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Abstract

Background: Developing therapy resistance and exhibiting high invasiveness are significant challenges in treating aggressive cancers,
such as glioblastoma, where intercellular communication plays a crucial role in cellular organization, survival, and resistance to treat-
ment. Tunneling nanotubes (TNTs), nanometer-sized membranous channels that connect distant cells, have emerged as an efficient form
of intercellular communication that may enable cancer cells to evade therapeutic interventions. Methods: In this study, we investigated
the responses of TNT networks to low linear energy transfer (low-LET) X-ray irradiation in two established glioblastoma cell lines, U87
MG and LN229. Initially, we assessed radiosensitivity using colony formation assays to measure cell survival. Then, we used confocal
live-cell microscopy to monitor TNT network dynamics over a 24-hour period following irradiation and performed co-staining experi-
ments to identify cargoes transported through TNTs. Results: We observed a significant increase in TNT-mediated cellular connectivity
6 to 10 hours after 1.8 Gy X-ray irradiation in both cell lines. In contrast, cells treated with a higher radiation dose (3.9 Gy) exhibited
reduced TNT connectivity; however, it remained slightly elevated compared to sham-irradiated controls. The co-staining experiments
revealed the presence of calcium and mitochondria within TNTs. These cargoes are known to facilitate cancer cell migration and sur-
vival, potentially contributing to treatment resistance. Conclusions: Taken together, these results strongly suggest that TNT-mediated
intercellular communication may be a critical mechanism that supports glioblastoma resistance to radiotherapy.
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1. Introduction

Cancer remains the second leading cause of death
worldwide [1]. Based on the 2022 incidence and mortal-
ity rates, it is estimated that approximately one in five peo-
ple will develop cancer in their lifetime and that one in nine
men and one in twelve women will die from the disease [2].
These statistics highlight the significant global health chal-
lenge posed by cancer, driving intense research efforts to
develop more effective therapeutic strategies. Among vari-
ous cancer types, highly aggressive forms such as glioblas-
toma, the most common type of malignant brain tumor, are
the focus of current research to enhance their treatment and
thus increase the chances of survival for affected patients.
Classified as a grade 4 tumor of the central nervous sys-
tem, glioblastoma is characterized by a dismal prognosis,
with median survival rates below 15 months and five-year
survival rates under 10% [3,4]. Key malignant features of
glioblastoma include significant genomic instability, pro-
nounced intratumoral heterogeneity, uncontrolled cell pro-
liferation, extensive infiltration of surrounding tissues, and
resistance to conventional therapies, such as radiotherapy
and chemotherapy [5–9]. In many cases, the tumor re-
curs within 1–2 cm of the primary tumor despite a multi-
modal therapeutic approach combining surgery, radiation
therapy using photons, and the administration of temozolo-

mide, a chemotherapeutic agent that can cross the blood-
brain barrier [10]. However, the molecular mechanisms
driving glioblastoma’s aggressive infiltration and develop-
ment of therapy resistance remain unclear.

Intercellular communication is a critical factor that po-
tentially contributes to cancer cell survival and therapy re-
sistance. For several decades, it has been known that cel-
lular communication is essential for cell survival [11,12].
This phenomenon is not solely attributable to the necessity
for cells to communicate with one another in order to orga-
nize and coordinate themselves into complex systems, such
as tissue [13], but also because the transfer of cellular or-
ganelles, proteins, or signals from healthy cells to unhealthy
cells can enhance survival [14,15]. Studies have shown that
brain tumors have large functional intercellular communi-
cation networks consisting of membranous connections be-
tween distant cells. These networks may act as a resistant
system, facilitating the development of therapy resistance
[16,17]. These membranous connections, termed tunneling
nanotubes (TNTs), are straight, filamentous structures with
diameters of less than 1 µm, functioning as efficient “nan-
otubular highways” for rapid intercellular exchange [18].
TNTs were first identified in 2004 in rat pheochromocy-
toma PC12 cells using advanced 3D live-cell microscopy
techniques [18]. Since then, TNTs have been observed in
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various cell types, exhibiting diverse functional roles, com-
positions, and morphological characteristics [19–21]. No-
tably, TNT-like structures have also been documented in
various tissue types, including brain tissue [22–24].

Despite these insights, the precise mechanisms of cel-
lular communication via TNTs and their specific roles in
cancer progression are still not well understood. Further
investigation into TNT-mediated cellular communication
could significantly improve our understanding of tumor mi-
croenvironment interactions, invasive cancer behavior, and
tumor progression. Due to their prevalence in glioblastoma
cells and brain tissue, targeting TNTs is a promising novel
therapeutic strategy that could improve clinical outcomes
for patients affected by this devastating disease [25–27].

The objective of this study was to investigate the re-
sponse of TNT networks in two established glioblastoma
cell lines (U87 MG and LN229) to X-ray irradiation. Ini-
tially, colony formation assays (CFAs) were conducted with
LN229 cells to evaluate their sensitivity to X-rays. To
facilitate comparison of TNT network responses to low-
LET (Linear energy transfer (LET) <10 keV/µm) X-ray
and high-LET α-particle irradiation, as reported in previ-
ous research [28], additional CFAs were performed using
α-particles (see Supplementarymaterial). Based on these
results, the appropriate X-ray doses were selected: 1.8 Gy
(corresponding to 50% cell survival) and 3.9 Gy (corre-
sponding to approx. 10% cell survival). To monitor TNT
dynamics, the cells were imaged alive using confocal mi-
croscopy up to 24 hours after irradiation. Complementary
co-staining experiments were also carried out to identify po-
tential cargo transported via TNTs. In these experiments,
live-cell confocal imaging was employed after staining the
plasma membrane, as well as either calcium or mitochon-
dria, to determine if these components could be detected
within TNTs connecting glioblastoma cells.

2. Materials and Methods
2.1 Cell Culture

The human glioblastoma cell lines U87 MG (ATCC,
Manassas, VA, USA, HTB-14) and LN229 (ATCC, Man-
assas, VA, USA, CRL-2611) were kindly provided by
the Institute of Radiation Medicine (Helmholtz Zentrum
München, 85764 Neuherberg, Germany) and the De-
partment of Radiation Oncology (Ludwig-Maximilian-
Universität München, Munich, Germany), respectively.
Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM), high glucose medium (Sigma-Aldrich, St. Louis,
MO, USA, D6429) supplemented with 10% FCS (Sigma-
Aldrich, St. Louis, MO, USA, F7524) and 1% peni-
cillin/streptomycin Sigma-Aldrich, St. Louis, MO, USA,
P4333), and maintained at 37 °C in a controlled atmosphere
of 5% CO2 and 95% humidity. All cell lines were validated
by STR profiling and tested negative for mycoplasma.

2.2 Statistical Analysis
To validate sample pooling, statistical comparisons

of the same types of measurements were conducted using
analysis of variance (One-Way ANOVA Calculator, Statis-
tic Kingdom, Melbourne, Australia). To identify signifi-
cant differences, two-sample t-tests (GraphPad Software,
QuickCalcs, version 9, Boston, MA, USA) and two-way
ANOVAs with repeated measures followed by Bonferroni
post hoc tests (IBM SPSS Statistics, version 29, Inter-
national Business Machines Corporation (IBM), Armonk,
NY, USA) were performed. A p-value of ≤0.05 was con-
sidered statistically significant.

