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Pediatric high-grade gliomas (pHGG) represent childhood and adolescent brain cancers that carry 45 
a rapid dismal prognosis. Since there is a need to overcome the resistance to current treatments 46 
and find a new way of cure, modeling the disease as close as possible in an in vitro setting to test 47 
new drugs and therapeutic procedures is highly demanding. Studying their fundamental 48 
pathobiological processes, including glutamatergic neuron hyperexcitability, will be a real 49 
advance in understanding interactions between the environmental brain and pHGG cells. 50 
Therefore, to recreate neurons/pHGG cell interactions, this work shows the development of a 51 
functional in vitro model co-culturing human-induced Pluripotent Stem (hiPS)-derived cortical 52 
glutamatergic neurons pHGG cells into compartmentalized microfluidic devices and a process to 53 
record their electrophysiological modifications. The first step was to differentiate and 54 
characterize human glutamatergic neurons. Secondly, the cells were cultured in microfluidic 55 
devices with pHGG derived cell lines. Brain microenvironment and neuronal activity were then 56 
included in this model to analyze the electrical impact of pHGG cells on these micro-57 
environmental neurons. Electrophysiological recordings are coupled using multielectrode arrays 58 
(MEA) to these microfluidic devices to mimic physiological conditions and to record the electrical 59 
activity of the entire neural network. A significant increase in neuron excitability was underlined 60 
in the presence of tumor cells. 61 
 62 
INTRODUCTION: 63 
Pediatric high-grade gliomas (pHGG) exhibit an extended genotypic and phenotypic diversity 64 
depending on patient age, tumor anatomical location and extension, and molecular drivers1. 65 
They are aggressive brain tumors that are poorly controlled with the currently available 66 
treatment options and are the leading cause of death related to brain cancers in children and 67 
adolescents2. So, more than 80% of patients are relapsing within 2 years after their diagnosis, 68 
and their median survival is 9–15 months, depending on brain locations and driver mutations. 69 
The absence of curative treatment is the primary urge for laboratory research and highlights the 70 
immediate need for new innovative therapeutic approaches. For this purpose, patient-derived 71 
cell lines (PDCL) were developed with the hope of providing the pHGG diversity3 in two-72 
dimensional (2D) lines and/or three-dimensional (3D) neurospheres. Nevertheless, those patient-73 
derived in vitro cell cultures do not mimic all brain variable situations. These models do not 74 
consider the macroscopic and microscopic neuro-anatomical environments typically described in 75 
pHGG. 76 
 77 
Usually, pHGG in younger children is mainly developing in pontine and thalamic regions, whereas 78 
adolescent and young adult's HGG concentrate in the cortical areas, especially in frontotemporal 79 
lobes1. These location-specificities across pediatric ages seem to involve different environments 80 
leading to gliomagenesis and an intricating network between tumor cells and specific neuronal 81 
activity4–6. Although mechanisms are still not identified, pHGG mainly develops from neural 82 
precursor cells along the differentiation trajectory of astroglial and oligodendroglial lineages. 83 
While the role of these glial lineages has been for long restricted to simple structural support for 84 
neurons, it is now clearly established that they integrate entirely into neural circuits and exhibit 85 
complex bi-directional glial-neuronal interactions able to reorganize structural regions of the 86 
brain and remodel neuronal circuitry4,7,8. Moreover, increasing shreds of evidence indicate that 87 
the central nervous system (CNS) plays a critical role in brain cancer initiation and progression. 88 



 

 
 

Recent works focused on neuronal activity, which seems to drive growth and mitosis of glial 89 
malignancies through secreted growth factors and direct electrochemical synaptic 90 
communications6,9. Reciprocally, high-grade glioma cells seem to influence neuronal function 91 
with an increasing glutamatergic neuronal activity and modulate the operation of the circuits into 92 
which they are structurally and electrically integrated9. So, studies using patient-derived models 93 
and novel neuroscience tools controlling neuron action demonstrated a circuit-specific effect of 94 
neuronal activity on glioma location, growth, and progression. Most of these neuronal 95 
projections involved in gliomas are glutamatergic and communicate through glutamate 96 
secretions. Specific glutamatergic biomarkers such as mGluR2 or vGlut1/2 are commonly 97 
described6. 98 
 99 
Interestingly, despite their molecular heterogeneity, pediatric and adult high-grade gliomas show 100 
a typical proliferative response to glutamatergic neuronal activity and other secreted factors such 101 
as neuroligin-3 or BDNF (brain-derived neurotrophic factor)4,6,10–13. In cortical regions, pediatric 102 
and adult HGGs can induce neuronal hyperexcitability through an increased glutamate secretion 103 
and inhibit GABA interneurons leading to gliomas associated with epileptic network activity14,15. 104 
On top of that, neural circuits can be remodeled by gliomas pushing specific neurological tasks, 105 
for instance, language, and can requisition additional organized neuronal activity9. 106 
 107 
Based on this rationale, advancing the understanding of bidirectional communications between 108 
glioma cells and neurons must be fully elucidated and integrated with the early stages of in vitro 109 
pHGG approaches. Such innovative modeling is crucial in understanding and measuring the 110 
neuronal electrical activity impact during drug testing and anticipating pHGG response into brain 111 
circuitry. Recent developments in neuroscience tools, such as microfluidic devices and pHGG 112 
research works, are the bed to develop new modeling approaches and be able now to integrate 113 
brain microenvironment in vitro pHGG models3,16–19. Coupled with electrophysiological 114 
recordings using multielectrode arrays (MEA), microfluidic devices20–22 offer the possibility to 115 
mimic physiological conditions while recording the electrical activity of the entire neural network 116 
and extract network connectivity parameters under several conditions. This device23,24 allows 117 
first the precise deposition of cells in a chamber directly on MEA. This technology enables the 118 
control of cell seeding density and homogeneity on MEA and the fine control of media exchange, 119 
which is a critical step for human neural progenitor differentiation directly into devices. 120 
Moreover, the present deposition chamber can be seeded with multiple cells at different time 121 
points. 122 
 123 
So, this study aimed to develop a functional in vitro model co-culturing human Pluripotent Stem 124 
(hiPS)-derived cortical glutamatergic neurons and pHGG-derived cells into microfluidic devices 125 
and recording their electrical activity to evaluate electrical interactions between both cell 126 
populations. First, hiPS-derived cortical glutamatergic neurons were obtained and characterized 127 
in microfluidic devices at different stages of culture [day 4 (D4), as hiPS cells, and day 21 (D21) 128 
and day 23 (D23), as glutamatergic matured neurons]. For the second step of co-culture, two 129 
pHGG models were used: commercialized pediatric UW479 line and pHGG cells initiated from a 130 
patient tumor (BT35)3, bearing an H3.3 K27M driver mutation. Finally, we performed 131 
electrophysiological recordings of glutamatergic cells at D21 before pHGG cell seeding and D23 132 



