Journal of Visualized Experiments
Modeling brain metastases through intracranial injection and magnetic resonance

Article Type:
Manuscript Number:

Full Title:

Keywords:

Corresponding Author:

Corresponding Author's Institution:
Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

Please indicate whether this article will be
Standard Access or Open Access.

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

imagin
--Manuscript Draft--
Invited Methods Collection - JoVE Produced Video
JOVEG1272R1

Modeling brain metastases through intracranial injection and magnetic resonance
imaging

Intracranial injection; Brain Metastasis; magnetic resonance imaging; image analysis;
stereotactic

Gina M Sizemore, PhD
Ohio State University
Columbus, Ohio UNITED STATES

Ohio State University
gina.sizemore@osumc.edu
Jennifer A Geisler
Jonathan M Spehar

Sarah A Steck

Anna Bratasz

Reena Shakya

Kimerly Powell

Gina M Sizemore, PhD

Response

Standard Access (US$2,400)

Columbus, Ohio, USA

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;61272_R1.docx %

1  TITLE:
2 Modeling Brain Metastases Through Intracranial Injection and Magnetic Resonance Imaging
3
4  AUTHORS & AFFILIATIONS:
5 Jennifer A. Geislert?3, Jonathan M. Spehar®?, Sarah A. Steck?, Anna Bratasz'#, Reena Shakya?,
6  Kimerly Powell*#, Gina M. Sizemore!?
7
8 1The Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio, USA
9 2Department of Radiation Oncology, The Ohio State University, Columbus, Ohio, USA
10 3Department of Veterinary Biosciences, The Ohio State University, Columbus, Ohio, USA
11  “Davis Heart & Lung Research Institute, The Ohio State University, Columbus, Ohio, USA
12
13 Jennifer Geisler(Jennifer.geisler@osumc.edu)
14  Jonathan Spehar (jonathan.spehar@osumc.edu)
15  Sarah Steck (sarah.steck@osumc.edu)
16  Anna Bratasz (anna.bratasz.osumc.edu)
17  Reena Shakya (reena.shakya@osumc.edu)
18  Kimerly Powell (Kimerly.powell@osumc.edu)
19
20 CORRESPONDING AUTHOR:
21  Gina Sizemore (gina.sizemore@osumc.edu)
22
23 KEYWORDS:
24 Intracranial injection, cancer, brain metastasis, magnetic resonance imaging, image analysis,
25  stereotactic
26
27 SUMMARY:
28 Intracranial brain metastasis modeling is complicated by an inability to monitor tumor size and
29 response to treatment with precise and timely methods. The presented methodology couples
30 intracranial tumor injection with magnetic resonance imaging analysis, which when combined,
31 cultivates precise and consistent injections, enhanced animal monitoring, and accurate tumor
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33
34  ABSTRACT:
35 Metastatic spread of cancer is an unfortunate consequence of disease progression, aggressive
36  cancer subtypes, and/or late diagnosis. Brain metastases are particularly devastating, difficult to
37  treat, and confer a poor prognosis. While the precise incidence of brain metastases in the United
38 States remains hard to estimate, it is likely to increase as extracranial therapies continue to
39 become more efficacious in treating cancer. Thus, it is necessary to identify and develop novel
40 therapeutic approaches to treat metastasis at this site. To this end, intracranial injection of cancer
41  cells has become a well-established method in which to model brain metastasis. Previously, the
42  inability to directly measure tumor growth has been a technical hindrance to this model;
43  however, increasing availability and quality of small animal imaging modalities, such as magnetic
44  resonance imaging (MRI), are vastly improving the ability to monitor tumor growth over time and
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infer changes within the brain during the experimental period. Herein, intracranial injection of
murine mammary tumor cells into immunocompetent mice followed by MRI is demonstrated.
The presented injection approach utilizes isoflurane anesthesia and a stereotactic setup with a
digitally controlled, automated drill and needle injection to enhance precision, and reduce
technical error. MRI is measured over time using a 9.4 Tesla instrument in The Ohio State
University James Comprehensive Cancer Center Small Animal Imaging Shared Resource. Tumor
volume measurements are demonstrated at each time point through use of Imagel. Overall, this
intracranial injection approach allows for precise injection, day-to-day monitoring, and accurate
tumor volume measurements, which combined greatly enhance the utility of this model system
to test novel hypotheses on the drivers of brain metastases.

INTRODUCTION:

Brain metastases are 10 times more common than adult primary central nervous system tumors?,
and have been reported in almost every solid tumor type with lung cancer, breast cancer, and
melanoma exhibiting the highest incidence?. Regardless of the primary tumor site, the
development of brain metastasis leads to a poor prognosis often associated with cognitive
decline, persistent headaches, seizures, behavioral and/or personality changes'3>. In terms of
breast cancer, there have been many advances in the prevention and treatment of the disease.
However, 30% of women diagnosed with breast cancer will go on to develop metastases, and of
those with stage IV disease, approximately 7% (SEER 2010-2013) have brain metastasis®’. Current
treatment options for brain metastasis involve surgical resection, stereotactic radiosurgery
and/or whole brain radiotherapy. Yet, even with this aggressive therapy, the median survival for
these patients is a short 8-11 months’. These grim statistics strongly support the need for the
identification and implementation of novel, effective therapeutic strategies. Thus, as with all
cancers that metastasize to the brain, it is essential to properly model breast cancer associated
brain metastasis (BCBM) in the laboratory to ensure significant advancements in the field.

