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The chick embryo has been an ideal model system for the study of vertebrate
development, particularly for experimental manipulations. Use of the chick embryo has
been extended for studying the formation of human glioblastoma (GBM) brain tumors
in vivo and the invasiveness of tumor cells into surrounding brain tissue. GBM tumors
can be formed by injection of a suspension of fluorescently labeled cells into the E5

midbrain (optic tectum) ventricle in ovo.

Depending on the GBM cells, compact tumors randomly form in the ventricle and
within the brain wall, and groups of cells invade the brain wall tissue. Thick tissue
sections (350 um) of fixed E15 tecta with tumors can be immunostained to reveal that
invading cells often migrate along blood vessels when analyzed by 3D reconstruction
of confocal z-stack images. Live E15 midbrain and forebrain slices (250-350 pym)
can be cultured on membrane inserts, where fluorescently labeled GBM cells can be
introduced into non-random locations to provide ex vivo co-cultures to analyze cell
invasion, which also can occur along blood vessels, over a period of about 1 week.
These ex vivo co-cultures can be monitored by widefield or confocal fluorescence time-

lapse microscopy to observe live cell behavior.

Co-cultured slices then can be fixed, immunostained, and analyzed by confocal
microscopy to determine whether or not the invasion occurred along blood vessels
or axons. Additionally, the co-culture system can be used for investigating potential
cell-cell interactions by placing aggregates of different cell types and colors in
different precise locations and observing cell movements. Drug treatments can be
performed on ex vivo cultures, whereas these treatments are not compatible with the

in ovo system. These two complementary approaches allow for detailed and precise
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analyses of human GBM cell behavior and tumor formation in a highly manipulatable

vertebrate brain environment.

Introduction

In vitro studies of cancer cell behaviors are often used to
dissect potential mechanisms that operate during the more
complex behavior that is observed during tumor formation
and cell invasion in in vivo xenograft models. For example,
with glioblastoma (GBM), in vitro studies have uncovered
mechanisms of how L1CAM potentially operates during
tumor formation and brain invasion in a novel chick embryo
xenograft brain tumor model-2:3.4.5, Although in vitro and in
vivo experiments complement each other in useful ways, they
leave a substantial gap in how the results can be correlated.
For instance, mechanistic analyses of GBM cell motility on
a dish is a highly artificial situation, and in vivo xenograft
models can only reveal static time point or endpoint analyses
of tumor formation and cell behavior. In vivo studies using
either rodents or chick embryos do not easily lend themselves
to monitoring cell behavior while the cells invade brain tissue
in these xenograft models. Nevertheless, the chick embryo
xenograft model has demonstrated that the adhesion protein
L1CAM plays a stimulatory role in the invasive ability of

human T98G GBM cells?:5.

A suitable solution to this problem can be reached by bridging
both in vivo and in vitro methods using an organotypic brain
slice culture model, referred to as an ex vivo model. In this ex
vivo model, live brain tissue can be maintained at a thickness
of several hundred microns for up to a few weeks, making
it possible to implant cancer cells, observe their behavior in
actual tissue over time, and then perform a more detailed

marker analysis at the endpoint of the experiment.

A popular organotypic slice culture method has been to
culture a several hundred micron-thick brain slice on top of
a translucent or transparent porous membrane, leaving the
tissue exposed to air, yet allowing nutrient media to sustain
the tissue from below the membrane (refer to Stoppini et
al.6). Different variations of this method have been used for
different studies, including using different media or different
membrane inserts. Different membrane inserts include a 30
mm diameter, porous (0.4 um) membrane insert in a 35
mm culture dish®, and cell culture inserts (0.4 um) for 6-
well plates7. Different media include 50% MEM/HEPES +
25% heat-inactivated horse serum + 25% Hanks balanced
salt solution (HBSS)8, 50% reduced serum media + 25%
horse serum + 25% HBSS?, as well as others. If a translucent
or transparent membrane is used along with fluorescently
labeled GBM cells, then such cultures can be imaged from
below using an inverted widefield or confocal fluorescence

microscopem'”’12'13’14'15.

While many in vivo orthotopic brain tumor xenograft and
ex vivo organotypic brain slice culture models have been
established using rodents, as cited above, the chick embryo
(Gallus gallus) has been underutilized for these purposes.
However, the chick embryo has been demonstrated to be
capable of being used as an in vivo orthotopic xenograft
model for the study of both human and rat glioma
invasion'+2:5. Xenografted cells into chick embryo brains
have exhibited invasion patterns similar to those observed in

rodent models, further supporting the use of chick embryos as

an in vivo model for GBM tumor cell analysis. Chick embryos
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also are inexpensive, can be more easily maintained than
rodents (i.e., in their egg shells in a lab incubator), and are
much easier to work with, making them an attractive option for
short-term in vivo GBM studies. A recent article has described
the use of chick embryo brain slice cultures for the formation
and growth of axons during normal brain development where
the slices were viable for at least 7 days16. However, the
use of such chick embryo brain slice cultures for ex vivo
analysis of GBM cell behavior in a tissue environment is
lacking. In this article, both the transplantation of human GBM
cells and GBM stem cells (GSCs) into the early chick embryo
brain in vivo, as well as the introduction of GBM cells onto
live chick embryo brain slice cultures ex vivo, are described.
Some representative examples of the resulting tumors and
cell invasion patterns obtained from these preparations are

also provided.

Protocol

No clearance or approval was needed at the University of

Delaware to carry out this work.

1. GBM cell injection into chick optic tectum

1. Preparation of GSCs and GBM cells for injection

1. Culture GSCs in GSC media (Table 1). Culture
established GBM cell lines in GBM media (Table 1).

2. Rinse the cells on plates with sterile phosphate-
buffered saline (PBS) and place 1 mL of trypsin
solution into a 10 cm dish. Leave in a cell culture

incubator for 2-3 min until the cells start to detach.

3. Inactivate the trypsin by adding 10 mL of appropriate
serum-containing culture media into the 10 cm dish

and detach the cells by pipetting up and down. Place

the cell suspension into a 15 mL conical centrifuge

tube.

Pellet the cells by centrifugation at 800 x g for 5 min
at4 °C.

Aspirate the media from the cell pellet using a
disposable fine glass pipette attached to a side
arm flask and vacuum pump. Resuspend the cells
in appropriate growth media to a concentration of
10,000 cells per microliter and place in a microfuge

tube or small screw-top tube on ice.

Mix the cells with a small amount of sterile 1% Fast
Green FCF dye (use a ratio of 5 pL of dye/100 pL of

cell suspension).

Injection of GBM cells into E5 optic tectum in ovo. See

Supplementary Figure 1.

1.

Incubate the fertilized chicken eggs in a humidified
egg incubator, with the pointed end facing down, at
37.5 °C (the 1st day of incubation is embryonic day
0 [EO]). On the 6th day of incubation (E5), sterilize
the eggshell by spraying with 70% ethanol.

Using an egg candler, trace along the perimeter of
the air space above the embryo with a pencil and

cover the outlined area with transparent tape.

Using curved scissors, gently cut around the traced
area, being careful not to cut into the embryonic
membranes or blood vessels, and discard the top of

the eggshell.

Place a few drops of saline or cell culture media
onto the air space membrane to wet it so that it will
detach easily. Using fine forceps, carefully pierce the
air space membrane over the top of the embryo,

remove it, and locate the chick embryo's head.
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5. Use fine forceps to grab the transparent amnion 1.
membrane that immediately surrounds the embryo
to position the head so that the optic tectum can 2
be injected with cells. With one hand, use the fine
forceps to hold onto the amnion to keep the head
in place during the injection process. Be careful not
to damage the extraembryonic blood vessels in the
chorioallantoic membrane on the yolk.
NOTE: The above procedure takes some practice
to be able to efficiently grab the clear amnion
membrane that intimately surrounds the embryo,
since it is invisible until it is grabbed and pulled.
Practice using fine forceps to grab the clear amnion

that immediately surrounds the embryo.

