 10 6,57 1,63 

DG CTL AD 0.07 1.00 ns Wilcoxon 8 5,56 1,72 9 2,08 0.51 

DG CTL PDD 0.70 1.00 ns Wilcoxon 8 5,56 1,72 10 6,57 1,63 

CA4 AD PDD 0.66 1.00 ns Wilcoxon 9 0.43 0.24 10 1,31 0.11 

CA4 CTL AD 0.81 1.00 ns Wilcoxon 8 0.69 0.53 9 0.43 0.24 

CA4 CTL PDD 0.83 1.00 ns Wilcoxon 8 0.69 0.53 10 1,31 0.11 

CA3 AD PDD 0.09 1.00 ns Wilcoxon 9 1,65 0.58 10 0.46 0.21 

CA3 CTL AD 0.89 1.00 ns Wilcoxon 8 1,62 0.86 9 1,65 0.58 

CA3 CTL PDD 0.27 1.00 ns Wilcoxon 8 1,62 0.86 10 0.46 0.21 

CA1/CA2 AD PDD 0.45 1.00 ns Wilcoxon 9 1,23 0.61 10 1,16 0.38 

CA1/CA2 CTL AD 0.67 1.00 ns Wilcoxon 8 1,54 1,63 9 1,23 0.61 

CA1/CA2 CTL PDD 0.46 1.00 ns Wilcoxon 8 1,54 1,63 10 1,16 0.38 

SUBICULUM AD PDD 0.04 0.78 * Wilcoxon 9 1,14 0.51 10 0.41 0.08 

SUBICULUM CTL AD 0.89 1.00 ns Wilcoxon 8 1,08 1,15 9 1,14 0.51 

SUBICULUM CTL PDD 0.05 0.93 ns Wilcoxon 8 1,08 1,15 10 0.41 0.08 

PHC AD PDD 0.55 1.00 ns Wilcoxon 9 0.86 0.34 10 0.41 0.24 

PHC CTL AD 0.81 1.00 ns Wilcoxon 8 0.97 0.26 9 0.86 0.34 

PHC CTL PDD 0.27 1.00 ns Wilcoxon 8 0.97 0.26 10 0.41 0.24 
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2. Supplementary data of Manuscript II  

2.1.  Figure 4 – Quantification data  
 

Table 18: Statistical analysis of HALO quantification for VMAT2 in disease conditions. 

 
2.2.  Figure 5 – Quantification data  

 

Table 19: Statistical analysis of HALO quantification for CBS in disease conditions. 
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2.3.  Supplementary Figure 3 – Quantification data – SPARC  
 

Table 20: Statistical analysis of HALO quantification for SPARC in disease conditions. 

 
2.4.  Supplementary Figure 3 – Quantification data – BACE2 

 

Table 21: Statistical analysis of HALO quantification for BACE2 in disease conditions. 

Analysis.region group1 group2 p p.adj p.signif method n1 mean1 median1 n2 mean2 median2 

DG AD PDD 0.15 1.00 ns Wilcoxon 5 0.52 0.15 5 0.60 0.75 

DG CTL AD 0.79 1.00 ns Wilcoxon 3 0.12 0.04 5 0.52 0.15 

DG CTL PDD 0.07 1.00 ns Wilcoxon 3 0.12 0.04 5 0.60 0.75 

CA4 AD PDD 0.03 0.57 * Wilcoxon 5 0.08 0.02 5 0.51 0.56 

CA4 CTL AD 1.00 1.00 ns Wilcoxon 3 0.04 0.04 5 0.08 0.02 

CA4 CTL PDD 0.07 1.00 ns Wilcoxon 3 0.04 0.04 5 0.51 0.56 

CA3 AD PDD 0.31 1.00 ns Wilcoxon 5 4,17 3,39 5 1,35 0.69 

CA3 CTL AD 0.25 1.00 ns Wilcoxon 3 0.76 0.86 5 4,17 3,39 

CA3 CTL PDD 1.00 1.00 ns Wilcoxon 3 0.76 0.86 5 1,35 0.69 

CA1/CA2 AD PDD 0.15 1.00 ns Wilcoxon 5 2,91 3,73 5 1,08 0.86 

CA1/CA2 CTL AD 1.00 1.00 ns Wilcoxon 3 3,79 2,31 5 2,91 3,73 

CA1/CA2 CTL PDD 0.25 1.00 ns Wilcoxon 3 3,79 2,31 5 1,08 0.86 

SUBICULUM AD PDD 1.00 1.00 ns Wilcoxon 5 0.97 1,19 5 0.85 0.59 

SUBICULUM CTL AD 1.00 1.00 ns Wilcoxon 3 0.91 0.98 5 0.97 1,19 

SUBICULUM CTL PDD 1.00 1.00 ns Wilcoxon 3 0.91 0.98 5 0.85 0.59 

PHC AD PDD 0.10 1.00 ns Wilcoxon 5 1,26 0.59 5 2,73 1,91 

PHC CTL AD 0.79 1.00 ns Wilcoxon 3 1,79 2,43 5 1,26 0.59 

PHC CTL PDD 1.00 1.00 ns Wilcoxon 3 1,79 2,43 5 2,73 1,91 
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2.5.  Supplementary Figure 3 – Quantification data – VIM 
 

Table 22: Statistical analysis of HALO quantification for VIM in disease conditions. 

 

2.6.  Summary RNA-sequencing data NA-/CM-exposed astrocytes compared to non-exposed 

astrocytes.  
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Mean gene expression: 
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Table 23: Top 100 DEGs in each contrast according to padj.overall. 

(NAD= NA) 

Ref Contrast Mgi_symbol Log2foldchange Pvalue Padj.by_comparison Padj.overall 
CTL NAD_vs_CTL Sod3 3,39301403 1,1446E-63 1,803E-59 5,301E-61 

