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30 SUMMARY:
31 Here, we present a protocol for the surgical implantation of a permanently indwelling optical
32  window for the murine thorax, which enables high-resolution, intravital imaging of the lung. The
33  permanence of the window makes it well-suited to the study of dynamic cellular processes in the
34  lung, especially those that are slowly evolving, such as metastatic progression of disseminated
35  tumor cells.
36
37  ABSTRACT:
38  Metastasis, accounting for ~90% of cancer-related mortality, involves the systemic spread of
39  cancer cells from primary tumors to secondary sites such as the bone, brain, and lung. Although
40 extensively studied, the mechanistic details of this process remain poorly understood. While
41 common imaging modalities, including computed tomography (CT), positron emission
42  tomography (PET), and magnetic resonance imaging (MRI), offer varying degrees of gross
43  visualization, each lacks the temporal and spatial resolution necessary to detect the dynamics of
44  individual tumor cells. To address this, numerous techniques have been described for intravital
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imaging of common metastatic sites. Of these sites, the lung has proven especially challenging to
access for intravital imaging owing to its delicacy and critical role in sustaining life. Although
several approaches have previously been described for single-cell intravital imaging of the intact
lung, all involve highly invasive and terminal procedures, limiting the maximum possible imaging
duration to 6—12 h. Described here is an improved technique for the permanent implantation of
a minimally invasive thoracic optical Window for High-Resolution Imaging of the Lung (WHRIL).
Combined with an adapted approach to microcartography, the innovative optical window
facilitates serial intravital imaging of the intact lung at single-cell resolution across multiple
imaging sessions and spanning multiple weeks. Given the unprecedented duration of time over
which imaging data can be gathered, the WHRIL can facilitate the accelerated discovery of the
dynamic mechanisms underlying metastatic progression and numerous additional biologic
processes within the lung.

INTRODUCTION:

Responsible for ~90% of deaths, metastasis is the major cause of cancer-related mortality®.
Among the major sites of clinically observed metastasis (bone, liver, lung, brain)?, the lung has
proven particularly challenging for in vivo imaging via intravital microscopy. This is because the
lung is a delicate organ in perpetual motion. The lungs’ continuous motion, further compounded
by intrathoracic cardiac motion, represents a substantial barrier to accurate imaging. Therefore,
due to its relative inaccessibility to modalities for high-resolution intravital optical imaging,
cancer growth within the lung has often been deemed an occult process?.

In the clinical setting, imaging technologies such as computed tomography (CT), positron
emission tomography (PET), and magnetic resonance imaging (MRI) enable visualization deep
within intact vital organs such as the lung®*. However, while these modalities provide for excellent
views of the gross organ (often even revealing pathology prior to the onset of clinical symptoms),
they are of inadequate resolution to detect individual disseminated tumor cells as they advance
through the early stages of metastasis. Consequently, by the time the aforementioned modalities
provide any indication of metastasis to the lung, metastatic foci are already well established and
proliferating. Since the tumor microenvironment plays a pivotal role in cancer progression and
metastasis formation>?®, there is great interest in investigating the earliest steps of metastatic
seeding in vivo. This interest is further fueled by the increased appreciation that cancer cells
disseminate even before the primary tumor is detected’”® and the increasing evidence that they
survive as single cells and in a dormant state for years to decades before outgrowth into macro-
metastasis®.

Previously, imaging of the lung at single-cell resolution has necessarily involved ex vivo or explant
preparations'®3, limiting analyses to single time points. While these preparations do provide
useful information, they do not provide any insight into the dynamics of tumor cells within the
organ connected to an intact circulatory system.

Recent technological advancements in imaging have enabled intravital visualization of the intact
lung at single-cell resolution over periods of up to 12 h'#6, This was accomplished in a murine
model using a protocol that involved mechanical ventilation, resection of the ribcage, and
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vacuume-assisted lung immobilization. However, despite offering the first single cell-resolution
images of the physiologically intact lung, the technique is highly invasive and terminal, thereby
precluding further imaging sessions beyond the index procedure. This limitation, therefore,
prevents its application to the study of metastatic steps that take longer than 12 h, such as
dormancy and re-initiation of growth!4*, Further still, patterns of cellular behavior observed
using this imaging approach must be cautiously interpreted, given that vacuum-induced pressure
differentials are likely to cause diversions in blood flow.

