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Abstract 

Alzheimer’s disease is characterized by an accumulation of both A and tau in the brain 

causing neurodegeneration. Currently described clearance mechanisms for tau involve the 

brain glymphatic and lymphatic system from which tau can slowly egress to the blood. 

However, studies have shown that tau can rapidly reach the blood circulation after 

intracerebroventricular injections, suggesting the existence of a direct CSF to blood transport, 

but the path taken by tau to reach the circulation within minutes is still unknown. Tau being 

described as incapable of crossing the blood-brain barrier, a plausible path for tau brain exit is 

through the blood-CSF barriers (BCSFB). A particular BCSFB is located at the median 

eminence where hypothalamic tanycytes, whose cell bodies form the floor of the third ventricle 

and send long processes to the underlying pituitary portal capillary bed, form a bridge between 

the CSF and the blood. In this work, we show that tanycyte are able to take up and transport 

tau in vitro using tanycyte primary cultures. The production of a fluorescently-labeled tau 

allowed us to track tau path from the CSF to the blood and to confirm the implication of tanycyte 

in its transport. Using a novel model of tanycytic shuttle interruption, we demonstrated the 

major contribution of tanycytes in tau egress from the brain. Lastly, the study of human 

hypothalamic and median eminence post-mortem tissue showed a sign of tau transport in 

tanycyte of AD patients and a dramatic alteration of their cytoskeleton which was not observed 

in another neurodegenerative disease. Altogether, our results demonstrate the role of 

tanycytes in tau clearance and their implication in the pathophysiology of Alzheimer’s disease. 

Such data raise the questions of tanycytes as actors of the CSF clearance and their potential 

implications in other neurodegenerative diseases. 
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Résumé 

La maladie d'Alzheimer (MA) est caractérisée par l’accumulation du peptide A et de la 

protéine tau dans le cerveau, provoquant une neurodégénérescence. Les mécanismes de 

clairance de la protéine tau connus impliquent le système glymphatique et lymphatique à partir 

duquel elle peut lentement s'échapper vers le sang. Cependant, des études ont montré que la 

protéine tau peut rapidement atteindre la circulation sanguine après des injections 

intracérébroventriculaires, ce qui suggère l'existence d'un transport direct du LCR au sang, 

mais le chemin emprunté par celle-ci pour atteindre la circulation en l’espace de quelques 

minutes est encore inconnu. La protéine tau étant décrite comme incapable de traverser la 

barrière hémato-encéphalique, une voie plausible pour la sortie de la protéine tau du cerveau 

est la barrière sang-liquide cérébrospinale (BSLCR). Une BSLCR particulière est située au 

niveau de l'éminence médiane où les tanycytes hypothalamiques, dont les corps cellulaires 

tapissent la paroi ventriculaire et envoient de longs processus vers le lit capillaire sous-jacent, 

forment un pont entre le LCR et le sang. Dans ce travail, nous montrons que les tanycytes 

sont capables d'absorber et de transporter la protéine tau in vitro en utilisant des cultures 

primaires de tanycytes. La production d'une protéine tau marquée par fluorescence nous a 

permis de suivre le parcours de la tau du LCR vers le sang et de confirmer l'implication des 

tanycytes dans son transport. En utilisant un nouveau modèle d'interruption de la navette 

tanycytaire, nous démontrons la contribution majeure des tanycytes dans l'évacuation de la 

tau hors du cerveau. Enfin, l'étude de tissus post-mortem d'hypothalamus et d'éminence 

médiane humains a montré un signe de transport de tau dans les tanycytes des patients 

atteints de la MA et une altération dramatique de leur cytosquelette qui n'a été observée dans 

aucune autre maladie neurodégénérative. Dans l'ensemble, nos résultats démontrent le rôle 

des tanycytes dans la clairance de tau et leur implication dans la pathophysiologie de la MA. 

De telles données soulèvent la question des tanycytes en tant qu'acteurs de la clairance du 

LCR et de leurs implications potentielles dans d'autres maladies neurodégénératives. 
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Short abstract 

The accumulation of pathological tau in the brain and cerebrospinal fluid (CSF) and its eventual 

increase in the blood are hallmarks of Alzheimer’s disease (AD). However, the mechanisms of 

tau clearance from the brain to the periphery are not clear. We show here, using animal and 

cellular models as well as patient blood samples and post mortem brains, that hypothalamic 

tanycytes, whose cell bodies line the ventricular wall and send long processes to the underlying 

pituitary portal capillary bed, take up and transport tau from the CSF and release it into these 

capillaries, whence it travels to the pituitary and eventually the systemic circulation. In AD and 

frontotemporal dementia, tanycytic morphology is altered, with a dramatic fragmentation of the 

secondary cytoskeleton in the former but not the latter. Both the implication of tanycytic 

degradation in the pathophysiology of a human disease and the evidence for the existence of 

a brain-to-blood tanycytic shuttle are unprecedented, and raise important questions regarding 

the role of tanycytes in physiological clearance mechanisms and the development of 

neurodegenerative disorders. 
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Résumé court 

L'accumulation de la protéine Tau pathologique dans le cerveau et le liquide céphalo-rachidien 

(LCR) et son augmentation dans le sang sont des caractéristiques de la maladie d'Alzheimer 

(MA). Cependant la clairance de Tau du cerveau vers la périphérie reste mal décrite. Nous 

montrons ici, à l'aide de modèles animaux et cellulaires ainsi que d'échantillons de sang et de 

cerveaux de patients, que les tanycytes hypothalamiques, dont les corps cellulaires bordent la 

paroi ventriculaire et envoient de longs processus vers le lit capillaire sous-jacent, transportent 

la protéine tau du LCR et la libèrent dans ces capillaires pour rejoindre la circulation 

systémique. Dans la MA et la démence frontotemporale, la morphologie des tanycytes est 

altérée, avec une fragmentation du cytosquelette dans la première. L'implication de la 

dégradation des tanycytes dans la physiopathologie d'une maladie humaine et la preuve de 

l'existence d'une navette tanycytiaire entre le cerveau et le sang sont sans précédent et 

soulèvent des questions importantes concernant le rôle des tanycytes dans les mécanismes 

de clairance et le développement des troubles neurodégénératifs.  
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Introduction 

Alzheimer’s disease, an overview 

Alzheimer’s Disease (AD) is a neurodegenerative disease biologically characterized by 

-amyloid (A)-containing extracellular senile plaques and microtubule associated tau protein 

(tau)-containing intracellular neurofibrillary tangles (NFTs). Clinically, AD patients present with 

memory impairments and cognitive decline leading to behavioral, speech and motor 

impairments. AD is characterized by a long asymptomatic preclinical phase making definite 

clinical AD diagnosis and research difficult. Once in the symptomatic phase, patients exhibit 

progressive cognitive impairments leading to the development of dementia and limiting their 

abilities to maintain their independence. 

 

The main cause of dementia 

Dementia is a syndrome characterized by a pathological deterioration of cognitive 

functions. It affects around 50 million people in the world and costs over a trillion dollars 

annually. Dementia is an age-related condition but a study on centenarians shows that is not 

necessarily an outcome of aging 11. Among the variety of its causes, Alzheimer’s Disease is 

estimated to account for 60 to 70% of cases. Due to extended life expectancy, the prevalence 

of all-cause dementia is expected to double, reaching 131,5 million worldwide cases by 2050 

2. Dementia represents a significant societal and economic burden as patients progressively 

lose their independence and rely on caregivers. AD being the first cause of dementia, research 

efforts were deployed to identify the causes of the AD onset finding both genetic and 

environmental factors contributing to its development. 
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Sporadic and familial Alzheimer’s Disease 

AD can be genetically divided into familial cases with Mendelian inheritance or sporadic 

cases with no familial aggregation. Autosomal dominant familial AD (FAD) is estimated to 

represent less than 1% of patients with mutations in the amyloid precursor protein gene (APP) 

and presenilin genes leading to APP misprocessing and deposition of A peptides into senile 

plaques3. FAD patients are usually presenting with earlier disease onset, around 30 to 40 

years-old, compared to sporadic cases, after 50 years-old. For the rest of AD cases, a 

combination of genetic polymorphisms and environmental risk factors participates in the onset 

of the disease.  

 

Risk factors of Alzheimer’s Disease: from DNA variants to 

metabolism 

Beyond autosomal dominant mutations described in familial AD, twin studies in 

sporadic late-onset AD showed a heritability factor for AD4. Several DNA variants have been 

associated with increased risk of AD development. Among AD risk variants, the most common 

is the apolipoprotein 4 (APOE 4) allele increasing the risk for dementia by 4 times in 

heterozygotes and by 15 times in homozygotes compared with APOE 3 allele carriers5. This 

increased risk can partly be explained by APOE 4 competition with A  for brain clearance 

mechanisms6. However, APOE 4 alleles alone do not explain the heritability observed in AD 

cohorts. Interestingly, tau-linked variants also exist such as an ancestral inversion on 

chromosome 17q21, including the microtubule-associated tau protein (MAPT) gene, 

generated different tau haplotypes (H1 and H2). Tau H1 haplotype has been reported to be a 

risk factor for AD, linking tau with AD onset 7–9. To identify the DNA variants explaining the 

remaining fraction of AD heritability Genome wide association studies (GWAS) have been set 

up. They have shown since 2007 10–14, the association of more than 70 loci with AD. Functional 

annotation of these risk-loci have enabled the identification of new pathways playing a role in 

AD such as the modulation of immune response, endocytosis or lipid metabolism. In addition 
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to genetic risk factors, environmental risk factors for AD have been identified. Metabolic 

disorders occurring at midlife or late-life, including diabetes mellitus, hypertension, obesity and 

low high-density lipoprotein (HDL) cholesterol, have been shown to increase risk of later-life 

dementia from 1,5 to 1,8-fold 15. While most genetic risk factors have been linked with AD 

pathological processes, the influence of these modifiable environmental risk factors on AD 

pathogenesis remains unclear. 

Interestingly, metabolic and hormonal dysfunction appear not only as risk factors of the 

development of AD but can also arise from its development. Indeed, longitudinal studies 

suggest that metabolic disturbances such as weight loss can precede the cognitive declaration 

of AD16. 

 

Cognitive and non-cognitive symptoms of AD 

Cognitive deficits are the most notable symptoms of AD and are at the basis of AD 

diagnosis. The development of memory impairment is the most common cognitive impairment 

observed in AD patients and can be accompanied by defects in other cognitive domains 

including aphasia, an inability to comprehend or formulate language, apraxia, an inability to 

perform learned movements on command, agnosia, an inability to recognize or comprehend 

the meaning of objects, and disturbance of executive functioning, difficulties to plan, organize, 

sequence or abstract thoughts or information. Longitudinal studies on cognitive decline, 

cerebrospinal fluid (CSF) and neuroimaging biomarkers have unraveled a significant 

preclinical phase of disease preceding the onset of cognitive impairment by 10 to 20 years 17. 

AD patients can also exhibit significant non-cognitive impairments which may even occur 

before the initial cognitive deficits. AD patients can present metabolic and/or hormonal deficits 

such as weight loss, sleep-wake disorders and neuroendocrine alterations attributable to 

hypothalamic dysfunction16,18–20. Notably, AD patients experience disruptions in several 

hypothalamic-pituitary axis namely the hypothalamic-pituitary-adrenal (HPA) axis, with reports 

of increased basal cortisol levels and overall insensitivity to glucocorticoid feedback, the 
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hypothalamic-pituitary-thyroid (HPT) axis, with studies showing either hypothyroidic or 

hyperthyroidic states, and the hypothalamic-pituitary-gonadal (HPG) axis, consisting of lower 

levels of sex steroids associated with poorer cognitive performance 21–23. These observations 

suggest an alteration in hypothalamic functions that could be related to either the death of 

hypothalamic neurons or its inability to sense peripheral cues which are essential to its 

regulatory functions. 

Cognitive and non-cognitive symptoms are the consequences of the progressive 

neurodegeneration occurring in the course of AD. Decades of research have led to the 

identification of the progressive accumulation and aggregation of tau and A and of their direct 

involvement in the pathogenesis of AD. 

 

Tau protein and amyloid beta peptides in the 

pathophysiology of AD 

The pathology of AD is characterized by the accumulation and aggregation of A peptides in 

extracellular senile plaques that progressively spread throughout the brain on one hand and 

tau hyperphosphorylation, accumulation and intracellular aggregation into neurofibrillary 

tangles occurring in a specific spatiotemporal pattern on the other. These two histopathological 

hallmarks are key for the post-mortem diagnosis and staging of AD. Since the identification of 

A and tau as the components of senile plaques and neurofibrillary tangles in the 80s, 

significant efforts have been deployed to characterize the mechanisms involved in their 

aggregation 24–28. 

 

A peptides, shifting the balance 

A peptides derive from the sequential cleavage of APP, a transmembrane protein enriched 

in neurons, by -secretase and -secretase and coined the amyloidogenic pathway 29–35 (Figure 

1). A generation occurs in all cells but is produced in high amount by neurons during synaptic 
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activity. A is released in the extracellular compartment where it aggregates in a concentration 

dependent-manner36. Due to a stepwise processing by -secretases A sequence varies 

resulting in the production of A39-43 with two major species being A40, the most abundant, 

and A42 37. The slightly longer form, A42, is more prone to aggregation and is the principal 

specie deposited in the brain of AD patients. Studies have shown a neurotoxic effect of A42 

through its binding with neuronal synaptic receptors and the induction of pathological changes 

in dendritic spines and synaptic efficiency38,39.  

 

 

Figure 1: The amyloidogenic and non-amyloidogenic pathways.  

The amyloidogenic pathway is the process of Aβ biogenesis: APP is cleaved by β-secretase, producing 

soluble APP fragments β (sAPPβ) and C-terminal fragment β (CTFβ), and CTFβ is then cleaved by the 

γ-secretase, generating APP intracellular domain (AICD) and Aβ. The non-amyloidogenic pathway 

prevent the generation of Aβ, as APP is firstly cleaved by α-secretase within Aβ domain, generating 

soluble APP fragments α (sAPPα) and C-terminal fragment α (CTFα), CTFα is then processed by γ-

secretase, producing non-toxic P3 and AICD fragments. 

 

The amyloidogenic pathway is counterbalanced by the non-amyloidogenic pathway during 

which APP is also sequentially cleaved. In this case, a -secretase first cleaves APP inside 

the A sequence and is followed a second cleavage performed by the -secretase also 
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involved in the amyloidogenic pathway. This difference in the first cleavage site prevents the 

formation of A peptides. In the context of AD, a shift in A production balance occurs with an 

increased production of longer A forms, especially A42. This shift is caused in familial AD 

by the different mutations found in APP and presenilin 1 and 2, forming the catalytic subunit of 

the -secretase 40. In sporadic AD, multiple risk genes are involved in A homeostasis, either 

in its production or clearance, such as APOE4 the main risk gene of sporadic AD negatively 

influencing A42 clearance 41. 

 

Tau from microtubule binding to prion-like seeding and spreading 

 

Tau protein expression, structure and function 

Tau protein was discovered in 1975 in a study on microtubule assembly42. It is encoded by the 

MAPT gene which comprises 16 exons and is localized on chromosome 17q21. In the adult 

brain, tau exists in six isoforms due to alternate splicing of its exon 2,3 and 10 43,44. Tau isoform 

nomenclature is based on the presence of either three or four microtubule binding domains, 

3R or 4R, and of either 1, 2 or no N-terminal insertion, 1N, 2N or 0N (Figure 2) 45. The splicing 

of tau is developmentally regulated as only the shortest tau isoform is expressed in the fetal 

brain while all six isoforms are expressed in the adult brain. Also, 3R/4R tau ratio is roughly 

equivalent but 0N, 1N, and 2N tau relative proportions are different (around 37%, 54% and 9% 

respectively)46. The splicing of tau seems to be important for the development of pathological 

conditions and especially the splicing of the exon 10. Indeed, tauopathies – neurodegenerative 

diseases characterized by the accumulation and aggregation of tau proteins – can be classified 

by into three groups depending on the preponderant tau isoforms involved. For example, 

progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) are characterized 

by aggregates formed with 4R isoforms and classified as 4R tauopathy, Pick’s disease (PiD) 

is a 3R tauopathy as its aggregates are composed of a majority of 3R isoform and AD is a 

3/4R tauopathy since both 3R/4R isoforms are found in the PHF. Since these disease differs 
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in lesioned brain areas and symptoms, it suggests the existence of different pathological 

processes according to the tau isoforms involved 47. Although tau is found to be aggregated in 

tauopathies, physiological tau is a natively unfolded protein and has little propensity to self-

aggregate 48. Despite this unfolded nature, tau appears to preferentially adopt a paper-clip like 

structure where the N-terminal, C-terminal and the repeat domains are in proximity 49. 

 

 

Figure 2: Tau isoforms result from alternative splicing.  

The MAPT gene contains 16 exons and generates 6 tau protein isoforms by alternative splicing of exon 

2, 3 and 10. The isoforms differ from each other based on the number of N-terminal repeats (N0, N1, 

N2) and microtubule-binding domain repeats (R3 or R4). All six isoforms are expressed in the adult brain 

but only the shortest isoform is expressed in the fetal brain. Illustration from Wang et al, 2016 50. 

 

Tau expression is mainly cerebral even if some peripheral organs such as the heart or the 

kidney show tau expression51. In the brain, tau is mainly expressed in neurons even if low 

expression levels can also be found in oligodendrocytes and astrocytes52,53. In neurons, tau is 

mainly distributed in the axons where it stabilizes the microtubule but a variety of other 

functions and subcellular localization of tau have been identified in the past decade54. Beside 

stabilizing the microtubules, axonal tau can compete with kinesin and dynein microtubule 

motors directly influencing the anterograde and retrograde transport of cargoes along the axon 

in vitro 55,56. Tau has also been shown to be located at the dendrites where its function are still 

unclear 57 and in the nucleus where it exerts a role in RNA and DNA protection 58–60. Tau being 
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involved in many cellular processes its functions need to be regulated. The main regulator of 

a protein function is post-translational modification (PTM) and tau has been described to 

undergo several types of PTM. 

 

Post-translational modifications lead to Tau instability 

In the context of AD, tau proteins undergo massive post-translational modifications. The 

general role of post-translational modifications is to regulate a protein’s functional diversity by 

altering its electrostatic and/or structural properties. Tau is described to be subjected to a wide 

variety of PTMs including phosphorylation, acetylation, methylation, O-GlcNAcylation. Among 

those PTMs, phosphorylation has generated a lot of interest especially since abnormal 

phosphorylation at specific residues have been found in AD brains and were suggested to be 

involved in tau aggregation process (Figure 3) 26,61,62. Therefore, a lot of effort have been put 

in the production of phospho-specific tau antibodies for the detection of pathological tau 

species for research and diagnostic.  

 
 

Figure 3: Physiological and pathological phosphorylation sites of tau and their specific 

antibodies. 



 27 

Tau has more than 80 putative phosphorylation sites among which some are specific to the AD brain 

(red), to the normal brain (blue) or found both in AD and normal brain but in varying proportion (Green). 

The differential phosphorylation of tau in AD has been used to detect pathological species of Tau in 

research and diagnostic. To do so, phospho-specific antibodies (purple) have been generated and are 

extensively used in the field of AD biomarker and histopathology. Illustration from Simic et al, 2016 63. 

 

Despite different reports suggesting the role of phosphorylation in Tau aggregation 

remains controversial since polyanionic factors induce Tau aggregation in vitro regardless of 

its phosphorylation state 64 and hypothermia-induced Tau hyperphosphorylation in hibernating 

animals isn’t associated with Tau aggregation 65,66. However, tau phosphorylation is collectively 

accepted as a regulator of its physiological functions. For example, phosphorylation inside the 

microtubule-binding domain and/or proline-rich domain negatively impacts its ability to interact 

with microtubules for example 67,68. Therefore, Tau aberrant phosphorylation in AD interferes 

with its normal function and is described to induce the detachment of Tau from the microtubules 

, to promote its delocalization to the somatodendritic compartment and to alter its intracellular 

degradation 69–72. Overall, abnormal Tau phosphorylation is associated with a loss of 

physiological Tau functions, its delocalization and accumulation. 

Other PTMs such as acetylation or truncation have emerged as relevant Tau 

modifications both to its physiological and pathological functions. Tau acetylation has been 

found in AD brains and shown to be critical for Tau turnover and cytotoxicity in vitro and in vivo 

73,74. Truncation by different proteases has been demonstrated to generate aggregation-prone 

Tau fragments in cells and rodents 75–77. PTMs are thus drifting tau away from its physiological 

role and promote its accumulation and aggregation in the context of AD.  