To date, researchers have utilized a variety of methodologies to study mechanisms of metastasis
to the brain, each with distinct advantages and limitations!%!!, Experimental metastasis methods
such as tail vein and intracardiac injection spread tumor cells throughout the body and can result
in immense tumor burden at other metastatic sites depending on the cells injected. These results
are then confounding if specifically studying metastasis to the brain. The intracarotid artery
injection method is advantageous as it specifically targets brain-seeding of tumor cells but is
limited as it can be technically difficult to perform. Orthotopic primary tumor resection is often
considered the most clinically relevant model of metastasis as it recapitulates the entire
metastatic cascade. Yet, this approach involves prolonged wait periods for spontaneous
metastasis to occur with dramatically lower rates of brain metastasis compared to the other
metastatic sites such as the lymph node, the lung and the liver. Often, animals must be removed
from studies due to tumor burden at these other metastatic sites prior to the development of
brain metastasis. Other methods involving brain tropic cell lines are effective at metastasizing to
the brain; however, these models are limited in that they take time to develop and often lose
their tropism with propagation. Given these limitations, researchers have routinely used the
intracranial injection method to model cancer metastasis to the brain’!* with varying
methodologies®°. It is acknowledged that this approach similarly has limitations, most
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importantly in that it does not allow for investigation of early metastatic steps including
intravasation out of the primary tumor, penetrance through the blood brain barrier, and
establishment within the brain. However, it does allow for researchers to test (1) what tumor
derived factors mediate growth within the brain (e.g., genetic manipulation of an oncogenic
factor in tumor cells), (2) how changes in the metastatic microenvironment alter cancer growth
at this site (e.g., comparison between transgenic mice with altered stromal components) and (3)
effectiveness of novel therapeutic strategies on growth of established lesions.

Given the potential utility of the intracranial injection model, it is absolutely necessary to reduce
technical error during injection and to precisely monitor tumor growth over time. The method
described herein involves continuous dosing of inhaled gas anesthesia, and direct implantation
of tumor cells into the brain parenchyma using a stereotactic drill and injection stand.
Administering gas anesthetic allows for fine tuning the depth and length of anesthesia as well as
ensuring a quick and smooth recovery. A digitally controlled, automated drill and needle injection
system enhances injection-site precision and reduces technical error often incurred by drilling
and free-hand injection methods. The use of magnetic resonance imaging (MRI) further increases
precision in monitoring tumor growth, tumor volume, tissue response, tumor necrosis, and
response to treatment. MRI is the imaging modality of choice for soft tissues?%?. This imaging
technique does not use ionizing radiation and is preferred over Computed Tomography (CT),
especially for multiple imaging sessions during the course of a study. MRI has much greater range
of available soft tissue contrast then CT or ultrasound imaging (USG) and presents anatomy in
greater detail. It is more sensitive and specific for abnormalities within the brain itself. MRI can
be performed in any imaging plane without having to physically move the subject as is the case
in 2D USG or 2D optical imaging. It is important to mention that the skull does not attenuate the
MRI signal as in other imaging modalities. MRI allows the evaluation of structures that may be
obscured by artifacts from bone in CT or USG. An additional advantage is that there are many
contrast agents available for MRI, which enhances the lesion detection limit, with relatively low
toxicity or side effects. Importantly, MRI allows monitoring in real-time unlike histological
evaluation at the time of necropsy, which is limited in deciphering tumor volume. Other imaging
modalities, such as bioluminescent imaging, are indeed effective for early tumor detection and
monitoring over time; however, this method requires genetic manipulation (e.g., luciferase/GFP
tagging) of cell lines and does not allow for volumetric measurements. MRI is further
advantageous as it mirrors patient monitoring and downstream volumetric analysis of the MR
images is known to be strongly correlated to histologic tumor size at necropsy?2. Serial monitoring
with MRI screening also increases the clinical monitoring of neurologic impairments, should they
arise.

Overall, the presented method of stereotactic intracranial tumor injection followed by serial MRI
enables us to produce reliable, predictable, and measurable results to study mechanisms of brain
metastasis in cancer.

PROTOCOL:

All methods described herein have been approved by the Institutional Animal Care and Use
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Committee (IACUC) at The Ohio State University (P.l. Gina Sizemore; Protocol #2007A0120). All
rodent survival surgery IACUC policies are followed, including use of sterile techniques, supplies,
instruments, as well as fur removal and sterile preparation of the incision site.

1. Intracranial injection of breast cancer cells

NOTE: The method described herein utilized the DB7 murine mammary tumor cell line derived
from a primary MMTV-PyMT tumor?3, Previous studies have established intracranial injection of
DB7 cells as a model of BCBM with histology that mimics that of the human disease!?.
Importantly, immune-competent FVB/N mice are used for this model as DB7 cells were derived
from this mouse strain. As this is a breast cancer model, adult female mice are used for these
studies.

1.1.  Prepare cells.

1.1.1. In a sterile hood, aspirate media from cell culture plates using standard techniques.

1.1.2. Wash cells with 1x DPBS and trypsinize using manufacturer’s protocol.

1.1.3. Add an appropriate volume of FBS-containing media to stop the trypsin reaction and
determine the concentration of cells using a hemocytometer or preferred method.

