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Highlights
e Misfolded tau spreads from cell to cell, and propagates in a prion-like manner.
e Invitro and in vivo models exist that recapitulate aspects of tau pathology.
e Microfluidic devices can recreate minimalistic, manipulatable neuronal arrays in
vitro.
e These devices have led to significant findings in the field of tauopathy research, and

further use may lead to more advancements in our understanding of disease.

Abstract

Neurofibrillary tangles, formed of hyperphosphorylated, misfolded tau accumulations, are a
pathological hallmark of neurodegenerative diseases such as Alzheimer’s disease (AD) and
frontotemporal dementia. The neuroanatomical localisation of tau pathology in AD brains of
different disease stages suggests that tau tangle pathology is spreading throughout the brain
along connected neuronal circuits. Pathogenic tau can act as a prion-like seed, inducing the
misfolding of native tau and leading to disease propagation throughout the brain. However, it

is not yet fully understood how tau spreads between individual neurons or brain regions.



Here, we review the models for investigating tau propagation in vitro, and summarise the
findings from key studies into the mechanisms of tau pathology propagation in disease.
Keywords
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Introduction

Alzheimer’s disease (AD) is the most common form a dementia, a progressive
neurodegenerative disease characterised by extensive memory loss?. Its pathological
hallmarks are the accumulation of extracellular amyloid beta plaques and intracellular tau
neurofibrillary tangles (NFTs)2. Although NFTs were identified by Alois Alzheimer over a
century ago®, it was not until 1984 that it was discovered that their major component was
tau®.

Tau protein is best described as a stabiliser of axonal microtubules through binding tubulin
dimers®. However, Mapt” mice develop normally®, immunodepletion of tau does not affect
microtubule growth and dynamics in cultured neurons’, tau’s residence time on microtubules
is in the millisecond range®, and a recent study demonstrated that SiRNA against tau leads to
an increase in stable but decrease in labile microtubules®, altogether highlighting that the cell
biology of tau is not yet fully understood. As well as binding to microtubules, tau has also
been shown to anchor enzymes to microtubules, such as the phosphatases PP2A> and PP1%°.
In the developing neuron, tau becomes localised to axons as the neuron begins polarising**.
Healthy neurons have a greater concentration of tau in their axons than in their
somatodendritic compartment, and trafficking of tau between the somatodendritic region and
the axon is controlled by diffusion barriers in the axon initial segment*2. Although tau is
primarily an axonal protein, it does exist at low levels in synaptic spines, where it recruits the
Src kinase protein fyn into the spines®. As fyn is needed for synaptic plasticity'* and tau is
needed to recruit fyn to the dendritic spine®?, it is suggested that tau may also function in
synaptic plasticity. Tau is also seen within the nucleus, where it plays a role in DNA and
RNA protection®®, and in chromosomal stability*®.

Tau belongs to the microtubule-associated protein (MAP) family, and is coded for by the
Mapt gene. There are 6 isoforms of tau within the central nervous system that arise from
alternative splicing of its pre-mRNA, ranging from 352 to 441 amino acids and with a
molecular weight of between 45 and 65 kDa. The isoforms differ regarding the presence of

either 3 (3R) or 4 (4R) microtubule binding repeat regions in the C-terminus, resulting from



the splicing in or out of exon 10, and the presence or absence of 1 or 2 inserts in the N-
terminus, resulting from the splicing in or out of exons 2 and/or 3 (ON, 1N, or 2N)*’.

The longest isoform, 2N4R tau, has 85 putative phosphorylation sites. In a healthy cell, tau
protein is dynamically phosphorylated and dephosphorylated, allowing it to both bind
microtubules and facilitate dynamic microtubule network growth?®. Tau is an intrinsically
disordered protein that adopts different conformations depending on its binding status?, and
shifts between a microtubule bound conformational state, and an unbound, soluble state?'-?,
However in AD, post-translational modifications of tau, such as hyperphosphorylation, give
tau a gain of secondary structure, in that it converts tau from an intrinsically disordered
protein into a misfolded and insoluble conformation which leads to a transition from random
coil to B-sheet conformation?. The appearance of B-sheet structures within NFTs was
discovered before tau was identified as the main constituent of NFTs?4, and it has since been
determined through circular dichroism? and X-ray diffraction?® that misfolded tau protein
adopts a B-sheet conformation upon aggregation.