 

Tau protein aggregation 

In AD, tau assembles into filaments through its microtubule-binding domain repeats 

while the remaining N-terminal and C-terminal parts form the “fuzzy coat” 78,79. Tau aggregation 

forms either straight filaments or paired-helical filaments, the latter being the predominant 

component of neurofibrillary tangles80. The oligomerization of tau requires two hexapeptides 
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motifs in the microtubule-binding domain region named PHF6 and PHF6* 81,82. Despite being 

a key event in AD, tau does not spontaneously aggregate and the trigger of its aggregation in 

vivo has not been identified yet 83,84. Several factors influencing tau aggregation were identified 

in vitro. As discussed previously, PTMs such as phosphorylation on specific residues and 

enzymatic cleavage promote tau aggregation. Tau concentration appears to also be a key 

factor by inducing conformational changes promoting Tau self-assembly85. Polyanionic factors, 

including heparin, are known to seed tau aggregation and are extensively used for in vitro 

generation of tau aggregates86,64,87,88.  

Despite these in vitro data, the in vivo trigger of tau aggregation remains a mystery. 

The aggregation of tau has long been postulated to be the toxic form of Tau, the culprit of tau-

induced neurodegeneration, yet this view is challenged by recent findings arguing that Tau 

oligomers or even monomers might be the guilty ones. 

 

Is tau toxicity monomers, oligomers or aggregates mediated? 

Tau aggregation into NFTs has long been considered as the endpoint of tau pathology 

in AD as it revealed the extent of Tau-induced neurodegeneration in post-mortem tissues of 

AD patients. However, studies on regulatable tauopathy mouse lines have suggested that NFT 

formation is not the cause of synapse loss, neurodegeneration and subsequent cognitive 

impairments. Indeed, switching off tau expression in a tau P301L mouse line (rTg4510) or in a 

transgenic mice expressing the repeated domain of tau with the K280 mutation (both 

mutations promoting the appearance of tau pathology) improved the cognitive performance of 

the mice even though NFTs were still present 89,90. These studies have created a new school 

of thought proposing tau soluble species as the mediators of neurodegeneration. Some have 

even suggested that tau aggregation would possibly represent a protective process allowing 

the sequestration of toxic monomers and oligomers of tau 91. Supporting this view, studies 

have found that soluble tau (monomeric and/or oligomeric) to be cytotoxic, partly by inducing 

mitochondrial damage 92–95.  
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Despite these promising data, research on soluble tau species is still in its beginning 

and suffers from the lack of standardized methods for Tau oligomers production and for its 

detection in human and rodents brain tissues. Regardless of these technical limitations, 

several groups went further in the study of soluble tau species and have ignited the idea of tau 

spreading from diseased neurons to healthy ones, supporting a critical role for soluble tau 

monomers and oligomers in the pathophysiology of AD. 

 

Tau as a prion-like protein 

Interestingly, tau protein loss of microtubule-binding function is accompanied by a toxic 

gain-of-function consisting of the ability of tau oligomers to co-aggregate with normal tau 

protein in a prion-like manner (Figure 4). Early work by Braak & Braak, not only set the basis 

of tau staging but gave birth to the hypothesis of Tau spreading from the entorhinal cortex to 

the rest of the brain through its connectivity 96. This hypothesis was further supported by the 

discovery that pathological Tau species are taken up by neurons and are able to recruit native 

tau in vitro 97–100. Moreover, multiple studies have proven this phenomenon to be also true in 

vivo using both transgenic and injection mouse models 101–106. Interestingly, Tau seeding 

activity can be found in AD brain regions before the onset of tau aggregation reinforcing the 

argument of a transport and seeding of tau to other brain regions  preceding the appearance 

of NFTs107.  

The emerging hypothesis behind tau spreading is its synaptic transfer from neuron to 

neuron. Indeed, clinical data show that tau spreads amongst anatomically connected brain 

areas in patients with AD108–111. The aforementioned mouse models are also pointing towards 

the same direction since tau spreads in these models from the original tau expressing or tau 

injected brain area to distant but connected brain regions. Yet tau spreading mechanisms are 

still a debate, extracellular tau seeds can be found away from primary lesioned areas and even 

in the ventricular system, either in free forms or encapsulated in exosomes which could also 

participate in tau spreading 112,113. Therefore, the extracellular tau species are gaining interest 
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and research is focused on determining which of them have seeding capacities, how they are 

secreted to the extracellular space and how they are taken up. 

 

Figure 4: The prion-like 

hypothesis of Tau spreading.                                                    

Neurons bearing pathological tau 

species can secrete it in the 

extracellular space and transfer it 

to neighboring cells. Once inside 

another neuron the pathological 

tau species recruit native tau 

isoforms and seed their 

aggregation similarly to what is 

observed with the prion protein in 

Creuzfeld-Jakob disease.  

 

 

Extracellular Tau 

Tau was originally considered as an intracellular protein which presence in the 

extracellular space was associated with its release during neuronal death. Yet, several studies 

showing evidences of Tau secretion by living cells in vitro and in vivo have challenged this 

conventional view. Although tau lacks a signal sequence for secretion, several groups have 

reported its secretion in mouse neuronal primary cultures as well as induced pluripotent stem 

cell-derived human cortical neurons114,115. Tau is secreted by unconventional secretion 

pathways such as direct translocation across the plasma membrane, membranous organelles-

based unconventional secretion and microvesicle shedding at the plasma membrane116–122. 

Also, tau can be secreted at the endpoint of degradative pathways resulting in the release of 

full lengths Tau and Tau fragments123. 

Interestingly, studies on tau secretion have shown that a variety of tau species are 

found in the extracellular space. Full length, C-terminally-truncated or phosphorylated tau are 

found in extracellular mediums of neuronal primary culture and are similar to the tau species 
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found in AD patients CSF further supporting the role of neuronal tau secretion in its presence 

in the CSF 124,117.  

Tau internalization is as unconventional as its secretion. Indeed, no specific membrane 

receptors are known for Tau but it interacts with several membrane-bound proteins. Tau 

binding to the muscarinic receptors, heparan sulfate proteoglycans and LDL receptor related 

protein 1 (LRP1) and subsequent internalization by endocytosis are, to date, the three known 

Tau cellular uptake mechanisms 125–128. Finally, membrane encapsulated Tau is believed to be 

internalized by cells thanks to the fusion of the vesicles containing Tau with the plasma 

membrane. Ultimately, tau secretion and uptake by a variety of modalities explain its ability to 

spread from the primary lesioned area to the rest of the brain. 

 

 

 

Figure 5: Mechanisms of secretion and uptake of extracellular Tau.  

Tau secretion can occur via different mechanisms. Tau can be encapsulated in ectosomes during 

membrane microvesicle shedding (1). It can be released in free form through a direct translocation 

across the membrane (2) but also after the exocytosis of late endosomes and lysosomes resulting from 
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degradation pathways, a process also known as membranous organelles-based unconventional 

secretion (3). Lastly, Tau can be secreted in exosomes contained in multivesicular bodies (MVBs) (4). 

Once in the extracellular space, tau-containing vesicles can be uptaken by recipient cells by fusion with 

the plasma membrane (5) and free tau species can interact with several membrane-bound proteins and 

undergo endocytosis (6). 

 

Tau and A act synergically to induce neurodegeneration 

The relative importance of both proteins in AD pathogenesis is a source of debate129–

131. Familial AD cases are pointing toward a major role of A as a trigger of AD since mutations 

are only found in genes related to A pathology. However, while A pathology progression 

poorly correlate with the evolution of cognitive decline in AD, tau pathology spreading from 

medial temporal cortex to  the neocortex is associated with the onset of cognitive deficits 132. 

An increasing body of evidence supports the role of tau and A interaction as a keystone of 

AD pathogenesis. In a first attempt to recapitulate A and tau role in AD, the amyloid beta 

cascade hypothesis has been formulated putting A as the causative agent of AD133. From a 

linear hypothesis of A being the sole culprit of AD, the current hypothesis has evolved to 

integrate Tau as an important actor of AD neurodegenerative process. 

 

Significant advances in the comprehension of pathological mechanisms underlying AD 

onset and progression have come from preclinical studies. However, their transfer to the 

clinical setting remains the ultimate challenge and is particularly difficult. A reason for this 

complicated preclinical to clinical transfer has been the difficulty to diagnose AD patients 

accurately during their lifetime. Indeed, definite AD diagnosis have relied on post-mortem 

diagnosis for a long time but tremendous efforts deployed in finding fluid and imaging 

biomarkers of AD are able to break down this transfer barrier. 
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Diagnosis of Alzheimer’s Disease: mixing 

neuropsychological and biomarker criteria 

Diagnosis of AD represents a major challenge for AD research and clinical practice. 

The first guidelines for AD, published in 1984, were set on two points: diagnosis of AD could 

only be “probable” until AD pathology was confirmed post-mortem and it could only be 

assigned when patients presented significant functional disability and met the criterion of 

dementia134. Increasing knowledge on AD, especially on tau and amyloid beta pathology, and 

significant technological advances have allowed the development of tau and amyloid beta 

measurements in different biological material or through imaging techniques as relevant 

biomarkers for AD, helping to set new criteria for AD diagnosis. More recently, two new sets 

of criteria have been proposed for AD, one by the International Working Group (IWG) for New 

Research Criteria for the Diagnosis of Alzheimer’s Disease and the other by the National 

Institute on Aging-Alzheimer’s Association (NIA-AA), which integrate clinical symptoms and 

biomarkers of AD135–138. Both sets of criteria differs from the original criteria by identifying 

several temporal stages of AD before dementia onset and relying on specific biomarkers such 

as: CSF A, CSF total or phosphorylated tau, amyloid positron emission tomography (PET), 

atrophy on magnetic resonance imaging (MRI) and brain glucose hypometabolism using 

Fluorodeoxyglucose (FDG) PET. Three main stages of AD arise from these criteria: the 

asymptomatic or preclinical phase with presence of AD biomarkers and absence of cognitive 

deficits, the prodromal phase with presence of biomarkers and mild cognitive impairments 

(MCI) and the symptomatic or clinical phase with presence of biomarkers and dementia. 

 

Neuropsychological evaluation 

Th clinical diagnosis process of AD usually begins with a determination of the presence 

and severity of cognitive impairments in the context of patient’s, family or healthcare 

professional concerns about cognitive impairments in the patient. Cognitive decline per se isn’t 
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specific of AD since any neurodegenerative, cerebrovascular disease or depression can lead 

to cognitive impairments. However, extensive research on AD cognitive symptoms have 

identified impairments of specific cognitive functions. Episodic memory deficits are frequently 

the first cognitive symptom in AD patients, preceding the important cognitive and behavioral 

changes appearing with the dementia state139–142. Several others cognitive functions are altered 

during the course of AD pathology such as progressive visuospatial, executive functions or 

aphasia but are variable in appearance and severity amongst patients (reviewed elsewhere143). 

This diversity has resulted in the proposition of AD subclassification into typical AD and atypical 

AD variants depending on the impaired cognitive functions135. Unfortunately, other 

neurodegenerative diseases are also associated with impairments in the same cognitive fields 

and their differentiation from AD is challenging.  

The first complementary diagnostic tool has been the development of histopathological 

staging techniques for AD. Tau and amyloid pathology staging were and remain gold-standard 

diagnostic tools for AD as they allow the discrimination of AD amongst other confounding 

neurodegenerative diseases. 

 

Histopathological staging 

 

Braak stages 

In Alzheimer’s Disease, Tau pathology is staged following the Braak staging scheme. In a 

1991 report, Braak & Braak examined 83 post-mortem brains from control and AD patients for 

senile plaques and neurofibrillary changes (Figure 6) 144. While they could not find any specific 

pattern of distribution for A-containing senile plaques, they identified a spatiotemporal 

evolution in the distribution of neurofibrillary tangles and neuropil threads (axonal tau-positive 

inclusions). Six Braak stages were characterized: 

• The transentorhinal stages I and II correspond to the presence of these neurofibrillary 

changes in transentorhinal cortex in increasing density. 
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• The limbic stages III and IV are associated with the progression of the lesions from the 

transentorhinal cortex to the limbic system and especially to the first sector of the 

Ammon’s horn of the hippocampus. 

• The isocortical stages V and VI are marked by the spreading of the lesions to all 

isocortical association areas. 

 

Figure 6: Braak staging of 

neurofibrillary changes in AD. 

Braak staging comprises 6 stages 

grouped in 3 steps. The first step of tau 

pathology is the affliction of the 

transentorhinal cortex (stages I and. II) 

then the deposition spreads to the limbic 

system (stages III and IV) and finally 

throughout the isocortex (stages V and 

VI). From stage I to stage IV patients 

usually display no or mild cognitive impairments while stages V to VI are often found in patients with a 

full-blown dementia state. Illustration from Braak & Braak, 1991 144. 

 

Clinically, Braak stages progression is correlated with the extent of cognitive 

impairment measured with the clinical dementia rating scale. However, while before stage IV, 

Braak staging doesn’t allow the distinction between cases with or without mild cognitive 

impairment,  cases with Braak stages superior to IV are consistently associated with cognitive 

impariments145. 

 

Thal stages 

A decade after Braak staging, Thal analyzed 47 post-mortem control and AD brains for A 

depositions and successfully deciphered a spatiotemporal evolution of senile plaques 

distribution (Figure 7) 146. The Thal staging is subdivided in 5 phases: 

• In phase 1, A is found exclusively in the neocortex. 
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• In phase 2, allocortical brain regions (hippocampus and olfactory bulb) are involved. 

• Phase 3 is characterized by the involvement of the diencephalic nuclei, striatum and 

cholinergic nuclei of the forebrain. 

• Phase 4 is marked by the deposition of A in several brainstem nuclei. 

• Phase 5 is associated with the cerebellar A deposition. 

 

Intriguingly, Thal staging in contrary to Braak staging does not correlate well with 

cognitive impairments147 suggesting that the progression of A deposition isn’t a good predictor 

of cognitive decline. 

 

Figure 7: Thal staging of amyloid 

depositions in AD.  

The Thal staging is divided into 5 

phases. In the first phase only 

sparse and small groups of diffuse 

neocortical plaques are present. The 

evolution to phase 2 is associated 

with the progression of the lesions to 

the allocortical areas. Phase 3 is 

characterized by a striatal and 

diencephalic involvement. Phase 4 corresponds to the spreading of A deposition in several brainstem 

nuclei and phase 5 is marked by a cerebellar A deposition.  

 

 Despite being an efficient diagnosis method, histopathological staging tools are 

obviously incompatible with clinical trials or research during the patient’s life. Therefore, fluid 

and imaging biomarkers were developed to answer the need of an accurate AD diagnosis 

during the patient’s life. 
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Fluid biomarkers 

 

CSF Tau and amyloid beta concentration 

First proof of A secretion to the cerebrospinal fluid paved the way for quantitative 

immunoassays for A in CSF148. Following this discovery, enzyme-linked immunosorbent 

assays (ELISA) for A42 peptides were developed and showed lower CSF A42 in AD patients 

compared to cognitively normal elderly149. This counterintuitive result of a decreased A42 

content in the context of increased A42 production due to AD was later explained by studies 

associating low CSF A42 with higher counts of senile plaques, implying the sequestration of 

A42 into senile plaques150,151. Finally, A42/A40 ratio has been shown to be more performant 

by using A40 concentrations as a proxy for total A production152. 

Soon after the discovery of A in CSF, tau was showed to be detectable in CSF 

samples from AD patients by western blot and ELISA153–155. Since the first studies, hundreds 

have replicated these results and ascertained CSF tau as a biomarker of AD. However, CSF 

tau measured by total tau ELISA assays, recognizing all tau protein isoforms irrespective of 

post-translational modification states, have been shown to increase not only in AD but also in 

other neurodegenerative diseases. Therefore, it has been suggested to be a proxy of 

neurodegeneration rather than a specific AD biomarker156–159. Since tau is post-translationally 

modified in the context of AD, especially phosphorylated at disease-specific residues, ELISAs 

detecting phosphorylated tau protein were developed and tested in the hope of finding specific 

tau phosphorylation associated with AD. The concentration of several CSF tau phospho-

epitopes were proven to be specifically increased in AD, including p-Tau181, p-Tau199 and p-

Tau231, and equally performant compared to nondemented controls160–164. Lastly, studies have 

highlighted a correlation between CSF tau levels and tangles as well as neuritic plaques, 

corresponding to tau positive degenerating neurites around senile plaques, counts151,165. 

Overall, CSF A and tau represents sensitive and accurate biomarkers of AD in the earliest 
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stages of the disease but they have a significant drawback, they require an invasive lumbar 

puncture. 

 

Plasmatic A and tau concentrations 

Blood biomarkers represent a less invasive and thus promising alternative. However, 

tau blood dosage has been challenging due to its low very plasmatic concentrations. The 

emergence of new techniques, such as single molecule array (SIMOA), has allowed the 

development of ultrasensitive immunoassays directed against A and tau. Both A and Tau 

plasmatic levels were shown to be significantly altered in AD patients compared to control 

individuals. As for CSF A, plasmatic A42/A40 ratio decreases in AD patients as observed 

in several cohorts166–169. One study has even shown that plasmatic A42/A40 identifies 

individuals with abnormal CSF A or A PET status with high accuracy and is associated with 

clinical progression to MCI or dementia170. Thus, plasmatic A42/A40 ratio seems promising 

for patients prescreening in a clinical context to identify patients with probable AD before 

lumbar punctures or PET scan, but its ability to distinguish between AD and non-AD dementia 

is still unknown. Total tau plasmatic concentration is increased in AD patients but its overlap 

with control individuals does not support it as an AD biomarker171–173. Interestingly, when 

analyzing post-translationally modified plasma tau, studies have found promising results. 

Plasmatic concentrations of tau phosphorylated at different sites, pTau181/217/231, are 

markedly increase in AD patients compared to control individual, individuals with cognitive 

impairments and non-AD dementia174–180. Additionally, truncated tau species have been also 

described to be increased in plasma and CSF of AD patients 181,182. Overall, plasma biomarkers 

for AD are expanding and showing promising abilities to specifically identify patients with AD. 

Fluid tau and A  biomarkers are exquisite tools for AD screening but their limits come from 

their incapacity to assess the extent of the lesions or the progression of the disease. 
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Imaging biomarkers 

 

PET ligands for A and tau brain burden evaluation 

Due to the invasive nature of CSF biomarkers and the inability of both CSF and blood 

biomarkers to accurately determine disease progression and severity, PET ligands have been 

developed to map and quantify A and tau pathology in the living brain of patients. Several 

ligands have been used for A brain PET imaging in the past 15 years among which three 

have been approved by the US Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) for imaging in AD patients. Being available to researchers in the field 

for quite some time, amyloid PET has been widely used allowing extensive standardization 

and validation. It has been shown to match neuropathological examination allowing 

longitudinal assessment of A burden and representing a key method for the evaluation of 

disease-modifying drugs clinical trials 183–185. Considering tau PET imaging, its use and 

development are still in their beginning. To date, tau PET ligands show significant retention in 

AD patients compared to control individuals in brain regions matching AD histopathological 

stages132,186–190. Despite its novelty, promising are arising from its use in clinical research. 

Expanding on already described tau lesions progression, a patient-centered longitudinal study 

suggested new spreading patterns in AD patients, starting from different “tau epicenters” and 

spreading to strongly connected brain regions111. Yet their novelty has its drawbacks, tau PET 

ligands have weaknesses: significant off-targets retentions are observed in some patients and 

they lack extensive clinical validation and standardization of quantification methods, and 

should be interpreted with caution. PET ligands are nevertheless advantageous biomarkers in 

longitudinal studies by enabling a precise staging of A and tau pathology throughout AD 

patients’ life.  

Accumulation of A and tau in the brain triggers neuronal dysfunction and death which 

in turn induce a diminution of brain glucose uptake and brain atrophy, both of which can be 

visualized through brain imaging techniques. 
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Brain glucose hypometabolism 

Significant brain hypometabolism, likely reflecting synaptic dysfunctions, cell loss and 

metabolic dysfunction is consistently observed in several brain regions of AD patients 191–194. 

FDG PET is used as a proxy of brain glucose metabolism, FDG retention being a mirror of 

cellular glucose uptake. Studies have also found that FDG regional retention patterns are 

disease-specific and can classify with a high accuracy AD cases from non-AD dementia and 

control patients195. Still, FDG PET alone can be misleading, especially in asymptomatic cases, 

since brain hypometabolism may develop for other reasons than AD196–198. This is why most 

studies use FDG, A and/or tau PET to overcome this limitation and improve early differential 

diagnosis of AD by preventing the misdiagnosis of A and tau negative patients. When the 

neurodegeneration is more advanced and neuronal death consequent, classical brain MRI can 

be used to visualize the structural changes of the brain.  

 

Brain atrophy by volumetric MRI 

AD is characterized by progressive neurodegeneration inevitably leading to brain 

atrophy. Structural imaging based on MRI has shown a close correlation of whole brain, 

entorhinal cortex, hippocampus and temporal lobe atrophy with cognitive impairment199–202. 

Interestingly, MRI atrophy measurements were proven to be more sensitive to changes in 

cognitive performance than CSF A and tau or amyloid PET202. However, structural changes 

succeed the changes in CSF A and tau or amyloid PET in early pathological stages. 

