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Abstract 
Background.   Glioblastoma (GB), is an incurable brain tumor characterized by extreme malignancy and invasive-
ness, and the cellular mechanisms underlying such a severe phenotype are not completely understood. Although 
calcium (Ca2+) plays an important part in tumor proliferation and infiltration, it remains unclear whether Ca2+ 
signaling in GB cells is related to its location within the tumor and on the infiltrative potential of the cells.
Methods.   In this study, we developed a stably transfected GL261 cell line that coexpresses a red fluorescent pro-
tein for actin cytoskeleton staining and the intracellular Ca2+ sensor, GCaMP6s. By means of intravital 2-photon 
imaging, we have characterized the morphological and functional properties of cells at different locations within 
the tumor.
Results.   Our results showed that cells located at the tumor core are densely packed and rounded in shape, con-
trasting sharply with the polarized morphology observed in the peripheral cells. This anatomical heterogeneity 
corresponded to notable variations of the physiological phenotype: cells at the tumor core displayed low Ca2+ ac-
tivity and very limited motility, while peripheral cells displayed intense Ca2+ activity and increased migration rates. 
Moreover, peripheral cells formed a cellular ensemble characterized by synchronized Ca2+ activity accompanied by 
a directionally biased collective motility.
Conclusions.    These findings suggest that GB cells manifest activity patterns depending upon their spatial location 
within the tumor and that these correlate with their migration.

Key Points

•	 Interplay of Ca2+ dynamics and cell motility in GB is crucial.

•	 GB forms cooperative networks, communicating via Ca2+ transients.

•	 Uncovering Ca2+ signaling mechanisms in GB is vital for potential therapy.

Glioblastoma (GB) stands out as one of the most aggres-
sive forms of brain tumor with an unfavorable prognosis.1,2 
The ability of GB to infiltrate brain tissue several centimeters 
away from the mass highlights the aggressive nature of the 
disease.3 This feature of GB is primarily responsible for re-
currence and treatment resistance.4 The presence of tumor 

microenvironment plays a crucial role in supporting GB in-
filtration by facilitating the formation of multicellular tumor 
networks through signaling pathways, gap junctions, and 
microtubules.5,6

Currently, there are several evidences showing that GB 
cells, both murine and human cell lines, establish connections 

Heterogeneity of intracellular calcium signaling of 
glioblastoma cells depends on intratumoral location 
and migration state  
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among themselves forming cooperative networks, partic-
ularly via gap junctions, and communicate using calcium 
(Ca2+) waves.7–11 Many cellular functions such as energy 
transduction, apoptosis, chemotaxis, and most part of the 
signal transduction pathways operating within the brain 
are regulated by Ca2+.12–14 These functions are triggered 
by Ca2+ redistribution between the cytosol and both intra-
cellular compartments and extracellular space, resulting 
in Ca2+ transients with diverse temporal and spatial fea-
tures.15–17 Since GB is characterized by a large degree of 
intratumor heterogeneity,18 we should ask whether intra-
cellular Ca2+ signaling is uniform within the tumor mass or 
if different regions of the tumor sustain distinct patterns of 
Ca2+ activity.

The importance of Ca2+ signaling extends beyond 
normal physiological functions in the brain to the regu-
lation of tumor biology, especially in malignancies like 
GB.19,20 Dysregulated Ca2+ signaling is a hallmark of cancer 
progression, with GB cells exploiting Ca2+-dependent path-
ways to enhance their invasiveness and treatment resist-
ance.20 For instance, low-voltage-activated T-type Ca2+ 
channels (Cav3.1 and Cav3.2) have been shown to regu-
late critical processes such as cell cycle and survival in GB 
cells.21,22 Studies have demonstrated that inhibiting these 
channels can reduce GB proliferation and induce apop-
tosis.23,24 Furthermore, transient receptor potential (TRP) 
channels, particularly TRPV1 and TRPV2, are implicated 
in GB cell chemoresistance and tumor progression, sug-
gesting that targeting Ca2+ channels may offer therapeutic 
benefit.25–28 These findings underscore the potential of Ca2+ 
signaling as a therapeutic target for overcoming the limi-
tations of conventional treatments like temozolomide and 
radiation therapy.

Building on these insights, several therapeutic strat-
egies are currently being investigated in clinical trials, fo-
cusing on modulating Ca2+ signaling pathways in GB. For 
example, clinical trials involving T-type Ca2+ channel inhibi-
tors like mibefradil have shown encouraging results when 
used in combination with standard chemotherapeutics.29 
Other approaches include targeting SERCA pumps and 
specific Ca2+ transport proteins, aiming to disrupt Ca2+ ho-
meostasis in GB cells.30–35 The modulation of Ca2+ signaling 
could induce cytotoxic calcium overload, driving apoptosis 
and improving therapeutic outcomes. These advances 
highlight the growing recognition of Ca2+ signaling as a 
crucial target for novel GB therapies and emphasize the 
need for further research to develop more effective, per-
sonalized treatments.

