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Glioma Cell Migration Dynamics in Brain Tissue
Assessed by Multimodal Optical Imaging
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1Department of Biomedical Engineering, University of Minnesota, Minneapolis, Minnesota
ABSTRACT Glioblastoma is a primary malignant brain tumor characterized by highly infiltrative glioma cells. Vasculature and
white matter tracts are considered to be the preferred and fastest routes for glioma invasion through brain tissue. In this study,
we systematically quantified the routes and motility of the U251 human glioblastoma cell line in mouse brain slices by multimodal
imaging. Specifically, we used polarization-sensitive optical coherence tomography to delineate nerve fiber tracts while confocal
fluorescencemicroscopywas used to image cell migration and brain vasculature. Somewhat surprisingly, we found that inmouse
brain slices, U251 glioma cells do not followwhitematter tracts but rather preferentially migrate along vasculature in both gray and
whitematter. In addition, U251 cell motility is�2-fold higher in graymatter than in whitematter (91 vs. 43mm2/h), with a substantial
fraction (44%) of cells in both regions invading without close association with vasculature. Interestingly, within both regions, the
rates of migration for the perivascular and televascular routes of invasionwere indistinguishable. Furthermore, by imaging of local
vasculature deformation dynamics during cell migration, we found that U251 cells are capable of exerting traction forces that
locally pull on their environment, suggesting the applicability of a ‘‘motor-clutch’’-based model for migration in vivo. Overall, by
quantitatively analyzing the migration dynamics along the diverse pathways followed by invading U251 glioma cells as observed
by our multimodal imaging approach, our studies suggest that effective antiinvasive strategies will need to simultaneously limit
parallel routes of both perivascular and televascular invasion through both gray and white matter.
SIGNIFICANCE Which biophysical routes do brain cancer cells use to invade into brain tissue? Whereas previous
studies have reported glioma cells in proximity to capillary and axonal white matter tracts, the actual dynamic analysis of
cell motion has been limited. Using a multimodal imaging approach on human U251 glioma cell migration into mouse brain
slices ex vivo, we found little correlation between white-matter-tract alignment and glioma cell migration. Rather, cells
frequently associate with blood vessels. However, the ability to migrate in the perivascular space had no effect on cell
migration relative to televascular invading cells, highlighting the importance of measuring dynamics to infer invasion rather
than relying on static images as has been the practice in the field.
INTRODUCTION

Glioblastoma is an aggressive malignant primary brain tu-
mor with dismal prognosis that is characterized by highly
infiltrative migration of cancer cells into the healthy brain
(1). The mechanism and the physical paths to invade healthy
brain have been extensively studied by pathologists and neu-
rosurgeons for decades. In 1938, Hans Scherer used post-
mortem histological analysis to conclude that gliomas
migrate along existing brain structures (2). These structures,
later named Scherer’s structures, include the brain paren-
chyma, pre-existing blood vessels, white matter tracts, and
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the subarachnoid space below the meningeal covering of
the brain (3).

Among the Scherer’s structures, vasculature and white
matter tracts account for the primary structural alignments
in the brain. The current interpretation is that these are there-
fore the preferred and fastest routes for glioma invasion (1,2).
Blood vessels are considered to play an important role in gli-
oma migration because dynamic imaging studies provided
ample evidence that gliomas cells frequently utilize blood
vessels as guides to migrate in brain tissue (4–8). At the
same time, white matter tracts are also considered to be
important for glioma migration (2,3,9). In particular, the
spreading of glioblastoma from one hemisphere to the other
is thought to result from invasion via white matter tracts con-
necting the two lobes, such as the corpus callosum or anterior
commissure (10,11). The presence of glioma cells along
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whitematter tracts was also observed in rat xenografts by his-
tological images (12,13). These previous studies typically
drew conclusions frommagnetic resonance imaging or histo-
logical approaches, i.e., via nondynamic imaging. However,
the colocalization of glioma cells with white matter tracts
from such static data does not necessarily imply that white
matter tracts are a major migratory pathway. Rather, it is
formally possible that these regions actually have slower
migration, and as a result, there is accumulation as observed
in the static images. Moreover, it is unclear whether white
matter induces glioma cells to migrate faster. For example,
Giese et al. measured the migration rate of several glioma
cell lines on glass substrates coated with myelin extracted
from human brain samples and discovered that none of the
cell lines studied showed higher migration rates compared
with merosin (a2 chain of laminin-2)-coated substrates
(14). Although intriguing, such in vitro studies point to the
importance of quantifying cell motility dynamically in the
native brain microenvironment. However, exogenous dyes
for in vivo labeling of white matter tracts usually introduce
toxicity, which limits the acquisition of dynamic data (15).
Thus, there is a need for new label-free imaging techniques
to delineate white matter tracts and correlate them with gli-
oma cell migration dynamics.

