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Imaging of human glioblastoma cells and their
interactions with mesenchymal stem cells in
the zebrafish (Danio rerio) embryonic brain
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Background. An attractive approach in the study of human cancers is the use of fransparent zebrafish (Danio rerio)
embryos, which enable the visualization of cancer progression in a living animal.

Materials and methods. We implanted mixtures of fluorescently labeled glioblastoma (GBM) cells and bone-
marrow-derived mesenchymal stem cells (MSCs) into zebrafish embryos to study the cellular pathways of their invasion
and the interactions between these cells in vivo.

Results. By developing and applying a carbocyanine-dye-compatible clearing protocol for observation of cells in
deep tissues, we showed that U87 and U373 GBM cells rapidly aggregated into tumor masses in the ventricles and
midbrain hemispheres of the zebrafish embryo brain, and invaded the central nervous system, often using the ven-
fricular system and the cenfral canal of the spinal cord. However, the GBM cells did not leave the central nervous
system. With co-injection of differentially labeled cultured GBM cells and MSCs, the implanted cells formed mixed
tfumor masses in the brain. We observed fight associations between GBM cells and MSCs, and possible cell-fusion
events. GBM cells and MSCs used similar invasion routes in the central nervous system.

Conclusions. This simple model can be used to study the molecular pathways of cellular processes in GBM cell inva-
sion, and their interactions with various types of stromal cells in double or triple cell co-cultures, to design anti-GBM
cell therapies that use MSCs as vectors.
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Introduction gressive spread of GBM.? The process of GBM
cell infiltration into the brain parenchyma* differs
from carcinoma cells invading the more compact

extracellular matrix and the basal membranes of

Glioblastoma multiformae (GBM) is the most ag-
gressive type of glioma and also the most frequent

and fatal among brain tumors.! An essential hall-
mark of GBM is its diffuse invasion into the brain
parenchyma, which prevents successful surgical
removal.? Understanding the mechanisms and
the pathways of GBM cell invasion is therefore
of crucial importance for the treatment of the ag-
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blood vessels.>® The recently recognized impor-
tant role of the tumor microenvironment in cancer
cell invasion” has become an important topic and
the subject of intensive research.’'° The effects of
the microenvironment also include the impact of
the different types of cells comprising the stroma
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within a tumor mass. Infiltrating and tumor-asso-
ciated mesenchymal stem cells (MSCs) may sig-
nificantly affect tumor progression and resistance
to treatment, as reviewed in.#'"" MSCs are known
to be recruited by tumor-secreted signaling mol-
ecules via the blood circulation, and to become part
of the tumor-supporting stroma, where they have
a role that remains poorly understood.!*!? Several
studies have addressed this issue in vitro and in
vivo, also by using genetically modified MSCs.1314
Previously, we studied the molecular mechanisms
that support the observed phenotype changes in
GBM cells and MSCs upon co-culture in vitro, in-
cluding decreased U87 GBM cell proliferation and
invasion, and increased U373 GBM cell invasion
in vitro.’>1® By investigating the GBM-MSC inter-
actions in a mouse model, Behnan et al.!” recently
showed that cells with an MSC-like phenotype can
infiltrate the stroma of the mouse GBM and have
important roles in tumor cell growth. Moreover,
their data demonstrated an alteration in GBM cell
marker expression upon the encounter with MSCs
in vivo. In the present study, we aimed to use an al-
ternative and simpler in vivo GBM xenotransplan-
tation model in zebrafish embryos®®, to study hu-
man GBM cell invasion and their interactions with
MSCs at the cellular level.