Therefore, brain atrophy appears as a potent marker for indirect assessment of 

neurodegeneration and cognitive decline occurring late in the pathology. 

All biomarkers having their own limitations, the combination of several of them allow to 

drastically improve the accuracy of AD diagnosis. Moreover, the compilation of all the 

biomarkers changes have allowed to approach a more accurate timeline of pathological events 

in AD. 
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Approaching an accurate natural history of AD 

The integration of the fluid biomarkers, imaging biomarkers and neuropsychological 

symptoms of AD in a single model not only allows a more accurate and sensitive diagnosis of 

AD but also a clearer picture of pathological course of events in a patient-centered manner 

(Figure 8). 

 

 

Figure 8: Temporal evolution of biomarker changes in Alzheimer’s Disease.  

Fluid biomarkers are the first detectable changes with decrease in A42/ A40 ratio in CSF and plasma 

shortly followed by an increase in T-tau and p-Tau in CSF and plasma. These biomarkers indicate the 

underlying progression of Tau and A pathology in the brain of the patients. Then, the amyloid brain 

burden becomes visible in amyloid PET. With the appearance of cognitive impairments, Tau PET signal 

becomes positive and the first signals of neurodegeneration appear with the detection of hippocampal 

atrophy and decreased FDG PET signal. These biomarkers of neurodegeneration gradually increased 

with the worsening of cognitive deficits until reaching a plateau when dementia sets in. Illustration 

adapted from Zetterberg & Bendlin, 2020 203. 

 

Chronologically, CSF A and tau are the first detectable changes followed by plasma 

A and tau both reflecting the first steps of A and tau pathology. A and tau PET ligands 

retention changes come second, reflecting the progression and spreading of A and tau. In 

between the changes of A and tau PET retention and the first cognitive impairments, FDG-
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PET and brain atrophy on MRI are observed. Once in the prodromal stage, cognitive and 

imaging changes incrementally increase to reach the dementia state. From the 

neuropathological and biomarkers point of view, A and tau accumulation and aggregation in 

the brain appears as triggers of AD neurodegenerative process. Therefore, disease-modifying 

therapeutics strategies were designed to prevent A and tau accumulation and subsequently 

stop or slow down the development of cognitive decline in AD. 

 

Disease-modifying therapeutic strategies for 

Alzheimer’s Disease 

Historically, AD patients have been treated with cholinesterase inhibitors (donepezil, 

rivastigmine, galantine) or NMDA receptor antagonist (memantine). Some of these treatments 

are still approved for demented patients in the United States and Europe but have shown to 

provide modest benefits delaying symptoms progression of several months. Moreover, they 

remain symptomatic treatments since they have no effect on the biological processes involved 

in AD. The amyloid cascade putting A as the major cause of AD, significant efforts were 

deployed to develop strategies preventing A production or promoting its clearance from the 

brain. 

 

Anti-A strategies 

In the aim to reduce A brain burden, pharmacological strategies reducing A 

production were the first line of molecules developed by pharmaceutical companies and public 

research. A plethora of compounds with different modes of action (-secretase inhibitors, -

secretase activators, A degrading enzyme activators, A brain clearance modulators) were 

promising in preclinical studies but failed to demonstrate benefits in clinical trials. Additionally, 

most passive-immunotherapy strategies of first generation, based on the injection of anti-A 
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antibodies, have met the same fate as pharmacological A production modulators (reviewed 

elsewhere204). Despite the failures of the first attempts, some A antibodies showed greater 

efficiency. One of them, Aducanumab, has passed clinical Phase III and was controversially 

approved by the FDA for a phase IV randomized, controlled clinical trial205–207. 

During the development of A passive immunotherapies and in regard to their multiple failures 

in clinical trials and to the increasing body of evidence implicating tau as an important driver of 

neurodegeneration, strategies targeting tau were designed. 

 

Anti-Tau strategies 

As for A, disease-modifying strategies targeting tau aim at preventing or slowing 

pathological tau production, accumulation and aggregation. A variety of methods have been 

proposed including anti-aggregation agents, antisense therapies but the most promising and 

developed strategies are passive and active immunotherapy. Injections of tau therapeutic 

antibodies targeting different tau species (monomers, aggregates, phosphorylated at specific 

residues) have been proven effective on both tau pathology and cognition in preclinical 

studies208–210. However, only a few are currently being investigated in various phases of clinical 

trial and none have reached phase III yet. Tau active immunotherapy, or tau vaccines, are also 

explored and have shown promises in preclinical studies both ameliorating tau pathology and 

cognition211–213. Albeit showing great potential in early clinical phases, anti-tau 

immunotherapies are in their beginning and anti-A immunotherapy multiple failures force us 

to wait until late phases of clinical trials before stating their future use as AD treatments. 

 

A significant trend in potential AD treatments is the clearance of either tau and A from 

the brain using immune responses or exogenous compounds. Nonetheless, studies have 

shown that the brain is intrinsically able to clear both proteins either by degradation or excretion 

into the blood circulation. Therefore, the identification tau and A clearance mechanisms would 
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provide new therapeutical avenues.  While significant effort has been invested into elucidating 

A degradation and clearance, tau degradation and clearance remain partially unexplored. 

 

Brain clearance mechanisms help coping with Tau 

accumulation 

Brain waste removal comprises different overlapping clearance systems. Proteins can 

be cleared from the intracellular compartment or from the extracellular compartment, including 

the interstitial fluid (ISF) surrounding brain cells and the cerebrospinal fluid surrounding the 

brain. Depending on the nature of the protein, it can be removed by enzymatic degradation, 

undergo cellular uptake, be transferred from ISF to CSF or excreted into the blood or lymph. 

While A clearance have been extensively documented, tau protein clearance mechanisms 

remain poorly understood. 

 

Cellular degradation systems 

Degradation clearance involves enzymatic digestion of proteins by brain cells. Protein 

degradation can occur both in the extracellular compartment, involving secretion of proteases 

by different brain cells such as astrocytes or microglia, and in the intracellular compartment, 

implicating either intracellular proteins or requiring the uptake of proteins from the ISF by 

neurons and glial cells. Intracellular degradation mainly relies on the endo-lysosomal pathway 

for protein internalization and on the ubiquitin-proteasome or autophagy pathway for protein 

degradation. 

 

The Ubiquitin-Proteasome System 

The Ubiquitin-Proteasome System (UPS) is common to all eukaryotic cells and allows 

the selective degradation of intracellular proteins. UPS involves the ubiquitination of proteins, 

their conjugation to a chain of ubiquitin peptides, targeting them to the 26S proteasome, a 
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macromolecular protease. Ubiquitination requires a set of three enzymes families E1, E2 and 

E3 which respectively catalyze the activation of ubiquitin, the recruitment of the targeted 

protein and the ligation of ubiquitin to the targeted protein. Finally, the 26S proteasome 

composed of two multisubunits - the 20S core and 19S regulatory core - degrades 

ubiquitinated proteins after their docking to the 19S regulatory core (Figure 9). Ubiquitination 

is proposed to promote Tau aggregation into insoluble Tau aggregates and prevent the 

accumulation of toxic tau and seeding competent Tau soluble monomers and oligomers. 

Ubiquitination of several tau residues have been found in paired helical filaments of AD 

patients brains suggesting that in the course of PHF formation Tau protein is targeted to the 

proteasome but isn’t successfully degraded214–217. Interestingly, a study isolating oligomeric 

Tau from patients at different Braak stages highlighted the fact that ubiquitination occurs with 

the formation of PHFs but not in early aggregation stages of Tau218. Moreover, several reports 

of proteasome impairment in AD confirming the failure of UPS in degrading Tau in this 

context219. 

 

 

Figure 9: Degradation of proteins by the ubiquitin-proteasome system.  

Misfolded protein can be targeted to the UPS for degradation. This selective degradation systems, 

proteins are targeted for degradation through the addition of a ubiquitin chain. First, ubiquitin is primed 

by the E1 and transferred to E2. At the same time, proteins destined for UPS degradation are recognized 

by chaperones and associated to E3, ubiquitin ligases, in order to covalently bind the ubiquitin chain to 

the protein. This ubiquitination is reversible and catalyzed by the deubiquinating enzymes (DUBs). 
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Ubiquitinated proteins are then degraded by the 26S proteasome. Illustration by Ciechanover & Kwon, 

2015220. 

 

Autophagy 

The autophagy pathway allows the degradation of intracellular protein through the 

formation of an autophagosome. Three types of autophagy have been described: the 

chaperone-mediated autophagy, involving the targeting of protein waste by chaperones and 

the translocation of the cargo to the lysosomes for degradation, the microautophagy:   a direct 

engulfment of intracellular material by lysosomes, and the macroautophagy: requiring the 

formation of an autophagosome to engulf intracellular components. The induction of 

macroautophagy occurs at the phagophore assembly site and consists in the nucleation of an 

isolation membrane called phagophore, destined to engulf the protein waste. After elongation 

and engulfment of the cargo, the newly formed vesicle is called the autophagosome.  Lastly, 

autophagosomes fuse with the lysosome allowing the degradation of their cargos.  

In AD patient’s brain, tau is found in lysosomes and co-localized with autophagic 

markers221. Chaperone-mediated autophagy, microautophagy and macroautophagy have 

been implicated in tau intracellular clearance (Figure 10, A-C)222–224. The first two are involved 

in the degradation of soluble tau species via their interaction with chaperones such as 

HSC70224. The latter can lead to the degradation of Tau aggregates 222. Despite the efficiency 

of autophagy to degrade tau monomers and oligomers in physiological conditions, tau resists 

autophagic degradation due to a decline in autophagic activity observed in AD225. 

 

The endo-lysosomal pathway 

The endo-lysosomal pathway is involved in the uptake of extracellular and membrane 

proteins for degradation, secretion or recycling purposes. Endocytosis, the process of 

extracellular and membrane protein internalization, occurs by a variety of mechanisms 

depending on the cargo size. Large cargos, such as cell debris, are taken up by either 

phagocytosis or micropinocytosis. Small cargos, such as extracellular proteins, can be 
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internalized either in a clathrin-dependent and independent manner. In the former, clathrin, a 

coat protein, and a myriad of other coating and regulatory proteins assemble at the endocytic 

site to form a membrane invagination and engulf the cargo into a vesicle requiring the pinching 

of the plasma membrane by dynamin. In the latter, a clathrin coat isn’t required and can occur 

either with other coating proteins such as caveolins or without any. The resulting intracellular 

vesicle is coined the endosome. Depending on the cargo nature, the endosome will be sorted 

and matured.  

 

 
 

Figure 10: Degradation of tau by autophagy and autophagy-independent pathways.  

A & B. Endosomal microautophagy (e-MI) and chaperone-mediated autophagy (CMA) degradation of 

tau rely on the detection of a peptidic motif (KFERQ) by molecular chaperones such as Hsc70. While e-

MI results in the engulfment of tau in MVBs and can result in its degradation or secretion to the 

extracellular space, CMA involves the translocation of Hsc70-bound tau to the lysosomes through its 

interaction with LAMP-2A. C. Macroautophagy allows the degradation of tau aggregates (oligomers and 

filaments). D. The endolysosomal pathway is able to degrade tau monomers and oligomers by their 
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sorting and transport to the MVBs involving ESCRT proteins. As for e-MI, the endolysosomal pathway 

can result in both degradation and secretion of tau. 

 

The early endosome, directly arising from the endocytosis event, can be matured into 

either late endosome, containing proteins fated to degradation, or recycling endosome, 

containing proteins fated to regain the plasma membrane or extracellular space. While 

recycling endosomes are transported to the plasma membrane for fusion, the late endosomes 

undergo acidification and fusion with lysosomes for protein degradation. During the maturation 

process of late endosomes, endosome membrane invagination can occur, generating 

exosomes, and result in the formation of multivesicular bodies. Ultimately, the endo-lysosomal 

pathway leads to the transcytosis, transport across the cell, or the degradation of the cargo. 

The endo-lysosomal pathway has been implicated in Tau degradation by neurons and also 

required for astrocytic and neuronal uptake and degradation of Tau 226–228. Cytosolic free Tau 

can also be encapsulated in MVBs through its recruitment by endosomal sorting complex 

required for transport (ESCRT) protein (Figure 10, D)226. On the other hand, Tau is able to 

bypass the endo-lysosomal degradative pathway and take advantage of it for its secretion and 

seeding. Indeed, studies have found that neuronal tau secretion involves its liberation from 

endosomes or lysosomes 227,229–231. Ultimately a substantial amount of tau species ends up in 

the extracellular space where other clearance mechanisms take place. 

 

 

Extracellular clearance 

When it comes to secreted proteins or proteins escaping the intracellular clearance 

systems to end up in the extracellular space, extracellular clearance mechanisms take over to 

ensure the elimination of waste from the brain. The extracellular fluid of the brain, the ISF, is 

subjected to a regulated circulation called the perivascular clearance, which relies on the 

glymphatic system and the perivascular drainage system to push solutes into the CSF. From 

the CSF, protein wastes can exit to the brain lymphatic circulation or the blood circulation 
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through a diverse set of pathways: lymphatic clearance, circulatory clearance and passage 

through the blood-brain barrier (BBB). 

 

Paravascular clearance 

Unlike all other organs, the brain is devoid of internal lymphatic vessels that remain 

restricted to the meninges. Traditionally, the transport of solutes from ISF to CSF was thought 

to only involve passive diffusion. Based on the injection of fluorescent or radioactive tracers, a 

set of studies challenged this dogma and showed a mechanism by which solutes from the ISF 

transfer to the CSF through the arterial basement membrane, coined Intramural Peri-Arterial 

Drainage (IPAD) and the egress of solutes from ISF to CSF through a perivascular space 

(Figure 11). The latter has been described to be dependent on glial aquaporin-4 (AQP4) 

expression, generating a hydrostatic pressure driving the perivascular ISF flow, and was 

therefore coined the glymphatic system232. 

 

 

Figure 11: The paravascular clearance pathways of the brain.  
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The intramural periarterial drainage (white arrows) moves soluble waste through the capillary basement 

membrane towards the subarachnoid space in opposite direction of the blood flow and periarterial CSF 

influx. On the other hand, the glymphatic pathway (black arrow) creates a flow of solutes from the 

periarterial space to the perivenous space passing through the brain parenchyma. It comprises a CSF 

influx from the subarachnoid space to the periarterial space (1) from which water flows into the 

parenchyma through astrocytic AQP4 channels. This phenomenon creates a ISF bulk flow towards the 

perivenous space (2) draining soluble wastes on its way. Lastly, the ISF is drained along the deep-

draining vein, mixes with and recirculate with the CSF and is eventually absorbed into the lymphatic 

system. Illustration from Tarasoff-Conway et al, 2015233. 

 

In brief, the transport of water through AQP4 channels generates a flow from the 

parenchyma to the perivascular space that drains ISF solutes in its way. Once in the 

perivascular space, the solutes are flushed towards the subarachnoid space and reach the 

CSF. Both IPAD and glymphatic pathway generate an ISF-to-CSF active flow of solutes 

subjected to regulation. For example, IPAD efficiency has been shown to be dependent on 

cerebral arteriole vasomotion 234 and the glymphatic pathway clearance changes according to 

the sleep-wake cycle 235, arterial pulsatility 236, intracranial pressure 237 and regional glial AQP4 

expression 238. After reaching the CSF, solutes such as protein wastes, have been shown to 

be transferred to the lymph and blood. 

Tau clearance by the glymphatic system was first discovered in 2014 239, in the context 

of traumatic brain injuries, and more recently validated in the context of AD 240,241. Deregulation 

of glial AQP4 expression has been shown to occur both in traumatic brain injury (TBI) and AD 

mouse models disrupting the glymphatic clearance system and promoting the accumulation of 

Tau239,242. 

The glymphatic system has been shown to be efficient in draining tau out of the ISF to 

the CSF. From there tau could follow three classically described paths to exit the brain: the 

lymphatic clearance, the circulatory clearance or the blood-brain barrier passage. 
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Lymphatic clearance 

The existence of an authentic brain lymphatic vasculature has recently been discovered 

in the meninges of rodents, non-human primates and humans (Figure 12) 243–245. These 

lymphatic vessels were shown to be able to absorb CSF-derived macromolecules and drain 

them to the deep cervical lymph nodes. However, while numerous studies have confirmed the 

brain lymphatic absorption of CSF molecules, the exact mechanism(s) resulting in the transfer 

of solutes from the CSF to the lymphatic vessels remain elusive. The main mechanism 

contributing to CSF to lymph transfer is believed to be CSF egress following the cranial nerves, 

the so-called perineural pathway246,247. Currently, only one study has reported the involvement 

of lymphatic vessels in Tau clearance. It showed a delayed Tau clearance following 

intrahippocampal injections of fluorescently-labeled tau in a transgenic mouse line lacking 

brain lymphatic vessels248. If tau efflux to the blood is still present in mice lacking brain 

lymphatic vessels, then other pathways for tau clearance have to exist. Several authors 

suggest that Tau can directly pass from brain to blood but the mechanism involved in this 

phenomenon are still poorly described. 

 

 

Figure 12: The lymphatic system of the mice and human brain.  

Schematic of the mice (left) and human (right) lymphatic (yellow) and venous (blue) system. CAV: 

cavernous system. Illustration from Jacob et al, 2022. 
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Circulatory clearance 

The circulatory clearance is believed to be a default CSF clearance mechanism. It 

consists in the passage of CSF molecules to blood circulation through arachnoids villi or 

granulations following CSF circulation from the choroid plexus to the subarachnoid space. 

Arachnoid villi are unidirectional valves located at venous sinuses and allow the passage of 

CSF to brain venous circulation. Research on arachnoid villi CSF clearance dates back to the 

early 1950s and has stopped since the late 1990s. While their existence makes no doubt, their 

relative importance in CSF clearance hasn’t been assessed in vivo in regards of the other 

systems currently studied and the mechanism of CSF flow through the arachnoid villi didn’t 

reach consensus. Moreover, arachnoid villi clearance has so far only been assessed with 

exogenous dyes such as Evan’s Blue, India ink or Microfil up-to-date raising doubts on its 

relevance for endogenous molecules. Even if the arachnoid villi are frequently suggested as a 

Tau clearance pathway, no studies have directly demonstrated this fact yet. 

 

Figure 13: The anatomy of the arachnoid villi. 

Original drawing of the arachnoid anatomy by 

Lewis Weed, 1923249. The arachnoid villi are 

located in the vicinity of the superior sagittal 

sinus. They project through the dura into the 

lumen of the superior sagittal sinus. The cap of 

the villus is covered by endothelial cells and 

represent an area of CSF to venous blood 

exchange. However, the nature of the CSF 

outflow from the villus to the superior sagittal 

sinus is still controversial. 

 Therefore, tau is left with the option of blood-brain barrier passage representing the 

one of the most selective brain to blood transfer modality. 
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Blood brain barrier passage 

The blood-brain barrier term refers to the unique ability of brain blood vessels to tightly 

regulate the exchanges of ions, molecules and cells between the blood and the brain. This 

physiological barrier allowing the control of blood and brain exchanges is formed by the 

interaction of endothelial cells forming the wall of the blood vessels with different vascular, glial 

and immune cells. The organization of tight junctions in between each endothelial cells 

prevents the paracellular diffusion of factors from brain to blood and blood to brain and, 

depending on the zone, pericytes, astrocytes and smooth muscle cells maintain the integrity 

of the BBB and participate to blood/brain exchanges. The passage of molecules through the 

BBB is highly specific, with the exception of gases and small lipophilic molecules which crosses 

freely, and requires the expression of transporters, receptors, efflux pumps, ion channels and 

regulatory proteins by the endothelial cells (Figure 14). Several articles have demonstrated the 

ability of Tau to exit the CNS and reach the blood circulation. In the first studies, radiolabeled 

Tau injection in the lateral ventricle or in the cisterna magna were performed and showed a 

rapid appearance of Tau in blood and in peripheral organs250,251. When injected in the brain 

parenchyma, Tau is detectable in the blood at 2 hours post-injection and peaks at 24 hours 

post-injection248. Such data implies that Tau readily crosses the BBB during its clearance 

process. Yet, the pathway taken by Tau to cross the BBB is still unclear. The consensus in the 

literature is that, unlike A, Tau isn’t transported by endothelial cells. So, to rapidly reach the 

blood circulation Tau would thus be left with one last possible pathway: crossing through the 

blood-cerebrospinal fluid barrier (BCSFB) located at the choroid plexus or the 

circumventricular organs. 
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Figure 14: The blood-brain barrier anatomy and function.  

