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Astroglia proliferate upon the biogenesis
of tunneling nanotubes via a-synuclein dependent
transient nuclear translocation of focal adhesion kinase

Abinaya Raghavan,1 Rachana Kashyap,1,5 P. Sreedevi,2,5 Sneha Jos,3 Suchana Chatterjee,1 Ann Alex,1

Michelle Ninochka D’Souza,4 Mridhula Giridharan,2 Ravi Muddashetty,4 Ravi Manjithaya,2

Sivaraman Padavattan,3 and Sangeeta Nath1,6,*
SUMMARY

Astroglia play crucial neuroprotective roles by internalizing pathogenic aggregates and facilitating their
degradation. Here, we show that a-SYN protofibril-induced organelle toxicities and reactive oxygen spe-
cies (ROS) cause premature cellular senescence in astrocytes and astrocyte-derived cancer cells, resulting
in a transient increase in the biogenesis of tunneling nanotubes (TNTs). TNT-biogenesis and TNT-mediated
cell-to-cell transfer lead to clearance of a-SYN-induced organelle toxicities, reduction in cellular ROS
levels, and reversal of cellular senescence. Enhanced cell proliferation is seen in the post-recovered cells
after recovering from a-SYN-induced organelle toxicities. Further, we show that a-SYN-induced senes-
cence promotes the transient localization of focal adhesion kinase (FAK) in the nucleus. FAK-mediated
regulation of Rho-associated kinases plays a significant role in the biogenesis of TNTs and their subse-
quent proliferation. Our study emphasizes that TNT biogenesis has a potential role in the clearance of
a-SYN-induced cellular toxicities, the consequences of which cause enhanced proliferation in the post-
recovered astroglia cells.

INTRODUCTION

Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons in the substantia nigra (SN) due to the cytoplasmic accumulation

of Lewy bodies or Lewy neurites, whichmainly consist of a-synuclein (a-SYN) protein.1,2 Alongwith the accumulated cytoplasmic a-SYN, extra-

cellular a-SYN also plays a significant role in neurodegeneration, progressive intercellular spreading of pathology, and neuroinflammation.3,4

Studies have shown that the elevation of neuronal activity and various stress conditions increase extracellular release of a-SYN.4,5 Pathogenic

aggregates of a-SYN can be released from degenerating neurons, which can be taken up by surrounding neurons and glial cells. Glial cells

normally express low levels of a-SYN, however, at the advanced stage of PD, a-SYN aggregates in astrocytes and glial synucleinopathies are

often detected.6 Additionally, gliosis is a typical pathological feature of neurodegenerative diseases. Sustained activation and fibrous prolif-

eration of glial cells, mainly astrocytes and microglia, are central features of dopaminergic neurodegeneration in PD.7 Neuronal activity mod-

ulates cellular crosstalk and intercellular communication between neurons and the surrounding neuroglial cells.8–10

Recent studies have shown that the mode of intercellular transfer of neurodegenerative proteins between glial cells facilitates the clearing

of neurodegenerative aggregates, such as a-SYN and amyloid-b (Ab).11–13 The spreading of neurodegenerative proteins through an intercel-

lular mode of transfer and its role in pathology progression have been widely studied in several model systems.14,15 Exosomes, unconven-

tional secretion, and direct cell-to-cell transfer via membrane nanotubes or tunneling nanotubes (TNTs) have been demonstrated by several

studies as modes of intercellular transfer.14

The discoveries of TNTs have opened up the possibility of direct long-range cell-to-cell communication.16 TNTs have been shown to have

open-ended, and thin (diameter around 50–700 nm) intercellular membrane-actin continuity (long up to 300 mm) between distant cells. TNTs

are reported to be a conduit for the direct transfer of organelles,16 neurodegeneration-associated protein aggregates,15,17 viruses,18 and

RNA.19 between cells. Neurodegenerative aggregate-induced endo-lysosomal toxicities and mitochondrial stress promote the biogenesis

of TNTs.15,20 Propagation of pathogenic aggregates via TNTs has also been shown to aid in the progression of neurodegeneration.13,15,21

In this context, several studies have shown that a-SYN aggregates in lysosomes transfer from neuron to neuron via TNTs in PD.15,22,23 On
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Figure 1. Characterization of a-SYN protofibrils and their effect on TNT formation in astroglia cells

(A) TEM (transmission electron microscope) images of a-SYN protofibrils unlabeled and TMR fluorescent dye labeled, respectively. Magnified structures of

protofibrils are shown in the zoomed panel.

(B) Primary astrocytes were treated with 1mM a-SYN protofibrils for 3h, 6h, 12h, and 24h, stained for actin (red) and GFAP (green), white arrows indicate the

formation of shorter and longer TNTs at 3h and 6h.

(C) DiD (membrane dye) stainedU-87MG cells showing a transient increase of TNT-like structures (red arrows) in the cells treatedwith a-SYNprotofibrils (1 mM) for

3–6 h, compared to the respective controls and the cells treated for 12 h and 24 h. Blue arrows indicate relatively thicker tumor microtubes (TMs) like connections.

(D) The percentage of TNTs from primary astrocytes was quantified by counting the numbers normalized with the number of cells.
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Figure 1. Continued

(E and F) Quantification of the percentage of TNT-like structures and pairs of cells connected by them upon a-SYN protofibril treatment in U-87 MG cells stained

with DiD. Quantifications are done from 10 to 15 image frames of a set and each image frame has 10–20 cells. Scale bars are denoted on the images. Data are

expressed as mean G SD, ***p % 0.001. Statistics were analyzed using a two-way ANOVA. n = 3.
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the other hand, TNTsmediate crosstalk between astrocytes, andmicroglia to degrade toxic a-SYN through cell-to-cell transfer of aggregates

and help to reduce ROS accumulation and oxidative stress.11,13 Oxidative stress and ROS promote the formation of TNTs and cell-to-cell

transfer.24,25

ROS induced by the accumulation of neurotoxic proteins in neurons can induce cell senescence, which can aggravate neurodegenera-

tion.26,27 Cellular senescence is a biologically homeostatic phenomenon that is defined by a persistent degree of cell cycle inhibition and

cellular aging. Cell cycle arrest in senescence cells is believed to be irreversible, however, studies have shown that stress-induced premature

senescence that is induced by theDNAdamage-mediated amplification of the p53/p21 signaling pathway can be reversed bymodulating the

levels of p53 and p21 expressions.28,29

Senescent cells are more prevalent in brain tissues and exert roles in brain aging and neurodegeneration.30 Brain cells, including

astrocytes, microglia, oligodendrocytes, and epithelial cells, undergo cellular senescence under oxidative stress, which aggravates neurode-

generation.31 On the contrary, glial cells, especially astrocytes, and microglia, play a critical role in protecting neurons by clearing toxic

accumulations of neurodegenerative proteins from neurons and brains.11,13 a-SYN induced ROS generation can produce cellular senescence

in response to DNA damage.27 Thus, the investigation into the mechanisms of TNT biogenesis and the role of TNTs in facilitating the

clearance of toxic a-SYN protofibrils from brain to improve cell survival is needed.

In this study, we have shown that the transient localization of FAK/pFAK to the nucleus upon treatment with a-SYN protofibrils caused

transient biogenesis of TNTs in the astroglia cells. Transient biogenesis of TNTs precedes the clearance of a-SYN-induced organelle toxicities

and reversal of ROS-induced premature senescence, leading to enhanced cell proliferation in the post-recovered astroglia cells. This study

emphasizes the potential role of TNTs in facilitating cellular clearance in pathological stress conditions, which maintains the survival of astro-

glia cells, by enhancing cell proliferation.

RESULTS

a-synuclein protofibrils induce the biogenesis of transient tunneling nanotubes

The contributions of extracellular a-SYN protofibrils in the pathological spreading of PD in neuronal cell culture models are well-studied.32

Recent studies have shown that aggregates of a-SYN canmodulate cellular crosstalk between neurons and the surrounding neuroglial cells,33

which plays an important role in getting rid of toxic loads of aggregates.11,13 However, the mechanism of the establishment of intercellular

communications and their fate are yet to be understood. Therefore, we looked into the primary astrocytes and astrocyte-origin cancer cell

lines (U-87 MG and U251) to understand the possible fate of the astroglia cells over time on a-SYN protofibril treatment.

