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Thesis outline

The aim of this thesis was to use in vivo imaging of living animals, also referred to as intravital 
microscopy (IVM), to better understand the metastatic process. In chapter 1 we give an 
historical overview of IVM. We provide a detailed background of various imaging techniques 
used for IVM and give examples of how they can be used to study cellular signaling in vivo. 

In chapter 2 we describe how IVM can be used to uncover the (molecular) mechanisms of the 
metastatic process.

In chapter 3 we describe the development of a new tool for in vivo imaging; the Abdominal 
Imaging Window (AIW). The AIW can be transplanted into mice upon which it provides 
multiple day imaging access to various abdominal organs. We describe a detailed protocol for 
the surgical implantation of the AIW into mice and the subsequent intravital imaging.

In chapter 4 we describe the development of another IVM tool which is called Cryosection 
Labeling and Intravital Microscopy (CLIM). This tool uses fiduciary landmarks created by two-
photon microscopy to correlate in vivo imaging data with antibody labeling. Using CLIM we 
could show that T cells affect migration of mouse invasive lobular breast carcinoma tumor cells 
in the primary tumor mass.

In chapter 5 we unravel the molecular signaling pathway that underlies a CD95L induced 
apoptosis to invasion signal conversion in oncogenic KRAS cells. CD95L is a known inducer of 
apoptosis, but in cells expressing oncogenic KRAS this apoptosis signal is converted into an 
invasion signal. We show that in these cells invasion is enhanced by activation of the cofilin 
pathway which regulates protrusion formation by mediating actin dynamics.

In chapter 6 we make use of the AIW to investigate the mechanisms of liver colonization. We 
demonstrate that the metastatic colorectal cancer cell line C26 grows clonal metastases from 
a single cell. Initially, the single cell grows into a small clone in which the cells lack contact to 
neighboring tumor cells and are highly migratory. We refer to this state as the pre-micometastasis 
state. We then present data showing that the clones condense into micrometastases, in which 
cell migration is diminished. Next to these newly defined mechanisms of liver colonization we 
illustrate the use of the AIW in other fields of research like stem cell research, immune research 
and diabetes research.

Chapter 7: a summarizing discussion of the different chapters concludes this thesis.
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Intravital imaging of cell signaling in mice

Laila Ritsma, Bas Ponsioen, Jacco van Rheenen

Hubrecht Institute-KNAW & University Medical Center Utrecht, Uppsalalaan 8, 3538 CT Utrecht, The 
Netherlands

Adapted with permission from: IntraVital 2012 Jul/Aug/Sep ;1(1):2-10.
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1 Cell signaling is mostly studied in 2D-cell culture models that lack the complex in 
vivo environment provided by neighboring cells, soluble secreted factors and 

non-cellular matrix components. Given that many environmental factors control cell 
signaling, it comes as no surprise that in vitro observations often poorly correlate with 
in vivo observations. Recent developments in intravital imaging techniques have made 
it possible to visualize and study cell signaling in individual cells within living animals. 
Here, we review intravital imaging techniques based on fluorescence microscopy and 
give examples of how these techniques are being used to study cell signaling.

Inter-organ, intercellular and intracellular signaling are critical events for normal function of 
a multi-cellular body. Many diseases result from dysfunctional signaling pathways, cancer 
being a notable example. In order to develop new clinical strategies for these diseases, it is 
essential to understand the involved signaling pathways in their pathophysiological contexts. 
The introduction of cell-culture in the 19th century as a common laboratory technique allowed 
researchers to grow cells on plastic or glass (in case of adherent cells) and concisely study their 
cell signaling in these 2-dimensional (2D) culture models. Based on such models, an extensive 
body of knowledge has been obtained on intrinsic characteristics of cells and many important 
signaling molecules have been discovered and signaling pathways elucidated. Nevertheless, it 
has become increasingly apparent that cell behavior in in vitro 2D-culture models differs from 
that in their physiological environment. In a living mouse, for exampe, carcinoma cells migrate 
with 10 times higher velocities and more persistency than has generally been observed in in 
vitro models1. 

What makes cells behave differently in vivo compared to in vitro? 2D-culture models lack the 
full dimensions of integrated local and systemic positive and negative feedback signals that 
control cell-physiological processes. The in vivo environment contains at least three (broad) 
categories of factors that impose additional cell signaling on individual cells, including: 1) 
neighboring cells, 2) secreted soluble factors and 3) non-cellular structural factors [extracellular 
matrix (ECM)]. Collectively, these factors are referred to as the microenvironment and they form 
the signal input of individual cells. The composition of the microenvironment is dynamic and 
unpredictable since microenvironmental factors are mutually influenced, leading to complex 
and confined cell signaling in space and time. The absence of microenvironmental factors 
in in vitro models systematically alters the balance of cellular signal input with subsequent 
changes in the localization of many signaling proteins, the regulation of signaling pathways 
and ultimately cell morphology and behavior (Fig. 1). Moreover, cell lines used in 2D-culture 
models are usually transformed to allow unlimited passaging, leading to altered cell cycle and 
gene expression profiles as compared to their non-transformed counterparts in living tissue. 
Thus, in order to fully understand physiological and pathological processes, cell behavior 
should ultimately be studied in its physiological environment.

For many decades, important knowledge on signaling pathways and their underlying genes 
have evolved from genetic and biochemical studies on mice. Several techniques, such as (q)PCR 
and western blotting have been routinely used to detect specific gene transcripts and protein 
expressions in tissue samples. As a general disadvantage, many of these analyses require large 
numbers of cells, thereby obscuring the signaling properties of individual cells. Moreover, 
most of these techniques lack spatial resolution, which would help to fully understand single 
cell signaling events. Therefore, histological, immunohistochemical and RNA-hybridization 
techniques have been successfully employed to provide spatial information with cellular (and 
sometimes sub-cellular) resolution and to assess expression levels of signaling molecules. For 
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example, invasion of tumor cells into the surrounding stroma can be visualized by standard 
histological techniques that are commonly employed to grade the pathological stage of a 
tumor. Although histological (staining) techniques can provide spatial information with sub-
cellular resolution, they do not provide any temporal information. In fact, in order to monitor 
processes over time, samples of separate individuals would need to be obtained at several 
timepoints. By contrast, individual cells can be visualized over multiple time points in the same 
animal using intravital imaging2-4. In this review, we will give a historical overview of high-
resolution intravital imaging techniques, followed by examples of how intra- and intercellular 
signaling can be studied. Finally, we will describe the latest developments in intravital imaging.

Figure 1 | The in vitro 2D culture model does not resemble the in vivo situation. High-resolution two-photon 
images of cells were acquired in vitro and in living tissue. Left panels; MTLn3 cells overexpressing GFP-Mena. Note that 
GFP-Mena localizes to focal adhesions (arrow heads) in vitro, whereas this cannot be observed in vivo. Middle panels; 
differential morphologies of KeP1_11-GFP cells in vitro and in vivo. Right panels; the microenvironment of C26-GFP cells 
(ECM, macrophages (mf70kD Dextran) and blood vessels (dashed line)) cannot be recapitulated in vitro. Scale bar, 5 mm.

Historical overview of intravital imaging techniques
The importance of in vivo measurements became evident already in 1839, when intravital 
imaging was first described by Wagner. He observed the interaction of leukocytes with the 
blood vessel wall in the webbed feet of a grass frog using bright field transillumination.5 In 
these early days, most intravital imaging studies could only examine the vasculature and 
the microcirculation, due to the old-fashioned optics and the lack of contrasting techniques 
to visualize other tissues. This changed in 1911, when Heimstadt introduced the first 
fluorescence microscope.6 Together with the development of exogenous fluorophores,7 the 
fluorescence microscope allowed in vivo imaging of intravenously injected fluorophores and 
these “circulating sources of light” were visualized in several tissues such as liver and kidney.8 
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1 Nonetheless, the earliest observations were done merely by eye or diafilms,9 limiting these 
studies to descriptive reports on relatively large-scale events.

In the mid- and late 20th century new lasers, optics and detectors were developed, leading to 
the introduction of video (widefield) and confocal microscopy. In contrast to earlier versions 
of fluorescence microscopes, these advanced microscopes could record images and therefore 
allowed post-acquisitional image analysis and publication of the experimental images.10,11 In 
addition, the confocal microscope was designed to eliminate out-of-focus emission light (from 
beyond the optical section) by virtue of a pinhole, resulting in contrast enhancement (making 
subcellular structures clearer) and improved Z-resolution. Thereby, it constructs optical 
sections through tissue without physically sectioning it (Fig. 2a). Since its first biological 
implementation in 1987,12,13 confocal microscopes have been applied to study numerous 
(subcellular) events in living mice such as tumor cell migration in mammary tumors.14 Spinning 
disk confocal microscopes have been used in several studies because it allows fast scanning 
and therefore induces little phototoxicity.15

Figure 2 | Single-photon microscopy versus two-photon microscopy. (a) A Z-stack of images of a mouse 
mammary tumor (KeP1_11 Dendra2) was acquired with single-photon (1P, confocal microscope) and two-photon (2P, two-
photon microscope) excitation in a living mouse. The imaging depth is indicated in every image. Note that deep inside tissue 
good contrast can only be obtained when using a two-photon microscope. (b) Jablonski diagram showing single-photon and 
two-photon absorption and emission of a fluorophore. For second harmonic generation (SHG) imaging excitation does not 
take place; instead, two photons scatter simultaneously, thereby generating a single photon in the visible light range. Lower 
image; two focal points were bleached in a fluorescent plastic using single- (left) and two-photon (right) excitation. Bleaching 
profiles are shown in XZ. Note that single-photon excitation creates a cone-like structure, while two-photon excitation is 
restricted to the focal point. (c) Intravital images of the same region in which scatter- or SHG-signal from ECM fibers was 
acquired. Scale bar, 20 mm.
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Nowadays, the most advanced confocal microscopes are equipped with several lasers in the 
visible light spectrum (400-650 nm) to excite a diversity of fluorophores. However, scattering 
of visible light in tissue limits the imaging depth. This problem is overcome by exciting 
fluorophores with infrared lasers (<1000 mm deep)16 (Fig. 2a). In 1990, Denk et al. developed the 
ultrashort pulsed lasers17 in which all photons over a time span of 12.5 ns are concentrated into 
a femtosecond pulse (for a 80 MHz pulsed laser). In the focal plane, the photon density within 
such a pulse is sufficient to make fluorophores absorb two photons nearly simultaneously (Fig. 
2b) (this was predicted already in 193118 and validated in 1961).19 This technique, often referred 
to as two-photon microscopy, renders elimination of out-of-focus light by a pinhole redundant, 
since the excitatory photon density and thereby the two-photon excitation effect is strictly 
confined to the confocal plane (Fig. 2b). This simplifies the optical path, because emitted 
light does not have to travel back through the scanner with losses of light at the pinhole and 
mirrors, but instead can be detected close to the objective.20 The advantages of two-photon 
microscopy result in low bleaching and minimal phototoxicity deep inside living tissue.

To visualize individual cells within various organs of the mouse, the imaging depth of two-
photon microscopy is not sufficient and requires surgical exposure of the imaging site.21 
However, these surgical procedures limit the duration of imaging sessions to several hours. 
Long-term intravital imaging (up to 30hrs) of surgically exposed tumors in mice has been 
achieved by optimized imaging conditions (e.g. monitoring vitals).15,21 However, by using 
the dorsal skinfold chamber, Lehr and coworkers (23) pioneered high-resolution intravital 
imaging over multiple days.22 At the present time, this chamber is widely used for multi-day 
imaging of the vasculature and tumors (e.g. 23). More recently, other types of chambers have 
been developed by us and others to study mammary tissue,24,25 brain tissue,26 and the spinal 
cord.27 Although imaging windows for the lung have been designed, they have not yet allowed 
imaging for more than a few hours.28 

To monitor individual cells over multiple imaging sessions, vascular and extracellular matrix 
structures and tattooed reference marks have been used as roadmaps in healthy tissue in order 
to repeatedly trace back studied cells.29-31 In this manner, formation of metastasis has been 
followed for weeks (LR and JvR, unpublished) with the animals well recovering from anesthesia 
in between the imaging sessions. If, however, tissue topology changes over time (e.g. in 
tumorigenic tissue), areas of interest can be retraced by taking advantage of photoconvertable 
fluorophores such as Dendra232 and PSmOrange.33 For example, violet illumination shifts 
the absorption and emission spectra of Dendra2 towards longer wavelengths converting 
green Dendra2 to red Dendra2 fluorophores. We have used Dendra2 to photo-mark and 
track individual cells and groups of cells for multiple days34 (Fig. 3b) and could, thereby, 
visualize distinct migratory behavior of tumor cells. For example, we showed that tumor cells 
surrounding large blood vessels are more migratory than tumor cells surrounding capillaries.24 
This assay has high potential to test the effects of clinically relevant pharmacological agents in 
vivo as was done for agents that target integrin–Fak–Src signaling.35 Thus, the combination of 
photoconvertable fluorophores and imaging windows provides a powerful tool for long-term 
intravital imaging at high resolution.

Taken together, we are now able to detect fluorescence at high resolution, deep inside living 
tissue and over multiple days. Therefore, it comes as no surprise that intravital imaging is 
becoming increasingly popular to study the behavior of fluorescently labeled cells in the in 
vivo setting and, as will be discussed below, signaling events between and within these cells.
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1 Signaling events between cells
In order to study signaling events between cells, multiple cell and/or tissue types must be 
visualized simultaneously. Contrast agents are often used to distinguish between different 
cell types and tissues. However, certain substances (such as ECM, blood vessel structures) are 
detectable without labeling. For example, optical frequency domain imaging (OFDI) detects 
the differential optical scattering properties of various tissue structures such as blood and 
lymphatic vessels and has (already) been used to study angiogenesis and lymphangiogenesis.36 
As another example, reflectance imaging (also referred to as back-scattering) is based on the 
detection of excitation light that is scattered by solid-state structures resulting in contrast 
between dense and less dense tissue.37 Reflection of the excitation light occurs at the 
interface between structures with differential refractive indices such as ECM components and 
water (Fig. 2C). Although the signal is not specific, reflectance imaging can visualize many 
microenvironmental structures ranging from ECM or blood vessels to stromal cells (e.g. see 
refs 37,38). A more specific and regularly used technique to visualize collagen fibers is second 
harmonic generation (SHG) microscopy (Fig. 2c). At highly ordered and non-centrosymmetric 
structures, such as Type I collagen, the energies of two photons are combined and reflected 
as a single photon with doubled energy and half the wavelength. Typical wavelengths used 
for SGH-imaging range between 800 and 1300 nm, since the SHG-signal can then be detected 
using standard fluorescence microscopy filter sets. Since SHG and reflectance imaging are not 
based on fluorescence phenomena, they do not excite molecules and therefore do not induce 
photobleaching. These techniques can be used to study Type I collagen in various healthy and 
pathogenic tissues including skin, gut and breast (e.g. ref 39). For example, SHG has proven to 
be highly usefull when studying cancer cells; it has been shown that breast cancer cells migrate 
along collagen-I fibers with high velocity and persistence (Fig. 3a).1 

Figure 3 | Visualizing cell migration over long and short periods of time. Intravital imaging of mouse tumor cells 
was performed using two-photon microscopy. (a) Stills of a time-series showing KeP1_11-Dendra2 cells migrating along 
type I collagen fibers. (b) C26-Dendra2 cells were imaged through a mammary imaging window after photomarking a 
subpopulation in a square region (dashed square) by violet light-induced photoconversion of Dendra2. Twenty-four hours later 
we rescanned the region. Note that the converted cell population has relocated (see dashed line). The scale bars, 20 mm.
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Another way to visualize cells and tissues without labeling them is by detecting endogenous 
fl uorescent molecules which are present in almost every cell type such as tryptophan, pyridinic 
and fl avin co-enzymes; their emission is commonly referred to as autofl uorescence (see e.g. 
ref 40). Since both excitation and emission spectra of these components have considerable 
overlap, the fl uorescence level cannot be used to distinguish among cell types. However, the 
fl uorescence lifetime (the average time an excited fl uorophore resides in its excited state) does 
diff er among the various components (e.g. tau-NADH ~ 1 ns and tau-FAD ~ 3 ns)41 and can 
thus be measured using FLIM (fl uorescence lifetime imaging microscopy). The diff erent molar 
ratios of these autofl uorescent components, as present in distinct cell-types and tissues, will 
constitute cell type specifi c (average) autofl uorescence lifetimes. Thus, imaging the (average) 
lifetime of auto-fl uorescence has a strong potential for distinguishing multiple cell-types (Fig. 
4a). This technique has already been successfully applied to discriminate healthy from tumor 
tissue42-44 and to predict tumor grade parameters, such as metastatic potential.45 

As mentioned above, cell types and tissues can also be distinguished by using contrast agents. 
However, most contrast agents dilute quickly, for example due to cell division. When short 
term labeling is adequate, blood vessels can be visualized by angiography, i.e. injection of 
fl uorescently labeled high-molecular weight dextran or quantum dots into the blood stream. 
As another example, intravenously injected low molecular weight-dextran molecules (<60kD) 
leak out of the blood into the surrounding tissue, where they are taken up by phagocytic 
immune cells such as macrophages. Moreover, dendritic cells can be labeled by intracutaneous 
injection of carboxy-fl uorescein diacetate succinimidyl ester (CSFE).46 Immune cells can also 
be specifi cally labeled by transferring isolated cells into recipient mice after labeling them 
ex vivo with tracker dyes.47 A general drawback of the latter approach is that these labeled 
cells will only constitute a small fraction of the total blood cell population of the recipient 
animal. Alternatively, cell-type specifi c fl uorescent antibodies (e.g. for lymphatics, see ref 48; 
for Gr1+ myeloid cells, see ref 15) can be injected to establish contrast between diff erent cell 
types. Especially for immune cells that can be adoptively transferred, these approaches enable 
researchers to label diff erential cell types with specifi c colors and visualize their physical 
interactions in vivo (e.g. ref 49). 

Since the introduction of genetically encoded fl uorophores such as green fl uorescent 
protein (GFP), it has become possible to label non-hematopoietic lineages that could not 
be adoptively transferred, such as cancer cells with an epithelial origin. For this, fl uorescent 
protein (FP) expression, driven by cell-type specifi c promoters, has been the preferred method 
to visualize cell types in intravital imaging experiments. Advantages of these FPs are that they 
1) are non toxic, 2) are not limited in tissue penetration (as labeled antibodies or dyes are) and 
3) come into place non-invasively. Thanks to a variety of FP color variants, multiple cell types 
can currently be genetically labeled and simultaneously visualized (e.g. blue, green and red 
fl uorophores). This has led to the exciting possibility to study interactions and communication 
between diff erent cell types in real time. For example, Egeblad and coworkers visualized the 
behavior of diff erent stromal cells in mammary tumors and showed that most stromal cells 
exhibit higher motility at the tumor edge than when residing within the tumor mass.15 In 
another study, Wyckoff  and colleagues visualized how signaling between mammary tumor 
cells and macrophages drive metastasis.50 By co-registration of GFP-expressing mammary 
tumor cells and Texas Red-dextran labeled macrophages they showed how macrophages 
assist the tumor cells in invading the stroma and entering the blood stream.50 Macrophages 
were also found to be involved in the development of mycobacterial liver granulomas.51 In 
yet another study it was shown that T cell interactions with dendritic cells are governed by 
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1 T cell sensing of the antigen dose, creating a threshold for its activation.52 Nowadays, many 
new fluorescent proteins with additional properties have been designed, opening new 
avenues for intravital imaging of cell-cell signaling. For example, fluorescent proteins like 
LSS-mKate153 have been designed for visualization in combination with CFP and GFP, since 
e.g. mKeima combines a CFP-like absorption spectrum with a mRFP-like emission spectrum. 
Piatkevich and co-workers used this multiple-channel approach to visualize that tumor cells 
are more polarized when they are in close proximity with blood vessels than when they are 
located far away from the circulation.53 Finally, far-red fluorescent proteins such as mNeptune, 
eqFP650/670 and iRFP have been developed to allow imaging deep inside tissue, thanks to its 
excitation and emission spectrum that are near-infrared.54-56 For a good review on the latest 
developments of fluorescent proteins see ref 57.

Signaling events inside cells
The dynamic interplay between inter- and intracellular signaling leads to heterogeneous and 
changing expression profiles and differentiation states. Intravital imaging of FPs in which the 
expression is driven by differentiation promoters are strong tools to visualize these dynamic 
and diverse cellular states. For example, Pinner and colleagues monitored GFP expression 
driven by the Brn-2 promoter to visualize the differentiation status of metastasizing melanoma 
cells. This revealed the switching from a non-differentiated to a more differentiated state of 
cells that exit the primary tumor and enter the secondary site.58 The differentiated status of 
cells is tightly regulated by intracellular concentration and spatio-temporal distribution of 
second messengers, proteins and their activities. Fluorescently tagged fusion proteins have 
been extensively used to determine protein localization in vitro as a readout for cell signaling 
status. An increasing number of research groups have also adopted fusion proteins for in vivo 
studies. For example, fluorescently tagged proteins have been used to monitor cell-cycle and 
autophagy.59,60 Furthermore, FP-tagged receptors have been monitored to study their in vivo 
activation, clustering and internalization (e.g. T-cell receptor activation).61 For the visualization 
of downstream signaling pathways, FP-tagged versions of the adhesion molecule E-cadherin62 
and actin- and myosin-binding proteins63,64 have been used, amongst others. Since the 
application of FP-tagged proteins is widespread, we expect that this list only represents the 
beginning of what the future will bring. 

In addition to localization of FP-tagged molecules, the levels of second messengers and 
protein activities can be monitored in vivo. For this, numerous fluorescence-based biosensors 
have been generated. Biosensors generally contain a target sensing platform (an enzyme 
substrate or a small molecule-binding peptide) fused to a fluorescent biomolecule (antibody, 
synthetic dye or fluorescent protein). Various fluorescent biosensors are based on dynamically 
changing fluorescent properties or localization of the probe. Examples are Fluo-3, which 
acquires fluorescent signal upon binding of calcium,65 and the cathepsin activity-based 
probe, which binds covalently and irreversibly to cathepsin proteases.66 Biosensors containing 
fluorescent proteins are often based on a change in Fluorescent Resonance Energy Transfer 
(FRET). FRET is the process by which energy from an excited donor fluorophore is transferred 
to an acceptor fluorophore through radiationless dipole-dipole coupling.67 The efficiency of 
this energy transfer is highly dependent on the distance between (e.g. <10nm for CFP/YFP) 
and the relative orientation of donor and acceptor fluorophore (e.g. ref 67). Most FRET-based 
biosensors are based on a change in the orientation and/or the distance between the donor 
and acceptor fluorophore. 
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FRET-biosensors can be subdivided in three categories; ligand-, affinity- or activity-based 
sensors. Ligand-based sensors are based on the binding of a ligand or a protein to the FRET-
biosenor leading to a change in the relative orientation and/or distance between the donor 
and acceptor fluorophore. These biosensors are employed to reflect second messengers 
levels (e.g. cAMP, Ca2+, PIP2) or protein-protein interactions and have been used successfully 
to study for example Ca2+ transients in the living mouse.68 Affinity-based sensors recognize 
specific conformations or activation status of the target. For instance, the inactive-to-active 
conformational change of the N-Wasp results in a decrease in FRET (Fig. 4b).69 Intravital FRET 
imaging of mammary tumor cells that express this sensor suggests that N-Wasp can be locally 
activated in cell protrusions (Fig. 4c). Indeed, a detailed intravital imaging study by Gligorijevic 
and coworkers showed that downregulation of N-Wasp activity resulted in a reduced number 
of protrusions that degrade ECM and further resulted in less metastasis.70 Other FRET probes 
that have been used to visualize signaling activity with subcellular resolution include the RhoA 
biosensor.71 

In activity-based FRET sensors, the sensing platform is an enzyme substrate that responds to 
an enzymatic activity, such as phosphorylation, methylation or proteolytic cleavage. In case 
of the caspase-3 FRET biosensor, endogenous caspase-3 enzymes recognize and cleave the 

Figure 4 | FLIM and FRET measurements in a living mouse. (a) Discriminative visualization of multiple tissue 
components by Fluorescence Lifetime Imaging Microscopy (FLIM). Shown are the autofluorescence and lifetime image. 
Note that blood vessel (e.g. asterisk) and cells (e.g. arrow) have distinct average lifetimes. (b) Cartoon of the N-Wasp FRET 
biosensor. In its inactive form, the CFP- and YFP-moieties are in close proximity so that FRET can occur upon CFP excitation, 
resulting in YFP (~540 nm) emission. When the N-Wasp sensor core is activated, the sensor will unfold, leading to a loss of 
energy transfer. This is reflected as increased CFP and decreased YFP emission. (c) Ratiometric FRET imaging performed on 
MTLn3 mammary tumor expressing the N-Wasp FRET biosensor. CFP excitation induces CFP (left panel) and YFP emission 
(middle panel); the FRET ratio image (CFP/YFP; right panel) reflects N-Wasp activity. Note the small membrane protrusion in 
which N-Wasp is active. Scale bar, 10 mm.
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1 DVED recognition sequence that is located in between CFP and YFP, inducing a reduction 
in FRET. This sensor has been used successfully to monitor caspase-3-mediated apoptosis in 
keratinocytes and tumor cells in living mice.30,72 For instance, Breart and colleagues used this 
biosensor to visualize that cytotoxic T lymphocytes (CTLs) kill one tumor cell every 6 hours,73 
illustrating the strength of the in vivo visualization of cell signaling. 

Future perspectives
High-resolution intravital imaging employs advanced microscopy to study in vivo processes at 
a single cell resolution. In the last decade this technique has become increasingly popular to 
study and validate cell signaling processes that had previously been studied in in vitro systems, 
or that were simply impossible to study. The discovery of genetically encoded proteins enabled 
researchers to label tissue-specific cells and to visualize proteins and signaling processes (by 
using biosensors). Contrast agents can be employed to further distinguish tissues and advanced 
imaging techniques such as FLIM, FRET and SHG help to visualize various tissue components 
and cell signaling processes. In the near future, other microscopic techniques that are already 
employed in in vitro biological studies, are likely to be introduced for intravital microscopy as 
well. For example, a common technique to study the dynamics of signaling events in (living) 
cultured cells is Fluorescence Recovery After Photobleaching (FRAP).74 FRAP makes use of the 
relatively quick bleaching properties of fluorescent proteins. Upon photobleaching the FPs in 
a well-defined area, the fluorescence recovery in that area reflects the exchange of bleached 
with non-bleached FPs and therefore constitutes a measure for the protein’s diffusion rate. 
Although FRAP is a widely used technique in 2D-culture models, few laboratories apply it in 
vivo. However, intravital FRAP imaging can be extremely powerful as illustrated by Serrels and 
co-workers, who studied the trafficking of E-cadherin in mouse tumors cells. In their elegant 
study, they used FRAP to show that E-cadherin trafficking occurs at significantly faster rates in 
living mice than in cultured cells.62 In addition to FRAP, Fluorescence Correlation Spectroscopy 
(FCS) can also be employed to unravel protein interactions as well as protein diffusion. FCS 
is a technique which measures protein diffusion by autocorrelating temporal fluctuations 
of a fluorescent signal (from a tagged molecule) within a small, stationary focal volume (~1 
mm3). It requires low concentrations of fluorescent molecules and is therefore particularly 
powerful when the fluorescence signal is low. A variant of FCS is fluorescence cross-correlation 
spectroscopy (FCCS). Cross-correlation of multiple fluctuation signals in more than one spectral 
channel allows one to quantify protein interactions and enzyme activities. However, due to 
light scattering of thick tissues, this technique is not yet commonly applied in mice.

In order to advance intravital imaging as an experimental technique in the coming years, it will 
be of paramount importance to develop technical means to genetically manipulate individual 
cells in living mice. Recent developments in this direction include cell lines in which cancer cell 
behavior can be manipulated by the inducible expression of oncogenes or signaling proteins.75 
Furthermore, developments in photo-manipulation such as laser-induced activation of caged 
proteins and caged compounds (NPE-caged cAMP), proteins (Rac176; cofilin77) and gene 
expression78 will further expand the toolkit to manipulate signaling pathways in time and 
space. Developing the photo-inducible activitation of the Cre recombinase in vivo will be of 
particular interest,79 since it can be combined with the extensive and already widely available 
panel of mouse models in which this recombinase can activate or deplete genes or FPs. 
Interestingly, the lab of Vriz showed the proof-of-principle experiment in zebrafish embryos 
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by locally photo-releasing caged-cyclofen, resulting in localized CreERT2 activity and the 
subsequent localized induction of YFP expression.80 

Taken together, we can conclude that intravital imaging is an exciting new technique, that 
allows researchers to study cell behavior and even signaling events by applying biosensors 
in an in vivo setting. This relatively new field is open to many groundbreaking advances in the 
near future, so we can look forward to an exciting era in which intravital imaging will provide 
new insights into in vivo cellular signaling. 
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Metastasis, the process in which cells spread from the primary tumor to a distant 
site to form secondary tumors, is still not fully understood. Although histological 

techniques have provided important information, they give only a static image and 
thus compromise interpretation of this dynamic process. New advances in intravital 
microscopy (IVM), such as two-photon microscopy, imaging chambers, and multi-
color and fluorescent resonance energy transfer imaging, have recently been used to 
visualize the behavior of single metastasizing cells at subcellular resolution over several 
days,  yielding new and unexpected insights into this process. For example, IVM studies 
showed that tumor cells can switch between multiple invasion strategies in response to 
various densities of extracellular matrix. Moreover, other IVM studies showed that tumor 
cell migration and blood entry take place not only at the invasive front, but also within 
the tumor mass at tumor-associated vessels that lack an intact basement membrane. 
In this Commentary, we will give an overview of the recent advances in high resolution 
intravital microscopy techniques and discuss some of the latest insights in the metastasis 
field obtained with IVM.

Complete surgical resection of the primary tumor is still one of the most efficient therapies 
for cancer. Unfortunately, cancer can progress to a stage where tumor cells leave the primary 
tumor and spread to a distant organ to form a secondary tumor, a process referred to as 
metastasis. Complications caused by metastases are the major cause of cancer-related death, 
yet this process is not fully understood.

Initially it was thought that spread of tumor cells and subsequent metastasis formation is a 
late event of tumor progression; however, more recently it was realized that it might instead 
be an early event1,138. In either case, tumor cells have to acquire certain traits that allow them 
to escape from the primary tumor site and home in on and colonize a secondary site (Fig. 
1). These gained properties, such as survival, invasiveness and motility, allow tumor cells 
to move into surrounding tissue, where they enter blood or lymph vessels5,33,108. Once in 
circulation, tumor cells are transported to a secondary site, where they can grow out to form 
metastatic foci or become dormant2-5. For these colonization events to take place, tumor cells 
need to be able to respond to chemoattractants and growth factors, and survive in the new 
environment. The requirement for these traits might vary during tumor progression or among 
different tumor types, and the acquisition of these traits does not follow a particular order4,6. 
It is worth noting that only a small fraction of the cells present in the primary tumor have the 
necessary characteristics to escape from the primary site and colonize a secondary site, which 
renders metastasis an inefficient process 3. To investigate these dynamic processes underlying 
metastasis, most studies rely on techniques that are only able to provide a static view, such 
as histochemistry, visual inspection of tumor size and end-stage measurements (e.g. the 
number of metastatic foci). In addition, these techniques analyze large numbers of cells, which 
obscures the signaling properties and activities of individual cells. This results in loss of crucial 
information concerning the adaptive properties of the few tumor cells that spread and form 
metastases. 

Recent advances in optical methods have made it possible to visualize the metastatic process 
at a subcellular resolution in real time in vivo. By the 19th century, microscopes were being used 
to image tissue in living animals [e.g.7], a technique referred to as intravital microscopy (IVM). In 
these early days, most IVM studies could only examine the vasculature and the microcirculation, 
because the optics available at that time and lack of contrast limited the visualization of other 
tissues. In the 1950s, the visualization of metastasis was pioneered in a rabbit ear chamber8. 
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Major breakthroughs in this fi eld occurred in the 1990s, when intravital imaging techniques 
improved considerably and genetic tumor models of rodents that expressed fl uorescent 
proteins (FPs) became available. Since then, IVM has evolved into an important tool for 
investigating the processes underlying cancer and metastasis (see IVM-images in Fig. 1)9-12. 