CTL NAD_vs_CTL Scg2 5,4399094 8,5675E-59 6,7482E-55 3,5311E-56 

CTL NAD_vs_CTL Npy -2,4745872 3,686E-37 1,9355E-33 8,2196E-35 

CTL NAD_vs_CTL Dapk2 3,70947445 1,5519E-24 6,1119E-21 2,0275E-22 

CTL NAD_vs_CTL Sat1 1,45487963 3,9613E-22 1,248E-18 4,4964E-20 

CTL NAD_vs_CTL Crem 1,03201988 2,6627E-21 6,991E-18 2,8921E-19 

CTL NAD_vs_CTL Npffr1 4,14811375 3,5789E-20 8,054E-17 3,6123E-18 

CTL NAD_vs_CTL S1pr1 1,37639014 7,1971E-20 1,4172E-16 7,1088E-18 

CTL NAD_vs_CTL Nck2 -0,9691544 7,8124E-19 1,3674E-15 7,2077E-17 

CTL NAD_vs_CTL Tacr1 2,6218442 1,016E-17 1,6005E-14 8,5424E-16 

CTL NAD_vs_CTL Cartpt 9,02725622 3,4333E-17 4,9167E-14 2,761E-15 

CTL NAD_vs_CTL Klhl25 -0,9558294 5,0665E-17 6,6511E-14 4,023E-15 

CTL NAD_vs_CTL Maff 1,90564016 6,8722E-17 8,3276E-14 5,395E-15 

CTL NAD_vs_CTL Itpr3 2,05615326 9,0877E-17 1,0226E-13 7,0305E-15 

CTL NAD_vs_CTL Zswim6 0,84525047 1,7581E-16 1,8463E-13 1,3239E-14 

CTL NAD_vs_CTL Sik1 2,66717834 1,914E-16 1,8845E-13 1,4358E-14 

CTL NAD_vs_CTL Trh 4,36848354 6,9921E-16 6,4792E-13 5,0222E-14 

CTL NAD_vs_CTL Igsf1 -2,0363889 7,6397E-16 6,686E-13 5,445E-14 

CTL NAD_vs_CTL Ptprn 1,68240502 1,2715E-15 1,0542E-12 8,9109E-14 

CTL NAD_vs_CTL Ttl -0,7561391 1,5216E-15 1,1985E-12 1,0573E-13 

CTL NAD_vs_CTL Arntl -1,6965532 1,7191E-15 1,2895E-12 1,1891E-13 

CTL NAD_vs_CTL Nr4a3 1,81204166 2,0289E-15 1,4528E-12 1,3902E-13 

CTL NAD_vs_CTL Per1 0,9194199 2,2097E-15 1,5024E-12 1,5081E-13 

CTL NAD_vs_CTL Pcyox1l 0,77234472 2,2889E-15 1,5024E-12 1,5599E-13 

CTL NAD_vs_CTL Slc6a17 1,19671591 3,8896E-15 2,4509E-12 2,5834E-13 

CTL NAD_vs_CTL Ace -2,2434294 4,8295E-15 2,9261E-12 3,1711E-13 

CTL NAD_vs_CTL Tmem41a 2,0864472 5,6328E-15 3,2864E-12 3,6673E-13 

CTL NAD_vs_CTL Pde4d 2,6103938 6,704E-15 3,7717E-12 4,3443E-13 

CTL NAD_vs_CTL Ap1s3 2,54199336 6,981E-15 3,7921E-12 4,5153E-13 

CTL NAD_vs_CTL Ace2 -1,9180123 5,0882E-14 2,6718E-11 3,0228E-12 

CTL NAD_vs_CTL Ciart 1,52095909 5,6307E-14 2,8613E-11 3,3322E-12 

CTL NAD_vs_CTL Syt1 -1,4478653 8,0849E-14 3,9801E-11 4,7102E-12 

CTL NAD_vs_CTL Procr 1,54896987 1,2875E-13 6,1462E-11 7,3133E-12 

CTL NAD_vs_CTL Pea15a -0,9187842 1,435E-13 6,6486E-11 8,1274E-12 

CTL NAD_vs_CTL Igsf9b -1,4998229 2,3514E-13 1,0583E-10 1,3046E-11 

CTL NAD_vs_CTL Avpi1 1,49236905 2,4881E-13 1,0888E-10 1,3755E-11 

CTL NAD_vs_CTL Tcim 2,65549519 3,2517E-13 1,3844E-10 1,7777E-11 

CTL NAD_vs_CTL Tcerg1l -2,3179998 5,4291E-13 2,2507E-10 2,8883E-11 

CTL NAD_vs_CTL Arid5a 1,17056639 1,937E-12 7,824E-10 9,7755E-11 
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CTL NAD_vs_CTL Camk4 -2,6658832 2,5077E-12 9,8761E-10 1,2487E-10 

CTL NAD_vs_CTL Srl -1,2273335 3,5754E-12 1,3737E-09 1,7397E-10 

CTL NAD_vs_CTL Net1 1,25476975 1,3725E-11 5,1477E-09 6,2872E-10 

CTL NAD_vs_CTL Hdc -2,0766359 2,9682E-11 1,0874E-08 1,3049E-09 

CTL NAD_vs_CTL Snta1 -0,5588213 4,2078E-11 1,5065E-08 1,8068E-09 

CTL NAD_vs_CTL Vamp1 0,73285708 1,1986E-10 4,196E-08 4,8563E-09 

CTL NAD_vs_CTL Nkain2 -2,7907611 2,223E-10 7,613E-08 8,6889E-09 

CTL NAD_vs_CTL Atp6ap2 0,42770884 2,656E-10 8,9022E-08 1,0277E-08 

CTL NAD_vs_CTL Sh3bp5 -1,0525093 4,2383E-10 1,391E-07 1,6028E-08 

CTL NAD_vs_CTL Jade1 0,74703179 6,1977E-10 1,992E-07 2,2924E-08 

CTL NAD_vs_CTL Crabp2 1,96189923 6,3226E-10 1,992E-07 2,3354E-08 

CTL NAD_vs_CTL Rnf122 1,37204515 6,6924E-10 2,0672E-07 2,4648E-08 

CTL NAD_vs_CTL Slc22a17 -0,6442929 8,3458E-10 2,5283E-07 3,0271E-08 

CTL NAD_vs_CTL Osr1 -1,1037263 9,5625E-10 2,8422E-07 3,4369E-08 

CTL NAD_vs_CTL Habp4 -0,522213 1,1745E-09 3,4263E-07 4,1673E-08 

CTL NAD_vs_CTL Tubb4b -0,5807446 1,2174E-09 3,487E-07 4,3129E-08 

CTL NAD_vs_CTL Calca 2,39124762 1,2521E-09 3,5221E-07 4,4254E-08 

CTL NAD_vs_CTL Hspa4l -0,3628781 1,4928E-09 4,1256E-07 5,2137E-08 

CTL NAD_vs_CTL Slco1c1 2,36449346 1,767E-09 4,7992E-07 6,1189E-08 

CTL NAD_vs_CTL Adap1 -0,7238539 1,9381E-09 5,1748E-07 6,6615E-08 

CTL NAD_vs_CTL Ankrd40 -0,5895781 2,3829E-09 6,2564E-07 8,092E-08 

CTL NAD_vs_CTL Acp5 1,60790063 3,1439E-09 8,0225E-07 1,0488E-07 

CTL NAD_vs_CTL Fam167a 0,63093702 3,2075E-09 8,0225E-07 1,0687E-07 

CTL NAD_vs_CTL Gm10635 -2,4484046 3,2408E-09 8,0225E-07 1,0791E-07 

CTL NAD_vs_CTL Mest 1,61107943 3,2593E-09 8,0225E-07 1,0847E-07 

CTL NAD_vs_CTL Mgst1 0,63106981 3,4184E-09 8,2847E-07 1,1355E-07 

CTL NAD_vs_CTL Erc2 -1,7428587 3,5278E-09 8,4202E-07 1,1693E-07 

CTL NAD_vs_CTL Chgb 2,05490324 3,6788E-09 8,6496E-07 1,215E-07 

CTL NAD_vs_CTL Ifi27l2a 1,64859841 4,5089E-09 1,0445E-06 1,4692E-07 

CTL NAD_vs_CTL Tfcp2l1 -1,4945995 4,8263E-09 1,1019E-06 1,5645E-07 

CTL NAD_vs_CTL Nrg2 -1,152936 5,6031E-09 1,2609E-06 1,8041E-07 

CTL NAD_vs_CTL Ldhd 1,10555307 5,9082E-09 1,3109E-06 1,8983E-07 

CTL NAD_vs_CTL Sugct -1,422212 5,9994E-09 1,3126E-06 1,9258E-07 

CTL NAD_vs_CTL Psd2 -0,9520328 6,7673E-09 1,4604E-06 2,1573E-07 

CTL NAD_vs_CTL Cmya5 -2,383231 6,9907E-09 1,4882E-06 2,225E-07 

CTL NAD_vs_CTL Nr4a1 2,66514843 7,3192E-09 1,5373E-06 2,3205E-07 

CTL NAD_vs_CTL Pde4b 1,11579912 7,4881E-09 1,5521E-06 2,3707E-07 

CTL NAD_vs_CTL Tbcel -0,309829 7,9625E-09 1,629E-06 2,5146E-07 

CTL NAD_vs_CTL Scap -0,5247261 1,0007E-08 2,0211E-06 3,1114E-07 

CTL NAD_vs_CTL Il11 3,25193514 1,0351E-08 2,0641E-06 3,2114E-07 

CTL NAD_vs_CTL Plekhf1 -0,6411019 1,0998E-08 2,1656E-06 3,3958E-07 

CTL NAD_vs_CTL Mark3 -0,3261497 1,1268E-08 2,1915E-06 3,4716E-07 

CTL NAD_vs_CTL Mmp28 0,70672514 1,2234E-08 2,3503E-06 3,7481E-07 
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CTL NAD_vs_CTL Wwox -1,2705339 1,2865E-08 2,4417E-06 3,9336E-07 

CTL NAD_vs_CTL Fhit -2,8303251 1,5024E-08 2,8176E-06 4,5398E-07 

CTL NAD_vs_CTL Bcan -1,2575878 1,5769E-08 2,9225E-06 4,7499E-07 

CTL NAD_vs_CTL Slc31a2 0,66879809 1,6516E-08 3,0254E-06 4,9614E-07 

CTL NAD_vs_CTL Rit2 -3,3421487 1,7835E-08 3,2294E-06 5,3264E-07 

CTL NAD_vs_CTL Dio2 2,83064298 1,8557E-08 3,322E-06 5,5253E-07 

CTL NAD_vs_CTL Ttc39c 1,20937862 2,0026E-08 3,5446E-06 5,927E-07 

CTL NAD_vs_CTL Timp2 -0,6113965 2,0365E-08 3,5607E-06 6,0208E-07 

CTL NAD_vs_CTL Usp40 0,4168766 2,0569E-08 3,5607E-06 6,0773E-07 

CTL NAD_vs_CTL Cdk6 -1,0413126 2,0873E-08 3,5741E-06 6,1592E-07 

CTL NAD_vs_CTL Fmod -1,7339651 2,257E-08 3,8231E-06 6,6162E-07 

CTL NAD_vs_CTL Bhlhe40 0,83134245 2,2948E-08 3,8457E-06 6,7213E-07 

CTL NAD_vs_CTL Anxa5 -0,7543103 2,4363E-08 4,0399E-06 7,1102E-07 

CTL NAD_vs_CTL Nr4a2 1,55844902 2,4873E-08 4,0815E-06 7,2546E-07 

CTL NAD_vs_CTL Bbip1 -0,4394485 2,7297E-08 4,4331E-06 7,9131E-07 

CTL NAD_vs_CTL G6pdx 0,77646298 2,8157E-08 4,5262E-06 8,1421E-07 

CTL NAD_vs_CTL Coq10b 0,76691271 2,9677E-08 4,7223E-06 8,5477E-07 
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Ref Contrast Mgi_symbol Log2foldchange Pvalue Padj.by_comparison Padj.overall 
CTL CTL_CM_vs_CTL Tap2 3,89885814 -inf -inf -inf 