Among such label-free techniques, polarization-sensitive
optical coherence tomography (PS-OCT) provides quantita-
tive contrast that originates from tissue back scattering. PS-
OCT is capable of generating depth-resolved images of
reflectivity, phase retardance, and optic axis orientation.
Because of the birefringent property of myelin sheath, nerve
fiber tracts as small as a few tens of micrometers can be
resolved from phase retardance images (16). The in-plane
fiber alignments of nerve fibers can also be quantified. PS-
OCT, as a label-free method to study the brain, has recently
been used to advance our understanding of brain connectiv-
ity (17) and neurodegeneration (18).

Organotypic brain-slice culture as a glioma invasion
assay was established by Ohnishi et al. (19); it overcomes
the fundamental limitations of conventional in vitro two-
dimensional (2D) cell culture assays defining specific
matrix components that lack the biochemical composition,
architecture, and mechanics of local three-dimensional
(3D) brain extracellular matrix and stromal microenviron-
ment (13,20–22). In this study, we used the human glioblas-
toma cell line U251 in mouse brain-slice organotypic
culture to investigate glioma cell migration behavior and
dynamics by multimodal optical imaging. A swept-field
confocal imaging system was used to image U251 cells
expressing GFP-actin and brain vasculature stained by iso-
lectin IB4-Alexa Fluor 568 conjugate. In addition, PS-OCT
was used as a label-free approach to delineate the birefrin-
gent tissue that is characteristic of white matter tracts and
registered with the confocal videos. To our knowledge,
this is the first study to incorporate white matter tracts
together with vasculature for a comparative dynamic anal-
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ysis of glioma cell migration along the major routes of in-
vasion. Here, we quantitatively analyzed the extent of U251
glioma cell migration along white matter tracts in normal
mouse brain slices, as well as the extent and speed of peri-
vascular and televascular spaces in both gray and white
matter regions as delineated via multimodal optical imag-
ing. Surprisingly, we find that U251 cell migration lacks
alignment with white tracts and instead follows both peri-
vascular and televascular routes of invasion in both white
and gray matter. We find that a ‘‘motor-clutch’’ model
description is consistent with the traction force dynamics
in brain tissue.
MATERIALS AND METHODS

U251 cells culture

Human glioma cell line U251 was originally obtained from Dr. G. Yancey

Gillespie (University of Alabama at Birmingham) and was authenticated

using the short tandem repeat assay (University of Arizona Genetics

Core). For the brain-slice studies, stably transfected U251-GFP-actin cells

were used (23). Cells were cultured in T25 plastic tissue culture flasks

(353108; Becton Dickinson, Franklin Lakes, NJ) in a humidified 37�C,
5% CO2 incubator. Dulbecco’s modified Eagle’s medium/F-12 (31765-

035; Gibco, Gaithersburg, MD) with 8% fetal bovine serum (10438-026;

Gibco) and 1� penicillin/streptomycin (30-001-CI; Corning, Corning,

NY) was used to culture the cells. Before plating cells onto brain slices

for migration studies, cells were removed from the flask using 0.25%

trypsin with EDTA in Hanks’ balanced salt solution (25-052-CI; Gibco).
Preparation of mouse brain slices

All animal treatments and experiments are in accordance with Institu-

tional Animal Care and Use Committee at the University of Minnesota

approved protocols. Adult friend virus B mice were terminally anesthe-

tized in a CO2 chamber and then perfused transcardially with isotonic sa-

line. The brains were extracted and transferred into chilled oxygenated

artificial cerebrospinal fluid (124 mM NaCl, 2.5 mM KCl, 2.0 mM

MgSO4, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM glucose). The ce-

rebrum was sectioned into 300 mm coronal slices using a vibratome

(VT1000; Leica Biosystems, Richmond, IL). Typically, the slice near

Bregma �1.5 mm was chosen for the next steps. The experiment was

repeated five times.
PS-OCT imaging of brain slices

Fig. 1 A explains the experimental procedures for the mounting of brain sli-

ces in preparation for multimodality imaging. One coronal slice (half hemi-

sphere) was selected to be imaged by PS-OCT. A custom spectral-domain

PS-OCT system was used in this work. Detailed descriptions of the imaging

system can be found in earlier publications (24,25). Briefly, a water-immer-

sion microscopic objective (UMPLFLN 10� W; Olympus, Tokyo, Japan)