Hyperphosphorylated or misfolded tau monomers dimerise together, and their assembly
progresses into tau oligomers, paired helical filaments, and neurofibrillary tangles®’. In the
field of tau biology, the terminology used in different studies for the various tau species and
stages of aggregation is often ambiguous, without confirmation/description of the specific
species used. Recommendations for terminology to annotate different tau assemblies have
been outlined in a recent review?®, Upon misfolding, tau can act as a prion-like seed,
triggering the misfolding and subsequent aggregation of native tau?*=. Indeed, post-mortem
studies described prion-like propagation of tau pathology spreading throughout the brain of
AD patients. In early AD, tau pathology begins in the entorhinal cortex, and with time
progresses through the hippocampal formation, and finally throughout the cortex in later
stages of the disease?. NFTs follow a pattern of spread so consistent that the appearance of
NFTs in specific brain regions is incorporated into the criteria for Braak staging AD?; it
progresses along anterogradely connected brain circuits, traversing synaptically connected
cells®*=33, Both the amount and distribution of NFTs correlate with the severity and the
duration of AD®*3". However, not all tau tangles are alike: it has been recently shown that
different structural folds of tau, leading to morphologically distinct filaments, are observed in
brains of AD and Pick’s disease patients®®=>°, and these differences in tau conformation may
be contributing to the differing pathophysiologies seen across the tauopathies.

In order to propagate misfolding in a prion-like manner along neuronal circuits, mechanisms

must exist through which tau seeds are secreted or released by cells, and internalised by



connected cells. Here, we review current in vitro methods for investigating tau pathology and
propagation at the cellular and subcellular level, and the main findings that have been

elucidated through these methods.

Models to investigate tau pathology in vitro

Recombinant tau

In order to study the properties of tau aggregation, a frequently used tool is recombinant tau
protein, purified from Escherichia Coli bacteria. As misfolding or aggregation of tau rarely
occurs at physiological conditions*®-“?, the rate of misfolding and subsequent tau fibrillisation
is often chemically accelerated. Addition of arachidonic acid*3*4, free fatty acids*>®,
polyglutamate*’, and heparin*®-5! have been shown to effectively increase the rate of tau
fibrillisation in cell-free assays. Another method of inducing recombinant tau aggregation is
the use of truncated or mutated tau isoforms. The core sequence for tau aggregation lies
within the microtubule binding repeat domain of tau3°2, A truncated tau isoform consisting
of the microtubule binding repeat domain alone is referred to as RD-tau, K18 (the
microtubule binding repeat domain of 4R tau) or K19 (the microtubule binding repeat domain
of 3R tau)?. It has been shown using recombinant tau protein that this region alone
efficiently causes tau to dimerise and aggregate®?, is endocytosed by cells in vitro®, and can
transfer from neuron to neuron®. In addition, the P301L mutation in tau that is found in
patients with frontotemporal dementia® results in tau fibril formation in absence of
polymerisation-inducing agents®®. For the in vitro investigation of tau propagation, the
addition of recombinant tau oligomers and fibrils to cultured cells is frequently used to

recapitulate the prion-like seeding capabilities of tau®"®.

Exogenous expression of tau

In early development, only ON3R tau is present, and this isoform has been dubbed ‘foetal
tau’®2. In the mature adult human brain, all 6 isoforms are present, at a balanced ratio of
3R:4R isoforms®. However, in AD this balance is disturbed and there is an increase in 4R
isoforms, altering the ratio of 4R:3R to approximately 2:1%4. Aggregates contain a mix of all
tau isoforms, with more 4R tau found within aggregates than 3R, presumably due to the
increased ratio of 4R tau within the AD brain®. Interestingly, this differs between

tauopathies, as tau filaments in Pick’s disease appear to be selectively containing 3R tau®°,



