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SUMMARY

Microglia are crucial for maintaining brain health and neuron function. Here, we report that microglia
establish connections with neurons using tunneling nanotubes (TNTs) in both physiological and patho-
logical conditions. These TNTs facilitate the rapid exchange of organelles, vesicles, and proteins. In
neurodegenerative diseases like Parkinson’s and Alzheimer’s disease, toxic aggregates of alpha-synu-
clein (a-syn) and tau accumulate within neurons. Our research demonstrates that microglia
use TNTs to extract neurons from these aggregates, restoring neuronal health. Additionally, microglia
share their healthy mitochondria with burdened neurons, reducing oxidative stress and normalizing
gene expression. Disrupting mitochondrial function with antimycin A before TNT formation eliminates
this neuroprotection. Moreover, co-culturing neurons with microglia and promoting TNT formation
rescues suppressed neuronal activity caused by a-syn or tau aggregates. Notably, TNT-mediated aggre-
gate transfer is compromised in microglia carrying Lrrk22(Gly2019Ser) or Trem2(T66M) and
(R47H) mutations, suggesting a role in the pathology of these gene variants in neurodegenerative
diseases.

INTRODUCTION

The accumulation of pathological protein aggregates is a hall-
mark seen in several neurodegenerative diseases, including Alz-
heimer’s disease (AD), frontotemporal dementia (FTD), and Par-
kinson’s disease (PD). Proteins such as alpha-synuclein (a-syn)
and tau, which play crucial roles in normal neuronal function,
can abnormally aggregate inside cells. This aggregation disrupts

cellular processes, leading to neuronal dysfunction and contrib-
uting to the development of PD and FTD, respectively.
Pathological a-syn disrupts neuronal function through several
mechanisms: it affects the proper distribution of membrane
proteins,1 interferes with neurotransmitter release,? impairs
mitochondrial function,®™ inhibits intracellular vesicle trans-
port,®’ disrupts endo-lysosomal compartment integrity,® and
compromises protein-degradation mechanisms.® Conversely,
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Figure 1. a-syn induces transcriptomic changes and oxidative stress in neurons

(A) Heatmap of 951 differentially expressed (DE) genes (red: induced, blue: suppressed) between control and a-syn-treated neurons.

(B) Biological Networks Gene Ontology (BINGO) enrichment map for DE genes (red: induced, blue: suppressed) between control (Ctrl) and a-syn-treated neurons.
(C) Oxygen consumption rate in neurons treated with fibrillar a-syn. n = 3, N = 3. *p = 0.0314 (Ctrl vs. 0.1 uM).

(D) Oxygen consumption rate in neurons treated with fibrillar tau. n = 4, N = 3. “p = 0.0342, **p = 0.0057.

(E) Bar charts for the top 5 enriched pathways for DE genes in a-syn-treated vs. untreated neurons. ES, enrichment score.

(F) Overlap of genes in pathways associated with AD, PD, and OxPhos.

(legend continued on next page)
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abnormally hyperphosphorylated tau contributes to neuronal
dysfunction by destabilizing microtubules, compromising
neuronal structure, disrupting intracellular transport, '*'" impair-
ing axonal transport, and disturbing synaptic functions,'? effec-
tively dismantling communication between neurons.

Both a-syn and tau aggregates exhibit “prion-like” charac-
teristics, spreading from cell to cell and inducing the misfolding
of native proteins in neighboring neurons, thereby propagating
neuronal damage and neurodegeneration across intercon-
nected brain regions. Mechanisms facilitating this spread
include exocytosis, endocytosis, uptake of exosome-carried
proteins, direct penetration of aggregates, and formation of
tunneling nanotubes (TNTs)."®?° Additionally, cell death
induced by a-syn or tau and physiological secretion release
cytotoxic proteins into the extracellular space, potentially
entering cells trans-synaptically.”’ > These extracellular toxic
proteins can initiate neuroinflammation and perpetuate neuro-
degenerative processes.

Microglia are integral to the brain’s innate immune system and
play a crucial role in its structural remodeling and function. They
maintain neuronal health and integrity through mechanisms such
as synaptic scaling and pruning, as well as by releasing neurotro-
phic factors.”® The homeostatic equilibrium of microglial cells is
disrupted when pattern recognition receptors are activated by
pathological protein aggregates, such as a-syn or tau, in neuro-
degenerative diseases.”” These sterile immune stimuli may drive
disease progression by releasing a multitude of immune factors,
including cytokines, complement factors, and chemokines,
which suppress synaptic plasticity and disrupt dendritic and
axonal integrity.®*° Microglia play a critical role in clearing path-
ological protein aggregates,®® crucial for the progression of
neurodegenerative diseases, as they exhibit the highest capacity
among all brain cells for scavenging extracellular proteins. Yet in-
flammatory events can significantly impair the microglial protein
clearance machinery,®'~*® which can lead to the accumulation of
protein aggregates in the brain.

Microglia are traditionally believed to encounter pathological
intraneuronal protein aggregates only after their release due to
neuronal cell death.>**” However, our recent research has re-
vealed that microglia form TNTSs, cellular extensions that connect
distant cells, including neighboring microglia, facilitating the
transfer of cytotoxic protein aggregates from affected to unaf-
fected cells and promoting protein degradation.*® Additionally,
we observed that naive microglia donate healthy mitochondria
to rescue cells burdened with inflammation, thereby enhancing
overall cell survival within the microglial population. These find-
ings prompt the question of whether microglia play a role in pre-
serving neuronal integrity by removing pathogenic aggregates
from affected neurons via TNT formation. Recent studies have
explored the exchange of cargo, including «-syn and mitochon-
dria, between neuron- and microglia-like cell lines.>® While these
experiments demonstrated the transfer of a-syn and mitochon-
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dria between cells, they did not elucidate the functional conse-
quences of this exchange for cellular health. Consequently, our
objective is to gain a more profound comprehension of the po-
tential impact of this exchange on cellular functions and overall
cellular health.

Here, we found that microglia establish contact with neurons
through TNTs to alleviate them from cytotoxic protein accumula-
tions. Notably, co-culturing burdened neurons with microglia re-
vealed the transfer of intact and functional mitochondria from mi-
croglia to neurons, significantly reducing oxidative stress and
enhancing neuronal health without detriment to microglia them-
selves. However, this protective mechanism was compromised
in microglia carrying disease-modifying mutations in leucine-
rich repeat kinase 2 (LRRK2) or triggering receptor expressed
on myeloid cells 2 (TREM2). These findings challenge the con-
ventional view of microglia primarily as contributors to neuroin-
flammation, suggesting instead a pivotal role in protecting
and restoring neuronal function amidst pathological protein
aggregation.

RESULTS

Microglia relieve neurons from their «-syn/tau burden

To pinpoint a-syn-induced changes in neuronal function, we per-
formed next-generation RNA sequencing on control neurons
and neurons exposed to aggregated a-syn. In total, 951 genes
were differentially regulated (fold change [FC] +1.5, false discov-
ery rate [FDR] corrected p value 0.05) in response to a-syn (Fig-
ure 1A) enriched in oxidative stress-related Gene Ontology (GO)
terms (Figure 1B). In line with this, oxygen consumption rate
measurements showed impaired mitochondrial respiration in
a-syn- or tau-loaded neurons compared to controls (Figures
1C and 1D). Partek Pathway analysis highlighted overrepresen-
tation of genes linked to oxidative phosphorylation (OxPhos),
AD, PD, and Huntington’s disease (Figure 1E). The majority of
these genes were involved in OxPhos pathways (Figure 1F).

We evaluated mitochondrial membrane potential using tetra-
methylrhodamine methyl ester (TMRM), finding reduced levels
in a-syn-treated neurons compared to controls (Figure 2G).
Additionally, «-syn or tau treatment increased reactive oxygen
species (ROS) and SYTOX accumulation, markers of oxidative
stress and cell death (Figures 1H and 1l). These findings suggest
that a-syn or tau accumulation impairs neuronal function by
inducing oxidative stress and cell death.

We next investigated how microglia affect o-syn-impaired
neuronal health. Co-culture of primary cortical neurons and mi-
croglia led to the formation of TNTs (Figures 2A, 2B, S1A, and
S1B). Unlike conventional cellular protrusions like filopodia and
lamellipodia, which are anchored to the cell plate (substratum),
TNTs hover freely and facilitate the exchange of cellular com-
ponents between connected cells.”® Due to the lack of a spe-
cific biomarker for TNTs, the common approach for labeling

(G) TMRM signal intensity in naive neurons and neurons treated with a-syn. n = 3, N = 56 cells. “**p < 0.0001. Scale bar, 10 pm.

(H) ROS production (left) and SYTOX signal (right) in naive neurons or neurons treated with a-syn fibrils. *p = 0.0272 (Ctrl vs. a-syn), ****p < 0.0001.

(1) ROS production (left) and SYTOX signal (right) in naive neurons or neurons treated with tau fibrils. ****p < 0.0001.

All graphs are mean + SEM and were analyzed by two-way ANOVA followed by Dunnett’s test (C and D), one-way ANOVA followed by Dunnett’s test (G), or t test

(H and I).
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involves staining the entire plasma membrane with fluorescent
proteins that bind to glycolipids and glycoproteins, like wheat
germ agglutinin (WGA), or targeting their actin structure with
fluorescently labeled phalloidin.*’ Using their distinct free-
floating morphology, we employed super-resolution three-
dimensional (3D) laser scanning confocal microscopy in fixed
cells to measure tube heights above the substratum based
on their Z plane within the stack (Figure 2B). This method for
analyzing TNTs has been previously documented.* Similar to
previous findings in neuron-like CAD (Cath.a-differentiated)
cells,’ we observed that a-syn aggregate accumulation
increased the number of free-floating TNTs connecting neurons
and microglia (Figure 2C), typically 5-10 um long, consistent
with macrophage observations.*? We also noted TNTs between
tau-loaded neurons and microglia, although their number and
length did not change (Figure 2D). These TNTs contained
a-syn- and tau-immunoreactive particles (Figures 2E and 2F),
suggesting they facilitate the exchange of pathological proteins
between neurons and microglia. This finding, along with our
previous report of aggregate clearance by microglia, prompted
us to investigate the functional role of TNTs in this context.*

Primary cortical neurons loaded with fluorescently labeled
fibrillar -syn or tau were incubated with primary microglia for
up to 6 h. We observed a time-dependent transfer of a-syn
and tau from neurons to microglia through TNTs (Figures 2G,
3A-3C, and S1C-S1F and Video S1), with similar transfer fea-
tures for both proteins (Figures S1G and S1H). Importantly, neu-
rons alone could not degrade the cytotoxic protein aggregates,
but adding microglia significantly reduced a-syn levels in neu-
rons (Figure 3D). This reduction required direct contact, as
transwell insert experiments showed no effect (Figures 3D and
S2C). Subsequently, neuron-derived a-syn was degraded within
microglia over time (Figure 3E).

Despite what is known in the literature as characteristic fea-
tures of TNTs,“® we demonstrate that TNTs can transport aggre-
gates as non-free-floating structures between cells (Figure S1C).
Notably, a-syn aggregates were transferred from neurons to mi-
croglia, but not vice versa (Figure S1l). We excluded phagocy-
tosis of neuronal structure as the cause for aggregate presence
in microglia by showing no increase in neuronal protein content
over time (Figure S2A). Feeding microglia with a-syn-containing
neuronal debris confirmed no degradation of neuronal debris
or aggregates at any investigated time points (Figure S2B).
Analyzing the neurite thickness at sites of TNT formation showed
no evidence of neurite phagocytosis (Figure S2D). BSA, a non-
neurotoxic protein, was also transported, indicating a general
protein exchange, regardless of their toxicity (Figure S2E). Lipo-
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polysaccharide (LPS) activation of microglia did not affect TNT
formation or aggregate transfer (Figures S2F and S2G).