To understand this, purified a-SYN was converted into protofibrils that were either unlabeled or fluorescently (TMR) labeled and charac-

terized using transmission electron microscopy (Figure 1A). Interestingly, after treatment with 1mM a-SYN protofibrils at 3h, 6h, 12h, and 24h,

we observed the formation of TNT-likemembrane networks between primary astrocytes (Figure 1B), U-87MG (Figures 1C and S1A) and U251

cells (Figure S1B) for a transient period at early hours. Time points were chosen to quantify the optimum biogenesis of membrane nanotubes

after treatment with 1mM a-SYNprotofibrils over 24 h (Figure S1C). Quantification of TNT-like structures was performed on confocal images of

phalloidin-stained astrocytes (Figure 1B). DiD dye-stained membranes were imaged using a fluorescence microscope to detect the abun-

dance of stained TNT-likemembrane conduits in live cells (Figure 1C). DIC (Differential InterferenceContrast) images of U-87MG (Figure S1A)

and U251 (Figure S1B) cells were also taken to detect TNT-like structures. Quantification showed an increase in several hovering thin TNT-like

structures per cell compared to controls in the primary astrocytes at early time points (3h and 6h) (Figure 1D). DiD imaging of U-87MG showed

a transient increase in thin (diameters <1 mm) cell-to-cell membrane connections at early time points (3h and 6h) (Figures 1E and 1F). Similarly,

the quantification of DIC images of U-87 MG cells (Figure S1D) and U251 (Figure S1E) showed enhanced transient biogenesis of TNTs at early

time points compared to their respective controls and later time points.

a-synuclein protofibrils induce open-ended tunneling nanotubes and cell-to-cell transfer

TNTs are actin-rich, nano-sized in diameter, and primarily defined as open-ended membrane tubes.34 TNTs are distinguished from filopodia

and neurites by their distinct characteristic of hovering between two distant cells.35 Actin-binding phalloidin and GFAP-stained, 3D-recon-

structed confocal images show actin-positive thin TNTs that hover between two cells in primary astrocytes (Figure 2A). Astrocyte-origin cancer

cell lines (U-87 MG and U251) are known to form tumor microtubes (TMs), close-ended thicker membrane networks (diameters >1 mm) be-

tween cells and electrically coupled via gap junctions (GJ).36 To distinguish TNTs and TMs, confocal z stack images were obtained after immu-

nocytochemical staining of cells using b-tubulin antibody and phalloidin dye. Thin actin-positive, hovering TNTs (Figure 2B) and thicker TMs

(Figure 2C) are identified in U-87 MG cells. TMs are positive for both actin and b-tubulin. Studies have indicated that astrocytoma/glioblas-

toma cells express lower levels of neuronal marker b-tubulin and are stained faintly.37 Despite that, b-tubulin staining is distinctly detected in

thicker TMs and absent in TNTs (Figures S2A and S2B). DIC images clearly showed the nano-sized diameters of TNTs and thicker TMs

(Figures 2A–2C-upper panels). Reconstructed 3D volume images of confocal z-stacks show actin-positive, thin TNTs hover between two cells

and are not attached to the substratum, whereas the tubulin-positive thicker TMs are present on the substratum (Figures 2A–2C-lower panels).
iScience 27, 110565, August 16, 2024 3



Figure 2. Characterization of TNTs formed upon treatment with a-SYN protofibrils in astroglia cells

(A) The red arrow in the DIC image (a’) indicates TNT formed between two astrocytes on a-SYN protofibril treatment. The bottom panel shows a 3D volume view

of Phalloidin and GFAP-positive astrocytes connected by both long (a’’) and short TNTs (b).

(B andC) DIC images of U-87MGcells show TNTs (B) and TMs (C). The cells were stainedwith phalloidin and b-tubulin; both bottompanels show 3D volume views

of TNT as an actin-positive hovering structure (B) and tubulin-positive TM at the surface (C). Red arrows indicate actin-positive TNTs and blue arrows indicate

b-tubulin-positive tumor microtubes (TM), respectively.

(D and E) Characterization of GJ-negative (D) and -positive (E) TNTs based on Phalloidin and connexin43 staining at the tip of the TNT in U-87 MG cells. Pink

arrows indicate close-ended TNT. The bottom panel shows 3D volume views of the same.

(F) Closed-ended TM characterized by the presence of connexin43 staining, indicated by pink arrows. The bottom panel shows 3D volume views of the TM at the

surface.

(G) TNT-like structures (red arrows) are detectable in DIC images as focused structures at z = 4. At z = 0, filopodia-like extensions (magenta arrows) on the

substratum are at focus.
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Figure 2. Continued

(H and I) U87MG cells treated with 1mM a-SYN protofibrils for 3h and 6h, stained with lysotracker and MitoTracker, respectively. Red arrows indicate lysotracker

and MitoTracker through TNTs at 3h and 6h. Movement of lysotracker (H) and MitoTracker (I) positive vesicles through TNTs were tracked using the TrackMate

plug-in of Fiji.

(J) Quantification of the percentage of TNTs and (K) percentage of GJ-negative TNTs, GJ-positive TNTs, and TMs from the confocal z-stack images of U-87 MG

cells. Quantification of length (L) and diameter (M) of TNTs formed by U-87 MG cells, U251 cells, and astrocytes. Quantifications are done from 10 to 15 image

frames of a set and each image frame has 10–20 cells. Scale bars are denoted on the images. Data are expressed as mean G SD, ***p % 0.001. Statistics were

analyzed using a two-way ANOVA (2J and 2K) and one-way ANOVA (2L and 2M). n = 3.
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Several studies have shown that TNTs are open-ended membrane channels, and can transfer organelles directly from one cell to

another.16,23 Occasionally, these channels are electrically connected via GJ proteins. This may lead to the formation of closedmembrane con-

tinuities that might not be involved in organelle transfer between cells.38,39 The altered distribution of Connexin43, a crucial GJ protein, may

create selectively open ends. TNTs were immunostained with connexin43 to identify the presence of GJ-like structures at the connecting end

of the cell body. Images captured populations of both connexin43 negative (Figure 2D) and positive (Figure 2E) at the endpoint of TNTs. Non-

hovering thicker TMs are connexin43 positive structures (Figure 2F).

We further functionally characterized TNTs based on their ability to transfer organelles such as lysosomes and mitochondria. Time-lapse

and z-stack images were taken using confocal microscopy (using both fluorescence channels and DIC channels) in live U-87 MG cells, stained

with lysotracker and MitoTracker, post-treatment with 1mM a-SYN protofibrils (3h, 6h, 12h, and 24h). Time-lapse videos in DIC microscopy

images revealed a transient increase in the biogenesis of thin cell-to-cell membrane connections and unidirectional movements of organelles

via themembrane nanotubes at early time points (3h and 6h) (Videos S1 and S2). Time-lapse videos captured cell-to-cell movement of a-SYN-

TMR-accumulated lysosomes andmitochondria through long (20 mm–120 mm) thin TNTs after 3h and 6 h of treatments, respectively (Videos S3

and S4).We validated from z-stack images, that the thin nano-sizedmembrane tubes, or TNTs, are hovering structures connecting two distant

cells. The DIC images show thin membrane nanotubes (red arrows) between cells that are clearly visible at a higher plane of z = 4. On the

surface, at z = 0, filopodia-like membrane extensions (violet arrows) are visible (Figure 2G) which are unlike the TNTs. We tracked the move-

ments of lysotracker (Figure 2H) andMitoTracker-labelled (Figure 2I) organelles along the TNTs (identified from z-stacks) using the TrackMate

plug-in available in FIJI and we observed that both organelles travel unidirectionally from one cell toward another, with an average speed of

0.062G 0.003 mm/s. Further, we captured time-lapse videos to detect direct cell-to-cell transfer of a-SYN-TMR accumulated lysotracker and

mitochondria via open-ended TNTs between U-87 MG cells after 3h of treatments (Videos S5 and S6). Our results reveal the formation of

open-ended functional TNTs and cell-to-cell transfer through them at 3h and 6h post-treatment with a-SYN.

We observed a transient increase in the biogenesis of thin (diameters <1 mm), hovering TNTs upon 1mM a-SYN protofibrils treatment at

early hours (3h and 6h) by quantifying from the 3D reconstruction of confocal z-stack images (Figure 2J). Though control cells contain a higher

percentage of TMs, we observed a transient increase of both GJ-negative and GJ-positive TNTs, based on connexin43 staining after 3h and

6h post-treatment with a-SYN (Figure 2K). Length anddiameters of TNTsweremeasured using the confocal z-stack images in all the cell types,

primary astrocytes, U-87 MG, and U251 cells. The careful measurements of z-stack images detected that the diameter of TNTs ranges be-

tween 1 and 3 pixels, that is, around 220 nm–660 nm, and length varies between 20 mm and 100 mm across all the cell types (Figures 2L

and 2M).
Transient lysosomal toxicities in astroglia cells upon treatment with a-synuclein protofibrils

Internalization of extracellularly applied a-SYN protofibrils into endo-lysosomal pathways induces transient accumulations and toxicities (3h

and 6h) in primary astrocytes (Figure 3A) and U-87 MG cells (Figures 3B and 3C). a-SYN and LAMP1 were co-immunostained in primary as-

trocytes (Figure 3A) and U-87 MG cells treated with TMR-labelled a-SYN were stained with lysotracker (Figure 3B). Accumulations of a-SYN

protofibrils in endo-lysosomes and resulting toxicities were studied following enlarged and distorted morphology of a-SYN-accumulated

endo-lysosomal vesicles at 3h and 6h (Figures 3A and 3B). The extent of cathepsin leakage from LAMP2-positive vesicles was also observed

to follow lysosomal toxicities (Figure 3C). a-SYN protofibrils were internalized in primary astrocytes and colocalized in substantial amounts to

LAMP1-immunostained positive vesicles (analyzed using Coloc 2 plug-in in FIJI). Maximum colocalizations were observed at 3 h of treatment,

which gradually decreased over time (Figure 3D). Internalization of protofibrils into the lysosomal pathway caused transient accumulation and

lysosomal toxicities, resulting in larger-sized LAMP1 positive vesicles that were transiently detectable at 3h and 6h after a-SYN protofibrils

treatment in astrocytes (Figure 3E). Total areas of red puncta of a-SYN-TMR oligomers per cell were quantified, measuring the size of

each punctum. The results show that endo-lysosomal machinery in U-87 MG cells gradually clears up toxic protofibrils (Figure 3F). The

half-life of the clearance of toxic protofibrils was determined to be 14.31 G 5.24 h by fitting the one-phase decay equation to the a-SYN-

TMR aggregates per cell data (Figure 3F). The half-life of extracellular a-SYN protofibrils (1mM) in the media of U-87 MG-treated cells was

quantified using Western blot to follow the fate of the protofibrils (Figure S2C). The results show the half-life of elimination of the protofibrils

is 12 h.