Recently, a number of new IVM techniques have become available with diff erent properties in 
relation to imaging depth, resolution, timescale and applications (Table 1) [for an extensive 
review on in vivo optical microscopy methods see13]. Techniques that are based on fl uorescence 
microscopy provide (sub)cellular resolution and have successfully been used to image single 
cells in living organisms in their natural environment, such as in fruit fl ies, zebra fi sh, nematodes, 

Figure 1 | Intravital microscopy of individual steps of metastasis. The schematic illustrations aim to provide a 
simplifi ed overview of the metastatic process. To metastasize, tumor cells (green) have to escape from the primary tumor 
and colonize a distant site. During this process, cells employ traits, such as invasiveness, motility, attachment, chemosensing 
and survival, that allow them to detach from the primary tumor, invade the interstitial matrix (purple), overcome the barrier 
of the basement membrane (BM, blue), enter the blood (red), be transported to a distant site, exit the blood, and fi nally grow 
out to form metastatic foci. IVM can be used to image metastatic processes, as illustrated by the IVM images of tumor cells 
(green), type I collagen (purple) and blood (red). (a and b) IVM images that represent different time points of invasion of a 
Polyoma Middle T (PyMT) mammary tumor. IVM image c shows the tumor cells present in a vessel that collects blood from 
a C26 colorectal tumor and is one time point of movie I (Supplementary material). Scale bar, 10 µm. 
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and small rodents14-17. In this Commentary, we will focus on high-resolution IVM techniques 
used in small rodents (rats and mice), as they are the most widely used model organisms to 
study cancer. We will describe the advances in high-resolution IVM techniques that have made 
it possible to directly visualize the various steps of metastasis at cellular resolution (Fig. 1). 
We will also discuss the new insights into the process of tumor cell invasion that have been 
obtained with such IVM studies. 

Table 1 | Overview of different types of intravital imaging.

Technique Imaging 
depth Resolution Costs* Contrast 

reagents Comments

Ultrasound > 5 cm 50 μm ++ Microbubbles • Used clinically for vascular and 
interventional imaging 

MRI Unlimited 10-100 μm +++ Magnetic 
particles

• Used clinically 
• High contrast in soft tissue 

CT Unlimited 50 μm ++ Iodinated 
molecules

• Used clinically
• High contrast in lungs and 

bones 

PET and SPECT Unlimited 0.3 mm +++ Radioactive 
compounds

• Imaging of labeled antibodies / 
proteins / peptides 

Bioluminescence > 2 cm > 1 mm ++ Luciferins • Imaging of tumor growth and 
gene expression 

Whole body 
imaging

> 2 mm Cellular    
(10-30μm)

+ Fluorophores • User-friendly equipment 

OFDI > 1 mm Subcellular 
(< 15 μm)

+++ - • No exogenous contrast 
reagents 

• No photobleaching and no 
phototoxicity 

Spinning disc 
confocal imaging

<100 μm Subcellular 
(< 0,5 μm)

++ Fluorophores • Rapid imaging 
• Low photobleaching and 

-toxicity 
• User-friendly equipment

Multiphoton 
(MP) imaging

< 1000 
μm

Subcellular 
(< 0,5 μm)

+++ Fluorophores • Second Harmonic Generation 
• Low photobleaching and 

-toxicity (for details, see Box 1) 
• The commercially available 

microscopes are user-friendly

*Costs range from low (+) to high (+++). CT, X-ray computed tomography; PET, positron emission tomography; 
OFDI, optical frequency domain imaging; SPECT, single-photon emission computed tomography
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Advances in IVM

High resolution IVM techniques

There are several high-resolution IVM techniques, including optical frequency domain imaging 
(OFDI), spinning disk confocal microscopy, and multiphoton microscopy (Table 1). In OFDI, an 
optical beam is focused into the tissue and refl ected light is detected after interference with a 
reference beam. The amplitude and phase of the refl ected signal as a function of time is then 
used to derive the optical scattering properties and thereby the tissue structure at diff erent 
depths. OFDI has been used to study angiogenesis, lymphangiogenesis and tissue viability18. 
The advantage of this technique is that it enables the imaging of substantial volumes of tissue 
over prolonged periods without the need for contrast agents. 

At present, a number of mouse tumor models are available in which various FPs are 
expressed. For the imaging of tumors that express FPs, spinning disk confocal microscopy and 
multiphoton microscopy have been the IVM techniques of choice. In spinning disk confocal 
microscopy, visible light is used to excite FPs. Here, emitted out-of-focus light (outside the 
optical section) is eliminated by multiple pinholes, resulting in increased Z-resolution and 
contrast enhancement, which makes subcellular structures more easily visible. A spinning disk 
confocal microscope can acquire high-resolution images at high speed and low phototoxicity, 
therefore allowing for the long-term intravital imaging of tumors (up to 30 h)19,20. The downside 
of spinning disk microscopy is that the visible light used for excitation is scattered in the tissue, 
which limits its imaging depth to 100 µm. By contrast, the short pulses of infrared light (IR) 
used in multiphoton microscopy with a typical wavelength range of 800-1000 nm, penetrate 

Box 1 | Multiphoton microscopy

Multiphoton excitation is based on the (almost) simultaneous absorption of two low-energy infrared (IR) photons, whose 
combined energies induce fl uorescence in the visible range (fi g. Box 1a). Simultaneous absorption of two photons by 
a fl uorophore is an extremely rare event and multiphoton excitation therefore requires high excitation powers (i.e. a 
dense photon fl ux). IR lasers achieve this by condensing all photons over a time span of 12.5 ns into a 100 femtosecond 
pulse (thus concentrating the photon density 1.25x105 times). 
Although the overall power is low (i.e. low number of photons 
per second), the photon density per pulse is suffi ciently high to 
cause effi cient fl uorophore excitation in the focal plane (fi g. 
Box 1b). Beyond the focal plane, however, the photon density 
is too low for simultaneous absorption by a fl uorophore to 
occur (fi g. Box 1b)23,25,133. Therefore, in contrast to confocal 
microscopy, excitation is strictly confi ned to the focal plane, thus 
avoiding the need for a pinhole to delete out-of-focus light (fi g. 
Box 1b). This greatly enhances the detection effi ciency, as the 
in-focus emitted light can be detected close to the objective, 
without the need to travel back through the scanner optical 
path (with loss of tissue-scattered emission at the pinhole 
and further losses at each fi lter)134.  Furthermore, deep tissue 
penetration, reduced excitation of surrounding tissue, increased 
detection and low-energy IR light give the additional advantage 
of low phototoxicity and low photobleaching135. 

Figure Box 1 | Two-photon versus single-photon 
excitation. 
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Figure 2 | Multicolor and FRET IVM. Caspase-3 
activity and cell-cell interactions can be imaged 
using multicolor and FRET IVM. (a) Schemative 
representation (left) and corresponding multicolor IVM 
image (zoom and overview on the right) of a colorectal 
C26 tumor. Merged images of Dendra2-expressing 
tumor cells (green), 70 kDa Texas Red-labelled 
macrophages (red), and Type I collagen (purple; SHG) 
illustrate the interaction between macrophages and 
tumor cells. (b) Cartoon of a caspase-3 FRET biosensor 
to measure caspase-3 activity during apoptosis 
induction. Here, CFP (C) and YFP (Y) are in close 
proximity, resulting in effi cient FRET. When caspase-3 
is activated in the cell by induction of apoptosis, the 
sensor is cleaved, leading to an increased distance 
between CFP and YFP with a subsequent loss in FRET. 
This loss is observed as increased CFP fl uorescence 
and decreased YFP fl uorescence. (c) The IVM image 
shows a large overview of the skin of a mouse in which 
single keratinocytes are transfected by DNA tattooing 
with the caspase-3 FRET biosensor and a chemical-
sensitive inducer of apoptosis. The arrows point to 
examples of cells that are transfected with the caspase-3 sensor, in which the apoptosis status can be imaged using FRET. (d) 
Using the system shown in panel b, IVM images of CFP and YFP are acquired upon CFP excitation and FRET is expressed as 
a ratio of YFP over CFP (see colour bar on the right). A striking drop in FRET is observed upon chemical induction of apoptosis 
(lower row of images), illustrating the measurement of signaling events in vivo. All scalebars, 10 µm.

the tissue more than ten-fold compared to spinning disk microscopy (Box 1)21. An additional 
advantage of IR excitation is its ability to create a second harmonic generation (SHG) signal from 
non-centrosymmetric structures with highly order repeats such as collagen type I fi bers, an 
extracellular matrix component22. In contrast to fl uorescence microscopy, SHG does not involve 
the excitation of fl uorophores and hence the signal does not suff er from photobleaching [for 
reviews, see 23-25]. SHG microscopy has been used to study the role of fi brillar collagen in tissues 
and organs, including skin, gut and breast [e.g. 26]. 

The combination of high-resolution acquisition of fl uorescent tissues and deep tissue 
penetration has made multiphoton IVM the technique of choice for most research groups that 
exploit intravital imaging for tumor cell biology (for more details, see Box 1).

Advanced detection methods for simultaneous imaging of multiple cell types and 
molecules 

Using multicolor IVM, diff erent cell types and molecules can be visualized simultaneously, 
which has made it possible to study the interaction between diff erent cell types and molecules 
in real time (Fig. 2a)12,19,20,27-33. Since the introduction of the green fl uorescent protein (GFP)34-

36, and its color variants cyan fl uorescent protein (CFP), yellow fl uorescent protein (YFP) 
and red fl uorescent protein (RFP)37, together with the more recently discovered FPs [e.g. 
photoswitchable proteins38], several cell types can now be genetically labeled and visualized 
in tumors using for example CFP and YFP [e.g.39]. In addition, tumor cells labeled with an FP can 
also be imaged at the same time as cells that are labeled with fl uorescent dyes [e.g. dextran-
labeled macrophages (Fig. 2)]. A specifi c way to label immune cells (often lymphocytes) is to 
isolate them and load them with fl uorescent tracker dyes before transferring them back into the 
recipient animal. The disadvantage to this approach is, however, that the fl uorescently labeled 
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cells will only constitute a low fraction of the population as compared to their endogenous, 
non-labeled counterparts. A simple functional approach to accomplish contrast between 
different cell types and tissues is intravenous or subcutaneous injection of cell type specific 
fluorescent antibodies or other targeted tracers [e.g., for lymphatics see 40,41; for Gr1+ myeloid 
cells, see 19]. Nevertheless, it should be noted that these signals are short lived, whereas FP-
signals persist. However, a major disadvantage of FPs is the difficulty in translating their use 
into patients. A general problem with multi color IVM is that the excitation (particularly in 
multiphoton excitation) and emission spectra of most FPs and dyes overlap, and some FPs 
and dyes can only be successfully distinguished when complicated algorithms are used42. 
Alternatively, FPs and dyes can be discriminated based on their unique fluorescence lifetime 
(the average time an excited fluorophore is in its excited state), which can be measured with 
Fluorescence Lifetime Imaging Microscopy (FLIM) (Box 2)43. Using FLIM increases the number 
of different fluorophores and thus cells that can be imaged simultaneously.

Box 2 | Fluorescence Lifetime Imaging Microscopy to distinguish spectrally overlapping 
fluorophores 

FLIM produces images that are based on the fluorescence lifetime of a fluorophore, rather than on its intensity and 
color 136,137. A major advantage of the FLIM technology is that fluorophores that have overlapping emission spectra (Fig. 
Box 2a) can be distinguished, a feature that is not possible in an intensity image. When fluorophores are excited with a 
femtosecond IR pulse, the fluorescence will decay exponentially with a rate that is determined by the fluorescence lifetime, 
which is for SHG close to zero (Fig. Box 2b), and around 2 nanoseconds for Dendra2 (Fig. Box 2c). In every pixel of 
a FLIM image, the fluorescence decay curve is measured and used to calculate the fluorescence lifetime. Many pixels of 
the image contain both fluorophores, and therefore will have an average lifetime that depends on the fraction of each 
fluorophore that is present in that pixel (Fig. Box 2d). A FLIM image can be visualized by color coding the fluorescence 
lifetime (see color bar next to the FLIM image). In the FLIM image, fluorophores with distinct fluorescence lifetimes, such 
as SHG and Dendra2, will be differently color coded and can therefore be distinguished.

Figure Box 2 | Fluorescence lifetime imaging. 
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In addition to discriminating spectral-overlapping fluorophores, FLIM is also used to distinguish 
between the autofluorescence of various tissue types (see Box 2). Autofluorescence is the 
intrinsic property of cells to emit fluorescence upon excitation and is caused by its endogenous 
constituents, such as tryptophan, pyridinic coenzymes (i. e. NADPH), flavin coenzymes, 
melanin and elastin, which all have fluorescent properties [see e.g. 44,45]. Because most of the 
autofluorescent tissue components exhibit comparable excitation and emission spectra, the 
resulting fluorescence levels are similar and cannot be used to distinguish tissues. However, 
as the lifetime of autofluorescence differs between different cell types, autofluorescence 
lifetime measurements have successfully been used to distinguish healthy tissues from tumor 
tissues46,47. 

Intravital imaging of proteins, proteases, signaling pathways and cellular processes in 
vivo

Imaging of molecular processes in living mice has been achieved by multiphoton IVM of FP 
fusion proteins and injectable dyes. High-resolution IVM of cells that express a fusion of FP with 
a receptor [e.g. ErbB248], an adhesion molecule [e.g. E-cadherin49], or an actin or myocin binding 
protein 50,51 has been used to study intracellular signaling in single tumor cells. In addition 
to FP-fusion proteins, many biosensors that are based on measuring a change in Fluorescent 
Resonance Energy Transfer (FRET) (see Box 2) can be used to study intracellular signaling in 
vivo. The number of available biosensors is rapidly increasing, and specific FRET-biosensors are 
already available to measure the levels of second messengers, protein-protein interactions, 
or the activation status of proteins (e.g. Rho) [for a review on biosensors see52,53]. However, as 
the field of FRET biosensors is still an emerging area, only a few research groups have thus far 
used this powerful technique in vivo. For example, FRET biosensors have been used to measure 
the proteolytic activity of calpain in muscles54, changes in calcium concentrations and myosin 
light-chain kinase activity in arteries55, and the induction of apoptosis in the skin56, colorectal 
carcinomas, and lymphomas57,58.

In particular, the apoptosis sensor has been of interest for tumor biology, because tumor 
cells have to overcome many apoptotic signals during several steps of metastasis. The FRET 
apoptosis sensor consists of a CFP that is separated from a YFP by a caspase-3 recognition 
sequence (Fig. 2b). Caspase-3 activity cleaves CFP from YFP leading to a loss of FRET efficiency. 
Indeed, when we induced apoptosis in single keratinocytes in the skin of living mice, a 
caspase-3-mediated loss of the FRET levels is observed, which shows that caspase-3 activity is 
a good gauge of apoptosis induction in vivo [Fig. 2b, and 56]. Keese and colleagues used FRET 
IVM of this biosensor to study the induction of apoptosis resistance upon chemotherapy57,59. 
Moreover, Breart and colleagues used this biosensor to study apoptosis of tumor cells by 
cytotoxic T lymphocytes (CTL), and show that a CTL kills, on average, one tumor cell every 6 
hours58.

Many synthetic fluorescent probes have been developed to study the intracellular and 
extracellular activity of proteases such as matrix metalloproteinases (MMP) and cathepsins in 
tumors. The injectable probes that have been used to measure protease activity in tumors 
include autoquenched protease substrates that fluoresce upon cleavage60, proteolytic 
beacon that lose FRET upon cleavage [e.g. 61,62], and fluorescently labeled activatable cell-
penetrating peptides (ACCPs) that translocate into cells upon cleavage63,64. The disadvantage 
of these probes is that chemical knowledge is required to synthesize them, although recent 
commercialization of some of these probes has overcome this problem. It is also important to 
note that phagocytic cells, such as macrophages, might take up some of the probes despite 
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not having any proteolytic activity, which complicates the interpretation of high-resolution 
IMV images. Nevertheless, IVM of fl uorescently tagged proteins, and of genetic and synthetic 
fl uorescent probes has become a great tool to visualize protein activity, signaling pathways 
and cellular processes during several steps of metastasis. 

Figure 3 | IVM over several days using a MIW. Experimental setup for repeated IVM imaging of live mice over several 
days using a MIW. (a) Schematic illustration of a MIW consisting of a plastic frame and a cover glass (top image), which 
is surgically placed on a mammary tumor (lower image). (b) After implantation of the MIW at day 0, the mouse recovers 
for two days. This is followed by repeated IVM sessions in the subsequent days. (c) IVM images of a Dendra2-expressing 
colorectal C26 tumor, in which green represents the non-switched Dendra2 and red the switched Dendra2. At day 3, tumor 
cells that are present either close to (upper images) or surrounding a blood vessel (lower images) are photolabelled in a 
square region by photoswitching Dendra2 from green to red using violet illumination. Note that the combination of using a 
MIW and photomarking of tumor cells allows imaging regions to be retraced in subsequent imaging sessions and thus the 
motility and intravasation to be visualized. Also note the high intratumoral motility (top images) and the loss of red-shifted 
tumor cells by intravasation (lower images). Scale bar, 10 µm.

Day 3 Day 4 Day 5- 21

MIW surgery

Recovery
in a cage

Recovery
in a cage

Recovery
in a cage

IVM IVM IVM

3 4 5

Dorsal view Lateral view

MIW

In
tr

at
um

or
al

 in
va

si
on

In
tr

at
um

or
al

 in
tr

av
as

at
io

n

a b

c

Plastic frame

Cover glass

Suture

Day 0

Days after surgery  



34 |

2

Long-term intravital imaging over several days

 IVM has contributed to the visualization of the behavior of tumor cells in living mice. 
However, most IVM studies only monitor short-term movement of cancer cells because they 
use tumor dissection, which eff ectively limits experimental observations to a few hours after 
surgery [typically around 4 h, and after optimization up to 24 h19]. Given the small number 
of tumor cells that display high motility and subsequently migrate and invade over periods 
that last up to days, long-term IVM techniques are needed to provide valuable information 
regarding these processes. By the 1990s, Lehr and co-workers developed had the dorsal 
skinfold chamber, which is surgically implanted on the back of a mouse, allowing multiple 
tumor-imaging sessions over several days40,65,66. Since then, orthotopic chambers  (i.e. in their 
natural environment) have been developed, including the so-called ‘mammary imaging 
window’ (MIW) for mammary tumors that we developed (Fig. 3a and b)67-69 and the ‘cranial 
imaging window’ for brain tumors70. These imaging windows have made it possible to visualize 
a number of metastatic processes over several days, including the formation of new blood 
vessels71-73, tumor cell invasion and intravasation (Fig. 3c)67, and tumor cell colonization at a 
distant site 74.

Tracking of individual tumor cells over several imaging sessions

To enable long-term tracking of individual cells, reference points such as vascular and 
extracellular matrix (ECM) structures in healthy tissues have been used to enable retracing of 
the previously imaged area over several imaging sessions56,75-79. However, when tumorigenic 
tissues are observed in which topology changes dynamically, these initial reference points 
might change and cannot be used for retracing. To be able to track the dynamics of areas 
of interest, tumor cells have been photo-marked using photoconvertable fl uorophores, such 
as Kaede80 and Dendra281. These fl uorophores have absorption and emission spectra that are 
signifi cantly red shifted by violet light. For example, we have used this property of Dendra2 to 
mark regions of interest in a tumor over several days with single-cell precision (Fig. 3c)67,68 and 
were  thus able to track a large population of cells over multiple imaging sessions.

Taken together, we are now able to detect fl uorescence at high resolution, deep inside living 
animals. By combining imaging chambers and photomarking of regions of interest in the tumor, 
single tumor cells can be tracked and visualized over several days. By using FRET-IVM, dynamic 
changes in subcellular signaling events that are required for metastasis can be imaged over 
time, whereas multicolor IVM allows the visualization of cell-cell and cell-molecule interactions. 
These recent advances in intravital imaging open the fi eld to new and exciting discoveries.

Important new insights into tumor cell biology
Recent IVM studies using the above-described techniques visualized how tumor cells exit 
the tumor and spread to a secondary site, generating new important insights in this process. 
For example, it is generally believed that cells at the tumor border have to invade into the 
surrounding tissue, where they traverse physical barriers of ECM and endothelial cells before 
they enter the circulation to be transported to a secondary site. Interestingly, IVM studies show 
a much more dynamic picture, in which cells switch between diff erent invasion strategies 
to exit the primary tumor as a reaction to physical ECM barriers or intracellular signaling, as 
discussed below.

To enable long-term tracking of individual cells, reference points such as vascular and 
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Figure 4 | Single moving tumor cells of MTLn3-tumors use the hematogenous route to metastasize to other 
organs. (a) Simplifi ed schematic overview of spreading routes from a breast tumor to the lung. At the primary tumor site, 
tumor cells can either enter the blood directly (blue route) or through lymphatic vessels (purple route), which drains into the 
blood at a merging point located just before the heart (H), from where the blood is then transported into the lung (L). Using 
IVM of the invasive MTLn3 tumor model, it has been shown that cells move either as single cells, which leave the primary 
tumor using the hematogenous route, or as collective chains using the lymphatic route. (b) Inhibition of TFGβ-signaling leads 
to inhibition of invasion by single moving cells and a subsequent drop in the number of tumor cells in the heart, whereas the 
collective movement to lymphatics remains unaltered. These experiments show that, in this invasive mammary carcinoma 
model, tumor cells use the hematogenous (blood) route to metastasize to other organs.

Hematogenous versus lymphatic tumor cell spread

Tumor cells can exit the primary site by entering either into lymphatic vessels or blood vessels. 
Interestingly, IVM of lymphatic vessels, which drain labeled macromolecules, show that 
lymphatic vessels inside hyperplastic lesions and the tumor mass are non-functional, or even 
absent82,83. By contrast, regions at the tumor margin contain functional lymphatic vessels and 
thus might be the starting point for lymphatic metastasis82. Cells that metastasize through 
the lymphatic system will fi rst be transported to the draining lymph node (Fig. 4a). From 
there, tumor cells fl ow through eff erent lymphatic vessels to the heart and into the blood 
system and, consequently, are transported to distant sites where they can form metastatic foci 
(Fig. 4a). Although the presence of tumor cells in regional lymph nodes is recognized as a 
prognostic factor for breast cancer and other cancers84-87, it remains elusive whether tumor cells 
metastasize from the lymph nodes, or whether their presence in lymph nodes merely refl ects 
their intrinsic invasiveness88. Therefore, it is unknown whether tumor cells use the lymphatic 
route, the hematogenous (blood) route, or indeed both, to metastasize to other organs.

In order to address this question, IVM has been used to visualize the signaling pathways that 
are required for the entry of tumor cells into lymphatic or blood vessels12,33,67,83,89,90. For this 
purpose, Gaimpieri and colleagues engineered MTLn3 mammary tumor cells to express Smad2 
fused to GFP, which translocates to the nucleus in response to transforming growth factor β 
(TGFβ)90, a well-studied inducer of tumor cell motility91. Using high-resolution IVM of MTLn3 
mammary tumors, they showed that TGFβ signaling is active in cells that move as single units, 
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but not in those that move cohesively as cell chains90,92 (Fig. 4a). In addition, they show that 
single moving cells enter the blood vessels, whereas collectively moving cells enter lymphatic 
vessels. As motility of single cells entering the blood vessels is TGFβ dependent, blood entry, 
but not lymphatic entry, is blocked upon TGF-β inhibition90. Interestingly, the number of 
tumor cells drained from the heart, which corresponds to the added effects of hematogenous 
and lymphatic spread (see merging point in Fig. 4a), also decreases upon inhibition of TGFβ 
signaling90. This suggests that tumor cells in these tumor models use the hematogenous route 
to metastasize to other organs, as TGFβ signaling is only required for the entry of tumor cells 
into blood vessels.

These studies clearly illustrate that IVM of signaling pathways can provide crucial information 
regarding the spread of tumor cells, but future research is necessary to determine whether 
these observations are also true for other tumor models.

The role of proteolysis in invasion

The proteolytic activity of peptidases is important for several aspects of metastasis, including 
tumor growth, apoptosis, angiogenesis, and invasion93. The roles of  peptidases, such as MMPs, 
include remodeling of ECM and cleavage of numerous other substrates, such as growth-factor-
binding proteins, cell adhesion molecules, receptor tyrosine kinases and other proteinases93,94. 
Many of these roles are thought to be crucial for tumor cells to be able to overcome the physical 
barriers of dense ECM layers when they invade surrounding tissues and enter the blood95-97. 
These ECM layers include a three-dimensional fibrillar meshwork of interstitial tissues and the 
two-dimensional sheet of the basement membrane (BM), which underlines epithelial and 
endothelial tissues (Fig. 1)98-100. The BM is thought to act as a particularly effective physical 
barrier owing to its small pore size (~50nm). However, is it not clear if the breakdown of these 
ECM layers is always required for tumor cell invasion and intravasation.

IVM experiments show that proteolytic activity supports the collective invasion of tumor 
cells [e.g 90,101]. For example, cancer-associated fibroblasts have been found to remodel the 
interstitial ECM meshwork, through both peptidase- and force-mediated matrix remodeling.  
This forms tracks through the matrix, which enable tumor cells to collectively move into the 
surrounding tissue90,102. Macrophages have been shown to assist in the entry of tumor cells into 
circulation by producing chemokines and peptidases, leading to BM breakdown and tumor 
cell motility31,33. Alternatively, tumor cells might degrade the endothelial BM themselves. In 
vitro, many tumor cells can form actin-rich structures, the so-called invadopodia, which locally 
degrade the ECM103,104. However, a corresponding function or even the very existence of such 
invadopodia in vivo has not yet been established. With the recent advances in high resolution 
IVM techniques and protease probes, these questions might be answered soon.

Interestingly, using IVM, several laboratories have now established that ECM degradation is 
not always required for tumor cell invasion through dense ECM layers. For instance, Wolf et al 
show that, upon inhibition of MMPs, tumor cells can still invade connective collagen matrices 
by switching from a mysenchymal mode of migration to an amoeboid mode of migration105. 
Both in vitro and  in vivo experiments have shown that mysenchymal migration is characterized 
by secretion of proteases and an elongated polarized cell morphology, whereas amoeboid 
movement is characterized by a non-polarized flexible round morphology of the cell and which 
does not require any proteolytic activity1,106. The amoeboid mode of migration enables cells to 
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squeeze through small gaps by forming bleb-like structures, thereby pushing these fibers out 
of the way without the requirement of proteolytic activity107, allowing them to migrate within 
mammary tumors with high velocity33,51. Although amoeboid movement does not depend on 
ECM layer breakdown, it might be facilitated by other peptidase-dependent processes, such as 
the activation of chemokines. Nevertheless, these data illustrate that a tumor cell can adapt its 
invasion strategy, that is, its mode of migration, to the surrounding microenvironment.

Invasion and intravasation within the tumor mass

In static histological samples, the tumor cells that are located in the surrounding tissue close 
to the invasive front of the tumor are identified as motile tumor cells. As the presence of these 
cells in the surrounding tissue correlates with poor prognosis, it is generally thought that 
tumor cells escape the tumor by invading the tumor stroma96,97,139. However, the contribution 
of motile cells within the tumor mass, which also enter the vessels, has either not been studied 
or simply overlooked, as the motility and intravasation of this population of cells cannot be 
visualized in static histological images.

With the recent high-resolution IVM studies in mice, intratumoral motility and intravasation 
can now be directly visualized in real time (Fig. 5)12,67,90,108. In an elegant study using multi-color 
spinning disk microscopy, Egeblad and co-workers show that stromal cells and leukocytes 
(including T cells, dendritic cells, myeloid cells and fibroblasts) exhibit higher motility at the 
tumor stroma of mammary tumors than that within the tumor mass19,20. However, the motility 
of tumor cells has not been visualized in this study. The extent of intratumoral motility became 
clear when we tracked tumor cells through mammary imaging windows over long periods of 
time. By photomarking a subset of tumor cells, we observed intratumoral cell movement and 
entry into the vessels within the tumor mass (Fig. 3c)67,68. Importantly, in contrast to tumor 
cells present in the tumor stroma, invading and intravasating tumor cells within the tumor 
mass no longer encounter physical barriers, such as the dense epithelial and endothelial BMs. 
Vessels that are embedded within the tumor mass, referred to as tumor-associated vessels, are 
less organized and less solid compared to normal vasculature73,109. In fact, owing to the lack 
of an intact BM and irregularly organized endothelial cells and pericytes, these vessels have 
been shown to be leakier than vessels of healthy tissues73,93,110-112.  Therefore, tumor-associated 
vessels within the tumor mass are more easily accessible for tumor cells, thereby alleviating the 
intravasation process (see cartoon in Fig. 5). 

IVM also shows that, in addition to active entry of cells into tumor-associated blood vessels, 
tumor cells can also accidently enter the blood stream when they are positioned close to a 
poorly structured tumor-associated vessel that collapses upon elevated interstitial fluid 
pressure caused by proliferating cancer cells. As a result of the collapse, big clumps of cells 
from the surrounding tissue shed into the lumen of the collapsed vessel and are transported 
through the vasculature73,93,110-112.  

Taken together, IVM has shown that both active and inactive entry of tumor cells into the 
vasculature occurs within the tumor mass, implying that tumor cell migration and intravasation 
do not only take place at the invasive front. Therefore, intratumoral motility and intravasation 
should be considered an important escape route for tumor cells. This idea also explains 
the observation that many patients who have metastatic outgrowth do not show any BM 
breakdown and therefore no invasion at the invasive front at the primary tumor site; this was 
initially explained by a resynthesis of removed BM113. 
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Figure 5 | Direct entry of tumor cells into tumor-associated vessels as shown by IVM. Tumor cell migration and 
intravasation take place not only at the invasive front, but also deep within the tumor mass. The upper row of IVM images, 
in which the mouse invasive lobular carcinoma tumor cells are in green and the SHG signal is in purple, shows high motility 
within the tumor mass. The arrows point to the position of motile cells at time zero (see also movie 3, Supplementary 
material). The row of images below shows maximum projections of Z-stacks with a total depth of 50 µm. In the IVM images, 
green represents C26 colorectal tumor cells and purple represents SHG. This time series of the maximum projections shows 
the disappearance of a tumor cell, which is no longer present in the Z-stack because it enters a tumor-associated vessel and 
is transported out of sight by blood (see circle and also movie 2, Supplementary material). The cartoon shows a simplifi ed 
model of leaky tumor-associated vessels within tumors, which lack an intact basement membrane (BM) and through which 
tumor cells can enter the blood. Scale bars, 10 µm.
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Conclusions and future perspectives

In this Commentary, we have focused on the advances in IVM and have given examples for its 
usefulness in studying the metastatic process. So far, most of the advances have resulted in the 
ability to image the earlier steps of metastasis, including migration, invasion and intravasation. 
Only a small number of studies have attempted to image cells in organs that are prone to 
metastasis, such as the lungs77, bone marrow114, lymph nodes115 and spleen116. Unfortunately, 
these experiments rely on surgical dissection to expose the imaging site, which hampers 
long-term imaging and therefore the visualization of colonization and dormancy. The use of 
the cranial imaging window has overcome these problems for the brain74 and, to expand this 
advance to other organs, the next generation of imaging chambers should aim to visualize 
the spleen, liver and lymph nodes. IVM of colonization will help to answer many unresolved 
questions, such as why tumor cells colonize a specific organ without the formation of colonies 
in other organs, how long tumor cells stay dormant and what factors can reactivate them (e.g. 
angiogenesis, growth factors). 

Although IVM has been successful in providing new insights in the early steps of metastasis, 
most studies are only observational. In the next few years, it will be important to move the 
field from observational IVM to experiments that can also characterize the underlying 
molecular processes. For example, new cancer models should be imaged that have been 
engineered to manipulate the behavior of cancer cells by inducible expression of oncogenes 
or signaling proteins17. Developments in photo-manipulations will further help the transition 
to experimentally driven studies, such as laser-induced release and activation of caged-
compounds (NPE-caged cAMP) or of transcription. Moreover, high-resolution and FRET IVM of 
biosensors are important tools to study molecular processes, such as cell-cell communication, 
intracellular signaling events and the gain of traits that are required for cells to metastasize. 
For example, a FRET probe for the proto-oncogenic tyrosine kinase Src117 can be used to study 
the regulation of integrin-cytoskeleton interactions during cell motility, and a reactive oxygen 
species (ROS) sensitive FRET probe that responds to hypoxia118 might be important for studying 
the influence of the tumor microenvironment during escape and colonization. Unfortunately, 
most FRET biosensors have a low signal-to-noise ratio and are not sensitive enough to be used 
in IVM experiments. Biosensor development is an expanding field, and the next-generation 
probes should aim to increase the signal-to-noise ratio and to probe for proteolytic activity, 
proliferation, adhesion, and senescence. 