Together, our data suggest that microglia, through TNTs, can
alleviate neurons from their a.-syn and tau aggregates and effec-
tively degrade the received proteins.

Intercellular transfer of «-syn depends on P2Y12R-Rac-
PAK-F-actin signaling

Since TNTs are mainly composed of actin, we examined path-
ways upstream to understand the regulation of a-syn transfer.
We identified the Rac-PAK pathways as crucial in modulating
this process (Figure 3F). Inhibition of Rac or PAK significantly
impeded TNT formation between neurons and microglia (Figures
3G-3K) while only slightly impairing a-syn phagocytosis in mi-
croglial cultures (Figures S3A-S3C). Rac1 knockout microglia
confirmed Rac1’s role in a-syn transfer (Figures S3D and S3E).
Actin regulators Arp2/3 (actin-related protein 2/3) and cofilin,
which modulate polymerization and depolymerization down-
stream of Rac, were also key regulators as inhibitors significantly
affecting a-syn transfer from neurons to microglia (Figures 3L
and 3M), potentially exacerbating a-syn accumulation within
neurons.

P2Y12R activation facilitates actin remodeling and microglial
process recruitment’® upstream of Rac-PAK, with neuronal
ATP/ADP release and P2Y12 signaling being essential®* (Fig-
ure S3F). The P2Y12R antagonist PSB-0739*° reduced TNT for-
mation between microglia and neurons, thereby impairing a-syn
aggregate transfer (Figures S3G and S3H). These findings
demonstrate that microglia alleviate neuronal cytotoxic aggre-
gates through TNTs via a P2Y12R-Rac-PAK-F-actin pathway.

Evidence for TNTs between neurons and microglia from
mice and human

To further elucidate the role of neuron-microglia contacts in
reducing neuronal a-syn burden, we engrafted a-syn-contain-
ing primary cortical neurons into the cortex of Cx3cr1G+/~
mice and used in vivo two-photon laser scanning microscopy
to track a-syn (Figure 4A). Microglia near the injection site
formed contacts with engrafted neurons, as shown by live im-
aging and immunohistochemistry (Figures 4A and 4B). Most
importantly, we observed «-syn aggregate transfer from neu-
rons to microglia (Figure 4A) but could not definitively identify
these connections as TNTs (Figure 4B). TNTs are character-
ized by their open-ended structure, directly connecting the
cytoplasm of two cells without a separating plasma mem-
brane.*® To further gain insight into the presence of TNTs
in vivo, we screened serial section electron microscopy of

Figure 2. Pathogenic a-syn and tau traffic within TNTs connecting neurons and microglia

(A) Electron microscopic image of free-floating TNTs between neurons and microglia. Scale bar, 10 um (both left), 1 um (both right).

(B) Immunostaining of free-floating TNTs between neurons and microglia showing Z planes over the trajectory of TNTs. Scale bar, 10 um.

(C) Number and length of TNTs connecting microglia to neurons treated or not with a-syn. Left: n = 87 (Ctrl) and 128 («-syn) individual microglia. Right: n = 131
(

(

Ctrl) and 370 (a-syn) individual TNTs. ***p < 0.0001.

D) Number and length of TNTs connecting microglia to neurons treated or not with tau. Left: n = 87 (Ctrl) and 81 (tau) individual microglia. Right: n = 131 (Ctrl) and

128 (tau) individual TNTs.

(E) Immunostaining of TNTs between neurons and microglia containing a-syn aggregates. Arrowheads indicate a-syn aggregates. Scale bar, 10 pm.
(F) Immunostaining of TNTs between neurons and microglia containing tau aggregates. Scale bar, 10 um.
(G) Time-lapse video of TNTs between neurons and microglia showing a-syn aggregate transfer. Scale bar, 20 pm.

All graphs are mean + SEM and were analyzed by t test. See also Figure S1.
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Figure 3. a-syn transfer is regulated by the Rac-PAK signaling pathway
(A) Schematic of «-syn and tau aggregate transfer from neurons to microglia.
(B) Transfer of a-syn aggregates from neurons to microglia. n = 4, N = 8. **p = 0.006, ****p < 0.0001.
(C) Transfer of tau aggregates from neurons to microglia. n = 3, N = 6. **p = 0.006, ****p < 0.0001.
(D) a-syn levels in primary neurons conducted after the uptake of a-syn (Uptake) or after cultivating them for 24 h without (Degradation) or with primary microglia
(WT), allowing direct neuron-microglia contact, or not, due to a transwell insert (WT insert). n = 3, N = 3 for phagocytosis, N = 6 for degradation, N =8 (+WT), N =4
(+WT insert). *p = 0.0283, **p = 0.0044 (Degradation vs. +WT), *p = 0.0064 (+WT vs. +WT insert).
(E) Fate of neuron-derived a-syn aggregates in microglia over time. n = 3, N = 6. * = 0.0197, *** = 0.0003.
(F) Schematic of F-actin remodeling by GTPases and downstream effectors.
(G) a-syn transfer using the Rac inhibitor EHop016 (1 uM, 6 h). n =3, N = 6. ***p < 0.0001.
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the mouse cerebral cortex from the Machine Intelligence from
Cortical Networks (MICrONS) Consortium dataset.*” We found
open-ended tubular connections between neurons and micro-
glia resembling TNTs (TNT-like) (Figures 4C, S4A, and S4B).
Immunostainings of ex vivo organotypic slice cultures (Figures
S4C and S4D), murine models of PD and FTD (Figures S5A-
S5E), and postmortem human brain tissue from healthy donors
and patients with AD or dementia with Lewy bodies (DLB)
(Figures S5F-S5H) confirmed numerous TNT-like contacts be-
tween neurons and microglia. These structures were strongly
P2Y12R positive, with Ibal immunoreactivity dimly visible,
and showed no diameter differences between species (Fig-
ures S5I-S5M), highlighting P2Y12R’s role in TNT formation.
Our data suggest that TNT formation between neurons and
microglia occurs in vivo in mice and humans. However, further
research is needed to conclusively characterize these connec-
tions as TNTs in both structure and function.

Microglia restore neuronal network activity and
functioning

The accumulation of a-syn in neurons is linked to decreased
neuronal network activity in a DLB transgenic mouse model,*®
while tau impairs neuronal circuits in AD models.*® We investi-
gated if microglial removal of aggregates and mitochondrial sup-
port could improve a-syn- and tau-induced neuronal network
disturbances by assessing Ca®* oscillations in neurons express-
ing GCaMP6f. Co-culturing naive neurons with microglia for 6 h
did not affect neuronal network activity (Figure S6A). However,
loading neurons with a-syn reduced the frequency of Ca®* tran-
sients (Figure 4D). Importantly, co-incubation with microglia
restored the o-syn-suppressed Ca®* oscillation frequency
when physical contact was permitted (Figure 4D), with similar re-
sults for tau (Figure 4E). To further substantiate these findings,
we performed single patch-clamp experiments (Figures 4F-4H)
and confirmed that a-syn aggregation reduced burst frequency
(Figures 4F and 4G). These effects were reproduced under cur-
rent-clamp conditions (Figure S6B). Importantly, co-incubation
of neurons with microglia reversed these effects (Figures 4F
and 4G), with a slight charge reduction (Figure 4H). No benefit
was seen when physical contact was prevented (Figure S6C).
An  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptor antagonist confirmed that burst discharges
were driven by glutamatergic synaptic transmission (Figure SED).
These findings suggest that microglial TNTs, by relieving a-syn
or tau aggregates from neurons, reduce neuronal ROS levels
and directly support neuronal function and integrity.
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Microglia rescue neurons from cellular impairment by
the donation of functional mitochondria

TNTs are essential for mitochondrial transport between
cells.®**" For example, cancer cells can acquire mitochondria
from immune cells to support their metabolism.>? We labeled
microglial mitochondria with MitoTracker and found that mi-
croglia transfer mitochondria to neurons loaded with patho-
genic proteins via free-floating TNTs (Figures 5A-5C and
SB6E-S6G and Video S2). This process requires direct contact
between microglia and neurons and results in the integration
of microglial mitochondria into the neuronal network (Fig-
ure S6F). Mitochondria transfer was primarily from microglia
to neurons, with minimal movement in the opposite direction
(Figure S6l). BSA loading of neurons (Figure S6J) or LPS-acti-
vated microglia (Figure S6K) did not affect this transfer. Impor-
tantly, microglial mitochondria delivery reduced ROS levels in
a-syn- or tau-loaded neurons, nearly reaching control levels
after 6 h, and prevented neuronal death as indicated by a
reduced SYTOX signal (Figures 5E-5H). Similar to the aggre-
gate transfer, we identified the P2Y12R-Rac-PAK-F-actin
pathway as crucial for regulating mitochondrial delivery to
neurons (Figure S6L).

We conducted next-generation RNA sequencing on neurons
exposed to aggregated o-syn to explore microglial mecha-
nisms mitigating «-syn-induced neurodegeneration. Interest-
ingly, co-culturing o-syn-treated neurons with microglia
reversed the transcriptomic changes induced by a-syn alone
(Figure 5J). Specifically, genes associated with ROS produc-
tion and cell death were upregulated by a-syn aggregates in
neurons but were ameliorated or normalized in the presence
of microglia (Figure S7). Microglia rescued a-syn-loaded neu-
rons from oxidative stress by transferring functional mitochon-
dria. Using single-cell fluorescent imaging, we assessed mito-
chondrial membrane potential in a-syn-treated neurons with or
without microglia as a proxy of OxPhos integrity/mitochondrial
electron transport chain (ETC) efficiency. Neurons exposed to
a-syn exhibited decreased membrane potential, which was
restored when co-cultured with microglia (Figure 5K). Further-
more, staining for TOM20, a marker of the mitochondrial outer
membrane, revealed that a-syn induced mitochondrial frag-
mentation in neurons, a condition alleviated by microglial co-
culture (Figure 5L). ATP measurements further supported
these findings, showing that a-syn exposure reduced neuronal
ATP levels, which were restored to normal by microglia co-cul-
ture (Figures S8A and S8B). These results demonstrate
that microglia can mitigate a-syn-induced mitochondrial

H) TNT formation between neurons and microglia with Rac inhibitor EHop016 (1 uM, 6 h). Left: n = 87 (Ctrl) and 70 (EHop016) individual microglia. Right: n = 131

(
(Ctrl) and 21 (EHop016) individual TNTs. ***p < 0.0001.
(

1) a-syn transfer using the PAK inhibitor AZ13705339 (1 uM, 6 h). n = 3, N = 6. *p = 0.0112 (Ctrl vs. AZ13705339), ****p < 0.0001.
(J) TNT formation between neurons and microglia with PAK inhibitor AZ13705339 (1 uM, 6 h). Left: n = 87 (Ctrl) and 19 (AZ13705339) individual microglia. Right:

n =131 (Ctrl) and 6 (AZ13705339) individual TNTs. ****o < 0.0001.