CTL CTL_CM_vs_CTL Gbp2 5,65035494 -inf -inf -inf 

CTL CTL_CM_vs_CTL Wars 4,09792223 -inf -inf -inf 

CTL CTL_CM_vs_CTL Irgm1 6,11325864 -inf -inf -inf 

CTL CTL_CM_vs_CTL Gbp6 7,74782057 -inf -inf -inf 

CTL CTL_CM_vs_CTL H2-Q4 5,51105076 -inf -inf -inf 

CTL CTL_CM_vs_CTL Igtp 7,55288133 -inf -inf -inf 

CTL CTL_CM_vs_CTL Tap1 4,92730765 -inf -inf -inf 

CTL CTL_CM_vs_CTL Irf1 5,90086026 -inf -inf -inf 

CTL CTL_CM_vs_CTL Psme1 3,38991606 -inf -inf -inf 

CTL CTL_CM_vs_CTL Gbp10 8,95687018 5,201E-298 1,018E-294 4,001E-294 

CTL CTL_CM_vs_CTL Nlrc5 6,06414265 1,718E-294 3,081E-291 1,19E-290 

CTL CTL_CM_vs_CTL Gbp11 9,21923346 1,867E-293 3,091E-290 1,231E-289 

CTL CTL_CM_vs_CTL Cd274 6,37624393 3,604E-293 5,54E-290 2,268E-289 

CTL CTL_CM_vs_CTL Tapbp 3,72959193 5,394E-278 7,739E-275 3,112E-274 

CTL CTL_CM_vs_CTL Gbp7 5,37625454 5,584E-271 7,512E-268 3,093E-267 

CTL CTL_CM_vs_CTL Psmb10 4,77890171 4,356E-264 5,515E-261 2,154E-260 

CTL CTL_CM_vs_CTL Cd74 9,97987509 3,039E-258 3,634E-255 1,275E-254 

CTL CTL_CM_vs_CTL H2-Ab1 7,84976639 3,748E-258 4,246E-255 1,527E-254 

CTL CTL_CM_vs_CTL Irgm2 6,56168474 9,294E-242 1E-238 3,478E-238 

CTL CTL_CM_vs_CTL Ly6e 5,23945838 2,078E-238 2,13E-235 7,378E-235 

CTL CTL_CM_vs_CTL B2m 4,25772485 5,411E-236 5,293E-233 1,873E-232 

CTL CTL_CM_vs_CTL Ifi204 6,44978437 4,686E-228 4,385E-225 1,509E-224 

CTL CTL_CM_vs_CTL Parp12 3,45646867 1,611E-225 1,445E-222 5,071E-222 

CTL CTL_CM_vs_CTL Psmb8 5,81166972 1,311E-223 1,129E-220 3,947E-220 

CTL CTL_CM_vs_CTL Ifit3 4,54146724 1,375E-222 1,139E-219 4,053E-219 

CTL CTL_CM_vs_CTL Dtx3l 4,23511632 1,73E-215 1,379E-212 4,99E-212 

CTL CTL_CM_vs_CTL Ciita 7,38122458 1,097E-187 8,434E-185 2,814E-184 

CTL CTL_CM_vs_CTL H2-K1 4,47192893 1,11E-180 8,241E-178 2,698E-177 

CTL CTL_CM_vs_CTL Irf8 7,67853581 5,177E-177 3,714E-174 1,236E-173 

CTL CTL_CM_vs_CTL Tapbpl 3,79918195 3,328E-174 2,311E-171 7,681E-171 

CTL CTL_CM_vs_CTL Snx10 2,80263139 1,63E-172 1,096E-169 3,701E-169 

CTL CTL_CM_vs_CTL Gbp3 5,74732689 6,265E-167 4,086E-164 1,377E-163 

CTL CTL_CM_vs_CTL Kars 1,85536542 2,563E-164 1,623E-161 5,461E-161 

CTL CTL_CM_vs_CTL Gbp9 5,50128949 7,331E-164 4,508E-161 1,538E-160 

CTL CTL_CM_vs_CTL Nampt 2,61220374 6,007E-163 3,592E-160 1,242E-159 

CTL CTL_CM_vs_CTL Psmb9 5,70814968 1,285E-161 7,476E-159 2,617E-158 

CTL CTL_CM_vs_CTL Trim21 3,29244587 1,642E-161 9,301E-159 3,296E-158 

CTL CTL_CM_vs_CTL Vcam1 5,48419522 9,146E-161 5,048E-158 1,809E-157 

CTL CTL_CM_vs_CTL Psme2 3,13052635 3,954E-156 2,127E-153 7,604E-153 

CTL CTL_CM_vs_CTL Dhx58 5,65645301 1,874E-154 9,839E-152 3,556E-151 

CTL CTL_CM_vs_CTL Slfn8 8,35009769 1,705E-153 8,736E-151 3,19E-150 
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CTL CTL_CM_vs_CTL Il18bp 6,04643567 2,048E-152 1,025E-149 3,781E-149 