To overcome these limitations, a minimally invasive Window for High-Resolution Imaging of the
Lung (WHRIL) was recently developed, facilitating serial imaging over an extended period of days
to weeks, without the need for mechanical ventilation!’. The technique entails the creation of a
‘transparent ribcage’ with a sealed thoracic cavity for the preservation of normal lung function.
The procedure is well-tolerated, permitting the mouse to recover without meaningful alteration
to baseline activity and function. To reliably localize exactly the same lung region at each
respective imaging session, a technique known as microcartography was applied to this
window!8. Through this window, it was possible to capture images of cells as they arrive at the
vascular bed of the lung, cross the endothelium, undergo cell division, and grow into micro-
metastases.

Here, the study presents a detailed description of an improved surgical protocol for implantation
of the WHRIL, which simplifies the surgery while simultaneously increasing its reproducibility and
quality. While this protocol was designed to enable investigation of the dynamic processes
underlying metastasis, the technique may be alternatively applied to investigations of numerous
processes of lung biology and pathology.

PROTOCOL:

All procedures described in this protocol have been performed in accordance with guidelines and
regulations for the use of vertebrate animals, including prior approval by the Albert Einstein
College of Medicine Institutional Animal Care and Use Committee.

1. Passivation of windows

1.1. Rinse the optical window frames (Supplemental Figure 2) with a 1% (w/v) solution of
enzymatically-active detergent.

1.2. Inside a glass jar, submerge the optical window frames in 5% (w/v) sodium hydroxide
solution for 30 min at 70 °C.

1.3. Remove and wash the window frames with deionized water.

1.4. Inside a new glass jar, submerge the optical window frames in 7% (w/v) citric acid solution
for 10 min at 55 °C.
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1.5.  Again, remove and wash the window frames with deionized water.

1.6. Repeat step 1.2; then, remove and wash window frames with deionized water.

2. Preparation for surgery

2.1.  Conduct the surgery in a hood or laminar flow cabinet. To avoid contamination of the
operative field, ensure distinct, separated areas for preparation, surgery, and recovery,

respectively.

2.2. In advance of the surgery, sterilize all surgical instruments in an autoclave. If subsequent
procedures are planned, re-sterilize instruments using a hot bead sterilizer.

2.3.  Power on the heated surgical bead and bead sterilizer.

2.4.  Anesthetize the mouse with 5% isoflurane in the anesthesia chamber.

2.5. To remove hair, generously apply depilatory cream to the upper-left chest incision site.
After no longer than 20 s, firmly wipe away hair and depilatory cream using moistened tissue

paper. Repeat as necessary to remove all hair from the surgical site.

2.6. Using 2-0silk suture, tie a knot at the base of a 22 G catheter, leaving 2-inch long tails (see
Figure 1A).

3. Lung window surgery
3.1. Wash hands using antiseptic soap.
3.2.  Prior to each new surgery, don new sterile gloves.

3.3. To prevent corneal drying and damage to the mouse’s eyes, apply ophthalmic ointment
to both eyes.

3.4. Dilute 10 pL (0.1 mg/kg) of buprenorphine in 90 uL of sterile PBS, and then inject
subcutaneously to ensure preoperative analgesia.

3.5. Intubate the mouse with the silk suture-tied 22 G catheter®>. Using an inflation bulb,
confirm successful intubation by noting bilateral chest rise upon bulb squeeze.

3.6. Secure the intubation catheter by tying the 2-0 silk suture around the mouse’s snout (see
Figure 1B).

3.7. Place the mouse onto the heated surgical stand and position it in the right lateral
decubitus to expose the left thorax.
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3.8. Connect ventilator to the intubation catheter.

3.9. Ensure controlled, stable ventilation on the ventilator and then lower the isofluorane to
3%. At the procedure’s onset and periodically throughout the duration of the procedure, assess
the adequacy of anesthesia by performing a toe pinch test.

3.10. Using paper tape, cranially and caudally secure the front and hind limbs, respectively, to
the heated surgical stage. Place another piece of tape along the length of the mouse’s back to
maximize exposure to the surgical field (see Figure 1C).

3.11. Open all surgical instruments underneath the hood for the preservation of sterility.

3.12. Sterilize the surgical site by a generous application of antiseptic to the mouse’s skin.

3.13. Using forceps, lift the skin and make an ~10 mm circular incision, ~7 mm to the left of the
sternum and ~7 mm superior to the subcostal margin (Figure 1D).

3.14. Carefully identify any major vessels. If the division of vessels is necessary, cauterize at
both ends with the electrocautery pen to maintain hemostasis.