(K) Immunostaining showing Rac-PAK signaling effects on TNT formation. Scale bar, 100 um.
(L) a-syn transfer between neurons and microglia using the Arp2/3 inhibitor CK666 (5 uM, 6 h). n = 3, N = 6. ***p = 0.0003 (Ctrl vs. CK666), ****p < 0.0001.
(M) a-syn transfer between neurons and microglia using the cofilin inhibitor cytochalasin D (CytD, 0.5 uM, 6 h). n = 3, N = 6. **p = 0.0001 (Ctrl vs. CytD),

1y < 0.0001.

(N) a-syn transfer using the actin depolymerization inhibitor latrunculin B (LatB, 0.5 uM, 6 h). n = 3, N = 6. ***p < 0.0001.
Schematics were created with BioRender.com and Adobe lllustrator. All graphs are mean + SEM and analyzed by one-way ANOVA followed by Tukey’s test
(B-D), Kruskal-Wallis test followed by Dunn’s test (E), or t test (G-N). See also Figures S2 and S3.
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Figure 4. Microglia rescue neurons from impaired cellular functioning

(A) Schematic of in vivo two-photon imaging and representative recording showing neuron-microglia interactions for «-syn aggregate transfer. Scale bar, 20 um.
(B) Immunostaining of microglia (green) connecting to a-syn-containing neurons via cellular protrusions (arrowheads). Scale bar, 10 pm.

(C) Open-ended intercellular connections (TNT-like, arrowheads) observed by serial section electron microscopy of the mouse cerebral cortex in a dataset
publicly provided by the MICrONS Consortium.*” Scale bar, 500 nm.

(D) Calcium oscillations (left) and frequency quantification (right) in control neurons (Ctrl), neurons treated with a-syn aggregates (a-syn), and a-syn-treated
neurons co-cultured with microglia (z-syn+WT). n = 5 with 65-250 individual neurons measured per condition. ***p < 0.0001.

(legend continued on next page)
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bioenergetic deficits and preserve mitochondrial function in
neurons through the transfer of functional mitochondria.

We then utilized microglia pre-treated with the mitochondrial
complex Ill inhibitor antimycin A (AntiA) to assess the necessity
of mitochondrial transfer for neuronal rescue. While AntiA did
not diminish the removal of a-syn aggregates from neurons, it
slightly reduced mitochondrial donation (Figures 6A and 6B).
However, this partial reduction failed to rescue neurons from
elevated ROS levels or prevent cell death induced by a-syn or
tau (Figures 6C-6F). Consistently, AntiA-pre-treated microglia
lost their ability to restore the mitochondrial membrane potential
of a-syn-treated neurons and were ineffective when cell-to-cell
contact was blocked using cytochalasin D (Figure 6G). More-
over, AntiA-pre-treated microglia could not restore ATP levels
in a-syn-treated neurons (Figures S8A and S8B) and exacer-
bated the overrepresentation of genes related to OxPhos
and oxidative stress in these neurons (Figure 6H). Additionally,
AntiA induced an inflammatory response in microglia, exacer-
bating mitochondrial damage in otherwise healthy neurons
(Figures S8C and S8D).

These findings underscore that neurons burdened with aggre-
gated a-syn or tau suffer from ROS accumulation and benefit
from intact mitochondrial delivery by microglia. Given the estab-
lished role of oxidative stress in neurodegenerative diseases,*
the TNT-mediated delivery of mitochondria to neurons may
represent a novel neuroprotective mechanism of microglia.

Disease-modifying mutations fail to rescue neurons
Our data suggest that microglial TNT formation, aggregate
extraction from neurons, and delivery of mitochondria to neurons
are crucial physiological mechanisms. Therefore, we next inves-
tigated whether known gene variants associated with neurode-
generative diseases influence these functions (Figure 7).
Compromising microglial TNT-mediated clearance of aggre-
gates from neurons may promote pathological aggregation
within individual neurons and facilitate the rapid spread of
a-syn pathology among neighboring neurons and throughout
neural networks. Microglia carrying the common LRRK2 muta-
tion Lrrk2(Gly2019Ser), associated with autosomal dominant
and sporadic PD and DLB,** exhibited significantly reduced
transfer of a-syn aggregates from neurons (Figures 7A and 7B)
while delivering more mitochondria to neurons compared to
wild-type (WT) cells (Figure 7C). Despite the increased mitochon-
drial delivery, LRRK2 mutant microglia failed to mitigate neuronal
ROS levels and prevent cell death (Figures 7D and 7E), suggest-
ing that mitochondria from Lrrk2(Gly2019Ser) mutant microglia
provided less metabolic support and protection than those
from WT microglia. These observations are consistent with pre-
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vious findings showing metabolic dysfunction and impaired sup-
port by microglia carrying the Lrrk2(Gly2019Ser) mutation. More-
over, co-culturing neurons with Lrrk2(Gly2019Ser) microglia did
not shield neurons from the a-syn-induced reduction in mito-
chondrial membrane potential (Figure 7F), likely due to dysfunc-
tional mitochondria derived from LRRK2 mutant microglia.>>>®
Importantly, using co-cultures of human induced pluripotent
stem cell (iPSC)-derived neurons and microglia, including those
derived from WT and LRRK2 mutant iPSCs, we observed free-
floating TNTs and similar properties in a-syn aggregate and
mitochondria transfer comparable to findings in murine cells
(Figures 7G-7J). Notably, human iPSC-derived microglia, car-
rying the LRRK2 mutation, displayed deficits similar to their mu-
rine counterparts.

Next, we investigated the impact of rare coding variants in
TREM2, known to increase the risk of FTD and AD,°”*°® on micro-
glial TNT-mediated support of neurons. Given the characteristic
intraneuronal accumulation of tau in FTD and AD, we examined
whether microglia carrying the Trem2(T66M) or Trem2(R47H)
mutation altered the removal of aggregated tau from neurons
or the delivery of mitochondria. Microglia harboring either the
Trem2(T66M) or Trem2(R47H) mutation were less effective in
clearing aggregated tau from neurons via TNTs (Figures 7K
and 7L). However, mitochondrial delivery by microglia remained
unaffected by both TREM2 mutations (Figures 7L and 7P). None-
theless, microglia with Trem2(T66M) (Figures 7M and 7N) and
Trem2(R47H) (Figures 7Q and 7R) mutations failed to alleviate
neuronal ROS levels and prevent cell death.

These findings suggest that genetic variants associated with
increased risk of synucleinopathies (DLB, PD) or primary (FTD)
and secondary (AD) tauopathies impair microglial support of
neurons by reducing TNT-mediated aggregate removal. Addi-
tionally, in the case of Lrrk2(Gly2019Ser), these variants also
compromise the delivery of functional mitochondria.

DISCUSSION

Pathological proteins, such as a-syn and tau, are central to
neurodegenerative diseases, forming insoluble aggregates
within neurons that disrupt essential cellular functions and
contribute to neuronal dysfunction (Figure 1). Microglia serve a
critical role as the brain’s surveillance and cleanup crew, actively
removing abnormal extracellular protein aggregates to maintain
brain homeostasis. However, microglia typically encounter these
pathological proteins only after neuronal death, marking
the onset of neurodegeneration. When pathological proteins
remain trapped within viable neurons or sequestered in inacces-
sible cellular compartments, microglial clearance becomes

(E) Calcium oscillations (left) and frequency quantification (right) in control neurons (Ctrl), neurons treated with tau aggregates (tau), and tau-treated neurons co-
cultured with microglia (tau+WT). n = 3 with 108-163 individual neurons measured per condition. ***p < 0.0001.

(F) Staining of a neuron exposed to a-syn aggregates analyzed by patch-clamp in co-culture with microglia.

(G) Burst frequency measured by patch-clamp in naive neurons (Ctrl), neurons treated with a-syn aggregates (a-syn), and a.-syn-treated neurons co-cultured with

microglia (e-syn+WT).

(H) Quantification of burst frequency and charge in untreated neurons (Ctrl), a-syn-treated neurons (a-syn), and a-syn-treated neurons co-cultured with microglia
(2-syn+WT) assessed by patch-clamp. n = 3 with 29-42 individual neurons measured per condition. Left panel: **p = 0.0029 (a-syn vs. a-syn+WT), **p = 0.0003

(Ctrl vs. a-syn). Right panel: *p = 0.0222 (Ctrl vs. a-syn+WT).

Schematics were created with BioRender.com and Adobe lllustrator. All graphs are mean + SEM and analyzed by one-way ANOVA followed by Dunn’s test (D-H).

See also Figures S4-S6.
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Figure 5. Microglia rescue neurons by donating mitochondria
(A) Schematic showing mitochondrial transfer from microglia to neurons.
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(B) Quantification of mitochondria donated by microglia to a-syn-treated neurons. n = 4, N =6 (Ctrl, 6 hinsert), N =7 (1-6 h). *p = 0.042, **p = 0.0074 (O h vs. 5 h),

*p = 0.0014 (6 h vs. 6 h insert), **p = 0.0004 (0 h vs. 4 h), **p = 0.0005 (0 h vs. 6 h).

(C) Quantification of mitochondria donated by microglia (WT) to tau-treated neurons. n = 3, N =8 (0 h), N = 11 (Ctrl+WT, tau+WT). ***p < 0.0001.
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challenging. This highlights the crucial need for timely and effi-
cient clearance mechanisms to protect neuronal health.

Microglia relieve neurons from their «-syn burden

Cytotoxic accumulations of a-syn and tau primarily afflict neu-
rons but can also appear in glial cells as neurodegenerative dis-
eases progress. Until recently, it was widely accepted that mi-
croglial uptake of pathological proteins was solely through
phagocytosis to prevent neurodegeneration.° However, our
findings challenge this view by demonstrating that microglia
establish TNT connections with neurons to effectively alleviate
them from cytotoxic protein burdens (Figures 2 and 3). TNTs
are thin, F-actin-rich structures facilitating direct intercellular
communication and material exchange, including proteins
and organelles.*° They have attracted significant attention in
the context of pathological protein propagation due to their
role in facilitating the intercellular transmission of proteins
such as a-syn and tau between neurons, astrocytes, oligoden-
drocytes, and pericytes. This enables the spreading of neurode-
generative pathology across different brain regions and cell
types.'® 17196061 |n contrast to these studies, we recently
demonstrated that microglia use TNTs to remove a-syn from in-
terconnected burdened microglia. This capability not only pro-
motes the health and survival of individual cells but also en-
hances the overall function of the microglial population, helping
to mitigate inflammation and cellular dysfunction.®® In accor-
dance with the safeguarding mechanism between microglia,
our presented data demonstrate that microglia, through the uti-
lization of TNTSs, play a pivotal role in the extraction of intercon-
nected neurons from their a-syn or tau burden, resulting in the
degradation of these pathological proteins in the receiving mi-
croglia (Figures 3A-3E). Very recently, a study explored TNTs
connecting neurons and microglia, demonstrating efficient
a-syn exchange between these cell types.®® However, this study
is limited in comprehensively assessing the consequences of
protein exchange on cell health and survival. In contrast, our
research focuses on revealing the functional outcomes of this
exchange, aiming for a clearer understanding of its effects.
Importantly, the study by Chakraborty et al. relied exclusively
on undifferentiated cell lines labeled as neuronal, which may
restrict insights into the biological implications of a-syn ex-
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change between neurons and microglia.®° To address this, we
employed primary mouse neurons and microglia, and human
iPSCs, identifying genetic risk factors crucial for microglial
rescue of neurons from dysfunction in more physiologically rele-
vant systems. This approach deepens our understanding of the
intricate mechanisms in this cellular interaction, offering insights
into potential therapeutic strategies for neurodegenerative con-
ditions linked to a-syn and tau pathology.