ensures a lateral resolution of 4 mm with a 1.25 � 1.25 mm field of view

(26). The system provides an axial resolution of 5.5 mm. The whole sample

was imaged by tile-scan in the lateral plane through computer-controlled

actuators. PS-OCT acquires 3D data of multiple contrasts, including reflec-

tivity, retardance, and optic axis orientation. Retardance contrast, which

highlights white matter tracts, was used to generate an en face image by

averaging to a depth of�70 mm to match the fluorescence depth of imaging

and typical cell invasion depth in tissue. The PS-OCT imaging with neces-

sary preparation typically took �30 min.



FIGURE 1 Experimental procedures and multimodal registration. (A)

Experimental procedure schematic and workflow are shown. (B) Isolectin

IB4 fluorescent staining and (C) retardance contrast from PS-OCTare regis-

tered in the composite image (D). Scale bars: 500 mm. To see this figure in

color, go online.
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Organotypic brain-slice coculture with glioma
cells

After performing PS-OCT imaging, the brain slice was transferred onto No.

0 glass-bottom 35 mm culture dishes (P35G-0-20-C; MatTek, Ashland,

MA). U251 cells (500,000–800,000) were plated onto the brain slice. Iso-

lectin GS-IB4 (Alexa Fluor 568; Molecular Probes, Eugene, OR) was added

to the brain slice to label the vasculature. Isolectin IB4 labels endothelial

cells and has been used as a robust marker for vasculature (27). The cells

were cocultured with the brain slice for 4 h before imaging to allow for

cell infiltration into the brain slice. Cells typically invade up to 50 mm

into the tissue. Before imaging, the brain slice was washed several times us-

ing cell culture media. A tissue culture anchor (SHD 42-15; Warner Instru-

ments, Hamden, CT) was placed on top to prevent tissue drift during

imaging.
Live-cell confocal fluorescence time-lapse
imaging and analysis of cell migration

For experiments on brain slices, the slice was imaged on a Zeiss LSM 7

Live swept-field laser confocal microscope (Carl Zeiss, Oberkochen,

Germany) with a 10� 0.45 NA objective lens capable of simultaneous

imaging in both the green (U251-GFP-actin) and red (IB4) channels as

previously described (22). Maximal intensity projections from multiple

z-stacks were used to generate 2D images for quantitative shape and mo-

tion analysis. The number of z-stacks was adjusted to ensure that the

data acquisition of the whole slice was completed under 15 min (six

to eight planes with 10 mm separation were typically used). The z-stacks

were then imaged every 15 min for up to 16 h at 37�C in a humidified
5% CO2 environment. We observed U251 cell division events in this

assay. The montage in Fig. S1 A shows a cell dividing in the perivascular

space.

By using a 40� 0.95 NA objective, Fig. S1 B shows the orthogonal views

of U251 cell invasion in the brain slice. Time-lapse imaging at 40� magni-

fication was used to show the dynamics of local vasculature during cell

migration. Single cells with clear direction of migration in the field of

view were imaged at 20 s intervals. The deformation rate of the blood ves-

sels was quantified by FlowTrack v2.0 as of March 2019, which is available

for download from oddelab.umn.edu (28).

Single cell migration was tracked by a custom-written image segmenta-

tion algorithm (23). The cell region was separated from the image and fitted

with an ellipsoid. The centroid coordinates (xi, yi), areas and major and mi-

nor axis lengths of cells were tracked for each frame i. The random motility

coefficient (D) for the projected 2D cell migration was calculated by linear

fitting to the mean-squared displacement (MSD) versus time (t) as shown in

Eq. 1.

MSDðtÞ ¼ 4Dt; (1)

Cell migration angles were calculated using Eq. 2, where d represents the

frame intervals for this angle calculation (Fig. S2 A).

qði; iþ dÞ ¼ tan�1

�
yiþd � yi
xiþd � xi

�
; (2)

The migration angle of a cell q was considered as the median of the angles

calculated across the time series, with angles ranging from�90 toþ90�. To
define the frame interval for angle calculation, the autocorrelation function

of migration angles as a function of time was evaluated (Fig. S2 B). The co-

efficient drops to 1/e at �80 min (d ¼ 5.5). Therefore, in the following an-

alyses, we used frame intervals of 60 min (d ¼ 4) to determine statistically

independent cell migration angles.
Registration of multimodal images

Stage drift and tissue relaxation during fluorescence imaging were regis-

tered by an affine transformation using ImageJ StackReg plug-in (École

Polytechnique F�ed�erale de Lausanne, Lausanne, Switzerland). The whole

slice sample was imaged by both PS-OCT and fluorescence modalities.