Given the increasing number of genetically engineered tumor cell lines and fluorescent 
reporter mice, the transcriptional and differentiation state of cells that metastasize can also 
be studied by IVM. For example, Pinner and colleagues engineered melanoma tumor cells to 
express GFP driven by the Brn-2 promoter, and showed that melanoma cells can switch from 
a less differentiated state to a differentiated state when these cells exit the primary tumor 
and enter the secondary site107. These type of IVM experiments will be able to answer long-
standing questions in the field, such as whether cells can transiently switch from an epithelial 
to a mesenchymal phenotype (EMT) during metastasis, or whether the metastasizing tumor 
cells have a stem cell phenotype. 

As discussed in this commentary, IVM is an important tool to gain knowledge of tumor cell 
dynamics during metastasis, which will enable the development of more powerful strategies 
for treatment of human cancer. Although xenografts cancer models in immune-deficient mice 
have been used extensively for IVM, these are end-stage tumors that do not recapitulate the 
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natural development and morphology of common human cancers [e.g.119]. More importantly, 
they lack particular interactions with the microenvironment, which contains key players, such 
as T cells, that influence tumor development and metastasis120-123. Novel cancer models have 
recently been developed and result in mice that have a spectrum of tumors, which strongly 
resembles human tumor development and progression in the breast124-127, pancreas128, 
lung129,130, and brain131,132. Even though the incorporation of fluorophores will be technically 
challenging, these models will undoubtedly advance the translational aspects of future 
intravital imaging experiments.
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Supplementary movies

Movies can be found in the online version of the manuscript at:

http://jcs.biologists.org/content/124/3/299/suppl/DC1

Movie 1 | Tumor cells present in a vessel that collects blood from a C26 colorectal tumor. In green are the 
tumor cells, in red the blood and in purple the type I collagen. The movie is in real time, with a total time of 2 seconds. The 
width of the images of the movie is 175 µm.

Movie 2 | A tumor cell of a C26 colorectal tumor that enter a tumor-associated vessel. The images of the movie 
are maximum projections of Z-stacks with a total depth of 50 µm. In green are the tumor cells and in purple type I collagen. 
Total time of the movie is 5 hours. The width of the images of the movie is 80 µm.

Movie 3 | Migration of tumor cells of a mouse invasive lobular carcinoma deep within the tumor mass. In 
green are the tumor cells and in blue the type I collagen. The total time of the movie is 160 minutes. The width of the images 
of the movie is 700 µm.





| 47 

Surgical implantation of an Abdominal Imaging 
Window for intravital microscopy

Laila Ritsma*1, Ernst J.A. Steller*2, Saskia I.J. Ellenbroek1, Onno Kranenburg2, Inne H.M. Borel 
Rinkes2#, Jacco van Rheenen1,3#

1Hubrecht Institute, KNAW – University Medical Centre Utrecht, 3584 CT, Utrecht, The Netherlands
2Department of surgery, University Medical Centre Utrecht, 3508 CX, Utrecht, The Netherlands

3 Cancer Genomics Netherlands
* # Contributed equally

Adapted with permission from: Nature Protocols 2013 Feb 21;8(3):583-94.

3



48 |

3

High-resolution intravital microscopy through imaging windows has become an 
indispensable technique for the long-term visualization of dynamic processes in 

living animals. Easily accessible sites such as the skin, the breast and the skull can be 
imaged using various different imaging windows; however long-term imaging studies 
on cellular processes in abdominal organs are more challenging. These processes 
include colonization of the liver by metastatic tumor cells and development of an 
immune response in the spleen. We have recently developed an abdominal imaging 
window (AIW) that allows long-term imaging of the liver, the pancreas, the intestine, the 
kidney, and the spleen. Here we describe the detailed protocol for the optimal surgical 
implantation of the AIW, which takes ~1 h, and subsequent multiphoton imaging, which 
takes up to 1 month. 

Subcellular imaging of tissue in living animals is often referred to as intravital imaging (IVM) 
and has become increasingly important for studying the dynamic aspects of physiological 
and pathological processes. Examples are the activation and contraction of immune and 
inflammatory reactions and the formation, spread and vascularization of tumors. Histological 
techniques can also visualize tissue with high resolution, but generate snapshots of tissue 
status. By contrast, high-resolution IVM can visualize the behavior of individual cells within 
tissue over time, often leading to new and unexpected insights1,2.

Most high-resolution IVM techniques are based on fluorescent light microscopy. Owing to 
light scattering, the maximum imaging depth of fluorescent IVM techniques is 1 mm3. As a 
consequence, visualization of organs is restricted to either superficial tissue such as the 
skin, or to sites that have been surgically exposed. Exposure of organs for imaging requires 
invasive surgery and manipulation of organs from their anatomical position. These invasive 
procedures limit the duration of IVM experiments to a maximum period of 36 h4. However, 
most physiological and pathological processes take place over longer time periods. The 
development of several imaging windows has provided new opportunities for studying these 
processes in real time. These windows allow sequential imaging sessions over several days 
within the same living animal. Recently, we developed the Abdominal Imaging Window (AIW), 
which is a new window for IVM of various abdominal organs previously inaccessible for long 

term sequential imaging5. 

Comparison with other windows

Currently, there are several windows available for intravital imaging, each providing access 
to different organs. The cranial imaging window is limited to imaging the brain and bone 
marrow6-8. The dorsal skinfold chamber is restricted to the skin and is frequently used for the 
visualization of subcutaneous tumor formation and angiogenesis9-11. The mammary imaging 
window (MIW) allows imaging of the mammary gland, which has provided novel insights into 
the development of healthy and tumorigenic mammary tissue and early tumor growth12-14. 
Recently, a spinal chamber has been developed for in vivo imaging of spinal cord pathology15. 

Unfortunately, none of these windows permits visualization of abdominal organs due to their 
anatomical position. For instance, the cranial window is secured on the skull using glue16, 
but the abdomen lacks bone structures onto which the window can be fixed. Dorsal skin 
fold chambers are also unsuitable for imaging abdominal organs, as these organs, unlike the 
skin, cannot be fixed between the frames of the window. The MIW is sandwiched between 
the mammary gland and the skin. For imaging abdominal organs, the MIW is not suitable, 
as the abdominal cavity lacks physical support for the window. In addition, the presence of 
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a large plastic ring within the abdomen is likely to damage organs during animal movement. 
Therefore, we have developed a protocol for surgical implantation of an AIW that allows 
analysis of dynamic processes within abdominal organs.

The AIW, as described in Ritsma et al5, consists of a titanium ring (titanium ASTMF136-02A that 
meets ISO5832 part 3 and EN10204-3.1.B) with a 1-mm groove on the side and a coverslip fixed 
on the top (170 µm thick; Fig. 1). The glass coverslip is secured using glue and can be easily 
replaced. After preparation of the window, the AIW is surgically implanted into the skin and 
abdominal wall and held in position by a purse-string suture, which is concealed within the 
groove of the AIW ring. Concealing the suture within the groove of the ring prevents mice from 
biting or pulling the sutures, which is frequently observed in other imaging windows. To further 
reduce the risk of dislodgement of the AIW, we make use of a non-woven non-resorbable suture 
(Prolene), which can be tightened once the window is inserted and which keeps the window 
secured for an average period of 5 weeks5. Moreover, the ring of the AIW is manufactured 
using a titanium alloy, which allows it to be reused. This is in contrast to most other single-use 
plastic imaging windows. Among metals, titanium has the best biocompatibility, is corrosion 
resistant, strong, 33% lighter than other stainless alloys and does not lead to inflammation 
after implantation17. Indeed, immunohistochemistry staining for inflammatory cells in tissue 
fixed to the ring and behind the coverslip did not show any signs of local inflammation5. 
Furthermore, white blood cell counts of animals before and after window implantation did not 
indicate a systemic inflammatory response to the window5. However, as we observed exudate 
accumulation behind the window when the tissue of interest was not completely circularly 
fixed to the window frame, local inflammatory reactions elsewhere in the abdominal cavity 
cannot be excluded5.

Figure 1 |  The specifics of the AIW. The AIW is shown from the top (upper left picture), bottom (upper left picture) 
and from the side (lower left picture). The etched inset (a), upper (b) and lower (d) ring and groove (c) are visible. The right 
cartoon shows the exact details of the dimensions of the ring in mm.

By using the AIW, we were able to image the arrival of single colorectal tumor cells 
in the hepatic microvasculature, and their expansion into (pre-)micrometastases and 
macrometastases5. Surprisingly, we observed that single extravasated tumor cells first grow 
into highly motile “pre-micrometastases” before forming non-motile micrometastasis. By 
genetically and chemically suppressing cell migration in pre-micrometastases total metastatic 
load was reduced, suggesting that tumor cell migration during the pre-micrometastasis stage 
contributes to efficient liver metastasis formation5. In addition, we visualized the activation of 
immune cells in the spleen, the division of stem cells in the small intestine, and β-cells in the 
pancreas. Moreover, we imaged transplanted pancreatic islets underneath the kidney capsule 
sequentially over a period of 28 d. 
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Optimized surgical procedures allow us to use the AIW for steady high resolution imaging 
of abdominal organs over long periods of time (max. 28 d) without considerable changes 
in the anatomical position of the window and without disturbing physiological processes5. 
Furthermore, the AIW is also an excellent tool for mammary gland imaging23. 

Experimental Design

Window optimization

To improve the biocompatibility of the glass coverslip, we coated it with polyethylene glycol 
(PEG). This prevents the development of an infl ammatory or immune response against the 
foreign body.

For long-term experiments, in which exudate can accumulate between the coverslip and the 
organ of interest, a slightly adapted AIW was designed. In this AIW design, the coverslip is 
placed on a small ring that can be inserted as an inset on top of the window frame. This design 
allows the coverslip to be placed at the same height as in the original AIW. This prevents any 
limitations in movement of the objective over the coverslip. The main advantage of this design 
is that the inset can be replaced if excess exudate is limiting imaging depth. The exudate can 
easily be removed during replacement of the coverslip. 

AIW surgery

 A major issue during intravital imaging is organ movement, caused by respiration 
or animal movement during and between imaging sessions. Several approaches 
are used to minimize organ movement. First, tissue movement can be reduced by using an 
inverted microscope, in which gravity helps to hold the organs of interest in position. Second, 
a custom-designed imaging box, which fi ts the stage of the multiphoton microscope, fi xes the 
AIW above the objective. Third, we secure the organs of interest in the window by gluing them 
(n-butyl cyanoacrylate or ethyl-cyanoacrylate glue) to the ring of the AIW. The glue is applied 
only to the titanium of the inner rim of the AIW and not to the coverslip. 

Because of the anatomical position of the liver -partly underneath the rib cage and attached to 
the diaphragm- extra surgical steps are necessary for hepatic imaging through the AIW, as well 
as for reduction of respiratory movement. First, the xyphoid process of the sternum is resected, 
as it protrudes from the rib cage and hampers fi xation of the AIW in the upper abdominal wall 
and skin. Before resection, the xyphoid process is clamped most proximal to the sternum for 
~5 min with Hartman forceps to obtain hemostasis. Next, the falciform ligament is dissected, 
which allows manipulation of the liver to a caudoventral position to an extent that it can be 
fi xed to the AIW. This procedure also reduces movements from respiration. Next, a sterile cotton 
gauze roll is placed in the space created between the diaphragm and the liver to further absorb 
respiratory movement and to keep the liver stabilized at its caudal position. We observed no 
systemic infl ammatory response was observed in response to the implantation of the cotton 
gauze5. After 2-3 weeks in situ the cotton gauze was completely encapsulated. Consequently, 
one cannot exclude local infl ammation by the gauze at the site of insertion. Finally, glue is 
applied to ensure fi rm positioning of the liver behind the window. These manipulations do not 
lead to alterations in tissue architecture, cell death, or infl ux of immune cells in the area located 
directly behind the window 5. 
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Imaging

Sequential imaging of the exact same location over multiple days is accomplished by a 
combination of methods. First, fiduciary landmarks like the vasculature are used to retrace 
area location11. Second, a numbered, gridded coverslip can be used for exactly retracing 
previously imaged areas5. Third, when you are using multiphoton excitation, a second 
harmonic generation signal (SHG) of the type I collagen network can be generated to retrace 
area location with subcellular accuracy over time5,11. Fourth, single tumor cells can be traced by 
using expression of the photoconvertible fluorophore Dendra2 and switching single cells from 
the green to the red emission state12,13.

Control experiments

When surgery is performed for the first time, we recommend testing whether the surgical 
insertion of the AIW is successfully performed without the induction of local or systemic 
immune responses. For this, blood and tissue sections from animals that carry an AIW and 
controls animals that do not carry an AIW should be compared with one another. In addition, 
the animals should be monitored to ensure that vital signs and body weight are returning to 
presurgery scores within 1 and 4 days respectively5. Furthermore, if an experiment with the 
AIW has a duration of multiple days, it is wise to include an animal treated similarly (i.e. with 
the exact same conditions, but without the AIW). End-stage parameters should be comparable 
for both conditions.

Materials

Reagents

CRITICAl All reagents and equipment can be substituted with appropriate alternatives from other manufacturers.
• Mice (strain and sex depending on experiment) preferably aged 10 weeks or older. We have used BALB/c 

mice, C57BL/6 mice, 129P2/OlaHsd;FVB/n mice, and mice from a mixed background. Preferably use mice 
between 10 and 15 weeks of age when implanting an AIW on the small intestine. In older mice, it can be 
more difficult to visualize the cells of the crypt and villus compartment. CAuTIoN All animal studies must be 
reviewed and approved by the institutional animal care and use committees to ensure that they conform to 
relevant ethics regulations.

• Buprenorphine hydrochloride (Temgesic®) (0.3mg/ml, BD pharmaceuticals limited, 0283732). This 
compound can be stored at room temperature (20-24⁰C) until date of expiration. CAuTIoN Buprenorphine 
hydrochloride may cause prolonged respiratory depression. Wear protective clothing to avoid contact or 
inhalation. Buprenorphine is a controlled substance and should be handled according to relevant rules of the 
host institutions

• Opthalmic ointment (Duodrops veter kela 10ml, Kela Veterinaria, 1321355)
• Isoflurane (100% w/w solution for inhalation anesthetic, IsoFlo, Abbott, 05260-05)
• Cyanoacrylate glue (Super gel, Pattex) CAuTIoN Avoid contact with skin, and wear gloves when handling.
• PBS (sterile)  
• Ethanol (100% Ethyl alcohol 70%, Nedalco)
• Acetone (100%, JT Baker, 5002)
• 0.1 mg/ml PLL(20)-g[3.5]-PEG(2) (poly-L-lysine-graft-ply(ethyleneglycol), 20mg, SuSoS)
• MilliQ

Equipment
• Custom made titanium AIW (see Fig. 1) (STMF136-02A that meets ISO5832 part 3 and EN10204-3.1.B (FMI 

instrumed: www.fmi.nl).
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• 4-0 non-resorbable polypropylene sutures (sterile) (Ethicon, 8817H)
• Cotton swaps (sterile) (EMRO Medical, 123011700)
• Coverslip (Menzel Glazer 12 mm,Thermo Scientific, CB00120RA1)
• Gridded coverslip (Electron Microscopy Sciences, 72265-12)
• Sterile cotton gauze 8.5 x 5 cm (Klinion, 4111001)
• 1 ml syringe (BD plastipak, 300013)
• 25 gauge needle (BD microlance, 300600)
• HEPES (Sigma, H4034)
• Anesthetics machine (Anesthetics machine, Vet Tech solutions LTD)
• Ventilator (Active scavenger unit, Vet tech solutions LTD)
• Laminar flow 
• Induction cage with autoclavable filter top (Techniplast, 1284L + 400SUC)
• Clipper (Wella, Contura)
• Microdissection scissors 3.5 inch (Roboz Surgical Instruments Co, RS-5880)
• Scissors (Aesculap, OC 492 R)
• Forceps no. 5 (Smooth tying platform, Neolab–DUMONT, 21033)
• Graefe forceps curved (serrated, Roboz Surgical Instruments Co, RS-5135)
• Hartman mosquito hemostatic forceps straight (3,5 inch, Roboz Surgical instruments Co, RS-7100)
• Heating pad (Inventum Holland BV, HNK513)
• Surgical drape (Medline Industries, GEM2140)
• Needle holder (Aesculap, BM01 3R)
• Surgical tray (Aesculap, BM 242)
• Sterile surgical gloves (SemperMed, SEM10255)
• Facemask (Vet tech solutions LTD)
• Custom made imaging box
• Medical oxygen (Linde, AIRAPY (O2 21,5% v/v, N2 78,5% v/v))
• Two-photon microscope surrounded by a heatable black box (Leica Microsystems, Leica TCS SP5 MP)
• 50 ml Greiner centrifuge tube (Sigma Aldrich, T2318) 
• 0.22 µm Millex GS filter unit (Millipore, SLGS033SS)
• MouseOx® (Starr Life Sciences Corp.)  
• Markers (Stabilo, 842)

Reagent Setup
Buprenorphine hydrochloride
• Dissolve 1 ml of the 0.3 mg ml−1 stock solution in 9 ml of PBS. Store dissolved solution at 4 °C for up to 3 d.
PLL-g-PEG 
• Make a 1 M HEPES stock by dissolving 23.83 gram HEPES in 100ml MilliQ and set the pH to 7.4. Prepare 10 mM 

HEPES pH 7.4 by diluting 500 µl 1M HEPES stock solution in 49.5 ml MilliQ. Filter sterilize 10 mM HEPES pH 7.4 
using a 0.22 µm filter. Dissolve 20 mg PLL-g-PEG into 20ml 10 mM HEPES pH7.4 to make a 10 times stock with 
a final concentration of 1mg/ml and filter sterilize with a 0.22 µm filter. This stock solution can be stored at 4⁰C 
for at least 5 months. Shortly before use, dissolve 20 µl 10x PLL-g-PEG solution into 180 µl 10mM HEPES buffer.

Cotton Gauze 
• Prepare a cotton gauze roll by cutting the sterile gauze into a 2.5 x 1 cm piece (Fig. 2a). Grab the short edge of 

the gauze with an atraumatic forceps (forceps no. 5) and dip it into PBS. Use another pair of forceps to roll the 
piece around the forceps. Take it off the forceps and roll it between your gloved fingers. Cut the edges off using 
sterile scissors so a 1 cm long wet cotton gauze roll is left (Fig. 2b).

Equipment Setup 
Surgical station 
• The surgery must be performed in an aseptic working environment, preferably involving a laminar flow HEPA-

filtered hood with an isoflurane anesthetics machine and ventilator. Position the electric heating pad and 
disinfect it using 70% (vol/vol) ethanol. Ensure that there is sufficient medical oxygen in the tank and isoflurane 
in the vaporizer to perform surgery. 

Surgical kit preparation 
• Before surgery the following items must be sterilized: scissors, microdissection scissors, forceps no. 5, graefe 

forceps curved, Hartman hemostatic forceps, needle holder, cotton swaps. Autoclave the kit together with 
some surgical drapes.
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Surgical station preparation 
• After shaving the mouse, place the sterile drape over the heating pad and put the ethanol cleaned facemask 

on top. Place the surgical tray containing the tools open on the edge of the wrap and carefully drop the sterile 
needle, sterile cotton gauze and window in it. Open a 50-ml tube and add 40 ml sterile PBS. Make sure to wear 
sterile surgical gloves during surgery.

Animal housing 
• Animals can be housed under standard conditions. They can be caged with other mice that had AIW surgery, 

but never with mice which did not undergo surgery. Make sure there is enough bedding to prevent the AIW 
from too much contact with the bottom of the cage.

Procedure

Window preparation TIMINg 3 h

1| Apply cyanoacrylate on the entire ring of the etched inset of the AIW using the back of a 
cotton swab.

2| Use forceps no. 5 to place the (gridded) coverslip in the inset of the window and gently 
apply pressure to the coverslip for 1 min using a cotton swab. 

3| Apply glue at the interface of the coverslip and window. 
CRITICAl STEP The glue should secure a watertight seal between the metal and the coverslip 
to prevent exogenous bacteria from entering the body, as well as to prevent leakage of 
abdominal fluids. 

4| Place the window on its side in a flow cabinet for at least 2 hours to allow the glue to dry 
completely. 

CRITICAl STEP Positioning the window sideways during this desiccation process will help to 
avoid glue vapor from condensing on the coverslip.

5| Remove excessive and condensed glue from the coverslip using a cotton swab soaked in 
100% acetone.

6| Remove the acetone using a cotton swab soaked in 70% (vol/vol) ethanol.

7| Examine if the window is watertight by filling it with water after placing it glass side down 
on a tissue. The tissue should still be dry after 5 minutes. 

TRoublESHooTINg 

8| Disinfect the window.  This can be done by placing the window in 70% (vol/vol) ethanol 
for at least 30 minutes, in a flow cabinet underneath a UV lamp for 10 minutes on each 
side, by using steam sterilization for 1.5 hours at 121-134⁰C or by using ethylene oxide for 
1-4 hours at 40-55⁰C followed by a cooling period of 72 h.  

CAuTIoN Do not autoclave the window with a glued coverslip on top, as heating will liquefy 
the cyanoacrylate. The window and coverslip can be autoclaved separately if desired. 

9| Place the window into a sterile 50-ml tube 
PAuSE PoINT The window can be kept in the sterile 50ml tube for a maximum of 1 week.

Surgery preparation TIMINg 15 min

10| In a sterile flow cabinet, apply a PEG-coating to the interior side of the coverslip by placing 
200 µl PLL-g-PEG solution (1ng/ml) in the window and incubating it for 1 h at RT. Next, 
wash the AIW using PBS and keep the window in PBS. 
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11| Anesthetize a mouse in an induction chamber using 2.5% (vol/vol) isoflurane. 

12| Place the unconscious mouse with its nose in a facemask and lower the isoflurane to 1.5% 
isoflurane (vol/vol). Ensure that the mouse is on a heat pad to maintain body temperature 
during surgery. 

CAuTIoN Do not overheat the mouse because this enhances the depth of the anesthetics and 
might be lethal owing to respiratory failure. 
CRITICAl STEP Continuously monitor the mouse reflexes. 

13| Position the mouse on its back and fix all four legs in an “X” shape with tape. After fixation 
shave the complete ventral side of the mouse from head to tail (Fig. 2c). 

CAuTIoN Make sure not to dislocate any joints during the fixation step.
CRITICAl Hair is strongly autofluorescent; therefore, it is essential to remove as much hair as 
possible to prevent hampering imaging.

14| Use a 1-ml syringe with a 25-gauge needle to inject 100ul of 0.03mg/ml buprenorphine 
intramuscularly in one of the hind legs. 

15| Lubricate both eyes with eye ointment. 
CAuTIoN Dehydration of the eyes can cause permanent damage.

16| Disinfect shaved area with 70% (vol/vol) ethanol, which will also help to remove residual 
hairs.

AIW Surgery TIMINg ~15 - 45 min 

17| The surgery to be followed depends on which organ you wish to place behind the AIW. 
Option A is for the liver AIW, option B is for pancreas or spleen AIW and option C is for a 
small intestinal AIW.

TRoublESHooTINg

A. liver AIW

i. Hold the skin using the graefe forceps and make a 15-mm midline incision through 
the skin using microdissection scissors, starting down from the xyphoid process (Fig. 
2d). Incise the linea alba to separate the mm-recti abdominis and open the abdomen 
(Fig. 2e). 

CAuTIoN Spare the large vessels by performing a midline incision in the abdominal wall.
CAuTIoN Make sure not to damage abdominal organs during the incision. This can 
be prevented by lifting the abdominal wall with the forceps and bluntly opening the 
peritoneal cavity. Before enlarging the laparotomy incision, wait for air to flow into the 
abdomen and any organs adhering to the anterior abdominal wall to release.

ii. Grab xyphoid process with the Hartman hemostatic forceps as cranially as possible 
and clamp it (Fig. 2f and g).

iii. Lift the Hartman hemostatic forceps in cranioventral direction; meanwhile, visualize 
the falciform ligament by gently manipulating the liver caudally using a moist (PBS) 
cotton swab (Fig. 2h). Dissect the falciform ligament onto the suprahepatic inferior 
vena cava (IVC) using micro dissection scissors.

CRITICAl To completely dissect the falciform ligament to be able to manipulate the liver. 
CAuTIoN Be careful not to damage the diaphragm (including diaphragmatic veins), 
abdominal aorta or inferior vena cava. 
TRoublESHooTINg
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Figure 2 | The AIW liver surgery. (a) To prepare the cotton gauze roll, a sterile cotton gauze is cut to the appropriate size. 
(b) The cotton gauze roll that will be inserted in between the liver and diaphragm. (c) The shaved mouse is located with its 
face in a facemask and fixed in an X shape using tape. (d) The skin incision starting just above the xyphoid process (x). (e) 
An incision through the muscular layer is made exposing the abdominal organs and the xyphoid process (x). (f) The xyphoid 
process (x) is lifted and the dashed line shows the position at which it should be clamped. (g) The xyphoid process (x) is 
clamped and moved cranially, exposing the liver (L). (h) The clamped xyphoid process (x) is moved cranioventrally, exposing 
the falciform ligament (LF). (i) After hemostasis is obtained, the clamped xyphoid process is removed. The falciform ligament is 
dissected onto the suprahepatic IVC. (j) The inserted cotton gauze roll (R) is inserted transversely in between the diaphragm 
and liver (L), moving the liver more caudally. (k) A purse-string suture is placed. The first outer loop and second outer loop (SL) 
are visible, as well as the first inner loop (IL). (l) The purse-string suture creates a continuous circular loop. (m) Cyanoacrylate 
(C) is applied on the titanium edges of the inner ring of the AIW. (n) The AIW is placed on top of the liver. (o) The skin and 
muscular layer are placed in the AIW groove. The liver (L) remains attached to the AIW. (p) Closure of the purse-string is 
performed by pulling the suture loops, and firmly tying the suture ends. This experiment was carried out in accordance with 
the guidelines of the Animal Welfare Committee of the Royal Netherlands Academy of Arts and Sciences, the Netherlands.
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iv. Dissect and remove the xyphoid process 5 min after clamping the xyphoid with the 
Hartman hemostatic forceps (Fig. 2i).

v. Use cotton swabs to manipulate the liver caudally, and then use graefe forceps to 
insert the cotton gauze roll transversely to the dissected falciform ligament in the 
space created between liver and diaphragm (Fig. 2j). 

vi. Use the needle holder to apply a purse-string suture surrounding the midline incision 
through abdominal wall and skin. Start at the caudal end of the incision, ~1 mm from 
the edge, and pass the suture thread first through skin and then through opposing 
abdominal wall from outside to inside. Next, move 5 mm up along the incision and 
pass the suture thread through the abdominal wall and skin again, from inside to 
outside (Fig. 2k). Create a circular suture by repeating this along the entire wound 
edge. To be able to secure the sutured skin and abdominal wall into the ring-groove, 
it is important not to make the incision too large. The last stitch should be located ~5 
mm away from the first entrance. Make sure to leave loops on the outside, which will 
be used to tightly secure the suture in the window groove (Fig. 2l). 

CRITICAl It is important that the suture is not placed too close to the wound edge, risking 
tearing of tissue. If the suture is placed too far away from the incision, excess skin will be 
pulled into the groove, resulting in a skin flap, which is more susceptible for infections and 
which makes it harder to place the AIW in the opening of the imaging box.

vii. Apply glue on the interior ring surface of the AIW (Fig. 2m) using the back of a cotton 
swab and glue the AIW to the liver (Fig. 2n) by applying gentle pressure to the AIW. 
Wait 5 minutes for the glue to dry. Ensure that the liver surface is not covered with any 
fluids directly before gluing.

TRoublESHooTINg

viii. Use the graefe forceps to carefully place abdominal wall and skin in the groove of the 
AIW (Fig. 2o). 

CAuTIoN Make sure not to detach the liver from the AIW.

ix. Pull the loops of the purse-string suture one by one, tightening the suture in the 
groove of the AIW (Fig. 2p). 

CRITICAl To prevent mice from biting the suture, ensure that the sutured knots are 
hidden underneath the upper ring of the AIW.
TRoublESHooTINg

b. Pancreas or Spleen AIW

i. Make a 15-mm lateral incision in the flank of the mouse above the organ of interest 
as described in step 17Ai.

CRITICAl It is important to make the incision in the flank of the mouse to reduce exudate 
accumulation between organ and AIW.

ii. Insert a purse-string suture through the muscle layer and skin surrounding the 
incision as described in step 17Avi.

iii. Extracorporate the organ of choice using cotton swabs.

iv. Apply glue on interior titanium facing of the AIW and place the AIW, glass down, 
adjacent to the organ. 

v. Fix the AIW to the organ by placing the organ in the AIW against the coverslip and 
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glue. Wait 5 minutes for the glue to dry. Ensure that the pancreas or spleen surface is 
not covered with any fluids directly prior to gluing.

vi. Turn the window and gently position it in the mouse. Place the muscle and skin in the 
groove of the AIW as described in step 17Aviii and ix. 

C. Small intestine AIW

i. Follow steps 17bi to biii

ii. Place the small intestine in the window, leaving a small space between the small 
intestine and the titanium AIW.

iii. Use the back of a cotton swab to apply small amounts of glue at two spots at the 
interface of the coverslip and small intestine. Ensure that the surface of the small 
intestine is not covered with any fluids directly before gluing.

CRITICAl Peristaltic movement will be reduced close to the glue, which will improve 
imaging. However, excessive amounts of glue will lead to obstruction, which may cause 
fatal ileus within a few days.

Figure 3 | Fixation of the mouse in the imaging box. (a) The custom-made imaging box shown from different 
angles. (b) The inverted Leica SP5 multiphoton microscope is shown.  This experiment was carried out in accordance with 
the guidelines of the Animal Welfare Committee of the Royal Netherlands Academy of Arts and Sciences, the Netherlands.
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Figure 4 | Tools to retrace areas of interest over multiple days. (a) The grid and its corresponding number (07) 
visualized by reflectance imaging (left image, red hot lookup table). The grid is outlined in the right image (red hot lookup 
table). Scale bar, 150 µm. (b) A zoom in of the area highlighted by the square in (a). Scale bar, 42 µm. (c) An image taken 
through the eyepiece of a wide-field microscope showing the vasculature in dark and fluorescent tumor cells in green 
(highlighted by the arrowhead). Scale bar, 18 µm. This experiment was carried out in accordance with the guidelines of the 
Animal Welfare Committee of the Royal Netherlands Academy of Arts and Sciences, the Netherlands.

Immediate imaging of the mouse (optional) TIMINg ~30 min to several hours

18| Either put the mice back into the home cage to recover and proceed from step 24 or, 
for immediate imaging, place the mouse with its head in the facemask of the custom-
designed imaging box. Position the mouse so the AIW is affixed in the hole of the metal 
frame of the imaging box (Fig. 3a).  

CRITICAl Monitor the mouse vitals carefully during imaging by checking the breath rate at 
least every half hour or make use of a MouseOx for constant monitoring of vital signs.

19| When the mouse is properly inserted in the imaging box, mark the window and metal 
frame of the box at two positions using differently colored markers. This will allow for 
similar positioning of the window and organ during sequential imaging sessions. 

CAuTIoN The marked spots may disappear from the window after several days so make sure 
to repaint the marks every day.

20| Place the imaging box on top of the stage of the microscope (Fig. 3b). To reduce aberrations 
during imaging, ensure that the window is exactly perpendicular to the objective (prevent 
tilting of the window). 

CRITICAl The temperature within the box surrounding the microscope is important because 
an anesthetized mouse is unable to regulate its body temperature. 

21| Look through the objective of the microscope to determine whether the organ has a 
stable position and is not affected by respiratory movement. If the position is affected, 
apply tape over the back of the mouse to stabilize the body against the imaging box. This 
will reduce tissue motion by respiration. 

TRoublESHooTINg

22| Record images in 12-bit mode to enhance the information on fluorescence intensity of 
proteins or cells if large differences in expression are found. 

23| If you wish to image the same region over multiple days, use one or a combination of the 
following approaches (option A, motorized stage; option B, gridded coverslip; option C, 
vasculature road map; option D, collagen fibers; option E, large tile scans):

a cb

>

<
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A. Motorized stage

i. Search for a suitable region to image and store the coordinates of that region. This will 
help retrace the same area over multiple days.

b. gridded coverslip

i. Mount a gridded coverslip on top of the AIW. Determine the grid number 
corresponding to the location of the area. The grid number can be visualized by 
reflectance imaging. The numbers in the grid are edged, providing low efficiency 
of reflection, thereby offering contrast in the reflectance image. To obtain the 
reflectance image, the laser light has to be focused on the transition of the coverslip 
and the tissue, and the reflected light should be collected on the detector. In our 
Leica SP5 multiphoton-OPO system, we use visible laser light for this (for example 488 
nm wavelength from an argon laser). Next, we detect the reflected photons within 
a 10 nm range surrounding the excitation wavelength. Therefore, if one uses 488 
nm excitation, emitted photons between 483 and 493 nm should be collected. This 
results in a reflectance image of the coverslip, showing the number of the grid that is 
imaged (Fig. 4a and b).