The analysis of cathepsin leakage in LAMP2-positive lysosomal vesicles indicated no significant increase of cathepsin-D to the cytosol (Fig-

ure 3C). However, we observed larger cathepsin-D and LAMP2-positive vesicles after 3h of protofibril treatments (Figure 3G). Morphology of

LAMP2-positive lysosomes at 3h is elongated and rough in comparison to control, 6h, 12h, and 24h treated cells (magnified images high-

lighted in the upper-left corner of Figure 3C). The time of transient lysosomal toxicity coincides with the transient increase of TNT biogenesis
iScience 27, 110565, August 16, 2024 5



Figure 3. Effect of a-SYN protofibrils on lysosomes in U-87 MG cells and astrocytes

(A) Mouse primary astrocytes treated with 1mM a-SYN protofibrils for 3h, 6h, 12h, and 24h. a-SYN protofibrils (green) in lamp1 positive vesicles (red). At 3h and 6h,

larger sizes of lamp1 positive vesicles colocalized with a-SYN (yellow) are visible.

(B) U-87 MG cells treated with a-SYN-TMR protofibrils (red) in lysotracker-positive vesicles (green).

(C) U-87 MG cells treated with a-SYN protofibrils (1mM) were stained using Cathepsin D (red) and Lamp2 (green). At 3h larger sizes of lamp2 positive vesicles

colocalized with cathepsin-D were observed, compared to the other time points (magnified images highlighted in upper-left corner).

(D) Quantification of the co-localization of a-SYN protofibrils in lamp1 positive lysosomes and (E) Size of a-SYN accumulated in lysosomes in astrocytes.

(F) Quantification of a-SYN accumulation per cell and (G) Lysosome size in U-87 MG cells. Quantifications are done by analyzing randomly selected 10–15 cells

from different image frames of an experimental set. Scale bars are denoted on the images. Data are expressed as mean G SD, ***p % 0.001. Statistics were

analyzed using a two-way ANOVA. n = 3.
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(Figures 1B–1F). Altogether, the results suggest that the transfer of organelles via TNTs probably aids the cells in coping with protofibril-

induced lysosomal toxicities.
Transient mitochondrial toxicities in astroglia cells upon treatment with a-synuclein protofibrils

Similar to transient lysosomal toxicities and biogenesis of TNTs, mitochondrial toxicities were observed through morphological changes in

the early time points (3h and 6h) using MitoProbe JC-1 dye, which measures mitochondrial membrane potential (DJM). Lipophilic, cationic

JC-1 dye can enter healthy mitochondria and aggregate (emission @590 nm in the red channel) inside, whereas in unhealthy mitochondria
6 iScience 27, 110565, August 16, 2024



Figure 4. Effect of a-SYN protofibrils on mitochondria in astrocytes and U-87 MG cells

Primary astrocytes and U-87 MGwere treated with 1mM a-SYN protofibrils for 3h, 6h, 12h, and 24h, and mitochondrial membrane potentials were detected using

JC-1 staining (emission ratio of 527/590 nm).

(A) Primary astrocytes stained with JC-1.

(B) Quantification of green vs. red intensities, (C) Size of green/redmitochondria, and (D) mitochondria branch length byMiNA analysis were quantified from JC-1

astrocyte images.

(E) U87MG cells treated with 1mM a-SYN protofibrils for 3–24 h, were stained with MitoTracker (top panel -cyan) and JC-1 (bottom panel) to visualize

mitochondrial morphology.

(F) Quantification of green vs. red intensities from JC-1 U-87MG images. Quantification of green vs. red intensities. Quantifications are done from 10 to 15 image

frames of a set, analyzing 10–20 cells from each image. Scale bars are denoted on the images. Data are expressed as meanG SD, ***p% 0.001. Statistics were

analyzed using a two-way ANOVA. n = 3.
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with decreased membrane potential, the dye crosses in and out through the relatively open membrane pores and stays as monomers (emis-

sion @527 nm in the green channel). Adding to our previous observations, we noticed a decrease of DJM transiently in the early time points

(3h and 6h) in primary astrocytes, whereas at the later time points (12h and 24h), mitochondria looked healthier and were rescued from pro-

tofibril-induced mitochondrial toxicities (Figures 4A and 4B). The quantification shows JC-1 labeled red-colored healthier, larger mitochon-

dria in the control and recovered healthier cells after 24h (Figure 4C). The toxic mitochondria in early time points (3h and 6h) were observed to

possess shorter branch lengths compared to the control and the recovered cells at later times (12h and 24h) (Figure 4D). Mitochondrial tox-

icities were also observed in U-87 MG cells through morphological changes using MitoTracker staining (Figure 4E, upper panel) and mito-

chondrial membrane potential (DJM) using MitoProbe JC-1 (Figure 4E, lower panel). Similar to our results in primary astrocytes, images

of U-87 MG cells showed that at the early time points (3h and 6h), mitochondria were smaller and had fragmented morphology (Figure 4E,

upper panel) and quantifications showed increased JC-1-stained greener mitochondria or mitochondria with decreased DJM (Figure 4F).
iScience 27, 110565, August 16, 2024 7
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Thus, it is evident that primary astrocytes and U-87 MG cells adapt and are rescued from a-SYN protofibril-induced transient mitochondrial

toxicities at later times.
Cell-to-cell transfer of mitochondria in a-synuclein protofibril-treated astroglia cells

The transfer of mitochondria between a-SYN protofibril-treated U-87 MG cells was further examined by co-culturing these cells (Figure 5A).

MitoDsRed (red) and EGFP-lifeact (green) transfected U-87MG cells were co-cultured and treated with a-SYN protofibrils for 3h, 6h, 12h, and

24h. Results demonstratemitoDsRed-labeled redmitochondria in the green EGFP lifeact-stained cells upon treatment with a-SYNprotofibrils

(Figure 5A). The transferred red mitochondria in the green cells were observed at their maximum at early time points (3h and 6h) when cells

show enhanced mitochondrial toxicities and increased numbers of TNTs (Figure 5B). When conditional media from the mitoDsRed trans-

fected cells were given to the green cells transfected with EGFP- lifeact, we did not observe any significant transfer of mitochondria (Fig-

ure S3A). The zoomed images of (Figure 5A) the transferredmitochondria in the acceptor cells after 3h and 6h treatment with a-SYN are shown

in Figure S3B. The result excludes the probability of the transfer of mitochondria through exosomes. Themorphology of the transferredmito-

chondria in the green cells mostly appears round in shape rather than elongated and healthy. Quantification shows that transferredmitochon-

dria are smaller in size and round-shaped compared to themitochondria of the control cells (Figure 5C). Therefore, we further studied the fate

of cell-to-cell transfer of toxic mitochondria, following ROS levels in the cells upon protofibril treatment at different time intervals. We also

observed increased total cellular ROS at an early time point (3h) and a gradual decrease in ROS levels at later time points (6h, 12h, and

24h) in U-87 MG cells (Figures 5D and 5E). The fluorescence intensity of DCFDA was analyzed using a flow cytometer to quantify the cellular

ROS levels (Figure 5E). The quantification of DCFDA flow cytometer data shows similar results in primary astrocytes, with a significant increase

in cellular ROS levels at 3h compared to the control cells, which then decreased at later time points (6h, 12h, and 24h) (Figures 5F and 5G).
a-synuclein protofibril-induced reactive oxygen species-mediated cellular senescence and its correlation with the transient

biogenesis of tunneling nanotubes

Increased levels of cellular ROS play a significant role in inducing cellular senescence and reduction of ROS accumulation can reverse p-21-

mediated cellular senescence.29 Studies have also shown the critical role of a-SYN-induced ROS in cellular senescence-associated neurode-

generation.40,41 The increased ROS levels and its elimination in correlation to TNT biogenesis motivated us to look into the senescence states

in astroglia cells.29 We have observed a transient increase in p-21 levels with a-SYN protofibrils treatment in western blot analysis at an earlier

time point (3h) in U-87 MG, then p-21 levels decrease gradually over time (6h, 12h, and 24h) (Figure 5H). Further, we have observed irregular

nuclei, invaginations, and fragmented nuclei during the transient time window 3h and 6h, which corresponds to the a-SYN protofibril-induced

transient organelle toxicities, ROS production, and the biogenesis of TNTs in primary astrocytes (Figures 5I and 5J) and U251 cells

(Figures S4A and S4B). We established that cells undergo transient cellular senescence at an early time point (3h) by measuring b-galactosi-

dase activity as the senescencemarker (Figure S4C). It is known that DNA damage-related nuclear size irregularities are often associated with

the hyperproduction of cellular ROS and mediated senescence. The transient cellular senescence corresponds to the transient biogenesis of

TNTs at early hours in a-SYN-treated cells. Eventually, the reduction of ROS accumulation caused a reversal of p-21-dependent cellular senes-

cence at later times.
Clearance of a-synuclein induced organelle toxicities and reactive oxygen species in cell survival and proliferation

It is a well-established fact that extracellularly applied a-SYNprotofibrils are toxic to neurons and cause gradual neuronal death.42 Conversely,

we observed astrocytes and astrocyte-derived cancer cells survive by alleviating a-SYN protofibril-induced organelle toxicities and cellular

ROS levels.We also observed that the biogenesis of TNTs and cell-to-cell transfer precedes the clearance of a-SYNprotofibril-induced organ-

elle toxicities and cellular ROS levels. Recent studies have shown that cell-to-cell transfer of mitochondria in astrocytes via TNTs facilitates cell

survival.43 Therefore, we investigated cell viability using a-SYNprotofibrils in primary astrocytes, U-87MG, andU251 astroglia cells. MTT assay

measures cell metabolic activity and is used as an indicator for cell viability. The results pertaining to this assay show a concentration-depen-

dent increase of cell viability upon the treatment of toxic a-SYN protofibrils at later time points (12h and 24h) in astrocytes (Figure 6A),

compared to the respective controls and early time points (3h and 6h). a-SYN protofibril-induced organelle toxicities at earlier times also re-

sulted in decreasedmetabolic activity (Figure 6A). a-SYNprotofibril-treatedU-87MG (Figure 6B) andU251 (Figure 6D) cells show proliferation

at later times (12h and 24h) compared to their respective controls. U-87 MG cells also show concentration-dependent proliferation at later

times (24h) (Figure 6C). Further, we manually counted the cells to reconfirm that the increasing concentrations of toxic protofibrils caused

an increase in cell numbers or cell proliferation after 24 and 48 h of treatments in astroglia cells (Figures S5A and S5B). Overall, the results

showed that, instead of developing progressive toxicities or cell death overtime a-SYN protofibril treatment, the astroglia cells adapt to over-

come the stress and proliferate during post-recovery time.We have verified the toxic effects of the protofibrils in the neurons derived from the

differentiation of neuroblastoma (N2a) cells. The results show time- and concentration-dependent cell death in the treated cells (Figures S5C

and S5D).