6. Hold the head steady by gripping the amnion
membrane with fine forceps. Using a glass
micropipette and a pneumatic picopump, inject
around 50,000 cells in 5 pL of suitable cell culture 6.
media into the optic tectum (5 yL is approximately

1/2 of a filled micropipette). 7

NOTE: See Cretu et al.! for an image of an E5
embryo that has been injected with GBM cells mixed

with dye.

7. Place a few drops of 50 mg/mL ampicillin on top of

the embryo. 8.

8. Cover the hole in the top of the eggs with clear tape 9.

and leave in humidifier until E15 for dissection.

2. Dissection of brain regions from E15 embryos

10.

NOTE: The dissection of E15 brains here for fixation is similar
to that described in step 8.2 for live brain slices, but the
dissection here does not have to be done under aseptic

conditions.

Cut away the tape around the top of the shell, allowing

access to the embryo.

Decapitate the embryo at the neck and place the head in
a 10 cm dish with sterile calcium- and magnesium-free
Tyrodes (CMF Tyrode's) solution. See Supplementary
Figure 2.

Using fine forceps, peel away the skin covering the brain
to reveal the underlying dura mater. Remove the forming
skull bones on the left and right sides of the brain. The
forming skull bones do not yet cover the majority of the

brain.

Gently use fine pointed forceps to tear through the
meninges overlying the center of the brain and peel it to

each side to uncover the brain.

Use curved forceps to scoop the brain from below and

gently pull it out of its cavity.

Dissect the brain into its parts: forebrain, tecta,

cerebellum.

Remove the overlying pia mater from the tecta using fine
forceps. Note that the pia separates easily from the tecta,
but not from the forebrain or cerebellum. Remove the pia
from the forebrain by touching it or rolling it on a small

piece of filter paper.
Place the dissected brain regions in a small dish.

Place the brain regions for fixation in a 24-well plate well
and fix in 2% paraformaldehyde (PFA) in 0.1 M sodium

cacodylate buffer. Leave for at least 24 h at 4 °C.

After fixation, rinse the tissue in 3x PBS over at least 1

hour before embedding in agar.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com
License

May 2023 -195- €65199 - Page 4 of 32


https://www.jove.com
https://www.jove.com/

jove

3. Embedding and slicing harvested brain regions

Prewarm a solution of 3.5% agar and 8% sucrose in PBS

until molten and keep it at melting temperature.

Using curved forceps as a scoop, gently pick up either the
optic tectum or forebrain region of the chick embryo brain,
and blot slightly on filter paper to remove extra liquid to

ensure adhesion of the agar to the outer brain surface.

Using a sterile transfer pipette, fill up the mold with agar
solution.

NOTE: A simple mold can be made by forming aluminum
foil around an appropriately sized object, such as small

rectangular metal vibrating tissue slicer blocks.

Place the brain region in agar, and let the agar completely

solidify.

Remove the aluminum foil from around the embedded
brain and trim excess agar around the sides using a razor

blade or scalpel.

Place a drop of cyanoacrylate glue on the stainless-steel
square of the slicing tray, place the agarose block with the
brain onto the glue, and let the glue bond for 1 min. Place
the tray into the vibrating tissue slicer chuck, tighten, and
fill the tray with enough PBS to cover the top of the agar
block.

Cut the brain slices on a vibrating tissue slicer at a 350

um thickness using a steel razor blade.

As brain slices are cut and float freely into the slicing tray,
use a spatula to scoop up and remove the slices from the
tray. Gently slide the section off the spatula and into a
labeled 10 cm Petri dish with PBS so the sections float
freely.

NOTE: The agar surrounding the brain slice may become

detached if the brain is not sufficiently blotted with filter

paper to remove excess liquid before embedding. If this
occurs, the brain tissue can be gently removed from the
solidified agar and re-embedded after proper blotting of

excess liquid.

4. Immunostaining brain slices with tumor cells

Using a stereo microscope equipped  with
epifluorescence, screen individual slices in the 10 cm
dish one by one for the presence or absence of tumor

cells.

Prepare a sufficient amount of phosphate-buffered saline
with 0.1% Triton X-100 and 5% normal goat serum
(PBSTG) (see Table 1) forimmunostaining and rinse the

slices to be immunostained.

Half-fill wells in a 24-well plate that will be used for

staining brain sections with PBS.

Trim off the corners of agar around the brain slices with
the edge of a spatula or a scalpel, and gently place them

into the wells containing PBS.

Aspirate the PBS and replace with 350 uL of primary
antibody staining solution in PBSTG (e.g., 2 pg/mL
UJ127 in PBSTG).

Incubate for 24 h in a cold room with gentle agitation so

that the slice is seen to move freely within the well.

After 24 h, remove the primary antibody solution and

rinse 3 x 1 h with PBSTG in a cold room with agitation.

When finished rinsing, incubate in 350 pL/well of
secondary antibody staining solution in PBSTG (e.g.,
1/200 dilution of biotin-GAM in PBSTG). Incubate for 20
h in a cold room with agitation.

NOTE: If foregoing the tertiary step and incubating with

the fluorochrome-containing secondary antibody at this
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10.

11.

12.

step, cover to protect from light during incubation now

and then skip to step 4.11.

Remove the secondary antibody solution and rinse 3 x 1

h in PBSTG in a cold room with agitation.

Remove the PBSTG and incubate in the tertiary solution
(e.g., 1:250 dilution of Alexa Fluor 647 streptavidin in
PBSTG). If desired, stain the nuclei at this step by adding
0.1 pyg/mL bisbenzimide to the mixture. Incubate for 20 h

in a cold room with agitation.

Remove the tertiary solution and rinse 3 x 1 h in PBSTG

in a cold room with agitation.

Leave in PBS until ready to mount on microscope slides.

5. Mounting slices on microscope slides

Prepare as many microscope slides as there are sections

to mount.

For each slide, place a 50 mm length strip of 10 mil (254

pm) thick vinyl electrical tape on a piece of parafilm.

Using a 1 cm x 1 cm square hole punch, punch a hole

through the center of the electrical tape and parafilm.

Pull the tape off of the parafilm and place it on top of the
microscope slide, leaving room for labeling tape on the

slide.

Using a micropipette, place one or two drops of anti-fade
mounting media in the square hole in the center of the

electrical tape.

Use a curved spatula to lift the desired vibrating tissue
slicer section from the PBSTG and thoroughly wick away
moisture with a clean laboratory wipe or piece of filter

paper.

7. Touch the edge of the slice to the drop of mountant and
use another spatula to gently slide the section into the

mounting media.

8. Cover the section with a few more drops of mountant
and carefully place a 24 mm x 30 mm (#1.5 thickness)

coverslip on top of the section and mountant.

9. Seal the edges of the coverslip with nail polish to keep

it in place.
6. Confocal microscopy of fixed brain slices

1. Use widefield fluorescence to find fluorescent tumors in
the mounted brain slice using the appropriate objective
lens and filter set(s).

NOTE: Some tumors can be quite large and are easily
visible with the 4x objective, while single cells might

require the 10x objective.

2. Switch to confocal microscopy using an appropriate
objective lens, laser(s), pinhole size, and detector
settings. To follow this protocol, use a 20x objective
(numerical aperture [N.A.] = 0.75) for routine imaging
and a 60x oil objective (N.A. = 1.40) for high-resolution

imaging.

3. Set upper and lower limits of the z-axis and step size
(for the specific situation according to the confocal
microscope manufacturer's instructions) for acquiring

optical sections. Acquire a z-stack of optical sections.

4. Use the confocal microscope software to create a
3D volume render of the tumor, according to the

manufacturer's instructions.
7. Spheroid preparation

1. Creating poly(2-hydroxyethyl methacrylate) (poly-
HEMA) plates
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Create a solution of 10 ug/mL poly-HEMA in 95%
ethanol, and coat 35 mm Petri dishes (or cell culture

dishes) with 1 mL of this solution.

Let the dishes sit on a rocker uncovered overnight
at room temperature to develop a coating of the dish
surface.

NOTE: The solvent will evaporate and leave a
translucent coating on the dish, which may appear
uneven, but this will not affect the ability to make cell

spheroids.

