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2. Introduction 

2.1 Neuropathological Entities: Progressive Supranuclear Palsy 

and Corticobasal Degeneration 

Despite the growing prevalence of neurodegenerative diseases causal treatment strategies remain 

largely unavailable. Given Alzheimer's Disease (AD) and Parkinson's Disease (PD) as the most prev-

alent entities, one important unmodifiable risk factor is aging [40, 64]. Thus, incidence rates rise with 

improving life expectancy due to declines in cardiovascular and neoplasm-attributed mortality [111]. In 

high-income countries, such as the USA, the estimated health economic expenditure of Alzheimer’s 

Disease and related dementias constitute the major share with $243 billion (30.4 %) in 2014, $259 

billion in 2017, and a predicted $1.1 trillion in 2050 (presumptions based on available data in 2017) [5, 

51]. Moreover, disease-related burdens arise for affected patients, their relatives and their caregivers 

[5]. In this context, improved management options for neurodegenerative diseases are a desirable 

goal. 

At present, genetic and environmental factors contributing to these diseases are incompletely under-

stood. With the rise of a diversifying array of multi-layered molecular techniques such as (epi-)ge-

nomics, transcriptomics, and parallelized microscope imaging approaches, we can gather a more in-

tegrative understanding of these diseases. Besides highly prevalent and intensively researched neu-

rodegenerative diseases AD and PD, Progressive Supranuclear Palsy (PSP) and Corticobasal De-

generation (CBD) represent rarer entities with typically earlier onset, fast progression and high rates 

of socio-cognitive impairment [40, 83]. While the neuropathological assessment poses the diagnostic 

gold standard to detect pathognomonic intracellular inclusions of the microtubule-associated protein 

Tau (MAPT/Tau), the clinical phenotypes comprise a broad spectrum between atypical parkinsonian 

syndromes, dementia syndromes and psychiatric disorders. To complicate clinical entity prediction, 

PSP patients might present with Corticobasal Syndrome (CBS) – the classical manifestation of CBD 

patients – and vice versa. The clinical workup usually includes cerebral imaging, cerebrospinal fluid 

(CSF) analyses, and neuropsychiatric testing, as well as additional methods as required [27, 60, 83]. 

However, a valid in vivo diagnosis does not yet imply access to established disease-modifying treat-

ments, which are currently under investigation in several tauopathies [119, 126, 135]. Therefore, ad-

vances in theragnostic target identification and accuracy-refined diagnosis algorithms could empower 

future clinical trials. This underscores the importance of research that seeks to understand the under-

lying pathomechanisms and how translational evidence can support the implementation of novel diag-

nostic and therapeutic approaches. 

2.1.1 Epidemiology 

PSP and CBD are rather rare diseases with a crude prevalence reaching from 1-18.1/100 000 people 

for PSP (Appendix B Table 1; [29, 44, 50, 73, 83, 99, 100, 104, 128, 140, 150, 151]) and a varying 

registration rate for CBS/CBD of 0-9/100.000 included probands [29, 44, 104, 151]. A recent meta-

analysis by Swallow et al. including 16 PSP and 9 CBS/CBD prevalence studies inferred rates of 

7.1/100 000 and 2.3/100 000 in PSP and CBS/CBD, respectively [139]. Since a range of pathologies 

can mimic typical CBD manifestations and thus diagnostic accuracy via clinical criteria is suboptimal, 

the definite diagnosis is based on neuropathological assessment [1, 9, 68, 118]. Usually, first symp-

toms occur in the 6th or 7th decade in both diseases with a slightly earlier mean onset in CBD/CBS at 

65 (definite CBD 63.6; Appendix B Table 1) and PSP at 68 years (definite PSP 67.7). Life expectancy 
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at the time of diagnosis is given at 4-8 years, depending on methodological approaches and clinical 

subtypes [68, 83]. Only a few studies investigated validated postmortem cohorts. Those publications 

providing data on the age at death report a range of 54-86 (weighted mean 69.94) for CBD and 49-

106 (weighted mean 74.89) for PSP cases.  

2.1.2 Etiology and Genetics 

The etiology of PSP and CBD is unidentified. While understanding risk factors and underlying mecha-

nisms is important, preventing and delaying them is an aspired goal. Although most cases are attribut-

able to unmodifiable risk factors such as aging and complex non-mendelian genetics, a recent multi-

ethnic meta-analysis suggests that up to 40% of dementia syndromes can be prevented or delayed 

through the adoption of modifiable lifestyle risk factors addressed by public health strategies [91]. Un-

fortunately, specific modifiable risk factors for primary tauopathies remain largely unknown, while age 

and some genetic factors (i.e., APOE genotype) increase the risk of developing co-pathologies (e.g., 

Amyloid-beta levels, TDP-43 pathology) [123]. Additionally, epidemiologic evidence suggests heart 

disease, hypercholesterolemia, lower educational attainment, history of traumatic brain injury, and 

family history of dementia or parkinsonism heighten the odds [33, 134].  

Although the majority of PSP and CBD cases are sporadic, they seem to share a common genetic 

background, as genome wide-association studies (GWAS) from large postmortem validated cohorts 

suggest [59, 69, 79, 153]. Collectively, these studies have identified several risk variants associated 

with the MAPT locus, and further variants with effects on STX6, EIF2AK3, MOBP, KIF13B-1, SOS1, 

NSF, CXCR4, EGFR, and GLDC utilizing expression quantitative trait loci analyses. This gene network 

is enriched for synaptic, homeostatic, and immune pathways. Even earlier, a 900 kb inversion poly-

morphism in MAPT was described as characteristic in populations of European descent [26, 65]. In-

heriting this H1 haplotype is the most significant risk factor for sporadic PSP (odds ratio [OR] 5.5 [59]) 

and CBD (OR 3.7 [79]), though it also increases odds in FTD and PD [110, 153].  

Monogenetic forms of Frontotemporal Dementia and Parkinsonism Linked to Chromosome 17q21.31 

(FTDP-17) harbor autosomal-dominantly inherited mutations in MAPT. These mutations (e.g., P301S 

or P301L, used in murine models of familial tauopathies) are bona fide sufficient to facilitate aggrega-

tion of Tau monomers into insoluble higher-order assemblies such as neurofibrillary tangles (NFT) [37, 

46]. Over 50 exonic and intronic mutations have been described as of 2023. Most of these accumulate 

within the microtubule binding region (MTBR) indicating a significant location effect for quaternary 

molecule structure [48]. MAPT translation is regulated in a cell type- and tissue-specific manner, re-

sulting in six different isoforms based on alternative mRNA splicing. Variability arises from in- or ex-

clusion of exon 10 – which relates to repeat R2 of the MTBR – and defines the 4R or 3R Tau isoforms, 

respectively. Other second order isoforms involve E2/E3 differential splicing, together leading to final 

proteins of 352-441 amino acids.  

Tau expression is mainly confined to the nervous system, herein especially in neuronal axons and to 

a lesser degree in astrocytes and oligodendrocytes [42]. Post-translational modifications (e.g., by 

phosphorylation, acetylation, methylation, or ubiquitination) alter its properties in the cytobiological 

context as microtubule (MT) transport protein. The locational logic of phosphorylation patterns primar-

ily in proline-rich, and C-terminal regions not only determines the protein’s affinity to MTs but could 

also premise Tau aggregation [4, 45, 54]. Nevertheless, that Tau found in postmortem brain tissue is 

abnormally (hyper-)phosphorylated might even be a consequence not the necessary cause of aggre-

gation, particularly as the effects of strategic mutations are more significant and do not overlap with 

phosphorylation sites. Moreover, compounds of negative charge (e.g., RNA or glycosaminoglycans) 
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as well as RNA binding proteins strongly interact with both non- and hyperphosphorylated Tau and 

might prime Tau assembly with higher experimental confidence [48, 72].  

Although differential aggregation mechanisms of proteinopathies remain incompletely understood, 

some evidence links H1 (sub-)haplotypes with altered MAPT mRNA splicing (exon 3, 2 and possibly 

10; [143, 153]). Apparently, several partly unidentified paths lead to predominantly 4R Tau assemblies 

in the 4R tauopathies PSP, CBD, Glial Globular Tauopathy (GGT), Argyrophilic Grain Disease (AGD) 

and FTDP-17 with P301S mutation. Contrarily, 3R Tau is detected by isoform-specific antibodies in 

Pick Disease (PiD); likewise mixed 3R/4R Tau in AD, Amyotrophic Lateral Sclerosis (ALS)/parkinson-

ism-dementia complex, Anti-IgLON5-related Tauopathy and Chronic Traumatic Encephalopathy 

(CTE) among others [43, 48, 71]. Although this broad range of tauopathies shares the same proteino-

pathic agent, biochemical and neuropathological assessments aid to discriminate peculiarities in ter-

tiary Tau structure or cellular distribution of aggregates. Ultrastructural analyses of PSP Tau report 15-

18 nm straight filaments as correlates of NFTs in neurons and bulks in astrocytes. These astrocytic 

proximal inclusions with fine peripheral ramifications led to the designation of tufted astrocytes (TA). 

In contrast, 20-24 nm twisted tubular ribbons in astrocytes and twisted tubules in oligodendrocytes 

emerge in CBD brain tissue as astrocytic plaques (AP) and coiled bodies (CB), respectively [49].  

Thus far, research on molecular pathogenesis of primary tauopathies has employed bulkRNA-seq, 

microarray and GWAS studies [2, 3, 59, 79]. Subsequently to the work included in this dissertational 

thesis, new datasets with cell type-resolved molecular profiling in induced pluripotent stem cells treated 

with oligomeric Tau from P301S transgenic mice [121] and peripheral blood mononuclear cells of fa-

milial MAPT mutation carriers were published [131] (preprint). These studies have identified potentially 

novel disease-relevant genes (synaptic proteins, chemokines, trans-membrane proteins), cell types 

(neurons, astrocytes, microglia, peripheral myeloid and natural killer lineages) and pathways (neuroin-

flammation and proteostasis). Furthermore, investigations of transcriptomic alterations in combination 

with neuropathological traits showed that differentially expressed [synaptic] genes (DEGs) were cor-

related with NFTs, and immune networks were linked with TA [3].  

However, besides Yokoyama and colleagues’ GWAS integration across the PSP-CBD-FTD spectrum 

[153], no integrative and particularly no single cell-resolved comparison between PSP and CBD has 

been published yet. Discoveries from such genetic studies provide a basis for an understanding of 

their underlying pathogenesis, for the development of new diagnostic techniques and eventually for 

more targeted treatments for PSP and CBD. 

2.1.3 Clinicopathological Correlations and Diagnostic Accuracy 

The first series of 4 PSP cases was published in 1963/64 [137], followed by the first 3 cases with 

“Corticodentatonigral Degeneration with Neuronal Achromasia” in 1967 [117]. J. Steel et al. described 

PSP (former eponym: Steel-Richardson-Olszewski syndrome or Richardson syndrome) as a syn-

drome encompassing “Supranuclear ophthalmoplegia affecting chiefly vertical gaze, pseudobulbar 

palsy, dysarthria, dystonic rigidity of the neck and upper trunk, and other less constant cerebellar and 

pyramidal symptoms [and mild] Dementia” that histologically depict NFT, neuronal loss and gliosis in 

various subcortical and brainstem nuclei. Conversely, Rebeiz et al. considered the “Severe impairment 

in the control of muscular movements, by abnormalities in posture and by involuntary motor activity” 
paired with asymmetric fronto-parietal cortical atrophy and microscopical signs of extensive neuronal 

loss, swollen achromatic neurons and astrogliosis as typical features of CBD. Notably, their work al-

ready emphasized the relevance of comparing differential pathological and clinical diagnoses.  
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This is of particular interest, as the varying and partly overlapping syndromes of both tauopathies still 

pose a challenge for clinical diagnosis and in trial recruitment. Owing to the low prevalence and com-

plex symptomatology of these diseases, our understanding of clinicopathological correlations has 

since profited from studying comprehensive cohorts gathered through international collaboration ef-

forts. These studies have added to the phenotypic heterogeneity and promoted neuropathological cri-

teria [36, 57, 90, 124] as well as clinical criteria [9, 60, 88, 118].  

2.1.4 Neuropathological Criteria and Their Utility in Differential Diagnosis  

According to the 1994 National Institute of Neurological Disorders and Stroke (NINDS) PSP criteria, 

assessing presence and distribution of NFT in 13 neuroanatomical regions is required [57, 90]. How-

ever, inter-rater metrics attested only moderate agreement [118], anti-phosphorylated Tau antibodies 

were used unstandardized and highly distinctive astrogliopathic features were not included. Thus, the 

Rainwater Charitable Foundation working group just recently developed more accurate and simplified 

criteria which include scoring of TAs (in peri-Rolandic cortices, putamen) besides NFT and pretangles 

(in Substantia nigra, subthalamic nucleus, and Globus pallidus) [124].  

In 2002, the Office of Rare Diseases working group published criteria for the neuropathological diag-

nosis of CBD [36]. The diagnosis is syndrome-agnostic and requires histologic and immunohistochem-

ical assessment of neuronal loss, ballooned neurons and APs across 15 brain regions. Differential 

diagnoses and co-pathologies, such as AD or Lewy body (LB) pathology, should additionally be eval-

uated. A validation study of the same group supported their criteria accuracy against other tauopathies 

(except against FTLD-17) [36].  

Table 1. Comparison of the neuropathological entities PSP and CBD. Modified from Dickson et al. 1999 and 

Sha et al. 2006 [35, 129].   
Abbreviations: IC, internal capsule; Mes, Mesencephalon; Str, Striatum; ThF, Thalamic fascicle; WM, white matter. 

When contrasting PSP against CBD, earlier reports emphasized the predominantly subcortical atrophy 

(i.e., midbrain) and neuroglial features confined to extrapyramidal system nuclei (i.e., Globus pallidus, 

subthalamic nucleus, Substantia nigra, Cerebellum), while mostly sparing the cortex. And yet, in the 

wake of collecting comprehensive pathological cohorts, frequent involvement of (frontal) cortex – es-

pecially by TA and NFT – has been recognized in up to 96% of PSP cases [35, 67, 124, 154]. In CBD, 

atrophy patterns and clinical symptoms are mainly asymmetric, with symmetric CBD (S-CBD) being 

less common [56]. Typically affected by neuropathologic changes are fronto-parietal cortices, white 

FEATURE PSP CBD 

Gross Pathology 

(Atrophy Patterns) 

Frontal, parasagittal, paracentral, more dorsal 

midbrain 
Mesial frontal, frontal opercular, parietal 

Symmetry Rather symmetrical Rather asymmetrical 

Ballooned Neurons Rare Numerous, often achromatic 

NFT Globose & flame shaped (Str, Mes) Mostly globose (corticobasal bodies, Mes) 

Pick Body-Like Tau 

Inclusions 
Dentate fascia Cortex (layers II/III) 

Neuropil Threads Sparse to many (BG, IC, ThF) Numerous (Cortex, WM, IC, ThF, Mes) 

Glial Lesions Tufted astrocytes, oligodendroglial coiled bodies 
Astrocytic plaques, oligodendroglial coiled 

bodies 

Miscellaneous 
Grumose degeneration of cerebellar dentate nu-
cleus Corticospinal tract degeneration 
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matter, basal ganglia and to a lesser extent brainstem regions including Substantia nigra and the cor-

ticospinal tract. Particularly, achromatic ballooned neurons, neuron loss and APs are considered the 

hallmarks of this tauopathy.  

Astrogliopathy itself is supported as one major distinguishing factor between PSP and CBD by diag-

nosis criteria [36, 124], machine learning-based approaches being trained on pre-processed phospho-

tau immunohistochemistry scores [78] and deep learning applications directly on phospho-tau (pTau) 

immunohistochemistry images [77]. From a more gradual dimension view, neuronal pathology includ-

ing a ballooned aspect, achromasia or tangle shapes can contribute to disease differentiation as well 

[35, 129, 156] (see also Figure 2B). A comprehensive comparison of the neuropathological entities is 

shown in Table 1. 

2.1.5 Clinical Criteria and Their Utility in Differential Diagnosis 

In addition to autopsy-based evidence, a variety of clinical criteria have been developed, mainly aiming 

to differentiate between PSP/CBD and other parkinsonian or dementia syndromes. Since 1996, the 

NINDS-sponsored PSP clinical criteria were broadly used [88]. Despite high diagnostic accuracy for 

manifested typical PSP (i.e., Richardson syndrome), early detection of atypical forms was suboptimal 

[89]. Therefore, the Movement Disorders Society criteria for the diagnosis of PSP (MDS-PSP) should 

account for the phenotypic heterogeneity and improve sensitivity at earlier disease stages [60, 118]. 

The MDS-PSP criteria, accepted as the gold standard of clinical diagnosis, require a three-level as-

sessment of ocular motor dysfunction, postural instability, akinesia, and cognitive dysfunction, which 

can be complemented by supportive features (e.g., Levodopa-resistance, dysarthric symptoms or im-

aging findings). 

In 2013, Armstrong et al. defined the most recent comprehensive criteria for the clinical diagnosis of 

CBD [9], that integrate biographic data (i.e., age at and dynamics of onset, family history and MAPT 

mutations status) with CBS symptoms (i.e., limb rigidity, akinesia, dystonia, myoclonus or apraxia, 

cortical sensory deficit, alien limb phenomenon, PSP-, FTD- or progressive aphasia syndromes). Val-

idation cohort studies, however, attested very limited criteria specificity and a lack of symptom enrich-

ment in CBD cases [1]. To counter the insufficient accuracy in antemortem CBD diagnosis, the MDS-

PSP criteria also include the label “probable 4R tauopathy”, summarizing those patients with high 

probability of underlying PSP or CBD pathology.  As per combinatorial diagnostic feature importance, 

diagnoses of “possible” and “probable” PSP/CBS can be made in vivo, while the definite diagnosis 

remains a neuropathological one. 

Given the immense variety of clinicopathological links provided in the literature (reviewed in [103], 

Figure 1A), predicting underlying neuropathology solely from clinical syndromes is valid only in the 

minority of cases. This is supported by principal component analysis (PCA) of pathological versus 

clinical features: While discrimination of PSP/CBD is highly driven by astrogliopathy (items in loadings 

3&4; Figure 1B), clinical syndromes associated with neuropathological changes are substantially less 

distinguishable (Figure 1C). 

This highlights the need for accurate biomarkers and thorough exclusion criteria to reduce false posi-

tive (CBD) diagnoses. Research on cerebrospinal fluid (CSF) markers with prospect of future diagnos-

tic use comprise CSF synaptic protein signatures [24, 101, 109] and CSF MTBR-Tau fragments 275 

and 282 [63]. Markers with high predictive values have advanced towards serum-based detection of 

AD and exclusion of non-AD dementia (e.g., Nfl, p-Tau217, p-Tau181 [10, 12, 16]). Supervised ma-

chine learning algorithms fit to cerebral imaging atrophy patterns could enhance clinical prediction as 
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well, though these cohorts remain clinically defined [80, 81]. Furthermore, positron emission tomogra-

phy (PET) studies leverage differential binding in synaptic targets (e.g., synaptic vesicle protein 2A, 

tracer: UCB [61]), neuroinflammatory protein targets (e.g., 18 kDa Translocator Protein [TSPO], tracer: 
18F-GE-180[105]), and 4R Tau aggregates (tracer: 18F-PI-2620 [21, 47, 93]).  

Presumably, as demonstrated in Hansson et al. for preclinical AD [106], a multimodal parsimonious 

approach (i.e., cost-benefit-driven selection of modalities) could bring most accurate and efficient ante-

mortem diagnoses. 

Figure 1. The spectrum of tauopathies and its clinicopathological correlations.   

A. Clinicopathological correlations of major neurodegenerative diseases. Modified from Olfati et al. 2022 [103] 

(licensed under CC-BY). B. PCA of typical atrophy patterns + neuropathological features in major tauopathies) 

(Briel, unpublished). Top loadings of PCs indicated as bubbles. Data from [60, 103, 156, 157]. C. PCA of atrophy 

patterns + clinical features. Structure and data source as in B.  

Abbreviations: AD, Alzheimer disease; AGD, argyrophilic grain disease; GGT, globular glial tauopathy; LBD, Lewy body disease; 

LOCA, late onset cerebellar ataxia; lvPPA logopenic variant primary progressive aphasia; MND, motor neuron disease; nfaPPA, 

non-fluent agrammatic primaryprogressive aphasia; PAGF, progressive akinesia and gait freezing; PART, primary age-related 

tauopathy; PCAt, posterior cortical atrophy; svPPA, semantic variant primary progressive aphasia; TDP, transactive response 

DNAbinding protein 43 kDa pathology. 

2.2 Glial Involvement in the Pathophysiology of Tauopathies 

Basic and translational research in neurodegenerative diseases has been increasingly dedicated to 

glial cells in the last decade. Astrocytes are essential for guaranteeing proper CNS function, serving 
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multiple roles, such as maintenance of the blood–brain barrier, neurogenesis, modulation of immune 

responses, and of synaptic function (reviewed in [145]). Primary functions of microglia – the CNS divi-

sion of the innate immune system – include phagocytosis, antigen presentation, and regulation of 

inflammation, as well as regulation of synaptic plasticity (reviewed in [23]). Both cell types respond to 

various external stimuli, such as infectious agents, injury, or cellular stress, by undergoing activation 

and releasing pro-inflammatory cytokines. 

In tauopathies, besides Tau pathology itself, infiltration and inflammation of glial cells contribute sig-

nificantly to pathogenesis and treatment responses [71, 74, 84, 113]. Especially, microglia and astro-

cytes seem to be involved in various aspects of tauopathies from susceptibility to Tau aggregation to 

Tau clearance and its spread [32, 94, 95, 98]. They can switch from a homeostatic state to a palette 

of inflammatory response states, consequently affecting synapse integrity and neuronal survival [42, 

130, 155]. Dysregulated glia has been linked to exacerbated Tau pathology on the microscopic as well 

as to cognitive dysfunction on the behavior level in vivo [94, 120]. Studies in human postmortem brain 

samples have even emphasized their critical role in AD [133]. The proposed binarized concept of mi-

croglial and astrocytic polarization towards pro-inflammatory (i.e., M1/A1-like) or anti-inflammatory and 

reparative (i.e., M2/A2-like) states [23, 85, 141] does not entirely capture the functional cellular heter-

ogeneity. Thus, it is widely overcome in favor of a more diversified organism- and context-dependent 

signature notion [41, 92, 96, 133].  