The brain capillary network is formed by a monolayer of endothelial cells which paracellular space is 

sealed by tight junctions. These tight junctions act as a physical barrier preventing the paracellular 

diffusion of molecules. The capillaries are unsheathed by pericytes and astrocytic end-feet collaborating 

with the endothelial cells for the maintenance of the BBB integrity and the regulation of blood/brain 

exchanges. The basement membrane, the extracellular matrix secreted by endothelial cells, also 

participates in preserving the BBB regulation. This cellular and molecular organization allows a strict 

regulation of brain accessibility to blood-borne molecules. Most blood factors have to be transported 

across the brain endothelium by various modes: receptor-mediate transport (A), transport of ions and 

solutes through channels or transporters (B), absorbative transport (C), active efflux transport through 

ATP dependent transporters (D). Gas and lipophilic molecules are exceptions to this rule since most of 

them can diffuse freely across the endothelium (E). Adapted from Neumaier et al, 2021 and Knox et al, 

2022. 

 

Blood-cerebrospinal-fluid barrier passage 

Despite the BBB regulating the majority of blood/brain exchanges, particular brain 

regions lacking the BBB exist: the choroid plexus (CP), the CSF production site, and the 

circumventricular organs (CVOs), small regions lining the third and fourth ventricles implicated 

in the communication between the brain and peripheral organs (Figure 15). In these regions, 

the vasculature is fenestrated and permeable allowing the diffusion of blood-borne molecules. 
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Thus, the barrier function is exerted by different cell types, the cuboidal cells in the CP and the 

tanycytes or tanycyte-like cells in the CVOs, expressing tight junction proteins252–254. CP most 

common function is the secretion of CSF but it is also a region of CSF/blood exchanges with 

the CP cuboidal cells being able to actively transport selected molecules by transcytosis such 

A or antibodies255,256. 

 

 

Figure 15: The anatomy of the brain-cerebrospinal fluid barrier.  

In particular brain regions such as the choroid plexus or the circumventricular organs (CVO) an interface 

between the cerebrospinal fluid (CSF) and the blood exist. These regions lack the traditional blood-brain 

barrier as they have a fenestrated endothelium allowing the diffusion of blood-borne factors. However, 

specialized ependymal cells, the cuboidal cells in the choroid plexus and the tanycyte or tanycyte-like 

cells in the circumventricular organs, harbor intercellular tight junctions preventing the spillage of blood 

molecules into the CSF. 

CVOs are extensively studied in the context of hormonal and metabolic homeostasis as they 

are the gateways for peripheral organ’s hormones to access the brain and for neurohormones 

to reach the periphery257. The tanycytes or tanycyte-like cells, forming the barrier between the 

CSF and the blood in these regions are known to actively transport molecules from blood to 

CSF and studies using exogenous tracer suggest that they are also capable of CSF to blood 

transfer253,258,259. In the context of AD, CP has already been studied for A clearance but Tau 

hasn’t been demonstrated to take the same path. The hypothesis of a passage of A and Tau 

through the CVOs has never been tested yet and may represent a new clearance pathway for 

these pathological proteins.  
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This hypothesis becomes even more interesting knowing that most of the previously mentioned 

clearance mechanisms have been proven to be deficient in the context of AD. Intracellular tau 

clearance mechanisms, such as autophagy or the UPS, as well as extracellular clearance 

mechanisms, including the glymphatic system, were shown to be defective in AD patient’s 

brains and/or mouse models225,233,240,260. Thus, tau transport through the CVOs would 

represent the last standing tau efflux mechanism in the context of AD. 

 

Tanycytes are mediators of brain and periphery 

exchanges 

The circumventricular organs, windows to the brain 

The CVOs comprise the median eminence (ME), the neurohypophysis, the subfornical 

organ (SFO), the pineal gland (PG), the area postrema (AP) and the organum vasculosum of 

the lamina terminalis (OVLT) and debatably the subcomissural organ (SCO) (Figure 16). 

These brain regions are in proximity with the ventricles and characterized by a fenestrated 

endothelium allowing blood/brain exchanges. The SCO being a CVO is controversial since its 

endothelium is deprived of fenestration and stands out as an exception. CVOs are critical for 

brain/periphery communication as they allow the sensing of peripheral cues by specific 

neuronal populations and the secretion of neurohormones in the blood circulation. They are 

considered as windows to the brain. Depending on their function CVOs have been classically 

divided into two types: 

• Sensory CVOs comprising the AP, OVLT, SCO and SFO.  They are implicated in the 

sensing of peripheral cues by the neurons projecting directly in their parenchyma.  

• Secretory CVOs including the ME, PG and neurohypophysis. In those regions, 

neurohormones are directly secreted into their blood circulation. 

Despite being devoid of the classical BBB, a physical barrier between the blood and the CSF 

exists in the CVOs. The barrier property of CVOs is relocated from the endothelium to the 
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ependymal cells in contact with the CSF thanks to the expression of tight junction proteins. 

Among all CVOs, one has been subjected to extensive attention due to its major role in the 

regulation of metabolism and hormonal axis: the median eminence. 

 

 

Figure 16: The circumventricular organs of the mouse and human brain.  

At the interface between the cerebrospinal fluid and the blood, the circumventricular organs (CVOs) are 

crucial for the neuroendocrine systems relying on peripheral signals to regulate physiological functions. 

The endothelium of these brain structure is fenestrated allowing the diffusion of blood signal for 

neuroendocrine neurons to perceive and the secretion of neurohormones towards the general 

circulation. Depending on their predominant function, the CVOs are classified into secretory CVOs and 

sensory CVOs. However, recent evidences would suggest that CVOs, like the median eminence, can 

exert both functions equally. CVOs are located in the vicinity of the third and fourth ventricle (3V, 4V). 

Abbreviations: AP: area postrema, ME: median eminence, NH: neurohypophysis, OVLT: organum 

vasculosum of the lamina terminalis, PG: pineal gland, SCO: subcommissural organ, SFO: subfornical 

organ. 

 

The median eminence, a hotspot for brain/periphery exchanges 

The median eminence extends from the mammillary bodies to the optic chiasm, forms 

the ventral limitation of the third ventricle and is located at the base of the hypothalamus, the 

master regulator of a myriad of physiological function.  It is a key interface between the 

hypothalamic neuronal populations involved in the regulation of reproduction, lactation, stress, 

growth, and the pituitary. As all CVOs, the median eminence possesses a fenestrated 

vasculature composed of a capillary bed located in its external zone and capillary loops 

reaching the internal zone. ME dense vasculature allows the rapid diffusion of blood-borne 
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molecules into its parenchyma and the secretion of neurohormones to the pituitary portal 

circulation (Figure 17). 

 

 

Figure 17: The median eminence is at the interface of the hypothalamus-pituitary system 

Schematic of a coronal (left panel) and sagittal (right panel) view of the median eminence. The median 

eminence is at the interface of the hypothalamus and the pituitary. Blood-borne hormones coming from 

the general circulation pass through the pituitary portal circulation to reach the median eminence (black 

arrows). Neurosecretory neurons of the hypothalamus project directly into the parenchyma of the 

median eminence allowing neurohormones to directly access the pituitary portal circulation in order to 

reach their target cells in the pars distalis of the adenohypophysis. 

 

This duality of function makes the ME a hotspot for brain and blood communication with 

information from the periphery crossing path with information from the brain. However, even if 

peripheral hormones diffuse freely into the ME parenchyma, they are not able to diffuse further 

into the hypothalamus and are precluded to diffuse into the CSF. Similarly, CSF factors can’t 

diffuse freely into the median eminence explaining why hypothalamic neurons projects inside 

the ME parenchyma and secretes neurohormones directly into the ME vasculature. This strict 

regulation of exchanges, at the center of brain and blood communication, is due to the 

relocation of the barrier function to the ependymal cells of the ME, the tanycytes. 

 

Tanycytes, swiss army knives of the hypothalamus 
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The heterogeneity of tanycytic populations 

The discovery of cells, resembling radial glial cells, with cell bodies residing in the third 

ventricular wall and extending long process toward the pial surface of the ME dates back to 

the early 20th century with drawings from Ramon y Cajal261. In 1954, Horstmann coined these 

peculiar ependymal cells after the Greek for “stretched cells”, tanycytes262. Tanycytes are 

specialized ependymal cells lining ventral third ventricle. Their cell body forms the ventral third 

ventricular wall and their long processes extends into the hypothalamus and the ME. 

Tanycytes are traditionally classified into different populations according to their dorsoventral 

localization, the direction of their processes and their histological characteristics (Figure 18)263: 

• Alpha tanycytes (-tanycytes) are the most dorsal tanycytes. They are located in the 

third ventricular wall facing the arcuate, ventromedial and dorsomedial hypothalamic 

nuclei. They extend their processes into the hypothalamus and contact capillaries 

possessing the traditional BBB. They are subdivided into 1-tanycytes and 2-

tanycytes, with 1-tanycytes being the most dorsal. 

• Beta tanycytes (-tanycytes) are the ones forming the floor of the third ventricle. They 

project cellular extensions through the ME to contact the fenestrated endothelium with 

their “end-feet”. They are also subdivided into 1-tanycytes and 2-tanycytes, with 1-

tanycytes being located dorsolaterally, in the corner of the ME. 

This traditional classification is challenged by the growing literature on tanycytes describing 

their transcriptome, embryonic origins, cell-cell interactions and expression of tight junction 

proteins, possibly leading to the description of new subpopulations or/and a change in their 

classification264. Being a such heterogenous cell type and lying at the crossroad of diverse 

physiological functions, tanycytes harbor a variety of functions among which are their barrier 

and shuttle function, the regulation of neurosecretion, their metabolic support and stem cell 

niche function for hypothalamic neurons264. These development in the field of tanycyte were 

supported by the identification of tanycyte markers allowing their immunohistological 

observation and the design of tanycyte-specific genetic approaches. 
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Figure 18: Tanycyte’s classification. 

From dorsal to ventral third ventricle, tanycytes 

are classified as 1-tanycytes facing the 

dorsomedial hypothalamic nucleus (DMH), 2-

tanycytes projecting into the arcuate nucleus 

(ARH) and the ventromedial hypothalamic 

nucleus (VMH), 1-tanycytes at the frontier 

between the arcuate nucleus and the median 

eminence and 2-tanycytes projecting in the 

median eminence external zone and contacting 

the fenestrated endothelium. Adapted from 

Akmayev et al, 1973 263. 

 

Tanycytic markers, a tool for their visualization and targeting 

Cellular markers are essential to cell-specific research, they provide a way to identify 

the cells of interest and to enable their targeting via promoter driven genetic manipulations. 

The first tanycytic markers were identified through immunohistological approaches with the 

discovery of tanycyte-specific expression of several protein in the hypothalamus. The first two 

tanycyte-specific markers identified were vimentin, an intermediate filament protein, and 

dopamine- and cAMP-activated   phosphoprotein of molecular weight 32kDa (DARPP-32)265–

268. While DARPP-32 immunohistochemistry has been abandoned by most since the late 

1990s, vimentin has been extensively used in the field for tanycyte-specific immunostainings. 

However, vimentin is not a truly specific tanycytic marker as it is expressed by endothelial and 

ependymal cells especially in human tissues and in rodents to a lesser degree. But since 

vimentin stains tanycytes from the cell bodies to the end-feet, tanycytic vimentin expression is 

easily distinguishable from its ependymal and endothelial expression on immunostaining. 

Vimentin staining remains the gold-standard for tanycyte visualization in mouse and human 

tissue. 
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The growing interest in tanycyte research led to the discovery of new tanycyte-marker. 

Expression of thyroid hormone maturating enzyme, deiodinase 2 (Dio2) and deiodinase 3 

(Dio3), was observed in tanycytes across species and linked to seasonal changes in 

hamsters269,270. Taking advantage of Dio2 tanycyte-specific expression, Müller-Fielitz and 

collaborators successfully used Dio2 promoter driven viral vectors to only target tanycytes after 

an intracerebroventricular stereotaxic viral injection271. Tanycytes were also shown to be 

specifically enriched in a variety of classical stem-cell marker such as Sox2, brain lipid binding 

protein (BLBP), glutamate/aspartate transporter (GLAST), nestin or Rax in several species 

including humans, which led to the hypothesis of tanycytes being part of a stem-cell niche in 

the hypothalamus272,272–275. Moreover, this expression of GLAST, nestin and Rax prompted the 

use of GLAST-Cre, nestin-cre and Rax-Cre recombinase mouse model to study tanycyte’s 

functions276–278. However, while GLAST and Rax expression are restricted to tanycytes in the 

median eminence and hypothalamus, other cell types are expressing them in the brain or 

peripheral organs limiting the use of these models. Another interesting protein is the G-coupled 

protein receptor 50 (GPR50), an orphan G-protein coupled protein receptor (GPCR) sharing 

high homology with the melatonin receptor, which was shown to be enriched in tanycytes and 

dorsomedial hypothalamic nucleus (DMH) neurons in rodents and humans279. 

With the development of new techniques such as single-cell transcriptomics new 

markers for tanycytes are arising. The same year two publications, one using single-cell RNA 

sequencing and the other Drop-seq on hypothalamic dissection have generated an explosion 

in potential tanycyte marker280,281. Both studies have provided a long list of tanycyte-marker 

and tanycyte subpopulations markers. These data represent a significant advance in tanycyte 

research allowing a prediction of protein expression and biological pathway presence from 

which researchers can build hypothesis and discover new tanycytic functions. Yet, 

transcriptomics data have caveats, the first one being that mRNA expression is not always 

associated with protein expression or activity depending on the biological pathways in 

question282. Nowadays, only a handful of markers discovered through high throughput 

sequencing technologies have been fully validated and further research is required to identify 
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new markers suitable for tanycyte targeting and/or identification as well as their role in tanycytic 

functions. 

 

Tanycytes a new stem cell niche? 

Compiling data support the view of a hypothalamic neural stem-cell niche in which 

tanycytes are able to generate new glial and neuronal cells. Due to the radial glia origin of 

tanycytes, this stem-cell property was long suspected but never proven. Advances in tanycyte 

research allowed the development of tanycytic fate tracing and targeting, spurring tanycyte 

stem cell research. 

 As previously discussed, tanycytes have been proven to express a long list of neural 

stem-cell (NSC) related proteins. But to be considered NSCs, tanycytes need to meet their 

functional properties which are the ability to proliferate, self-renew and differentiate into other 

cell types. Several studies have shown that tanycytes are able to proliferate in vivo, notably 

through the observation of BrdU incorporation denoting cell cycle entry and cell 

proliferation273,276,283. Tanycytes are also capable of self-renewal and differentiation into other 

glial and neuronal cell types. Indeed, lineage-tracing mouse models have shown that tanycytes 

not only produce new tanycytes but also astrocytes and neurons in the mediobasal 

hypothalamus 274,276,283,277. The regulation of tanycyte’s stem cell properties is mostly unknown 

but two growth factors have been shown to impact their proliferative capacities in vivo: 

Fibroblast growth factor 2 (FGF2) and insulin-like growth factor 1 (IGF1) 273,284,276. 

 The role of tanycyte proliferation and differentiation is still vague. Studies have found 

that hypothalamic neurogenesis is important in the regulation of energy homeostasis but since 

tanycytes aren’t the only NSC in the hypothalamus and the methods used are not specific to 

tanycyte, their exact role is still hard to rule out. 
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Tanycytes at the blood-cerebrospinal-fluid barrier 

As previously mentioned, the brain is protected and maintained stable thanks to the 

blood-brain barrier, formed by the brain neurovascular unit, tightly regulating the entry of 

substances into the brain. In the ME, as in all CVOs but the SCO, the endothelium is 

fenestrated and characterized by the expression of  the plasmalemmal vesicle-associated 

protein (PLVAP or PV1)285. The BBB function is thus relocated to the ependymal cells, the 

tanycytes. Tanycytes express several tight junction proteins (e.g., zona occludens 1 (ZO1), 

occludins and claudins) between their cell bodies assembling tight junctions and forming an 

impermeable wall for both blood-borne and CSF-borne molecules253. The injection of dyes into 

the blood circulation or into the ventricular system clearly illustrates this view. Peripherally 

injected dyes are precluded to the brain blood vessels and the ME parenchyma while centrally 

injected dyes do not reach the ME253,286. Interestingly this barrier has been shown to respond 

to the metabolic status of the individual. Upon fasting, the vasculature of the ME becomes 

even more permeable and fenestrated vessels appears in the arcuate nucleus287. In response, 

-tanycytes reorganize their tight junction proteins to prevent blood-borne molecule from 

leaking out of the arcuate nucleus and into the CSF. This phenomenon is reversed after 

refeeding via a vascular endothelial growth factor A (VEGF-A)-dependent mechanism (Figure 

19). Preventing the free diffusion of blood-borne molecule out of the ME is essential to maintain 

a controlled brain environment, but raises the question of how peripheral hormones reach 

hypothalamic neurons out of their diffusion limit. 
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Figure 19: The tanycytic tight junction barrier is under metabolic control.  

Immunofluorescence for vimentin (white), ZO1 (green) and PLVAP (red). In fed animals (left, 1, 2 ,3), 

the -tanycytes, contacting the median eminence’s fenestrated vessels, display a honeycomb pattern 

of ZO1 (2, hollow arrow heads) when -tanycytes, contacting the hypothalamic BBB vessels, have a 

disorganized ZO1 expression pattern (1, white arrow head) and the fenestrated endothelium of the 

median eminence is restricted to the external zone (3, hollow arrow). Under fasting conditions (right, 4, 

5, 6), fenestrated vessels are present in the arcuate nucleus (4, hollow arrows) and -tanycytes shift to 

a honeycomb ZO1 pattern (4, hollow arrow head), -tanycytes keep their ZO1 honeycomb expression 

pattern (5, hollow arrow head) and fenestrated vessels loops reaching the internal zone of the median 

eminence are present (6, hollow arrow). These changes promote the diffusion of blood-borne molecules 

to the arcuate nucleus. Illustration from Prevot et al, 2018264 adapted from Langlet et al, 2013287. 
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Tanycytes shuttle blood-borne hormonal cues into the hypothalamus 

To maintain a stable metabolic state, a fine balance between energy intake and energy 

expenditure needs to be at equilibrium. This concept is called energy homeostasis and 

revolves around an intricate regulatory system involving peripheral signals and their integration 

by the brain. One key player of energy homeostasis is leptin, an orexigenic hormone produced 

by the adipocytes. Leptin is an adiposity signal, as it is produced proportionally to the fat mass, 

which reduces food intake and increases energy expenditure through its central action on 

hypothalamic neurons. In brief, when the fat mass increases, leptin plasmatic concentration 

raises leading to a decrease in food intake, an increase in energy expenditure and finally to a 

decrease in body weight reestablishing the energy balance or homeostasis. Leptin acts on 

peripheral organs, regulating lipolysis or glucose metabolism for example, but more importantly 

on the brain and especially on the arcuate nucleus of the hypothalamus where leptin sensitive 

neurons regulating food intake and glucose homeostasis are located. Considering the 

peripheral origin of leptin, one can wonder how it reaches the arcuate nucleus to trigger its 

action. 

Tanycytes have long been described to actively transport blood-borne substances to 

the CSF 288,259,289. The ME being permeable to blood-borne molecule and adjacent to the 

arcuate nucleus, the tanycytes represent ideal candidates for leptin transport from blood to 

brain. This hypothesis was shown to be true by Balland and collaborators in 2014, who 

demonstrated that tanycytes were the first leptin responsive cells in the brain and that they 

were transporting leptin from the ME to the CSF in an extracellular signal-regulated kinase 

(ERK) pathway dependent manner258. Once in the CSF, leptin is able to reach the 

hypothalamus and more distant areas. Expanding on this seminal discovery, Duquenne and 

collaborators further demonstrated the tanycytic expression of the leptin receptor and the 

requirement of a leptin receptor/epithelial growth factor receptor complex for the tanycytic 

shuttling of leptin290. To date, other peripheral hormones have been shown to be transported 

by tanycytes through receptor dependent transcytosis among which ghrelin, insulin, hepatic 

FGF21, GLP1, and GLP1 analogs 291–295. In the study demonstrating the transport of GLP1 by 
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tanycytes, Imbernon and collaborators described a new model for the study of tanycytic 

transcytosis. This model consists in the selective expression of the botulinum toxin light chain 

serotype B (BoNT/B), inhibiting SNARE-dependent exocytosis, in tanycytes by inducing a 

tanycyte-specific cre recombinase expression in a BoNT/B-EGFPloxP-STOP-loxP mice model 294,296. 

Upon recombination of the stop codon preceding the BoNT/B gene, tanycytes expressed the 

toxin inhibiting their ability to transport molecules trough transcytosis. This body of evidence 

demonstrate the ability of tanycyte to shuttle blood-borne hormones to the hypothalamus and 

allow their integration by specific hypothalamic neuronal populations.  

 

 

Figure 20: The molecular mechanisms of the tanycytic shuttle.  

Tanycytes have been implicated in the transport of hormones from the blood to the brain. This transport 

requires the expression of the hormone’s receptors and potential co-receptor such as the heterodimer 

complex of leptin receptor and EGF receptor for the transport of leptin (A & B). After leptin binding, the 

receptor is internalized through clathrin-mediated endocytosis and sorted into early endosomes. The 
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transport and release of leptin by tanycytes is regulated by the ERK pathway (B). Finally, SNARE-

dependent exocytosis appears to be the exocytosis mode used by tanycytes for secretion (C). 

