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Abstract: Tunneling nanotubes (TNTs) are thin channel-like structures connecting distant cells, providing a route for 
intercellular communication. In this study, we investigated the physical properties, including the cytoskeletal com-
ponents, length and diameter, of the TNTs formed by HEK293T, U87 MG, and U251 cell lines. We found that organ-
elles such as lysosomes, mitochondria, and Golgi bodies can be transported through TNTs, indicating that TNTs can 
mediate material transport. Moreover, we investigated the transport of the Tau protein and β-amyloid (Aβ), which are 
both closely related to Alzheimer’s disease (AD) pathology, through TNTs. The results showed that TNTs formed by 
various neuronal cell lines can mediate the transport of different forms of the Tau protein and fluorescently labeled 
Aβ and that this transport is bidirectional, with different velocities in various cell lines. Our results confirmed the 
transport of the Tau protein and Aβ between cells and provided a possible explanation for the cascade of cell death 
in specific brain regions during the progression of AD. Our findings suggest new possibilities for the treatment of AD.
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Introduction

Communication between cells is essential for 
single-cell and multicellular organisms be- 
cause it enables the regulation of complex 
physiologic processes such as homeostasis 
and development. Cell-to-cell communication 
is achieved through soluble factors involved in 
endocrine and paracrine signaling and through 
cell-to-cell contact and is mediated by gap  
junctions, synapses (neural and immune), and 
plasmodesmata [1]. In addition to the above-
mentioned cell-to-cell communication, long-
distance cell-to-cell communication composed 
of different types of membrane extensions 
(called tunneling nanotubes) in vitro has been 
extensively described [2].

TNTs are considered novel modalities of com-
munication between cells [3]. In contrast to 
other forms of cell-to-cell communication, TNTs 
are membrane channel structures that directly 
connect the cytoplasm of two cells not in direct 
contact with each other and that can mediate 
cell-to-cell communication. TNT-like structures 

have been observed in different types of cells 
[4]. A growing number of studies have shown 
that TNTs play a powerful role in intercellular 
communication. It has been reported that a 
variety of cellular molecules and organelles, 
such as proteins, vesicles, mitochondria, Golgi 
bodies, and lysosomes, can be transported 
through TNTs [5, 6]. In addition, pathogens can 
be transported from infected cells to healthy 
cells through TNTs, including prions, HIV, and 
influenza viruses [7-9]. Studies have also sh- 
own that TNTs are associated with gap junc-
tions, which allow electrical coupling between 
remotely positioned cells [10]. TNT-mediated 
signal transduction and organelle transport 
play important roles in both physiologic and 
pathologic states [11]. Under physiologic condi-
tions, TNTs are involved in cell reprogramming, 
cell differentiation, and attenuation of mito-
chondrial dysfunction, senescence and angio-
genesis [12-16]. Under pathologic conditions, 
TNTs promote the progression of diseases  
such as neurodegenerative diseases, acquired 
immune deficiency syndrome (AIDS), and can-
cer [7, 17-19].
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One of the most common functions of TNTs in 
diseases is the mediation of transport of pa- 
thogens, including prions, bacteria, and viruses 
[4]. Protein aggregates are pathological mark-
ers of many neurodegenerative diseases, such 
as Alzheimer’s disease (AD), Huntington’s dis-
ease (HD), Parkinson’s disease (PD), and amyo-
trophic lateral sclerosis (ALS) [20, 21]. The 
spread of protein aggregates in the brain is 
believed to be associated with the develop-
ment of neurodegenerative diseases, and pro-
tein aggregation is associated with neuronal 
dysfunction [22]. However, the exact mecha-
nism underlying the spread of pathogenic pro-
tein aggregates is not fully understood. In an 
example of protein aggregate spreading, α- 
synuclein is transported from one cell to anoth-
er through TNTs. It has been reported that 
α-synuclein in lysosomes is effectively trans-
ported between nerve cells through TNTs, with 
soluble α-synuclein transported into recipient 
cells forming aggregates that serve as seed 
proteins that are subsequently redistributed 
[23]. More importantly, different disease-asso-
ciated proteins have been found to support 
TNT-mediated transport of pathogenic protein 
aggregates [18, 24-26]. Taken together, these 
results suggest that TNT may be a common 
mechanism by which neurodegenerative dis-
eases develop, providing a target for the treat-
ment of these diseases.

Regarding AD pathogenesis, aggregates of the 
β-amyloid (Aβ) and Tau proteins are the two 
most common causes of AD [27]. In the Aβ 
hypothesis, Aβ dimers, oligomers, and plaques 
are the pathogenic sources of AD. The Tau pro-
tein hypothesis suggests that highly phosphor-
ylated Tau protein causes the death of nerve 
cells, leading to the development of neurode-
generative diseases.

In this study, we investigated the function  
of TNTs in the central nervous system. Using 
time-lapse imaging technology, we demon- 
strated that Tau protein and Aβ can be trans-
ported at different velocities in various cell 
lines through TNTs. The results provide a pos-
sible explanation for the cascade of nerve cell 
death in the brain during AD development. 
Furthermore, we found that lysosomes, mito-
chondria, and Golgi bodies can be transported 
by TNTs, suggesting that TNTs can mediate 
material transport between cells.

