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Abstract

Intravital imaging, the direct visualization of cells and tissues within a living animal, is a technique
that has been employed for the better part of a century. The advent of confocal and multiphoton
microscopy has dramatically improved the power of intravital imaging, making it possible to
obtain optical sections of tissues non-destructively. This review discusses the various techniques
used for intravital imaging, describes how intravital imaging provides information about cellular
and tissue dynamics not possible to be garnered by other techniques, and details several ways in
which intravital imaging is making a direct impact on the clinical care of patients.
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For the last three decades, high-resolution multiphoton and confocal intravital imaging (1\V1)
has become a quintessential tool in the armamentarium of biological and biomedical
research. Intravital imaging provides researchers the ability to visualize and capture, in vivo
and with single cell resolution, dynamic biological processes in multiple organ systems.(1)
Though intravital imaging is most commonly performed in mice and rodents (due to their
small size, genetic similarity to humans,(2) and their ability to be experimentally
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manipulated to model numerous diseases(3)), successful application of the technique has
been accomplished in a variety of species(4) including humans.(5)

In this review, we discuss the use and application of VI in biomedical research with the aim
of giving readers a greater understanding of (1) the various techniques used for intravital
imaging and (2) how these techniques are capable of giving insights into the dynamics of
cells and tissues that were not possible to be gained with other techniques. Finally, we
describe the role of V1 in translational research and its direct impact in clinical care and
medical treatments.

We begin with a brief description of the advantages of confocal multiphoton and intravital
microscopy and then turn to discuss a variety of protocols for accessing different tissue
types. We proceed in order of increasing sophistication, from the simplest transdermal and
ocular imaging, through externalization of tissues and terminal surgeries, and finally on to
survival surgeries with implantable imaging windows. We next discuss some of the new
biological insights that have been garnered from intravital imaging studies of cellular
dynamics in the fields of immunology, metabolomics, and cancer metastasis. Finally, we
conclude with a description of how intravital imaging is being brought directly into the
clinic through the development of new instrumentation and clinical protocols.

Intravital Imaging Visualizes in vivo Cellular Dynamics and Interactions,

Nondestructively

Intravital imaging is the process of imaging cells and tissues of a living animal. Though able
to be accomplished with numerous imaging technologies (e.g. PET, MRI, CT, etc.), we here
focus on those techniques capable of resolving the individual cells of imaged samples (i.e.
multiphoton, confocal, and wide-field fluorescence). In particular, we limit our discussion to
those microscopy techniques capable of optical sectioning, that is, those able to illuminate,
or collect light from, a single slice of an otherwise intact tissue (multiphoton and confocal
imaging).

By limiting the generation or detection of signal to a single geometrical plane within the
tissue, optical sectioning generates images of the cells within this plane that are strikingly
similar to those generated by standard histopathology techniques (Fig. 1). However, these
images are acquired nondestructively and not subject to the same artifacts (e.g. tissue
dehydration, shrinkage, tearing, etc.) as tissues that are fixed, chemically processed, and
mechanically cut into thin sections. (6,7) Further, the inherent registration of optical sections
makes generating three-dimensional (3D) reconstructions (computationally combining the
image data from a stack of images) simple.(8)

To accomplish optical sectioning, confocal microscopy (Fig. 2) focuses light to a single
point within a sample and then limits the reflected or generated fluorescence light, which
returns from the sample by employing a pinhole aperture before the detector. This pinhole
only allows light originating within the focal point of the illumination to reach the detector
and blocks all light emanating from regions above, below, and lateral to this point.(9)
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Multiphoton microscopy (a fluorescence technique, Fig. 2) in comparison achieves optical
sectioning also by focusing its illumination light to a single point, but then limiting
absorption outside of this focal point. This is made possible by utilizing a nonlinear optical
phenomenon based on the near simultaneous absorption (usually within a few femtoseconds)
of two or more photons whose energies sum up to the excitation energy gap of the molecules
to be excited. In terms of wavelength, this is most commonly accomplished by utilizing a
femtosecond pulsed laser with a wavelength that is twice that ordinarily needed to excite the
molecules. Thus, for molecules, which excite within the visible spectrum, illumination
wavelengths are required to lie in the near infrared or infrared.(10,11)

