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Abstract— Glioblastoma (GBM) is the most malignant and most common primary brain tumor. Hypercellular regions surround-
ing necrotic areas in GBM, named pseudopalisades, are characteristic of these tumors and have been hypothesized to be waves
of migrating GBM cells. The universal appearance of these structures in GBM suggests that they may play an instrumental role
in their spreading and invasion. A mathematical model was developed incorporating the main mechanisms of pseudopalisade
formation. It consists of a set of partial differential equations modeling the interplay of 3 cellular cancer cell phenotypes, the
oxygen distribution and necrosis. Experiments were done by embedding different densities of U-251 MG cells within a collagen
hydrogel in a custom-designed microfluidic device. By controlling the medium flow through lateral microchannels, we mimicked
and controlled blood-vessel obstruction events associated with this disease. Using a combination of computational and experi-
mental techniques, we proved the feasibility of the two hypotheses of pseudopalisade formation: driven by either acute or chronic
hypoxia. Additionally, we verified the potential of microfluidic devices as advanced artificial systems capable of experimentally

modeling nutrient and oxygen gradients during tumor evolution.
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1 Introduction

Glioblastoma (GBM) is the most common and lethal malig-
nant primary brain tumor. Patients receiving the standard-of-
care based on local radiotherapy and concomitant chemother-
apy have a median survival of 14 months [1]. GBM tumors are
highly infiltrating and fast progressing tumors and are char-
acterized by two main histopathological conditions: necrotic
foci typically surrounded by areas of high cellularity known
as pseudopalisading regions, and microvascular proliferation.

These hypercellular regions surrounding necrotic areas, named
pseudopalisades have been hypothesized to be waves of mi-
grating GBM cells [2]. The universal appearance of these
structures suggests that they may play an instrumental role in
their spreading and invasion. These structures are thought to
be induced by oxygen depletion caused by the accumulation of
cells far from nutrient supplies (chronic hypoxia) and/or tumor-
induced blood vessel occlusion (acute hypoxia) [3]. Both cases
are represented in immunohistochemical analysis in Fig. 1.
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a) b)

Figure 1: Histopathologic features of pseudopalisades in
glioblastoma (GBM). a) tumor cells appear to be migrating
away from centrally degenerating vessels and toward alterna-
tive vascular supplies. b) Medium-sized pseudopalisades (200-
400 pm) are characterized by central necrosis, central vac-
uolization, and individual dying cells but typically have a pe-
ripheral zone of fibrillarity immediately inside the pseudopal-
isade. Note the absence of central vessels or vascular thrombo-
sis.

The pseudapalisades formation hypothesis was previously
studied from our group considering only vessel obstruction
events [4]. Nutrient and oxygen starvation triggered a strong
migratory process leading to pseudopalisade generation in sil-
ico and in vitro [4, 7, 8]. Also, cells at greatest distance from
oxygen supply became hypoxic after a critical point in tumor
growth was reached (due to increased metabolism) forming
pseudopalisades both in silico and in vitro.

The aim of this research is to study the pseudopalisades forma-
tion hypothesis considering chronic hypoxia conditions under
high tumor cell densities and to combine and analyze the re-
sults coming from both hypothesis.

2 Materials and Methods

2.1 Mathematical model

This model is based on our previous models in which oxygen
coming from straight vessels was the driving force that trig-
gered the normoxic and hypoxic phenotypic changes [7, 8].
To these 2 dominant phenotypes, based on the go-or-grow di-
chotomy, we have incorporated a third phenotype accounting
for hypoxic cells that arrive to normoxic areas and switch to
a more proliferative phenotype. Thus, the model is a hybrid
between go-or-grow and go-and-grow models.

In addition to the diffusive random motion, we have included a
directional transport term driving the cell’s motion towards bet-
ter oxygenated regions for hypoxic cells. The Fig. 2 exhibits a
graphical representation for the model of pseudopalisades for-
mation.

The mathematical model consists of a set of partial differen-
tial equations modeling the interplay of 3 cellular cancer cell
phenotypes, the oxygen distribution and necrosis.
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Figure 2: Graphical depiction of the mathematical model
scheme based on previous models [5, 7] including 3 cancer cell
phenotypes, the oxygenation and the necrosis.

Major Assumptions of the Mathematical Model:

1. Classical logistic space limited growth for the tumor cell
densities: Normoxic C,,, Hypoxic C},, Malignant C,,
and Necrotic (.

2. Coefficient diffusion for hypoxic phenotype, D) is
higher than the normoxic D,, and the malignant D,
(Dp>D,>D,,).

3. Cell duplicating time for hypoxic phenotype, 77, is higher
than the normoxic 7,, and the malignant 7,,,. Malignant
cells have the highest proliferation (7;,>7,,>7,,).