2.3 Cell Survival After X-ray Exposure
2.3.1 Cell Seeding

To enable comparison of cell survival after low-LET
X-ray exposure and high-LET α-particle exposure (see
Supplementary material, Supplementary Figs. 1,2, and
Supplementary Tables 1,2), a custom cell container called
“ring system” was used for cell survival experiments. This
was due to the high shielding effect of α-particles by the
plastic and glass bottoms of common cell culture equip-
ment. In this system, cells were seeded on a 4.7 µm thin
polypropylene foil, which was clamped between two stain-
less steel rings (Ø 3.8 cm), resulting in a growth area of 10
cm2. For increased cell attachment, the foil was coated with
gelatin (Sigma-Aldrich, St. Louis, MO, USA, G1890) be-
fore cell seeding. The coating was performed using a 0.1%
gelatin solution dissolved in sterile water, with an incuba-
tion time of 15 minutes at 37 °C. Per ring, 250,000 cells
(25,000 cells/cm2) were seeded one day before the exper-
iment. The successful penetration of α-particles through
the foil and the gelatin coating was verified by a focus im-
munofluorescence assay before the experiments (see Sup-
plementary Fig. 1).

2.3.2 Cell Irradiation
Cell irradiation with low-LET X-rays was performed

using a CellRad X-ray irradiation system (Precision X-Ray
Inc., Madison, WI, USA) at a dose rate of 1.6 Gy/min (5
mA, 130 kV, 0.5 mm aluminium filter). The sample had
to be placed centrally on the detector in the X-ray cabinet
so that all cells in the ring system were irradiated and no
shadowing effects occurred due to the high walls of the ring
system. To track the exact dose irradiated during the cell
survival experiments, dosimetry measurements were per-
formed using XR-RV3 Gafchromic™ films (Ashland Inc.,
Wilmington, DE, USA, 832486) for each sample. For each
dose (Sham, 1 Gy, 2 Gy, 3.7 Gy, 5.2 Gy, and 7.2 Gy), five to
six samples were irradiated in the cell survival experiments.

2.3.3 Colony Formation Assay (CFA)
Cell survival was determined by performing CFA as

established in Wank et al. [29]. After irradiation, the
cells were detached from the foil using trypsin (Sigma-
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Table 1. Cell concentrations used in CFA experiments.
Dose [Gy] Cell concentration [cells/mL]

0 100
1 100
2 100
3.7 300 and/or 900
5.2 600 and/or 1800
7.2 1200 and/or 3600
Per well, 1 mL of cell suspension was used. In
the first experiment, the lower cell concentration
listed was used (for the three higher doses). In
the second experiment, both cell concentrations
listed were seeded for each irradiated sample to
increase the resulting number of colonies. CFA,
colony formation assay.

Aldrich, St. Louis, MO, USA, T4299-100) and counted
twice in a Fuchs-Rosenthal C-Chip (NanoEnTek, Seoul,
Korea, DHC-F01). A total of 284 to 1198 cells were
counted per sample. The cell suspension was diluted to
the desired cell density (see Table 1) and seeded into 12-
well plates (Greiner Bio-One GmbH, Frickenhausen, Ger-
many, 665180). Per sample, three 12-well plates were
seeded. After seeding, the samples were incubated for 12
days at 37 °C, 5% CO2, and 95% humidity. At the end of
this incubation period, the cells were fixed with ice-cold
methanol (Carl Roth GmbH + Co. KG, Karlsruhe, Ger-
many, CP43.3) and stained with a 0.1% (w/v) crystal vio-
let solution (Sigma-Aldrich, St. Louis, MO, USA, C0775).
The plates were scanned with a GelCount™ platform (Ox-
ford Optronix Ltd., Adderbury, UK), and the numbers of
colonies were counted by hand. A colony was counted as
one if it consisted of ≥50 cells.

The plating efficiency (PE) was determined for each
sample. PE is defined as the percentage of seeded cells that
grow to a colony:

PE =
number of counted colonies

number of seeded cells
.

The survival fraction (SF) of cells treated with a given
dose was calculated by dividing the mean PEirr of the irra-
diated samples by the mean PEsham of the sham-irradiated
samples (control):

SF =
PEirr

PEsham
.

The uncertainties of the SF values were calculated by
Gaussian error propagation, and finally, the survival curves
were fitted by the linear-quadratic (LQ) model:

SF (D) = exp (−α ·D − β ·D2)

where D is the dose, α and β are free fit parameters cor-
responding to the linear and quadratic radiation responses,
respectively.

Two independent experiments were performed. The
first experiment yielded a mean PE ± standard deviation
of (0.36 ± 0.04) % for the sham-irradiated samples. The
second experiment yielded a mean PE of (0.499 ± 0.026)
%. According to one-way ANOVA analysis, the two ex-
periments were equivalent, so the samples were pooled for
analysis.

2.4 TNT Network Analysis After X-ray Exposure
2.4.1 Cell Seeding and Membrane Staining

For TNT network analysis, the cells were seeded in
a glass-bottom CELLview cell culture dish 35 × 10 mm
with four wells (Greiner Bio-One GmbH, Frickenhausen,
Germany, 627870) at a seeding density of 55,000 cells/mL
(1 mL volume per well; 28,947 cells/cm2) one day before
the experiment.

Before X-ray irradiation, the cellular membrane was
stained with a 1.5X CellMask™ Plasma Membrane stain-
ing solution (Thermo Fisher Scientific Inc., Waltham, MA,
USA, C3760 for green, C10045 for orange) dissolved in
growth medium. After 10 minutes of incubation at 37 °C,
95% humidity, and 5% CO2, the cells were washed three
times with growth medium, followed by imaging in growth
medium. The green dye was used for co-staining experi-
ments, and the orange dye was used for acquiring live-cell
videos for TNT network analysis, as this dye is more pho-
tostable [30].

2.4.2 Cell Irradiation
Cell irradiation with low-LET X-rays was performed

using the same CellRad X-ray irradiation system (Preci-
sion X-Ray Inc., Madison, WI, USA) at a dose rate of 1.6
Gy/min (5 mA, 130 kV, 0.5 mm aluminium filter) as for
the cell survival experiments. For each experiment, one
four-well dish was used. To enable direct comparison of
samples treated with different doses in TNT-network exper-
iments, two wells were irradiated with 1.8 Gy (correspond-
ing to 50% cell survival), and the other two wells were ir-
radiated with 3.9 Gy (corresponding to approximately 10%
cell survival). A tungsten shield ensured that each well re-
ceived only its target dose. The experiment was performed
in triplicate, resulting in six samples per dose (two samples
per dose per experiment). Since dose measurements using
XR-RV3 Gafchromic™ films with the 5 mm thick tungsten
shield used resulted in a radiation dose penetration of (4.2
± 0.6; mean ± SD) %, the sham-irradiated controls were
performed separately. A total of eight samples (two experi-
ments with one four-well dish each, i.e., four samples) were
analyzed for sham irradiation.
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2.4.3 Confocal Live-cell Imaging
Confocal live-cell imaging was performed using a Le-

ica TCS SP8 3X confocal microscope (Leica Microsystems
CMS GmbH, Mannheim, Germany) equipped with a live-
cell imaging unit consisting of a climate box and CO2 sup-
ply with a humidifier (“The Cube & the Box”, Life Imaging
Services GmbH, Basel, Switzerland). Cells were imaged
under live-cell conditions of 37 °C and 5% CO2. For imag-
ing, a 63x oil objective (Leica Microsystems CMS GmbH,
Mannheim, Germany) with a high numerical aperture of 1.4
and the halogen- and fluorescence-free immersion oil Im-
mersol™ 518 F/37 °C from Zeiss (Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany, 444970-9010-
000) with a refractive index of 1.518 at 37 °C were used.
The power of the white light laser (WLL) was kept as low
as possible during the live-cell imaging to reduce cell stress.
The laser power used for excitation was approximately 1
mW. A scanning speed of 600 Hz was chosen. Addition-
ally, the cells were scanned bidirectionally to reduce motion
artifacts and cell stress due to long light exposures. The
fluorescence signal was detected using a hybrid detector
(HyD, Leica Microsystems CMS GmbH, Mannheim, Ger-
many), which combines the sensitivity of a photomultiplier
with the noise suppression of an avalanche photodiode.