CTL CTL_CM_vs_CTL Asap3 3,1574632 4,016E-152 1,964E-149 7,129E-149 

CTL CTL_CM_vs_CTL Gm4841 10,8880891 1,992E-151 9,527E-149 3,492E-148 

CTL CTL_CM_vs_CTL Trafd1 2,54319613 9,003E-148 4,212E-145 1,52E-144 

CTL CTL_CM_vs_CTL Iigp1 9,68755806 3,459E-145 1,584E-142 5,703E-142 

CTL CTL_CM_vs_CTL H2-Aa 8,4700753 4,899E-144 2,197E-141 7,888E-141 

CTL CTL_CM_vs_CTL Parp9 4,06132442 9,111E-142 4,002E-139 1,434E-138 

CTL CTL_CM_vs_CTL H2-Q6 6,63975426 7,731E-140 3,328E-137 1,164E-136 

CTL CTL_CM_vs_CTL Parp14 5,66128388 1,492E-139 6,298E-137 2,222E-136 

CTL CTL_CM_vs_CTL Myd88 2,68192137 3,683E-139 1,524E-136 5,368E-136 

CTL CTL_CM_vs_CTL Gbp5 9,07378264 8,836E-139 3,588E-136 1,275E-135 

CTL CTL_CM_vs_CTL Samhd1 4,01829389 1,335E-137 5,321E-135 1,906E-134 

CTL CTL_CM_vs_CTL Ifi35 3,71668171 4,009E-134 1,569E-131 5,608E-131 

CTL CTL_CM_vs_CTL Ptx3 6,50765496 9,067E-132 3,485E-129 1,231E-128 

CTL CTL_CM_vs_CTL Rnd1 4,58144051 3,891E-131 1,469E-128 5,232E-128 

CTL CTL_CM_vs_CTL C1s1 6,79934255 1,175E-126 4,362E-124 1,536E-123 

CTL CTL_CM_vs_CTL Rsad2 6,56853537 1,61E-123 5,873E-121 2,009E-120 

CTL CTL_CM_vs_CTL Gbp8 9,31673353 1,087E-122 3,899E-120 1,344E-119 

CTL CTL_CM_vs_CTL Stat1 4,85715606 3,557E-121 1,255E-118 4,284E-118 

CTL CTL_CM_vs_CTL Ube2l6 4,90605514 5,236E-120 1,818E-117 6,094E-117 

CTL CTL_CM_vs_CTL Lap3 1,72558622 9,903E-119 3,383E-116 1,124E-115 

CTL CTL_CM_vs_CTL Plaat3 2,61621694 1,152E-118 3,873E-116 1,297E-115 

CTL CTL_CM_vs_CTL Bst2 5,23879038 1,648E-118 5,457E-116 1,84E-115 

CTL CTL_CM_vs_CTL H2-D1 4,45293058 2,716E-117 8,857E-115 3,009E-114 

CTL CTL_CM_vs_CTL Ripk2 4,9743274 1,151E-115 3,696E-113 1,255E-112 

CTL CTL_CM_vs_CTL Slc31a2 2,62511262 2,25E-115 7,122E-113 2,434E-112 

CTL CTL_CM_vs_CTL Mlkl 7,89549151 7,343E-115 2,29E-112 7,883E-112 

CTL CTL_CM_vs_CTL Nod1 2,85486175 1,658E-114 5,096E-112 1,766E-111 

CTL CTL_CM_vs_CTL Casp1 4,07592583 4,907E-114 1,487E-111 5,148E-111 

CTL CTL_CM_vs_CTL Gm12185 8,63530851 7,587E-113 2,268E-110 7,783E-110 

CTL CTL_CM_vs_CTL Irf7 7,19878988 8,478E-113 2,499E-110 8,632E-110 

CTL CTL_CM_vs_CTL Zbp1 9,22773562 2,166E-112 6,3E-110 2,174E-109 

CTL CTL_CM_vs_CTL Apol6 9,41502713 1,348E-110 3,869E-108 1,333E-107 

CTL CTL_CM_vs_CTL Parp11 2,82597155 1,523E-110 4,314E-108 1,496E-107 

CTL CTL_CM_vs_CTL Ifit3b 3,6331033 1,945E-110 5,437E-108 1,897E-107 

CTL CTL_CM_vs_CTL Casp4 7,32104094 2,721E-110 7,509E-108 2,635E-107 

CTL CTL_CM_vs_CTL Rnf213 4,69037569 1,2E-108 3,269E-106 1,146E-105 

CTL CTL_CM_vs_CTL Tlr2 7,64872339 1,825E-108 4,91E-106 1,719E-105 

CTL CTL_CM_vs_CTL Tnfaip2 7,57487289 2,785E-108 7,401E-106 2,606E-105 

CTL CTL_CM_vs_CTL Litaf 3,48531333 4,889E-108 1,283E-105 4,544E-105 

CTL CTL_CM_vs_CTL Ifi211 5,62869798 8,846E-108 2,294E-105 8,113E-105 

CTL CTL_CM_vs_CTL Coch 5,81251442 9,227E-108 2,364E-105 8,406E-105 

CTL CTL_CM_vs_CTL C1rb 5,50488485 1,641E-107 4,155E-105 1,485E-104 
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CTL CTL_CM_vs_CTL Nfkbia 4,43070518 1,97E-106 4,93E-104 1,771E-103 

CTL CTL_CM_vs_CTL Nfkbiz 4,84326291 1,567E-105 3,876E-103 1,391E-102 

CTL CTL_CM_vs_CTL Mpeg1 8,02257236 1,408E-103 3,444E-101 1,211E-100 

CTL CTL_CM_vs_CTL Arrdc4 4,06856429 3,613E-103 8,737E-101 3,07E-100 

CTL CTL_CM_vs_CTL Gbp2b 7,18083094 3,818E-103 9,131E-101 3,224E-100 

CTL CTL_CM_vs_CTL Slc2a6 7,04585023 7,847E-103 1,856E-100 6,586E-100 

CTL CTL_CM_vs_CTL Ttc9c 1,6877691 5,269E-102 1,233E-99 4,396E-99 

CTL CTL_CM_vs_CTL C1s2 6,89526646 3,49E-101 8,076E-99 2,8764E-98 

CTL CTL_CM_vs_CTL Slfn2 8,09789242 1,128E-100 2,5827E-98 9,2426E-98 

CTL CTL_CM_vs_CTL Plekhf1 2,15139419 1,008E-99 2,2845E-97 8,2139E-97 

CTL CTL_CM_vs_CTL Mx2 5,70345134 1,643E-99 3,6835E-97 1,3305E-96 

CTL CTL_CM_vs_CTL Znfx1 3,32273566 4,482E-99 9,9444E-97 3,5875E-96 

CTL CTL_CM_vs_CTL Erap1 2,48138448 4,918E-99 1,08E-96 3,9137E-96 

CTL CTL_CM_vs_CTL Cxcl16 6,23445425 6,3887E-98 1,3889E-95 5,0268E-95 
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Ref Contrast Mgi_symbol Log2foldchange Pvalue Padj.by_comparison Padj.overall 
CTL_CM NAD_CM_vs_CTL_CM Scg2 5,06094444 6,2721E-50 9,4783E-46 2,0879E-47 

