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SUMMARY: 31 

We introduce a protocol for measuring real-time drug and radiation response of breast cancer 32 

brain metastatic cells in an organotypic brain slice model. The methods provide a quantitative 33 

assay to investigate the therapeutic effects of various treatments on brain metastases from 34 

breast cancer in an ex vivo manner within the brain microenvironment interface.  35 

 36 

ABSTRACT: 37 

Brain metastasis is a serious consequence of breast cancer for women as these tumors are 38 

difficult to treat and are associated with poor clinical outcomes. Preclinical mouse models of 39 

breast cancer brain metastatic (BCBM) growth are useful but are expensive, and it is difficult to 40 

track live cells and tumor cell invasion within the brain parenchyma. Presented here is a protocol 41 

for ex vivo brain slice cultures from xenografted mice containing intracranially injected breast 42 

cancer brain-seeking clonal sublines. MDA-MB-231-Br luciferase tagged cells were injected 43 

intracranially into the brains of Nu/Nu female mice, and following tumor formation, the brains 44 
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were isolated, sliced, and cultured ex vivo. The tumor slices were imaged to identify tumor cells 45 

expressing luciferase and monitor their proliferation and invasion in the brain parenchyma for up 46 

to 10 days. Further, the protocol describes the use of time-lapse microscopy to image the growth 47 

and invasive behavior of the tumor cells following treatment with ionizing radiation or 48 

chemotherapy. The response of tumor cells to treatments can be visualized by live-imaging 49 

microscopy, measuring bioluminescence intensity, and performing histology on the brain slice 50 

containing BCBM cells.  Thus, this ex vivo slice model may be a useful platform for rapid testing 51 

of novel therapeutic agents alone or in combination with radiation to identify drugs personalized 52 

to target an individual patient’s breast cancer brain metastatic growth within the brain 53 

microenvironment. 54 

 55 

INTRODUCTION: 56 

Breast cancer brain metastases (BCBM) develop when cells spread from the primary breast tumor 57 

to the brain. Breast cancer is the second most frequent cause of brain metastasis after lung 58 

cancer, with metastases occurring in 10–16% of patients1. Unfortunately, brain metastases 59 

remain incurable as >80% of patients die within a year after their brain-metastasis diagnosis, and 60 

their quality of life is impaired due to neurological dysfunctions2. There is an urgent need to 61 

identify more effective treatment options. Monolayer two-dimensional or three-dimensional 62 

culture models are the most commonly used methods in testing therapeutic agents in the 63 

laboratory. However, they do not mimic the complex BCBM microenvironment, a major driver of 64 

tumor phenotype and growth. Although these models are useful, they do not capture the 65 

complex tumor-stromal interactions, the unique metabolic requirements, and the heterogeneity 66 

of the tumors3. To more faithfully recapitulate tumor-stromal interactions and 67 

microenvironment heterogeneity, our group and others have begun to generate organotypic 68 

brain metastasis “slice” cultures with patient-derived tumor cells (primary or metastatic) or 69 

cancer cell lines4–6. Compared to classical in vitro systems, this short-term ex vivo model may 70 

provide more relevant conditions for screening new therapeutics prior to preclinical assessment 71 

in large animal cohorts. 72 

 73 

Ex vivo models have been constructed and successfully used primarily for the identification of 74 

successful treatments of various cancers. They require few days of assessment and additionally 75 

can be tailored to patient-specific drug screening. For example, human bladder and prostate 76 

cancer ex vivo tissues have shown a dose-dependent anti-tumor response of docetaxel and 77 

gemcitabine7.  Similar colorectal carcinoma ex vivo tissues were developed to screen 78 

chemotherapeutic drugs Oxaliplatin, Cetuximab, and Pembrolizumab8. This application has been 79 

widely used in pancreatic cancer, considering the essential interaction between the stromal 80 

environment and the genotypic and phenotypic characteristics of pancreatic ductal 81 

adenocarcinoma9,10. Furthermore, such organotypic models have been developed for similar 82 

screenings in head, neck, gastric, and breast tumors11,12.  83 

 84 

Here, an ex vivo brain slice model of xenografted breast cancer brain metastatic tumor cells in 85 

their microenvironment is being generated. Mice were intracranially injected with breast cancer 86 

brain metastatic brain trophic MDA-MB-231Br cells13 in the cerebral cortex parietal lobe- a 87 

common site of TNBC metastasis14,15 and allowed to develop tumors.  Brain slices were generated 88 



from these xenografted animals and maintained ex vivo as organotypic cultures as described16,17. 89 

This novel ex vivo model allows for the analysis of BCBM cell’s growth within the brain 90 

parenchyma and can be used to test therapeutic agents and radiation effects on tumor cells 91 

within the brain microenvironment. 92 

 93 

PROTOCOL: 94 

 95 

This protocol was approved and follows the animal care guidelines by the Drexel University 96 

College of Medicine Institutional Animal Care and Use Committee (IACUC). Nu/Nu athymic 97 

female mice (6–8 weeks old) were used in this study. 98 

 99 

1. Intracranial injection of tumor cells 100 

 101 

1.1.  Sterilize all equipment (tweezers, scissors, suturing scissors, hand drill) under a 25/25 102 

dry cycle of the autoclave. If conducting surgeries on multiple animals, sterilize tools between 103 

animals using a heated bead sterilizer (up to 3x). 104 

 105 

1.2. Anesthetize the mice according to the users’ animal care protocol (e.g., isoflurane (4% 106 

for induction, 1–2% maintenance) and apply analgesia (buprenorphine s.r.) prior to the start of 107 

surgery. Ensure optimal anesthesia depth by monitoring the heartbeat of mice until it reaches 108 