1.1.4. Pellet cells at 300 x g for 4 min at 4 °C.
1.1.5. Aspirate media, wash with 1x DPBS, re-spin at 300 x g for 4 min at 4 °C.

1.1.6. Resuspend cells in 1x DPBS to an appropriate concentration, approximately 50,000 cells
per injectable volume of 2 L.

NOTE: Cell number is dependent on the aggressiveness of the line and needs to be determined
by the investigator. We routinely use 2 pL, but use of volumes <6 L is reported*>°. Low volumes
are crucial to maintain precision.

1.1.7. Place resuspended cells on ice until injected to maintain viability.

1.2.  Prepare mice for surgery.

1.2.1 For mice with fur: remove fur from the cranium, either by depilatory cream/lotion or by
shaving. Do this within 24-48 h prior to surgery as performing this step too close to surgery can

interfere with skin quality and suture strength.

NOTE: Female FVB/N mice weighing approximately 25 g were used due to the study of metastatic
breast cancer, a predominantly female disease.
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1.2.2 Administer analgesics as determined by the IACUC and attending veterinarian: a
subcutaneous injection of Buprenorphine SR-LAB (0.05-0.1 mg/kg dose, Buprenorphine stock: 0.5
mg/mL for a dosage of 0.0025-0.088 mL) at least 24 h prior to surgery to provide up to 72 h
analgesia, which may be repeated 48-72 h after the first dose, if needed. Also administer NSAIDs
(20% ibuprofen in drinking water e.g., 1 mg/5 mL) at least 24-48 h before surgery and continue
for 2-7 days after surgery to provide a minimum 72 h post-operative analgesia.

NOTE: At The Ohio State University, Buprenorphine SR-LAB is administered by the University Lab
Animal Resources Veterinary staff as it is a controlled substance.

1.3.  Prepare stereotactic units for surgery.
1.3.1. Turn on all anesthesia machines, digital Vernier scales, and digital injectors.
NOTE: All surgical tools should be adequately cleaned and sterilized prior to surgery.

1.3.2. Utilize anesthetic machines with an induction chamber attachment in a biological safety
cabinet (Figure 1A).

1.3.3. Ensure all tubes from anesthesia machines are connected to the stereotactic frames
(Figure 1B, inset IC) and clamps on the tubes are open for all units being used. Close any clamps
on tubes going to stereotactic frames that will not be used for surgery.

1.3.4. Set anesthesia machines to manufacturer recommended nose cone flow rate based on
the mouse weight (e.g., 25 g animal weight: nose cone flow rate 34 mL/min).

NOTE: The head holder included in this stereotactic set up is recommended only for adult mice.
Ensure that the manufacturer recommendations included with the stereotactic set up are

followed.

1.3.5. Ensure thatthe appropriate anesthetic (e.g., isoflurane) prefilled in the syringe is attached
to the anesthesia machine (Figure 1B).

NOTE: Over-priming the syringe can cause too much anesthesia to be delivered to the mice during
surgery and result in an anesthetic overdose.

1.3.6. Prepare the drills by twisting the stage lock, inserting a drill bit adaptor and a 1 mm drill
bit into each drill and lock the drill by manually tightening the bit-lock.

1.3.7. Attach drills onto the stereotactic frames (Figure 1C).

1.3.8. Clean Hamilton syringes with 5 alternating washes of 1x DPBS, then 70% ethanol, then
once again in 1x DPBS. Place aside until animal is prepped for injection.
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1.3.9. Set digital injector to deliver at a rate of 0.4 uL/min and a target of 2 pL. This rate and
volume allow for slow introduction of tumor cells into the brain, which reduces pressure and
associated damage.

1.4.  Place mice on stereotactic frames.
1.4.1. Anesthetize mice (e.g., isoflurane) using the aforementioned induction chamber.

1.4.2. Maintain mice throughout the procedure at a deep anesthetic plane. The % anesthesia
administered by the machine depends on a number of factors including: flow rate, degree of
stimulation, and body temperature. Monitor the mice frequently throughout the procedure for
depth of anesthesia by evaluating for rhythmic respirations (animal is not gasping); lack of
palpebral reflex (fluttering of the eyelids when stimulated with a cotton tip applicator); and lack
of toe pinch (withdrawal of limb upon the noxious stimulus of pinching the toes).

NOTE: Different strains of mice will have a different response to anesthesia.

1.4.3. After mice are at an appropriate, deep anesthetic plane, transfer the mice to the
stereotactic unit. Use a heating pad while the mouse is on the stereotactic machine to maintain
body temperature and an appropriate anesthetic plane.

NOTE: To achieve low profile we use air-activated hand warmers placed within an inverted
pipette tip box (mouse elevating box in Figure 1D).

1.4.4. Open the mouse’s mouth and place teeth in the trough of the mouth bar located on the
nose piece on the stereotactic frame (Figure 2A). Slide the nose cone over the mouse’s
nose/mouth (Figure 2B).