For the TNT network analysis, cell videos were ac-
quired up to 24 hours after irradiation. The time needed
to prepare and check the microscope settings for acquiring
videos immediately after cell irradiation was minimized.
Defining the areas to be imaged, creating focus maps for
each area, and setting the remaining parameters took a total
of less than 50 minutes. Between the end of the first irra-
diation and the start of imaging, a mean time ± standard
deviation of (37 ± 6) minutes elapsed. Using dishes with
four separate wells allowed us to image four different treat-
ments simultaneously, ensuring ideal comparability. One
area was imaged per well.

A 3× 3 mosaic image with 10% overlap was acquired
per well, resulting in a final merged field of view of approx-
imately 510 µm × 515 µm. At the beginning of the video,
the field of view contained a mean of 43 ± 15 LN229 cells
and 53 ± 11 U87 MG cells for studying the effect of X-ray
radiation on TNTs. All videos were acquired as 20-step z-
stacks with a step size of 400 nm, resulting in an acquired
height of 7.6 µm. The pixel size was 80 nm. The live-cell
videos are 24 hours long, with a time interval of 30 min-
utes. To keep the cells in focus throughout the videos, a
9-point rectangular focus map was defined for each area,
and the autofocus feature of the microscope’s LAS X soft-
ware (Leica Application Suite X, LeicaMicrosystems CMS
GmbH, Mannheim, Germany, version 3.5.6) was used. For
the first two to three time points, a WLL intensity of 10%
was sufficient for a good signal; thereafter, the intensity was
increased to 15%. The excitation wavelength used and the
detector range used for themembrane labeling (CellMask™
Orange Plasma Membrane Stain) are listed in Table 2.

2.4.4 TNT Identification
We identified membrane connections as TNTs if they

connected two separate cells and were smaller than 1 µm in
diameter, and if they were located above the substrate. This
criterion was determined by acquiring z-stacks for imag-
ing and evaluating TNTs using 3D images rather than max-
imum projections. A previous study [30] thoroughly ex-
amined the characteristics of TNTs in U87 MG and LN229
cells, including their morphology, lifetime, formation, di-
mensions, and the optimized methodology for studying
TNTs using suitable confocal live-cell imaging.

2.4.5 TNT Network Analysis
To capture potential communication phases during re-

covery after irradiation, TNT networks were evaluated at
multiple time points (1, 3, 10, and 24 hours), as described
by Matejka and Reindl [28]. TNTs were manually counted
by scrolling through the z-stack image and examining each
cell individually. Cells that were connected via TNTs were
referred to as “connected cells”. Depending on the num-
ber of TNTs establishing the connection between the two
cells, the connection was referred to as either a “simple” or
a “complex connection”. Connections consisting of one or
two TNTs were referred to as simple connections, and con-
nections consisting of three or more TNTs were referred to
as complex connections. Two reasons were given for this
distinction. First, as reported by Matejka and Reindl [28],
the individual TNTs of very dense connections consisting
of five or more TNTs were so closely packed that they were
indistinguishable and therefore not countable for evaluation
purposes. Second, the number of TNTs between two cells
can indicate the strength or efficiency of a connection be-
cause the more TNTs there are between two cells, the more
cargo can be transported at the same time. According to our
definition, then, a complex connection could be more effi-
cient than a simple one. Further subclassification by TNT
number alone was not recommended because connections
containing exactly two, three, or four TNTs are rare.

Cells connected to at least two other cells were clas-
sified as “highly connected cells” and used as a proxy for
network complexity. For each imaging field, the total num-
ber of cells was recorded, and the TNT network was quanti-
fied by the following: (i) the percentage of connected cells,
(ii) connections per cell (total connections divided by cell
count, irrespective of connection type), (iii) the percentage
of complex connections, and (iv) the percentage of highly
connected cells. Expressing the TNT metrics as percent-
ages (or dividing by the total cell count) normalized the
results for differences in cell density between fields. Fi-
nally, the irradiated samples were compared with the sham-
irradiated controls.
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2.5 Co-staining Experiments
2.5.1 Cell Seeding and Labeling

For co-staining experiments, the cells were seeded in
glass-bottom dishes (µ-Dish 35 mm, Ibidi GmbH, Gräfelf-
ing, Germany, 81158) at a seeding density of 65,000
cells/mL (2 mL total volume; 31,707 cells/cm2) one day
before the experiment. All glass-bottom products used had
a glass thickness of (170 ± 15) µm and were, therefore,
suitable for high-resolution microscopy.

For calcium staining, the BioTracker™ 609 Red Ca2+
AM dye (Sigma-Aldrich, St. Louis, MO, USA, SCT021)
was used. The fluorescence intensity of this dye changes
reversibly depending on the Calcium (Ca2+) concentra-
tion. Cell labeling was performed at a dye concentra-
tion of 10 µM with the addition of 0.05% Pluronic F-
127 (Thermo Fisher Scientific Inc, Waltham, MA, USA,
P6866), a nonionic surfactant polyol that inhibits dye aggre-
gation, and an incubation time of 1 hour to 1.5 hours at 37
°C, 95% humidity, and 5%CO2. A serum-free mediumwas
used as the loading medium, as labeling in normal growth
medium failed, and staining in Hanks’ Balanced Salt Solu-
tion (HBSS) for 1 hour led to cell death. An incubation time
of 30 minutes resulted in a weaker signal, so the incubation
time was increased to at least 1 hour.

Mitochondria were stained with Tetramethylrho-
damine ethyl ester (Enzo Biochem Inc., Farmingdale,
NY, USA, ENZ-52309), tetramethylrhodamine ethyl ester
(TMRE) for short. Cells were stained with a 50 nM stain-
ing solution with growth medium for 25 minutes at 37 °C,
95% humidity, and 5% CO2. TMRE is a cell-permeable,
cationic, red-orange fluorescent dye that accumulates at the
negative membrane potential in active mitochondria, but is
not cytotoxic [31]. It is therefore highly selective for func-
tional mitochondria and produces a very low background
signal in living cells. Non-functional mitochondria that
have been depolarised (e.g., by radiation) are not stained
by this dye. Due to its ability to stain intact mitochondria
specifically and its stable labeling of all cells with a supe-
rior signal-to-noise ratio compared toMitoTracker™Green
and MT-mKeima-Red in HeLa cells, TMRE was success-
fully used in previous experiments investigating mitochon-
drial depolarization by radiation in our laboratory [32] and
was therefore also selected for this study.

2.5.2 Confocal Live-cell Imaging
The same confocal system, scanning parameters, and

objectivewere used for the co-staining experiment as for the
TNT network analysis. For imaging, a system-optimized
pixel size of 76 nm and a z-step size of 299 nmwere chosen.
Confocal microscopy of living cells co-stained with Cell-
Mask™ Green Plasma Membrane Stain and BioTracker™
609 Red Ca2+ AM dye was performed using two hybrid
detectors (HyDs) simultaneously. The first HyD detected
the plasma membrane signal (CellMask™ Green Plasma
Membrane Stain), and the second HyD detected the signal

of Ca2+ (BioTracker™ 609 Red Ca2+ AM dye). The se-
lected detector ranges and the excitation wavelengths used
are listed in Table 2.