0.5–1 beats/s.  109 

 110 

1.3. Place the mice into a stereotaxic frame and immobilize the head using standard ear bars 111 

(Figure 1A).  112 

 113 

1.4. Sterilize the surface of the head by repeated, alternating application (3x) of iodine swabs 114 

and 70% ethanol prior to incision. 115 

 116 

1.5. Use a surgical scalpel to make a 1 cm midline incision through the skin at a slightly 117 

diagonal angle to the imaginary line that divides the mice’s brain into two symmetrical halves to 118 

expose the skull. Wipe any blood with a cotton swab.  119 

 120 

1.6. Deflect the skin laterally to expose the injection site: 2 mm on the right, 1 mm forward 121 

with reference to the bregma (+2 mediolateral (+2ML), +1 rostral/caudal (+1RC).    122 

 123 

1.7. Use a bur bit (0.73 mm) to penetrate the skull +2ML, +1RC to the bregma and drill a hole 124 

using slight pressure and twisting motion. 125 

 126 

1.8. Use a brain injection syringe to inject 5 μL of a 100,000 MDA-MB-231BR (stably 127 

expressing GFP-Luciferase) cells/μL solution in sterile 1x PBS by initially inserting the syringe 3.5 128 

mm in depth to the brain.   129 

 130 

1.9. Allow the syringe to settle for 2 min. Pull it up about 1 mm, and after 2 min, slowly inject 131 

the first half of the volume.  132 



 133 

1.10. Wait for another 2 min before injecting the rest, and then slowly pull the syringe 3 min 134 

after the final injection.  135 

 136 

NOTE: Slow injection is empirical in allowing the volume to be well absorbed by the brain tissue 137 

and not created leakage after pulling the syringe, which may lead to cancer cells growing outside 138 

of the intended site.  139 

 140 

1.11. Apply bone wax to the injection site on the skull and then use polypropylene sutures to 141 

suture the tissue. Mice will recover within 5 min after removal of anesthesia.  142 

 143 

1.12. Monitor their behavior right after surgery for about 10 min, 3 h later and the following 144 

day to determine if special treatment, including saline injection, soft food, etc., are needed to 145 

help quick recovery.  146 

 147 

1.13. Monitor the tumor growth via bioluminescence imaging on the imaging system.  148 

 149 

1.13.1. For this, first, turn on the oxygen and isoflurane on the imaging system. Allow both to be 150 

distributed to the separate chamber outside of the imaging box.  151 

 152 

1.13.2. Then, turn on the software, initialize the instrument and choose the appropriate option 153 

for visualizing and capturing the whole mouse body.  154 

 155 

1.14. Place the mice in the separate chamber with isoflurane and allow the heartbeat to reach 156 

0.5–1 beat/s. Transfer the mice stomach down to the imaging chamber’s noselet supplied with 157 

oxygen and isoflurane.  158 

 159 

1.15. Lock the chamber, choose 2 min time exposure to start imaging, and then  Inject the 160 

mice intraperitoneally with 200 µL of 30 mg/mL luciferin. 161 

 162 

1.16. Use the ROI (region of interest) tool of the software to quantify the bioluminescent signal 163 

of the tumor.  164 

 165 

1.17. To analyze the tumor size, choose the circle shape tool, fit it around the tumor shape 166 

and size. Measure the ROI and report the total readings. 167 

 168 

1.18. Allow solid tumor growth for 12–14 days (or until luciferase reaches about 7.0 x 106 units) 169 

(Figure 1B) before generating brain slices.  170 

 171 

NOTE: Increasing the number of cells to be injected will lead to faster tumor growth; therefore, 172 

the generation of brain slices can occur earlier than 12 days. On the other hand, a bigger tumor 173 

will lead to more GFP+ slices if allowed to grow for 14 days. After 14 days, mice’s health begins 174 

to deteriorate rapidly; hence animal health monitoring should be increased to once daily after 175 



the 10-day time point, and any mice displaying signs of pain and/or discomfort should be used 176 

for generating the slices.  177 

 178 

2. Generate brain slices 179 

 180 

NOTE: Perform the steps after brain isolation in a sterile laminar flow hood. It is typically possible 181 

to generate 35–40 individual slices containing tumor cells (luciferase signal) from one mouse 182 

injected with MDA-MB-231BR cells (Figure 1C). 183 

 184 

2.1. Sterilize all the surgical tools in an autoclave.  Place tissue slicer in the sterile laminar flow 185 

hood and clean all tools and instruments with 70% ethanol.  186 

 187 

2.2. Following 12–14 days after intracranial MDA-MB-231BR cell injection, anesthetize the 188 

mice by placing a paper towel wetted with isofluorane in the cage. Wait until the mouse’s 189 

heartbeat lowers to 0.5–1 beat/s and decapitate the mice.  190 

 191 

2.3. Remove and place their brains rapidly (within 45 s) into ice-cold (4 °C) sucrose-ACSF 192 

composed of the following: 280 mM sucrose, 5 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 20 mM 193 