After drying, sterilize the open dishes under UV light
in a biosafety cabinet for 1 h. Replace the lids after
sterilization. The coated dishes are now ready for

use.

Fluorescent DiD staining for time-lapse microscopy

NOTE: This section is for staining single cells with DiD

fluorescent dye to be used to make spheroids, which

optimizes visualization of cell motility for live time-lapse

imaging.

1.

2.

Suspend the cells in a serum-free culture medium.

Add 5 pL of DiD stock/mL of cell suspension and
gently mix by pipetting. Incubate for 20 min at 37 °C.

Centrifuge the labeled cell suspension at 800 x g at

5 °C for 5 min.

Aspirate the supernatant and resuspend the cells in

warm media to rinse.

Repeat this centrifugation and rinse step two more
times.
NOTE: If desired, skip to step 7.3.6 to make

spheroids immediately after this process.

Making cell spheroids

Warm up 0.25% trypsin/ethylenediaminetetraacetic

acid (EDTA) solution to 37 °C.

Culture GSCs in GSC media'’ (Table 1) and
U-118 malignant gloima (MG) cells in U-118 culture
medium (see Table 1). Use a confluent 10 cm dish
for the preparation of one 35 mm plate of spheroids.
Add bFGF (10 ng/mL final concentration) and TGF-
a (20 ng/mL final concentration) growth factors to
GSCs initially and then every 3 days.

NOTE: The cells used in the current study
were green GSC15-2/K72, green GSC16-4/K72,
red U-118/L1LE/mCherry2x, and red U-118/1879/
mCherry2x. One plate of spheroids should be
sufficient for two 6-well plates of brain slices on

membrane inserts.

Rinse the cells on the plates with sterile PBS and
place 1 mL of trypsin solution onto a 10 cm dish.
Place in the cell culture incubator for 2-3 min until

the cells start to detach.

Inactivate the trypsin by adding 10 mL of appropriate
serum-containing culture media into the 10 cm dish
and detach the cells by pipetting up and down. Place
the cell suspension into a 15 mL conical centrifuge

tube.

Pellet the cells by centrifugation at 800 x g for 5 min
at4 °C.

Aspirate the media from the cell pellet and

resuspend the cells in 10 mL of media.

Place 2 mL of cell suspension on each 35 mm
poly-HEMA-coated dish and add 2 mL more of
appropriate media to obtain 4 mL of total media per

dish. If using GSCs, add growth factors.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported

License

jove.com

May 2023 -195- €65199 - Page 7 of 32


https://www.jove.com
https://www.jove.com/

jove

Incubate the cells in a cell incubator until the
aggregates reach a size of 100-200 ym, which could
be 1-2 days depending on the density of the cells

that were plated.

8. Live chick embryo brain dissection and
vibrating tissue slicer slicing

1. Prep for dissection

1.

6.

Prepare a 6-well polyester membrane insert plate
with 1 mL of brain slice culture media (see Table 1)

underneath the membrane insert.
Sterilize the work area and tools with 70% ethanol.

Place the 6-well insert plate on ice while the

dissection is taking place.

Prepare 100 mL of vibrating tissue slicer slicing

media (Table 1) and place on ice.

Place a vial of 4% low melt agarose in PBS in a water

bath until it melts into a liquid (approximately 50 °C).

Fill up the vibrating tissue slicer tub with ice.

2. Aseptic E14/15 chick embryo brain dissection

1.

Using an egg candler, trace along the perimeter of
the air pocket above the E14 or E15 embryo with a
pencil and cover the outlined area with transparent

tape.

Using curved or fine scissors, gently cut around the
traced area, being careful not to cut into the embryo
membrane or blood vessels, and discard the top

piece of shell.

Using curved forceps, remove the air space
membrane over the top of the embryo and locate the

chick embryo's head.

10.

Decapitate the embryo and place the head in a
10 cm dish with cold sterile CMF solution. See

Supplementary Figure 2.

Using sterile fine forceps, peel away the skin
covering the brain to reveal the underlying dura
mater. Remove the forming skull bones on the left
and right sides of the brain. The forming skull bones

do not yet cover the majority of the brain.

Gently use fine pointed forceps (#5 or #55) to tear
through the meninges overlying the center of the

brain and peel it to each side to uncover the brain.

Using fine curved forceps, scoop the brain up from

the bottom front and gently pull it out of its cavity.

Dissect the brain into its three main parts: forebrain,
midbrain (optic tecta), cerebellum. Consult an atlas

of chick development, if needed.

Remove the overlying pia mater from the tecta using
fine forceps.

NOTE: The pia separates easily from the tecta, but
not from the forebrain or cerebellum. The pia can be
removed from the forebrain by touching it or rolling

it on sterile gauze.

Place the dissected brain regions in a small sterile

dish on ice.

Embedding and slicing the brain

1.

Using curved forceps as a scoop, gently pick up
either the optic tectum or forebrain region and blot
slightly on sterile gauze to remove extra liquid to
ensure adhesion of the agarose to the outer brain

surface.

Using a sterile transfer pipette, fill up the mold

with low-melt agarose. Prepare a simple mold by
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forming aluminum foil around an appropriately sized
object. The small rectangular metal vibrating tissue
slicer block is routinely used as the object. See

Supplementary Figure 3.

Quickly place the brain region in agarose and let it
solidify (approximately 4-5 min) on ice.

NOTE: The brain may sink to the bottom of the mold
before the agarose hardens. If this occurs, wait 1 min
to let the agar start to set, and then place the brain
region into the agarose. Try to suspend the brain

region directly in the middle of the agarose.

Remove the aluminum foil from around the
embedded brain in the solidified agarose and trim
excess agarose around the sides using a sterile

razor blade or scalpel.

Place a drop of cyanoacrylate glue on the stainless-
steel square of the slicing dish/tray, place the
agarose block with the brain, and let the glue bond
for 1 min. Place the dish/tray in the vibrating tissue
slicer chuck, tighten, and fill the tray with slicing

media to cover the top of the agarose block.

Cut the sections on a vibrating tissue slicer at
250-350 um using a sapphire knife, which has been
reported to result in less live tissue damage than a

steel razor blade.

As brain slices are cut and float freely into the slicing
tray, use a sterile spatula to scoop up and remove
the slice from the tray. Gently slide the section off
of the spatula and onto a membrane insert using
another sterile spatula.

NOTE: Normally, two or three brain slices can be
placed onto each membrane insert, if desired. The

agarose surrounding the brain slice may become

10.

detached if the brain is not sufficiently blotted with
sterile gauze to remove excess liquid. If this still
occurs after sufficient blotting before embedding,
gently pick up the slice without the surrounding

agarose and slide it onto the membrane insert.

Place the 6-well plate of brain slices on membrane
inserts in the cell culture incubator at 37 °C and 5%

CO,.

The day after plating, use a sterile Pasteur pipette to
aspirate the media from below the insert (there are
gaps in the sides of the inserts to allow a pipette to
gain access to the media below). Add 1 mL of fresh
slice media to each well underneath the membrane
insert. Continue to change media every other day

thereafter.

Wait a few days for the brain slices to attach firmly
to the membrane inserts and appear to flatten out
somewhat. This is a sign that the slices are viable

and ready for the introduction of GBM cells.

9. GBM cell introduction onto brain slices

1. Spheroid method

1.

After the cell spheroids have reached 150-200 uymin
size, use a 20 pL micropipette set to 5 pL to remove
one to several spheroids from their culture dish. See

Supplementary Figure 3.

Gently expel the media with spheroids onto the
desired brain slice.

NOTE: The cell spheroids should be visible in the
pipette tip. Using a clear pipette tip will make them
easier to see in the tip. If the spheroid falls off the
brain slice when the liquid is released, an ethanol-

sterilized eyelash glued to a thin wood applicator
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stick should be used to gently nudge the spheroid

back onto the brain slice.

3. Allow the spheroids to culture on the brain slices for
2-5 days.
NOTE: The limitation here seems to be the eventual
degradation of blood vessels and brain cells in
the slice. Degraded blood vessels will appear as
discontinuous balls in the slice when stained for

laminin.
Biopsy punch method

1. Allow the brain slices to attach by appearing to
flatten out on the membrane insert (may take 2-5

days in culture).
2. Thaw the cell matrix on ice.