3.15. Excise the soft tissue overlying the ribs.

3.16. Elevate the 6™ or 7t rib using forceps. Using a single blade of the blunt micro-dissecting
scissors, the rounded side towards the lung, carefully pierce the intercostal muscle between the
6™ and 7t ribs to enter the intrathoracic space (Figure 1E).

3.17. Delicately discharge compressed air canister at the defect to collapse the lung and
separate it from the chest wall. Fire the compressed air in short bursts to prevent iatrogenic lung

injury.

3.18. Place the biopsy punch over the cutting tool (Supplementary Figure 1) and carefully
maneuver the cutting tool’s base through the intercostal incision (Figure 1F).

3.19. Orient the base of the cutting tool such that it is parallel with the chest wall. Punch a 5
mm circular hole through the rib cage (Figure 1G).

NOTE: Ensure that the exposed lung tissue is pink, without signs of damage.

3.20. Using the 5-0 silk suture, create a purse-string stitch ~1 mm from the hole,
circumferentially, interlacing with the ribs (Figure 1H).

3.21. Position the window frame such that the edges of the circular defect align within the
window’s groove (see Figure 1l).
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3.22. Securely lock the implanted window by tightly tying down the 5-0 silk suture.
3.23. Using the 1 mL syringe, draw up ~100 pL of cyanoacrylate gel adhesive.

3.24. Dry the lung by applying a steady gentle stream of compressed air for ~10-20 s (Figure
1)).

3.25. Using forceps to grip the window frame by its outside edge, gently lift to ensure
separation of the lung from the undersurface of the window frame.

3.26. Dispense a thin layer of cyanoacrylate adhesive along the undersurface of the optical
window frame (Figure 1K).

3.27. Increase the positive end-expiratory pressure (PEEP) on the ventilator to inflate the lung.

3.28. Holding for 10-20 s, apply gentle but firm pressure to attach the optical window frame
onto the lung tissue (Figure 1L).

3.29. Dispense a 5 mm drop of the remaining cyanoacrylate gel adhesive onto a rectangular
coverslip.

3.30. Pick up the 5 mm coverslip using vacuum pickups. Dip the undersurface of the coverslip
into the adhesive, and then scrape off excess adhesive three times against the side of the
rectangular coverslip, such that only a very thin layer remains (Figure 1M).

3.31. Carefully position the coverslip to fit inside the recess at the center of the optical window
frame and is held above the lung tissue at an angle. Briefly clamp the ventilator to generate
positive pressure, hyper-inflating the lung. Using a rotating motion, orient the coverslip parallel
to the lung tissue to create direct apposition between the lung’s surface and the undersurface of
the coverslip. Maintain gentle pressure, allowing the cyanoacrylate adhesive to set (~25 s).

3.32. Use the forceps to separate the coverslip from the vacuum pickups (Figure 1N).
3.33. Using 5-0silk suture, again create a purse-string stitch, this time <1 mm circumferentially
from the cut-edge of the skin incision. Tuck any excess skin underneath the outer rim of the

window frame before tying it down tightly with locking knots.

3.34. To ensure an air-tight seal between the coverslip and the window frame, dispense a small
amount of liquid cyanoacrylate at the metal-glass interface (see Figure 10).

3.35. Attach a sterile needle to a 1 mL insulin syringe. Insert the needle below the xiphoid
process, advancing toward the left shoulder, entering the thoracic cavity through the diaphragm.
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Gently draw back on the syringe to remove any residual air from the thoracic cavity (see Figure
1P).

3.36. Remove the tape from the mouse.

3.37. Turn off isoflurane.

3.38. Continue ventilation with 100% oxygen until the mouse appears ready to awaken.
3.39. Carefully cut the 2-0 silk suture around the mouse’s snout and extubate the mouse.

3.40. Transfer the mouse to a clean cage and monitor until fully recovered. Euthanize the
mouse if signs of difficulty in breathing are present.

3.41. Provide postoperative analgesia by subcutaneously injecting 10 pL (0.1 mg/kg) of
buprenorphine diluted in 90 uL of sterile phosphate buffered solution (PBS).