The zebrafish (Danio rerio) is the major verte-
brate model in developmental biology and genet-
ics.’” There are several technologies available in the
zebrafish that have made it a unique model in can-
cer research.? In particular, cancers can be studied
throughout the life cycle of zebrafish, with each ze-
brafish developmental stage offering its own exper-
imental advantages. This makes zebrafish a power-
ful complement to other more traditional model
systems.? As well as their high fecundity and ease
of maintenance, the major advantage of zebrafish
is the transparency of their embryos and larvae,
which allows in vivo visualization of cellular pro-
cesses related to cancer growth and progression at
single-cell resolution.??>% Xenotransplantation of
either dye-labeled or fluorescent-protein-express-
ing human cells in zebrafish embryos is becoming
an increasingly used tool to study cancers of the
central nervous system (CNS).!82426

The aim of the present study was to investigate
the interactions of GBM cells with the brain matrix
components and MSCs in the zebrafish embryonic
brain by co-implantation of fluorescently labeled
GBM cells and MSCs. To deepen our understand-
ing of GBM cell behavior within the brain of ze-
brafish embryos, we combined in vivo imaging of
GBM progression with imaging of fluorescently
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counterstained whole-mount preparations that al-
lowed the visualization of the anatomical context
of the implanted cells. As chemical fixation leads to
loss of transparency of the embryonic tissues, it ne-
cessitated the clearing of the embryos, which was
achieved with the use of clearing agents.?”* To this
end, we optimized and applied protocols to clear
fixed tissues while preserving the fluorescent pro-
tein signal over a period of several weeks.

Materials and methods
Ethical statement

The experimental procedures were approved by
the Republic of Slovenia National Medical Ethics
Committee, approval No. 92/06/12. All of the pro-
cedures were performed according to the relevant
regulations.

Zebrafish husbandry

Wild-type AB zebrafish (Danio rerio) were
maintained under conditions according to the
Organisation for Economic Cooperation and
Development guidelines.?’ The zebrafish embryos
were collected and incubated in dilution water
(ISO 7346-3:1996) with 0.005% phenylthiourea, to
inhibit pigment formation after 36 h of age.

Human cells

The U373 and U87-MG human GBM cell lines were
from American Type Culture Collection (USA),
and the BM-MSC2 human bone-marrow-derived
MSC cell line was from Lonza Bioscience (USA).
The cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich, USA) supple-
mented with 10% fetal bovine serum (Gibco, USA),
100 U/mL penicillin (Sigma-Aldrich), 100 mg/mL
streptomycin (Sigma-Aldrich), 2 mM L-glutamine
(Sigma-Aldrich), 1 mM Na-pyruvate (Gibco), and
non-essential amino acids (Sigma-Aldrich).

Xenotransplantation procedures

The U373 GBM cells were transfected with the
PEGFP-N1 plasmid to stably express enhanced
green fluorescent protein (GFP). The U87 GBM
cells were transfected for the expression of the
red fluorescent protein DsRed, as described previ-
ously.*® Cells were transfected using the Superfect
Transfection Reagent (Qiagen, Germany) by 3 h
pre-incubation at 37°C, 5% CO, The transfection
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TABLE 1. Compositions of the selected optical clearing agents

Optical clearing agent  Composition Reference
SeeDB 80% (w/w) fructose, 0.5% (w/w) a-thioglycerol in water Ke et al.3*
SRIMS 70% (w/v) sorbitol, 0.01% (w/v) sodium azide, 0.1% (w/v) Tween 20 in 0.02 M phosphate buffer (pH 7.5) Yang et al.¥
ScaleA2 4 M urea, 0.1% (w/v) Triton X-100, 10% (w/w) glycerol in water Hama et al.®
ScaleU2 4 M urea, 0.1% (w/v) Triton X-100, 30% (w/w) glycerol in water Hama et al.®

mix was then removed and upon washing with
phosphate-buffered saline (PBS), fresh culture
medium was added to the cells. Transfected cells
were selected for by adding 0.8 mg/ml Geneticin
(G418, Gibco, USA) to the medium. The uniformity
of emitted fluorescence was confirmed with flow
cytometry. The stability of fluorescent protein ex-
pression was verified with repeated flow cytome-
try analyses after 10 and 20 passages and proved to
be stable (>99% of fluorescent protein-expressing
cells). Prior to implantation, MSCs were labeled
with Vybrant Dil or DiO (Molecular Probes, USA)
for co-implantation with the U373 and U87 cells, re-
spectively, according to the manufacturer instruc-
tions. For injection into the embryos, suspensions
of GBM cells prepared in PBS were mixed with la-
beled MSCs in a 1:1 ratio. Embryos at 52 h after fer-
tilization were injected either with 50 to 100 GBM
cells or 100 to 200 cells of the GBM/MSC mixture
(i.e.,, maintaining 50-100 GBM cells), using a bo-
rosilicate glass capillary and a MICROINJECTOR
system (Tritech Research, USA). After cell implan-
tation, the embryos were incubated at 31°C in
48-well plates for 3 days.

