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Abstract 

Glioblastoma (GBM) is the most common primary adult malignant brain tumor. Recurrence is 

driven invading tumor cells that escape surgical resection and demonstrate resistance to standard-

of-care chemotherapy and radiotherapy. A large body of research has been conducted on tumor 

cell motility. However, typical in vitro models make use of polystyrene culture dishes, which 

exhibit significantly different physical parameters than brain tissue. Here we report on the use of 

human organotypic brain slices as an ex vivo approach for the dynamic study of GBM cell motility. 

 Temporal lobectomy tissue from epilepsy patients was obtained and cut into 350µm thick 

slices. After the tissue slices had a week’s incubation for recovery, fluorescently labeled tumor 

cells were seeded. We then tracked individual tumor cells using time-lapse fluorescent confocal 

microscopy. Quantification of motility characteristics, including mean squared displacement, total 

path length, and consistency, allowed for comparison of different conditions, including 

knockdown of cell surface proteins integrin αv (ITGAV) and CD44. 

Human organotypics demonstrated minimal variability across specimen in terms of 

motility parameters, including total path length, averaged instantaneous velocity, and consistency. 

Knockdown of the traditional motility protein ITGAV showed little effect on overall motility while 

knockdown of CD44 resulted in a significant reduction in both averaged instantaneous velocity 

and total path length. When the same parameters were examined using Matrigel, ITGAV and 

CD44 both showed decreased motility, highlighting the impact of the physical environment on cell 

behavior. Finally, cell motility in mouse organotypic slices was decreased when compared to 

human organotypic slices. 

 Here we demonstrate the use of human organotypic brain slices in the study of 

GBM cell invasion. This model system offers a physiologically-relevant environment in which to 

examine the dynamic process of cell motility.  
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Introduction 

Glioblastoma (GBM) is the most common malignant, primary, adult brain tumor [1]. The current 

survival of GBMs is 14.6 months with the full scope of treatment, encompassing surgical resection, 

radiotherapy, and chemotherapy [2]. By their nature, GBMs are invasive tumors. Recurrent tumor 

after surgical debulking and adjuvant therapy occurs most frequently within the radiation field, 

suggesting that local invasion of malignant cells away from the tumor bulk are the cause of 

regrowth and subsequent death [3-5]. This is supported by evidence that most of the causes of 

death in GBM are related to tumor growth in the brain and not metastasis or systemic causes [6]. 

Migration and direct invasion of GBM cells is therefore an area of great focus in research. 

 The majority component in the brain is hyaluronic acid [7]. Elsewhere in the body, the 

major component of the extracellular matrix is collagen [8]. In the brain, collagen is relatively 

scarce and mostly associated with blood vessels [9]. Similarly, while ECM components such as 

vitronectin and fibronectin are found in numerous other locations, in the brain they are confined 

to blood vessels. This unique ECM makeup plays an important role in tumor behavior in the brain. 

Appropriate model systems need to take into account these differences. 

Current model systems used for GBM research include traditional in vitro cell line-based 

assays and in vivo animal studies. In vitro model systems offer the advantages of being easy to use, 

relatively inexpensive, and fast growing. However, these models lack key elements of the 

pathology they are attempting to model, including the biochemical and biophysical 

microenvironment and three-dimensional structure inherent to human brain tissue. In vivo model 

systems address these limitations, but have restrictions of their own [10]. Species differences may 

result in non-applicable results and animal experiments are often not designed like clinical trials. 

Evidence of the limitations of current GBM models is found in the disparity between basic research 

findings and successful new treatments for GBMs in the clinic. Despite a large number of basic 

science publications in the GBM field, the last 15 years has seen only two new treatments approved 

for GBMs [11, 12].  

Here we present an alternative model system for the study of human GBM cell motility 

and invasion, which features advantages of both in vitro and in vivo model systems. Using human 

organotypic brain slices as scaffolding for tumor growth, we explored the dynamic process of 

GBM cell invasion within human brain tissue. To demonstrate the utility of the model system, we 

investigated the effects of depletion of integrin αV and CD44 on GBM cell motility. These two 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


 4 

cell-surface proteins have been identified to have key functions in GBM cell motility, but only the 

loss of CD44 demonstrated an effect on tumor cells in organotypic slices. Finally, we compared 

motility results from cells in the brain slices to those from cells growing on standard Matrigel and 

in mouse brain organotypics, highlighting the importance of species-specific tissue. 

 

Materials and Methods 

Cell lines 

The patient-derived GBM oncosphere cell line JHH-136 was established as previously described 

[13]. Briefly, tissue was obtained from the Johns Hopkins Hospital (JHH) operating rooms under 

IRB approval and, within 1-h resection, was dissociated mechanically and enzymatically. 

Following a red blood cell lysis and centrifugation through a sucrose gradient, the resulting cells 

were cultured in NeuroCult medium (StemCell Technology, Vancouver, BC, Canada) 

supplemented with 0.2% heparin (StemCell Technology), hEGF (20 ng/mL, Peprotech, Rocky 

Hill, NJ), hFGF-b (10 ng/mL, Peprotech), and 1% penicillin/streptomycin. Cell line uniqueness 

was verified using short tandem repeat profiling through the Johns Hopkins Genetic Resources 

Core Facility. 

 

Brain slices 

Brain tissue was obtained from temporal lobectomy cases at JHH under IRB approval. 

Approximately 1cm3 sections were sliced into 350-µm thick axial slices on a McIlwain Tissue 

Chopper (Mickle Laboratory Engineering Co., UK) incorporating both gray and white matter. 

Sections were placed on MilliCell Inserts (EMD Millipore, Billerica, MA) over 300 µL of 

organotypic medium. Organotypic medium was comprised of 50% MEM (Sigma-Aldrich, St. 

Louis, MO) plus 1.2% HEPES (Sigma-Aldrich), pH 7.3, 25% HBSS (Gibco, Grand Island, NY) 

plus 2.6% glucose (Sigma-Aldrich), 25% horse serum (Atlanta Biologicals, Flowery Branch, GA), 

and 1% l-glutamine (Lonza, Allendale, NJ). Medium was changed every two to three days. No 

additional actions were taken for one week in order to allow the inflammatory response caused by 

slicing to subside.  