In order to investigate the physiological and pathological properties of tau, a commonly used
method is the transfection of plasmids encoding for AD-related proteins into cellular systems.
This method offers advantages of a controllable environment that can be investigated and
readily manipulated in both live and fixed conditions. Cell lines have been generated that
transiently express mutated tau®®-%, which have led to the characterisation of phosphorylated
and aggregated tau in vitro. Many of these cell lines lack endogenous tau as well as synaptic
specialisations. Neuronal cell lines containing endogenous tau, such as SH-SY5Y and PC12
cells, can be differentiated into neuron-like phenotypes bearing neurites. These cells have
also been transfected to express tau, and have facilitated studies on tau interactions within
neurites®®. However, these neurites do not possess axonal/dendritic differentiations. As tau
propagation is thought to be trans-synaptic along anterograde circuits®'2, research into
mechanisms of propagation benefit from the use of fully differentiated neurons, such as
iPSCs and primary neurons.

An example of plasmids that have been used to transfect primary neurons were developed by
Karen Ashe’s lab’®. Using ON4R tau as a template and mutating disease-associated
serine/threonine phosphorylation sites of tau to glutamate, they created a tau construct that is
pseudo-hyperphosphorylated, i.e. mimicking constitutive phosphorylation. Each of the 14
sites that have been mutated are sites that have been shown to be phosphorylated in vitro and
in tau filaments'®. With these plasmids, it was discovered that both pseudo-
hyperphosphorylated tau and tau™°!" are unable to bind to microtubules’®", mislocalise into
dendritic spines, and cause a synaptic dysfunction as shown by a decrease in miniature
excitatory postsynaptic current amplitude, thus causing a postsynaptic deficit’®.
Pseudohyperphosphorylation of tau also increases its propensity to fibrillise and form
thioflavin S-positive aggregates, indicating increased B-sheet content?®"273, Exogenous
expression of disease-related tau is therefore a useful tool to examine the underlying

mechanisms of cellular dysfunction.

Tau aggregation biosensors

Cell-based tau aggregation sensors provide a mechanism of investigating tau seeding with
high sensitivity in vitro. An example of such a system is the fluorescence resonance energy
transfer (FRET) tau sensor cells engineered by the Diamond lab® 74, It consists of HEK293
cells which express RD-tau with a P301S mutation tagged with either CFP or YFP. Minimal

background FRET signal is reported with co-expression of these two tau constructs within the



cells, however upon addition of tau seeds, such as recombinant tau®® or AD-brain
homogenate’®, a FRET signal is generated, showing the prion-like templating of tau and
demonstrating a method of investigating properties of tau seeding. This system has been used
to demonstrate the existence of different strains of pathogenic tau, and demonstrated a link
between tau strain, regional vulnerability and toxicity in vitro and in vivo’. Further, addition
of brain extracts from AD patients to this sensor system revealed that tau seeds not only exist
in the brain regions of the corresponding patients’ Braak stage, but are also detectable in the
subsequent region along the Braak pathway that has not yet developed overt pathology "
Another tau sensor system is that of the tau split-luciferase. In this system, tau is fused to
either the N- or C-terminal part of Gaussia luciferase, such that tau oligomer formation
reconstitutes the enzyme and results in a bioluminescent signal’®. This is a sensitive assay
through which tau aggregation can be monitored, and has been used to show that tau
dimerisation does not necessarily lead to pathogenic tau aggregation®. These sensor systems
are thus valuable tools to better understand the ability of different seeds or tau strains to

induce aggregation, as well as assay the bioactivity of potential aggregation inhibitors.