In general, the multiphoton microscope offers significant advantages over confocal
including: reduced photobleaching, increased penetration depth, more robust and stable
optical alignment, and increased sensitivity to weak fluorophores.(12) However, the
significantly higher cost of multiphoton microscopes (mostly due to the cost of the
femtosecond pulsed laser) make them less commonly available than confocal microscopes.
In particular, multiphoton microscopy allows roughly five times the imaging depth of
confocal(13) but this depth is highly dependent upon the optical properties of the tissue to be
imaged. Imaging is deepest in homogeneous tissue such as the brain where depths of up to
1.2 mm have been achieved(14) but is approximately several hundred microns in various
other organs.(10,15) In some tissues such as the pancreas or the living lung, imaging depths
are even shallower due to the high degree of scatter from, and absorption of, red blood cells.

Transdermal and Ocular Imaging

Given the relatively limited penetration depth of the technique (compared to MRI or PET), a
tissue of interest must be exposed for multiphoton or confocal-based intravital imaging. This
can be accomplished in a variety of ways. The simplest, and least invasive of these
techniques, is utilized when the cells of interest lie within a depth that is readily accessible
by the microscope. This is the case for those cells at the back of the eye, such as the
retina(16) and the trabecular meshwork (17) (accessed through the cornea using long
working distance objective lenses), or those that either exist within, or are injected into, the
skin (Fig. 3). Generally, imaging in the skin is limited to the epidermal layers. However, the
dorsal skin area of the mouse ear is thin enough for both the epidermis and dermis to be
accessed by multiphoton microscopy.(18)

Transdermal imaging requires no preparation other than affixing a coverslip to the tissue (if
a coverslip is required by the objective lens) and immobilizing the region to be imaged.
Structures such as the different layers of the skin,(19,20) hair follicles,(18) and blood
vessels; individual cells such as platelets and Langerhans cells(21,22); and large proteins and
molecules such as thrombin,(23,24) can all be directly visualized over time.

Further, the progression and behavior of diseases such as cancer can be investigated either in
mice—using cancer cells directly injected into the epidermis(25) or chemically induced on
the tongue(26)—or directly in patients in the clinic.(27) The noninvasive nature of this
imaging means that cancer progression and the effect of treatments on individual cells can
be tracked over multiple days.(28) Relocalization of the same fields of view can be
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accomplished by an electromechanical coordinate positioning system that utilizes easily
identifiable micro-tattooing marks on the skin as references point to allow relocalization of
the imaged areas.(28)

Externalization of Tissues

In contrast to transdermal imaging, other tissues, which lie below the skin, require surgery to
expose. Surgical engineering is a field which has typically utilized the expertise of engineers
to develop novel instruments, materials, and techniques for the operating room.(29,30)
However, lately surgical engineering has been employed in the reverse direction: bringing
the skills of the surgeon into the imaging lab.(31,32) This has led to the development of
protocols that combine engineering designs with novel surgical techniques, all aimed at
increasing the level of sophistication of surgical tissue exposure, while simultaneously
reducing the difficulty and necessity for specialized surgical skills for successful application.
These protocols have enabled imaging of more tissue over longer periods of time and in
more locations than previously possible.(31)

There now exist a number of surgical techniques, of varying degrees of sophistication, to
accomplish intravital imaging in many different mouse organs and tissues.(33) These
procedures can be classified as terminal (Fig. 3) or survival surgeries (Fig. 3), depending on
the invasiveness of the operation and ability of the animal to recover after one imaging
session.