glucose, 10 mM HEPES, 5 mM Na+-ascorbate, 3 mM thiourea, 2 mM Na+, 29 mM pyruvate; 194 

pH=7.3.  195 

 196 

2.4. Using a sharp, sterile scalpel or razor blade, cut away excess parts of the brain that do not 197 

contain any tumor from all sides, including the bottom part of the brain.   198 

 199 

2.5. Bring the shape of the brain to a non-perfect cube to sit flat on the ACSF wetted filter 200 

paper on a 60 mm dish lid to facilitate slicing.  201 

 202 

NOTE: Extra tissue of the brain where the tumor is unlikely to have grown is removed prior to 203 

slicing to allow generation of mostly GFP+ slices and create a shape of the brain that is stable on 204 

the surface of the instrument and will not be perturbed by the vibrations caused by the slicing. 205 

 206 

2.6. Place several sheets of pre-wet (with ACSF) filter paper circles onto the cutting platform 207 

and place the blocked tissue atop this.  208 

 209 

2.7. Set the cut size on the instrument to 2 or 2.5 units on the provided ruler to slice the tissue 210 

into 200–250 μm sections. 211 

 212 

NOTE: Slices up to 350 μm or as thin as 100 μm are viable. For slices <200 μm, use a vibratome 213 

or compresstome. 214 

 215 

2.8. Use a paintbrush (sable) to transfer brain slices into a dish containing sucrose ACSF and 216 

separate the slices under a light microscope using 27 G needles.  217 

 218 



2.9. Identify GFP positive slices under the fluorescent microscope and transfer them to a new 219 

60 mm dish containing 2–3 mL of adult slice media (Neurobasal medium A, 2% B12 supplement, 220 

1% N2 supplement, 1% glutamine, 0.5% glucose, 10 U/mL penicillin, and 100 μg/mL 221 

streptomycin) using a sterile 1 mL broken off pipette (wide opening).  222 

 223 

NOTE: The brain slices that contain tumor cells growing over the brain surface (maybe due to 224 

injection cell leakage, etc.) are excluded. 225 

 226 

2.10. Transfer 3–5 slices onto each 30 mm, 0.4 μm pore size tissue culture insert in 6-well plates 227 

at a distance that does not allow growing into each other. 228 

 229 

2.11. Remove the excess medium from the surface of the insert using a P1000 pipette, add 1 230 

mL of adult mouse slice medium underneath each insert and equilibrate the media in the 231 

incubator prior to slicing.  232 

 233 

2.12. Incubate the tissues at 37 °C, 5% CO2, and 95% humidity for 24 h before imaging.  234 

 235 

3. IVIS imaging of slices 236 

 237 

NOTE: Perform luciferase and inhibitor addition steps in a sterile laminar flow hood. 238 

 239 

3.1. Pipette 5 µL of 30 mg/mL luciferin solution into the medium underneath the inserts.   240 

 241 

3.2. Place the 6-well plate with the lid inside the imaging chamber of the instrument below 242 

the stationary camera and lock the chamber door.  243 

 244 

3.3. Open the software and initialize the instrument. 245 

 246 

3.4. Choose camera settings that allow visualization and capturing of only one well per image. 247 

Move the stage up(FOV of 5 cm) and place the well that must be imaged directly under the 248 

camera.  249 

 250 

3.5. Set the imaging time to most appropriate depending on the intensity of the luciferase that 251 

the tumor will emit, which can vary from 10 s to 5 min. Start with setting it to 10 s and then 252 

increase if the signal is low but keep it consistent for all time points and conditions until the end 253 

of the experiment (Figure 1D). 254 

 255 

3.6. Use the ROI tool (circle shape tool), fit it around the tumor shape and size, measure the 256 

ROI, and report the total readings to quantify the bioluminescent signal of each tumor on the 257 

slice.  258 

 259 

3.7. Bring the plate back to the sterile laminar flow hood, use forceps to slightly lift the insert 260 

from the well.  261 

 262 



3.8. Aspirate the medium, replace it with 1 mL of fresh medium and place the insert back in 263 

the well.  264 

 265 

3.9. For experiments where the slices are being treated with various compounds such as 266 

inhibitors, metabolites, etc., prepare the appropriate concentration of the reagent in 1.2 mL of 267 

brain slice media in a 1.5 mL tube and then transfer 1 mL to the well containing the slice.  268 

 269 

3.10. Repeat this process every 48 h for 6 days. 270 

 271 

4. Live imaging of tumor growth in ex vivo brain slices 272 

 273 

NOTE: Supply inserts with enough medium (1.5 mL) to last the length of the experiment as it is 274 

not possible to add additional medium during the live imaging.  275 

 276 

4.1. Place the 6-well plate on the automated microscope plate holder inside the incubator (37 277 

°C, 5% CO2, and 95% humidity). 278 

 279 

4.2. Open the software, turn on brightfield on the first quadrant to adjust the exposure 280 

needed to view the slices. To find the position (coordinates “xy”) of the slice, navigate with “xy” 281 

on the second quadrant to control the coordinates “xyz” of the microscope.  282 

 283 

4.3. Select 6-well plate as the labware used for this experiment. Select the ROI map editor and 284 

register that position by selecting a new ROI, add and save that ROI.  285 

 286 

4.4. Repeat the same steps for all the other regions of interest in other wells. After having 287 

added all the ROIs, save all the ROIs.  288 

 289 

4.5. Under Protocol, select Clear Existing and select Time-Lapse under Acquisition, followed 290 

by selecting the channels of interest (in this case GFP).  291 

 292 

4.6. Turn off Autofocus in the Focus Setup and manually adjust to the appropriate focus for 293 

all the slices. Finally, adjust the Brightfield Intensity and Fluorescent Channel Excitation and 294 