Patient-derived iPSCs

One of the biggest disadvantages of using rodent models or cultures to mimic AD processes
lies in the biological differences between humans and rodents, including the fact that AD and
other related dementias are human specific diseases, rendering rodent models a second-class
alternative to human brains. Mice differentially express 3R tau neonatally, and switch to
exclusively 4R tau from young adulthood onwards’®, thus will never form the mixed isoform
filaments described above. Further, rodent models do not spontaneously form tangle
pathology. Therefore, in order to induce pathology, such models rely on the overexpression
of target genes, unlike the normal gene expression levels in human patients. In order to better
recapitulate human pathophysiology, inducible pluripotent stem cells (iPSCs) can be
generated from human samples such as skin biopsies. iPSCs can be derived from healthy
people or patients afflicted with Mapt mutations, such as the P301L/S mutation found in FTD
that results in the canonical tau misfolding of tauopathies®, and differentiated into neurons in
vitro. This provides genetically human neurons that are self-programmed to develop the
disease pathology being studied. An example of this are iPSCs derived from patients with

P301L

tau mutation, which show increased tau phosphorylation, increased excitability and

develop thicker processes and varicosity-like structures that are not present in the control



neurons®’. Similarly, increased tau phosphorylation has been detected in iPSCs derived from
individuals carrying the N279K or V337M mutations®,

However, an obstacle in using iPSCs for examination of tau pathology lies in the
developmentally regulated differential splicing of tau isoforms®84, This is currently being
investigated in detail by long term culturing of human FTD patient derived iPSCs, and
through studies investigating the developmental splice regulatory differences between control
and FTD patient-derived iPSCs®#°. 3D culture models of iPSCs can be used to bypass the
problem of developmentally regulated splicing because of the increased level of 4R adult tau
isoforms when compared to 2D culture®, and thus form a good platform to study tau
pathology. In the 3D culture of iPSCs expressing familial AD mutations, Gallyas-positive
depositions and sarkosyl-resistant tau aggregates have been found, indicating the presence of
neurofibrillary tangles®. Additionally, the ability to mutate MAPT in iPSCs via targeted
genome editing facilitates the study of tau mutations in iPSCs®. This enables investigating
the effect of a mutation in isogenic lines, excluding any contribution of other genetic
variations. This technique has been used to study tauopathies related to the presence of 4R
tau isoforms, as introducing the 1VS10+16 mutation promotes the inclusion of exon 10%°,
When this mutation is introduced next to the P301S mutation, increased frequency of calcium
bursts and increased tau oligomerisation upon seeding with pro-aggregant K18 fragments has
been observed®. This may open up exciting new possibilities for a human platform of

investigating tau propagation in vitro.

Investigating tau release in vitro.

The main discoveries in tau propagation in vitro are summarised below in Table 1.

In order for tau to spread from cell to cell and propagate misfolding of native tau, it must first
be released from an initially affected cell. The transcellular tau spread in AD was initially
thought to be due to the release of NFTs from dying cells into the extracellular space, from
where they could have a toxic effect or spread to neighbouring cells®’. However, as tau is
found in human cerebrospinal fluid in both healthy and AD affected individuals®, it is now
thought that tau release is a physiological process. Indeed, it has been determined that native
tau spreads from neuron to neuron in vitro®, and that physiological tau is released by neurons
in response to neuronal stimulation®®. Therefore, there must exist other physiological
mechanisms through which tau seeds are released from cells.

Two independent studies in 2012 by Chai et al. and Karch et al. both showed that 2N4R tau is
secreted constitutively from HEK293 cells at low levels®>%2, This tau was shown to be vesicle