TNT formation between neurons and microglia is
regulated by Rac-PAK

Actin is crucial for TNT formation, regulated by GTPases like Rho
family members (e.g., RhoA, Rac1, Cdc42) and their signaling
pathways that control cytoskeletal dynamics and material ex-
change in various cell types.****” Hanna et al. demonstrated
that TNT formation involves Cdc42 and Rac1, along with their ef-
fectors WASP and WAVE2.°? Inhibition of Rac or Cdc42 led to a
significant decrease in the total number of TNTs. In keeping with
this, we found that inhibition of Rac1 and its downstream effector
PAK significantly reduces TNT formation and «-syn transfer be-
tween neurons and microglia (Figures 3F-3N). Rac1 and PAK are
pivotal in cellular signaling, influencing cytoskeletal dynamics,
cell motility, and synaptic plasticity. Their roles in neurodegener-
ative diseases, though complex, are increasingly recognized (for
review see Marei and MaIIiriGB). For instance, Rac1 is associated
with two genes linked to PD, affecting its normal function. On the
one hand, Rac1 is ubiquitylated by parkin, a mutation associated
with juvenile PD.®® On the other hand, LRRK2, responsible for the
most common familial form of PD, interacts specifically and
strongly with Rac1.”® Moreover, a-syn selectively suppresses
Rac1 activation, leading to abnormal cytoskeletal rearrange-
ments in SH-SY5Y neuronal cells.” In light of this, PD-associ-
ated alteration in Rac1 activity may likely impact the formation
and functionality of TNTs. TNTs facilitate a-syn transfer from
neurons to microglia for clearance. Reduced Rac1 activity might
impair this TNT-mediated clearance process, potentially leading
to a-syn accumulation in PD brains. Further research is needed
to fully elucidate how Rac1 activity influences TNT formation
and function. Modulating Rac1 activity or its downstream path-
ways may provide a potential avenue for enhancing TNT forma-
tion and improving the clearance of pathological proteins such

(D) Immunostaining and 3D reconstruction of microglia-derived mitochondria (arrowheads) in TNTs connecting neurons and microglia. Scale bar, 10 pm.

(E) ROS production in naive or a-syn-treated neurons (0.2 uM) with or without microglia in co-culture. n =4, N = 8 (Ctrl), N = 11 (a-syn), N=9 (1 h,6 h), N=6 (6 h
insert). “o = 0.013, *p = 0.0011 (Ctrl vs. 6 h insert), *p = 0.0053 (a-syn vs. 6 h), ****p < 0.0001.

(F) SYTOX signal in naive or a-syn-treated neurons (0.2 pM) with or without microglia in co-culture. n =4, N = 8 (Ctrl), N= 11 (a-syn), N=9(1 h, 6 h), N =6 (6 hiinsert).
*p = 0.0272 (Ctrl vs. a-syn), *p = 0.0363 (Ctrl vs. 6 h insert), *p = 0.028 (a-syn vs. 6 h), *o = 0.0372 (6 h vs. 6 h insert).

(G) ROS production in naive or tau-treated neurons with or without microglia in co-culture.n =4, N=9. *p =0.0378 (tau vs. 6 hinsert), *p = 0.0369 (tau vs. 6 h), *p =

0.0012 (Ctrl vs. 1 h), ***p < 0.0001.

(H) SYTOX signal in naive or tau-treated neurons (0.2 uM) with or without microglia in co-culture. n =4, N =12 (Ctrl, tau), N=10 (1 h), N=9 (6 h, 6 h insert). *p =
0.0263 (Ctrl vs. 6 h insert), **p = 0.0020 (Ctrl vs. 1 h), **p = 0.0003 (tau vs. 6 h), **p = 0.0002 (Ctrl vs. 6 h insert), ***p = 0.0001.

(I) 2D principal component analysis (PCA) of neurons (red) and microglia (blue) under different culture conditions.

(J) Bar charts of top 5 enriched pathways for induced (red) and suppressed (blue) genes in a-syn-treated neurons after 6 h in co-culture with microglia.

(K) TMRM signal intensity in naive neurons (Ctrl), a-syn-treated neurons (a-syn), naive neurons co-cultured with microglia (Ctrl+WT), and a-syn-treated neurons
co-cultured with microglia (a-syn+WT). n = 3, N = 56 cells. ****p < 0.0001. Scale bar, 10 um.

(L) Immunostaining (left) and quantification (right) of mitochondrial elongation in naive neurons (Ctrl), a-syn-treated neurons (a.-syn), naive neurons co-cultured
with microglia (Ctrl+WT), and a-syn-treated neurons co-cultured with microglia («-syn+WT). n =3, N = 19 (Ctrl, a-syn), N = 16 (2-syn+WT, Ctrl+WT). **p = 0.0067
(Ctrl vs. a-syn), **p = 0.002 (2t-syn vs. a-syn+WT). Scale bar, 5 um.

Schematics were created with BioRender.com and Adobe lllustrator. All graphs are mean + SEM and analyzed by one-way ANOVA followed by Tukey’s test (C-G
and L), Kruskal-Wallis test followed by Dunn’s test (B and H), or two-way ANOVA (K). See also Figures S6 and S7.
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Figure 6. AntiA pre-treated microglia fail to rescue neurons from oxidative stress and cell death

(A) Schematic of experimental setup (left) used in (A)~(H) and quantification (right) of a-syn transfer to antimycin A (AntiA, 100 nM, 16 h) pre-treated microglia. n =3,
N=8.

(B) Mitochondrial transfer from AntiA pre-treated microglia to a-syn-treated neurons. n =3, N = 8. *p = 0.0104.

(C) Effects of mitochondrial donation from AntiA pre-treated microglia to a-syn loaded neurons. n = 3, N = 6. ***p < 0.0001.

(D) SYTOX fluorescence of naive or a-syn-treated neurons co-cultured with microglia pre-treated with AntiA. n = 3, N = 6. *p = 0.0404 (Ctrl vs. 6 h+AntiA),
0.0009 (2-syn vs. 6 h+AntiA), **p = 0.0005 (Ctrl vs. a-syn).

(E) Effects of mitochondrial donation from AntiA pre-treated microglia to tau-loaded neurons. n = 3, N = 8. “p = 0.0479 (6 h vs. 6 h+AntiA), *p = 0.0351 (tau vs. 6
h+AntiA), “o = 0.0171 (Ctrl vs. 6 h), **p = 0.0003 (tau vs. 6 h), **p = 0.0001 (Ctrl vs. 6 h+AntiA), ***p < 0.0001 (Ctrl vs. tau).

Hkk

p:

(legend continued on next page)
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as a-syn, which could result in a slowing of the progression of PD
and similar neurodegenerative diseases.

TNT formation in mice and human
To validate the in vivo transfer of pathological proteins from neu-
rons to microglia, we employed two-photon confocal laser
scanning microscopy. Engrafting a-syn-loaded neurons into
Cx3Cr1%FP*/~ mice allowed us to observe the transfer of a-syn
aggregates into microglia over time (Figure 4A). However,
whether this transfer occurred via TNTs remains uncertain due
to visualization limitations. To further provide in vivo evidence
for the existence of the transport of pathological proteins from
neurons into microglia, we engrafted a-syn-loaded neurons into
the brains of Cx3Cr1%F*/~ mice and followed the fate of a-syn
over time. Indeed, we found a transfer of a-syn aggregates
from engrafted neurons into microglia (Figure 4A). Whether this
transport was mediated via TNTs remains, however, unclear
due to limitations in the quality of visualization. It is worth noting
these experiments were conducted under artificial conditions to
overcome experimental limitations and may not fully reflect the
brain’s actual environment. o-syn pathology primarily affects
the substantia nigra and striatum, regions inaccessible to two-
photon laser scanning techniques. Similarly, in Tau22 animals
with tau pathology, phosphorylated tau deposits mainly occur
in the hippocampus and sporadically affect neurons in the cortex.
To provide further evidence of the presence of TNTs between
neurons and microglia in vivo, we validated the presence of TNT-
like structures between neurons and microglia using publicly
available electron microscopy datasets. Serial section electron
microscopy of the mouse cerebral cortex from the MICrONS
Consortium dataset”’ showed open-ended intercellular connec-
tions resembling TNTs (Figure 4C). Additionally, immunostaining
analyses of ex vivo organotypic slice cultures, murine models of
PD and FTD, and postmortem human brain tissues from healthy
individuals and patients with AD and DLB also demonstrated
intercellular connections resembling TNTs. Nevertheless, further
research is required to definitively ascertain the presence of
TNTs or open-ended structures between neurons and microglia
in tissue, as well as their capacity to exchange pathological pro-
teins and mitochondria.

Microglia restore neuronal function

In DLB transgenic mouse models, a-syn accumulation in neu-
rons correlates with impaired neuronal network function,*®
whereas in AD transgenic models, tau accumulation disrupts
neuronal circuits.*® We observed that both a-syn and tau within
neurons reduced basal neuronal network frequency, as indi-
cated by Ca®* oscillation and electrophysiological recordings
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(Figures 4D-4H). Remarkably, co-incubation of neurons with mi-
croglia reversed this suppression of neuronal network frequency
induced by pathological proteins, contingent upon direct physi-
ological contact between neurons and microglia.

Recent studies have highlighted bidirectional communication
between neuronal activity and microglia responses.”>’* Micro-
glia not only react to changes in neuronal activity but can also
actively modulate neuronal activity upon contact.”*~"” This sug-
gests that microglial TNT formation, along with the transfer of
a-syn or tau aggregates from neurons to microglia and the deliv-
ery of mitochondria to neurons, likely influences neuronal func-
tion directly. By aiding in the clearance of intraneuronal debris
and supporting metabolic health, microglial TNTs contribute to
the maintenance of neuronal function and integrity.

Mitochondrial donation attenuates oxidative stress in
neurons
Mitochondrial dysfunction is a critical factor underlying several
neurodegenerative diseases such as AD, PD, and FTD. This
dysfunction results in energy deficits, heightened oxidative
stress, impaired calcium regulation, and disrupted signaling
pathways, all contributing to cellular damage and death. Neu-
rons, with their high energy demands, are particularly vulnerable
to mitochondrial defects. Consequently, disruptions in mito-
chondrial health can profoundly impact neuronal function and
survival.”® For instance, impaired OxPhos can lead to excessive
ROS production, exacerbating mitochondrial damage and ulti-
mately contributing to neuronal death.”® Here, we observed
that both a-syn and tau impair mitochondrial function, evidenced
by decreased OxPhos, increased oxidative stress, and elevated
cell death (Figure 1). Remarkably, co-culture of affected neurons
with microglia resulted in the transfer of healthy mitochondria
from microglia to neurons, effectively restoring mitochondrial
function and preserving neuronal health (Figure 5). The process
of TNT-mediated mitochondrial donation has attracted signifi-
cant interest for its potential to mitigate mitochondrial dysfunc-
tionin cells experiencing impaired energy production and height-
ened oxidative damage.®°%°

Our previous research has shown that mitochondria can be
horizontally transferred between interconnected microglia,
serving as a rescue mechanism to alleviate inflammation and
prevent cell death.*® To convincingly demonstrate the efficacy
of mitochondrial donation in restoring neuronal mitochondrial
function, we conducted proof-of-principle experiments using
microglia with impaired mitochondria due to AntiA pre-treat-
ment, which irreversibly destroys mitochondrial function. These
impaired microglia failed to alleviate oxidative stress and mito-
chondrial dysfunction in neurons (Figure 6), highlighting the

(F) SYTOX fluorescence of naive or tau-treated neurons co-cultured with microglia pre-treated with AntiA. n = 3, N = 10. **p = 0.0085 (6 h vs. 6 h+AntiA), *p =
0.0013 (Ctrl vs. 6 h+AntiA), ***p < 0.0001.