All contrasts from PS-OCT were registered to the fluorescence images by

performing intensity-based registration using isolectin IB4 staining and re-

flectivity from PS-OCT. The Pearson’s correlation coefficient between the

two modalities is 0.86 5 0.02 (mean 5 SD, n ¼ 5 experiment repeats).

Fig. 1 shows an example of the registered images: isolectin IB4 staining

channel (Fig. 1 B) and retardance contrast from PS-OCT (Fig. 1 C) are

registered in the composite image (Fig. 1 D).
Persistent-random-walk simulations for defining
alignment index

A simulation for a persistent random walk was used to define the alignment

index to estimate the expected alignment between cell migration orienta-

tions and structural orientations that are assumed to be uncorrelated, based

on Bergman and Zygourkis (29). An initial alignment orientation f was

randomly assigned to a cell. The cell migrates with speed s and persistence

P starting from (0, 0). The initial orientation of the cell is set to be q0 ¼ f.

The orientation of the next step was decided by comparing a random gener-

ated number r1 (0 < r1 < 1) with t=P, where t is the time interval between

steps. The cell changes orientation to q1¼ 2pr2 when r1 < t=P, where r2 is a

new randomly generated number (0< r2< 1). Otherwise, the cell keeps the

old orientation q1 ¼ q0. The displacement of migration in the x and y axes is

given as stcosq1 and stsinq1. The iteration continues until the given steps
Biophysical Journal 117, 1179–1188, October 1, 2019 1181
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are finished as the coordinates of each step and the corresponding alignment

orientation are recorded.
Stochastic cell migration simulator

The cell migration simulator models an entire cell by mechanically con-

necting several motor-clutch modules together and balancing the forces

at the central node. The simulator has been described previously and

well-characterized by publications from our group (22,23,30,31). The pa-

rameters used in this study are given in Table 1. To simulate the televascular

space, cell migration simulator (CMS) v1.0 was used without modification

to simulate cells without restrictions, current as of March 2019, which is

available for download from oddelab.umn.edu. The diameter of the vascu-

lature in the mouse brain can range from less than 10 mm to as large as

100 mm for the pial surface vessels (32). To simulate the perivascular space,

CMS v1.0 was modified by restricting the cells within 50 mm for one

dimension while free in another. We chose 10 pN/nm as the substrate spring

constant for both gray and white matter, equivalent to �10 kPa (28).
Statistical analysis

Distributions obtained for alignment indices and random motility coeffi-

cients of cells in different categories were compared using a nonparametric

Kruskal-Wallis test. Dunn-Sidak’s test was used to counteract the problem

of multiple comparisons if more than two groups were involved (22,23). All

error bars represent standard error of the mean (SEM).
RESULTS

Imaging of white matter tracts and blood
vasculature in normal mouse brain tissue

The multimodal optical imaging approach allows us to
assess the relative contributions of vasculature versus white
matter tracts. For the former, we used a multiscale vessel fil-
ter, which was based on the analysis of the Hessian of the
isolectin IB4 images. The filter outputs the likeliness of
the perivascular space and correspondingly the vessel orien-
TABLE 1 Cell Migration Simulator Parameter Values

Symbol Parameter Value

Nm number of motors 1000

Nc number of clutches 850; 1000

Atot total possible actin protrusion length 100 mm

Vp* maximal actin polymerization velocity 200 nm/s

kmod* maximal module birth rate 1 s�1

kcap module capping rate 0.001 s�1

Iin initial module length 5 mm

Imin minimal module length 0.1 mm

kcell cell spring constant 1000 pN/nm

nc,cell number of cell body clutches 10

Fm motor stall force 2 pN

Vm* unloaded motor velocity 120 nm/s

kon clutch on-rate 1 s�1

koff* clutch unloaded off-rate 0.1 s�1

kin* maximal number of module motors 100

Vm* unloaded motor velocity 120 nm/s

nc* maximal number of module clutches 0.1xNc

kc clutch spring constant 0.8 pN/nm

Fb characteristic clutch rupture force 2 pN

ks substrate spring constant 10 pN/nm
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tation (33). The vessel orientation was used to study the
alignment between cell migration and vasculature.
Fig. 2 A shows a perivascular cell as it migrates along a
blood vessel. Fig. 2 B presents the calculated vessel orienta-
tion map superimposed with the cell trajectory.