 

Lentiviral transduction and virus production 
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shRNA sequences for ITGAV (integrin αv) and CD44 were obtained as glycerol stock in pTRIPZ 

inducible plasmids (Thermo Scientific). For transduction, DNA plasmids were transfected into 

Oneshot Stbl3 Competent Cells (Invitrogen) using the heat shock method. After a short incubation 

period in ice, a mixture of competent bacteria and DNA was placed at 42°C for 45 s and then 

placed back in ice. Transformed bacteria were then incubated in SOC medium at 37°C in a shaker 

for 1h. Bacteria were next plated on an agar plate for 16 h. After incubation, one colony of the 

bacteria was transferred into a larger volume of LB medium and inoculated overnight. After the 

inoculation, DNA plasmids were collected from the competent bacteria using MidiPrep (Clontech, 

Mountain View, CA). 

Viruses containing the plasmids of interest were produced by transfecting 293T cells. A 

mixture of VSVG, ΔR8.91, and DNA plasmids were combined with 2M CaCl2. Next, 2X HBS 

solution was added into the mix, which was then added to the cell plates. Medium was collected 

on the second and third days of the transfection, then ultracentrifuged at 20,000g at 4°C for 3 h to 

concentrate the virus. Viral pellets were then resuspended in 500 µL of NeuroCult medium. 

 

Cell transfection 

GBM oncospheres were passaged to dissociate the spheres into single cells. Three to five days 

after passaging, concentrated virus was added to the cells along with 8 ng/mL polybrene (Sigma-

Aldrich) and the cells were incubated at 37°C plus 5% CO2 in humidified air. 24 h after 

transfection, medium was changed. In order to induce tRFP expression, Doxycyline (Santa Cruz 

Biotechnology, Dallas, TX) was added to the culture for a final concentration of 4 µg/mL daily for 

three days. The cells were then subjected to cell sorting to isolate an RFP-positive population. The 

analysis and sorting were performed using Summit 4.3 software (DAKO USA, Carpinteria, CA) 

on a MoFlo MLS (Beckman Coulter, Brea, CA) sorter equipped with a Coherent Enterprise II 621 

laser. 

 

Flow cytometry 

Cells were triturated, counted, and 100,000 cells aliquoted per vial. After incubation with human 

serum (Sigma-Aldrich) for 15 min, the cells were washed in PBS + 1% BSA. The cells were then 

incubated with APC-tagged primary antibody, either anti-αVβ3 (R&D Systems, Minneapolis, MN), 

anti-CD44 (BD Pharmingen, San Jose, CA), or APC-tagged isotype antibody, IgG1 for αVβ3 (R&D 
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Systems) and IgG2B for the CD44 (BD Pharmingen) for 20 min. They were washed twice with 

PBS + 1% BSA before incubating with 7-Amino-actinomycin D (7AAD) (BD Biosciences) for 10 

min. Cells were run on a FACSCalibur (BD Biosciences) and data collected using CellQuest. Live 

cell determination was conducted using 7AAD positivity. Analysis was conducted using FlowJo 

(Ashland, OR) to determine degree of knockdown. Mean fluorescence was corrected using the 

isotype staining and knockdown was calculated by the decrease in mean fluorescence between the 

control cells and the knockdown cells. 

 

Embedding MEF cells in 2D collagen I matrix and cell migration 

Plates were coated with 50 µg/mL of type I collagen (BD Biosciences) using 12-well plates. Plates 

were incubated at 37°C for 1 h and then washed 3 times with PBS. Mouse embryonic fibroblast 

(MEF) cells were added at a concentration of 2,000 cells/mL and given 24 h to attach and grow 

prior to imaging. 

 

Embedding HT1080 cells in 3D collagen I matrix and cell migration 

Gel formation and cell embedding was performed as described previously[14]. Briefly, 2 mg/mL 

type I collagen gels were used with HT1080 fibrosarcoma cells at a concentration of 36,000 

cells/mL, to be able to track single cells. Gels were incubated for 24 h at 37°C supplemented with 

5% CO2 prior to imaging. 

 

Cell motility in Matrigel 

Matrigel (BD Biosciences) was diluted to 250 µg/mL, added to a glass-bottomed plate, and 

incubated at 37°C for 1 h. Cells were spun down, triturated, counted, and 10,000 were resuspended 

in 500 µL of NeuroCult medium. The medium-cell mixture was placed on top of the Matrigel 

coating and the dish was placed in the incubator. Medium was changed every 2-3 to days. Three 

days prior to imaging, 4 µg/mL of doxycycline was added to the cells to induce shRNA and tRFP 

expression. 

 

Ex vivo tumor setup 

GBM oncosphere cells were spun down, triturated, counted and 20,000 cells per brain slice were 

resuspended in 3 µL per brain slice of NeuroCult medium minus penicillin/streptomycin. Medium 
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was changed to a 1:1 mixture of organotypic medium to NeuroCult medium and 3 µL of tumor 

cells were added to each slice. After 1 to 4 days of tumor growth, 4 µg/mL of doxycycline was 

added to the medium below each slice each day to induce shRNA and tRFP expression. After three 

days of doxycycline treatment, the tumor slices were placed on the microscope for imaging. 

 

Microscopy 

For the brain slices, time-lapse fluorescence and differential interference contrast (DIC) imaging 

were obtained using an A1 confocal microscope (Nikon, Tokyo, Japan) with NIS-Elements 

Software (Nikon). Images were acquired using a 10x objective with images taken every 10 min 

for a total of 24 h on two to six positions per brain slice. A Z-stack of 50 µm was obtained at each 

position and final analysis was conducted using a maximum-intensity projection. For the MEFs 

and HT1080s, cells were imaged every 2 min for 16.5 h using an ORCA-AG 1K CCD camera 

(Hamamatsu Photonics) mounted on a TE 2000 microscope base with NIS-Elements software 

(Nikon).  

 

Cell tracking and analysis 

Organotypic tumor cell tracking was conducted manually using the tracking package in NIS-

Elements software. MEF and HT1080 cell tracking was conducted using a template match 

algorithm in Metamorph imaging software (Molecular Devices, Sunnyvale, CA) From the cell 

positions, velocity, path length, distance from objective, Mean-squared displacement (MSD), and 

alphas were calculated using MS Excel and custom software. Cell density in brain slices was 

obtained using NIS-Elements. 

