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Abstract

Pathologists rely on microscopy to diagnose disease states in tissues and organs. They utilize both
high-resolution, high-magnification images to interpret the staining and morphology of individual
cells, as well as low-magnification overviews to give context and location to these cells. Intravital
imaging is a powerful technique for studying cells and tissues in their native, live environment and
can yield sub-cellular resolution images similar to those used by pathologists. However, technical
limitations prevent the straightforward acquisition of low-magnification images during intravital
imaging, and they are hence not typically captured. The serial acquisition, mosaicking, and
stitching together of many high-resolution, high-magnification fields of view is a technique that
overcomes these limitations in fixed and ex vivo tissues. The technique however, has not to date
been widely applied to intravital imaging as movements caused by the living animal induce image
distortions that are difficult to compensate for computationally. To address this, we have developed
techniques for the stabilization of numerous tissues, including extremely compliant tissues, that
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have traditionally been extremely difficult to image. We present a novel combination of these
stabilization techniques with mosaicked and stitched intravital imaging, resulting in a process we
call Large-Volume High-Resolution Intravital Imaging (LVHR-IVI). The techniques we present
are validated and make large volume intravital imaging accessible to any lab with a multiphoton
microscope.
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Mosaic; Stitching; Intravital Imaging; Multi-scale imaging

1. Introduction

In histopathologic analysis of fixed, stained tissues, low magnification images inform about
the tissue wide structure and architecture, and are used to identify regions of the tissue for
further analysis at high magnification. The high magnification analysis then reveals the
identity of individual cells (based upon their staining and cellular and nuclear morphology),
and the spatial relationships between them. While this switch between low and high
magnification occurs repeatedly throughout histopathologic analysis, the low magnification
perspective is most often not obtained in live tissue imaging, leading to a loss of tissue wide
context.

The major reason for this underutilization of low magnification views arises from
multiphoton microscopy’s reliance upon high-magnification, high-numerical-aperture
objective lenses for efficient and bright signal generation. Low magnification lenses
typically do not generate enough multiphoton signal to create high quality images. An
alternative approach that we have adopted from the field of digital pathology [1] is to
acquire many high-magnification, high-resolution images in a mosaic pattern and stitch them
together to produce a low-magnification image, a process we call Large-Volume, High-
Resolution (LVHR) imaging.

Here we describe a method for combining LVHR imaging with intravital imaging to create
Large-Volume High-Resolution Intravital Imaging or LVHR-IVI - obtaining large area, high-
resolution imaging in living animals which combines the advantages of histopathologic
analysis with the live dynamics of intravital imaging. The method is composed of both a
surgical technique for exposing and stabilizing the tissue of interest, and for the acquisition
with multiphoton microscopy of multiple high-magnification tiles that are stitched together
to form a large-area, low-magnification image. We also provide, as examples for the reader,
designs for tissue stabilization tools, an example Fiji [2] macro, based upon a published
algorithm [3], for automating the stitching of images over time and depth, and an example
excel spreadsheet which can assist in generating and importing the numerous xy coordinate
locations needed to control the microscope translation stage.

The novelty of this method lies in its combination of mosaicked-stitched imaging with
intravital microscopy of live tissues. Here we provide a detailed description of the method
and several examples of its utilization in a variety of tissues. To our knowledge, images
utilizing this technique have not been previously reported in the published literature.
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Although we focus in this method on the imaging of compliant tissues, the procedure can be
easily adapted to many other organs susceptible to physiologic motion—induced artifacts.
These approaches do not require customized hardware or software, and are compatible with
nearly all automated xy-stage equipped multiphoton imaging systems that are accessible to
nearly all laboratories.

2. Materials and methods

2.1. Experimental design

Key to the success of LVHR-IVI in living animals is tissue stabilization. In our prior work
we developed several techniques for stabilized intravital imaging using skin flap surgeries
[4, 5]. We have also developed surgical protocols for imaging mammary tumors [6] and lung
tissues [7] using imaging windows (Figure 1A). Our experience with these window surgeries
has shown us that, when implanted correctly, tissues are well stabilized relative to the
windows and any movement from the heartbeat or intercostal muscle contractions are
transmitted to the entire window and displace the window and the tissue together as one.
Thus, complete immobilization of the tissue relative to the objective lens can be achieved by
immobilizing the window frame. This is accomplished by capturing the window in a tightly
toleranced recess that is bored into a custom-made xy stage plate (Figure 1B &
Supplemental Figure 1).

Using this concept as a basis for the design, we developed a method which is applicable to
many different tissues, which includes compliant tissues such as the mammary fat-pad,
lymph nodes, and liver which are particularly challenging as they are extremely compliant
and easily transmit motion and vibrations from the animal’s involuntary movements.

The method begins with the surgical exposure of the tissue of interest. Figure 1C
demonstrates this using the mammary fat-pad or inguinal lymph node as an example
location. Once surgically exposed, adhesive is applied to the underside of a shallow window
frame holding a circular cover-glass (Supplemental Figure 2). A small droplet of PBS is
placed in the center of the cover-glass and the window is positioned so that the tissue of
interest is centered under the cover-glass (Figure 1D & 1E). Finally, as in Figure 1B, the
animal is placed on the custom xy stage plate with the window inserted into the recess.
Placing the adhesive on the bottom of the window frame ensures that the imaged tissue is
kept clear and unaffected. The adhesive additionally creates a seal surrounding the tissue of
interest and keeps it moist, preventing dehydration. As was shown by Ritsma et al. [8], the
use of adhesive on the rim of the window does not impact the integrity and viability of the
tissue within the imaging area.