This study aims to investigate the heterogeneity of in-
tracellular Ca2+ ([Ca2+]i) activity within different GB districts 
and the association with invasiveness. To achieve this, 

we developed a fluorescent GL261 mouse model engin-
eered to express a genetically encoded calcium sensor, 
GCaMP6s. Taking advantage of in vivo 2-photon micros-
copy, we assessed the [Ca2+]i dynamics of cells in different 
tumor areas as the transplanted cells colonize the host 
brain. Our study reveals differential [Ca2+]i activity between 
the tumor core (TC) and peritumoral region, corresponding 
to large morphological differences and migratory potential 
of these cells. These findings enhance our understanding 
of GB complexity.

Materials and Methods

Plasmid

A stably transfected GL261 cell line was produced from 
pPBC-G6s plasmid, which was kindly donated to us by 
Karen Wilcox (University of Utah). pBC-G6s is based on a 
pSP72 backbone, and it expresses calcium sensor GCaMP6s 
under the constitutive promoter CAG. The GCaMP6s gene, 
together with the promoter, is flanked by piggyBac ITRs, 
which allow its insertion in a target cell genome in the pres-
ence of the helper plasmid, piggyBac transposase (PBase). 
We modified this plasmid by adding at the C-terminal of 
GCaMP6s an auto-cleavable linker P2A, followed by the 
red fluorescent protein (RFP) DsRed2, which was modified 
by adding an N-terminal actin-staining peptide (LifeAct). 
The RFP was added using a standard digestion-ligation 
procedure, by using pBC-G6s as a vector and inserting the 
LifeAct-RFP from a custom plasmid synthesized by a gene 
synthesis facility (Aurogene), using PstI and NotI restric-
tion enzymes. The subsequent final structure was used in 
all experiments of the GL261 model. Transformations have 
been performed in One Shot Stbl3 chemically competent 
Escherichia coli cell line (Thermo Fisher Scientific), while 
the final plasmid used for transfection was produced using 
the QIAGEN Plasmid Plus Maxi Kit.

Cell Culture Transfection

GL261 wild-type (GL261-WT) cell line was given to us by 
Matteo Caleo, CNR Pisa. Cells were cultured in Dulbecco’s 
modified Eagle’s medium ( Gibco) containing 10% fetal bo-
vine serum, 1% penicillin-streptomycin (100 units/mL of 
penicillin and 100 µg/mL of streptomycin, Gibco), 1 mM 
sodium pyruvate (Gibco), and 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (Gibco). 
Transfections were performed through electroporation on 
cell suspension. Cells cultured on P60 Petri dishes (60 mm 

Importance of the Study

Our research highlights the intricate relationship be-
tween intracellular calcium dynamics and cellular 
movement in glioblastoma (GB), underscoring the 
importance of intratumoral signaling in tumor pro-
gression. Future investigations should aim to uncover 

the molecular mechanisms behind calcium signaling 
in GB and assess its potential for therapy. Targeting 
abnormal calcium activity could be a promising ap-
proach to hinder GB invasion and enhance patient 
outcomes.
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diameter) at 80% confluency were detached using 0.05% 
Trypsin-Ethylenediaminetetraacetic acid (EDTA) (Gibco), 
washed with 5 mL of Dulbecco’s Phosphate-Buffered 
Saline (PBS), and centrifuged at 1200 rpm for 5 min. 
Pelleted cells were resuspended in 120 µL of electrolytic 
buffer (Invitrogen) with 5 µL of plasmid DNA. Resuspended 
cells were electroporated using MicroPorator MP-100 
(Digital Bio, 2 pulses at 1200V with a duration of 20 ms). 
The amount of DNA used is approximately 10-20 µg. 
Transfected cells (GL261-TF) were then plated and main-
tained in the prepared culture medium, replaced 2-3 times 
per week, in a humidified atmosphere of 5% CO2 at 37°C. 
To achieve a 100% stably transfected fluorescent cell line, 
electroporated cells were sorted using Bio-Rad S3e Cell 
Sorter. For injection, sorted cells were grown up to 90% 
confluency in a P60 Petri dish and harvested using 0.05% 
Trypsin-EDTA. Cells were then pelleted by centrifugation at 
1200 rpm for 5 min and resuspended to a cell concentra-
tion of 20 000 cells/µL with PBS.

Cell Proliferation Assay

GL261 cells (GL261-WT and GL261-TF) were detached using 
0.05% Trypsin-EDTA (Gibco), washed with culture medium, 
centrifuged at 1200 rpm for 5 min, and resuspended with cul-
ture medium. Centrifugation was done to minimize the number 
of dead cells and cell debris. Then, 10 µL of cell suspension 
was added to 10 µL of Trypan Blue stain 0.4% (Invitrogen) and 
loaded into cell counting chamber slides (Invitrogen). Counts 
were performed using the benchtop Countess Automated Cell 
Counter (Invitrogen). Cells were seeded on a P60 Petri dish 
at a starting density of 1 × 104 cells. Cells were detached and 
counted using the automated cell counter for a period of 6 
days, where one Petri dish per day was used (6 Petri dishes/cell 
line each trial). A total of 3 trials were done.