REPRESENTATIVE RESULTS:

The steps of the surgical procedure described in this protocol are summarized and illustrated in
Figure 1. Briefly prior to surgery, mice are anesthetized and the hair over the left thorax is
removed. Mice are intubated and mechanically ventilated to enable survival upon breachment
of the thoracic cavity. Soft tissue overlying the ribs is excised, and a small circular defect is
created, spanning the 6" and 7" ribs. The optical window frame is inserted into the defect and
its bottom side (outside of the clear aperture) is adhered to the lung tissue. The window frame is
then secured with a combination of sutures and adhesive, resealing the thoracic cavity and
permitting the resumption of normal breathing following extubation. When successfully
implanted, the lung will adhere to the optical window (which is incorporated as part of the chest
wall), with intrathoracic pressure gradients preserved. This permits comfortable survival of the
mouse, enabling daily imaging up to the protocol allowance (2 weeks). Intravital imaging can then
be performed through the window, as previously described for other windows>*>:2°,

For visualization of various cell types, biological structures, or cellular functional states, the
procedure presented here can be performed on a wide range of mice that have either been
genetically manipulated to express fluorescent proteins?! or injected with dyes?2. The permanent
nature of the window makes it compatible with techniques for relocalization of fields of view
such as photoconversion?>?* or microcartography'”*®. Microcartography is a triangulation
technique based upon using computed transformations of coordinates of fixed fiducial marks
between imaging sessions in order to predict and re-localize a region of interest. In the window
created as described above, these fiducial marks are light scratches etched into the window
frame (Supplemental Figure 2) that are easily identifiable under the microscope. This makes it
possible to find the same field of view multiple times, even in otherwise unmarked tissue. Figure
2 demonstrates the result of these techniques in a mouse where the lung vasculature has been
labeled by injection of a dye-labeled high molecular weight dextran (tetramethylrhodamine 155
kD dextran) and the same micro-vasculature re-localized over 3 days.
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This dextran was found to be extremely useful in evaluating transient vascular openings that are
induced during periods of tumor cell intravasation?>~?’. Indeed, it has been shown that, in primary
breast tumors, this high molecular weight dextran is otherwise effectively sequestered to the
vasculature and does not leak into the interstitium?°. This is in contrast to dextrans of lower
molecular weight (such as 10 kD or 70 kD), which have been shown to leak from neoangiogenic
vessels passively?®?°. Meanwhile, the healthy lung vasculature has been observed to be more
resistant to leakage, with dextrans >10 kD only escaping to the interstitium upon insult to the
organ, such as upon exposure to exosomes3° or viruses3!. A variety of contrast agents also exist
to measure other parameters in the lung (e.g., nuclear markers, live/dead indicators, oxidative
stress reporters, blood flow velocity trackers) in addition to vascular permeability. An excellent
resource cataloging them can be found in the protocol by Ueki et al.?2,

The WHRIL is a technique that is very well-suited to investigating the dynamics of blood flow in
the lung. This can be accomplished in several ways. First, when imaged using relatively slow frame
rates (~1-10 frames per second, fps) blood flow velocities can be determined by the shadows
that unlabeled erythrocytes make when flowing in larger vessels. At low fps, these shadows form
lines whose angle relative to the vessel can be used to calculate erythrocyte flow rates? (Figure
2, yellow lines). Second, shadows can also be tracked on low fps microscopes by aligning the
vessels with the fast scan axis of the microscope and acquiring kymographs using rapid line
scanning33~3, Finally, when imaging at high frame rates (>10 fps) on a microscope capable of
integrating the signal over time (e.g., a spinning disk confocal equipped with a charge-coupled
device (CCD) detector), individual particles can be traced directly'®'’. In this situation, stationary
objects appear as bright dots, and flowing objects trace out tracks through with the circulation.
Cell speeds can be quantified by measuring the length of the tracks and dividing by the frame
acquisition time. An example of this is given in Figure 3 and Supplemental Movie 1, where 2 um
fluorescent microspheres have been intravascularly injected into the mouse before imaging.

With the ability to repeatedly and consistently return to the same field of view, visualization of
processes that evolve over multiple days is now possible. As a demonstration of this application,
the WHRIL was used to visualize the metastatic progression of breast cancer cells within the
lungs?”2%: that is, to track over time the fate of individual tumor cells that arrive at the lung
vasculature. This concept is depicted in Figure 4A, where a single disseminated tumor cell is
visualized shortly after lodging in a segment of lung micro-vasculature. Returning to that same
location on subsequent days reveals the tumor cell’s fate (e.g., recirculation, extravasation, etc.).
Applied to the investigation of the culminating steps of metastatic progression in the lung, it was
possible to visually chronicle dynamic processes, including tumor cell arrival (Figure 4B),
extravasation (Figure 4C), and proliferation to form macro-metastasis (Figure 4D).