independent and was suggested to be released as part of an unconventional secretion
pathway. Other studies have examined the release of tau in an exosome-associated manner, a
known mechanism of release of other aggregated proteins such as AB and a-synuclein®-%,
and have shown that tau protein is secreted in exosomes from M1C human neuroblastoma
cells®. Tau can be both released freely and in microvesicles or exosomes by HEK293 cells
and COS-7 cells®" %8, The difference in release mechanism is suggested to be isoform specific
— with 2N4R tau freely released, and ON3R tau released in exosomes or microvesicles from
both HEK and COS cell lines®»%8, However, it has been suggested that tau is spread trans-
synaptically3¥33, and HEK, COS and neuroblastoma cells do not possess the synaptic
specialisations that could be responsible in part for the spread of pathogenic tau, meaning this
evidence may not be directly translatable to neuronal cells. In addition to this, these cell lines
employ constitutive exocytosis, whereas neuronal cells use both constitutive and regulated
exocytosis, therefore the mechanisms of tau secretion could differ between cellular systems.
Data from primary neurons and differentiated iPSCs has shown that c-terminally truncated
tau is released from both cell types independent of cell death®. In primary neurons, tau
release has been shown to be increased with activity®>1% and it has recently been shown that
Rab7a'® and Rabl1a'% are involved in the modulation of tau release in vitro. In support of
these observations suggesting synaptic release from intact neurons, a recent in vivo study
showed that tau spread can occur before overt synaptic degeneration!®®. Additionally, it has
been shown that tau associates with synaptic vesicles®, further implicating a role of tau in
the presynapse. However, it has not yet been explicitly confirmed if tau spread is synaptic,
and to date the exact mechanism of release and interneuronal propagation of tau misfolding is

not fully understood.

Investigating tau internalisation in vitro.

When tau is released by the cell into the extracellular space, there must be a mechanism in
place by which neighbouring cells can internalise it. In order to act as a template to other tau
proteins, thus propagating misfolding, newly internalised tau protein needs to access the
cytosol. Indeed, misfolded tau from clarified brain lysates of mice transgenic for tau™°" has
been shown to be taken up by primary neurons in vitro, and to spread the conformational
change from neuron to neuron in a minimalistic connected circuit!®®%,_ Although many
studies have been undertaken in an attempt to elucidate the underlying mechanism?®’:60.107.108
the results have so far been inconclusive. A proposed mechanism of uptake is that of

macropinocytosis, an endocytosis process involving ruffling of the cell surfacel®. In this



context, tau was shown to be taken up by C17 mouse neural progenitor cells by the formation
of massive vesicles called macropinosomes®. This process was dependent on heparan sulfate
proteoglycans (HSPGs). HSPGs have recently been shown again to play a role in tau
internalisation, as the knockdown of Hs6st1 (a gene involved in HSPG synthesis) by CRISPR
in H4 human neuroglioma cells and iPSCs resulted in a decreased tau uptake in vitro''°. This
study also demonstrated a similar decrease in tau uptake upon knockdown of dynamin®1%t1%,
a large GTPase involved in endocytosis'!2. Tau aggregates were further shown to colocalise
with the fluid-phase uptake marker dextran in C17 cells, suggesting that aggregates also enter
these cells through engulfment by the membrane in an endocytic pathway®’. In agreement
with this, misfolded tau was shown to be internalised by endocytosis by primary neurons, and
to colocalise with dextran and Rab5!%, a small GTPase on the surface of early endosomes**3,
This suggests roles for endocytic mechanisms in both dividing and primary cells, following
release of free tau into the extracellular space. An alternate method of tau spread from cell to
cell without its entry into the extracellular space is through tunnelling nanotubes (TNTS).
TNTSs have been shown to transfer a-synuclein seeds between cells in vitro''41° and tau has
been found to be present in TNTs connecting primary neurons!!®. Overall, the body of
evidence shows a complex picture indicating multiple mechanisms that may be acting in
concert. Additionally, varying mechanisms may be employed by different tau species and/or
isoforms, so further investigation into these mechanisms may provide new insights to the

pathway(s) of tau internalisation.



Table 1. Main findings from in vitro tau propagation studies.

Models of tauopathy ~ Advantages Limitations Main findings
Non-neuronal Dividing and Non-neuronal in Tau secreted in
e CHO immortal origin exosomes®®
e HEK No regulated Tau secreted
e C17 exocytosis constitutively®.-92
e COS No neurites Tau internalised
No synaptic through endocytosis®’

specialisations

Tau internalised
through
macropinocytosis
involving HSPGs80110

Neuronal Dividing and No axon/ dendrites
e SHSY-5Y immortal specification
e PCI12 Can be differentiated No synaptic

to contain neurites  specialisations®
Have regulated

Monomers sufficient
for propagation®

exocytosis
Stem cells Axon/dendrite Prolonged culture HSPGs involved in
e iPSCs specification periods required for  uptake!*®
e Mouse/human Synaptic mature tau isoform
embryonic specialisations expression
stem cells
Primary neurons Axon/dendrite Difficult to assay Physiological tau is
specification directionality secreted in response to
Synaptic activity®
specialisations
Minimalistic Oriented and Low throughput Tau uptake through
networks of primary  compartmentalised endocytosis®
neurons Tau uptake is size