In the advent of single-cell molecular biology technologies, high-dimensional profiling of disease cell 

states seems a more realistic comprehension. Understanding how and to which extend glia can mod-

ulate the pathophysiology of tauopathies is of high importance in the search for targeted therapies.  

2.2.1 Glial Functions in Synapse Maintenance 

Besides their role in the propagation of Tau pathology, glial cells also impact synaptic transmission in 

the brain. Microglia exert differential roles in phagocytosis of Tau-laden synapses and in the theory of 

synaptic Tau spread (reviewed in [147]. Activated and maintained via various biochemical stimuli (e.g., 

cyto-/chemokines), prolonged and/or aggravated microglia-driven neuroinflammation promotes tangle 

formation, astrogliosis and synapse pruning (e.g., via interleukins and C1q-mediated synapse opsoni-

zation).  

Under physiological conditions, astroglia provide neuronal support structurally, trophically, and func-

tionally within their spatial domain via the tripartite synapse – a three-dimensional architecture formed 

by astrocytic perisynaptic endfeet together with neuronal pre- and postsynapses [55, 97]. Within this 

formation, astrocytes respond to and secrete neurotransmitters like γ-aminobutyric acid (GABA), glu-

tamate or norepinephrine [8, 55, 76]. Importantly, astrocytic glutamate and GABA transporters 

(EAAT2, GAT) control levels of extracellular neurotransmitters and thus are essential in preventing 

deleterious effects of hyperexcitability (reviewed in [6]). Trophic factors and transmitters are ex-

changed bi-directionally on the astrocyte-neuron-axis. This comprises pro-synaptic astrocytic-neuronal 

signals like TGF-beta and thrombospondins [38], as well as neuronal-astrocytic glutamate signaling 

that triggers intracellular Ca2+ oscillations in astrocytes (reviewed in [107]). From a systems biology 

perspective, the synaptogenic phenotype in astrocytes underlies context-dependent cAMP response 

element-binding protein (CREB) and nuclear factor I-A (NFIA) hub network regulation [66, 108]. As a 

conjoint endpoint, disruption of astrocytic pro-synaptic expression programs and of local tripartite com-

munication might cause synaptic degeneration. 
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Intriguingly, synapse loss is a common and characteristic finding in murine models of monogenetic 

tauopathies [62, 114, 155], and is regarded as the microscopic correlate of motor and cognitive deficits 

in PSP and CBD [17, 87]. The exact cellular mechanisms leading to synapse loss in these disorders 

are incompletely understood. One hypothesis states that pTau-mediated synaptic dysfunction in pri-

mary tauopathies could result from joint malfunctioning of neurons and astrocytes. Accordingly, astro-

cytic pTau might impede synapse integrity via disruption of transmitter clearance, synaptotrophic fac-

tors, mitochondrial distribution mechanisms, and compartmentalized Ca2+ currents [31, 113, 120, 130].  

Figure 2. The tripartite synapse.   

Astrocytic roles in transmitter homerostasis, gliotransmission and synaptogenesis. Green arrows show astrocytic-

neuronal signals, black arrows pre-to-postsynaptic and Ca2+ signals, dashed arrows neuronal-astrocytic signals. 

Adapted from Bazargani N et al. 2016 [13]; tools: SciDraw.com and Inkscape.   
Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AQP4, aquaporin-4; ATP/Ado, aden-

osine tri-phosphate/adenosine; CREB, cAMP response element-binding protein; EAAT2, excitatory amino acid transporter 2; 

GABA(A,BR), γ-aminobutyric acid (receptor); GAT, GABA transporters; Gln/Glu, glutamate/glutamine; GluT, glucose transporter; 

MCT1, monocarboxylate-transporter 1; mGluR, metabotropic glutamate receptor; NA, noradrenaline; NAR, noradrenaline re-

ceptor;  NFIA, nuclear factor IA; NMDA, N-methyl-D-aspartate-receptor; P2Y1R, purinergic-2-Y-receptor TGF-β1(R), transform-

ing growth factor-beta-1 (receptor); TSP, thrombospondin. 

2.2.2 Astrocytes in Tau Degradation and Propagation 

Astrocytes are central for brain interstitial fluid homeostasis as explained in section 2.2. Linked to this 

outward capability, the equilibrium between protein synthesis, modification and degradation is crucial 

for intracellular homeostasis. Dysfunctional degradation is one explanation for aggregation of aberrant 

proteins, as typically observed in proteinopathies or lysosomal storage disorders [39, 115, 146]. The 

role of astrocytes in normal and pathological clearance pathways of Tau has been studied in in vitro 

and in vivo models of oligomeric Tau and monogenic tauopathies, respectively [95, 98, 112, 121].  

Multiple pathways such as autophagy (macroautophagy; chaperone-mediated autophagy, CMA), the 

ubiquitin-proteasome system (UPS), and the unfolded protein response (UPR) have been identified to 

mediate the degradation of aggregated or misfolded proteins in neuroglial cell types [18, 70].  

Autophagy is a major process for macromolecular degradation, that is chiefly orchestrated by the tran-

scription factor of endolysosomal biogenesis (TFEB) [127]. Macroautophagy serves the lysosome-

dependent degradation of membrane-engulfed material. This process is competitively regulated by 

mTORC1 and AMPK, which integrate the cellular energetic status (reviewed in [138]). Conversely, the 
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CMA is induced upon recognition of cytoplasmic proteins containing a 'KFERQ' pentapeptide se-

quence by chaperones (heat-shock proteins, e.g., HSC70, HSP90, HSP40), followed by their unfolding 

and translocation across the lysosomal membrane for final degradation. Curiously, in vitro HSP90 

stabilizes oligomeric Tau rather than higher-order aggregates, thus its activity might even evoke harm-

ful effects in tauopathies [149].  

The second major degradation mechanism, the UPS, uses polyubiquitination tags to target proteins, 

with E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin ligase) 

enzymes, and to forward them to proteolysis in the 26S proteasome (reviewed in [125]). Physiological 

functioning is relevant for antigen processing and presentation, as well as for the degradation of tran-

scription factors (TFs), cytokines, tumor suppressor and proto-oncogenes. 

Unlike the latter, the UPR is a cytoprotective response to misfolded proteins in the endoplasmic retic-

ulum. Along with a parallel induction of autophagy, the UPR initiates a series of processes: the atten-

uation of protein translation through the PERK pathway, as well as the upregulation of chaperones 

and degradation enzymes through ATF4/6 and IRE1, respectively (reviewed in [152]).  

However, as evidence to date suggests, autophagy and the UPS represent the major processes for 

macromolecular degradation of Tau aggregates in astrocytes [138]. Importantly, where Tau aggre-

gates originate from is essential for intervention strategies. Although at sub-neuronal levels, astrocytes 

have intrinsic MAPT/Tau expression (CELLxGENE browser: [158]) and conditional 4R Tau overex-

pression is sufficient for astrocytic tangle formation in mice [120]. Nevertheless, the largest share of 

aggregated Tau is presumably taken up from the extracellular space [95, 98, 121]. Astrocytic Tau 

internalization mechanisms are incompletely characterized, but evidently occur via endolysosomal ac-

tivity, heparan sulfate proteoglycans, and low-density lipoprotein receptor-related protein 1 (LRP1) [95, 

112, 116]. Initially protective, this mechanism could once become functionally overloaded with disease 

progression. Thereby, astrocytes could join in to accelerate templated Tau misfolding and spread, to 

exert synaptic toxicity, and promote pro-inflammatory signaling [132]. 

Hence, several preclinical and up to phase III clinical trials in FTD/AD have tested to harness astrocytic 

(and neuronal) abilities in Tau internalization and degradation to slow tauopathy progression, e.g., via 

lithium, methylene blue, trehalose, or nilotinib (see section 2.2.3). Another novel proposed, yet preclin-

ical approach employs TFEB inductors to promote astrocytic Tau clearance [70, 75, 95].  

2.2.3 Pharmacological Strategies and Perspectives in Tauopathies 

Thus far, therapeutic approaches tackling 4R tauopathies are based on symptomatic multimodal man-

agement comprising several non-pharmacological as well as pharmacological interventions [19, 83, 

148]. The latter mainly aim at modulating neurotransmitter systems, and include levodopa and aman-

tadine to attenuate motor symptoms, cholinesterase inhibitors for improved cognition, or antidepres-

sant and antipsychotic drugs for psychiatric co-morbidities.  

In contrast, disease-modifying strategies recently emerge which target the causative agent of neuro-

degeneration in tauopathies: misfolded and aggregated Tau [25, 119, 135]. Essentially, three broader 

concepts are currently under investigation (Table 2; AD trials listed in Appendix B Table 2):  

i) Reducing Tau expression (antisense oligonucleotides [ASO], TF modulation) 

ii) Reducing pathogenic effects of Tau species (aggregation inhibitors, immunization, post-

translational modifications, aggregate degradation, downstream neuroprotection) 

iii) Reinstating Tau’s physiological functions (microtubule stabilization) 
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Past trials unsuccessfully tested repurposing drugs such as GSK3-beta kinase inhibitors (unselective: 

valproate [82], lithium [NCT00703677]; selective: tideglusib [142]), davunetide [20], and riluzole [15], 

given their effect on reduction of Tau hyperphosphorylation, microtubule stabilization, or anti-exci-

totoxic effects, respectively [19, 148]. From such candidates, only the antioxidant coenzyme Q10 has 

been translated into clinical praxis, based on the results of equivocal phase II studies [7, 136]. 

PRIMARY TAUOPATHY TRIALS           

TRIAL PHASE: 

INDICATION 
Agent CADRO mechanism class Mechanism of action Status (CT.gov ID) Sponsor Start date End date 

I: PSP, AMONG 

MANY OTHERS 

autologous 

bone mar-

row stem 

cells 

(BMSC) 

Cell death 
Nasal administration of 

BMSC to the CNS 

Recruiting: 

(NCT02795052) 

MD Stem Cells Jun-16 Jul-24 

I: nfvPPA AADvac-1 Tau 
Active immunization 

(vaccine) 

Active, not recruit-

ing: (NCT03174886) 

(AIDA) 

Axon Neurosci-

ence SE 
Jul-17 Nov-20 

I: PSP NIO752 Tau 
ASO against MAPT/Tau 

transcript 

Recruiting: 

(NCT04539041) 

Novartis Phar-

maceuticals 
Feb-21 May-24 

II: PSP TPN-101 Inflammation  

Inhibiting LINE1 reverse 

transcriptase, to reduce 

"antiviral" tau/RNA-me-

diated immune response 

Active, not recruit-

ing: (NCT04993768) 

Transposon 

Therapeutics, 

Inc. 

Oct-21 Jul-23 

II: PSP-RS 
ASN120290 

(ASN-561) 
Tau 

OGA inhibitor, tau ag-

gregation 

Not yet recruiting 

not yet listed; spon-

sor website  

AsceNeuron NA NA 

II: PSP-RS AZP2006 Tau 
Tau aggregation inhibi-

tor 

Not yet recruiting: 

(NCT04008355) 

AlzProtect SAS Jun-22 Jul-22 

II: PSP-RS 

UCB 

0107/Bepra

nemab 

Tau 
Anti‐tau monoclonal an‐
tibody (near MTBR) 

Completed, results 

pending: 

(NCT04185415) 

UCB Biopharma 

SRL 
Dec-19 Nov-25 

II: PSP-RS 
Tolfenamic 

acid 
Tau 

Degrades tau transcrip-

tion factor SP1 

Unknown, results 

pending: 

(NCT04253132) 

NeuroTau Jan-21 Dec-22 

II: PSP/CBS Fasudil 
Tau/proteostasis/pro-

teinopathies 

ROCK1 /2 inhibitor, tau 

aggregation and degra-

dation 

Active, not recruit-

ing: (NCT04734379) 

Woolsey Phar-

maceuticals 
Jan-21 Nov-23 

Table 2. Current clinical trials in 4R tauopathies as registered at clinicaltrials.gov. Retrieved 7th January 2023. 
Abbreviations: ASO, antisense oligonucleotide; BMSC, bone marrow stem cells, CADRO, Common Alzheimer's and Related 

Dementias Research Ontology; LINE1, long interspersed nuclear elements; MTBR, microtubule binding region. 

Given the rationale for downsizing the pool of available aggregative elements, it was found that halving 

Tau expression reduced tangle burden, neuron loss and behavioral deficits in the P301S mouse model 

[34]. Subsequently, two phase I trials were registered for AD and PSP, that aim to reduce total Tau 

expression via the ASOs BIIB080/NIO752 and NIO752, respectively (reviewed in [22]). In another 

ongoing study, tolfenamic acid is employed to enhance degradation of SP1, a MAPT/Tau transcrip-

tional activator, in PSP-RS patients (NCT04253132). Limitations of both strategies might lie in plei-

otropic effects elicited by unspecific modulation of Tau expression across cell types and states, as well 

as in potential off-target effects as has been observed in patients with Huntington disease, cystic fi-

brosis or transthyretin receptor amyloidosis treated with ASOs [22]. 

Beyond (epi-) genetic approaches, the largest group of compounds addresses the pathological aggre-

gation process and aggregate elimination. These encompass monoclonal antibodies raised against 

two different Tau epitopes. Mid-region-binding antibodies (e.g., bepranemap or E2814 in AD) are cur-

rently attested higher expectations than those directed against N-terminal Tau, due to lack of efficacy 

(i.e., tilavonemab and gosuranemab) [14] and suboptimal epitope engagement in the latter ones [28]. 

Such passive immunization is believed to halt Tau assemblage and promote microglial FcR-mediated 

endocytosis [122]. Comparable mechanisms must be assumed for active immunization strategies (i.e., 

AADva-1 tested in nfvPPA). Upcoming candidates enhancing the cellular degradation machinery, 

https://clinicaltrials.gov/ct2/show/NCT02795052
https://clinicaltrials.gov/ct2/show/NCT02795052
https://clinicaltrials.gov/ct2/show/NCT03174886
https://clinicaltrials.gov/ct2/show/NCT03174886
https://clinicaltrials.gov/ct2/show/NCT03174886
https://www.clinicaltrials.gov/ct2/show/NCT04539041
https://www.clinicaltrials.gov/ct2/show/NCT04539041
https://clinicaltrials.gov/ct2/show/NCT04993768
https://clinicaltrials.gov/ct2/show/NCT04993768
https://www.asceneuron.com/pipeline
https://www.asceneuron.com/pipeline
https://www.asceneuron.com/pipeline
https://www.clinicaltrials.gov/ct2/show/NCT04008355
https://www.clinicaltrials.gov/ct2/show/NCT04008355
https://clinicaltrials.gov/ct2/show/NCT04185415
https://clinicaltrials.gov/ct2/show/NCT04185415
https://clinicaltrials.gov/ct2/show/NCT04185415
https://clinicaltrials.gov/ct2/show/NCT04253132
https://clinicaltrials.gov/ct2/show/NCT04253132
https://clinicaltrials.gov/ct2/show/NCT04253132
https://clinicaltrials.gov/ct2/show/NCT04734379
https://clinicaltrials.gov/ct2/show/NCT04734379
https://bwedu-my.sharepoint.com/personal/nils_briel_bwedu_de/Documents/Research/ZNP_DZNE/01%20Projects%20OD/0Z%20Manuscripts/clinicaltrials.gov
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mainly autophagy, are numerous in clinical trials, and act via mTOR (rapamycin, AD), p38 MAPK (ne-

flamapimod, AD), tyrosine kinase (nilotinib, AD) or ROCK1/2 inhibition (fasudil, PSP/CBS). Direct ag-

gregation inhibitors have advanced until phase III trials (i.e., TRx0237/LMTX in AD), while several 

candidates acting on PTMs are under examination in phase I/II trials for PSP and CBS (i.e., 

ASN120290, AZP2006, fasudil). TPN-101, a LINE1 reverse transcriptase inhibitor, has a particularly 

interesting mechanism of action in slowing PSP-RS, as it is expected to prevent the downstream acti-

vation of retrotransposons by Tau and the subsequent immune response [53, 102]. 

Thirdly, restoring the physiological function of Tau solely targets microtubule stabilizing as a concrete 

mechanism. Besides the clinically insignificant and even harmful candidates davunetide and TPI-287 

[20, 144], only one compound with similar properties is tested in an AD cohort (nicotinamide, Appendix 

B Table 2). From such trials registered for AD, spill-over effects for other tauopathies are expected. 

2.3 Motivation and Research Contributions 

Motivated by the lack of effective treatments and a controversy regarding the classification of the 4R 

tauopathies PSP and CBD [58, 86], the main objective of this doctoral thesis is to disentangle contri-

butions of cellular inclusion pathology to their pathogenesis in comparative studies. The leading hy-

pothesis is that synaptic structure, degradation pathways and TF regulatory networks are differentially 

affected and linked to the distinct neuropathological features in PSP and CBD.  

To this end, Paper I presents the analysis of immunofluorescence synapse labeling in postmortem 

brain tissue of a selected cohort of PSP (n=3), CBD (n=3) and control (Ctrl, n=3) cases. Synapse 

densities were quantified independently, in correlation with neuropathological traits, and within the 

astrocytic domain of pTau+ astrocytes. Synapse loss was a non-trait-correlated phenomenon in the 

PSP cortex, while in CBD it was correlated with the presence of APs. Interestingly, in both diseases, 

synapse density alterations showed a spatial dependency within astrocytic domains. 

Paper II demonstrates a comprehensive investigation of the single-nucleus epigenetic profiles of neu-

rons, microglia, oligodendrocytes, and astrocytes yielded from postmortem cortical brain tissue of a 

selected PSP (n=4), CBD (n=4) and Ctrl (n=5) cohort. These data were complemented by published 

GWAS and bulkRNA-seq datasets to delineate cell type-specific genetic risk variant enrichment, and 

to identify distinct and shared pathomechanisms across both 4R tauopathies. Finally, disease-specific 

TF signatures were identified that are associated with the characteristic astrocytic 4R Tau inclusion 

pathology. 

2.3.1 Contribution of This Thesis to Synapse Maintenance in 4R Tauopathies 

Evidence provided by Paper I supports the importance of the tripartite synapse in human primary 

tauopathies. Most intriguing were the reduced general synapse densities in frequently involved ana-

tomical regions (i.e., frontal cortex and Striatum), that paralleled the neuropathological hallmarks (AP, 

trending with neuropil threads), and showed a spatial relationship with pTau-positive astrocytes in 

distinct ways in PSP and CBD (Paper I, Fig. 2&3). This aligns well with the deregulated epigenetic 

activity at synaptic genes in CBD (DLG4 [11], Paper II, Fig. 2a, Suppl. Fig. 10B) and deregulated 

synapse gene hub TFs (CREB, NFIA; Paper II, Figure 6b). These findings corroborate astrocytes as 

promising therapeutic targets, to alleviate the synaptic phenotype and presumably cognitive deficits. 
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2.3.2 Contribution of This Thesis to Degradation Pathways in 4R Tauopathies 

As provided in Paper II, astrocytes obtained from PSP and CBD cortices exhibited alterations in deg-

radation systems on four levels:  

i) The autophagy marker CTSD was detected at decreased levels in TAs (Paper II, Fig. 7b).  

ii) Tauopathy-associated degradation genes were differentially accessible in tauopathy as-

trocytes (HSP90AA1, UBB, EIF2AK3; Paper II, Fig. 2a).  

iii) System-level enrichment of CMA showed trending upregulation in CBD astrocytes, while 

UPS was significantly downregulated. In PSP microglia, CMA genes were upregulated 

(Paper II, Fig. 2c).  

iv) Astrocytic TF activity of autophagy (TFEB) and UPR (ATF4) master regulators was de-

regulated in PSP and CBD (Paper II, Fig. 5h&6b). 

2.3.3 Contribution of This Thesis to Pharmacological Targets in 4R Tauopa-

thies 

Evidence from Paper II adds to existing therapeutic considerations:  

i) GWAS risk variants were exclusively enriched in astrocytes, and not in microglia, as it is 

known from the secondary tauopathy AD [52] (Paper II, Fig. 2d). Inherited genetic risk is 

therefore likely reflected by astrogliopathy, contemporaneously indicating a promising 

population for targeted therapies.  

ii) As described in sections 2.3.2 and 2.2.2, defective autophagy and UPR mechanisms im-

ply disease-specific and/or disease state-specific modulation of astrocytic degradation 

pathways could be beneficial [95, 152].  

iii) The observed SP1 TF upregulation in astrocytes of both tauopathies endorses the use of 

tolfenamic acid as SP1 degradative agent (Paper II, Fig. 6b). However, because of cell 

type transcriptional pleiotropy, mis-regulating Tau expression could produce unfavorable 

effects.  

iv) Confinement of GSK3-beta gene accessibility upregulation to neuronal and oligoden-

droglial, or MAPK8 to astrocytic and oligodendroglial populations, marks target cells of 

kinase modulation concepts.  

v) Upregulation of innate immunity TFs and genes as a probable result of Tau-mediated 

activation of retrotransposons [53, 102] encourages approaches employing LINE1 reverse 

transcriptase inhibitor such as TPN-101. 
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3. Summary 

Neurodegenerative diseases are characterized by the presence of aggregated pathological proteins 

associated with cell degeneration in vulnerable brain areas. Research efforts have been undertaken 

to reveal the underlying molecular mechanisms of neurodegeneration and astrogliopathies. The latter 

are diseases with significant contributions by astrocytes such as Progressive Supranuclear Palsy 

(PSP) and Corticobasal Degeneration (CBD). However, their molecular pathogenesis remains insuffi-

ciently understood. 

This work is dedicated to the investigation of astrocytes in PSP and CBD. In the first project, immuno-

fluorescence synapse labelling was applied with automated puncta quantification in postmortem brain 

tissue of a selected PSP/CBD cohort. To gather a deeper molecular understanding, we then generated 

and analyzed a single-nucleus chromatin accessibility dataset from postmortem cortical tissue of a 

separate tauopathy cohort. The overarching research aims were to identify contributions of the astro-

cytic Tau inclusion pathology to alterations in synaptic structure and epigenetic networks.  

The findings suggest that a general synapse loss in PSP is not associated with astrocytic Tau inclu-

sions, while in CBD synapse density is negatively correlated with the typical astrocytic Tau pathology. 

Furthermore, synapse alterations within astrocytic spatial domains reflect the distribution of proximal 

versus peripheral Tau aggregates in PSP and CBD, respectively. This underpins the importance of 

these cells in maintaining synaptic contacts, which are considered as correlates of cognitive function. 