2.2. Microscope setup

Many commercially available microscopes utilize multiple objective lenses, however, we
have found that a single low-magnification, high-numerical aperture, long-working distance
objective lens (25x 1.05NA) is sufficient for nearly all imaging tasks. As discussed in
Entenberg et al. [9] this lens provides: the working distance needed for intravital imaging
deep into tissues; rapid switching through a wide range of magnifications by utilizing
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electronic zoom; nearly the same resolution (~0.25 pm lateral and 1.3 um axial) as high
magnification water immersion lenses; and high light throughput across the entire visible
and near infrared spectrum. While advantageous, this method does not however rely on
utilization of this objective lens and can be performed with many different lenses. All of the
images presented in this manuscript are single optical slices acquired with this objective
lens.

Similarly, while we use a custom designed multiphoton microscope [10], this procedure can
be performed on any commercially available multiphoton or confocal microscope so long as
it is equipped with an automated xy stage that is capable of recording a list of preset
positions to acquire sequentially.

Finally, many commercially available microscopes come with either the ability to
automatically program their automated xy stage for mosaicked acquisition, or the ability to
import collections of xy coordinates. For the latter, we have provided an excel spreadsheet
(Supplemental Materials, Mosaic Creator) which, with minor modification, can be used to
generate the list of coordinates for automated import. The easiest way to accomplish this is
to use the stage controller software to export a list of manually selected coordinates. Using
this file, determine the format for the output text file. This format typically consists of
numbers for X, y, and z coordinates and some surrounding text. In the Mosaic Creator file,
the text within columns F, G, and H can be altered to match the output format for the stage
controller. If all coordinates are located on a single output line, columns F, G, and H can be
copied directly into a text file and uploaded into the stage controller after updating the
imaging parameters described in section 2.5 below. If each coordinate is to be placed on a
separate line, then column L can be copied to a text file.

2.3. Materials

. Fluorescent dyes such as Tetramethylrhodamine isothiocyanate—Dextran (T1287,
Sigma-Aldrich), Evan’s Blue (E2129, Sigma-Aldrich), or Texas Red Dextran
(D1830, Thermo Fisher Scientific)

. Phosphate Buffered Saline (14190136, ThermoFisher Scientific Inc.)
. Isoflurane (029405, Henry-Schein)

. Anesthesia unit (100 Series Vaporizer, SurgiVet)

. Charcoal Filters (F-Air CS, Braintree Scientific, Inc.)

. Tubing (6516T14, McMaster Carr)

. Oxygen supply (TechAir)

. PBS (14190136, ThermoFisher Scientific Inc.)

. Transfer pipette (13-711-37, Fisher Scientific Inc.)

. Puralube Vet Ointment (039886, Butler Schein Animal Health)
. Petroleum Jelly (29704, Fisher Scientific)

. Cyanoacrylate (1647358, Henkel Adhesives)
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. Transfer Pipette (13-711-37, Fisher Scientific Inc.)

. Stiff rubber (1310N14, McMaster Carr)

. 12mm #1.5 Cover-glass (72230-01, Electron Microscopy Sciences)
. Pulse-oximeter (MouseSTAT, Kent Scientific)

. Low magnification, high-resolution objective lens (XLPLN25XWMP2,

Olympus)
. Custom x-y stage plate with bored recess (Supplemental Figure 1)
. Custom shallow imaging window (Supplemental Figure 2)

2.4. Protocol

2.4.1. General ethics statement—All experiments dealing with live animals must be
conducted in accordance with all relevant animal use and care guidelines and regulations.
The procedures used in this study were carried out in accordance with the National Institutes
of Health regulations concerning the care and use of experimental animals and with the
approval of the Einstein College of Medicine Animal Care and Use Committee.

2.4.2. Mouse setup—~Prior to starting the surgery, use cyanoacrylate to affix a cover-glass
to the shallow window frame as shown in Supplemental Figure 3A. This should be done at
least 1 hour before using the window to allow the adhesive to set (Supplemental Figure 3B).

Before beginning the surgery, prepare the microscope for imaging by turning on the imaging
lasers and all electronics.

Turn on the anesthesia unit with a flow of 100% oxygen at a rate of 1.5-2 liters per minute
mixed with 4-5% (vol/vol) isoflurane delivered to an anesthesia chamber. Place the mouse
in the chamber. Take precautions to avoid inhalation of isoflurane during the procedure by
using a well-ventilated room and a scavenging system. Activated-charcoal filters can be used
to capture exhaust from the anesthesia chamber or from the ventilator. Runoff gas from the
nose cone anesthesia unit can be removed using a suction hose connected to a ventilated
house vacuum line.