Terminal Surgeries

The simplest of the terminal procedures is the skin flap (Fig. 3). This method involves
exposure of the tissue of interest by means of a simple incision through the overlying tissue
and externalization of the tissue to be imaged. The technique has been used to image
mammary tumors,(13) inguinal lymph nodes,(25,34) the cremaster muscle,(35) and salivary
gland.(26) Although the skin flap is a terminal surgical procedure (due to its invasiveness
and poor recovery), extended imaging sessions are possible with one group having imaged
mammary tumors for up to 40 h.(36) The skin flap technique has been used to capture time-
lapse movies of processes such as gene expression, drug infiltration, cancer cell death,(37)
and stromal and tumor cell migration in the mammary gland.(38-40)

Another use of the skin flap is to visualize the dynamics of cells (e.g. cellular migration and
translocation) within intact lymph nodes such as the inguinal(34) and popliteal nodes.(41)
These techniques have successfully exposed the tissues, while still maintaining the integrity
of the delicate nodes and lymphatic vessels, and have measured parameters such as the speed
of migration of lymphocytes within B cell follicles.

For tissues deeper than subcutaneous, externalization protocols have enabled imaging of
internal organs such as the kidney,(42,43) liver,(44—-46) and the mesentery(47) (Fig. 3). This
is accomplished with either a vertical left flank incision, giving access to the kidney, spleen,
and pancreas, or a horizontal incision just below the level of the xyphoid process for
accessing the liver.(48) Stable IVI using kidney externalization has been utilized to look at
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cell vitality, apoptosis, fluid transport, receptor-mediated endocytosis, blood flow, and
leukocyte trafficking.(43)

In the liver, real-time images were captured during chemotherapy treatment to visualize the
dynamic interaction between metastatic tumor cells and host stromal cells as they respond to
chemotherapy.(44) In the intestinal tract, investigators have been able to probe the lumen,
serosal Peyer’s patches, and the villi of the murine intestinal tract to study several
pathological conditions such as inflammatory bowel disease, celiac disease, and colorectal
cancer.(49)

Given the high-resolution images that multiphoton and confocal microscopy generate, it
would seem impossible to image perpetually moving organs such as the lung and the heart.
However, several techniques have been developed to either stabilize these tissues or to take
advantage of their pre-dictable cyclic motion. The application of vacuum suction to
immobilize lung tissue dates back to 1939(50) but has recently been miniaturized for use
with the murine lung(51) (Fig. 3), and further applied to the murine heart.(52) Besides
vacuum stabilization, motion artifacts can additionally be minimized utilizing high-speed
gated imaging (where images are acquired at frame rates much faster than the motion of the
tissue) and triggering acquisition in synchrony with the cyclic motion of the tissue.(52,53)
Regularization of the breathing rate by the use of mechanical ventilation (a necessity since
these techniques breach the thoracic cavity) aids in this process.

Survival Surgeries

As mentioned, the high level of invasiveness and poor recovery of skin flap and
externalization surgeries make them terminal. Thus, with very few exceptions,(54) serial
imaging is not possible with these techniques. To address this, a number of protocols have
been developed aimed at preserving the vitality of the animal and minimizing the impact on
the imaged tissue (Fig. 3-3).

Skinfold chamber

One of the oldest and most widely used of these protocols is the skinfold chamber (Fig. 3): a
technique which was originally developed for the rabbit ear(55) and then subsequently
adapted for use in the dorsal skin of mice.(56) The most commonly used design of the dorsal
skinfold chamber consists of two pieces, a rigid backing designed to keep the skin straight
and taut, and a front cover piece, which contains an aperture that accepts a cover glass, most
often with a retaining ring, which allows the glass to be removed and replaced repeatedly.
Implantation involves forming a skinfold from the depilated dorsal skin of the mouse,
suturing in place the ridged backing and the front piece, and then surgically removing the
skin from the region under the aperture. Finally, the exposed epidermis is covered over by
the placement of a cover glass. After implantation, direct and repeated observation of the
epidermis under the cover glass is possible over a period of weeks. In addition, since the
coverslip may be removed, foreign materials, cells, or tissues may be introduced into the
chamber and their impact upon the epidermis visualized over time. Studies using these
windows have focused on angiogenesis,(57) biocompatibility of materials,(58-60) wound
healing,(61) and tumor cell growth and invasion.(62)
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It is important to note that an important, often over-looked, limitation of the skinfold
chamber for cancer studies is that very few cancers are naturally found within the epidermis.
This is problematic because ectopically grown cancer cells have been observed to show gene
expression patterns that are different from those grown orthotopically.(63)