We integrated our generated chromatin accessibility data with publicly available genetic risk variant 

and bulkRNA-sequencing data to identify pathways and transcription factors (TFs) that are linked to 

Tau pathology. Genetic risk variants associated with PSP and FTD diagnoses were exclusively en-

riched in astrocytic accessible chromatin regions. Protein degradation systems were differentially de-

regulated across neuroglial populations in both tauopathies, with highly increased ubiquitin pro-

teasome system and autophagy in PSP microglia and trending autophagy upregulation in CBD astro-

cytes. In pseudotime analyses of astrocytic nuclei, immediate early response (IER) and homeostasis 

transcription factors (TFs) (e.g., JUN, FOS, TFEB) were increased at the expense of early differentia-

tion candidates (e.g., LHX9, EMX1/2). Modeling of TF representations emphasized the relevance of 

IER-related TFs. Furthermore, in combination with an external dataset, we defined astrocytic Tau TF 

signatures comprising JUN/FOS, NFIA, SP1, and TFEB, among others. At the protein level, the 

JUN/FOS target and upstream regulator MAP3K8, and TFEB’s effector lysosomal protease CTSD 

essentially showed concordant deregulation. 

These results establish a strong association of disease-relevant molecular and synaptic changes with 

astrocytes and demonstrate that genetic risk for disease manifestation is tightly linked to astrocytic 

chromatin accessibility profiles. We also identified marked differences related to protein homeostasis 

and TF networks between both diseases. Altogether, these findings emphasize the interactions be-

tween astrocytes and Tau as an important subject of prospective research.  
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4. Zusammenfassung 

Neurodegenerative Erkrankungen sind durch das Vorhandensein aggregierter pathologischer Prote-

ine gekennzeichnet, das mit der Zelldegeneration in vulnerablen Hirnregionen einhergeht. Einige For-

schungsarbeiten wurden unternommen, um die zugrundeliegenden molekularen Mechanismen der 

Neurodegeneration und der Astrogliopathien zu erforschen. Letztere sind Krankheiten mit signifikan-

tem Beitrag durch astrozytäre Zellen, wie z. B. die Progressive Supranukleäre Lähmung (PSP) und 

die Kortikobasale Degeneration (CBD). Die Pathogenese dieser Krankheiten ist jedoch nach wie vor 

unzureichend verstanden. 

Diese Arbeit widmet sich der Untersuchung von Astrozyten bei PSP und CBD. Im ersten Projekt wur-

den Immunfluoreszenz-Synapsenmarkierung zur automatisierten Puncta-Quantifizierung in postmor-

talem Hirngewebe einer ausgewählten PSP/CBD-Kohorte verwendet. Um ein detaillierteres moleku-

lares Verständnis zu erlangen, generierten und analysierten wir einen Datensatz der Einzelzell-Chro-

matin-Akzessibilität aus postmortalem kortikalem Gewebe einer separaten Tauopathie-Kohorte. Die 

übergreifenden Forschungsziele waren die Identifizierung des Einflusses der astrozytären Tau-Ein-

schluss-Pathologie an Veränderungen synaptischer Strukturen und epigenetischer Netzwerke.  

Die Ergebnisse deuten darauf hin, dass ein allgemeiner Synapsenverlust bei PSP nicht mit astrozytä-

ren Tau-Einschlüssen assoziert ist, während bei CBD die Synapsendichte negativ mit der typischen 

astrozytären Tau-Pathologie korreliert ist. Darüber hinaus spiegeln Synapsenveränderungen inner-

halb astrozytärer räumlicher Domänen die Verteilung proximaler bzw. peripherer Tau-Aggregate bei 

PSP und CBD wider. Dies verdeutlicht die Wichtigkeit dieser Zellen für die Aufrechterhaltung synapti-

scher Kontakte, die als Korrelate der kognitiven Funktion angesehen werden. Unsere Daten zur Chro-

matin-Akzessibilität integrierten wir mit öffentlich verfügbaren Daten zu genetischen Risikovarianten 

und Bulk-RNA-Sequenzierung, um „Pathways“ und Transkriptionsfaktoren (TFs) zu identifizieren, die 

mit der Tau-Pathologie in Verbindung stehen. Genetische Risikovarianten, die mit PSP- und FTD-

Diagnosen assoziiert sind, waren ausschließlich in astrozytären Chromatin-Akzessibilitätsregionen an-

gereichert. Protein-Degradationssysteme waren in beiden Tauopathien über Neuroglia-Populationen 

hinweg unterschiedlich dereguliert, mit einem stark erhöhten Ubiquitin-Proteasom-System und Auto-

phagie in PSP-Mikroglia und einer tendenziellen Hochregulierung der Autophagie in CBD-Astrozyten. 

In Pseudozeitanalysen astrozytärer Kerne waren die Transkriptionsfaktoren (TF) der „immediate early 
reponse“ (IER) und der Proteinhomöostase (z. B. JUN, FOS, TFEB) zuungunsten von Kandidaten 

früher Differenzierungsstufen (z. B. LHX9, EMX1/2) erhöht. Modellierung der TF-Repräsentationen 

bestätigte die Bedeutung der IER TF. Darüber hinaus definierten wir in Kombination mit einem exter-

nen Datensatz astrozytäre Tau-TF-Signaturen, die u. a. JUN/FOS, NFIA, SP1 und TFEB umfassen. 

Auf Proteinebene wiesen sowohl das JUN/FOS-Zielgen und „Upstream“-Regulator MAP3K8 als auch 

die lysosomale Protease CTSD, ein Effektor von TFEB, weitgehend kongruente Deregulation auf. 

Diese Ergebnisse stellen eine starke Assoziation von krankheitsrelevanten molekularen und synapti-

schen Veränderungen mit Astrozyten her und zeigen, dass das genetische Risiko für die Krankheits-

manifestation eng mit astrozytären Chromatin-Akzessibilitätsprofilen verbunden ist. Wir identifizierten 

zudem signifikante Unterschiede hinsichtlich Mechanismen der Proteinhomöostase und TF-Netzwer-

ken zwischen beiden Krankheiten. Zusammenfassend stellen diese Ergebnisse die Wechselwirkun-

gen zwischen Astrozyten und Tau als relevanten Fokus zukünftiger Forschung heraus. 
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Contribution of the Astrocytic Tau Pathology to Synapse Loss in 

Progressive Supranuclear Palsy and Corticobasal Degeneration 
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Abstract

Primary 4-repeat tauopathies with frontotemporal lobar degeneration (FTLD) 

like Progressive Supranuclear Palsy (PSP) or Corticobasal Degeneration (CBD) 

show diverse cellular pathology in various brain regions. Besides shared char-

acteristics of neuronal and oligodendroglial cytoplasmic inclusions of accu-

mulated hyperphosphorylated tau protein (pTau), astrocytes in PSP and CBD 

contain pathognomonic pTau aggregates — hence, lending the designation 

tufted astrocytes (TA) or astrocytic plaques (AP), respectively. pTau toxicity 

is most commonly assigned to neurons, whereas the implications of astrocytic 

pTau for maintaining neurotransmission within the tripartite synapse of human 

brains is not well understood. We performed immunofluorescent synapse labe-

ling and automated puncta quantification in the medial frontal gyrus (MFG) 

and striatal regions from PSP and CBD postmortem samples to capture mor-

phometric synaptic alterations. This approach indicated general synaptic losses 

of both, excitatory and inhibitory bipartite synapses in the frontal cortex of 

PSP cases, whereas in CBD lower synapse densities were only related to as-

trocytic plaques. In contrast to tufted astrocytes in PSP, affected astrocytes in 

CBD could not preserve synaptic integrity within their spatial domains, when 

compared to non-affected internal astrocytes or astrocytes in healthy controls. 

These findings suggest a pTau pathology-associated role of astrocytes in main-

taining connections within neuronal circuits, considered as the microscopic 

substrate of cognitive dysfunction in CBD. By contrasting astrocytic-synaptic 

associations in both diseases, we hereby highlight astrocytic pTau as an impor-

tant subject of prospective research and as a potential cellular target for thera-

peutic approaches in the primary tauopathies PSP and CBD.
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1 |  INTRODUCTION

The neuropathological classification of frontotempo-
ral lobar degeneration of the tau-type (FTLD-tau), a 
group of neurodegenerative diseases with predomi-
nant cognitive (frontotemporal dementia, FTD) and 
motor impairments, primarily bases on heterogeneous 
patterns of cytoplasmic inclusions of aggregated hy-
perphosphorylated microtubule-associated protein tau 
(pTau) in neurons and glia (9, 16, 18, 27, 48). Differential 
splicing of exon 10 transcripts of the tau gene leads to 
3-repeat and 4-repeat tau isoforms. Typical cases of 
PSP and CBD are associated with a predominant ag-
gregation of 4-repeat (4R) pTau isoforms (28). In histo-
pathology, the AT8 monoclonal antibody recognizing 
pTau phosphorylated at both serine 202 and threonine 
205 is widely used for visualizing pathological tau de-
posits (27, 48). Typical CBD cases are characterized by 
neuronal (pre-) tangles and ballooned neurons, dense 
neuropil threads (NT), a prominent white matter pa-
thology with oligodendrocytic coiled bodies (CB) and 
corona-like astrocytic plaques (AP), which mainly in-
volve the fronto-parietal cortices, the striatum as well 
as the substantia nigra (9, 48).

In contrast, the typical neuropathological traits of 
PSP are widespread pTau aggregates forming neuro-
fibrillary tangles (NFT), which are sometimes globose, 
numerous CB, and tufted astrocytes (TA) mainly in the 
basal ganglia, brainstem, cerebellum and to varying 
degrees in neocortical areas. The described pathogno-
monic astrocytic pTau pathology is emphasized in the 
soma-distant processes of APs in CBD, whereas in PSP 
TAs’ inclusions are rather localized in soma-proximal 
cell compartments (9, 16, 27, 48).

While higher order pTau assemblies in the form of so-
called “tangles” are thought to have an arguably toxic 
effect in neurons, lower order pTau oligomers appear to 
be more potent cellular or synaptic noxae (2, 7, 12, 21, 
41). Indeed, recent PET-imaging studies in human FTD 
and Alzheimer’s Disease (AD) patients reported (i) a 
remarkably high synapse loss, (ii) elevated mitochon-
drial stress marker binding levels, and (iii) a positive 
correlation between both (preprint: Holland et. al. 2020, 
medRxiv: 2020.01.24.20018697 and conference report: 
https://www.alzfo rum.org/news/confe rence -cover age/
multi modal -imagi ng-neuro degen erati ve-disea ses-links -  
patho logy-and-cellular). Additionally, densitometric ap-
proaches with brain lysates obtained from the frontal 
cortex of AD and PSP subjects showed ca. 50% reduc-
tions of synaptophysin protein levels to those of controls, 
concordant with putatively depleted presynaptic vesicle 

pools (5, 26). However, a histological validation of a sup-
posed morphological synaptic decrease in FTDs, as sug-
gested by those radio-ligand or densitometry studies, is 
lacking to date. Furthermore, whether the synaptic phe-
notype relates to a cell type-specific pathology remains 
unexplored.

Synapse loss is not only a common and characteristic 
finding in animal models for tau pathology (21, 47, 49), 
but also a presumptive cause of cognitive deficits in PSP 
and AD (4, 46). Though, the latter view is challenged 
by the finding of lower synaptophysin levels in non-de-
mented vs. demented PSP subjects (5) as well as by more 
recent findings, which could not confirm decreased 
binding of the synaptic vesicle protein 2A (SV2A) target-
ing radio-ligand [3H]UCB-J to presynaptic vesicle pools 
in postmortem sections of AD patients in comparison to 
non-AD control cases (30).

At the level of cell complexes, the functioning of neu-
ronal circuits in the mammalian brain does not exclu-
sively depend on the cell type-autonomous physiology 
of interconnected neurons. There are external factors 
provided by glial cells that regulate the integrity of neu-
rons and their cellular compartments in vitro (25) and in 

vivo (43, 44). The spatial unit an astrocyte is responsi-
ble for often is referred to as the “astrocytic domain” or 
“synaptic island,” when specifying the synaptic respon-
sibility (15, 35). As assessed by comparative studies in 
humans, non-human primates, and other species, such 
domains measure in average about 142 µm in diameter 
and encompass about 2  million synapses (34, 35). The 
fine perisynaptic astrocytic processes, being long time 
presumed as passive bystanders of neuronal communi-
cation, emerged as essential components of the tripar-
tite synapse to provide support structurally, trophically, 
and functionally (36, 38, 43) (preprint: Holt et al. 2019, 
biorXiv: 10.1101/518787v1). Furthermore, an impaired 
astroglial support has previously been implicated in 
a pTau- and amyloid precursor protein (APP)-related 
disease context, including mouse models recapitulat-
ing tauopathies with mutant pTau (P301S, P301L (42), 
rTg4510 (39)), brain culture internalization approaches 
(38) and the APP-KO mouse line (31). In murine hip-
pocampal neuronal-astrocytic co-cultures pTau ac-
cumulation in astrocytes was followed by diminished 
gliotransmission and consequent synapse dysfunctions, 
indicating a direct involvement of astrocytes in the up-
stream mechanisms of synaptotoxicity (38). Interpreting 
the neuropathology and astrocytic roles as described 
before, pTau-mediated synaptic dysfunction in primary 
tauopathies is likely to be a joint result of neuronal and 
astroglial effects.

K E Y W O R D S

astrocytic plaques, corticobasal degeneration, progressive supranuclear palsy, synapse loss, 
tauopathy, tufted astrocytes
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CONTRIBUTION OF THE ASTROCYTIC TAU PATHOLOGY TO SYNAPSE LOSS IN  

PROGRESSIVE SUPRANUCLEAR PALSY AND CORTICOBASAL DEGENERATION

To address this, we assessed the synaptic density in 
cortical and striatal areas of PSP and CBD subjects 
from a morphometry-centric perspective. We then dis-
entangled cell type-distinct contributions to the syn-
aptic phenotype and differentiated these effects by the 
disease context.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Human tissue of PSP, CBD and control 
subjects

2.1.1 | Neuropathological evaluation

The neuropathological diagnosis of all cases included 
was conducted at the Center for Neuropathology, 
German national reference center for neurodegenerative 
disorders (23).

At autopsy, the whole brain was dissected out. One 
hemisphere was frozen immediately. The other one was 
fixed in formalin for at least two weeks and later cut into 
1 cm thick coronal slices. From these, regions of interest 
including neo- and archicortical, basal ganglia, brain-
stem, cerebellar, spinal areas as well as the hypophysis 
were cut out, embedded in paraffin and stained for di-
agnostic evaluation. A board-examined neuropatholo-
gist examined the tissue blocks of all underlying cases. 
The PSP- and CBD cases were classified according to 
the NINDS Neuropathologic Diagnostic Criteria for PSP 
(16, 27) and the Office of Rare Diseases Neuropathologic 

Criteria for CBD (9).

2.1.2 | Selection of cases

4R tauopathy (PSP, CBD) or control cases with sig-
nificant co-pathology in areas of interest were excluded 
from the study. Neurologically and psychiatrically non-
diseased subjects were chosen as control cases. The in-
vestigated cohorts were matched for age, postmortem 
interval (PMI), disease duration, and fixation-time, and 
none of these covariates differed significantly between 
the cohorts (Table 1, Figures S1a–c and S2e). Exclusion 
criteria for 4R tauopathy (PSP, CBD) cases were im-
munopositivity for Aβ42, TDP-43, or RD3 (3R tau) in 
examined regions and lack of pathognomonic cellular 
pTau inclusion pattern; exclusion criteria for control 
cases were immunopositivity for Aβ42, TDP-43, AT8, 
RD3, or RD4 (4R tau) in examined regions. The age 
atdeath ranged from 52 to 82 years. To address the po-
tential bias of differing fixation durations on the analy-
sis of detected synaptic puncta, studies of correlation 
showed neither significant relations across all cohorts 
nor in a cohort-differentiated view (Figure S2). Thus, 
the synapse quantification is unlikely biased by this 
and the other covariates (Figure S1d–k). To be noted, T
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we were limited by the availability of (i) rare formalin-
fixed brain tissue of PSP and CBD cases, in which the 
astrocytic domain had to be captured within thick vi-
bratome-sections in its largest diameter and (ii) of those 
cases with pure tau-pathology to exclude additional 
confounding effects by other proteinaceous aggregates.

2.1.3 | Regions of interest

PSP, CBD, and control samples used for this study stem 
from formalin-fixed archival brain tissue and correspond-
ing paraffin-embedded specimen. In coronal brain slices, 
we sampled circa 1 cm3-measuring tissue blocks from the 
medial frontal gyrus at the height of the anterior striatum 
(MFG, Brodmann area: 46) and from the anterior striatum 
(caudate nucleus at the coronal height of the Ncl. accum-
bens until the height of the pallidum or from the putamen) 
of grey and parts of white matter (see Table 1 for informa-
tion on subjects).

2.2 | Immunofluorescence staining for 
synapse analysis

Starting with formalin-fixed archival coronal brain slices 
of 1  cm thickness fixed for 3.5 to ca. 9  years, samples 
containing the regions of interest were cut out and di-
vided into smaller blocks of ca. (1 × 1 × 0.5) cm3 volume. 
Then, these blocks were placed in 2  mL reagent tubes 
and first subjected to antigen retrieval. For this purpose, 
tissue blocks were incubated in citrate buffer (10  mM, 

pH 6) overnight before incubating in fresh medium for 
20  minutes at 95°C and subsequent cooling to room 
temperature. Next, using a Leica VT1000E vibratome, 
50 µm-thick sections were prepared. To avoid batch bias, 
all samples were processed within one common run for 
each staining combination. The free-floating immuno-
fluorescent staining procedure was introduced by per-
meabilization with 2% Triton X-100 in 1× PBS (PBST) 
for 16  hr at 4°C. Unspecific potential binding sites 
were blocked with 10% (v/v) appropriate serum (don-
key, #D9663; goat #G9023; Sigma-Aldrich, Germany) 
in 0.3% PBST for 5–6  hr at room temperature. Next, 
primary antibodies diluted in 5% serum in 0.3% PBST 
were applied in appropriate, previously experimentally 
determined concentrations (Table 2) at 4°C on a shak-
ing platform for three consecutive days. After washing, 
secondary antibodies were applied in a 1:1000 dilution in 
5% serum in 0.3% PBST at room temperature for 4 hours 
before washing. Quenching of mainly lipid-caused au-
tofluorescence was achieved by an immersion in 0.02% 
(w/v) Sudan Black (SB) in 70% (v/v) ethanol for 2 minutes. 
Finally, sections were mounted onto Superfrost®-plus 
slides (Thermo Fisher Scientific, Germany) and cov-
ered with Fluorescence Mounting Medium (#S302380-2, 
Agilent Dako, Germany) and #1.5H high-precision im-
aging coverslips.

Antibodies used for excitatory synapse analysis were 
rabbit anti-vGLUT1 and guinea pig anti-HOMER1 and 
the fluorescent-labeled goat anti-rabbit AlexaFluor®647 
and goat anti-guinea pig AlexaFluor®488. Mouse anti-  
AT8 labeled with goat anti-mouse AlexaFluor®568 was 
co-stained to aid orientation, but not used in analysis.

TA B L E  2  Antibodies and respective usage specifications

Antibodies list Dilution Identifier and source

Primary

Anti-AT8, mouse 1:200 MN1020, Thermo Fisher Scientific, Germany

Anti-GEPHYRIN, mouse 1:150 147 011, Synaptic Systems Ltd, Germany

Anti-GFAP, goat 1:150 ab53554, Abcam, Germany

Anti-GLT1/ EAAT2, guinea pig 1:250 AB1783, Merck Chemicals Ltd, Germany

Anti-HOMER1, guinea pig 1:110 160 004, Synaptic Systems Ltd, Germany

Anti-HOMER1, rabbit 1:100 160 002, Synaptic Systems Ltd, Germany

Anti-vGAT, rabbit 1:200 131 008, Synaptic Systems Ltd, Germany

Anti-vGLUT1, rabbit 1:100 ZRB2374, Sigma-Aldrich Chemie Ltd, Germany

Secondary

Anti-goat, Alexa Fluor®647, donkey 1:1000 A21447, Thermo Fisher Scientific, Germany

Anti-guinea pig, Alexa Fluor®488, goat 1:1000 A11073, Thermo Fisher Scientific, Germany

Anti-guinea pig, AlexaFluor®647, goat 1:1000 A21450, Thermo Fisher Scientific, Germany

Anti-mouse, Alexa Fluor®568, donkey 1:1000 A10037, Thermo Fisher Scientific, Germany

Anti-mouse, Alexa Fluor®568, goat 1:1000 A11031, Thermo Fisher Scientific, Germany

Anti-rabbit, Alexa Fluor®647, goat 1:1000 A21244, Thermo Fisher Scientific, Germany

Anti-rabbit, AlexaFluor®488, donkey 1:1000 A21206, Thermo Fisher Scientific, Germany

Anti-rabbit, AlexaFluor®488, goat 1:1000 A11008, Thermo Fisher Scientific, Germany
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Antibodies used for inhibitory synapse analysis were 
rabbit anti-vGAT and mouse anti-GEPHYRIN and the 
fluorescent-labeled donkey anti-rabbit AlexaFluor®488 
and donkey anti-goat AlexaFluor®647. Goat anti-GFAP 
labeled with donkey anti-goat AlexaFluor®647 was 
co-stained to aid orientation, but not used for further 
analysis.

For astrocytic domain analyses, we used mouse an-
ti-AT8, rabbit anti-HOMER1, guinea pig anti-GLT1/
EAAT2, and the fluorescent-labeled goat anti-mouse 
AlexaFluor®568, goat anti-rabbit AlexaFluor®488, and 
goat anti-guinea pig AlexaFluor®647. See Table 2 for in-
formation about antibodies and applied dilutions.