 

 
 

after 48 h of co-culture into the same microfluidic device. The interactions between 133 
glutamatergic neurons and pHGG cells were characterized by a significant increase in the 134 
recorded electrophysiological activity. 135 
 136 
PROTOCOL: 137 
 138 
For this protocol, the accreditation number related to the use of human materials is DC-2020-139 
4203. 140 
 141 
1. Microfluidic device fabrication, preparation and treatment 142 
 143 
1.1 Fabricate SU-8 molds using conventional photolithography techniques18. 144 
 145 
NOTE: For this purpose, two photolithography masks have been designed to construct two layers 146 
of photoresist structures on silicon wafer substrate and a thin SU-8 2005 photoresist layer (3.2 147 
µm high and 6 ± 1 µm wide) that defines asymmetric microgrooves under the patterning of main 148 
channels made in SU-8 2100 (200 µm high, 1 mm wide, and 13 mm long) (see Supplemental 149 
Figure S1). 150 
 151 
1.2 Activate the wafer by using a plasma cleaner (5.00e-1 torr, high radio frequency (RF) level) 152 
for 1 min and silanize it using 1 mL of (trichloro(1H,1H,2H,2H-perfluorooctyl)silane in an 153 
aluminum folder into a desiccator for 30 min. 154 
 155 
1.3 Prepare a 10:1 ratio of Polydimethylsiloxane (PDMS), mix the prepolymer with catalyst, 156 
pass it in a vacuum desiccator to remove trapped bubbles, and cast it slowly onto the mold before 157 
being cured in an oven at 80 °C for 40 min. 158 
 159 
1.3.1 Cut it after that using a razor at the desired size before peeling off the mold. Punch out 160 
the inlet and the outlet zones to obtain 3 mm wide holes, clean the PDMS, and protect it using 161 
adhesive tape. 162 
 163 
NOTE: The thickness of the final PDMS device is approximately 5 mm. 164 
 165 
1.4 Treat the device using a plasma cleaner (5.00e-1 torr, High RF level during 1 min), assemble 166 
it with a polystyrene Petri dish, and expose the vacuum under UV light for 30 min. 167 
 168 
1.5 Fill with a pipette the inlet of the microfluidic device before usage with 70% ethanol and 169 
empty it by pipetting aspiration. 170 
 171 
1.6 Wash the microfluidic device by adding inlet reservoirs Dulbecco's Phosphate Buffered 172 
Saline (D-PBS) and empty it by pipetting aspiration three consecutive times. 173 
 174 
1.7 Coat the device using 0.05 mg/mL Poly-D-Lysine and place it into an incubator (37 °C, 5% 175 
CO2). After 24 h, rinse the device by adding into the inlet reservoir the neurobasal medium and 176 



 

 
 

empty it by pipetting aspiration three consecutive times. 177 
 178 
1.8 Fill the microfluidic chip with the cell culture medium and let it remain at room 179 
temperature until use for a maximum of 2 h. 180 
 181 
2. Cell preparation and seeding in the microfluidic device 182 
 183 
2.1. Culture, seeding, and immunofluorescent characterization of human hiPS-derived cortical 184 
glutamatergic neurons 185 
 186 
NOTE: Carry out experiments with commercialized hiPS-derived cortical glutamatergic neurons 187 
(Figure 1A). Preserve human-derived materials and handle them with the approval and under 188 
the guidelines of legislation. 189 
 190 
2.1.1. Empty the inlet and outlet reservoirs of the microfluidic device by pipette aspiration 191 
before seeding, letting only the device's channels to be filled with medium. 192 
 193 
2.1.2. Seed the hiPS cells at Day 0 (D0) by putting 10 µL of a 6.5 x 106 hiPS cells/mL suspension 194 
(e.g., 900 cell/mm2 concentration) with the medium, whose composition is given in Table 1, and 195 
let the device be under the hood (at room temperature) for 15 min to allow cells to attach. 196 
 197 
2.1.3. After 15 min, fill both inlet and outlet reservoirs with 50 µL of D4 culture medium, whose 198 
entire composition is given in Table 1, and transfer the device into the incubator (37 °C, 5% CO2). 199 
 200 
2.1.4. Maintain glutamatergic neuron differentiation for 23 days (Figure 1A(1), microscopy) 201 
under a controlled environment (37 °C, 5% CO2) and with a specific cell culture medium, whose 202 
composition is described in Table 1. Replace the medium regularly as detailed in step 2.1.5 and 203 
follow the steps as in Figure 1B. 204 
 205 
2.1.5. Replace the medium every 3 to 4 days following Table 1 composition. Use seeding 206 
medium until D4, D4 medium until D7, D7 medium until D11, and D11 medium for the remaining 207 
time of the culture. 208 
 209 
2.1.5.1 Take microscopic pictures at D4, D21, and D23 using a standard phase-contrast 210 
microscope to assess cell viability and allow cell counting. 211 
 212 
2.1.6. For characterization, fix the differentiated glutamatergic neurons in 4% 213 
paraformaldehyde (PFA) for 30 min at room temperature after medium aspiration and follow the 214 
protocol for immunofluorescence staining. 215 
 216 
2.1.7. Wash cells three times with Phosphate-Buffered Saline (PBS) and permeabilize them for 217 
10 min with 0.1% Triton-X followed by 30 min with 3% Bovine Serum Albumin (BSA). Add primary 218 
antibodies and incubate the device overnight at 4 °C. 219 
 220 