Materials and methods

Cell culture and transfection

HEK293T, U87 MG, and U251 cells were disso- 
ciated in 0.05% trypsin (Invitrogen) for 2 min-
utes. After trypsinization, the same volume of 
Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) containing 10% fetal bovine serum (FBS, 
Gibco) was added to HEK293T cells, which 
were then centrifuged at 500×g for 2 minutes. 
The cells were resuspended in DMEM contain-
ing 10% FBS and plated on a coverslip coated 
with poly-D-lysine (Sigma). The cells were cul-
tured in an incubator at 37°C with 5% CO2.

To transfect the cells, 150 μL Opti-MEM, 20 μg 
of a plasmid solution, and 60 μL of Lipofecta- 
mine™ 2000 transfection reagent (Thermo 
Fisher Scientific) were mixed and incubated at 
room temperature for 30 minutes. The trans-
fection mixture was added to the cell culture 
medium in 10-cm cell dishes and incubated at 
37°C. Six hours later, the medium was changed 
to DMEM with 10% FBS and incubated at 37°C.

Western blotting

Cells were collected by radioimmunoprecipita-
tion assay (RIPA) lysis buffer (R&D), and pro-
teins were obtained by centrifugation. Bovine 
serum albumin (BSA, Sigma) was prepared at 
six concentrations (10 mg/mL, 5 mg/mL, 2.5 
mg/mL, 1.25 mg/mL, 0.625 mg/mL, and 
0.3125 mg/mL). The working solution was pre-
pared following the instructions of a bicincho-
ninic acid (BCA) assay kit (Invitrogen). For the 
BCA assay, 200 μL of the working solution and 
5 μL of protein lysate or standard solution were 
added to each well, mixed thoroughly and incu-
bated at 37°C for 30 minutes. For all the pro-
tein samples, the absorbance values were 
measured at 562 nm with an enzyme plate 
analyzer. The protein sample concentration 
was calculated by linear fitting of the standard 
curve according to the concentration of the 
standard protein solution and absorbance. The 
proteins were denatured at 100°C for 5 min-
utes and separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) at 80 mA for 2 hours. The proteins 
were transferred to a polyvinylidene fluoride 
(PVDF) membrane (Millipore) at 100 mA for 2 
hours. The membrane was blocked with Tris-
buffered saline (TBS, Sigma) containing 5% 
BSA and 0.1% Tween 20 (TBST) at room tem-
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perature for 1 hour. Antibody was diluted to an 
appropriate concentration and added to a 5% 
BSA solution prepared with TBST and incubat-
ed with the membrane overnight at 4°C. On the 
next day, the membrane was washed 3 times 
with TBST for 10 minutes each time, and a sec-
ondary antibody labeled with horseradish per-
oxidase (HRP) was added to the membrane, 
which was washed 3 times for 10 minutes each 
time, and the optical density of the HRP was 
detected by enhanced chemiluminescence. 
The optical density of the HRP was analyzed 
with a Bio-Rad ChemiDox imaging system 
(Bio-Rad).

Immunostaining and imaging

The cells were washed in phosphate-buffered 
saline (PBS, HyClone) and fixed in 4% parafor-
maldehyde (PFA, Sigma) for 20 minutes at  
room temperature. Then, the cells were infil- 
trated with 0.1% Triton at 4°C, blocked with 5% 
donkey serum at room temperature, and incu-
bated with the primary antibody at 4°C for 24 
hours. Twenty-four hours later, secondary anti-
body was added to the cells for 1 hour in the 
dark. The nuclei were stained with 4’,6-diami-
no-2-phenylindole (DAPI, Sigma) for 15 min-
utes. Finally, the coverslip with the cells was 
placed on slides for imaging. All chemicals and 
antibodies were listed in Table 1.

Before the experiment, 2.0×104 cells were plat-
ed on a glass bottom dish (NEST) and incubat-
ed for 48 hours. Time-lapse imaging was per-
formed with an inverted confocal microscope 
(Dragonfly, LeicaDMI8) and a MicroPoint laser 
workstation (Andor). Images were captured 
with a microscope (Dragonfly, LeicaDMI8) and 
analyzed with Imaris software.

Cloning and plasmids

SpGFP1-10 and spGFP11 plasmids were ob- 
tained from Dr. Yulong Li (Peking University), 
amplified by polymerase chain reaction (PCR), 
and cloned into pcDNA3.1. Tau-spGFP1-10-pc- 
DNA3.1 was constructed based on spGFP1-10- 
pcDNA3.1. All constructs were verified by DNA 
sequencing. The plasmids were transfected 
into all cell lines using Lipofectamine™ 2000 
transfection reagent (Thermo Fisher Scientific) 
according to the manufacturer’s instructions.

Statistical evaluation

The dead cells shown in Figure 1 are clearly  
distinguished by their notable morphologic 
characteristics, such as shrinkage and detach-
ment from the substrate. GraphPad Prism 7.0 
software was used for statistical analysis. 
Student’s t test and two-way ANOVA were per-
formed to assess the statistical significance 
between groups. A P-value less than 0.05 indi-
cated statistical significance.