C. Vasculature roadmap

i. Use autofluorescence to visualize the vasculature. Autofluorescence can be detected 
with a 450-490 nm excitation filter and a longpass 515 nm emission filter. The 
vasculature is dark and an image can be obtained by placing a camera in the eyepiece 
of the multiphoton microscope (Fig. 4c). 

D. Collagen fibers

i. Record the fluorophore of interest simultaneously with the second harmonic 
generation (SHG) signal of the type I collagen fibers using a multiphoton laser. For 
some organs, like the liver, the type I collagen fibers are very prominent, and can be 
used to retrace areas with subcellular accuracy (Fig. 5)5. To collect the SHG signal, 
excite the tissue using a wavelength between 750 and 1040 nm and collect the 

Figure 5 | Imaging of the liver through the AIW. (a) IVM images show multiple-day tracing of a C26-Dendra2 tumor 
cell (white) that is surrounded by type I collagen (purple) fibers in the liver. To obtain the images, the region was imaged with 
a Leica TCS SP5 multiphoton (MP)-OPO microscope using an excitation wavelength of 960 nm. The SHG signal from the type 
I collagen fibers was detected between 455-490 nm, the Dendra2 signal was detected with two non-descanned detectors 
(NDDs) between 455-490 nm and 500-550 nm. A representative experiment from one out of ten mice is shown. Scale bars, 
20 µm. (b) The outlined area in the three pictures in (a) are merged and magnified. The position of the collagen fibres at 
different days was assigned a different color to show the subcellular retracing of the area. Scale bar, 7 µm. This experiment 
was carried out in accordance with the guidelines of the Animal Welfare Committee of the Royal Netherlands Academy of 
Arts and Sciences, the Netherlands.

a bDay  0 Day  1 Day  2 Day 0 / Day 1 / Day 2
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photons at half the excitation wavelength.

E. large tile scans.
i)  If allowed by the time frame, make large tile scans to provide you with more spatial 
information and to facilitate retracing of multiple areas over multiple days.  

Recovery after surgery TIMINg 1 d or until recovered

24| Put the mouse back in the cage and monitor it closely during recovery. Mice should be 
housed solitary under standard laboratory conditions, with water and food available at 
libitum. On the first day after surgery, a food pellet should be provided on the cage floor. 
Postoperatively, vital signs of the mouse should be monitored every day until parameters 
return to presurgery scores. These parameters include respiration, reactivity, weight, 
behavior and posture. One day after surgery these parameters should return to presurgery 
scores. Once the scores are back to presurgery values, monitoring should be performed at 
least once a week. In addition, monitor the skin surrounding the window for inflammation 
and necrosis. 

25| Use a 1-ml syringe with a 25-gauge needle to inject 100ul of 0.03 mg/ml buprenorphine 
i.m. in one of the hind legs. This should be done between 8 and 12 hours after the first dose 
of buprenorphine was administered. When presurgery scores are met and no necrosis or 
inflammation is present, the mouse can be kept in its cage for a maximum period of 1 
month. When you wish to image the mice, proceed to Step 26.

TRoublESHooTINg

Reimaging of the mouse (optional) TIMINg ~40 min to several hours

26| At the desired time point, anesthetize the mouse by placing it in the induction chamber 
with 2.5% (v/v) isoflurane. 

27| When the mouse is completely unconscious, place the mouse with its head in the facemask 
of the imaging box. Position the mouse with its window down and affix the window in the 
hole of the metal frame of the imaging box, using the marks applied during the initial 
imaging session.  

CRITICAl Monitor the mouse vitals carefully during imaging by checking the breath rate at 
least every half hour, or make use of a MouseOx for constant monitoring of vital signs.

28| Repeat steps 18-24

Image analysis TIMINg ~10 min to 1 h

29| After recording and saving, the images can be exported as TIFF tiles and can be imported 
in ImageJ or ImageJ FIJI. Image corrections such as contrasting, changes in brightness, 
smoothing of the images or the application of certain filters such as a median filter should 
always be done on the 12-bit images. After corrections, an RGB image can be created by 
merging the images.

30| If breathing movement created a shift in the x,y or z position of your area of interest, 
registration can be used to realign the images. This can be done manually in ImageJ or 
ImageJ FIJI. For a large number of images, software can be used in which this process 
is automated. For this, we use custom written software using algorithms based on 
the Pearson correlation coefficient as described by van Rheenen and colleagues18. 
Alternatively, we use ImageJ FIJI plug-ins.
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TRoublESHooTINg
Trouble shooting advice can be found in Table 1. 

Table 1 | Troubleshooting table.
Step Problem Possible reason Solution
7 The AIW is not 

watertight
Glue was not distributed 
evenly around the ring

• Repeat steps 3-7

17 Mouse dies 
during surgery

Hyperthermic • Hyperthermia will amplify the effect of 
the anesthetics leading to depression 
of respiration. Reduce the power of the 
heating pad to recover the mouse from 
respiratory distress.

17 A-C Heavy bleeding Vascular damage • Try to control blood loss by gently pressing 
a cotton swab on top of the focus of 
bleeding for 1 minute

• Use a cautery and burn the leaky vessel to 
close it

• When performing a lateral incision in the 
muscular wall, try to spare large vessels 
that are visible by eye, or use trans-
illumination to visualize the vessels

The mouse 
has difficulty 
breathing

The mouse is hyperthermic • Hyperthermia will amplify the effect of 
the anesthetics leading to depression 
of respiration. Reduce the power of the 
heating pad to recover the mouse from 
respiratory distress.

17 Aiii The mouse 
has difficulty 
breathing

The diaphragm was 
punctured

• A punctured diaphragm will result in a 
pneumothorax. The mouse should be 
euthanized to prevent suffocation. To 
avoid this, carefully manipulate the liver 
caudally with a cotton swab and dissect the 
falciform ligament during exhalation. Also, a 
blunt tipped scissors can be used

17 Avii The liver is not 
located against 
the coverslip 
after placing the 
AIW

The AIW was not inserted 
correctly on top of the liver 
or too little glue was used to 
fix the liver to the AIW

• Turn the mouse on its feet. Gravity will 
press all abdominal organs towards the 
coverslip.

17 Aix Suture breaks Sutures were pulled too tight • Replace purse string suture. The strength of 
the suture depends on the material being 
used. If breaking occurs often, change to 
different non resorbable suture material, or 
one size thicker suture

The incision 
does not 
completely close 
around the 
window

Initial incision is too long • Place a stitch at one of the ends to reduce 
the incision. This can be prevented by 
initially making a small incision and trying to 
fit the AIW.  When the incision is too small, 
carefully enlarge it with a few millimeters 
until the AIW fits
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21 The liver is still 
moving

The falciform ligament was 
not dissected far enough; the 
cotton gauze roll was not 
positioned correctly

• If the movement is too severe, image 
distortions will occur. This can be 
circumvented by fast image acquisition, by 
reducing the averaging, by scanning in a 
bidirectional mode or by using a resonant 
scanner. Furthermore, image corrections 
after acquisition can be performed like 
registration in XY and/or Z

The small 
intestine is still 
moving

Too little glue was used • Same as above

Poor visibility Bleeding or accumulation of 
liquid

• Try to remove liquid by inserting a 
25-gauge needle underneath the window 
attached to a 1-ml syringe. Make sure 
not to hit any organs. Once the needle is 
underneath the window, the liquid can be 
removed by slowly filling the syringe. If the 
bleeding is too heavy and does not stop or 
if the visibility does not improve, the animal 
should be sacrificed. Note that this cannot 
be done when imaging the liver, since the 
liver is completely glued to the window

24 Mouse is slow 
to recover from 
anesthesia

The mouse is hypothermic • Increase the temperature of the recovery 
cage by heating it with a heating pad or a 
lamp

Excessive fluid loss • To rehydrate the mouse, inject 200 µl of 
PBS i.p.

Coverslip 
fracture

Mouse might have bumped 
into a hard material

• The tissue will be dehydrated and seriously 
affected, imaging is not possible anymore. 
The mouse should be euthanized

Necrosis of the 
skin next to the 
AIW

The suture is pulled too tight 
into the AIW

• The necrosis will cause pain to the animal 
and the AIW will eventually fall out. 
Therefore, the mouse should be euthanized

The AIW falls 
out

The suture is placed too close 
to the edge of the incision

• Necrosis of the skin will occur due to 
insufficient blood supply. The mouse should 
be euthanized

The skin next 
to the AIW 
becomes red

The skin is inflamed • Work in a sterile environment and position 
the skin correctly and circularly in the 
window groove, avoiding any openings of 
the abdominal cavity

TIMINg
Steps 1-9, window preparation: 3 h
Steps 10-16, preparing for surgery: 15 min 
Step 17, AIW Surgery: ~15 to 45 minutes, depending on organ of interest and experience
Steps 18-23, immediate imaging (optional): ~30 min to multiple hours, depending on the 
research question
Steps 24-25, recovery: 1 d or until recovered
Steps 26-28, re-imaging: ~40 minutes to several hours, depending on the research question
Steps 29-30, image analysis: ~10 minutes to 1 h, depending on the number of corrections
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Anticipated results
Typical results that can be obtained with the liver AIW are shown in figure 5. For insertion 
of the AIW in the abdominal wall, a midline incision through skin and muscles was made. 
Colorectal tumor cells were injected into the splenic parenchyma as described19,20. The images 
show the progression of C26-GFP tumor cell outgrowth in the liver over multiple days and the 
SHG signal that visualizes type I collagen fibers. The SHG signal can be used to retrace the same 
location over consecutive imaging sessions5.

Figure 6 | Imaging of the spleen through the AIW. (a) The AIW is implanted on top of the spleen. (b) OT1 CD8+ 
GFP T cells (blue) migrating along a type I collagen fiber (purple, SHG). To obtain the images, a Leica TCS SP5 MP-OPO 
microscope was used to excite the fluorophores with a wavelength of 900 nm. The SGH signal from the type I collagen fibers 
was detected <455 nm, and the GFP signal was detected between 500-550 nm. A representative experiment from one out 
of four mice is shown. The scale bar, 15 µm. This experiment was carried out in accordance with the guidelines of the Animal 
Welfare Committee of the Royal Netherlands Academy of Arts and Sciences, the Netherlands.

In figure 6, OT1 CD8+ T cells from a GFP-transgenic mouse were adoptively transferred into 
a recipient mouse5. The spleen was then fixed to the AIW for imaging. T cells were imaged 
through the AIW over time after injecting OVA peptide into the tail base of the mouse, thus 
inducing an immune response. The OT1 CD8+ T cells were found migrating along type I 
collagen fibers that were visualized using SHG imaging. T cells migrating along type I collagen 
fibers have previously been observed in the lymph node21.

Fixation of the pancreas to the AIW allows imaging of, for instance, the pancreatic vasculature 
(Fig. 7). Color contrast is achieved by intravenous injection of Texas-Red Dextran (70 kDa). 

In stem cell biology, it is of great importance to be able to follow the fate of individual stem 
cell lineages over time. In figure 8 we show that the AIW can be used to follow stem cell fate 
in the small intestine by using double heterozygous Lgr5-EGFP-Ires-CreERT2/R26R-Confetti 
mice (The Jackson Laboratory, 013731). In these mice, all leucine-rich repeat containing G 

t = 0” t = 1’0” t = 2’0” t = 7’30”

t = 8’30” t = 12’0” t = 13’30” t = 15’30”

a b

a bFigure 7 | Imaging of the pancreas through the 
AIW. (a) The AIW is implanted on top of the pancreas. 
(b) The pancreatic vasculature is visualized by i.v. injection 
of 70-kDa Texas-red labeled dextran (red). Texas-red 
was excited with a multiphoton laser tuned at 860 nm. 
Emitted photons were detected between 560-650 nm. A 
representative experiment from one out of three mice is 
shown. Scale bar, 65 µm. This experiment was carried out 
in accordance with the guidelines of the Animal Welfare 
Committee of the Royal Netherlands Academy of Arts and 
Sciences, the Netherlands.
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Lgr5 promotor also drives expression of tamoxifen-inducible CreERT2, which will sporadically 
induces one of the confetti colors (nuclear green, membrane blue, yellow and red), which are 
inherited by all respective daughter cells22. By tracing these confetti-marked stem cells over 
multiple days through the AIW, and by using the microvessels as fiduciary landmarks, it is 
possible to trace individual intestinal stem cell lineages, as each lineage is an accumulation of 
cells with the same confetti color. 
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Figure 8 | Imaging of 
the small intestinal 
through the AIW. (a) 
The AIW is transplanted on 
top of the small intestine. 
(b) Lgr5+ stem cell (green) 
tracing in the same intestinal 
crypt over multiple days. 
The confetti colors (red 
and yellow) were randomly 

activated in Lgr5+ cells and enabled tracing. The fluorophores were excited using a Leica TCS SP5 MP-OPO microscope. 
Excitation was performed at 960 nm and the emitted photons were collected using 3 NDDs that detect photons with a 
wavelength between 455-490 nm, 500-550 nm and 560-650 nm. A representative experiment from one out of ten mice is 
shown. Scale bars, 8 µm. This experiment was carried out in accordance with the guidelines of the Animal Welfare Committee 
of the Royal Netherlands Academy of Arts and Sciences, the Netherlands.
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Intravital microscopy (IVM) is a powerful approach to study dynamic processes in 
the context of a living animal, however only a limited number of fluorescent probes 

and mouse models are available. By contrast, many dyes and antibodies exist for the 
immuno-labeling of fixed tissue. Here, we have developed a method that combines the 
advantages of histochemistry and in vivo imaging by correlating Cryosection Labeling to 
corresponding Intravital Microscopy images (CLIM).

Immunohistochemistry of fixed tissue sections has been used extensively to study the 
composition of tissues using an almost unlimited number of commercially available antibodies. 
Nevertheless, immunohistochemistry can only provide a snapshot of often dynamic tissue. 
By contrast, high resolution intravital microscopy (IVM), a technique by which individual cells 
inside a living animal can be visualized, enables the visualization of cellular processes in real 
time1-5. However, IVM depends on a limited number of available fluorescent probes and mouse 
models4,6. The limitations of both techniques hamper researchers to study the full complexity 
of tissue. Ideally, one would combine the advantages of both IVM and immunohistochemistry; 
first image cells in vivo and then retrace areas of interest in histological sections. Correlative 
microscopy, such as correlative light-electron microscopy (CLEM), has been used to combine 
the advantages of two microscopy techniques7. We have recently reported a simple and 
effective correlative microscopy approach to mark and track single cells in living tissue based 
on the photo-conversion of the fluorescent protein Dendra28. Although we are able to identify 
red-marked cells in immunohistochemical sections, the drawback of this technique is that 
cells need to express photo-convertible proteins. Since the vast majority of fluorescent mouse 
models for intravital imaging lack Dendra2 expression, it is desirable to develop a correlative 
microscopy technique without the requirement of photo-convertible proteins.  In vitro, near-
infrared branding (NIRB) has successfully been used to create fiducial marks in fixed tissue 
which can be used as a guide to correlate previously imaged structures in electron microscopy 
images9. Here, we report the development of a correlative microscopy method termed 
Cryosection Labeling and Intravital Microscopy (CLIM), which is based on infrared light to 
create fiducial marks in tissue of living animals that can be used to correlate dynamic intravital 
images to images of sections that are fluorescently labeled by immunohistochemistry.

Results 
Using a femtosecond pulsed titanium-sapphire laser tuned at 800 nm we created a three-
dimensional highly intense autofluorescent fiducial mark in a defined region of the tumorigenic 
tissue of a living mouse, that we refer to as photo-tattoo (Fig. 1a). Although photo-tattooing 
executed at low power (<300mW at the sample) created photo-tattoos without visible damage 
on tissue such as the type I collagen fibers, high power fiducial marks (>600mW at the sample) 
did create visible tissue damage (Fig. 1b). As neutrophils are the first cells to infiltrate damaged 
tissue, we imaged their recruitment directly after photo-tattooing. Indeed, photo-tattooing 
at high laser power resulted in damaged vasculature and subsequent neutrophil recruitment 
(fig. S1a). We observed that 13 minutes after photo-tattooing the first neutrophils were being 
recruited to the tattoo (Fig. 1c and fig. S1b). This indicates that, when a tissue is isolated and 
fixed within 13 minutes after photo-tattooing, the photo tattoo has not recruited immune cells 
yet. Therefore, tissues were isolated within 10 minutes after the photo-tattoo was placed and 
then instantly snap-frozen or formalin fixed snap-frozen. Alternatively, but not executed in this 
study, tissues can be photo-tattooed after whole animal fixation by transcardial perfusion of 
fixative, which totally excludes a change in the microenvironment by infiltrating immune cells.
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Figure 1 | Photo-tattooing creates fiducial mark in vivo. (a) Photo-tattoo of a mammary tumor created by a 
multi-photon laser tuned at 800 nm. Scale bar, 110 µm. (b) Damaged (large arrow) and non-damaged (small arrow) type I 
collagen fibers (white in left image and purple in right image) after photo-tattooing. Scale bar, 20 µm. (c)  Neutrophils were 
adoptively transferred into recipient mice. The recruitment of neutrophils upon photo-tattooing the liver was visualized by 
IVM. The time between the generation of the tattoo and the first appearance of the first neutrophil entering the tattoo was 
measured and plotted in the graph. n = 13 neutrophils in 5 tattoos in three different mice. Symbols represent different mice. 

Since intravital imaging is performed in a wide range of organs, we tested whether photo-
tattooing can generate fiducial marks in various tissues (Fig. 2a). Interestingly, we observed 
variations in efficiency of photo-tattooing amongst different tissues. High efficiencies (100% 
± 0 s.e.m.) were found in highly vascularized organs, such as the liver and spleen. Moreover, 
we found that photo-tattooing is highly efficient in tissue containing leaking vasculature (Fig. 
2b). Furthermore, in contrast to flowing vessels (Fig. 2c) where tattooed molecules will be 
carried away from the tattooed site, the tattoo is efficient in vessels where the blood flow has 
stalled (stalled vessels are occasionally present in tumor tissue (Fig. 2d)). These data suggest 
that a component of the blood may be required for creating fiducial marks by photo-tattooing. 
To further specify which fraction of the blood is responsible for the photo-tattoo marks, we 
separated the blood and found that only the serum and not the white blood cell fraction 
could be photo-tattooed (Fig. 2e). Interestingly, photo-tattooed serum contained multiple 
fluorescent components, because differential emission spectra were detected when different 
excitation wavelengths were used to record the emission spectrum (Fig. 2f). Therefore, we 
conclude that photo-tattooing enhances the autofluorescence of multiple serum components.

To test whether photo-tattoos can be employed as fiducial landmarks to correlate cryosection 
labeling to intravital micrscopy (CLIM), we marked an area of a mammary tumor with a photo-
tattoo (Fig. 3a,b). Indeed, the fiducial mark was clearly visible in cryosections (Fig. 3a,b and 
fig. S2) and the intravitally imaged tumor cells (Movie 1) could be retraced in different types 
of mammary tumors (Fig. 3b and fig. S2). Thus, the photo-tattooed regions used for CLIM are 
effective fiducial marks to correlate intravital images and cryosections.

It has been shown that migration and metastasis of tumor cells is dependent on and 
influenced by the tumor microenvironment. Here, we utilized CLIM to identify factors in the 
microenvironment that drive migration of tumor cells in mouse invasive lobular carcinomas 
(mILCs). Orthotopic injection of KeP1_11 cells into female 129P2/OlaHsd;FVB/n mice leads 
to mILCs10. We intravitally imaged these mammary tumors for ~3 hours and found that the 
migratory behavior of tumor cells was very heterogeneous; in some regions of the tumor more 
than 10 percent of the cells were migratory, while in other regions of the same tumor none of 
the tumor cells migrated. For example, the top panel of Figure 3c and Movie 2 show a region 
where the number of migratory cells is small, whereas the lower panel shows a region of the 
same tumor where the number of migratory cells is large. To measure migration in imaged 
regions, we quantified the number of non-colocalizing pixels between the first and last image 
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Figure 2 | A multiple serum component photo-tattoo. (a) A tattoo was generated in the liver, spleen, pancreas and 
mammary tumor tissue using a multiphoton laser tuned at 800nm. (b) Upper images: a tattoo was generated within the 
pancreas. The dashed square outlines the area magnified in the lower panels. Green illustrates the vasculature, red the tattoo. 
Lower images: the region where high molecular weight Rhodamin-Dextran (2,000 KDa) leaked out of the vasculature (#) 
and the non-leaky area with (*) are indicated. Note that the leaky area is more efficiently tattooed than the non-leaky area. 
(c) A region of the pancreas was imaged before and after photo-tatooing. In red the vasculature (fluorescent dextran) is 
shown, in yellow the tattoo. (d) A photo-tattoo was generated in a region of a tumor with a few stalled vessels as indicated by 
the white square. Tattoo is seen in yellow, and type I collagen in blue. Notice that only in the tattooed region the vessels are 
highlighted by the tattoo. (e) Photo-tatooing of the white blood cell fraction (WBC) and the serum fraction (serum) isolated 
from mice. (f) Emission spectra of the photo-tattoo after excitation with various wavelengths. Scale bars, 110 µm. All white 
boxes indicate the tattooed area.

Spleen Pancreas

ba Vessels Tattoo

* *
##

Tattoo Tattoo

LiverTumor
Tattoo Tattoo

e 
Tattoo

c

f

-0,2

0,0

0,2

0,4

0,6

0,8

500 700

840nm

Wavelength (nm)

900nm
960nm
1040nm

N
or

m
al

iz
ed

 in
te

ns
ity

 

d Merge

Pr
e-

ta
tt

oo
Po

st
-t

at
to

o

Vessels

Tattoo

Tattoo

Pr
e-

ta
tt

oo

Tattoo

Tattoo

WBC Serum



| 71 

4

CLIM correlates IVM and histochemistry

of the time series and correlated that to the total tumor cell area, which confirms high migration 
in the lower panel and low migration in the higher panel (Fig. 3c). Next, we tried to identify 
the microenvironmental component that correlates with the differential cell behavior in these 
two regions. One of these factors, CD4+ T cells, has been shown to play a role in metastasis in 
the PyMT breast cancer model, but not in a HER2+ breast cancer model11,12. To correlate the 
presence of CD4+ and CD8+ T cells with the metastatic behavior of mILC breast cancer cells, 
we used our newly developed CLIM method to determine the role of T cells specifically during 
tumor cell migration, one of the first steps of metastasis. After retracing the intravitally imaged 
cells in cryo sections using CLIM, we stained the sections for the pan T cell marker CD3 (fig. 
S3). Interestingly, we found that in regions with high tumor cell migration, a high number of 
CD3+ T cells were present, whereas in regions with very little tumor cell migration, only a few 
CD3+ T cells were present (Fig. 3c). This data suggests that the presence of T cells is correlated 
to tumor cell migration. To confirm this correlation and to further characterize the responsible 
T cell subset, we injected mice for 2 weeks with T cell depleting antibodies for either CD4+ or 
CD8+ T cells, and confirmed that this indeed led to a loss of the respective T cells in the mILC 
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made after intravital microscopy (IVM) was retraced in a 16 µm thick cryosection (Cryo). Scale bars, 20 µm. (b) Left images: 
intravital images of mILC tumor cells (green) and type I collagen (purple) at 0 and 170 minutes. Middle image: a photo-tattoo 
(yellow) was created around the migrating cells. Right image: The tattoo (red) was used to retrace the area in a 16 µm thick 
cryosection (right image). Scale bars, 80 µm. (c) A mILC tumor region with a low amount of migratory cells (top panel) and 
a region with highly migratory cells (lower panel) were retraced in cryosections and stained for CD3+ T cells. Pixels that have 
been changed between the images of T=0 and 170 minutes are indicated with orange. In the cryo-image, the CD3+ T cells 
are red and the arrowheads point to some of these cells. Note the high number of T cells in the migrating area, and the low 
number of T cells in the non-migratory area. Scale bars, 15 µm. (representative images of n = 3 experiments performed in 3 
mice). (d) In IVM movies of mILC, tumor cell migration (the ratio of changed cell area (indicated as orange in c) to the total 
cell area) was measured from non-depleted mice, CD4 Ab depleted and CD8 Ab depleted mice (n > 17 positions from at 
least 3 mice per condition). Median is indicated.
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tumors (fi g. S3). Next, we performed intravital imaging on tumors in which either CD4+ or CD8+ 
T cells were depleted. As suggested by our CLIM data, we indeed found that migration was 
greatly diminished when mice were treated for two weeks with CD4 depleting antibodies (Fig. 
3d). Therefore, we conclude that the migration of mILC tumor cells is linked to the presence of 
CD4+ and CD8+ T cells. 

Taken together, we have developed a correlative microscopy method, CLIM, to correlate 
intravitally imaged regions in immunohistochemical cryosections. For CLIM, endogenous 
fl uorescence is used, and therefore it does not require timely and expensive mouse genetics, 
and can be applied to a wide variety of tissues that are intravitally imaged.
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Methods
DNA constructs and transfections. Dendra2 was cloned from the pDendra2 (Evrogen) into a pLV.CMV construct 
(a kind gift from P. Derksen, University Medical Center Utrecht). KeP1_11 cells were transduced using a standard 
lentiviral transduction protocol. Afterwards, cells were 3 times sorted on fl uorescence by fl ow cytometry to 
create a stable cell line.

Cell lines. KeP1_11 tumor cells were cultured in Dulbecco’s Modifi ed Eagle’s Medium F12 + GlutaMAX (DMEM; 
GIBCO, Invitrogen Life technologies) supplemented with 5% (v/v) fetal bovine serum (Sigma), 5ng/ml insulin, 
5ng/ml epidermal growth factor (EGF), 100 μg/ml streptomycin, and 100 U/ml penicillin (all Invitrogen Life 
Technologies). Cells were kept at 37°C in a humidifi ed atmosphere containing 5% CO2. 

Antibodies and reagents. CD4 and CD8 antibodies were kindly provided by Karin de Visser. Rabbit anti-mouse 
CD3 antibody was obtained from Thermo Scientifi c (Clone SP7), rat anti-mouse CD4 eFluor660 (GK1.5) and rat 
anti- mouse CD8 eFluor660 (53-6.7) antibodies were obtained from eBioscience. 

Mouse models. All experiments were carried out in accordance with the guidelines of the Animal Welfare 
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Committee of the Royal Netherlands Academy of Arts and Sciences, The Netherlands. Mice were housed under 
standard laboratory conditions and received food and water ad libitum. 29P2/OlaHsd and FVB/n (The Jackson 
Laboratory) mice were crossed to obtain female 129P2/OlaHsd;FVB/n mice which were injected in the 4th 
mammary fat pad with 5x105 KeP1_11 Dendra2 tumor cells at 8 weeks of age. Intravital imaging was performed 
at 6 to 10 weeks after injection, when the tumor was on average 64 mm2. 

Intravital imaging. Mice were sedated using isoflurane inhalation anesthesia (1.5 to 2% v/v isoflurane in O2), 
and shaved before surgery. The mouse was placed on an inlay containing a hole covered with a coverslip. A 
skinflap procedure was performed as described13 to expose the tumor. When imaging abdominal organs, a 
midline incision through skin and abdominal wall was made. The organ of interest was extracorporated using 
in PBS drenched cotton swabs and placed on top of the coverslip. The mouse was taped to the inset to ensure a 
stable position of the mouse and organ. A wet cotton gauze (drenched in PBS) was placed next to the incision 
and covered with parafilm to prevent dehydration. Next, the inlay was placed within a custom-designed imaging 
box. The isoflurane was introduced through a facemask, and ventilated by an outlet. The imaging box and 
microscope were kept at 32ºC by a climate chamber. Imaging was performed on an inverted Leica TCS SP5 AOBS 
two-photon microscope with a chameleon Ti:Sapphire pumped Optical Parametric Oscillator (Coherent Inc.).

Photo tattooing. Photo tattoos were placed at the end of an intravital imaging experiment. First, an XYZ position 
next to an area of interest was chosen. The chameleon Ti:Sapphire two photon laser was tuned to 800 nm and 
the laser power was adjusted to 200 to 600 mW. In a defined region of interest a continuous scan was started. The 
development of the tattoo was followed over time using two non-descanned detectors (NDDs): NDD3 (500-550 
nm) and NDD4 (560-650 nm). Continuous scanning was performed for various times between 30 seconds and 5 
minutes depending on the tissue being tattooed. After scanning the tattoo could be excited using two-photon 
as explained in equipment and settings, and could be detected by eye through the eye-piece.

Immunohistochemistry. After harvesting, organs were placed tattoo-side down in a tissue mold. Next, they 
were snap-frozen in Tissue Freezing Medium (Leica Microsystems Nussloch GmbH) using liquid nitrogen. 
Frozen tissue was sectioned using a Leica cryotome CM 3050 and fixed with acetone before immunostaining. 
Immunostaining was done according to a standard immunohistochemistry protocol.

Neutrophil recruitment. Neutrophils were purified from mouse bone marrow by isotonic Percoll gradient 
centrifugation. Briefly, mice were euthanized and the femurs and tibia from both hind legs were removed. The 
bone marrow was flushed with wash buffer (1x HBSS + 0,5% heat inactivated FBS + 2 mM EDTA). Red blood cells 
were lysed using NH4Cl lysis buffer (155 mM NH4Cl + 10 mM KHCO3 + 0,1 mM EDTA in H2O). Neutrophils were 
separated from the remaining cells by layering on a three-step (50, 55 and 80%) isotonic Percoll gradient (GE 
Healthcare). Neutrophils at the 55-80% interface were removed, washed and labeled with TAMRA-SE (Invitrogen). 
Labeled neutrophils were injected intravenously into mice bearing an abdominal imaging window on their liver 
as described previously14. The liver was tattooed and the neutrophil recruitment to the tattoo was monitored in 
45 minute time lapse movies with a time resolution of 1 minute.

Equipment and settings. All images were recorded on a Leica TCS SP5 AOBS two-photon microscope with 
a chameleon Ti:Sapphire pumped Optical Parametric Oscillator (Coherent Inc.). The microscope is equipped 
with four non-descanned detectors (NDDs): NDD1 (<455 nm), NDD2 (455-490 nm), NDD3 (500-550 nm), NDD4 
(560-650 nm). Different wavelengths between 700 nm and 1150 nm were used for excitation. Second harmonic 
generation signal (SHG) was obtained with a wavelength of 960 nm and detected with NDD2. Dendra2 was 
excited with a wavelength of 960 nm and Dextran 2000 kD Rhodamine with a wavelength of 840 nm. Intravitally, 
the photo-tattoo was excited with a wavelength of 840nm, 900nm, 960nm or 1040nm, and detected with NDD4, 
NDD3 and NDD4, NDD3 and NDD4 and NDD4 respectively. In cryo-sections, the photo-tattoo was excited with 
a 405, 488, 495 or 633 laser, and detected between 450 and 490nm, 498 and 580nm, 505 and 580nm and 643 
and 700nm respectively. All images were acquired with a 25x (HCX IRAPO N.A.0.95 WD 2.5 mm) water objective 
or a 20x (HCX IRAPO N.A.0.70 WD 0.5mm) dry objective using a zoom of 1.7 or 1x , and a bit depth of 12 bit. All 
pictures were processed using ImageJ software (NIH, Bethesda, MD, www.nih.gov); pictures were contrasted (if 
necessary, and only in a linear manner), smoothed (if necessary), cropped (if necessary), rotated (if necessary) 
and converted from 12 bit to 8 bit RGBs.

Statistical analysis. A non-parametric Mann-Whitney U test was used to determine if there was a significant 
difference between the different conditions. P < 0.05 was considered significant.



74 |

4

References

1. Beerling, E., Ritsma, L., Vrisekoop, N., Derksen, P.W.B. & van Rheenen, J. Intravital microscopy: new 
insights into metastasis of tumors. Journal of Cell Science 124, 299-310 (2011).

2. Ritsma, L., Ponsioen, B. & van Rheenen, J. Intravital imaging of cell signaling in mice. Intravital 1, 2-10 
(2012).

3. Ritsma, L., et al. Intravital Microscopy Through an Abdominal Imaging Window Reveals a Pre-
Micrometastasis Stage During Liver Metastasis. Science Translational Medicine 4, 158ra145 (2012).

4. Pittet, Mikael J. & Weissleder, R. Intravital Imaging. Cell 147, 983-991 (2011).
5. Friedl, P. & Alexander, S. Cancer Invasion and the Microenvironment: Plasticity and Reciprocity. Cell 

147, 992-1009 (2011).
6. Giepmans, B.N.G., Adams, S.R., Ellisman, M.H. & Tsien, R.Y. The Fluorescent Toolbox for Assessing 

Protein Location and Function. Science 312, 217-224 (2006).
7. van Rijnsoever, C., Oorschot, V., Klumperman, J. Correlative light-electron microscopy (CLEM) 

combining live-cell imaging and immunolabeling of ultrathin cryosections. Nat Meth 5, 973-980 
(2008).