3. Inthe cell culture biosafety cabinet, connect a sterile
1 mm diameter biopsy punch to a vacuum aspirator

tube.

4. Gently touch the brain slice with the biopsy punch to
create a 1 mm hole in the center of the brain slice.
NOTE: The tissue in the biopsy punch will be

aspirated into the punch by the vacuum.

5. Prepare a cell matrix suspension by trypsinizing
a 60%-70% confluent 10 cm dish of cells and

resuspending in 10 mL of media; then, mix 1 mL of

10. Widefield fluorescence time-lapse microscopy

Place removable tape around the edge of the 6-well plate
to prevent evaporation of the media, leaving a small gap

on one side for gas exchange.

Place the plates in a customized culture chamber
on an adjustable automated stage on an inverted
epifluorescence microscope.

NOTE: The chamber was kept at atmospheric conditions

of 5% CO» and 95% air using a gas injection controller,

and temperature was maintained at 37 °C with a warm

air temperature controller and a temperature-controlled

stage insert. See Fotos et al.!8 for details of the system

used here.

Using suitable microscope control software, create a
time-lapse acquisition schedule that collects fluorescent
images of the areas of interest once every 10 min for 20
h.

NOTE: If a green fluorescent label is used in cells (e.g.,
green fluorescent protein [GFP]), then use the minimum
amount of blue excitation light required to visualize the
cells to prevent phototoxicity. Red (e.g., mCherry) and far
red (e.g., DiD) labels do not seem to have this potential

problem due to longer wavelength excitation.

11. Immunostaining brain slices after time-lapse

that suspension with 100 pL of matrix. .
microscopy

6. Using a 20 pyL micropipette, place 1 pL of the cell

L . ) o NOTE: This immunostaining protocol is optimized for staining
matrix mixture into each hole in the brain slices.

blood vessels with laminin and nuclei with bisbenzimide. Use

7. After cell mixture placement is finished, place the i . . )
P P appropriate antibodies for the desired molecule(s) of interest.

dish of brain slices with embedded cells back into

the incubator, and allow the matrix to SOlldlfy and the 1. Aspirate the media from below the membrane insert
cells to potentially invade the surrounding brain slice. using a Pasteur pipette, and place 1 mL of 2% PFA in 0.1

M sodium cacodylate buffer underneath the insert and 1
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mL on top of the insert to cover the brain slice. Let the

slices fix overnight at 4 °C.

2. Remove the fixative from below the membrane insert and
any fixative remaining on the brain slice (fixative tends to

leak through membrane insert into the well below).

3. Remove the insert with slices from the 35 mm well and

place them into a larger plastic dish.

4. Prep a 24-well plate by adding 350 uL of PBS into as
many wells as there are brain slices (one slice/well when

immunostaining).

1. Using athin spatula, gently remove the agarose from
around the brain slice without detaching the brain
slice from the membrane insert. Make sure that the
agarose detaches from the outer edge of the brain
slice easily. If not, leave the agarose attached to the

brain slice.

2. Using a sharp scalpel, cut through the membrane
around the brain slice until the slice with the
underlying membrane is free from the rest of the
insert. Pick up the membrane with the attached brain
slice, using fine forceps to grab the membrane, and

place it into a well of the 24-well plate in PBS.

5. Rinse the slices 3x with PBS over 1 h in the cold room
with constant gentle agitation or rocking, so that the slice

moves within the well.
6. While rinsing, prepare the primary antibody solution.
1. Dilute anti-laminin to 2 ug/mL in PBSTG (see Table
1).

7. Remove the PBS from the wells and incubate overnight
in primary antibody solution in a cold room with gentle

agitation.

8. After at least 20 h of incubation, aspirate the primary
antibody solution and rinse the sections 3x for 1 h in

PBSTG.
9. While rinsing, prepare the secondary antibody solution.

1. Dilute fluorescent-GAM  with the specific

fluorochrome needed to a 1:200 dilution in
PBSTG along with a 0.1 ug/mL concentration of

bisbenzimide.

2. Remove PBSTG and incubate overnight in a cold
room with agitation in the fluorescent secondary

antibody solution.

3. Remove the secondary antibody and rinse 2x over 1

h in PBSTG and 1x over 1 h in PBS.

4. Leave in PBS until ready to mount on microscope

slides (section 5) and view.

Representative Results

Presented here are multiple figures to show some
representative results that were obtained from performing in
vivo injections into the optic tectum (Figure 1 and Figure
2), culturing live brain slices and assessing their viability
(Figure 3), creating ex vivo brain slice cultures and implanting
fluorescently labeled cells using the biopsy punch method
(Figure 4), generating cell spheroids by culturing cells on
poly-HEMA (Figure 5), creating ex vivo brain slice co-cultures
with cell spheroids and recording the invasive cell behavior
using 4D confocal time-lapse microscopy (Figure 6), and
analyzing invasive cell behavior from spheroids relative to
blood vessels in fixed brain slice preparations (Figure 7 and
Figure 8). These results are by no means exhaustive, but

rather provide good examples of what can be obtained using
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the chick embryo brain as a xenograft model for human GBM

research.

Figure 1 shows some representative results of tumors that
formed in the optic tectum in vivo after the injection of GSCs
expressing GFP. GSCs attach to the ventricular surface
and form invasive tumors in the brain wall. GSCs clearly
reside near blood vessels and appear to be migrating along
them. Movies of rotating 3D volume renders of fixed and
immunostained slices of in vivo GSC tumors are given
in Supplementary Video S1, Supplementary Video S2,
Supplementary Video S3, and Supplementary Video S4. In
this experiment, four colors were used to identify five features
(green GSCs, white nuclei, white blood vessels, blue integrin

alpha-6, and either red Sox2 or red nestin).

Figure 2 shows some representative results of tumors
that formed in the optic tectum in vivo after the injection
of GSCs expressing GFP mixed with U-118/L1LE cells?
expressing mCherry due to retroviral vector transduction.
These experiments revealed that as these tumors formed
from a mixed-cell suspension, sorting out occurred such that
GSCs resided either in the periphery or the center, while
U-118 cells comprised either an inner core or an outer cortex,

depending on the specific GSC line.

Figure 3 shows viability results of ex vivo brain slice
cultures. After 1 week in culture, fixation and immunostaining
for laminin revealed many intact blood vessels and the
expression of Sox2, both of which were used here to
demonstrate viability of the brain slice. This showed that chick
embryo brain slices could be cultured on membrane inserts
for approximately 2 weeks and remain viable with normal-

appearing blood vessels and transcription factor expression.

Figure 4 shows the results of introducing "plugs" of red
U-118/L1LE/mCherry cells (mixed with matrix) into ex vivo
brain slices after creating cavities in the slices using the
biopsy punch method. U-118 cells clearly invaded the
brain tissue, sometimes extensively, and often along blood
vessels. However, cell invasion was not uniform around
the circumference of the introduced cells. Blood vessels
sometimes also appeared damaged or absent in certain
slices, presumably due to the added trauma of the punch
method or length of time in culture. This showed that the
biopsy punch/cell plug method could be used to introduce
GBM cells into specific locations in a cultured ex vivo brain

slice, whereafter the cells invade the brain slice.

Figure 5 shows live spheroids in culture and several
examples of widefield fluorescence of live GBM cell
spheroids introduced onto ex vivo brain slices for time-lapse
experiments. Movies of cell invasion from the spheroids into
the brain slice are given in Supplementary Video S5 and
Supplementary Video S6. This showed that cell spheroids
are another successful method of introducing GBM cells
or GSCs onto specific locations of an ex vivo brain slice,
and invasive cell behavior can be monitored by widefield
fluorescence microscopy, although the resolution of individual

cells can be poor.