1.4.4.1. Place mice with their heads level to the mouth bar. Gently open the mouth with
the blunt end of a cotton tip applicator and slide into place. Ensure the nose cone is fully over the
mouse’s nose or anesthesia will not be delivered properly. The nose cone will not engage with
the nose if the teeth are not seated within this groove (Insert Figure 2A).

1.4.5. Using a sterile cotton swab, place eye lubricant on each of the mouse’s eyes. Application
of eye lubricant mitigates drying of the cornea and reduces the chance of corneal damage and
postoperative complications related to corneal trauma.

1.4.6. Stabilize the mouse’s skull by depressing the left ear bar up against the medial canthus of
the left ear, locking it in place using the screw on the stereotactic frame. Then slide the right ear
bar against the medial canthus of the right ear and screw tight on the stereotactic frame (Figure
2B).

NOTE: Make sure the mouse’s head is level and straight when placing ear bars. If the head is
crooked or angled, the injection will be in the incorrect place in the brain. The ear bars should be
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tightened ONLY until the skull is immobilized upon stimulation with moderate manual probing.
1.5. Make a calvarial window.

1.5.1. Prepare and clean the scalp with 3x alternating passes each of a betadine solution and
70% ethanol. Due to the close proximity of the surgical site to the eyes, use the betadine solution
over the surgical scrub.

1.5.2. Using a sterile scalpel, make a 3 mm incision through the skin along the central median
aspect of the cranium (following the sagittal suture line). Bleeding at the incision should be
minimal. Should it occur, apply consistent, firm pressure at the site of bleeding with a sterile
cotton tip applicator for >30 seconds.

1.5.3. Identify and orient the drill perpendicular to the bregma (Figure 2C), making sure to reset
the digital Vernier scale to zero.

1.5.4. Move the drill 2 mm lateral to the sagittal suture and 1 mm anterior to the coronal suture
(Figure 2C). For reproducibility, ensure the location to the left or right of the sagittal suture line
remains consistent for all animals.

1.5.5. Turn the drill onto its highest speed. Ensure skin is moved away from drill to avoid tissue
damage caused by the rotating bit and carefully initiate the drill onto the skull. Drill a hole roughly
0.5 mm deep through the calvaria, resulting in the calvarial window. Be careful not to lower the
drill too far or it will drill into the brain. Dropping sterile saline at the drill site while the drill is in
motion can offset any heat generated by the machine that may cause thermal damage to the
surrounding tissue.

1.5.6. Once the calvarial window is made, carefully raise the drill and remove it from the
stereotactic frame.

1.5.7. Clean the drill bits using 70% ethanol and set aside if being used again. If not, remove drill
bits and submerge in 70% ethanol.

1.6. Injecting breast cancer cells into the brain

1.6.1. Attach the automatic injector unit to the stereotactic apparatus (Figure 1D).

1.6.2. Pull up >2 pL of cells thoroughly resuspended in 1x DPBS in a clean Hamilton syringe. Be
sure to resuspend cells immediately prior to filling the syringe to reduce clump formation and
ensure a homogenous cell slurry. It is ideal to pull up 6-8uL of cell volume to ensure there are no

air pockets/bubbles.

1.6.3. Place the Hamilton syringe onto the injector apparatus, and prime the needle for injection
by dispensing a small amount of volume onto a disposable sterile drape to ensure the injector is
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working properly. Wipe the syringe with 70% ethanol with a cotton tip applicator (Figure ID,
inset). This removes tumor cells from the outer barrel of the needle shaft reducing the risk of
tumor cell seeding along the injection tract.

1.6.4. Align the needle tip to the center of the calvarial window, nearly touching the exposed
cerebrum.

1.6.5. Reset the digital Vernier scale to zero.

1.6.6. Slowly insert the needle to a depth of 3 mm into the brain and allow the needle to remain
in the brain for at least 60 seconds before proceeding. This time frame allows the brain
parenchyma to conform around the needle, which reduces back pressure and potential expulsion
of tumor cells along the needle tract.

1.6.7. Select Run on the injector screen to begin the delivery of cells to the injection site. It will
take approximately 5 min to inject this volume. The prolonged time for this step is to reduce
secondary damage caused by injection force on the brain parenchyma.

1.6.8. Once the injection protocol is finished, allow the needle to rest in the brain for at least 3
min, again allowing the brain parenchyma to acclimate to the injection.

1.6.9. After at least 3 min, raise the needle from the brain at a rate of 0.75 mm/min. Do this at
an extremely slow and consistent manner to reduce back pressure and tumor tracking up the
needle tract.

1.6.10. Once needle has exited the brain, carefully remove Hamilton syringe from injector and
clean as described in step 1.2.8.

1.6.11. Apply warm bone wax to the calvarial window using a sterile cotton swab. The bone wax
acts as a physical barrier to keep the tumor within the skull.

1.6.12. Close the incision (e.g., 5-0 PDS dissolvable sutures in a simple interrupted pattern OR
suture clips, whichever is most comfortable for the surgeon).

1.6.13. Stop the administration of anesthesia and remove the mouse from the apparatus by
unlocking and sliding out the ear bars, sliding the nose cone off the mouse, and disengaging the
teeth out of the mouth bar.

1.6.14. Place the mouse in a clean cage that is on a warmer set to 37 °C for recovery. Monitor
mice during recovery, which typically occurs 10-15 minutes after anesthesia has been
discontinued.