2.3 | Image acquisition, processing, and 
synapse analysis

Cover-slipped tri-labeled sections were inspected using 
a Zeiss LSM780 confocal microscopy system (Zeiss, 
Germany) assisted by the “ZEN black” software and 
equipped with a Plan Apochromat 40×/NA 1.4 oil DIC 
M27 objective. Isocortical layers II-IV or striatal grey 
matter were identified by their nuclei density or reduced 
amount of myelinated axon tracts appearing black in SB 
lipid stain, respectively. Five (50 × 50) µm2 large 2-channel   
images (pre- and postsynaptic) were randomly sampled 
within the predefined histological area for general syn-
apse quantifications using standardized microscope 
settings (1024  dpi; 16-bit, 0.049 µm lateral resolution, 
pinhole set to 29 (488 nm channel) and 39 µm (647 nm 
channel). When investigating synapse densities related 
to astrocytic pathology, 11–14 individual characteristic 
AT8+ astrocytes and 4–6 AT8-/EAAT2+ control astro-
cytes were identified in two representative cases (PSP = 1, 
CBD = 1, Ctrl = 1) with less pronounced pathology in 
the cortex of the MFG. The acquisition of a sectioning 
plane was standardized to the respective astrocyte’s cen-
troid core, recognized as round, “empty” structure in the 
AT8 or EAAT2 channel (Figure 3b). Then, a (212 × 212) 
µm2-large 3-channel image was acquired with standard-
ized settings (HOMER1/AT8/EAAT2, 4096  dpi; 16-bit, 
0.052  µm lateral resolution, pinhole set to 32 (488  nm 
channel) or 30 µm (568 nm, 647 nm channels).

A custom ImageJ2-written macro script was used 
for pre-processing raw bipartite synapses images, in-
cluding background subtraction, bandpass filtering, 
despeckling, sharpening, and thresholding (Figure S3) 
to account for fixation and staining artifacts. Next, in-
termediate files were subjected to colocalization and sin-
gle channel analyses in the “Synapse Counter” tool with 
size parameters adjusted corresponding to developer’s 
recommendations (https://github.com/SynPu Co/Synap 
seCou nter; accessed 6 Mar 2020).

In contrast, astrocytic domains (plus surrounding 
area) were binned into 17 (27  ×  27) µm2-large ROIs. 
Aiming at differentiating the synapse density distribution 

within these domains, we defined 5 Sholl-like concen-
tric circles represented by center (n  =  1), close (n  =  4), 
mid (n = 4), distant (n = 4), and out (n = 4) bins around 
each astrocyte’s core. Such circles were referred to as 
“Sholl-like area representations.” The “synapse density 
distribution” was then defined as the consecutive set of 
“Sholl-like area representations” from “center” to “out” 
present in the raw image of one single astrocytic domain 
(center, close, mid) plus surrounding area (distant, out; 
Figure 3a,b). Then, a similar pipeline was run on each of 
these images as described above, with the final outcome 
measured by “Analyze Particles…” in ImageJ/FIJI. The 
custom scripts and a guided analysis workflow are ac-
cessible via the public repository GitHub (https://github.
com/nes-b/AstSyns). Single ROI-values were reorganized 
into distance circles along area representations, means 
calculated for each circle in R 3.6.3 and subsequently 
processed for statistical analysis and graph generation.

2.4 | Quantification of neuropathological   
traits

In order to quantify the extent of neuropathological 
pTau traits such as NFT, TA/AP, and CB, 5  µm-thick 
paraffin sections of the MFG were stained by the AT8 
antibody (1:200) on a Roche BenchMark Ultra system 
(CC1 standard program with preboiling). Stained slides 
were inspected using an Olympus BX50 equipped with 
a UPlanFI 20× objective (NA 0.50). By randomly sam-
pling 10 visual fields per MFG sample and by manually 
counting the number of positive cells, total cell counts 
were reported for respective traits in all fields. For NTs, 
though, we estimated the extent on a semi-quantita-
tive scale ranging from 0 = “no thread” to 5 = “dense 
meshwork.”

2.5 | Statistics and plots

All statistical tests were calculated in RStudio (version 
1.2.5001, R 3.6.3). Shapiro–Wilk testing of normality dis-
tribution on single outcome measurements was used to 
determine downstream group-wise comparisons of either 
means (two-sided parametric t-test) or medians (two-sided 
nonparametric Mann–Whitney U-test). For comparisons 
of more than two groups, pair-wise testing with Holm–
Sidak correction was applied. Bound analyses, e.g. of as-
trocyte domain synapse density distributions, were done 
using two-way ANOVA and Levene-test of normality 
confirmation (https://rpubs.com/tmcur ley/twowa yanova; 
accessed 6 Mar 2020) followed by the Games-Howell 
test for data sets with unequal variance (https://rpubs.
com/aaron sc32/games -howel l-test; accessed 6 Mar 2020). 
Statistical assessment and graphic illustration in the R en-
vironment was mainly supported by the “ggpubr” (https://
github.com/kassa mbara/ ggpubr; accessed 10 Mar 2020) 

https://github.com/SynPuCo/SynapseCounter
https://github.com/SynPuCo/SynapseCounter
https://github.com/nes-b/AstSyns
https://github.com/nes-b/AstSyns
https://rpubs.com/tmcurley/twowayanova
https://rpubs.com/aaronsc32/games-howell-test
https://rpubs.com/aaronsc32/games-howell-test
https://github.com/kassambara/ggpubr
https://github.com/kassambara/ggpubr


6 of 14 |   BRIEL ET AL.

and “ggstatsplot” (https://github.com/Indra jeetP atil/ggsta 
tsplot; accessed 10 Mar 2020) packages.

3 |  RESU LTS

3.1 | Excitatory and inhibitory bipartite 
synapses are reduced in PSP

In order to morphometrically assess alterations in syn-
apse densities, postmortem brain samples from non-
diseased control subjects were compared with those 
of neuropathologically confirmed PSP and CBD cases 
with abundant cortical pTau aggregates, but without 
immunohistochemical signs of cortical or striatal co-
pathology (n = 3 per cohort; Table 1). In specimen from 
cortical tissue from the MFG (fCtx), layer II to IV as 
well as in grey matter from rostral striatal caudate 
nucleus or anterior putamen (Str) bipartite synapses 
were quantified. A bipartite synapse was defined as 
the unity of colocalized pre- and postsynaptic signal 
to a certain spatial extent (overlap presynaptic chan-
nel, postsynaptic channel ≥ 0.33). Here, we used previ-
ously established markers for presynapses (excitatory 
vesicular Glutamate Transporter 1: vGLUT1, inhibi-
tory vesicular GABA Transporter: vGAT; Figure 1b,d) 
and postsynapses (excitatory HOMER1, inhibitory 
GEPHYRIN; Figure 1b,d).

Differentiated by synaptic qualities and disease en-
tity, a significant loss of bipartite excitatory synapses 
(vGLUT1+/HOMER1+) could be mapped to the fCtx 
of PSP patients (Figure 1a 1st row; t-test, p  =  0.038). 
No significant alterations were observed in the ex-
citatory bipartite synapse density of the Str in PSP. 
Noteworthy, while excitatory presynapses remained 
unchanged, nonsignificant trends became apparent 
for reduced excitatory postsynapses (HOMER1+) in 
the PSP-fCtx (Figure 1a, 3rd row; t-test, p = 0.099) and 
PSP-Str analysis branches (Figure 1a, 3rd row; t-test, 
p = 0.099), hinting toward possible latent, isolated ex-
citatory postsynaptic reductions. In the CBD cohort, 
we did not find any significant synaptic alterations, 
neither among the anatomical regions of investigation, 
nor among the separate pre-, post-, or bipartite synapse 
sub-analyses. However, the excitatory postsynapses’ 
(HOMER1+) density was trending toward reductions in 
the CBD-fCtx analysis branch compared with controls 
(Figure 1a, 3rd row; t-test, p = 0.072).

The analysis of bipartite inhibitory synapses (vGAT+/
GEPHYRIN+) revealed a similar loss pattern re-
garding colocalization as apparent for excitatory syn-
apses (Figure 1c, 1st row; 3 groups one-way-ANOVA, 
p = 0.023). In PSP, there were significantly less inhibitory 
bipartite synapses in the fCtx (Figure 1c, 1st row; t-test, 
p = 0.047), but not in the Str. Regarding the separated 
analyses of single synaptic densities there were almost no 
significant differences between the PSP and the control 

group. Interestingly, these counts indicated a significant 
increase of vGAT+ presynapses in the Str of PSP pa-
tients (Figure 1c, 2nd row; t-test, p = 0.022) — a severely 
affected brain region in this tauopathy. In the CBD co-
hort though, neither significant nor trending differences 
of bipartite or single inhibitory synapse densities were 
detectable when compared to the levels of the control co-
hort. Together, in PSP excitatory and inhibitory synapses 
were reduced in the fCtx, while in the Str only inhibitory 
presynapes were significantly increased. The assessment 
of synapses in CBD yielded no significant differences; 
neither in the fCtx nor in the Str. Nevertheless, there was 
a trend toward reduced excitatory postsynapses in the 
fCtx in both PSP and CBD (see Table S1). However, the 
consistent high synapse density scores of CBD case #109 
impelled to ask for a more differentiated questioning to-
ward variable neuropathological features in this disease. 
Due to clearer results regarding synapse alterations in 
the cortical than in the striatal regions in these subjects, 
we focused on the fCtx in the following analyses.

3.2 | Astrocytic plaques are indicators of a 
reduced excitatory synapse density in CBD

Since proteinaceous aggregates like pTau assemblies are 
known for their cell-harming properties (12, 13), general 
synaptic alterations, as often observed in neurodegen-
erative disease (21, 46), would expectedly be linked to the 
number of cells with pTau aggregates within a certain 
anatomical region. Thus, we hypothesized, the synaptic 
density might negatively correlate with the extent of cel-
lular pTau pathology.

In order to proof this hypothesis, AT8-labeled par-
affin sections adjacent to those samples investigated for 
synapse counting (MFG, fCtx) were used for obtaining 
total numbers of cells with different types of pTau aggre-
gates (NFT, TA/AP, CB) and for a semi-quantitative as-
sessment of pTau positive NT. These values correspond 
to the observations from 10 randomly sampled fields of 
250x magnification (Table 3). Strikingly, when inspecting 
AT8+ cell-specific pTau traits of individual CBD cases, 
#109 had only very few cortical APs, several NFTs and 
CBs and only few NT in comparison to #108 (Figure 2a). 
When correlating a given pTau trait with the synaptic 
density, the extent of astrocytic pTau pathology was the 
only significant one (Figure 2b, grey; RPEARSON  =  −1, 
p = 0.043) to estimate excitatory synapse density in CBD, 
while NT grading was close to significance (Figure 2b, 
grey; RPEARSON  =  −0.99, p  =  0.075). Contrarily, in the 
PSP cohort none of the pTau aggregate types correlated 
with synapse reductions (Figure 2b, yellow). In sum-
mary, structural synaptotrophic degradation was linked 
with pTau+ astrocytes in CBD and possibly with neu-
ropil thread pathology. In the investigated PSP cohort 
though, the factual synaptic reduction was not linked to 
a singular neuropathological pTau trait.

https://github.com/IndrajeetPatil/ggstatsplot
https://github.com/IndrajeetPatil/ggstatsplot
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F I G U R E  1  Bipartite synapse quantifications. (a) Statistical analysis of excitatory synapses (# synapses per µm2) facetted by region (left 
column: fCtx, right column: Str) and markers (vGLUT1, HOMER1). Significant reductions of bipartite excitatory synapses in PSP-fCtx and 
trending isolated postsynaptic loss in PSP- and CBD-fCtx. Boxplots show synapse densities for colocalized pre- and postsynaptic positive 
(+) signal (1st row), presynapses only (2nd row), and postsynapses (3rd row) in the fCtx and Str. The color code indicates disease entity. Black 
dots depict values of single cases. The upper and lower hinges of each box correspond to the 75th and 25th percentiles, while median values 
are represented by a black bar. Whiskers display the range of data within 1.5 of the inter-quartile range. Significance statements are depicted 
according to the analysis of variance (ANOVA) with Tukey post hoc correction (entire groups) or t-test (pair-wise group comparisons). Results 
are expressed as decimal (ANOVA) or indicated as *p < 0.05 and ns = “not significant” (t-test). (b) Confocal ex vivo images of the merged 
pre- and postsynaptic markers for excitatory synapses (vGLUT1 and HOMER1, left), presynaptic (middle column), and postsynaptic (right) 
in the fCtx of controls (1st row), PSP (2nd row), and CBD (3rd row) subjects. Scale bars: 20 µm (main), 10 µm (inset). (c) Statistical analysis 
of inhibitory synapses (# synapses per µm2) facetted by region (left column: fCtx, right: Str) and markers (vGAT, GEPHYRIN). Significant 
reductions of inhibitory synapse density in the fCtx and significant increases of inhibitory presynapses in the Str of PSP patients. Depiction 
and statistical assessment according to (a). (d) Confocal ex vivo images of the merged pre- and postsynaptic markers for inhibitory synapses 
(vGAT and GEPHYRIN, left), presynaptic (middle column), and postsynaptic (right) in the fCtx of controls, PSP and CBD subjects. Scale bars 
according to (c). fCtx, cortex of the MFG; Str, striatum 
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3.3 | Synapse loss is evident within spatial 
domains of pTau-affected astrocytes

In review with the previously assigned reductions in 
general bipartite synapse counts of both synapse types, 
we wondered, whether this effect can be ascribed to the 
single-cell level. Therefore, we quantified postsynaptic 
puncta within and surrounding the astrocytic domain, 
the spatial unit an astrocyte is responsible for 11–14 AT8+ 
astrocytes as well as 4–6 control astrocytes expressing a 
marker of neurotransmitter clearance (excitatory amino 
acid transporter 2, EAAT2) residing in fCtx layers II to 
VI were identified in 50 µm-thick sections and imaged. 
Within this approach synapse densities were determined 
as HOMER1+ puncta in 17 (27 × 27) µm2-large squared 
bins placed at concentric circles around each astrocyte’s 
core (Figure 3a,b). Thereby a total area of ca. 12,400 µm2 
was covered, the actual astrocytic domain accounting 
for 6600 µm2 (corresponding to 9 squared bins) thereof.

When comparing only domain-assigned bin-means 
of synapse densities of pTau+ and pTau- astrocytes, APs 
showed significantly lower values than their internal 
control astrocytes (CBD_AP vs. CBD_CA, Figure 3c; 
t-test, p = 0.014). In comparison to EAAT2+ astrocytes 
from non-diseased subjects, AP domains exhibited 
at least a trend to sparser synapses (Figure 3c; t-test, 
p = 0.054), whereas examined TA domains did not show 
such reductions. Instead, TA domains seemed to be less 
vulnerable to their pTau inclusions, when compared to 
APs (Figure 3c; t-test, p = 0.044).

To elaborate a potential pTau+ astrocyte-related syn-
apse depletion as a function of distance, mean densities 
of all five distances (“center” = 0 µm, “close” = 30 µm, 
“mid” = 60 µm, “distant” = 90 µm, and “out” = 120 µm) 
were determined in an ordered fashion, resulting in 
bound center-to-out Sholl-like area representations of 
the astrocytic domain (Figure 3a,b). We found first, a 
consistent initial increment of synaptic densities in the 
soma-proximal distance “close” with a subsequent de-
crease, which was unique to pTau- astrocytes (Figures 
3d and 4a,c; distance: “close”). Second, the highest mean 
loss could be assigned to this first distance in TAs in 

PSP (Figure 4b; “close” vs. “out”; t-test, p = 0.033), while 
the lowest density was measured in the fourth distance 
of APs in CBD (Figure 4d; “distant” vs. “out”; t-test, 
p = 0.007), which might correspond to an enlarged as-
trocytic territory size as determined by Oberheim et al. 
(34) (Figure 3b.2) or to functional consequences extend-
ing beyond this arbitrary boundary. Third, these signif-
icant differences in spatial synapse distributions levelled 
out when reaching the last distance (“out”) for TAs in 
PSP (Figure 4b, two-way-ANOVA, p  =  0.024). Fourth, 
spatial synapse distributions of APs in CBD were in-
herently different from those of internal control astro-
cytes (Figure 3d, Table 4; two-way-ANOVA, p = 0.003) 
as well as external control astrocytes (Figure 3d, Table 4; 
two-way-ANOVA, p  =  0.017). In summary, in this do-
main-centered analysis single APs displayed an abnor-
mal synapse distribution at principally reduced density 
levels, while TAs exhibited only minor declines within 
the most proximal part of their synaptic islands.

4 |  DISCUSSION

Neurodegeneration in tauopathies has been widely re-
searched in both mouse models and human disease (1, 
19, 49). Astrocytes, with specialized responsibilities for 
structural and functional support within spatially divided 
territories, modulate neuronal signaling via gliotransmis-
sion at the tripartite synapse (3, 22, 32) — an association 
of pre- and postsynaptic neuronal terminals and astro-
cytic perisynaptic processes (14, 15, 17). Evidently, this 
led to assumptions of whether and how neuronal circuits 
depend on the intact function of astrocytes and their 
peripheral cellular compartments in neurodegenerative 
disease. Especially, those entities comprising prominent 
astrocytic inclusion pathology, such as PSP or CBD, at-
tract interest to address these questions.

As synaptic reductions in tauopathies are incom-
pletely characterized (30) (preprint: Holland et al. 
2020, medRxiv: 2020.01.24.20018697), we examined 
synapse alterations in PSP and CBD brains in this 
study. In addition to morphometric assessments of 
synapse densities in the frontal cortex and striatal re-
gions of deceased individuals, we integrated the extent 
of neuropathological traits to elaborate cell type-dif-
ferentiated contributions. Further, we found a spatial 
dependency of synapse densities from pTau+ astro-
cytes. Thereby, for the first time, our work stresses 
the pivotal role of astrocytes in maintaining tripartite 
synapse stability in CBD and confirms a substantial 
synapse loss in PSP with only minor associations with 
astrocytic, neuronal, or oligodendroglial pathology.

In general, cognitive decline or motor symptoms 
might be attributed to (i) synaptic dysfunction occurring 
primarily on a sub-synaptic level with only minor mor-
phological synaptic degradation or (ii) to co- occurring 
synaptic dysfunction and structural depletion (5, 26, 46).   

TA B L E  3  Quantification of neuropathological traits

Case Diagnosis

TA/

AP

NFT/

Pretangles CB Threads

102 PSP 137 48 146 1

105 PSP 38 30 61 2

107 PSP 49 42 128 3

104 CBD 68 62 36 3

108 CBD 94 134 34 5

109 CBD 17 31 5 1

Note: Total counts of neuropathological traits per 10 visual 
250×-magnification fields or threads grading in the PSP and CBD fCtx.

Abbreviations: Abbreviations: AP, astrocytic plaque; CB, coiled bodies; NFT, 
neurofibrillary tangle; TA, tufted astrocytes.
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F I G U R E  2  Synapse densities correlate with the occurrence of APs but not TAs in the frontal cortex. (a) Diverse AT8 inclusion pathology in 
fCtx of investigated PSP and CBD cases visualized by immunohistochemistry using the AT8 antibody. Representative light microscopy images 
depicting the extent of AT8+ cell type-assigned neuropathology in those two PSP cases (left panel) and those two CBD cases (right panel) with 
the highest synapse counts (left column of each panel) and lowest synapse counts (right column of each panel). Insets depict particular AT8 
traits of affected brain cell types. The upper row shows glial pathology with TA (arrowhead), APs (arrow), and a CB (brown arrow); the lower 
row depicts neuronal pathology including pretangles (grey arrowhead), NFTs (grey arrow), together with NT of varying degrees. (b) In the 
fCtx the density of synapses correlates with neuropathological traits present in CBD (APs, trending with NT/threads), but not with the assessed 
traits seen in PSP (TAs, NFT, CB, NT/threads). Correlation scatter plots for excitatory synapse density (“Excit. SynD,” synapses per µm2 area) 
in the fCtx facetted by each of the assessed neuropathological traits: TAs and APs (upper left), CBs (upper right), NFTs and pretangles (lower 
left) as well as NTs (lower right). Color code indicates disease entity. Boxed labels show single case identifiers. Statistical results are expressed as 
Pearson’s R and respective decimal p values (see also Table 2). AP, astrocytic plaque; TA, tufted astrocyte 
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F I G U R E  3  Synapse loss is associated with the territory of APs. (a) Workflow for evaluating astrocytic domain-associated synapse densities. 
Bins/ROIs (colored boxes in b) are placed at Sholl-like, concentric circles surrounding the astrocyte’s core, while somatic targets of the HOMER1 
antibody are excluded. Once extracted from the raw image, all bins belonging to one of the five distance representations from “center” to 
“out” were individually processed and subjected to puncta detection. Merged values of bins belonging to the same distance representation 
were positioned accordingly and the resulting sequence defined as “synapse distribution.” (b) Exemplifying the image source for the analysis of 
domain-associated synapse density AT8 and HOMER1 in TAs in PSP (b.1) and APs in CBD cortices (b.2), where squares delineate bins to extract 
synapses from. The white circle delimits the astrocytic domain by a priori knowledge. Assignments were given as follows: “center” = light blue, 
“close” = orange, “mid” = purple, “distant” = pink, “out” = light green. (c) Reduced synapse density in the territory of APs. Combined box-violin 
plots depicting the synapse densities of only those bins, which were located within the ascribed astrocytic domain (white circle in b). Comparisons 
between TAs (golden yellow) / APs (dark grey) and internal AT8- control astrocytes (yellow, light grey) of the same condition or external AT8- 
controls (blue) of non-diseased control subjects. Boxplot description follows Figure 1a. T-test assuming normal distribution, where #: p < 0.075, 
*p < 0.05 and ns: “not significant”. (d) Inherent differences among synapse density distributions within the domains of APs. Means of synapse 
densities are plotted against area representation assignment for TA and CA in PSP, AP, and CA in CBD and astrocytes in corresponding control 
cases (left: PSP, right: CBD). The extent of the presumed astrocytic domain is delimited as grey, boxed background. Results are expressed as 
±SEM, *p < 0.05, **p < 0.01, two-way-ANOVA with Leven’s testing for normality and Games-Howell post hoc test. CA, control astrocytes 
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Our findings support the last-mentioned scenario for 
both PSP and CBD, as we observed reduced general, 
non-trait-associated synapse reductions in the PSP 

cohort, while CBD cases exhibited such losses only in 
correlation with AP pathology or trending with NT. To 
our knowledge, any differentiation of synaptic losses 

F I G U R E  4  Altered synapse density distributions in domains of APs and TAs. Distribution analysis of single astrocyte cohorts shows 
unchanged distributions in domains of internal control astrocytes (PSP_CA/CBD_CA donors, AT8-) and significant differences in the overall 
distribution in CBD_APs, respective significant between-bin-differences to the outermost part around PSP_TAs and CBD_APs approximating 
a normal synapse density. (a–d) Pair-wise comparisons of synaptic density among predefined sites within cohorts of astrocyte classes in the 
fCtx of PSP and CBD subjects. PSP_CA (a), PSP_TA (b), CBD_CA (c), and CBD_AP (d). Graphs show combined box-violin plots. Small colored 
dots represent values of single domains at this site, while larger colored dots depict the calculated mean (mean values indicated as boxed labels). 
Boxed labels provide information on the mean (µ). Assuming a normal distribution, Fisher’s repeated measures one-way ANOVA was used 
to estimate F-values, p values, to determine the effect size (ω2) and range of the confidence interval (CI95%) given a certain samples size (n), 
as indicated in the caption of each frame. T-testing with Holm–Sidak adjustment was applied for pairwise comparison. Adjusted p values of 
between-bin-comparisons are specified as decimals within each of the graphs 

TA B L E  4  Results of astrocytic domain analysis

Groups Mean difference Standard error T-value d.f. p value Upper limit Lower limit

PSP_CA: PSP_TA −0.013 0.016 0.593 31.836 0.975 0.051 −0.077

PSP_CA: Ctrl −0.002 0.015 0.072 26.789 1.000 0.061 −0.064

PSP_TA: CBD_AP −0.023 0.009 1.845 82.311 0.356 0.012 −0.057

PSP_TA: Ctrl 0.012 0.001 0.829 75.278 0.921 0.051 −0.028

CBD_CA : CBD_AP −0.036 0.007 3.763 61.596 0.003** −0.009 −0.063

CBD_CA: Ctrl −0.002 0.008 0.131 50.205 1.000 0.032 −0.035

CBD_AP: Ctrl 0.034 0.007 3.273 45.153 0.017* 0.064 0.005

Note: Two-way-ANOVA with Games-Howell post hoc correction.

