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In Vivo Fluorescence Microscopy:
Lessons From Observing Cell Behavior in
Their Native Environment
Microscopic imaging techniques to visualize cellular behaviors in their natural
environment play a pivotal role in biomedical research. Here, we review how
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recent technical advances in intravital microscopy have enabled unprecedented access to cellular physiology in various organs of mice in normal and
diseased states.
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Here, we review how intravital microscopy has
been applied to study cellular physiology in various organs and organ systems in normal or diseased states (FIGURE 1). We focus on studies in
mice, one of the most widely used animal models
in biomedical research due to their genetic similarities to humans, short generation times, and
established genetic lines. We will cover most major
organ systems, including nervous, gastrointestinal,
renal, respiratory, cardiovascular, musculoskeletal,
hematological, reproductive, and endocrine systems. In each section, we will summarize technical
developments toward attaining microscopic access
to the tissue of interest, as well as their applications
in studying cellular physiology in their native
environment.

General Technical Considerations
Fluorescence is widely used in optical imaging due
to its high efficiency and specificity along with a
toolbox of various chemical and genetic probes to
label molecules or cells of interest. Although exogenous chemical probes often provide higher quantum yield with simple and versatile labeling
procedures, transgenic labeling by fluorescent proteins is becoming increasingly popular because of
cell- or tissue-type specificity and constitutive replenishing of fluorophores enabling long-term
tracing (35, 86).
The two most established modalities for intravital imaging are confocal fluorescence microscopy
and two-photon microscopy. Confocal microscopy
uses a pinhole to achieve optical sectioning in tissue with axial resolution of a few micrometers.
Two-photon microscopy provides deeper access
into biological tissues with depth of over hundreds
of micrometers owing to its near-infrared wavelength having less scattering and absorption, and
negligible out-of-focus signal due to nonlinear excitation (119). Light sheet microscopy has been
rapidly adopted in the study of small animals such
as the drosophila and mouse embryo where the
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A central theme of physiology is to understand
cellular function in the context of living systems.
This has been traditionally achieved by histological
examinations of cells in tissue or biochemical assays of cells in culture (20, 86, 115, 117). Although
these methods can provide critical information,
such as spatial associations of cells and molecular
expressions, an ideal approach would allow us to
study cells in vivo in real time as they interact with
their natural environment. Recent advances in optical microscopy have made such an approach possible by enabling the visualization of individual
cells in live animals. With the development of various chemical and genetic labeling techniques, intravital fluorescence microscopy has become a
powerful tool in cell physiology.
Intravital microscopy provides several compelling advantages for the study of cell physiology.
Most importantly, it offers a way to study live cellular events, such as proliferation, migration, differentiation, or intracellular ionic activity (3, 21,
86). Ex vivo model systems cannot fully recapitulate the multicellular microarchitecture, chemokine
gradients, blood perfusion, and biomechanical
forces. These limitations sometimes produce artifacts and mislead our interpretation. For example,
a study based on a brain slice culture showed that
the activation of astrocytic endfeet enwrapping the
penetrating artery induced arterial constriction
(80). However, a similar experiment with live mice
led to the opposite finding that astrocyte activation
predominantly leads to vasodilation (107). This
discrepancy was later reconciled by the artifactual
metabolic status introduced during brain slice
preparation (38). Another advantage is that the use
of a living animal allows follow-up of physiological
changes over days in the same experimental subject. This is particularly useful in studying biological phenomena involving long-term kinetics, such
as in development, stem cell physiology, and
pathogenesis. It also enables the study of interindividual variability, which is prevalent in biological phenomena.
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dow, a newer technique that facilitates chronic
imaging over months without need of immunosuppression (25). Kienast et al. studied the early
phase dynamics of hematogenous metastasis into
the brain from a single metastatic cell to macrometastasis (55). They measured important checkpoints toward macrometastasis, such as arrest at
vascular branching points, extravasation, and persistent contact to microvessels. Shih et al. studied
microvascular injury (99) induced by femtosecond
blood occlusion (81) to show that the occlusion of
single penetrating artery is sufficient to lead to
cognitive deficits (FIGURE 3B). Long-term subcortical access has also been demonstrated by
invasive endoscopy. Levene et al. implanted a
microprism to image entire cortical columns (4).
Baretto et al. implanted glass tubes to allow endoscopic access to the hippocampus (7) and measured neuronal activities encoding place cognition
in behaving mice over weeks (120). By monitoring
thousands of hippocampal place cells over weeks,
Ziv et al. (120) found that retention of spatial information was highly dynamic day-to-day, with
only 15–25% probability that an individual cell will
recur in the same place code each day. Imaging of
deeper subcortical regions, such as the thalamus,
has been demonstrated by using 350-m-diameter
side-view endoscopes (57, 58) (FIGURE 4A). Recently, Horton et al. demonstrated that three-photon microscopy at a spectral excitation window of
1,700 nm enables access to subcortical structures,
such as hippocampus, within an intact mouse
brain (45).
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tissue is relatively thin, but it has not been widely
used for adult mice and larger animals (108).
For successful application of intravital microscopy, it is important to understand anatomical
constraints and choose an appropriate technical
solution that allows observation of the tissue of
interest with minimal perturbations. Most tissues
other than the skin surface require particular preparation for obtaining optical access. For example, a
skin-flap model is effective for reaching the lower
dermis and subcutaneous tissue (FIGURE 2A).
Some organs may be accessed by surgically removing the skin layers directly above the tissue of interest, but this approach may introduce the risk of
compromising cellular physiology due to invasiveness. More importantly, irreversible surgical intervention prevents longitudinal observation over
days. Optical window models have been developed
to address this problem. Surgically installed, transparent glass windows permit chronic microscopic
access to various organs, such as the dorsal skin,
brain, and abdominal organs (FIGURES 2B AND 3).
Another approach is to miniaturize the optical system by introducing micro-endoscopic probes (FIGURES 2C AND 4). Although the small-diameter
probes often have lower resolution and smaller
field of view compared with standard objective
lenses, this approach allows minimally invasive access to internal tissues through natural orifices
(e.g., colon, esophagus, trachea) or via small surgical openings that can be closed after imaging.
Another important technical challenge comes
from the physiological motion of animals mainly
due to breathing and heart beating. The motion
introduces blurring artifacts during imaging, compromising spatial information. Although multiple
approaches, such as time-gating (110) and adaptive motion tracking (65), have been proposed, the
current gold-standard solution is to fix the tissue
onto rigid fixatives by suture (47), glue (91), or
suction pressure (50). The fixatives need to be specifically designed for each organ to ensure sufficient
motion stabilization while minimizing interference
with normal cellular physiology.