For imaging living cells co-stained with the Cell-
Mask™ Green Plasma Membrane Stain and TMRE, se-
quential microscopy was performed because the fluores-
cence spectra of the two dyes used are very close. The
signal of the membrane dye was recorded in the first se-
quence, and the signal of TMREwas recorded in the second
sequence. The excitation wavelengths and detector ranges
used are listed in Table 2. The chosen excitationwavelength
and detector range for the TMRE signal are not optimal be-
cause they do not cover the maxima. However, these values
were chosen to minimize overlap and interference between
the two signals. To ensure rapid acquisition and to mini-
mize cell movement during acquisition, the sequence was
switched between stacks.

2.5.3 Image Deconvolution
The analysis of the cargo transport inside TNTs was

performed using the raw images. For image visualization,
however, the images were deconvolved using Huygens Pro-
fessional Deconvolution software (Scientific Volume Imag-
ing B.V., Hilversum, Netherlands, version 23.04). Based on
the microscopy parameters (metadata) used, the software
calculated a theoretical point spread function (PSF). Decon-
volution was carried out using the Classic Maximum Like-
lihood Estimation (CMLE) iterative algorithm, which was
established in our lab for several approaches. The decon-
volution process was performed with a signal-to-noise ratio
(SNR) of three to five, an automatic background estimation
(estimation mode: lowest), and an area radius of 0.7 µm.

3. Results
3.1 Cell Survival After Low-LET Radiation Exposure

Colony formation assay (CFA) experiments were per-
formed with both low-LET X-ray and high-LET α-particle
radiation (see Supplementary material, Supplementary
Figs. 1,2, and Supplementary Tables 1,2) to determine
glioblastoma cells’ radiosensitivity and to allow compar-
isons between two different types of radiation with the same
biological effect. LN229 cells were used for the CFA exper-
iments performed in duplicate. CFA experiments with U87
MG cells were not performed because this cell line tends to
migrate apart and therefore does not grow in well-defined
cell colonies.

Fig. 1 shows the dose-dependent cell survival curve
resulting from X-ray irradiation. The well-known shoulder
formation was observed, and the resulting survival curve
was fitted with the linear-quadratic model. The fitting re-
sults are presented in Table 3. Also listed are the doses at
which 50% and 10% of the cells survived after X-ray expo-
sure (D50 and D10, respectively). D50 was determined to
be (1.79 ± 0.24) Gy, and D10 was determined to be (3.8 ±
0.4) Gy.
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Table 2. Dye concentrations, excitation wavelengths, and detector ranges used for membrane, calcium, and mitochondria
staining.

Dye Dye concentration Excitation wavelength [nm] Detector range [nm]

CellMask™ Orange Plasma Membrane Stain 7.5 µg/mL 554 567–635
CellMask™ Green Plasma Membrane Stain 7.5 µg/mL 522 530–583
BioTracker™ 609 Red Ca2+ AM 10 µM 595 605–707
Tetramethylrhodamine ethyl ester (TMRE) 50 nM 554 604–700

Fig. 1. LN229 cell survival after exposure to X-rays. Cell sur-
vival uncertainties were calculated using Gaussian error propaga-
tion of the standard errors (SEMs) of the respective mean plating
efficiency (PE) values. Dose uncertainties are the standard devia-
tions of dose measurements using XR-RV3 Gafchromic™ films.
Two independent CFA experiments were performed for each radi-
ation type. LET, linear energy transfer.

Table 3. Fitting results of the CFA experiments after X-ray
exposure.

Radiation type Low-LET X-rays

Model S = exp
(
−α ·D − β ·D2

)
α [Gy−1] 0.20 ± 0.07
β [Gy−2] 0.104 ± 0.014
D50 [Gy] 1.79 ± 0.24
D10 [Gy] 3.8 ± 0.4
The uncertainties of D50 and D10 were cal-
culated using Gaussian error propagation of
the fit uncertainties.

3.2 Effect of Low-LET X-ray Radiation on TNT Networks
3.2.1 Experimental Workflow

Glioblastoma patients are usually treated with photon
radiotherapy. To understand how cellular communication
along TNTs may affect therapeutic outcome, the response
of TNT networks to X-ray irradiation was investigated. For

this purpose, U87 MG and LN229 cells were imaged using
confocal microscopy up to 24 hours after X-ray irradiation.
Four-well cell culture dishes were used for the experiments,
allowing live cell microscopy of up to four samples in par-
allel and ensuring good comparability. Before irradiation,
the cell membrane was labeled using the CellMask™ Or-
ange plasma membrane stain to visualize the TNTs. Cells
were irradiated at the following doses: 1.8 Gy, correspond-
ing to 50% cell survival, and 3.9 Gy, corresponding to ap-
prox. 10% cell survival. The TNT networks were ana-
lyzed from the obtained cell videos according to their ex-
pansion, i.e., how many cells were connected by TNTs and
how many connections exist per cell, and their complex-
ity, i.e., how many complex connections consisting of three
or more TNTs and how many highly connected cells (cells
connected to at least two other cells) are present in the TNT
networks. These parameters were determined at 1 hour, 3
hours, 10 hours, and 24 hours after irradiation to capture
possible communication phases during the recovery phase
after irradiation. Finally, the irradiated samples were com-
pared with sham-irradiated controls.

3.2.2 TNT Network Expansion and Cell-to-cell
Connectivity

For the TNT network connectivity, the number of con-
nected cells as well as the number of connections per cell
were considered. Fig. 2 shows the results of TNT network
expansion in LN229 ((a) and (c)) and U87 MG cells ((b)
and (d)) after sham (black), 1.8 Gy (red), and 3.9 Gy (blue)
X-ray irradiation. In (a) and (b), the time course of the frac-
tion of connected cells is shown, and in (b) and (c), the time
course of the number of connections per cell is shown. An
increased TNT network expansion is measurable in both
cell lines after 1.8 Gy X-ray irradiation.

Considering the LN229 cell line, significantly (p =
0.0264) more LN229 cells were connected by TNTs in the
1.8 Gy irradiated samples compared to the sham irradiated
controls ((52 ± 5) % vs. (36 ± 4) %; (mean ± SEM)) 10
hours after irradiation. This significant increase in TNT net-
work expansion is pronounced with time as the fraction of
connected cells increases to a value of (54.1 ± 2.8) % in
LN229 samples irradiated with a dose of 1.8 Gy, which is
1.3 times higher (two-sample t-test, p = 0.0049) compared
to (40.8 ± 2.6) % connected cells in the shams at the 24
hours time point.
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Fig. 2. Temporal evolution of tunneling nanotube (TNT) network expansion after X-ray exposure in LN229 cells (a,c) and U87
MG cells (b,d). TNT network expansion was measured in terms of the proportion of cells connected by TNTs (a,b) and the number of
connections per cell (c,d). For sham controls (black), eight samples (N = 8), and for the doses of 1.8 Gy (red) and 3.9 Gy (blue), six
samples (N = 6) were evaluated. Means ± SEM are shown. A p-value of <0.05 or <0.01 is indicated by * or **, respectively. The
p-values shown were obtained from the comparison between 1.8 Gy irradiation (red) and sham irradiation (black) using a two-sample
t-test.

The increased TNT network expansion was also mea-
surable when considering the number of connections per
cell. In LN229 cells, a significant increase (two-sample t-
test, p = 0.0355) between the 1.8 Gy X-ray exposure and
sham control was already visible 3 hours after exposure. In
the shams, approximately every 6th cell has a connection
(i.e., 0.175± 0.027 connections per cell), whereas in the ir-
radiated samples, every 4th cell has a connection (i.e., 0.258
± 0.018 connections per cell). This significant increase is
again pronounced with increasing time (two-sample t-tests;
10 hours: p = 0.0063; 24 hours: p = 0.0098). At these times,
approximately 1.5 times more connections per cell were de-
tected in 1.8 Gy irradiated samples (10 hours: 0.38± 0.04;
24 hours: 0.40 ± 0.029) compared to the connections per
cell in sham-irradiated controls (10 hours: 0.229 ± 0.026;

24 hours: 0.28± 0.026) corresponding to almost every sec-
ond cell with connection in the irradiated and barely every
4th cell in the sham.