(G) Immunostaining (upper panel) and analysis (lower panel) of TMRM signal in naive neurons (Ctrl), a-syn-treated neurons (a-syn), a-syn-treated neurons co-
cultured with microglia treated with CytD (x-syn+WT+CytD), and a-syn-treated neurons co-cultured with AntiA pre-treated microglia (-syn+WT+AntiA). n = 4,
N =79 (Ctrl), N = 88 (a-syn), N = 89 (a-syn+WT+CytD), N = 58 (z-syn+WT+AntiA). ***p < 0.0001. Scale bar, 10 pm.

(H) Bar charts of top 10 enriched pathways for induced (red) and suppressed (blue) genes in a-syn-treated neurons co-cultured with AntiA pre-treated microglia
compared to a-syn-treated neurons co-cultured with control microglia.

Schematics were created with BioRender.com and Adobe lllustrator. All graphs are mean + SEM and analyzed by t test (A and B), one-way ANOVA followed by
Tukey’s test (C-F), or two-way ANOVA (G). See also Figure S8.
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critical role of mitochondrial donation in preserving neuronal
function. This aligns with existing research focused on rescuing
damaged cells,®* " emphasizing the significance of maintaining
mitochondrial quality to prevent oxidative damage propagation.
Of note, co-culturing impaired mitochondria-containing micro-
glia with untreated neurons propagates oxidative stress to previ-
ously healthy neurons, indicating that introducing compromised
mitochondria can harm beyond the initially affected cells. This
underscores the importance of preserving mitochondrial quality
to prevent oxidative damage spread and emphasizes the need
for strategies promoting healthy mitochondria transfer to miti-
gate these effects.

Disease-modifying mutations impair TNT-based rescue
of burdened neurons

Compromising microglial TNT-based clearance of aggregates
from neurons may accelerate pathological aggregation within in-
dividual neurons and facilitate faster spread of a-syn pathology
between neighboring neurons and across networks. Thus, to
explore the impact of disease-modifying mutations on these
TNT-based rescue mechanisms, we utilized microglia carrying
relevant mutations.

The Gly2019Ser mutation in Lrrk2 is a prevalent genetic cause
of PD and DLB.** Microglia carrying this mutation show reduced
ability to extract a-syn aggregates from neurons, yet they deliver
more mitochondria to neurons compared to WT cells in both pri-
mary murine microglia (Figures 7A-7C) and human iPSC-derived
microglia (Figures 7G-71). Despite increased mitochondria deliv-
ery, LRRK2 mutant microglia fail to reduce neuronal ROS levels
and cell death (Figures 7D-7F), indicating diminished metabolic
support and protective capacity. These findings corroborate
previous observations of mitochondrial impairment®°® and
reduced support to neighboring cells by microglia with the
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Lrrk2(Gly2019Ser) mutation.®® Recent studies show that the
Lrrk2(Gly2019Ser) mutation inhibits «-syn degradation in PD
models®”*® and disrupts mitochondrial depletion through mi-
tophagy.®® Moreover, pathogenic mutations in LRRK2 enhance
pro-inflammatory responses,’® potentially reducing microglial
clearance capacity for protein aggregates and promoting cyto-
toxic protein accumulation.®

Rare coding variants of the Trem2 gene, such as Trem2(T66M)
and Trem2(R47H), increase the risk of developing FTD and
AD.°"*® Microglia carrying these mutations showed reduced ef-
ficiency in clearing aggregated tau from neurons via TNTs, while
mitochondrial delivery remained unaffected compared to WT
cells (Figures 7K-7R). However, microglia with Trem2 mutations
failed to reduce neuronal ROS levels and cell death. Recent
studies have demonstrated that Trem2 missense mutations,
including R47H and T66M, impair cell movement and uptake of
substrates in iPSC-derived microglia,”' and lead to significant
metabolic deficits such as reduced mitochondrial respiratory ca-
pacity.®” R47H mutant microglia are also hyper-responsive to in-
flammatory stimuli, potentially affecting their overall function.®"

These findings indicate that gene variants linked to increased
risk for synucleinopathies (DLB, PD) or primary (FTD) and sec-
ondary (AD) tauopathies disrupt microglial support of neurons
by impairing TNT-mediated protection mechanisms. Specif-
ically, compromised clearance of pathological proteins, mito-
chondrial dysfunction, and impaired mitophagy may collectively
contribute to the failure of rescuing neurons in PD and FTD
associated with these mutations, thereby promoting inflamma-
tion and cellular dysfunction in neurodegenerative diseases.

Limitations of the study
In conclusion, our findings suggest that the accumulation of
pathological protein aggregates within neurons triggers the

Figure 7. Disease-associated gene variants fail to rescue neurons from oxidative stress and cell death

(A) Schematic of a-syn transfer from neurons to Lrrk2(Gly2019Ser) microglia.

(B) Quantification of a-syn transfer to LRRK2 mutant microglia. n = 3, N = 4 (0 h, a-syn+LRRK2), N = 7 (a-syn+WT). ***p < 0.0001.
(C) Quantification of mitochondria transfer from LRRK2 mutant microglia to a-syn-treated neurons. n = 5, N = 6 (0 h, a-syn+WT), N = 5 (a-syn+LRRK2).

****p < 0.0001.

(D) Effects of LRRK2 mutant microglia on ROS production in a-syn-treated neurons. n =4, N =8 (Ctrl); N = 11 (a-syn), N=9 (1 h, 6 h), N = 6 (6 h insert). **p = 0.0099

Ctrl vs. a-syn), **p = 0.002 (Ctrl vs. 1 h), **p = 0.0016 (Ctrl vs. 6 h insert).

(
(
(Ctrl vs. 6 h insert), *p = 0.0069 (Ctrl vs. a-syn).
(

E) LRRK2 mutant microglia effect on SYTOX intercalation in a-syn-treated neurons. n =4, N = 8 (Ctrl), N =10 (a-syn), N=9 (1 h, 6 h), N =6 (6 h insert). *p = 0.0094

F) TMRM signal in Ctrl neurons (Ctrl), a-syn neurons (a-syn), naive neurons in co-culture with LRRK2 microglia (Ctrl+LRRK2), and a-syn-treated neurons in co-

culture with LRRK2 microglia (-syn+LRRK2). n = 4, N = 79 (Ctrl), N = 88 (a-syn), N = 44 (Ctrl+LRRK2), N = 55 (a-syn+LRRK2). ****p < 0.0001. Scale bar, 10 um.
G) a-syn transfer from iPSC-derived neurons to WT or mutant Lrrk2.G2019S microglia. n = 3, n = 5. *p = 0.0482, **p = 0.0098, “**p = 0.0006.
H) a-syn content in iPSC-derived neurons co-cultured with WT or mutant Lrrk2.G2079S microglia. n = 3, n = 5. **p = 0.0047.

1) Mitochondria transfer from WT or mutant Lrrk2.G2019S microglia to iPSC-derived neurons. n = 3, n = 5. *p = 0.0253.

K) Tau transfer to Trem2(T66M) microglia. n = 4, N = 12 (0 h, tau+WT), N = 10 (tau+T66M). ***p < 0.0001.

(
(
(
(J) Immunostaining and 3D reconstruction of microglia-neuron interactions via TNTs. Scale bar, 10 um.
(
(

L) Mitochondria transfer from Trem2(T66M) microglia to neurons. n = 3, N = 9. ***p < 0.0001.

(
(
0.0207 (Ctrl vs. 6 h), **p = 0.0014 (Ctrl vs. 6 h insert).

M) Trem2(T66M) microglia effect on ROS production in tau-treated neurons.n =3, N =5 (1 h, 6 h, 6 h insert), N = 6 (Ctrl), N = 7 (tau). *p = 0.0364.
N) Trem2(T66M) microglia effect on SYTOX intercalation in tau-treated neurons.n =3, N=6 (1 h, 6 h, 6 hinsert), N = 7 (Ctrl, tau). *p = 0.0438 (Ctrl vs. tau), *p =

O) Tau transfer to Trem2(R47H) microglia. n = 4, N = 10. **p = 0.0001 (tau+WT vs. tau+R47H), ***p < 0.0001.
P) Mitochondria transfer from Trem2(R47H) microglia to neurons. n = 3, N = 14 (Ctrl), N = 11 (tau+WT, tau+R47H). ***p < 0.0001.

Ctrl vs. tau).

(
(
(Q) Trem2(R47H) microglia effect on ROS production in tau-treated neurons. n =3, N = 15. *p = 0.0292 (Ctrl vs. 6 h insert), “p = 0.0124 (Ctrl vs. 1 h), ***p < 0.0001
(
(

R) Trem2(R47H) microglia effect on SYTOX intercalation in tau-treated neurons. n = 3, N = 9 (Ctrl, tau), N =10 (1 h, 6 h, 6 h insert). *po = 0.0109 (Ctrl vs. tau).
Schematics by BioRender.com and Adobe lllustrator. Graphs: mean + SEM, analyzed by ANOVA (B-D, F, H, K-M, and O-R), Kruskal-Wallis (E and N), or two-way

ANOVA (G and ).
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formation of TNTs between microglia and neurons. These TNTs
facilitate the exchange of proteins and mitochondria, crucial for
promoting neuronal survival under conditions of protein accu-
mulation. Enhancing the stabilization or activation of TNT-medi-
ated transfer and subsequent microglial degradation of patho-
logical proteins may help mitigate disease progression in
neurodegenerative disorders characterized by intraneuronal
protein aggregation.