Applications to Physiology Systems
The Nervous System
Brain. Intravital imaging of the brain cortex has
become the gold-standard technique in neuroscience to study the spatiotemporal activity of neuronal networks. There are several excellent review
papers on brain imaging (53, 78). Several techniques to access the cortex exist: the open skull
window, which is widely used but immunoreactivity is relatively high (44); the thinned skull window,
which introduces less immunoreactivity but skull
regrowth; and the reinforced thinned skull win-

FIGURE 1. In vivo imaging in the mouse
Advances in optical techniques in conjunction with sample preparation methods allow microscopic visualization of cellular dynamics
in various organs in a living experimental animal. Representative
images in each organ acquired by intravital microscopy on mouse
models are shown. Images reproduced with permission from Refs.
55 (brain), 92 (ear skin), 75 (lung), 23 (kidney), 29 (spinal cord), 61
(colon), 89 (small intestine), 90 (liver), 50 (heart), and unpublished
observations of Choi M, Lee WM, Yun SH (tongue).
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The Gastrointestinal System
Liver. Ritsma et al. developed an abdominal imaging window to track the growth of an individual
colorectal cancer cell in the mouse liver to the
formation of a micrometastasis (90) (FIGURE 3D).
Time-lapse imaging over 10 h revealed significant
cellular migration within pre-micrometastases but
not within micro- or macrometastases. Subsequent pharmacological inhibition of cell migration
significantly reduced the metastatic burden, suggesting migration inhibition as a valid target for
cancer therapy. The abdominal imaging window
also extended long-term capabilities to other organs, including the stomach, spleen, kidney, and
pancreas (90, 91).
Small intestine. Ritsma et al. used an abdominal
imaging window to study homeostasis of stem cells
marked by Lgr5 in the murine intestine (89) and
identified a central region (crypt base) and border
region (upper part of niche) in the intestinal stemcell niche (FIGURE 3D). The central stem cells are
biased toward survival compared with the border
stem cells, which are biased toward loss and replacement. Interestingly, this dependence of selfrenewal potential on stem cell position within the
niche is consistent with the finding in a recent
intravital microscopy study of the mouse hair follicle (93).
Colon. Side-view endomicroscopy has been
used for longitudinal imaging of tumor-associated
angiogenesis in a spontaneous colorectal cancer
model (61) (FIGURE 4D). By coupling high-intensity femtosecond pulses to the probe, epithelium
in the descending colon can be precisely ablated
(18). Tracking epithelial regeneration in conjunction with genetic perturbation enabled the study of
the Card9 gene in epithelial restitution during the
inflammatory response (102).