Place the anesthetized mouse on the lab bench with a nose cone providing 100% oxygen
mixed with 1.5-2% (vol/vol) isoflurane. The mouse’s body temperature should be
maintained at physiologic temperatures with an overhead heat lamp or a warming pad.
Assure that the mouse is propery anesthetized by performing a toe-pinch test to determine
the absence of the pain reflex before the start of the surgical procedure. If the animal
withdraws in response to pain, increase the dosage of isoflurane by 0.5%, wait for 1-2 min
and repeat the toe-pinch test. Cover the animal’s eyes with ophthalmic ointment to prevent
drying since mice are unable to close their eyes under the influence of anesthesia.

Next, construct and insert an i.v. catheter following the procedure published by Harney et al.
[11]. Avoid introducing bubbles into the catheter line which can lead to air emboli and be
fatal to the mouse. Administer 50-100 pL of sterile PBS via tail vein catheter to provide
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hydration during the surgical procedure. To prevent volume overload, be careful to not inject
more than 200 pL. After the surgery, and during imaging, additional doses of ~50 L per
hour should be injected to maintain proper hydration of the animal.

2.4.3. Surgical procedure—To begin the surgical procedure, expose the tissue of interest
through an appropriate sterile surgical technique (Supplemental Figure 3C). Several existing
publications describe surgical protocols to expose various tissues including mammary
tumors, [4, 11, 12] and fat-pads [13], salivary glands [14], liver [15], lymph nodes [16, 17]
and kidney [18]. These tissues fall into the category of compliant (e.g. mammary fat-pad,
lymph node, salivary gland, etc.), which more readily transmit vibrations due to their jelly-
like consistency, or rigid (mammary tumor, kidney, etc.) which are easier to stabilize due to
their increased stiffness and inflexible shape. If the tissue is compliant, additional
stabilization will be required. This is accomplished with a rigid backing formed by a small
piece of stiff rubber, cut to just larger than the exposed tissue. Take the rubber, apply a thin
film of cyanoacrylate to one face, and affix it to the back side of the tissue, as shown in
Supplemental Figure 3D.

Next, take the shallow imaging window and apply a small film of cyanoacrylate to the
window frame in the location indicated in Figure 1E and Supplemental Figure 3E. Using a
transfer pipette, apply a small droplet of PBS (~10-20 L) to the center of the cover-glass on
the side that will face the tissue (see Supplemental Figure 3F). Make sure that the PBS
droplet on the cover-glass does not come into contact with the cyanoacrylate on the rim of
the window as this will cause the cyanoacrylate to polymerize and set prematurely. The
droplet should be ~2-3 mm in diameter. If made larger, the droplet may not cling to the
cover-glass when transferred to the tissue or may contact the adhesive causing premature
setting. Invert and center the window over the tissue of interest and gently press the window
frame to the tissue to adhere (Supplemental Figure 3G). Make sure that the area of interest is
kept in the center of the window and the surface of the tissue is relatively dry before
attempting to adhere the window.

2.4.4. Mouse positioning on stage—Apply a thin layer of petroleum jelly to the bored
recess on the underside of the imaging stage plate. The petroleum jelly will form a
hydrophobic barrier between the shallow imaging window and the stage plate preventing
wicking of water between the two via capillary action. Snap the stage plate onto xy stage.
Transfer mouse and anesthesia unit to the xy stage.

Invert the mouse and set the shallow window into the bored recess (Supplemental Figure
3H). Be careful not to dislodge the window or the tail vein catheter at this time. Place
environmental enclosure around the animal and turn on the heater. The tail vein catheter may
be kept outside of the box for easy access. Using a transfer pipette, place a large drop of
water between the objective and the cover-glass and visualize tissue by eye through the
ocular. Verify that the vasculature of the tissue is perfused by observing flowing
erythrocytes.

Crucial to the success of long term intravital imaging is the maintenance of the animal’s
proper physiology. As mice lose their ability to regulate body temperature under the
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influence of anesthesia, it is important to heat the animal with either a warming pad, or a
chamber flooded with temperature-regulated forced air. Monitor the vitals of the mouse
using a pulse-oximeter and adjust the isoflurane level to maintain a surgical plane of
anesthesia.

2.5. Mosaic image acquisition

Position the xy stage at the upper-left-most corner of the area to be imaged and zero the xy
stage controller. Using the Mosaic Creator Excel spreadsheet (Supplemental Materials),
enter the size of the microscope’s field of view, the desired number of x-tiles, y-tiles and
field overlap. Upload the positions generated into the xy stage controlling software. Visit a
sampling of the positions to see if the laser power and detector gains are set correctly for the
tissue. Acquire images from all of the mosaic positions and save them to disk.

2.6. Data Analysis

There are multiple software packages that can be used for analyzing the acquired 3D and 4D
data including the commercially available (and somewhat expensive) packages Imaris
(Bitplane Inc.), Volocity (PerkinElmer Inc.), and Amira (FEI Inc.), and the freely available
open source Fiji (NIH). While the choice of which software to use is based partly on
personal preference and familiarity with a particular package, as well as availability within
one’s home institution, each does offer some advantage over the others. An excellent review
of these and other software packages, along with highlights of some of their advantages and
limitations is presented by Walter et al. [19]. One advantage to Fiji is the free availability of
many plugins to accomplish common tasks and the capability of writing custom macros to
automate repetitive tasks. Included in this protocol is one such macro (Supplemental
Materials, Moasic Merger Macro.ijm) that can be used to stitch the individually acquired
tiles together and create a 3D or 4D data set known as a Hyperstack for analysis.