However, this study has limitations that warrant further inves-
tigation. We did not thoroughly explore the cellular mechanisms
underlying the formation of membrane structures facilitating
a-syn and mitochondrial transfer, including membrane contact
formation, fusion dynamics, cargo selectivity, and directionality.
While we demonstrated o-syn exchange in vivo, definitive
confirmation of TNT-mediated transfer remains elusive. The
fragility of TNTs and challenges in their visualization via two-
photon microscopy in vivo raise uncertainties about their
persistence and observation. Current literature on TNTs in the
CNS in vivo®°* is limited, underscoring the need for additional
research to fully comprehend these complex cellular interac-
tions and molecular processes governing protein and mito-
chondrial transport between neurons and microglia, both
in vitro and in vivo.
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Antibodies

Goat anti-Ibail Novusbio Cat# NB100-1028; RRID: AB_2224398
Goat anti-Mouse IgG (H + L) Alexa Fluor 488 Invitrogen Cat# A28175; RRID: AB_2536161
Goat anti-Mouse IgG (H + L) Alexa Fluor 594 Invitrogen Cat# A-11032; RRID: AB_2534091
Goat anti-Rabbit IgG (H + L) Alexa Fluor 488 Invitrogen Cat# A-11008; RRID: AB_143165
Goat anti-Rabbit IgG (H + L) Alexa Fluor 594 Invitrogen Cat# A-11012; RRID: AB_2534079
Goat anti-Rabbit IgG (H + L) Alexa Fluor 647 Invitrogen Cat# A-21245; RRID: AB_2535813
Goat anti-Rat IgG (H + L) Alexa Fluor 488 Invitrogen Cat# A-11006; RRID: AB_2534074
Mouse anti-a-synuclein BioLegend Cat# 807801; RRID: AB_2564730
Mouse anti-a-synuclein phospho (Ser129) BioLegend Cat# MMS-509; RRID: AB_2564891
Mouse anti-MAP2 Sigma-Aldrich Cat# M4403; RRID: AB_477193
Mouse anti-MAPT phospho (Ser202, Thr205) Invitrogen Cat# MN1020; RRID: AB_223647
Mouse anti-TOMM20 Abnova Cat# H00009804-MO0; RRID: AB_519121
Mouse anti-Tuj1 Sigma-Aldrich Cat# T8578; RRID: AB_1841228
Rabbit anti-lba1 Wako Cat# 019-19741; RRID: AB_839504

Rabbit anti-MAP2
Rabbit anti-P2Y12R
Rabbit anti-TOM20
Rat anti-CD11b

Synaptic Systems
Anaspec
Proteintech
Bio-Rad

Cat# 188 003; RRID: AB_2281442
Cat# AS-55043A; RRID: AB_2267540
Cat# 11802-1-AP; RRID: AB_2207530
Cat# MCA711; RRID: AB_321292

Biological samples

postmortem human brain sections

Institute of Experimental Medicine,
Budapest, Hungary

N/A

Chemicals, peptides, and recombinant proteins

1,4-Dithiothreitol (DTT)
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)
4’,6-Diamidino-2’-phenylindol-dihydrochloride (DAPI)
6,7-Dinitrogquinoxaline-2,3-dione (DNQX)
Aqua-Poly/Mount

ATTO-405 NHS-ester

ATTO-488 NHS-ester

ATTO-550 NHS-ester

B-27™ Plus Supplement

BAPTA

Basal Medium Eagle (BME)

Bio Tracker ATP-Red Live Cell Dye
Buprenorphine hydrochloride

Calcium chloride (CaCl2)

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP)

Cefotaxime

CellTrace™ Deep Red

CellTracer™ Violet

Dexamethasone
DL-2-Amino-5-phosphonopentanoic acid (DL-AP-5)

Sigma-Aldrich
Thermo Fisher Scientific

Thermo Fisher Scientific
Tocris
Polysciences
InvitrogenTM
Atto-Tec GmbH
Atto-Tec GmbH
Gibco
Invitrogen
Gibco
Sigma-Aldrich
Indivior Eu Ltd.
Sigma-Aldrich
Sigma-Aldrich

MIP pharma

Thermo Fisher Scientific
Thermo Fisher Scientific
Jenapharm

Tocris

Cat# 10197777001
Cat# J16926.22

Cati# 62247
Cat# 2312

Cat# 18606
Cat# A30000
Cat# AD 488-35
Cat# AD 550-35
Cat# A3582801
Cat# B1205
Cat# 21010046
Cat# SCT045
PZN# 345928
Cat# 499609
Cat# C2920

PZN# 3916283
Cat# C34565
Cat# C34557
PZN# 8704321
Cat# 0105
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DNase 1 Sigma-Aldrich Cat# 11284932001
Dulbecco’s Modified Eagle’s Medium Gibco Cat# 31966047
Dulbecco’s Phosphate-Buffered Saline (DPBS) Gibco Cat# 14190169
Fetal Bovine Serum LIFE Technologies Cat# 10270106
Glucose Sigma-Aldrich Cat# G7528
GlutaMAX™ Gibco Cat# 35050061
Hank’s Balanced Salt Solution (HBSS) Gibco Cat# 14170120
Heparin Sodium Salt Sigma Aldrich Cat# H3149
Human Serum Albumin Sigma-Aldrich Cat# SRP6182
Ketamine Ratiopharm PZN# 7538837
L-Glutamine Gibco Cat# 25030081
Lipopolysaccharide from Escherichia coli K12 InvivoGen Cat# tirl-ek
Magnesium Dichloride Thermo Fisher Scientific Cat# A14608.A7
Magnesium Sulfate Thermo Fisher Scientific Cat# 033337.36

MitoTracker™ Red FM

N2-Supplement

Neurobasal

Normal Goat Serum

Normal Horse Serum

Paraformaldehyde
Penicillin/Streptomycin

Phalloidin Alexa Fluor™ 647
Phosphate-Buffered Saline
Poly-L-lysine Hybridomide
Poly-D-lysine Hydrobromide

Potassium Chloride

Potassium Citrate

Potassium D-Gluconate

Potassium Phosphate

Sodium Bicarbonate

Sodium Chloride

Sodium Dihydrogen Phosphate Monohydrate
Tat-Cre Recombinase
Tetramethylrhodamine Methyl Ester (TMRM)
Thioflavin T

Triton X-100

Trypsin-EDTA (0.5%), no phenol red
Wheat Germ Agglutunin Alexa Fluor 488
Xylazine

Invitrogen

Gibco

Gibco

Abcam

Abcam

Sigma-Aldrich

Gibco

Invitrogen

Biochrom GmbH
Sigma-Aldrich
Sigma-Aldrich

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Sigma Aldrich
Sigma-Aldrich

Thermo Fischer Scientific
Thermo Fischer Scientific
Merck Millipore
Molecular Probes
Sigma-Aldrich
Sigma-Aldrich

LIFE Technologies
Thermo Fisher Scientific
Serumwerk Bernburg

Cat# M22425
Cat# 17502048
Cat# 21103049
Cat# ab7481
Cat# ab139501
Cat# P6148
Cat# 15070063
Cat# A22287
Cat# L 182-10
Cat# P1524
Cat# P4158
Cat# A11662.0B
Cat# AC611755000
Cat# B25135.30
Cat# P0662
Cat# S5761
Cat# J21618.A1
Cat# AC207802500
Cat# SCR508
Cat# T668

Cat# T3516-25G
Cat# X100

Cat# 15400054
Cat# W11261
PZN# 10124950

Critical commercial assays

CellROX® Deep Red Flow Cytometry Assay Kit

Pierce LAL Chromogenic Endotoxin
Quantification Kit

RNeasy Micro Kit
SYTOX® Blue Dead Cell stain solution
XF Cell Mito Stress Test

Thermo Fisher Scientific
Fisher Scientific

Qiagen
Thermo Fisher Scientific
Agilent

Cat# C10491
Cat# 88282

Cat# 74004
Cat# S11348
Cat# 103015-100

Plasmids

pAAV.Syn.GCaMP6f.WPRE.SV40

https://doi.org/10.1038/nature12354.

Addgene, Cat# 100837
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Deposited data

Bulk RNA-sequencing data
generated from primary neurons
and primary microglia

https://www.ncbi.nlm.nih.gov/geo/

GEO:
GSE209972

Experimental models

E.coli BL21 DE3 CodonPlus cells
Mouse: B6.Cg-Trem2°™'BWef/j (Te6M)
Mouse: C57BL/6

Mouse: C57BL/6 Cx3cr1SF

Mouse: C57BL/6 LRRK2 G2019S
Mouse: C57BL/6 Rac1ox/flox

Mouse: C57BL/6 Tg(Thy1-MAPT)22Schd

Mouse: C57BL/6J-Trem2°™Advj/j (R47H)

Aligent Technologies

The Jackson Laboratory
Charles River Laboratories
The Jackson Laboratory
Taconic Biosciences

https://doi.org/10.1126/
science.1089709

https://doi.org/10.2353/
ajpath.2006.060002

The Jackson Laboratory

Cat# 230245

RRID: MGl:6491229
RRID: IMSR_JAX:000664
RRID: IMSR_JAX:005582
RRID: IMSR_TAC:13940
N/A

N/A

RRID: IMSR_JAX:027918

Software and algorithms

Clampfit 10 software, v10
FACSDIVA™ software, v9.0

Fiji Imaged, v2.0.0-rc-69/1.52n
FlowdJo, v3.05470

ggplot2, v3.2.1

Graph Pad Prism, v8.0 and v9.0
Image Studio, v5.2

Imaris, v9.2.1

MATLAB, 2021a

Molecular Devices

Becton Dickinson

Wayne Rusband

FlowdJo, LLC

CRAN

GraphPad Software Inc.

LI-COR Biosciences

Bitplane by Oxford Instruments plc
The MathWorks

RRID: SCR_011323
RRID: SCR_001456
RRID: SCR_002285
RRID: SCR_008520
RRID: SCR_014601
RRID: SCR_002798
RRID: SCR_015795
RRID: SCR_007370
RRID: SCR_001622

NIS-elements, AR 4.20.03 Nikon RRID: SCR_014329
Partek Genomics Suite and R, v3.5.0 Parket Inc. RRID: SCR_011860
tidyr, v1.0.2 CRAN RRID: SCR_017102
Other

p-slide 8 well Ibidi N/A

BD FACSCANTOII BD Biosciences N/A

Corning® Transwell® Polycarbonatmembrane- Sigma-Aldrich CLS3422
Cellculture Inserts

CytoFLEX SRT Benchtop Cell Sorter Beckman Coulter N/A

EPC-10 double patch clamp ampilifier HEKA electronics N/A

EPI-SCOPE1 Apotome Zeiss N/A

HiSeq2500 lllumina N/A

Infinite M200 Pro TECAN N/A

Nikon Eclipse Ti fluorescence microscope Nikon N/A

ODYSSEY CLx Imaging System LI-COR Biotechnology N/A

Patch pipettes Harvard Apparatus N/A

PatchMaster HEKA electronics N/A

Pierce™ High Capacity Endotoxin Thermo Scientific N/A

Removal Spin Columns

Schick driller C1 device Schick GmbH N/A

Ti:Sapphire 2-photon laser scanning microscope Nikon N/A

Vibratome VT1200S Leica N/A

XFe-24 Extracellular Flux Analyzer Agilent N/A

Zeiss Laser Scan Microscope 800 AiryScan Carl Zeiss N/A

Zeiss Laser Scan Microscope 900 AiryScan2 Carl Zeiss N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author,
Michael T. Heneka (michael.heneka@uni.lu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® RNA sequencing data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers
are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Ethical considerations

All experiments were performed following the Institutional Ethical Codex of the University Hospital Bonn — Medical Center and the
University of Budapest, and the Hungarian Act of Animal Care and Experimentation guidelines (40/2013, 11.14), which are in concert
with the European Communities Council Directive of September 22, 2010 (2010/63/EU). The Animal Care and Experimentation Com-
mittee of the Institute of Experimental Medicine and the Animal Health and Food Control Station, Budapest, have also approved the
experiments under the numbers PE/EA/1021-7/2019, and PE/EA/673-7/2019. Human brain tissue was obtained from subjects who
died from causes unrelated to brain diseases (ethical approval ETT TUKEB 31443/2011/EKU [518/PI/11]). Informed consent was ob-
tained for using brain tissue and access to medical records for research purposes. Tissue was obtained and used to comply with the
Declaration of Helsinki.

Animal procedures and sample collection

All mice were on a C57BL/6N genetic background unless otherwise stated. Rac mice were kindly provided by Prof. Fritz and
Dr. Henninger from the Heinrich Heine University Diisseldorf.”® Mice were housed under standard conditions at 22°C and a 12 h light-
dark cycle with free access to food and water. Animal care and handling were performed according to the animal welfare guidelines
laid down by the German Research Council (DFG) and approved by the local ethical committees.