 

Furthermore, these studies unraveled several molecular mechanisms underlying the 

tanycytic shuttle (Figure 20). It can be speculated that these newly identified pathways are 

applicable to any molecule susceptible to be transported by tanycytes, and to the hormones 

already identified to be transported but for which the pathways of uptake and secretion weren’t 

studied. Additionally, tanycytes not only control the entry of hormones to the hypothalamus but 

they were also shown to modulate the secretion of neurohormones into the hypophyseal portal 

circulation of the ME, regulating the exit of hormones from the hypothalamus. 

 

Tanycytic regulation of neurosecretion 

The ME is the privileged exit route for neurohormones of the hypothalamic-pituitary 

axis. Indeed, neurosecretory hypothalamic neurons projects directly into the ME and in 

proximity with ME fenestrated capillaries allowing their circulation towards the pituitary. Several 

studies have highlighted the role of tanycytes in the regulation of this process, with two 

hypothalamic-pituitary axes particularly well described: the hypothalamic-pituitary-gonadal 

(HPG) axis and the hypothalamic-pituitary-thyroid (HPT) axis. By unsheathing neurosecretory 

terminals, tanycytes are regulating their access to the pituitary portal circulation and their 

secretory activity. The master regulators of the HPG axis are the gonadotropin-releasing 

hormone (GnRH) neurons, regulating luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) production by the pituitary (reviewed elsewhere297). In the context of the HPG 

axis, a plasticity in the tanycytic coverage of axon terminals has been demonstrated. According 

to the estrous cycle stage, tanycyte end feet morphology is changing in adult females 

controlling the access of GnRH terminals to the fenestrated capillaries. In diestrus, when 

estrogens levels are low, tanycytes end-feet tightly encompass GnRH terminals preventing 

their contact with ME capillaries. Inversely, in proestrus, tanycytes’ end-feet retract allowing 

the GnRH terminals to discharge into the ME capillaries leading to the stimulation of LH and 
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FSH secretion by the pituitary during the preovulatory surge. This phenomenon has been 

described to involve transforming growth factor-alpha (TGF-), prostaglandin E2 (PGE2), and 

endothelial nitric oxide for the retraction of tanycytic end-feet and transforming growth factor-

beta 1 (TGF-1) and semaphorin 7A (Sema7A) for tanycytic end-feet outgrowth 298–300. 

The HPT axis is regulated by the thyrotropin releasing hormone (TRH) neurons, 

regulating the pituitary secretion of thyroid-stimulating hormone (TSH) directly acting on L-

thyroxine (T4) production by the thyroid. T4, the inactive thyroid hormone, is then locally 

converted by different deiodinases (Dio1, 2 and 3) into T3, the active thyroid hormone 

(reviewed elsewhere 301). Similar to GnRH terminals, TRH terminals are surrounded by 

tanycytes end-feet 302. However, the nature of tanycytes/TRH neurons interaction is different. 

Tanycytes are able to directly influence TRH neurons secretion by several mechanisms: an 

increased expression of a TRH degrading enzyme, the pyroglutamyl peptidase II (PPII), in 

response to TRH binding on TRHR1 receptor on tanycytes and a reciprocal regulation 

microcircuit involving TRH secretion inhibition by tanycytic endocannabinoid and the induction 

of endocannabinoid release by TRH-neuron glutamate secretion 271,303. Therefore, tanycytes 

are closely interacting in with TRH neurons through different modalities adding another layer 

to the HPT axis. 

The interaction of tanycytes with hypothalamic neuronal populations is not limited to 

neuroendocrine systems. Several reports have also highlighted the ability of tanycytes to 

sense and provide metabolites in order to finely tune the activity of hypothalamic neurons 

implicated in the control of energy homeostasis. 

 

Tanycytes support hypothalamic neuronal populations by sensing and 

providing nutrients 

As mentioned above, tanycytes are at the interface of blood and CSF and are able to 

respond to changes in metabolic state suggesting a possible role as metabolic sensors. 

Interestingly, tanycytes express glucose transporter 2, the glucokinase (GK) and ATP-



 69 

sensitive potassium (KATP) channels shown to be involved in -pancreatic cells glucose 

sensing304–306. A study has shown that tanycytes are indeed capable of sensing glucose since 

application of glucose on acute brain slices results in intracellular calcium waves in tanycytes 

leading to the secretion of ATP towards the extracellular space 307. This ATP secretion has 

been shown to tune the activity of neuropeptide Y (NPY) and proopiomelanocortin (POMC) 

neurons, regulators of food intake in the arcuate nucleus. More specifically, it was shown that 

the induction intracellular calcium waves in tanycytes triggered by ATP binding to purinergic 

receptors results in the induction of hyperphagia 308. Moreover, ATP release has a paracrine 

effect, which could represent a possible amplifying mechanism by propagating the calcium 

waves to the neighboring tanycytes 309. Lastly, tanycyte also express sweet-taste receptors 

(Tas1r2 and Tas1r3) through which they are capable of sensing glucose and artificial 

sweeteners inducing the same intracellular calcium response 310. This set of reports support a 

role for glucose-induced tanycyte ATP release in the regulation of food.  

In addition, tanycytes were shown to be able to tune POMC neurons activity in 

response to peripheral glucose levels. A recent study of the laboratory has demonstrated that 

tanycyte are supplying POMC neurons with lactate to fuel their neuronal activity 312. Indeed, it 

showed that lactate is produced by tanycytes in response to increased peripheral glucose 

levels and shuttled through monocarboxylase transporter 1 and 4 to POMC neurons. 

Subsequently, POMC neurons perceive this raise in lactate concentration and increase their 

firing rate to balance the metabolism. Thus, tanycytes allow the integration of changes in 

glucose homeostasis by POMC through a modulation of the arcuate nucleus lactate 

concentrations. 

Tanycytes are able to sense hormonal and metabolic changes and respond to adapt 

their function or influence the function of nearby neurons. They are also capable of shuttling a 

variety of molecules from the blood to the brain for the proper functioning of metabolic and 

hormonal systems. Overall, the versatility of tanycytic functions and their peculiar localization 

at the interface between the brain and the periphery prompt the question of their implications 
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in diseases characterized by metabolic and hormonal disturbances, such as obesity or type 2 

diabetes, but also in the metabolic and hormonal changes occurring during the course of aging. 

 

Tanycytes in pathology and aging 

 

The role of tanycyte in metabolic disorders and hormonal imbalance 

Tanycytes are influencing a variety of neuroendocrine systems involved in the 

regulation of metabolic and hormonal status. Their involvement in metabolic and hormonal 

diseases and the impact of these diseases on tanycyte function are legitimate questions. While 

clinical data on tanycyte’s implications in human diseases are lacking, an increasing corpus of 

reports suggest that tanycytes could have a role and be altered in the context of metabolic and 

hormonal diseases in humans. 

 Studies on diet-induced obesity (DIO) mouse models have shown that the impairment 

of tanycytic leptin transport is the first event of central leptin resistance. When injected 

peripherally injected leptin reaches the mediobasal hypothalamus in 45 minutes in wild-type 

mice, denoted by Stat3 phosphorylation, DIO do not exhibit any changes in Stat3 

phosphorylation at the same time window258. Deleting leptin receptor expression from 

tanycytes prevent leptin from reaching the mediobasal hypothalamus phenocopying the DIO 

model and indicating that an alteration in tanycyte leptin transcytosis occur in these mice290. 

Interestingly, leptin plasmatic concentration is positively correlated with leptin CSF 

concentration in control patients but this correlation is lost in obese patient suggesting that 

there is a disruption of leptin transport to the brain could occur in the development of obesity313. 

Tanycytes might thus be implicated in the development of obesity in humans. Recent studies 

showing tanycyte-mediated insulin transport to the hypothalamus also suggest a role of 

tanycytes in obesity-associated insulin resistance292. The deletion of the insulin receptor in 

tanycytes has been shown to prevent insulin access to the mediobasal hypothalamus and 

trigger a systemic insulin resistance. Similarly to leptin, control patients have correlated 
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plasmatic and CSF insulin concentrations but this correlation is lost in obese patients 

suggesting that tanycytes could be implicated in insulin transport in humans and participate in 

obesity-associated insulin resistance314,315. Therefore, since both leptin and insulin transport 

are disrupted in obesity, tanycytes – known transporters of both hormones – might be altered 

during the development of the pathology in patients. In DIO mice, tanycytes were shown to 

undergo ultrastructural changes with alterations of projections patterns, loss of intercellular 

junctions, and accumulation of lipid droplets and vesicular organelles316. Finally, tanycytes 

appear to have a role in the pathogenesis of obesity and might represent new therapeutic 

targets for the treatment of these conditions. 

 Interestingly, the process of aging is accompanied by the occurrence of metabolic and 

hormonal disfunctions317. Therefore, tanycytes might also be altered during course of aging 

and perhaps have a role in aging-associated metabolic and hormonal changes. 

 

Tanycyte in physiological and pathological aging 

Only a few studies have documented the effects of aging on tanycytes and reported 

age-related protein expression changes and morphological changes. A first study on tanycyte 

in the context of aging reported a loss of intercellular connections between -tanycytes 

suggesting an alteration of the tanycytic tight junction barrier318. Others later found that 

tanycytes of 2 years-old old rats showed a decreased DARPP-32 expression accompanied by 

an increase in glial acidic fibrillary protein (GFAP) expression compared to 3 months-old rats. 

They also observed a loss of tanycytic processes which may represent a age-related loss of 

tanycyte or changes in their projection patterns319. Also, tanycyte projection are altered in old 

female rats with changes in the orientation of the projection and abnormal perivascular 

contacts320,321. Thus, aging appears to disrupt the structure of the tanycytic network in rodents. 

The age-related loss of tanycyte processes have also been reported in humans. In a 

histological study of the median eminence from subjects aged from 5 months-old to 100 years-

old, Koopman and collaborators suggested that tanycytes processes density decrease with 
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aging322. However, caution must be taken with this formulation. Indeed, the tanycytic process 

density is significantly higher in the infant/pre-pubertal period compared to the adult and elderly 

period but the adult and elderly period do not vary significantly. Thus, even if age was a factor 

influencing the density of tanycytic projections, it was shown to only impact the transition from 

infant/pre-pubertal age to adult age. Lastly, a study addresses the compelling hypothesis of 

hypothalamic stem cell’s role in systemic aging 323. Although they do not mention tanycytes in 

their report, they found that the expression of stem-cell markers Bmi1 and Sox2 decrease in 

the cells forming third ventricular wall and in the mediobasal hypothalamus. They showed that 

ablation of these cells significantly reduces the animals’ lifespan. Strikingly, the graft of 

hypothalamic NSC in old animals was able to expand their lifespan, emphasizing on the direct 

control of hypothalamic NSC on systemic aging. This study concludes on the role of 

hypothalamic neural stem-cells, which tanycytes are part of, on the control of aging speed 323. 

 Tanycyte involvement in pathological aging, characterized by the occurrence of age-

related disease such as AD, is unknown. Only one group have indirectly tackled this question 

by their description of A fragments brain distribution following stereotaxic 

intracerebroventricular injections 324. After 1 hour, the injected A was found in the internal 

zone of the median eminence and in the external zone up to 3 weeks post-injection. They 

proposed the involvement of tanycytes in the transport of A fragments from the CSF to the 

median eminence parenchyma and a role for tanycyte in A clearance – although they did not 

directly evaluate this eventuality. Moreover, A fragments are already known to cross the BBB 

by endothelial cell transport and the BCSFB at the choroid plexus. Lastly, the kinetic of such 

transport, with the presence of A fragments 3 weeks after injection, would suggest that they 

remain sequestrated in the ME and do not reach the portal blood circulation. In the context of 

AD, studies on tau protein intracerebroventricular injections have never documented its 

presence in the median eminence. 

 The study of tanycytes in the context of physiological and pathological aging is 

promising as age-related diseases are often accompanied by neuroendocrine disorders, 
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metabolic disturbances and disruptions of the communication between the brain and the 

periphery. Moreover, neurodegenerative diseases, such as AD, are characterized by the 

accumulation of pathological proteins in the brain and the mechanisms allowing their 

evacuation are still poorly described. Seminal work pointing toward a role of tanycyte in brain 

to blood transport they represent a potentially new clearance mechanism for those proteins. 

 

Are tanycytes new players in brain clearance? 

As discussed above, tanycyte have been proven to be efficient blood-to-brain 

transporters for a variety of endogenous and exogenous molecules. In addition, several studies 

on their capacity to transport molecules have also suggested that they possibly transfer CSF-

borne molecules to the blood. Indeed, several articles using horseradish peroxidase (HRP) 

intracerebroventricular injections resulted in the incorporation of HRP in tanycytes and 

revealed the presence of HRP from the cell bodies to the end-feet contacting the ME vessels 

as well as in the vessels themselves259,288,289. However, those results were contested and 

another study claimed that this phenomenon was depending on a paracellular transport and 

not on transcytosis325. Later on, several groups confirmed using different tracers and 

immunohistochemical techniques that tanycytes are in fact capable of absorbing CSF factors 

and to secrete them in the portal circulation of the ME 326–328. Not only -tanycytes but also -

tanycytes were shown to uptake molecules from the CSF and transport it along their long 

processes328. These results are supported by ultrastructural studies identifying a tanycytic 

enrichment in intracellular vesicles and the identification of several key proteins involved in 

endocytotic process such as caveolin-1, clathrin and several Rab proteins, regulators of vesicle 

sorting and transport, at the level of their cell bodies implying an adaption of tanycyte to 

extensive endocytosis and vesicular transport327. The physiological role of this tanycytic 

transport is yet undetermined but the authors of the aforementioned articles have speculated 

its involvement in hypothalamic regulation of metabolic and hormonal systems or considered 

it as a mechanism of support for hypothalamic neurons in which tanycytes provide CSF-borne 
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growth factor and bioactive molecules to the hypothalamic nuclei. To date, only an involvement 

of tanycytes in A fragments clearance has been proposed but was not directly evaluated by 

the authors324. Further studies using physiologically-relevant molecules are required to identify 

the exact role of CSF factors uptake by tanycytes. Interestingly, the hypothesis of tanycytes 

being a CSF clearance system has never been directly investigated. Yet, they possess all the 

characteristics required to exert this function. 
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Objectives 

Alzheimer’s disease is characterized by an accumulation of both A and tau in the brain 

causing neurodegeneration. Several clearance mechanisms for tau have been described, 

involving the brain glymphatic and lymphatic system, from which tau can slowly egress to the 

blood. However, studies have shown that tau can rapidly reach the blood circulation after 

intracerebroventricular injections suggesting the existence of a direct CSF to blood transport 

but the path taken by tau to reach the circulation within minutes is still unknown. 

Tanycytes being at the CSF/blood interface and capable of transcytosis, they represent 

ideal candidates for tau CSF to blood efflux. Therefore, we set three objectives to our work: 

(1) investigate tanycytic tau transport in vitro, (2) confirm tanycytic tau transport in vivo and 

determine its contribution to the overall CSF to blood tau efflux and (3) investigate possible 

tanycyte-related pathological changes in AD patient’s post-mortem brain tissues. 

To fulfill these objectives, we designed a set of in vitro, in vivo and human post-mortem 

experiments. We investigated the capacity of tanycytes to perform tau transcytosis and 

dissected its underlying mechanism in a tanycyte primary culture model. To expand on the in 

vitro data, we performed stereotaxic fluorescent tau injections in the lateral ventricle and 

analyzed the kinetics of its brain distribution and its presence in pituitary and blood. To figure 

out the contribution of tanycytes to tau CSF to blood efflux, we took advantage of the BoNT/B 

tanycyte-specific expression mouse model, in which tanycytic exocytosis is abolished. Lastly, 

to put our observation of a tanycytic tau clearance in vitro and in vivo into perspective, we 

studied the hypothalamus and median eminence of control and AD patients to identify signs of 

tau transport in tanycyte and their possible morphological alterations. 
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Material and Methods 

Collection and processing of human tissues 

Tissues were obtained in accordance with French laws (Good Practice Concerning the 

Conservation, Transformation and Transportation of Human Tissue to be Used 

Therapeutically, published on December 29, 1998). Permission to use human tissues was 

obtained from the French Agency for Biomedical Research (Agence de la Biomedecine, Saint-

Denis la Plaine, France, protocol no. PFS16-002) and the Lille Neurobiobank. 

Adult human brain tissue blocks containing the hypothalamus and median eminence were 

dissected using the following anatomical landmarks: the mammillary bodies for the posterior 

limit, the optical chiasma for the anterior limit, the width of the mamillary bodies for the lateral 

limits and the anterior commissure for dorsal limit. The dissected blocks were fixed by 

immersion in 4% paraformaldehyde in PBS, pH 7.4 at 4°C for 1 week. The tissues were 

cryoprotected in 30% sucrose/PBS at 4°C until the fragment sunk, embedded in Tissue-Tek 

OCT compound (Sakura Finetek), frozen in dry ice and stored at −80°C until sectioning. 

Fragments were cut either in coronal or sagittal sections of 20 m. 

 

Immunohistology 

For human hypothalamus immunolabeling, a citrate-buffer antigen retrieval step, 10mM Citrate 

in TBS pH 6 for 30 min at 70°C, was performed on 20µm sections. For mice brain 

immunolabeling, no antigen retrieval step was performed. After 3 washes of 5 minutes with 

TBS, sections were blocked in incubation solution (ICS: 10% normal donkey serum, 3mg/ml 

BSA in TBS-Triton 0.3% pH 7,4) for 1 hour. Blocking was followed with primary antibody 

incubation (Table 1) in ICS for 24h at 4°C for mice tissues and 48h at 4°C for human tissues. 

Primary antibodies were then rinsed out, before incubation in fluorophore-coupled secondary 

antibodies for 1h in ICS at room temperature. Secondary antibodies were washed and sections 
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counterstained with DAPI (D9542, Sigma). Finally, human tissue sections were treated with 

Autofluorescence Eliminator Reagent (2610, Merck Millipore) to quench lipofuscin aggregates 

autofluorescence before mounting using Mowiol. 

 

Ilastik segmentation analysis 

Ilastik toolkit 329 was used for tanycytic processes and fragments segmentation analysis. We 

used the pixel classification followed by object classification pipelines to segment vimentin 

signal and classify vimentin positive objects into two classes: the “process” class including long 

and slim vimentin positive tanycytic processes and the “fragment” group including short and 

circular vimentin positive tanycytic fragments. To this end, high magnification z-stack confocal 

acquisitions (x63, 80 stacks, 0,25m z-step) of vimentin immunolabeled hypothalami were 

acquired for all patients and transformed into maximum intensity projections. First, a set 

pictures of control and AD patients (5 patients per group, 1 section per patient, 3 images per 

section) was used to train a pixel classification and an object classification algorithm based on 

user’s inputs. Then, a second set of control and AD patients’ acquisitions (5 patients per group, 

5 sections per patient, 2-3 pictures per sections) were analyzed using the trained pipelines. 

Finally, the data was extracted and compiled as mean per patients and mean per groups. The 

relative coverage of processes and fragments was computed as the percentage of processes 

area or fragments area over the total immunoreactive area, being the sum of processes area 

and fragments area. 

 

ADNI data extraction and analysis 

Data for control and AD patients were extracted from patients included in the ADNI1 cohort 

and for which CSF and plasma Tau concentrations at baseline were available (from 

ADNIMERGE, version: 2013-04-29 for baseline CSF Tau and BLENNOWPLASMATAU, 

version: 2015-08-04, for baseline plasma Tau). Plasma tau was analyzed by the Single 
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Molecule array (Simoa) technique and the Human total tau assay that uses a combination of 

monoclonal antibodies that give a measure of total tau levels. CSF Tau was measured using 

the Research Use Only (RUO) INNOBIA AlzBio3 immunoassay (Fujirebio). The ADNI was 

launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. 

Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance 

imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and 

neuropsychological assessment can be combined to measure the progression of mild cognitive 

impairment (MCI) and early Alzheimer’s disease (AD). A total of 105 control patients and 95 

AD patients were found in the database. From CSF and plasma Tau concentration, CSF to 

plasma Tau ratio was calculated for each patient. Patients identified as outliers for CSF, 

plasma or CSF to plasma Tau by the ROUT method (Q=0,1%) were excluded resulting in the 

inclusion of 96 control and 88 AD patients for final analysis. To stratify patients into two groups 

of age (younger and older group) the median age of the cohort (75,8 years-old) was used 

(younger, n= 49 and 42; older, n= 47 and 46; for control and AD patients respectively). 

 

Animals 

All C57Bl/6J adult male mice were housed under specific pathogen-free conditions in a 

temperature-controlled room (21–22 °C) with a 12-h light/dark cycle and 40% humidity, and ad 

libitum access to food and water. All experiments were performed on 2 to 4 months old mice. 