Once the images have been saved, use the Mosaic Merger Macro to load the images into Fiji
and stitch them together. Make sure to set the correct number of x-tiles and y-tiles in the
macro. The macro may need to be altered to accommodate the image file naming scheme for
your microscope. Once the mosaic has been loaded and stitched together, the ROl Manager
in Fiji can be used to toggle on and off an overlay showing the outline of each of the original
acquired fields of view.

If the mosaic is acceptable, image acquisition can be continued and mosaic-z stacks or
mosaic-z stack-time lapses can be captured and saved. After all of the images have been
acquired and saved to disk, the 3D or 4D mosaic can be stitched together as a hyperstack in
Fiji. Examine the mosaic for events and locations of interest for further study. One can
proceed to perform further time-lapse imaging on just those specific regions to investigate
events with a high temporal resolution.

2.7. Limitations

There are several limitations to the techniques presented in this method. The first and
foremost is that the acquisition of large volumes of data takes a much longer time than
acquisition of individual fields of view. For typical multiphoton microscopes with
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acquisition speeds of 1 frame per second (fps), a 10x10 mosaic takes ~100 seconds to
capture. This is the time required for each z-slice. In typical applications, tissues are imaged
to a depth of 100 um with a step size of 5 um between each z-slice (a sampling size
sufficient to capture 15-20 pm diameter cells at greater than Nyquist conditions).

If time-lapse imaging is required in order to capture the cellular dynamics in a field, the total
acquisition time for a single time point becomes on the order of 30 minutes. Balancing the
conflicting need for resolution, large area, large depth, and speed will depend heavily upon
the type of biological process that is being studied. 30 minutes per volume may be sufficient
to capture slow events such as cellular division or collective migration of tumor cells,
whereas extremely rapid events such as the visualization of calcium signaling or circulating
immune cells may be addressed by capturing only one low-magnification high-resolution
image for the tissue at the beginning of the imaging session and using the single mosaicked
image to inform which individual fields of view warrant further, high-speed, analysis.
Processes such as tumor or immune cell motility in tissue fall in between and are best
addressed by limiting the number of z slices to a maximum of 2 or 3. Of course, microscope
systems with a much higher frame rate [20, 21] (e.g. video rate systems running at ~30 fps)
can dramatically reduce this acquisition time from 30 minutes to 1 minute per time point.

Another limitation is due to the large size of the data sets that result from LVHR-IVI. These
data sets are memory intensive (occupying upwards of several gigabytes) and can present a
challenge to efficiently and quickly stitch and to store. These two issues are not of great
concern as the constant reduction in cost of hard disk space and increase in speed of
processors will greatly ameliorate these issues with time. There is also currently a large push
to address these issues in the field of digital pathology [22, 23].

Finally, closely related to the issue of size, these data sets present challenges when it comes
to analysis and are somewhat time consuming to analyze fully given the volume of the data.
Efficient image analysis and data mining will require the development of automated machine
learning/vision algorithms to properly address. We have already begun investigating these
avenues [24], though new approaches will be advantageous as well.

2.8. Troubleshooting

There are multiple issues that can arise during this method. First, the smell of anesthetic may
be noted during setup or imaging. This is most likely a result of a leak in the anesthesia
tubing or an issue with the scavenging system. It is important to correct these issues with the
anesthesia equipment as they can lead to the mouse being inappropriately anesthetized or to
personnel being inadvertently exposed to anesthesia.

Second, during the mouse set up, the window can accidently become unglued from the tissue
flap either from insufficient cyanoacrylate or prematurely cyanoacrylate polymerization due
to excess liquid. This can be addressed by removing the window, appropriately drying the
tissue, and applying glue to the rim of a clean window. Since the adhesive is placed far
outside of the imagable area this should not affect the viability of the imaged tissue,
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Third, after the mouse is placed on the stage and imaging is attempted, excess movement
from breathing maybe noted. This can be addressed by ensuring that the tissue connecting
the imaged area and the body of the animal is not pulled taut and/or by applying gentle
pressure (as described in the protocol by Masedunskas et al. [14]) to the top surface of the
tissue (or, in the case of compliant tissues, the rigid rubber backing that was glued to the
tissue). It is important not to apply too much pressure as blood vessels can easily become
compressed and blood flow stopped. This is easily verified visually.

Finally, after the images have been stitched, it might be noted that the stitched image is
doubled or is numbered incorrectly. This is likely due to either the x-y offset or the number
of x and y tiles being incorrectly entered into the macro. This can be manually adjusted in
the macro and the image reprocessed.