Figure 6 shows static images of confocal time-lapse
experiments of live GSC16-4/GFP and U-118/L1LE/mCherry
cell invasion into brain slices. Confocal z-stack images
were acquired every 10 min over a 20 h period in a
multi-point time-lapse experiment. Movies of cell invasion
from the spheroids into brain slices taken as confocal z-
stacks over time are presented in Supplementary Video
S7, Supplementary Video S8, Supplementary Video S9,
Supplementary Video S10, and Supplementary Video
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S$11. This experiment revealed that confocal time-lapse
imaging was superior to widefield fluorescence for tracking
individual cell invasive behavior. The U-118/L1LE cells
were noticeably more invasive than the GSCs under these
conditions. This is even apparent in the static images, with
the GSCs being located more centrally and the U-118 cells

being more dispersed.

Figure 7 shows several examples of ex vivo brain slice/
spheroid preparations, where two different separately labeled
spheroids (U-118/L1LE/mCherry spheroids and GSC16-4/
GFP spheroids) were placed onto brain slices, grown for
several days, and subsequently fixed, immunostained for
laminin, and imaged by optical sectioning on a confocal
microscope. This revealed that both cell types invaded the
brain slice and traveled along blood vessels. When the
different types of spheroids were close enough to contact

each other, there seemed to be little, if any, invasion of one

cell type into the spheroid of the other cell type, and the

spheroids remained segregated.

Figure 8 shows several examples of ex vivo brain slice/
spheroid preparations where "mixed-cell type" spheroids
generated in culture using two differently labeled cell
types (U-118/L1LE/mCherry mixed with GSC16-4/GFP) were
placed onto brain slices, grown for several days, and
subsequently fixed, immunostained for laminin, and imaged
by optical sectioning on a confocal microscope. This revealed
that the red U-118/L1LE/mCherry cells migrated out of the
spheroids and dispersed much more evidently than the
green GSC16-4/GFP cells, which tended to remain in clumps
near the center of the spheroids. Additionally, U-118/L1LE/
mCherry cells were also stained with DiD so that the two
separate labels (mCherry and DiD) could be compared
directly in the fixed ex vivo preparations. The DiD label could
still be detected, even in single cells that had invaded the brain

slice; however, this was as intracellular puncta.
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GSC16-4 Nuclei

Figure 1: Tumors at E15 resulting from injection of GSCs into E5 optic tectum in vivo. GSCs are green due to GFP
expression. GSC15-2 cells are shown in panels A, C, and E, and GSC16-4 cells are shown in panels B, D, and F. (A) Low-
magnification view of optic tectum with a tumor near the ventricle (V). Sox2 staining is shown in red, which stains most of the
nuclei of OT cells. (B) Similar image to A but with GSC16-4 cells that also are stained for nestin in red, which can appear
yellow or white in the image due to color mixing and image exposure. OT nuclei appear white due to counterstaining with
bisbenzimide. (C-F) Different perspectives of volume renders generated from z-stacks using a 60x oil immersion objective.
Cell nuclei appear white due to bisbenzimide staining, and some appear red in panels C and E due to immunostaining for
Sox2. Red staining in panels D and F is from staining for nestin. Note that due to "Alpha Blending" for volume renders in
the confocal microscope software, colors do not blend as they would using a maximum intensity projection, and the most
prevalent color predominates and obscures the less intense color. Blood vessels are stained white due to immunostaining
for laminin. GSC marker integrin alpha-6 staining is shown in blue, and appears punctate on GSC surfaces. Micron scales

are shown along the edges of the volume renders. Videos of rotations of volume renders in panels C-F are presented in
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Supplementary Video S1, Supplementary Video S2, Supplementary Video S3, and Supplementary Video S4. Scale
bars = 500 um (A,B). Abbreviations: GSCs = glioblastoma stem cells; OT = optic tectum; GFP = green fluorescent protein;

BV = blood vessel. Please click here to view a larger version of this figure.
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Figure 2: Tumors at E15 resulting from a mixture of GSCs and U-118 GBM cells injected into E5 optic tectum. GSCs
are green due to GFP expression and U-118/L1LE cells are red due to mCherry expression. GSC15-2 are shown in panels
A-D, and GSC16-4 are shown in panels E and F. (A) Low-magnification confocal single z-plane of a mixed cell tumor (arrow)
near the ventricle. Nuclei are counterstained white with bisbenzimide. (B) Higher magnification (10x objective) of tumor
shown in A with invasion of red U-118 cells into the OT near the ventricular surface. (C) A slightly different plane of optical
section from that in A showing the tumor (arrow) embedded deeper into the OT wall. (D) Maximum projection (20x objective)
of multiple z-planes of the tumor in C showing details of the sorted cells within the tumor. (E) Single z-plane image (20x
objective) of a mixed tumor with GSC16-4 cells, showing that sorting out within the tumor occurred in an opposite pattern
from GSC15-2 cells, with the green GSCs creating a thin and even cortex surrounding the red U-118 cells. The area of
attachment of the tumor to the OT wall is not shown in this z-plane. Note the area of the tumor where there is a discontinuity
of the GSC cortex with U-118/L1LE cells bulging through (arrow). Immunostaining for L1CAM is shown in blue. (F) Same
image as in E, but showing only the green GSCs and blue L1CAM staining. Scale bars = 500 ym (A,C), 100 ym (B,D,E,F).
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Abbreviations: GSCs = glioblastoma stem cells; OT = optic tectum; GFP = green fluorescent protein; V = ventricle. Please

click here to view a larger version of this figure.

Nuclei

Figure 3: Viability of ex vivo optic tectum slices after 1 week in culture. E14 optic tectum slices were cultured on
membrane inserts for 1 week and then fixed and immunostained. Shown in A and B are confocal images (10x objective) of

a brain slice stained for nuclei with bisbenzimide (A) and immunostained for laminin (B), which clearly shows normal, intact
blood vessels optically sectioned in various configurations by virtue of the laminin staining. (C) A confocal image similar to
that shown in panels A and B where nuclei and laminin staining are both visible. (D) A higher-magnification (60x oil objective)
confocal image showing details of nuclear and laminin staining. (E) Maximum projection image of confocal z-stack (20x
objective) of brain slice stained for Sox2 transcription factor in red and total nuclei with bisbenzimide in white. Note that

the majority of nuclei exhibit Sox2 staining, as shown in vivo (see Figure 1). Scale bars = 100 um (A,B,C,E), 25 um (D).

Abbreviation: P = pial surface. Please click here to view a larger version of this figure.
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oT
slice

Figure 4: U-118/mCherry cells placed into an ex vivo brain slice via the biopsy punch method. Cavities were created
in brain slices using a 1 mm biopsy punch, and then red U-118/L1LE/mCherry cells mixed with matrix were implanted as

a "plug." After several days, the brain slices were fixed, immunostained for laminin, and mounted on slides for confocal
microscope analysis. Panels A and C show low-magnification, confocal, single z-plane images (4x objective) of the resulting
"tumor" and surrounding cells that invaded the brain slice. (B) A volume render of a z-stack from the preparation in panel
A at a higher magnification (20x objective), showing extensive invasion of U-118 cells (arrow). (D) Image shows a similar
volume render of the lower part of the extensively invading cells shown in panel C. Laminin staining is shown in green,

but no clear blood vessels are apparent. (E) Image shows part of a cell plug and group of cells that have invaded the

brain slice, along with laminin staining for blood vessels in blue. (F) A higher magnification of the invading cells shown in
panel E, and cells can clearly be seen aligned along blood vessels (arrows). All panels show white nuclear counterstaining
with bisbenzimide. Scale bars = 500 um (A,C), 100 um (E,F). Scale for panels B and D is along the volume render axes.