In U87 MG cells, a significant (two-sample t-test, p =
0.0459) 1.2-fold higher number of connections per cell was
detected 10 hours after 1.8 Gy irradiation compared to sham
(1.10± 0.08 vs. 0.90± 0.05). Regarding the proportion of
connected cells, there is a trend of increased connectivity
10 hours after 1.8 Gy X-ray irradiation, with (86.9 ± 2.8)
% of cells connected by TNTs compared to (81 ± 4) % in
the sham-irradiated cells. The difference became signifi-
cant (two-sample t-test, p = 0.0163) 24 hours after irradia-
tion: (91.3± 1.8)% of the cells in the irradiated populations
were connected, compared to (83.5 ± 2.0) % of the cells in
the sham-irradiated populations.
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For the higher dose of 3.9 Gy, no significant differ-
ences in TNT network expansion were observed for ei-
ther cell line. However, the measured values were slightly
higher than those for the sham exposure in both cell lines.
Supplementary Figs. 3,4 show some representative im-
ages of TNT networks 10 hours after irradiation in LN229
cells and U87 MG, respectively.

3.2.3 TNT Network Complexity

The TNT network complexity was quantified by the
number of highly connected cells and the proportion of
complex connections. Considering the number of highly
connected cells, the significant increase in TNT network
expansion at about 10 hours after 1.8 Gy irradiation also
resulted in a higher proportion of highly connected cells in
both cell lines (see Fig. 3a,b, respectively), and thus in a
more complex TNT network. At 10 hours and 24 hours
after irradiation, there were almost twice as many highly
connected cells in LN229 samples irradiated at a dose of
1.8 Gy (10 hours: (15.4 ± 2.9) %; 24 hours: (19.2 ± 2.5)
%) compared to sham-irradiated samples (10 hours: (8 ±
1.3) %; 24 hours: (11.9 ± 1.7) %), resulting in a signifi-
cant increase (two-sample t-tests; 10 hours: p = 0.0255; 24
hours: p = 0.0276) in the complexity of the TNT networks.
In U87 MG cells, there was a significant (p = 0.0248) in-
crease in the proportion of highly connected cells between
1.8 Gy X-ray irradiation with a value of (62.6± 2.4) % and
sham irradiation with a value of (53.7± 2.4) % 10 hours af-
ter irradiation. This increase was attenuated 24 hours after
irradiation.

The TNT networks of LN229 cells did not show in-
creased complexity with respect to the proportion of com-
plex connections. At the beginning of the cell videos (1
hour and 3 hours after irradiation), high variations (e.g.,
ranging from 16% to 56% within the error bars at 1) in
the proportion of complex connections were measured (see
Fig. 3c). These large variations are probably due to the
low overall number of TNTs detected in the LN229 cells
(2–20 TNTs per sample). The variations became smaller
at 10 hours and 24 hours after irradiation (e.g., ranging
from 20.2% to 32% within the error bars at 24 hours). At
these times, more TNTs were detected (see results on con-
nections per cell shown in Fig. 2c), and therefore, a better
statistic regarding the proportion of complex connections
was achieved. The proportion of complex connections in
LN229 cells seemed to decrease slightly over time.

In U87 MG cells, the proportion of complex connec-
tions remained relatively constant over time, at approxi-
mately 25% in sham-irradiated controls (see Fig. 3d). In
contrast, TNT networks in irradiated cells tend to have
slightly more complex connections over time. Starting with
(25 ± 4) % for 1.8 Gy irradiation and (27 ± 5) % for 3.9
Gy irradiation at 1 hour after irradiation, the proportions
increased 24 hours after irradiation to (34.1 ± 1.9) % and
(33.7 ± 1.8) %, respectively. This is a significant increase

over sham for both doses, 1.8 Gy (two-sample t-test, p =
0.0168) and 3.9 Gy (two-sample t-test, p = 0.0199). The
proportions of complex connections were approximately
1.3 times higher in the irradiated samples compared to the
sham, with a value of (25.4 ± 2.3) % at 24 hours after irra-
diation.

3.2.4 Further Statistical Analysis
In addition to performing a statistical analysis using

two-sample t-tests, two-way ANOVAs with repeated mea-
sures were conducted to identify significant differences be-
tween groups (i.e., the doses). These analyses revealed no
significant differences between sham irradiation, 1.8 Gy,
and 3.9 Gy X-ray irradiation in U87 MG cells. However,
significant differences between the groups (i.e., the doses)
were found for LN229 cells in terms of the number of con-
nected cells, the number of connections per cell, and the
number of highly connected cells. Subsequent Bonferroni
post hoc tests revealed significant differences when com-
paring sham irradiation and 1.8 Gy X-ray irradiation, with
p-values of 0.005, 0.002, and 0.033, respectively, for the
number of connected cells, connections per cell, and highly
connected cells. According to the two-way ANOVAs with
repeated measures, no interactions between treatment and
time were found in both cell lines.

3.3 Calcium and Mitochondria in TNTs
To identify cargoes transported by TNTs, co-staining

experiments were performed in which the cell substance of
interest was labeled, and the cell membrane was addition-
ally co-labeled using the CellMask™ Green Plasma Mem-
brane Stain to identify the TNTs. Two types of possible
cargoes were examined: Ca2+ and mitochondria.

Two independent experiments, each with one sample,
were performed to investigate the presence of calcium in
the TNTs of unirradiated U87 MG cells. 59 TNTs were
analyzed in the first experiment, and 57 TNTs in the sec-
ond experiment. In (70 ± 10; mean ± SEM) % of the
analyzed TNTs, a calcium signal was found somewhere in
the TNTs. Fig. 4 shows exemplary confocal microscopy
images of calcium-containing TNTs. The calcium signal
strength inside the TNTs appeared weak and not homoge-
neously distributed. This indicates that the calcium concen-
tration is low and varies within and between TNTs. How-
ever, in more than 2/3 of all analyzed TNTs, calcium can be
found in the TNTs.

To investigate the presence of mitochondria in the
TNTs of unirradiated LN229 cells, one experiment with
one sample was performed. The mitochondria were labeled
with TMRE, which accumulates at the negative potential
of the mitochondrial membrane, and therefore, the local-
ization of the dye is very selective for mitochondria. Mi-
tochondria were found in the TNTs (see yellow arrows in
Figs. 5,6) and filopodia (see Supplementary Fig. 5) of
LN229 cells. Filopodia are membrane structures that do not
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Fig. 3. Temporal evolution of TNT network complexity after X-ray exposure in LN229 cells (a,c) and U87 MG cells (b,d). The
complexity of the TNT network was measured by the proportion of highly connected cells (a,b), which were connected to at least two
other cells in the network, and the proportion of complex connections, which consisted of three or more TNTs (c,d). For sham controls
(black), eight samples (N = 8), and for the doses of 1.8 Gy (red) and 3.9 Gy (blue), six samples (N = 6) were evaluated. Means ± SEM
are shown. A p-value of <0.05 is indicated by *, respectively. The p-values shown were obtained from the comparison between 1.8 Gy
irradiation (red) and sham irradiation (black) using a two-sample t-test.

provide cell-to-cell connections and are completely located
on the substrate. However, only the TNTs were considered
in the analysis, not the filopodia. Only 15 out of 237 TNTs
analyzed contain mitochondria, which is 6%. With the cho-
sen microscope settings, there is no signal from the mem-
brane in the mitochondrial channel (see Figs. 5,6). How-
ever, the mitochondrial signal is well visible in the mem-
brane channel because the excitation and emission spectra
of the TMRE (a stain for polarized mitochondria) overlap
with the selected excitation wavelength and detector range
of the CellMask™ Green Plasma Membrane Stain. Nev-
ertheless, since no membrane signal was seen in the mito-
chondrial channel (see Figs. 4,5), it can be concluded that
the identified mitochondrial signal is from polarized mito-
chondria, i.e., from intact mitochondria that retain mem-
brane potential.