 

Results 

Dynamic imaging of human GBM tumor cells in human brain slices 

We initially demonstrated the feasibility of our human organotypic brain slice model system using 

tRFP-labeled GBM tumor cells (Fig. 1). We used lateral cortex tissue from the temporal lobe as 

this tissue was readily available from surgical resections on patients with medically-intractable 

epilepsy. To maintain tissue viability, we minimized the time between removal of the tissue and 

placement in a humidified incubator supplemented with 5% CO2. The tissue was obtained in 

approximately 1 cm3 pieces and sliced axially into 350 µm thick slices. This thickness was thin 
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enough to allow for passive diffusion of nutrients, but thick enough to immerse cells in a 3D 

environment [15]. To avoid confounding effects from the tissue response to the trauma of slicing, 

brain slices were given a week in the incubator to recover. After recovery, 20,000 GBM 

oncosphere cells in a single-cell suspension were placed on the top of each slice, in 3 µL of 

NeuroCult medium without penicillin/streptomycin. The GBM oncosphere cells were a patient-

derived cell line established at JHH, cultured in medium selecting for tumor stem cell growth. The 

tumor cells were given 72 to 96 h to establish themselves in the brain tissue before 4 µg/mL of 

doxycycline was added to induce expression of the shRNA sequences. Tissue slices were then 

placed on an inverted confocal microscope; time-lapse fluorescence and DIC images were 

collected every 10 min for 24 h.  

 A variety of motility parameters describing the ability of GBM cells to migrate and invade 

the brain were computed from the time-dependent positions of the cells. From the coordinates of 

cell centroids, population-averaged instantaneous velocity, total path length, and consistency, as 

defined by final distance from the origin divided by total path length, were calculated (Fig. 2). The 

mean instantaneous velocity was 0.09 µm/min, with a wide spread between 0.02 µm/min and 0.35 

µm/min. For comparison, fibroblasts crawling on a flat collagen substrate and fibrosarcoma cells 

moving within a 3D collagen matrix move with a mean speed of 0.68 µm/min and 0.33 µm/min, 

respectively (Supplementary Fig. 1). Interestingly, we found that variation in cell speed for GBMs 

in human slices was significantly larger than for the other two model systems as measured by the 

coefficient of variation (CV). The CV of cell speed for GBMs in human brain slices in our 

measurement was 1.4 in comparison to value of 0.9 from both the other two models. We next 

measured how consistent the moving orientation is for the GBM cells in human brain slice. The 

Consistency was measured by dividing final distance from origin by total path length, resulting in 

a value between 0 (no consistency, cell move at random orientation) and 1 (highly consistency i.e. 

cell keeps moving at the same direction at all time) and the GBM cells shows a mean consistency 

value of 0.23 with range spreading from 0.02 to 0.72.. This indicate GBM cells showed little 

consistency in their migratory patterns, as indicated by low consistency values (Fig. 2). 

Its known that the cell migration under no external driving force (such as chemo-

attractants) commonly exhibit persistent random walk (PRW) patterns [16]. To examine whether 

the GBM cells migration in human brain slices was described by PRWs we calculated the MSD 

from the trajectories of the cells. The MSD profile from GBM model featured a slope greater than 
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one at short time lags and approaching one at long time lags. These results suggest that the motility 

patterns of GBMs cells in human brain slices display characteristics of the PRW model and that, 

at short time lag, the cell movement is persistent (MSD slope >1) while at long time lag the cell 

movement is random (MSD slope =1)  [16]. Of note, the trajectories did not display an isotropic 

distribution as would be expected with cells following a persistent random walk (Supplementary 

Fig. 2).  

 

Reproducibility of the organotypic model system 

At least three brain slices, each from four different patient samples, were characterized to assess 

the reproducibility of our model system (Fig. 2B [better be specific to subpanel level]). The 

patients’ ages ranged from 5 to 29 years old (Table 1); all four patients were female. Each patient 

had a different underlying cause leading to the temporal lobectomy surgery, although all had 

epilepsy. The tissue, although always taken from the temporal lobe, was taken from different 

locations within the temporal lobe. Despite these differences in organotypic tissue, we found no 

statistically significant differences in motility parameters, including population-averaged 

instantaneous velocity, total path length, consistency, and MSDs evaluated at different time lags 

for these brain slices. MSD curves overlapped with non-significant differences at all probed time 

lags. This result indicates that despite wide cell-to-cell variability in migration (Fig. 2A), we 

observed high consistency of GBM migration across different patient brain slices (Fig 2F). 

Next, we assessed whether the local cell density in the brain or the density of GBM cells 

influenced the speed of individual GBM cells. Densities of both normal cells and tumor cells were 

calculated at the beginning of each video in a diameter of 2.5x and 5x the average cell diameter 

(=16.3 µm) around each tracked cell. The density of tumor cells and non-tumor cells did not predict 

the instantaneous velocity (Supplementary Fig. 3). Together, these results demonstrated the 

robustness of our model system.  

 

Depletion of integrin αV induces no significant change in motility 

To demonstrate the usefulness of our organotypic model system, we next investigated the effect 

of depletion of two key cell surface proteins on GBM motility. ITGAV was chosen as a specific 

ITGAV inhibitor, Cilengitide, previously underwent Phase II and III clinical trials for GBMs. 

ITGAV depletion through shRNA resulted in an average loss of 37% of ITGAV expression, 
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determined by analytical flow cytometry (Fig. 3A). Cells behaved similarly regardless of 

expression of ITGAV, moving with similar speed and over a similar distance. Differences in total 

path length were non-significant (Fig. 3F).  

Tracking of ITGAV-depleted cells again demonstrated no degree of coordinated movement 

(Fig. 4). Consistency was significantly decreased suggesting a lesser degree of directed movement. 

The mean value for the ITGAV-depleted cells was 0.18 compared to 0.23 for the control cells. In 

support of this data, exponent α for MSDs were close to unity regardless of time lag, which 

indicates movement akin to pure diffusion. These elevated α suggest directed movement, while 

the smaller α for the ITGAV-depleted cells point towards restricted movement. Cell heterogeneity 

was not significantly affected by ITGAV depletion, except in the case of instantaneous velocity 

(Supplementary Fig. 4).  Taken together, these results indicated that the depletion of ITGAV leads 

to a small effect on GBM cell motility.  