Results

Length, diameter, and cytoskeletal component 
of TNTs

In previous studies, TNT formation was shown 
to increase in cells under stress conditions 
such as oxidative stress, serum deprivation, 
pathogenic protein aggregation, and pathogen 
infection [28]. Therefore, in this study, we used 
H2O2 to induce the formation of TNTs by HEK- 
293T human embryonic kidney cells, U87 MG 
human astroblastoma cells, and U251 human 
glioma cells. The results showed that with 
increasing H2O2 concentration in HEK293T and 
U87 MG cells, TNT formation was gradually 
increased (Figure 1A-D). Compared with that  
of the control group, TNT formation was signifi-
cantly increased in the cell groups treated with 
100 μmol/L H2O2, and there was no significant 
change in the number of dead cells in the four 

Table 1. Chemicals and antibodies
Chemicals and antibodies Source Dilution
CellTrackerTM fluorescent probes Invitrogen 1:1000
MitoTracker Mitochondrion probes Invitrogen 1:2000
LysoTracker probes Invitrogen 1:1000
CellLight Golgi-GFP Invitrogen 1:100
Anti-F-actin antibody Abcam 1:500
Anti-alpha tubulin antibody Abcam 1:200
Anti-beta tubulin antibody Abcam 1:200
Donkey anti-rabbit 488 Invitrogen 1:500
Donkey anti-mouse 488 Invitrogen 1:500
Donkey anti-chicken 488 Invitrogen 1:500
Donkey anti-rabbit 568 Invitrogen 1:500
Donkey anti-mouse 568 Invitrogen 1:500
Donkey anti-chicken 568 Invitrogen 1:500
Donkey anti-rabbit 647 Invitrogen 1:500
Donkey anti-mouse 647 Invitrogen 1:500
Donkey anti-chicken 647 Invitrogen 1:500
Anti-Flag Sigma 1:500
Anti-β actin-HRP EASY BIO 1:500
Anti-GAPDH-HRP EASY BIO 1:500
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Figure 1. H2O2 induced TNT formation by HEK293T, U87 MG, and U251 cells. TNT formation was induced by differ-
ent concentrations of H2O2 administered to HEK293T, U87 MG, and U251 cells. Based on a comprehensive analysis 
of the number of cells that formed TNTs and the number of dead cells in the treatment groups treated with different 
H2O2 concentrations, 100 μmol/L H2O2 was used to induce TNT formation by HEK293T and U87 MG cells, and 50 
μmol/L H2O2 was used to induce TNT formation by U251 cells. A. Representative images of the TNTs produced by 
HEK293T, U87 MG, and U251 cells treated with 0, 50, 100, and 150 μmol/L H2O2. White arrowheads indicate TNTs 
between cells. Red arrowheads indicate dead cells. Objective: 10× and eyepiece: 10×. Scale bars: 30 μm (left) and 
6 μm (right). B-D. The number of HEK293T, U87 MG, and U251 cells that formed TNTs after induction with gradi-
ent concentrations of H2O2, N=5 fields in each group. E-G. The number of dead HEK293T, U87 MG, and U251 cells 
after induction with gradient concentrations of H2O2, N=5 in each group. T test, *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001.
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groups of HEK293T cells (Figure 1B, 1E). How- 
ever, when U87 MG cells were treated with  
100 and 150 μmol/L H2O2, the number of dead 
cells increased significantly (Figure 1F). In 
U251 cells, TNT formation induced by 50 
μmol/L H2O2 was significantly increased (Figure 
1D). With increasing H2O2 concentration, the 
number of dead cells increased gradually 
(Figure 1G). Considering this analysis of TNT 
formation and the number of dead cells at dif-
ferent concentrations of H2O2, we selected 100 
μmol/L H2O2 to induce the formation of TNTs by 
HEK293T and U87 MG cells and 50 μmol/L 
H2O2 to induce TNT formation by U251 cells.

Previous studies reported that the cytoskeletal 
component of TNTs varies greatly in different 
cells, and whether TNTs contain microtubules 
remains a hotly debated issue [15, 29-32]. Th- 
erefore, we investigated the cytoskeletal com-
ponents of TNTs in HEK293T, U87 MG, and 
U251 cells. Immunocytochemistry was per-
formed in cells induced with the established 
working concentrations of H2O2 for 24 hours. 
The results showed that TNTs formed by the 
HEK293T, U87 MG, and U251 cells all con-
tained cytoskeletal proteins, including F-actin, 
α-tubulin, and β-tubulin (Figure 2A).

In addition, we analyzed the length of the TNTs 
formed by the three cell lines. The results 
showed that the lengths of the TNTs form- 
ed by the HEK293T, U87 MG, and U251 cells 
were 35.44±1.856 μm, 43.15±1.875 μm, and 
29.96±1.548 μm, respectively (Figure 2B). The 
diameter, measured from the middle of the 
TNTs in HEK293T cells (1.350±0.049 μm) was 
larger than that of the U87 MG cells (1.004± 
0.039 μm) and U251 cells (0.964±0.026 μm) 
(Figure 2C). The diameter at the terminus of a 
TNT in the U251 cells (1.683±0.049 μm) was 
smaller than that in the other two cell lines,  
and there was no significant difference in the 
terminal diameter between the HEK293T cells 
(2.187±0.082 μm) and U87 MG cells (2.067± 
0.067 μm) (Figure 2D).