3.1. Development of the protocol

Traditionally, intravital imaging has been considered to be a practice that requires
specialized equipment [4, 25] and significant skill, leading it to be regarded as a “technically
difficult” process [26]. However, recent commercialization of the microscope
instrumentation along with the development of numerous protocols [4, 11, 14, 27] and
surgical techniques [8, 28] have simplified the process to the point where it has become
accessible to an ever increasing number of labs [29]. In many applications of intravital
imaging, just a few fields of view (FOVs), randomly positioned within the tissue, are
recorded. Since these FOVs represent a small minority of the total imageable tissue, the
overall architecture and context of the tissue is lost. This concept is illustrated in Figure 2A
with a photograph commonly used in the image analysis literature.

In the past, we have successfully compensated for some of this loss of information by
greatly increasing the number of FOVs acquired and applying mathematical algorithms
designed to extract complex or hidden relationships between imaged parameters [24]. In that
work, we developed new insights into the mechanisms of metastasis by utilizing a support
vector machine (SVM) algorithm (a nonlinear, multiparametric classification algorithm
suitable for the analysis of systems with arbitrary distributions and/or non-linear parameters)
to analyze hundreds of fields of view and dissect the microenvironmental conditions that are
responsible for invasive tumor phenotypes [24].

Though the large volume of data comprising the complete acquisition of all FOVs does give
much more information about the underlying subject, a coherent picture is still lacking
(Figure 2B). What is missing in these studies is the reconstruction of the spatial relationship
between the acquired fields. By acquiring the fields in a specific order and mosaicking them
together (Figure 2C) the spatial relationships of the images can be maintained and the
overall architecture of the tissue reconstructed (Figure 2D). This information may then be
used to inform about the spatial ecology (identity, quantity and location) of the constituent
components (cells, stroma, matrix, etc.) [30-32] or inform about which areas are most
suitable for further analysis (e.g. time-lapse imaging).
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While not common in the field of intravital imaging, mosaicking is a technique that has been
used in multiple areas of research, such as biology, oceanography, and X-ray microscopy
[33-37]. It has even been combined with multiphoton microscopy, though only to image
large areas of fixed and mechanically sectioned tissues [33]. Only one study in the published
literature [13], our investigation into the mechanisms of early tumor cell dissemination from
the mammary fat pad, has ever mentioned having utilized mosaic intravital imaging, albeit
without reporting either the method or any mosaicked images.

This study relied heavily on LVHR-1VI for imaging the untransformed mammary fat-pad
[13]. Given the very sparse structure of the mammary ductal tree, LVHR-IVI proved crucial
to the successful identification of regions for further high-resolution time-lapse imaging.
Since this tissue is extremely compliant, however, intercostal muscle contractions produced
significant motion artifacts which were only overcome with the application of the techniques
described in this method (shallow window and custom xy-stage plate). With the tissue
stabilized, large areas were imaged with high-resolution by the serial acquisition of
individual high-magnification high-resolution tiles which were then mosaicked and stitched
together. Figure 3A shows an example of acquired fields of view (yellow boxes) arranged in
order along with the sequence of their acquisition (yellow numbers). To compensate for non-
uniform field illumination, the positions of the individual images are overlapped somewhat
(10-20%). Depending upon the degree of non-uniformity in field illumination, dark bands
may still be visible on the stitched images. Though not utilized in this work, optimized
stitching algorithms may be used to further reduce these effects [38].

These mosaics thus provided a low-magnification view similar to those utilized by
pathologists during initial histopathological assessment of tissues (Figure 3B). This low-
magnification overview is crucial for understanding the biological context of the imaged
cells. For example, Figure 3C shows a zoomed in image of the indicated area in panel B. In
panel C the structure could easily be mistaken for a microinvasion of tumor cells into
stroma. However, the low-magnification view in panel B reveals this structure to be a normal
branching duct. The risk of this potential misidentification is high since malignant foci
frequently overlap with benign structures. The low-magnification view provides essential
information necessary to distinguish benign from malignant processes, and to identify
regions of interest for further high-resolution time-lapse imaging.

4. Results

The method presented here enables the combination of large-volume high resolution
imaging with intravital microscopy. As such, it consists of two parts. The first part is a
method for the acquisition of low-magnification, high-resolution intravital images built up
by acquiring many individual, high-magnification tiles in a sequential manner and stitching
them together. A prerequisite for the success of this method is the stabilization of the tissue
of interest. Any of the methods that we and others have developed for the stabilization of
primary mammary tumors [4, 5] and other tissues [9, 14, 39] may be employed with success.
This includes the use of mammary [6] and abdominal imaging windows [40] (Figure 4A)
which provide the additional benefit of being able to return to the tissue day after day. This
is demonstrated by two large mosaics of a mammary tumor xenograft imaged through a
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mammary imaging window taken 8 days and 10 days post implantation (Figure 4B). Growth
of the tumor over the intervening time has changed the overall morphology of the tissue,
however a similar blood vessel structure can still be recognized.

Despite the large number of frame acquisitions, microscopes with a frame acquisition rate of
just 1 fps can still capture time-lapsed, z-slice mosaics with a great enough repetition rate to
capture single cell dynamics. This can be seen in Figure 4C using an abdominal imaging
window to view the liver. In this 10x10 mosaic covering 1.4x1.4 mm of liver tissue, a cluster
of macrophages (cyan) forming a granuloma-like structure can be seen. The vasculature has
been labeled with high molecular weight (155kD) tetramethyl-rhodamine (TMR) which
does not leak out over time. Time lapse imaging of this tissue (Supplemental Movie 1)
shows the dynamics of the macrophages. A subregion of the mosaic, focused on the
collection of macrophages forming the granuloma-like structure (Figure 4D and
Supplemental Movie 1 inset) shows the motility of the single macrophages as they migrate
out of the cluster.