10

dependent0:108

Tau propagation
increased with synaptic
connections®
Pathogenic tau is
secreted in response to
activity
Physiological tau
spreads from cell to
cell®®



Minimalistic in vitro compartments to study tau propagation.

Neuronal networks are highly complex, interconnected and compartmentalised circuits,
which are difficult to recapitulate in vitro. Several of the aforementioned studies and their
results were obtained through dissociated cell cultures, which lack the spatially organised
connections seen in vivo. Microfluidic devices provide a method through which neuronal
cultures can be arrayed and compartmentalised (Fig. 1) to recreate aspects of the ordered
connectivity found in vivo. Such systems were first developed by Taylor et al., who designed
a device to compartmentalise axonal outgrowths from the somatodendritic region of cultured
neurons*'’. These devices consist of two cell culture channels, which are connected by a
series of microchannels, through which neurites can extend. With sufficiently long outgrowth
microchannels (>450um), the growth of dendrites from one channel to the next can be
prevented!!’, rendering only axons capable of projecting from one chamber to the connecting
chamber. With this, neurons can be cultured in one side of the device, the somatodendritic
compartment, and these neurons project their axon and its presynaptic terminals into the other
side of the device, the axonal compartment. The two compartments can be fluidically isolated
by establishing a volume difference between them!'"1¥ _ creating a flow that exceeds
diffusion timescales to prevent the cross-talk by molecular diffusion between compartments.
As the compartments can be fluidically isolated either side of the device can be treated and
studied independently, thereby enabling the study of a variety of molecular processes, for
example both retrograde and anterograde trafficking. In addition to this, microfluidic devices
provide the user the ability to visualise neurons at single cell resolution, including detailed
subcompartmental analysis. Using this concept and similar dimensions, further devices have
been developed by labs investigating neuronal processes in vitro, and are summarised in
Table 2.

Microfluidic devices isolate axonal processes from the somatodendritic region, and recreate a
more ordered array of neurons in vitro, facilitating directionalised axonal transport studies.
An early study using microfluidic devices for investigating the effects of tau expression on
axonal transport found a differential effect of 3 and 4R tau isoforms on mitochondrial
movement into axons of primary neurons overexpressing tau'*®.

Using microfluidic devices to isolate the axon terminals from the somatodendritic region, it
was shown that exogenously added tau is internalised both somatodendritically and axonally,
and transported both anterogradely and retrogradely within the axon*®®. In this setting, only

small tau species, and not larger fibrils, are internalised by neurons through endocytosis®. In
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agreement with this, tau monomers and oligomers, but not tau fibrils, are endocytosed by
iPSCs within microfluidic devices'%,

Microfluidic devices can also be used to study tau transfer between connected sets of cells, as
well as the propagation of misfolding to the native tau. When two or more cell culture
channels of a microfluidic device are loaded with cells the transfer and propagation of tau
from cell to cell can be monitored. Co-culture neuronal setups have demonstrated that
pathogenic tau seeded from exogenous seeds transfers from neuron to neuron*®. Addition of
tau fibrils isolated from mutant tau (K18-P301L) expressing HEK cells onto primary neurons
revealed that transfer and propagation of labelled tau aggregates to neurons in the adjacent
culture channel is enhanced when neurons are synaptically connected®. Consistent with this
finding, exosomes derived from tau-expressing N2a mouse neuroblastoma cells are
internalised and trafficked from cell to cell when added to primary neurons, but only when
the neurons were synaptically connected within the devices'?*. This evidence suggests that
tau transfer and propagation occur trans-synaptically.