Wound Healing Assay

In vitro cell migration assay was done by preparing cell 
suspension in culture medium and counting the cells as 
described in 3.4.3. Cell suspension then was adjusted to a 
cell concentration of 4 × 105 cells/mL to obtain a confluent 
cell layer after 24 h. About 70 µL of cell suspension was 
applied to each well of the Culture-Insert Well (Ibidi) that 
was placed in a P35 Petri dish (35 mm diameter) and in-
cubated at 37°C in 5% CO2 for 24 h. Once a confluent layer 
is formed, the Culture-Insert Well was gently removed with 
sterile tweezers. Petri dish was then washed and filled with 
fresh culture medium to remove dead cells, nonattached 
cells, and cell debris. Cells were imaged with a Zeiss LSM-
800 Airyscan confocal microscope under brightfield mode. 
Images were acquired using a 20× air objective (NA 0.5) for 
2-3 consecutive days until gap closure. Images are at a res-
olution of 1024 × 1024 pixels, with a field of about 638.9 µm 
and a linear pixel size of 0.624 µm per pixel.

Animals

C57BL6/J mice strain were obtained from The Jackson 
Laboratory (stock number #000664) and maintained at 

Istituto di Neuroscienze (CNR, Pisa) animal house on a 12-h 
light cycle and fed ad libitum. For all experiments, mice of 
either sex were studied unless stated otherwise. All animal 
care and experimental procedures were in strict accord-
ance with standards set by the institutional animal care 
and the recommendations of the Italian Ministry of Health 
(protocol 143-2017 PR).

Intracortical Injections of GL261 Cell Line

Mice were anesthetized with 2,2,2-tribromoethanol 
(Avertin) (0.02 mL/g body weight) intraperitoneally and 
mounted on a stereotactic stage. The head was secured 
using 2 metal ear bars and a nose clamp. The hair on the 
head was removed using a hair depilatory cream, and a 
single skin cut of approximately 0.5-1 cm was made using 
a pair of scissors, and the exposed subcutaneous tissue 
was gently removed. A small needle-size hole around the 
visual area was made using a hand drill and washed with 
a few drops of PBS to clean the injection area. Next, 4 × 104 
GL261 cells suspended in 2 µL of PBS were injected stereo-
tactically using a glass capillary in the middle of the drilled 
grove at a depth of 0.3 mm. A total of 5 min were spent for 
the injection and an additional 2 min before removing the 
glass capillary to avoid spillovers. The surface of the injec-
tion site was then washed with PBS before closing the skin 
with simple stitches. Iodine antiseptic cream was applied 
on the stitches to prevent infection. A single dose of an-
tipyretic, that is, 5 drops of paracetamol (100 mg/mL) per 
100 mL of drinking water was provided for the animals 
after surgery. Mice were closely monitored for behavior, 
reactivity, and appearance.

Survival Analysis

C57BL6/J mice were divided into 2 groups and implanted 
with tumor cells, GL261-WT, and GLL261-TF, respectively 
(6 mice/group). Tumor implantation was carried as previ-
ously described. Animals were maintained on a 12-h light 
cycle and fed ad libitum. Animals were closely monitored, 
and body weights were recorded daily. The endpoint of the 
experimental duration is achieved when the mice have re-
duced 20% of its initial body weight. All animals were sac-
rificed with an overdose of anesthesia at the end of the 
experiment.

Cranial Window Surgery

Cranial window surgeries were performed from 7 to 28 
days post tumor implantation taking into account evi-
dences of symptomatic timeline post GL261 injection from 
a previous study.36 Mice were anesthetized with Avertin 
(0.02 mL/10 g) and mounted on a stereotactic stage. During 
the experiment, the body temperature of mice was moni-
tored and held constant at 37°C with a feedback-controlled 
heating blanket (Harvard Instruments). Using a pair of scis-
sors, a longitudinal incision of the skin was performed be-
tween the occiput and the forehead, followed by skin and 
subcutaneous tissue removal around the injected site. 
A custom-made steel head post with a central imaging 
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chamber was then glued with cyanoacrylate in a plane ap-
proximately parallel with the skull over the cortical region 
of interest and cemented in place with white dental cement 
(Paladur). Using a hand drill, the skull was thinned to open 
a 5 mm diameter window. Forceps were used to break and 
remove the skull gently. The dura mater was continuously 
rinsed with sterile artificial cerebrospinal fluid (126 mM 
NaCl, 26 mM NaHCO3, 1.3 mM MgSO4, 3 mM KCl, 1.25 
KH2PO4, 2.4 mM CaCl2, 15 mM glucose, and 1.2 mM HEPES 
in distilled H2O, pH 7.4). A 5 mm cover glass was used to 
cover the craniotomy and secured with cyanoacrylate glue.