TNTs play critical roles in intercellular com- 
munication. It has been recently discovered 
that various cytoplasmic components including 
mitochondria, vesicles, lysosomes, Golgi bod-
ies, proteins, RNA particles, and even patho-
gens such as viruses and bacteria, can be 
transported between cells through TNTs [5-9]. 
Since TNT-mediated organelle transport is 
essential for cell survival, we next explored 

whether various organelles can be transported 
through TNTs formed by U87 MG and U251 
cells. Lysosomes, mitochondria, and Golgi bod-
ies were clearly observable in the TNTs of U87 
MG and U251 cells (Figure 2E, 2F). These 
results suggested that TNTs can mediate the 
intercellular transport of lysosomes, mitochon-
dria, and Golgi bodies between U87 MG and 
between U251 cells, indicating that TNTs can 
mediate the intercellular transport of organ-
elles between cells, especially under stress 
conditions.

The Tau-spGFP1-10-pcDNA3.1 fusion protein can 
be transported between cells through TNTs

In 1907, Dr. Alois Alzheimer discovered the 
pathologic features of intracellular neuro- 
fibrillary tangles in dementia patients. In the 
1980s, researchers found that formation of 
these tangles is mainly a result of the agg- 
regation of hyperphosphorylated microtubule-
associated Tau protein. However, at the time, 
the role of Tau protein in AD was not clear. We 
used spilt green fluorescent protein (spGFP)  
to verify the transport of Tau protein through 
TNTs. We first constructed Tau-spGFP1-10-
pcDNA3.1 (Tau-spGFP1-10) and spGFP11-pcD-
NA3.1 (spGFP11) plasmids and verified their 
expression in HEK293T cells (Figure S1A). The 
results showed that the Tau-spGFP1-10 and 
spGFP11 plasmid genes were successfully ex- 
pressed and that the encoded proteins pos-
sessed the structural characteristics of spGFP 
(Figure S1B). After confirming the expression  
of the Tau-spGFP1-10 plasmid genes, donor  
cells were co-transfected with spGFP1-10/Tau-
spGFP1-10 and mCherry and then cocultured for 
48 hours with recipient cells labeled with 
CellTracker 647 and transfected with spGFP11 
(Figure S1C). Green fluorescence was obser- 
ved in the recipient cells, and TNTs extended 
from both spGFP1-10 and Tau-spGFP1-10 donor 
cells, which suggested that Tau-spGFP1-10 can 
be transported from cell to cell through TNTs 
and can react with spGFP11 to produce green 
fluorescence (Figure S1D).

To further investigate the intercellular transport 
of the Tau-spGFP1-10 protein through TNTs, we 
performed time-lapse imaging of living cells. 
HEK293T cells co-transfected with spGFP1-10/
Tau-spGFP1-10 and mCherry were used as donor 
cells, and those co-transfected with spGFP11 
and blue fluorescent protein (BFP) were used 
as recipient cells. After 24 hours of transfec-
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Figure 2. The length, diameter, and cytoskeletal composition of TNTs. TNTs formed by the HEK293T, U87 MG, and 
U251 cell lines all contained cytoskeletal proteins, including F-actin, α-tubulin, and β-tubulin. The lysosomes, mi-
tochondria, and Golgi bodies in U87 MG and U251 cells were labeled with organelle-specific small-molecule dyes. 
These organelles were observed in TNTs, which indicated that lysosomes, mitochondria, and Golgi bodies can be 
transported through TNTs. (A) TNTs formed by HEK293T, U87 MG, and U251 cells contained F-actin, α-tubulin, and 
β-tubulin. After induction by 100 μmol/L H2O2 (HEK293T and U87 MG cells) and 50 μmol/L H2O2 (U251 cells), the 
cells were assessed by immunochemical staining intensity. Purple: CellTracker fluorescent probe. Green: α-tubulin 
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tion, the donor and recipient cells were co- 
cultured for 48 hours (Figure 3A). In both 
spGFP1-10 and Tau-spGFP1-10 groups, the green 
fluorescence signal in the recipient cells 
changed over time (Figure 3B-D). Additionally, 
in the group in which donor cells were trans-
fected with Tau-spGFP1-10, the fluorescence sig-
nal emitted from the mCherry that had been 
transfected in the donor cells was observed in 
the recipient cells (Figure 3D). Using the initial 
intensity of the green fluorescence in the re- 
cipient cells as the baseline, we analyzed the 
values in the two groups obtained at different 
times and normalized (Figure 3B). The results 
showed that the green fluorescence emitted 
from spGFP changed over time, which indicat- 
ed that spGFP1-10 and Tau-spGFP1-10 were trans-
ported to recipient cells through TNTs. These 
results suggested that TNTs were involved in 
the transport of spGFP1-10 and Tau-spGFP1-10 
between donor and recipient cells.

Tau-EGFP fusion protein can be transported 
between cells through TNTs

We also studied the intercellular transport of 
Tau protein based on the expression of a Tau-
EGFP fusion protein. Twenty-four hours after 
the transfection of Tau-EGFP and EGFP plas-
mids into HEK293T cells, green fluorescence 
from the Tau-EGFP protein was observed in  
the cell body and in the TNTs (Figure S2A). 
Western blotting showed obvious bands at 
approximately 75 kDa, which is the size of the 
Tau-EGFP fusion protein (Figure S2B). The com-
bined results from a transfection assay and 
western blotting confirmed that the Tau-EGFP 
plasmid was successfully expressed. We fur-
ther explored the transport of Tau-EGFP pro- 
tein through TNTs using time-lapse imaging of 
live cells. HEK293T cells transfected with the 
Tau-EGFP fusion protein were used as donor 
cells, and cells transfected with mCherry were 
used as recipient cells. Twenty-four hours after 
transfection, the donor cells and recipient cells 

were co-cultured for 48 hours (Figure 4A). The 
results showed that the fluorescence of the 
Tau-EGFP protein at the termini of the TNTs 
increased over time (Figure 4B). After 10 min-
utes, the intensity of the green fluorescence 
signal increased to be 1.5-fold that of the  
initial intensity (Figure 4C). This outcome  
suggested that, under physiologic conditions, 
TNTs mediated the transport of the Tau-EGFP 
protein between HEK293T cells.