PS-OCTwas used to identify the white matter tracts in the
brain tissue slices. Similarly, Fig. 2 C shows an example of
cell migration along white matter tracts. The retardance
contrast in blue illustrates thewhite matter tracts. Retardance,
the degree of angular shift between the orthogonal polariza-
tion channels of the incoming light, is a quantitative measure
of tissue birefringence. We used structure tensor-based anal-
ysis of the en-face retardance images to calculate the orienta-
tions of the white matter tracts (34). This method assesses the
gradients of images in image subregions to generate a matrix
whose eigen-decomposition estimates the orientations of
white matter tracts. The white matter orientations were used
to study the alignment between cell migration and white mat-
ter tracts. Fig. 2D presents the calculated white matter orien-
tation map superimposed with the cell trajectory. The
brightness of the map corresponds to the retardance and the
orientations are indicated by the color wheel.
U251 cell migration aligns with vasculature more
than white matter tracts

To understand the alignment between cell migration and
local structure, we first computationally simulated cell
migration paired with alignment angles. Fig. S3 A simulates
the random case, in which the migration angles of each cell
are independent of the alignment direction. Each point in the
plot represents one cell. If migration and alignment angle are
highly correlated, it indicates the cell is migrating along a
local alignment, and thus, the points should lie very near to
the diagonal line in this plot. We wrapped the cells in shaded
areas to the parallelogrammatic coordinate system (Fig. S3
B) from the square system shown in Fig. S3 A. Then in
Fig. 3 A, the distance between each point to the black diag-
onal line, d, can be used as a measure of alignment. We simu-
lated 100 random walkers and calculated the distance for the
random case as dR ¼ 32�. We further defined the alignment
index (Eq. 3) by normalizing d of a cell to dR and quantified
the alignment of migration with local structure,

4 ¼ 1� d=dR
; (3)

where 4 denotes the alignment index. By adjusting the
persistence of the simulated cell migration, Fig. 3, B
and C show the scatter plots for 4 ¼ 0.3 and 4 ¼ 0.7. The
migration becomes more aligned with the structure when
the persistence increases. The variability of alignment index
serves as a measure of the deviation of cell migration
angle from local vessel or tract angle. An alignment index
of 1 implies that cell migration is perfectly aligned to local
vessels or tracts, whereas an index of �1 implies migration

http://oddelab.umn.edu


FIGURE 2 Multimodal optical imaging of

migrating glioma cells, blood vessels, and white mat-

ter tracts. (A) A perivascular U251 glioma cell

(green) imaged by confocal microscopy migrates in

the perivascular space, with blood vessels also image

by confocal microscopy (magenta). (B) The calcu-

lated vessel orientation map superimposed with the

cell trajectories is shown. See Video S1. (C) An

example of a U251 cell (green) migrating along white

matter tracts (blue) imaged by PS-OCT is given. (D)

The calculated white matter orientation map super-

imposed with the cell trajectories is shown. See

Video S2. The brightness of the maps is controlled

by vessel-likeliness and retardance, separately. The

orientations are indicated by the color wheel. Scale

bars: 100 mm. To see this figure in color, go online.
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perpendicular to local vessels or tracts, and intermediate
values closer to 0 imply increasing levels of misalignment
from the aligned (þ1) or perpendicular (�1) cases.

We examined the alignment between cell migration and
vasculature in both gray matter and white matter, which
are distinguished by retardance contrast from PS-OCT. We
performed the comparison of the alignment index on cell
migration alignment with vasculature in the gray (Fig. 3 D,
n ¼ 190) and white matter (Fig. 3 E, n ¼ 110). In the white
matter, blood vessels and white matter tracts were included
in this comparison. Fig. 3 F shows the cell migration angles
as a function of the local white-matter-tract orientations (n¼
110). In Fig. 3 G, no significant difference was found be-
tween cell migration alignment with vasculature in the
gray and white matter (p ¼ 0.3). However, we found higher
alignment index between cell migration and vasculature
compared with white matter tracts (p¼ 0.001). This suggests
that U251 cell migration is more aligned with vasculature
rather than white matter tracts in the white matter. At the
same time, the alignment between cell migration and
white-matter-tract angles shows no statistical difference
from the random control (Fig. 3 A, p ¼ 0.99). Fig. S4 shows
the probability density function of the analyzed scatter plots
in Fig. 3. Our quantitative analysis confirmed earlier findings
that blood vessels are major migration pathways for glioma
cells (1,3–8). Our data show that blood vessels are widely
used for glioma cells both in gray matter and white matter.
Especially in the white matter, blood vessels are also the
preferential pathways compared with white matter tracts. It
is important to note that in our assay, we also discovered
examples of cell migration along white matter tracts
(Fig. 2 C). However, the frequency of such events was
consistent with mere chance. Even in structures like the
corpus callosum, which is believed to account for contralat-
eral invasion, glioma cells could still use blood vessels
instead of white matter tracts as the aligned structure of
choice, consistent with our observations.
U251 cell motility is modestly higher in gray
matter than in white matter