In vivo 2-Photon Microscopy

High-resolution in vivo imaging was performed with a 
Prairie Ultima Multiphoton microscope (Bruker) equipped 
with a mode-locked Ti: Sapphire laser (Chameleon Ultra 
II, Coherent) through a 20X Olympus XLUMPLFLN water 
immersion objective (numerical aperture 1.0). The power 
at the sample surface during acquisitions was maintained 
under 50 mW. Fluorescent cells were imaged at various 
depths in the cortex. All imaging experiments were per-
formed at the excitation wavelength of 980 nm. This wave-
length was chosen for 2 reasons: 1. to be able to excite both 
GCaMP6s and LifeAct-DsRed2; 2. to enable acquisitions 
into deeper cortical tissue since the presence of malignant 
cells increases tissue scattering. The emission filters band-
pass used were 490-560 nm for the green channel and 584-
680 nm for the red channel. Time-lapse imaging of 10 min 
was acquired at a resolution of 512 × 512 pixels at zoom 2, 
leading to a field of about 304.1 µm and a linear resolution 
of 0.59 µm per pixel. Time-lapse imaging of 5 min was ac-
quired at a resolution of 512 × 512 pixels at zoom 1, leading 
to a field of about 608.3 µm and a linear resolution of 1.19 
µm per pixel. Image reconstruction was done by acquiring 
a set of Z-stacks in the tumor regions at a resolution of 512 
× 512 pixels at zoom 1, leading to a field of about 608.3 µm 
and a linear resolution of 1.19 µm per pixel. The stack step 
size was 2 µm.

Tumor Volume

Tumor volume was measured in vivo at different time 
points post tumor implantation. The subcutaneous volume 
was estimated by determining the x, y, and z measure-
ments of the tumor under 2-photon microscope. Tumor 
volume was calculated assuming an ellipsoid shape, where 
l is the length, w is the width, and h is the height37:

V =
4
3
· π · l

2
· ω
2

· h
2

Two-Photon Imaging Analysis

Data collected in vivo and in vitro using 2-photon micros-
copy consisted of 12-bit images. In vitro Ca2+ imaging was 
conducted at 70–80% cell confluency. Acquisitions were 
corrected for motion using NoRMCorre Matlab code38 
. ImageJ (NIH) was used to manually draw regions of in-
terest (ROIs) and extract measurements. These measure-
ments were then analyzed using custom-made Matlab 

code that computes the fluorescence fluctuation of each 
cell. Briefly, the raw fluorescent trace, F, of each cell ex-
tracted using ImageJ was smoothed by calculating its 
moving mean over a sliding window of 3 s across the 
whole trace and the minimum value was determined, Fmin 
(unless otherwise mentioned). Then the change of fluores-
cence over time, ∆F/F, was calculated using the following 
formula:

∆ F
F

=
(F− Fmin)

Fmin

Once the fluorescence fluctuation has been calculated, 
the distribution of the ∆F/F of each region of ineterest 
(ROI) is computed and fitted with a normal distribution 
to extract its mean (µ) and standard deviation (std, σ). 
A threshold is set at µ + σ. Segments of traces that are 
higher than the threshold and longer than 3 s are con-
sidered as events. Two events are considered discrete if 
they are > 1 s apart, otherwise they are merged. Duration 
is defined as time over the threshold. Frequency refers to 
the number of events per duration of acquisition in each 
cell.

Pearson’s correlation analysis was performed on cal-
cium traces to evaluate how similar the 2 traces were on 
a temporal scale. This analysis was done on every possible 
unique pair of calcium traces (ie, unique pairs of cells) in 
an acquisition field. Therefore, the total number of pairs 
(counts) is given by the following equation:

Total number of pairs=
∑N

i=1

xi (xi − 1)
2

where xi = the number of traces for the ith field of acquisi-
tion and N =  the number of acquired fields. A permutation 
test was computed to evaluate the temporal dependency of 
[Ca2+]i transients while maintaining its temporal structure. 
It is done as a resampling-based method, where calcium 
traces were permutated at random positions on a temporal 
scale. Briefly, a random number between 0 and 1 was gen-
erated and multiplied with the total duration of the trace. 
Then, the trace is disconnected at the computed random 
time point and flipped, where this random time point will be 
the new origin.

Immunohistochemical Analysis

Animals were deeply anesthetized with urethane and per-
fused transcardially with 4% paraformaldehyde (PFA)/
PBS (4% PFA). Samples were post fixed overnight in 4% 
PFA. For immunofluorescence, brains were sectioned at 
60 µm thickness on a vibratome (Leica VT1000 S). Slices 
were processed as free-floating sections and stained 
with Hoechst for nuclei labeling (1:500; catalog number: 
B#2883; Sigma Aldrich) and Ki67 antibody (1:100; Abcam), 
as a marker of proliferation. Secondary immunostaining 
was performed using a biotinylated secondary antibody 
(Anti-rabbit, Vector Lab USA, BA-1000) followed by Alexa 
405 streptavidin dye (1:100; Sigma Aldrich). Density 
counts of Hoechst and Ki67 positive cells were done using 
the cell counter plug-in (ImageJ) and normalized to its 
area.
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Confocal Image Acquisition of Brain Slices

Fixed tissue was imaged with the Zeiss LSM-900 Airyscan 
confocal microscope with 405/488/561/640 nm lasers 
according to the secondary antibody. Images were ac-
quired using a 40× oil immersion objective (NA 1.3). 
Representative fields were imaged by acquiring a set of 
Z-stacks (40 μm thick) for each experimental condition. The 
Z-stacks were collapsed with a maximum intensity projec-
tion to a 2D representation.