Clearing agents

The clearing agents used were SeeDB, a near-sat-
urated solution of fructose with a-thioglycerol®,
sRIMS, a buffered solution of sorbitol®, and two
aqueous solutions of urea and glycerol known as
ScaleA2 and ScaleU2.33 An overview of the compo-
sitions of these clearing agents is shown in Table 1.

Analysis of clearing efficiency and
fluorescence preservation

At 3 days after fertilization (for measurements of
transparency and size) and 5 days after fertilization
(for fluorescence imaging of implanted cells), the
zebrafish embryos were fixed in 4% paraformalde-
hyde at 4°C overnight, after which time the fixative
was washed off with PBS. The fixed embryos were

then embedded in 2% low-melting-point agarose
in PBS in 50-mm Petri dishes. For the optical clear-
ing agent SeeDB, the embryos were transferred to
SeeDB through a graded series of sucrose, as de-
scribed by Ke et /.34, and maintained at room tem-
perature. For sRIMS and Scale, the embryos were
immersed in the clearing agents and kept at 4°C
in the dark. In all cases, the clearing agents were
replaced every 3 days. The control embryos were
incubated in parallel in PBS. For analysis of the
whole-embryo clearing, transmitted light images
were obtained at constant (maximum) illumina-
tion at 32x magnification. For imaging and quan-
tification of GFP fluorescence, the images were
captured at 80x magnification using the GFP fil-
ter set. Micrographs were obtained using a fluo-
rescence stereomicroscope (Leica MZ FLIII). The
imaging was carried out over a period of 21 days.
The analysis of fluorescence preservation was per-
formed on embryos with implanted U373 cells.
Fluorescence intensity, embryo transparency, and
embryo size were quantified with the image analy-
sis software Image].*! For determination of embryo
transmittance, the parameter ‘Integrated density’
was measured. The relative integrated densities
and areas were determined by dividing the values
of these parameters at the given time points with
their values at the beginning of the observation on
day 0. As integrated density represents the prod-
uct of pixel intensities and area, the changes in em-
bryo size that were caused by some of the clearing
agents were accounted for by dividing the integrat-
ed density of the structure analyzed with its area,
thus obtaining the relative embryo transparency.
Fluorescence intensity was analyzed by threshold-
ing the fluorescent images with a constant thresh-
old and measuring the integrated density of the se-
lection. For the analysis of changes in embryo size
and transparency, 8 embryos per treatment were
measured. For the analysis of GFP fluorescence
intensity changes, 24 embryos per treatment were
measured. Measurements were compared with
ANOVA in GraphPad Prism.

Radiol Oncol 2016; 50(2): 159-167.
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Confocal microscopy

The nuclei of the embryos that had been fixed, em-
bedded in agarose, and cleared as described above
were counterstained by addition of 0.004% methyl
green to the individual clearing agent.> Confocal z-
stacks of the embryos were obtained using a spec-
tral confocal laser scanning microscope (Leica TCS
SPE) at 10x magnification after 7 days of treatment.

Results

Clearing efficiencies of the different
clearing agents

To evaluate the applicability of the different optical
clearing agents (Table 1) to zebrafish embryo imag-
ing, we treated embryos fixed at 3 days after ferti-
lization with SeeDB, sRIMS, ScaleA2, and ScaleU2
for 3 weeks, with regular imaging. The tissues were
cleared best by ScaleU2 and ScaleA2 with no statis-
tically significant difference between them at any
time point. These agents performed significantly
better than SeeDB on all treatment days. The least
effective agent was sRIMS (Figure 1A). After ap-
proximately 1 week of incubation, fructose began
to crystallize from the SeeDB solution, preventing
further analyses. With regard to the preservation of
GEFP fluorescence, ScaleU2 was the optimal clear-