CTL_CM NAD_CM_vs_CTL_CM Coch -3,3557645 6,9178E-45 5,2271E-41 1,9917E-42 

CTL_CM NAD_CM_vs_CTL_CM H2-Ab1 -1,190089 7,2522E-18 3,6532E-14 6,165E-16 

CTL_CM NAD_CM_vs_CTL_CM Cartpt 6,36588647 8,9872E-16 3,3954E-12 6,3693E-14 

CTL_CM NAD_CM_vs_CTL_CM Il1rn -4,2657542 2,2953E-15 6,9372E-12 1,5634E-13 

CTL_CM NAD_CM_vs_CTL_CM Gbp6 -0,9064783 2,8014E-15 7,0557E-12 1,885E-13 

CTL_CM NAD_CM_vs_CTL_CM Slc6a17 1,19938827 6,8695E-14 1,483E-10 4,0326E-12 

CTL_CM NAD_CM_vs_CTL_CM Tmem35a 1,22489964 1,9118E-13 3,6114E-10 1,071E-11 

CTL_CM NAD_CM_vs_CTL_CM Gabarapl1 -0,5249764 2,7333E-12 4,5896E-09 1,3543E-10 

CTL_CM NAD_CM_vs_CTL_CM Madcam1 -2,2312609 4,4902E-12 6,7855E-09 2,1628E-10 

CTL_CM NAD_CM_vs_CTL_CM Lamp1 -0,5260712 6,0175E-12 8,267E-09 2,8567E-10 

CTL_CM NAD_CM_vs_CTL_CM Gm38398 -1,927833 9,7582E-12 1,2289E-08 4,5514E-10 

CTL_CM NAD_CM_vs_CTL_CM Tmem200c -0,9937291 1,3247E-11 1,5399E-08 6,0844E-10 

CTL_CM NAD_CM_vs_CTL_CM Basp1 0,61723653 1,6752E-11 1,8082E-08 7,5959E-10 

CTL_CM NAD_CM_vs_CTL_CM Mest 1,83527202 2,1608E-11 2,1769E-08 9,6557E-10 

CTL_CM NAD_CM_vs_CTL_CM Tmem171 3,03718716 4,3136E-11 3,9269E-08 1,8477E-09 

CTL_CM NAD_CM_vs_CTL_CM Pdlim4 1,08363678 4,4175E-11 3,9269E-08 1,8895E-09 

CTL_CM NAD_CM_vs_CTL_CM Pcyox1l 0,71106412 4,9735E-11 4,1755E-08 2,114E-09 

CTL_CM NAD_CM_vs_CTL_CM Itih3 -2,4474718 1,8458E-10 1,4681E-07 7,2988E-09 

CTL_CM NAD_CM_vs_CTL_CM Itpr3 1,52578431 2,084E-10 1,5746E-07 8,1896E-09 

CTL_CM NAD_CM_vs_CTL_CM Mmp3 -3,7274922 2,9316E-10 2,1096E-07 1,1286E-08 

CTL_CM NAD_CM_vs_CTL_CM Fktn -0,6038424 3,3257E-10 2,2844E-07 1,274E-08 

CTL_CM NAD_CM_vs_CTL_CM Kif1c -0,4402022 4,5337E-10 2,9788E-07 1,706E-08 

CTL_CM NAD_CM_vs_CTL_CM Psap -0,5664126 6,5718E-10 4,138E-07 2,423E-08 

CTL_CM NAD_CM_vs_CTL_CM Cnn1 1,22580759 9,2453E-10 5,5886E-07 3,3272E-08 

CTL_CM NAD_CM_vs_CTL_CM Odc1 -0,7111568 1,1607E-09 6,7461E-07 4,1244E-08 

CTL_CM NAD_CM_vs_CTL_CM Dlg2 -2,5596278 1,2457E-09 6,9722E-07 4,4074E-08 

CTL_CM NAD_CM_vs_CTL_CM Timp2 -0,6605022 1,4697E-09 7,8725E-07 5,1355E-08 

CTL_CM NAD_CM_vs_CTL_CM Mbd1 -0,6896648 1,5161E-09 7,8725E-07 5,2859E-08 

CTL_CM NAD_CM_vs_CTL_CM BC023105 -0,8529926 1,5629E-09 7,8725E-07 5,4408E-08 

CTL_CM NAD_CM_vs_CTL_CM Gm4841 -0,9286378 1,6149E-09 7,8725E-07 5,6176E-08 

CTL_CM NAD_CM_vs_CTL_CM Igsf1 -1,5974624 2,4847E-09 1,1734E-06 8,417E-08 

CTL_CM NAD_CM_vs_CTL_CM Tom1 -0,757091 3,1875E-09 1,4597E-06 1,0623E-07 

CTL_CM NAD_CM_vs_CTL_CM Ciita -0,8159633 3,3003E-09 1,4669E-06 1,0978E-07 

CTL_CM NAD_CM_vs_CTL_CM Tcerg1l -2,1702496 3,9232E-09 1,6939E-06 1,2911E-07 

CTL_CM NAD_CM_vs_CTL_CM Fmod -1,7915456 9,2295E-09 3,8743E-06 2,8897E-07 

CTL_CM NAD_CM_vs_CTL_CM Ldhd 1,22923081 9,9672E-09 4,0709E-06 3,1003E-07 

CTL_CM NAD_CM_vs_CTL_CM Lingo3 1,49619541 1,2496E-08 4,9696E-06 3,826E-07 

CTL_CM NAD_CM_vs_CTL_CM Sat1 0,84802752 1,5304E-08 5,93E-06 4,6192E-07 

CTL_CM NAD_CM_vs_CTL_CM Ltbp2 -1,6946488 1,7082E-08 6,3676E-06 5,1136E-07 

CTL_CM NAD_CM_vs_CTL_CM Tcim 2,1401528 1,7327E-08 6,3676E-06 5,1801E-07 

CTL_CM NAD_CM_vs_CTL_CM Liph 1,81823025 1,7697E-08 6,3676E-06 5,2874E-07 
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CTL_CM NAD_CM_vs_CTL_CM Plppr4 -0,7335164 1,8852E-08 6,6253E-06 5,6034E-07 

CTL_CM NAD_CM_vs_CTL_CM Ampd3 -0,9596787 2,1421E-08 7,3572E-06 6,2982E-07 

CTL_CM NAD_CM_vs_CTL_CM Apoe -0,5442055 2,6549E-08 8,9157E-06 7,7092E-07 

CTL_CM NAD_CM_vs_CTL_CM Rida -0,5600988 2,7344E-08 8,9832E-06 7,9253E-07 

CTL_CM NAD_CM_vs_CTL_CM Xrn2 0,32701068 3,0482E-08 9,8011E-06 8,7614E-07 

CTL_CM NAD_CM_vs_CTL_CM Pspc1 0,80305981 4,6497E-08 1,4639E-05 1,2977E-06 

CTL_CM NAD_CM_vs_CTL_CM Peg10 0,74302332 4,8744E-08 1,5033E-05 1,356E-06 

CTL_CM NAD_CM_vs_CTL_CM Aldh1a3 -2,4585369 5,6945E-08 1,7211E-05 1,5663E-06 

CTL_CM NAD_CM_vs_CTL_CM Flnc 0,9418043 7,4805E-08 2,21E-05 2,0229E-06 

CTL_CM NAD_CM_vs_CTL_CM Sh3bp5 -0,895845 7,6045E-08 2,21E-05 2,0548E-06 

CTL_CM NAD_CM_vs_CTL_CM Snta1 -0,4700778 9,7558E-08 2,7817E-05 2,5941E-06 

CTL_CM NAD_CM_vs_CTL_CM Zfp36l1 0,33006218 1,0484E-07 2,934E-05 2,7754E-06 

CTL_CM NAD_CM_vs_CTL_CM Msln 3,15670233 1,1029E-07 3,0303E-05 2,9063E-06 

CTL_CM NAD_CM_vs_CTL_CM H2-Aa -0,9177737 1,2543E-07 3,3848E-05 3,2699E-06 

CTL_CM NAD_CM_vs_CTL_CM S1pr1 0,79554727 1,2838E-07 3,4035E-05 3,3379E-06 

CTL_CM NAD_CM_vs_CTL_CM Slc36a2 -3,2614101 1,4284E-07 3,7216E-05 3,6862E-06 

CTL_CM NAD_CM_vs_CTL_CM Clspn 2,20451783 1,5003E-07 3,8429E-05 3,8597E-06 

CTL_CM NAD_CM_vs_CTL_CM Ifi27 -1,1350454 1,6817E-07 4,2357E-05 4,2912E-06 

CTL_CM NAD_CM_vs_CTL_CM Pcyox1 -0,3177938 1,7189E-07 4,2382E-05 4,3755E-06 

CTL_CM NAD_CM_vs_CTL_CM Cntnap1 -1,1302263 1,7388E-07 4,2382E-05 4,4247E-06 

CTL_CM NAD_CM_vs_CTL_CM Npy -1,099789 2,4977E-07 5,8571E-05 6,1665E-06 

CTL_CM NAD_CM_vs_CTL_CM Adap1 -0,6144447 2,518E-07 5,8571E-05 6,2122E-06 

CTL_CM NAD_CM_vs_CTL_CM Calca 1,81669045 2,5227E-07 5,8571E-05 6,2207E-06 

CTL_CM NAD_CM_vs_CTL_CM Timeless 1,46136225 2,558E-07 5,8571E-05 6,2998E-06 

CTL_CM NAD_CM_vs_CTL_CM Umps 0,72059676 4,1211E-07 9,2951E-05 9,7989E-06 

CTL_CM NAD_CM_vs_CTL_CM Sox21 0,8835928 4,486E-07 9,9695E-05 1,061E-05 

CTL_CM NAD_CM_vs_CTL_CM Faap20 -0,5932677 4,9129E-07 0,0001076 1,1535E-05 

CTL_CM NAD_CM_vs_CTL_CM Map1lc3b -0,3208565 5,1834E-07 0,0001119 1,2125E-05 

CTL_CM NAD_CM_vs_CTL_CM Pclaf 1,89345621 5,4227E-07 0,00011542 1,2634E-05 

CTL_CM NAD_CM_vs_CTL_CM Gm12185 -0,6454266 5,9618E-07 0,00012513 1,3774E-05 

CTL_CM NAD_CM_vs_CTL_CM Prdx1 -0,7248906 6,1673E-07 0,00012767 1,4227E-05 

CTL_CM NAD_CM_vs_CTL_CM Hmgn3 -0,5687805 6,5127E-07 0,00013202 1,4979E-05 

CTL_CM NAD_CM_vs_CTL_CM 4833439L19Rik -0,3461368 6,552E-07 0,00013202 1,5064E-05 

CTL_CM NAD_CM_vs_CTL_CM Net1 0,93076181 7,1786E-07 0,00014274 1,638E-05 

CTL_CM NAD_CM_vs_CTL_CM Ggcx 0,57791455 7,4839E-07 0,0001451 1,6996E-05 

CTL_CM NAD_CM_vs_CTL_CM Klk8 2,8822085 7,4893E-07 0,0001451 1,7005E-05 

CTL_CM NAD_CM_vs_CTL_CM Crym 1,22564456 8,0525E-07 0,00015372 1,817E-05 

CTL_CM NAD_CM_vs_CTL_CM Lamb3 -2,0861529 8,1436E-07 0,00015372 1,8361E-05 

CTL_CM NAD_CM_vs_CTL_CM Lrrn3 1,01466429 8,2396E-07 0,00015372 1,855E-05 

CTL_CM NAD_CM_vs_CTL_CM Ctsh 0,64042901 8,5672E-07 0,00015789 1,9216E-05 

CTL_CM NAD_CM_vs_CTL_CM Sirt2 -0,5362765 9,9611E-07 0,00018136 2,2067E-05 

CTL_CM NAD_CM_vs_CTL_CM Otud1 0,76901364 1,0294E-06 0,00018519 2,2714E-05 

CTL_CM NAD_CM_vs_CTL_CM Zfp984 -0,6588571 1,1303E-06 0,00020096 2,4713E-05 
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CTL_CM NAD_CM_vs_CTL_CM Sall1 0,34406658 1,2019E-06 0,00021119 2,6136E-05 