FIGURE 2. Ways to obtain microscopic access to various organs in vivo
Three strategies for intravital imaging have been proposed to overcome limited penetration of light into tissue:
through intact or surgically exposed tissue (A), by implanting an optically transparent window (B), or by inserting
miniature endoscopic probes (C).
42
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Spinal cord. Intravital microscopy has been
used to study the dynamics of spinal cord injury
and regeneration (111). Kerschensteiner et al. surgically exposed the spinal cord by laminectomy to
monitor individual fluorescent axons in the spinal
cords of living transgenic mice over several days
after spinal injury (54). Importantly, they observed
that many axons attempt regeneration within a day
after injury but fail due to the inability of axons to
grow back along its original trajectory. Later, Farrar
et al. developed a chronic implanted window
model and investigated the regeneration dynamics
of a single disseminated axon over months (29,
113) (FIGURE 3C).
Eye. Confocal ophthalmoscopy has long been
used in the study of the retina (97). In conjunction
with adaptive optics, Geng et al. gained subcellular
resolution to visualize retinal microstructures such
as optic nerves, capillaries, and ganglion cells over
a month (32). The cornea can be readily visualized
by confocal fluorescence microscopy or second
harmonic generation microscopy to study collagen
structure (67, 114). Second harmonic generation
microscopy is typically performed concurrently
with two-photon fluorescence imaging since they
can share the same femtosecond pulsed laser
source (98).
Cochlea. Monfared et al. used a graded-index
lens probe to visualize flowing red blood cells in
several cochlear structures, including the round
window membrane, spiral ligament, osseous spiral
lamina, and basilar membrane (79).
Tongue. Choi et al. recently developed a tongue
imaging window and used two-photon microscopy
to measure the vascular perfusion in taste buds
and physiological activation of the taste receptor
cells in response to tastants administered either
topically or intravenously (unpublished observations) (FIGURE 3E).
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Esophagus. Kim et al. has demonstrated imaging
of vascular structure of the esophagus by side-view
endomicroscopy through the oral cavity (61). This
should be useful to study pathogenesis of esophageal diseases, such as Barrett’s esophagus and
esophageal malignancy.

The Renal System

The Cardiovascular and Respiratory
Systems
Heart. Leukocyte trafficking has been studied
within heterotopically transplanted hearts by partially exteriorizing the heart and gluing the surface
to a glass coverslip (72). Li et al. examined the roles
of endothelial adhesion proteins (Mac-1 and
LFA-1) in neutrophil adhesion during ischemia
reperfusion injury. Recently, a method of imaging
the beating mouse heart in vivo was developed by
combination of a motion stabilizer and real-time
gating of particular phases in the respiratory and
cardiac cycles (68). Serial intravital imaging over
days was also demonstrated using endomicroscopy by inserting an endoscopic probe through the
intercostal space while providing motion stabilization through a suction channel (50) (FIGURE 4C).
Using this technique, Jung et al. observed patrolling monocytes rolling along vessel walls in the
heart in the steady state and studied monocyte
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Kidney. Laparoscopic access to abdominal organ has been particularly successful with the kidney (85). Two-photon imaging of the kidney has
enabled quantification of glomerular filtration rate
(51), fluid flow in the juxtaglomerular interstitium
(94), and renal albumin filtration (96). More recently, serial two-photon imaging was used to
track single podocyte migration into the parietal
Bowman’s capsule after unilateral ureteral ligation
(41). These results challenge the classical view that
podocytes are stationary. Another study looked at
leukocyte recruitment in the glomerular microvasculature (23). It was found that acute glomerular
inflammation increased the duration of leukocyte
retention but not the total number of leukocytes
recruited. These findings support the existence of a
novel form of intravascular immune patrolling in
the glomerulus and illustrate the advantage of intravital imaging in recording live biological processes. In histological analyses, neutrophils are
rarely observed in healthy glomeruli, whereas increased numbers of neutrophils are observed in
inflamed glomeruli. These data can be reconciled
by the fact that histology provides a snapshot view