1.6.15. After the mouse is recovered, monitor for early removal criteria as determined by the
host institution’s IACUC.
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2. Magnetic resonance imaging

2.1.1. Administer Gadolinium-based contrast agent (100 uL/20 g body weight mouse of 0.1 M
MultiHance) to mice by standard intraperitoneal injection?* 10-20 minutes prior to imaging. Then
anesthetize using an induction chamber with an inhaled anesthetic (e.g., isoflurane) mixed with
95% 0 and 5% CO; (i.e., supplied room air gas).

2.1.2. Place mouse on a heated holder to maintain body temperature. Secure the head with ear
prongs and a bite bar, and place holder in the 9.4 T magnet equipped with a mouse brain surface
coil. Maintain anesthesia during imaging time, a study typically takes about 20 min per mouse.
Monitor respiratory rate and heart rate (~70 bpm) throughout the procedure using a pneumatic
pillow and small animal monitoring system.

2.1.3. Obtain a localizer image, and then image the mouse brain using a T2-weighted RARE
sequence (TR = 3500-4228 ms, TE=12 ms, RARE Factor = 8, FOV=2.0 x 2.0 cm, matrix size = 256 x
256, 1 mm or 0.5 mm slice thickness, NA=2-4, 15-30 contiguous slices) and post Gadolinium-
based contrast T1-weighted RARE sequence (TR = 1200 ms, TE=7.5 ms, RARE Factor =4, FOV=2.0
x 2.0 cm, matrix size = 256 x 256, 1 mm or 0.5 mm slice thickness, NA=2-4, 15-30 contiguous
slices).

2.1.4. Post-imaging, place mouse in a cage on a warmer set to 37 °C for recovery.
3. Volumetric tumor measurements
3.1. Obtaining total tumor volume

3.1.1. Open MRI DICOM data file in Imagel, an image processing software available as a free
download through the National Institutes of Health (https://imagej.nih.gov/ij/)%.

NOTE: Imagel allows viewing of DICOM files, which is required to utilize the embedded pixel
dimensions for tumor volume calculations (see Image, Properties where “unit of length” can be
set as desired (e.g., mm)).

3.1.2. Use the Freehand Selections tool to draw an outline around the tumor. Perform these
selections in a dark room to enhance visibility. Do not adjust brightness/contrast to maintain
consistency between sessions.

3.1.3. Under the Analyze tab, select Measure to obtain the area of the selected region. If unit
of millimeters was chosen in step 3.1.1., area will be given in cubic millimeters. If desired, embed
the Freehand Selection by selecting ctrl+D. Change the output color by going to Edit | Options |
Color. Convert the image to an RGB image (Image | Type | RGB color) prior to saving as a .tif file.

3.1.4. Proceed with measuring all tumor-containing slices for an individual mouse and copy
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values into an appropriate data analysis software program (e.g., Microsoft Excel or GraphPad
Prism).

3.1.5. Sumthe areas from each slice to get total tumor volume. Be sure to correct the area based
on slice thickness (area/thickness).

3.1.6. Complete steps 3.1.1.-3.1.5. until all mice have a total tumor volume. Given the
somewhat subjective nature of outlining the tumors, it is ideal if the same methodology is
repeated multiple times and averaged to reduce technical error.

3.1.7. To set scale bars, open DICOM data file and go to Analyze | Tools | Scale Bar. Since the
dimensions are already embedded in the DICOM file, just pick the desired length/width. Covert
to an RGB image (Image | Type | RGB color) prior to saving as a .tif file.

REPRESENTATIVE RESULTS:

Figure 3 overviews the tumor volume quantification for a single mouse at two time points (day 7
and day 10) post-injection of murine mammary tumor cells. For this experiment, 50,000 DB7 cells
were injected, and the animal’s brain was evaluated by MRI. For each scan, 30 slices (0.5 mm
thickness) were captured. Evaluation of the 30 slices per scan revealed that at day 7 post-
injection, 5 slices exhibited tumor burden (Figure 3A) and at day 10 post-injection, 9 slices
exhibited tumor burden (Figure 3B). Each image was evaluated for tumor area as described and
the area for each frame is depicted in Figure 3C. The total tumor volume is determined and
adjusted for slice thickness. Figure 4 depicts the representative data in publication format
including representative images (Figure 4A) and a histogram of tumor volume over time (Figure
4B).

FIGURE AND TABLE LEGENDS:

Figure 1: Stereotactic and anesthesia systems. (A) Anesthesia induction chamber setup within a
biological safety cabinet. (B) Stereotactic anesthetic delivery setup highlighting anesthesia tubing
from the anesthetic machine to the nose cone on the stereotactic apparatus (see insert in (C)).
Green arrows indicate delivered anesthetic gas tubing, and blue arrows indicate scavenged gas
tubing. (C) Stereotactic stand with drill attachment. Insert shows anesthetic tubing (green and
blue arrows), mouth bar, and ear bars. (D) Stereotactic stand with automated syringe pump and
mouse elevating box. The box is an inverted pipette tip box containing hand warmers used to
elevate the mouse to the appropriate height and maintain body temperature. Insert shows the
orientation of the Hamilton syringe in the automated injection apparatus.