 

 
 

2.1.8. Rinse the cells three times with PBS and incubate further with the corresponding 221 
secondary antibodies for 2 h at room temperature. 222 
 223 
NOTE: Immunofluorescent antibodies used in the study are listed in Table 2. 224 
 225 
2.1.9. Rinse the cells three times with PBS and counterstain with DAPI (4’,6-diamino-2-226 
phenylindole) for 10 min at room temperature. 227 
 228 
2.1.10. Acquire images with an inverted epifluorescence microscope fitted with a CMOS 229 
(Complementary metal-oxide-semiconductor) camera and analyze using appropriate image 230 
analysis software. 231 
 232 
2.1.11. Open the DAPI stained images and binarize with the thresholding routine in the software. 233 
To do this, click on Image > Adjust > Threshold, and set the appropriate parameters to distinguish 234 
the nucleus from the background. Then, click on Apply > Process > Watershed to split the 235 
aggregate nucleus. 236 
 237 
2.1.12. After that, use the Analyze Particles innate software's function to interpret the binary 238 
images. To do this, click on Analyze and then on Analyze Particles and set the appropriate 239 
parameters after this: size and circularity filter (exclude from analysis objects smaller than 7 µm, 240 
bigger than 20 µm, or with a circularity smaller than 0.1 µm). 241 
 242 
2.1.13. Merge the contour images obtained from DAPI analysis to correspondent 243 
immunofluorescent pictures to validate the correct staining. 244 
 245 
2.1.14. Finally, save the associated data (number of objects, mean area, % of coverage, etc.) for 246 
the different biomarkers and quantify the expression at D4 and/or D21 using appropriate 247 
quantification software. 248 
 249 
2.2. Cell culture of commercialized pHGG line, UW479, and patient-derived cell line, BT353 250 
 251 
2.2.1. Culture both cell lines in DMEM/F-12 GlutaMAX supplemented with 10% Fetal Bovine 252 
Serum (FBS) in a cell culture flask. Wait for 80% confluence of each cell line as presented in Figure 253 
1C. 254 
 255 
2.2.2. Maintain these pHGG cells under a controlled environment at 37 °C in normoxic 256 
conditions throughout the experiments. 257 
 258 
3. Co-culture protocol 259 
 260 
3.1. Adjust the seeding day and concentration for UW479 and BT35 cell lines to reach 80% of 261 
confluent cells when co-culture should start, corresponding to 21 days of culture for 262 
glutamatergic neurons. 263 
 264 



 

 
 

3.1.1 Trypsinize UW479 and BT35 cells and seed them on the top of glutamatergic neurons in 265 
each dedicated microfluidic device (with a target density of 900 cell/mm2 for each cell type) 266 
before seeding the pHGG cells into the microfluidic device containing matured glutamatergic 267 
neurons. 268 
 269 
3.2. Maintain the co-cultures for 2 days under a controlled environment (37 °C, 5% CO2) with 270 
glutamatergic neuron D11 and onward medium detailed in Table 1. 271 
 272 
3.3. Count pHGG cells using the microscopic pictures analyzed with the image analysis 273 
software to assess their viability. Calculate the percentage of cells. 274 
 275 
NOTE: Use the following formula: 100 - ((number of cells at D23 / number of cells at D21) x 100). 276 
 277 
4. Electrophysiological recording 278 
 279 
4.1. Perform the electrophysiological recording with a commercial system and commercially 280 
available software. 281 
 282 
NOTE: The experiments were carried with an MEA that consisted of 30 μm diameter electrodes 283 
spaced by 100 μm. 284 
 285 
4.2. Perform a first electrophysiological recording on glutamatergic neurons at D21 before 286 
seeding of pHGG cells. Use the differentiated glutamatergic neurons as control and culture them 287 
alone in parallel to the co-culture and do a second recording as described in step 4.3 for the co-288 
cultures. 289 
 290 
4.3. Perform a second electrophysiological recording at D23 (after 2 days of co-culture). 291 
 292 
5. Electrophysiological data processing 293 
 294 
5.1. Filter the raw data with a 2nd order Band-pass Butterworth filter (with passband 295 
frequencies of 100 Hz and 2500 Hz). 296 
 297 
5.2. For spike detection, compute the root mean square of the signal over the 10 min 298 
recording for each electrode and set an amplitude threshold corresponding to eight times this 299 
root mean’s square value. 300 
 301 
5.3. Apply a PTSD (Precision Timing Spike Detection25) algorithm, considering a maximum 302 
duration of 2 ms for one action potential. 303 
 304 
5.4. Consider as an active electrode, each electrode detecting at least 5 spikes/min. Continue 305 
the assay if at least 10% of the recording electrodes are active. 306 
 307 
5.5. Divide the number of detected spikes by the time-period of recording to calculate the 308 



 

 
 