Mammary imaging window

The mammary imaging window (MIW, Fig. 3) was developed to eliminate the limitations of
the terminal skin flap and dorsal skin fold chamber techniques and allow serial visualization
the mammary gland and orthotopic mammary tumors at high-resolution and over a period of
time spanning days to weeks.(64) In this protocol, a small incision is made through skin and
a window frame containing a cover glass is sutured in place to reseal the incision. This
window, combined with the photoconvertable protein Dendra2(65), has allowed fate
mapping and tracking of tumor cells from primary tumors to secondary sites such as the
lung.(66,67)

Lymph node imaging window

To address the limitations of the skin flap procedure, a chronic inguinal lymph node window
(CLNW) was developed to provide serial access to this important immunological tissue. The
CLNW surgical protocol closely follows the surgical procedure for either the mammary
imaging window or the dorsal skin fold window and involves localization of the murine
lymph node with a tracer dye (such as Evan’s Blue) followed by removal of the skin and
subcutaneous fat (which are bluntly dissected), thus exposing the lymph node. After
implantation of the window, placement of a glass coverslip re-seals the surgical site. This
procedure is well tolerated without any significant physiologic changes in the mouse 14 days
after CLNW implantation.(68)

Abdominal imaging window

To access tissues deeper than the mammary gland, the abdominal imaging window (AIW,
Fig. 3) can be used to visualize distinct biological processes in the visceral organs such as
the spleen, kidney, small intestine, pancreas, and liver. (69) Utilizing a similar design and
implantation protocol to the mammary imaging window, the AIW is implanted by making a
small incision through both the skin and the abdominal wall and then affixing the window
frame in place with a purse string suture. Different visceral organs can be targeted for
imaging by repositioning them to the center of the window’s aperture and affixing them in
place with adhesive.

Originally used to visualize, at a subcellular resolution, the behavior of metastatic colon
carcinoma cells during out-growth from single cells to micro-metastases in the liver, the
window has become a commonly employed tool. It has also been used to observe tumor cell
fragmentation, condensation and swelling, and intracellular vacuoles of metastatic colorectal
tumor cells after chemotherapy treatment of 5-FU or CPT-11.(44)

Lung imaging window

While the vacuum-stabilized lung window has allowed researchers the ability to image the
arrival, proliferation, and motility of metastatic circulating tumor cells in the lung with
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subcellular resolution,(70) ultimately, the window involves a terminal procedure and does
not allow for serial imaging of the murine lung. To address this need, a permanent window
for high-resolution imaging of the lung (WHRIL, Fig. 3) was developed.(32) The
implantation protocol for this window involves a small incision (~5 mm) through the skin,
the underlying muscle, and the ribcage, exposing the lung tissue. This is followed by
insertion of the window, which, through a combination of sutures and adhesive, reseals the
thoracic cavity and allows the mouse to breathe independently. Thus, the WHRIL allows for
serial imaging for up to 2 weeks without adverse effects to mouse. Utilization of the
aforementioned coordinate transformation technique(28) allows return to selected areas of
interest, which can then be imaged repeatedly over time.

Cranial imaging windows

Imaging of the cortex of the murine brain can be accomplished with two different cranial
imaging windows (CIWs, Fig. 3). The first is known as a thinned-skull CIW, where the
thickness of the skull is reduced by grinding the bone away down the dura matter with a
dental drill. The thinned bone is then protected by adherence of a cover glass to the exposed
bone using either cyanoacrylate or dental adhesive. This procedure, which remains stable for
months, reduces light scattering from irregularities on the bone surface, inhibits bone
regrowth, and allows deep imaging into the brain tissue. (71-73) The second method is the
chronic CIW. In this procedure, the cortex is exposed through a craniotomy, which is then
resealed using a cover glass.(74) While both methods have gained adoption in the field,
some concern about the chronic CIW method has been raised as it has been linked with a
higher spinal turnover and significant glial cell activation for up to one month postoperation.
(75) Importantly, these windows have been used in both anesthestized and awake mice.(76—
78) Finally, protocols have been developed to allow the removal of the coverglass, which
dramatically extends the usable duration of the window and allows the implantation of cells,
or even micro-prisms, after the initial surgery.(78)