8. Kedrin, D., et al. Intravital imaging of metastatic behavior through a mammary imaging window. Nat 
Meth 5, 1019-1021 (2008).

9.  Bishop D., et al. Near-infrared branding efficiently correlates light and electron microscopy. Nat Meth 
8, 568-570 (2011).

10. Derksen, P.W.B., et al. Somatic inactivation of E-cadherin and p53 in mice leads to metastatic lobular 
mammary carcinoma through induction of anoikis resistance and angiogenesis. Cancer Cell 10, 437-
449 (2006).

11. Ciampricotti, M., et al. Development of metastatic HER2+ breast cancer is independent of the 
adaptive immune system. The Journal of Pathology 224, 56-66 (2011).

12. DeNardo, D.G., et al. CD4+ T Cells Regulate Pulmonary Metastasis of Mammary Carcinomas by 
Enhancing Protumor Properties of Macrophages. Cancer Cell 16, 91-102 (2009).

13. Ewald, A.J., Werb, Z. & Egeblad, M. Preparation of Mice for Long-Term Intravital Imaging of the 
Mammary Gland. Cold Spring Harbor Protocols 2011, pdb.prot5562 (2011).

14. Ritsma, L., et al. Surgical implantation of an abdominal imaging window for intravital microscopy. 
Nat. Protocols 8, 583-594 (2013).



| 75 

4

CLIM correlates IVM and histochemistry

Figure S1 | Neutrophil recruitment upon photo-tattooing. Red stained neutrophils are adoptively transferred into 
the tailvain of recipient mice. (a) A region in the liver is tattooed which results in highly damaged vasculature and massive 
neutrophil recruitment. Scale bar, 50 µm. (b) Stills from a time lapse movie showing recruitment of red stained neutrophils to 
a tattooed region in the liver (indicated by a square).  The neutrophils that enter the tattooed region are highlighted by a circle. 
Note that there are already neutrophils present in the liver under control circumstances before tattooing. Scale bars, 100 µm.
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Photo-tattoo / Tumor cells / CD3+ T cells
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Figure S2 | Retracing of an intravitally imaged area in a cryosection. In the left panels images are shown of 
intravitally imaged tumor cells (green) in 4T1 mammary tumors at 0 and 80 min. In the right image the tattoo (yellow) was 
used to retrace the imaged area in a cryosection. Next, the tattoo was stained for CD3+ T cells (red). The circles highlight cells 
that can be recognized both in the IVM and the cryosections. Scale bars, 20 µm.
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Figure S3 | Fluorescent immunohistochemistry stainings of T cell depleted tumors. (a) Shown are images of 
tumor cells (green) and T cells (red) of CD4-depleted and CD8-depleted mILC tumors. Scale bars, 75 µm. (b) The number of 
T cells present in the images of (a) at indicated conditions.

Supplementary Movie legends

Movie 1 | In vivo tumor cell migration. Intravital microscopy movie of migrating mILC tumor cells (green). Type I collagen 
is shown in purple. Scale bar, 20 µm.

Movie 2 | Migratory heterogeneity within a mILC tumor. Intravital imaging movie of a mILC tumor region with a 
low amount of migratory cells (top panel) and a region from the same tumor with a large amount of migratory cells 
(lower panel). Scale bar, 15 µm.
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The death receptor CD95 promotes apoptosis through well-defined signaling 
pathways. In colorectal cancer cells, CD95 primarily stimulates migration and invasion 

via pathways that are incompletely understood. Here, we identify a new CD95-activated 
tyrosine kinase pathway that is essential for CD95-stimulated tumor cell invasion. 
We show that CD95 promotes tyrosine 783 phosphorylation of phospholipase C-γ1 
through the platelet-derived growth factor receptor β, resulting in ligand-stimulated 
phosphatidylinositol (4,5)-biphosphate (PIP2) hydrolysis. PIP2 hydrolysis liberates 
the actin-severing protein cofilin from the plasma membrane to initiate cortical actin 
remodeling. Cofilin activation is required for CD95-stimulated formation of membrane 
protrusions and increased tumor cell invasion.

Death receptors on tumor cells can suppress metastasis formation by stimulating apoptosis1-4.  
Although CD95 is best known for its ability to induce apoptosis, it can also act as a promoter 
of tumor and metastasis formation by stimulating tumor cell proliferation, survival, and/or 
invasion5-10. We have recently shown that endogenous oncogenic Kirsten-RAS (KRAS) -one 
of the first genes to be mutated during colorectal cancer development- can transform death 
receptors into invasion-stimulating receptors10. The signal-transduction pathways that cause 
apoptosis downstream of activated CD95 have been well documented11. By contrast, less is 
known about the factors that promote tumor cell invasion following CD95 stimulation. In 
many tumor cell lines, invasion is dependent on the actin-driven formation of membrane 
protrusions12,13. In this report, we provide evidence that activated CD95 promotes the formation 
of cell protrusions via a novel signaling pathway.

Results
To study invasion signaling pathways downstream of CD95 we employed the Kras-mutant 
murine- colorectal-cancer cell line C26. CD95 primarily signals motility and invasion in these 
cells9,10 (Fig. 1a). Checkerboard analysis further showed that CD95-ligand (CD95L) promotes 
directed -chemotaxis- rather than non-directed -chemokinesis- tumor cell migration (Fig. 1b 
and table S1). Real-time imaging showed that non-stimulated C26 cells spontaneously formed 
cell protrusions in a random manner with, on average, 1-2 protrusions per cell. On stimulation 
with CD95L, the number of protrusions increased to 4-6 per cell, and this increased the total 
cell area by ~35% over a period of 30 minutes (Fig. 1c). Knockdown of the endogenous 
mutant KrasD12 allele mostly prevented CD95-induced formation of cell protrusions and 
invasion and allowed CD95 to induce apoptosis (Fig. 1a and fig. S1). Stimulation of another 
murine colorectal-cancer cell line (MC38) with CD95L also resulted in increased migration, the 
formation of cell protrusions and tumor cell invasion (fig. S2). 

The polymerization of actin monomers into filamentous actin (F-actin) at the leading edge 
of migrating cells generates the forces that drive the formation of cell protrusions. Actin 
polymerization mainly occurs at one end of the filament, named the ‘barbed end’, and assembly 
of F-actin is controlled by tight regulation of the number of barbed ends. One of the key 
proteins in this process is the actin-binding protein cofilin, which can increase the number of 
barbed ends by severing existing F-actin14 and by its intrinsic actin-nucleation activity15. Cofilin 
is inactivated by LIM kinase (LIMK1)-mediated phosphorylation on Ser 3, which is located in 
the actin-binding domain. The phospho group on Ser 3 inhibits cofilin binding to F-actin and 
makes it inactive16-20. We next tested whether CD95-stimulated formation of cell protrusions 
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was cofilin-dependent by overexpressing LIMK1. As expected, LIMK1 transfection into C26 
cells resulted in the phosphorylation (inactivation) of cofilin on Ser 3 (pS3-Cofilin; fig. S3). 
Cofilin inhibition by LIMK1 largely prevented the formation of cell protrusions and the increase 
in cell area (Fig. 1c) and reduced the invasive capacity of control and CD95L-stimulated C26 
cells (Fig. 1d). Instead, prolonged stimulation of C26-LIMK1 cells caused apoptosis (Fig. 1d). 
Together, these data indicate that CD95 promotes the formation of cell protrusions in a LIMK1-
suppressible fashion, suggesting that it is a cofilin-dependent phenomenon.

Figure 1 | CD95 ligand stimulates rapid cofilin-dependent formation of cell protrusions and an increase in 
cell area. (a) C26 and C26KrasKD cells treated with CD95L (10ng/ml) for 24 hrs and stained with propidium iodide. The 
apoptotic sub-G1 fraction was determined by fluorescence-activating cell sorting analysis (Left panel). C26 and C26Kras KD 
cells were plated on Matrigel-coated membranes in transwell chambers and were allowed to invade for 8 h in the presence 
or absence of CD95L (10ng/ml; right panel). The bar graph shows fold increase relative to non-stimulated controls (=1). 
Error bars represent s.e.m. based on 2 independent experiments performed in triplicate. (b) Checkerboard analysis in which 
CD95L (8 h) was added to the insert (TOP) or to the well (BOTTOM) of the matrigel invasion chamber. All conditions were 
tested in 3-5 independent experiments.  Numbers represent fold change of the number of invaded cells relative to control (no 
CD95L in either compartment), +/- s.e.m. (P-value). Significance was tested using the Student’s t-test (unpaired; double-sided). 
(c) C26 cells were transiently transfected with LIMK-GFP or GFP and were analyzed by real-time imaging before and after 
stimulation with CD95L (10 ng/ml).  Differential Interference Contrast (DIC) images were used to determine the number of 
protrusions before and after stimulation. Inset shows C26 cells before (left panel) and after (middle panel) CD95L stimulation. 
The right image is a merge of binary threshold images at both time points. Yellow represents no change; red represents 
increased protrusion formation; and green represents membrane retraction. Numbers indicate new protrusion formed. Scale 
bar, 10μm. The generated images were also used to measure the total cell areas over time before and after stimulation 
(arrow) by using ImageJ software (n=4). These values were plotted as the percentage of average cell area before stimulation 
(Right panel). (d) C26 and C26-LIMK1 cells were treated with CD95L (10ng/ml) for 24 h and apoptosis and invasion were 
assessed as in (a) (n=3). Asterisks indicate significance based on P values < 0.05. 
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5 The activity of cofilin is negatively regulated by LIMK1-mediated Ser 3 phosphorylation17,18 and 
by binding to plasmamembrane PIP2 21,22. If CD95 activates cofilin by Ser 3 dephosphorylation, 
one would expect cofilin phosphorylation to decrease in response to CD95L. However, pS3-
cofilin levels in C26 cells are low due to KRAS/RAF1-mediated suppression of LIMK110 and were 
unaffected by stimulation with CD95L (Fig. 2a). Therefore, it seems unlikely that CD95 activates 
cofilin by promoting its dephosphorylation.

In breast cancer cells, epidermal growth factor (EGF) stimulation causes local phospholipase 
C-g1 (PLC-γ1)-mediated PIP2 hydrolysis that liberates cofilin from inhibition by PIP2

21,22
 .  PLC-γ1 

is activated by growth factors through phosphorylation of Tyr residue 783, which increases its 
PIP2 hydrolysis activity23. Stimulation of C26 or MC38 cells with CD95L caused an increase in 
Tyr783-PLC-γ1 phosphorylation without altering cofilin Ser3 phosphorylation (Fig. 2a and Fig. 
4c). PIP2 hydrolysis can be detected by using the PLC-δ1 PH domain fused to red fluorescent 
protein (RFP; mRFP-PH) as a PIP2 probe24-26. In resting C26 cells, mRFP-PH is bound to PIP2 in 
the plasma membrane (Fig 2B; left panel). Stimulation with CD95L induced a rapid 40-50% 
translocation of mRFP-PH from the membrane to the cytosol (Fig. 2b). Interestingly, PIP2 
hydrolysis following CD95L stimulation occurred concomitantly with the formation of cell 
protrusions and the increase in cell area (Fig. 2b; lower left panel).

Figure 2 | CD95 ligand stimulates 
phospholipase C-y1 Tyr783 
phosphorylation and PIP2 hydrolysis. (a) 
C26 cells were treated with CD95L (10ng/ml) 
for the indicated periods of time. Cell lysates 
were prepared and analyzed for cofilin Ser 3 
phosphorylation (pS3-Cofilin), total cofilin, Tyr 
783 phosphorylation of PLC-g1 (pY783-PLC-g1) 
and total PLC-g1 by Western blotting. (b) Cells 
were transiently transfected with mRFP-PH and 
analyzed by real-time confocal microscopy. Images 
represent mRFP-PH in C26 cells before stimulation 
(left) and 15 minutes after stimulation with CD95L 
(10 ng/ml; middle). Scale bars, 5μm. Plotting of 
total cell area (measured by DIC images) and PIP2 
hydrolysis (measured using mRFP-PH) over time 
shows that addition of CD95L (10ng/ml; black 
bar) caused a simultaneous increase in cell area 
and PIP2 hydrolysis (Left lower panel). The average 
of 5 independent experiments is plotted (n=5). 
The right lower panel shows a quantification of 
maximal CD95L-induced PIP2 hydrolysis, relative 
to ionomycin-induced maximum translocation of 
the mRFP-PH probe (100%). Significance was 
tested using the student’s t test (unpaired; double-
sided). Asterisk indicates P < 0.05. 

and MC38 cells treated with U73343 or U73122 were performed as in Fig 1A. Data are from 2 independent experiments 
performed in triplicate. (d) Transwell invasion assays of C26 and MC38 cells transfected by control or PLC-g1 siRNAs (n=2). 
Significance was tested using the Student’s t-test (unpaired; double-sided). Asterisk indicates P < 0.05.

Figure 3 | Continued
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Figure 3 | CD95 ligand-induced tumor cell invasion requires PLC-g1 activation. (a) C26 cells were transiently 
transfected with mRFP-PH. After 24 hours cells were either pretreated with U73122 (5μM) or with vehicle (DMSO) for 1 h 
before stimulation with CD95L (10 ng/ml). PIP2 hydrolysis was measured over time as in Fig 2B. (b) C26 cells were either 
pre-treated with U73122 (5μM) or with vehicle (DMSO) for 1 h before stimulation with CD95L (10 ng/ml). Knockdown 
of PLC-g1 was established by transfection of siRNAs 2 days prior to stimulation. Cells were analyzed by real-time imaging. 
The number of cell protrusions and the increase in cell area was measured as in Fig 1b. (c) Transwell invasion assays of C26 

CD95L (10ng/ml) 

- + 

a

U73343 (1μM)
U73122 (1μM) 

DMSO 

+ 

+ + 
+ + 

+ 
+ + 

- 
- 

- 
- 

- 
- 

- 
- 

- - 

- - 

- 

- 

CD95L (10ng/ml)

b

c

PI
P 2 h

yd
ro

ly
si

s 
(a

bi
tr

ar
y 

un
its

)

C26 U73122

C26

-50

-25

0

25

50

- CD95L

C26

+ - +

C26 U73122

0 10 30 40 50
90

100

110

120

130

140

150

Time (min)

A
re

a 
(%

)

20
0

1

2

3

4

5

6

N
o.

 o
f p

ro
tru

si
on

s

- CD95L

C26

+ - +

C26 U73122

0

1

2

*

*

*

CD95L (10ng/ml)

C26 siControl

C26 siPLC-γ1

0 10 20 30 40 50
90

100

110

120

130

140

150

Time (min)

Ar
ea

 (%
)

CD95L (10ng/ml) 
- 

siControl
siPLC-γ1 

+ 
+ + 

+ 

+ + 

- 
- 

- 

- - 
0

1

2

3

4
siC

ontro
l

siP
LC

-y1

PLC-y1

Actin

d
*

0

1

2

3

CD95L (10ng/ml) 

- + 
U73343 (1μM)
U73122 (1μM) 

DMSO 

+ 

+ + 
+ + 

+ 
+ + 

- 
- 

- 
- 

- 
- 

- 
- 

- - 

- - 

- 

- 

C26 MC38
*

*

siC
ontro

l

siP
LC

-y1

PLC-y1
Actin

C26

0

1

2

3

CD95L (10ng/ml) 
- 

siControl
siPLC-γ1 

+ 
+ + 

+ 

+ + 

- 
- 

- 

- - 

*
MC38

siC
ontro

l

siP
LC

-y1

PLC-y1

Actin

In
va

si
on

 (F
ol

d 
co

nt
ro

l)

In
va

si
on

 (F
ol

d 
co

nt
ro

l)

In
va

si
on

 (F
ol

d 
co

nt
ro

l)

In
va

si
on

 (F
ol

d 
co

nt
ro

l)

CD95L

5 min

10%

C26 U73122

C26



84 |

5

The results so far indicate that CD95L promotes cofilin activation to induce cell protrusions, 
possibly through PLC-γ1-mediated PIP2 hydrolysis. To test the requirement for PLC in CD95L-
stimulated formation of cell protrusions and invasion, C26 cells were treated with the PLC 
inhibitor U73122. As expected, U73122 inhibited CD95L-stimulated PIP2 hydrolysis (Fig. 3a). 
Strikingly, in U73122-treated cells, CD95L caused an increase in plasma membrane PIP2 levels. 
This could indicate that PIP-5 kinase is activated following CD95L-stimulation. Importantly, 
U73122 not only prevented PIP2 hydrolysis, but also blocked CD95L-stimulated formation 
of cell protrusions and the increase in total cell area (Fig. 3b). In addition, RNAi-mediated 
suppression of PLC- γ1 significantly reduced the CD95L-stimulated increase in cell area (Fig. 
3b). Transwell assays further showed that U73122 treatment or PLC- γ1 knockdown reduced 
CD95L-stimulated invasion of C26 and MC38 cells (Fig. 3c and d).

PLC-γ1 is a growth factor-responsive PLC that is activated by receptor and non-receptor tyrosine 
kinases, including Src family kinases (SFK’s) and the platelet-derived growth factor receptor-β 
(PDGFR-β)23,27. Interestingly, SFKs are activated by CD95 and might have a role both in apoptosis 
and invasion signaling7,28. However, the small molecule SFK inhibitor SU665629 had no effect 
on CD95L-stimulated Y783-PLC-γ1 phosphorylation in C26 cells (data not shown). To search 
for candidate PLC-γ1-kinases, C26 cells were stimulated with EGF and PDGF. PDGF, but not 
EGF, effectively stimulated PLC-γ1 phosphorylation in C26 cells (Fig. 4a). Interestingly, PLC-γ1 
activation is required for PDGFR-induced cell migration30. CD95L caused a marked increase 
in phosphorylation of Tyr 1021 of the PDGFR-β, which mediates binding to and activation of 
PLC-γ1 (Fig. 4b)27. To assess whether PDGFR-β activity might have a role in CD95L-stimulated 
PLC-γ1 phosphorylation and tumor cell invasion, cells were treated with AG1296, a specific 
PDGFR inhibitor or Sunitinib, a PDGFR/vascular endothelial growth factor receptor (VEGFR) 
inhibitor. Both AG1296 and sunitinib blocked CD95-stimulated phosphorylation of PLC-γ1 
(Fig. 4c). In addition, RNA interference (RNAi)-mediated suppression of PDGFR-β expression 
strongly reduced CD95L-stimulated PLC-γ1 phosphorylation and cell area enlargement (Fig. 
4d). Moreover, Sunitinib, AG1296 and PDGFR-β-targeted small interfering RNAs (siRNAs) 
all prevented basal and CD95L-stimulated tumor cell invasion (Fig. 4e and f). These results 
indicate that CD95L promotes PLC-γ1 Y783-phosphorylation through the PDGFR-β.

Discussion
In conclusion, our results identify a new CD95-initiated signaling pathway involving PDGFR-
β-mediated PLC-γ1 activation and PIP2 hydrolysis. Future work should address how CD95 
stimulates PDGFR-β tyrosine phosphorylation and whether this requires PDGF binding to the 
receptor. Alternatively, a direct interaction between activated CD95 and the PDGFR-β  could 
recruit the latter into the CD95 signaling complex, which contains tyrosine kinase activity31. 
In this hypothesis, CD95 stimulation could cause PDGFR-β activation in a PDGF-independent 
manner.   

with siRNAs against PDGFR-b and stimulated for the indicated time points with CD95L. Y783-PLC-g1 phosphorylation and 
PDGFR-b knockdown were assessed by western blotting. Cell area enlargement (right panel) was measured as in Fig 1A. 
(e) Transwell invasion assays of C26 and MC38 cells treated with Sunitinib, AG1296 or vehicle (DMSO). Data are from 2 
independent experiments (n=2) performed in triplicate. (f) Transwell invasion assay of C26 and MC38 cells transfected 
with control or PDGFR-b-targeting siRNAs (n=2). Significance was tested using the Student’s t-test (unpaired; double-sided). 
Asterisk indicates  P < 0.05.

Figure 4 | Continued
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Figure 4 | PDGFR-b mediates CD95-stimulated PLC-g1 phosphorylation and tumor cell invasion. (a) C26 
cells were stimulated with PDGF or EGF and pY783-PLC-g1 was assessed by western blotting. (b) C26 cells were stimulated 
with CD95L and PDGFR-b phosphorylation on Tyr 1021 was assessed by western blotting. (c) C26 and MC38 cells were 
pre-treated with Sunitinib (2μM) or AG1296 (20 μM) for 16 hours and were subsequently stimulated with CD95L for 5, 15 
or 30 min. Cell lysates were prepared and analyzed for pY783-PLC-g1 by western blotting. (d) C26 cells were transfected 
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Earlier work has implicated caspase 8 and ERK in CD95-stimulated tumor cell invasion5. More 
recently, it was shown that CD95 activates tyrosine kinases (Yes and Syk) to promote the 
expression of matrix-degrading metalloproteinases, thereby facilitating tissue invasion of 
tumor cells and myeloid cells7,32. This study shows that tyrosine kinase activation by CD95 also 
results in the rapid actin-driven formation of cell protrusions, a process that is essential for 
tumor cell invasion. Thus, CD95 can promote tumor cell invasion via distinct pathways. The 
specific tyrosine kinases involved and the dominance of each of these pathways in determining 
invasive behavior is probably cell-type dependent.

We propose a model in which CD95 stimulates PDGFR-β -mediated PLC activation and PIP2 
hydrolysis. The consequent release of cofilin from the plasma membrane and the continued 
suppression of LIMK1 by KRAS/RAF1 together allow robust activation of the cofilin pathway. 
Cofilin-generated actin barbed ends serve as nucleation points for de novo actin polymerization. 
This process is driven by the small GTPases Rac and Cdc42 which are also activated following 
CD95 stimulation33,34. Cofilin and Rac/Cdc42 cooperate to stimulate actin polymerization which 
causes the formation of cell protrusions22. This process is essential for tumor cell invasion and, 
presumably, for metastasis formation. 
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Methods
Cell culture. MC38, C26 and C26KrasKD cells were described before35,36. Cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Dulbecco, ICM Pharmaceuticals, Costa Mesa, CA) supplemented with 5% (v/v) 
fetal calf serum, 2mM ultraglutamine, 0.3 mg/ml streptomycin, and 100 U/ml penicillin. Cells were kept at 37°C 
in a humidified atmosphere containing 5% CO2. 

Antibodies and reagents. The following antibodies were obtained from Cell Signaling Technology Inc., 
Danvers, MA: rabbit pS3Cofilin (#3311S), rabbit Cofilin (#3312), rabbit pY783-PLC-γ1 (#2821), rabbit PLC-γ1 
(#2822), rabbit pY1021-PDGFR-β (#2227), rabbit PDGFR- β (#4564). Secondary peroxidase-conjugated antibodies 
were from Dako (Glostrup, Denmark). The following reagents were used in this study: CD95 Ligand (CD95L), 
membrane bound (#01-210) from Upstate Cell Signalling Solutions, Lake Placid, NY. U73122 (sc-3574) Santa Cruz 
Biotechnology, Santa Cruz, CA. U 73343 (sc-201422) Santa Cruz Biotechnology, Santa Cruz, CA. Sunitinib malate 
salt (S 8803) was from LC Laboratories, Woburn, MA. AG1296 (#658551) was from EMD4Biosciences, San Diego, 
CA. siRNA OTP SMARTpools were transfected using reverse transfection with Hiperfect (Qiagen) according to the 
manufacturers’ guidelines. Gene names and siRNA sequences of the siRNA library are listed in supplementary 
material Table S1. 
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DNA constructs and transfections. pWPT-GFP was a kind gift of Prof. Didier Trono. The expression construct 
for LIMK1 was a kind gift of Prof John Condeelis12. The mRFP-PH construct was described before26. Transfections 
were performed using Lipofectamine 2000tm (Invitrogen 11668-019) according to the manufacturer’s protocol. 

Real time imaging. Cells were seeded in a Lab-Tek® Chambered #1.0 Borosilicate Coverglass System (Nalgene 
Nunc International, Rochester, NY14625, USA) and were mounted on a Zeiss Axiovert 200M microscope for live 
cell imaging (5% CO2; 37°C) for 2 hours to 14 hours. Phase contrast images were captured every 2 minutes using 
a Photometics Coolsnap CCD camera (Scientific, Tuscon, AZ). Images were processed using Metamorph software 
(Universal imaging, Downington, PA). The number of protrusions was scored by off-line analysis of the generated 
videos and plotted as means ±SEM. For real time fluorescence imaging, cells were placed on a Leica SP5 inverted 
microscope equipped with a 63x 1.3NA glycerol objective. Cells were kept in Leibovitz-15 buffered medium 
(Invitrogen, Breda, The Netherlands) at 37°C in a climate chamber.

Invasion assay. For in vitro invasion assay’s 24-well BioCoat Matrigel invasion chambers (#354480, BD 
Biosciences, Alphen aan den Rijn) were used according to the manufacture’s protocol. Cells were kept under 
serum free conditions overnight. In the upper compartment, 5x104 cells/well were plated in 0.5 ml serum-free 
medium. The lower compartment contained 0.75 ml medium with 5% FCS. CD95L (10 ng/ml) was added to the 
lower compartment. Cells were pretreated overnight in both compartments with 1 μM U73122 and U73343 or 
with 2 μM Sunitinib for 1 hour before plating. Invasion chambers were incubated for 8 hrs. Cells in the upper 
compartment were removed with a cotton swap. Transmigrated cells were fixed in formaldehyde 3.7%, stained 
with DAPI, and counted by analyzing microscopic images (5-6 fields per membrane). Data are expressed relative 
to control. All assays were performed in triplicate and were repeated twice.

Checkerboard analysis. Checkerboard analysis was performed by adding 0, 2 and 10 ng/ml to the wells 
(bottom) and/or to the inserts (top) of the matrigel invasion chambers. Invasion assays were carried out as 
described above.

PIP2 hydrolysis assay. Cells grown on coverslips were transiently transfected with mRFP-PH. The coverslips were 
mounted on a SP5 Leica confocal microscope. Images of RFP-PH were collected every 20 seconds and stored on 
the computer. Using a custom-made visual basics program, the images were imported and analyzed. Following 
a threshold step, background regions were determined and the background was measured and subtracted from 
the images. Cells were traced with a fixed threshold resulting in a binary image. Regions of the plasma membrane 
were determined by eroding the binary image with 6 pixels. The cytosol region was determined by eroding the 
binary image by another 4 pixels. Mean fluorescence level of the plasma membrane and cytosol region was 
measured and plotted over time. To calibrate the plasma membrane to cytosol translocation, ionomycin (5 μM) 
+ 2mM calcium was added to induce a full membrane to cytosol translocation. PIP2 hydrolysis was expressed 
as the ratio of fluorescent intensity of the plasma membrane to the cytosol as induced by CD95 compared to 
ionomycin/calcium.

Apoptosis assay. Cells were fixed in 70% ice-cold ethanol and incubated for 2h at 4°C. To assess the cell-cycle 
profile, fixed cells were treated with RNAse and DNA was stained with propidium iodide (PI). All samples were 
analysed by flow cytometry using Cell Quest and Modfit software (Becton Dickinson, Breda, the Netherlands).

Migration assay. Migration of MC38 cells was assessed by tracking cells, in x and y directions, over time in real 
time. Images were acquired every five minutes for 9 hours on a Leica AF7000 inverted microscope for live cell 
imaging (5%CO2, 370C). Analysis was performed using ImageJ software. The x and y starting coordinates were 

subtracted from each measured coordinate, resulting in tracks that all start at 0,0 (x,y).

Statistical analysis. Statistical differences between groups were analyzed by an unpaired two sided t-test. Data 
are expressed as mean ± s.e.m.. A P-value of <0.05 was considered statistically significant (* < 0.05).
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Supplementary figures

Figure S1 | Knockdown of mutant Kras in C26 cells abrogates CD95L-induced formation of cell protrusions 
and cell area enlargement. C26 and C26KrasKD cells were stimulated with CD95L (10 ng/ml) and were analyzed for 
the number of cell protrusions and for total cell area by real-time imaging exactly as in Figure 1. n=4. Asterisk indicates P 
<0.05.  

Figure S2 | CD95L induces migration, protrusion formation and invasion in MC38 cells. Upper panels: MC38 
cells were observed by live cell imaging. ImageJ software was used to track individual cells over time before and after addition 
of CD95L (10 ng/ml; n=6). Lower panels: MC38 cells were either left unstimulated or were stimulated for 30 minutes with 
CD95L (10 ng/ml) for protrusion analysis. The number of cell protrusions and tumor cell invasion were performed and 
assessed exactly as in Figure 1. 

Figure S3 | Overexpression of LIMK1 increases pS3-Cofilin levels.
Cells were transiently transfected with expression constructs encoding LIMK1-
GFP or GFP and were sorted by flow cytometry on the basis of GFP expression. 
The levels of pS3-Cofilin and total Cofilin were analyzed by Western Blotting. 
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Table S1 | Statistics for checkerboard analysis presented in Figure 1b.

[CD95L] 
BOTTOM

[CD95L] TOP

0 2 10

0 1 ± 0.34 0.38 ± 0.08 (* 0.04) 0.18 ± 0.04 (* 0.01)

2 1.26 ± 0.81 (0.63) 0.97 ± 0.12 (0.90) 0.74 ± 0.42 (0.46) 

10 2.50 ± 0.48 (* 0.01) 1.67 ± 0.45 (0.11) 0.82 ± 0.48 (0.64)

 
CD95L (0,2 or 10 ng/ml) was added to the insert (TOP) or to the well (BOTTOM) of the Matrigel invasion chamber. All 
conditions were tested in 3-5 independent experiments. Numbers represent fold change of the number of invaded cells 
relative to control (no CD95L in either compartment), ± s.e.m. (P-value). Significance was tested using the Student’s t-test 
(unpaired; double-sided). 

Table S2 | Overview of siRNA smartpools used in this study. 

Sequence Concen-
tration

Knock 
down 
time

Manufacturer

OTP Non-Targeting Pool Control siRNA 20nM 48-72 hrs Dharmacon 

PDGFR-b OTP 
SMARTpool 

CAGCGAGGUUUCACUGGUA
GAACGACCAUGGCGAUGAG 
GGAAGCGUAUCUAUAUCUU 
UAGAUUACGUGCCCAUGUU 

20nM 48-72 hrs Dharmacon 

PLC-g1 OTP SMARTpool CUGCUAAGGAGAACGGUGA 
UCAGAAAGGUGCUUGGCGA 
GCAAAAUGAAGCUACGCUA 
GAUCAAGCACUGCCGAGUA 

20nM 48-72 hrs Dharmacon 

Supplementary tables
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Cell dynamics in subcutaneous and breast tumors can be studied through 
conventional imaging windows with intravital microscopy. By contrast, visualization 

of the formation of metastasis has been hampered by the lack of long-term imaging 
windows for metastasis-prone organs, such as the liver. We developed an abdominal 
imaging window (AIW) to visualize distinct biological processes in the spleen, kidney, 
small intestine, pancreas, and liver. The AIW can be used to visualize processes for up to 
1 month, as we demonstrate with islet cell transplantation. Furthermore, we have used 
the AIW to image the single steps of metastasis formation in the liver over the course 
of 14 days. We observed that single extravasated tumor cells proliferated to form “pre-
micrometastases,” in which cells lacked contact with neighboring tumor cells and were 
active and motile within the confined region of the growing clone. The clones then 
condensed into micrometastases where cell migration was strongly diminished, but 
proliferation continued. Moreover, the metastatic load was reduced by suppressing 
tumor cell migration in the pre-micrometastases. We suggest that tumor cell migration 
within pre-micrometastases is a contributing step that can be targeted therapeutically 
during liver metastasis formation. 

Cancer-related mortality is predominantly caused by metastatic tumor growth in secondary 
organs such as the liver. Metastasis is a multistep process, which requires cells to escape from 
the primary tumor, survive in the circulation, enter a distant organ, and grow out in this new 
environment1. Furthermore, angiogenesis is required for the outgrowth of small metastases 
(micrometastases) into macroscopically detectable metastases (macrometastases with 
a diameter of > 500 µm)2. For the development of effective therapeutic agents targeting 
metastasis and angiogenesis, techniques are required to identify processes underlying 
metastatic growth and therapy resistance. Intravital microscopy (IVM) allows the visualization 
and analysis of tumor cell dynamics in live animals in real time, and may therefore lead to 
the discovery of novel steps during metastasis formation, which may be used in the design of 
therapeutics3.