mean firing rate of each active electrode. Calculate an average mean firing rate for each 309 
independent experiment. Ultimately, calculate an average by condition (±SEM) and express it as 310 
a function on the day of recording. 311 
 312 
5.6. Compute a raster plot for each experiment representing the events detected for each 313 
active electrode as a function of time. Then, calculate the temporal array-wide firing rates (or 314 
instantaneous firing rates) of all the active electrodes, allowing to monitor synchronicity of the 315 
neural network activity. 316 
 317 
5.7. Finally, generate bar graphs using the quantification software and perform comparisons 318 
using Kruskal Wallis tests. 319 
 320 
REPRESENTATIVE RESULTS: 321 
Before studying electrical interactions between glutamatergic neurons and glioma cells, hiPS-322 
derived cortical glutamatergic neurons were characterized in Figure 1A to validate the feasibility 323 
of culturing them in microfluidic devices. Their characterization was assessed using Nestin, Sox2, 324 
mGlurR2 (metabotropic Glutamate Receptors 2), and vGLUT1 immunostaining, represented in 325 
Figure 1A(2–7). As Nestin is an intermediate filament protein required for survival, renewal and 326 
mitogen-stimulated proliferation of neural progenitor cells, it is thus expressed in 327 
undifferentiated CNS cells during development. Sox2 is a member of the SRY-like HMG-box gene 328 
(SOX) transcription factor family involved in the regulation of embryonic development, and it is 329 
predominantly expressed in immature and undifferentiated cells of the neural epithelium in CNS. 330 
mGluR2 is widely distributed throughout the brain, with high expression in the cortex and 331 
hippocampus. Usually, it defines the presynaptic cells with their neuronal excitability and 332 
synaptic transmission (e.g., the glutamatergic neurons). vGLUT1 is also used as a glutamatergic 333 
biomarker. Therefore, Figure 1 focuses on glutamatergic neurons with Nestin and Sox2 334 
expressions at D4 and D21 to validate their progressive differentiation into the culture conditions 335 
(Figure 1A(2–4). Nestin positive cells' percentage decreased from 5.4 ± 0.4% at D4 to 0.69 ± 0.3% 336 
at D21 (p < 0.01, Figure 1A5). Similarly, confirming the differentiated state of glutamatergic 337 
neurons, the percentage of Sox2 positive cells decreased from 12.2 ± 2.1% at D4 to 5.5 ± 1.7% at 338 
D21 (p < 0.05, see Figure 1A6). The expression of mGluR2 was detected in 45.4 ± 4.7% of 339 
glutamatergic cells at D21 (data not shown), and a larger vGLUT1 immunostaining was observed 340 
during glutamatergic differentiation at D21. These results demonstrated that the proportion of 341 
neural progenitors remained low and that most cells were well differentiated after a 21-day 342 
culture in the microfluidic devices. In Figure 1B, a general protocol of the multistep co-cultures 343 
and electrophysiological recording describes the UW479 or BT35 cell seeding in the microfluidic 344 
devices at D21. Those cell lines (Figure 1C) were already described and are comparable to the 345 
previous observations made by us3,19. In the end, two electrophysiological recordings were 346 
obtained: one at D21 before co-culturing and the other at D23 after 48 h of pHGG cell line 347 
seeding. 348 
 349 
For understanding and following the mobility and viability of BT35, UW479, and glutamatergic 350 
neurons during co-cultures, microscopic assessments were regularly performed during the 351 
electrophysiological recording period from D21 to D23 and are presented in Figure 2. The 352 



 

 
 

microscopic images revealed a progressive extension and particular distribution of glutamatergic 353 
neurons across microfluidic devices (Figure 2A). The glutamatergic cells form some aggregates 354 
progressively in a similar way in co-culture and when cultured alone until D23 (control 355 
experiment). In Figure 2B,C, when adding BT35 and UW479, it was observed that the floating 356 
cells present immediately after glioma cells’ seeding at D21 progressively disappeared until D23 357 
became adherent pHGG cells the device. This was particularly notable for the UW479 line. 358 
 359 
Moreover, there was no increase in floating cells after all electrophysiological recordings at D23 360 
(data not shown). Nevertheless, the percentages of viable cells in Figure 2D were estimated at 361 
83.02% and 85.16% for BT35 and UW479, respectively. Both line viabilities were comparable and 362 
underlined the fact that patient-derived cell lines can be used appropriately. The technical 363 
preparation of microfluidic devices coupled to MEA and cell manipulations does not alter their 364 
adhesion capacities. It does not seem to induce cell death or modify their microscopic aspects. 365 
BT35 and UW479 cells seem to map the exact locations of glutamatergic neurons in the device, 366 
migrating closely to the excitatory neurons. 367 
 368 
Figure 3 describes as an example UW479/glutamatergic neuron co-cultures with their spike 369 
detection along recording time in Figure 3A and its raster plot at D23 in Figure 3B, showing 370 
increased electrical activity when adding pHGG cells. Figure 3C presents the temporal array-wide 371 
firing rate in BT35/glutamatergic neuron co-cultures. The differences between the control 372 
experiment (culture of glutamatergic neurons) and co-cultures of glutamatergic neurons with 373 
pHGG cells are significant when recording D23 electrical activity, as shown in Figure 3D, which 374 
indicates an impact of pHGG on neuron excitability. 375 
 376 
FIGURE AND TABLE LEGENDS: 377 
 378 
Table 1: Culture media composition for hiPS-derived glutamatergic neurons. 379 
 380 
Table 2: List of immunofluorescent antibodies. 381 
 382 
Figure 1: Cell characterization and co-culture protocol of glutamatergic neurons and high-grade 383 
pediatric glioma (pHGG) lines. (A) Prerequisite microscopic and immunofluorescent 384 
characterization of glutamatergic neurons. (1) Microscopic pictures at day 21 (D21) and day 23 385 
(D23) of glutamatergic neurons. (2) Nestin labeling in green and DAPI in blue at D4 (upper row) 386 
and D21 (bottom row). (3) Sox2 labeling in green and DAPI in blue at D4 (upper row) and D21 387 
(bottom row). (4) mGluR2 labeling in green and DAPI in blue at D21. (5) Statistical comparisons 388 
between Nestin and Sox2 labeling at D4 and D21 of culture, demonstrating cell differentiation. 389 
(6) vGlut1 staining in green and DAPI in orange at D21. (B) General protocol for 390 
electrophysiological recording to study interactions when co-culturing glutamatergic neurons 391 
and glioma cells on devices. (C) Prerequisite microscopic aspects of BT35 and UW479 cell lines. 392 
 393 
Figure 2: Microscopic images of glutamatergic and glioma cells cultured in microfluidic devices 394 
coupled to multielectrode arrays (MEA). Glutamatergic neurons are differentiated and cultured 395 
alone in the microfluidic device until day 21 (D21). (A) For this experimental control, only the 396 



 