Fig. 4 A presents the averaged MSDs as a function of time
interval of cells tracked in the perivascular and televascular
space. After fitting the MSDs with Eq. 1, the perivascular
and televascular cells show no difference in terms of random
motility coefficient in both gray and white matter regions
(Fig. 4 B). Similar to cell migration behavior in 3D aligned
collagen gels (35), the presence of vascular alignment does
not alter cell motility. On the other hand, Fig. 4 C presents
the averaged MSDs of cells tracked in gray matter and white
matter separately. Somewhat surprisingly, we found that the
random motility coefficient of cells in gray matter region is
91.4 5 10.1 mm2/h, which is �2-fold greater than in white
matter, where it is 43.1 5 7.1 mm2/h (Fig. 4 D).
U251 cells deform local vasculature during
migration

To assess the forces underlying cell migration in brain sli-
ces, we further visualized the cell traction behaviors in the
Biophysical Journal 117, 1179–1188, October 1, 2019 1183



FIGURE 3 In white matter, U251 cells follow

vasculature rather than white matter tracts. The

scatter plots show the alignment between migra-

tion angle and structural angle in simulated cases

from random to aligned scenarios (n ¼ 100): (A)

f ¼ 0, (B) f ¼ 0.3, and (C) f ¼ 0.7. f denotes

the alignment index. Cell migration angles are

plotted versus the vessel orientations for cells in

the gray matter (D, n ¼ 190) and white matter

(E, n ¼ 110). (F) Cell migration angles are plotted

against white-matter-tract orientations for cells in

the white matter (n ¼ 110). (G) The analysis of

alignment indices indicates U251 cells are equally

correlated with vasculature in gray matter and

white matter (p ¼ 0.3). However, U251 cells tend

to follow blood vessels rather than white matter

tracts in the white matter (p ¼ 0.001). See

Fig. S4 for the probability density function of the

corresponding scatter plots. Error bars represent

SEM. To see this figure in color, go online.
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brain-slice migration assay. Fig. 5 A shows a U251 cell ex-
erting force on the local blood vessel along which it mi-
grates. The kymograph at the leading edge of cell
migration shows that the cell applies load by pulling the
blood vessel toward the cell body (Fig. 5 B). Analysis on
the kymograph shows the vessel was deformed by a rate
of 6.7 nm/s. On the other hand, at the trailing edge where
the cell is losing contact with the environment, the blood
vessel relaxes away from the cell (Fig. 5 C). The pulling
forces at the leading edge and relaxation dynamics at the
trailing edge are both consistent with the motor-clutch
mechanism for cell migration because molecular clutches
link myosin-driven F-actin motion to the substrate to load
the environment at the leading edge and detach from it at
the trailing edge (28). Unlike the motor-clutch model, the
osmotic engine model utilizes directed water permeation
instead of F-actin dynamics to mediate propulsion, which
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drives cell migration in 3-mm-wide polydimethylsiloxane
microchannels for some cell types (36). In contrast to the
motor-clutch model, the osmotic engine model predicts
the opposite force dynamics at the leading edge, where
the cell should push away the blood vessel because of the
osmotic pressure. We also observed U251 cells occasionally
pushing the local blood vessel along which it migrates, as
shown in Fig. 5 D. The kymograph in Fig. 5 E at the leading
edge shows that the cell deformed the vessel at a rate of
2.3 nm/s. The majority of cells (six out of eight observed
cells with clear direction of migration) were observed to
exert pulling forces at the leading edge, deforming the ves-
sels at an average rate of 4.2 5 0.8 nm/s, and relaxation at
the trailing edge with an average rate of 3.8 5 0.6 nm/s.
The remaining two cells (out of eight) exerted pushing
forces at the leading edge that deformed the vessels at an
average rate of 1.2 5 1.1 nm/s and relaxation at the trailing



FIGURE 4 Cell motility is faster in gray matter than in white matter but

is not influenced by the presence of vasculature. (A) The MSD plots of

cells in the perivascular (56.3% of the cells) and televascular space

(43.7% of the cells) are shown. (B) The random motility coefficient of

cells in the perivascular and televascular space are not significantly

different (p ¼ 0.19). (C) The MSD plots of cells in gray matter and white

matter are shown. (D) The random motility coefficient of cells in gray

matter are higher than those in white matter (p ¼ 3 � 10�7). Number

of cells tracked are indicated in (B) and (D). Error bars represent SEM.