Cerebellar windows

Closely related to the cranial imaging windows is the cerebellar imaging window.(79) While
the CIW gives access to the cortex, a common site of growth of glioblastoma and breast
cancer metastasis, the cerebellar window is positioned over the brainstem and can reveal the
dynamics and tumor-stromal interactions that occur with medulloblastoma. Prior to this
window, imaging-based investigations of medulloblastoma were performed with
comparatively low-resolution MRI and focused upon measuring tumor volume.(80) With
this window, direct high-resolution imaging of changes in tumor vasculature over time
demonstrated the supportive role of placental growth factor in the maintenance of
medulloblastoma.(81)

Spinal cord imaging

The spinal cord is a unique organ within the body and is of particular interest to researchers
investigating the mechanisms underlying spinal cord injury and repair. However, the spinal
cord is also a particularly challenging organ to image; its proximity to the heart and lungs
make it very susceptible to motion artifacts. Early studies performed either single imaging
sessions, or repeatedly exposed the cord with a surgery per imaging session.(82-85) In
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response, chronic imaging windows were developed that allow repeated access to this tissue
for intravital imaging for periods up to months.(86-88)

Long bone imaging window
Given that the bone marrow is one of the major sites of cancer metastasis, some groups have
attempted to utilize the thinned CIW to look at the calvarium.(89) Unfortunately, this region
of the bone marrow, while easily accessible, is not a common site of bone metastasis. Thus,
a novel technique was recently developed to achieve long-term imaging in the long bone
using multi-photon imaging through a gradient refractive index (GRIN) microendoscopic
lens permanently implanted into the bone marrow of the murine femur (Fig. 3). This
approach, known as LIMB (longitudinal intravital imaging of the bone marrow) allowed
researchers, for the first time, to observe, at a subcellular level, vascular remodeling,
lymphocyte maturation, and hematopoietic cell-stromal cell interactions in the diaphyseal
and metaphyseal regions of the femur.(90) The LIMB could offer valuable insights into
cancer cell and immune interactions within the bone marrow.

Ovarian imaging window
Finally, the ovary, an important reproductive organ, has also been accessed with stable, long-
term imaging windows (Fig. 3). The ovarian imaging window was developed to study the
maturation of the ovarian follicle in response to gonadotropin analogues, as well as tumor
invasion into the ovary.(91)

Intravital Imaging Leads to New Biological Insights

All of the techniques outlined above have provided biomedical researchers in a number of
fields with the unparalleled ability to collect real-time in-vivo information about the
dynamic processes that cells and tissues undergo in their native environs.

Homing of stem cells and leukocytes

By removing the spatial and temporal sampling restrictions imposed by fixed tissue or low-
resolution imaging techniques (e.g. bioluminescence), intravital imaging through a cranial
imaging window allowed direct visualization of the arrival and engraftment of circulating
cells into the calvarial bone marrow. By tracking fluorescently labeled cells over extended
periods of time, Sipkins et al. found that the bone marrow contains unique and spatially
limited anatomic regions of vasculature, which serve as attraction points for both circulating
leukemia cells and for healthy hematopoietic stem/progenitor cells.(92) Combining these
imaging studies with in vivo immunolabeling of cell surface antigens, the group was able to
determine that the locations of cell arrest corresponded to hot spots of stromal-cell-derived
factor 1 (SDF-1) overexpression, thus establishing the molecular basis for cellular arrest in
these locations as these cells express CXCR4, the receptor for SDF-1.