*p < 0.05; **p < 0.01. 

Abbreviations: AP, astrocytic plaque; CA, control astrocyte; Ctrl, control; d.f., degrees of freedom; TA, tufted astrocyte.
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along with the human pathological astrocytic pheno-
type, as observed here, has not been shown yet. On the 
one hand, underestimating the actual effect in territories 
of PSP-typical TAs might be due to asymmetrical config-
uration and distribution of pTau accumulations within 
the astrocytic domain. On the other hand, this follows 
a biological notion, in which peripheral pTau deposits 
in CBD hinder AP astrocytes to sustain intracellular 
transport to their perivascular endfeet or perisynaptic 
processes, consequently impairing their neurosupport-
ive functions. On the contrary, TAs being loaded with 
pTau aggregates more proximally, show only declines in 
synapse density in this soma-near part and rather nor-
mal levels in the remaining parts of their domains. This 
could be explained by differences in the distribution of 
transmembrane transporters or ion channels import-
ant for establishing microdomains (e.g. Ca2+ channels) 
along the astrocytic branches (31) and which might allow 
for compensating compartmentalized dysfunction to 
different extents between TAs and AP-astrocytes. In a 
pathogenetic model shared by TAs and APs, astrocytic 
tau uptake mechanisms comparable with those involv-
ing other potentially neurotoxic compounds to ensure 
extracellular milieu regulation could take place. Such 
have been postulated for different tau-species in a hepa-
rin-sulfate-dependent manner (29, 40) or in independent, 
rather unspecified mechanisms in the case of monomeric 
tau (37). Consequently, in an early phase the AP- or 
TA-in-progress might accumulate extracellular tau via 
suggested import molecules, deposit it as a less toxic ag-
gregated form similar to NFTs and only at a later stage 
develop dysfunctional synapse support (2, 7, 11, 41).

Hence, another critical component of understanding 
pTau aggregates and their pathophysiological implica-
tions is the discrimination of several tau-species of hi-
erarchical order (regarding their quartiary structures), 
phosphorylation patterns and other posttranslational 
modifications, which are thought to govern disease 
characteristics (6, 8, 10–12, 24, 45). To date, determined 
toxicity is less assigned to higher molecular aggregates 
such as sarkosyl-insoluble tau tangles (~1000 monomers) 
or filaments than rather to truncated, sarkosyl-soluble 
forms like oligomeric (~10–100) tau assemblies, which 
might precede in early tauopathy disease stages (2, 6, 24).

Since a toxic potential of pTau seems to be more ev-
ident in relation to APs than to TAs in our study, af-
fected astrocytic subpopulations might be differentially 
vulnerable to intracellular pTau deposits. Alternatively, 
disease-determining cell-harming properties of astro-
cytic PSP- or CBD-pTau might underlie this observation. 
Indeed, PHF-seeding experiments with PSP and CBD 
brain extracts in wild-type mice showed strain-inherent 
characteristics in pTau propagation and cellular distri-
bution, further suggesting a diagnostic and etiological 
separation of these tauopathies is appropriate and nec-
essary (33).

Interestingly, as assessed in the first experiment gen-
eral synaptic alterations in the CBD cohort were not sta-
tistically significant. Given the range of pTau+ cell load 
in the samples of this cohort in the subsequent correlation 
analysis, the pathology spread in #109 may not have pro-
gressed far enough to reveal a complete region- assigned 
synapse loss as detectable by the general synapse density 
analysis. Nevertheless, a decline was already evident in 
the synaptic islands of APs in this case, potentially in-
dicating a stage of beginning synaptotoxicity associated 
with astrocytic pTau inclusions in CBD.

In respect of a vulnerability of synapses differentiated 
by their excitatory or inhibitory quality, described alter-
ations in PSP argue against gliotransmission- determined 
favoring of either one of them. Thus, we assume simi-
lar mechanisms to take action in tau-mediated synaptic 
deprivation in excitatory as in inhibitory synapses in this 
disease. Besides this, we did not observe major synaptic 
derangements in the striatal regions, although inhibitory 
presynapses were more frequent in this region in PSP 
brains compared with controls, suggestive of a potential 
compensation of synaptic dysfunction.

However, it should be noted, that we primarily fo-
cused on cases with abundant pTau pathology in the 
frontal cortex — a rather rare condition in PSP — and 
without co-pathology (20). We relied on the availability 
of archival, non-embedded brain tissue for free-floating 
immunofluorescent staining to allow capturing a suf-
ficient amount of synapses and astrocytic domains in 
thicker (50 µm) sections. Given the marked synapse loss 
evident in PET- as well as biochemical studies of brains 
from FTD patients (5) (preprint: Holland et al. 2020, 
medRxiv: 2020.01.24.20018697), we expected a consider-
able effect size for synaptic alterations. Therefore, our 
analysis included only a selected subset of PSP and CBD 
cases.

In review, this study sets out cellular contributors to 
synaptic loss in the primary 4R-tauopathies PSP and 
CBD, suggesting astrocyte-mediated synapse loss and 
the overall pTau pathology as an attribute for general 
synapse reductions in PSP. Therefore, this study identi-
fies a potential cellular therapeutic target in CBD and 
emphasizes the usefulness of differentiated pathogenetic 
and diagnostic considerations regarding these tauopa-
thies. For complementing, our current understanding of 
the pathogenesis of these diseases, follow-up studies are 
needed to validate the neuropathological traits as pre-
dictors of synaptic, i.e. factual cognitive impairments in 
suitable disease models and in larger cohorts of human 
individuals.

5 |  CONCLUSIONS

Astrocytes as mediators of synaptic transmission and as 
indicators of pTau inclusion pathology were investigated 
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in the context of the 4R-tauopathies PSP and CBD. Here, 
we present evidence for synapse loss associated with 
APs, the neuropathological hallmark of CBD. In PSP 
the effects of TA pTau to indicate synapse loss remain 
behind the impact of the overall pathology. These results 
implicate pTau-affected astroglia as contributors to the 
pathophysiology of synapse loss rather in CBD than in 
PSP, which is suggestive of cognitive dysfunction in af-
fected patients.
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Abstract

Tauopathies such as progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) exhibit characteristic neu-

ronal and glial inclusions of hyperphosphorylated Tau (pTau). Although the astrocytic pTau phenotype upon neuropatho-

logical examination is the most guiding feature in distinguishing both diseases, regulatory mechanisms controlling their 

transitions into disease-specific states are poorly understood to date. Here, we provide accessible chromatin data of more than 

45,000 single nuclei isolated from the frontal cortex of PSP, CBD, and control individuals. We found a strong association of 

disease-relevant molecular changes with astrocytes and demonstrate that tauopathy-relevant genetic risk variants are tightly 

linked to astrocytic chromatin accessibility profiles in the brains of PSP and CBD patients. Unlike the established pathogen-

esis in the secondary tauopathy Alzheimer disease, microglial alterations were relatively sparse. Transcription factor (TF) 

motif enrichments in pseudotime as well as modeling of the astrocytic TF interplay suggested a common pTau signature for 

CBD and PSP that is reminiscent of an inflammatory immediate-early response. Nonetheless, machine learning models also 

predicted discriminatory features, and we observed marked differences in molecular entities related to protein homeostasis 

between both diseases. Predicted TF involvement was supported by immunofluorescence analyses in postmortem brain tissue 

for their highly correlated target genes. Collectively, our data expand the current knowledge on risk gene involvement (e.g., 

MAPT, MAPK8, and NFE2L2) and molecular pathways leading to the phenotypic changes associated with CBD and PSP.

Keywords Progressive supranuclear palsy · Corticobasal degeneration · Tauopathy · snATAC-seq · Astrocytes · 

Neurodegeneration
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CBD  Corticobasal degeneration

CBS  Corticobasal syndrome

CC  Cellular compartment

CMA  Chaperon-mediated autophagy

CRE  cis-Regulatory element

CTSD  Cathepsin D

DAR  Differentially accessible region

DEG  Differentially expressed gene

DLN  Deep-layer neurons

DNA  Desoxyribonucleic acid

Exc.  Excitatory

FDR  False discovery rate

GA  Gene accessibility

Gb  Giga bases

GEM  Gel-bead in emulsion

GO  Gene ontology

GSEA  Gene-set enrichment analysis

GWAS  Genome-wide association study

Inh.  Inhibitory

LB(D)  Lewy body (dementia)

Lime  Local interpretable model-agnostic 

explanations

Log2-FC  Binary logarithm fold-change

MAP(3)K8  Mitogen-activated protein (3) kinase 8

MAPT  Microtubule-associated protein Tau

MF  Molecular function

Mic  Microglia

ML  Machine learning

MND  Motor neuron disease

MSA  Multiple system atrophy

NFT  Neurofibrillary tangles

Oli  Oligodendrocytes

OPC  Oligodendrocytic precursor cells

PART   Primary aging-related tauopathy

PD  Parkinson disease

PMI  Postmortem Interval

PSP(-RS)  Progressive supranuclear palsy-(Richardson 

syndrome)

pTau  Hyperphosphorylated tau

RAP  Regulon activity profile

RNA-seq  Ribonucleotide acid sequencing

RTN  Reconstruction of transcriptional regulatory 

networks

sn*  Single nuclei

SNP  Single nucleotide polymorphism

TA  Tufted astrocyte

TF(M)(E)  Transcription factor (motif) (enrichment)

ULN  Upper-layer neurons

UMAP  Uniform manifold approximation and 

projection

UPR  Unfolded protein response

UPS  Ubiquitin proteasome system

XGB  Extreme gradient boosting

Introduction

Most neurodegenerative disorders are characterized by 

misfolded, intracellular protein aggregates that can disrupt 

neuronal and glial homeostasis. Among these, tauopathies 

represent a group of diseases in which deposits of hyper-

phosphorylated tau (pTau) protein can be seen upon neu-

ropathological examination [25]. Examples of tauopathies 

are Alzheimer’s disease (AD) and Progressive Supranu-

clear Palsy (PSP) as well as the less common Cortico-

basal Degeneration (CBD). Because clinical symptoms 

of those three diseases can overlap, definite diagnosis 

requires postmortem neuropathological examination [2, 

38, 64]. Besides the distribution pattern of pTau inclu-

sions throughout the central nervous system, two histologi-

cal features are used to distinguish tauopathies: affected 

cell types and the immunohistochemical ratio of isoform-

specific Tau antibodies [18, 64].

In regard to the latter, the Tau harboring gene MAPT, 

located on chromosome 17q21.23, gives rise to six iso-

forms by differential splicing involving exons 2, 3, and 

10 [18, 21]. The microtubule-binding domain, consisting 

of 3 or 4 repeats (3R/4R) depending on inclusion of exon 

10, not only defines the affinity of Tau to microtubules, 

but also its aggregation properties [25]. While AD can be 

regarded a mixed 3R/4R tauopathy, 4R isoforms predomi-

nate in PSP and CBD. As for affected cell types, AD, PSP, 

and CBD all share neuronal pTau inclusions such as neu-

rofibrillary tangles or neuropilic threads. Glial inclusions 

are rare in AD, but common in CBD or PSP [16]. The most 

prominent immunoreactive feature to discriminate PSP 

from CBD is the astrocytic pTau phenotype: with tufted 

astrocytes (TA) being a hallmark for PSP and astrocytic 

plaques (AP) for CBD as shown in Fig. 1 [11, 38, 64].

Postmortem transcriptome studies can help in identi-

fying disease-associated signatures and, when performed 

in single-cell resolution, even quantify the degree of cell 

type-specific involvement. This has been achieved primar-

ily in the context of AD, and through integration of multi-

ple “omics” studies such as single-cell and genome-wide 

association studies (GWAS), it is now believed that micro-

glia are key players in AD pathogenesis [22, 40, 46, 54]. 

This insight is already being translated in a therapeutic 

context, with studies underway that seek to restore micro-

glial fitness [26]. In contrast, postmortem “omics”-studies 

are sparse in PSP and CBD [1, 7, 22, 24, 34], and to date 

non-existent in single-cell resolution.

The lack of cell type-resolved molecular data for PSP 

and CBD compelled us to perform this study. We hypoth-

esized that their neuropathological phenotype would be 

mirrored by molecular changes in specific cell types, and 

we wondered whether we could find molecular features 
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that distinguished both diseases. We chose an epigenetic 

assay—the single-nucleus assay for transposase accessi-

ble chromatin sequencing (snATAC-seq) as compared to 

a transcriptomic assay (snRNA-seq). The read-out of snA-

TAC-seq corresponds to regions of open chromatin in the 

genome, and these are commonly associated with loci of 

Fig. 1  Concept of the bioinformatical analysis. SnATAC-sequencing 

was applied to snap-frozen frontal cortex samples from deceased 

PSP, CBD, and Ctrl individuals. Raw sequencing reads were pre-

processed and resulting matrices were then used (i) for graph-based 

clustering and cell type inference (using a binned genome), and (ii) 

for GWAS risk variant-association with cell types, differential acces-

sibility analysis and GO, as well as TF-motif analysis (using the peak 

matrix). Downstream, only the astrocytic cluster was investigated 

(boxed lower part). To find significantly altered TFs in tauopathy-

derived astrocytes, disease-wise comparisons of TFME were con-

ducted (mid panel). TFME changes along pseudotime trajectories 

were assessed to identify TFs linked with pathogenesis (left). An 

ML-based disease classifier was utilized to delineate disease-specific 

TFs in a more unbiased approach (right). Significant results from 

these three branches were refined by a TF profile linked to the pres-

ence of astrocytic pTau inclusions in PSP (Tufted Astrocytes, TA). 

Finally, this multilayered regulon pattern was integrated to define a 

general astrocytic tauopathy TF signature, or entity-specific astrocytic 

TF signatures. These are presumed to mirror the neuropathological 

context of characteristic pTau inclusions in astrocytes, namely TA in 

PSP and AP in CBD. AP astrocytic plaque, GO gene ontology, GWAS 

genome wide association studies, ML machine learning, pTau hyper-

phosphorylated Tau, TA tufted astrocyte, TFME transcription factor 

motif enrichment. The brain illustration was modified from https:// 

de.m. wikip edia. org/ wiki/ Datei: Brain_ stem_ normal_ human. svg (CC-

Attribution-2.5 License 2006)

https://de.m.wikipedia.org/wiki/Datei:Brain_stem_normal_human.svg
https://de.m.wikipedia.org/wiki/Datei:Brain_stem_normal_human.svg
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active transcription or epigenetic regulation [8, 33]. This 

assay relies on DNA instead of RNA as input material; 

hence, degradation of RNA, which is commonly associ-

ated with long postmortem intervals and agony phases, is 

not a cause of concern. Furthermore, since the coordinated 

expression of genes has been shown to be regulated by 

effects of transcription factors (TFs) on the compaction 

of chromatin [33, 60], altered TF dynamics might have 

an impact on pathogenesis in these diseases. This can be 

explored optimally with an open chromatin assay such 

as snATAC-seq. Direct TF effects are usually guided by 

DNA sequence motifs, so-called TF binding sites, which 

are located in non-coding cis-regulatory elements (CREs) 

like enhancers, silencers, or promoters [57]. Their interac-

tion is perturbed in diseases with a complex genetic back-

ground [31], probably explaining the large contribution 

of non-coding mutations to pathogenesis. More precisely, 

mutations in CREs can affect TF binding dynamics to var-

ying degrees [12]. Thus, viewed from a higher perspective, 

the TF interplay within a given cell type can be regarded 

as an integration point of genetic background, epigenetic 

information, and as effector of intra- and extracellular 

signaling pathways. Because TF binding sites within CREs 

outnumber genes and their transcripts by several orders 

of magnitude, the feature space is larger in snATAC-seq 

compared to snRNA-seq data, which can be leveraged for 

increased discriminatory power.

Figure 1 outlines our discovery-driven approach: first, we 

demonstrate the importance of astrocytes to CBD and PSP 

disease pathology by combining tauopathy-associated genes 

and GWAS risk variants with our data. Then we explore 

their transition into a tauopathy state via TF profiling. Incor-

porating separate analyses such as pseudotemporal imputa-

tions, group-wise comparisons of TF information, external 

data, and machine learning models, we ultimately attempt to 

delineate disease-specific astrocytic TF signatures in a com-

prehensive data integration part. To validate these findings, 

we finally detect protein expression alterations of highly cor-

related target genes in archival brain tissue of PSP and CBD 

cases using an immunofluorescent staining approach.

Materials and methods

Neuropathological assessment and case selection

The complete brain was prepared at autopsy. Hemispheres 

were treated differently: the left hemisphere was fixed in 

formalin for a duration of two weeks or longer before coro-

nal slicing of 1 cm step size, while the right hemisphere was 

snap-frozen immediately. From the former, paraffin-embed-

ded specimen sampled across the whole cerebrum, brain 

stem, cerebellum, and spinal cord were used for diagnostic 

examination.

Cases (4 PSP, 4 CBD) and controls (5 Ctrls) were selected 

based on the amount of additional co-pathology and matched 

by age (PSP 72.8 ± 4.8, CBD 56.5 ± 2.9, Ctrl 69.4 ± 14), 

postmortem interval (PSP 41.2 ± 34.2, CBD 33.8 ± 20.2, 

Ctrl 26.2 ± 6.8), and sex (males, PSP = 50%, CBD = 50%, 

Ctrl = 60%) at its best (see Table 1). Ctrl cases were chosen 

based on the absence of neurologic or psychiatric disease 

history. Those Ctrl or tauopathy cases exhibiting substan-

tial co-pathology (i.e., Aβ42, α-synuclein, TDP-43, pTau 

(AT8), Aging-related Tau-Astrogliopathy (ARTAG), Pri-

mary Aging-related Tauopathy (PART), 3R Tau (RD3), or 

4R Tau (RD4; in case of Ctrl)) in study-relevant regions 

were excluded.

Region of interest

Approximately 1  cm3-thick tissue blocks of grey and 

appending white matter were excised from snap-frozen coro-

nal cerebral slices using a diamond band saw. The regions of 

interest were parts of the medial and superior frontal gyrus 

at the level of the anterior striatum (MFG, SFG) in the 

coronal view corresponding to Brodmann areas 6/8/9. The 

corresponding regions were sampled from the contralateral 

formalin-fixed hemisphere for validation studies.

Single-nucleus ATAC-sequencing

Nuclei preparation and quantification

To isolate nuclei, 200 mg of brain tissue was homogenized 

in 3.75 mL of chilled lysis buffer (10 mM Tris–HCl pH 

8.0, 0.32 M sucrose, 0.34 mM DTT, 0.1 mM PMSF, 3 mM 

 MgAc2, 5 mM  CaCl2, 0.1 mM EDTA, 0.1% Igepal, and 1 

protease inhibitor cocktail tablet (complete mini protease 

inhibitor cocktail, Roche Diagnostics, Mannheim, Germany) 

per 50 mL) using a Dounce homogenizer and transferred 

to 15 mL-ultracentrifugation tubes (Seton Open-top poly-

allomer centrifuge Tubes) with additional 2.25 mL lysis 

buffer. Homogenates were underlaid with 6.75 ml sucrose 

buffer (10 mM Tris–HCl, pH 8.0, 1.8 M sucrose, 0.34 mM 

DTT, 0.1 mM PMSF, 3 mM  MgAc2, and 1 protease inhibi-

tor cocktail tablet per 50 mL) and centrifuged for 1 h at 

24,000 rpm at 4 °C. The nuclei pellet was resuspended in 

1 × nuclei buffer (10 × Genomics) and nuclei were quantified 

using a Neubauer haemocytometer.

Single nuclei partitioning and snATAC-Seq library 
construction

Single nuclei partitioning and subsequent snATAC-

Seq library construction were performed using the 
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Chromium Next GEM Single Cell ATAC Reagent Kit 

v1.1 (10 × Genomics, Pleasanton, CA, USA) according to 

the manufacturer’s protocol. Briefly, following incubation 

with ATAC Enzyme for 1 h at 37 °C, nuclei were loaded 

onto a Chromium Next GEM Chip H for a targeted recov-

ery of 5000 or 10,000 nuclei per PSP/CBD and Ctrl sam-

ple, respectively. After partitioning of the nuclei and DNA 

cleanup, sample indices were added, and double-sided size 

selection was performed. Finally, libraries were eluted in 

20 µl Buffer EB (Qiagen, Hilden, Germany) and stored at 

− 20 °C. Correct fragment size distribution of the libraries 

was checked via the Agilent Bioanalyzer System using an 

Agilent bioanalyzer High-sensitivity DNA chip (Agilent, 

Santa Clara, CA, USA). Library concentrations were deter-

mined using the KAPA library Quantification Kit for Illu-

mina Platforms (Roche Diagnostics, Mannheim, Germany).