Since we have observed a significant increase in cell numbers and cell viability upon a-SYN protofibrils treatment, we checked for cell pro-

liferation using Ki67 as themarker. Astrocytes and U-87MG cells immunostained with Ki67 antibody and nuclear stain DAPI (Figure 6E) show a

significant increase in Ki67 overexpression in the nucleus at 12h and 24h in comparison to control and early time points (3h and 6h) (Figures 6F

and 6G). Overall, the results indicate toxic a-SYN-induced initial stress (till 6 h) promotes the biogenesis of TNTs and cell-to-cell transfer of
8 iScience 27, 110565, August 16, 2024



Figure 5. Cell-cell transfer of mitochondria and a-SYN-induced ROS-mediated cellular senescence

(A) Transfer of mitochondria was detected in a co-culture experiment. U87MG cells were co-cultured using transiently transfected with Mito-ds-Red (red) and

EGFP-lifeact (green) respectively and treated with 1mM a-SYN protofibrils for 3h–24h. Confocal microscopy images show the transfer of Mito-ds-Red labeled

mitochondria to EGFP-lifeact labeled green cell population.

(B) Quantification of the percentage of acceptor cells with transferred mitochondria.

(C) quantification of the size of the transferred mitochondria vs. the control mitochondria. Quantifications are done from 5 image frames of a set and each image

frame has 10–15 cells.

(D and F) Estimation of total cellular ROS byDCFDA assay in the cells treated with 1mM a-SYNprotofibrils for 3h–24h by flow cytometry in U-87MGand astrocytes,

respectively.

(E and G) Quantification of the percentage of the gating population of the DCFDA-positive cells was obtained from the same.

(H)Western blot analysis to estimate the levels of senescencemarker p21 in the cells treated with 1mM a-SYN protofibrils. Full-length western blots of four repeats

are represented in Figure S8.

(I) In astrocyte images, the white arrows indicate DAPI-stained fragmented nuclei, while the red arrows indicate the formation of TNTs from those cells.

(J) Quantification of the percentage of fragmented nucleus on a-SYN protofibril treatment. Quantifications are done from around 10 image frames of a set and

each image frame has 10–20 cells. Scale bars are denoted on the images. Data are expressed as meanG SD, ***p% 0.001. Statistics were analyzed using a two-

way ANOVA except graph C, which was analyzed by Student’s t test. n = 3.
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Figure 6. TNT biogenesis pathways in cell proliferation

(A) Absorbance measured at 570 nm after MTT assay performed in astrocytes treated with varying concentrations (0.5mM, 1mM, 2mM, and 3mM) of a-SYN

protofibrils at 3h, 6h, 12h and 24h.

(B) Cell number quantification of U-87 MG cells treated with 1mM a-SYN protofibrils after 3h, 6h, 12h, 18h and 24h.

(C) MTT absorbance estimated at 24h on treatment with varying concentrations (0.5mM, 1mM, 2mM, and 3mM) of a-SYN protofibrils in U-87 MG cells.

(D) Estimation of MTT absorbance at 12h and 24h after treatment with 1mM a-SYN protofibrils in U251 cells.

(E) Fluorescence images of astrocytes and U87MG cells treated with 1mM a-SYN protofibrils for 3h–24h were stained with proliferation marker Ki67 along with

nuclear stain.
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Figure 6. Continued

(F and G) Quantification of the intensity of Ki67 per cell in astrocytes and U-87 MG respectively. Quantifications are done from 15 image frames of a set and each

image frame has 20–25 cells.

(H) Flow chart depicting the mode of action of actin inhibitors.

(I) DiD (membrane dye) stained, control and 1mM a-SYN protofibrils treated U-87 MG cells pre-treated (before 30min) with 3 mM IPA3, 0.5 mM cytochalasin D,

50 mM CK-666 (Arp2/3 inhibitor), 75 mM blebbistatin and 5 mM Y-27632 (ROCK inhibitor). Red arrows indicate the formation of TNT-like structures observed

at 3 h and (K) shows the quantification of TNT numbers. (J) representative images showing cell numbers with the above-mentioned treatment with inhibitors

and a-SYN protofibrils at 24 h.

(L and M) quantification of MTT absorbance and cell numbers of the same, respectively. Quantifications are done from 5 image frames of a set and each image

frame has 15–20 cells. Scale bars are denoted on the images. Data are expressed asmeanG SD, ***p% 0.001. Statistics were analyzed using a two-way ANOVA,

and only graph 6B was analyzed using one-way ANOVA. n = 3.
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organelles, consequences of which aid in rescuing the cells from organelle toxicities or ROS-induced cellular stresses. Further, to deal with

recovery, cells probably facilitate proliferation.
Tunneling nanotube biogenesis pathways in astroglia proliferation

TNTs are structurally open-ended membrane actin conduits. Thereby, it is obvious that the modulation of membrane and cytoskeleton

will play a major role in their biogenesis. However, the exact mechanism of TNT biogenesis is not known. Studies on the screening of

inhibitors in the actin signaling pathways could unfold molecular events behind the a-SYN toxicity-induced biogenesis of TNTs. There-

fore, we studied different actin inhibitors (Figure 6H) to see their effects on the biogenesis of TNTs at an early time (3h) (Figure 6I) and

cell proliferation at a later time (24h) in U-87 MG cells (Figure 6J). We observed that cytochalasin D (inhibits actin polymerization and

interaction of G-actin-cofilin) and IPA-3 (PAK1/2 inhibitor) inhibited a-SYN protofibril-induced TNTs formation, whereas, CK-666

(Arp2/3 inhibitor), blebbistatin (myosin-II-specific ATPase inhibitor), and Y-27632 (ROCK inhibitor) promote the biogenesis of TNTs (Fig-

ure 6K). Similar to the reports of earlier studies,44 we have also observed that Arp2/3 inhibitor CK-666 caused the formation of signif-

icantly longer TNTs (Figures 6I and S6).

To understand the role of TNTs in cell proliferation, cell viability was assayed using MTT (Figure 6L), and cell numbers were deter-

mined by manual counting (Figure 6M). TNT numbers (Figure 6K) and cell proliferation (Figures 6L and 6M) data showed that the actin

inhibitors, cytochalasin D and IPA-3, which prevent the biogenesis of TNTs, inhibit a-SYN protofibril-induced cell proliferation as well

(Figures 6L and 6M). The actin inhibitors,CK-666 and blebbistatin, which facilitate the biogenesis of TNTs, did not alter a-SYN protofi-

bril-induced proliferation. However, the inhibitors alone (CK-666 and blebbistatin) did not show a significant effect on cell proliferation.

We observed that the ROCK inhibitor Y-27632 in the presence and absence of a-SYN protofibrils significantly increased proliferation

(Figures 6L and 6M).
Biogenesis of a-synuclein induced tunneling nanotubes through the modulation of ROCK pathway, resulting in increased

cell survival and proliferation

A recent study has shown that the ROCK inhibitor (Y-27632) is an intriguing compound that boosts the biogenesis of TNTs via Myosin II-medi-

ated actin modulation.11 However, it is not yet known how a-SYN dominates the modulation of ROCK inhibition signaling mediated TNT

biogenesis, over the cofilin-G-actin interaction (cytochalasin-D inhibited pathway) mediated actin remodulation. To unfold the mechanism,

we followed the internalization of a-SYN-TMR protofibrils in the presence of cytochalasin-D and ROCK inhibitor (Y-27632) using flow cytom-

etry quantification (Figure 7A). We observed that cytochalasin-D inhibited the internalization of a-SYN protofibrils, however, Y-27632 did not

show any effect (Figure 7B).
a-synuclein-induced cellular senescence results in the translocation of focal adhesion kinase in the nucleus

Our results showed a-SYN protofibrils induced nuclear deformity and cellular senescence in astroglia cells at early time points (3h and

6h) (Figures 5H–5J). Several studies have shown that focal adhesion kinase (FAK) inhibition could induce DNA damage and nucleus

deformity that accompany cellular senescence.45,46 Loss of integrin-dependent cell adhesion in cellular stress modulates FAK and facil-

itates its translocation from the plasma membrane to the nucleus.47–49 We observed de-adhesion of astroglia cells (U-87 MG) with a-SYN

protofibril treatments at early time points (3h and 6h) when cells show lysosomal-mitochondrial toxicities and transient biogenesis of

TNTs, compared to the control and cells at later times (12h and 24h) (Figure S7A). Further, we noticed treatments with a-SYN protofibrils

cause nuclear translocation of FAK in the astrocytes that are connected by TNTs at early time points (3h and 6h) (Figures 7C and 7D). The

presence of nuclear FAK was verified by 3D images at xz and yz planes (Figure S7B). We also observed treatments with a-SYN protofibrils

cause nuclear translocation of FAK to the nucleus in the U-87 MG (Figures 7E and 7F) and U251 (Figures S7C and S7D) cells at early time

points (3h and 6h), whereas, at later timepoints in the post-recovered cells, FAK relocates back to PM and cytosol. We have also

observed the nuclear translocation of activated phospho-FAK (Tyr 397) transiently at early time points (3h and 6h) in astrocytes

(Figures 7G and 7H). These results clearly demonstrate that there is a transient translocation of FAK in the nucleus at the early and

late time points on a-SYN treatment.
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Figure 7. FAK translocation, ROCK remodulation, and activation of proliferation pathway

(A) Estimation of uptake of a-SYN-TMR protofibrils by U251 cells treated with 1mM a-SYN protofibrils and pre-treated (before 30min) with 0.5 mM cytochalasin D

and 5 mM Y-27632 (ROCK inhibitor) by flow cytometry.