Blood glucose metabolism

IV1 has also been used to understand the regulation of blood flow in pancreatic islets, the
mechanism of which has been poorly understood due to the difficulty of accessing the living
pancreas. Blood flow to the pancreatic islet is vital in its main function to control blood
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glucose concentration. Using an in vivo platform in non-human primates, Diez et al.
transplanted islets autologously into the anterior chamber of the eye and monitored them
non-invasively and longitudinally at single-cell resolution. Their investigation found that
blood flow to islets is dynamic and is controlled by a vasoconstriction of the capillaries,
potentially under the control of autonomic innervation.(93) This study also demonstrated no
changes in velocity with glucose or the GLP-1 analog, liraglutide; in contrast to the findings
of previous studies in the rodent pancreatic model.(94)

Breast cancer cell dissemination

Intravital imaging of autochthonous models of cancer revealed that perivascular
macrophages interact with tumor cells and endothelial cells to create dynamic, transient
openings in neoangiogenic vessels through which high-molecular weight molecules, and
most importantly, motile tumor cells can pass to access the blood vasculature and spread
hematogenously. (95) These doorways, termed the Tumor microenvironment of Metastasis
(TMEM), have been shown to correlate with distant metastasis, and have been clinically
validated as a biomarker for distant metastasis in breast cancer patients.(96)

Early steps of the metastatic cascade in secondary sites

Immediately after dissemination from primary tumors, cancer cells arrive to capillary beds
within secondary sites and progress through several steps, ultimately leading to the
formation of macro-metastatic lesions. However, the exact nature and sequencing of these
steps were controversial until their direct visualization with intravital imaging. Two studies,
one in the brain(97) using a cranial imaging window, and one in the lung(32) using a newly
developed implantable lung-imaging window, were able to surveil the respective tissues over
extended periods of time and track disseminated cells as they arrived to the tissue
vasculature, extravasated into the parenchyma, and reinitiated growth. Further, visualization
of the formation of functional TMEM structures in the lung indicates that re-dissemination
from metastatic lesions may be an important source of circulating tumor cells, even after
resection of a primary tumor.

These are just a few of the many examples of how intravital imaging is capable of providing
insights that were not possible to be attained using static or low-resolution methods.

Intravital Imaging as a Clinical Tool

Intravital imaging is a powerful tool that has not only provided new insights in translational
research, but has also become an important clinical tool in its own right with several groups
pushing the application and adoption of VI directly into the clinical setting. These efforts
have focused upon using in vivo imaging for (1) diagnosis and surveillance of pathologic
pre-cancerous and cancerous lesions (comparable to a traditional tissue biopsy), (2) as a
guide for directing standard biopsies in sensitive tissues, and (3) as a rapid pathology tool
during Mohs surgery.

The standard of care for diagnosis of cancerous lesions involves removal of the tissue
through a biopsy followed by preparation of the tissue for histological analysis. This
preparation involves numerous chemical processing steps starting with fixation: chemical
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cross-linking of proteins to preserve the tissue. Next the tissue may either be rapidly frozen
in liquid nitrogen and embedded in optimum cutting temperature (OCT) compound(98) or
dehydrated and embedded in paraffin wax.(99,100) Thin sectioning on a cryotome or micro-
tome, respectively, produces mechanical sections, which are then stained with a combination
of dyes and/or chromogen-labeled antibodies. Each of these steps takes a considerable
amount of time and is susceptible to artifacts such as folds, tears, and retractions which
could potentially alter the final tissue assessment.

In response to these issues, researchers have pushed forward the adoption and use of
reflectance confocal microscopy (RCM) as a non-invasive imaging technique in place of
biopsy and mechanical sectioning for the diagnosis of cancerous lesions. Used for the
morphological assessment of the dermis and the dermal-epidermal junction (DEJ), it has
been shown to be a highly effective tool in diagnosing skin cancer with high levels of
specificity and sensitivity.(101)

Both reflection and fluorescence confocal microscopy have also been utilized for the
analysis of tissues deeper than the DEJ by utilizing endoscopes instead of standard objective
lenses. Known as confocal laser endomicroscopy (CLE), this technique was developed to
obtain “optical biopsies,” high-resolution histologic analyses of targeted tissues, in vivo and
in real time, during endoscopy.(102) Currently, there are two FDA-approved CLE platforms
available for clinical use; the integrated endoscope confocal microscope (iCLE) and the
probe-based confocal laser endomicroscope (pCLE).(103) iCLE utilizes a fiber-optic cable
to convey blue laser light to a miniaturized confocal microscope that is integrated into the
12-mm-diameter tip of an endoscope, allowing the capture of videoendoscopic and
endomicroscopic images, which are then displayed simultaneously on two monitors.
Alternatively, pCLE utilizes a standard endoscope connected by a fiber-optic probe bundle to
a standard confocal microscope situated outside the patient.(103) Both the iCLE and pCLE
platforms allow for collection of an optical section without interference from out-of-plane
light.(104) An increase in contrast can also be attained through the use of exogenous
contrast agents that can be applied topically or intravenously.(104)