Statistics

Data were placed in Origin Pro 9.0 to generate graphs. 
Where appropriate, data have been represented as box 
plots. Boxes indicate the 25 and 75 percentiles, while 
whiskers indicate the 5 and 95 percentiles. All data were 
analyzed using the nonparametric Mann-Whitney test ex-
cept for the in vitro proliferation assay, where the P-value 
was obtained using 2-way ANOVA.

Results

Mouse Model: Creation and Validation

We have stably transfected a murine GB cell line39 by 
electroporating GL261-WT cells with a plasmid construct 
containing a calcium sensor, GCaMP6s, and a RFP, DsRed2, 
which is modified with the actin-staining peptide, LifeAct 
(Figure 1a and b). The transfected cells (GL261-TF) allow for 
the simultaneous assessment of [Ca2+]i activity and cellular 
morphology (Figure 1c).

To validate this cell line, we initially examined the in vitro 
proliferation potential of both GL261-WT and GL261-TF 
cells and found no statistically significant differences 
(Figure 1d). However, the measure of aspect ratio40 (Figure 
1e) revealed some morphological changes since the 
GL261-WT cells harbor a more elongated shape compared 
to the GL261-TF line. Given that elongation is associated 
with the migratory behavior by modulating traction forces 
at the cell front and rear,41 we investigated the difference 
in their in vitro migrational ability by performing a wound 
healing assay (see Methods) on a confluent cell mono-
layer. Figure 1f and g shows that the GL261-TF cell line ex-
hibits a reduced migrational potential with 48% closure in 
48 h, while GL261-WT cells achieved 100% closure. This dif-
ference is mirrored by reduced elongation of the GL261-TF 
cells during the invasion of the wound (Supplementary 
Figure 1). The observed discrepancies may be attributed 
to either the sorting technique used on the transfected cell 
line, where only a subpopulation of cells was harvested 
and maintained, and/or to the buffering effects of the Ca2+ 
sensor.42

For further analysis, in vivo validation was conducted 
to ensure that the GL261-TF cell line maintains a patho-
logical phenotype upon transplant into the mouse brain. 
We measured in vivo tumor volume in mice implanted 
with GL261-TF cells to approximate the tumor growth rate. 
Tumor volume was estimated in mice with an implanted 
chronic window by 2-photon imaging at different temporal 

points (Figure 1h, see Methods37). The tumor mass was 
fairly large by the fourth week post implantation, con-
firming the validity of our fluorescent mouse model as a 
fast-growing and aggressive tumor (Figure 1i). Indeed, the 
overall survival of mice bearing either cell line showed no 
significant difference (Figure 1j), which is consistent with 
the study done by Pérez et al.,43 where the median sur-
vival of mice transplanted with GL261-WT mice was 39 
days. Furthermore, IHC analysis using Hoechst for nuclear 
staining and Ki67 as a proliferation marker showed no 
significant differences between GL261-WT and GL261-TF 
(Supplementary Figure 2).

Heterogenous Morphology of GB Cells

In vivo 2-photon imaging on GL261 tumor revealed 2 dis-
tinct tumor regions composed of a primary core mass (TC) 
and cell streams protruding away from the core formed 
by cells that migrate into the surrounding brain tissue. The 
cells populating these territories are characterized by dif-
ferent morphologies, with dense spherical cells in the TC 
and sparse elongated cells at the periphery. This morpho-
logical heterogeneity is different from the predominantly 
rounded shape observed in in vitro GL261 cells (Figure 
2a). This observation highlights the crucial role of the sur-
rounding microenvironment in influencing cellular mor-
phology, especially when this feature is predictive of the 
level of tumorigenicity and metastasis.44,45 Figure 2b and 
c provides a quantified representation of these observed 
morphological differences.

Spontaneous Intracellular Calcium Activity

Next, we investigated spontaneous [Ca2+]i fluctuations 
in both regions of the tumor between 11 and 28 days 
post implantation, as our data indicated no notable dif-
ferences in global [Ca2+]i activity within these timeframe 
(Supplementary Figure 4). Figure 3a and b shows 
exemplificative [Ca2+]i activity of cells belonging to the 
TC and periphery. Imaging was performed for a period of 
10 min and we observed vastly different dynamics in these 
2 regions (Supplementary Movie 1). Cells located at the TC 
exhibited only small and sparse [Ca2+]i events, while cells 
in the periphery displayed frequent and repetitive [Ca2+]i 
transients. This distinction is readily apparent when exam-
ining the 2 raster plots obtained for cells belonging to the 
core or the periphery (bottom left and right of Figure 3a 
and b).