Abbreviation: OT = optic tectum. Please click here to view a larger version of this figure.
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Figure 5: Live cell spheroids in culture and widefield fluorescence images of live GBM cells in ex vivo brain slices.
Shown in panels A and B are phase contrast images (using a 10x objective on an inverted microscope) of U-118/L1LE GBM
cells (A) and GSCs (B) growing as spheroids (arrows). Shown in the background of panel A is the out-of-focus unevenness
of the poly-HEMA coating that can occur on the cell culture dish. Shown in panels C-F are widefield fluorescence images of
U-118/L1LE cell spheroids and invading cells (arrows) during a time-lapse experiment to monitor the live behavior of invasion
into the ex vivo slices (using a 20x objective on a custom time-lapse microscope system18). In panels C and E, the cells are
stained with the far-red fluorescent membrane dye DiD, and in panels D and F, the cells are imaged via their red mCherry
expression. Scale bars = 100 ym. Videos of widefield fluorescence time-lapse experiments shown in panels C and D are
located in Supplementary Video S5 and Supplementary Video S6, respectively. Abbreviations: GBM = glioblastoma;

GSCs = GBM stem cells; S = spheroid. Please click here to view a larger version of this figure.
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Figure 6: Volume render images of confocal 4D time-lapse of live GSCs and GBM cells. Shown in all panels are the
endpoint images of five different mixed cell spheroid engraftments on separate brain slices. For panels A-E, confocal z-stack
images were acquired at 10 um steps every 10 min over a 20 h period. Preparations included brain slices with implanted
mixed cell spheroids of red U-118/L1LE/mCherry cells and green GSC16-4/GFP cells. Confocal images were taken while
brain slices were cultured on membrane inserts in a 6-well plastic cell culture dish using an extra-long working distance
(ELWD) 20x objective lens (0.45 NA), which provided the needed extra working distance. Volume renders were generated
using confocal microscope software "Alpha Blending", which gives an apparent 3D effect. Time-lapse videos of these
confocal volume renders over time are presented in Supplementary Video S7, Supplementary Video S8, Supplementary
Video S9, Supplementary Video S10, and Supplementary Video S11. Abbreviations: GBM = glioblastoma; GSCs = GBM
stem cells; GFP = green fluorescent protein; NA = numerical aperture. Please click here to view a larger version of this

figure.
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GSC16-4/GFP

MNuclei

Figure 7: Confocal images of fixed brain slices with invasive GBM cells from spheroids of different cell types. Green
spheroids were composed of GSC16-4/GFP cells and red spheroids were composed of U-118/L1LE/mCherry cells. Shown
in panels A-F are different views of brain slices, on which multiple red and green spheroids were cultured for several days
before fixation and immunostaining for laminin (blue). Panels A-C are of the same OT slice where A was taken with a 4x
objective, and panels B and C are higher magnification volume renders (20x objective) of cells that invaded the brain slice
from two of the spheroids shown in panel A. Both cell types clearly invaded tissue along blood vessels. Panel D shows

a volume render (20x objective) of a different brain slice where two different spheroids were located close together, and
cells from both are seen migrating along the same blood vessel that is located between them (arrow). Panel E is a high-
magnification (60x oil objective) volume render revealing that the green cells are migrating along the outside surface of the
blood vessel, while the red cell is migrating inside the blood vessel (arrow). The inset shows a single z-plane optical section,
where the red cell is clearly surrounded by blue staining of the blood vessel (arrow), and the green cell is clearly outside of

the blood vessel. Scale bar in inset = 50 ym. Panel F shows a volume render (10x objective) of a forebrain slice with two
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closely apposed differently colored spheroids. Very little, if any, cell invasion occurred from one spheroid into the other, and
a sharp boundary existed between them. Panels A, B, C, and E also show white nuclear counterstaining with bisbenzimide.
Scale bar = 500 ym (A). Scales for panels B-F are along the volume render axes. Abbreviations: GBM = glioblastoma; GSCs

= GBM stem cells; GFP = green fluorescent protein; OT = optic tectum. Please click here to view a larger version of this

figure.
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Laminin

Figure 8: Confocal images of fixed brain slices with invasive GBM cells from mixed cell spheroids and spheroids
labeled with DiD. Panels A-D show volume renders of brain slices that contained mixed cell spheroids composed of green
GSC16-4/GFP cells and red U-118/L1LE/mCherry cells. Numerous red U-118 cells dispersed from the spheroids and
invaded the brain slice in all directions, whereas the green GSCs did not disperse and remained at the central locations of
the spheroids. Panels E and F show an ex vivo slice preparation with red U-118/L1LE/mCherry spheroids also labeled with
far-red membrane dye DiD (shown as blue). After fixation, the slice was immunostained for laminin in green. The DiD label
was visible in red cells as punctate staining (arrows) and was visible even in cells that had dispersed from the spheroids
along blood vessels. Nuclear counterstaining with bisbenzimide is not shown in this figure so that the other staining is more
clearly visible. Scale bars = 100 um (E,F). Abbreviations: GBM = glioblastoma; GSCs = GBM stem cells; GFP = green

fluorescent protein. Please click here to view a larger version of this figure.
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Medium/solution

Composition

GSC media 1:1 mixture of DMEM/F12, 1% fetal bovine serum (FBS), 15 mM HEPES
buffer, 2 mM L-glutamine, 100 pg/mL penicillin-streptomycin (pen/
strep), 2% B27 supplement without vitamin A, and 2.5 uyg/mL heparin.
GBM media DMEM (high glucose), 10% FBS, pen/strep, and 2 mM L-glutamine.

Fixation buffer

2% PFA in 0.1 M sodium cacodylate buffer

Embedding medium

3.5% agar and 8% sucrose in PBS

PBSTG

0.1% Triton X-100 + 5% normal goat serum (NGS) in PBS

U-118 MG cell

culture medium

DMEM + 10% FBS + pen/strep + L-glutamine

brain slice culture media

50% MEM + 25% HBSS + 25% Horse Serum +
B27 + pen/strep + L-glut + 15 mM HEPES buffer

vibrating tissue

slicer slicing media

Medium 199 + pen/strep + 15 mM HEPES buffer

Table 1: Composition of media and buffers used in this protocol.

Supplementary Figure 1: Injection into E5 optic
tectum. (A) After a hole is cut in the eggshell over the air
space, and the air space membrane is wetted with saline or
media, the membrane is removed with fine forceps. (B) To
inject cells into the optic tectum, the amnion is pinched and
held with fine forceps to position the head so that the optic
tectum is accessible. Then the micropipette is inserted into
the optic tectum and cells are pressure injected into it. (C)
After injection of cells, a few drops of ampicillin solution are
added on top of the embryo using a syringe and fine needle.

Please click here to download this File.

Supplementary Figure 2: Dissection of E15 brain regions.
(A) After decapitation, the E15 embryo head is placed in a
dish with sterile CMF solution. (B) The skin overlying the

brain is then removed using fine forceps. (C) The two skull
bones are then removed from overlying the two forebrain
(FB) hemispheres. (D) The connective tissue dura is then
gently removed from surrounding the forebrain (FB), optic
tectum, and cerebellum. (E) The entire brain is then removed
from the head by gently scooping it out of the brain cavity
from underneath using curved forceps. (F) Shown is the
dorsal view of the entire removed brain with forebrain (FB),
optic tectum (OT), and cerebellum (CB). (G) The isolated
brain is then dissected into forebrain (FB), optic tectum (OT)
hemispheres, and cerebellum (CB) using fine scissors. (H)
The delicate connective tissue pia is then easily removed from
the optic tectum (OT) hemispheres using fine forceps. Please

click here to download this File.
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Supplementary Figure 3: Embedding and slicing E15
optic tectum and placement of cell spheroids. (A) One
optic tectum hemisphere is submerged in low melt agarose
using curved forceps. (B) After the agarose hardens on ice,
the block containing the optic tectum is trimmed and glued
to the stainless-steel pedestal in the slicing dish/tray. (C)
After the glue dries, the slicing dish/tray is placed into the
chuck of the vibrating tissue slicer and filled with cold slicing
media. Slices are then cut with the sapphire knife from the
submerged tissue block. Cut slices will float into the dish/
tray and can be removed using a spatula. (D) Cut slices are
removed from the dish/tray and placed directly on membrane
inserts with underlying slice culture media in a multi-well
plate. (E) After cell spheroids are grown on poly-HEMA coated
dishes, a spheroid is removed from the dish in a minimal
amount of media using a 20 uL micropipettor. (F) The isolated
spheroid is then placed directly onto the brain slice in the
minimal media. (G) If the spheroid falls off of the brain slice
due to flow of the media, then it can be nudged back onto
the brain slice using an eyelash glued to a wooden applicator

stick. Please click here to download this File.