Protein aggregates are pathologic markers for 
many neurodegenerative diseases [20, 21]. 
Therefore, we studied TNT-mediated transport 
of Tau protein in cell lines of the nervous sys-
tem, aiming to provide new insights into the 
transport of pathogenic proteins in AD. Speci- 
fically, we explored the transport of TNT-medi- 
ated Tau-EGFP protein in U87 MG and U251 
cell lines through live time-lapse imaging. 
Bidirectional movement of the Tau-EGFP pro-
tein through TNTs was observed in both U87 
MG and U251 cells, and the movement of the 
Tau-EGFP protein oscillated with time (Figure 
4E, 4F). Statistical analysis of the data show- 
ed that in U87 MG and U251 cells, the veloci-
ties of anterograde and retrograde transport 
were not significantly different. However, com-
pared with U87 MG cells, the velocities of both 
anterograde and retrograde transport of Tau-
EGFP in U251 cells were lower (Figure 4D). 
These results demonstrated that TNT-mediat- 
ed Tau protein transport can be bidirectional 
between cells of the same lineage, and that  
the transport velocity may be different in differ-
ent cell lines.

Extracellular Tau-AF594 protein can be trans-
ported between cells through TNTs

We used exogenous fluorescently labeled Tau 
protein (Tau-AF594) to verify that TNTs can 
mediate the transport of Tau protein between 
cells. Different concentrations of Tau-AF594 
were added to the culture medium to obtain  

and β-tubulin. Red: F-actin. Blue: nuclei. Arrowheads: TNTs formed between cells. Objective: 40×, eyepiece: 10×. 
Scale bar: 10 μm. (B-D) TNTs formed by different cells were of different lengths (B) and diameters (C, D). Length: 
HEK293T cells (35.44±1.856 μm, n=64), U87 MG cells (43.15±1.875 μm, n=82), and U251 cells (29.96±1.548 
μm, n=108). Diameter (middle): HEK293T cells (1.350±0.049 μm, n=64), U87 MG cells (1.004±0.039 μm, n=82), 
and U251 cells (0.964±0.026 μm), n=108). Diameter (end): HEK293T cells (2.187±0.082 μm, n=64), U87 MG cells 
(2.067±0.067 μm, n=82), and U251 cells (1.683±0.049 μm, n=108). (E, F) TNT-mediated transport of lysosomes, 
mitochondria, and Golgi bodies between U87 MG cells (E) and between U251 cells (F). After induction with a working 
concentration of H2O2 for 24 hours, the cells were labeled with CellTracker 647, and organelles were labeled with 
various organelle-specific small molecule dyes. The labeled cells were observed through immunochemistry. Purple: 
CellTracker fluorescent probe. Green: specific marker for Golgi bodies. Red: lysosome and mitochondria marker. 
Blue: DAPI-labeled nuclei. Arrowheads: TNTs formed between cells. Objective: 40×, eyepiece: 10×. Scale bar: 10 μm.
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Figure 3. TNTs mediated the transport of the Tau-spGFP fusion protein between HEK293T cells. Donor cells were 
cotransfected with spGFP1-10/Tau-spGFP1-10 and mCherry, co-cultured with recipient cells labeled with CellTracker 
647, and transfected with spGFP11 for 48 hours. Green fluorescence was observed in the recipient cells, and TNTs 
extended from the donor cells in the two groups, suggesting that the Tau-spGFP1-10 protein can be transported be-
tween cells through TNTs. (A) Schematic diagram of cocultured donor and recipient cells. SpGFP1-10/Tau-spGFP1-10 
and mCherry were cotransfected into the donor cells. Then, the cells were co-cultured for 48 hours with recipient 
cells labeled with CellTracker 647 and transfected with spGFP11. (B) In the spGFP1-10 and Tau-spGFP1-10 groups, the 
green fluorescence in the recipient cells changed over time. With the value of green fluorescence in the recipient 
cells at the initial time considered the baseline, the values for the two groups at different times were analyzed after 
normalization. N=3 in each experiment. Two-way ANOVA. (C, D) Time-lapse image of live cells after co-culturing the 
donor cells transfected with mCherry and spGFP1-10 (C)/Tau-spGFP1-10 (D) with recipient cells transfected with BFP 
and spGFP11. Objective: 63×, eyepiece: 10×. Scale bars: 30 μm (left) and 10 μm (right).