To see this figure in color, go online.
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edge with an average rate of 1.8 5 0.9 nm/s. Thus, the
brain-slice migration assay is able to potentially discrimi-
nate between models for cell migration in in vivo-like
confined microenvironments.
Cell migration simulator predicts cell motility
in the brain slice

The cell migration motility difference we observed in
the brain-slice assay is summarized in Fig. 6 A as perivascu-
lature in white matter, televasculature in white matter, peri-
vasculature in gray matter, and televasculature in gray
matter. The top panel shows wind rose plots of 20 randomly
chosen cells in these categories. To understand the mecha-
nistic basis of the differences, we utilized the two-dimen-
sional cell migration simulator to predict cell migration
behaviors for the four categories. Our data suggest stronger
alignment between cell migration and vasculature compared
with white matter tracts. So, we used CMS v1.0 with restric-
tions in one dimension to simulate the perivascular space.
The stiffness of brain tissue is controversial (37). Numerous
magnetic resonant elastography studies have shown that
white matter is stiffer than gray matter in the human brain
(38). However, other studies using atomic force microscopy
indentation found gray matter tends to be stiffer than white
matter (39), whereas nanoindentation experiments reported
that white matter has higher stiffness (40). The range of
shear stiffness for gray matter is 1.13–5.3 kPa and for white
matter is 1.43–13.6 kPa from reported magnetic resonant
elastography studies (38). In this study, we chose 10 pN/
nm as the substrate spring constant for both gray and white
matter because the modest stiffness differences between
gray and white matter probably does not change cell
motility (22). The difference of glioma migration rate could
be regulated by signals from the local microenvironment
because white matter shows an entirely different composi-
tion of matrix components (41). Therefore, we used modest
changes in the number of clutches to model the modest dif-
ference between migration rates in gray matter (Nc ¼ 850)
and white matter (Nc ¼ 1000). Fig. 6 B shows the simulated
cell motility in these categories matching the behaviors
observed in experiments. The top panel also shows wind
rose plots of 12 randomly chosen cells in these categories.
Simulated cell motility is significantly higher when Nc ¼
850 (gray matter) than Nc ¼ 1000 (white matter) (p ¼
7.4 � 10�5), and not significantly different in 2D restricted
(perivascular) and 2D free (televascular) space (p ¼ 0.72).
The simulation provides one possible explanation for the
different cell migration motility in the four categories.
Further insight into the mechanism will require further
investigation that will require systematic perturbation of
the motor-clutch-actin system, for example, as described
in (23,31).
DISCUSSION

In this study, we presented quantitative tools to analyze the
alignment of glioma cell migration with the pre-existing
Scherer’s structures inherent in brain tissue. The multimodal
optical imaging approach allows us to assess the relative
contributions of vasculature versus white matter tracts. We
found U251 glioma cells in mouse brain slices do not follow
white matter tracts. Rather, cells follow vasculature, even in
white matter, although it does not affect their migration rate.
Furthermore, cell motility is lower in white matter than in
gray matter, an effect that is potentially explained by differ-
ential adhesivity. By imaging local vasculature deformation
dynamics during cell migration, we found that U251 cells
are capable of exerting traction forces that locally pull on
their environment, suggesting the applicability of a ‘‘mo-
tor-clutch’’ model for migration.

Advanced optical imaging methods can provide new con-
trasts to study the migratory behavior of glioma cells in
brain tissue dynamically. Although we used PS-OCT to
visualize white matter tracts, other optical imaging modal-
ities could potentially be used for this purpose as well.
PS-OCT takes advantage of the birefringent nature of
myelin sheath in the white matter. Other optical modalities
have also demonstrated the capability of identifying white
matter in the brain. For example, myelin is rich in lipids,
and the vibrational contrast from the CH2 bond can be
Biophysical Journal 117, 1179–1188, October 1, 2019 1185



FIGURE 5 Dynamics of U251-cell-mediated

mechanical deformation of local vasculature during

migration. (A) A U251 cell (green) exerts force

when it migrates along a blood vessel (magenta).