We have also performed the mosaicking protocol with our published vacuum stabilized lung
imaging window [7, 9]. The image stability of this technique is even sufficient to enable the
use of our published blood averaging technique which averages together all of the time
points for the blood (red) channel into a single image and then replicates this image as the
background for each frame of the movie containing the other channels. This produces a clear
view of the boundaries of the vasculature of the lung despite the numerous interruptions in
vascular signal caused by the passage of unlabeled erythrocytes and leukocytes [7, 9]
(Figure 5).

We and other labs have been successful in developing techniques that expose and stabilize
tissues for intravital imaging over long periods of time. This includes mammary tumors [41]
and various other organs [14, 16, 17, 40], some of which have traditionally been
unimageable due to their inherent motion [13, 39, 42]. Still, there has been no generalizable
technique for the immobilization of living tissues, especially as these tissues become more
compliant. As such, the second part of the method presented here offers a generalizable
procedure applicable to the stabilization of a range of tissue types and stiffness.

We have used this procedure to image all stages of progression of transgenic mammary
tumors. This includes the often imaged late-stage carcinoma (Figure 6A), as well as the
more challenging earlier stages including tissues with mixtures of late- and early-stage
carcinoma (Figure 6B), tissues with mixtures of early-stage and ductal-hyperplasia (Figure
6C), and even the untransformed fat-pad (Figure 3). In each of these cases, the low-
magnification, high-resolution images generated by the method are able to be examined at
single-cell resolution to identify regions of interest for further study. For instance, we have
been able to identify regions of macrophage infiltration (Figure 6A, middle) in the late-stage
carcinoma, and close examination of high-resolution time-lapse images of this region reveal
tumor cells acquiring an invasive phenotype (Figure 6A, blue arrows in bottom panels). In
Figure 6B, areas of tumor bed vascularization can be identified (Figure 6B, middle) and the
vasculature monitored to observe hematogenous dissemination of tumor cells (Figure 6B,
blue arrows in bottom panels). Finally, in Figure 6C, we have been able to use the low-
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magnification, high-resolution images of early carcinoma, a tissue traditionally unimageable
intravitally due to its extreme compliance and instability, to identify regions with distinctly
different growth patterns (Figure 6C, middle). High-resolution time-lapse imaging of these
regions has captured the function of the micro-anatomical tripartite structure known as the
Tumor Microenvironment of Metastasis (TMEM) (Figure 6C, white arrow in t=17" panel).
TMEM consist of a tumor cell and perivascular macrophage in direct contact with an
endothelial cell (blood vessel) and have been previously shown to act as sites of both cancer
cell intravasation and transient vascular permeability [43, 44].

In addition, we have been able to employ both parts of the method presented here to image
the intact lymph node (Figure 7). The low-magnification, high-resolution image (Figure 7A)
is an extremely useful guide for studies of the lymph node since its large extent (~3.5 mm)
makes it very difficult to characterize the specific areas contained in any single field alone.
This is demonstrated by the individual fields of view presented in Figures 7B-D. From any
one of these fields of view alone, it is nearly impossible to determine if the imaged field is
internal or external to the node or the identity of the structures. The context provided by the
low magnification view clearly identifies panels B and C as sub-capsular sinuses with slow
flowing capillaries (as evidenced by shadows of erythrocytes, white arrows) and fine
lymphatic capillaries (yellow arrows). Particularly difficult to identify without the low
magnification overview is the lymph node capsule shown in panel C (blue arrows). Panel D
demonstrates a fast flowing blood vessel traveling external to and alongside the node. The
honeycomb shadow pattern is indicative of an overlaying layer of fat cells.

Finally, the time-lapsed LVHR-IVI allows the simultaneous capture and evaluation of the
dynamics of the entire tissue. These time-lapsed multiscale images can allow a much more
complete investigation of cellular dynamics than is possible with ordinary intravital imaging.
Figure 8 shows time-lapse LVHR-1VI of an entire tumor that is a mixture of early and late
carcinoma. Careful examination of the images at high resolution reveals many processes
occurring simultaneously including: single cell migration (Figure 8, top); circulating tumor
cells (Figure 8 right); tumor cell-macrophage interactions (Figure 8, bottom); and tumor
cell invasion into stroma (Figure 8, left).

5. Discussion

Intravital imaging (IVI) allows for a unique look at living tissue where the dynamics of
individual cells can be directly observed and recorded in health and disease. This is
accomplished through a combination of multiphoton microscopy’s ability to perform non-
destructive optical sectioning deep into thick tissues, with the ability to label the structure
and function of cells and whole tissues using fluorescent dyes and genetically encoded
fluorescent proteins. This combination produces images of the live tissue similar to those
generated by mechanical sectioning and staining of fixed tissues.