To analyze this distinctive pattern of [Ca2+]i transients, we 
first quantified the percentage of active cells within different 
territories of the tumor and we compared it with that of cul-
tured GL261-TF cells (Figure 3c). Active cells are defined as 
cells exhibiting [Ca2+]i transients exceeding a threshold of 
µ + σ, as determined from the distribution of fluorescence 
fluctuations, with a frequency of at least 0.0017 Hz [1 event 
per acquisition period (10 min)]. Our data indicate a higher 
proportion of active cells is in the peripheral region com-
pared to the tumor mass, whereas in the in vitro setting, 
cells exhibit an intermediary level of activity. The analysis 
of [Ca2+]i dynamics revealed that these events are more fre-
quent and shorter in duration in the periphery than in the 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
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TC. Intriguingly, the temporal characteristics of [Ca2+]i ac-
tivity in cultured cells do not reflect that of the periphery 
or of the TC (Figure 3d-f). These data highlight the influ-
ential role of the microenvironment in shaping the tumor 
signaling pattern. Thus, we hypothesize that cells along the 
tumor’s invading front have increased active [Ca2+]i activity 
contributing to an infiltrative phenotype.

Clustered Ca2+ Bursts in the Peripheral Region of 
the GL261 Tumor

The intense [Ca2+]i activity observed in the peripheral 
region of the GL261-TF tumor, is also characterized by a no-
table synchronization of Ca2+ bursts within cellular ensem-
bles (Figure 4a). The temporal evolution of a representative 
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Figure 1.  GL261 fluorescent mouse model. (a) Plasmid construct with CAG promoter expressing GCaMP6s (green) and LifeAct-DsRed2 
(red). (b) GL261-WT cell transfection with plasmid generates a fluorescent cell line (GL261-TF) (scale bar: 50 µm). (c) Stereotactic intracerebral 
injection of tumor cells in adult mice (P90-150) and in vivo 2-photon imaging. (d) In vitro proliferation assay. P-values were determined by 
2-way ANOVA and were not statistically significant (P = 0.149; n = 4 repetitions). The standard deviation is within the sample size. (e) In vitro cell 
morphology (25 cells, n = 3 plates/experimental group). (f) Wound healing assay. Brightfield imaging on wounded cell plates performed over 48 h 
(n = 3 plates/experimental group). (g) Rate of wound closure. (h) Mosaic image obtained in vivo at the 2-photon microscope showing entire 
tumor area 8 days post implantation. Maximum projection of a stack imaged every 5 µm from the surface down to about 250 µm depth (scale bar 
100 µm). Collagen fibers can be seen as a result of second harmonic generation (SHG). (i) GL261-TF tumor growth rate. A total of 11 mice were 
used to estimate tumor volume, where some mice were chronically imaged at different times. (j) Kaplan-Meier survival curve of mice bearing wild 
type and fluorescent GL261 tumor (P > .05; n = 6 mice/group). P-values in e, g, i, and j are determined by Mann-Whitney test.
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data set (white box) is shown in Figure 4b. Figure 4c shows 
the [Ca2+]i dynamics of cells encompassing 4 different clus-
ters that exhibit a high degree of inter-cluster synchroniza-
tion. Correlated activity is quantified by the computation of 
Pearson’s correlation for all possible pairs of [Ca2+]i traces, 
revealing a distribution with a large right tail indicating 
the presence of highly correlated cell clusters. Pairs of 
traces with a correlation value of R ≥ 0.9 are highlighted 
in the shaded red region (Figure 4d). To establish that the 
temporal organization of [Ca2+]i activity is not due to the 
random over imposition of uncorrelated periodic transi-
ents, we performed 1000 cycles of random temporal cir-
cular permutations on each of these traces (see Methods 
for details). The resulting linear correlation of all possible 

pairs was plotted as an averaged distribution curve (gray 
shaded area) overlaid on the original correlation distribu-
tion in Figure 4d. The disappearance of the right tail and 
the leftward shift of the curve after permutation shows that 
the rightmost population is attributable to bona fide cor-
relation. This pronounced coactivation is visually apparent 
in the connectivity map in Figure 4e, where the red lines 
join cells with a correlation coefficient R ≥ 0.9. Finally, we 
plotted a global distribution of correlation coefficients 
from 715 cells obtained from 7 mice (11 acquisition fields) 
(Figure 4f). The strong bias of the distribution toward the 
right supports our observation of high synchronization in 
ensembles of cell located at the peripheral region of the 
tumor (Supplementary Figure 5A).

A

B C1.0

0.8

0.6

N
or

m
al

iz
ed

 c
um

ul
at

iv
e 

fr
eq

ue
nc

y

0.4

0.2

0.0

1.0

0.8

0.6

N
or

m
al

iz
ed

 c
um

ul
at

iv
e 

fr
eq

ue
nc

y

0.4

0.2

0.0

p < 0.001

0 2 4 6

Aspect ratio (AR)

8 10 12 0 2 4 6

Aspect ratio (AR)