4. Oxygen O, acts as a chemoattractant for hypoxic cells
with a hypoxic transport coefficient T},.

5. Oxygen diffusion Do, is homogenous and isotropic in
the chamber. Oxygen flows from channels to balance
the different oxygen pressures.

6. Malignant cells consume more oxygen than any other
cell phenotype: «,, > a, > «j where «,, and o, are
the rate of oxygen consumption for normoxic and hy-
poxic cells respectively.

7. Depending on the oxygen pressures various switching
mechanisms arise coupling the populations: Normoxic

to hypoxic S, below Ogs) pressure with characteris-
tic time 7,5,. Hypoxic to malignant S}, above Oés)
with characteristic time 7y,,,,. Malignant to hypoxic S,
below Oés) with characteristic time 7,,;,. Hypoxic to

necrotic Syq below OéD) with characteristic time 7y,4.
(We consider S,,,=Sn).



In-silico and on-chip validation of aggressive behaviors in brain tumors 3

The equations governing the interplay between the dominant
phenotypes are displayed in Egs. 1.
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number of tumor cells where AOs is the oxygen sensitivity
threshold.

The explicit form of the switch functions are represented in
Eq.[2-4].
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Eq.5 represents the spatio-temporal evolution of oxygen.
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The first term in the right-hand-side of Eq.5, accounts for
oxygen diffusion, the second term models the oxygen con-
sumption by both normoxic and hypoxic cells. The saturation
Michaelis-Menten constant OéT) corresponds to the oxygen
pressure level at which the reaction rate is halved. The third
term describes the oxygen flow from the vessels (channels) to
the tissue (chamber).

The multiplicative function .JJ in Eq. 5 accounts for the spa-

tial distribution of the oxygen supply and depends on the blood

vessels positions (channels) p;, their oxygenation O5* and their

sizes v;. In Eq.6, ¢ refers to the number of channels and J will

be taken to be a combination of Gaussian functions of the form
N

(6) J = (0% — 09)Jo, Y e ep)*/ot

=1

Where p; and v; represent the position and size of the vessel.
Jo, is the flux of oxygen coming from the vessel (1076 s~*
estimated).

2.2 Microdevice design, fabrication and operation

Microfluidic devices were fabricated using SU-8 photolithog-
raphy combined with an SU-8 to SU-8 bonding process. The
fabrication process was inspired by previously reported work
[6, 5].

In order to recreate obstructed conditions in a 1000 pm wide
central microchamber, a regular flow of culture media was pro-
vided to the microdevice through one lateral, whereas the other
was sealed [4].

In order to recreate the chronic hypoxia under high cellularity
conditions, the microdevices have been designed including a
2000 pm wide central microchamber to allocate the hydrogel
with the cells embedded and two flanking 700 m wide lateral
microchannels. The internal microdevice height was 250 pm
and dedicated inlets and outlets have been also integrated to
enable user-friendly liquid insertion by manual pipetting. Hy-
drogel with the cells embedded was confinement in the central
microchamber thanks to a series of parallelogram-shaped pil-
lars. Fabrication was performed by injection molding using
polystyrene as structural material. After isopropanol washing,
they were bonded to the surface of a 60 mm diameter Petri
dish using biocompatible adhesive (adhesive research, ARcare
8026) to create a functional microdevice. Microdevices were
finally sterilized by submerging in 70% ethanol. Microfluidic
devices for cell culture were finally ready after dried inside the
culture hood O/N.

a) b)

Figure 3: a) Two microfluidic devices for cell culture where
blue-colored water was perfused for visualization purposes. b)
Experimental scheme within the microdevice mimicking the
hypoxic conditions and the starved (red) and well oxygenated
(green) regions. The experiments developed reproduce: (i) ob-
structed blood vessel conditions and (ii) high cellularity under
unrestricted conditions.

2.3 Cell culture

U-251-MG cells were acquired from ATCC and routinely
grown in Dulbecco’s modified Eagle’s medium (DMEM)
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(Lonza BE12-614F) supplemented with 10% v/v fetal bovine
serum (Sigma F7524) and antibiotics (penicillin/streptomycin,
Lonza DE 17-602E) at 37°C and 5% CO2 in a TEB-1000 incu-
bator (EBERS Medical Technology). To embed the cells in a
3D collagen hydrogel, all reagents, were located on ice to pre-
vent the collagen polymerization. Cells were detached using a
trypsin/EDTA solution (Lonza, CC-5012) and resuspended in
a calculated volume of growth medium (DMEM supplemented
with 10 % fetal bovine serum) in order to reach the final desired
concentration.