 
 

medium was added to glutamatergic cells at D21, while either BT35 (B) or UW479 (C) cell lines 397 
were added in their respective conditions. Images at D22 and D23 were performed before the 398 
electrophysiological records for each condition. All the images were obtained using a classical 399 
phase-contrast microscope. (D) Tumor cell viability for BT35 and UW479 at D23 was estimated 400 
using an automated count with image analysis software. 401 
 402 
Figure 3: Electrophysiological recording. (A) Spike detection along recording time in 403 
UW479/glutamatergic neuron co-cultures. (B) An example of the computed raster plot at D23 404 
represents the events detected for each active electrode as a function of time in 405 
UW479/glutamatergic neuron co-cultures. (C) Temporal array-wide firing rate (or instantaneous 406 
firing-rate) of all the active electrodes recording electrical activity in BT35/glutamatergic neuron 407 
co-cultures, allowing to monitor synchronicity of the neural network activity. (D) Bar charts of 408 
mean firing rate in the control condition (e.g., the culture of glutamatergic neurons) and when 409 
adding tumoral UW479 cell line (in green) and BT35 cell line (in red). Data are shown as mean ± 410 
SEM. (* p < 0.05). 411 
 412 
Supplemental Figure S1: 3D (3-dimensional) representation of SU-8 molds. (A) Creation and 413 
picturing of SU-8 molds with AutoCAD software. (B) Picture of the SU-molds with the two layers 414 
of photoresist structures and four holes of 3 mm width. 415 
 416 
DISCUSSION: 417 
This work describes an accurate functional in vitro model to evaluate the interaction between 418 
human hiPS-derived cortical glutamatergic neurons and brain tumoral cells in microfluidic 419 
devices. One of the crucial steps in the present protocol was the hiPS differentiation in 420 
glutamatergic neurons, which was confirmed by the decrease of Nestin and Sox2 421 
immunofluorescent staining and simultaneous appearance of mGluR2 and vGLUT1 staining. 422 
Nevertheless, few neural progenitors remained as only half of the glutamatergic cells expressed 423 
mGluR2, which means a heterogeneous neuron cell population. Altogether, these results 424 
emphasize that particular care must be devoted to glutamatergic cell growth in such devices. 425 
Furthermore, the next step studying the electrical behavior of neurons in the presence of pHGG 426 
cells was relatively labor-intensive to set up the data processing to optimize the spike detection 427 
and interpretation. Nevertheless, as expected and described in other recently published works4–428 
6,9,10, the presence of pHGGs and glutamatergic neurons enhances electrical activity confirming 429 
the excitatory feature of those neurons. 430 
 431 
The major limitation of this modeling might be the heterogeneous distribution of neurons on the 432 
MEA itself that can impact electrophysiological recordings. It would require the maintenance of 433 
high-density culture in the microfluidic device. For seeding a secondary cell type onto the device, 434 
it is critical to maintain a rapid proliferation and migration initially for 48 h and obtain as for 435 
neurons a homogeneous distribution in the 48 h technique for recording. Another limitation is 436 
differentiating the different types of cell populations in such devices visually, but new approaches 437 
using two other fluorescent nanoparticles might help following both cell types26. Finally, the 438 
performance of this microfluidic approach was only done in two types of phGG lines and should 439 
be extended to more patient-derived cell lines bearing different molecular drivers. 440 



 

 
 

Complementary assessments might be done to understand this excitatory effect when co-441 
culturing those cells. Nevertheless, it is feasible with pHGG cells bearing an H3.3 K27M driver 442 
mutation, such as in the BT35 line3. 443 
 444 
The overall method developed in this work is one of the new approaches to explore the electrical 445 
impact. It has shown the capacity of neural network analysis to transduce the interaction 446 
between hiPS-derived glutamatergic neurons and pHGG tumoral cell lines in microfluidic culture 447 
conditions. This method is helpful for many applications, particularly for functional and 448 
mechanistic studies and for analyzing the effects of pharmacological agents that can block pHGG 449 
cell migration and interaction with neurons. It emphasizes the use of microfluidic devices, but 450 
specifically when experiments might record the electrophysiological activity and can be added to 451 
an MEA. 452 
 453 
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Components Seeding medium D4 medium D7 medium

DMEM/F-12 Medium 0.5x 0.25x 0.125x

Neurobasal Medium 0.5x 0.25x 0.125x

BrainPhys Medium Ø 0.5x 0.75x

SM1 Supplement 1x 1x 1x

N2 Supplement-A 1x 1x 1x

Ala-Gln (GlutaMax) 0.5 mM 0.5 mM 0.5 mM

BDNF 10 ng/mL 10 ng/mL 10 ng/mL

GDNF 10 ng/mL 10 ng/mL 10 ng/mL

TGF-β1 1 ng/mL 1 ng/mL 1 ng/mL

Geltrex 30 µg/mL Ø Ø

Seeding Supplement 1x Ø Ø

Day 4 Supplement Ø 1x Ø
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D11 and onward 

medium

Ø

Ø

1x

1x

1x

0.5 mM

10 ng/mL

10 ng/mL

1 ng/mL

Ø

Ø

Ø



Antibodies Stock concentrations Working dilutions

 1:500

(1 µg/mL)

 1:500

(2 µg/mL)

 1:50

(4 µg/mL)

 1:50

(5 µg/mL)

1:1000 to 1:2000
(1 to 2 µg/mL)

 1:1000

(2 µg/mL)

vGlut1 0.25 mg/mL

Donkey anti-rabbit IgG H&L 

(AF 647)
2 mg/mL

Donkey anti-mouse IgG 

H&L (AF 555)
2 mg/mL

Nestin 0.5 mg/mL

Sox2 1 mg/mL

mGluR2 0.2 mg/mL
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Dear Editors 

Thanks for all your comments and contribute improving our manuscript. All the corrections within the 
manuscript are in red color.  We did for your questions and for reviewers’ questions and comments a 
point-by-point response.  

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 
 

As suggested, we took the opportunity to proofread the manuscript and tried to correct all spelling 

and grammar errors.  

2. Please revise the title for conciseness. You can remove "to evaluate electrophysiological impact". 

We are proposing the following title: “Co-culture of glutamatergic neurons and pediatric high-grade 

glioma cells into microfluidic devices to assess electrical interactions” 

3. Please revise the following lines to avoid previously published work: 74-77, 316-319 

We modified the specific lines and remove previously published work.  

4. Please ensure that abbreviations are defined at first usage. 

As required, all abbreviations were defined at first usage.  

5. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 
remove all commercial language from your manuscript and use generic terms instead. All commercial 
products should be sufficiently referenced in the Table of Materials. Please sort the Materials Table 
alphabetically by the name of the material. 