Almost all mitochondrial signals found in the TNTs
were concentrated in single spots in the respective tubes
(see yellow arrows in Figs. 5,6a). Only a few mitochon-
drial signals are slightly elongated and distributed along the
tube (see Fig. 6b). The merged images show that the mi-
tochondrial signal and the overlapping signal of the mem-
brane channel are slightly shifted towards each other. This
is probably caused by themovement of themitochondria in-
side the tubes between the acquisition of the two channels,
due to the sequential imaging (time shift of about 30 sec-
onds). The yellow circles in Fig. 6a mark a position where
the movement of the mitochondrial network between acqui-
sition times is well visible. Here, the shape of the mitochon-
drial network has changed between the acquisition times of
the two channels.
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Fig. 4. Confocal images (maximum projections) of TNTs in unirradiated U87 MG cells containing Ca2+ (cyan). The cells were
co-stained with CellMask™ Green Plasma Membrane Stain (magenta) and BioTracker™ 609 Red Ca2+ AM (cyan). The two acquired
channels (membrane and calcium) are shown, along with the merged image on the right. Magnifications below allow for a closer look at
the TNTs. Calcium is distributed along the entire length of the TNTs, appearing more prevalent at the points where they are thicker. The
calcium signal inside the TNTs is weaker than the membrane signal, and the signal strength varies between the TNTs. In this example,
all TNTs contain calcium. The full z-stack is provided in the supplementary material (see Supplementary Fig. 6). Scale bars: 10 µm
for the overview images and 1 µm for the magnifications.

4. Discussion
The results of the cell survival measurements are con-

sistent with known radiobiological models concerning the
course of the survival curve (e.g., shoulder formation for
X-ray irradiation) and higher cell survival after low-LET
X-ray irradiation than after high-LET α-particle irradiation
(see Supplementary Fig. 2 and Supplementary Table
2). However, no comparable cell survival results could be
found in the literature for X-ray exposure parameters simi-
lar to those used in this study, since many studies used X-
ray systems with higher filtering and energies up to 200
keV. The cell survival measured here with a 0.5 mm alu-
minum filter and a maximum energy of 130 keV decreases
faster with increasing dose compared to the cell survival
measured with higher filters and higher energies, as per-
formed by Wank et al. [29], for example. In this study,
50% cell survival is achieved at a dose of approximately 2
Gy. This is higher than the 1.8 Gy measured in this study
using lower-energy X-rays, but the two measurements are
within the scope of measurement uncertainties.

The TNT network results show that U87 MG cells
have a significantly wider and denser TNT network than
LN229 cells. Looking at the cell populations after sham ir-

radiation, U87 MG cells had significantly more connected
cells (two-sample t-test, p< 0.001) and connections per cell
(p < 0.001) than LN229 cells at all times. 24 hours after
sham irradiation, (83.5 ± 2.0) % of U87 MG cells were
connected by TNTs. In contrast, only half as many LN229
cells ((40.8± 2.6) %) were connected by TNTs at this time.
When looking at the number of connections per cell, the
difference is even more dramatic. Here, the U87 MG cells
have about 3.75 times more connections than the LN229
cells at 24 hours (U87 MG: 1.05 ± 0.09; LN229: 0.280
± 0.026). In addition, the proportion of highly connected
cells was significantly higher (two-sample t-tests; 1 hour:
p = 0.0351; 3 hours, 10 hours, and 24 hours: p < 0.001)
in U87 MG cells than in LN229 cells. However, no sig-
nificant differences were found between the two cell lines
concerning the proportion of complex connections.

In a previous study [30], we characterized the TNTs
of U87 MG and LN229 cells based on their dimensions and
lifespans. We found that, despite having a smaller diam-
eter (U87 MG: 197 nm; LN229: 338 nm), the TNTs of
U87 MG cells are twice as long, with a mean length of
40 µm, and have a mean lifetime of 88 minutes, which is
twice that of the TNTs of LN229 cells (mean lifetime: 41
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Fig. 5. Confocal images (maximum projections) of a TNT containing mitochondria in unirradiated LN229 cells that were co-
stained with CellMask™Green PlasmaMembrane Stain (magenta) and TMRE (cyan). The two acquired channels (membrane and
mitochondria) are shown, along with the merged image on the right. Magnifications below allow for a closer look at the TNTs. The
yellow arrows indicate the position of the mitochondrial signal in the TNT. The mitochondrial spot is shifted toward the spot visible in
the membrane channel. This is due to the temporal shift of about 30 seconds between acquiring both channels, which was caused by
sequential imaging. The full z-stack is provided in the supplementary materials (see Supplementary Fig. 7). Scale bars: 5 µm for the
overview images and 1 µm for the magnifications.

minutes). Thus, it appears that U87 TNTs are more sta-
ble than LN229 TNTs. This could explain why U87 cells
have denser TNT networks with more cell-to-cell connec-
tions than LN229 cells. One possible reason for the greater
stability of the TNTs in U87MG cells is that they may have
a greater lipid and cytoskeleton reservoir. This would make
the TNTs more flexible, allowing them to shrink and ex-
pandmore dynamically than in LN229 cells, as discussed in
the previous study [30]. However, this hypothesis must be
proven by first ascertaining TNT stability in cells through
elastic measurements using optical tweezers.

Although the TNT networks differ significantly be-
tween LN229 and U87MG cells, the TNT networks of both
cell lines show the same response to X-ray irradiation. In
both cell lines, a significant increase in TNT network for-
mation was observed 10 hours after irradiation with a dose

of 1.8 Gy. Compared to the sham-irradiated samples, the
irradiated samples of both cell lines have more connections
per cell at this time point. The number of cells connected
by TNTs is also increased in both cell lines in irradiated
samples at this time point, significantly in LN229 cells and
tending to increase in U87 MG cells. The complexity of
the TNT networks is also higher in the irradiated samples,
as there are more highly connected cells.

An increased or accelerated formation of TNT net-
works has also been observed in U87 MG cells after irradi-
ation with high-LET α-particle irradiation performed in our
lab [28]. Here, a significant increase in the number of cells
connected by TNTs was observed 6 hours after irradiation
with α-particles up to a dose of 1.2 Gy. The TNT networks
also showed a significant increase in the proportion of com-
plex connections 24 hours after α-particle irradiation. A
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Fig. 6. Confocal images (maximum projections) of mitochondria inside TNTs in unirradiated LN229 cells that were co-stained
with CellMask™Green Plasma Membrane Stain (magenta) and TMRE (cyan). (a,b) show different representative images of TNTs
containing mitochondria. In (a,b), the two acquired channels (membrane and mitochondria) are shown, along with the merged image on
the right. Magnifications below the respective images allow for a closer look at the TNTs. Yellow arrows indicate the positions of the
mitochondrial signals within the TNTs. In most cases, the mitochondrial signal was found as concentrated spots, as seen in (a), or slightly
elongated, as seen in (b). The yellow circles in (a) indicate where movement of the mitochondrial network is visible between acquisitions
of the two channels due to signal overlap in the membrane channel. The mitochondrial signal is shifted towards the signal acquired in
the membrane channel due to the small temporal shift (about 30 seconds). The full z-stacks are provided in the supplementary materials
(see Supplementary Figs. 8,9). Scale bars: 5 µm for the overview images and 1 µm for the magnifications.

similar increase was observed 24 hours after X-ray irradia-
tion in U87MG cells at both 1.8 Gy and 3.9 Gy doses. In the
case of the proportion of highly connected cells, an increase
was also observed 24 hours afterα-particle irradiation. This
increase was already detectable 10 h after exposure to 1.8
Gy of X-rays.