Adult male wild-type mice were anesthetized by intraperitoneal injection of 0.15-0.25 mL of an anesthetic mixture (20 mg/mL ke-
tamine, 4 mg/mL xylazine-hydrochloride). Animals were perfused transcardially with 0.9% NaCl solution for 1 min, followed by 4%
freshly depolymerized paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) pH 7.4 for 40 min, and finally with 0.1 M PB for 10 min
to wash the fixative out. Brains were dissected, and coronal sections were prepared on a vibratome (VT1200S, Leica, Germany) at
50 pm thickness for immunofluorescent experiments. Midbrain sections of mouse models of PD® at 6 months of age were used for
immunostainings, whereas hippocampal sections were utilized for immunostainings of tissue deriving from 11 month old mice from
the THY-Tau22 transgenic mouse model of FTD.®”

1 flox/flox

Human tissue samples

Brains of patients (two females, age 59 and 60; one male, age 73) were removed 3-5 h after death. The internal carotid and the
vertebral arteries were cannulated. The brains were perfused first with physiological saline (1.5 L in 30 min) containing heparin
(5 mL), followed by a fixative solution containing 4% PFA, 0.05% glutaraldehyde, and 0.2% picric acid (v/v) in 0.1 M PB, pH
7.4 (4-5 L in 1.5-2 h). The cortical samples were removed from the brains after perfusion and postfixed overnight in the same
fixative solution, except for glutaraldehyde, which was excluded. Blocks were dissected, and 50 um thick sections were prepared
on a vibratome.

Primary neuronal cultures

Primary neuronal cultures were prepared from embryonic pups (E15-16) taken from pregnant female C57BL/6N mice. Brains were
taken out, stripped of the meninges, and the cortices were dissected. Cortices were washed in 1x HBSS (Thermo Fisher Scientific)
and dissociated into single-cell suspensions using mechanical shearing, trypsin (Life Technologies), and DNase (Roche). Depending
on the experiments to be performed, 4x10* (calcium imaging, live cell video analysis, immunocytochemistry) or 8x10* (transfer ex-
periments, electrophysiology) neurons were seeded in PDL-coated well plates or 8-well Ibidi slides in Neurobasal (NB) medium sup-
plemented with 2% B-27 Plus and 1x L-Glutamine. Neurons were kept in culture for 7-21 days.
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Primary microglia cultures

Primary microglia cultures were prepared as previously described®® from WT, Lrrk2Gly2019Ser,”® Trem2(T66M),°° Trem2(R47H),"°
and Rac170¥1x%5 pups. WT, Lrrk2(Gly2029Ser) and Rac1™*/°% animals were on a C57BL/6N background, whereas Trem2(T66M)
and Trem2(R47H) animals were on a C57BL/6J background. In brief, mixed glial cultures were prepared from newborn mice (PO-
P3), stripped of the meninges, and dissociated using mechanical shearing and trypsin. Cells were plated on poly-L-lysine (PLL,
Sigma-Aldrich) coated T75 culture flasks (Greiner bio-one) and cultivated in DMEM (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Life Technologies) and 1% penicillin/streptomycin (P/S; Gibco). After 7-10 days, mature microglia were
shaken off the glial layer with a repetition of the harvesting procedure every other day up to three times. Microglia were plated ac-
cording to the experiment and allowed to adhere overnight in DMEM 1%P/S and 1X N-2 supplement (Gibco). To induce Rac1
knockout in Rac1%°¥1°x microglia, cells were treated over night with 2.5 pM tat-Cre Recombinase (Merck Millipore), followed by a
washing step and a further incubation for 24 h in fresh medium without tat-Cre.

Organotypic brain slice cultures (OSCs)

WT neonatal mouse brains (P5-7) were used to prepare OSCs as described before.*® In brief, brains were dissected and sectioned
sagittally on a vibratome (VT1200S, Leica) to 350 uM thick slices. Hippocampi and adjacent cortices were cultured on cell culture
inserts (Merck) in BME (Gibco), HBSS (Gibco), and horse serum (Gibco) (2:1:1) supplemented with 1X GlutaMAX (Gibco) and 2%
B-27 Plus (Gibco). The medium was changed every three days until DIV21.

iPSC maintenance and differentiation

A previously described isogenic pair of induced pluripotent stem cells (iPSC) consisting of a patient-derived line carrying the
Lrrk2(Gly2019Ser) mutation and the gene-corrected counterpart were used to generate microglia.'®' Microglia differentiation via em-
bryonic bodies was performed following a previously established protocol.’®>'°® Small molecule neural precursor cells (smNPC)
were previously derived from iPSC of three healthy individuals.'® Neuronal differentiation of these smNPC lines was performed
by an established protocol for deviation of midbrain dopaminergic neurons. '

METHOD DETAILS

Antibodies and reagents

For tissue stainings, P2Y12R (Anaspec, AS-55043A, 1:2.000), Ibal (Novusbio, NB100-1028, 1:500), Tom20 (Abnova, HO0009804-
MO01, 1:500), Map2 (Synaptic, 188 003, 1:500), and Tuj1 (Sigma-Aldrich, T8578, 1:1000) were used. For cell culture stainings, anti-
Ibal (Wako, 019-19741, 1:500), anti-Map2 (Sigma-Aldrich, M4403, 1:1000), anti-CD11b (Bio-Rad, MCA711, 1:250), anti-Tom20
(Proteintech, 11802-1-AP, 1:1000), and Alexa Fluor-647 Phalloidin (Cell Signaling, 8940, 1:50) were used.

Immunohistochemical staining

Sections were washed in PB and Tris-buffered saline (TBS) followed by blocking for 1 h in 1% human serum albumin (HSA; Sigma-
Aldrich) and 0.3% Triton X-100 dissolved in TBS. After this, sections were incubated in mixtures of primary antibodies overnight at
room temperature. After incubation, sections were washed in TBS and incubated overnight at 4°C in the mixture of secondary an-
tibodies, all diluted in TBS. Secondary antibody incubation was followed by washes in TBS. DAPI was used as a nuclear counterstain
before sections were mounted on glass slides and coverslipped with Aqua-Poly/Mount (Polysciences). Immunofluorescence was
analyzed using a Nikon Eclipse Ti-E inverted microscope (Nikon Instruments Europe B.V.) with a 60X oil immersion objective and
an A1R laser confocal system.

Immunocytochemistry

Cultures were fixed in 4% PFA dissolved in PBS (Biochrom GmbH) and permeabilized using PBS containing 0.1% Triton X-100 (PTX).
A blocking solution containing PTX and 5% normal goat serum (Vector Laboratories) was applied for 30 min. After this, sections were
incubated in mixtures of primary antibodies overnight at 4°C. After incubation, sections were washed in PTX and incubated overnight
at 4°C in the mixture of secondary antibodies, all diluted in PTX. DAPI was used for nuclear and Wheat Germ Agglutinin (WGA, Thermo
Fisher Scientific) coupled to Alexa Fluor 488 for membrane counterstaining at 0.1 mg/mL and 0.01 mg/mL for 20 min in PBS. Images
were taken using a Nikon Eclipse Ti-E inverted microscope or a Zeiss LSM 800 or 900 confocal microscope.

Electron microscopy

On neuronal DIV7, neurons and microglia were co-cultured for 6 h before fixation in Karnovsky’s fixative comprising 2.5% PFA and
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h at room temperature and another 24 h at 4°C. After fixation,
co-cultures were washed three times in 0.1 M cacodylate buffer and dehydrated with ascending concentrations of alcohol and
acetone before removing liquids with hexamethyl[1]disilazane (HMDS). Dried samples were attached to metal stubs covered with
carbon foil and sputtered with 4 nm of platin. Co-cultures were visualized using a JSM-7500F Field Emission Scanning Electron Mi-
croscope (JEOL).
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Recombinant a-syn preparation

Human wild-type a-syn was expressed in and purified from E. coli BL21 DE3 CodonPlus cells (Agilent Technologies), ~~ and assem-
bled into the fibrillar polymorph “fibrils” described previously.'®” All a-syn preparations were quantified for endotoxin levels as
previously described'%®'%° to prove that endotoxin levels were below 0.02 endotoxin units/pg (EU/ug) using the Pierce LAL Chromo-
genic Endotoxin Quantification Kit. a-syn fibrils were labeled with ATTO-405 NHS-ester, ATTO-488 NHS-ester, or ATTO-550 NHS-
ester (Atto-Tec GmbH) fluorophore as previously described.®® The fibrillar nature of a-syn was assessed by Transmission Electron
Microscopy (TEM). a-syn fibrils were fragmented by sonication as described previously.*®

106

Recombinant tau preparation

Human P301S (1N4R) tau-protein was expressed in and purified from E. coli BL21 DE3 CodonPlus cells (Agilent Technologies) and
assembled into the fibrillar polymorph “fibrils” as described previously."'%'"" Appropriate endotoxin levels were ensured by Pierce
High Capacity Endotoxin Removal Spin Columns (Thermo Scientific). Fibrillation was induced by Heparin (5 mM, Sigma-Aldrich) and
DTT (10 uM, Sigma-Aldrich) for 72 h and verified by Thioflavin T (20 1M, Sigma-Aldrich) assay as described before."'? Tau-fibrils were
labeled with ATTO488 NHS-ester (Atto-Tec GmbH) and fragmented by sonication.

a~-syn, tau, and mitochondria transfer experiments

Neurons (DIV14, 8x10° cells/well) were loaded for 16 h with 0.2 uM Atto488-labelled a-syn fibrils or 0.2 pM Atto-488-labelled tau fi-
brils. Microglia were labeled with CellTracer Violet (Thermo Fisher Scientific, 1:2,000). For phagocytosis experiments, neurons were
labeled with CellTracer Deep Red (Thermo Fisher Scientific, 1:2,000). For mitochondria transfer experiments, neurons were labeled
with CellTracer Violet, while microglia were labeled elsewise with MitoTracker Red FM (Thermo Fisher Scientific, 1:2,000, 30 min).
Labeling reaction was stopped with DMEM containing 10% FCS, discarded, and replaced by a serum-free medium. Microglia
were seeded on top of neurons at a density of 1.25x10° cells per well for 1-6 h. For degradation experiments, cells were left in
co-culture for 48 h. Co-cultures were collected, resuspended in 100 pL ice-cold PBS +2% FCS, and measured by flow cytometry
using the FACS CANTO Il and the FACS DIVA software (Becton Dickinson). Cell-to-cell transfer of a-syn, tau, and/or mitochondria
was then analyzed and quantified using FlowdJo, LLC (v3.05470).