the optimal working concentration of Tau-
AF594 in U87 MG and U251 cells (Figure S3A, 
S3B). To demonstrate that Tau protein can be 
transported between cells through TNTs, we 
transfected cells with EGFP and incubated th- 

em with Tau-AF594 protein, considering them 
donor cells, and then, we cocultured these 
donor cells with CellTracker 647-labeled recipi-
ent cells for 48 hours (Figure 5A). Then, Tau-
AF594 fluorescence was observed in the TNTs 
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Figure 4. TNTs mediated the transport of the Tau-EGFP fusion protein between HEK293T cells, between U87 MG 
cells, and between U251 cells. Twenty-four hours after transfection of Tau-EGFP and EGFP plasmids in HEK293T 
cells, green fluorescence emitted from the Tau-EGFP protein was observed in the cell body and TNTs, indicating that 
the TNTs mediated Tau-EGFP fusion protein transport. (A) Schematic diagram of the co-cultured donor and recipi-
ent cells. HEK293T cells transfected with Tau-EGFP were used as donor cells, and cells transfected with mCherry 
were used as recipient cells. (B) The green fluorescence (Tau-EGFP) at the junction of the TNT terminals with cells 
increased over time. The value of the green fluorescence intensity in the TNT terminals at the initial time was used 
as the standard, and the value at different times was analyzed after normalization. Objective: 63×, eyepiece: 10×. 
Scale bar: 30 μm (left) and 10 μm (right). (C) Time-lapse image of Tau-EGFP accumulating in the terminals of the 
TNTs formed by HEK293T cells. The data were obtained from three independent experiments, N=3, t test, *P<0.05, 
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**P<0.01, ***P<0.001, ****P<0.0001. (D) The anterograde and retrograde transport velocities of Tau-EGFP were not 
significantly different in the U87 MG and U251 cells (U87 MG cells, anterograde was 0.0323±0.0047 μm/s, n=15, 
and retrograde was 0.0278±0.0030 μm/s, n=21; U251 cells, anterograde was 0.0233±0.0033 μm/s, n=19, and 
retrograde was 0.0244±0.0015 μm/s, n=41). (E, F) Tau-EGFP was transported through TNTs between U87 MG (E) 
and between U251 (F) cells. Arrowheads, fluorescence emitted from Tau-EGFP. Objective: 63×, eyepiece: 10×. Scale 
bars: 30 μm (top) and 10 μm (bottom).

Figure 5. TNTs mediated the bidirectional transport of extracellular Tau-AF594 protein between U87 MG cells and 
between U251 cells. Cells that were transfected with EGFP and incubated with Tau-AF594 protein were used as do-
nor cells, and these donor cells were cocultured with CellTracker 647-labeled recipient cells for 48 hours. Tau-AF594 
protein transported bidirectionally was observed in the TNTs, and the transport velocity of the Tau-AF594 protein 
was significantly different because of the different properties of the TNTs in different cells. Pentacle, donor cells; 
circle, recipient cells. A. Schematic diagram of cocultured donor and recipient cells. Cells that were transfected with 
EGFP and incubated with Tau-AF594 protein were used as donor cells, and they were cocultured with CellTracker 
647-labeled recipient cells for 48 hours. B. Red fluorescence (Tau-AF594) was observed in the TNTs and in recipient 
cells, suggesting that Tau-AF594 was transported from the donor to recipient cells through TNTs. Purple fluores-
cence in the recipient cells was observed in the TNTs of the U87 MG and U251 cells, suggesting that TNTs mediated 
the bidirectional transport of materials between the U87 MG cells and between the U251 cells. Purple: CellTracker 
fluorescent probe. Green: EGFP. Red: Tau protein. Blue: nuclei. Arrowheads: TNTs formed between cells. Objective: 
40×, eyepiece: 10×. Scale bar: 10 μm. C. Time-lapse image of TNT-mediated bidirectional transport of Tau-AF594 
in U87 MG cells. Green: EGFP. Red: Tau protein. Arrowheads: fluorescence emitted from Tau-AF594. Objective: 63×, 
eyepiece: 10×. Scale bars: 30 μm (top) and 10 μm (bottom). D. Time-lapse image of TNT-mediated bidirectional 
transport of Tau-AF594 between U251 cells. Green: EGFP. Red: Tau protein. Purple: CellTracker fluorescent probe. 
Arrowheads: fluorescence emitted from Tau-AF594. Objective: 63×, eyepiece: 10×. Scale bars: 30 μm (top) and 10 
μm (bottom). E. The retrograde transport velocity of Tau-AF594 was increased in U87 MG cells and decreased in 
U251 cells. (U87 cells, anterograde was 0.1972±0.0227 μm/s, n=30, and retrograde was 0.2894±0.0260 μm/s, 
n=49; U251 cells, anterograde was 0.2502±0.0312 μm/s, n=17, and retrograde was 0.1002±0.0150 μm/s, n=5). 
The data were obtained from three independent experiments, t test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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and recipient cells of both the U87 MG and 
U251 lineage (Figure 5B). The results demon-
strated that Tau-AF594 was transported from 
donor to recipient cells through TNTs. Fur- 
thermore, purple fluorescence emitted by the 
recipient cells was observed in TNTs, suggest-
ing that TNTs mediate the bidirectional trans-
port of substances between U87 MG and bet- 
ween U251 cells.

To explore the intercellular transport process 
mediated by TNTs under physiologic condi- 
tions, time-lapse imaging of live cells was per-
formed. Red fluorescence emitted by the Tau-
AF594 protein was observed in TNTs in both 
the U87 MG and U251 cell lines (Figure 5C, 
5D). Similar to previous studies, the Tau-AF594 
protein was transported bidirectionally through 
TNTs. A comparison between U87 MG and 
U251 cells revealed no significant difference in 
the velocity of anterograde Tau-AF594 trans-
port through the TNTs, but the velocity of  
retrograde transport was significantly higher 
through the TNTs of the U87 MG cells (Figure 
5E). This finding suggested that the Tau- 
AF594 protein can be transported bidirection-
ally through TNTs and that the velocity of Tau-
AF594 anterograde and retrograde transport 
significantly differed. The transport velocity of 
the Tau-AF594 protein varied significantly due 
to the different properties of the TNTs formed 
by different cells.