 

Depletion of CD44 induces reduction in motility 

As the main ECM targets of ITGAV, vitronectin and fibronectin, are not found in high 

concentrations in the brain, we chose CD44 as our second target protein. CD44 binds to hyaluronic 

acid, the main component of brain ECM. shRNA-induced depletion of CD44 induced significant 

decreases in multiple aspects of cell motility (Fig. 3A). Population-averaged instantaneous velocity 

was decreased by 21% in the CD44-depleted cells compared with control cells. Similarly, total 

path length was decreased by 19% in the CD44-depleted cells compared to control cells. 

Consistency was not statistically significantly different with a mean value of 0.18 in the CD44-

depleted cells, compared to 0.23 for the control cells. MSDs were significantly decreased at all 

time lags (Fig. 4). For instance, the mean MSD value at 30 min time lag for the CD44-depleted 

cells was >70% shorter than for control cells. Cell population heterogeneity was not affected for 

any of the quantified motility parameters (Supplementary Fig. 3). 

These results highlighted the significant effect of CD44 depletion on cell motility in human 

brain. Population-averaged instantaneous velocity and total distance traveled were both decreased 

while consistency seemed not to be affected. 

 

Comparison of brain slice motility to Matrigel motility 
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GBM oncosphere cells moved significantly faster and farther on Matrigel coating than in brain 

tissue slices (Fig. 5). Trajectories visually demonstrated the longer paths cells took on Matrigel 

when compared to human brain tissue. These findings were confirmed upon quantification of 

motility parameters. Control cells on Matrigel-coated plates moved at a faster mean instantaneous 

velocity, nearly twice that of cells in brain slices. The mean path length on Matrigel was more than 

twice as long as in brain slices.  

The effect of ITGAV depletion on GBM oncosphere cells was markedly different in cells 

moving on Matrigel compared to cells in brain tissue slices. On Matrigel, depletion of ITGAV 

induced a significant reduction in the instantaneous velocity and total path length compared to the 

control cells. Consistency was unchanged by depletion of ITGAV. In each case, the effect was the 

contrary to what was found in the brain tissue slices. 

Averaged instantaneous velocity and total path length were significantly decreased with 

depletion of CD44, and to a much larger degree than in the brain slices. There was ~80% decrease 

in both the instantaneous velocities and the total path length. Consistency, while unchanged in the 

brain slices with CD44 depletion, showed a significant reduction of 75% from the control cells on 

Matrigel. These results demonstrated the strong effect the environment has on GBM cell migration. 

Motility parameters displayed striking differences between in organotypic slices and on Matrigel. 

 

Comparison to mouse brain slices 

To compare the motility of GBM oncosphere cells in human brain slices to mouse brain slices, 

tumors were grown in mouse brain slices and subjected to the same imaging method and motility 

analysis. Mouse brains demonstrated reproducibility with three different mouse brains providing 

non-significantly different values for population-averaged instantaneous velocity, total path 

length, and consistency (Fig. 6). 

The mouse brains consistently demonstrated lower values of motility in each category 

quantified. Population-averaged instantaneous velocity was decreased by > 25% in the mice brains 

when compared to human brains. Total path length was decreased by nearly a third and the measure 

of consistency was decreased by just < 40%. Taken together these results highlight that human 

GBM oncosphere cells do not behave identically in different species’ brain tissue slices. 

 

Discussion 
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In this study we demonstrated the viability of time-lapse imaging using GBM oncospheres in ex 

vivo brain slices for the study of GBM cell motility. Model systems that have a higher degree of 

fidelity to the relevant physiologic microenvironment produce results that are more translatable to 

the clinic. By using actual human tissues, we circumvented many of the existing issues in 

traditional in vitro culturing, such as dimensionality (2D instead of 3D), microenvironment, other 

cell types, and extracellular matrix composition. 

To show the viability of this model system we tracked the migration of human GBM cells 

in brain tissue organotypics obtained from temporal lobectomies for epilepsy patients [17]. Tumor 

cells moved through the existing brain parenchyma, encountering the cell types and structures 

typically found in the brain. Individual experiments were run out beyond 24 h, demonstrating the 

flexibility of the system in terms of temporal range. 

Hyaluronic acid is an anionic glycosaminoglycan found throughout the body [18]. Its 

negative charge allows it to attract a large number of cations such as Na+ [19]. These in turn exert 

an osmotic pressure and draw water along with them, giving the brain its spongy plasticity. The 

Young’s modulus for brain tissue has been experimentally reported at 0.24 to 3.42 kPa [20] and 

by modeling reported at 9.21 kPa [21]. For comparison, bone, of which collagen makes up close 

to 90% of the organic matter [22], has an experimentally determined Young’s modulus around 14 

GPa, a 106-fold increase in stiffness [23]. Elasticity is known to play a significant role in stem cell 

differentiation [24], while stiffness modulates GBM cell motility [25]. The physiologic nature of 

organotypic slices allows for experimentation in the appropriate physical environment.  

Brain tissue also has a 3D aspect, which is overlooked in traditional 2D cell culture models 

(i.e. flat dishes). Work done with cell spheres has shown this 3D environmental impact with 

decreased availability of target molecules in the center of the spheres leading to decreased effect 

[26]. In addition to creating a gradient of introduced molecules, 3D structure results in a hypoxic 

gradient. Hypoxia affects activation of hypoxia inducible factor-1, which in turn leads to the 

expression of a large number genes affecting vasculature formation and cell proliferation [27].  

A third aspect of physiologic brain tissue that traditional cell culture lacks is the presence 

of the background cellular parenchyma, such as neurons, microglia, macroglia, and vasculature. 

These normal cells influence tumor growth and motility as it is known that GBM tumor cells have 

a preference for following vasculature [28] and neuronal axons [19]. Brain slices studies using rat 

models showed GBM tumor cell movement along cerebrospinal fluid pathways and with an 
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inclination for the white matter [29]. Inclusion of these components in the model system results in 

behavior that is likely similar to what occurs pathologically in the brain. 