FIGURE 1. (A) Clearing of zebrafish embryos. Embryos were
fixed 3 days after fertilization, exposed to the different clearing
agents SeeDB, sRIMS, ScaleA2, and ScaleU2 for 21 days,
and imaged regularly. Time courses of changes in relative
tfransparency are shown, which represents the value of
infegrated density relative to day 0 divided by the embryo
area relative to day 0. Differences between treatments are
statistically significant in all cases except between ScaleA2
and Scale B2 (on all days) and between ScaleA2 and sRIMS on
day 21. Green, SeeDB; purple, sRIMS; dark blue, ScaleA2; red,
ScaleU2; light blue, PBS control. Data for the different clearing
agents are displaced horizontally for improved clarity. Means *
SE of eight embryos per tfreatment are shown. (B) Preservation
of GFP fluorescence during clearing. Changes in the detected
GFP fluorescence intensity of glioblastoma cells implanted in
the brain of zebrafish embryos during freatment with different
clearing agents of SeeDB, sRIMS, ScaleA2, and ScaleU2,
measured over 21 days of the freatment. The integrated
density of GFP-expressing cells relative to day 0 was measured.
Fluorescence intensity was significantly increased compared
to control in the case of ScaleU2 on all days except on day 3,
but not in the case of other clearing agents. Means *SE of 24
embryos per treatment are shown. (C) Fluorescence of U373-
GFP cells in the brain of zebrafish embryos. Representative
images show embryos treated with the different clearing
agents obtained at the beginning of observation (Day 0, left)
and after 3 days of clearing (Day 3, right). The appearance of
autofluorescence of the yolk (arrow) is evident in the case of
SeeDB. Scale bar: 400 um.
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FIGURE 2. In vivo imaging of glioblastoma cells in the brain of zebrafish embryos. (A) Embryo 3 days after the implantation of U87-
DsRed cells in the brain (visible as red fluorescence). Compact tumors have formed in the midbrain and forbrain. (B) An embryo
with implanted U87-DsRed cells 2 days after implantation, with a string of U87-DsRed cells rapidly invading from the tumor in the
brain in the posterior direction (arrow). Scale bars: 300 um (A); 50 um (B).

ing agent, resulting in a several-fold increase in
fluorescence intensity during the first 3 days of in-
cubation and no demonstrable reduction in its in-
tensity during 3 weeks of observation (Figure 1B).
These changes were statistically significant when
compared with the control. Complete loss of flu-
orescence occurred in the case of SeeDB within a
week and no statistically significant increases in in-
tensity compared to the control were demonstrated
in the cases of ScaleA2 and sRIMS. The loss of GFP
fluorescence in SeeDB was accompanied by the
appearance of strong autofluorescence of the yolk
and eye (Figure 1C).

Localization of implanted glioblastoma
cells and pathways of GBM cell invasion
in the zebrafish embryonic brain

After selecting ScaleU2 as the optimal clearing
agent for the visualization of the fluorescent-pro-
tein-labeled cells, it was applied to visualize tumor
progression in the whole-mount preparations of
the zebrafish embryos. We implanted U373-GFP
cells into the brain of embryos 2 days after fertili-
zation, and monitored these over the following 3
days.

By imaging the GBM cells in zebrafish embryos
in vivo, we demonstrated that implanted cells ag-
gregated and formed tumors in the zebrafish brain
(Figure 2A). In some embryos, individual cells
moved posteriorly in the embryo at great speed,
as they progressed at several hundreds of microm-
eters per day (Figure 2B). This rapid invasion out-
side of the brain in the posterior direction was ob-

served more frequently for the U87 cells (35 + 5%
of the embryos, as 3 experimental repeats, and 20
embryos per repeat) than for the U373 cells (20 +
5% of the embryos, as 3 experimental repeats, and
20 embryos per repeat).