8 10 12

In vitro

In vitro

In vivo

In vivo
p < 0.001

Periphery
Core

Figure 2.  Morphology of GL261 cells in vitro and in vivo. (a) Left: Maximum projection of a z-stack of cultured GL261 cells at 80% 
confluency (6 µm depth and 2 µm step size, calibration bar 100 µm). The cells exhibit a uniform circular morphology (red and blue inset, calibration 
bar 20 µm). Right: Maximum projection of z-stack images 7 days after tumor graft (100 µm depth and 2 µm step size, calibration bar 100 µm). The 
tumor shows 2 different territories. Near the center, cell density is very high, and cells are more spheroidal (see red inset). At the edges of the 
tumor, cells are very elongated and arranged in linear chains (green and blue insets, calibration bar 20 µm). (b and c) Comparison of cellular mor-
phology using aspect ratio as a parameter. Distributions in b show the differences between the cell morphology in vitro and in vivo, while the 
distributions in c display the aspect ratio measured in the core and periphery of the grafted tumor. The standard error of the mean (SEM) is repre-
sented with a shaded area and is within the sample size. Statistical significance determined by the Kolmogorov-Smirnov test (in vitro: 5 plates, 
n = 102 cells; in vivo: 788 cells from the peripheral region and 247 cells from the tumor core, data pooled from 8 mice).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data


 8 Pillai et al.: Morphological and functional heterogeneity in glioblastoma

Short-Term Migration Pattern of the GL261T

Next, we examined the putative correlation of [Ca2+]i ac-
tivity with the migrational potential of the GL261 cells. 

We employed time-lapse imaging at 1 Hz resolution to 
measure the position of cells together with Ca2+ imaging. 
The trajectory of each cell is plotted by assuming as refer-
ence its coordinate at time 0. (Figure 5a-c). We found that 
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the cellular clusters that exhibit high temporal synchro-
nization appear to be formed by cells that migrate with a 
common directional bias (Figure 5c). In contrast, cells not 
belonging to any functional Ca2+ cluster do not show any 
directional bias (Figure 5b and Supplementary Figure 5B).

Then we analyzed migration by time-lapse imaging, 
estimating the accumulated distance traveled in 60 min of 
cells in the TC and periphery. The displacement of the center 
of mass of each cell was measured every minute during 
Ca2+ imaging. The trajectories of each cell are illustrated in 
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http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
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Figure 5d. This representation displays the diffusivity of cell 
tracks, with peripheral cells exhibiting longer trajectories. 
Cellular motility was quantified by computing the total dis-
placement of these cells (Figure 5e and Supplementary 
Figure 3), and our findings demonstrate that cells in the 
periphery travel a larger cumulative distance than cells 
in the tumor bulk, suggesting increased cellular motility. 
As noticed above, also in this dataset, we observed that 
[Ca2+]i oscillations in the periphery were more frequent 
with higher amplitude and shorter duration (Figure 5e, g, 
and h), suggesting a correlation between [Ca2+]i activity 
and cellular migration. Collectively, these findings show a 
correlation between the heterogenous [Ca2+]i activity and 
cell migration, thus suggesting a possible role of [Ca2+]i 
signaling in GB infiltration.

Discussion

We developed a fluorescent orthotropic GB model ex-
pressing a genetically encoded calcium sensor and ex-
ploited time-lapse in vivo microscopy to analyze intrinsic 

[Ca2+]i dynamics and its correlation with tumor cell migra-
tion on a short temporal scale.

First, we validated our fluorescent murine model to ex-
amine the effect of transfection, cell sorting, and the ex-
pression of GCaMP6s-DsRed2 on GL261 cell properties. 
Even if GL261-TF cells exhibit a less aggressive phenotype 
in vitro compared to control GL261-WT cells, we observed 
no substantial differences in the survival curves of mice 
implanted with either cell line (Figure 1). This suggests 
that both cell lines proliferate similarly within the com-
plex environment of the brain. As a result, the insertion of 
fluorescent reporters did not alter the in vivo growth and 
aggressive phenotype of the GL261 tumor, in agreement 
with well-established models described in literature.46–50 
However, it is essential to acknowledge that the GL261 cell 
line, while commonly used in GB research, demonstrates 
limited invasive capacity compared to more aggressive 
patient-derived models. This limitation should be con-
sidered when interpreting our results. Despite this, GL261 
remains a well-characterized murine model that recapitu-
lates key aspects of human GB, such as aggressive growth, 
invasion patterns, and response to therapies.51 The GL261 
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model carries mutations in the p53 and Pten genes, which 
are frequently altered in human GB, making it a valuable 
tool for studying fundamental mechanisms like calcium 
signaling in a reproducible environment. Future studies 
using patient-derived xenograft models or human GB 
stem-like cells could provide a broader perspective on the 
tumor microenvironment and its relationship to calcium 
signaling. Although differences in calcium signaling het-
erogeneity between GL261 and human tumors remain to 
be explored, recent studies suggest that murine models 
can offer insights into the mechanisms of tumor progres-
sion, while still requiring validation with human models for 
translational purposes.