The dynamic behavior of tumor cells that escape from the primary tumor has been extensively 
studied with high resolution IVM in mice4-8. A small number of studies have also imaged the 
colonization of organs that are prone to metastasis, such as the lungs9, bone marrow10, lymph 
nodes11, spleen12, and liver13,14. Nonetheless, these organs are anatomically inaccessible by 
microscopes and should be surgically exposed, which precludes long-term imaging. Therefore, 
the long-term dynamic aspects of colonization are largely unknown. Cranial imaging windows 
can be used for multiple-day imaging, and have allowed investigators to image the formation 
of brain metastases15. However, brain tissue, isolated from the circulation by the blood-
brain barrier, has a unique environment and therefore the steps to colonization may not be 
representative for other organs, such as the lungs and the liver. Other commonly used imaging 
windows cannot be used to image metastasis-prone organs, because of their inability to fix 
organs by “clamping” [dorsal skin fold chamber16], or by their poor abdominal fixation and 
window-induced organ damage [e.g. mammary window17-19]. New lung imaging windows 
have been designed that allow imaging for up to 3 hours20,21, but these cannot be used to 
image metastatic outgrowth over multiple days.

Short-term (<24 h) video microscopy studies of liver colonization identified many early events 
in liver metastasis, such as survival and growth13,14. The formation of a clone should be followed 
longitudinally to link cellular behavior to successful colonization. For this, new long-term 
imaging windows are required that enable studying long-term dynamic events. Here, we have 
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developed an imaging window for abdominal organs, which has allowed us to study cancer cell 
migration during the diff erent phases of hepatic colonization in detail. We identifi ed migration 
as a facilitating “pre-micrometastasis” step during the early colonization of liver metastases 
that can potentially be targeted therapeutically. 

Results

Characterizing response to the abdominal imaging window

The presently available imaging windows (fi g. S1a) were ultimately not suitable for abdominal 
organs, such as the liver. Therefore, we designed the abdominal imaging window (AIW), which 
consists of a reusable titanium ring with a 1-mm groove on the side and a coverslip on top, 
tightly secured in the skin and abdominal wall by a purse-string suture (Fig. 1a; fi g. S1b; 
movie 1). The purse-string suture is located within the groove of the ring and there is no direct 
opening to the abdomen with subsequent danger of infections. 

Existing imaging windows remain in place for periods ranging from days to weeks15-17. To 
record the time until dislodgement of the AIW occurred, we implanted the window onto 
several abdominal mouse organs. The window did not dislodge from the abdominal wall or 
skin for an average of 5 weeks ± 3.9 days (SEM, n = 12), with a maximum of 63 days (fi g. S2a). 
To detect potential discomfort caused by the AIW; we assessed the post-operative behavior 
of mice according to a clinical appearance scoring system22. We measured the reactivity, 
appearance, and behavior of mice carrying an AIW, and found a majority of normal scores (fi g. 
S2, b to d). One day after surgery, the weight of all the animals was slightly reduced (~5% of 
total body weight) but returned to normal from day 5 onward (fi g. S2e). For the remaining 
weeks, a steady increase in weight was observed as expected for aging mice. Mice were not 
impaired in their mobility with the AIW, as demonstrated by their ability to stretch their bodies 
to get food (movie S1). Furthermore, we did not observe any visual signs of infl ammation or 
necrosis of the skin surrounding the AIW. The white blood cell count 1 day before, and 1, 4, 6, 
and 8 days after surgery was normal, indicating the absence of leukocytosis or leukopenia (fi g. 
S2f). The red blood cell count was elevated 1 day after surgery, likely owing to loss of fl uids 
during abdominal surgery, but returned to basal levels by day 4 (fi g. S2g). 

Liver regions that were behind the AIW and liver regions of mice without an AIW (control) 
were compared. We did not fi nd any diff erence in the number of lymphocytes between the 
two groups (fi g. S2h). For both the control and the AIW tissue, we observed neutrophils in the 
sinusoids (fenestrated capillaries), but not in between hepatocytes (fi g. S2i). These data suggest 
the absence of a local infl ammatory response upon AIW insertion. To test whether the AIW can 
lead to alterations in the structure of the abdominal tissue, we analyzed hematoxylin and eosin 
(H&E)–stained sections to identify possible necrotic zones and to look for abnormalities within 
the liver tissue architecture. We could not detect necrotic zones or any architectural diff erences 
between sections of non-perturbed and window-fi xed livers (fi g. S2J). Furthermore, there was 
no diff erence between the number of apoptotic cells in the tissue that was behind an AIW and 
in the tissue of control animals (fi g. S2k).

We also encountered a few challenges when using the AIW. An unavoidable problem is the 
breakage of the coverslip, which happens in 3% of all cases. Moreover, 1 week after implantation, 
encapsulation of the abdominal organ by connective tissue led to a drift of the organ in 20% 
of the cases where the abdominal organ was not touching the coverslip of the AIW. This drift 
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caused the imaging site to be located beyond the maximum imaging depth of our microscope 
(~800 µm), obscuring imaging resolution and sharpness of our images. Tissue motion caused 
by respiration can also result in imaging distortions. To reduce this, we used an inverted 
microscope and optimized the surgical procedure for each abdominal organ (Supplementary 
Methods). Last, an imaging box (fig. S3a) that fits the stage of our multiphoton microscope 
(fig. S3b) was designed to stably fix the AIW above the objective. 

Repetitive tumor-cell imaging with the AIW

We aimed to visualize the formation of liver metastases from individual colorectal tumor cells. 
For in vivo imaging of liver metastasis formation, we used a standardized liver metastasis 
assay23 in which mouse colorectal tumor cells (C26 cells) expressing fluorescent proteins were 
injected into the splenic parenchyma of syngeneic BALB/c mice. To test whether the AIW could 
potentially be used to study the formation of liver metastases, we first visualized individual 
C26 cells in the liver parenchyma through the AIW with subcellular resolution (Fig. 1B), as 
exemplified by the cell protrusions enriched in green fluorescent protein (GFP)-labeled actin. 
Ten minutes after intrasplenic injection of C26 cells transfected with fluorescent Dendra2 (day 
1), individual colorectal cells were trapped in the sinusoids of the liver (Fig. 1, c and d). These 
sinusoids are highly permeable and can be easily traversed by tumor cells24. In line with this, at 
days 2 and 5, cells could be seen outside the sinusoids (Fig. 1d). 

To visualize the colonization of the liver parenchyma by fluorescent C26 cells that are trapped 
in the sinusoids, we retraced areas of interest over multiple imaging sessions (14 days) using 
an AIW that contained a gridded coverslip (Fig. 1e; fig. S1b). For retracing with subcellular 
accuracy, we used type I collagen structures as reference points [visualized by second 
harmonic generation (SHG)]25 (Fig. 1, f and g; fig. S4). To illustrate the ability to retrace areas 
using type I collagen fibers, we quantified the colocalization of the fibers of an area at days 1 
and 2 by plotting the intensities of similar pixels of both images in a scatter plot and calculated 
the Pearson’s correlation coefficient, r (Fig. 1f). The pixels in the scatter plots of well-aligned 
images will appear along the diagonal, whereas pixels of unaligned images will be located 
off the diagonal (no colocalization). When we retraced imaging regions the next day, the two 
images aligned well and r ranged from 0.2 to 1, depending on the signal-to-noise ratio in 
the images (Fig. 1f). As a non-retraced negative control, we analyzed the same images but 
flipped the second image (fig. S4a). As expected, the r of the non-retraced negative control 
dropped toward zero (we will refer to the correlation coefficient for this negative control as 
rflip). This method allowed us to trace the liver colonization over the course of 5 days (Fig. 1g) 
as illustrated by the high r and low rflip (fig. S4b). After 5 days, type I collagen in the initial 
imaging area got lost due to tumor growth, preventing the retracing at subcellular accuracy.

Metastasis growing from a single founder cell

The increase in the number of cells in the growing micrometastasis can be explained by either 
multiple trapped cells that cluster (synergistic growth) or by the clonal growth of an individual 
cell (fig. S5). Earlier work suggests that most metastases are clonal 26; thus it was expected that 
our C26 tumor model also grew clonally. However, we cannot exclude synergistic growth of 
our model. To determine whether multiple tumor cells need to cluster to initiate proliferation 
and growth of a metastasis or whether metastases grow from a single founder cell we co-
injected the same number of two distinctly colored C26 tumor cell populations into the spleen. 
The different colors enabled us to trace progeny, even when cells were located within the same 
imaging field (Fig. 2a). We found that 94% of the micrometastases in the liver were single-
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Figure 1 |  The AIW as a tool to study liver metastasis over multiple imaging sessions. IVM images of tumor cells, 
the vasculature, and type I collagen [second harmonic generation (SHG)] were taken through the AIW surgically implanted 
above the liver. (a) Cartoons and pictures of the AIW. (b) High resolution image of a C26 GFP-actin cell within the liver. Actin-
rich protrusions are marked by the arrow. (c) Overview of the liver vasculature, and stalled C26 tumor cells. The circled and 
boxed areas highlight two stalled cells. Type I collagen is shown (SHG). (d) Images of the vasculature and C26 tumor cells at 
days 1, 2, and 5 after injection. The dotted lines outline the sinusoids. (e) Long-term (14-day) tracing of liver colonization. (f) 
Images of type I collagen taken at the indicated time points. A merged image highlights the colocalization (yellow). (Right) a 
Pearson’s correlation coefficient (r) and scatter plot of the type I collagen images. The selected non-colocalizing pixels from the 
scatterplot, as indicated by the blue and red boxes, were replotted in the IVM image of day 1. (g) Long-term (5-day) tracing 
of the outgrowth of an individual cell into a micrometastasis. Scale bars, 20 µm.
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colored at day 5 (Fig. 2b). Likewise, 97% of the macrometastases (>500 µm) consisted of a 
single color at day 14 (Fig. 2, b and c). The color distribution in micro- and macrometastases 
was significantly different from the synergistic growth hypothesis (P < 0.0001, G test). These 
data illustrate that most metastases are grown from a single founder cell. Differently colored 
tumor cell populations did not differ in their ability to form macrometastases (Fig. 2d). 

A pre-micrometastatic stage with high tumor cell motility and proliferation

Next, we analyzed the outgrowth of single founder cells into metastatic colonies to explore 
potential unidentified contributing steps in the formation of metastases. A mix of differently 
colored C26 cells was monitored for 5 days after injection in the spleen. Within the first 24 
hours, trapped tumor cells had left the vasculature and proliferated. The center of the progeny 
was on average located 71.5 ± 9.3 µm (SEM) (~3 cell diameters) away from the arrival site. This 
deviation is larger than the theoretically calculated shift of two cell diameters in the unlikely 
case that cells would divide asymmetrically towards one direction for this time frame, and 
therefore the observed shift suggests that the cells have migrated away from the arrival site. 
When examining the clones at different time points, a phenotypic difference was observed (Fig. 
1g). The cells of 3-day–old clones were surrounded mainly by liver parenchyma. Over the next 
2 days, the cell density in the clones increased so that most cells were mainly surrounded by 
other tumor cells. To define these different stages, we refer to a clone as a pre-micrometastasis 
when most cells have at least one-half of their cell surface surrounded by liver parenchyma 
(Fig. 1g, day 3; Fig. 3a). When less than 50% of the cells within a clone are mainly surrounded 
by liver parenchyma and when the clone is smaller than 500 µm in diameter, we refer to this 
clone as a “micrometastasis” (Fig. 1g, day 5; Fig. 3a). 

To test whether cells in these phenotypically different stages display distinct behavior, we 
acquired 10-hour time-lapse movies of pre-micrometastases and micrometastases (Fig. 3B). 
The cell signals detected at 0 and 10 hours were then compared in a scatter plot (Fig. 3C). By 
subsequently highlighting the non-colocalizing (off-diagonal) pixels in the original microscopy 
image, we could see which cells had changed location between the 0- and 10-hour time points. 
Pre-micrometastases consisted of active cells that formed protrusions and were migratory (Fig. 
3, b to d; movie 2). Although the cells in pre-micrometastases were migratory, disintegration 
did not occur because the cells changed direction often. In contrast to pre-micrometastases, 
cells within micrometastases were largely immotile and did not form protrusions (Fig. 3, b to d; 
movie 2). In line with this, individual photomarked cells within micrometastases did not move 
(fig. S6). Both the mean total track distance (54.7 µm) and the mean displacement (22.2 µm) of 
tumor cells within micrometastases were significantly less compared to pre-micrometastases 
(105.4 µm vs. and 63.6 µm, respectively) (Fig. 3e).

Pharmacological inhibition of migration and growth of cells in pre-micrometastases

The observation that tumor cells display active migration during the pre-micrometastatic stage 
raises the intriguing possibility that this could contribute to the efficiency of liver metastasis 
formation. We have recently established that the cofilin pathway is critical for migration of 
C26 cells, and that cofilin is activated after phospholipase C (PLC) activation27. Although the 
migration of leukocytes28, neutrophils29, and macrophages30 is independent of PLC, migration 
and invasion of many tumor cell lines, including C26 cells, can be inhibited by the PLC inhibitor 
U73122 (fig. S7, a and b)27,31. To test whether the migration of C26 cells can be inhibited 
during the pre-micrometastatic stage, we treated mice with U73122 or dimethylsulfoxide 
(DMSO; vehicle) after cells had left the vasculature (fig. S8a). Subsequently, we imaged in vivo 
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Figure 2 | Clonal metastatic growth of C26 liver metastases. (a) A mix of differently colored populations of C26 
tumor cells were injected intrasplenically (more details in fig. S5) and imaged using the AIW at days 2 and 3. A corresponding 
scatter plot is shown. Scale bar, 20 µm. (b) Theoretical expected percentages of cell distribution (assuming two differently 
colored population of C26 cells) in metastases for clonal growth and for synergistic growth, and the experimental percentage 
from this study (n = 18 micrometastases in 4 mice, n = 39 macrometastases in 4 mice, P-values obtained using a G Test). 
(c) An ex vivo image of 14-day old liver metastases, each containing only one color. The dotted lines outline metastases. (d) 
A graph is provided to show the percentage of macrometastases of each color in the liver (n = 39 metastases in 4 mice). 
Scale bar, 50 µm. 

migration of the tumor cells in pre-micrometastases through the liver AIW. U73122 significantly 
decreased the mean track distance 2-fold (Fig. 4a) and the mean displacement 1.6-fold (Fig. 
4b) of tumor cells in pre-micrometastases. 

To test whether blocking cell migration in the pre-micrometastatic stage by U73122 treatment 
has an effect on liver metastasis formation, we analyzed the growth of pre-micrometastases. 
U73122 treatment significantly suppressed the growth rate of C26 pre-micrometastases in vivo 
by 1.7-fold (Fig. 4c), which was in contrast to the in vitro growth response (fig. S7, c and d). This 
suggests that U73122 may affect growth in the pre-micrometastasis indirectly by inhibiting 
migration. Furthermore, the diminished growth rate in vivo led to a 1.4-fold reduction in the 
number of pre-micrometastases that grew into micrometastases (Fig. 4d). When blocking cell 
migration in the pre-micrometastatic and subsequent stages (fig. S8b), the metastatic area in 
relation to the liver-tissue area [hepatic replacement area (HRA)] was also 1.5-fold diminished 
(Fig. 4e). An alternative genetic approach to inhibit migration of C26 cells is the overexpression 
of the Lim kinase that phosphorylates and inhibits cofilin 27,32. Similar to U73122 treatment, 
expression of Lim kinase reduced the HRA by 3.4-fold (Fig. 4f). 
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Growth rate of micro- and macrometastases unaffected by U73122

If U73122 affects growth in the pre-micrometastasis by inhibiting migration, we then 
hypothesize that U73122 would not inhibit growth in the micro- and macrometastases, 
because migration of cells is diminished at these stages. Growth is a balance of proliferation 
and cell death; thus, we determined the number of proliferating and apoptotic cells in liver 
sections of 14 day old macrometastases of mice that followed a prolonged treatment protocol 
(fig. S8b). We did not find significant differences in the number of proliferating (Ki67-positive) 
cells in metastases of these two animal groups (Fig. 5a) or in the mitotic indices (Fig. 5b). There 
were no significant differences in cleaved caspase-3 or terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling (TUNEL)-positive cells in the two 
treatment groups (Fig. 5, c and d). To test for potential effects of U73122 on microvasculature 
density, we stained the sections for CD31. There was no significant difference between the two 
treatment groups in microvasculature (Fig. 5e). Moreover, U73122 did not inhibit growth of 
micrometastases into macrometastases because the size of the 14 day old macrometastases 
was not reduced (Fig. 5f). 

Figure 3 | Migration within pre-micrometastases, but not within micrometastases in the liver. IVM images 
of type I collagen (SHG) and tumor cells were taken through the AIW. (a) Percentage of cells in the clone that has at least 
one-half of their cell perimeter touching liver tissue. If most of the cells reach these criteria, we refer to this clone as a pre-
micrometastasis (n ≥ 11 for each condition in 3 or more mice per condition). (b) Representative images of cell movement 
over 10 hours. The yellow lines highlight the tracks of the tumor cells. Scale bars, 20 µm. (c) Scatter plot and r of the cells 
shown in (b). The selected non-colocalizing pixels from the scatter plot (indicating cell movement, purple and red boxes), were 
replotted in the t = 0 IVM image shown in (b). (d) Migration path of individually traced tumor cells (n ≥ 58 cells in 3 mice 
per condition). A few example migration tracks are shown in color. (e) Quantification of the track distance and displacement 
of individual tumor cells after 10 hours. Data are from the cells tracked in (d). P values were obtained using a Mann Whitney 
U test. Data in (a) and (e) are means ± SEM. 
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These in vivo data agree with the in vitro results showing that U73122 treatment does 
not directly target proliferation and apoptosis of C26 cells. In line with this, the growth of 
subcutaneous C26 tumors was not affected by U73122 treatment (Fig. 5g). This implies that 
the inhibition of growth of pre-micrometastases [with the subsequent effect on the HRA (Fig. 
4e)] by U73122 is indirectly achieved by inhibition of migration. Indeed, treatment only during 
the micrometastatic and macrometastatic stages (fig. S8c), where cells are not migratory 
(from day 6 onward), did not affect the HRA (Fig. 5h). Collectively, our results suggest that cell 
migration within pre-micrometastases is a contributing step of metastatic liver colonization.

Long-term imaging of abdominal organs at subcellular resolution

To extend the use of the AIW, we examined whether we could visualize abdominal organs 
other than the liver at subcellular resolution in living mice using multiphoton microscopy. 
We were able to visualize single cells in the small intestine, spleen, pancreas, and kidney (Fig. 
6). As an example of how the AIW could contribute to stem cell research, we have visualized 
stem cells positive for the leucine-rich repeat containing G-protein-coupled receptor 5 (Lgr5) 
in the crypts of the small intestine, which reside between the paneth cells in the epithelial 

Figure 4 | Migration and growth of pre-micrometastases treated with U73122. C26 tumor cells were 
injected intrasplenically and their intra-hepatic course was followed over time using a liver AIW. Animals 
were either treated after cells had left the vasculature according to the scheme depicted in fig S8. (a and b) Track distance 
(a) and displacement (b) of single pre-micrometastatic cells within 1 hour in treated animals (n > 282 cells in 5 mice per 
condition). (c) Growth rate of pre-micrometastases in treated animals between day 2 and day 3 (n ≥ 16 clusters in ≥3 
mice per condition). (d) The number of micrometastases in H&E-stained liver sections from treated animals (n = 5 mice 
per condition). (e) At day 14, livers were isolated and the HRA was determined (n = 15 sections in 5 mice per condition). 
(f) C26 cells transfected with Lim kinase or control plasmid were injected intrasplenically. At day 14, livers were isolated 
and the HRA was determined (n = 5 mice per condition). Data are means ± SEM. P values were determined using a Mann 
Whitney U test.
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layer (Fig. 6, a and b). We visualized an individual Lgr5+ stem cell division over the course of 
3.5 hours using the AIW (fig. S9; movie 3). To confirm division, we performed lineage-tracing 
experiments in GFP-labeled stem cells where, at day 1, expression of a red fluorescent label in 
one of the Lgr5+ cells was activated using tamoxifen (Supplementary Methods). On day 2, this 
new label was present in two daughter cells, but not in the surrounding cells (Fig. 6c). To track 
these stem cells over multiple days, we used the vasculature as visual (fiducial) landmarks. 

In another demonstration of long-term imaging through the AIW, we visualized the engrafment 
of GFP-labeled islets of Langerhans in the kidney (Fig. 6d) and then traced the cells for 28 days 
through the AIW (Fig. 6e). The vascularization of the islets containing β-cells was clearly visible 
at day 8 after transplantation (Fig. 6d). 

We were also able to visualize insulin-producing β-cells through a pancreas AIW using a mouse 
insulin promoter-GFP (MIP-GFP) transgenic mouse model (fig. S10a), with pancreatic acinar 

Figure 5 | Proliferation, survival and vascularization of C26 macrometastases in the presence of U73122. 
Mice were injected intrasplenically with C26 cells and treated with DMSO or U73122 until macrometastases were formed. 
(a) Liver sections of treated animals were stained for proliferation using a Ki67 antibody. The number of proliferating cells 
was determined in macrometastases (n > 40 fields in 3 mice per condition). (b) The mitotic index was determined in liver 
sections of mice injected intrasplenically with C26 H2B-Dendra2 tumor cells (n > 40 fields in 3 mice per condition). (c) 
Liver sections of treated animals were stained for apoptotic cells using a cleaved caspse-3 (casp-3) antibody and cells were 
quantified in the macrometastases as a percentage of the total amount of cells (n > 40 fields in 3 mice per condition). (d) 
Liver sections of treated animals were stained for TUNEL. The number of apoptotic cells was determined in macrometastases 
(n > 40 fields in 3 mice per condition). (e) Liver sections of treated animals were stained for CD31+ blood vessels. The 
number of blood vessels within macrometastases was quantified (n > 8 metastases in 3 mice per condition). (f) In treated 
animals, the size of macrometastases were determined in liver H&E stained liver sections (n > 38 metastases in 3 mice per 
condition). (g) Mice were subcutaneously injected with C26 tumor cells and treated with U73122 or DMSO daily. The tumor 
growth rate was measured over time (n = 3 mice per condition). (h) The bardiagram shows the normalized HRA of 14 day 
old macrometastases of animals treated from day 6 onwards according to the scheme depicted in figure S8C (n = 5 mice 
per condition). Data are means ± SEM. P values were determined using a Mann Whitney U test.
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cells visible at subcellular resolution (fig. S10b). In our last demonstration with the AIW, we 
intravenously transferred fluorescent B and CD8+ T lymphocytes into the spleen and then 
followed the acute CD8+ T cell response to antigen (ovalbumin peptide) challenge in vivo over 
multiple days (Fig. 6, f and g; fig. S11) (Supplementary Methods). Tracking specific immune 
responses is an active area of imaging research, and using the spleen AIW we were able 
to quantify a T cell response 7 days after antigen challenge (Fig. 6g; fig. S11a). Additional 
information can be extracted from the IVM data, as we found individual CD8+ T cells to be 
predominantly migratory and clustered CD8+ T cells to be non-migratory (fig. S11b; movie 
S4), which likely reflects antigen recognition33.

Discussion
Long-term imaging of metastatic outgrowth and cancer treatment holds promise for 
discovering novel processes that may be exploited therapeutically3. Here, we describe 
the development of an AIW and have used it to image metastatic outgrowth in the liver at 
subcellular resolution. This high-resolution IVM technique can potentially be used to evaluate 
tumor recurrence after chemotherapy, which is a poorly understood phenomenon. We have 
used the AIW to identify a distinct intervention step during metastatic colonization to prevent 
formation of liver metastases. In this step, individual C26 tumor cells can proliferate into 
pre-micrometastases. In these pre-micrometastases, the cell density is low and cells display 
migratory behavior. Subsequently, the growing clones condense into micrometastases in 
which cell migration is strongly diminished. Our imaging study indicates that growth of 
pre-micrometastases is linked to migration and that interfering with migration at this stage 
prevents liver metastasis formation, which could potentially retard tumor progression and 
improve patient survival rates. 

In our study, we found that tumor cell migration supports the growth of pre-micrometastases but 
not of micrometastases. Processes such as growth depend on the dynamic interplay between 
cell intrinsic properties and their microenvironment34. The different microenvironments 
experienced by tumor cells in pre-micrometastatic and micrometastatic stages may provide 
an explanation for the observed differential dependency on migration. Migration is possibly 
required for optimal positioning of the growing clone. Several migration-inducing genes have 
recently been linked to hepatic colonization of human colorectal cancer35,36. These genes 
potentially affect extravasation and niche-finding, and additionally, they may affect the growth 
of pre-micrometastases.

Here, we were able to reduce migration in the pre-micrometastases by therapeutic intervention 
with the PLC inhibitor U73122 , which led to reduced metastatic growth. Although U73122 
reduced the metastatic burden by ~40%, this drug will not be the first choice as inhibitor for 
clinical purposes. We used U73122 because it effectively blocks migration without directly 
affecting proliferation and cell survival. However, the inhibition of metastatic load was not 
complete. A drug that affects other metastatic steps, such as proliferation or survival, in addition 
to down-regulating migration, will be much more effective in reducing metastatic outgrowth. 
Nevertheless, migration is a well-studied process, and many inhibitors of this process have 
already been developed which may serve as chemotherapeutic agents. 

To study liver colonization, we used a standardized liver metastasis assay in which the 
colorectal carcinoma cell line C26 was intrasplenically injected. The C26 cell line generates 
carcinomas with an undifferentiated phenotype. Hence, it may be a good model for metastasis 
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Figure 6 | Subcellular visualization of abdominal organs. In all images type I collagen is shown in purple, the 
vasculature in red, and other cell types or structures as indicated. (a) A cartoon showing intestinal stem cells and paneth cells 
within a crypt. (b) IVM images of the small intestine in which the cell-cell adhesions (left) or LGR5+ stem cells (right) are 
visible. Scale bar, 20 µm. (c) Tracing was obtained by stochastically inducing the expression of one of the confetti colors [Red 
Fluorescent Protein (RFP)] in the Lgr5-expressing stem cells using tamoxifen (TAM). The red-labeled stem cell proliferates and 
produces two red-labeled stem cells the next day (indicated by the white arrows). Scale bars, 10 µm. (d) Images of insulin-
producing b-cells that were transplanted under the kidney capsule. Left panel shows an overview of multiple islets, and the 
right panel shows a higher magnification of a single islet. The asterisk highlights the normal kidney vasculature. Scale bars, 
50 µm. (e) Images of a 28-day tracing experiment of islets of Langerhans that were transplanted under the kidney capsule. 
Images of the same islet at 1, 5, 12 and 28 days are shown. Scale bar, 100 µm. (f) IVM images of T and B cells (left image) 
and of OT1-GFP CD8+ T cells and poly-actin cyan fluorescent protein (CFP) CD8+ T cells in the spleen (right image). Inset 
shows magnification of selected area. Scale bars, 20 µm. (g) IVM images of OTI GFP CD8+ cells (green) and poly-actin CFP 
CD8+ cells (shown in red) were made of the same mouse on day 1 (left) and day 7 (right) after it was challenged with an 
ovalbumin (OVA) peptide in the presence of CpG. (Right) a bar diagram shows the ratios of the GFP/CFP cells normalized to 
day 1. The OVA challenged group consisted of 3 mice and the control group of 1 mouse. Data are means ± SEM.

development by undifferentiated colorectal carcinoma. Whether the processes described 
in this report also play a role during metastasis formation by well-differentiated colorectal 
carcinomas and/or by other tumor types has yet to be understood. With the recently developed 
protocols for isolating and expanding tumor-initiating cells directly from tumor resection 
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specimens37,38, this now seems feasible. Such studies should reveal the contribution of tumor 
cell migration during liver colonization across a large panel of human colorectal tumors. The 
demonstration of such a contribution would form an incentive to start evaluating the added 
value of migration-targeting drugs in the treatment of metastatic (colorectal) cancer.

Because inhibiting migration will only selectively target metastatic growth at the pre-
micrometastatic stage, one can argue against the effectiveness of inhibiting migration as a 
treatment strategy when patients present themselves with a metastasized tumor. However, 
similar to tumor cells in the primary tumor, tumor cells within metastases invade and enter 
blood vessels, leading to circulating tumor cells that seed secondary metastases 39,40. In the 
clinical setting, it has also been observed that, even after successful resection of the primary 
tumor, tumor cells are detected in the blood that may seed new metastases 41. This suggests 
that new metastases are constantly initiated. Interference of migration during the pre-
micrometastasis phase could potentially inhibit the outgrowth of these new clones, thereby 
blocking the expansion of metastasis, ultimately leading to prolonged survival of patients. The 
success of this potential therapeutic approach could be evaluated preclinically using the AIW.
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Materials and methods
Cell culture and generation of stable cell lines. C26 colorectal tumor cells were cultured in Dulbecco’s 
Modifi ed Eagle’s Medium + GlutaMAX (DMEM; GIBCO, Invitrogen Life technologies) supplemented with 5% (v/v) 
fetal bovine serum (Sigma), 100 μg/ml streptomycin, and 100 U/ml penicillin (Invitrogen Life Technologies). Cells 
were kept at 37°C in a humidifi ed atmosphere containing 5% CO2. C26 H2B-Dendra2, C26 Dendra2, C26 mCherry, 
and C26 LifeAct-GFP were generated with standard lentiviral transfection (Supplementary Methods). Afterward, 
cells were sorted by fl ow cytometry and grown as a polyclonal population, or single cell clones were selected 
and combined to form a polyclonal population.

DNA constructs and transfections. Dendra2 was cloned from the pDendra2 (Evrogen) into a pLV.CMV construct 
(a kind gift from P. Derksen, University Medical Center Utrecht). The pLV.CMV.H2B-Dendra2 construct was cloned 
by inserting H2B (from a H2B-YFP vector; a kind gift from G. Kops, University Medical Center Utrecht) into the 
pLV.CMV.Dendra2 construct. pLenti-lifeactGFP was a kind gift from O. Pertz (University of Basel). CMV-mCherry 
transfer vector was a kind gift from C. Löwik (Leiden University Medical Center). Transfections were performed 
using lipofectamine 2000tm (Invitrogen Life Technologies) according to manufacturer’s protocol. 

Antibodies and reagents. The MA rabbit Ki67 antibody was obtained from Thermo Fischer Scientifi c. The 
antibodies B220-PerCp-Cy5.5, CD19-APC, CD3-PE, CD4-APC, CD8-FITC, VA-2PE, CD8-PerCP-Cy5.5 and CD8-
APC were obtained from BD Biosciences and were used for isolation and transfer of B and T lymphocytes. The 
antibody against cleaved caspase-3 was obtained from Cell Signaling Technology, the antibody against CD31 
was obtained from BD Biosciences, and the secondary antibody Alexa Fluor 647 was obtained from Invitrogen. 
The TUNEL stain was performed using the Click-iT TUNEL Alexa Fluor 647 Imaging Assay kit from Invitrogen. 
OVA tetramer-APC was generated as described previously42. The 70 kDa Dextran–Texas Red was obtained from 
Invitrogen Life Technologies.

Animal models. All experiments were carried out in accordance with the guidelines of the Animal Welfare 
Committee of the Royal Netherlands Academy of Arts and Sciences, the Netherlands. Female BALB/c (10-12 
weeks), C57BL/6 mice (10-12 weeks) and MIP-GFP mice were purchased from Jackson laboratory. 129P2/OlaHsd 
and FVB/n (The Jackson Laboratory) mice were crossed to obtain female 129P2/OlaHsd;FVB/n mice and were 
used to measure AIW post-surgical behavior and blood count. Female E-cadherin-mCFP, Lrg5-EGFP-Ires-CreERT2 
and R26R-confetti mice were a gift from H. Clevers (Hubrecht Institute). Mice were housed under standard 
laboratory conditions and received food and water ad libitum. U73122 (Santa Cruz Biotechnology; dissolved 
in 100% DMSO) and DMSO were both dissolved in PBS [fi nal concentration 5% (v/v) DMSO] and animals were 
treated by intraperitoneal injection every other day with 200 µl of U73122 (120 µg/ml) or 5% DMSO. 

AIW specifi cs. The AIW was prepared one day prior to surgery. It consists of a reusable titanium ring (14 mm outer 
diameter) with a 1-mm groove on the side which is made of the highest grade stainless steel ASTMF136-02A that 
meets ISO5832 part 3 and EN10204-3.1.B (FMI instrumet). On top, a 0.17-mm thick coverslip (Thermo Scientifi c, 
Menzel-Gläzer, 12 mm outer diameter) or a 0.17-mm thick photo-etched coverslip (Electron Microscopy Sciences, 
12 mm ø) was glued using ethyl-cyanoacrylate glue (Super glue, Pattex power Gel, Henkel). The coverslips were 
coated with poly-L-lysine-g-poly(ethylene glycol)(SuSoS, Dübendorf ). The size of the visible fi eld of view was 10 
mm in diameter, and the weight of the AIW was 0.45 g. 