(B) Quantification of percentage gated fluorescence intensity of a-SYN-TMR protofibrils in the above experiment.

(C) Fluorescence images of maximum intensity projected confocal z-stacks in astrocytes stained with Phalloidin (green) and FAK (red). The upper panel has

nucleus stained with DAPI and the lower panel is without DAPI. White arrows indicate the nuclear colocalization of FAK, red arrows indicate TNTs and pink

arrows indicate FAK at focal adhesion.

(D) Quantification of FAK intensity in the nucleus of the cells with and without TNTs.

(E and G) Fluorescence images of maximum intensity projected confocal z-stacks in U-87 MG cells stained with FAK (red) and pFAK (red) with DAPI, respectively.
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Figure 7. Continued

(F and H) Quantification of FAK and pFAK fluorescence intensity per cell in the nucleus. Quantifications are done from 15 image frames in a set, and each image

frame has 15–20 cells.

(I) Western blot images showing the change in ROCK1 and ROCK2 expressions with time on 1mM a-SYN protofibril treatment in U-87 MG cells.

(J) Quantification of ROCK1 and ROCK2 western blots. Full-length western blots of four repeats are represented in Figure S9.

(K) Western blot images showing increased intensity of pERK1/pERK2, NF-kB, and Cdk1 with time on 1mM a-SYN protofibril treatment in U-87 MG cells. Full-

length western blots of three repeats for pERK1/pERK2 and NF-kB and five repeats for Cdk1 were represented in Figure S10.

(L) Quantification of pERK1/pERK2, NF-kB, and Cdk1 western blots. Scale bars are denoted on the images. Data are expressed as mean G SD, ***p % 0.001.

Statistics were analyzed using a two-way ANOVA. n = 3.
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Nuclear translocation of focal adhesion kinase modulates the ROCK pathway to induce tunneling nanotube biogenesis and

cell proliferation

Inhibition of integrin-mediated FAK activation prevents ROCK activation and inhibits cell adhesion. Moreover, when active/inactive FAK is

displaced from cell-adhesion sites in non-adherent cells, Rho-mediated activation of ROCK kinases maintains cytoskeleton tension by regu-

lating actin re-modulation.50 To understand the FAK-mediated regulation of ROCK kinases, we have performed western blots and quantified

expressions of ROCK1 and ROCK2 in the a-SYN treated cells (Figures 7I and 7J). Results showROCK2 inhibitionwas observed in the early hour

(3 h) after a-SYN treatment, later expressions increased gradually (Figures 7I and 7J). However, ROCK1 expression with a-SYN treatment

showed gradual inhibition over time.

ROCK activation pathways are involved in cell proliferation as well.50 Our western blots showed increased levels of ROCK-

mediated cell proliferation markers ERK1/2, NF-kB, and Cdk1 (Figures 7K and 7L). We observed higher ROCK2 expression in

the rescued cells (Figures 7I and 7J). Probably, ROCK2 activation at later hours results in increased cell proliferation through ERK1/2

and NF-kB signaling cascades. Overall, the results delineate that a-SYN protofibril treatment caused transient localization of FAK/

pFAK to the nucleus of astroglia cells, which could modulate ROCK inhibitory pathways to promote the biogenesis of TNTs in the as-

troglia cells for a transient time in early hours after the treatment. The rescued cells, post-a-SYN treatment and transient TNT biogen-

esis, eventually may re-activate ROCK signaling to restore cytoskeleton tension and promote enhanced cell proliferation (graphical

abstract).
DISCUSSION

PD pathology progresses with the spreading of misfolded a-SYN aggregates in the brain.2 Even though cytoplasmic inclusion of a-SYN in

the neurons is the central hallmark of neuropathology development in PD, evidence suggests the release of a-SYN aggregates from

degenerated neurons in the extracellular brain plays a significant role in PD pathology progression. The role of extracellular a-SYN in

cell-to-cell transfer and PD pathology progression has been widely studied in several model systems.14 Recent studies have shown that

extracellular a-SYN aggregates, taken up by astrocytes and microglia, promote the biogenesis of TNTs. The TNT-mediated glial crosstalk

and cell-to-cell transfer facilitate the degradation of the aggregates and clearance of toxic organelles.11,13 Previously, the study by Loria

et al. showed that astrocytes facilitate the degradation of a-SYN protofibrils by promoting TNT-mediated transfer.51 The crosstalk between

astrocytes and microglia via TNTs facilitates the degradation of a-SYN protofibrils even faster.12 A recent study has reported an on-de-

mand formation of TNTs to clear toxic a-SYN protofibrils and alleviate ROS levels in microglia.11 The study showed the rescue of the toxic

burden of a-SYN via TNT-mediated borrowing of healthier mitochondria from the healthier neighbors and the transfer of toxic aggregates

to them.11 Recently, a study demonstrated that neuronal cells transfer toxic mitochondria to microglia via TNTs, whereas microglia protect

neurodegeneration by transferring healthier mitochondria to neurons.33 However, the molecular players involved in the biogenesis of tran-

sient TNTs, the fates of TNT-mediated cell-to-cell transfer, and their dynamic interplay in the clearance of toxic neurodegenerative aggre-

gates are not well explored.

Our study has shown, for the first time, that the transient translocation of FAK/pFAK to the nucleus upon a-SYN protofibril

treatment causes transient biogenesis of TNTs, which eventually contributes to enhanced cell proliferation in the astroglia cells. Our

study has also established a strong correlation between the transient biogenesis of TNTs and a-SYN-induced toxic burden at early

hours (3h and 6h). Cell-to-cell transfer through transient TNTs corresponds to cellular toxicities, such as lysosomal, and mitochondrial

toxicities, and increased levels of cellular ROS and associated cellular senescence. However, the astroglia cells recover from these

cellular toxicities at later hours (12h and 24 h). The post-recovered astroglia cells proliferate with increasing concentrations of a-SYN

protofibril treatments. Understanding the molecular players involved in the proliferation of astrocytes in response to a-SYN aggregates

is highly important since astrogliosis and microgliosis act as essential mediators in maintaining cellular homeostasis in the PD-degen-

erative brain.7

Several studies have reported cell-to-cell transfer of mitochondria through TNTs in several pathophysiological conditions, where the trans-

fer of healthy mitochondria results in the rescue of cells from apoptosis or toxicities.52–54 However, it is not the case that TNTs transfer only

healthy mitochondria to neighboring cells. Microglia and astrocytes probably facilitate the dilution of its toxic burden by transferring toxic

a-SYN aggregates and toxic mitochondria by sharing with their neighbors through TNTs.11,51 We have observed that a-SYN protofibrils

induce increased ROS production at early time points (3h and 6h), causing reduced mitochondrial membrane potential, resulting in the gen-

eration of fragmentedmitochondria and the disintegration of the mitochondrial network. In the co-culture experiment, we observed only the
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unidirectional transfer of toxic fragmented mitochondria to their neighboring cells. Several studies have shown that accumulated ROS from

transferred toxic mitochondria could facilitate cell proliferation.55,56 The observations suggest that astrocytes and astroglia cells share their

toxic organelles (lysosomes andmitochondria) with surrounding neighbors to dilute the toxic burden, and the transferred toxic mitochondria

may contribute to facilitating proliferation.

We have observed that a-SYN protofibrils induced increased ROS levels directly affect mitochondrial dysfunction, and DNA damage,

which play key roles in inducing cellular senescence in reactive astrocytes.41,57,58 We have observed a-SYN protofibrils inducedmitochondrial

abnormality, fragmented irregular nuclei, increased b-galactosidase activity, and p21-pathway-dependent premature cellular senescence for

a transitory period. Astroglia cells recover from senescence-related toxicities by alleviating ROS levels after the transient biogenesis of TNTs

and TNT-mediated cell-to-cell transfer. ROS-induced DNA damage and mitochondrial toxicity do not always lead to apoptosis.59 Cells acti-

vate repair mechanism/s in cases of delayed apoptosis. Moreover, a reduction in ROS accumulation can reverse p21-mediated stress-induced

premature senescence or vice versa.29

Cell-to-cell transfer of neurodegenerative aggregates drives the spreading of aggregates, which act as seeds for further propagation in

neurons,60 whereas, astrocytes and astroglia cells rescue cellular toxicities.13,51,60 The role of the inherent conventional clearance efficiency of

astrocytes cannot completely be ruled out. Unlike neurons, astrocytes lack endogenous a-SYN, and the capacity of continuous seeding to

form higher-order toxic aggregates is limited. This is to emphasize here that TNTs are predominantly observed in cell types that possess

inherent anti-apoptotic properties, such as primary neurons, neuronal cells, neuroglial cells, and cancer cells.16,61 Neurons possess inherent

anti-apoptotic properties such as other brain cells; however, unlike glial cells, they are mitotically incompetent.62,63 We observed that a-SYN-

induced TNT-mediated cell-to-cell transfer eventually leads to cell death inmitotically incompetent neurons, whereas astrocytes and astroglia

cells clear toxic burdens and enhance proliferation and cell survival. TNT-mediated cellular clearance andproliferation in astrocytes could play

a significant role in PD.