Tumors were seen to form predominantly in the
midbrain hemispheres and in the ventricles of the
midbrain and hindbrain (Figure 3A-C). Individual
cells, or small strands of cells, invaded the ventric-
ular system and the brain tissue using pseudopo-
dal movement (Figure 3A,B). In particular, cells
present in the midbrain hemispheres formed elon-
gated pseudopodia and invaded the neighboring
brain areas dorsally, most likely along axonal tracts
that connect the hemispheres (Figure 3A). Whole-
mount imaging of embryos with cells invading
posteriorly in the body revealed that the rapidly in-
vading cells invaded the spinal cord via the central
canal (Figure 3D,E). We did not observe GBM cells
outside of the brain and spinal cord, indicating that
GBM cell invasion in zebrafish embryos was lim-
ited to the CNS, and that the cells did not spread
via the circulatory system.

Imaging of xenotransplanted GBM and
MSC co-cultures

To study the interactions between the GBM cells
and MSCs in vivo, we implanted co-cultures of
U373-GFP cells and carbocyanine-dye-labeled hu-
man MSCs into the brain of zebrafish embryos 2
days after fertilization. As labeling with carbocya-
nine dyes relies on the hydrophobic nature of these
dyes, they can be washed out with organic sol-
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FIGURE 3. Visualization of GBM cells in cleared zebrafish embryos, counterstained
with methyl green (presented in blue). Embryos with U373-GFP and U87-DsRed cells
implanted in the brain were cleared with ScaleU2, counterstained with methyl
green, and imaged with confocal microscopy. (A) U87-DsRed cells (arrows) in the
brain of a zebrafish embryo 3 days after implantation. (B) An optical section through
the tumor in (A), demonstrating that the tumor is a compact mass of U87 cells in the
midbrain ventricle. (C) U373-GFP cells (arrows) in the brain of a zebrafish embryo
3 days after implantation. Elongated U373-GFP cells are visible invading from the
tumor (asterisk). (D) A U373-GFP cell invading along the central canal of the spinal
cord (arrow), in dorsal view. (E) A U373-GFP cell invading along the central canal
of the spinal cord (arrow), in lateral view. Scale bars: 70 um (A, B, C); 50 um (D, E).

vents and detergents. Thus, we prepared ScaleU2
without Triton X-100, with which we successfully
visualized dye-labeled cells in whole-mount prep-
arations. In implanted mixtures of GBM cells and
MSCs, the MSCs preferentially associated with the
implanted GBM cells instead of being interspersed
individually or as separate clusters in the brain
(Figure 4A-C). The MSCs often used similar inva-
sion routes as the GBM cells, as they moved along
the ventricles and the central canal of the spinal
cord (Figure 4B,C).

Confocal imaging of U373 and MSC co-cultures
in situ revealed that the GBM cells and MSCs
formed mixed tumor masses that consisted of both
of these cell types in similar locations as for the
GBM cells alone; i.e., in the ventricles and midbrain
hemispheres (Figure 4A,B). These two cell types
were interspersed in these tumors, and interacted
closely with each other (Figure 4D). In some cases,
cells simultaneously emitting the fluorescence of
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proteins and the carbocyanine dye were observed,
which indicated possible cell fusion between the
GBM cells and MSCs (Figure 5).

Discussion

The major advantage of the zebrafish model is the
transparency of their embryos and larvae, which
allows in vivo visualization of cellular processes
related to cancer progression at single-cell resolu-
tion. We identified ScaleU2 as the optimal clear-
ing agent for zebrafish embryos among the agents
tested. Furthermore, we were able to modify it to
be compatible with the labeling of cells with carbo-
cyanine dyes. The superiority of ScaleU2 in fluores-
cence preservation appears to result from its high
glycerol concentration, and thus might be linked to
the protein-stabilizing effects of glycerol in aque-
ous solution. 34