B6.FVB-Tg(CAG-boNT/B,-EGFP)U75-56Fwp/J (iBot) mice (JAX:#018056) were purchased 

from Jackson Laboratories. All experiments and procedures involved in this study were 

approved by the Ethics Committee of the Universities of Lille, in accordance with European 

Union norms for animal experimentation. 
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Tau-565 and BSA-565 production 

2N4R recombinant human Tau protein was produced as previously described 330. Tau protein 

and purified bovine serum albumin (BSA, A7030, Sigma Aldrich) were labeled with Atto-565-

NHS-ester (72464, Sigma Aldrich) using a 4-fold molar excess of Atto-565-NHS-ester at 4°C 

for 4 hours. After labelling, 15 mM of Tris was added to quench the reaction and the proteins 

were centrifugated in Zeba desalting columns (87767, ThermoFisher Scientific) to remove any 

unreacted fluorophores. To ensure protein coupling, a mass spectrometry analysis of the 

conjugated Tau protein (Tau-565) was performed using a Shimadzu AXIMA Assurance Linear 

MALDI-TOF Mass Spectrometer showing the coupling of a maximum of 5 Atto-565 label per 

protein. Finally, average label incorporation was determined by measuring fluorescence and 

protein concentration (Amax x MW of protein / [protein] x εdye). Tau-565 and BSA-565 label 

incorporation was respectively estimated at around 2 moles and 3 moles/mole of proteins. 

 

Tau-565, BSA-565 and Tau-565AG and AAV1/2-Dio2-

iCre-A2-GFP delivery 

AAV1/2-Dio2-iCre-A2-GFP (1,25.109 genomic particles per L) was produced as detailed 

previously 271. Tau-565 was produced as detailed above and adjusted to a 1 g.L-1 

concentration before injection. Both AAV1/2-Dio2-iCre-A2-GFP and Tau-565 were 

stereotaxically infused into the lateral ventricle (1L over 5 minutes, anteroposterior: -0,3mm, 

lateral:  1mm, dorsoventral: -2,5mm) of wild-type (wt) or transgenic iBot isofluorane-

anesthesized mice. For dual injections, wt and iBot mice were injected with AAV1/2-Dio2-iCre-

A2-GFP three weeks before Tau-565 injections. 
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Evaluation of AAV1/2-Dio2-iCre-A2-GFP infection 

efficiency 

Three weeks after LV AAV1/2-Dio2-iCre-A2-GFPinfusion in iBot mice, animals were sacrificed, 

their brain collected and post-fixed by 4% paraformaldehyde (PFA) in PBS immersion 

overnight. Brains were cryoprotected in 30% sucrose overnight, embedded in TissuTek OCT 

(Sakura) and frozen. Coronal sections (40m) were cut and processed for 

immunofluorescence using chicken anti-vimentin (1:1,000; PCK-594P, BioLegend) and rabbit 

anti-GFP (1:5,000; A-11122, Invitrogen) primary antibodies revealed with donkey anti-chicken 

Alexa Fluor 647 (1:1,000; 703-545-155; Jackson Immuno Research) and donkey anti-rabbit 

Alexa Fluor 488 (1:1000; A-21206, ThermoFisher Scientific). Sections were counterstained 

with DAPI and mounted using mowiol. Five representative ME slides per mice were analyzed 

and tanycytes were divided into two groups (ventral for tanycytes projecting to the ME and 

dorsal for tanycytes projecting in the hypothalamic nuclei). Vimentin+/GFP+ and vimentin+/GFP- 

cell number was reported to vimentin+ cells bordering the third ventricle. 

 

Tau-565 kinetic experiment 

For experiments assessing Tau-565 clearance from brain to blood, anesthetized wt mice were 

stereotaxically injected with 1L of Tau-565 over 5 minutes in the lateral ventricle. Immediately 

after the 5-minutes injection or after 15, 30 minutes, 1- and 2-hours post-injection brains, 

pituitaries and blood of the mice were collected (n=5 per group, except for the 30 minutes 

group n=3). The brains were immersion fixed overnight at 4°C in 4% PFA. The pituitaries were 

immediately frozen in dry-ice and serum prepared from blood by centrifugation (2,000g, 15 min 

at 4°C). A group of animals were used to establish Tau clearance to the blood using tail-blood 

sampling. Blood was sampled from the tail at the end of the injection of Tau-565 and after 15, 

30 minutes, 1- and 2-hours post-injection and serum prepared by centrifugation (10,000g for 
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15minutes) allowing the assessment of the whole kinetic in the same mice. At 2-hours post-

injection, the brain was collected and fixed overnight at 4°C in 4% PFA. 

 

IDISCO tissue clearing 

Immersion fixed brains were processed using an adapted version of the iDISCO+ protocol 

described previously 331. Briefly, samples were dehydrated with ethanol gradient (20%, 40%, 

60%, 80%, 100%, 1 hour each) and delipidated in 66% dichloromethane / 33 % ethanol 

overnight. Ethanol was washed out of the samples by 100% dichloromethane incubation for 

1h. Finally, the samples were cleared by immersion in dibenzylether for at least 2 hours in 

rotation. After transparency was achieved, a fresh solution of dibenzylether was used for 

storage, and the samples were kept protected from light at room temperature until imaging. 

 

Light-sheet microscope imaging 

Imaging of cleared tissues was performed in dibenzylether on the Ultramicroscope 1 (Lavision 

BioTec, available at the BioImaging Center of Lille) and using MI PLAN 12x/0.53 with 2x zoom 

objective. Sequences were acquired with InspectorPro Software. The following parameters 

were used: z-step was set to 2 µm, laser width and numerical aperture were kept to the 

maximum. 

 

3D image processing and analysis 

Tiff sequences resulting from light-sheet acquisitions were converted to the Imaris file format 

using Imaris FileConverter. Finally, Imaris 9.1-9.5 (Bitplane) was used for visualization and 3D 

processing of the datasets. Figures were prepared in Photoshop (Adobe) and videos were 

edited with Shotcut (https://shotcut.org/). 

 

https://shotcut.org/
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Human Tau ELISA 

For human Tau ELISA, pituitary protein extract was prepared by mechanical tissue dissociation 

in 1x RIPA buffer (20-188, Millipore) using tube potters and sonication. For primary tanycyte 

Tau-565 secretion experiment, cell medium was collected and immediately frozen in dry-ice. 

Tau-565 concentrations in pituitary extracts, serum and cell medium were measured using Tau 

(Total) Human ELISA Kit (KHB0042, ThermoFisher Scientific) according to manufacturer 

instructions except for 1:10 pituitary extract (0,2g.L-1), serum and cell medium dilution. 

 

Tanycyte primary culture 

Tanycyte were isolated from the median eminence (ME) of the hypothalamus of 10-days-old 

rats and cultured as described previously 332. Briefly, after decapitation and removal of the 

brain, MEs were dissected and dissociated using a 40m nylon mesh. Dissociated cells were 

culture in DMEM without pyruvate, high glucose (D5796-500ML, Sigma) supplemented with 

10% donor bovine serum (16030074, Gibco), 1% L-Glutamine (25030-024, Gibco) and 1% 

Penicilin/streptomycin (15140-122, Gibco). Culture medium was changed after the 10th day in 

vitro and twice per week afterwards. On reaching confluence, tanycytes were trypsinized and 

plated in plastic culture plate for internalization and secretion assays, on poly-L-lysine coated 

glass coverslips for immunocytochemistry or on poly-L-lysine Ibidi glass bottom -Slide 8 well 

(80827, Ibidi) for live imaging and immunocytochemistry. 

 

Primary tanycyte 2N4R Tau and Tau-565 

internalization assay 

Primary tanycytes were treated with either recombinant 2N4R human Tau (25 nM, 30 minutes) 

or Tau-565 (25 nM, 15 to 30 minutes) and Tau internalization was analyzed using western blot, 

immunocytochemistry and live imaging. 
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Immunocytochemistry 

For immunocytochemistry, Ibidi slides or coverslip seeded primary tanycytes, untreated and 

Tau-565 treated (25nM, 30 minutes), were washed three time with PBS and fixed in 4% PFA 

for 15 minutes at 4°C. After fixation, cells were washed with PBS and stored at 4° in PBS 0,1% 

azide. Coverslips of both untreated and Tau-565 tanycytes were incubated with primary 

antibodies (see Table 1) overnight in ICS at 4°C. The coverslips were washed three times in 

PBS prior to secondary antibody incubation in ICS for 1 hour at room temperature. Excess of 

secondary antibody was washed three times with PBS and cells were counterstained using 

DAPI before mounting in Mowiol. 

 

Western blot of primary tanycyte extracts 

For western blot, confluent 6 well plates were treated with recombinant 2N4R human Tau 

(25nM, 30 minutes). After treatment, cells were washed five times with PBS and immediately 

frozen in dry ice. Proteins extracts were prepared by scraping the cells in 1x RIPA buffer (20-

188, Millipore) and homogenization by sonication. For each lane, 10g of proteins in Laemlli 

buffer (1610747, Bio-Rad) was loaded in a 10% acrylamide gel. Migration was performed for 

1h at 120V and followed by protein transfer onto a 0,45 m nitrocellulose membrane for 1h at 

100V. Immunolabeling of the membrane was performed using Tau5 mouse anti-Tau primary 

antibody (1:2,000, 606-320, ThermoFisher Scientific) or rabbit anti-GAPDH (1:5,000, G9545, 

Millipore) overnight in 5% milk TBS-Tween 0,05% at 4°C. Primary antibody was then washed 

three times with TBS-Tween 0,05% and incubated with HRP-coupled rabbit anti-mouse 

(P026002-2, Agilent) or HRP-coupled goat anti-rabbit (P044801-2, Agilent) secondary 

antibody for 1 hour at room temperature. Secondary antibodies in excess were washed three 

times with TBS-Tween 0,05% and membranes were incubated in SuperSignalTM West Dura 
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Extended Duration Substrate (34076, Thermo Scientific). Chemiluminescent signal was 

detected using an Amersham ImageQuant 800 system (Cytiva). 

 

Primary tanycyte Tau-565 secretion assay 

For tanycyte Tau-565 secretion assay, tanycytes were treated with Tau-565 (25nM, 30 

minutes), washed five times with hot PBS and incubated with fresh Tau-565 free culture 

medium for 5, 15, 30 and 60 minutes. After the different secretion time points, the medium was 

recovered and immediately frozen in dry ice. Tau concentration in the medium was measured 

by ELISA as described above. 

 

Fluorescence microscopy 

Microphotograph acquisitions were performed on a Zeiss AxioObserver Z1 confocal 

microscope associated with a spinning disk head (Yokogawa CSU-X1) and a camera (sCMOS 

Photometrics Prime 95B), using PLAN-APOCHROMAT 10x/0.45, 20x/0.8 and 63x/1.4, 

objectives under Zen 2.3 (Zeiss) software control. 

 

Statistics 

Results are given as mean  standard deviation (S.D.). Data were excluded after ROUT 

method for outliers’ identification (Q=0,1%) for human data or when an objective experimental 

failure was observed for cell and animal experimentation. Studies were not randomized and 

investigators were not blind to treatment group. To test whether data followed a Gaussian 

distribution, a normality test was performed (Kolgomorov-Smirnov and Shapiro-Wilk tests). 

The statistical tests used for each figure are described in the legends. Data analysis was 

performed using GraphPad Prism Software v8.1.1 (GraphPad). The threshold for significance 

was P < 0.05. 
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Table 1: Antibodies 

Antigen Manufacturer Reference / Clone Dilution 

Vimentin BioLegend PCK-594P 1/500 to 1/1000 

Caveolin-1 Cell Signalling D46G3 1/500 

Tau pSer396/404 Gift from Peter Davies PHF1 1/200 

GFAP Dako Z0334 1/500 

GPR50 Servier pAb7 279 1/200 

CD31 BD Pharmingen 550274 1/200 

Clathrin Abcam Ab2731 1/400 

EEA1 Cell Signalling C45B10 1/500 

LRP1 Abcam Ab92544 1/500 
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Results 

Tanycytes uptake and secrete exogenous Tau in vitro 

In order to determine whether Tau could be transported by tanycytes, we first examined its 

uptake by rat tanycytes in primary culture. To be able to track Tau internalization, we 

conjugated 2N4R Tau to a fluorescent tag (Tau-565), resulting in a mix of Tau molecules 

carrying 1 to 5 fluorophore tags (Figure 21A). Spectral analysis of the resulting Tau-565 

revealed an excitation maximum at 565 nm and emission maximum at 590 nm (Figure 21B). 

These parameters were later used for the microscopic observations. The incubation of primary 

rat tanycytes with Tau-565 for 30 minutes led to the visualization of intracellular Tau-positive 

vesicles, as shown by both Tau-565 fluorescence and immunolabeling using the Tau5 antibody 

(Figure 21C). Since clathrin-mediated endocytosis has already been implicated in tanycyte 

leptin uptake in early endosomes, we stained Tau-565 incubated primary tanycytes for clathrin 

and EEA1, an early endosome marker. After 30 minutes of incubation, Tau-565 was found in 

clathrin and EEA1 positive vesicle suggesting that the endocytosis mechanism involved in tau 

uptake is similar to leptin’s one (Figure 21D). LDL receptor related protein 1 (LRP1) have 

recently been demonstrated as mediator of tau internalization128. Staining for LRP1 on Tau-

565 incubated primary tanycyte show that tanycyte express LRP1 and that Tau-565 positive 

vesicles are also LRP1 positive supporting a role for LRP1 in tau uptake by tanycytes in vitro 

(Figure 21D). Western blotting of untreated rat tanycytes revealed no detectable Tau protein, 

but a 30-minute treatment with an unconjugated human recombinant 2N4R Tau isoform led to 

a positive signal on the blots (Figure 21E), suggesting that Tau conjugation has no effect on 

its uptake. To verify whether internalized Tau was being exocytosed by tanycytes, we 

incubated rat primary tanycytes with Tau-565 for 30 minutes, and used an ELISA specific to 

human tau to measure its levels in fresh medium and cell lysate at various time points. 
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Figure 21: Primary rat tanycytes uptake and secrete tau in vitro.  

A. Mass spectrometry plot of unconjugated recombinant 2N4R Tau and Atto-565-conjugated 

recombinant 2N4R Tau (Tau-565). Tau-565 peaks (noted by a red line) represent different Atto-565 

conjugated 2N4R Tau species having up to 5 fluorophores per protein. B. Excitation (green) and 

emission (red) spectra of Tau-565 respectively reaching their maximum at 565nm and 590nm. C. 

Photomicrograph of cultured rat primary tanycytes treated or not with Tau-565 (red) and immunolabeled 



 88 

for Tau (Tau5 antibody, green). D. Photomicrograph of cultured rat primary tanycytes treated with Tau-

565 (red) and immunolabeled for clathrin (green, left panel), EEA1 (green, middle panel) and LRP1 

(green, right panel). E. Western blot for Tau protein in protein extracts of primary tanycyte cultures, 

untreated and treated with recombinant human 2N4R Tau, using the Tau5 antibody. F. Estimated tau 

intracellular (white bars) and extracellular (black bars) quantities based on ELISA cell medium and cell 

lysates dosage in uptake condition (30 minutes after incubation) and after 5, 15, 30 and 60 minutes of 

secretion. 

 

Primary tanycytes showed a rapid release of tau that increased over time accompanied by a 

decrease in intracellular tau content, supporting the view that Tau uptake by tanycytes is the 

first step in its tanycytic clearance (Figure 21F). 

 

Tanycytes transport Tau protein from CSF to blood in 

vivo 

Since tanycytes appear to both take up and release Tau in vitro, we next investigated the time 

course and destination of this Tau cleared from the CSF in vivo, using wild-type mice. We 

performed ICV injections of Tau-565 into the lateral ventricle, followed by 

immunohistofluorescence and ELISA measurement of Tau in the pituitary, to which the portal 

capillaries of the ME lead, and in the general circulation. In the brain, Tau was observed at the 

luminal surface of the ventricular wall at all time points (Figure 22). However, while this labeling 

remained faint and restricted to the lumen in other areas bordering the ventricles, tanycytes of 

the ME were strongly positive for Tau-565 as soon as the end of the 5 minutes-long injection 

(Figure 22), corroborating our observations in rat tanycytes in vitro.  
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Figure 22: Kinetic of Tau-565 distribution in the wild-type mice.  

Photomicrographs of the median eminence, choroid plexus, hippocampus and cortex of WT mice at 

different time points after Tau-565 (red) injection into the lateral ventricle. Tau-565 appears specifically 

in the median eminence as soon as the end of the injection time. 
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This Tau accumulation by tanycytic cell bodies and its intracellular transport could no longer 

be seen by 1-hour post-injection (Figure 22), reminiscent of its exocytosis over time by primary 

cultured tanycytes above. The distribution of Tau-565 along the third ventricle as a whole was 

also examined using tissue clearing and light-sheet imaging of Tau-565 injected brains 30 

minutes after ICV Tau-565 injection. The Tau-565 signal was found to be concentrated along 

the ME, especially in ventral tanycytes (Figure 23A), further supporting a key role for these 

cells in trapping and clearing Tau from the brain. To verify the specificity of Tau uptake and 

secretion by tanycytes compared to other proteins, we performed ICV injections of fluorophore-

coupled bovine serum albumin (BSA-565), which has a molecular weight of the same order of 

magnitude as Tau and bovine or human serum albumin have been used as a control for tau in 

previous studies 248,333; 30 minutes post-injection, the BSA-565 signal was detected along the 

lumen of the third ventricle, similar to Tau-565 in the rest of the brain, but not in tanycytic cell 

bodies or end-feet (Figure 23B). Next, we studied the route and kinetics of Tau-565 transport 

from the brain to the systemic blood circulation. The ME vasculature being part of the pituitary 

portal circulation, we could expect Tau exocytosed by tanycytes to follow a pituitary route. 

Indeed, we found Tau-565 fluorescence in end-feet contacting the capillaries of the median 

eminence and mouse pituitaries were positive for Tau-565 fluorescence 30 minutes after 

injection, further supporting a role for ME tanycytes as major Tau transporters, and the 

sequential release of Tau by tanycytic end-feet into the portal circulation and its transport to 

the pituitary (Figure 23C, D). In accordance with this observation, Tau-565 was detected in 

pituitary tissue by ELISA as soon as the injection ended and up to 1h, while it peaked in 

peripheral blood serum at 30 minutes post-injection, decreasing over time until the second 

hour post-injection (Figure 23E). To investigate any sexual dimorphism in the kinetic of Tau 

efflux from brain to blood, tail blood sampling was performed after Tau-565 ICV injections in 

male and females.  



 91 

 

 

Figure 23: Tanycytes transport tau from CSF to blood in male and female mice.  

A. Coronal and sagittal projection of the ventral third ventricle (3V) of Tau-565 injected mice light-sheet 

3D acquisition. Ventral tanycytes of the median eminence (ME) are positive for Tau-565 (white). B. 

Photomicrograph of the third ventricle and median eminence of WT mice injected with BSA-565 (red) 

(left panels) or Tau-565 (red) (right panels). C. Representative photomicrograph of the median eminence 

of aTau-565 (red)-injected wild-type (WT) mouse immunolabeled for CD31 (green) to visualize blood 

vessels. D. Photomicrograph of the median eminence and attached pituitary of a Tau-565 (red)-injected 

WT mouse immunolabeled for CD31 (green) to visualize blood vessels. E. ELISA measurement of 

human Tau in the pituitary and serum of Tau-565-injected WT mice (n=4, 3, 5 and 5 mice per time point). 

F. ELISA measurement of human Tau in tail-blood serum of Tau-565-injected WT male and female mice 

(n=4 per group). 
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No difference between male and females was found. Even if the serum tau concentration 

seems to rise faster in females in comparison to males, this difference was not significant 

(Figure 23F). This temporality of Tau detection in the brain, pituitary and blood also supports 

its transport through ME tanycytes to the portal circulation for delivery to the pituitary, and 

eventually to the systemic circulation. 

 

Inhibition of tanycytic transport impairs CSF to blood 

transport of Tau 

In order to investigate the specific role of tanycytes in Tau efflux from the brain to the blood, 

we used a murine model in which we arrested vesicular transport in tanycytes using the 

botulinum toxin light chain B (BoNT/B). BoNT/B prevents exocytosis in neurons and glial cells 

by cleaving vesicle-associated membrane proteins 1 and 2 (VAMPs), which mediate vesicular 

fusion and transport 296,334. Another BoNT/B target, VAMP3, is also implicated in endocytosis 

in platelets 335. BoNT/B expression in tanycytes could thus be used to impair the uptake, 

transport and release of various substances transported by tanycytes, including Tau. 