As required, we removed all commercial language from the manuscript and put them into the 
material list that was alphabetically sorted.  

6. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 
described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 
written in the imperative tense may be added as a “Note.” However, notes should be concise and 
used sparingly. Please include all safety procedures and use of hoods, etc. 

As recommended, we changed and used imperative tense and specific notes along manuscript.  

 
7. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., 
how is the step performed? 
Step 1.1: Please provide detailed information on the device fabrication. A citation is needed here. 
Also, provide details on SU-8 mold fabrication by conventional photolithography. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
letter.docx
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Reference has been added and the following sentence has been updated in paragraph 1.1 as follows: 

“Fabricate SU-8 molds using conventional photolithography techniques18. For this purpose, 

construct two layers of photoresist structures on silicon wafer substrate and a thin SU-8 2005 

photoresist layer (3.2 µm high and 6±1 µm) that defines asymmetric microgrooves under the 

patterning of main channels made in SU-8 2100 (200 µm high, 1 mm wide and 13 mm long).” 

Step 1.2: Please provide details on the silanization procedure. How much of what is used in what 
conditions? 

The following sentences have been updated in paragraph 1.2 as follows: “Activate the wafer by using 

a plasma cleaner (5.00e-1 torr, high radio frequency (RF) level) during 1 min and silanize it 

using 1 mL of (trichloro(1H,1H,2H,2H-perfluorooctyl)silane in aluminum folder into a 

desiccator for 30 min.” 

Step 1.3: what the ratio of monomer and the curing agent for PDMS preparation? How much PDMS is 
poured? How was the PDMS mold cleaned? 

The following sentences have been updated in paragraph 1.3 as follows: “Prepare a 10:1 ratio of 

Polydimethylsiloxane (PDMS), mix the prepolymer with catalyst, pass it in vacuum desiccator 

to remove trapped bubbles and cast it slowly onto the mold before being cured in an oven at 80 

°C for 40 min. Cut it thereafter by using a razor at the desired size before peeling off the mold. 

Punch out the inlet and the outlet zones, clean the PDMS and protect it using adhesive tape. 

NOTE: The thickness of the final PDMS device is approximately 5 mm.” 

Step 1.4: Please provide details regarding the parameters for the plasma treatment. 

As requested, parameters of plasma cleaner have been updated in paragraphs 1.2 and 1.4. 

 
Step 1.5/1.6: Please provide details on how solution filling and washing of the device was performed? 

As requested, details of how solution filling and washing the device have been updated in paragraphs 
1.5, 1.6 and 1.7. 

Step 1.6/2.1.3/2.1.4: Please provide incubation conditions. 

As requested, details of incubation conditions have been updated in paragraphs 1.7, 2.1.3 and 2.1.4. 

Step 2.1.1: Please provide details on the human-derived materials. 

The following data were added in paragraph 2.1.1 underlining the fact that human iPS-derived cortical 

glutamatergic neurons were commercialized cells provided by BrainXell, the BX-0300 cells.  

Step 2.1.7: Please specify the characterization tools and the detailed procedure adopted 

The term “characterization” was replaced by immunofluorescence staining and the following sentence 

has been updated in paragraph 2.1.7 as follows: “For characterization, fix the differentiated 

glutamatergic neurons in 4% paraformaldehyde (PFA) for 30 minutes at room temperature after 

medium aspiration and follow protocol for immunofluorescence staining.”  

 



Step 2.1.10/2.1.11/2.1.14/3.2/4: In the software, please ensure that all button clicks and user inputs 
are provided. 

 
Complementary explanations were brought from paragraphs 2.1.12 to D2.1.15. 

Step 4.3: Please specify the algorithm used. 

The following sentence has been updated in paragraph 5.3 

8. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies the 
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most 
cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the 
manuscript, and therefore will still be available to the reader. 

As requested, the essential steps have been highlighted in grey color along the manuscript. 

 
9. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one 
highlighted step to the next. Please highlight complete sentences (not parts of sentences). Please 
ensure that the highlighted part of the step includes at least one action that is written in imperative 
tense. 

We ensure the cohesive meaning of highlighted steps.   

10. Figure 1: Please include a space between the number and the unit for all the scale bars. 

We modified as required the figure 1.  

 
11. Figure 3A: Please increase the size of the X/Y axis description to have a clear visibility 

We modified as required the Figure 3A.  

 
12. Figure 3C: Please use SI abbreviations for time: s instead of sec. 

We changed the abbreviations.  

13. Please upload the tables as an xls/xlsx file. 

We changed the presentation.  

 
14. Table 1/2: Please remove the supplier-reference in Column 1. 

We removed the supplier-reference and add them into the material list.  

 
15. Please spell out journal titles in all the references. 



We spell out completely for each reference all journal titles in the bibliography section. 
 
____________________________________ 
Reviewers' comments: 
 

Dear reviewer 1, 2 and 3 thanks for your comments.  

Reviewer #1:  

Thanks for all your comments and contribute improving our manuscript. All the corrections within the 
manuscript are in red color. We did a point-by-point response to your questions. 

Manuscript Summary: to develop a functional in vitro model co-culturing human induced pluripotent 
stem (iPS)-derived cortical glutamatergic neurons and pHGG-derived cells into microfluidic devices and 
be able to record electrophysiological activity of glutamatergic cells in order to evaluate electrical 
interactions between both cell populations. 
 
Major Concerns: 
Line 144, 2.1.3. When 10 µl of neuron suspension was stayed in the device for 15 minutes (in the hood), 
do neurons remained stable, healthy? You need to show that they did not change any genetic, 
phenotypic or electrophysiologic activities. Because 10 µl might not be cover their surface in the 
device. More data should be provided. 