While the acquisition of LVHR images of organs or tissues is straightforward when motion
of the sample is not present, intravital imaging involves imaging a living animal which
imparts to the tissue many motion artifacts arising from breathing, heartbeat, and tissue
dehydration. Thus, the limitation to successful combination of LVHR imaging with intravital
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imaging lies not in the hardware or instrumentation, but in the ability to stabilize the living
tissues sufficiently. While this is true for ordinary high-resolution microscopy, where motion
artifacts on the order of microns can distort and destroy an image, it is even more crucial for
mosaic imaging where stability requirements are exceedingly stringent given the extended
scale of the imaging.

The live multiscale view generated by these techniques allows for a better understanding of
cellular dynamics in the context of the overall tissue architecture, guides the selection of
regions for further high-resolution imaging and provides data on large volumes of tissue that
can be analyzed using machine learning algorithms [24].

To make this combination of LVHR imaging and VI feasible, we have recently developed
new approaches for the stabilization of tissues [5, 9, 13, 45, 46], that enable both long time-
lapse and LVHR-1VI, even in compliant tissues such as lymphatics [45, 46], lymph nodes
[45], lung [9], liver, and the mammary fat-pad [13].

By combining these techniques with our previously published mammary imaging window
[6], these studies can be extended over multiple imaging sessions spanning days to weeks.
This enables the capture of events spanning orders of magnitude in space and time and
directly addresses the restrictions of inadequate resolution and limited imaging periods that
have precluded “the direct detection of slow processes, such as collective invasion with
structural ECM degradation and remodeling that develop over days” [47].

6. Conclusions

In summary, the method presented here is a generalizable technique for the stabilization and
large volume intravital imaging of living tissues. It is compatible with many types of tissues
where cells and other structures of interest have been labeled using either genetically
encoded fluorescent proteins or injectable fluorescent dyes. This method requires no
specialized equipment and can be accomplished with any multiphoton microscope equipped
with an automated xy stage and controlling software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. A method for the combination of mosaicked-stitched imaging with intravital
microscopy of live tissues is presented.
. This is a generalizable method for stabilization and large-volume high-
resolution intravital imaging (LVHR-1V1) of living tissues.
. LVHR-IVI is applicable to many different tissues including extremely
compliant ones.
. Enables the capture of dynamic events spanning orders of magnitude in space

and time.
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Figure 1. Overview of surgical protocol
A) With implantable imaging windows such as the mammary, abdominal, or even lung

imaging windows, the window itself provides a stable frame which keeps the tissue hydrated
and immobilized relative to the glass. However, involuntary movements such as heart beat
and respiration still cause movement of the tissue and window together. B) Inserting the
window frame into a tight-fitting stage plate which is fixed relative to the objective lens
completely immobilizes both the window frame and tissue. C) With skin flap surgeries, the
tissue of interest (e.g. tumor, mammary fat pad, lymph node, salivary gland, etc.) is exposed
by surgical incision through the skin. D) The conditions for stable imaging that are possible
when using imaging windows can be recreated by attaching a cover-glass inset into a
shallow window frame over the tissue of interest. Adhesive placed under the window frame,
away from the tissue under study, immobilizes the tissue relative to the frame. The window
frame can then be inserted as in B into a tight-fitting stage plate. E) 3D computer aided
designs of the shallow window frame and cover-glass described in D.
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Figure 2. Multi-scale imaging provides detail and context by acquiring many high-magnification
images sequentially and stitching them together to form a low magnification overview image

A) The acquisition of just a few individual fields of view does not provide enough context to
understand fully the imaged subject. B) Information about the subject is improved by
increasing the number of acquisitions, however, without maintaining the spatial relationship
between the individual images, the overall context remains obscured. C) Acquisition and
arrangement of the images in a specific order (yellow numbers) maintains the spatial
relationship of the images. D) Final stitching of the image reveals the overall context while
preserving the original resolution of the underlying images.
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Figure 3. Ordered acquisition and stitching of intravital images produces multi-scale, low-
magnification, high-resolution images that provide histologic context to tissues while preserving
single-cell resolution

A) A 10x10 mosaic of an untransformed fat pad in a 10 week old MMTV-Her2-CFP mouse

whose mammary epithelia were transgenically labeled with CFP (cyan) and vasculature
labeled with fluorescently labeled dextran (red) injected iv. Yellow boxes show the outline of
each acquired field of view and numbers indicate their order of acquisition. Fields of view
are overlapped to compensate for non-uniform flatness of field illumination. B) Stitched
images show the overall structure of the tissue. The formation of the ductal tree by the
epithelial cells (cyan) is clearly visible as are the blood vessels that support them. C) A
single lobule consisting of several acini can be observed budding off of the ductal tree.
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Figure 4. Mammary and abdominal imaging windows provide sufficient tissue stabilization in
order to perform mosaicking