(B and C) The kymographs indicate the cell applies

load by pulling the blood vessel toward the cell

body at the leading edge upon approach (B),

whereas the blood vessel moves away from the

cell at the trailing edge (C), presumably because

of elastic recovery after cell deadhesion as the

cell moves away. See Video S3 for the dynamics.

(D) AU251 cell pushes the local blood vessel along

which it migrates; the dynamics can be seen in the

kymographs as the leading edge in (E) and trailing

edge (F), as well as Video S4. Scale bars in (A) and

(D): 50 mm. Scale bars in kymographs of (B), (C),

(E), and (F): 10 mm in space and 200 s in time.

To see this figure in color, go online.
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highlighted by the chemically selective coherent anti-Stokes
Raman scattering microscopy without exogenous labeling
agents (42,43). Moreover, myelination is the dominant
source of third harmonic generation contrast in the brain
(15). These optical imaging modalities, combined with fluo-
rescence-tagged cell imaging, provide other approaches to
study the alignment between glioma cell migration and
white matter tracts.

Despite our improved understanding of cancer progres-
sion and the development of many targeted therapies, pa-
tients with glioblastoma have seen little to no benefits.
Many clinical trials have failed to slow disease progression
and significantly improve clinical outcomes (44). By under-
standing the paths glioma cells use to invade the brain pa-
renchyma, we could start to understand the mechanical and
molecular mechanisms by which glioma cells invade
healthy tissue and potentially identify druggable targets.
Explanations of the fundamental physical phenomena un-
derlying cell migration have emerged in recent years
(45). However, the motility mechanisms actually used by
tumor cells to migrate in vivo are still poorly understood.
1186 Biophysical Journal 117, 1179–1188, October 1, 2019
Our study illustrates a method to study glioma dynamics
in their native environment in detail. Using this method,
we are able to obtain the first, to our knowledge, experi-
mental evidence in brain tissue that cells use a motor-clutch
mechanism to migrate in in vivo-like environments while
they also potentially use other mechanisms to migrate,
such as the osmotic engine model (36). In this respect,
we were also able to provide one relatively simple possible
explanation of the cell motility in the brain slice based on
the cell migration simulator, in which modest changes in
adhesivity to the environment mediate the modest differ-
ence in motility between gray and white matter. U251 cells,
and perhaps glioblastoma cells generally, are able to navi-
gate through diverse mechanical, chemical, and structural
environments, implying that antimigratory strategies need
to be robust across a wide range of in vivo structures and
microenvironments to be effective. One direction of
future study should be the investigation of the mechanism
of cell migration in tissue and to what extent the motor-
clutch and/or osmotic engine models apply to the 3D tissue
microenvironment.



FIGURE 6 Amotor-clutch-basedmodel for cell migration can explain the

modest differences in migration speed via modest differences in number of

clutches. Cells were categorized as perivasculature in white matter, televas-

culature in white matter, perivasculature in gray matter, and televasculature

in graymatter. The randommotility coefficients of the cells are shown in each

category for experiment (A) and simulation (B) from the cell migration simu-

lator. Top panels in (A) and (B) show the wind rose plots of tracked cells and

simulated cells. Simulated cellmotility is significantly higherwhenNc¼ 850

(graymatter) thanNc¼ 1000 (whitematter) (p¼ 7.4� 10�5), and not signif-

icantly different in 2D restricted (perivascular) and 2D free (televascular)

space (p ¼ 0.72). The number of cells tracked is indicated in (A) for exper-

iments. The number of cells simulated in each category is 24. Error bars

represent SEM. To see this figure in color, go online.

Glioma Cell Migration in Brain Tissue
Despite the ability of U251 glioma cells to navigate
diverse brain microenvironments, our results provide insight
into the potential mechanisms of glioblastoma invasion into
the brain. Compared with white matter tracts, vasculature is
more correlated with glioma migration, suggesting that the
perivascular space should be the primary target for therapy
rather than white matter tracts. Because only one highly
passaged cell line (U251) is used, more evidence is needed
to confirm the weak alignment between glioma cell migra-
tion and white matter tracts as well as the lower cell motility
in the white matter. To address the issue of generalizability
to the clinic, low-passage patient-derived cell lines or pri-
mary cell lines should be studied in further work because
highly passaged cell lines often fail to preserve key aspects
of glioma biology (46).
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