For experiments mimicking the obstructed conditions: using a
chilled tip, we prepared a mixture of 24.9 ul of collagen type
14.01 mg/ ml (Corning 354236), 0.62 ;1 of NaOH IN (Sigma
655104), 10 pl of DMEM 5X (Sigma D5523), 50 pl of cell
solution, and 14.5 pul of sterile water. For experiments mimick-
ing the high cellularity conditions: We prepared a mixture of
3.4 pl of sterile water; 35.7 ul of collagen type I 3.36 mg/ml
(Corning 354236); 0.89 ul of NaOH 1IN (Sigma 655104); 10
pl of DMEM 5X (Sigma D5523) and 50 ul of cell solution.

Finally, the hydrogel mixture was injected into the microdevice
by manual pipetting. To allow the collagen polymerization,
the microdevices were placed into an incubator (37°C and 5%
CO2) for 15 minutes.

2.4 Cell Viability

Cell viability was analyzed using Calcein (CAM) (Life tech-
nologies C1430) and propidium iodide (PI) (Sigma P4170).
Stocks solutions were prepared following supplier instructions.
CAM and PI working solutions were prepared diluting both
stock solutions in PBS (Lonza BE17-516F) at a final concen-
tration of 5u g/ml CAM and 4 ;o g/ml PI respectively. Be-
fore injecting the CAM/PI cocktail, microdevices were washed
once with PBS. CAM labelled viable cells in green, whereas PI
labelled only dead cells in red. Confocal images were taken af-
ter 30 min using a Nikon Eclipse Ti microscope equipped with
a C1 modular confocal microscope system. 2X magnification
images were taken and Z-stacks were collected at different fo-
cal planes using 10 microns steps with the 10X.

2.5 Image analysis

Image analysis was performed using Fiji software
((http://fiji.sc/Fiji). Viable cell distribution was
analyzed across the central microchamber in the 10X magni-
fication. Viable cell distribution was quantified only on the
10X images since in the 2X the Z resolution was not enough
to distinguish cell located at different planes, visualizing all
the microchamber height as a projection of all of them. This
caused that changes in cell density did not correlate linearly
with the cell occupied area. Although in 10X this phenomenon
is still present, its effect is much lower.

3 Parameter estimation

To solve the mathematical model numerically we have used a
standard finite difference method of second order in time and
space.

The value of the parameters used in the model were equal or
very similar to those used in [4, 8] except for the parameters
displayed in Table 1.

Table 1

Parameter  Value and units Meaning

Tmh 12h Malignant to hypoxic phenotype switch time
Thm 7 days Hypoxic to malignant phenotype switch time
U, 25, mmHg ¢/s  Typical malignant cell oxygen consumption
Dy, 2 x 1071 ¢cm?/s  Malignant diffusion coefficient

T, 7x 107 cm?/s  Hypoxic transport coefficient

Tm 48h Malignant doubling time

4 Results and discussion

4.1 Pseudopalisade formation under obstructed con-
ditions

The pseudopalisade formation under obstructed conditions is
based on the idea that GBM proliferation and secretion of pro-
coagulant signals would causes thrombotic events leading to
acute hypoxia. Then, the migration of cells away from a throm-
bosis and towards nutrients and oxygen enriched regions could
create the pseudopalisades. In addition, these migrating cells
would reach other blood vessels and eventually cause their col-
lapse, restarting the process and creating another expanding
wave of tumor cells within the brain.

Our mathematical simulations support the hypothesis of pseu-
dopalisade formation after a vessel-occlusion event and corre-
late very well with microfluidic device experiments in which
we saw an increase in the cell proliferation when the cells
where exposed to obstructed conditions (Fig. 4).

Our results suggest that when these invading and hypoxic GBM
cells reach a better oxygenated region, they start to proliferate
more aggressively. Therefore, microscopic hypoxic events can
act as a driving force in GBM invasion [4]. Therefore, this
mathematical model is able to recapitulate the pseudopalisade
formation as a hypoxia-driven phenomenon, convincingly re-
producing the observed results within the microdevice and the
observed pseudopalisades in vivo [4].

Fig. 4 presents the experimental data versus the computer sim-
ulations of the evolution of the 4 millions U-87 cells seeded
within the 1 mm chamber. Red, blue and black curves refer to
day 3, 6, 9.
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Figure 4: Experimental data versus computer simulations of
the cell evolution within the chamber at days 3, 6, and 9. a)
Experimental data of green fluorescence intensity under unre-
stricted conditions. b) Experimental data of green fluorescence
intensity under restricted conditions. c¢) Simulations of alive
tumor cell density evolution under unrestricted conditions. d)
Simulations of alive tumor cell density evolution under re-
stricted conditions.

4.2 Pseudopalisade formation under high cellularity
conditions

diferecias y transicion

The pseudopalisade formation under high cellularity condi-
tions is based on the idea that the high GBM density itself
within the brain tissue causes oxygen and nutrient deprivation
to those cells away from the vessels even when they still work-
ing properly. Those, pseudopalisades could develop without
any external input.