High molecular weight tau (>670 kDa) is more readily taken up into primary neurons
cultured in microfluidic devices and transferred through a connected cell circuit than low
molecular weight tau'®. In addition to this, adding a tau-specific antibody to the channel
within which neurons are synaptically connected decreases the propagation of tau from cell to
cell®’, highlighting free release of tau and a potential therapeutic avenue for tauopathy.

In the aforementioned studies of tau transfer and propagation, research groups expressed
mutant tau within neurons, and additionally added exogenous tau seeds to trigger tau
aggregation and propagation (Table 2). We recently showed that expression of mutant tau=*

or tau™3L alone is sufficient to induce tau aggregation (our unpublished observation).
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Table 2. Key findings from different tau seeding experiments in primary cultures.

Tau seed

Cell type

Main findings

Recombinant tau

Primary neurons

IPSCs

Internalised tau colocalises with dextran and Rab5%

Internalised tau is transported bidirectionally®

Uptake is specific to tau size®>1%8
Monomer and oligomer, but not fibrils, internalised!?

Internalised tau causes neurodegeneration'?

Cell-derived tau

seeds

Primary neurons
expressing tau301k
Primary neurons

expressing RD-tau

Primary neurons

Synaptic contacts enhance tau propagation®?
BIN1 modulates tau propagation'??
Tau propagation is enhanced with neuronal activity'%

Tau propagation occurs in exosomes!?!

Transgenic brain

extract

Primary neurons

expressing
tauRD/ P301L

Uptake is specific to tau size!®

Tau antibodies decrease uptake'®®

Lentiviral tau

Plasmid tau

expression

Conclusions

Primary neurons

Primary neurons

Wild type tau spreads from cell to cell®®

Misfolded tau propagates with high efficiency from

neuron to neuron (unpublished observation)

In order to successfully develop disease modifying therapeutics for AD and other tauopathies,

it is critical to understand the physiological role of tau, as well as the pathological

mechanisms through which misfolded and/or hyperphosphorylated tau causes degeneration.

If we understand the cellular mechanisms through which pathogenic tau is spreading and

propagating, we have the potential to design therapeutics to delay, or prevent, the

dissemination of tau pathology. In our quest to understand such mechanisms, in vitro

platforms such as microfluidic devices can play a pivotal role in furthering our understanding

of the cellular processes at work. This is because of the ability to follow entire individual

neurons at single cell resolution over time in vitro, and also the ability to manipulate

mechanisms at subcompartment specific regions. Current in vitro and microfluidic device
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setups do not recapitulate the full brain environment, for example lacking a glial population
or interplay with the immune system, and it has been shown that microglia can phagocytose
tau aggregates and thus contribute to the dissemination of tau pathology. Depleting microglia

from two different transgenic mice models, one expressing tau®°!- and the second expressing

P301S 123

tau , suppressed tau pathology propagation®<°. Astrocytes have also been shown to be able
to release tau and phosphorylated tau in exosomes'?*. These examples suggest that generating
the system mirroring the brain environment with all its cell types is indispensable to fully
understand tau spread. Further development of co-cultures may therefore enhance our
understanding of the synergy between these systems. Additionally, technical developments of
microfluidic device designs are increasing our capabilities to orientate the synaptic junction
and therefore recreate a unidirectional neuronal circuit'?>!%6, which may further our
understanding into the directionalised propagation of tau and other prion-like proteins. With
these and other in vitro models, further investigations into differing tau species, mechanisms
of propagation and inhibitors of these mechanisms, could potentially facilitate the

development of new therapeutics for AD.
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A Tau MAP?2 DAPI

B Somatodendritic Microchannels Axonal

Figure 1. Mass culture and microfluidic device culture comparison. (a) Mass culture of
primary hippocampal neurons form a highly interconnected network in vitro. Axonal (tau),
dendritic (MAP2) and nuclear (DAPI) stain. Scale bar, 30 um. (b) Microfluidic devices
compartmentalise and array primary neurons. Image shows a neuron transfected with GFP-
Tau (above), and the corresponding DIC image of the culture (below). Dashed lines indicate

channel boundaries. Scale bar, 30 um.
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