Supplementary Video S1: Video of high-magnification
volume render of a small GSC15-2 tumor at E15. GSCs
are green due to GFP expression. Video corresponds to
Figure 1C and shows GSC15-2 cells. The video shows
rotation of a volume render generated from a z-stack using
a 60x oil immersion objective. Cell nuclei appear white
due to bisbenzimide staining, and some appear red due to
immunostaining for Sox2. Note that due to "Alpha Blending"
for volume renders in the confocal microscope software,
colors do not blend as they would using a maximum intensity
projection, and the most intense color predominates and

obscures the less intense color. Blood vessels are stained

white due to immunostaining for laminin. GSC marker integrin
alpha-6 staining is shown in blue and appears punctate on
green GSC surfaces. Micron scales are shown along the
edges of the volume render. Please click here to download

this Video.

Supplementary Video S2: Video of high-magnification
volume render of small GSC16-4 tumor at E15. GSCs
are green due to GFP expression. Video corresponds to
Figure 1D and shows GSC16-4 cells. The video shows
rotation of a volume render generated from a z-stack using
a 60x oil immersion objective. Cell nuclei appear white due
to bisbenzimide staining, and some GSCs appear red due to
immunostaining for nestin. Note that due to "Alpha Blending"
for volume renders in the confocal microscope software,
colors do not blend as they would using a maximum intensity
projection, and the most intense color predominates and
obscures the less intense color. Blood vessels are stained
white due to immunostaining for laminin. GSC marker integrin
alpha-6 staining is shown in blue and appears punctate on
green GSC surfaces. Micron scales are shown along the
edges of the volume render. Please click here to download

this Video.

Supplementary Video S3: Video of high-magnification
volume renders of small GSC15-2 tumor at E15. GSCs
are green due to GFP expression. Video corresponds to
Figure 1E and shows GSC15-2 cells. The video shows
rotation of a volume render generated from a z-stack using
a 60x oil immersion objective. Cell nuclei appear white
due to bisbenzimide staining, and some appear red due to
immunostaining for Sox2. Note that due to "Alpha Blending"
for volume renders in the confocal microscope software,

colors do not blend as they would using a maximum intensity
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projection, and the most intense color predominates and
obscures the less intense color. Blood vessels are stained
white due to immunostaining for laminin. GSC marker integrin
alpha-6 staining is shown in blue and appears punctate on
green GSC surfaces. Micron scales are shown along the
edges of the volume render. Please click here to download

this Video.

Supplementary Video S4: Video of high-magnification
volume renders of small GSC16-4 tumors at E15. GSCs
are green due to GFP expression. Video corresponds to
Figure 1F and shows GSC16-4 cells. The video shows
rotation of a volume render generated from a z-stack using
a 60x oil immersion objective. Cell nuclei appear white
due to bisbenzimide staining, and some appear red due to
immunostaining for nestin. Note that due to "Alpha Blending"
for volume renders in the confocal microscope software,
colors do not blend as they would using a maximum intensity
projection, and the most intense color predominates and
obscures the less intense color. Blood vessels are stained
white due to immunostaining for laminin. GSC marker integrin
alpha-6 staining is shown in blue and appears punctate on
green GSC surfaces. Micron scales are shown along the
edges of the volume render. Please click here to download

this Video.

Supplementary Video S5: Video of live GBM cells in
ex vivo brain slice. Video corresponds to Figure 5C and
shows widefield fluorescence images of U-118/L1LE cell
spheroids and invading cells during a time-lapse experiment
to monitor the live behavior of invasion into the ex vivo slice
(using a 20x objective on a custom time-lapse microscope
system). The U-118/L1LE cells were stained with the far-red

fluorescent membrane dye DiD. Images were acquired with

a monochrome camera. Please click here to download this

Video.

Supplementary Video S6: Video of live GBM cells in ex
vivo brain slice. Video corresponds to Figure 5D and shows
widefield fluorescence images of U-118/L1LE cell spheroids
and invading cells during a time-lapse experiment to monitor
the live behavior of invasion into the ex vivo slice (using a 20x
objective on a custom time-lapse microscope system). The
cells were imaged via their red mCherry expression. Images
were acquired with a monochrome camera. Please click here

to download this Video.

Supplementary Video S7: Video of volume render images
of confocal 4D time-lapse of live GSCs and GBM cells.
Video corresponds to Figure 6A. Confocal z-stack images
were acquired at 10 ym steps every 10 min over a 20 h
period. The preparation was of a brain slice with implanted
mixed cell spheroids of red U-118/L1LE/mCherry cells and
green GSC16-4/GFP cells. Confocal images were taken
while the brain slice was cultured on a membrane insert
in a 6-well plastic cell culture dish using an ELWD 20x
objective lens (0.45 NA), which provided the needed extra
working distance. The volume render was generated using
the confocal microscope software "Alpha Blending", which
gives an apparent 3D effect. Micron scales are shown along
the edges of the volume render. The video is best observed
by manually dragging the video progress slider in the video
player back and forth to observe cell movement rather than
allowing the video player to proceed at its normal slow speed.

Please click here to download this Video.

Supplementary Video S8: Video of volume render images

of confocal 4D time-lapse of live GSCs and GBM cells.
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Video corresponds to Figure 6B. Confocal z-stack images
were acquired at 10 ym steps every 10 min over a 20 h
period. The preparation was of a brain slice with implanted
mixed cell spheroids of red U-118/L1LE/mCherry cells and
green GSC16-4/GFP cells. Confocal images were taken
while the brain slice was cultured on a membrane insert
in a 6-well plastic cell culture dish using an ELWD 20x
objective lens (0.45 NA), which provided the needed extra
working distance. The volume render was generated using
the confocal microscope software "Alpha Blending", which
gives an apparent 3D effect. Micron scales are shown along
the edges of the volume render. The video is best observed
by manually dragging the video progress slider in the video
player back and forth to observe cell movement rather than
allowing the video player to proceed at its normal slow speed.

Please click here to download this Video.

Supplementary Video S9: Video of volume render images
of confocal 4D time-lapse of live GSCs and GBM cells.
Video corresponds to Figure 6C. Confocal z-stack images
were acquired at 10 uym steps every 10 min over a 20 h
period. The preparation was of a brain slice with implanted
mixed cell spheroids of red U-118/L1LE/mCherry cells and
green GSC16-4/GFP cells. Confocal images were taken
while the brain slice was cultured on a membrane insert
in a 6-well plastic cell culture dish using an ELWD 20x
objective lens (0.45 NA), which provided the needed extra
working distance. The volume render was generated using
the confocal microscope software "Alpha Blending", which
gives an apparent 3D effect. Micron scales are shown along
the edges of the volume render. The video is best observed
by manually dragging the video progress slider in the video

player back and forth to observe cell movement rather than

allowing the video player to proceed at its normal slow speed.

Please click here to download this Video.

Supplementary Video S$S10: Video of volume render
images of confocal 4D time-lapse of live GSCs and GBM
cells. Video corresponds to Figure 6D. Confocal z-stack
images were acquired at 10 ym steps every 10 min over
a 20 h period. The preparation was of a brain slice with
implanted mixed cell spheroids of red U-118/L1LE/mCherry
cells and green GSC16-4/GFP cells. Confocal images were
taken while the brain slice was cultured on a membrane
insert in a 6-well plastic cell culture dish using an ELWD 20x
objective lens (0.45 NA), which provided the needed extra
working distance. The volume render was generated using
the confocal microscope software "Alpha Blending", which
gives an apparent 3D effect. Micron scales are shown along
the edges of the volume render. The video is best observed
by manually dragging the video progress slider in the video
player back and forth to observe cell movement rather than
allowing the video player to proceed at its normal slow speed.

Please click here to download this Video.