In vivo models are able to recapitulate many of the above listed characteristics. Limitations 

with these types of models include cost and temporal limitations. Additionally, there are 

roadblocks for data acquisition of dynamic processes such as invasion and cell motility. Live 

animal imaging faces several logistical restrictions to maintain the viability of the animals. Of 

particular importance for cell motility is the amount of time an animal can be immobilized on a 

microscope stage for imaging. Due to hypothermia and dehydration risk, these experiments 

typically do not last longer than 2 h at a time [30]. 

To demonstrate the robustness of our system and reproducibility with multiple patients’ 

tissue samples, we performed the same experiments and analysis using brain tissue from four 

different patients. The resulting motility characteristics showed no significant difference between 

the four samples. This demonstrated not only the reproducibility of the system but also the 

robustness of the inherent motility characteristics of the GBM oncosphere cell line. Each tissue 

slice provided a similar enough environment for the cells to behave in a comparable fashion.  

 ITGAV was chosen for investigation, as it is the target of the anti-integrin peptide 

Cilengitide, a drug that has been in a number of clinical trials [31-34]. Cilengitide showed initial 

promise in in vitro studies for treatment of GBMs [35, 36]. Based on those studies, clinical trials 

in both recurrent and primary GBMs were undertaken [36-39]. The most recent, phase III, clinical 

trial in primary GBMs, looking at both progression-free survival and overall survival, found no 

significant changes in these measures [40]. 

 The second protein we investigated was CD44. CD44 is also a cell surface protein but one 

that binds to hyaluronic acid, the major component of brain ECM [41]. We postulated that loss of 

CD44 expression would result in a significant reduction in GBM cell motility. This hypothesis 

was confirmed by the significant reduction in instantaneous average velocity and total path length 

with the loss of CD44. CD44 inhibitors are not currently in clinical trials for GBMs but there is a 

Phase II trial for any solid tumor investigating the pharmacokinetics and safety of a monoclonal 

anti-CD44 antibody, RO5429083 [42]. This suggests that there may be future therapeutic options 

for CD44 inhibition in gliomas. 

 Depletion of both ITGAV and CD44 did not significantly reduce the heterogeneity of the 

motility parameters we investigated, with the exception of population-averaged instantaneous 
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velocity in the ITGAV-depleted population. Often, knockdown and subsequent selection results in 

a homogenous population introduced artificially. Use of the tRFP expression to select for 

positively transduced cells circumvented this bottleneck. Given that GBM tumors often exhibit a 

wide variety of phenotypes within the same tumor [43], retention of this feature heterogeneity is a 

pathologically-relevant characteristic. 

 Matrigel, comprised of a number of ECM components including laminin, collagen IV, and 

entactin, is frequently used in glioma in vitro research for motility and invasion assays [44-48].  

Comparison of control cells in the two microenvironments revealed a significant difference in the 

motility parameters with cells on Matrigel moving significantly faster than those in brain slices. 

Of particular interest is a comparison of results from human organotypic slices and rodent 

organotypic slices. Rodent brain, in particular from rats and mice, is more readily available than 

human tissue, especially considering that not all researchers have access to a large-volume 

neurosurgery center such as the Johns Hopkins Hospital. Several research laboratories have made 

use of rat or mouse brain slices and time-lapse imaging to investigate other aspects of GBM cell 

motility [28, 49-55]. To examine the applicability of using mouse brains in place of human brains, 

we performed comparison of general motility characteristics in wild type JHH-136 cells grown in 

human brain slices to mouse brain slices. 

Motility quantification revealed that mouse brain slices are as reproducible as human brain 

slices. However, rigorous comparison revealed statistically significant migratory differences 

between the two species. In instantaneous velocity, total path length, and consistency, the mouse 

brains presented overall lower values. Given the ubiquitous role of rodent models in GBM studies, 

it is important to keep in mind the limitation that interspecies differences will affect the 

experimental results. A possible explanation for the decreased motility parameters in the mouse 

brains is the difference in cell densities between the species. Previous work has shown that the 

synaptic density in rodents is higher than in humans [56]. Higher cell density may lead to decreased 

porosity and decreased porosity has been shown to decrease cell spreading and migration [57]. 

Several groups have made use of human brain tissue in organotypic slice experimentation, 

focused on utilizing tumor tissue instead of normal brain [58, 59]. A recent report presented a 

method for agarose embedding of tissue slices for cutting by a horizontal, vibratome blade [59]. 

Overall velocities of GFP-labeled GBM cells showed similarities to our results, suggesting 

differences in cutting methods, using either a horizontal or vertical blade, may not cause significant 
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differences in tissue architecture. Additional work comparing neurosphere dispersal in mouse, pig, 

and human brain tissue demonstrated no significant differences between the substrates [58]. Of 

note, the brains were fixed in paraformaldehyde or formalin prior to ex vivo culturing, raising the 

concern that similar outcomes are a result of the fixation process and not the species’ physiological 

similarities. 

In this study we have demonstrated the viability of using human organotypic brain slices 

combined with GBM oncosphere cell lines to observe and quantify motility and invasion 

characteristics. This approach has shown robustness by displaying statistically non-significant 

results upon repeated assays in multiple patients’ brain tissue specimens. The use of this model 

system has been validated through the investigation of the roles of ITGAV and CD44 in GBM cell 

motility. We reported a lack of noteworthy effect on motility with the depletion of ITGAV and a 

significant reduction in motility with depletion of CD44. Finally, we demonstrated the potential 

confounding effect due to experimental environment by highlighting the different results seen with 

ITGAV depletion on Matrigel compared to in brain slices. Taken together, these results showcase 

the usefulness of the human organotypic brain slice model system for study of GBM cell motility.  
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Tables 
Table 1. Demographic and timing data of organotypic brain slices. 
 Patient 1 Patient 4 Patient 2 Patient 4 
Age (Years) 29 5 13 13 
Gender F F F F 
Tissue Age (Days) 21 12 7 11 
Tumor Age (Days) 6 5 3 7 
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Figure Captions 

Figure 1. Organotypic brain slice experimental setup. (A) Tissue slices are obtained from 

temporal lobectomy surgeries and maintained in a humidified environment at 37°C with 5% CO2 

providing live tissue slices for further experimentation (B). After tumor implantation the slices are 

placed on an inverted confocal microscope (C) for live cell fluorescent imaging across 24 hours 

(D). The white arrow marks the cell’s origin, the blue plus marks the cell body, and the blue 

trajectory shows the cell’s path. (E-F) Immunofluorescence image of brain slices showing GFAP 

staining for astrocytes (E) and Tuj1 staining for neurons (F). Scale bar, 50 µm. 