Cell viability within the central microchamber was analyzed
at different cell densities and different times. The analysis re-
vealed that at 4 and 10 million cells/ml no significant changes
were observed in cell viability or cell distribution. Interest-
ingly, at 20 million cells/ml a moderate change in the cell dis-
tribution is observed, whereas at 40 million cells/ml this effect
is much more evident.

The Fig. 5 exhibits the experimental results for 4 millions and
40 millions cells. The green fluorescence represents alive cells
while the red label death cells. Fluorescence intensity was mea-
sured in adimensional units. Green fluorescence for day 0, 1, 2,
3, 6 is presented in blue, red, green, purple and orange curves

respectively along the right side of the chamber.
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Figure 5: Chronic hypoxia experiment developed within the
microfluidic device. After 6 days live cells are labeled in green
and death cells in red. a) 4 million U-251/ml in 1,2 mg/ml
collagen hydrogel. Microdevice posts are delimited in white
dashed line. b) 40 million U-251/ml in 1,2 mg/ml collagen
hydrogel. c¢) Green fluorescence intensity along the right side
chamber at day 0, 1, 2,3 and 6 considering 4 millions tumor
cells at day 0. d) Green fluorescence intensity along the right
side chamber at day 0, 1, 2 ,3 and 6 considering 40 millions
tumor cells at day 0.

We developed computational simulations considering a physi-
ological range for the unknown parameters and the typical re-
sults obtained are presented in Fig. 6. We related the 0.04 ini-
tial cell density with the 4 millions experiment and 0.4 initial
cell density with the 40 millions experiment.

Pseudopalisades were not observed under initial cell densities
below 0.1-0.2 (Fig. 6 a)-d)). Simulations with initial cell den-
sities between 0.2-0.6 showed a wave of cells moving from the
center of the chamber to the channel (Fig. 6 e)-h)). Both facts
are consistent with the experimental data and the pseudopal-
isades formation caused by chronic conditions.

In addition, the mathematical results for initial cell densities
above 0.6 showed a pseudopalisade formed by static cells
where basically cells in the center of the chamber die because
of the starvation (Fig. 6 1) and j)).
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Figure 6: Computational simulation evolution of the cell density within the right side of the chamber after 1 hour, 1 day, 3 days
and 6 days (in blue, red, green and purple curves respectively). Initial alive cell densities are: a) 0.03, b) 0.04, c¢) 0.1, d) 0.2, e)
0.3,1) 0.4, g) 0.5,h) 0.6, 1) 0.7 and j) 0.8.
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Our mathematical simulations and experiments support the hy-
pothesis of pseudopalisade formation under an elevated num-
ber of cells in a tissue with functional vessels.

Also suggest that this pseudopalisades are formed by waves of
migrating cells only when cell density is below =0.6. If cell
density is above 0.6, it would be possible to find pseudopal-
isades but they would not be formed by migrating cells and
they could not imply invasiveness.

The mathematical model suggests that pseudopalisades formed
by ways of cells and caused by an increment in cellularity will
only take place if the tissue cell density under healthy condi-
tions is low enough (below 0.6). This could be one of the rea-
sons why pseudopalisades as a signal of invasion are almost
exclusive from GBM cells. Following the results, in tissues
with cellularity over 0.6, pseudopalisades would not be formed
by migrating cells and their formation could not be associated
with an accelerated invasion.

5 Conclussion

The pseudopalisade formation under obstructed conditions hy-
pothesis proposes that GBM cells are exposed to cyclic star-
vation which forces their metabolism to switch between a pro-
liferative or migrating phenotype. The pseudopalisade forma-
tion under high cellularity conditions hypothesis proposes that
GBM cells away from nutrients and oxygen supply move to-
wards better oxygenated regions.

A mathematical model was developed incorporating the main
mechanisms of pseudopalisade formation. All the elements in-
cluded in the mathematical model were necessary to describe
both types of phenomena (acute and chronic hypoxia) point-
ing out to the insufficiency of the go-or-grow hypothesis to de-
scribe pseudopalisade formation on-chip.

Using a combination of computational and experimental tech-
niques, we proved the feasibility of the two hypotheses of pseu-
dopalisade formation, driven by either acute or chronic hy-
poxia. Our mathematical model suggest that pseudopalisades
caused by high cellularity are formed by waves of moving cells
only if cell density is below ~0.8. If cell density is above 0.6, it
would be possible to find pseudopalisades but they would not
be formed by migrating cells and they could not imply inva-
siveness.

Additionally, we verified the potential of microfluidic devices
as advanced artificial systems capable of experimentally mod-
eling nutrient and oxygen gradients during tumor evolution.
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