Figure 2: Pictorial representation of the tooth placement on a stereotactic device, location of
ear bars, and calvarial window relative to Bregma. (A) The pictorial of the maxillary incisors in
the tooth notch on the nose cone. (B) The location of the left and right ear bars within the medial
canthus of the respective ears. The star indicates the engaged nose cone. (C) An arrow indicates
the bregma and a red dot indicates the location where the calvarial window should be made (2
mm lateral to the sagittal suture and 1 mm anterior to the coronal suture).
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Figure 3: Example of tumor volume quantification for a single mouse over two time points post-
injection. Images of the slices containing tumor at (A) day 7 and (B) day 10 post-injection. Yellow
denotes tumor area quantified in Imagel. (C) Slice area and total volumetric quantification as
determined in Imagel (*=correction for slice thickness (0.5 mm)).

Figure 4: Representative tumor volume quantification in publication format. (A) Representative
images with scale bars (=2 mm). (B) Histogram depicting tumor volume (mm?3) for the two time
points. Fold change is noted.

DISCUSSION:

The utilization of intracranial injection followed by serial monitoring with MRI provides the
unique ability to visualize tumor growth with tumor volume accuracy over time. The application
of digital imaging analysis allows for interpretation of brain lesions for tumor volume,
hemorrhage, necrosis, and response to treatment.

As with any procedure, there are key steps that must be followed for success. First, careful setup
of the stereotactic devices is imperative to the success of this technique. Due to the small size of
the murine cranium, slight incongruencies can result in dramatically different effects on tumor
growth rate and take in experimental animals. As such, proper training on the use of these
instruments is necessary. Second, a heating source throughout the procedure ensures the
anesthetic plane does not drop too low. Low body temperatures place the animals at risk of
suddenly dying under anesthesia due to decreased drug metabolism and inadvertent overdose
of anesthesia and/or can prolong recovery times. The prefabricated heating pads can be bulky
and difficult to maneuver around on the stereotactic machine, but small, air-activated hand
warmers purchased through any commercial vendor maintain temperature and are small enough
to be placed within the inverted pipette tip box used to elevate the mice to the appropriate level
for the stereotactic setup. Lastly, quantification is straightforward, but often determining what is
tumor versus what is not tumor can be challenging. It is recommended that investigators consult
with imaging staff to ensure accurate assessment. It is also helpful to repeat tumor volume
measurements multiple times to reduce error. As well, each study should be analyzed by the
same person for all images.

The presented protocol can be modified depending on user preferences. First, the use of
injectable anesthesia (e.g., ketamine/xylazine) is common and can certainly be utilized in lieu of
an inhaled anesthesia (e.g., isoflurane) depending on investigator preference. However, it is
important to consider the advantages of an inhaled anesthesia: (1) not a controlled substance,
(2) level of anesthesia can be adjusted over time (compared to an upfront dose of ketamine
determined by animal weight), and (3) recovery is relatively quick compared to
ketamine/xylazine. Second, the use of the automatic drill provides a high level of accuracy but
adds time to the procedure given the time needed to set up and tear down the unit. It is certainly
reasonable to use a free handing technique if desired.

This protocol utilizes both a stereotactic setup as well as the use of MR, both are associated with
increased cost. Alternative methods for intracranial injection have been described previously'*
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19, Some of these methods also employ the use of bioluminescent imaging to monitor tumor
growth throughout the study if preferred.

As mentioned above, it is important to determine proper cell number for injection depending on
the model system being studied. Injection of murine cells into an immunocompetent host tends
to require fewer cells than injection of human cells into an immunodeficient host. Post-injection
tumor burden monitoring by MRI helps determine whether the number of cells injected is
appropriate as it is possible to see when tumors reach a certain volume and at what point mice
start reaching early removal criteria.

The utility and broad application of MRI for noninvasive monitoring has been used by others in
small animal research studies?®. While MRI provides several advantages as already discussed,
there are indeed limitations worth mentioning. First, use of the machine is dependent on core
service personnel and machine availability. Second, use can be costly. If these are concerns, the
use of bioluminescent imaging is a valid alternative for tumor monitoring”%°. Third, contrast
between tumor and the surrounding tissue (i.e., brain) can vary among different cell lines;
however, this methodology offers the greatest chance of identifying tumor in vivo in the absence
of cell labeling. Lastly, MRI is limited in its resolution, which can skew tumor volume data to
where it seems as if there is exponential growth when in fact the growth is linear. There is also a
maximum tumor volume that can be obtained through MR imaging, but this is less of a concern
because it is unlikely a mouse could survive a tumor at the upper end. The tumor detection limit
depends on the type and location of the tumor in the brain, whether there is blood brain barrier
leakage, and whether the tumor is well circumscribed or is infiltrating into the surrounding tissue.
It is also dependent upon whether it is a contrast enhancing tumor and what type of the MR
imaging protocol is used. In our experience, with an in-plane voxel size of 78x78 um and a 0.5
mm slice thickness, we can observe a 0.5 mm diameter tumor routinely with a minimum limit
around 0.3 mm.

Regarding intracranial injection, there are several limitations to consider. First, intracranial
injections do not mirror the metastatic cascade in that they completely bypass the development
of metastatic properties within the primary tumor, intravasation into the bloodstream, and
penetration through the blood brain barrier!l. Second, by directly injecting into the brain this
method induces inflammation, which may confound findings associated with
neuroinflammation. Lastly, direct injection at this site can result in rapid growth over a short
period of time. It is crucial to monitor mice for neurological symptoms including hind limb
paralysis, lethargy, and ataxia.