Both low- and high-LET radiation appear to stimulate
the formation of TNT networks and enhance cellular com-
munication via TNTs. This increase is measurable within
6 to 10 hours post-irradiation. In irradiated cells, an addi-
tional mechanism that is inactive in sham-irradiated cells
seems to accelerate TNT network development. This ac-
celerated TNT formation likely helps irradiated cells man-
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age radiation stress and activate survival pathways. The
extent to which TNT communication is enhanced proba-
bly depends on the radiation dose. In this X-ray study,
TNT network formation was higher at a lower radiation
dose (1.8 Gy) associated with 50% cell survival. In con-
trast, the higher dose (3.9 Gy) resulted in a limited or no sig-
nificant increase in TNT formation compared to the sham-
irradiated controls. One possible explanation for this ob-
servation might be that a higher dose results in more apop-
totic cells, which may focus primarily on repairing dam-
age. In contrast, lower doses result in less damage, enabling
the cells to interact and support one another more effec-
tively. The applied radiation dose is a known factor that in-
fluences cell fate decisions, including apoptosis and necro-
sis [33]. Additionally, cellular communication effects, such
as bystander effects, are more associated with lower doses
[34]. However, the above hypothesis remains to be con-
firmed by quantifying apoptotic cell populations and assess-
ing DNA repair capacity at given doses using methods such
as caspase 3/7-Sytox assays and γH2AX foci quantifica-
tion, for instance. Additionally, advanced methods such as
AI-based tracking of individual cells after irradiation repre-
sent promising future approaches that could provide deeper
insights into radiation-induced cell fate decisions [35].

Furthermore, the type of radiation also appears to be
relevant. Irradiation with high-LET α-particles at 1.2 Gy
(approximately 10% cell survival; see Supplementary Fig.
2) caused a significant increase in TNT cross-linking six
hours after irradiation, as shown in a previous study [28].
Conversely, X-ray irradiation at 3.9 Gy (approximately
10% survival), the subject of this study, did not demon-
strate a similar outcome despite its comparable survival
rate. Taken together, these results suggest that the induction
of TNT formation may depend on the type of radiation and
the resulting damage. High-LET radiation induces more di-
rect DNA damage, resulting in a more efficient killing ef-
fect on cells compared to low-LET radiation, which primar-
ily causes indirect DNA damage through radiation-induced
reactive oxygen species (ROS). These species are often pro-
duced by the radiolysis of water and are thought to trigger
TNT formation as a cellular stress response, as proposed in
the model of Rustom [15]. Furthermore, in radiobiology,
LET serves as a measure of ionization density in target ma-
terials. In this context, low-LET radiation is referred to as
sparsely ionizing, while high-LET radiation is referred to
as densely ionizing. Due to the close proximity of the ion-
ization events induced by high-LET radiation, the result-
ing DNA damage is more severe, with more double-strand
breaks (DSBs) and single-strand breaks (SSBs) occurring
close together, resulting in more complex and clustered
damage. Similarly, ROS mostly interfere with each other
in the case of high-LET radiation because they are much
closer together. Therefore, ROS plays a minor role in high-
LET radiation and a dominant role in low-LET radiation. It
would be interesting to compare the ROS levels generated

by low- and high-LET radiation at isoeffective doses. If the
ROS levels are similar and one speculates that ROS levels
regulate TNT induction, this could explain the controversial
results of TNT cross-linking for high- and low-LET radia-
tion at comparable cell survival rates. However, our results
also suggest that ROS alone cannot explain TNT induction.
The higher X-ray dose of 3.9 Gy, with a suspected higher
ROS level, did not result in greater TNT formation than the
lower dose of 1.8 Gy, as discussed above.

24 hours after irradiation, TNT networks in irradiated
cells still tended to be increased, compared to TNT net-
works in sham-irradiated cells. In the α-particle irradia-
tion study [28], the irradiated and sham-irradiated samples
aligned after three days, showing the same values for the
percentage of connected cells, the number of connections
per cell, and the percentage of complex connections. This
suggests that the additional triggering of TNT formation in
irradiated cells has stopped, and the network is no longer ex-
panded and strengthened by the irradiated cells at a certain
point. This may be due to the saturation of TNT network
formation or the completion of most repair processes (ap-
proximately 88% of γH2AX fluorescence decay) 48 hours
after high-LET irradiation [36], which could lead to termi-
nation of oriented TNT formation. Moreover, the remain-
ing TNT connections to apoptotic cells that cannot be res-
cued may break off in order to isolate these non-rescuable
cells, similar to the model proposed by Rustom [15].

In this study, additional co-staining experiments with
unirradiated cells were performed to identify cargoes that
can be transported by TNTs and to gain insight into the ex-
tent to which TNT-mediated cellular communication could
contribute to tumor cell survival. Here, the presence of two
important cargoes, calcium and mitochondria, was detected
in the TNTs of glioblastoma cells.

Ca2+ was frequently found in the TNTs of U87 MG
cells, as more than 2/3 of the analyzed TNTs contained
Ca2+. Therefore, it can be assumed that calcium can be
distributed via TNT networks. Calcium is a very important
secondary messenger that regulates a variety of physiolog-
ical cellular effects. For example, calcium plays a critical
role in cell migration and thus in cancer metastasis [37].
During cell migration, Ca2+ signaling regulates both adhe-
sion to the extracellular matrix and remodeling of the cy-
toskeleton. The locomotion and thus the change in direc-
tion of cell migration are determined by the cytosolic cal-
cium gradient within a cell. In amigrating cell, the cytosolic
calcium concentration is low at the leading edge and high
at the trailing edge. Studies have shown that Ca2+ signal-
ing is related to the invasiveness of glioblastoma and that
there are some therapeutic approaches targeting Ca2+ sig-
naling in this context, as reviewed by So et al. [38]. Due
to the multitude of calcium-dependent signaling cascades
that regulate a wide range of cellular processes, from cell
migration to cell synchronization [39] and cell prolifera-
tion [40], the calcium homeostasis of a cell requires pre-
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cise regulation, and the calcium signal must be specifically
encoded. The spatial and temporal characteristics of cal-
cium production are the primary means of this encoding.
The distribution of calcium along the TNT network could
help to maintain the homeostasis of intracellular calcium
levels. It has been observed that the intracellular calcium
level increases in a dose-dependent manner shortly after ra-
diation exposure and is therefore thought to be an early re-
sponse to radiation [41]. However, the Ca2+ response is
likely to be cell-type dependent as well as radiation-type
dependent. Furthermore, it is strongly suspected that Ca2+
contributes to radiation-induced bystander effects [41]. An
increased intercellular Ca2+ level can lead to cell apopto-
sis and is required for several cytotoxic effects caused by
chemotherapeutic agents and radiation [42]. In this con-
text, a distribution of calcium within TNT networks may
promote both the guidance of tumor cells to the surround-
ing tissue, which is not or less radio-treated, and thus escape
the radio-treatment, and the adaptation to the radio-induced
effects by distributing lethal levels of calcium.