 

Figure 2. Reproducibility of the organotypic model system. (A) Trajectories of 25 randomly 

selected cells from Patients 1 and 2, highlighting cell heterogeneity and lack of global symmetry. 

Scale bars, 100 µm; inset scale bars, 25 µm. Movies of migrating cells were recorded for 24 h at a 

frame rate of 1 frame per 10 min. Cells were seeded on patient brain sections at an initial density 

of 20,000 cells per slice. (B) Population-averaged MSDs of cells for the four patients showing 

significant overlap. (C-D) Mean squared displacement (MSD) values at 30 min (C) and 500 min 

(D) showing no significant difference between the four patients. (E-F) Total path length (E) and 

consistency (F) as measured by final distance from the origin divided by the total path length, 

demonstrating no significant difference between the four patients. ns: non-significant. 

 

Figure 3. Depletion of ITGAV induces no effect on cell migration, while depletion of CD44 

decreases cell migration. (A) Flow cytometry histogram demonstrating the depletion of ITGAV 

(left) and CD44 (right). (B) Average mean squared displacement (MSD) for control, ITGAV-

depleted, and CD44-depleted cells. (C) Alpha values obtained from fits of MSDs with a power law 

of exponent alpha for control, ITGAV-depleted, and CD44-depleted cells. (D-E)  MSD values 

measured at (D) 30 min and (E) 500 min time lags. (F) Total path length and (G) consistency as 

measured by final distance from origin divided by total path length. Each slice was imaged at four 

to six different positions for 24 h, with at least two different patients’ tissue used per condition. ns: 

non-significant; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. 

 

Figure 4. Tumor cells exhibit a large degree of heterogeneity. (A-C) Trajectories for 25 

randomly selected cells from (A) control, (B) ITGAV-depleted, and (C) CD44-depleted cells. 
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Scale bars, 100 µm; inset scale bars, 25 µm. (D-F) MSDs of (D) control, (E) ITGAV-depleted, and 

(F) CD44-depleted cells. 

 

Figure 5. Comparison of motility descriptors on Matrigel vs. in brain slices. (A) Trajectories 

of 25 randomly selected cells from brain slices (left) and Matrigel coating (right). Scale bars, 100 

µm; inset scale bars, 25 µm. (B) Population-averaged mean squared displacement values for brain 

slices (blue) and Matrigel coating (red). (C-D) Motility parameters showing the difference in cell 

migration in brain slices vs. on Matrigel coating. (C) Total path length and (D) consistency as 

measured by final distance from origin divided by total path length. (E-F) Contrasting the effect 

of ITGAV depletion on motility characteristics in brain slices compared to on Matrigel coating. 

(E) Total path length and (F) consistency as measured by final distance from origin divided by 

total path length. Initial cell densities for the Matrigel coated plates were 10,000 cells per well. 

Each well was imaged at 4-6 different positions for 24 h. ns: non-significant; *: p ≤ 0.05; **: p ≤ 

0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. 

 

Figure 6. Suspension GBM cell motility in human brains is greater than in mouse brains 

(A-B) Motility parameters in mouse brains were found to be reliable and reproducible across 

multiple samples. (A) Total path length and (B) consistency all demonstrated non-significant 

changes between 3 mouse brains. (C-E) Comparison of motility parameters in human brain slices 

to mouse brain slices revealed significant decreases in all parameters. (C) Total path length and 

(D) consistency all showed between a 25% and 40% decrease in the mouse brains compared to the 

human brains. (E) Population-averaged mean squared displacement for human and mouse brains. 
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Supplementary figures 

Supplementary Figure 1. Comparison of suspension GBM oncosphere cells in brain tissue 

slices to HT1080 cells in 3D and MEF cells in 2D 

(A) Population-averaged instantaneous velocities at 10 min time lags comparing JHH-136 

suspension GBM oncosphere cells to two other conditions: HT1080 cells in 3D collagen gels and 

MEF cells on a 2D collagen coating. (B and C) Comparison of coefficient of variation (B) and dot 

plots (C) of MSD values at 30-min time lag. JHH-136 cells demonstrated a greater spread of 

values, highlighting the strong degree of heterogeneity found in the GBM tumor cells. 

 

Supplementary Figure 2. Trajectory frequency distribution showing an anisotropic pattern 

of movement. 

 

Supplementary Figure 3. Tumor cell density and normal cell density do not display a 

significant correlation with population-averaged instantaneous velocity. (A-C) Non-tumor 

(A), tumor (B), and total (C) cell densities in a 40.85 µm diameter circle. Non-tumor cell, tumor 

cell, and overall cell densities demonstrated no correlation with population-averaged instantaneous 

velocities. (D-F) Non-tumor (D), tumor (E), and total (F) cell densities in an 81.7 µm diameter 

circle, showing the same correlative relationships as the smaller diameter densities. (G) 

Differential interference (DIC) and fluorescence confocal imaging showing physiologic 

parenchyma (DIC) and tRFP-labeled tumor GBM tumor cells demonstrating cell densities. Scale 

bar, 50 µm. 

 

Supplementary Figure 4. Cell population heterogeneity is not significantly reduced with 

depletion of either ITGAV or CD44. (A-C) Coefficient of variation for Control, ITGAV-

depleted, and CD44-depleted cells in (A) population-averaged instantaneous velocity, (B) total 

path length, and (C) consistency as measured by final distance from origin divided by total path 

length. (D-F) Dot plots showing the population heterogeneity found in the cell motility 

characteristics. (D) Population-averaged instantaneous velocity, (E) total path length, and (F) 

consistency. ns: non-significant; *: p ≤ 0.05; **: p ≤ 0.01. 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


 20 

References 
1. Louis, D.N., et al., The 2007 WHO classification of tumours of the central nervous system. Acta 

Neuropathol, 2007. 114(2): p. 97-109. 
2. Stupp, R., et al., Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N 

Engl J Med, 2005. 352(10): p. 987-96. 
3. Minniti, G., et al., Patterns of failure and comparison of different target volume delineations in 

patients with glioblastoma treated with conformal radiotherapy plus concomitant and adjuvant 
temozolomide. Radiother Oncol, 2010. 97(3): p. 377-81. 