Cellular morphology provides valuable information of 
cellular state and physiology. Cells change their shape 
when influenced by their external environment and phys-
iological state.52,53 In our model, we found that cultured 
GL261 cells seem to have a homogenous cellular mor-
phology with a low aspect ratio. However, when they are 
subjected to a directional cell migration assay in vitro, that 
is wound healing assay, these morphologically homog-
enous cells develop a more polarized phenotype as they 
migrate to close the wound (Supplementary Figure 1). 
Indeed, we observed similar characteristics in vivo where 
GL261 cells develop different morphological phenotypes 
depending on their location within the tumor. GL261 cells 
at the invading region of the tumor exhibit an elongated 
morphology compared to the rounded-shaped cells in the 
TC. This demonstrates the importance of the interaction be-
tween tumor cells and the host environment for malignant 
development, progression as well as cancer cell state.54,55

This dual morphological feature of our GL261 cells led 
us to further investigate the potential differences in cel-
lular signaling, as the signaling landscape of a cell is 
bidirectionally linked to its morphology.52 Our data re-
vealed an increased [Ca2+]i activity in GL261 cells located at 
the borders of the tumor compared to the core suggesting 
that peripheral tumor cells utilize short and frequent 
[Ca2+]i transients to establish a communication network 
facilitating an infiltrative phenotype. This aligns with 
studies highlighting the role of calcium signaling in cancer 
cell communication and invasion.21,56,57 Moreover, our data 
highlight the importance of the complex environment of 
the brain in inducing heterogeneous interactions that alter 
tumor intracellular signaling thus facilitating necessary 
adaptation for infiltration and metastasis.58,59 This can be 
seen clearly from the [Ca2+]i activity of cultured GL261 cells 
where the cells are substantially less active (Figure 3), fur-
ther proving that the bidimensional environment of an in 
vitro setting does not resemble the heterogeneity of in vivo 
systems.

Another feature that emerged from our data is the pres-
ence of synchronized [Ca2+]i bursts within clusters of pe-
ripheral GL261 tumor cells. In an attempt to understand 
the modulation of [Ca2+]i activity, Venkatesh et al. 10 and 
Venkataramani et al. 9 studied functional neuroglioma 
interactions and observed synchronized patterns of Ca2+ 
activity in connected human glioma cells when neurons 
expressing channel-rhodopsin were stimulated.9,10 In ad-
dition to this, Hausmann et al. also reported similar fea-
tures of rhythmic Ca2+ oscillations in primary human GB 
model.11 However, similar activity patterns were never 

reported in murine GB models. Our study discloses the 
presence of autonomous synchronization of [Ca2+]i activity 
in clusters of tumor cells thus suggesting the ability of this 
murine model to recapitulate characteristics of human GB.

Finally, we studied the motility of malignant cells by 
comparing the total distance traveled by tumor cells at the 
2 defined regions and their [Ca2+]i activity. Interestingly, we 
found that cells located at the periphery had increased cel-
lular motility and exhibited more frequent [Ca2+]i signaling 
compared to the cells at the tumor bulk. This highlights 
the potential significance of intracellular Ca2+ oscillations 
within distinct locations of the tumor, notably in terms of 
frequency and duration, in composing a specific role of 
[Ca2+]i dynamics for tumor cell proliferation and migra-
tion.60,61 In addition to this, we also demonstrated that 
cells belonging to the highly synchronized clusters display 
a bias in their migratory direction, suggesting a potential 
mechanism for collective cell invasion in GB.

Our work provides insight on the complex interplay be-
tween intracellular calcium dynamics and cellular mo-
tility in GB, emphasizing the significance of intratumoral 
signaling in tumor progression in vivo. A comparative 
review of Ca2+ signaling in cancer-derived cells versus 
non-cancer cells reveals significant remodeling of Ca2+ ho-
meostasis in tumors.62 These changes often manifest in al-
terations such as enhanced Ca2+ influx or differences in the 
recovery rates of intracellular Ca2+ levels after stimulation. 
Such findings suggest that Ca2+ signaling pathways may 
be specifically adapted in cancer cells to support malig-
nancy. For instance, Ca2+ involvement in processes such as 
cell proliferation, migration, and invasion has been widely 
reported.63,64 Furthermore, studies have shown that Ca2+ 
signaling inhibitors can reduce GB cell invasiveness and 
alter the tumor microenvironment.24,65 These findings align 
with the increased Ca2+ signaling activity observed in the 
tumor periphery in our study and suggest that modulating 
calcium dynamics could impair cellular crosstalk and tumor 
expansion. Future studies should focus on elucidating the 
molecular mechanisms governing [Ca2+]i signaling in GB 
and exploring its therapeutic implications. Targeting aber-
rant [Ca2+]i activity may represent a promising strategy for 
inhibiting GB invasion and improving patient outcomes.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).

Keywords: 

calcium imaging | glioblastoma | intravital 2-photon im-
aging | tumor heterogeneity

LAY SUMMARY 

Glioblastoma (GBM) is an aggressive brain cancer that is diffi-
cult to treat. Calcium is an important ion that helps cells function. 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf055#supplementary-data
https://academic.oup.com/noa
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The authors of this study wanted to see if calcium levels changed 
across a tumor. To do this, they used special imaging techniques 
to look at calcium levels in GBM cells from different areas of the 
tumor. Their study found that cells in the center of the tumor had 
low calcium activity and moved less, while cells at the edges 
had higher calcium activity and moved more.
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