of the glomerulus at one particular time point; thus
dynamic information, such as leukocyte dwell
time, is lost. Fan et al. utilized endomicroscopy for
minimally invasive serial tracking of immune cells
over 2 wk (FIGURE 4B) (28).
Bladder and ureter. Using a front-view endomicroscope after laparotomy, Kim et al. demonstrated in vivo imaging of blood vessels and
immune cells in the bladder and ureter (59). The
urethral lumen may be accessible by introducing
side-viewing endomicroscopy through its orifice.

FIGURE 3. Imaging through optical windows
A: dorsal skin. The photograph at left shows a dorsal skinfold chamber implanted on a nude mouse. The fluorescent image at right shows collective invasion of melanoma cells taken by multi-photon microscopy in the dorsal skinfold chamber. Images were reproduced from Ref. 74a with permission. B: brain. The photograph shows cranial window model
implanted on a nude mouse after craniotomy. Change in neuronal responsiveness to limb stimulation (red arrowhead)
after laser-induced microinfarct. Images reproduced from Ref. 99 with permission. C: spinal cord. The photograph at left
shows imaging chamber implanted for chronic imaging of the spinal cord. Regeneration dynamics of the spinal axons
(blue) at the injured area (yellow arrow) was traced over a month. Images reproduced from Ref. 29 with permission. D:
abdominal organs. Glass window implanted on the abdomen (left) enabled tracking of cellular dynamics in various abdominal organs over time, such as cancer metastasis in the liver (top) and stem cell dynamics in small intestine (bottom).
Scale bar, 20 m. Images reproduced from Refs. 89 –91 with permission. E: tongue. Top: preparation for imaging the
mouse tongue. The fluorescence image (middle) shows a three-dimensional view of a taste bud (red, blood vessel; green,
taste receptor cells). Bottom: intracellular calcium activity measured in the taste receptor cells after introducing artificial sweetener intravenously. Images reproduced with permission from unpublished observations of Choi M, Lee WM, Yun SH.
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Musculoskeletal, Connective Tissue,
and Skin
Muscle. Intravital microscopy has been applied
to study different types of muscles. Under the
mouse skin, there is a thin skeletal muscle layer,
called the panniculus carnosus, which is not found
in humans. By using a dorsal skinfold chamber,
this skeletal muscle layer is readily accessible over
time for studies of muscle contractility and associated blood perfusion as well as an orthotropic
model of fibrosarcoma (FIGURE 3A). Smooth muscles in arteries or gastrointestinal organs are also
accessible by appropriate chamber techniques. In
particular, the control of arterial tone in the brain
has been of primary interest due to its tight functional association with neuronal activity (16). Muscles have high autofluorescence and secondharmonic signals, providing imaging contrast
without exogenous labeling. These intrinsic optical
contrasts were used in conjunction with a miniature endoscopic probe to study the fate of orthotopically transplanted aorta in mice (2). Llewellyn
et al. also used endomicroscopy to study the behavior of skeletal muscle in mice and humans (74).
They were able to observe the dynamics of sarcomere contraction at millisecond-scale resolution.
This method may be applied to study how sarcomere structure and lengths are altered with physical
conditioning and in neuromuscular diseases.
Skeletal system. Bones and joints are of great
interest for researchers studying autoimmune-related disorders (e.g., rheumatoid arthritis) or regenerative medicine to understand its maintenance and
restitution. Williams et al. used time-series multiphoton microscopy to image molecular transport
through the perichondrium in live juvenile mice