FIGURE AND TABLE LEGENDS:
Figure 1: Summary of surgery for the implantation of the Window for High-Resolution Imaging
of the Lung (WHRIL).
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Figure 2: Microcartography enables the relocalization of fixed positions within the optical
window. Multiphoton intravital imaging of a single region of the lung under the optically
transparent coverslip shows microvasculature relocated over 3 consecutive days using
microcartography. Yellow arrows indicate a clearly definable branch point from a single vessel
identified each consecutive day. Yellow lines highlight shadows that unlabeled erythrocytes make
when flowing in larger vessels. The angle of these lines relative to the vessel can be used to
calculate erythrocyte flow rates. Red = tdTomato labeled endothelial cells and 155 kDa
Tetramethylrhodamine dextran labeled blood serum, Green = GFP labeled tumor cells, Blue =
second harmonic generation. Scale bar = 15 um.

Figure 3: Visualization of blood flow rate. Blood flow rates can be visualized by injecting 2 um
diameter fluorescent microspheres retro-orbitally and imaging their passage through the blood
vessels. When imaged on a microscope capable of integrating the signal over time (e.g., a
spinning disk confocal equipped with a CCD detector), stationary microspheres appear as bright
dots (arrows), and flowing spheres trace out tracks through with the circulation (bracketed lines).
Scale bar =50 um.

Figure 4. The WHRIL can capture each step of the metastatic cascade within the lung by directly
visualizing the fate of disseminated tumor cells. (A) Tracking the fate of disseminated tumor
cells (green) is achievable with serial imaging, over several days, through the WHRIL. On Day 1, a
tumor cell is observed to have arrived to and lodged in the lung vasculature. On Day 2 and Day 3
the cell is no longer present in the lung vasculature, having either recirculated or died. Scale bar
= 15 um. (B-D) Visualization of each of the stages of tumor cell metastasis in the lung. (B) An
intravascular disseminated tumor cell (green) lodged in the lung vasculature after arrival. (C)
Disseminated tumor cell (green) after extravasating into the lung parenchyma. (D) Tumor cells
that have proliferated and grown into micro-metastases. Red = tdTomato labeled endothelial
cells and 155 kDa Tetramethylrhodamine dextran labeled blood serum, Green = GFP labeled
tumor cells, Blue = second harmonic generation. Scale bar = 20 um.

Supplemental Movie 1: Video corresponding to Figure 3 showing the lung vasculature with
circulating 2 um microspheres.

Supplemental Figure 1: Mechanical design drawings for the stainless-steel cutting tool used to
guide the 5 mm biopsy punch.

Supplemental Figure 2: Mechanical design drawings for the stainless-steel window frame.
Supplemental Figure 3: Mechanical design drawings for the window holder tool.

DISCUSSION:

At sites of distant metastasis such as the lung, high-resolution optical imaging provides insight
into the elaborate dynamics of tumor cell metastasis. By enabling in vivo visualization of single
cancer cells and their interactions with the host tissue, high-resolution intravital imaging has
proven instrumental to understanding the mechanisms underlying metastasis.
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Described here is an improved surgical protocol for the permanent thoracic implantation of an
optical window designed to enable serial imaging of the murine lung via high-resolution
multiphoton microscopy. The window created using this protocol is well-tolerated and, given its
ability to successfully reseal the thoracic cavity, is able to maintain the intrathoracic pressure
gradients necessary for spontaneous ventilation (contrary to any other previously described
window for imaging of the murine lung'4163637) This permits the mouse to awaken from
anesthesia, breathe independently, and comfortably survive with the transparent ribcage for an
extended period of time spanning multiple weeks.

Using this window, it was possible to visualize, with single-cell resolution, all of the steps of
metastasis, including arrival, extravasation, and growth into micrometastases.

Although the protocol requires some technical proficiency, with practice and careful attention to
several key steps, the procedure can be performed with a high success rate. First, when removing
hair prior to surgery, it is critical to protect the mouse’s skin by removing the depilatory cream a
moistened tissue after no more than 20 s of contact. During surgery, extreme caution should be
paid to avoid cutting vessels. Excessive bleeding, most commonly encountered due to the division
of either the brachial or internal mammary arteries during removal of the mammary fat pad, can
obscure visualization in the surgical field or lead to death through exsanguination. Newly
described in this protocol is the utilization of a biopsy punch and cutting tool (Supplemental
Figure 1), which considerably hasten and simplify the creation of the circular defect through the
rib cage and a window holder tool making implantation easier. The implementation of these
advances significantly improves the success rate of the procedure and reduces the required level
of prior surgical skill. Individual laboratories can use the drawings in the supplemental figures to
manufacture these tools with either in-house or commercial machine shops. An internet search
for “machine shop bidding sites” will yield several online applications that will aid in finding local
commercial machine shops.