CTL_CM NAD_CM_vs_CTL_CM Glb1l2 1,14044517 1,2833E-06 0,0002229 2,7732E-05 

CTL_CM NAD_CM_vs_CTL_CM Pon2 -0,3957687 1,3288E-06 0,00022819 2,8609E-05 

CTL_CM NAD_CM_vs_CTL_CM Thbs2 1,30575526 1,507E-06 0,00025407 3,2122E-05 

CTL_CM NAD_CM_vs_CTL_CM C1rb -0,6235284 1,5131E-06 0,00025407 3,2222E-05 

CTL_CM NAD_CM_vs_CTL_CM Sox1 0,63379406 1,6727E-06 0,00027777 3,5337E-05 

CTL_CM NAD_CM_vs_CTL_CM Npc2 -0,5453077 1,7715E-06 0,00028844 3,7293E-05 

CTL_CM NAD_CM_vs_CTL_CM Snx8 -0,5776498 1,7751E-06 0,00028844 3,7358E-05 

CTL_CM NAD_CM_vs_CTL_CM Nr4a3 1,14348875 1,9399E-06 0,00031186 4,0512E-05 

CTL_CM NAD_CM_vs_CTL_CM Tmem260 -0,4676975 2,1302E-06 0,00033885 4,4074E-05 

CTL_CM NAD_CM_vs_CTL_CM Stc2 -1,8579781 2,1736E-06 0,00034216 4,4878E-05 

CTL_CM NAD_CM_vs_CTL_CM Zyg11b -0,3392642 2,3657E-06 0,00036856 4,8476E-05 

CTL_CM NAD_CM_vs_CTL_CM Ccdc93 -0,5695617 2,4607E-06 0,00037945 5,0297E-05 

CTL_CM NAD_CM_vs_CTL_CM Celrr -1,5044089 2,4985E-06 0,00038067 5,1024E-05 
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Ref Contrast Mgi_symbol Log2foldchange Pvalue Padj.by_comparison Padj.overall 
NAD NAD_CM_vs_NAD Irf1 5,53229255 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Irgm1 5,50713908 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Tap1 4,93499853 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Gbp6 6,7923992 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Wars 3,93094112 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD H2-Q4 5,91061025 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Igtp 7,14559649 -inf  -inf  -inf  

NAD NAD_CM_vs_NAD Tap2 3,60680677 1,194E-297 3,117E-294 8,704E-294 

NAD NAD_CM_vs_NAD Nlrc5 6,00003434 1,508E-292 3,499E-289 9,08E-289 

NAD NAD_CM_vs_NAD Gbp10 8,79036817 2,418E-266 5,048E-263 1,288E-262 

NAD NAD_CM_vs_NAD Ly6e 5,55993752 3,341E-266 6,343E-263 1,714E-262 

NAD NAD_CM_vs_NAD Cd274 5,91948015 7,794E-264 1,356E-260 3,722E-260 

NAD NAD_CM_vs_NAD Gbp2 4,98461913 1,028E-259 1,651E-256 4,745E-256 

NAD NAD_CM_vs_NAD Tapbp 3,59946282 4,056E-259 6,05E-256 1,812E-255 

NAD NAD_CM_vs_NAD Psmb10 4,68519457 2,149E-258 2,992E-255 9,299E-255 

NAD NAD_CM_vs_NAD Psme1 2,96435728 1,388E-256 1,811E-253 5,491E-253 

NAD NAD_CM_vs_NAD Gbp11 8,08844005 2,28E-243 2,801E-240 8,771E-240 

NAD NAD_CM_vs_NAD Parp12 3,55547442 5,199E-240 6,031E-237 1,895E-236 

NAD NAD_CM_vs_NAD Psmb8 5,97287244 1,28E-231 1,407E-228 4,323E-228 

NAD NAD_CM_vs_NAD Gbp7 4,95612094 2,867E-230 2,994E-227 9,453E-227 

NAD NAD_CM_vs_NAD Ifit3 4,56163844 9,633E-225 9,579E-222 2,964E-221 

NAD NAD_CM_vs_NAD Irgm2 6,11312862 6,989E-210 6,633E-207 1,975E-206 

NAD NAD_CM_vs_NAD Ifi204 5,53119942 1,483E-197 1,346E-194 4,107E-194 

NAD NAD_CM_vs_NAD B2m 3,88005661 3,66E-196 3,184E-193 9,937E-193 

NAD NAD_CM_vs_NAD Dtx3l 3,98722107 2,26E-194 1,887E-191 6,018E-191 

NAD NAD_CM_vs_NAD H2-K1 4,64657209 4,032E-194 3,239E-191 1,054E-190 

NAD NAD_CM_vs_NAD H2-Ab1 6,7975594 6,223E-183 4,813E-180 1,567E-179 

NAD NAD_CM_vs_NAD Irf8 6,91642995 1,652E-182 1,232E-179 4,086E-179 

NAD NAD_CM_vs_NAD Cd74 10,3705845 2,345E-176 1,689E-173 5,505E-173 

NAD NAD_CM_vs_NAD Psmb9 5,86252605 1,954E-167 1,36E-164 4,365E-164 

NAD NAD_CM_vs_NAD Dhx58 5,62920055 2,411E-164 1,624E-161 5,216E-161 

NAD NAD_CM_vs_NAD Ciita 6,27064172 1,482E-156 9,673E-154 2,891E-153 

NAD NAD_CM_vs_NAD Il18bp 6,02411358 2,089E-152 1,322E-149 3,806E-149 

NAD NAD_CM_vs_NAD Iigp1 10,7274006 2,789E-152 1,713E-149 5,017E-149 

NAD NAD_CM_vs_NAD Kars 1,77309585 4,625E-151 2,759E-148 8,006E-148 

NAD NAD_CM_vs_NAD Psme2 3,04342761 1,158E-149 6,719E-147 1,98E-146 

NAD NAD_CM_vs_NAD Gbp9 5,1666817 1,114E-146 6,285E-144 1,858E-143 

NAD NAD_CM_vs_NAD Nampt 2,44413104 4,874E-144 2,678E-141 7,888E-141 

NAD NAD_CM_vs_NAD Slfn8 8,60249527 5,18E-144 2,774E-141 8,246E-141 

NAD NAD_CM_vs_NAD Trim21 3,05362873 9,847E-142 5,141E-139 1,532E-138 

NAD NAD_CM_vs_NAD Gbp5 9,24767359 3,524E-141 1,795E-138 5,422E-138 

NAD NAD_CM_vs_NAD Plekhf1 2,67851674 2,668E-140 1,327E-137 4,06E-137 
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NAD NAD_CM_vs_NAD Asap3 3,03283288 1,912E-139 9,285E-137 2,817E-136 