Therefore, the important question that needs to be understood is how the biogenesis of TNTs and clearance of cellular toxicities are asso-

ciated with proliferation in astrocytes. Several studies have indicated that the biogenesis of TNTs may induce cell proliferation, to protect the

cells from cell death under pathogenic conditions and chemo- or radio-therapy-related stress.36,54,64,65 The studies show mostly limited or

indirect correlation between TNTs and cell proliferation. Our results on small molecule actin modulators indicate ROCK inhibitory pathway

mediated biogenesismechanism/s of TNTs and its correlation with enhanced proliferation. Small molecules actinmodulators (cytochalasinD,

and IPA-3) inhibit the biogenesis of TNTs and prevent a-SYN protofibril-induced cell proliferation. On the other hand, the actin modulators

CK-666 and blebbistatin, which facilitate the biogenesis of TNTs, did not show a significant effect on the enhancement of cell proliferation.

Even though these actin inhibitors (CK-666 and blebbistatin) show better cell survival compared to the molecules that inhibit TNTs. Only

ROCK inhibitor Y-27632 mediated biogenesis of TNTs significantly promotes proliferation, similar to proliferation induced by a-SYN proto-

fibrils. ROCK inhibitor Y-27632 inhibits LIMK-dependent cofilin-G-actin interaction and inhibits actin polymerization whereas, IPA-3 and

cytochalasin-D could also inhibit actin polymerization through the LIMK pathway.11 However, we observed ROCK inhibition promotes the

biogenesis of TNTs, whereas, IPA-3 and cytochalasin-D inhibit TNTs. Our result suggests, that the inhibition of ROCK kinase pathways

may modulate TNT biogenesis by regulating actin cytoskeleton through myosin-II-specific downstream signaling molecules, which domi-

nates over cofilin-mediated actin modulation. Similarly, a recent study11 has shown that a-SYN protofibrils promote the biogenesis of

TNTs in microglia cells via regulating ROCK inhibitory pathway by the phosphorylation of myosin light chain phosphatase (MLCP). Thus,

we tried to unfold how a-SYN protofibrils induced actin-remodulation may modulate ROCK inhibitory signaling cascades to induce TNT

biogenesis.

We have found that a-SYN-induced transient senescence-related toxicities caused nuclear localization of FAK and pFAK for the

transitory period, which corresponds to TNT biogenesis at early time points (3h and 6h). Organization of FAK at focal adhesion

sites of PM regulates the activation of Rho-mediated ROCK signaling, and its de-localization from focal adhesion inhibits the ROCK

pathway.66 On the other hand, in low adhesion conditions displacement of inactive/active FAK/pFAK from focal adhesion sites

leads to the Rho kinase-mediated activation of ROCK signaling, probably to restore the cytoskeletal tension.50 Then, the restoration

of cytoskeleton tension may cause the re-translocation of FAK/pFAK to PM, which could reinstate ROCK activation. In this line, we

have detected a-SYN toxicities induced FAK translocation dynamics, which could modulate the transient inhibition of ROCK2

signaling to induce the biogenesis of TNTs at early times and later may activate to restore cytoskeleton tension. We have also

seen the proliferation of astroglia cells via the activation of ROCK signaling mediated ERK1/2 and NF-kB proteins, in the post-recovered

astroglia cells. Thus, our results suggest that the biogenesis of TNTs is not the root cause of cell proliferation, rather modulation of

a-SYN protofibrils induced ROCK-mediated actin-regulatory signaling pathway related to the biogenesis of TNTs triggers cell

proliferation.

In conclusion, our study reveals that a-SYN protofibrils induce the biogenesis of TNTs, which aids in enhancing the clearance of toxic

burden as a cellular survival strategy to rescue astroglia cells from ROS-induced cell death/cellular senescence. a-SYN protofibrils regulate

the FAK-mediatedmodulation of ROCK signaling cascades to rescue cells from toxic burden by promoting TNTbiogenesis. The rescued cells

eventually re-activate ROCK2 signaling, probably to restore cytoskeleton tension and enhance cell proliferation via ERK1/2 and NF-kB

signaling. a-SYN inclusions in the astroglia cells and glial inclusion or fibrous gliosis in the areas of neurodegeneration are widespread in

PD.7 Thus, the study is important for understanding the relevance of TNT-mediated crosstalk in the clearance of a-SYN protofibrils by astro-

cytes and its implication in astroglia cell proliferation. Thus, the study will open up new strategies to design therapeutics targeting astrocytes

in the PD brain.
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Limitations of the study

The study does not reveal the consequences of lysosome andmitochondria transfer. The fate of transferred toxic lysosomes andmitochondria

is closely related to both the cell-to-cell spreading of toxic organelles and the clearance of toxic burdens to sustain cells’ survival, making it a

complex subject that requires further detailed studies, which we have not explored in this study. Also, the in vivo presence of TNTs upon

a-SYN treatment was not checked in this study.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GAPDH Mouse Cloud clone CAB932Hu22

ROCK1 CST 4035T

ROCK2 CST 8236S

NF-kB p65/RelA Abclonal A10609

pERK1-T202 + pERK2- T18 Abclonal AP0485

CDK1 Abclonal A0220

p21 Waf1/Cip1 CST 2947

Goat anti-mouse Invitrogen 32430

Goat anti-Rabbit Invitrogen 32460

Ki67 Millipore B9260

FAK CST 3285T

phospho-FAK (Tyr397) Invitrogen 44-624G

Cathepsin D GeneTex 42368

LAMP-1 BD Biosciences 611042

LAMP-2 Invitrogen MA1-205

bIII-tubulin Cloud-Clone PAE711Hu01

Connexin43 CST 3512S

SNCa Cloud-Clone PAB222Hu01

GFAP Cloud-Clone PAA068Mu01

Phalloidin Abcam 176756

Alexa- 488 anti-rabbit Invitrogen A-11070

Alexa- 555 anti-mouse Invitrogen A-1413312

Alexa- 488 anti-mouse Invitrogen A-11059

Alexa-555 anti-rabbit Invitrogen A-21428

Chemicals, peptides, and recombinant proteins

DMEM Gibco 2120395

FBS Gibco (US Origin) 1600004

PSN Thermo Fisher Scientific 15640055

Glutamax Gibco 35050

Retinoic acid Sigma-Aldrich R2625

trypsin-EDTA Gibco 25200-072

Minimum Essential Media Gibco 61100-087

D-glucose Sigma Aldrich G7021

TCEP Sigma Aldrich C4706

TMR-maleimide Sigma Aldrich 94506

PD-10 columns Himedia TKC287

4-Hydroxynonenal Sigma-Aldrich 393204

MTT reagent Himedia TC191-1G

DMSO Himedia TC185

ProLong Gold Invitrogen P36941

ECL solution Invitrogen 34094

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

lysotracker Invitrogen L12492

mitotracker Invitrogen M7514

DiD�Vybrant Invitrogen V22887

JC-1 BD Biosciences 551302

Lipofectamine 3000 Invitrogen 44386

IPA3 Merck 506106-5MG

Cytochalasin D Thermo Fisher Scientific PHZ1063

CK-666 Sigma-Aldrich SML0006

Blebbistatin Merck 203390-5MGCN

Y-27632 Sigma-Aldrich Y0503

HEPES Sigma Aldrich H0887

Critical commercial assays

Mycoplasma detection kit (MycoFlour) Sigma-Aldrich M7006

b-galactosidase staining kit Cell Biolabs Inc. AKR- 100

Experimental models: Cell lines

U-87 MG ECACC #89081402

U251 ECACC #09063001

N2a NCCS, Pune, India, Cell repository N/A

Experimental models: Organisms/strains

C57BL/6J (Strain#:000664) The Jackson Laboratory RRID:IMSR_JAX:000664

Recombinant DNA

a-SYN wild-type Addgene 36046

a-SYN (wt)-141C Addgene 108866

pLV-mitoDsRed Addgene 44386

mEGFP-lifeact-7 Addgene 58470

Software and algorithms

Fiji NIH https://imagej.net/software/fiji/

Endnote Clarivate https://endnote.com/

Graphpad Prism v8 GraphPad Software, Inc. https://www.graphpad.com/

FCS Express De Novo Software https://denovosoftware.com/
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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 lead contact, Sangeeta Nath:

sangeeta.nath@manipal.edu.
Materials availability

No unique reagents were generated in this project.
Data and code availability

� Data and images that support the findings of this study are available on request from the lead contact.

� This paper does not report original code.
� Any additional information required to reanalyze the data in this paper is available from the lead contact upon request.
20 iScience 27, 110565, August 16, 2024

mailto:sangeeta.nath@manipal.edu
https://imagej.net/software/fiji/
https://endnote.com/
https://www.graphpad.com/
https://denovosoftware.com/


ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Primary astrocyte culture was conducted using five-week-old mice (C57BL/6J) of either sex. The original source of C57BL/6J mice strain

(RRID:IMSR_JAX:000664) was procured from The Jackson Laboratory. All experimental protocols have been approved and conducted in

accordance with the national policies of the use of animals under the regulation of the Institutional Animal Ethics Committee, Indian Institute

of Science, CAF/Ethics/869/2021. The mice were kept on a standard 12/12-hour light-dark cycle. They were housed in same-sex groups or

sustained breeding pairs whenever possible and provided with fresh bedding, nesting material, food and water. Both male and female

mice were used in the study without any bias.