Exposure Time to the appropriate level.  295 

 296 

4.7. Set the protocol to acquire images every 15 min for 48 h. 297 

 298 

4.8. Save and run the protocol. At the finish of the experiment, the saved file will contain both 299 

the brightfield and GFP images captured for every ROI.  300 

 301 

4.9. To combine the images in a video, rename all images of interest with the same name 302 

followed by a binary number to organize them in the order they were captured (e.g., ROI1 (1), 303 

RO1 (2) …) 304 

 305 



4.10. Open ImageJ and import the images by clicking on File > Import > Image Sequence. Select 306 

the file names that appear in a list, and write the content of the files’ name in the File Name 307 

Contains box that will appear to identify those files selected for the video. 308 

 309 

4.11. Save the combined images under File >  Save As > AVI.  310 

 311 

5. MTS assay and immunohistochemistry of ex vivo brain tissue   312 

 313 

5.1. MTS ASSAY 314 

 315 

5.1.1. Excise the slices by cutting the tissue culture membrane underneath each slice along the 316 

edges of the tissue and transfer the tissue, still attached to the membrane, into a 96-well plate.  317 

 318 

5.1.2. Add the MTS reagent mixed in a 1:5 ratio with culture media and 0.01% triton (1x) to allow 319 

penetration of the solution in the tissue, in a total volume of 120 µL in each well.  320 

 321 

5.1.3. Use 4% Paraformaldehyde (PFA) as an agent to render brain slices inviable, and thus a 322 

positive control for this experiment. Immerse the brain slice of interest in 4% PFA for 1 h at RT 323 

(room temperature) or overnight at 4 °C before proceeding with the MTS assay.  324 

 325 

5.1.4. Allow the MTS reagent to react on the slices for 4 h, remove the slices from the wells and 326 

measure the absorbance at 490 nm for all conditions, including an empty well with no slice as a 327 

reference.  328 

 329 

5.1.5. Report the readings as a function of tissue slice area, measured with a digital caliper ruler.  330 

 331 

5.2. Immunohistochemistry preparation 332 

 333 

5.2.1. Immerse the brain slices attached to the membrane insert surface in 10% formalin 334 

overnight at 4 °C.  335 

 336 

5.2.2. Send the slices to the pathology department for the following: embedding, processing, 337 

blocking, H&E, Ki-67, gamma-H2AX, CC3, GFAP, GFP, DAPI staining.  338 

 339 

6. Irradiation of tumor in ex vivo brain slices 340 

 341 

6.1. Irradiate the tumor with 6 Gy (310 kVp x-rays).  342 

 343 

NOTE: The units entered to get the total dose of 6 Gy are 3522 units after considering R units 344 

(measured using Victoreen electrometer) and corrections for the thimble, air density, and cGy/R 345 

as previously described18. The exposure time is 130.9 s.  346 

 347 

6.2. Use 0.25 mm Cu +1 mm Al added filtration, 50 cm SSD, 125 cGy per min.  348 

 349 



6.3. Perform dosimetry by an in-the-beam ionization chamber calibrated against a primary 350 

standard.  351 

 352 

6.4. Make corrections daily for humidity, temperature, and barometric pressure.  353 

 354 

REPRESENTATIVE RESULTS: 355 

MDA-MB-231BR-GFP-Luciferase cells were intracranially injected into the right hemisphere of 4–356 

6 week old Nu/Nu mice as explained above (Figure 1A) and were allowed to grow for 12–14 days, 357 

during which time tumor growth was monitored by bioluminescence imaging (Figure 1B). We 358 

injected 100,000 cancer cells intracranially as reported by other groups19, but it’s possible to 359 

inject as low as 20,000 cell20. Following brain slice generation (Figure 1C), as described above, 360 

slices were imaged on the IVIS to determine tumor presence via bioluminescent imaging after 24 361 

h incubation. This is considered as day 0. Tumor growth was monitored by quantifying 362 

bioluminescent signaling every 48 h, which indicated progressive growth over 6 days (Figure 1D).  363 

The H&E staining and GFP-positive fluorescence confirm the presence of a tumor in the brain 364 

slice (Figure 1D). We were also able to detect staining of reactive astrocytes, visualized by staining 365 

for Glial Fibrillary Acidic Protein (GFAP)-positive cells, visible between the cluster of cancer cells 366 

(GFP-positive) (Figure 1D) similar to what is seen in vivo21. Unlike models that inoculate cancer 367 

cells ex vivo into a mouse brain slice (refs), this model contains reactive astrocytes which is an 368 

important aspect of the BCBM tumor microenvironment.  We also detect increased Ki-67 staining 369 

confirming cancer cells are highly proliferative (Figure 1D). Thus, tumor cells within the brain 370 

parenchyma can survive and proliferate within a brain slice ex vivo for a number of days and also 371 

contain tumor-associated stroma.  372 

 373 

Irradiation (IR) is one of the first lines of treatment for patients that present with brain 374 

metastases in the clinic. To understand how the ex vivo slice model would respond to such 375 

treatment, brain slices containing MDA-MB-231-BR-GFP Luciferase tumors were exposed to 6Gy 376 

irradiation. Tumors in brain slices that were not exposed to irradiation continued growing ex vivo, 377 

while tumors exposed to irradiation showed a stalled growth (Figure 2A). Brain slices containing 378 