A) Cartoon representing a mouse with an imaging window surgically implanted. B) 10x10
mosaics covering 2.8 mm of Dendra2 labeled MBA-231 orthotopic xenograft tumor
implanted in the 41" mammary fat-pad of a Rag2-/- mouse and imaged through a mammary
imaging window on days 8 and 10 post-surgical implantation. Green = GFP labeled tumor
cells, Red = TMR labeled vasculature, Blue = SHG. C) 10x10 mosaic covering 1.4 mm of
healthy liver tissue taken through an abdominal imaging window a C57/BL6 mouse whose
myeloid cells were transgenically labeled with CFP [48]. Despite the low magnification, the
high-resolution of the underlying fields of view is maintained. A collection of macrophages
forming a granuloma-like structure can be seen. Cyan = CFP labeled macrophages, Red =
TMR labeled vasculature. D) Stills from a subregion of the time-lapse mosaic shown in
panel C showing single macrophages migrating out of the granuloma-like structure. FOV =
170 pm.
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Figure 5. Low-magnification, high-resolution, 6x6 mosaic of 1.2x1.2 mm of lung tissue containing
a micro-metastatic lesion imaged through a vacuum-stabilized lung imaging window

The high mechanical stability provided by the vacuum stabilized imaging window allows
LVHR-IVI of E0O771 tumor cells in the lungs of a C57/BL6 mouse whose myeloid cells were
transgenically labeled with CFP [48]. Green = GFP tumor cells, Cyan = CFP labeled
macrophages and monocytes, Red = TMR labeled vasculature
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Figure 6. Mosaic time lapse and z-series intravital imaging in transgenic mice allows acquisition
of very large volumes of tumor heterogeneity that can be zoomed to follow single cell phenotypes
in real time

A-C) Top panels: A single z plane showing large area imaging of a mammary tumor within
a transgenic PyMT mouse expressing fluorescent proteins. Middle panels: One individual
tile (indicated by orange squares) from which the mosaic is composed. Bottom panels:
Time lapse imaging of the sub-region (indicated by yellow squares).

A) Top panel: 6x6 mosaic covering 1.6x1.6 mm of a late-stage carcinoma. Cyan = CFP
expressing macrophages, Red = Fluorescent dextran labeled vasculature, Green = GFP
expressing tumor cells. Middle panel: Peritumoral region of local inflammation indicated
by CFP positive myeloid cells located at the tumor-stroma interface. FOV = 340x340 pym.
Bottom panel: Stills from a time-lapse movie showing macrophages migrating to interact
with tumor cells (blue arrows). FOV=60x60 um.

B) Top panel: 6x6 mosaic covering 1.6x1.6 mm of a few ducts undergoing hyperplastic
changes (white arrows) and carcinoma showing areas of late (top) and early (bottom) stage.
Cyan = CFP expressing tumor cells, Red = Fluorescent dextran labeled vasculature, Green =
GFP expressing macrophages. Middle panel: Region showing sheets of cancer cells with
intersecting vasculature. FOV = 340x340 um. Bottom panel: Stills from a time-lapse of an
intravasated tumor cell (Blue arrow). FOV=60x60 um.
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C) Top panel: 10x10 mosaic covering 4x4 mm of an early carcinoma. Green = Dendra
expressing tumor cells, Red = Fluorescent dextran labeled vasculature, Blue = CFP
expressing macrophages. Middle panel: Image shows two groups of cancer cells with
distinctly different growth patterns. FOV = 512x512 ym. Bottom panel: TMEM (Blue
arrow=macrophage, Green arrow=tumor cell, Red arrow=endothelial cell in t=15" panel)
induced transient vascular leakage (white arrow in t=17" panel). FOV = 133x133 pum.
TMEM remains after leakage has ceased at t=25".
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Figure 7. Large scale mosaics reveal the structure and distribution of vessels and cells within
compliant tissues such at the lymph nodes

A) 10x10 mosaic covering a 4x4 mm area of lymph node, blood vessels and lymphatics. B)
and C) High resolution subfields showing subcapsular sinuses within the lymph node.
Shadows of slow flowing erythrocytes (white arrows) and fine lymphatic capillaries (yellow
arrows) can be observed within these zones. FOV = 300 pm. D) A high resolution subfield
showing a fast flowing blood vessel external to the lymph node. FOV =300 um. All panels:
Red = Texas Red labeled vessels and macrophages, White = Evan’s Blue labeled lymph.
Blue = SHG..
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t=53 min

Figure 8. Large-volume high-resolution intravital imaging captures time-lapse movies of large
volumes of tumor tissue at single cell resolution and in real time

Center is a stitched mosaic of 36 (6x6) high-resolution (0.24 pm pixel size) image tiles taken
of a transgenic PyMT tumor. Stills from simultaneously acquired sub-regions reveal single
cell dynamics with subcellular resolution. Top: A chain of single tumor cells (orange
arrows) can be observed separating from the main tumor and invading the stroma. Right:
Individual tumor cells (orange arrows) can be seen in the vasculature. Left: A tumor cell
protrusion (orange arrows) can be seen as the cell starts separating from the main tumor and
moving toward macrophages. Bottom: As an example of the subcellular resolution of the
imaging, an isolated macrophage can be observed extending filopodia (orange arrows)
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towards an isolated tumor cell. As the two cells make contact, the filopodia disappear (red
arrow). Green = GFP tumor cells, Cyan = CFP macrophages, Red = fluorescently labeled
blood serum. Field of View (FOV) of center image = 1.6x1.6 mm. FOV of surrounding
images = 66um.
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