The proposed protocols were used to study the
invasion of the U87 and U373 human GBM cell
lines alone and in co-cultures with bone-marrow-
derived MSCs in the zebrafish embryo. By combin-
ing the in vivo imaging with confocal microscopy of
fluorescently counterstained whole-mount prepa-
rations, we demonstrated that GBM cells aggregate
in the brain of zebrafish embryos and form tumors
predominantly in the ventricles. This indicates that
GBM cells have tropism towards each other upon
implantation to form tumors, which are prefer-
entially formed in the ventricles and dorsal areas
of the midbrain. The tendency of the GBM cells
to aggregate in these areas might be linked to the
ease of dislodging the embryonic brain tissues in
anatomical structures such as the ventricles, which
are fluid-filled spaces where the brain cells are not
in direct contact. The localization of GBM cells to
the ventricular system has previously not been re-
ported. Eden et al.*® recently reported that mouse
xenografts in the brain of juvenile (30-day-old) ze-
brafish reproduced the histology and gene expres-
sion profiles of the murine tumors of their origin
within the tissues of the brain. Thus, the observed
localization of the GBM cells to the ventricular sys-
tem might be limited to embryos and larval stages.

We were able to identify the central canal of the
spinal cord as the major route of GBM invasion
in zebrafish embryos that has not been reported
before. Furthermore, GBM cells did not leave the
central nervous system, which is similar to their
behavior in humans.* In a previous study on mu-
rine tumor xenografts in the zebrafish brain, tumor
masses developed 1 day to 2 days after the im-
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plantation in the spinal cord. Histological analysis
confirmed that these masses were independent,
distant tumors, rather than direct extensions of the
main tumor mass, thus demonstrating that the im-
planted GBM cells disseminated in the CNS of the
zebrafish.# This is in agreement with our observa-
tions of single-cell invasion along the central canal
of the spinal cord, which may result in separate tu-
mor formation within the spinal cord. The under-
lying molecular mechanisms of this rapid invasion
remain to be established. The process might be fa-
cilitated by the low resistance of the central canal
to cell invasion, as the GBM cells are believed to
generally invade through structures that have low
resistance to cell movement.564¢

One of the preferential pathways of GBM inva-
sion in the human brain is the white matter, where
GBM cells invade along axons.* It is likely that this
preference is recapitulated in zebrafish embryos, as
we observed pseudopodal invasion in the midbrain
area that is rich in axonal connections between the
two hemispheres (Figure 3C). This is reminiscent
of tumor invasion via the corpus callosum in human
patients.?

Pseudopodia and cell elongation character-
ize the mesenchymal type of cell invasion, which
is typical for gliomas and depends on cell-matrix
adhesion.>® The observed strand migration in the
spinal cord as well as the midbrain (Figure 2B,4B)
is linked to proteolytic matrix remodeling and is
characteristic of cancer cells belonging to the mes-
enchymal type.> A mesenchymal molecular finger-
print has recently been established for U373 GBM
cells.*” This invasion pattern has also previously
been observed for U87 cells in mouse models, to-
gether with elevated cathepsin B expression at the
tumor periphery.®® In a study on zebrafish larvae,
invasion of U87 GBM cells along the abluminal sur-
face of blood vessels has also been demonstrated.”
As the basal lamina of blood vessels is a known
invasion pathway in the human brain®, this fur-
ther strengthens the view that the invasion of GBM
cells in the zebrafish model resembles this process
in mammals.

Confocal imaging of GBM and MSC co-cultures
in situ revealed that both of these types of cells form
mixed tumor masses at similar locations as for the
GBM cells alone; i.e., in the ventricles and midbrain
hemisphere. The GBM and MSC cells used similar
invasion routes along the ventricles and the central
canal of the spinal cord, but did not invade other
tissues. The association of GBM cells and MSCs into
such mixed tumors in the brain of these zebrafish
embryos suggests a strong intercellular interaction

Q U87 (red) + MSC (green) @ U373 (green) + MSC (red)

U373 (green) + MSC (red)