Primary astrocytes culture

The five-week-old mice (C57BL/6J) of either sex were sacrificed using CO2, and the cerebral cortices were dissected from the mice’s brains

and observed using an Olympus SZ51 stereomicroscope. Pieces of cortical tissue were trypsinized using 0.25% trypsin-EDTA solution (Gibco

Canada origin #25200-072) for 5 min. The tissue was washed twice in warm HBSS and transferred to Minimum Essential Media (Gibco 61100-

087) with 10% FBS (Gibco #1600004, USOrigin) containingHEPES (SigmaAldrichH0887) andD-glucose (SigmaAldrichG7021). The tissuewas

triturated using a fire-polished pipette and counted using Trypan Blue in an automated cell counter. Dissociated cells were plated in MEM

with 10% FBS on Corning� 100mm TC-Treated Culture Dish at a density of 10 million cells per dish. The media was replaced with fresh MEM

with 10% FBS on the next day and maintained the same for 1 week. After 1 week, cells were trypsinized and re-plated for experiments.

Cell lines and culture maintenance

U-87 MG and U251 cell lines (astrocytoma-glioblastoma origin cancer cell lines) were kind gifts from Prof. Kumaravel Somasundaram of the

Indian Institute of Science, Bangalore, India (Original source; European Collection of Authenticated Cell Cultures, ECACC). Both cell lines

were tested for mycoplasma contamination using Mycoplasma detection kit (Sigma-Aldrich #M7006). Cells were cultured and maintained

in DMEM (Gibco #2120395) media supplemented with 10% FBS (fetal bovine serum; Gibco #1600004, US Origin), along with 1% PSN

(Penicillin-Streptomycin-Neomycin Mixture; Thermo Fisher Scientific #15640055) incubated at 37�C, 5% CO2.

Neuro 2a (N2a) neuroblastoma cell line was procured from NCCS, India. These cells were also tested for mycoplasma contamination. The

cells were cultured andmaintained in DMEMmedia with 10% FBS and 1X Glutamax (Gibco #35050). N2a cells were differentiated with 10 mM

Retinoic acid (RA; Sigma-Aldrich #R2625) in the presence of 2% FBS-supplemented media for 2-3 days. Differentiation was established from

the neurites like morphology.

METHOD DETAILS

Purification and Labelling of a-SYN protein

The human a-SYN wild-type (Addgene ID #36046) and a-SYN (wt)-141C (Addgene ID #108866) with a cysteine residue at C-terminus, con-

structs were purchased and overexpressed in E. coli. Then purification was done from periplasmic fraction as described in.67,68 Samples

were aliquoted and flash frozen in liquid nitrogen and stored immediately at -80�C.
Thepurified a-SYN (wt)-141Cproteinwas thawed andpre-incubatedwith reducing agent TCEP (tris(2-carboxyethyl) phosphine-hydrochlo-

ride); Sigma Aldrich-C4706; 20mM) to reduce/dissociate any pre-existing cysteine bonds. Then the protein was labelled adding two-fold

molar excess of TetramethylRhodamine-5-maleimide (TMR-maleimide; Sigma Aldrich #94506) in 20 mM HEPES buffer (pH 7.4). The protein

solution was vortexed and the mixture was incubated for 1h at 20�C. The excess label was removed by using PD-10 columns (Himedia

#TKC287).69

Preparation and characterisation of a-SYN protofibrils

Protofibrils of a-SYN (labelled and unlabelled) was prepared with 1 mMof unlabelled a-SYNwild-type and labelled a-SYN-141C by incubating

with 0.65% 4-Hydroxynonenal (10mg/ml stock) (Sigma-Aldrich #393204-1MG) at 37�C for 7 days with moderate shaking.70

The a-SYNprotofibrils formed at the end of 7 days were then characterized by transmission electronmicroscopy (TEM). The unlabelled and

labelled a-SYN protofibrils were resuspended in 1X PBS, coated on a carbon grid with uranyl acetate and dried in a desiccator. The grids were

visualized using FEI Tecnai T20 at 200 KV. The a-SYN protofibrils were then lyophilized and stored at -20�C and resuspended in 1X TBS (Tris-

buffered saline) buffer before experiments.

The toxicity of the protofibrils was assessed by treating the differentiated neuronal cells seeded at a density of 30,000 cells / well in 24 well

plates. Cell viability assay was performed using different concentrations of a-SYN protofibrils (0.5mM, 1mM, 2mM, 3mM) over different periods

by MTT assay.

Treatment conditions of astroglia cells by a-SYN protofibrils

All the experiments were carried out by treatment of primary astrocytes, U-87 MG, and U251 cells with 1mM a-SYN protofibrils- unlabelled or

TMR-labelled for 3h, 6h, 12h, and 24h at 37�C, 5%CO2 unless mentioned otherwise. The cells were seeded at the same time for all the treated

time points and controls. Once cells were adhered properly and appeared healthy after 24h of seeding, then treatments were done by adding
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(a-SYN 1mM) protofibrils in a reverse order of the time points. For example, 24h time points were treated first and then sequentially 12 h, 6 h,

and 3 h points. Control cells did not receive any treatment. Then, experiments were performed for all the time points and controls at a time.

Therefore, the condition of the untreated control cells corresponds to all the treatment points.
MTT assay and cell numbers counting

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) assay is a colorimetric assay used to measure cellular metabolic activity.

Astrocytes, U-87 MG, and U251 cells were seeded at a density of 4000 cells per well in a 96-well plate and incubated overnight at 37�C, 5%
CO2. Different concentrations of a-SYN protofibrils (0.5mM, 1mM, 2mM, 3mM) were added to the wells over different time periods (3h, 6h, 12h,

24h, and 48h) and treated with MTT reagent (Himedia # TC191-1G) for 2h. The insoluble formazan crystals were dissolved by adding dimethyl

sulfoxide (DMSO; Himedia #TC185) which was later quantified by measuring absorbance at 570 nm using the PerkinElmer-Multimode plate

reader spectrophotometer. Cell numbers were counted from the phase contrast microscopy images or DIC images using the multi-point op-

tion in Fiji (a Java-based program developed at the National Institutes of Health, USA).

MTT assay and cell number countingwere performed similarly with actin polymerization pathway-modulating inhibitors. TheU-87MGcells

were pre-treated (before 30min) with 3 mM IPA3 (Merck, 506106-5MG), 0.5 mM cytochalasin D (Thermo Fisher Scientific, PHZ1063), 50 mMCK-

666 (Arp2/3 inhibitor, Sigma-Aldrich, SML0006), 75 mM Blebbistatin (Merck, 203390-5MGCN) and 5 mM Y-27632 (ROCK inhibitor, Sigma-

Aldrich, Y0503). First, we have selected the range of concentrations based on the literature,11,21 then we screened to validate the effect on

U87-MG cells and finalized the effective working concentration.
Immunocytochemistry (ICC)

After treatment with the above-mentioned concentrations and time points adding a-SYN protofibrils, the cells were washed with 1X PBS and

fixed with 4% PFA. The cells were then incubated with incubation buffer (1mg/ml Saponin and 5%FBS) for 20 min at RT. Respective primary

antibodies (as mentioned below) were added and incubated overnight at 4�C, the cells were then washed 3 times with 1X PBS. All the sec-

ondary antibody (1:700 dilution) incubationswere carried out in the dark for 2 hrs at RT, and 1X PBSwasheswere repeated. The coverslipswere

mounted on glass slides with ProLong Gold antifade reagent with DAPI, (Invitrogen P36941). Alternately, glass bottom 35mm dishes (Cellvis,

D35-14-1.5-N) were used in a few experiments.

Primary antibodies Ki67 anti-rabbit (Millipore B9260) as cell proliferationmarker; FAK Rabbit (CST 3285T) and phospho-FAK ((Tyr397) pAb;

Invitrogen 44-624G) as total and active FAK marker; Cathepsin D anti-rabbit (GeneTex #42368), LAMP-1 anti-mouse (BD Biosciences #

611042), LAMP-2 anti-mouse (Invitrogen #MA1-205) as lysosomal markers; bIII-tubulin anti-rabbit (Cloud-Clone #PAE711Hu01), Connexin43

Rabbit Ab (CST #3512S), SNCa rabbit pAb (Cloud-Clone #PAB222Hu01), GFAP rabbit pAb (Cloud-Clone #PAA068Mu01) and Phalloidin con-

jugated with iFlour555 (Abcam #176756) were used to stain TNTs and TMs. Secondary antibodies Alexa- 488 goat anti-rabbit (#A-11070; In-

vitrogen), Alexa- 555 anti-mouse (#A-1413312; Invitrogen), andAlexa- 488 anti-mouse IgG (H+L) (#A-11059; Invitrogen) were used respectively

following the above-mentioned protocol. All primary antibodies were used at a dilution of 1:300, secondary antibodies at 1:500, and phalloi-

din at 1:700. ICC-stained cells were imagedwith a confocalmicroscope (Zeiss LSM880, Carl Zeiss, Germany) or fluorescencemicroscope (IX73-

Olympus).
Western Blot

U-87 MG cells were seeded at a density of 1 million per well in a 6-well plate and were treated with 1mM a-SYN protofibrils from 3h-24h. Post-

treatment media was removed and the cells were washed with 1X PBS. RIPA buffer was added and the cells were scrapped and collected in

1.5 ml tubes. The tubes were incubated on ice with intermittent vortexing. Later the suspension was spun at 12,000 rpm for 10 min and the

supernatant was collected and stored at -200C. After normalizing the protein concentration, western blot assay was performed with primary

antibodies GAPDHMouse (Cloud-Clone # CAB932Hu22 dilution 1:1000), ROCK1 (CST # 4035T dilution 1:1000), ROCK2 (CST # 8236S dilution