Furthermore, it has been demonstrated that calcium
regulates glioblastoma tumor growth and survival [43,44].
The impact of calcium waves on the growth and resis-
tance of glioblastoma tumors has been studied in particu-
lar by examining cellular communication networks estab-
lished by microtubes (MTs) [16,45]. These MTs are mem-
brane tunnels that are similar to TNTs, but thicker in di-
ameter. Rhythmic Ca2⁺ oscillations propagated through
these MT networks and, similarly, through the TNT net-
works could synchronize damage responses or cell-cycle
checkpoints. Thus, the network could optimize repair and
survival collectively, bringing cells into a more damage-
tolerant, radiation-resistant state before the next radiation
treatment [46]. However, quantifying how much radiore-
sistance is specifically due to calcium transfer versus other
cargo, such as mitochondria, remains elusive.

In addition to calcium, mitochondria were also local-
ized in the TNTs of LN229 cells. In contrast to the calcium
signal, functional mitochondria were often found concen-
trated at single spots in the tubes. This suggests that mito-
chondria are only occasionally exchanged across the TNTs.
This conclusion is also supported by the fact that only ap-
proximately 6% of the TNTs analyzed contained mitochon-
dria. Several reports have demonstrated that damaged cells
can be rescued by the exchange of functional mitochondria
across TNTs [14]. Furthermore, it has been reported that
mitochondrial transfer along TNTs increases invasiveness
in bladder cancer cells [47] and promotes chemoresistance
when mitochondria were transferred between endothelial
cells and cancer cells [48]. These findings and the fact that
mitochondria were detected in TNTs in LN229 cells in this
study suggest that mitochondrial transfer leading to TNT-
associated therapy resistance effects is a critical research
topic. In the recorded images, it can be seen that the mito-
chondria move inside the TNTs due to the time delay be-

tween the sequential imaging and the crosstalk of the mi-
tochondrial signal into the membrane channel. No strong
thickening or even gondolas (i.e., large membrane bulges
containing cytoplasm and other substances) were observed
at the positions where the mitochondria were detected in the
tubes. This observation, together with the infrequent occur-
rence of gondolas in the TNTs of U87 MG and LN229 cells
[30], suggests that this transport mechanism likely plays a
minor role in cellular communication via TNTs in glioblas-
toma cells. One limitation of this study is that video mi-
croscopywas not performed to track calcium andmitochon-
drial transfer in the TNTs. However, it is important to deter-
mine if mitochondria and calcium are actively transported
from one cell to another. In this context, determining the
transport velocity is essential for identifying possible trans-
port mechanisms, such as molecular motors.

In this study, calcium and functional mitochondria
were detected in TNTs in cells that had not been irradiated.
However, it is necessary to determine whether these types
of cargo are also present in TNTs of irradiated cells and
whether the transfer of these cargoes ismore pronounced af-
ter irradiation. Furthermore, the analysis of mitochondrial
transfer was performed only once to demonstrate qualita-
tively that mitochondria can be detected in TNTs. How-
ever, in order to compare the number of TNT-containing
mitochondria in irradiated versus unirradiated cells, more
replications would be necessary to strengthen this finding
and obtain sufficient statistics for prospective comparisons.

Additionally, a key remaining question is the ex-
tent to which TNT-mediated cellular communication con-
tributes to non-targeted effects. These effects include the
bystander and rescue effects, which may be responsible
for the development of treatment resistance. Co-culture
experiments could provide more insight into communi-
cation between irradiated and non-irradiated cells. Such
experiments could address interesting questions, such as
which type of cell (irradiated or non-irradiated) communi-
cates more via TNTs. One could also investigate whether
non-irradiated cells primarily communicate with other non-
irradiated cells, thereby isolating the irradiated cells, or if
they attempt to establish TNT connections with irradiated
cells to help them recover from irradiation. To answer these
questions, the number of TNT connections between irradi-
ated and non-irradiated cells, as well as within each group,
must be determined. In these types of experiments, appro-
priate video microscopy techniques could be used to ob-
serve the transfer of cargo and thereby determine howmany
mitochondria are transferred from non-irradiated cells to ir-
radiated cells, for example, or the propagation of calcium
flux along the TNT network. In the latter case, the targeted
irradiation of individual cells may be advantageous. Such
experiments would allow for a more detailed exploration of
the functional implications of cargo transfer via TNTs and,
therefore, the functional significance of cargo transfer in the
radiation response.
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Another interesting follow-up project would involve
targeted functional studies in which cellular communica-
tion via TNTs is blocked by an appropriate TNT inhibitor.
In a previous study, we demonstrated that the actin poly-
merization inhibitor cytochalasin B reduces cell connectiv-
ity via TNTs, with a greater effect at higher concentrations
[49]. The general TNT inhibition by actin polymerisation
inhibitors such as cytochalasin B and cytochalasin D was
also demonstrated in other cell lines [50,51]. However,
since cytochalasin B and other inhibitors that affect the cy-
toskeleton strongly impact overall cellular behavior, includ-
ing cell division, morphology, and migration, we believe
these substances are not suitable for TNT inhibition in fur-
ther research. Identifying specific TNT-related genes and
molecular regulators required for TNT formation, stability,
and cargo transfer will be key to finding or developing a
non-toxic, specific TNT inhibitor. Genetic knockdown of
these TNT-related genes could provide evidence of the bio-
logical relevance of TNT networks in the radiation response
of glioblastoma.

5. Conclusion
This study demonstrates that exposure to clinically rel-

evant X-ray doses (1.8 Gy, corresponding to 50% cell sur-
vival) increases the connectivity and complexity of TNT
networks in glioblastoma cells. This effect was most pro-
nounced approximately 10 hours post-irradiation, as evi-
denced by a higher number of connected cells, more con-
nections per cell, and a greater proportion of highly con-
nected cells linked to at least two other cells. Although a
higher X-ray dose (3.9 Gy, corresponding to 10% cell sur-
vival) showed a similar trend, the increase was less pro-
nounced.

By comparing these findings with those of our previ-
ous study on high-LET α-particle irradiation [28], in which
enhanced TNT network formation was observed six hours
after exposure to 1.2 Gy (with approx. 10% cell survival),
we can conclude that radiation exposure triggers enhanced
TNT-mediated cellular communication within the first few
hours after exposure. This results in an extensive TNT net-
work 6 to 10 hours after exposure. The triggering mech-
anisms may vary with radiation type, which could explain
differences in dose responses.

The radiation-induced enhancement of TNT networks
may help cells to survive radiation stress, coordinate migra-
tory escape, or distribute resistance factors among surviv-
ing cell populations. Our co-staining experiments identi-
fied frequent Ca2⁺ signaling within TNTs in U87 MG cells
and occasional mitochondrial localization within TNTs in
LN229 cells. Ca2⁺ signals are important for guiding cell
migration, and mitochondria are key cargoes responsible
for the observed rescue effects in cell populations. Con-
sequently, both types of cargo may contribute to treatment
resistance. Together with the pronounced TNT network for-
mation after radiation treatment, these findings strongly in-

dicate that TNT-mediated cellular communication is a po-
tential mechanism through which glioblastoma cells can re-
sist radiotherapy.

Improving our understanding of how TNT-mediated
cellular communication influences glioblastoma cells’ re-
sponse to therapeutic approaches, particularly radiation
treatment, could reveal the key mechanisms underlying
therapy resistance. Identifying these mechanisms could
lead to radiation therapy strategies that are tailored to each
individual tumor. Further research into the molecular path-
ways bywhich radiation induces TNT formation is essential
for optimizing treatment methods for aggressive cancers.
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