Transgenic mice expressing a floxed BoNT/B, or iBot mice 296, were infected with an AAV1/2-

Dio2-iCre-GFP virus to induce Cre expression specifically in tanycytes (Figure 24 A, B). The 

infection rate of tanycytes was 71% for ventral tanycytes and 41% for dorsal tanycytes (Figure 

24C). After ICV Tau-565 injection, iBot mice showed a dramatic reduction in the Tau-565 signal 

in tanycytic processes and endfeet as well as the underlying capillary bed compared to controls 

(Figure 24D), linked to reduced Tau-565 uptake by many infected tanycytic cell bodies at the 

ventricular wall (Figure 24E). A counting of GFP and Tau-565 positive tanycytes showed a 

consistent infection in control and iBot mice (n=5 and n=4, 60,8  7.2 and 69,7  10.9 cells per 

slide) accompanied by a reduction in Tau-565 positive tanycytes only in iBot mice (n=5 and 

n=4, 34,7  6.9 and 3,4  4.8 cells per slide, p=1.12.10-4).  
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Figure 24: Inhibition of tanycyte's transcytosis blunts tau efflux from brain to blood.  
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A. Schematic of the iBot transgenic model. B. Photomicrograph of the median eminence of iBot mice 

injected with the AAV1/2-Dio2-Cre-A2-GFP virus, showing infected tanycytes (GFP, green) and 

immunolabeling for the tanycytic marker vimentin (white). C. Quantification of GFP-positive dorsal and 

ventral tanycytes in iBot mice injected with the AAV1/2-Dio2-Cre-A2-GFP virus (n=10 mice per group, 

3-4 sections per mouse). D. Photomicrographs of Tau-565 (red) uptake in vimentin-immunopositive 

(white) tanycytes in the median eminence of Tau-565-injected WT mice (left panels) and iBot mice. E.  

Maximum intensity projection of the wall of the third ventricle of Tau-565 (red)-injected iBot mice, 

immunolabeled for GFP (green); z-stack acquisition (left panel) and z-axis reprojections (right panels) 

(right panels). F. Counting of GFP and Tau-565 positive tanycytes in control and iBot mice hypothalamus 

(n=5 and 4, 3 sections per mouse). Multiple t-test. Data are represented as means  S.D., ****, p<0,001. 

G. Percentage of Tau-565 positive and negative infected tanycytes (GFP positive). Two-way ANOVA 

(mouse genotype, F(1,14)=3.893.10-18, p>0.99; Tau uptake, F(1,14)=182.8, p<0.0001; interaction, 

F(1,14)=150.2, p<0.0001) followed by Sidak’s multiple comparison post hoc test (Tau- Ctrl vs. iBot, 

q(14)=8.666, p < 0,0001; Tau+ Ctrl vs. iBot, q(14)=8.666, p < 0,0001). Data are presented as mean  

S.D., ****, p<0,001. H. ELISA measurement of human Tau in the pituitary of Tau-565-injected WT and 

iBot mice 30 minutes post-injection (n= 4 and 5 mice). Two-tailed unpaired t-test (t(11)=4.293, p=0.004). 

Data are presented as means  S.D., **, p<0.01. I. ELISA measurement of human Tau in the serum of 

Tau-565-injected WT and iBot mice 30 minutes post-injection (n=8 and 10 mice). Two-tailed unpaired t-

test (t(16)=7.875, p<0.001). Data are presented as means  S.D., ***, p<0.001. 

 

Moreover, while GFP and Tau-565 positive tanycyte number was reduced in iBot compared to 

control mice, the number of Tau-565 positive but GFP negative tanycytes was identical (Figure 

24F). When looking specifically at infected tanycytes, half was positive for Tau-565 in the 

control mice but only one percent was in iBot mice (Figure 24G). Next, ELISA dosage of 

pituitary extracts and serum from Tau-565 injected control and iBot mice were performed to 

confirm the interruption of the tanycytic shuttle of tau. Correspondingly, 30 minutes post-

injection, pituitary concentrations of Tau were almost halved in iBot mice (n=5, 26.65  8.22 

ng/mL) compared to control mice (n=4, 47.53  11.97 ng/mL, p=0.004, Figure 24H), whereas 

serum Tau concentrations underwent a 3.6-fold reduction, from 16.44  6.66 ng/mL to 4.55  

2.85 ng/mL (n=8 and n=10, p<0.001, Figure 24I), emphasizing the importance of tanycytic 

transport in Tau efflux from the brain to the blood. 
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Tau protein CSF to blood transport is altered in AD 

Since CSF-to-blood ratios have been used in several studies to evaluate molecular transport 

into the brain across the BBB 313,336, we considered the ratio of plasma to CSF Tau in AD 

patients to be a proxy for its clearance in the opposite direction. Indeed, although Tau protein 

concentrations have been previously compared and found to be higher in the CSF and plasma 

of AD patients compared to normal subjects 179,337, the importance of the plasma-to-CSF Tau 

ratio as an indicator of Tau clearance from the brain has not been exploited so far. Plasma and 

CSF concentrations of total Tau protein for control and AD patients were extracted from the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI1) database 338. After screening and data 

cleaning, 96 control patients and 88 AD patients, for whom plasma and CSF Tau 

concentrations were available at baseline, were selected. Mean plasma and CSF Tau levels 

were higher in AD patients (n=88, 3.128  1.386 and 359  131 pg/mL, respectively) than in 

control subjects (n=96, 2.503  1.208 and 239  85 pg/mL, p=0.001 and p<0.0001 respectively, 

(Figure 25A, B). Interestingly, however, the increase in Tau concentrations was not 

proportionate in the two compartments, and the plasma-to-CSF ratio of Tau was lower in AD 

patients (n=88, 0.01022  0.005) than in controls (n=96, 0.01303  0.007, p=0.005), suggestive 

of a defect in brain-to-blood Tau efflux in these patients (Figure 25C). Remarkably, while the 

plasma-to-CSF Tau ratio was negatively correlated with age in control patients (r= -0.3378, 

p=0.0008, R2= 0.1141), indicative of a mild age-related decline in clearance, this correlation 

was lost in AD patients (r= -0.0008, p=0.99, R2= 6.717.10-7) (Figure 25D-F). However, when 

groups were stratified based on the median age of the cohort (75 years), the decrease in 

plasma-to-CSF Tau ratio values in AD patients compared to controls was evident in the 

younger but not in the older group, confirming the existence of an age-related decrease in 

clearance even in controls (Figure 25G). 
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Figure 25 : Plasma-to-CSF Tau ratio is lower in AD patients.  
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A. Plasma Tau concentrations in control (white, n=96) and AD (red, n=88) patients. Two-tailed Mann-

Whitney U test (U=3443, p=0.001). Data are presented as a box (median, lower and upper quartile) and 

whiskers (minimum and maximum); ***, p<0.001. B. CSF Tau concentrations in control (white, n=96) 

and AD (red, n=88) patients. Two-tailed Mann-Whitney U test (U=2062, p<0.0001). Data are presented 

as a box (median, lower and upper quartile) and whiskers (minimum and maximum); ****, p<0.0001. C. 

Plasma-to-CSF ratio of total Tau concentrations in control (white, n=96) and AD (red, n=88) patients. 

Two-tailed Mann-Whitney U test (U=3176, p=0.005). Data are presented as a box (median, lower and 

upper quartile) and whiskers (minimum and maximum); **, p<0.01. D. CSF Tau concentration 

distribution in function of age in control (black, n=96) and AD (red, n=88) patients. Linear regression 

model and 95% confidence interval for control (black, dashed-lines and black shadow) and AD patients 

(red dashed-lines and red shadow). E. Plasma Tau concentration distribution in function of age in control 

(black, n=96) and AD (red, n=88) patients. Linear regression model and 95% confidence interval for 

control (black dashed-lines and black shadow) and AD patients (red dashed-lines and red shadow). F. 

Plasma-to-CSF Tau ratio as a function of age in control (black) and AD (red) patients. Linear regression 

curve and 95% confidence interval for control (black dashed lines and grey shadow) and AD patients 

(red dashed lines and red shadow). G. Plasma-to-CSF Tau ratio stratified by age in control (younger: 

<75 years, n=49; older: >75 years, n=47) and AD (younger: <75 years, n=42; older: >75 years, n=46). 

Kruskal-Wallis test (H(4)=11.03, p=0.0116) followed by Dunn’s multiple comparison post hoc test 

(Younger Ctrl vs. Younger AD, Q(4)=2.995, p=0.0165). F. Plasma Tau stratified by age in control 

(younger: <75 years, n=49; older: >75 years, n=47) and AD (younger: <75 years, n=42; older: >75 years, 

n=46). Kruskal-Wallis test (H(4)=11.03, p=0.0103) followed by Dunn’s multiple comparison post hoc test 

(Older Ctrl vs. Older AD, Q(4)=2.679, p=0.0443). Data are presented as a box (median, lower and upper 

quartile) and whiskers (minimum and maximum); *, p<0.05. H. CSF Tau stratified by age in control 

(younger: <75 years, n=49; older: >75 years, n=47) and AD (younger: <75 years, n=42; older: >75 years, 

n=46). Kruskal-Wallis test (H(4)=53.64, p<0.0001) followed by Dunn’s multiple comparison post hoc test 

(Younger Ctrl vs. Younger AD, Q(4)=6.465, p<0.0001; Older Ctrl vs. Older AD, Q(4)=3.430, p<0.0001). 

Data are presented as a box (median, lower and upper quartile) and whiskers (minimum and maximum); 

****, p<0.0001. 

 

Further analysis revealed that this age-related difference in the plasma-to-CSF Tau ratio was 

due to the fact that plasma Tau concentrations were not significantly lower in controls than in 

AD patients at younger ages, unlike older ones (Figure 25H), while the increase in CSF Tau 

concentrations in AD patients compared to controls was greater in the younger group than in 

the older one, although both increases were significant (Figure 25I). 
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Tanycytes show signs of Tau transport 

Given our experiments above in rat primary tanycytes in vitro and mice in vivo and the finding 

that Tau efflux from the CSF to the blood is altered in AD patients, we used human post mortem 

brain tissues from six AD patients and five controls (Table 2) to further examine the hypothesis 

that tanycytes are Tau transporters. Using immunofluorescence labeling with the PHF1 

antibody (anti-Tau pSer396/404), we noted no signal in the brain of control subjects (Figure 

26A, B) but Tau-immunoreactive neurons with typical neurofibrillary tangles in the infundibulum 

of AD patients (Figure 26B). Interestingly, tanycytes displayed a pattern of Tau labeling that 

was quite different from neurofibrillary tangles, with Tau-positive puncta corresponding to 

vesicles both at the level of their cell bodies lining the third ventricle and along the proximal 

part of their vimentin-immunoreactive processes (Figure 26B). 

 

Table 2: Patients' information. 

 Sex Group Age 
Braak 
stage 

Thal 
stage 

Post-mortem 
delay 

Comorbidities 
PHF1 signal 

Hypothalamus 
Tanycyctic 

degradation 

Patient 1 M Ctrl 50 0 0 16h 
Ischemic cardiopathy, 
epilepsia, dyslipidemia  

0 0 

Patient 2 F Ctrl 64 0 0 27h 

Arterial hypertension, 
atrial fibrillation, aortic 
infectious endocarditis, 

strokes  

0 0 

Patient 3 M Ctrl 36 0 0 80h Atherosclerosis, obesity 0 0 

Patient 4 M Ctrl 62 0 0 19h 
Stroke, arterial 
hypertension, 
dyslipidemia  

0 0 

Patient 5 M Ctrl 69 I 0 21h 
obliterative arteriopathy 

of the lower limbs, 
chronic glaucoma  

0 0 

Patient 6 F AD 78 IV IV 27h 
Breast cancer, arterial 

hypertension 
+++ +++ 

Patient 7 M AD 52 VI IV 32h No history +++ +++ 

Patient 8 M AD 56 IV V 14h Smoking +++ ++ 

Patient 9 F AD 56 V/VI IV 36h 
arterial hypertension, 

atrial fibrillation, 
infectious endocarditis   

0 +++ 

Patient 10 F AD 88 III III 24h 

Horton disease, arterial 
hypertension, 
dysthyroidism, 
osteoporosis, 

obstructive sleep apnea  

0 +++ 

Patient 11 M AD 69 V/VI II 48h Arterial hypertension ++ ++ 

Patient 12 F FTD Tau 58 NA NA 40h Asthma ++ 0 

Patient 13 M FTD TDP-43  70 NA NA 24h No history 0 0 

Patient 14 F FTD TDP-43  67 IV 0 20h 
AD associated Tau 

lesions but absence of 
amyloid beta 

+ ++ 

Patient 15 M FTD TDP-43 70 NA NA 12h 
Presence of some Tau 
lesions in astrocytes, 

dyslipidemia 
++ 0 
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Figure 26: Tanycytes of AD patients contain Tau-positive vesicles.  

A. Photomicrograph of tanycytes in the hypothalamus of control and AD patients immunolabeled for 

vimentin (white) and phosphorylated Tau (PHF1 antibody, Tau pSer396/404, red). B. Higher 

magnifications of tanycytic cell bodies and processes in the control and AD patients’ brain, showing a 

typical neuron with a neurofibrillary tangle labeled by PHF1, and more punctate labeling corresponding 

to Tau-containing vesicles in tanycytes only in AD patients. White rectangle: higher magnification inset 

shown at right. White arrows: tanycytes containing PHF1-positive vesicles, white asterik: PHF1-positive 

neurofibrillary tangle. 
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Tanycytes are specifically disorganized and 

degraded in AD 

Strikingly, however, the morphology of tanycytes in AD patient brains was dramatically different 

from that in controls. Indeed, their vimentin cytoskeleton appeared fragmented, their processes 

seemed to be discontinuous and an accumulation of small vimentin-positive bodies could be 

observed (Figure 27A). To better understand the changes occurring in AD patient brains, we 

used the Ilastik segmentation toolkit to perform a machine-learning-aided analysis of vimentin 

immunolabeling 329. After pixel classification, the detected objects were classified into two 

groups: “processes”, consisting of long, slim objects corresponding to tanycytic projections, 

and “fragments”, consisting of small rounded objects corresponding to putative tanycytic debris 

or truncated projections (Figure 27B). In agreement with this observation, the area covered by 

“processes” was lower in AD patients compared to controls, whereas the area covered by 

“fragments” was higher in AD patients than in controls (Figure 27C, D). Furthermore, in control 

subjects, 95% of the area covered by vimentin immunolabeling corresponded to tanycytic 

“processes”, whereas these represented only 57% of the vimentin signal in AD patients (n=5 

for each group, p<0.001, Figure 27E), highlighting a profound degradation of the structure of 

tanycytes in AD.  
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Figure 27: Tanycytes in AD patients are degraded and disorganized 
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A. Photomicrographs of tanycytes in the median eminence and infundibulum of control (left panels) and 

AD patients (right panels) immunolabeled for vimentin (white). Insets: higher magnification images of 

tanycytic processes in control (left panels) and AD patients (right panels), showing fragmentation of 

vimentin-positive processes in the latter. B. Representation of the Ilastik analysis pipeline starting from 

raw data acquisition of vimentin immunolabeling (left panels) to segmentation of the vimentin signal 

(middle panels) to classification of tanycytic processes and fragments (green and red respectively, right 

panels). C. Graph representing the total area covered by processes in control (n=5) and AD patients 

(n=5). Two-tailed Mann-Whitney U test (U=1, p=0.02). Data are presented as means  S.D. *, p<0.05. 

D. Graph representing the total area covered by fragments in control (n=5) and AD patients (n=5). Two-

tailed Mann-Whitney U test (U=0, p=0.008). Data are presented as means  S.D. **, p<0.01. E. Area 

covered by processes (green) vs. fragments (red) as a percentage of the total vimentin immunoreactive 

area in control (n=5) and AD patients (n=5). Two-way ANOVA (patient condition, F(1,16)=2.125.10-20, 

p>0.99; object class, F(1,16)=696.2, p<0.001; interaction, F(1,16)=173.1, p<0.001) followed by Sidak’s 

multiple comparison post hoc test (Ctrl Processes vs. Ctrl Fragments, q(16)=27.96, p<0.001; AD 

Processes vs. AD Fragments, q(16)=9.355, p<0.001; Ctrl Fragments vs. AD Fragments, q(16)=9.302, 

p<0.001; Ctrl processes vs. AD processes, q(16)=9.302, p<0.001). Data are presented as means; ***, 

p<0.001. F. Graph of tanycytic processes per field in control (n=5) and AD patients (n=5). Two-tailed 

Mann-Whitney U test (U=1, p=0.0317). Data are presented as means  S.D. *, p<0.05. G. Graph of 

tanycytic process length in control (n=5) and AD patients (n=5). Two-tailed Mann-Whitney test (U=0, 

p=0.03). Data are presented as means  S.D. *, p<0.05. H. Graph of tanycytic fragments per field in 

control (n=5) and AD patients (n=5). Two-tailed Mann-Whitney U test (U=0, p=0.0079). Data are 

presented as means  S.D. *, p<0.05. I. Graph of tanycytic fragment diameter in control (n=5) and AD 

patients (n=5). Two-tailed Mann-Whitney U test (U=1, p=0.0159). Data are presented as means  S.D. 

*, p<0.05. 
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Intact tanycytic processes were much fewer in number and shorter in length in AD patient 

brains than in controls, and conversely, that fragmented or damaged tanycytic processes were 

more numerous and of larger diameter in AD patients supporting this view (Figure 27F-I). Next, 

to verify whether this degradation was limited to the vimentin cytoskeleton or whether the 

structural integrity of the entire cell was affected, we co-immunolabeled tissues for vimentin as 

well as GFAP, another cytoskeletal protein that interacts with vimentin in tanycytes to form the 

secondary cytoskeleton, or GPR50, a membrane receptor whose expression in the 

infundibulum is limited to tanycytes 279. GFAP immunolabeling was seen in tanycytic structures 

in both control subjects and AD patients, most often colocalizing with vimentin, and reproduced 

the morphological alterations observed with the latter (Figure 28A). Similarly, GPR50, which 

was also expressed by tanycytes in both controls and AD patients, appeared to envelop 

vimentin-positive “fragments” rather than delineating intact processes in AD patients (Figure 

28B). Interestingly, however, in some instances, fine vimentin-positive filaments could be seen 

linking the putative fragments of tanycytic process, giving rise to the appearance of a “string of 

pearls” (Figure 28C), indicating a condensation or aggregation of the tanycytic cytoskeleton or 

cytoplasmic contents to form bead-like structures rather than the disintegration of the cell or 

process as a whole. Strikingly, while tanycytic processes positive for both vimentin and GFAP 

presented a fragmented appearance, astrocytes expressing GFAP, but not vimentin, in the 

vicinity of these tanycytes did not display similar alterations in AD patients, suggesting that the 

degradation observed was specific to tanycytes (Figure 28D), and moreover, not an artifact 

caused by the plane of sectioning. As might be expected, this degradation of tanycytic 

processes also disrupted tanycyte-capillary interactions in AD patient brains, as seen using 

double immunolabeling for vimentin to identify tanycytic endfeet and caveolin 1 (Cav1) to label 

capillary walls (Figure 28E), implying functional consequences for blood-brain exchanges.  
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Figure 28: The cytoskeletal degradation is limited to tanycytes and impairs their interaction with 

the vasculature.  
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A. Photomicrographs of tanycytes in the median eminence of control (top panels) and AD patients 

(bottom panels) immunolabeled for vimentin (white) and GPR50, a tanycytic membrane protein (red). 

Insets: high magnification photomicrographs of tanycytic processes in control (top panel) and AD 

patients (bottom panel) showing that the fragmentation in AD patients involves the entire tanycytic 

process and not just the vimentin cytoskeleton. B. Photomicrographs of tanycytes in the median 

eminence of an AD patient immunolabeled for vimentin (white). Inset: high magnification showing the 

“string of pearls” appearance of tanycytes in AD patients. C. Photomicrographs of tanycyte cytoskeleton 

immunolabeling (vimentin in white, GFAP in red) in control (left panels) and AD patients (right panels). 

D. Photomicrographs of the median eminence of control (left panel) and AD patients (right panels) 

immunolabeled for vimentin (white; tanycytes) and GFAP (red; tanycytes and astrocytes). The rightmost 

panel is a segmentation for astrocytes (GFAP not overlapping with vimentin in yellow, DAPI in blue). 

Arrows indicate astrocytic cell bodies. Inset: region subjected to segmentation at right. E. 

Photomicrograph of tanycyte-to-capillary contact in the infundibulum of control and AD patients 

immunolabeled for vimentin (white) to identify tanycytes and caveolin 1 (red) to identify capillaries. 

Capillaries parallel to the plane of the section are presented in the left panels and capillaries 

perpendicular to the plane of the section are presented in the right panels. Insets: higher magnification 

views of tanycyte-to-capillary contacts in control and AD patients.  