1:1000), NF-kB p65/RelA Mouse mAb (Abclonal # A10609 dilution 1:1000), phospho ERK1-T202 + ERK2- T18 (Abclonal # AP0485 dilution

1:1000), Cdk1 Rabbit pAb (Abclonal #A0220 dilution 1:1000), p21 Waf1/Cip1 (12D1) Rabbit mAb (CST #2947 dilution 1:1000) and secondary

antibodies, Goat anti-mouse (H+L) (Invitrogen #32430 dilution 1:1500) and Goat Anti-Rabbit (H+L) (Invitrogen #32460 1:1500). The blot was

developed with ECL solution (SuperSignal West Femto Trial kit Invitrogen #34094) and were quantified by densitometry using gel analyzer

plugin of Fiji software.
a-SYN internalization

U-87 MG cells were seeded in a 24-well plate at a density of 0.1million/well, pre-treated with 0.5 mM cytochalasin D and 5 mM Y-27632 (ROCK

inhibitor), then treated (before 30min) with TMR labelled 1mM a-SYN protofibrils. Post-treatment U-87 MG cells were trypsinized (0.25%

trypsin-EDTA solution; Gibco Canada origin #25200-072). The pellet was collected and resuspended in 1X PBS and twice washed with 1X

PBS. a-SYN-TMR levels were quantified by measuring the fluorescence intensity of TMR at excitation/emission 555/585nm by using a flow

cytometer (BD LSR II) and analysis was done using FCS express software.
22 iScience 27, 110565, August 16, 2024
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Live cell imaging using mitotracker and lysotracker

U-87MG cells (80,000 cells/well) were seeded on a 35mmglass bottomdish (Cellvis, D35-14-1.5-N) and treatedwith 1mMTMR labelled a-SYN

for 0h, 3h, 6h, 12h, and 24 h. The 0h cells were immediately washed before staining with lysotracker and mitotracker. Cells were stained with

mitotracker green (Invitrogen #M7514) and lysotracker deep red (Invitrogen #L12492) and were incubated at 37�C for 15 min. Post incubation,

the cells were washed with 10% DMEM and time-lapse and z-stack images were taken using confocal microscopy (Zeiss LSM880, Carl Zeiss,

Germany). This was done to comprehend the localization of a-SYN and the transfer of organelles through TNTs.

Live Cell imaging using DiD�vybrant membrane dye

U-87MG cells (80,000 cells/well) were seeded on a 35mmdish and treated with 1mM a-SYN asmentioned above. Cells were stained with cell-

labelling dye DiD�Vybrant (Invitrogen #V22887) to label cell membranes. The dye was diluted with 10% DMEM (phenol red free) in the ratio

1:200 and incubated at 37�C for 20 min. Post incubation, the cells were washed with DMEM for 10 min, and images of live cells were taken to

visualise the number of thin membrane tubes like TNTs using a fluorescence microscope (IX73-Olympus).

Estimation of cytosolic ROS

20-70-Dichlorodifluorescein diacetate (DCFDA) is used to detect ROS production in the cell. U-87 MG cells were seeded in a 24-well plate at a

density of 0.1million/well and treatedwith 1mM a-SYNprotofibrils asmentioned above. Post-treatment U-87MG cells were trypsinized (0.25%

trypsin-EDTA solution; Gibco Canada origin #25200-072). The pellet was collected and resuspended in DMEM with 10% FBS and 20mM

DCFDA. Cells were incubated for 30 min at 37�C then washed with 1X PBS to remove the extra dye. ROS levels were quantified by measuring

the fluorescence of DCFDA stained cells at excitation/emission 488/520nm by using a flow cytometer (BD LSR II) and analysis was done using

FCS express software.

Mitochondrial membrane potential using JC-1 dye

JC-1 (5,5,6,6’-tetrachloro-1,1’,3,3’ tetraethylbenzimi-dazolylcarbocyanine iodide) is the indicator of mitochondrial membrane potential. JC-1

is a cationic, lipophilic dye. Normal healthy cells show negative mitochondrial membrane potential where JC-1 dye can enter into the mito-

chondria and form J-aggregates. The aggregates exhibit excitation/emission maxima at 485/590 nm (red spectrum). Unhealthy cells show

lower mitochondrial membrane potential as it loses the balance of electrochemical potential. At this condition, a lesser amount of JC-1

dye enters into themitochondria and retains its monomeric form. Thesemonomers exhibit excitation/emissionmaxima at 514/529 nm (green

spectrum). To know the effect of a-synuclein aggregates on mitochondrial membrane potential, JC-1 assay (BD Biosciences #551302) was

done. Astrocytes and U-87 MG cells were seeded at a density of 15,000 cells / well in the glass bottom area of the 35 mm imaging dishes

(Cellvis, D35-14-1.5-N). Cells were treated with 1mM a-SYN for 3h-24h. Confocal images were also taken at an excitation of 490 nm and emis-

sion at 527 nm (green) and 590 nm (red). The ratio of green fluorescence versus red fluorescence per cell was analysed using Fiji image analysis

software to quantify mitochondrial membrane potential.

Co-culture model and mitochondria transfer

Onepopulation of U-87MGcells was transiently transfectedwith pLV-mitoDsRed (Addgene #44386; was a gift fromDr. Pantelis Tsoulfas’s lab)

plasmid and another population withmEGFP-lifeact-7 (Addgene #58470; was a gift fromMichael Davidson) plasmid using lipofectamine 3000

(Invitrogen #44386) transfection reagent. An equal number of transfected cells from both populations were seeded together at a total density

of 60,000 cells per glass bottom 35mm dish (Cellvis, #D35-14-1.5-N) and treated with a-SYN protofibrils. After treatment, the cells were fixed

with 4 % PFA and images were taken using confocal microscopy (Zeiss LSM880).

b- galactosidase activity assay

U-87 MG cells were seeded at the density of 10,000 cells per well in a 24-well plate. The cells were treated with 1mM a-SYN for 3h and 24h,

these time points were chosen according to the data from other experiments. Post-treatment the b-galactosidase activity was measured by

using the b-galactosidase staining kit (AKR- 100 Cell Biolabs Inc). Brightfield images of the stained cells were taken using a colour camera.

Microscopy

Fluorescence images were taken using Zeiss LSM880 confocal laser scanning microscope (Carl Zeiss, Germany) or fluorescence microscope

(IX73-Olympus). The confocal images were taken using objectives Plan-Apochromat 40x/1.40 or 63x/1.40 Oil Dic M27, with the fluorescence

filter sets DAPI, FITC, and TRITC (Carl Zeiss, Germany). Sequential images of the different fluorescence channels were taken with 405 nm,

488 nm, and 561 nm lasers. The images were captured with a pixel dwell of 1.02 ms and each xy-pixel of 220 nm2. For all the experiments

at least 5-10 images per condition were taken from randomly selected areas. DIC (differential interference contrast) images were captured

along with fluorescence channels to understand the morphology and cell boundary for both fixed and live imaging experiments. Time-lapse

and z-stacks (6 – 12 stacks of z-scaling� 415 nm) were captured from the bottom to the top of the cells using a confocal microscope to identify

TNTs and TMs. Trafficking of organelles through TNTs and TMs was tracked from time-lapse images. Wide-field fluorescence microscope

(IX73-Olympus) was used to capture images for a few experiments using 20X/0.4 NA, and 40X/1.3 NA plan-apochromatic objectives.
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Image analysis

TNT characterization

Confocal images were analysed using Fiji a Java-based image processing software developed at the National Institutes of Health (NIH) and

the Laboratory for Optical and Computational Instrumentation (LOCI). TNTs were characterized by their unique nature to hover and not atta-

ch to the substratum, images were taken with z-stacks using confocal microscopy asmentioned above. TNTs (less than 1mM in diameter) were

found in the middle z-stacks while TMs are found in the initial z-stacks since they are attached to the surface. Images of z-stacks were recon-

structed using the 3D volume viewplugin of Fiji as described earlier (Dilna et al., 2021). TNTsweremanually counted andplotted as the ratio of

the number of TNTs to the number of cells per field.35

Tracking of organelles

Movements of lysotracker and mitotracker positive vesicles through TNTs and TMs were tracked using the Trackmate (manual) plugin in Fiji.

Analysis was done from time-lapse videos taken for aminimumof 30 frames at an interval of 36 seconds for 18-20mins. By setting each organ-

elle as an object we used the semi-automatic trackingmethod of the trackmate plugin. The speed of the organelles was determined from the

average displacement between each consecutive image.

Size analysis

The area of protofibrils, size of aggregates, and size of lysosomes andmitochondria were analysed per cell from the randomly taken images of

200-300 cells per condition. The analysis was performed by setting a threshold to separate the particles as individual points and then by using

the ‘Analyze particle’ option of Fiji.

Intensity analysis

Similarly, the expression of Ki67, FAK, pFAK, a-SYN aggregates, lysosomes, and the ratio of green versus red fluorescence of the JC-1 exper-

iment was analysed by quantifying the intensities of the labelled proteins per cell from the images of 200-300 cells for each condition. Inten-

sities were analysed by drawing and selecting regions of interest using the ROI-plugin in Fiji.

Mitochondria morphology analysis

The quantification ofmitochondria branching andbranch lengthwere determined using theMiNAplugin in the Fiji software.Wedownloaded

theMiNA analysis plug-in from theGit Hub repository of Stuart Lab.We cropped each cell stainedwithmitochondria and ran theMiNAplugin

to determine the mean branch length of mitochondria.
QUANTIFICATION AND STATISTICAL ANALYSIS

To validate the significance of the analysed data, one-way and two-way ANOVA tests were performed as per the experimental parameters as

mentioned in the figure legends. For Figure 5C, we performed a student t-test since we had only two conditions. The statistics were calculated

from the three biological repeats.
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