Clinically, pCLE has been used to obtain targeted biopsies and has been shown to reduce the
number of physical biopsies needed and increase the accuracy of the procedure, even with
endoscopists who have limited experience with the tool.(105) The technology has played a
critical role in the diagnosis and surveillance of malignant transformation in Barrett’s
esophagus where it has been found to be a reliable modality to identify different epithelial
cell types at the squamocolumnar junction. Several studies have clinically validated the use
of this technique and demonstrated high interobserver agreement as well as accuracy in
pathological diagnosis (e.g. high-grade dysplasia of the esophagus and adenocarcinoma in
Barrett’s esophagus(106,107)). Fluorescein-aided pCLE was also shown to be a reliable
method with extremely high levels of sensitivity and specificity for diagnosis of Barrett
mucosa and low-or high-grade dysplasia, using traditional histology as the gold standard.
(108)

Beyond the esophagus, pCLE has been used for accurate detection of other diseases such as
gastric carcinoma,(109-111) helicobacter pylorus infection,(112) celiac disease,(113) and
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inflammatory bowel diseases (IBD) such as colitis and Crohn’s disease.(108,114) In IBD,
pCLE has been shown to improve clinical outcome during surveillance of patients by
detecting colitis and Crohn’s disease-related mucosal inflammation. (108,114) pCLE has
also been demonstrated to markedly improve identification of mucosal alterations in
ulcerative colitis where a 4.75-fold higher neoplasia detection rate (over conventional
colonoscopy) has been attained through the use of methylene blue staining of the tissue
(chromoendoscopy).(115) In non-IBD patients, pCLE has been found to differentiate
neoplastic from non-neoplastic colonic mucosa and to have a higher sensitivity and similar
specificity to histopathology when classifying colorectal polyps (66-91% and 77-83%,
respectively).(116,117) CLE has been used for diagnosis of other solid organ diseases such
as the liver by identifying the tissue microarchitecture associated with liver disease(118) and
increasing the sensitivity of detection of biliary neoplasia by differentiating benign from
malignant biliary strictures.(119)

Finally, needle-based confocal laser endomicroscopy (nCLE) has recently been utilized
during endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) of the pancreas.
This new technology is enabling real-time imaging of pancreatic cysts to determine the need
for possible surgical resection of pre-malignant cystic neoplasms.(120)

In addition to direct in vivo imaging, confocal microscopy has been making a significant
clinical impact as a rapid pathology tool during Mohs surgery. Mohs surgery is the standard
of care for non-melanoma skin cancers (e.g. basal cell carcinoma and squamous cell
carcinoma) and allows surgeons to obtain clear tumor margins, while maximizing normal
tissue preservation. Preservation of normal tissue is especially important when operating on
cosmetically sensitive areas such as the face, where excessive tissue removal leads to
disfigurement. In the standard surgical procedure, precise tumor clearance during Mohs
surgery is assured by sequentially excising thin layers and analyzing the surface of the
excised tissue for the presence of residual cancer with histopathology. The use of
histopathology for analysis means that the initial operation is followed by a time-consuming
tissue preparation process (freezing, sectioning, and staining) and analysis by a pathologist.
If the excised tissue margin is deter-mined to contain residual cancer, then surgery is
resumed and the process repeated until margins are deemed clear of residual cancer. During
this time, the patient must wait with an open wound throughout the whole process, which
may take from one to several hours. Beyond the inconvenience of an extended surgery time,
the analysis is also susceptible to complications by other factors including embedding the
tissue in the wrong orientation and various sectioning artifacts (e.g. as folds, tears,
retractions), which could alter the final margin assessment.(5,121)