@ U373 (green) + MSC (red) @

FIGURE 4. Imaging of co-culfures of GBM cells and MSCs in the brain of zebrafish
embryos. A mixture of fluorescent-protein-expressing GBM cells and carbocyanine-
dye-labeled MSCs was implanted into the brain of the zebrafish embryos. Three
days after implantation, the embryos were fixed, cleared in ScaleU2 without the
addition of Triton X-100, and imaged with confocal microscopy. (A) The head of a
zebrafish embryo with a co-culture of U87-DsRed cells (red) and DiO-labeled MSCs
(green) implanted in the brain. (B) The head of a zebrafish embryo with a co-culture
of U373-GFP cells (green) and Dil-labeled MSCs (red) implanted in the brain. (C)
Invasion of Dil-labeled MSCs (red) along the central canal of the spinal cord. (D)
Three-dimensional rendering of a mixed mass of U373 cells (green) and MSCs (red)
in a brain obtained from a cleared embryo. Nuclei are stained with methyl green
(presented in blue). Scale bars: 250 um (A, B); 100 um (C); 50 um (D).

between them, which would appear to also have a
role in the human GBM microenvironment. Indeed,
MSC tropism towards GBM cells has previously
been described', and a set of cytokines has been
shown to mediate the interactions between these
cells in vitro.# Among these, the monocyte che-
moattractant protein (MCP-1) has been suggested
as the major trigger of various molecular pathways
that can enhance MSC proliferation and invasion,
whereas a different set of genes has been shown to
impair U87 cell invasion and proliferation, and to
even induce their senescence.* When mixtures of
U87 or U373 GBM cells and MSCs were implanted

Radiol Oncol 2016; S50(2): 159-167.
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nuclei (me

merged

FIGURE 5. Fusion between GBM cells and MSCs in the zebrafish brain. A mixture of
U373-GFP cells and Dil-labeled MSCs was implanted in the brain of the embryos,
which were fixed, cleared and imaged 3 days after implantation of the cells. Two
cells (arrows) emit green GFP fluorescence as well as red Dil fluorescence, which
strongly indicates that the U373-GFP cells and MSCs have fused after implantation.
(A) Nuclei of embryonic fissues labeled with methyl green. (B) Green fluorescent
protein fluorescence of U373 cells. (C) Red fluorescence of Dil, used to label the
MSCs. (D) Merged image of all of the fluorescent channels. Scale bar: 200 um.

into the zebrafish embryos, these established very
close contacts and apparently also formed a struc-
tural syncytium in vivo. This finding confirms our
previous in-vitro studies of direct co-cultures using
U373 GBM cells and MSCs. These studies showed
the formation of gap junctions between these cell
types (i.e., formation of a functional syncytium),
as demonstrated by fluorescein transmission and
connexin 43 expression. Furthermore, there was
membrane fusion between these cells (i.e., forma-
tion of a structural syncytium), as demonstrated
by the co-localization of different carbocyanine
dyes.”® Direct membrane fusion between the GBM
cells and MSCs affects gene expression and the cell
phenotype, which might lead to enhanced invasion
of hybrid cells, which is of relevance to tumor pro-
gression.!

Taken together, our enhanced clearing meth-
odology has enabled us to study GBM cell locali-
zation in the brain of zebrafish embryos and to
observe their interaction with MSCs at single-cell
resolution. This allowed us to identify the invasion
patterns of GBM cells in the zebrafish brain and
identify the central canal of the spinal cord as a ma-
jor invasion route. As the frequency of this single-
cell invasion of the spinal cord is also quantifiable,

Radiol Oncol 2016; S0(2): 159-167.

the observation of this process in high-throughput
screening can now be developed as a fast and objec-
tive methodology. Thus it can not only to be used
to study basic mechanisms in terms of the differ-
ences among heterogeneous GBM populations, but
also for diagnostic purposes with patient biopsies.
This study is also the first to address co-culture
implantation in the zebrafish brain model in order
to define the interactions between GBM cells and
MSCs. We demonstrated that these two cell types
invade the surrounding brain tissue along similar
invasion roots as the GBM cells alone, whereby
they often moved along the central canal of the spi-
nal cord, but did not leave the CNS.

In perspective, the zebrafish xenotransplanta-
tion model of GBM has many benefits in terms of
cost, simplicity, possibility for single-cell visuali-
zation in vivo, and high throughput.! As demon-
strated by the present study, this simple model can
be used to study cell processes involved in GBM
cell invasion and the interactions of GBM cells with
many other cells of the stroma in double or triple
cell co-cultures.
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