Electrophysiology

On DIV14-17, neurons were treated for 16 h with 0.1 uM a-syn fibrils or left untreated (control). Following incubation, cultures were
washed with pre-warmed NB medium to remove excess protein. Microglia (8x10%) were added on top of neurons for 6 h. For elec-
trophysiological recordings, coverslips were transferred to artificial cerebrospinal fluid (aCSF) consisting of 120 mM NaCl, 4.3 mM
KCl, 1.25 mM NaH,PO,4, 0.5 mM MgSQ,, 1.4 mM CaCl,, and 20 mM glucose. The pH was adjusted to 7.3 by gassing with carbogen
(95% 05, 5% COy). The liquid junction potential was corrected for (10 mV). Recordings were performed at 32°C. Patch pipettes (4-5
MQ resistance) made of borosilicate glass (GC150T-10, Harvard Apparatus) were pulled on a vertical puller (PA-10, E.S.F. Electronic).
The intracellular solution contained 10 mM NaCl, 88 mM potassium gluconate, 20 mM potassium citrate, 10 mM HEPES, 3 mM
BAPTA, 0.5 mM CaCl,, 1 mM MgCl,, 3 mM MgATP, 0.5 mM NaGTP, and 15 mM phosphocreatin, pH adjusted to 7.25. Whole-
cell voltage-clamp recordings were performed at a holding potential of —60 mV using an EPC-10 double patch clamp amplifier
(HEKA electronics). Current-clamp recordings were performed at resting membrane potential. In a subset of experiments, the
glutamate receptor antagonists DNQX (6,7-Dinitroquinoxaline-2,3-dione, 10 uM, Tocris) and DL-AP-5 (DL-2-Amino-5-phosphono-
pentanoic acid, 50 pM, Tocris) were used to inhibit excitatory postsynaptic currents. Data were recorded using PatchMaster
(HEKA electronics), digitized at 10 kHz, and analyzed offline using Clampfit 10 software (Molecular Devices). Datasets were low-
pass filtered (8-pole Bessel filter; —3 dB cut-off at 40 Hz), and burst-like events were detected using the threshold function.

Calcium imaging

On DIV14, neurons were transduced by an AAV1 carrying a GFP-coupled calcium sensor expressed under the Synapsin promoter
(PAAV.Syn.GCaMP6f.WPRE.SV40, kindly provided by Douglas Kim & GENIE Project, Addgene viral prep #100837-AAV1).""® On
DIV16-18, neurons were treated for 16 h with 0.2 uM a-syn or tau fibrils. Following incubation, cultures were washed to remove
excess protein. Microglia (5x10% were seeded on top of neurons for 6-24 h. Calcium signals were captured using a Nikon Eclipse
Ti-E microscope at >37 fps for 2 min. In each well, two randomly assigned positions were recorded. Datasets were analyzed by
FIJI (ImageJ), and intensity changes of active cells over time were identified and extracted. Intensity changes (AF/F) were further pro-
cessed and analyzed for peak frequency, peak amplitude, and peak half-width using MATLAB (The MathWorks). Five randomly as-
signed neurons per recording were selected for further statistical analysis.

Live cell imaging

On DIV6, neurons were incubated eighter with 0.2 uM Atto488-labelled «-syn fibrils or 0.2 uM Atto-488-labelled tau fibrils for 16 h.
Following incubation, cultures were washed to remove excess protein. Microglia (5x10* were seeded on top of neurons immediately
before starting imaging. Imaging was performed using the Nikon Eclipse Ti-E, and brightfield and fluorescence images were recorded
every minute at 40X magnification. Videos were analyzed using FIJI (ImageJ) to quantify particle area, total travel distance, mean
velocity, and total time to travel from neuron to microglia.

e6  Neuron 712, 1-20.e1-e8, September 25, 2024



Please cite this article in press as: Scheiblich et al., Microglia rescue neurons from aggregate-induced neuronal dysfunction and death through
tunneling nanotubes, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.06.029

Neuron ¢ CellP’ress

OPEN ACCESS

ROS release and SYTOX staining

The generation of reactive oxygen species (ROS) was determined using the CellROX Deep Red Flow Cytometry Assay Kit (LIFE Tech-
nologies). In brief, neurons were treated for 16 h with 0.2 uM a-syn fibrils or tau fibrils and incubated as described above. Cells were
collected and cultured in DMEM containing 500 nM of the CellROX Deep Red reagent for 45 min at 37°C. During the final 15 min of
staining 1 uM SYTOX Blue Dead Cell stain solution was added to the cells. Cells were then assessed by flow cytometry.

Oxygen consumption rate assessment

Cellular oxygen consumption rate (OCR) was measured using an XFe-24 Extracellular Flux Analyzer together with the XF Cell Mito
Stress Test (all Seahorse Agilent). On DIV14, neurons (1.2x10° cells/well) were treated for 16 h with 0.1-0.2 uM a-syn fibrils or tau
fibrils. Prior to the experiment, cells were equilibrated for 60 min in a CO,-free incubator at 37°C. Bioenergetic recordings were
then performed via the sequential administration of oligomycin (0.5 mM), FCCP (2 mM), and rotenone/antimycin A (0.5 mM) according
to the manufacturer’s protocol. Cells were lysed in RIPA buffer (Sigma Aldrich), and protein concentrations were determined via Brad-
ford assay. OCR values were then normalized to the respective protein contents.

Imaging and mitochondrial analysis

Fluorescently stained cells were imaged using a confocal microscope with Airyscan (Zeiss LSM800) and a 63x oil immersion objec-
tive. Z-stacks (0.5 um steps) were taken from at least 20 cells per condition. Maximum intensity projections were then used for the
semi-automatic assessment of mitochondrial morphology. Following background subtraction, a mitochondrial mask was obtained
based on Tom20-positive labeled structures using the Gaussian blur and Auto Threshold (method Default) function. Mitochondrial
length and shape were then analyzed via the ‘Skeletonize’ and ‘Particle analyzer’ plugins. Elongation score was calculated as 1/circu-
larity (circularity = 4*pi*(area/perimeter2).

TMRM measurements

Mitochondrial membrane potential measurements were performed as described previously with slight modifications.''* Briefly, cortical
neurons were seeded onto glass-bottom Petri dishes (1x10°). On DIV7, neurons were treated for 16 h with 0.2 pM a-syn fibrils, followed
by three washing steps with pre-warmed NB medium. Microglia (8x10%) were added on top of neurons for 6 h. Cells were washed with
pre-warmed experimental buffer (120 mM NaCl, 3.5 mM KClI, 0.4 mM KH,PQO4, 5 mM NaHCO3, 20 mM HEPES, 1.2 mM NaySQO4, 1.2 MM
CaCl,, 2mMMgCl, and 5 mM glucose) and incubated in an experimental buffer supplemented with 10 nM tetramethylrhodamine methyl
ester (TMRM; Molecular Probes) for 45-60 min at 37°C in a CO,-free incubator. Cultures were imaged using an epifluorescence micro-
scope (EPI-SCOPE1 Apotome, Zeiss) and a 63x oil immersion objective at 1 min intervals. Following 10 min of baseline measurements,
10 uM of the mitochondrial uncoupler FCCP was added to collapse mitochondrial membrane potential. Image processing and analysis
were done using ImageJ. First, regions of interest (ROls, i.e., somata from individual cells) were identified, and the average signal intensity
within the ROl was measured. Normalized signal intensities (i.e., average fluorescence intensities after subtraction of TMRM signal
following the addition of FCCP) were then plotted over time. At least 20 cells from three different neuronal preparations were analyzed.

ATP measurements

ATP levels were measured using the BioTracker ATP-Red live cell dye (Merck Millipore) according to the manufacturers protocol.
Briefly, cortical neurons were seeded onto glass-bottom 8-well chamber slides (ibidi) (4x10%). On DIV14, neurons were treated for
16 h with 0.2 uM fluorescently labeled a-syn fibrils, followed by three washing steps with pre-warmed NB medium. CellTracer Vio-
let-labeled microglia (4x10% were then added on top of the neurons for 6 h. After co-culture, cells were incubated with BioTracker
ATP-Red live cell dye for 15 min, washed with warm PBS, and imaged using a confocal microscope.

RNA sequencing analysis

We used the above-described co-culture strategy and performed RNA sequencing analysis as described previously®® to determine
transcriptomic changes. In brief, upon co-culture, cells were sorted back into neuronal and microglial populations by flow cytomet-
rical cell sorting (CytoFLEX SRT Benchtop Cell Sorter, Beckman Coulter), and RNA was collected using 700 pL Trizol. Isolation of bulk
RNA was performed with the RNeasy Micro Kit (Qiagen). Library production for 3'-mRNA sequencing was performed with up to
125 ng purified RNA according to the manufacturer’s protocol and sequenced on a HiSeq2500 (lllumina) with a sequencing depth
of 15 Mio reads per sample (NGS Core Facility, University Hospital, Bonn, Germany). Transcripts were quantified with the Partek
E/M algorithm and further processed for normalization in R with the DEseq?2 algorithm. Batch effects derived by independent exper-
iments were removed in the Partek Genomics Suite (v7.18.0402). The dataset was further optimized by flooring transcripts with min-
imal gene counts of at least <1 and excluding transcripts with a mean expression of <10 in every test condition. Data visualization
and biological interpretation were performed with the Partek Genomics Suite and R (v3.5.0), packages ggplot2 (v3.2.1) for graphical
visualization of expression data, and tidyr (v1.0.2) for data wrangling.

Cranial window placement and intracranial engraftment of primary cortical neurons
Cranial window installation and in vivo two-photon image acquisition were carried out as previously described elsewhere.
Briefly, 7-month-old Cx3cr1%7*/~ mice received an intraperitoneal injection (i.p.) of 1.5 mg/kg ketamine and 0.1 mg/kg xylazine,
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followed by subcutaneous injections (s.c.) of 0.1 mg/kg buprenorphine, 6 mg/kg dexamethasone, and 7 mg/kg cefotaxime. Be-
panthen eye ointment was applied to the eyes to avoid drying. Surgical instruments were sterilized in a bead heater
(GerminatorTM 500; CellPoint Scientific Inc. Gaithersburg, MD, USA) and hairs on top of the head were removed. The mouse was
put into a stereotactic frame and the disinfected skin was removed using sharp scissors. The periosteum was removed by gently
scraping with a scalpel to increase the gluing capacity between the ring and the skull. A small hole was drilled into the skull using
a Schick Driller C1 device (Schick GmbH, Schemmerhofen, Germany). Thereafter the mouse received a stereotaxic injection of
1 pL a-syn-loaden, CellTracer Violet labeled primary cortical neurons (1x10° cells/uL) with a speed of 0.1 pL/min for each hole in
the cortex. After the injection, the needle was kept in place for an additional 10 min before it was slowly withdrawn to avoid reflux
up the needle tract. Right after, a4 mm diameter craniotomy was performed over the right hemisphere and the craniotomy was rinsed
with physiological saline solution. Subsequently, using UV-activated dental cement (Venus flow syringe assortment, MW dental) a
5-mm coverslip was placed on the top of the cranial window. A custom-made titanium ring was glued on the skull with the help
of Pattex super glue gel. After the operation, the mouse was put under infrared light for recovery. The body temperature was
controlled throughout the procedure and maintained at 37°C. After 24 h, two-photon imaging was performed.

In vivo two-photon imaging

A Ti:Sapphire two-photon laser scanning microscope was used with a Nikon water-immersion objective (25x, 1,10 NA) and Nikon
NIS Elements AR 4.20.03 (Build 995; Dusseldorf, Germany). Imaging was performed under isoflurane anesthesia (1.5%, flow
~800 mL/min). The mouse was put onto a heating blanket and rectal temperature was kept constant at 37°C. All images were taken
using 920 nm wavelength for EGFP, RFP, and BFP. An overview stack was taken for orientation before areas of interest were
randomly chosen. For time-lapse recordings, images were taken every 30 s.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each n represents an independent biological sample. Data were evaluated using Graph Pad Prism and presented as mean + SEM of
at least three independent experiments. Data were analyzed for Gaussian distribution. When data passed the normality test, statis-
tical comparisons of vehicle controls versus treatment were performed with one-way ANOVA or two-way ANOVA followed by a Tu-
key’s test. Otherwise, data were analyzed with the Kruskal-Wallis test and Dunn’s post hoc test for non-parametric data. Levels of
significance are indicated as *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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