FIGURE 4. Endomicroscopy
A: brain. A side-viewing probe is inserted down to thalamus to visualize neurons labeled by fluorescent protein. Images reproduced from Ref. 57 with permission. B: kidney. Tracking of immune cells over 2 wk was shown with endomicroscopy of
the kidney after minimal laparotomy. Scale bar, 50 m. Image reproduced from Ref. 28 with permission. C: heart. Endomicroscopy with a suction stabilizer was inserted through the intercostal space to access heart with minimal invasiveness for
serial imaging over a day. Scale bar, 50 m. Images reproduced from Ref. 50 with permission. D: colon. Endomicroscopy for
the colon. Tumorigenesis and angiogenesis were traced with dual-color endomicroscopic imaging in the descending colon.
Scale bar, 500 m. Images reproduced from Ref. 59 with permission. E: trachea. Endomicroscope inserted through the trachea showed regeneration dynamics of epithelial cells after injury. Scale bar, 20 m. Images reproduced from Ref. 58 with
permission.
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recruitment after acute myocardial infarction.
With the onset of the ischemic insult, monocytes
are rapidly recruited first from the vascular reservoir and then from the spleen. The early infiltrating monocytes may subsequently recruit
neutrophils in reperfusion injury as described in
the lung (63).
Lung. For imaging cells in the lung, it is critical
to immobilize the tissue by suction (75, 87), sutures, or glue to a transparent cover (42, 63, 106).
Temporally gating in synchrony with natural or
ventilated breathing further helps minimize
movement artifacts. Kreisel et al. studied neutrophil extravasation during transplant-mediated
ischemia reperfusion injury (63). They found that
neutrophil clusters were associated with at least
one monocyte, and depletion of monocytes dramatically reduced neutrophil extravasation. These
observations suggest that monocytes mediate transendothelial migration of neutrophils, perhaps
through local production of chemokine signals.
Other studies have looked at the augmentation
of alloimmunity by dendritic cell-neutrophil interactions after lung transplantation (64), neutrophil
recruitment by platelet-derived chemokine heteromers in acute lung injury (39), and coordination of
the immune response to pulmonary anthrax by
macrophage-dendritic cell interactions (30).
Trachea. Kim et al. demonstrated imaging of
tracheal epithelial cells through a side-view endoscope with a ventilation channel to facilitate physiological breathing during the imaging session (60)
(FIGURE 4E). They performed endotracheal fluorescence imaging in live transgenic reporter mice
to monitor the regeneration of Clara cells over 18
days after sulfur dioxide injury.
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Hematology and Immunology
Blood. Intravital microscopy has enabled the
quantification of the number and flow characteristics of fluorescently labeled circulating cells (82),
including rare circulating tumor cells (43) and immune cells (27). Because circulating cells are visualized in real time, their behavior, such as flowing,
rolling, crawling, and extravasation, can be easily
observed (50). Photoconvertible fluorophores have
facilitated the study of dynamic cellular processes
such as division, differentiation, and migration at
single-cell resolution (12, 26). Using photoconversion, Dutta et al. showed that bone marrow cells
relocate to the spleen following myocardial infarction (26).
Blood vessel. Vascular perfusion is a hallmark of
living systems. Various physiological parameters,
such as flow speed, direction, and oxygen saturation levels, can be measured by intravital microscopy (103). Several computational algorithms have
been developed to extract blood flow velocities
from data obtained through line-scanned imaging
(24, 62). By tracing fluorescent nanoparticles, the
spatial distributions of nanoparticles within blood
vessels have been determined in agreement with