Sequencing of snATAC-seq libraries

Quantified and quality-controlled snATAC libraries were 

pooled at equimolar concentrations, denaturized, and 

sequenced on an Illumina NovaSeq6000 platform accord-

ing to the 10 × Genomics sequencing requirements for sin-

gle-indexed snATAC-Seq libraries, aiming at a minimum 

sequencing depth of 25,000 read pairs per nucleus.

Analysis of snATAC-seq data

The main bioinformatical workflow is illustrated in Fig. 1 

and consists of 8 parts (a detailed description of bioinfor-

matical analyses is included separately as a Supplementary 

Methods section, online resource). Initially, sequencing data 

were subjected to the 10 × Genomics™ cellranger-atac-1.2.0 

pipeline and Snaptools/SnapATAC  packages [14] for pre-

processing and quality control (QC), respectively. Barcodes 

were filtered for mapping quality, fragment sizes, and correct 

alignment flags. SnapATAC’s representations of chromatin 

accessibility as either bins (equally sized genomic windows 

of 1,000 bp overlapping with sequenced DNA-fragments) 

or peaks (exact genomic ranges of cluster-aggregated DNA-

fragments) were the basis for all downstream single-nucleus 

analyses. Gene accessibility (GA) as a surrogate of a gene’s 

transcriptional activity was calculated as a z score-based 

metric in SnapATAC  [14].

The cell-by-bin matrix was used for clustering (Sup-

plementary Fig. 1, online resource) and barcode embed-

ding using uniform manifold approximation and projection 

(UMAP) metrics. Technical covariates were identified, 

and batch effect correction applied to the primary UMAP 

embedding (Supplementary Figs. 1 and 2, online resource). 

Furthermore, graph-based cell type inference was conducted 

in the UMAP embedding, while RNA- and ATAC-seq data-

derived marker gene lists from McKenzie et al. [41] and 

Lake et al. [35] served as references (Supplementary Figs. 3 

and 4, Supplementary Data, T01, online resource).

The cell-by-peak matrix was leveraged for identify-

ing GWAS risk variants in ATAC peaks [28], differ-

ential gene accessibility analysis, gene ontology (GO) 

analysis, and TF motif enrichment (TFME) analysis. To 

assess cell type enrichment of GWAS risk variants, pub-

licly available disease-specific GWAS [24, 34] summary 

statistics were downloaded from https:// www. ebi. ac. uk/ 

gwas/ for PSP (Orphanet_683), CBD (Orphanet_278), 

AD (EFO_0000249), Frontotemporal Dementia (FTD, 

Orphanet_282), Parkinson Disease (PD, EFO_0002508), 

Multiple System Atrophy (MSA, EFO_1001050), Lewy 

Body Dementia (LBD, EFO_0006792), and Amyotrophic 

Lateral Sclerosis (ALS, EFO_0000253).

Quantification of alterations assigned to biological path-

way terms was enabled by the amiGO2 database (http:// 

amigo. geneo ntolo gy. org/ amigo/ search/ bioen tity) filtered 

for the terms ‘chaperon-mediated autophagy’ (CMA), 

ubiquitin–proteasome-system (UPS), and unfolded-pro-

tein-response (UPR) or ‘microglial cell activation’ in Homo 

sapiens.

The subsequent steps were exclusively conducted with the 

astrocytic cluster: first, we assessed group-wise differences 

of TFME using Wilcoxon rank-sum tests and the Bonferroni 

method to adjust for multiple hypothesis testing.

Employing the package Cicero [49], we constructed 

pseudotime trajectories on the re-embedded astrocyte clus-

ter, which was filtered for Ctrl- and CBD-derived astrocytic 

nuclei. High TFME levels of an epigenetic indicator of astro-

cytic immaturity (i.e., the TF EMX2) served to define the 

origin of the trajectory. To evaluate GA and TFME changes 

along these trajectories, tradeSeq [3], its modeling frame-

work, and Wald-test-based functions were used.

To identify features that are most distinctive in predicting 

the group entity (Ctrl, PSP, or CBD), a supervised machine 

learning (ML) algorithm called extreme gradient boosting 

tree (XGB) was trained on the astrocytic TFME. Train-test 

set splits consisted of 80% or 20% of the complete astro-

cytic population, respectively. The model’s predictive per-

formance was primarily measured by overall accuracy and 

Cohen’s kappa in the test set; further classification perfor-

mance indicators (e.g., sensitivity, specificity, negative and 

positive predictive values) were reported for a more detailed 

characterization. To interpret the model’s predictive process 

and to weigh its input features (i.e., TFs) by their importance 

for a particular prediction, the ML explanation framework 

Lime was used [52].

We identified TFs associated with the classical neuro-

pathological phenotype in PSP (tufted astrocyte, TA) by 

applying the Reconstruction of Transcriptional Regulatory 

Networks. To this end, we utilized a public transcriptomic 

data set derived from temporal cortices of 176 PSP cases [1]. 

https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/
http://amigo.geneontology.org/amigo/search/bioentity
http://amigo.geneontology.org/amigo/search/bioentity
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Using gene-set enrichment analysis (GSEA), the inferred 

transcriptional regulatory network was integrated with dif-

ferentially expressed genes as well as covariate-adjusted 

neuropathology-gene expression correlation coefficients, 

which both were reported in the original study. The unit 

of a given TF with all the genes regulated by it was termed 

regulon.

To ultimately distill a set of shared and disease-specific 

pTau-associated TF candidates, we integrated the results of 

all previous analyses. These multidimensional overlaps were 

visualized as upset plots.

The Supplementary Methods, online resource, offer a 

more detailed description of the bioinformatical workflow.

TF target gene validation—bioinformatics, 
immunofluorescence staining and data analysis

To retrieve the most important target genes of JUNB and 

TFEB TFs in this astrocyte dataset, correlations between 

TFME and the GA of all genes in the dataset were com-

puted group-wise. Significant correlations in the Ctrl data 

were excluded in the following step to reduce false positive, 

thus unspecific findings. Next, potential target genes were 

ranked per disease by BH-adjusted p values and Pearson R 

before searching for genomic overlaps of Cicero CRE links 

and each specific gene locus (± 10 kb). Visual inspection of 

co-accessibility plots at highly correlated and overlapping 

gene loci guided identification of the top candidate genes.

Ten micrometer-thick sections were prepared from for-

malin-fixed paraffin-embedded brain samples of the MFG, 

which were deparaffinized with Histoclear (VWR Life sci-

ence, #H103-4L) and rehydrated in descending ethanol 

series. Antigen retrieval was performed with 1 × Sodium 

citrate solution, pH 6 in a pressure cooker for 20 min. Auto-

fluorescence quenching/photobleaching was applied using 

25,000 Lux LED lights for 2 × 45 min with slides submerged 

in quenching solution (4.5%  H2O2 and 20 mM NaOH in 

1X PBS). Blocking was performed with 5% Goat Serum 

(GS) and 0.3% Triton X-100 in 1X PBS. Primary antibod-

ies raised in rabbit against the candidate gene products 

MAP3K8 (1:500, abcam, #ab137589), or CTSD (1:200, 

abcam, #ab75852) were incubated together with mouse anti-

AT8 (1:500, ThermoFisher Scientific, #MN1020) and guinea 

pig anti-GFAP (in combination with MAP3K8, 1:500, Syn-

apticSystems, #173,004) or chicken anti-GFAP (in com-

bination with CTSD, 1:500, EMD Millipore AB5541), 

respectively, over night at 4 °C. After washing, secondary 

antibody incubation followed (1:1000, goat anti-guinea pig /

anti-chicken AlexaFluor®488, anti-mouse AlexaFluor®568, 

anti-rabbit AlexaFluor®647) with an incubation period of 

60 min. Finally, slides were covered with mounting medium 

containing DAPI (#S302380-2, Agilent Dako, Germany) and 

#1.5H high-precision imaging coverslips.

Images were acquired from the MFG cortex with a Leica 

Stellaris 5 confocal microscope. pTau + astrocytes were 

identified based on the prototypical morphology and cellular 

distribution of aggregates. TAs were defined by bush-like, 

soma-proximally arranged pTau conglomerate with pro-

cesses of different thickness. APs were defined by corona-

like, soma-distantly arranged fine pTau processes. Then, 

z-stacks were acquired, using an HC Plan Apochromat CS2 

63x/NA 1.40 Oil objective (2048 × 2048 pixels, 181.932 μm 

height/width, 8–9 μm depth). Images were preprocessed 

including min and max pixel value cut-offs using custom 

macro scripts (see also GitHub repository).

Marker-positive (CTSD + , MAP3K8 +) and -nega-

tive astrocytes with detectable signal after standardized 

thresholding were counted using the CellCounter tool pro-

vided with ImageJ/Fiji. Ratios of GFAP + [Marker] + and 

 GFAPonly + cells were compared with ratios of AT8 + (TA/

AP) [Marker] + and  AT8only + cells.

General statement: computing environment 
and statistics

Preprocessing was run in RStudio Server with R3.6 and 

Python2.7 for Debian Server. The subsequent bioinfor-

matical analysis including statistical testing was conducted 

within RStudio Desktop running on R3.6.3 (SnapATAC ) 

and R4.0.4 (remaining analyses) for Linux (Ubuntu 20.04 

LTS). To determine the applicability of hypothesis testing 

methods, the Shapiro–Wilk method was used to test for nor-

mal distributions. Consequently, Welch's t-test was used in 

normally distributed and Wilcoxon's rank-sum test in non-

normally distributed populations. Welch and Wilcoxon tests 

were conducted as two-tailed versions, unless otherwise 

stated. For multiple comparison correction, the BH method 

to obtain the false discovery rate (FDR), or the Bonfer-

roni method to report family-wise errors were applied to 

unadjusted p values. Significant distribution differences as 

estimated by the tradeSeq-gene models along pseudotime 

were determined based on their Wald-statistic and corrected 

according to the Bonferroni method, unless otherwise stated.

Results

Characterization of PSP and CBD frontal lobe brain 
nuclei via snATAC-seq

Isolated nuclei from fresh-frozen frontal cortex tissue 

from 13 samples underwent single-nucleus library prepa-

ration and short-read sequencing, yielding open chroma-

tin profiles for 45,205 nuclei. After quality control and 

dimensionality reduction, clusters were defined from the 

snATAC-seq data to assess cell type identity (Fig. 2a). The 
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Fig. 2  Cell type inference and shifted cell type proportions in pri-

mary tauopathies. a Projections of cluster-cell type assignments and 

metadata onto the UMAP embedding of barcodes indicating their 

dissimilarity in distance between single barcodes (nuclei) as well as 

the respective variable as color code. Color coding and labels indi-

cate the cell type or sub-cell type identity where applicable. The 

case-related covariates postmortem interval (PMI), sex, age at death, 

Braak&Braak stages did not overtly influence the embedding. Neu-

ronal clusters were rather composited of nuclei originating from cases 

with Thal phase 0–2. Hex-binning was used to visualize overlap-

ping puncta as pixel-wise means in case of PMI, sex, age at death, 

Braak&Braak stages, and Thal phases. b Bar plots representing rela-

tive sample-wise cell type frequencies of PSP, CBD, and Ctrl sam-

ples. Color coding indicates the cell type identity. CBD cases exhibit 

higher relative numbers of astrocytes (esp. CBD3). c Boxplots of rel-

ative cell type frequencies show excitatory neuron loss in PSP (left) 

and reductions in all neuronal populations with higher oligodendro-

cyte frequencies in CBD (mid) samples, when compared to the Ctrls’ 

mean (vertical dashed line). Outliers are depicted as black dots. The 

hinges of each box correspond to the 25th and 75th percentiles with 

medians drawn as black bar. The 1.5-times inter‐quartile ranges are 

shown as black whiskers. Total numbers of cells (# of cells) are indi-

cated as bar plots on the right. Color coding indicates the cell type 

identity where applicable, while asterisks display the degree of sig-

nificance with *p < .05, **p < .01, ***p < .001, and ****p < .0001. d 

Heatmap of gene body accessibility (GA) scores at marker gene loci 

to guide cell type identification. Every column corresponds to a sin-

gle barcode, every row to a gene. Color shading indicates the extent 

of GA from low (blue) to high (red). Rows were clustered hierarchi-

cally (Euclidean distance, Ward-D2 method) and results depicted as 

dendrogram on the left. Cell/barcode order was fixed, but the over-

lay informs about the definitive cell type and the neuropathological 

diagnosis. Gene names comply with the Ensembl gene IDs. Exc. DLN 

excitatory deep-layer neurons, Exc. ULN excitatory upper-layer neu-

rons, Inh. N. inhibitory neurons, Mic microglia, Oli oligodendrocytes, 

OPC oligodendrocytic precursor cells, PMI postmortem interval
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total number of clusters and their respective sizes were 

found to be robust to downsampling, indicating appro-

priate clustering metrics (Supplementary Figs. 1 and 2, 

online resource). We detected a total of 11 major clusters, 

with negligible confounding effects by PMI, sex, age at 

death, Thal phase or Braak & Braak stage. Nevertheless, 

divergent regional atrophy patterns between PSP and CBD 

cases cannot completely be excluded. For cell type anno-

tations, we gathered canonical marker genes from the lit-

erature and aggregated their gene accessibility (GA) score 

per cluster (Fig. 2d; Supplementary Fig. 3; Supplementary 

Data, T01, online resource). The GA score is derived from 

the sum of open chromatin loci overlapping a gene and its 

respective regulatory elements and can thus be understood 

as a proxy for gene transcription.

While neurons were represented by 5 and oligodendro-

cytes by 3 distinct clusters, microglia (Mic), astrocytes 

(Ast), and oligodendrocyte precursor cells (OPC) were each 

assigned to a single cluster. Neuronal subtypes were classi-

fied as (i) excitatory upper-layer neurons (Exc. ULN) with 

increased GA of CBLN2, CUX2, and RASGRF2, (ii) excita-

tory deep-layer neurons (Exc. DLN) with RORB, FOXP2, 

and TSHZ2, (iii) NEFM- and BCL11B-positive excitatory 

neurons (Exc. N. NEFM|BCL11B) as well as (iv) inhibi-

tory neurons with either PVALB and TAC1 or SST GA (Inh. 

N. SST|PVALB), and (v) inhibitory neurons with high VIP, 

TAC3, and CALB2 GA. Oligodendrocytes were identified 

based on high GA for MOBP (Oli #1 MOBP) and num-

bered consecutively (Oli #2, Oli #3). Across all cells, Oli 

#1 MOBP was the most and Oli #3 the least abundant cell 

type (Fig. 2b, c). Because visual inspection of the Thal 

phase projection in UMAP suggested an uneven distribu-

tion across cell types, we performed a post hoc correlation 

analysis. This revealed only a positive association (R = 0.65, 

p = 0.017) between microglia and the cerebral distribution of 

Aβ + plaques (i.e., Thal phases) in our dataset (Supplemen-

tary Fig. 4, online resource), an association that has been 

described in the context of AD [20].

Gene ontology (GO) enrichment analyses supported 

cluster identities by recapitulation of known, commonly 

ascribed biological functions (Supplementary Fig. 5, online 

resource). Interestingly, microglial and astrocytic annota-

tions were largely overlapping, hinting at an immune-reg-

ulatory role also for astrocytes in PSP/CBD. Transcription 

factor motif enrichment (TFME) comparisons demonstrated 

cluster-specific TF patterns, e.g., for Mic (SPI, RUNX2, 

IRF family), neurons in general (ZBTB18, RORA), and Ast 

(UNCX, LMX1A/B, HOXB2/3) (Supplementary Fig. 6A, 

online resource). Finally, cross-correlation of TFME matri-

ces showed strong overlap within the major glial and neu-

ronal cell types (Supplementary Fig. 6B, online resource), 

altogether indicating a technically and biologically consist-

ent definition of clusters.

The frontal cortex is frequently affected by neurodegen-

eration and glial pathology in CBD and PSP [64]. Thus, we 

hypothesized that cell type proportions might appear shifted 

towards more glial cells in such areas and sought to calculate 

cell type frequencies per case (Fig. 2b). Comparing disease 

groups after normalization to Ctrl indicated a statistically 

significant decrease of neurons, OPCs, and oligodendrocytes 

in CBD, whereas there was only a reduction of Exc. ULN 

in PSP (Welch t test, Fig. 2c). However, we noted a greater 

cell type proportion variance in the CBD group. Because it 

is generally believed that qualitative immunohistochemical 

changes in tauopathies can be observed in both hemispheres, 

cases in this study were evaluated for inclusion with immu-

nohistochemistry on the contralateral side. Thus, we cannot 

exclude the possibility that neurodegeneration or gliosis dif-

fered between hemispheres for certain cases. While only few 

reports regarding the asymmetry of immunohistochemical 

changes in PSP exist, this was previously described in the 

context of CBD [18, 64].

Broad chromatin changes at tauopathy-associated 
and protein degradation-related gene loci

To gain insight into disease-specific epigenetic alterations, 

we retrieved tauopathy-associated genes from DisGeNET, 

a database that integrates GWAS results, animal model 

experiments, and literature references [47]. We assessed 

their z-scored accessibilities in the disease and Ctrl groups 

(Wilcoxon rank-sum test, Bonferroni correction). We found 

altered GA scores of the top 50-ranked tauopathy-asso-

ciated genes in all primary cell types except for the Mic 

cluster, which showed no significant changes at the selected 

genes in both disease entities (Fig. 3a). Due to the promi-

nent involvement of microglia in AD [42, 45, 46]—another 

tauopathy—this finding was unexpected. Nevertheless, we 

could additionally show that there was no GA difference 

between groups when aggregating scores for all genes asso-

ciated with the GO term “microglial activation”, supporting 

the notion that this phenomenon is not driven by epigenetic 

mechanisms in CBD or PSP (Fig. 3b).

Of note, MAPT showed reduced GA scores in one oligo-

dendroglial and one neuronal cluster (Oli #1 MOBP and Exc. 

DLN) for both diseases, with a more pronounced reduction 

in CBD and unchanged conditions in Ast. The most signifi-

cant positive GA change was observed in NFE2L2 (Nuclear 

factor erythroid 2-related factor 2) in excitatory neurons, 

with a stronger gain in CBD compared to PSP. While in 

PSP, most significant hits were attributed to Exc. DLN, Exc. 

ULN were affected by the most extensive changes in CBD 

(Fig. 3a, Supplementary Fig. 7A&B, online resource).

Many tauopathy-related genes, including MAP-kinases 

and lysosomal enzymes, are associated with protein homeo-

stasis [29, 66]. Thus, we aggregated GA scores for three 
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molecular entities known to be involved in protein degrada-

tion (Fig. 3c): the ubiquitin proteasome system (UPS), the 

unfolded protein response (UPR), and chaperone-mediated 

autophagy (CMA). All three pathways were downregulated 

in oligodendrocytic populations in CBD with primarily 

downregulated CMA and UPS in PSP-derived Oli #2. We 

observed concordant UPS reductions in CBD and PSP Ast 

(p < 0.005) with simultaneously reduced microglial UPR 

(p < 0.001). Contrarily, PSP Mic exhibited a marked activa-

tion of both CMA and UPS (p < 0.001). With respect to the 

neuronal populations, downregulation of all three systems 

was apparent. However, in CBD-derived Exc. ULN, the UPR 

system was induced, reflecting neuronal heterogeneity also 

in terms of degradative pathways.

On the DNA sequence level, GWAS risk variants asso-

ciated with neurodegenerative diseases might be linked 

to ATAC-seq peaks, which are several hundred bp long 

regions of open chromatin, aggregated by cluster. Assum-

ing that this relation would likewise affect certain cell types 

more than others, we compiled GWAS summary statistics 

Fig. 3  Differential accessibility analysis reveals prominent changes in 

tauopathy-associated genes in neurons and glia. a Heatmap indicat-

ing significance and magnitude of GA changes at the top50 tauopa-

thy-associated gene loci in PSP-(left) and CBD-(right) assigned cells 

and their gene-cell type pairs. Color shading represents the difference 

from reference gene-cell type pairs in Ctrls. Only gene-cell type pairs 

with p <  = .05 are depicted (Wilcoxon rank-sum test, BH-correction). 

All major cell types except for microglia (and OPCs in PSP) exhibit 

significant GA changes in respect of these tauopathy-associated can-

didates. b Boxplots of microglial cell activation-associated GA pat-

terns (AmiGO database) in microglia of the snATAC-seq dataset 

indicate no significant differences between compared groups. Nuclei-

specific GA means of genes related to this GO term are given on the 

y-axis and compared between group entities on the x-axis. Single 

nuclei are depicted as black dots. The hinges of each box correspond 

to the 25th and 75th percentiles with medians drawn as black bar. The 

1.5-times inter‐quartile ranges are shown as black whiskers. Two-

tailed Welch's t-test, referencing the Ctrl set, p values as indicated. c 

Protein homeostasis-related genes across all cell types differentiated 

by group entity and degradation pathway show reduced system-level 

GA in Ast, most neuronal, and Oli populations, while Mic exhibit 

marked CMA and UPS inductions in PSP. Color coding shows aggre-

gated mean scores of accessibility values at genes that were altered 

significantly and associated with either the CMA (top), UPR (mid-

dle), or UPS degradation systems (bottom). P values are given for 

each group vs. Ctrl comparison (two-tailed Welch t test, if p <  = .05). 

d Heatmap of genetic risk variant enrichment results in tauopathy 

cortices resolved by cell type assignments (x-axis) and GWAS data 

set (y-axis) highlight Ast, which exhibit strong enrichment. Color 

code indicates z scores and text inserts depict the uncorrected p value 

(italic) as well as the BH-corrected p values (bold, Wilcoxon rank-

sum test). Abs.diff. absolute difference, CMA chaperon-mediated 

autophagy, Dis.Ent. disease entity, Exc. DLN excitatory deep-layer 

neurons, Exc. ULN excitatory upper-layer neurons, FDR false discov-

ery rate, GA gene accessibility, Inh. N. inhibitory neurons, Mic micro-

glia, NA not assessable, Oli oligodendrocytes, OPC oligodendrocytic 

precursor cells, UPS ubiquitin–proteasome-system, UPR unfolded-

protein-response
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for tauopathies and related neurodegenerative syndromes, 

namely PSP, CBD, AD, Frontotemporal Dementia (FTD), 

Parkinson Disease (PD), Multiple System Atrophy (MSA), 

Lewy Body Dementia (LBD), and Amyotrophic Lateral 

Sclerosis (ALS). We then inferred cell type-associated risk 

variants in our dataset (as pooled tauopathy nuclei) segre-

gated by disease-specific peaks (Fig. 3d, see Methods). This 

analysis showed pairs of high z scores and highly significant 

enrichment for FTD- and PSP-associated risk variants in 

astrocyte-specific peaks. We were unable to calculate cell 

type enrichments for CBD risk variants due to the sparsity 

of CBD GWAS (the significance-filtered CBD GWAS list 

consisted of only 6 SNPs). Strikingly, we did not observe 

GWAS enrichments for any of the above neurodegenera-

tive diseases in microglia-specific peaks—not even AD, for 

which other studies have clearly attributed a large genetic 

risk proportion to microglia [42, 45, 46], suggesting that 

PSP- and CBD-specific microglial peaks are distinct from 

AD-specific ones.