NAD NAD_CM_vs_NAD Tapbpl 3,32275905 3,635E-136 1,725E-133 5,136E-133 

NAD NAD_CM_vs_NAD Gbp3 5,11230774 7,291E-134 3,383E-131 1,01E-130 

NAD NAD_CM_vs_NAD Ifi35 3,61752929 9,19E-134 4,172E-131 1,26E-130 

NAD NAD_CM_vs_NAD H2-Q6 6,50872259 1,875E-127 8,329E-125 2,496E-124 

NAD NAD_CM_vs_NAD Trafd1 2,34778019 3,215E-127 1,399E-124 4,24E-124 

NAD NAD_CM_vs_NAD Rnf213 5,06489529 3,076E-126 1,311E-123 3,981E-123 

NAD NAD_CM_vs_NAD Mlkl 7,49932886 2,076E-124 8,669E-122 2,662E-121 

NAD NAD_CM_vs_NAD Rnd1 4,47332118 7,99E-124 3,271E-121 1,015E-120 

NAD NAD_CM_vs_NAD Samhd1 3,80105492 1,607E-123 6,452E-121 2,009E-120 

NAD NAD_CM_vs_NAD Parp14 5,27523333 1,154E-121 4,546E-119 1,414E-118 

NAD NAD_CM_vs_NAD Gbp8 10,3521436 1,265E-121 4,892E-119 1,537E-118 

NAD NAD_CM_vs_NAD Parp9 3,72751994 4,613E-121 1,752E-118 5,507E-118 

NAD NAD_CM_vs_NAD Ube2l6 4,92696182 8,888E-121 3,314E-118 1,052E-117 

NAD NAD_CM_vs_NAD Arel1 2,55746209 1,225E-120 4,486E-118 1,437E-117 

NAD NAD_CM_vs_NAD Stat1 4,8501585 7,282E-120 2,622E-117 8,404E-117 

NAD NAD_CM_vs_NAD Rsad2 6,44631955 1,029E-119 3,643E-117 1,178E-116 

NAD NAD_CM_vs_NAD Plaat3 2,60643148 5,742E-116 1,998E-113 6,311E-113 

NAD NAD_CM_vs_NAD Bst2 5,14919311 1,753E-114 5,999E-112 1,853E-111 

NAD NAD_CM_vs_NAD Mx2 5,85213456 6,303E-114 2,123E-111 6,563E-111 

NAD NAD_CM_vs_NAD Myd88 2,37770676 8,75E-114 2,9E-111 9,042E-111 

NAD NAD_CM_vs_NAD Tnfaip2 7,8031917 1,145E-112 3,736E-110 1,158E-109 

NAD NAD_CM_vs_NAD C1s1 6,38146032 9,315E-112 2,993E-109 9,281E-109 

NAD NAD_CM_vs_NAD Vcam1 4,49985928 2,254E-109 7,131E-107 2,168E-106 

NAD NAD_CM_vs_NAD Erap1 2,61077688 1,336E-108 4,165E-106 1,267E-105 

NAD NAD_CM_vs_NAD Ifit3b 3,58088523 6,849E-108 2,103E-105 6,323E-105 

NAD NAD_CM_vs_NAD H2-D1 4,23117621 5,126E-106 1,551E-103 4,579E-103 

NAD NAD_CM_vs_NAD Mpeg1 8,25467603 1,734E-105 5,172E-103 1,529E-102 

NAD NAD_CM_vs_NAD Znfx1 3,42084776 4,104E-105 1,207E-102 3,597E-102 

NAD NAD_CM_vs_NAD Zbp1 9,88716034 8,22E-105 2,384E-102 7,159E-102 

NAD NAD_CM_vs_NAD Irf7 6,91380368 1,495E-104 4,276E-102 1,294E-101 

NAD NAD_CM_vs_NAD Snx10 2,14346777 2,441E-103 6,889E-101 2,087E-100 

NAD NAD_CM_vs_NAD Ifi211 4,92398301 6,604E-102 1,839E-99 5,477E-99 

NAD NAD_CM_vs_NAD Ripk2 4,58897266 1,898E-99 5,2162E-97 1,5285E-96 

NAD NAD_CM_vs_NAD Parp11 2,66616916 5,772E-99 1,5652E-96 4,5671E-96 

NAD NAD_CM_vs_NAD Casp4 7,65996469 7,1884E-98 1,9245E-95 5,624E-95 

NAD NAD_CM_vs_NAD Tlr2 7,37902678 7,8296E-98 2,0696E-95 6,0913E-95 

NAD NAD_CM_vs_NAD Nfkbiz 4,59934125 8,9294E-98 2,3308E-95 6,8698E-95 

NAD NAD_CM_vs_NAD Lap3 1,55788737 1,0237E-96 2,6392E-94 7,8324E-94 

NAD NAD_CM_vs_NAD Slc2a6 6,66825457 7,0323E-96 1,7908E-93 5,3508E-93 

NAD NAD_CM_vs_NAD Ptx3 5,43282183 4,0417E-93 1,0168E-90 3,0418E-90 

NAD NAD_CM_vs_NAD Gbp2b 7,1085792 1,4369E-92 3,5721E-90 1,0756E-89 

NAD NAD_CM_vs_NAD Nod1 2,57035617 6,7811E-92 1,6659E-89 5,0486E-89 
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NAD NAD_CM_vs_NAD Herc6 4,22515136 2,131E-91 5,1743E-89 1,5697E-88 

NAD NAD_CM_vs_NAD Nfkbia 4,07079458 5,2821E-91 1,2678E-88 3,8702E-88 

NAD NAD_CM_vs_NAD Rmdn3 2,07926389 2,4793E-90 5,8832E-88 1,7882E-87 

NAD NAD_CM_vs_NAD Cd47 1,98111714 1,9444E-89 4,5622E-87 1,3668E-86 

NAD NAD_CM_vs_NAD C1s2 6,4490882 9,5313E-89 2,2115E-86 6,5667E-86 

NAD NAD_CM_vs_NAD Lgals3bp 4,0188811 4,2755E-88 9,8112E-86 2,9166E-85 

NAD NAD_CM_vs_NAD Gm4951 8,84732937 5,2658E-88 1,1952E-85 3,5746E-85 

NAD NAD_CM_vs_NAD C1rb 4,31040586 1,804E-87 4,0507E-85 1,2187E-84 

NAD NAD_CM_vs_NAD Slc31a2 2,1884908 2,5238E-85 5,6067E-83 1,6564E-82 

NAD NAD_CM_vs_NAD Slfn2 8,10776265 8,3693E-85 1,8397E-82 5,467E-82 

NAD NAD_CM_vs_NAD Trim25 2,79533862 5,8619E-84 1,2751E-81 3,7756E-81 

NAD NAD_CM_vs_NAD Isg15 6,60316558 1,3065E-83 2,8127E-81 8,3764E-81 

NAD NAD_CM_vs_NAD Uaca 1,4783408 2,1E-82 4,4747E-80 1,334E-79 

NAD NAD_CM_vs_NAD Ifi44 8,2445365 7,0078E-82 1,4781E-79 4,4312E-79 
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2.7.  Summary RNA-sequencing data DA-exposed astrocytes compared to non-exposed 

astrocytes. 

 

 
Mean gene expression: 
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Table 24: Top 100 DEGs in DA versus CTL according to padj.overall. 

Ref Contrast Gene Log2foldchange Pvalue Padj.by_comparison Padj.overall 
CTL DA vs. CTL Ctnna2 -6,8721339 2,18E-163 4,219E-159 4,219E-159 