computer simulation (69). Intravital microscopy is
a standard technique to study the structure and
function (e.g., leakiness) of blood vasculature in
the context of angiogenesis and anti-angiogenesis
therapy. Furthermore, image-guided vascular occlusion, either by photodynamic effects or by using
femtosecond laser irradiation has been used to
disrupt microvessels in the cortex (100). Nishimura
et al. demonstrated that a single blockage to a
microvessel leads to local cortical ischemia (81).
Bone marrow. Due to its significant role in hematopoiesis, the bone marrow has been widely
studied in the field of stem cell biology and immunology. The bone marrow in the skull (i.e., calvarium bone marrow) is easily accessible by exposing
the scalp (101). Celso et al. studied the homing and
early engraftment of transplanted hematopoietic
stem and progenitor cells in the calvarium bone
marrow (14). Using a similar technique, Fujisaki et
al. found that the hematopoietic stem cell niche in
the bone marrow is an immune-privileged site
similar to those observed in the testis, hair follicle,
and placenta (31), and resident regulatory T cells
play a critical role for protecting allografted hematopoietic stem/progenitor cells. Spencer et al. measured the local oxygen concentration levels in the
bone marrow by two-photon phosphorescence
lifetime microscopy (103).
Spleen. Swirski et al. imaged an exteriorized
spleen to observe an endogenous, undifferentiated
reservoir of monocytes in the subcapsular red pulp
of the spleen (105). The marginal zone, the interface between the red pulp and lymphoid white
pulp of the spleen, has also been studied by a
similar technique (6). Rapid marginal zone B-cell
shuttling was observed, with at least 20% of marginal zone B cells exchanging between the marginal zone and follicle every hour. This data
provides a mechanism for explaining how bloodborne antigens are rapidly delivered to splenic
follicles.
Lymphatic system. Immune cell physiology in
the lymph node has been extensively studied by using two-photon microscopy (33, 104). In one of the
earliest studies, Mempel et al. looked at T-cell migration and interactions with dendritic cells at surgically
exposed popliteal lymph nodes and revealed three
successive stages of T-cell priming by dendritic cells:
transient serial encounters with dendritic cells, stable
contacts leading to cytokine production, and high
motility and rapid proliferation (76).
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(112). Minimally invasive access to the joint space
might be feasible by direct insertion of a endomicroscopic probe (73).
Skin. As the external surface of mammals, skin is
the most accessible tissue (FIGURE 2A). The skin
has served as an excellent model to study tissue
maintenance due to its continuous turnover and
well defined stem cell niche (92). Rompolas et al.
traced cell division and migration at the hair follicle and found that stem cell fate, i.e., whether stem
cells remained uncommitted, generated precursors, or committed to a differentiated state, depended directly on the position of the stem cell
within the follicle (93). The ear skin is also suitable
for studying the dynamics of immune responses.
Celli et al. investigated the dynamic response of
donor and host cells during skin transplant (13,
71). Access to the subcutaneous side of the dorsal
skin is achieved by surgical exposure. Miller et al.
used the skin-flap model to study immune cell
dynamics in lymph nodes (77). Numerous studies
have employed the dorsal skinfold chamber for
studies of tumorigenesis and measurements of
physiological parameters such as hypoxia, interstitial pressure, and molecular diffusivity (5, 40, 47,
70, 88) (FIGURE 3A).
Adipose tissue. Intravital microscopy has been
used to observe the vascular circulation, structure,
and metabolic activity of interscapular brown adipose tissue (9). Imaging following short-term cold
exposure showed rapid uptake of triglyceride-rich
lipoproteins in brown adipose tissue.

The Reproductive System
Mammary glands. Kedrin et al. developed a
mammary imaging window to track orthotopic
breast tumors and observed that intravasation and
infiltration of breast tumor cells were significantly
enhanced in vascular microenvironments (52). A
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later study showed that intravasation of breast carcinoma cells was significantly diminished by silencing the expression of neural Wiskott-Aldrich
syndrome protein (36). Another study looked at the
role of a regulator of actin polymerization and cell
migration in breast tumor metastasis (95).
Ovary. Zhong et al. used endomicroscopic fluorescence imaging in tracking the progression and
treatment of ovarian cancer (118). Using this
technique, Choi et al. revealed the genetic origin
(i.e., AIMP2 gene) of chemoresistance in ovarian
cancer (15).
Prostate. Ghosh et al. used a fluorescent sensor
for zinc along with confocal intravital microscopy
to develop a novel imaging approach for detection
of early stage prostate adenocarcinoma (34).

The Endocrine System

Ongoing Advances and Future
Perspectives
In recent years, the development of various window models and endomicroscopy has extended
the capabilities of intravital imaging beyond imaging superficial tissues and allowed longitudinal observation of cell physiology. Further technical
advances to observe intact cellular behaviors with
higher spatiotemporal resolution, deeper optical
penetration, comprehensive volumetric views, and
prolonged periods of time should have high impacts. Some of the promising approaches include
super-resolution imaging, such as stimulated
emission depletion (STED) microscopy, which has
enabled the visualization of dendritic spine morphology in a living mouse brain (10). Advances in
endomicroscopy are also actively pursued to
achieve higher optical performance with better accessibility. High-resolution endomicroscopy was
achieved by introducing a micro-lens and was
demonstrated to resolve dendritic spines on hippocampal neurons (8). Optical beam shaping enabled wide-field imaging through thin, flexible
46
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