TNTs can mediate the transport of Aβ-AF594 
between cells

In addition to the Tau protein, aggregation of  
Aβ is one of the most common pathologies in 
AD [27]. In the Aβ hypothesis, Aβ dimers, oligo-
mers, and plaques are the pathogenic sources 
of AD. However, how Aβ is transported over  
long distances across different regions has not 
been determined. Here, we used exogenous 
fluorescently labeled Aβ (Aβ-AF594) to investi-
gate whether Aβ can be transported through 
TNTs. Similar to our Tau-AF594 experiments, 
the working concentration of Aβ-AF594 was 
first established (Figure S3C, S3D). Then, we 
used cells that were transfected with EGFP and 
incubated with Aβ-AF594 as donor cells and 
cocultured them with CellTracker 647-labeled 
recipient cells for 48 hours (Figure 6A). Red 
fluorescence signals were observed in the TNTs 
formed by both U87 MG and U251 cells and in 
recipient cells (Figure 6B), suggesting that Aβ- 
AF594 was transported from donor to recipient 

cells through TNTs. Time-lapse imaging of living 
cells showed that Aβ-AF594 emitted red fluo-
rescence in both U87 MG and U251 cells 
(Figure 6C, 6D). Similar to previous studies, the 
transport of Aβ-AF594 was found to be bidirec-
tional through the TNTs. We also found that the 
transport velocity of Aβ-AF594 anterograde 
and retrograde transport through the TNTs did 
not significantly differ between the U87 MG 
and between the U251 cells (Figure 6E).

Discussion

Increasing evidence suggests that the remark-
able pathology of many neurodegenerative dis-
eases is based on the accumulation of patho-
genic proteins in the brain [21]. Spreading of 
protein aggregates in the brain is also believed 
to be related to the pathologic progression of 
neurodegenerative diseases. In addition, it has 
been reported that mutant huntingtin (mHTT) 
can promote the formation of TNTs, thus pro- 
viding an effective mechanism for mHTT trans-
port between neuronal cells and primary neu-
rons [33]. Most importantly, different disease- 
associated proteins (including Aβ, Tdp43, and 
Tau protein) have been found to support TNT-
mediated transport of pathogenic protein 
aggregates [18, 24-26]. Taken together, these 
results suggest that TNT transportation may be 
a common mechanism in the progression of 
neurodegenerative diseases, providing a target 
for the treatment of these diseases. Although 
the transport of aggregates through TNTs in 
some cell lines has been demonstrated, nei-
ther the function of TNTs formed by neurons 
nor the function of the interneuronal aggrega-
tion of the proteins transported through TNTs is 
clear. The key of developing therapeutic stra- 
tegies to slow disease progression is under-
standing whether and how TNTs are formed in 
neurons. In addition, searching for specific 
molecular markers of TNTs and verifying the 
functions of TNT-mediated material transport 
and signal transduction in primary neurons, 
glial cells, and other cell lines are problems to 
be solved through research. When TNTs can be 
specifically labeled, their functions can be fur-
ther studied in vivo.

Here, we studied the transport of the Tau pro-
tein and Aβ through TNTs. We first investigated 
TNT-mediated transport of Tau-spGFP1-10, Tau-
EGFP, Tau-AF594 and Aβ-AF594 in HEK293T 
cells and later validated our results in human 
astroblastoma U87 MG and human glioma 
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U251. Our results indicated that TNTs formed 
by different cell lines can mediate the transport 
of different forms of Tau protein and Aβ.

Importantly, we found that both the Tau protein 
and Aβ can be transported bidirectionally in dif-

ferent cell lines, and the velocity of Tau protein 
transportation varies significantly in different 
cell lines. For the Tau-EGFP fusion protein, the 
velocities of anterograde and retrograde trans-
port were 0.0323±0.0047 μm/s and 0.0278± 
0.0030 μm/s in U87 MG cells and 0.0233± 