MDA-MB-231Br-GFP-Luciferase tumors were also monitored via live imaging for 48 h after day 4 379 

to visualize tumor growth in the brain microenvironment following IR treatment (Figure 2B). 380 

Consistent with bioluminescent imaging, control cancer cells are seen rapidly growing as GFP 381 

intensity increases and a number of cells are seen invading the brain parenchyma (Video 1). In 382 

contrast, cancer cells in brain slices treated with 6Gy IR are cytostatic, and GFP intensity is 383 

maintained (Video 2). H&E staining confirms smaller tumors in IR-treated cells (Figure 2C). We 384 

also detected large multinucleated cancer cells and an increase in staining of DNA damage 385 

marker g-H2AX in IR treated cancer cells (Figure 2C). No increase in apoptosis in IR treated slices 386 

was detected, suggesting that IR may reduce proliferation (Figure 2C). Nevertheless, an increase 387 

in staining in reactive astrocytes was detected, visualized by staining for GFAP-positive cells, 388 

which are visible around the cluster of cancer cells (GFP-positive) treated by IR (Figure 2C). This 389 

suggests that this ex vivo model may also be useful in understanding how some tumor-stroma 390 

components respond to treatments. Additionally, we did not detect any apoptosis caused by IR 391 

treatment of tumor-free brain mouse slices (Figure 2D).  392 

 393 



We also tested whether MDA-MB-231-BR preformed tumors in brain slices would respond to 394 

chemotherapy. The brain slices containing MDA-MB-231-BR tumors were treated to different 395 

concentrations of paclitaxel (Figure 3A), a chemotherapeutic drug used in breast cancer 396 

patients22. Treatment decreased the tumor’s size as quantified by bioluminescent signaling, but 397 

this inhibition was only significant following day 10 of treatment (Figure 3A). This may be due to 398 

a heterogeneous response to paclitaxel ex vivo. For example, in the 40 nM treated well, one slice 399 

containing a tumor (top) is reduced while the tumor (bottom) in the same well seems to be 400 

growing. Also, some of the smaller tumors seemed to be more sensitive to paclitaxel and 401 

exhibited reduced bioluminescence, while the larger tumors seemed refractory (Figure 3A, 80 402 

nM treatment). Consistent with reduced tumor size, an increase in apoptosis was detected in 403 

paclitaxel-treated tumor cells compared to controls (Figure 3B). Importantly, using a viability MTS 404 

assay as adapted from Mews et al. to incorporate the use of triton23, we tested that inhibitor 405 

treatment did not alter brain tissue viability (in the absence of tumor) (Figure 3C). Consistent 406 

with this result, we did not detect and increase apoptosis as measured by cleaved caspase 3 407 

staining in paclitaxel-treated tumor-free mouse brain slice (Figure 3D). These data suggest that 408 

this model may be helpful in understanding the chemotherapeutic response and resistance of 409 

BCBM within a brain microenvironment. Due to the nature of the model, an ex vivo setting that 410 

conserves the brain-tumor properties and interaction, its essentiality stands in providing primary 411 

evidence of the response of BCBM to chemotherapeutic reagents and thus eliminate drugs that 412 

do not shrink the tumor in this model from future in vivo trials, which are still essential in 413 

validating the effect of drugs that provide positive results in this model, the systemic response in 414 

the organism, and the ability to cross the blood-brain barrier.   415 

 416 

FIGURE AND TABLE LEGENDS: 417 

Figure 1. Intracranial injection, brain slice generation, and BCBM growth ex vivo. (A) Schematic 418 

representation of mouse during intracranial injection under a stereotactic instrument. (B) 419 

Representative images of bioluminescent detection of tumors from 4–6 weeks old Nu/Nu mice 420 

injected with 5 x 105 MDA-MB-231BR-GFP-Luciferase cells 12 days post-injection. (C) Schematic 421 

representation of the generation of ex vivo mouse brain slices from (B). (D) Representative 422 

images depicting tumor growth in organotypic brain slices derived from mice intracranially 423 

injected with MDA-MB-231BR-GFP-Luciferase cells detected via bioluminescence over 6 days. 424 

H&E & Ki-67, GFP (tumor cells) GFAP (reactive astrocytes) DAPI (nucleus) staining of a 425 

representative brain slice with tumor (image magnification 20x, scale bar: 200 μm).  426 

Quantification of tumor growth represents bioluminescence signal relative to day 0 (n = 3). 427 

Student’s t-test reported as mean ± SEM, * p < 0.05.  428 

 429 

Figure 2. Treatment of BCBM organotypic brain slices with radiation. (A) Representative images 430 

depicting tumor growth in organotypic brain slices derived from mice intracranially injected with 431 

MDA-MB-231BR-GFP-Luciferase cells detected via bioluminescence. Tumors are exposed to no 432 

irradiation or 6 Gy irradiation (one dose) and allowed to grow for the indicated days. 433 