Supplementary Video S11: Video of volume render
images of confocal 4D time-lapse of live GSCs and GBM
cells. Video corresponds to Figure 6E. Confocal z-stack
images were acquired at 10 ym steps every 10 min over
a 20 h period. the preparation included a brain slice with
implanted mixed cell spheroids of red U-118/L1LE/mCherry
cells and green GSC16-4/GFP cells. Confocal images were
taken while the brain slice was cultured on a membrane
insert in a 6-well plastic cell culture dish using an ELWD 20x
objective lens (0.45 NA), which provided the needed extra
working distance. The volume render was generated using

the confocal microscope software "Alpha Blending", which
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gives an apparent 3D effect. Micron scales are shown along
the edges of the volume render. The video is best observed
by manually dragging the video progress slider in the video
player back and forth to observe cell movement rather than
allowing the video player to proceed at its normal slow speed.

Please click here to download this Video.

Discussion

Critical steps in the protocol for the injection of cells into the
midbrain (optic tectum) ventricle include not damaging the
blood vessels in the chorioallantoic membrane in the egg or
surrounding the embryo before and during injection, although
the amnion membrane immediately surrounding the embryo
can be gently pulled and held to position the head when
injecting the cells into the midbrain. The amnion is relatively
tough and can be pulled with fine forceps to position the head
and hold it steady with one hand, for the injection of cells with
the other hand into the optic tectum, which is the large, round
structure in the middle of the brain. Generally, the viability of
injected embryos ranges from 25% to 75%, depending upon
unknown factors, and practically every embryo that survives
contains at least a small tumor in the optic tectum. Critical
steps in generating viable brain slices include blotting the
tissue of excess liquid so that the agarose adheres to the brain
during slicing and to keep tissue and slices cold until placed
on the membrane insert. As different cell types form spheroids
differently (in speed and size), the plated cell density on
poly-HEMA plates and the length of time before harvesting

spheroids should be optimized for each cell type.

The work here has not been subject to a formal longitudinal
study of brain slice viability. Yang et al. used chick embryo
brain slice cultures similar to the ones used here and showed
good viability of the slices for at least 7 days16. Previous

work showed that when OT tissue was kept in suboptimal

media, many pyknotic nuclei appeared in the tissue, which
did not occur in the slices in the work here. Additionally, when
slices degenerate in suboptimal conditions, the blood vessels
fragment and appear as rows of laminin-positive spheres
(not shown). Thus, although the viability here has not been
checked by methods such as electrophysiology or active
caspase-3 expression, none of the indicators of cell death
that were seen under suboptimal culture conditions appeared

here.

The OT has been focused on for in vivo brain tumor
experiments because it is the most easily injected region
with the largest ventricle. At E5, which is the latest day
that the embryo is small enough to remain accessible
on top of the yolk, injections must be made into a
ventricle, as all brain regions are nothing more than a
thin ventricular zone. Nevertheless, these injections result
successfully in embedded tumors with cells that invade the
brain parenchyma. Sometimes, resulting tumors are found
in the forebrain or cerebellum, but this is not common. Ex
vivo slices of E15 optic tectum have been primarily used for
experiments here, so that the ex vivo co-culture results can
be correlated with the in vivo injection experiments. However,
forebrain slices are also suitable and have a larger surface
area and a very thin ventricle compared to the optic tectum,
which might make the forebrain more suitable for ex vivo co-

cultures that are not being correlated with in vivo injections.

It has been demonstrated here that in vivo injections, followed
by tissue fixation, vibrating tissue slicer sectioning, and
immunostaining for laminin and other markers, resulted in
high-resolution images of GBM cells and GSCs in brain tissue
in close proximity to blood vessels. The ability to determine
the interrelationships between tumor cells and blood vessels

was greatly facilitated by creating 3D volume renders from z-
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stacks of confocal optical sections using the confocal software
and manufacturer's instructions. Time-lapse imaging using
widefield fluorescence microscopy of GFP, mCherry, and DiD
labeled cells was possible; however, migrating cells that were
in close proximity to the highly fluorescent spheroids were
sometimes obscured by the "glow" from the spheroid. This
undesired effect can be somewhat minimized by carefully
adjusting the exposure times for collecting widefield images.
Time-lapse imaging using confocal z-stacks over time (4D)
eliminated the out-of-focus glow from the spheroids and
resulted in sharply defined migrating cells with a dark
background. This was not described in the protocol, but was
carried out similarly to widefield time-lapse imaging, which
was performed while brain slices were on the transparent
membrane inserts in a 6-well plastic plate. Although confocal
time-lapse imaging results in markedly clearer images of
individual cells and their behavior, a multi-point time-lapse
experiment collecting z-stacks of 10 z-planes/point, at 10 min
intervals over a 20 h period, is an extensive use of the scan
head galvanometers. As this could significantly decrease the

lifespan of the galvanometers, this method is used judiciously.

Although the chick embryo system is very suitable for both
in vivo injection and ex vivo co-culture experiments that
investigate GBM cell behavior, there are several limitations
to this model system. As with any xenograft system, the
environment in which human cells are implanted is not the
human brain, but GBM cell behavior appears to mimic that
in rodent models and in human patients. After performing
in vivo injection experiments on E5, tumors are normally
allowed to form for 10 days, until E15. This clearly is not
enough time to study all aspects of tumorigenesis and cell
invasion. However, it has been demonstrated here that solid
tumors form in the brain parenchyma, cells interact and

rearrange themselves within the tumor, and significant brain

invasion occurs both along blood vessels and diffusely within
this relatively short time period. Another limitation to the
in vivo chick embryo system is that it is not suitable for
drug or other treatments because of the large yolk and
extraembryonic circulatory system that operates during chick
embryo development. Topical liquid drug treatments would
result in a highly variable and unknown concentration in the
brain due to diffusion away from the embryo into the much
larger yolk mass. Similarly, intravenous injection of drugs into
the very delicate extraembryonic circulatory system would
leak or diffuse out of the blood vessels and also result in
unknown concentrations in the brain. This is one of the main
reasons that the ex vivo slice culture method was adopted-so
that not only could cell behavior be observed and tracked via
time-lapse microscopy, but also so that treatments that have
been successful in altering GBM cell behavior in a dish* could

be tested in a more relevant brain tissue environment.

The development of the chick embryo orthotopic brain tumor
model system is seen as a significant addition to the systems
and tools available for the study of GBM tumor formation
and invasive cell behavior. Fertilized chicken eggs are likely
to be readily available in most areas, they are inexpensive
compared to rodents, there are no animal care costs, the
embryos are very resilient and resistant to infection (i.e.,
most work is done on a bench top), the embryos are highly
manipulable and can be grown in shell-less culture19, and
chick embryos are not considered vertebrate animals and so
do not require IACUC approval by NIH guidelines (institutional
requirements may vary). Thus, these multiple advantages
make the chick embryo system very attractive if one confines
their questions and experiments to those that fall within its
limitations. Multiple GBM cell studies have been performed by
others using the chick embryo, but these almost exclusively

have utilized the chorioallantoic membrane (CAM) of the
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embry020’21'22’23'24'25’26'27’28'29 and limb bud30, and

not the brain. There has also been a report implanting
medulloblastoma into the chick brain on E237. Undoubtedly,
the use of the chick embryo as an orthotopic xenograft model
system, as described here, should yield results that are much
more meaningful to human GBM tumor biology than studies

using the CAM.

Although these studies have only begun to fully utilize
the chick embryo brain tumor model system for studies of
human GBM cell and GSC behavior, it is hoped that others
will extend the uses and find further potential applications.
One could imagine that not only will this system uncover
mechanisms that regulate GBM tumor formation and cell
behavior, but will also allow preclinical testing of specific drugs
and substances on specific patients' cells. For instance, if
brain slice cultures were set up in advance, then tumor cells,
pieces from surgical tumor resections, or patient-derived
GBM organoids32 could be placed directly in ex vivo co-
culture, and various treatments could be assessed in a matter
of days. Similarly, dissociated patient cells could be injected
directly into E5 midbrains in ovo to assess their ability to form
tumors and invade brain parenchyma. Thus, it is hoped that
the descriptions of the methods and representative results
here will facilitate and encourage increased use of this highly

underutilized system for brain cancer research.
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