Finally, it is crucial to ensure that the lung tissue remains dry before adhesive application. The
most common pitfall resulting in unsuccessful coverslip attachment is failure to ensure complete
removal of moisture from the lung surface prior to apposition with the frame or cover glass.
Furthermore, to ensure quality images, an extremely thin layer of glue (<10 um) should be
applied. Excess glue should be scraped off prior to placement of the cover glass.

The main limitation of VI through the WHRIL is the relatively limited depth of penetration
achievable. Therefore, pathology occurring deep within the lung is inaccessible. Despite this
limitation, the technique can still yield an abundance of clinically relevant information, especially
in oncologic investigations, given the described proclivity for peripherally localized lung
metastases3®41. Ultimately, this imaging approach provides a considerable advantage over
standard ex vivo assays and other methods for in vivo imaging, which either disconnect tissue
from vital physiological processes®3, or limit longitudinal analysis to a maximum duration of 12
h14-1637.42 respectively.
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For repeated imaging over this time period, several challenges must still be overcome. First, it is
important to maintain the health of the skin around the implanted window, for, while the
wounded tissue is not exposed, the skin around may still become inflamed or infected. Routine
application of an antibiotic ointment will help prevent this. Second, with time, exudate from the
cut skin may congeal under the window frame and prevent the placement of the fixturing plate
used to immobilize the mouse in the microscope stage. Placing a wet tissue over the WHRIL for
10-15 min will soften this exudate and allow placement of the window frame. Third, one of the
body’s mechanisms for excreting excess water and maintaining homeostasis is via exhalation of
vapor. Thus, too much fluid intake (mostly as a result of injection of contrast agents or tumor cell
suspensions) will cause the lung surface to excrete this excess water and will result in the lung
tissue detaching from the WHRIL. This can be avoided by limiting the volume of injections to a
maximum of 50 plL at a time. Finally, even with the best of care, lung tissue may occasionally
detach from the WHRIL due to the mouse ingesting a large volume of water or due to the mouse
overexerting itself. When this occurs, detachment of the lung tissue from the WHRIL typically
occurs slowly, starting at the outside edge. Thus, it may be impossible to follow some fields of
view located on the first day of imaging for the full duration of the window. It was found that the
best imaging results will be obtained within the first few days and that employing mosaicking
techniques such as the previously published Large-Volume High-Resolution Intravital Imaging??
can minimize the impact of this limitation.

Given that the WHRIL is integrated into the chest wall of the mouse, drift during imaging is
generally not a significant issue, as long as care is paid to ensure that the attachment between
the window and the microscope is firm. Still, some small amount of drift may be observed during
the time immediately following placement of the mouse in the microscope stage. This may come
from the relaxation of the mouse’s body or from the thermal expansion of the microscope
components (stage plate, XY stage, objective lens) due to the environmental chamber. This drift
may be avoided by allocating ~30 min for equilibration before starting the imaging procedure.
This period of time allows the mouse’s physiology to stabilize under the anesthesia and allows all
components to come to thermal equilibrium. Any small amount of residual drift may easily be
handled by computational algorithms such as StackReg*® or HyperStackReg**.

Finally, this protocol is an improvement over the prior written version for two reasons. First, the
visual format allows a better conceptualization of the surgical protocol. This is particularly useful
for the crucial steps where 1) the lung is dried by applying a steady gentle stream of compressed
air (step 3.24, Figure 1)), 2) the coverslip is attached to the window frame’s central bore in a way
that prevents entrapment of bubbles (step 3.31), and 3) a small amount of liquid cyanoacrylate
is added at the metal-glass interface to ensure an air-tight seal between the coverglass and the
window frame (step 3.34, Figure 10).

In conclusion, with the advent of the WHRIL, given its amenability to subcellular visualization of
the same lung tissue across an extended period, investigators are newly empowered to address
many unanswered questions. Specifically, the protocol outlined herein enables fundamental
exploration of the dynamic processes underlying numerous pathologies, including the
progression of cancer metastasis.
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