4. Chamberlain, M.C., Radiographic patterns of relapse in glioblastoma. J Neurooncol, 2011. 
101(2): p. 319-23. 

5. Giese, A., et al., Cost of migration: invasion of malignant gliomas and implications for treatment. 
J Clin Oncol, 2003. 21(8): p. 1624-36. 

6. Silbergeld, D.L., R.C. Rostomily, and E.C. Alvord, Jr., The cause of death in patients with 
glioblastoma is multifactorial: clinical factors and autopsy findings in 117 cases of supratentorial 
glioblastoma in adults. J Neurooncol, 1991. 10(2): p. 179-85. 

7. Ruoslahti, E., Brain extracellular matrix. Glycobiology, 1996. 6(5): p. 489-92. 
8. Lodish, H.F., Molecular cell biology. 4th ed. 2000, New York: W.H. Freeman. xxxvi, 1084, G-17, I-

36 p. 
9. Chintala, S.K., et al., Immunohistochemical localization of extracellular matrix proteins in human 

glioma, both in vivo and in vitro. Cancer Lett, 1996. 101(1): p. 107-14. 
10. Hooijmans, C.R. and M. Ritskes-Hoitinga, Progress in Using Systematic Reviews of Animal Studies 

to Improve Translational Research. Plos Medicine, 2013. 10(7). 
11. Kreisl, T.N., et al., Phase II trial of single-agent bevacizumab followed by bevacizumab plus 

irinotecan at tumor progression in recurrent glioblastoma. J Clin Oncol, 2009. 27(5): p. 740-5. 
12. Stupp, R., et al., NovoTTF-100A versus physician's choice chemotherapy in recurrent 

glioblastoma: a randomised phase III trial of a novel treatment modality. Eur J Cancer, 2012. 
48(14): p. 2192-202. 

13. Binder, Z.A., et al., Podocalyxin-like protein is expressed in glioblastoma multiforme stem-like 
cells and is associated with poor outcome. PLoS One, 2013. 8(10): p. e75945. 

14. Giri, A., et al., The Arp2/3 complex mediates multigeneration dendritic protrusions for efficient 3-
dimensional cancer cell migration. FASEB J, 2013. 27(10): p. 4089-99. 

15. Rothstein, J.D., et al., Chronic inhibition of glutamate uptake produces a model of slow 
neurotoxicity. Proc Natl Acad Sci U S A, 1993. 90(14): p. 6591-5. 

16. Wu, P.H., et al., Three-dimensional cell migration does not follow a random walk. Proc Natl Acad 
Sci U S A, 2014. 111(11): p. 3949-54. 

17. Bell, M.L., et al., Epilepsy surgery outcomes in temporal lobe epilepsy with a normal MRI. 
Epilepsia, 2009. 50(9): p. 2053-60. 

18. Fraser, J.R., T.C. Laurent, and U.B. Laurent, Hyaluronan: its nature, distribution, functions and 
turnover. J Intern Med, 1997. 242(1): p. 27-33. 

19. Bellail, A.C., et al., Microregional extracellular matrix heterogeneity in brain modulates glioma 
cell invasion. Int J Biochem Cell Biol, 2004. 36(6): p. 1046-69. 

20. Schiavone, P., et al., In vivo measurement of human brain elasticity using a light aspiration 
device. Med Image Anal, 2009. 13(4): p. 673-8. 

21. Soza, G., et al., Determination of the elasticity parameters of brain tissue with combined 
simulation and registration. Int J Med Robot, 2005. 1(3): p. 87-95. 

22. Rogers, H.J., S.M. Weidmann, and A. Parkinson, The collagen content of mammalian bones. 
Biochem J, 1951. 49(1): p. xii. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


 21 

23. Rho, J.Y., R.B. Ashman, and C.H. Turner, Young's modulus of trabecular and cortical bone 
material: ultrasonic and microtensile measurements. J Biomech, 1993. 26(2): p. 111-9. 

24. Engler, A.J., et al., Matrix elasticity directs stem cell lineage specification. Cell, 2006. 126(4): p. 
677-89. 

25. Thomas, T.W. and P.A. DiMilla, Spreading and motility of human glioblastoma cells on sheets of 
silicone rubber depend on substratum compliance. Med Biol Eng Comput, 2000. 38(3): p. 360-70. 

26. Hirschberg, H., et al., Enhanced cytotoxic effects of 5-aminolevulinic acid-mediated 
photodynamic therapy by concurrent hyperthermia in glioma spheroids. J Neurooncol, 2004. 
70(3): p. 289-99. 

27. Semenza, G.L., HIF-1 and tumor progression: pathophysiology and therapeutics. Trends Mol 
Med, 2002. 8(4 Suppl): p. S62-7. 

28. Farin, A., et al., Transplanted glioma cells migrate and proliferate on host brain vasculature: a 
dynamic analysis. Glia, 2006. 53(8): p. 799-808. 

29. Chicoine, M.R. and D.L. Silbergeld, Assessment of brain tumor cell motility in vivo and in vitro. J 
Neurosurg, 1995. 82(4): p. 615-22. 

30. Workman, P., et al., Guidelines for the welfare and use of animals in cancer research. British 
Journal of Cancer, 2010. 102(11): p. 1555-1577. 

31. Eskens, F.A., et al., Phase I and pharmacokinetic study of continuous twice weekly intravenous 
administration of Cilengitide (EMD 121974), a novel inhibitor of the integrins alphavbeta3 and 
alphavbeta5 in patients with advanced solid tumours. Eur J Cancer, 2003. 39(7): p. 917-26. 

32. Hariharan, S., et al., Assessment of the biological and pharmacological effects of the alpha nu 
beta3 and alpha nu beta5 integrin receptor antagonist, cilengitide (EMD 121974), in patients 
with advanced solid tumors. Ann Oncol, 2007. 18(8): p. 1400-7. 

33. O'Donnell, P.H., et al., A phase I study of continuous infusion cilengitide in patients with solid 
tumors. Invest New Drugs, 2012. 30(2): p. 604-10. 