Quantification of tumor growth at indicated day (control. n = 3; 6Gy, n=3). Student’s t-test 434 

reported as mean ± SEM. * p < 0.05. (B) Brain slices were imaged for 48 h every 15 min. 435 

Representative images of videos of non-irradiated and irradiated samples indicate tumor growth. 436 

(C) Slices, as treated in (A), were fixed and assayed for H&E, g-H2AX, DAPI, cleaved-Caspase-3 437 



(CC3), and GFP staining (image magnification 20x, scale bar: 200 μm). (D) Tumor-free mouse brain 438 

slices were treated as in (A) and were fixed and assayed for CC3 and DAPI (image magnification 439 

20x, scale bar: 200 μm). 440 

 441 

Figure 3. Treatment of BCBM organotypic brain slices with paclitaxel. (A) Brain slices derived 442 

from mice intracranially injected with MDA-MB-231BR-GFP-Luciferase cells treated with DMSO 443 

or following treatment of paclitaxel at 40 nM, 80 nM, 160 nM and 320 nM for 10 days, 444 

replenishing the medium every 48 h and allowed to grow for the indicated days (image 445 

magnification 20x, scale bar: 200 μm). Quantification of tumor growth at indicated day (control 446 

n = 6, Paclitaxel n = 3) (bottom). Student’s t-test reported as mean ± SEM. * p < 0.05.(B) Ex vivo 447 

brain slice as treated in (A) with either DMSO or 320 nM paclitaxel were collected, fixed, and 448 

assayed for GFP, CC3, and DAPI (image magnification 20x, scale bar: 200 μm). (C) Ex vivo brain 449 

slice as treated in (A) (without tumor) with either DMSO or 320 nM paclitaxel were collected at 450 

day 10 and analyzed for cell viability (MTS assay). As a positive control, slices were treated with 451 

paraformaldehyde (PFA) that renders the brain slices inviable (n = 3) Student’s t-test reported as 452 

mean ± SEM. * p < 0.05. (D) Ex vivo brain slice as treated in (A) (without tumor) with either DMSO 453 

or 320 nM paclitaxel were collected, fixed, and assayed for CC3 and DAPI (image magnification 454 

20x, scale bar: 200 μm). 455 

 456 

Video 1. Live imaging of BCBM organotypic brain slices.  Brain slices derived from mice 457 

intracranially injected with MDA-MB-231BR-GFP-Luciferase cells were allowed to grow for 4 days 458 

and then placed under a live image microscope for 48 h where images were taken every 15 min 459 

and combined to create a video using ImageJ.  460 

 461 

Video 2. Live imaging of irradiated BCBM organotypic brain slices. Brain slices derived from mice 462 

intracranially injected with MDA-MB-231BR-GFP-Luciferase cells were irradiated the day after 463 

slices were generated and 4 days later were imaged every 15 min for 48 h.   464 

 465 

DISCUSSION: 466 

This study establishes a novel ex vivo brain culture method for explanted xenograft brain tumors. 467 

We show that BCBM cells MDA-MB-231BR cells intracranially injected in the brain of mice can 468 

survive and grow in ex vivo brain slices. The study also tested intracranially injected U87MG 469 

glioblastoma (GBM) cells and also found that these cancer cells survive and grow in brain slices 470 

(data not shown). We believe this model can be expanded beyond BCBM and GBM to other 471 

cancers that readily metastasize to the brain, including lung cancer and melanoma. Intracranial 472 

injections of breast cancer brain trophic cells were chosen since it is a simple and fast method to 473 

generate brain tumors and is regarded as a suitable model for brain macrometastases24. 474 

However, similar tumor slice models can be developed from either intracardiac inoculation or 475 

orthotopic injections into primary fat pads.  Optimization of the culture conditions by growing 476 

adult brain slices in serum-free medium and supplying fresh medium every 48 h provided better 477 

preservation of the tissue viability and survival and growth of tumors. The 0.4 µm inserts utilized 478 

under hyperoxic conditions of the incubator serve as structural support for the ex vivo brain slices 479 

and also provide a connection to the artificial supply of nutrients and oxygen to the tissue and 480 

tumor cells in the absence of blood supply which seems to be adequate for maintaining tissue 481 



viability for at least ten days in culture. The live imaging represents tumor growth as a function 482 

of GFP signal increase. However, the software has a threshold of maximal GFP luminosity that 483 

saturates the signal and does not allow for proper identification of single-cell motility in the brain 484 

microenvironment. Future modification of the microscopic-software signal detection will 485 

ameliorate the ability to accurately report the temporal increase in GFP signal as a function of 486 

tumor growth.  487 

 488 

This model also allows for the monitoring of tumor growth and viability through 489 

immunohistochemical staining. Importantly, this model will allow for rapid testing of the efficacy 490 

of radiation sensitivity with or without small molecule inhibitors of tumors grown in the brain 491 

microenvironment. We show that this model is amenable to both treatments with radiation and 492 

chemotherapeutics. In addition, this system may be utilized for omics studies such as proteomics, 493 

metabolomics, and genomics to further understand cancer growth and response to treatments 494 

within the brain microenvironment. Furthermore, testing the potential relapse of tumors upon 495 

removing inhibitors after a shorter exposure would allow further understanding of 496 

chemoresistant pathways unique to cancer cells within the brain microenvironment.  497 

 498 

In summary, we have developed a novel ex vivo brain slice of xenograft tumor tissue culturing 499 

that will monitor tumor growth and interaction with the brain tumor microenvironment and for 500 

rapid screening of therapeutic agents to block tumor growth in the brain.  501 
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Dear Dr. Krishnan:  

 

We have addressed all issues raised by editor and three reviewers in our JoVE submitted 

manuscript (JoVE62617) entitled: “An ex vivo brain slice model to study and target breast 

cancer brain metastatic tumor growth”.   