Figure 6. TNTs mediated bidirectional transport of extracellular Aβ-AF594 between U87 MG cells and between U251 
cells. Cells that were transfected with EGFP and incubated with Aβ-AF594 were used as donor cells and then cocul-
tured with CellTracker 647-labeled recipient cells for 48 hours. Bidirectional Aβ-AF594 transport was observed in 
the TNTs, and the transport velocity of Tau-AF594 was not significantly different between U87 MG and U251 cells. 
Pentacle, donor cells; circle, recipient cells. A. Schematic diagram of co-cultured donor and recipient cells. Cells that 
were transfected with EGFP and incubated with Aβ-AF594 were used as donor cells, and they were co-cultured with 
CellTracker 647-labeled recipient cells for 48 hours. B. Red fluorescence (Aβ-AF594) was observed in the TNTs and 
recipient cells, suggesting that Aβ-AF594 was transported from donor to recipient cells through TNTs. Purple fluores-
cence in the recipient cells was observed in TNTs formed by U87 MG and U251 cells, suggesting that TNTs mediated 
bidirectional transport of materials between U87 MG cells and between U251 cells. Purple: CellTracker fluorescent 
probe. Green: EGFP. Red: Aβ. Blue: nuclei. Arrowheads: TNTs formed between cells. Objective: 40×, eyepiece: 10×. 
Scale bar: 10 μm. C. Time-lapse image of TNT-mediated bidirectional transport of Aβ-AF594 between U87 MG cells. 
Green: EGFP. Red: Aβ. Arrowheads: fluorescence emitted from Aβ-AF594. Objective: 63×, eyepiece: 10×. Scale bars: 
30 μm (top) and 10 μm (bottom). D. Time-lapse image of TNT-mediated bidirectional transport of Aβ-AF594 between 
U251 cells. Green: EGFP. Red: Aβ. Purple: CellTracker fluorescent probe. Arrowheads: fluorescence emitted from 
Aβ-AF594. Objective: 63×, eyepiece: 10×. Scale bars: 30 μm (top) and 10 μm (bottom). E. The anterograde and 
retrograde transport velocities of Aβ-AF594 were not significantly different in either U87 MG or U251 cells. (U87 MG 
cells, anterograde was 0.3071±0.0288 μm/s, n=54, and retrograde was 0.3574±0.0353 μm/s, n=38; U251 cells, 
anterograde was 0.3260±0.0242 μm/s, n=57, and retrograde was 0.3319±0.0208 μm/s, n=69). The data were 
obtained from three independent experiments, t test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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0.0033 μm/s and 0.0244±0.0015 μm/s in 
U251 cells, respectively. There were no signifi-
cant differences between the four groups. 
However, for Tau protein uptake directly from 
cell culture medium, the velocities of antero-
grade and retrograde transport were 0.1972± 
0.0227 μm/s and 0.2894±0.0260 μm/s in  
U87 MG cells and 0.2502±0.0312 μm/s and 
0.1002±0.0150 μm/s in U251 cells, respec-
tively. These results showed that compared 
with the overexpressed Tau-EGFP fusion pro-
tein, the velocity of Tau protein uptake directly 
from the culture medium was nearly ten-fold 
faster through TNTs. Similarly, for direct uptake 
of Aβ, the velocity of transport in different cell 
lines was also faster, by several orders of 
magnitude, than that of the overexpressed Tau-
EGFP fusion protein. Therefore, we speculated 
that under pathologic AD conditions, after the 
cascade of cell death, the excess phosphory-
lated Tau protein and Aβ in cells are released 
outside the cell. The surrounding cells take up 
these aggregates and expedite the progression 
of AD by rapidly and directly transporting the 
Tau protein or Aβ to surrounding cells through 
TNTs.

Hyperphosphorylated Tau protein and Aβ are 
known to induce the accumulation of a large 
number of intracellular-related proteins when 
they are transported to secondary cells, thus 
accelerating the apoptosis of neurons. Our  
findings demonstrated the intercellular trans-
port of the Tau protein and Aβ and provided a 
plausible explanation for the cascade of neuro-
nal death in the brain during the progression of 
AD.
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Figure S1. Construction and verification of the Tau-spGFP1-10-pcDNA3.1 plasmid. A. Construction of Tau-spGFP1-10, 
spGFP1-10, and spGFP11. B. The Tau-spGFP1-10, spGFP1-10, and spGFP11 plasmids were successfully expressed in 
HEK293T cells. Green: spGFP fluorescence signal. Blue: nuclei. Objective: 10×, eyepiece: 10×. Scale bar: 50 μm. C. 
Schematic diagram of co-cultured donor cells transfected with mCherry and Tau-spGFP1-10/spGFP1-10 and recipient 
cells transfected with spGFP11 and labeled with CellTracker 647. D. Green fluorescence was observed in the TNTs 
and in recipient cells. Purple: CellTracker fluorescent probe. Green: spGFP. Red: mCherry. Blue: nuclei. Arrowheads: 
TNTs formed between cells. Objective: 40×, eyepiece: 10×. Scale bar: 10 μm.
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Figure S2. Tau-EGFP plasmid was successfully expressed in HEK293T cells. A. Fluorescence image showing that 
the Tau-EGFP plasmid was successfully expressed in HEK293T cells. After transfection of Tau-EGFP and EGFP in 
HEK293T cells, the green fluorescence emitted by Tau-EGFP was observed in the cell body and TNTs. Arrowheads: 
TNTs formed between cells. Objective: 10×, eyepiece: 10×. Scale bar: 25 μm. B. Western blot analysis showed that 
the Tau-EGFP plasmid was successfully expressed.
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Figure S3. Tau-AF594 and Aβ-594 incubation with U87 MG and U251 cells. (A, B) U87 MG cells (A) and U251 cells 
(B) were incubated with 0, 0.1, 0.5, and 1.0 μM Tau-AF594, and the optimal working concentration was determined 
to be 0.1 μM. Red: Tau protein. Blue: nuclei. Green: EGFP. Arrowheads: TNTs formed between cells. Objective: 40×, 
eyepiece: 10×. Scale bar: 10 μm. (C, D) U87 MG cells (C) and U251 cells (D) were incubated with 0, 0.1, 0.5, and 1.0 
μM Aβ-AF594, and the optimal working concentration was determined to be 0.5 μM. Red: Aβ. Blue: nuclei. Green: 
EGFP. Arrowheads: TNTs formed between cells. Objective: 40×, eyepiece: 10×. Scale bar: 10 μm.