Seeding protocols of neurons in the devices have been established and has previously been reported 
(Honegger et al. 2016, Taylor et al. 2005), as well by BrainXell that are commercializing the hiPS cells. 
The recommendation to use 10 µL of neuron suspension is resulting from this expertise. This hiPS 
seeding is based also on the fact that the device is prepared with medium. Furthermore, all our cultures 
have been characterized post-seeding for viability up to 28 days in vitro using microscopic assessment, 
which is highlighting the stable number of glutamatergic cells, as well as their stable morphology. 
Nevertheless, they are migrating across the device as expected. We could also have in those MEA an 
active staining for specific neuronal cell markers (Figure 1) like vGLUT1 or mGluR2 that are providing 
in the Figures 1. DAPI staining was also providing indirect information at different stages D4, D21 and 
D23 on the nucleus integrity of the hiPS and their subsequent differentiated glutamatergic neurons. 
The pictures can be added if needed in supplemental figures to check carefully the DAPI staining into 
cell nucleus.  

Line 239: What is the expression level of mGluR2 at D4? 

The expression level of mGluR2 was measured at D21 in accordance to the decrease of pluripotency 
marker levels, suggesting an advanced maturation stage (cf. level expression of Sox2 and Nestin at D4 
vs D21). At D4, they are not completely differentiated and will not bear any glutamatergic markers, 
but only precursor markers like Nestin and Sox2. They will be entirely becoming differentiated neurons 
at D21. To add information concerning mGluR2 the following sentence has been updated: “The 
expression of mGluR2 was detected in 45.4 ± 4.7 % of glutamatergic cells at D21 (data not shown).” 

 
Minor Concerns: 
Grammar and English should be definitely double-checked. 

We double-checked the manuscript and modified errors if needed.  



 
Line 168: It might be better to provide which version of ImageJ you use so that these tools are 
existed: imageJ's thresholding routing 

Our sentence has been updated in paragraph 2.1.11 as follows : “Acquire images with an inverted 

epifluorescence microscope AxioObserver 7 fitted with a CMOS (Complementary metal oxide semi-

conductor) camera and analyze using ImageJ software (v1.53c).” 

 

Line 186: neurons have been proliferated since D0. 

Sentence in the paragraph 2.2.3 was deleted and the co-culture protocol was described specifically in 
the section 3.  

 
Reviewer #2: 

Thanks for all your comments and contribute improving our manuscript. All the corrections within the 
manuscript are in red color. We did a point-by-point response to your questions. 

Manuscript Summary: 
Fuchs et al. reported the method for the coculture of glutamatergic neurons and pediatric high-grade 
glioma cell lines in microfluidic devices for electrophysiological evaluation. This method is significant 
due to the findings that glutamatergic neurons drive brain tumor progression. The authors first 
presented comprehensive introduction to the necessity and significance for the establishment of the 
coculture. Then protocols for the coculture and electrophysiology were described. However, the 
authors didn't describe clearly how the glutamatergic neurons were generated in their hands and 
what media specifically were used for the coculture. In addition, it was also not clearly written how 
the cells were chosen for electrophysiology. 

We put additional data and more precise information about the glutamatergic differentiation in the 
section 2 and detailed the co-culture protocol in section 3. The glutamatergic neurons were 
characterized by daily microscopic follow-up and immunostaining for two undifferentiated biomarkers 
of hiPS cells and two differentiation markers of glutamatergic neurons. Since the two types of cells are 
culturing in the device the glutamatergic neurons D11 and onward medium was only used until D21. 
The pHGG cell viability is maintained as more than 80% of the cells are present at D23. The cell follow-
up is through microscopic assessment and their mobility into the device was also followed by the same 
approach. We add this information in the figure 2 in D part.  

As a method study, incomplete details were provided and it was difficult for others to reproduce this 
specific coculture method and the electrophysiology evaluation. Therefore, I don't recommend the 
publication of this manuscript. 

We completely understand the reviewer consideration but we provided additional data for all 
manipulations and hope be more precise for the protocol reproducibility in other hands. These details 
should help to reproduce what me performed several times in those co-cultures.  

Major Concerns: 

1. The English of the manuscript needs improvement, since there are some obvious grammar and word 
usage errors. 



We double-checked the manuscript to correct our grammar and word errors.   

2. The authors didn't describe clearly how the glutamatergic neurons were generated in their hands 
and what media specifically were used. 

The glutamatergic neurons (BX-0300) were bought from a commercial provider (BrainXell, USA). The 
initial reprogramming process of human iPS was done by BrainXell. The neurons generated by this 
procedure were becoming mGluR2 and vGLUT1 positive confirming their glutamatergic maturation in 
the device. These markers were also previously described in the different works of Venkatesh et al.  

3. It seems that the "iPS-derived cortical glutamatergic neurons (Figure 1A) provided by BrainXell" 
used in this study were not glutamatergic at the beginning of the culture. Differentiation was 
required for the cells to be mature to be called glutamatergic. The authors need to explain this 
differentiation protocol and to characterize the cells (e.g. fluorescent images should be provided) 
that were subsequently used for coculture and for electrophysiology. 

As mentioned above, neurons received from BrainXell are “pre-initiated” for this differentiation 
process and were pushed into glutamatergic state using the modulation of the several media described 
in Table 1 during the 21-day process. We precisely modified the section 2 to explain this procedure. In 
our hands, this differentiation process was finalized until fully differentiated glutamatergic neurons at 
D20 (expression of specific markers from D7 and functional activity at D20 - according to BrainXell 
supplier data). Immunofluorescent staining of 2 specific glutamatergic markers (see pictures in the 
Figures 1) and functional activity through electrical signal recording were confirming the differentiation 
and neuron activity. 

4. The authors should provide characterization of the glutamatergic neurons by fluorescent staining 
of molecular markers to confirm that the cultured neurons are indeed glutamatergic. 

Immunofluorescence staining with antibody anti- mGluR2 and anti-beta-III tubulin was performed at 
D21, see data below: 

   
Immunofluorescence staining 
of metabotropic Glutamate 

Receptors 2 in glutamatergic 
neurons derived from 

induced pluripotent stem 
cells at day 21. 

Immunofluorescence staining 
of Beta-III Tubulin in 

glutamatergic neurons derived 
from induced pluripotent stem 

cells at day 21. 

Immunofluorescence staining 
of MAP2 in glutamatergic 

neurons derived from induced 
pluripotent stem cells at day 

21. 

We add in the figure 2 the mGluR2 and vGLUT1 staining and we can add the beta-III tubulin and MAP2 
data in supplementary figures of this manuscript if needed (not done for now).  