Collectively, this investigation demonstrates that genetic 

risk variants previously associated with the clinical spectrum 

of primary tauopathies (i.e., PSP and FTD) are tightly linked 

to astrocytic chromatin accessibility profiles in the brains 

of PSP and CBD patients. Nonetheless, systematic cell type 

and pathway annotations also point to inherent differences 

between these diseases.

Tracking epigenetic transition states of tauopathy 
astrocytes supports a context of neuroinflammation

Integrating the previous findings with the knowledge that 

the astrocytic phenotype constitutes a major neuropatho-

logical feature to distinguish CBD from PSP impelled us 

to focus our downstream investigations on the Ast cluster. 

Thus, we subjected all 4425 astrocyte-derived nuclei from 

both tauopathies and Ctrl to subclustering and annotation 

procedures. One astrocytic subcluster exclusively consisted 

of tauopathy-derived nuclei (mainly CBD) and exhibited 

higher accessibility at genes involved in ‘stimulus detection’ 

or ‘signal transduction’ (Fig. 4a, Supplementary Fig. 8A, 

online resource). A triangular disease-wise comparison of 

TF motif enrichment (TFME) values (Supplementary Data, 

T02-T03, online resource, Wilcoxon rank-sum test, BH-cor-

rected) revealed that the most significant candidates were 

those TFs associated with immunological terms (Supple-

mentary Fig. 9A-E, online resource), while TF deviations 

were stronger in CBD than in PSP astrocytes (Supplemen-

tary Fig. 9F, online resource).

To gather insight into how astrocytes derived from tauopa-

thy brains might evolve from a physiological towards a dis-

eased state, we hypothesized this transition to be a continuous 

process paralleled by changes in open chromatin and mirrored 

by differential accessibilities for specific TFs along a shared 

time constant. Hence, we sought to understand TFME dynam-

ics with pseudotemporal models, though in separate UMAP 

embeddings for each disease entity.

We reasoned that high accessibility for the TF EMX2, 

which is specific for and active in early differentiating astro-

cytes, would be a suitable starting point for an assumed astro-

cytic transition path [58] (Fig. 4b–d). For CBD, we obtained 

a trajectory that terminated in a population of CBD-derived 

astrocytes, while only few of them were embedded in proxim-

ity to Ctrl cells in the  EMX2HIGH population. This is consistent 

with the presence of unaffected astrocytes in the tauopathy 

brain. In PSP brains, however, no disease-defined astrocytic 

subcluster was evident (Supplementary Fig.  8B, online 

resource).

The pseudotime inference itself does not allow for statisti-

cal evaluation of single-cell feature values over pseudotem-

poral trajectories. Thus, a framework called tradeSeq [3] was 

employed to test for TFME changes along the astrocytic tran-

sition axis. In a first step, generative additive models were fit 

to the feature distributions as a function of pseudotime. Sub-

sequently, Wald-statistic-based hypothesis testing allowed to 

discern TFMs whose respective TFME values were either 

associated with the trajectory course or differed significantly 

from starting to terminating points.

This analysis showed a diverging pattern: The immediate 

early response (IER)-related FOS and JUN family members 

as well as their co-transcriptional factors NFE2, JDP2, and 

MAF, known to co-act as the AP-1 complex in the regulation 

of cell growth, differentiation, inflammation, and apoptosis 

[50, 61] (Fig. 4e–g, Supplementary Fig. 10A, Supplementary 

Fig. 11A&B, online resource), showed significantly higher and 

highly correlated TFME values (Wald-statistic start-vs.-end 

comparison, BH-corrected p value < 0.05). In contrast, TFs 

related to the early stages of astrocyte differentiation (LHX9, 

SHOX, RFX4, HESX1, and EMX2), showed a gradual loss 

of their enrichment (Fig. 4g, Supplementary Fig. 10A, Sup-

plementary Fig. 11C–E, online resource). Focusing on pseudo-

time-aligned GA changes, protein homeostasis-related genes 

(e.g., APOE, HSPB8, LRP1) were upregulated, while many 

synaptic candidates (e.g., SNCA, BDNF, NRXN3) gradually 

decreased in their GA in CBD astrocytes (Supplementary 

Fig. 10B, online resource).

This analysis demonstrated that in CBD astrocytes, 

chromatin accessibility of TFs implicated in early astroglial 

development appears to be reduced in favor of a neuroin-

flammatory response.

Reconstructing disease-specific 
representations of astrocytic TF networks 
and a phenotype-associated regulon activity profile

We wondered whether we could leverage TFME information 

in a more unbiased way to decipher signatures delineating 
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Fig. 4  CBD astrocytes acquire an epigenetic state of stress response 

and neuroinflammation. a All PSP-, CBD-, and Ctrl-derived astro-

cytes re-embedded in UMAP, stratified by group entity (first, sec-

ond, third panel), and depicted after k-means clustering in a merged 

UMAP (fourth panel). One cluster (#3) is specific for CBD astro-

cytes. Color code indicates group entity or cluster assignments in 

the first three or the fourth panel, respectively. Dashed lines deline-

ate cluster borders and are transferred to the group-wise depictions. 

b–d Exclusively CBD- and Ctrl-derived astrocytes re-embedded in 

UMAP. A pseudotime trajectory leads from a non-specific Ast pool 

towards a CBD-enriched population. Color code indicates EMX2 

TFME (b), pseudotime (c, dimensionless), or group entity (d). The 

black line indicates the pseudotemporal trajectory from the root 

towards the end cell. e, f Generative additive model non-linear fits 

of TFME values over pseudotime of the FOS-JUN (e) or NFE2 (f) 

motifs indicate parallel increments during the astrocytic transition 

towards a CBD-state. g Pseudotime heatmap displaying the TFME 

values of significantly altered TFMs in the start-vs.-end comparison 

(Wald-testing, BH-adjusted p < .05), as well as markers of early astro-

cytic development or immune regulation. Biological pathway asso-

ciations are given on the right. TFME of astrocytic early-stage TFs 

is gradually decreasing, while immunologically relevant and AP-1 

complex-related TFs gain in motif enrichment. IER immediate-early 

response, TFME transcription factor motif enrichment, Sign signifi-

cant
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PSP and CBD brains specifically from a non-diseased con-

dition. Thus, we modeled disease-specific TF patterns by 

exploiting the discriminatory power of a machine-learning 

algorithm in a supervised classification task. Concretely, 

an extreme gradient boosting tree algorithm was trained 

on the cell-specific TFME of an 80%-split of the astrocyte 

subset, including data from PSP, CBD, and Ctrl astrocytes 

(n = 3540). Assessing the model’s performance with unseen 

nuclei of the remaining 20% of the astrocyte subset (n = 885, 

Fig. 5a, b) yielded reliable classification regarding accuracy 

(overall 82.6%, balanced 84.0%), positive predictive value 

(82.3%), and negative predictive value (90.6%). Further-

more, when dividing by the a priori expected likelihood of 

predicting the correct group entity, the model’s predictive 

ability can be considered ‘substantial’ with a Cohen kappa 

of 70.2% [10]. The differentiated prediction performance 

was most accurate for CBD vs. Ctrl tasks, followed by PSP 

vs. CBD, and PSP vs. Ctrl distinctions (Fig. 5a, Supplemen-

tary Fig. 12A, online resource).

In a subsequent step, overall feature importance assess-

ment highlighted IER- and cellular immunity-related TFs 

(FOS, JUN, NFATC2/3, STAT1) as most useful in predicting 

the tauopathy or Ctrl state (Fig. 5c). Since this did not suf-

ficiently inform about disease-specific importance, we used 

local interpretable model-agnostic explanations (Lime) [52] 

to understand the model’s decision-making process in more 

detail. For a given astrocytic nucleus, Lime evaluated the 

contributions of TFME ranges to support or contradict the 

respective disease label (depicted as bar length in Fig. 5d–f). 

Consequently, we selected the top 10 candidates ranked by 

their feature weight in all test set astrocytes, which were 

assumed to be most helpful in predicting astrocytic iden-

tity of either PSP, CBD, or Ctrl origin specifically. Interest-

ingly, the ‘importance’ metric was not only determined by 

the TFME deviations with the highest changes, but also by 

the discriminatory power of subtle TFME changes across 

the compared groups (Supplementary Fig.  12B, online 

resource).

The previous analyses highlighted changes in astrocyte 

TF dynamics without any respect to the underlying neu-

ropathological phenotype. To link this information (i.e., 

pTau inclusions in astrocytes) with TF activities, we used 

the Reconstruction of Transcriptional Regulatory Networks 

approach [9] (Fig. 5g). Enabled by the availability of bulk 

gene expression data and correlations thereof with tufted 

astrocyte quantitation data (i.e., adjusted semiquantitative 

TA density) from the temporal cortex (TCX) of 176 PSP 

patients [1], we assessed genetic regulators and their target 

genes as so-called regulon units (Fig. 5g).

Utilizing these neuropathological-transcriptomic correla-

tions, we assigned TA-related values to the given regulons 

(two-tailed GSEA, differential enrichment score, Fig. 5h), 

which we termed tufted astrocyte-associated regulon activity 

profile (TA-RAP). Unsupervised clustering of regulons 

indicated sets with lower (top branch), mixed (mid branch), 

and increased (bottom branch) activity in PSP cases when 

compared to Ctrls. Again, IER-related and immunologically 

relevant TF transcripts such as JUNB, NFATC2, NFE2L3, 

or IKZF5 were present among the set of activity enhanced 

regulons, while those related to developmental processes 

exhibited lower scores (e.g., FOXF2, NRL). Genes assigned 

to the TA-associated regulons shown in Fig. 5h were also 

enriched in biological pathways related to autophagy, per-

oxisomes, and (de-)ubiquitination (Supplementary Fig. 13, 

online resource).

These analyses highlight the importance of TF networks 

related to the IER or neuroinflammation in PSP and CBD 

astrocytes alike. Furthermore, external bulk transcriptomic 

data supports this notion independently from our snATAC-

seq data for PSP. Nevertheless, an unbiased machine learn-

ing model also predicted discriminatory features between 

the two disease groups.

Definition of tauopathy signatures in astrocytes 
of PSP and CBD brains

The primary objective of this study was to define epigenetic 

signatures for PSP and CBD based on TF networks. Hence, 

we finally integrated the results of the four disjoint analysis 

branches into consensus lists (Fig. 6, for concept see also 

Fig. 1). The first set contained the names of all TFs that 

showed significant TFME changes in disease-wise statistical 

comparisons within the entire astrocyte population. The sec-

ond set consisted of TFs whose accessibility profiles aligned 

tightly with the pseudotime trajectory. ML model explana-

tions indicated the TF candidates contributing to the third 

set. Lastly, those TFs resulting from TA-RAP extraction in 

the external PSP dataset represented the members of the 

fourth set. To determine the consensus of candidates nomi-

nated by these different approaches, we used upset plots. 

We first describe a common PSP and CBD “pTau” signature 

that likely represents the regulatory state of pTau-positive 

astrocytes (Fig. 6a, b). Through hierarchical ordering by (i) 

the number of branches that overlap and (ii) the extent of 

overlap in terms of TF candidate counts, 4 ranks of confi-

dence were assigned to TF sets with >  = 3 set intersections. 

Guiding in discerning a tauopathy (PSP and/or CBD) from 

a Ctrl frontal cortex was the proposed astrocytic tauopathy 

signature depicted in Fig. 6b, with increased accessibilities 

for TF binding sites related to the IER such as JUN, FOS, 

and its ligands FOSL1 and FOSL2.

When directly comparing CBD and PSP TF binding site 

accessibilities, it became apparent that their changes fol-

lowed almost exclusively the same direction, with the excep-

tion of TFEB and NFIC::TLX1, which showed lower acces-

sibilities in PSP but greater ones in CBD. Meanwhile, we 
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observed relatively strong differences in the extent of acces-

sibility alterations. Thus, to discriminate the two tauopa-

thies, we hereby propose JUN(B,D)HIGH, FOS(L1,L2)HIGH 

as well as the involvement of DUX4, KLF5, MAX::MYC, 

PAX6, and PPARG to support the identity of CBD-orig-

inated astrocytes (Fig. 6c–e). PSP astrocytes exhibited a 

Fig. 5  TF networks associated with the astrocytic tauopathy state 

and regulatory correlates of tufted astrocytes. a Confusion matrix 

displaying the intersections of the XGB model’s predictions (rows) 

and the actual labels (columns). Each square contains the percentual 

proportion of test set samples (= 20% nuclei) with the assigned pre-

diction–label relation. The sums of each row or column are depicted 

in the rightmost column or bottom row, respectively. The total sam-

ple number (i.e., nuclei of the 20% test set-split) is shown in the bot-

tom right  corner. b Evaluation parameters of classification perfor-

mance of the trained XGB model on the 20% test set-split. Overall, 

more than 82% of predictions were correct (overall accuracy) and 

the model performs "substantially" with a Cohen kappa of 70.2%. 

c Overall feature importance values of the top 25 TFMs included in 

training the XGB model to correctly classify an astrocyte TF repre-

sentation in general. The x-axis differentiates the feature importance 

(%) as reported by caret’s varImp function. Immediate-early response 

candidates (NFAT2/3) and major AP-1 constituents (FOSL2, JUND) 

were among the most important TFs. d–f Lime feature importance 

bar diagrams of the most certainly correctly classified barcodes of 

each group entity. The bar direction and bar color indicate the fea-

ture weights (~ importance) assigned to the TFM, which are given as 

y-axis breaks. Feature weight was assigned to specific TFME value 

ranges. Each panel is complemented by the group entity label, the 

model's calculated probability, and the explanatory model’s fit value. 

g Bioinformatical concept of the RTN analytical approach to link a 

neuropathological phenotype to TF information. A regulon network 

was inferred from published bulkRNA-seq data in PSP TCX and fil-

tered subsequently for those regulons that showed phenotype asso-

ciation (i.e., gene set enrichment of DEGs with histopathological TA 

grading in PSP cortices). Thereby, a TA-associated regulon activity 

profile was deduced, which was employed as TF reference in an inte-

gration part with snATAC-seq data-derived astrocytic TF activity 

patterns. Ultimately, this approach served to refine pTau-inclusion 

pathology-associated astrocytic PSP/CBD signatures. On the right, 

a set of TA-linked regulons illustrates the modularity of TF-gene-

interactions (color code), the inter-modular connectivity suggest-

ing co-regulation exerted by regulators on common genes, and the 

presumed presence of distinct groups of TFs. h Activity heatmap of 

those regulons that are enriched with TA grading in PSP TCX and 

whose regulon activity is significantly different between PSP and Ctrl 

TCX samples (p < .05, BH-corrected). Regulons in the upper part cor-

relate negatively, those in the lower part correlate positively with TAs 

in PSP cortices. Every column corresponds to a single TCX sample 

and every row to a gene while color shade indicates the extent of reg-

ulon activity change. Rows and columns were clustered hierarchically 

(Euclidean distance, Ward-D2 method) and results indicated as den-

drograms. The colored overlay informs about the age at death, sex, 

and definitive neuropathological diagnosis. Gene names comply with 

the Ensembl IDs. DEG differentially expressed gene, GSEA gene set 

enrichment analysis, Neg Pred Value negative predictive value, Pos 

Pred Value positive predictive value, RTN Reconstruction of Tran-

scriptional Networks, TA tufted astrocyte, TCX temporal cortex, RAP 

regulon activity profile, XGB extreme gradient boosting tree
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signature with additionally decreased TFEB and CREB1 

accessibilities. Interestingly, subsequent pathway enrichment 

analyses of the PSP and CBD signatures incorporating the 

logic of TFME changes suggested MAPK-dependent sign-

aling and infectious agent defense terms to play important 

biological roles in primary tauopathy astrocytes (Fig. 6f, g). 

In addition, the RELA and JUN TFs link back to protein 

homeostasis pathways (i.e., ‘ubiquitin protein ligase bind-

ing’), which is reflected in the gradual accessibility incre-

ments of tauopathy- and degradation system-associated 

genes (Supplementary Fig. 14, online resource).

Collectively, the integration of a variety of analytic 

approaches resulted in the identification of an astrocytic 

pTau signature that is strongly reminiscent of an immediate-

early response. Notwithstanding, distinct molecular states of 

astrocytes in PSP and CBD were identified as well.

Since a conceivable confounder—case CBD3—might 

have introduced a sampling bias through its relatively high 

proportion of astrocytes, we performed a separate re-analysis 

without that case. Even with this approach, the major results 

of our study remain unaffected; however, we detected a sig-

nificant increase in relative astrocyte frequencies (likely due 

to the lack of the outlier sample CBD3) and a more com-

prehensive list of TFs supporting a pTau phenotype (Sup-

plementary Fig. 15–18, online resource).

Altered JUNB and TFEB activity influences target 
protein expression

Finally, we wondered whether the altered TF regulatory net-

works in tauopathies would manifest themselves in altered 

protein levels that could be observed by immunohistochem-

istry in post-mortem brains. We therefore identified target 

genes of the prominent TF candidates JUN(B) and TFEB, 

both of which are master regulators of essential homeostatic 

pathways.

To this end, we selected the top gene candidates result-

ing from correlating JUN(B)/TFEB TFME and GA, and 

which overlapped with Cicero co-accessibility links on the 

genomic level (see Methods). This approach highlighted 

MAP3K8 as JUN(B)- and CTSD as TFEB-targeted genes 

(Supplementary Fig. 19, online resource). We performed 

immunofluorescence labeling of those candidates’ gene 

products in postmortem PSP and CBD samples (i.e., MFG) 

to validate JUNB and TFEB network dysregulation though 

their predicted target genes (Fig. 7a, b).

The mitogen-activated protein kinase MAP3K8 (also 

known as TPL2) can transduce pro-inflammatory stim-

uli (i.e., IL17-receptor signaling in astrocytes) through 

the JUN(B)/FOS TF complex, which itself can enhance 

MAP3K8 and interleukin expression [43, 63, 65]. We 

observed a significantly higher rate of pTau-positive astro-

cytes (TAs and APs) with MAP3K8 expression compared 

to GFAP positives in both tauopathies (PSP: 0.83 vs. 0.42, 

ncells = (118; 23), ncases = 4; CBD: 0.79 vs. 0.37, n = (83; 

34), ncases = 4) (Fig. 7a). In contrast, when investigating 

the expression of Cathepsin D, a lysosomal hydrolase and 

marker of lysosomal degradation [48], we found an inverse 

association with CTSD + TAs (in PSP), while the fraction 

of CTSD + APs (in CBD) was not significantly higher than 

their GFAP + counterparts (PSP 0.44 vs. 0.84, ncells = (65; 

18), ncases = 3; CBD 0.91 vs. 0.85, ncells = (87; 36), ncases = 4) 

(Fig. 7b). Notably, protein expression was also visible in 

neuronal somata and other non-astrocytic cells. Together, we 

conclude that tauopathy astrocytes show signs of a JUN(B)-

mediated pro-inflammatory state, while TAs in PSP addi-

tionally display a TFEB-mediated downregulation of lyso-

somal degradation.

Collectively, our findings are summarized in a flow chart 

(Fig. 7c) that can be used as an informative reference for 

epigenetic signatures that play a role in PSP and CBD.

Discussion

In this study, we applied an integrative systems biology 

approach to capture single-nucleus chromatin accessibili-

ties in PSP and CBD frontal cortices. By combining latent 

characteristics of TF information and external transcrip-

tome data, we shed light on the regulatory identity of pTau-

affected astrocytes in these neurodegenerative diseases. Pre-

vious studies in bulks of brain cells repeatedly highlighted 

tauopathy-associated genes, or genes harboring genetic 

risk variants in their proximity [1, 27, 34]. However, cell 

type-resolved data sets have only been published for AD, 

where a role for microglia in its pathogenesis is now rela-

tively well established. To our surprise, we did neither find 

microglia-associated accessibility changes, nor did we see an 

association of neurodegeneration-specific genetic risk loci 

with microglial specific peaks in the PSP or CBD datasets. 

In contrast, our data highlight astrocyte-relevant epigenetic 

alterations (Fig. 7c) [6, 55, 62]. Responses to pathological 

stimuli associated with the occurrence of pTau are likely 

related to astrocytic subpopulations, as delineated by dif-

ferential use of TF binding sites in our study [15, 17, 30]. 

Nevertheless, we cannot exclude the possibility that accessi-

bility changes in astrocytes are secondary in nature, without 

any direct effect of pTau on the compaction of chromatin, 

even though this has been described before in Tau transgenic 

Drosophila [19].

We propose that such TF signatures are meaningful (i) 

descriptively as indicators of disease entity, and (ii) bio-

logically as the representation of a pathogenetically rele-

vant gene expression program. The diagnostic value of this 

analysis might aid future TF-based studies with latent or 

missing phenotype data in a priori trait mapping. Together 
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with the proposed TF signature-based disease description, 

the underlying biology might even elicit candidates worth 

targeting pharmacologically. For example, one concept in 

AD aims at promoting lysosomal biogenesis and degra-

dative enzyme expression. Astrocyte-specific conditional 

knock-out experiments in mouse models and neuronal cul-

tures previously suggested to target TFEB, a transcriptional 

inductor of autophagic lysosomal degradation [5, 39]. This 

lysosomal master regulator significantly reduced the load 

of neuronal pTau and shifted extracellular Tau fibrils into 

astrocytes for lysosomal degradation. In our data, increased 

TFME values of TFEB in CBD astrocytes were paired with 

autophagy activation without significant rise in CTSD pro-

tein levels (in APs), while reduced TFEB activity and CTSD 

expression (in TAs) was evident in PSP astrocytes. This adds 

the notion of deficient activity in the latter and potentially 

defective or inefficient lysosomal pathways in the former dis-

ease context. TFEB could thereby activate antioxidative and 

autophagy processes in synergy with NFE2 [32], a TF which 

featured increased motif enrichment in CBD astrocytes and 

whose deficiency is associated with exacerbation of Tau and 

amyloid pathology [53]. In turn, NFE2 family members are 

dependent on co-regulators and the AP-1 complex, a regu-

latory machinery implicated in neuroinflammation, apop-

tosis, gliotic remodeling, and axonal repair [50, 61]. This 

heterodimeric regulator complex exhibits cell type-specific 

composition and response profiles but has merely been in 

the focus of tauopathy research.