 

In addition, we provide detailed point-by-point response to each of the reviewers’ issues.  In the 

uploaded revised manuscript, we have incorporated all editorial comments. We have tracked all 

changes made to manuscript. We sincerely appreciate the thoughtful and constructive review of 

our manuscript and feel that the revisions in the resubmission have improved the manuscript 
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Point-by-point Response: 

 

Editorial comments: 
1. Please note that the article has been formatted to fit the journal standard. Some 
comments to be addressed are included in the manuscript itself. Please review and 
revise accordingly. 

We have addressed the in-text comments.  
2. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", 
"our" etc.). 

We have removed personal pronouns.  
3. 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. 

We have highlighted the protocol sections (in yellow) that should be visualized.   
4. Line 385-386: Please check if the defined scale bar and magnification apply to the 
images of panel 3A (Bioluminescence images). If so, please include scale bars in all the 
images of the panel. Please do the same for images 1 and 2. 

The defined scale bar refers to Fig. 3B and 3D. Bioluminescence images are 
taken with IVIS and there is no scale bar or magnification provided. However, we have 
added in revised manuscript in 3.4 the height between the camera and stage. 
5. Figure 1: Please label the figure to make it more informative (1A and 1 C). 

In revised manuscript, we have added more information to describe Fig. 1A & 
1C. 
6. Figure 3: Please include a single space between the numeral and the unit in the 
quantification data (Relative BL signal graph) (e.g., PTX 40 nM, PTX 80 nM, PTX 160 
nM, PTX 320 nM). 

We have fixed this figure in revised manuscript. 
 
 
____________________________________ 
Reviewers' comments: 
Reviewer #1: 
The authors carefully revised the manuscript in response to my comments. The addition 
of GFAP, cleaved C3 and GFP staining is helpful at supporting the model. In their 
response to my comment #3, authors agreed that they did not investigate invasion and 
then removed their previous conclusion in result section. To remain consistent I think 
authors should not claim in their introduction their model allows for the analysis of 
invasion: "This novel ex vivo model allows for the analysis of BCBM cell's growth and 
invasion within the brain parenchyma" (l-91, p4). I would like to suggest the authors to 
emphasize in their conclusion the fact that to test therapeutic agents their model lacks 
the ability to recapitulate the critical role of the brain-blood barrier in controlling the 
ability of the molecules to penetrate CNS tumor. 

We have removed “invasion” in introduction. We agree with reviewer and have 
added new line highlighting importance of validating drugs in vivo to test ability of drugs 
to cross brain-blood barrier. 
 
Reviewer #3: 
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Major Concerns: 
Introduction 
While the brain slice model may be more relevant than others mentioned in some 
respects, it still does not produce a completely accurate mimic of phenotypic complexity 
or heterogeneity in brain mets. To me the introduction slightly overstates things. I think 
some targeted rewording to moderate the first paragraph would set the scene more 
appropriately: 
 
"Breast cancer brain metastases (BCBM) develop when cells spread from the primary 
breast tumor to the brain. Breast cancer is the second most frequent cause of brain 
metastasis after lung cancer, with metastases occurring in 10-16% of patients. 
Unfortunately, brain metastases remain incurable. More than 80% of patients die within 
a year of diagnosis and quality of life is impaired due to neurological dysfunction. There 
is an urgent need to identify more effective treatment options. Monolayer two-
dimensional or three-dimensional culture models are most commonly used for testing 
new therapeutics in the laboratory. However, they do not mimic the complex BCBM 
microenvironment, which is known to be a major driver of tumor phenotype and growth. 
To more faithfully recapitulate tumor-stromal interactions and microenvironment 
heterogeneity, we and others have begun to generate organotypic brain metastasis 
"slice" cultures with patient-derived tumor cells (primary or metastatic) or cancer cell 
lines. Compared to classical in vitro systems, this short-term ex vivo model may provide 
more relevant conditions for screening new therapeutics prior to preclinical assessment 
in large animal cohorts." 

We have added some of the suggested sentence and removed two sentences 
that overstates model. 
 
Protocol 
This section needs one final review for jargon terms and abbreviations, and ensure they 
are spelled out (e.g., 'hood', 'ROI'). 

We have explained the abbreviated terms.  
Please also check this section for instructions/details that are not necessarily relevant if 
the user has slightly different instrumentation. For example, line 138: "…stage level D"; 
line 209: "set the stage to location A" - these instructions are meaningless to a user with 
a different imaging system. 

We have modified these sections to a more generic instruction.   
Finally, it would be helpful to the reader if there was a bit more of the authors' 
experience and perspective embedded. For example, the note under step 2 which tells 
the reader how many slices to expect per brain is good. It would be great to see an 
indication of which steps are flexible (host animals, cell number and volume injected), 
which parts are time sensitive, and short statements telling the reader what to expect at 
critical milestones: short-, medium- and longer-term recovery times, the general attrition 
rate from the procedure (due to shock, stroke etc). And other practical tips the authors 
think would help new users adopt this procedure in their laboratories. 