All considered, injection directly into the brain allows for monitoring of tumor take rate, which
can inform the researcher about growth specifically within this metastatic site as well as
interaction with the brain metastatic microenvironment. Furthermore, monitoring of tumor
burden over time allows the investigator to directly compare altered tumor phenotypes, altered
microenvironment phenotypes and response to experimental therapeutic strategies. Given the
relatively low incidence of both spontaneous and experimental brain metastasis in mouse
models, the intracranial technique is indeed a valuable tool.
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Cancer metastasis to the brain is a catastrophic diagnosis with poor response to current
treatment strategies®'%?’. While breast cancer is the predominant cause of brain metastasis in
women and the focus herein, lung cancer is the most common cause of brain metastasis in all
cancer patients?. Further, brain metastases have been reported in patients diagnosed with an
array of solid tumor types, and it is expected that incidence will continue to increase as therapies
continue to improve to treat extracranial disease. Thus, while the focus of this proposal is on
BCBM, intracranial cancer injection and MRI analysis is applicable to studying brain metastases
of other solid tumor types as well as primary brain tumors. Utilizing the intracranial injection
model of brain metastasis enables researchers to recapitulate disease in large cohorts of animals
to test a variety of research questions in hopes to better patient care. By coupling this model with
high resolution digital images obtained by MR, it is possible to monitor tumor volume at multiple
time points as well as tumor response to therapy.
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Comments/Description

Povidone-iodine, 7.5%

Sterile and malleable beeswax and isopropyl palmitate

Long acting injectable analgesic 5 mL (0.5 mg/mL) polymetric formulation
Sterile long stemmed cotton tip applicators

Lubricating petrolatum and mineral oil based ophthalmic ointment
Air-activated heat packs

100mg per 5mL in liquid suspension

Liquid anesthetic for use in anesthetic vaporizer

#10 disposable scalpel blade

Skin safe wounds adhesive

Individually packed sterile drapes

45cm swedged 5-0 monofilament polypropylene suture

Max of 38,000 RPM

Mouth bar with teeth hole and nosecone

Ear bars suitable for mouse applications

Base plate, frame and linear scale assembly with digital readout monitor

26 gauge needle, 51 mm needle length and 10 uL volume syringe
Programmable touch screen base with automated injector

Digital anesthesia machine
Includes induction chamber, 2x anesthesia syringes, 18" tubing, plastic nosecone, 2x waste aneshesia ga:
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Vineeta Bajaj, Ph.D.
Review Editor
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Dear Dr. Bajaj,

We are incredibly grateful to you and the reviewers for your careful consideration of our manuscript by
Geisler et al. entitled “Modeling brain metastasis through intracranial injection and magnetic resonance
imaging”. This manuscript was submitted for your consideration as an original methods article for
publication in the Journal of Visualized Experiments methods collection “Modeling solid tumor metastasis
in vivo”. While the reviewers had favorable comments, they did make several suggestions for revision,
which we have addressed as detailed below. Changes to the manuscript are denoted through red text for
easy visualization.

Reviewer #1:

The protocol provided here can be used for all tumor models that metastasize to the brain (eg.
melanoma and lung). Why only limit to the text to breast cancer since similar clinical outcomes are
observed across multiple tumor types that metastasize to the brain? In this case the authors could also
provide references describing the intracranial approach for different cell tumor models.

Thank you for this comment. We agree there is wide applicability to this method and have altered our
title, abstract and introduction appropriately with additional references.

Could the authors briefly describe and/or add references describing the advantages of using MRI over
other modalities?

We have added text in the introduction regarding the advantages of MRI. We have also expanded the
limitation section of the discussion regarding use of MRI.

What is the smallest detectable tumor size by MRI? A small discussion about the imaging resolution
would be helpful.

We are able to observe a 0.5 mm diameter tumor routinely with a minimum limit around 0.3 mm. This is
now discussed (page 12).

The protocol described highly depends on a specific set of equipment. Would be informative to provide
additional references of complementary "hands-on" intracranial injection methods.

Discussion of complementary methodology has now been added (page 12).

Furthermore, MRI may be cost prohibitive to some researchers. The authors should suggest alternative
imaging/monitoring methods.

We agree this method could be cost prohibitive, and under “Limitations” we provide alternative methods,
including bioluminescent imaging (page 12).
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Figure 1 is underwhelming. Please add details about injection references (e.g. vessels) and stereotactic
coordinates in the schematic. Also include a schematic about head/teeth placement on the mouse bar
together with the body placement.

Thank you for pointing this out. We agree that Figure 1 required extensive labeling to be informational,
and have modified appropriately. We hope the reviewer agrees that having a visual reference of this
complex equipment is useful. To address the reviewers concern regarding injection references, injection
coordinates and head/teeth/body placement, we have greatly modified Figure 2. Figure 2A now details
tooth placement in the mouse bar. Figure 2B now details head placement. Figure 2C (original Figure 2)
now includes additional labeling, including injection references (Bregma) and stereotactic coordinates.