CTL DA vs. CTL Sorcs1 -5,9162946 1,007E-159 9,744E-156 9,744E-156 

CTL DA vs. CTL C3 -3,6701415 3,659E-152 2,361E-148 2,361E-148 

CTL DA vs. CTL Vps13b -5,5887562 3,249E-144 1,572E-140 1,572E-140 

CTL DA vs. CTL Gpc6 -6,5189884 2,127E-143 8,233E-140 8,233E-140 

CTL DA vs. CTL Adra2a -4,4183803 8,912E-136 2,875E-132 2,875E-132 

CTL DA vs. CTL Cpq -2,8067336 6,113E-130 1,69E-126 1,69E-126 

CTL DA vs. CTL Atrnl1 -3,8835255 4,6E-129 1,113E-125 1,113E-125 

CTL DA vs. CTL Slc38a3 -3,3069891 1,073E-127 2,308E-124 2,308E-124 

CTL DA vs. CTL Pard3b -7,5408981 1,489E-126 2,881E-123 2,881E-123 

CTL DA vs. CTL Ptprd -6,5653826 3,127E-125 5,502E-122 5,502E-122 

CTL DA vs. CTL Gabrb1 -6,4289484 1,203E-114 1,94E-111 1,94E-111 

CTL DA vs. CTL Ptprm -5,0182357 6,513E-114 9,697E-111 9,697E-111 

CTL DA vs. CTL Cfap54 -3,3039918 1,649E-112 2,279E-109 2,279E-109 

CTL DA vs. CTL Nebl -3,4528993 2,123E-110 2,739E-107 2,739E-107 

CTL DA vs. CTL Exoc4 -4,6255879 2,336E-106 2,825E-103 2,825E-103 

CTL DA vs. CTL Cadps -5,8429573 4,911E-103 5,591E-100 5,591E-100 

CTL DA vs. CTL Diaph2 -5,4853128 3,913E-102 4,207E-99 4,207E-99 

CTL DA vs. CTL Lpp -5,7903995 3,013E-101 3,0692E-98 3,0692E-98 

CTL DA vs. CTL Srxn1 2,40295136 6,418E-101 6,2104E-98 6,2104E-98 

CTL DA vs. CTL Bcas3 -4,5972279 5,662E-99 5,2178E-96 5,2178E-96 

CTL DA vs. CTL Rsrc1 -4,9381029 7,382E-99 6,4944E-96 6,4944E-96 

CTL DA vs. CTL Gria1 -4,7451311 1,0937E-98 9,203E-96 9,203E-96 

CTL DA vs. CTL Pacrg -4,7486527 7,7338E-96 6,2367E-93 6,2367E-93 

CTL DA vs. CTL Dennd1a -5,2722434 3,877E-95 3,0014E-92 3,0014E-92 

CTL DA vs. CTL Npas3 -5,8626688 2,7322E-94 2,0338E-91 2,0338E-91 

CTL DA vs. CTL Ctnnd2 -4,7270486 1,1936E-91 8,5561E-89 8,5561E-89 

CTL DA vs. CTL Robo2 -5,7335644 2,5078E-91 1,7334E-88 1,7334E-88 

CTL DA vs. CTL Ptprk -4,4361627 3,4867E-91 2,327E-88 2,327E-88 

CTL DA vs. CTL Cdh4 -6,2623428 5,6489E-90 3,6443E-87 3,6443E-87 

CTL DA vs. CTL Adk -4,3643497 4,8994E-89 3,0588E-86 3,0588E-86 

CTL DA vs. CTL Slc39a11 -3,83719 3,6402E-88 2,2016E-85 2,2016E-85 

CTL DA vs. CTL Ptprg -5,2298753 4,3189E-88 2,533E-85 2,533E-85 

CTL DA vs. CTL Prkce -5,7637696 3,6581E-86 2,0823E-83 2,0823E-83 

CTL DA vs. CTL Sod3 2,08122664 8,0956E-86 4,4766E-83 4,4766E-83 

CTL DA vs. CTL Dgki -4,1952692 1,8461E-84 9,9249E-82 9,9249E-82 

CTL DA vs. CTL Slc35f1 -4,4434739 7,0753E-83 3,701E-80 3,701E-80 

CTL DA vs. CTL Megf11 -4,624729 8,786E-82 4,4749E-79 4,4749E-79 

CTL DA vs. CTL Tmem117 -5,0740497 3,2344E-80 1,6051E-77 1,6051E-77 

CTL DA vs. CTL Scaper -4,4482852 5,7199E-79 2,7676E-76 2,7676E-76 
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CTL DA vs. CTL Mdga2 -4,0387511 2,7779E-78 1,3113E-75 1,3113E-75 

CTL DA vs. CTL Dner -3,1294594 3,0104E-78 1,3872E-75 1,3872E-75 

CTL DA vs. CTL Ccdc148 -4,0563292 9,8636E-78 4,4396E-75 4,4396E-75 

CTL DA vs. CTL Igsf1 -3,4514488 2,6057E-77 1,1461E-74 1,1461E-74 

CTL DA vs. CTL Bace2 -2,7333503 7,9605E-77 3,4237E-74 3,4237E-74 

CTL DA vs. CTL Fbxl17 -4,122938 2,757E-76 1,16E-73 1,16E-73 

CTL DA vs. CTL Adamtsl1 -3,8992614 7,616E-76 3,1362E-73 3,1362E-73 

CTL DA vs. CTL Vti1a -3,2680757 1,717E-75 6,9232E-73 6,9232E-73 

CTL DA vs. CTL Nlgn1 -4,8348587 4,5099E-75 1,7813E-72 1,7813E-72 

CTL DA vs. CTL Cadm2 -7,0195249 7,1513E-75 2,7681E-72 2,7681E-72 

CTL DA vs. CTL Cep128 -5,3071711 1,2849E-74 4,876E-72 4,876E-72 

CTL DA vs. CTL Arsb -2,2261436 2,5953E-74 9,6593E-72 9,6593E-72 

CTL DA vs. CTL Nkain2 -5,4710936 2,7228E-72 9,9427E-70 9,9427E-70 

CTL DA vs. CTL Vwa8 -3,2991465 3,0919E-72 1,1082E-69 1,1082E-69 

CTL DA vs. CTL Negr1 -7,6983257 1,3411E-71 4,7191E-69 4,7191E-69 

CTL DA vs. CTL Dok6 -6,0243637 4,4635E-71 1,5426E-68 1,5426E-68 

CTL DA vs. CTL Dab1 -5,3911503 9,7953E-71 3,3259E-68 3,3259E-68 

CTL DA vs. CTL Igfbp5 -3,9102531 7,6843E-69 2,5642E-66 2,5642E-66 

CTL DA vs. CTL Dock1 -3,5780451 1,4949E-67 4,9038E-65 4,9038E-65 

CTL DA vs. CTL Galnt17 -5,3769798 3,5997E-67 1,1612E-64 1,1612E-64 

CTL DA vs. CTL Lrba -4,6347985 1,257E-66 3,9883E-64 3,9883E-64 

CTL DA vs. CTL Trappc9 -5,0766928 1,6828E-66 5,2529E-64 5,2529E-64 

CTL DA vs. CTL Thsd7a -4,6814139 2,1477E-66 6,5979E-64 6,5979E-64 

CTL DA vs. CTL Adgrl3 -6,3193394 2,8716E-66 8,6839E-64 8,6839E-64 

CTL DA vs. CTL Nbea -4,381578 3,443E-66 1,0252E-63 1,0252E-63 

CTL DA vs. CTL Hmox1 2,60861986 4,0649E-66 1,192E-63 1,192E-63 

CTL DA vs. CTL Exoc6b -3,7542073 5,4845E-66 1,561E-63 1,561E-63 

CTL DA vs. CTL Tmtc1 -4,4691903 5,4156E-66 1,561E-63 1,561E-63 

CTL DA vs. CTL Nalcn -4,4975945 2,152E-65 6,0363E-63 6,0363E-63 

CTL DA vs. CTL Lama2 -4,4197308 4,8499E-65 1,3409E-62 1,3409E-62 

CTL DA vs. CTL Fam172a -3,6445548 9,8471E-65 2,6842E-62 2,6842E-62 

CTL DA vs. CTL Cux1 -2,9342135 7,6583E-64 2,0586E-61 2,0586E-61 

CTL DA vs. CTL App -2,4116218 1,2625E-63 3,3471E-61 3,3471E-61 

CTL DA vs. CTL Erbb4 -7,2422789 1,3159E-63 3,4416E-61 3,4416E-61 

CTL DA vs. CTL Large1 -5,5829594 1,028E-62 2,6527E-60 2,6527E-60 

CTL DA vs. CTL Plxna4 -6,4338411 3,1818E-62 8,1028E-60 8,1028E-60 

CTL DA vs. CTL Itih5 -3,984928 2,6023E-61 6,541E-59 6,541E-59 

CTL DA vs. CTL Samd12 -5,0268527 1,633E-60 4,052E-58 4,052E-58 

CTL DA vs. CTL Msi2 -3,0672437 5,3747E-60 1,3167E-57 1,3167E-57 

CTL DA vs. CTL Ppp1r9a -2,904564 1,9898E-59 4,8138E-57 4,8138E-57 

CTL DA vs. CTL Mt2 -2,4688067 4,5164E-59 1,0791E-56 1,0791E-56 

CTL DA vs. CTL B3galt1 -6,7775477 1,6272E-58 3,8406E-56 3,8406E-56 

CTL DA vs. CTL Rbms3 -6,6839584 1,7613E-58 4,1071E-56 4,1071E-56 
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CTL DA vs. CTL Snd1 -4,6430284 1,8911E-58 4,3571E-56 4,3571E-56 

CTL DA vs. CTL Cacna1d -5,3686009 2,8176E-58 6,4155E-56 6,4155E-56 

CTL DA vs. CTL Slit3 -4,4758395 3,399E-58 7,6494E-56 7,6494E-56 

CTL DA vs. CTL Gphn -5,6105135 4,7982E-58 1,0674E-55 1,0674E-55 

CTL DA vs. CTL Babam2 -4,1946999 8,3271E-58 1,8314E-55 1,8314E-55 

CTL DA vs. CTL Slc9a9 -6,6672442 1,5772E-57 3,4298E-55 3,4298E-55 

CTL DA vs. CTL Dnah11 -3,7818039 2,4438E-57 5,2552E-55 5,2552E-55 

CTL DA vs. CTL Astn1 -4,5730301 8,3098E-57 1,7673E-54 1,7673E-54 

CTL DA vs. CTL Pdia4 -1,4675308 2,5615E-56 5,3886E-54 5,3886E-54 

CTL DA vs. CTL Ndrg1 -2,8910612 8,1083E-56 1,6874E-53 1,6874E-53 

CTL DA vs. CTL Efcab2 -2,5361114 1,0516E-55 2,1652E-53 2,1652E-53 

CTL DA vs. CTL Reck -2,0712624 8,5904E-55 1,7501E-52 1,7501E-52 

CTL DA vs. CTL Rgs7 -5,0944622 1,2736E-54 2,5676E-52 2,5676E-52 

CTL DA vs. CTL Ccdc9b 1,87041675 2,743E-54 5,4729E-52 5,4729E-52 

CTL DA vs. CTL Cacna2d1 -3,9880335 3,1017E-54 6,1256E-52 6,1256E-52 

CTL DA vs. CTL Rian -2,7815961 3,4165E-54 6,6791E-52 6,6791E-52 

 