 5. In section 2.2.2, the O2 concentration (written as "21% O2; 5% CO¬") may not be specified as this 
is not different from that in the air. 



The sentence has been updated in paragraph 2.2.2 as follows: ” These cells were maintained under 

controlled environment at 37°C in normoxic conditions throughout the experiments. “ 

6. The coculture media need to be specified in section 3 clearly whether they were the same as that 
for one of the cell types or different. 

The co-culture protocol was described in section 3 and the specificities of media were described along 

the protocol of glutamatergic differentiation and co-culture. The composition and the modulation of 

those media during differentiation process are detailed in Table 1.  

7. The authors should provide what type of cells were chosen for the electrophysiology and how. 

As required, the electrophysiological recording protocol has been updated and precisely described in 
section 4 of the protocol. We had a control composed of glutamatergic neurons and 2 examples of co-
cultures. One is based on the UW479 co-culture with neurons. This cell line is used as a 
“commercialized” example of pHGG cell line. The other one is based on a patient-derived cell line 
obtained from a thalamic pHGG, which is characterized in previous work (reference 3) and is bearing a 
H3.3 K27M driver mutation. We detailed further in the manuscript their description and their capacity 
to be used in such electrophysiological model.  

8. Cell viability and survival should be given to validate the efficacy of the coculture system. 

Neurons in culture were observed daily to control that survival and morphology corresponds to 
established quality criteria, see representative pictures below: 

 

In figure 2, in the control row (part A of the figure), we provided the microscopic assessment done in 
device using MEA. The microscopic descriptions are similar to those in 2D normal culture in flask.  

In addition, electrophysiological recordings at D21 and D23 in culture allowed us to control the 
maintenance of glutamatergic cell excitability in all 3 conditions showed in Figure 2. 

 
Reviewer #3: 

Thanks for all your comments and contribute improving our manuscript. All the corrections within the 
manuscript are in red color. We did a point-by-point response to your questions. 

Manuscript Summary: 
The authors present an interesting method to study and characterize neuronal co-cultures. Such 
developments are welcome as they can strongly improve in-vitro assays, with the aim of speeding up 
the development of new drugs and the understanding of several pathologies. 
Overall, the results are convincing and the methodology well described. 
I suggest accepting the manuscript after the following minor comments are addressed: 

D21D1 D28D7



 
Major Concerns: 
In the introduction, the authors should explain why they need MEA biosensors with microfluidic 
capabilities and with compartmentalized regions. What is the role of the compartments in the 
experiment? What happens if the cells are cultured on a pristine MEA without compartments? Co-
culturing of cells can be obtained without compartments. 

In the introduction, the following sentences have been updated to explain our choice and strategy in 
the use of compartmentalized device and MEA: ” Our device 23,24 allows first the precise deposition of 
cells in a chamber directly on MEA. This technology enables the control of cell seeding density and 
homogeneity on MEA and the fine control of media exchange, which is a critical step for human neural 
progenitor differentiation directly into devices. Moreover, our deposition chamber has the capacity to 
be seeded with multiple cells at different time points.” 

Line 97 - When mentioning MEA biosensors with microfluidic capabilities, the authors should cite 
important articles introducing MEA devices with compartmentalized microfluidics, such as A.M. Taylor 
et al. (https://dx.doi.org/10.1016%2Fj.neuron.2010.03.022). Moreover, the authors should also cite 
the works of A. Cerea et al. on Lab on Chip 2018 (https://doi.org/10.1039/C8LC00435H) and of G. 
Bruno et al. on Front. Bioeng. Biotechnol. 2020 (https://doi.org/10.3389/fbioe.2020.00626) as 
examples of MEA devices used for electrophysiological recordings in combination with microfluidic 
applications. 

We cited those publications in our introduction to explain the principle of microfluidic devices with 
MEA biosensors. The references are from 20 to 21.  

 
Line 264 - The authors should better explain what was the control experiment shown in figure 3D. 
Why the data show a reduction of firing rate from D21 to D23 in the control experiment? Please 
include some more details. 

All controls along the protocol were the culture of glutamatergic cells in figure 2, part A and in the 
figure 3D as well. These details are described in several sentences as follows:  

- “Use the differentiated glutamatergic neurons as a control and culture them alone in parallel 
to the co-culture and do a second recording as described in 4.3 for the co-cultures.” (Section 
4.2).  

- “The glutamatergic cells are forming progressively some aggregates in a comparable way in 
co-culture as well as when they are cultured alone until D23 (control experiment).” (Result 
section) 

- “The differences between the control experiment (culture of glutamatergic neurons) and co-

cultures of glutamatergic neurons with pHGG cells are significant when recording D23 

electrical activity, as showed in Figure 3D, which indicates an impact of pHGG on neuron 

excitability.” (Result section) 

 
Minor Concerns: 
Line 117 - The authors should mention the specific type of SU-8 in order to help other scientists to 
reproduce the results. 

The following sentence has been updated in paragraph 1.1: “Fabricate SU-8 molds using conventional 

photolithography techniques18. For this purpose, construct two layers of photoresist structures on 

https://dx.doi.org/10.1016%2Fj.neuron.2010.03.022
https://doi.org/10.1039/C8LC00435H
https://doi.org/10.3389/fbioe.2020.00626


silicon wafer substrate and a thin SU-8 2005 photoresist layer (3.2 µm high and 6±1 µm) that defines 

asymmetric microgrooves under the patterning of main channels made in SU-8 2100 (200 µm high, 1 

mm wide and 13 mm long).” 

 
Line 121 - What was the thickness of the PDMS layer? 

The following sentence has been updated paragraph 1.3 in a note: “NOTE: The thickness of the final 

PDMS device is approximately 5 mm.” 

Line 193 - The authors should specify the meaning of the acronym MCS. 

The following sentence has been modified in paragraph 4.1 as follows: “Perform the 

electrophysiological recording with a MEA2100-256-Systems composed of a 256-channels amplifier 

head-stage (MultiChannel Systems, MCS) and with the commercially available software. Carry out all 

experiments with 256MEA100/30iR-ITO-w/o that consist of 30-μm-diameter electrodes spaced by 100 

μm.” 
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