Immunohistochemical analysis in postmortem brain tissue 

of individuals with the very rare 3R tauopathy Pick's disease 

revealed colocalization of AP-1 components such as FOS, 

JUN, and MYC with the disease-defining intraneuronal pTau 
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deposits (Pick bodies) and neuronal cytoplasms [44]. PSP 

and CBD astrocytes seem to acquire a pathological state 

of reactivity, cellular stress, and potentially apoptosis upon 

AP-1 activation (Fig. 6h). To our knowledge, an IER signa-

ture, comprising the AP-1 subunits, NFKB2, and NR4A2, 

has not been described in 4R tauopathies.

AP-1 itself might be induced by MAP kinases, as 

suggested by the simultaneous increase in the GA of 

MAPK8/JNK1 and protein levels of MAP3K8/TPL-2 in 

(pTau +) astrocytes of both tauopathies. In parallel, acti-

vated MAPK8/JNK1 in astrocytes might perpetuate Tau 

hyperphosphorylation, thereby contributing to a per-

sistent cellular stress response [19, 51]. In neurons, the 

reduced GA of MAPKs (isoforms 1,8,14) and increased 

GA of their downstream target GSK3B suggest a poten-

tial target point by means of therapeutic kinase inhibi-

tion. Unfortunately, previous clinical trials with unspecific 

kinase inhibitors (valproic acid, lithium) and the selective 

GSK3B-inhibitor tideglusib failed to achieve considerable 

clinical improvements in AD or PSP patients [23, 36, 59]. 

Complicating the kinase modulation concept, increased 

GA of MAPK8/JNK1 was evident in astrocytes and oligo-

dendrocytes alike, again highlighting the importance of 

cell type-resolved analyses.

Intriguingly, the GWAS risk variant enrichment analysis 

revealed enrichments only in astrocyte-specific chromatin 

peaks. Microglial-driven alterations in genes participating 

in protein homeostasis, which are commonly believed to 

be a hallmark of AD [13, 22, 56], seemed to be confined 

to PSP in our analysis (Fig. 3b), consistent with the pro-

nounced microglial transcriptional networks observed by 

Allen et al. [1]. The lack of risk variant enrichment as well 

as the significant GA increase in genes associated with 

UPS and CMA suggest that microglial activation in PSP 

is rather unlikely determined by sequence alterations as 

defined in GWAS. Unlike other tauopathies such as AD 

or Pick's Disease, the pTau-laden astrocytic phenotype is 

considered a hallmark of PSP and CBD, where loss of 

synapse support and concurrent inflammation can exert 

deleterious effects [4, 6, 37]. Our results therefore suggest 

that future experiments should prioritize the investigation 

of astrocytes over microglia in PSP and CBD.

In summary, comparing these two 4R tauopathies from 

an epigenetic perspective demonstrates broad overlap in 

terms of disease-associated regulatory processes. Never-

theless, our analysis also suggests distinct pathogenetic 

properties, particularly with regard to the phenotype of 

astrocytes. The proposed tauopathy signatures should be 

contextualized with different data sets and more diverse 

disease populations to define their specificity as well as 

overlapping features with related disease entities. Future 

research might also benefit from integrating our data in 

multi-omic projects or when studying pathomechanisms 

and causal relationships in suitable disease models.

Fig. 6  A concept of astrocytic tauopathy signatures. a Upset plot 

illustrating TFs useful in distinguishing PSP/CBD from Ctrl astro-

cytes that resulted from (i) interpreting the XGB classification model 

(‘ML model: tauopathy’), (ii) the TA-related regulon activity profile 

in the bulkRNA-seq data set (‘RTN: TA-RAP’), (iii) the pseudotime 

trajectory analysis in the snATAC-seq data set (‘Trajectory analysis’), 

and (iv) group-wise TFME comparisons in the snATAC-seq data set 

(‘TFME’ comparison’). Set sizes are indicated as blue bars, while 

the intersection logic is shown as vertical lines and dots. Column 

heights depict the extent of intersection for the given sets. The first 

four intersections were assigned a hierarchy of importance in defin-

ing the primary tauopathy context. b Triangle plot indicating signifi-

cance, absolute extent, and direction of TFME changes in pTau sig-

nature TFs in tauopathy-assigned astrocytes. The triangle tips point 

towards the direction of change while the size represents the absolute 

difference from the TFME reference in Ctrls. Fill shading displays 

the negative decadic logarithm of the BH-corrected p values from 

pair-wise Wilcoxon rank-sum tests. Empty coordinates inform about 

non-significant comparisons. Gray underlay informs about candidates 

with diverging TFME when collating PSP and CBD. c Upset plot to 

identify TFs useful in differentiating CBD from PSP astrocytes. The 

single sets resulted (i) from the most important TFs for PSP or CBD 

prediction according to the XGB model explainer (‘ML model: PSP’, 

‘ML model: CBD’) and (ii) from pairwise statistical TFME com-

parisons between PSP and CBD astrocytes (‘TFME comparisons’). 

The general plot structure equates to A. d, e Triangle plot indicating 

significance, absolute extent, and direction of TFME changes in PSP 

(d), and CBD (e) signature TFs in tauopathy-assigned astrocytes. The 

general plot structure equates to B. f, g Heatmaps of the GO enrich-

ment of the PSP (f) and CBD TF signatures (g). The top 15 terms 

according to MF, BP, and CC enrichment scores as well as only those 

TFs that share at least one of these terms are depicted. Color code 

indicates the direction and strength of enrichment or depletion com-

pared to Ctrl astrocytes. MAPK signaling, immunological and infec-

tious disease terms are enriched. Abs.diff. absolute difference, AP 

astrocytic plaque, CMA chaperon-mediated autophagy, DAR differen-

tially accessible region, Dis.Ent. disease entity, EC extracellular, Exc. 

DLN excitatory deep-layer neurons, Exc. ULN excitatory upper-layer 

neurons, FDR false discovery rate, GO gene ontology, Mic microglia, 

ML machine learning, Oli oligodendrocytes, OPC oligodendrocytic 

precursor cells, TA-RAP tufted astrocyte-associated regulon activity 

profile, TF(ME) transcription factor (motif enrichment), UPS ubiqui-

tin–proteasome-system, UPR unfolded-protein-response

◂
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Appendix A: 

Not included. 

 

 

Appendix B:  

Appendix Table 1. Overview of select publications reporting epidemiological data from clinical and patho-

logically validated PSP and CBD/CBS cohorts. Weighted means incorporating study sample sizes.   
Abbreviations: clin, clinical diagnosis; NA, not applicable; n.r., not relevant for calculation; path, pathological diagnosis; SD, 

standard deviation; *, only median values for “Age at Onset” and/or “Age at Death” reported in original article; #, total sum. 

Diagnosis First author Year  DOI URL 

Crude  

Prevalence 

rate per 

100,000 

N 

Mean 

Age at 

Onset 

Range 

Age at 

Onset  

Mean 

Dise-

ase 

Dura-

tion 

Range 

Dise-

ase 

Dura-

tion  

Mean 

Age at 

Death 

Range 

Age at 

Death  

Valida-

tion 

CBS Wermuth 2008 https://doi.org/10.1111/j.1600-0404.2007.00991.x 0 n.r. NA NA NA NA NA NA clin 

CBS Osaki 2011 https://doi.org/0.1111/j.1600-0404.2010.01442.x 9 6 71 SD 9 4 NA NA NA clin 

CBS 
Coyle-

Gilchrist 
2016 https://doi.org/10.1212/WNL.0000000000002638 2.2 48 66 SD 8.5 NA NA NA NA clin 

CBS Fleury 2018 https://doi.org/10.1016/j.parkreldis.2018.03.030 3 n.r. NA NA NA NA NA NA clin 

CBD Yoshida 2014 https://doi.org/10.1111/neup.12143 NA 27 63 51:79 6 03:13 69 54:86 path 

CBD 

Jabbari, 

p.m.-vali-

dated cohort 

2019 https://doi.org/10.1001/jamaneurol.2019.4347 NA 8 64 SD 7.2 NA NA NA NA path 

CBD Respondek 2020 https://doi.org/10.1002/mds.27872 NA 55 63.8 42:81 6.7 01:12 70.4 51:85 path 

Weighted mean (All) 

Weighted mean (Validated) 

 3.55 144# 64.69  6.30  69.94  clin/path 

  90# 63.58  6.47  69.94  path 

PSP Golbe 1988 https://doi.org/10.1212/WNL.38.7.1031 1.4 50 62.9 

SD 

6.4, 

44:75 

6.9 

SD 

3.9, 

2:17 

69.8 NA clin 

PSP Wermuth 1997 https://doi.org/10.1212/WNL.49.2.426 4.6 n.r. NA NA NA NA NA NA clin 

PSP Schrag 1999 https://doi.org/10.1016/S0140-6736(99)04137-9 4.9 5 67.5 53:84 4.4 01:10 71.9 NA clin 

PSP 
Nath, natio-

nal cohort 
2001* https://doi.org/10.1093/brain/124.7.1438 1 187 66 41:83 5 

QU 

1:17 
NA NA clin 

PSP Nath 2003 https://doi.org/10.1212/01.WNL.0000052991.70149.68 NA 75 67.6 NA 5.7 NA 73.3 NA clin 

PSP Kawashima 2004 https://doi.org/10.1002/mds.20149 5.8 8 71 SD 6.6 NA NA NA NA clin 

PSP Wermuth 2008 https://doi.org/10.1111/j.1600-0404.2007.00991.x 4.1 n.r. NA NA NA NA NA NA clin 

PSP Osaki 2011 https://doi.org/0.1111/j.1600-0404.2010.01442.x 18.1 12 76 SD 7 5 NA NA NA clin 

PSP 
Coyle-

Gilchrist 
2016 https://doi.org/10.1212/WNL.0000000000002638 2.8 48 67 SD 7.8 NA NA NA NA clin 

PSP Takigawa 2016 https://doi.org/10.1016/j.parkreldis.2015.10.282 17.9 n.r. NA NA NA NA NA NA clin 

PSP Fleury 2018 https://doi.org/10.1016/j.parkreldis.2018.03.030 8.3 n.r. NA NA NA NA NA NA clin 

PSP Yoshida 2014 https://doi.org/10.1111/neup.12143 NA 70 67 39:92 8 01:28 75 49:106 path 

PSP 

Jabbari, 

p.m.-vali-

dated cohort 

2019 https://doi.org/10.1001/jamaneurol.2019.4347 NA 23 66 SD 7.4 NA NA NA NA path 

PSP Respondek 2020 https://doi.org/10.1002/mds.27872 NA 195 66.3 41:91 7.7 00:27 74.1 54-94 path 

PSP Geut 2020 https://doi.org/10.1186/s40478-020-00914-9 NA 45 66 51:84 8 03:23 74 57:90 path 

PSP Roemer 2022* https://doi.org/10.1007/s00401-022-02479-4 NA 1680 68 NA 7 
QU 

5:9 
75 

QU 

70:81 
path 

Weighted mean (All) 

Weighted mean (Validated) 

 6.89 2398# 67.53  6.89  74.71  clin/path 

  2013# 67.73  7.13  74.89  path 
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Appendix Table 2: Clinical trials in Alzheimer Disease.   

Modified from Cummings et al. 2022 [30] based on clinicaltrials.gov. Retrieved 7th January 2023.   
Abbreviations: ASO, antisense oligonucleotide; HP, human probands; MCI, mild cognitive impairment; MTBR, microtubule bind-

ing domain 

ALZHEIMER DISEASE TRIALS             

TRIAL PHASE: 

INDICATION 

Agent CADRO mecha-

nism class 

Mechanism of action Status (CT.gov ID) Sponsor Start date End date 

I: AD Trehalose Cell death Induces autophagy and promotes 

clearance of aggregated proteins 

Unknown, results 

pending: 

(NCT04663854) 

Mashhad University of 

Medical Sciences 

Aug-20 Aug-22 

I: HP BEY2153 Proteostasis/pro-

teinopathies 

Aβ and tau aggregation inhibitor; 
inhibits neuronal death 

Unknown, results 

pending: 

(NCT04476303) 

BeyondBio Aug-20 Oct-21 

I: MCI/AD BDPP  Proteostasis/pro-

teinopathies 

Prevents Aβ and tau aggregation Completed, results 

pending: 

(NCT02502253) 

Johns Hopkins Univer-

sity, Mount Sinai School 

of Medicine 

Jun-15 Jun-22 

I: MCI/AD Contraloid 

acetate 

Proteostasis/pro-

teinopathies 

Aggregation inhibitor Completed, results 

pending: 

(NCT04711486) 

Charite University, Ber-

lin, Germany 

Dec-20 Nov-21 

I: HP REM00461

27 

Synaptic Plastic-

ity/Neuroprotec-

tion 

Regulates calcium dyshomeosta-

sis; tau and Aβ reduction 

Completed, results 

pending: 

(NCT04672135) 

reMYND, NeuroScios 

GmbH 

Nov-20 May-22 

I: AD ASN51 Tau O‐GlycNAcase Inhibitor Recruiting: 

(NCT04759365) 

Asceneuron Jun-21 Jan-22 

I: AD Lu AF87908 Tau Monoclonal antibody to reduce 

tau 

Recruiting: 

(NCT04149860) 

Lundbeck Sep-19 Jul-22 

I: MCI/AD NIO752  Tau ASO against MAPT/Tau transcript Not yet recruiting: 

(NCT05469360) 

Novartis Pharmaceuti-

cals 

Sep-22 Nov-23 

I: HP TB006 Tau Anti‐tau monoclonal antibody Recruiting; 

(NCT04920786) 

TrueBinding, Inc. Jun-21 Jan-23 

II: AD Grapeseed 

extract 

Proteostasis/pro-

teinopathies 

Polyphenolic compound; antioxi-

dant; prevent aggregation of Aβ 
and tau 

Unknown, results 

pending: 

(NCT02033941) 

Mount Sinai School of 

Medicine, NCCIH 

Nov-14 Dec-21 

II: MCI/AD Rapamycin 

(sirolimus) 

Proteostasis/pro-

teinopathies 

mTOR inhibitor; ameliorate meta-

bolic and vascular effects of aging, 

derepress autophagy 

Recruiting: 

(NCT04629495) 

The University of Texas 

Health Science Center at 

San Antonio 

Aug-21 Aug-24 

II: AD Neflamapi-

mod (VX‐
745) 

Synaptic plastic-

ity/neuroprotec-

tion 

p38 MAPK‐α inhibitor; enhance 
endolysosomal function to reduce 

synaptic dysfunction 

Recruiting, results 

pending: 

(NCT03435861)  

EIP Pharma Oct-18 Jun-21 

II: MCI/AD BPN14770 Synaptic plastic-

ity/neuroprotec-

tion/MODIF: au-

tophagy 

PDE‐4 inhibitor; prolongs cAMP 
activity and improves neuronal 

plasticity 

Unknown, results 

pending: 

(NCT03817684) 

Tetra discovery partners Apr-19 Feb-20 

II: AD JNJ‐
63733657 

Tau Monoclonal antibody targeting 

soluble P-tau (N-terminus) 

Recruiting: 

(NCT04619420) 

Janssen Jan-21 Nov-25 

II: AD LY3372689 Tau O‐GlycNAcase inhibitor; promote 
tau glycosylation, prevent tau ag-

gregation 

Active, not re-

cruiting: 

(NCT05063539) 

Eli Lilly Sep-21 Jun-24 

II: AD PU‐AD Tau Heat shock protein 90 inhibitor; 

to prevent aggregation and hy-

perphosphorylation of tau 

Terminated, results 

pending; 

(NCT04311515) 

Samus therapeutics Jun-20 Nov-22 

https://bwedu-my.sharepoint.com/personal/nils_briel_bwedu_de/Documents/Research/ZNP_DZNE/01%20Projects%20OD/0Z%20Manuscripts/clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT04663854
https://clinicaltrials.gov/ct2/show/NCT04663854
https://clinicaltrials.gov/ct2/show/NCT04663854
https://clinicaltrials.gov/ct2/show/NCT04476303
https://clinicaltrials.gov/ct2/show/NCT04476303
https://clinicaltrials.gov/ct2/show/NCT04476303
https://clinicaltrials.gov/ct2/show/NCT02502253
https://clinicaltrials.gov/ct2/show/NCT02502253
https://clinicaltrials.gov/ct2/show/NCT02502253
https://clinicaltrials.gov/ct2/show/NCT04711486
https://clinicaltrials.gov/ct2/show/NCT04711486
https://clinicaltrials.gov/ct2/show/NCT04711486
https://clinicaltrials.gov/ct2/show/NCT04672135
https://clinicaltrials.gov/ct2/show/NCT04672135
https://clinicaltrials.gov/ct2/show/NCT04672135
https://clinicaltrials.gov/ct2/show/NCT04759365
https://clinicaltrials.gov/ct2/show/NCT04759365
https://clinicaltrials.gov/ct2/show/NCT04149860
https://clinicaltrials.gov/ct2/show/NCT04149860
https://www.clinicaltrials.gov/ct2/show/NCT05469360
https://www.clinicaltrials.gov/ct2/show/NCT05469360
https://clinicaltrials.gov/ct2/show/NCT04920786
https://clinicaltrials.gov/ct2/show/NCT04920786
https://clinicaltrials.gov/ct2/show/NCT02033941
https://clinicaltrials.gov/ct2/show/NCT02033941
https://clinicaltrials.gov/ct2/show/NCT02033941
https://clinicaltrials.gov/ct2/show/NCT04629495
https://clinicaltrials.gov/ct2/show/NCT04629495
https://clinicaltrials.gov/ct2/show/NCT03435861
https://clinicaltrials.gov/ct2/show/NCT03435861
https://clinicaltrials.gov/ct2/show/NCT03435861
https://clinicaltrials.gov/ct2/show/NCT03817684
https://clinicaltrials.gov/ct2/show/NCT03817684
https://clinicaltrials.gov/ct2/show/NCT03817684
https://clinicaltrials.gov/ct2/show/NCT04619420
https://clinicaltrials.gov/ct2/show/NCT04619420
https://clinicaltrials.gov/ct2/show/NCT05063539
https://clinicaltrials.gov/ct2/show/NCT05063539
https://clinicaltrials.gov/ct2/show/NCT05063539
https://clinicaltrials.gov/ct2/show/NCT04311515
https://clinicaltrials.gov/ct2/show/NCT04311515
https://clinicaltrials.gov/ct2/show/NCT04311515
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TRIAL PHASE: 

INDICATION 

Agent CADRO mecha-

nism class 

Mechanism of action Status (CT.gov ID) Sponsor Start date End date 

II: AD Semori-

nemab 

(RO710570

5) 

Tau Monoclonal antibody to remove 

extracellular tau (N-terminal) 

Active, not re-

cruiting: 

(NCT03828747) 

AC Immune SA, Genen-

tech, Hoffmann-La Ro-

che 

Jan-19 Aug-23 

II: MCI/AD ACI‐35 Tau Active immunotherapy targeting 

tau 

Active, not re-

cruiting: 

(NCT04445831) 

AC Immune, Janssen Jul-19 Oct-23 

II: MCI/AD UCB 0107/ 

Be-

pranemab 

Tau Anti‐tau monoclonal antibody 
(near MTBR) 

Active, not re-

cruiting: 

(NCT04867616) 

UCB Biopharma Jun-21 Nov-25 

II: MCI/AD IONIS MAP-

TRx 

(BIIB080) 

Tau Antisense oligonucleotide target-

ing tau expression; MAPT RNA in-

hibitor 

Recruiting: 

(NCT05399888) 

Ionis Pharmaceuticals Aug-22 Dec-26 

II: MCI/AD Nicotina-

mide 

Tau HDAC inhibitor; to reduce tau‐in‐
duced microtubule depolymeri-

zation and tau phosphorylation 

Completed, results 

pending: 

(NCT03061474) 

University of California, 

Irvine 

Jul-17 Dec-22 

II: MCI/DIAD E2814 Tau Anti‐tau monoclonal antibody 
(MTBR) 

Active, not re-

cruiting: 

(NCT04971733) 

Eisai Jun-21 Apr-24 

III: AD Nilotinib BE Proteostasis/Pro-

teinopathies 

Tyrosine kinase inhibitor; autoph-

agy enhancer; promotes clear-

ance of Aβ and tau 

Not yet recruiting; 

(NCT05143528) 

KeifeRx Feb-22 Jun-26 

III: MCI/AD TRx0237/L

MTX 

Tau Tau protein aggregation inhibitor Active, not recruit-

ing; (NCT03446001) 

TauRx Therapeutics Jan-18 Mar-23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://clinicaltrials.gov/ct2/show/NCT03828747
https://clinicaltrials.gov/ct2/show/NCT03828747
https://clinicaltrials.gov/ct2/show/NCT03828747
https://clinicaltrials.gov/ct2/show/NCT04445831
https://clinicaltrials.gov/ct2/show/NCT04445831
https://clinicaltrials.gov/ct2/show/NCT04445831
https://clinicaltrials.gov/ct2/show/NCT04867616
https://clinicaltrials.gov/ct2/show/NCT04867616
https://clinicaltrials.gov/ct2/show/NCT04867616
https://www.clinicaltrials.gov/ct2/show/NCT05399888
https://www.clinicaltrials.gov/ct2/show/NCT05399888
https://clinicaltrials.gov/ct2/show/NCT03061474
https://clinicaltrials.gov/ct2/show/NCT03061474
https://clinicaltrials.gov/ct2/show/NCT03061474
https://clinicaltrials.gov/ct2/show/NCT04971733
https://clinicaltrials.gov/ct2/show/NCT04971733
https://clinicaltrials.gov/ct2/show/NCT04971733
https://clinicaltrials.gov/ct2/show/NCT05143528
https://clinicaltrials.gov/ct2/show/NCT05143528
https://clinicaltrials.gov/ct2/show/NCT03446001
https://clinicaltrials.gov/ct2/show/NCT03446001
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