AIW surgery. All surgical procedures were performed under 2% isofl urane inhalation anesthesia. Prior to surgery, 
buprenorphine (3 µg per mouse) was administered intramuscularly to provide suffi  cient perioperative analgesia. 
During surgery, body temperature was maintained at 32°C by an electric heat pad. Surgical procedures were 
performed under aseptic conditions. Before surgery, the abdominal area of the mouse was shaved, and the skin 
was disinfected using 70% ethanol. A midline or left lateral fl ank (in case of a spleen or kidney window) incision 
was made through skin and underlying abdominal wall. Next, the organ of interest was mobilized using sterile 
cotton tips. The wound edge (both the abdominal wall and the skin) was then sutured using a non-absorbable 
non-woven purse-string suture (4-0 prolene suture). Next, n-butyl cyanoacrylate or ethyl-cyanoacrylate glue was 

All experiments were carried out in accordance with the guidelines of the Animal Welfare 
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applied to the internal or abdominal side of the imaging ring, but not to the coverslip. Then the AIW was placed 
(glass side up) on top of the organ of interest. The glue firmly secured the organ of interest to the window ring. 
The glue was not in close proximity to the imaging site (coverslip) (Fig. 1a). After approximately 2 minutes, the 
skin and abdominal wall were placed within the window groove, and the sutures were tightened, firmly securing 
the window. After surgery, the mice were kept at 32°C until fully recovered from anesthesia. Mice were closely 
monitored for a few hours after surgery, and food was provided ad libitum within the cage. 

To place the AIW over the liver, the following extra steps were taken. After the midline incision through skin 
and ventral abdominal wall the caudal part of the sternum (xyphoid process) was clamped and removed. Next, 
the falciform ligament was transected to create space between the liver and diaphragm. To ensure minimal 
movement from respiration and a secure anatomical position of the liver, a small piece of sterile cotton was 
placed in the gap created by dissecting the falciform ligament. To place the AIW over a kidney, the following extra 
steps were taken. First, GFP-positive islets were hand-picked from a collagenase-digested MIP-GFP pancreas 
just before transplantation under the renal capsule. After an incision through the skin and lateral abdominal 
wall was made on the left lateral flank, the kidney was located and positioned outside the abdominal wall. To 
ensure a permanent position behind the window, the abdominal wall was sutured with a purse-string suture and 
closed around the kidney vessels, securing the kidney in place but keeping the renal vasculature intact. Next, the 
skin was sutured with a purse-string suture and placed in the window groove as described above. Last, for the 
intestinal window, extra steps were taken to ensure that the intestine remained localized behind the window. 
Two pieces of silicone were glued against the coverslip on the inside of the window. The intestine was located 
between the silicone pieces, after which the pieces were stitched together above the intestine. This procedure 
ensured a stable position of the intestine against the coverslip.

Postoperative behavior. 129P2/OlaHsd;FVB/n mice were assessed three times per week according to a 
predetermined clinical assessment score (23). In short, the reactivity to animal handling, appearance, and 
behavior of the mice carrying an AIW were characterized every other day for several weeks using a scale with 
scores ranging from 0 to 3 as indicated in the figures. To calculate the percentage of postoperative weight loss, 
body weights were compared with those on day 1 (pre-operatively). For blood measurement, approximately 
100 µl of blood was collected from the superficial temporal vein by sub-mandibular puncture one day prior to 
surgery, and 1, 4, 6, and 8 days after surgery. Red and white blood cell counts were assessed using a Cell-Dyn 
1800 (Abbott Diagnostics). 

Intravital microscopy. Mice were sedated with isoflurane inhalation anesthesia [1.5 to 2% (v/v) isoflurane in 
O2], and placed within a custom-designed imaging box. The isoflurane was introduced through a facemask, 
and ventilated by an outlet on the other side of the box. The imaging window was placed through a hole 
in the bottom of the box. The imaging box and microscope were kept at 32°C by a climate chamber. Mouse 
vitals were monitored during imaging with the MouseOx system (STARR Lifesciences Corp.). Imaging was 
performed on an inverted Leica TCS SP5 acousto-optical beam splitter (AOBS) two-photon microscope with a 
chameleon Ti:Sapphire pumped Optical Parametric Oscillator (Coherent Inc.). For more details on microscopy, 
see Supplementary Methods. 

Tracking of C26 tumor cells. C26 cells (7.5×104) were injected into the spleens of BALB/c mice. Each day, a large 
overview image of stitched high resolution images (tile scan) was taken through the liver AIW (minimum of 3 
mm × 3 mm). Maximum projections of the 3D volumes (150-300 µm deep) were generated from the IVM images. 
Next, the SHG signal was manually overlayed for the various positions containing cells using ImageJ software 
(NIH).

To determine track distance and displacement of cells in the liver parenchyma, intrahepatic tumor cells and their 
metastases were imaged using the AIW at day 2 (pre-micrometastases) and day 5 (micrometastases). Where 
indicated, mice were treated with DMSO or U73122 according to the treatment schedule. Three-dimensional 
volumes (z-stacks) were collected every hour for 10 hours (Fig. 3, c and d) or every 10 minutes for 3 hours (Fig. 
4, A and B) and cells were tracked manually with an ImageJ plugin (NIH). The XYZ position was determined over 
time and the displacement and track distance was calculated by Microsoft Excel. 

To monitor the in vivo growth rate of pre-micrometastases, the intrasplenically injected C26 cells and their pre-
micrometastases were tracked over multiple days. Cells per pre-micrometastasis were counted 1 and 2 days 
after injection, and the growth rate was calculated using the following formula: LOG(cell count day1/cell count 
day2)/LOG(2).

Liver metastasis assay. C26 cells were harvested by brief trypsinization. Colorectal liver metastases were 
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induced as described previously 23. In brief, single-cell suspensions were prepared to a final concentration of 
7.5 x 104 cells/100 µl of PBS. Through the incision made for implanting the AIW, cells were injected into the 
parenchyma of the spleen. To circumvent outgrowth of tumor cells in the spleen and to prevent the tumor cells 
from leaving the spleen at later time points, we removed the spleen 10 min after injection of the tumor cells. We 
did not observe arrival of new cells in the liver after splenectomy. For the mice used for intravital imaging, a liver 
AIW was implanted immediately after the splenectomy.

Immunohistochemistry. After harvesting, organs were either snap frozen in Tissue Freezing Medium (Leica 
Microsystems Nussloch GmbH) using liquid nitrogen, or fixed in 4% PFA and paraffin-embedded. Frozen tissue 
was sectioned using a Leica cryotome CM 3050 and fixed with acetone for immunostaining with TUNEL or CD31. 
Paraffin-embedded tissues were sectioned by a Leica microtome RM 2235 and stained for Ki67, cleaved Casp-3, 
hematoxylin and eosin (H&E), Sudan Black B according to standard histological protocols. 

C26 tumor formation. Cells were harvested by brief trypsinization [TrypLE, Invitrogen Life Technologies (0784)]. 
After centrifugation, single cell suspensions were prepared in phosphate-buffered saline to a final concentration 
of 5×105 cells/100 µl. Tumors were induced by subcutaneous injection of 5×105 cells into the flank of the mouse. 
Tumor growth rate was measured every other day. Horizontal (h) and vertical (v) diameters were determined, 
and tumor volume was calculated: V = 4/3π(1/2[√(h × v)]3. Mice were sacrificed when tumor volume reached 
approximately 700 mm3. Tumor load in the liver was assessed in all liver lobes and scored as hepatic replacement 
area (HRA), the percentage of liver tissue that had been replaced by tumor tissue.

In vitro migration, invasion, and proliferation assays. Cells were plated on MatTek glass bottom dishes one 
day before imaging. Cells were treated with 1 µM U73122 or DMSO 30 minutes before imaging. Migration of C26 
cells was assessed by tracking the cells in x and y directions over time. Images were acquired every 30 minutes 
for 11 hours on a Leica AF7000 inverted microscope for live cell imaging (5% CO2, 37°C). Analysis was performed 
using ImageJ software. The x and y starting coordinates were subtracted from each measured coordinate, 
resulting in tracks that start at 0,0 (x,y). 

For in vitro invasion assays, 24-well BioCoat Matrigel invasion chambers (BD Biosciences) were used according to 
the manufacturer’s protocol. Cells were kept under serum-free conditions overnight. In the upper compartment, 
1×104 cells/well were plated in 0.5 ml serum-free medium with DMSO or U73122 (1 μM). The lower compartment 
contained 0.75 ml medium with 5% fetal calf serum (FCS) with DMSO or U73122 (1 μM). Invasion chambers 
were incubated for 24 hours. Cells in the upper compartment were removed with a cotton swab. Transmigrated 
cells were fixed in 3.7% formaldehyde, stained with DAPI, and counted by analyzing microscopic images (10× 
objective, 5-6 fields per membrane). All assays were performed in duplicate and were repeated twice.

For proliferation assays, cells (50 cells/well plate) were plated and incubated at 37°C in a humidified atmosphere 
containing 5% CO2. Proliferation was analyzed every 24 hours for 4 days by 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazoleumbromide (MTT) assays (Roche Diagnostics) according to the manufacturer’s instructions. 

Apoptosis assay. Cells were fixed in 70% ice-cold ethanol and incubated for 2 hours at 4°C. To assess the cell-
cycle profile, fixed cells were treated with RNAse (Roche diagnostics) and DNA was stained with propidium 
iodide (Sigma Aldrich). All samples were analyzed by flow cytometry using Cell Quest and Modfit software 
(Becton Dickinson).

In vivo lineage tracing of intestinal stem cells. Lrg5-EGFP-Ires-CreERT2 were crossed with R26R-confetti mice. 
Double heterozygous mice were injected intraperitoneally with 5 mg tamoxifen (Sigma Aldrich, 30 mg/ml 
dissolved in regular sunflower oil 1 day prior to implantation of the AIW. Window implantation was performed as 
described. Intravital imaging was performed 24 and 34 hours after tamoxifen administration. 

Transfer and imaging of B and T lymphocytes. B lymphocytes were purified from the spleens of two ACTB-
CFP mice (The Jackson Laboratory) by immunomagnetic enrichment of CD19+ cells (CD19 microbeads; Miltenyi 
Biotec). T lymphocytes were purified by negative selection (Mouse T Lymphocyte Enrichment Set; BD Biosciences) 
from the spleens of histone 2B-GFP mice, ACTB-CFP, or OT1-GFP mice (The Jackson Laboratory). The purity of the 
B and T cell populations was between 68 and 95%, as determined by flow cytometry. A mixture of approximately 
12×106 B cells and 12×106 T cells in PBS was injected intravenously (IV) into the tail vein of a sex-matched C57BL/6 
recipient mouse that had received a spleen AIW 2 days before. The mice were imaged 3 hours after cell transfer 
and 5 minutes after IV injection of 70 kDa Dextran–Texas Red into the tail vein. 

Imaging CD8 immune response in the spleen. A mixture of OT-I CD8+ GFP (3×106) that specifically recognize 
the SIINFEKL peptide (OVA257-264) and polyclonal CFP CD8+ T cells (in a 1:1 or 1:5 ratio) was injected into the tail 
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vein of a sex-matched C57BL/6 recipient mouse that had received a spleen AIW 3 days before. Six hours later 
the mice were injected with CpG/IFA/SIINFEKL (100 µl incomplete Freund’s adjuvant (IFA), 50 µg CpG, 100 µg 
SIINFEKL peptide (OVA257-264) in 100 µl water) at the tail base. Mice were imaged, and blood was collected on day 
1, day 4, and day 7. Spleens were collected on day 7, and a single cell suspension was made using a cell strainer 
(70 µm, BD Biosciences). Blood and splenocytes were analyzed by FACS using the following stains: OVA tetramer-
APC, Valpha2-PE, and CD8-PerCP-Cy5.5. A maximum projection of the IVM images was made in ImageJ, and the 
CFP- and GFP-positive cells were counted manually.

Equipment and settings. All images were recorded on a Leica TCS SP5 AOBS two-photon microscope with a 
chameleon Ti:Sapphire pumped Optical Parametric Oscillator (Coherent Inc.). Different wavelengths between 
700 nm and 1150 nm were used for excitation. Second harmonic generation signal (SHG) was obtained with 
a wavelength of 960 nm and detected with NDD2 (455-490 nm). Dendra2 was excited with a wavelength of 
960 nm, CFP with a wavelength of 810 nm, GFP with a wavelength of 960 nm, mCherry with a wavelength of 
1100 nm and Dextran 70kD Texas Red with a wavelength of 960 nm. The microscope is equipped with four 
non-descanned detectors (NDDs): NDD1 (<455 nm), NDD2 (455-490 nm), NDD3 (500-550 nm), NDD4 (560-650 
nm). All images were acquired with a 25x (HCX IRAPO N.A.0.95 WD 2.5 mm) water objective (unless specified 
otherwise), using a zoom of 1x (unless stated otherwise), and a bit depth of 12 bit. All pictures were processed 
using ImageJ software; pictures were; smoothed (if necessary), cropped (if necessary), rotated (if necessary), 
contrasted (if necessary, only in a linear manner), and converted from 12 bit to 8 bit RGBs. Videos were corrected 
for XY and Z drift using custom-written software (codes on request available from J.v.R.).

Statistical analysis. A Student’s t test was used to determine whether there was a significant difference 
between two means. P < 0.05 was considered significant. If there was no normal distribution present (tested 
with a Shapiro Wilk test), or if n was less than 20, than a non-parametric Mann-Whitney U test was performed. 
For the clonal analysis, a G-test (based on the log-likelihood ratio) was performed to determine our findings 
were different from the theoretical findings based on the synergistic growth hypothesis. A one-way or two-way 
ANOVA was used to compare 3 or more samples.
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Supplementary movies
Movies can be found in the online version of the manuscript at:

http://stm.sciencemag.org/content/4/158/158ra145.short

Movie 1 | Normal mobility of representative mice carrying an AIW. The mobility of the mice is not hampered by 
the AIW. 

Movie 2 | Migration of cells in a pre-micrometastasis and in a micrometastasis. A 10-hour IVM video of cell 
migration in a pre-micrometastasis and in a micrometastasis. C26-GFP cells are in green, type I collagen (SHG) is in purple. 
The scale bar represents 20 µm and time is indicated in the video.

Movie 3 | Intestinal Lgr5+-GFP stem cells in a crypt. The white arrow points to a dividing stem cell, the red arrow 
marks a migratory cell. The scale bar represents 10 µm and the time is indicated in the video.

Movie 4 | Movement of OVA-challenged T cells. An IVM video (maximum projection) showing OTI GFP CD8+ T cells 
(yellow) 7 days after challenge with an OVA peptide in the presence of CpG to induce an immune response. Type I collagen 
(SHG) is marked in purple. The scale bar represents 20 µm and the time is indicated in the video.
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Figure S1 | Comparison of imaging windows. (a) Cartoons of the various imaging windows and their fixation method 
within the mouse. The cranial window is glued onto and secured by the skull of the mouse. The dorsal skinfold chamber is 
clamped on a fold of the skin, thereby strongly securing it onto the back of the mouse. The MIW is designed to be implanted 
on top of the mammary gland and sandwiched between the mammary gland and the skin. Sutures perpendicular to the 
MIW and the skin are used to secure the MIW. The crainial window, dorsal skinfold chamber and MIW technology cannot 
be simply applied to abdominal organs, since they do not contain bony tissue to secure a window (cranial window), cannot 
be clamped by a frame (dorsal skinfold chamber), and cannot be clamped in between tissues (MIW). The MIW inserted in 
the abdominal wall would simply “fall” into the abdominal cavity. Moreover, sutures perpendicular to the MIW would lead 
to a direct channel towards the abdomen of the mouse with subsequent danger of infections. Lastly, the design of the MIW 
required a large plastic frame which can collide with abdominal organs and cause potential tissue damage during mouse 
movement. For the MIW, this was not an issue since the mammary gland and peritoneum were protecting the underlying 
tissue. The AIW overcomes all the above mentioned problems. First, the AIW is designed to be kept in place by a horizontal 
suture (purse-string suture) and does not need clamping in between tissue. Second, the frame is much smaller which prevents 
collision with abdominal organs. Third, this design is made from titanium which enables the window to stay in the animal 
much longer. 
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Figure S1 | Continued (b) A cartoon of the surgical procedure of the AIW and a gritted coverslip. A picture of a mouse 
with a purse-string suture is shown.
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Figure S2 | The AIW does not have deleterious effects in mice. (a) AIWs were surgically inserted and the time they 
remained in place was determined (n = 3 mice per condition). (b to d) Every other day the reactivity to animal handling 
(b), appearance (the scale 1 to 3 represent normal to slow reactivity respectively) (c), and behavior (d) were assessed in 8 
mice carrying an AIW using a clinical appearance scoring system. The combined measurements are depicted in the plots. 
(e) The weight of the 8 mice carrying an AIW was measured over 40 days and plotted over time. Values are normalized to 
the weight of the mice just after surgery (which includes the AIW). (f and g) In the same mice, the blood was analyzed one 
day before and 1, 4, 6, and 8 days after surgery. The white blood cell count (WBC) (f) and the red blood cell (RBC) count (g) 
were measured and plotted over time. The green zone indicates physiological levels and the red zone elevated or diminished 
levels. On both data sets a one-way ANOVA was performed. (h) In H&E-stained sections the number of lymphocytes was 
quantified at indicated time points (n = 12 fields of view, 3 mice per condition). A Kruskal-Wallis one-way ANOVA showed no 
differences between the means. (i) Representative Sudan Black B stain marking neutrophils of liver tissue sections that were 
behind an AIW or were from a control liver (n = 3 mice per condition). Scale bar, 10 µm. (j) Representative H&E images of 
liver tissue sections that were behind a window or a section of a control liver (n = 3 mice per condition). Scale bar, 10 µm. 
(k) An immunostain for cleaved caspase-3 was performed in liver sections at indicated time points. As a positive control, liver 
metastases were used (n = 12 fields of view in 3 mice per condition). P-value obtained using a one-way ANOVA. All data are 
means ± SEM. 
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Figure S3 | An imaging box fixes the AIW and exposes it to the objective. Mice carrying an AIW were sedated 
using isoflurane inhalation anesthesia (1.5 to 2% isoflurane v/v in O2). (a) Images showing the custom designed imaging 
box from different angles as indicated. (b) Images showing the custom-designed imaging box placed on the stage above the 
objective of our microscope. Our setup contains a dark climate chamber which surrounds the whole microscope including 
the stage and objective. 

Figure S4 | Scatter plots of retraced areas during IVM. (a) Non-overlapping images were generated by flipping the 
day 2 image in Figure 1F 180 degrees. The Pearson’s correlation coefficient (rflip) and a scatter plot of the type I collagen 
images are shown, with selected non-colocalizing pixels from the scatterplot, as indicated by the blue and red boxes, replotted 
in the IVM image of day 1. Scale bars, 20 µm. (b) Shown are the scatterplots, the r and rflip of the images in Figure 1g.
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Figure S5 | Clonal or synergistic metastatic growth within the liver. Cartoons explaining the clonal growth 
hypothesis (upper panels) and the synergistic growth hypothesis (lower panels). In the clonal growth hypothesis a metastasis 
grows from a single founder cell; according to the synergistic growth hypothesis a metastasis is formed from multiple founder 
cells. The pie charts (right panels) represent the expected percentage of metastatic foci that contain one or two populations 
of cells for each hypothesis.

Figure S6 | Photomarking and tracking of an individual cell within a micrometastasis. A representative 
experiment (n = 4) where an individual cell within a micrometastasis was photomarked by converting the green Dendra2 to 
red Dendra2. Green and red two-photon images were acquired at 0 and 6 hours. Shown are merged images from the green 
and red channels using an “or” function. The right panel shows a merged image in which the red channel at 0 hours is shown 
in blue, and the red channel at 6 hours in magenta. Scale bar, 20 µm.
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Figure S7 | Inhibition of in vitro migration with U73122. (a) Cells treated with DMSO or 1 µM U73122, and cell 
migration was traced over time. The tracks of 6 cells for each condition are plotted. (b) C26 cells in transwell chambers were 
allowed to invade for 24 hours in the presence or absence of U73122 or DMSO (vehicle control). The bar graph shows fold 
increase relative to nonstimulated controls. Data are means ± SEM (n = 3 independent experiments performed in duplicate). 
P-value obtained using a non-parametric Mann Whitney U test. (c) The increase of the number of C26 cells in response to 
U73122 was measured using the MMT assay. The graph shows the amount of light absorbance at OD570. Data are means 
± SEM (n = 3). A two-way ANOVA revealed no significant differences. (d) C26 cells were treated with varying concentrations 
of U73122 and the apoptotic sub-G1 fraction was determined by FACS analysis (n = 4 independent experiments performed 
in duplicate). A two-way ANOVA revealed no significant differences. Data are means ± SEM. 
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6 Figure S8 | Timeline of mouse experiments treated with U73122. (a) Schematic representation of the timeline of 
all experiments performed in Figure 4, A to D. Note that treatment starts after the cells have extravasated (b) Schematic 
representation of the timeline of all experiments performed in Figure 4, E and F, and Figure 5. Note that treatment starts 
after the cells have left the circulation. (c) Schematic representation of the timeline of experiments performed in Figure 5H. 
Note that treatment starts after the micrometastases are formed.
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Figure S11 | Intravital imaging of OVA-reacting T cells in the spleen through the AIW. (a) IVM tile scans of OTI 
GFP CD8+ cells (green) and poly CFP CD8+ cells (shown in red) were made of the same mouse on day 1 and day 7 after it 
was challenged with an OVA peptide in the presence of CpG. An area with clustered T cells is indicated by the arrow. (b) Still 
images from a time series taken every 30 seconds. An overlay of the green channels from 0 min (red) and 6 min (green) 
highlights migratory cells (red/green) and nonmigratory cells (yellow). Scale bars, 20 µm.
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Figure S9 | Intravital imaging of intestinal stem cells through the AIW. The AIW was surgically implanted on top 
of small intestine and images were taken through the AIW. A time series of images was acquired from the small intestine of 
a mouse that expresses CreERT2 and GFP driven by the Lgr5 promoter to label the stem cells. The white arrow points to a 
cell division, and the red arrow to a moving cell. Scale bar, 10 µm.

Figure S10 | Intravital imaging of pancreatic tissue 
through the AIW. The AIW was surgically implanted on top 
of the pancreas. (a) Image of the pancreas showing insulin-
producing b-cells marked by MIP-GFP.  (b) The outline of the 
pancreatic cells marked by E-cadherin. Purple marks type I 
collagen. Scale bars, 30 µm.
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Despite decades of research and growing knowledge, cancer is still one of the most 
dominant diseases in the western world often associated with death1. Usually, death 

is not caused by the uncontrollable growth of the primary tumor, but rather by metastatic 
growth of disseminated tumor cells2. The escape of tumor cells from a primary tumor, followed 
by dissemination of these cells throughout the body and the subsequent outgrowth in a 
secondary organ is referred to as metastasis. This complete metastatic process can take 
place over years or even decades and is dependent on many biological processes such as cell 
migration, survival and growth.

During the initial step of metastasis cells detach from the primary tumor and migrate towards 
blood and/or lymph vessels. These vessels can either be located in the primary tumor mass 
(tumor associated vessels)3 or in the tissue surrounding the primary tumor4. Cells can migrate 
towards these vessels as single cells or invade collectively as a group of cells5. It is thought 
that single cell migration requires the transition from an epithelial to a more mesenchymal 
state, a process which is known as epithelial to mesenchymal transition (EMT)6. During EMT an 
epithelial cell acquires mesenchymal properties and downregulates cell-cell adhesion proteins, 
which renders the cell more invasive. In contrast, during collective invasion cell-cell adhesions 
remain intact5. Single cell migration and collective invasion can be induced by various factors 
such as signals derived from the tumor microenvironment (TME). An example is the fibroblast-
led collective invasion of cancer cells. Gaggioli and colleagues showed that fibroblasts 
can create tracks in the extracellular matrix using proteases and force, thereby enabling 
collective invasion of carcinoma cells7. Furthermore, Wyckoff and colleagues have shown that 
macrophages secrete EGF, which prompts tumor cells to produce CSF-1, thereby stimulating 
the macrophages to produce more EGF8. This paracrine loop between macrophages and tumor 
cells has been shown to be important for tumor cell migration and metastasis8,9. This shows 
that immune cells do not only survey the tumor, but may in fact cause tumor progression10. 

Once the tumor cells enter the vasculature (intravasation), within seconds they can be 
transported to other sites in the body where they get trapped in the capillary networks of the 
secondary tissue. It is hypothesized that the anatomy of the vasculature and the lymph vessels 
determine the site of arrest11. Once intravasated, tumor cells will arrest in the first organ they 
encounter, which is dependent on the site of entry in the circulation. This suggests that the first 
organ the tumor cells encounter will also possess the highest number of metastases11. Indeed, 
a common site of metastases in colorectal cancer patients is the liver, which drains the vessels 
of the gastrointestinal tract12. However, other evidence suggests that the location of outgrowth 
is not random, but depends on the tumor cell type (the “seed”) and the microenvironment of 
the secondary organs (the “soil”)13,14. In 1889 Paget stated that metastasis results only when the 
seed is compatible with the soil, also known as the “seed and soil” hypothesis15. Thus, according 
to Paget’s hypothesis, successful metastasis depends on the right intrinsic properties of the 
tumor cell to escape and on the microenvironment the specific tumor cell lands in. The “seed 
and soil” hypothesis and the “anatomy of the vasculature” hypothesis do not have to be 
mutually exclusive, and most likely both hypotheses determine metastatic outgrowth16. 

Most tumor cells that enter the vasculature and get transported to distant sites do not form 
metastases17, presumably because there is a mismatch between the seed and soil. However, 
it is still unclear at which point the tumor cells fail to form metastases. Are cells not able to 
arrest in the organ with the appropriate soil because they lack the right adhesion molecules, or 
do they, after extravasation, fail to migrate towards a niche with the right microenvironment? 
Moreover, are cells required to recruit certain microenvironmental components such as 
immune cells in order to sustain proliferation? And should the seed adapt its properties (for 
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example undergo the reverse of EMT called MET (mesenchymal to epithelial transition)) once 
it has extravasated to increase metastatic success? To answer these questions, various in vitro 
and in vivo strategies have been pursued, but most of these techniques have not been able to 
capture the dynamic aspects of the metastatic process within the full complexity of an animal. 
Thus, to understand the pathogenesis of metastasis, in vivo visualization of these dynamic 
aspects is required. High resolution fluorescence intravital microscopy (IVM), a technique by 
which individual cells inside a living animal can be visualized, provides temporal and thus 
important dynamic information18. In this thesis we have used IVM to study dynamic processes 
that are required for metastatic progression, such as cell migration.

Development of IVM tools

As the imaging depth of fluorescent IVM techniques is limited to roughly 1 mm19, either 
superficial tissue such as the skin or sites that have been surgically exposed can be visualized. 
The latter requires invasive surgery which leads to dehydration, thereby limiting the duration 
of IVM experiments to a maximum period of 36 hours20. In this time frame it is impossible to 
reveal the full details of the metastatic process because metastases take days to months to 
develop21. To overcome this problem, a limited number of repeated rounds of surgical exposure 
and concealment of the target organ over multiple days can be performed22-24.    

A less invasive alternative is to make use of imaging windows. Imaging windows are mounted 
on top of the tissue of interest, and allow for multiple imaging sessions over several days within 
the same living animal without repeated invasive surgery25. Currently, imaging windows for 
the mammary gland3,26,27, skin16,17, brain and bone marrow28-30 are widely used. However, since 
the environment is crucial for the behavior of cells 10,31, these windows do not suffice in the 
need to study abdominal tumors such as colorectal, liver or pancreatic tumors in their natural 
environment. Likewise, these windows do not provide the option to study organs that are 
prone to metastatic colonization other than the brain or bone marrow. The brain contains 
a specialized environment behind the blood brain barrier which differs from other organs. 
Furthermore, the soil of the brain and bone marrow is different from other metastatic prone 
organs such as the liver or lung. Hence, visualizing colonization in the bone marrow or brain 
might not be representative for colonization in other organs. As described in chapter 3 and 
6 of this thesis, we have developed an abdominal imaging window (AIW) that enabled us to 
visualize metastatic colonization in the liver over multiple days. In addition to the liver, we 
showed that we could use the AIW to image other abdominal organs like the spleen, small 
intestine and kidney. With the important addition of the AIW to the existing types of imaging 
windows, it is be possible to visualize a more diverse range of organs to study all the individual 
steps of metastasis within a living animal. In addition to cancer biology, long-term abdominal 
imaging may gain insights in the understanding of dynamic cellular processes and cell behavior 
in many other research fields including: diabetes, immunology, and stem cell biology25,32-39. 
For example, efforts have been made to visualize grafting of the islets of Langerhans in 
anatomically accessible locations such as the eye over multiple days40. However, the kidney 
capsule is the prefered islet transplantation site. In chapter 6 we show that the AIW can be 
used to visualize islets in the kidney over multiple days. Imaging of this site may increase our 
understanding of the dynamics en mechanisms of for example auto-immune mediated β-cell 
destruction in type 1 diabetes patients. Another example is the use of the AIW in the field of 
immunology. In addition to imaging the spleen, which contains many immune cells, we can 
use the AIW to image the mouse inguinal lymph node  [N. Vrisekoop, unpublished data], which 
is located close to the 4th mammary gland. Imaging the lymph node over multiple days may aid 
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in understanding immune cell homing and activation in the lymph node.

In addition to the AIW we developed another IVM tool called Cryo Labeling and Intravital 
Microscopy (CLIM), which is described in chapter 4 of this thesis. CLIM enhances the 
autofluorescence of serum components to mark an area that has been imaged intravitally. 
This autofluorescent mark can then be used as a fiduciary mark to retrace the imaged area 
in cryo sections. These retraced areas can then be stained for proteins or cells of interest 
using standard immunohistochemistry approaches. Using this method it will be possible 
to use a wide variety of antibodies to screen for factors whose presence is correlated to a 
specific behavior in vivo. This may aid in identifying new components that influence a certain 
behavior such as migration. Furthermore, if combined with laser capture microdissection, it is 
possible to dissect tissue of which the in vivo history is known. The dissected tissue can then 
be subjected to molecular analyses, such as genomic sequencing. For example, the changes 
in mRNA expression of highly migratory cells can be compared to non-motile cells. Another 
interesting avenue will be to determine whether it is possible to detect the fiduciary marks in 
electron microscopy sections, because that would allow for in vivo behavior to be correlated 
to microscale patterns. 

In conclusion, metastasis is a very dynamic process that is difficult to study using conventional 
techniques. Using IVM it is possible to visualize the metastatic process and acquire dynamic 
information. With the development of IVM tools such as the AIW and CLIM we can now trace 
individual cells in abdominal organs in living mice for multiple days, monitor individual and 
group cell behavior directly and possibly correlate these behaviors to immunohistochemical 
markers, genomic profiling, and electron microscopy.