In response to these difficulties, researchers have designed microscopes specifically for use
in patient care that are capable of confocal mosaicing microscopy (CMM). CMM enables
rapid imaging of large areas of freshly excised tissue, at single cell resolution, and without
the processing that is necessary for conventional histology. This dramatically reduces the
cycle time for Mohs surgery, allows surgery to proceed to completion without interruption,
and eliminates tissue processing artifacts. CMM has now been clinically validated and is
currently embedded in clinical service at several institutions as an adjunct for Mohs surgeons
to determine the correct depth of surgery in real-time.(122) The success of CMM in Mohs
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surgery has further fueled interest in applying this technique to other surgical procedures
such as on the breast, lung, kidney, and liver.(123)

CONCLUSIONS

While space limitations prevent an exhaustive review of every intravital imaging technique
in the literature, in this review, we have endeavored to describe many of the numerous
protocols that have been developed over the years and that have made intravital imaging a
versatile and invaluable tool for biomedical research.

While IVI cannot replace other techniques such as fixed tissue, FACS, or in vitro assays, it
does provide a powerful complementary role, overcoming many of limitations of these end-
point assays. The ability of I\VVI to non-destructively visualize cells and tissues, with single
cell resolution, and over an exceedingly wide range of temporal and spatial scales, means
that biological mechanisms can be tested while connections with the rest of the organism
(e.g. circulatory system, endocrine system, etc.) are maintained.

Further, advances in commercial microscopes and developments in methodology over the
past two decades have simplified 1\ protocols and enabled access to a wide range of tissues
throughout the body.(31) This has dramatically reduced barriers to entry for laboratories
interested in under-taking VI experiments.

Finally, IVI is becoming an important tool not only for researchers, but also for patient care
with new microscopes and techniques being employed directly in the clinical care of
patients. We expect that the coming decade will prove to be exceptionally fruitful as the
techniques outlined in this review are utilized to definitively answer biological questions,
resolve outstanding controversies, and improve health care for patients.
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Breast

Figurel.
Comparison between intravital imaging and fixed tissue histology. The optical sectioning

capabilities of multiphoton and confocal microscopes generate images of living tissues that
are similar to those obtained by mechanical sectioning and staining of fixed tissues.
However, as the tissues may be imaged live, cellular dynamics and cell—cell interactions can
be visualized in real time. A, Mechanical and optical sections of breast carcinoma tissue.
Left: H&E, white circles = adipocytes. Bar = 20 pm. Right: Multiphoton, green = tumor
cells, red = vasculature, black circles = adipocytes. Bar = 20 ym. B, Lung tissue. Left: H&E.
Bar = 20 um. Right: Red = vasculature, green = disseminated tumor cells. Bar = 20 pum.
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Figure 2.

Confocal and multiphoton microscopes capture images from a single plane within solid
tissue. A, Optical layout of a confocal microscope. Though the continuous wave (CW) laser
generates signal throughout the tissue sample, out of focus light is eliminated by focusing
returning signal light through a pinhole with a collecting lens. Light originating from within
the focal point of the objective lens passes through the pinhole and can reach the detector.
Light originating outside of the focus is blocked by the pinhole. B, Optical layout of a
multiphoton microscope. The use of a femtosecond pulsed laser allows multiphoton
excitation of the sample and signal light is only generated at the exact focus. In this case, a
pinhole is not required and all signal can be collected on the detector. In both confocal and
multiphoton microscopy, signal from the entire imaging plane is generated by scanning the
focal point over the imaging plane with the scan mirrors.
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Figure 3.

A myriad of techniques is available for accessing tissues with intravital imaging. A, The
least invasive methods are transdermal and ocular imaging, which requires no surgical
manipulation of the mouse. B-D, Access to deeper tissues requires surgical exposure. Due to
their invasive nature, these protocols are almost always terminal. E-K, In recent years a wide
number of survival surgical protocols have been developed to access a variety of tissues,
including visceral and vital organs, throughout the mouse. These protocols maintain the
vitality of the mouse so as to enable repeated imaging sessions.
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