It is important to have intermittent breaks during drilling to avoid over-heating the tissue. Recommended -
to have sterile saline solution for regular rinsing. How should one handle bleeding when it occurs?

We completely agree with the reviewers the amount of heat created by the drill can cause thermal injury
to the surrounding tissues (e.g. thermal necrosis). We apologize for not pointing this out. We have now
added a statement to reflect that dropping sterile saline at the site of drilling can be used to negate this
effect (Step 1.5.5). We have also added a note on how to handle bleeding if it occurs (Step 1.5.2).

In step 1.6.2, it is recommended to always re-suspend/mix cells before putting into syringe to avoid
clump formation. The cell number injected will be consistent when regularly refreshing cell slurry in the
injection syringe.

We thank the reviewer for this point. We have amended the protocol accordingly (Step 1.6.2).

What is the rationale behind the times proposed for the cell injection steps?

The prolonged times during the injection procedure are important to reduce pressure changes in the
brain and the unintended seeding of cells along the needle tract. We have added this rationale to the
protocol (Steps 1.6.6, 1.6.7, 1.6.8, 1.6.9).

Sections 3.2 and 3.3 are not very informative. Could the authors use this space to discuss missing points
such as tumor growth dynamics with resolution of MRI, about maximum tumor volume size, common
neurological symptoms from this injection site, statistical considerations (power, tumor collection....)

We thank the reviewer for this suggestion and have removed sections 3.2 and 3.3. Text regarding tumor
growth dynamics, max tumor volume and common neurological symptoms have been added to the
discussion on page 12. We have chosen not to add in statistical considerations as this will be very
specific to individual experimental paradigms.

Minor Concerns:

In the intro, the authors mention that only the intracranial inoculation model specifically forms brain
metastasis. However, the intracarotid method does also provide cells exclusively to the brain.
Furthermore, brain-tropic cell lines can be injected intracardiacally.

Thank you for catching our missed discussion of these two points. We have added text commenting on
the intracarotid method and the brain tropic lines in the introduction.

It is recommended to add a PBS wash/spin step after 1.1.4
Thank you. This has been added as Step 1.1.5

In 1.1.5, what would be an acceptable range of injectable volume (1 up to 5uL)?



We have clarified this step (now 1.1.6) to reflect an appropriate range of volume.
All injection and surgical tools must be autoclaved

We have amended step 1.3.1 to reflect that all tools should be cleaned and sterilized prior to the
procedure.

Step 1.5.1 is not necessary

We respectfully disagree. Post-surgical infection is a complication that through this important step is
easily avoided.

Reviewer #2:

Line 61-62 | do not agree that tail vein and intracardiac injections are easier to perform technically. In my
experience these methods often lead to tumour burden at other metastatic sites due to the
characteristics of the cell line injected more than the actual technique.

Thank you for pointing this out. We have altered the text appropriately (now lines 77-82).

Line 72 Don't other injection methods that use brain trophic cell lines also allow for the study of these
points? Is it possible that a limitation could arise from surgical intervention when monitoring the
mechanisms within the brain?

Yes, we agree. Other injection methods using brain tropic cells similarly can address research points 1-3
in the intro (now lines 95-99). To clarify, we have added discussion regarding the limitation of brain tropic
cells (lines 88-90) as well as how inflammation resulting from the intracranial injection itself can be
problematic (lines 518-525).

Line 166 How is this anesthetic plane confirmed at this step? What is the appropriate anesthetic plane?
Thank you. We have updated 1.4.2 to include anesthetic monitoring criteria.

Line 190 Might be useful to have a figure demonstrating the mouse skull stabilization in their contraption.
It seems to be an important step to ensure correct placement of the injection and to avoid skull
movement and damage to the brain.

Thank you for this comment. We have modified Figure 2 to demonstrate skull stabilization utilizing ear
bars as well as the utilization of the mouth bar for nose-cone anesthetic administration.

Line 271 Where should the intraperitoneal injection be? Is there an ideal area on the mouse to avoid
hitting other organs or a particular side of the mouse that should be used?

The injection is standard. We have included a reference to a JoVE article that demonstrates this
procedure in step 2.1.1.

Line 319 It is also important that the same window/leveling be used between each contouring session
and between users. How is this achieved with Imaged?

We absolutely agree that image windowing should remain consistent between imaging sessions. The
MRI settings embedded in the DICOM file are maintained in ImagedJ and are not adjusted. We have
added a note in the text (step 3.1.2) to make sure brightness/contrast is not altered in ImageJ so to
maintain consistency between sessions.

Line 328 Is it useful to also know the total brain volume to accurately assess the tumour burden? Are
they averaging the total volume of all tumours or the total volume of each tumour?



We calculate the tumor volume for each animal then average the groups. We do not quantify total brain
volume as a comparison measure; however, this could be accomplished using the same measurement
technique if desired.

Figure 1 Is it possible to upload a higher quality image so when zoomed it is still clear?
We have submitted a higher quality image so that the resolution is acceptable with digital zoom.

Once again, we are thankful for the opportunity to include our work at JoVE. We look forward to continue
working with you and the journal staff.

Sincerely,

Gind M. Sizemore, Ph.D.

Assistant Professor

Department of Radiation Oncology

The James Comprehensive Cancer Center
The Ohio State University