 

Given the 3D distribution of Tau-transporting tanycytes in the mouse brain, we then wondered 

whether the degradation of tanycytes in the brain of AD patients was uniform or spatially 

differentiated. Interestingly, although an examination of vimentin immunolabeling in sagittal 

sections of the ME showed that these changes occurred all along the anteroposterior axis of 

the ME (Figure 29A), the putative fragmentation or beading of the tanycytic cytoskeleton in all 

patients was more pronounced in the infundibulum and the internal zone of the ME, close to 

the third ventricle, but was observed less frequently or not at all in the external part of the ME 

(Figure 29B). Finally, to determine whether this tanycytic degradation was specific to AD or 

could be more generalized, we compared vimentin immunolabeling in the brain of control 

subjects, AD patients and patients with frontotemporal dementia (FTD) of either the TDP-43 

or Tau type. Intriguingly, regardless of FTD type, the tanycytic processes of FTD patients (n=4) 

were morphologically different from those in controls; however, except in one FTD patient brain 

that also revealed signs of AD post mortem (see Table 1), tanycytes did not display any 

beading (Figure 29C). Furthermore, Ilastik-based analysis of vimentin immunolabeling showed 

that FTD patients had a lower density of “processes” than control subjects, similar to AD 
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patients (Figure 29D). However, the reduced “process” area in FTD was not accompanied by 

an increase in the area covered by “fragments”, unlike in AD patients (Figure 29E). In addition, 

the proportion of “processes” to “fragments” was similar to that in controls, supporting a 

degradation of the tanycytic network without their disintegration (Figure 29F). 

 

Figure 29: Tanycytic degradation occurs throughout the median eminence in AD but not in FTD 
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A. Photomicrographs of a median eminence in coronal section from an AD patient showing tanycytes 

immunolabeled for vimentin (white). Inset 1: higher magnification of the infundibular region. Inset 2: 

higher magnification of the external median eminence region. B. Photomicrograph of a median 

eminence in sagittal section from an AD patient showing tanycytes immunolabeled for vimentin (white). 

Inset 1: higher magnification of the posterior region of the median eminence. Inset 2: higher 

magnification of the median eminence adjoining the optic chiasma. Inset 3: higher magnification of the 

external median eminence close to the pituitary stalk. C. Photomicrographs of the median eminence 

and infundibulum of control (left panels), FTD (middle panels) and AD patients (right panels) showing 

tanycytes immunolabeled for vimentin (white). Numbered insets: localization of higher magnification 

photomicrographs showing the difference in tanycytic morphology between the three conditions. D. Total 

area covered by tanycytic processes in control (n=5), FTD (n=4) and AD patients (n=5). One-way 

ANOVA (F(2,11)=8.136, p=0.0068) followed by Tukey’s multiple comparison post-hoc test (Ctrl vs. AD, 

q(11)=5.433, p=0.0071; Ctrl vs. FTD, q(11)=4.096, p=0.0358; AD vs. FTD, q(11)=1.026, p=0.7538). 

Data are presented as means  S.D. **, p<0.01; *, p<0.05. The FTD patient represented by a black dot 

also showed signs of AD in the brain post mortem. E. Total area covered by tanycytic fragments in 

control (n=5), FTD (n=4) and AD patients (n=5). One-way ANOVA (F(2,11)=17.02, p=0.0004) followed 

by Tukey’s multiple comparison post-hoc test (Ctrl vs. AD, q(11)=7.884, p=0.0004; Ctrl vs. FTD, 

q(11)=1.572, p=0.5269; AD vs. FTD, q(11)=5.861, p=0.0043). Data are presented as means  S.D. ***, 

p<0.001; ns, non-significant. The FTD patient represented by a black dot also showed signs of AD in 

the brain post mortem. F. Area covered by tanycytic processes (green) and fragments (red) as a 

percentage of the total vimentin immunoreactive area in control (n=5), FTD (n=4) and AD patients (n=5). 

Two-way ANOVA (patient condition, F(2,22)=3.280.10-18, p>0.99; object class, F(2,22)=687.2, 

p<0.001; interaction, F(2,22)=58.39, p<0.001) followed by Sidak’s multiple comparison post hoc test (for 

processes:  Ctrl vs. FTD, q(22)=1.791, p=0,2391; Ctrl vs. AD, q(22)=7.276, p<0.0001; FTD vs. AD, 

q(22)=5.069, p<0.001; for fragments:  Ctrl vs. FTD, q(22)=1.791, p=0,2391; Ctrl vs. AD, q(22)=7.276, 

p<0.0001; FTD vs. AD, q(22)=5.069, p<0.001).Data are presented as means; ***, p<0.001. 

 

Together, these observations support the hypothesis that tanycytic pathology could be 

disease-specific, and the degradation of the tanycytic cytoskeleton in AD patients likely 

interferes with Tau efflux from the CSF, contributing to its accumulation in the brain. 
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Discussion 

The accumulation and aggregation of both Aβ and Tau are hallmarks of AD and 

contribute to AD pathogenesis. A clearance has been widely studied and involves both intra- 

and extracellular degradation, blood-brain barrier crossing, interstitial fluid clearance and 

cerebrospinal fluid (CSF) clearance 339,340. On the other hand, while Tau degradation is well 

documented (reviewed in 341), the mechanisms underlying its transport out of the brain and the 

exact paths that it follows to cross the BBB and reach the peripheral circulation are still poorly 

understood. Our findings above indicate that tanycytes are a significant contributor to Tau 

efflux from the CSF to the blood and that this clearance pathway might be impaired in the 

context of AD due to the morphological alteration of tanycytic processes, and presumably, the 

interruption of vesicular transport. Furthermore, our observations in FTD patient brains suggest 

that tanycytic degradation or dysfunction may be a more widespread feature of 

neurodegenerative disorders than currently imagined. 

 

Tanycyte’s contribution in tau clearance bigger 

picture 

Several studies have used the injection of different Tau isoforms into the brain to 

highlight its ability to exit the parenchyma and/or cross the BBB 239,240, and have proposed the 

involvement of various brain structures such as the choroid plexus, arachnoid villi and a brain 

lymphatic system in this process 233,342. In our model of Tau ICV injection, the choroid plexus 

did not show any signs of Tau uptake. Additionally, while the contribution of the lymphatic 

system and arachnoid villi could not be assessed due to the destruction of the meninges during 

brain dissection, another study has revealed only a moderate effect of the disruption of the 
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brain lymphatic system on brain-to-blood Tau transfer 248. On the other hand, in our study, 

specifically disrupting vesicular transport in a significant proportion of tanycytes, but not all of 

them, resulted in an incomplete but robust inhibition of Tau efflux to the periphery that 

lymphatic transport could not adequately compensate for. While the contribution of other 

players and processes such as BBB degradation and leakage cannot be ruled out, our 

experimental paradigm still reveals a major role for tanycytes in Tau efflux. 

 

Tanycytes, a two-way conduit between CSF and 

blood 

The directionality of tanycyte’s transport of Tau, from the CSF to the blood circulation, 

is itself striking, since these cells have until now been associated with the transcytotic shuttling 

of physiological blood-borne molecules into the CSF. In effect, this two-way secretory activity 

of tanycytes – allowing meaningful metabolic hormones and signals to be captured from the 

circulation and released into the brain, while performing the reverse function for a molecule 

that needs to be eliminated, such as Tau, without themselves producing either of the two types 

of molecules released – corresponds to neither conventional secretion nor excretion. Exploring 

the molecules and mechanisms involved in this phenomenon and its involvement in normal 

physiology and pathological processes could represent a new avenue of research in the 

interaction of the brain and the periphery. 

 

The chicken or the egg, is tanycytic alteration a cause 

or a consequence of Tau pathology? 

While Tau accumulation in the brain in the context of AD has been observed in 

numerous studies, from mouse models to AD patients, studies describing circulating Tau levels 

in mice are rare 155,240,343,344. The existence of an AD patient database that includes Tau 
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concentrations in the CSF and blood allowed us to indirectly evaluate Tau efflux by calculating 

the relative concentrations of Tau in the destination tissue, i.e., blood or plasma, vs. the 

compartment of origin, i.e., the CSF, as is often done in the reverse direction for other 

molecules. Although this value represents the balance of all influx/efflux mechanisms and is 

not specific to any single transport system, it is the only readout of Tau transport available in 

live patients. Interestingly, CSF concentrations of Tau in the AD group were already high at 

younger ages, whereas they gradually increased with age in control patients, catching up with 

the AD group. The resulting increase in Tau plasma-to-CSF ratio in younger AD patients sets 

this process apart from the physiological aging seen in control subjects. Age-related changes, 

including cell loss and impaired signaling cascades, have previously been observed in the 

tanycytes of both women and male rats 319,322. Although not previously noticed, our observation 

of tanycytic degradation across AD patients at different ages and stages of disease (our post 

mortem brains were obtained from patients ranging from 52-88 years old, but at Braak stages 

III-IV; Table 2), suggests that these changes could accompany or even contribute to increased 

Tau accumulation in the brain by disrupting its transport, rather than being secondary to Tau 

accumulation. On the other hand, in older AD patients, a compensatory efflux mechanism such 

as BBB leakage could explain why Tau does not continue to accumulate in the CSF, and why 

plasma Tau concentrations are also significantly higher than in age-matched controls. 

 

Mechanisms of tanycytes degradation 

The progressive “beading” of distal processes, a phenomenon known as 

clasmatodendrosis, has long been described to occur in astrocytes under a variety of 

pathological conditions 345–347. In addition, amyloid plaques in animal models appear to trigger 

the phenomenon in surrounding astrocytes 348,349, and age-related astrocytic 

clasmatodendrosis is associated with an accumulation of Aβ in the hippocampus 350. However, 

astrocytes in our patient brain sections displayed a perfectly normal morphology. In addition, 

there are few reports of the process in human AD brains, and tanycytic clasmatodendrosis, or 
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for that matter, any other morphological alteration in tanycytes, has not so far been described 

either in AD or in any other human disorder, and its causes, mechanisms and consequences 

deserve to be further explored. To do so, significant effort will have to deployed in finding 

biological systems which would reproduce the tanycytic degradation observed in AD patients, 

starting with systematic observation of tanycytes in AD mice models. 

 

Tanycytic alterations may be a cause of the metabolic 

and hormonal increased risks for AD onset 

Regardless of the lack of prior evidence of tanycytic structural abnormalities, several 

disorders have been shown to be associated with their dysfunction. Notably, preclinical studies 

have revealed that impaired tanycytic function could underlie metabolic diseases such as type 

2 diabetes and obesity, by interfering with the access of peripheral signals to hypothalamic 

circuits regulating metabolism and energy homeostasis 290–292,351. Intriguingly, these conditions 

are also associated with an increased risk of developing AD, suggesting that tanycytes could 

be the long-sought missing link that is thought to exist between metabolic disorders and AD 

264,352. This link could partly reside in the recent description of the role of tanycytic insulin 

signaling. Insulin and insulin-like growth factor 1 have long been of particular interest in the 

field of AD. The hypothesis of  AD being a  type 3 diabetes is articulated around the 

development of a central insulin resistance and impaired brain glucose metabolism in AD 

patients 353. Since insulin signaling has been shown to be implicated in learning and memory, 

the central insulin resistance observed in AD is thought to participate in the progressive 

cognitive decline exhibited by the patients and to favor Aβ and tau pathology 354,355. Yet, the 

role of insulin signaling in neurodegenerative processes is somewhat paradoxical as the 

genetic deletion of insulin signaling proteins have been shown to be protective indifferent AD 

animal models 356–359. Different origins to the central insulin resistance in AD have been 

proposed: the expression of several elements of the insulin signaling pathway are down-



 112 

regulated in the brain of AD patients, Aβ disrupt insulin receptor signal transduction and a 

controversial decrease of CSF insulin concentrations in AD patients 360–362. Interestingly, this 

study describes more than a CSF insulin decrease as they also reported a decrease in 

CSF/plasma insulin ratio suggesting an impairment in insulin access to the brain 360. Tanycytes 

being recently described as a gateway for insulin to the brain, our observation of a disruption 

of the tanycytic processes is a plausible cause to this phenomenon and also participate in the 

deregulation of brain glucose metabolism. Moreover, as leptin transport is altered in mouse 

model of obesity, tau transport by tanycyte might also be disturbed and promote its 

accumulation in the brain. 

The clinical manifestations of AD extend beyond cognitive and metabolic deficits, and 

include several features that could be attributed to neuroendocrine dysfunctions 363. In this 

context, ME tanycytic endfeet also interact with the terminals of neuroendocrine neurons to 

regulate the secretion of neurohormones of the hypothalamic-pituitary axes 264, suggesting that 

tanycytic pathology could also lie at the root of hormonal disturbances in AD, which themselves 

could also contribute to age- or disease-related cognitive and metabolic deficits 363. 

 

Peripheral tau: a mere symbol of clearance or a real 

contributor to AD 

 The presence of tau in the plasma is thought to result from brain clearance and to have 

no pathological implications. However, few studies would suggest that plasma tau might have 

potential roles in AD. First, the intraperitoneal injection of tau seeds in an AD mouse model 

has been shown to promote the appearance of neuronal tau inclusions way earlier than in non-

injected mice 364. Thus, it suggested that the tau seeds are able to reach the brain from the 

periphery. Second, tau aggregation is found in the pancreas of AD patients but also in patients 

with type 2 diabetes suggesting a link between tau aggregation and pancreatic dysfunction. 

Considering these data, tau in the plasma could have seeding properties and propagate either 
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from the periphery to the brain or from the brain to the periphery. This hypothesis is interesting 

as it echoes the recent hypothesis of a peripheral origin of Parkinson’s Disease and the 

discovery of the potential transmission of A pathology and Creutzfeldt-Jakob Disease after 

the administration of cadaveric growth hormone preparation contaminated with A and tau 365–

367. But for now, data supporting the view of a peripheral tau seeding capacity are scarce. 

Plasma tau seeding potential has never been evaluated but the recent development of tau 

seeding biosensors could very well have the answer to this question 368,369. If tau in the plasma 

would be proven to have seeding properties, the pathway taken by tau seeds to enter the brain 

would be of particular interest. As we already demonstrated that tau can be transported by 

tanycytes from CSF to blood, it would be highly possible that they could transport tau seeds in 

the other direction. 

 

New opportunities for tanycyte’s role in AD 

Setting the ground for follow-up studies, this work has established a clear role of 

tanycyte in tau clearance and their degradation in the course of AD. However, it raises 

numerous questions: (1) are all species of tau cleared by tanycytes, (2) what is the trigger and 

the mechanism of such degradation, (3) what is the pathological significance of tanycytic 

degradation. 

While the use of the full-length tau isoform avoids any bias due to the lack of potentially 

interacting domains, it might not be the most relevant isoform in the context of AD. Full-length 

tau isn’t the preponderant tau isoform in the brain or in the CSF or AD patients 370,371. Also, the 

truncation, phosphorylation or oligomerization of tau could impact its clearance by tanycytes. 

Supporting the view that all tau isoforms aren’t equal in CSF to blood transfer, a study showed 

that a central fragment of tau, starting at the amino-acid 121 and ending at amino-acid 227 

containing neither the microtubule-binding domains or N-terminal repeats, was slower to reach 

the blood circulation after its intracerebroventricular injection372. Interestingly, a study of CSF 

tau by mass-spectrometry have shown that central fragments of Tau are enriched in the CSF 
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suggesting that they are either more secreted or less cleared 370. The development of other 

fluorescently-labeled isoform and species of tau would allow to decipher the impact of the 

different tau domains and PTMs in its clearance from the brain to the periphery. 

This study being the first description of a tanycytic degradation in human diseases it 

raises substantial questions as what exactly occurs in tanycytes and how. Post-mortem tissues 

are suitable for descriptive studies but do not enable the discrimination of mechanism leading 

the observed phenotype. However, several observations help us speculate the course of 

tanycytic degradation and potential factors triggering such phenomenon. Tanycytes are 

undergoing a cytoskeletal disruption which appears to be gradual. Indeed, we observed 

tanycytes with vimentin-positive beadings along their processes and circular vimentin-positive 

aggregates in the infundibulum parenchyma which may be remnants of the beads after the 

fragmentation of the processes. Vimentin aggregation would then precede tanycyte 

fragmentation. Vimentin aggregation has never been documented in tanycytes but there are 

studies on giant axonal neuropathy (GAN) describing an intriguingly resembling event. 

perinuclear circular vimentin aggregation occurs in fibroblast derived from GAN patients 

involve the loss of function of the gigaxonin protein which targets vimentin filaments to the 

proteasome by ubiquitination 373–376. Gigaxonin being a ubiquitously low expressed protein, it 

might represent a good candidate to explain vimentin aggregation in tanycyte. The study of 

gigaxonin tanycyte specific knock out mouse models would allow to determine its implication 

and the consequences of vimentin aggregates on tanycytes. Indeed, vimentin aggregation 

could be detrimental for tanycyte’s functioning since several reports have highlighted the role 

of vimentin in several cellular function such as proteostasis or signaling pathways, among 

which ERK pathway 377–379. Thus, its aggregation would possibly trigger a disruption in those 

functions. 

Even if the observation of tanycyte’s processes degradation in AD strongly suggest an 

impaired tanycytic tau shuttle and a possible promotion of tau accumulation and aggregation, 

we do not provide any direct proof of this statement. But, by taking advantage of the iBot mouse 

model, the creation of an AD mice model lacking tanycytic tau transport is possible and would 
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directly address this issue. The evaluation of tau clearance in AD mouse models could also be 

considered in order to determine if tanycyte-mediated clearance is impaired in those models. 

Lastly, in case of a successful mimicking of a tanycytic vimentin aggregation in mouse models, 

the generation of a mouse line recapitulating both tau pathology and tanycytic degradation 

would represent an elegant model for the study of tanycytic degradation influence on AD. 

 

Tanycytes in other neurodegenerative diseases 

Finally, the fact that tanycytes are able to transport Tau and their very different 

alteration in FTD raises broader questions as to their role in the development of 

neurodegenerative diseases. The fact that they did not transport fluorescent BSA, which has 

a similar molecular weight, together with the observation of endogenous Tau in tanycytic 

vesicles in human AD brains, is significant, as it suggests that there might be some selectivity 

in terms of their cargo, but could they also transport other pathological molecules such as Aβ 

or alpha-synuclein? How does the fact that they are morphologically different in FTD as 

compared to both controls and AD patients, as well as sparser or thinner in the former, affect 

their diverse functions? 
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Conclusion 

In the present work, we tackled the question of a tau clearance by tanycyte both in vitro and in 

vivo as well its pertinence in post-mortem brain tissues of Alzheimer’s disease patient. 

Collectively, our data support a significant role of tanycyte in the efflux of tau from the 

cerebrospinal fluid to the blood. This particular tau transfer was already described in the 

literature but was lacking a mechanistic explanation. By injecting fluorescently-labeled tau 

protein in wild-type mice and in a mouse model of impaired tanycytic transport we 

demonstrated the physiological contribution of tanycyte in this process. Furthermore, the 

presence of tau-positive puncta in tanycytes of Alzheimer’s disease patients supported the 

possibility of tanycytic tau transport in humans. This transport is presumably impaired in the 

course of AD since a striking degradation of tanycyte’s processes, along which molecules 

shuttles from the cerebrospinal fluid to the blood, was specifically observed in Alzheimer’s 

disease patient’s brains. These observations represent the first description of an alteration of 

tanycyte in a human disease and raise the question of their involvement in the development of 

neurodegenerative diseases.  
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Role of tanycytes in Tau clearance and their 

relevance in Alzheimer's Disease 

 
 

Alzheimer’s disease is characterized by an accumulation of both A and tau in the brain 

causing neurodegeneration. Currently described clearance mechanisms for tau involve the 

brain glymphatic and lymphatic system from which tau can slowly egress to the blood. 

However, studies have shown that tau can rapidly reach the blood circulation after 

intracerebroventricular injections, suggesting the existence of a direct CSF to blood transport, 

but the path taken by tau to reach the circulation within minutes is still unknown. Tau being 

described as incapable of crossing the blood-brain barrier, a plausible path for tau brain exit is 

through the blood-CSF barriers (BCSFB). A particular BCSFB is located at the median 

eminence where hypothalamic tanycytes, whose cell bodies form the floor of the third ventricle 

and send long processes to the underlying pituitary portal capillary bed, form a bridge between 

the CSF and the blood. In this work, we show that tanycyte are able to take up and transport 

tau in vitro using tanycyte primary cultures. The production of a fluorescently-labeled tau 

allowed us to track tau path from the CSF to the blood and to confirm the implication of tanycyte 

in its transport. Using a novel model of tanycytic shuttle interruption, we demonstrated the 

major contribution of tanycytes in tau egress from the brain. Lastly, the study of human 

hypothalamic and median eminence post-mortem tissue showed a sign of tau transport in 

tanycyte of AD patients and a dramatic alteration of their cytoskeleton which was not observed 

in another neurodegenerative disease. Altogether, our results demonstrate the role of 

tanycytes in tau clearance and their implication in the pathophysiology of Alzheimer’s disease. 

Such data raise the questions of tanycytes as actors of the CSF clearance and their potential 

implications in other neurodegenerative diseases. 
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