34. MacDonald, T.J., et al., Phase I clinical trial of cilengitide in children with refractory brain tumors: 
Pediatric Brain Tumor Consortium Study PBTC-012. J Clin Oncol, 2008. 26(6): p. 919-24. 

35. Lomonaco, S.L., et al., Cilengitide induces autophagy-mediated cell death in glioma cells. Neuro 
Oncol, 2011. 13(8): p. 857-65. 

36. Reardon, D.A., et al., Randomized phase II study of cilengitide, an integrin-targeting arginine-
glycine-aspartic acid peptide, in recurrent glioblastoma multiforme. J Clin Oncol, 2008. 26(34): p. 
5610-7. 

37. Nabors, L.B., et al., Phase I and correlative biology study of cilengitide in patients with recurrent 
malignant glioma. J Clin Oncol, 2007. 25(13): p. 1651-7. 

38. Gilbert, M.R., et al., Cilengitide in patients with recurrent glioblastoma: the results of NABTC 03-
02, a phase II trial with measures of treatment delivery. J Neurooncol, 2012. 106(1): p. 147-53. 

39. Stupp, R., et al., Phase I/IIa study of cilengitide and temozolomide with concomitant 
radiotherapy followed by cilengitide and temozolomide maintenance therapy in patients with 
newly diagnosed glioblastoma. J Clin Oncol, 2010. 28(16): p. 2712-8. 

40. Stupp, R., et al., Cilengitide combined with standard treatment for patients with newly diagnosed 
glioblastoma with O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation: 
Final results of the multicenter, randomized, open-label, controlled, phase III CENTRIC study. 
ASCO Meeting Abstracts, 2013. 31(15_suppl): p. LBA2009. 

41. Delpech, B. and C. Halavent, Characterization and purification from human brain of a hyaluronic 
acid-binding glycoprotein, hyaluronectin. J Neurochem, 1981. 36(3): p. 855-9. 

42. Roche, H.-L., A Study of RO5429083 in Patients With Metastatic and/or Locally Advanced, CD44-
Expressing, Malignant Solid Tumors. 2014 Jan 28: In: ClinicalTrials.gov [Internet]. Bethesday 
(MD): National Library of Medicine (US). 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


 22 

43. Inda, M.D., R. Bonavia, and J. Seoane, Glioblastoma multiforme: a look inside its heterogeneous 
nature. Cancers (Basel), 2014. 6(1): p. 226-39. 

44. Heo, J.C., et al., Indatraline inhibits Rho- and calcium-mediated glioblastoma cell motility and 
angiogenesis. Biochem Biophys Res Commun, 2014. 443(2): p. 749-55. 

45. Birnbaum, T., et al., Glioblastoma-dependent differentiation and angiogenic potential of human 
mesenchymal stem cells in vitro. J Neurooncol, 2011. 105(1): p. 57-65. 

46. Safaee, M., et al., Overexpression of CD97 confers an invasive phenotype in glioblastoma cells 
and is associated with decreased survival of glioblastoma patients. PLoS One, 2013. 8(4): p. 
e62765. 

47. Bernhart, E., et al., Protein kinase D2 regulates migration and invasion of U87MG glioblastoma 
cells in vitro. Exp Cell Res, 2013. 319(13): p. 2037-48. 

48. Miekus, K., et al., 17AEP-GA, an HSP90 antagonist, is a potent inhibitor of glioblastoma cell 
proliferation, survival, migration and invasion. Oncol Rep, 2012. 28(5): p. 1903-9. 

49. Beadle, C., et al., The role of myosin II in glioma invasion of the brain. Mol Biol Cell, 2008. 19(8): 
p. 3357-68. 

50. Hirata, E., et al., In vivo fluorescence resonance energy transfer imaging reveals differential 
activation of Rho-family GTPases in glioblastoma cell invasion. J Cell Sci, 2012. 125(Pt 4): p. 858-
68. 

51. Ivkovic, S., et al., Direct inhibition of myosin II effectively blocks glioma invasion in the presence 
of multiple motogens. Mol Biol Cell, 2012. 23(4): p. 533-42. 

52. Sliwa, M., et al., The invasion promoting effect of microglia on glioblastoma cells is inhibited by 
cyclosporin A. Brain, 2007. 130(Pt 2): p. 476-89. 

53. Kurogi, R., et al., Inhibition of glioblastoma cell invasion by hsa-miR-145-5p and hsa-miR-31-5p 
co-overexpression in human mesenchymal stem cells. J Neurosurg, 2018: p. 1-12. 

54. Leidgens, V., et al., Stattic and metformin inhibit brain tumor initiating cells by reducing STAT3-
phosphorylation. Oncotarget, 2017. 8(5): p. 8250-8263. 

55. Marques-Torrejon, M.A., E. Gangoso, and S.M. Pollard, Modelling glioblastoma tumour-host cell 
interactions using adult brain organotypic slice co-culture. Disease Models & Mechanisms, 2018. 
11(2). 

56. DeFelipe, J., L. Alonso-Nanclares, and J.I. Arellano, Microstructure of the neocortex: comparative 
aspects. J Neurocytol, 2002. 31(3-5): p. 299-316. 

57. Miron-Mendoza, M., J. Seemann, and F. Grinnell, The differential regulation of cell motile 
activity through matrix stiffness and porosity in three dimensional collagen matrices. 
Biomaterials, 2010. 31(25): p. 6425-35. 

58. Meleis, A.M., et al., Dexamethasone-mediated inhibition of Glioblastoma neurosphere dispersal 
in an ex vivo organotypic neural assay. PLoS One, 2017. 12(10): p. e0186483. 

59. Parker, J.J., et al., A Human Glioblastoma Organotypic Slice Culture Model for Study of Tumor 
Cell Migration and Patient-specific Effects of Anti-Invasive Drugs. J Vis Exp, 2017(125). 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 1

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 2

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 3

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 4

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 5

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Figure 6

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Supplementary Figure 1

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Supplementary Figure 2

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Supplementary 
Figure 3

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726


Supplementary Figure 4

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2019. ; https://doi.org/10.1101/841726doi: bioRxiv preprint 

https://doi.org/10.1101/841726

	Binder et al-BioRxiv.pdf
	Binder et al-Figures-BioRxiv.pdf
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10