We have included some additional tips throughout the protocol section.  
 
Results 
RE Figure 1C and the previous reviewer's comment: there are mouse brain thumbnail 
images available on BioRender. I agree it would be better to substitute the human brain 
image for one of these. 
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In revised manuscript, we now include an image of a mouse brain (instead of 
human) in Figure 1C.  
 
Discussion 
I liked the discussion section. 
Something that occurred to me from the outset of reading this paper is whether normal 
mouse brain slices could simply be inoculated with the same cell lines in the dish - have 
the authors any experience with this? Is there any evidence that after placing the slices 
into artificial culture conditions, the in vivo selection of injected cells makes any 
difference to simply overlaying normal slices with the same starting material? I think this 
question would occur to other readers as well. The authors may like to address this. 

We do not have any experience inoculating cancer cells into a mouse brain slice. 
However, there are a number of publications that have used this inoculating technique 
to examine how cancer cells invade into brain parenchyma. As far as we could tell, 
none of these studies have examined (or reported) that under these conditions they 
detect changes in the tumor microenvironment such as activated astrocytes. Thus, it’s 
not clear these models change the microenvironment like we detect using this ex vivo 
model (see GFAP staining in Fig. 1D, 2C). In revised manuscript, we have highlighted 
this point when describing GFAP staining in Fig. 1D. 

 
Minor Concerns: 
Line 46-7: Needs rewording 

In revised manuscript, we have reworded this sentence.  
Line 121 and 123: Jargon that needs defining. 

In revised manuscript, we have clarified this jargon.  
Line 126: We routinely inject just 2uL, and as few as 20,000 cells if slower outgrowth is 
preferred. Clearly this part is variable so a range should be indicated and referenced. 

- In revised manuscript, we now include that between 100,000 and 20,000 cancer 
cells can be intracranially injected and added appropriate references.  
Line 129-130: Need to impress upon the reader why slow injection is so important. 

In revised manuscript, we have clarified this point.  
Line 150: Some guidance for the user would be very useful. For example, "After 
approximately 14 days, the health of the host will begin to deteriorate, hence animal 
health monitoring should be increased to once daily after the 10 day timepoint, and any 
mice displaying signs of pain and/or discomfort euthanised according to institutionally 
approved ethics guidelines"… ?? 

In revised manuscript, we have added this suggestion.  
Line 169": "…including the basement" - unclear. 

In revised manuscript, we have clarified the sentence.  
Section 2.7: How should the user handle 'mushrooming' tumours, where cells are drawn 
into the needle track and grow over the brain surface. Or instances where cells grow 
inside the ventricles. Are these considered to be useful for microenvironment 
modelling? Or should the user expect to find some of these and possibly discard them if 
they create too much variability in the brain slice cohort? I feel that this should be 
mentioned. 

Tumor cells can grow outside of the intended site for different aspects of the 
technique that may be executed imperfectly. However, when the brain is prepared for 
slicing, the region where the injection was performed is targeted by cutting out the rest 
of the brain tissue as explained in protocol. Any tumor that grows over the brain surface 
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is excluded from the brain slice. In revised manuscript, we mention this point in Section 
2.7.  
 
Reviewer #4: 
Manuscript summary: 
In the manuscript entitled "An ex vivo brain slice model to study and target breast 
cancer brain metastatic tumor growth", the authors presents an ex vivo slice model that 
could be a useful technic for rapid testing of different therapeutic agents alone or in 
combination for the identification of drugs personalized to target an individual patient's 
with breast cancer brain metastasis. 
The manuscript is very well written, and each section is defined excellently. But there 
are some points that need explanation: 
1. Author needs to explain the number of mice used for the experiment, there survival 
rate and in how many mice tumor was developed? 

In Section 2 we mention that from one mouse can generate 30-40 slices 
containing tumor cells. Tumor develops in 100% mice inoculated with tumor cells. 
Survival rate is outside the scope of this manuscript, as the mice are used within 14 
days of inoculation. However, as mentioned in the manuscript, mice health deteriorates 
quickly and typically die at or around day 21. 
2. In the section 2 generate brain slices, line 121 the figure number is wrong. 

In revised manuscript, we refer to Figure 1C in Section 2. 
3. During the brain sectioning author remove the different brain part and only selected 
the tumor for the sectioning. Need to explain? 

When preparing the brain for slicing, extra tissue of the brain where the tumor is 
unlikely to have grown is being removed prior to slicing, to allow generation of mostly 
GFP+ (tumor containing) slices and create a shape of the brain that is stable on the 
surface of the instrument and will not be perturbed by the vibrations caused by the 
slicing. We have added this clarification to section 2.3. 
4. In figure 3 Paclitaxel dose is 40nM, 80nM and so on but in the result section author 
mention as 4nM and 8nM. Need to explain. 

The Figure 3 doses are correct. We have corrected the text in Results section.  
5. Is the effect of Paclitaxel on tumor growth is significant? 

Yes, Figure 3A graph shows that that there is significant effect of Paclitaxel on 
tumor growth at Day 10. This is mentioned in Results section. 
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