Primary tumor escape

The primary tumor is a heterogeneous population of cells that, in addition to cancer cells, 
includes a variety of immune cells such as T cells and macrophages. During tumor development, 
cell-cell communication between these immune and cancer cells regulates the tight balance 
between cell proliferation and apoptosis. Immune cells can both facilitate and inhibit tumor 
growth and metastasis31,41. Immune cells infiltrate the tumor upon antigen recognition or upon 
stimulation by inflammatory agents, for example during chronic inflammation31. During tumor 
progression, cancer cells are promoted to find ways to escape immune surveillance or modify 
the influence of immune cells into tumor promoting strategies31. An example of such a tumor 
promoting modification is described in chapter 5 of this thesis. In this chapter we demonstrate 
how tumor cells convert a death signal into a migratory signal. CD95, a receptor that is present 
on most tumor cells, was first found to induce apoptosis42. The CD95 ligand (CD95L) is produced 
by various cells such as tumor cells and cytotoxic T cells43,44. T cells are known to induce apoptosis 
in other cells by CD95L mediated activation of their CD95 receptor42. Besides the induction 
of apoptosis, the CD95 receptor can also mediate non-apoptotic processes such as growth, 
proliferation, invasion and metastasis45. Interestingly, Hoogwater and colleagues showed 
that colorectal tumor cells that had acquired the oncogenic K-RasD12 mutation converted the 
apoptosis signal into an invasion signal46. We showed that this invasion is mediated by the 
phosphatidylinositol 4,5-bisphosphate (PIP2)-Cofilin pathway47. When activated, this pathway 
induces actin remodeling that on its turn drives protrusion formation and migration48. The 
apoptosis- to invasion-signal conversion in oncogenic K-Ras cells may help tumor cells to 
evade immune cell attacks such as CD95-induced apoptosis by cytotoxic T cells. Furthermore, 
the tumor-promoting signal conversion will aid in tumor invasion and metastasis46.
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Another example of immune cells promoting tumor progression was shown by DeNardo and 
colleagues. In a genetic murine PyMT mammary carcinoma model they showed that CD4+ 
T cells recruit alternatively activated macrophages, called M2 macrophages, to the tumor49. 
M2 macrophages are thought to be immunosuppressive and increase tissue remodeling 
and angiogenesis. In contrast, M1 macrophages are thought to have cytotoxic activity50,51. 
Although the distinction between M1 and M2 macrophages is still controversial, it was 
found that recruitment of M2 macrophages increased the metastatic rate49. This increase in 
metastasis was suggested to be dependent on increased invasion mediated by macrophage 
secreted EGF49. In contrast, the NeuT mouse model overexpresses a constitutively active EGFR 
family member52, which suggests that metastasis is independent of macrophage-released EGF. 
This is in line with the fact that CD4+ T cells do not promote metastasis in the MMTV-NeuT 
mammary carcinoma mouse model52. As described in chapter 4 of this thesis, we found a role 
for CD4+ and CD8+ T cells during tumor cell migration in mouse invasive lobular carcinoma 
(mILC) tumors. mILC tumor cells are EGFR negative53, so they are not likely to be responsive to 
EGF. Hence, it is tempting to speculate that the CD4+ T cell population enhances migration in 
the mILC tumor model by another mechanism, which is independent of macrophage-secreted 
EGF. Future research should determine the exact mechanisms by which T cells enhance mILC 
tumor cell migration. Furthermore, it will be important to determine the effect of T cells on 
metastatic colonization, since T cells could play an important role in multiple steps of the 
metastatic cascade. Taken together, these findings emphasize the complex role of the tumor 
microenvironment in regulating tumor metastasis. 

Colonization

In addition to its role in metastatic progression, the tumor microenvironment is thought to 
control the fate of dormant tumor cells. Dormancy refers to a state in which residual cell(s) 
remain undetected for periods ranging from years to decades54. Whereas the escape from 
dormancy can occur late during tumor progression, the time at which the cells actually leave 
the primary tumor might be very early during tumor development2,55. This suggests that 
many patients without clinical signs of metastatic disease may have dormant cells or dormant 
metastases2,55. To find effective treatment targets for this groupalso thought to control the fate 
of dormant tumor cells. Dormancy refers to a state in which residual cell(s) remain undetected 
for periods ranging from years to decades54. Whereas the escape from dormancy can occur late 
during tumor progression, the time at which the cells actually leave the primary tumor might 
be very early during tumor development2,55. This suggests that many patients without clinical 
signs of metastatic disease may have dormant cells or dormant metastases2,55. To find effective 
treatment targets for this subset of patients, and for the patients who present detectable 
metastases, it is vital to understand what determines the success of a tumor cell to colonize a 
secondary organ. 

Tumor cell colonization is dependent on processes such as proliferation and angiogenesis41. 
To induce proliferation, a cell is thought to require the right soil and the right epigenetic and/
or genetic profile. There is evidence suggesting that the primary tumor itself can create a 
metastasis-permissive soil at designated secondary organs, so called “pre-metastatic niches”56. 
Furthermore, once extravasated, tumor cells are thought to migrate towards growth favorable 
(pre-metastatic) niches before proliferation can start. Next, cells are thought to develop into 
micrometastases and macrometastases. In chapter 6 of this thesis we have demonstrated 
that single metastatic C26 cells proliferate into small “pre-micrometastasic” colonies in which 
cells are highly motile and lack contact with neighboring tumor cells. Next, we found that the 
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pre-micrometastatic clones condensed into tightly packed micrometastases where migration 
was strongly reduced. In sum, we showed that pre-micrometastatic tumor cell migration was 
important for metastasis formation57. Thus, one of the unexpected findings of chapter 6 is that 
in addition to niche finding, migration during colonization can also be required for growth 
during a pre-micrometastasis stage. 

Why would cell migration during this pre-micrometastasis stage be beneficial for the growth of 
C26 cells? Many hypotheses can potentially explain this effect, but only two will be discussed 
here. First, it has been suggested that EMT increases the number of cells with cancer stem cell 
properties58,59. Cancer stem cells are thought to have unlimited self-renewal capacity which 
dictates successful metastasis formation60,61. Therefore, we can hypothesize that migratory 
cells have probably undergone EMT and are therefore more likely to be cancer stem cells 
which have the capacity to form metastases. In favor of this, C26 cells are undifferentiated, 
suggesting they could have stem cell characteristics62. The second hypothesis that might 
explain why pre-micrometastatic migration boosts C26 growth is the following; by migration, 
the cells change the microenvironment into a growth inducing environment. How would 
migrating cells change the microenvironment? For example by proteolysis of the matrix which 
results in release of growth factors63,64 and biologically active ECM fragments65,66. These growth 
factors and biologically active ECM fragments have been shown to provide proliferation or 
survival signals to tumor cells64,67. Another example is by secretion of certain cytokines that 
may attract tumor promoting immune cells31. And even non-tumor promoting immune cells 
like natural killer cells may cause growth of the C26 cells. These immune cells are known induce 
apoptosis via CD95L68, so most tumor cells would die when natural killer cells are present. 
However, since C26 cells contain oncogenic K-Ras, they convert the CD95L apoptosis signal 
into an invasion signal (chapter 5), thereby increasing survival and growth. Since the signal 
conversion is dependent on the cofilin pathway, it will be interesting to test if blocking other 
non-cofilin mediated migration pathways leads to a similar increase in growth. In line with 
the idea that the microenvironment is important for the link between C26 migration and 
growth, our findings in chapter 6 show that growth and migration are coupled during the pre-
micrometastasis stage in vivo, but not in an in vitro experiment lacking microenvironmental 
components18. In summary, we have used the AIW to identify a pre-micrometastatic stage 
during C26 liver colonization. During this stage, tumor cells are highly migratory which is 
beneficial for metastatic growth. 

The relevance of studying metastatic colonization

Extravasation, niche finding, pre-micrometastatic migration, and subsequent growth into 
micrometastases are all processes that take place early during metastatic colonization. One 
might argue that for patients with metastatic disease, studying early metastatic colonization 
events may not be relevant, because many patients that present themselves with late stage 
metastatic disease will show metastases that most likely have passed this stage. However, it 
has been shown in patients whose primary tumor was resected that these patients contain 
circulating tumor cells (CTCs) even years after removal of the primary tumor69. Since the 
presence of CTCs is associated with a poor prognosis70-72, this suggests that even in patients 
with metastatic disease or whose primary tumor was resected, new metastases can formed 
and early colonization may place. In agreement with this patient data, Kim and colleagues 
showed that CTCs can reseed the primary tumor73,74.  Furthermore, unpublished data from 
our lab suggests that metastatic C26 cells can seed new metastatic colonies during all stages 
of colonization. These findings indicate that even when patients present themselves with 
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metastatic disease, early colonization may take place. Therefore, studying the mechanisms of 
colonization may provide useful insights even for patients with late stage metastatic disease. 

Concluding remarks

Taken together, by creating new IVM tools, we have found that tumor cell metastasis is 
dependent on the microenvironment. Furthermore, we have found a new stage during 
metastatic colonization, which is called the pre-micrometastasis stage. During this stage the 
tumor cells are highly motile and proliferative. Future research should determine if a pre-
micrometastatic stage is present in all types of cancer, or only in a specific subclass, if a pre-
micrometastasis stage is present only in the liver, or in other metastasis prone organs as well.
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Nederlandse samenvatting 
Kanker, het proces van ongeremde cel deling, ontstaat wanneer lichaams eigen cel DNA 
schade oploopt. Dit wordt veroorzaakt door foutjes in eiwitten, de werknemers van de cell, 
die daardoor niet meer normaal functioneren. Zo is er in darmtumor cellen vaak een foutje in 
het eiwit Kras, waardoor dit eiwit continue aan staat. Net zoals bij mensen met ADHD wordt 
de cell hyperactief en weet van geen ophouden meer. De cell blijft delen terwijl dat niet 
gewenst is. Door al die extra cellen neemt een tumor (kanker) vaak het gezonde weefsel over 
waardoor dat niet goed meer kan functioneren. Zolang de tumor niet al te groot is kan het 
worden weggehaald door middel van chirurgie zonder dat er veel schade aan het lichaam 
wordt veroorzaakt. De tumor is dus vaak niet de doods oorzaak van patienten met kanker. 
Maar wat dan wel? 

De meeste patienten overlijden uiteindelijk doordat de tumor uitzaait. Uitzaaiien betekent 
dat cellen afsplitsen van de (primaire) tumor, gaan wandelen naar bloedvaten, eenmaal in 
het bloed door het lichaam heen reizen en uiteindelijk op een andere plek gaan groeien en 
zo een nieuwe (seondaire) tumor of uitzaaiing vormen. Uitzaaiingen zijn dus in feite nieuwe 
tumoren, en nemen dus ook op deze plek het gezonde weefsel over waardoor dit niet meer 
kan functioneren. Als er teveel uitzaaiingen zijn houdt het lichaam er mee op en overlijdt de 
patient. 

Uitzaaiingen zijn dan ook al vele jaren het middelpunt van onderzoek, maar helaas kunnen 
we nog niet bij elke patient de uitzaaiingen stoppen, verkleinen of wegnemen. Er is dus nog 
meer onderzoek nodig. De meeste onderzoeken die tot nog toe zijn uitgevoerd bestudeerden 
losse kanker cellen in plastic bakjes in het lab (in vitro). Dit heeft tot vele inzichten geleid, maar 
er zitten ook beperkingen aan dit soort onderzoek. De cellen missen de omgevingscellen van 
het lichaam. Deze omgeving is van groot belang voor kanker cellen omdat er allerlei signalen 
vandaan komen. Daarom worden er steeds meer onderzoeken in proefdieren uitgevoerd, waar 
de tumor cellen wel in het lichaam aanwezig zijn en waar de omgevings signalen die de tumor 
cellen beinvloeden onderzocht kunnen worden. Het nadeel van dit soort onderzoeken is dat 
er niet in levend maar voornamelijk in dood weefsel wordt gekeken. Het in kaart brengen 
van dynamische bewegende processen zoals dat bij uitzaaien het geval is gaat dus niet. Als 
antwoord daarop is er een speciale techniek ontworpen die naar individuele cellen kan kijken 
in een levend proefdier. Deze techniek heet intravitale microscopie. 

In hoofdstuk 1 en 2 van dit proefschrift beschrijf ik de geschiedenis van de intravitale 
microscopie. Zo werd al in 1839 door meneer Wagner naar bloedcellen in de voet van een 
gras kikker gekeken. Verder beschrijf ik de verschillende microscopen die gebruikt kunnen 
worden om intravitale microscopie te bedrijven. Ook heb ik een samenvatting van de 
literatuur gegeven waarin intravitale microscopie wordt gebruikt. In hoofdstuk 1 heb ik 
hierbij voornamelijk gefocussed op hoe intravitale microscopie is gebruikt om signalen tussen 
cellen, signalen binnen in cellen, en signalen tussen de cell en zijn omgeving te bestuderen. In 
hoofdstuk 2 heb ik een overzicht gegeven van de intravitale microscopie artikelen die kanker 
hebben bestudeerd.

Om de tumorcellen in muizen langdurig te kunnen bestuderen met behulp van intravitale 
microscopie zijn er speciale raampjes ontworpen. Deze raampjes maken het mogelijk bij de 
muis naar binnen te kijken en dus zijn organen te zien. Omdat de muis gewoon kan rond 
lopen met zijn raampje kun je de muis meerdere dagen op de microscoop bestuderen en 
tussendoor weer terug in zijn kooi stoppen. Hierdoor is het mogelijk processen te volgen die 
meerdere dagen in beslag nemen zoals het uitzaaiings proces. Welk orgaan je kunt bestuderen 
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is afhankelijk van waar het raampje geplaatst is. Zo zijn er onder andere raampjes voor de 
borst, voor de hersenen en voor de huid. Maar er was tot voor kort nog geen raampje waarmee 
je de organen in de buik kon zien. Omdat heel veel tumoren uitzaaiien naar de lever, een 
buikorgaan, hebben wij besloten om een muizenbuikraam (abdominal imaging window) 
te ontwikkelen. Dit staat beschreven in hoofdstuk 3 en hoofdstuk 6 van dit proefschrift. In 
hoofdstuk 3 beschrijf ik stap voor stap de methode van het plaatsen van dit muizenbuikraam. 
Er kunnen verschillende buik organen door het raam worden bekeken, en dit vereist telkens 
een kleine aanpassing in de methode. In hoofdstuk 6 geef ik vervolgens voorbeelden van wat 
je met dit nieuwe muizenbuikraam zou kunnen onderzoeken. Zo laat ik zien dat je een stamcel 
deling in de darm kunt zien, dat je uitgezaaide tumor cellen in de lever kan volgen, dat je een 
immuun respons kunt visualiseren in de milt en dat je de insuline producerende eilandjes van 
langerhans kunt zien in de pancreas. Het muizenbuikraam is dus een veelzijdig gereedschap 
wat kan worden gebruikt om dynamische proccessen die plaats vinden in de buikorganen van 
een levend organisme tijdens meerdere dagen te bestuderen.

Maar wat kunnen we nou eigenlijk zien als we door zo’n raampje in de muis kijken? Om 
individuele cellen te kunnen zien moeten we met behulp van een microscoop heel erg 
inzoemen. Cellen zijn vaak maar 1/100e van een milimeter groot! Maar zelfs als we zo ver 
inzoemen dat we individuele cellen zouden moeten kunnen zien lukt dat niet omdat er geen 
contrast is. Daarom maken we gebruik van fluorescentie. Door cellen fluorescent te markeren 
kunnen we ze zien. Maar we kunnen dus alleen de cellen zien die we zelf gemarkeerd hebben. 
Dat markeren gaat erg goed in dood weefsel, maar veel minder makkelijk in een levend dier. 
Hierdoor is het vaak niet mogelijk om te kijken naar wat voor soort cellen en molekulen 
aanwezig zijn in de omgeving van een tumor. Er is aangetoond dat deze omgevingscellen 
en molekulen soms van cruciaal belang zijn voor bijvoorbeeld de groei van een kanker. Om 
uit te zoeken welke cellen van belang zijn voor het uitzaaiien van een tumor cell zou het dus 
ideaal zijn als we de kanker cellen fluorescent kunnen markeren en kunnen bestuderen in 
een levend wezen. Hierna zouden we precies dezelfde plek willen terug vinden in het dode 
tumor weefsel waardoor we heel gemakkelijk andere aanwezige cellen of molekulen kunnen 
ontdekken (screenen). Cellen of molekulen die in grote mate aanwezig zijn in de omgeving van 
bewegende uitzaaiiende tumor cellen, maar die niet aanwezig zijn in de omgeving van niet 
bewegende tumor cellen zouden dan wel eens van groot belang kunnen zijn voor bewegende 
uitzaaiiende tumor cellen. Het terug vinden van de plek die we met behulp van intravitale 
microscopie hadden bekeken in dood weefsel noemen we CLIM en de ontwikkeling van deze 
techniek staat beschreven in hoofdstuk 4 van dit proefschrift. Met behulp van CLIM konden 
we laten zien dat er een hoop T cellen (van het immuun systeem) aanwezig zijn in de buurt 
van bewegende tumor cellen. Deze positieve correlatie tussen T cellen en bewegende tumor 
cellen hebben we verder onderzocht door de T cellen uit het lichaam van een muis weg te 
halen. Nadat we dat gedaan hadden bleek dat de tumor cellen veel minder bewogen. Daarom 
hebben we geconcludeerd dat T cellen belangrijk zijn voor het bewegen van tumor cellen 
tijdens het uitzaaiings proces. 

Andere eiwitten waarvan we hebben gevonden dat ze belangrijk zijn voor het uitzaaiings 
proces staan beschreven in hoofdstuk 5. Zoals eerder vermeld kunnen kanker cellen vaak 
ongeremd delen. Dit wordt veroorzaakt door foutjes in eiwitten zoals KRas. Kanker cellen 
hebben verder vaak foutjes in eiwitten die belangrijk zijn voor het zelfmoord mechanisme 
van de cel. Dit zelfmoordmechanisme wordt normaal gesproken ingeschakeld als er teveel 
cellen aanwezig zijn, of als de cel verkeerde dingen gaat doen. Maar in kanker cellen wordt dit 
zelfmoord mechanisme vaak uitgeschakeld. In hoofdstuk 5 beschrijven we hoe het zelfmoord 
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mechanisme is uitgeschakeld in darm tumor cellen die een foutje hebben in Kras. Na activatie 
van het zelfmoordmechanisme wordt in deze cellen een verkeerde reeks aan eiwitten 
aangezet. Dit is vergelijkbaar met een wissel die verkeerd staat waardoor de trein de andere 
kant op rijdt. De activatie van deze verkeerde reeks aan eiwitten lijdt er vervolgens toe dat de 
cel geen zelfmoord pleegt maar juist gaat bewegen. En deze beweging is weer erg belangrijk 
voor het uitzaaiien. Dus, in plaats van dat de tumor cell wordt geelimineerd wordt hij in staat 
gesteld tot uitzaaiien. 

Het uitzaaiings proces begint zoals vermeld met het loskomen van een tumor cel en het 
bewegen door het lichaam. Als een tumor cel uiteindelijk is aangekomen in een ander orgaan 
zal het juist weer gaan groeien, waardoor er uiteindelijk een uitzaaiing ontstaat die het 
omliggende weefsel overneemt waardoor de patient kan komen te overlijden. Om meer inzicht 
te krijgen in hoe de uitgezaaide cel in het nieuwe orgaan een grote uitzaaiing vormt hebben 
we in hoofdstuk 6 intravitale microscopie gebruikt. We hebben door het muisbuikraam naar 
uitgezaaide darm tumor cellen in de lever gekeken, en hebben gevonden dat deze cellen 
nog een geruime tijd erg beweeglijk zijn. Dit is verwondelijk omdat hiervoor werd gedacht 
dat zodra de tumor cellen gaan groeien ze niet meer bewegen. Wij laten juist zien dat groei 
en beweging in de begin fase hand in hand gaan, en dat deze beweging belangrijk is voor 
de uiteindelijke groei van de uitzaaiing. Dit werd duidelijk doordat we de beweging hebben 
gestopt, waarna ook de hoeveelheid uitzaaiingen minder werd. Deze beweging zou dus 
mogelijk kunnen dienen als target voor nieuwe anti-kanker medicijnen. Uiteraard is het nog te 
vroeg om te kunnen zeggen of dit ook daadwerkelijk de uitzaaiingen in mensen zou kunnen 
verminderen; eerst moet worden bewezen dat ons muis model representatief is voor mensen. 
Maar het is weer een stapje in de richting van het genezen van kanker patiënten. 

In hoofdstuk 7 worden de bovenstaande resultaten samengevat en bediscussieerd aan de 
hand van relevante literatuur. 

Samengevat beschrijft ik in dit proefschrift het onderzoek naar hoe uitzaaiingen ontstaan, wat 
ik heb bestudeerd met behulp van intravitale microscopie. Ik heb twee nieuwe gereedschappen 
ontwikkeld waarmee we alle aspecten van de uitzaaiingen kunnen besturen; van levend tot 
dood weefsel, van beweging in de primaire tumor tot de uitgroei van een uitzaaiing in een 
ander orgaan. De belangrijkste vondsten zijn dat T cellen belangrijk zijn voor het bewegen van 
tumor cellen, darm tumor cellen een verkeerde reeks aan eiwitten activeren waardoor ze gaan 
bewegen in plaats van dood gaan, en darm tumor cellen nog een geruime tijd moeten blijven 
bewegen om in de lever een uitzaaiing te kunnen groeien. 
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Lang geleden schreef mijn moeder het volgende in mijn poezie album: “Wees maar jezelf in heel 
je leven, en probeer aan anderen steun te geven. Help iedereen die je ontmoet op je pad, dan ben 
je ook zelf gelukkig mijn schat”. Ik heb altijd geprobeerd naar deze wijze woorden te leven, maar 
voor het tot stand komen van dit boekje heb ik juist ook veel hulp van anderen gehad, in plaats van 
gegeven. Jullie wil ik hieronder bedanken.

Het lab

Jacco, door een samenspel van toevalligheden ben ik jouw lab beland. En wat ben ik daar blij om! Ik 
had het niet beter kunnen treffen. Jouw onderzoek bood voor mij de perfecte mix tussen microscopy 
en in vivo werk. Maar niet alleen het onderzoek is tof; ik had nooit durven dromen dat jouw lab zou 
uitgroeien tot zo’n ontzettend leuke groep mensen. Mede dankzij iedereen in de groep is jouw lab 
de plek waar ik elke dag met plezier ben. Bedankt voor de intensive begeleiding; ik heb er zo veel 
van geleerd. Als beginnende PhD student kan je soms wat onzeker zijn, maar dat gevoel wist jij al 
snel weg te nemen. Maar ook door soms kritisch te durven zijn (Lai, je bent niet ambitieus genoeg/
Lai, ik laat je niet in mijn auto rijden want volgens mij rij je m dan in puin) heb je me helpen groeien 
als wetenschapper. Verder heb ik van je geleerd dat je altijd alles moet vragen wat er in je op komt, 
ook al is het een “domme” vraag. En dat je moet geloven in jezelf en in je data! Natuurlijk zijn we het 
niet altijd met elkaar eens geweest, en doordat we beide behoorlijk eigenwijs zijn hebben we uren 
en uren met elkaar gediscussieerd. Een discussie die jij overigens nog steeds meestal wint, dus van 
jouw overtuigingskracht kan ik nog steeds veel leren! Alles bij elkaar genomen; bedankt voor een 
geweldige tijd, bedankt voor je support en vertrouwen, bedankt voor alle hilarische momenten, 
bedankt voor alles!

Labgenoten, ook voor jullie geldt; bedankt voor het feit dat ik elke dag met veel plezier op het werk 
ben. Anko, de man van het eerste uur. Jij ben uitgegroeid tot een ware legende! Als microman 
red je menig hubrechter uit de brand als een microscoop het weer eens niet doet. En zo geldt 
dat ook voor mij, bedankt! Eve, wat was ik blij dat jij ons kleine groepje kwam versterken. Met je 
eeuwige optimisme en vrolijkheid sta je aan de basis van een hoop gezelligheid! Verder was ik door 
jou niet langer meer de enige vrouw in het lab, iets wat we ons tegenwoordig niet meer kunnen 
voorstellen :). En volgens mij heb jij er ook als een van de eerste voor gezorgd dat onze koffietafel 
nu regelmatig voorzien wordt van zelfgebakken lekkers. Ik kan me nog een avondje bij je thuis 
herinneren waarbij we een mon-chou taart hebben gemaakt omdat we een weddenschap hadden 
verloren, super! Noek, de slimme dame uit het oosten. Je leek zo jong en onschuldig toen je binnen 
kwam, maar volgens mij had Chris het als eerste door, die is niet wat het lijkt! Je hebt ontzettend veel 
doorzettingsvermogen, bent altijd te porren voor leuke dingen, en door jouw organisatie talent 
hebben we tegenwoordig altijd een cadeautje op onze verjaardag! Nien, de vrolijke kleine postdoc. 
Met jouw kennis van IVM hebben we vrijwel elk experiment in het lab kunnen optimaliseren; thanks! 
Verder had ik aan jou vaak een medestander in de discussies met jacco, die ik nu eindelijk (af en toe) 
kon overtuigen van mijn/ons gelijk :). Ook was jij de eerste die samen met mij liever laat dan vroeg 
begon.. eindelijk hoefde ik me niet meer extreem lui te voelen als ik pas om 9.30-10.00 t kantoor 
binnen kwam. Ik wil je natuurlijk heel veel succes wensen met je eigen groep straks. Je verdient 
t en ik weet zeker dat het fantastisch gaat! Ronny.. we were so happy that you joined our group. 
Especially when it turned out that you were really good at doing experiments. Thanks for all your 
help! Sas, de vrolijke noot. Volgens mij zijn er sinds jouw komst significant meer lachsalvo’s uit ons 
kantoor gekomen. Maar niet alleen dat, je bent ook een harde werker, die net als nien en ik niet perse 
ontzettend vroeg hoeft te beginnen :). Ook hebben we wat lief en leed gedeeld tijdens het maken 
van ons proefschrift. Ik vond het gezellig om indesign tips uit te wisselen en samen die onbetaalde 
workshop te orgarniseren.. en weet je dat jouw verhaal over je stage in Australie me uiteindelijk over 
de streep heeft getrokken om ook daar heen te gaan? Thanks voor alle gezelligheid, en natuurlijk je 
hulp nu bij t stam cell project! Rinske, nog zo’n vrolijke blonde dame met een mooie schaterlach. En 
eindelijk een vrouw die verstand heeft van voetbal; dat zal een opluchting voor Jacco zijn. Bedankt 
dat je een van mn projecten wilt overnemen en zo de leverwindow kennis in het lab houdt! Arianna 
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and Maria, the newest lab members. You’ve been in the lab for 2 weeks now and we’ve already been 
to 3 borrels together. That’s a good start, keep up that good spirit! Iedereen, heel veel succes met zn 
projecten. Ik kijk nu al uit naar alle mooie verhalen.

Uiteraard zijn er over de jaren heen ook een hoop studenten geweest die hebben bijgedragen 
aan de gezelligheid: Koen, Carry, Nadieh, Pieter, Stacey, Daniëlle, Sam, Nina, Joel, Alwin, Esil, 
Ola, Marah, Marion, Pim bedankt! Sam, bedankt voor alle hulp aan het mena project. Je hebt het 
project geheel zelf gedragen waardoor ik alle tijd had om aan het window verhaal te werken. Heel 
veel succes met je eigen PhD. Stacey, de enthousiaste bachelor student. Je was een jonkie tussen 
alle andere studenten maar je wist je mannetje meer dan goed te staan. Ik weet zeker dat je nog 
een glansrijke carriere tegemoet gaat! Joel, you were my first student and even though I struggled 
with explaining (difficult) experiments you managed to perform them well. Thanks for all your help! 
Daniëlle, van jouw goede contacten bij het histologie lab hebben we allemaal profijt gehad, en 
vandaar dat ook jouw naam op mijn STM artikel prijkt. Heel veel succes met je eigen onderzoek 
straks, dat gaat vast heel succesvol worden!

Voordat ik aan mijn promotieonderzoek op het hubrecht begon was ook ik een student. Norman, 
Bas en Martijn, ik heb bij jullie allen een fantastische tijd gehad! Op wetenschappelijk gebied heb ik 
ontzettend veel van jullie geleerd en kon ik altijd met vragen terecht. Daarnaast was t gewoon ook 
altijd erg gezellig op t lab, en mede daardoor ben ik vol goede moed aan mn promotie onderzoek 
begonnen, dus bedankt daarvoor. Bas, ik ben nog altijd zeer vereerd dat ik jouw paranimf mocht 
zijn! En wat was ik zenuwachtig voordat jij aan je verdediging begon. Ga jij dat nu ook bij mij zijn? 
Kieran, thanks for having me in the lab! I’ve had a great time, and working on drosophila taught me 
that studying cells in vivo is essential because microenvironmental information is very important for 
cell function. I’m curious to see how everyone in the lab is doing and where the lab is heading to. 
All the best!

Tijdens het labwerk heb ik naast input van de van Rheenen members ook een hoop input gehad 
van anderen tijdens onze werkbespreking: de Rooij members, de Koningkjes, Onno’s groep 
en de Derksen groep; bedankt! Johan, Gerard, Stephan, Quint, Emma, Floor, Joppe uiteraard 
bedankt voor de gezellige retreats die we samen hebben gehad! Johan bedankt voor het jaarlijks 
openstellen van je geweldige huis. Onno en Ernst, bedankt voor de fantastische samenwerking! 
Ernst, ik vond je kijk op de wetenschap altijd verfrissend en je manier van werken doortastend. Ook 
moet ik je bedanken voor alle surgical skills die je me bij hebt gebracht want voordat jij in beeld 
kwam kon ik nog geen hechting zetten. Alhoewel ik die grove/butchers-achtige manier van werken 
die alle chirurgen eigen lijkt te zijn liever niet onder de knie krijg! Leon en Cindy, bedankt voor jullie 
input in de STM paper en de gezelligheid op t lab.

Naast al het opereren moest er ook tijd vrijgemaakt worden voor het organiseren van de PhD retreat. 
Inki, Marten, Maria en Amanda, volgens mij was iedereen t erover eens dat het een fantastische 
bijeenkomst was. Bedankt voor de top tijd en de gezellige lunches!

De gezelligheid eromheen

Office mates; Emily, Ina, Silja, Federico, Emma, Anne, Kelly, thanks for sharing the office with me! 
I’ve enjoyed your company a lot! You and the other bakkers lab members are a very happy group of 
people to be around, especially on borrels and at 90-ies now parties! Ina, thanks for the great dinner 
parties we shared together with Suma when I just arrived. And Suma, who could have predicted 
that we would become such good friends after our first meeting in the cell culture? Both working 
on a Saturday, we decided that we could use some relaxing time together, which was the start of 
our friendship. I’ve enjoyed all our time together a lot! The holiday in the US was great; there’s so 
many nice memories attached to it. Also, your friendship helped me so much when I was feeling not 
so great; thanks!

Lieve Tam, ook jij bent een fantastische vriendin! Als ik moet huilen of lachen, als ik wil klagen, 
gezellig wil borren, advies nodig heb of gewoon wil bij kletsen, jij bent er altijd; dankje! Ik ben 



| 141 

&

Addendum

blij dat je me soms even bij mn pc weg haalt als ik weer eens (te) druk bezig ben met analyseren 
of andere labbezigheden; wie moet dat nou doen als ik straks in Boston zit :(. Ik vind het SUPER 
fantastisch leuk dat je straks naast me staat tijdens mn verdediging als paranimf. Het moment dat ik 
je “vroeg” zal ik niet snel meer vergeten ;). 

Manda en Dais, mn dans chickies! Toen we met dansen begonnen voelde ik me wel eens lullig als ik 
weer eens niet op onze “vaste” woensdag kon. Gelukkig bleek ik niet de enige van ons drie te zijn die 
een probleem had met plannen.. Thanks voor alle gezellige avondjes bij jullie thuis, waar Maaike en 
Tamara natuurlijk ook bij horen! Dais, door jouw ontzettend droge manier van verhalen vertellen 
heb ik regelmatig in een scheur gelegen. En Manda, t was fijn om het lange-afstands-relatie-leed 
met iemand te kunnen delen! Hopelijk kom je me straks in Boston vergezellen en kunnen we de 
Superman-naar-clifhanger-drop tot in den treure gaan oefenen!

Nieuwjaars borrel, camping borrel, St. Patricksday borrel, BBQ met band, Lapstapdag, Movie nights, 
Movember, Kerstborrel.. Stuk voor stuk mooie herinneringen mede mogelijk gemaakt dankzij jullie, 
Paul, Yuva, Jeroen, Alex en Frans Paul! Ook latere borrels en PV-weekendjes hebben hilarische 
momenten op mn netvlies achter gelaten :). Zo zal ik nooit de eerste keer “move rithmically” tussen 
Paul en Jeroen vergeten.. Thanks!

De Rusland express.. wat een geweldige tijd heb ik tijdens deze vakantie gehad. Tijdens deze 
vakantie heb ik zo veel ongewone bizarre dingen meegemaakt.. kersen vodka proosten op oudjaars 
avond, slapen in een verlaten school in the middle of nowhere, met een busje zonder winterbanden 
door een verlaten winterlandschap scheuren, een minibar in een omgehakte boom! Thanks for 
the great time Dan, Ira, Maartje, Sjoerd en Tam. Dan, especially thanks to you for organizing this 
amazing holiday and for allowing us a sneak preview into your old Russian life!

Britta en Maaike, jullie vallen niet in een van de bovenstaande “hokjes” maar doken eigenlijk overal 
op; PV weekendjes, chillen in het park, avontjes stappen, avondjes dansen, spelletjes avond.. thanks 
voor alle gezelligheid!

De Clevers-naast-het-koffiezetapparaat-mensen Jurian, Arnout, Marc, Hugo, (en Wouter), 
bedankt voor de altijd interessante gesprekken tijdens mijn bakkie koffie!

Matilde en Fleur, samen begonnen bij het zuipdispuut ZaZou! Wie had kunnen denken dat we 
10 jaar later alle 3 een PhD positie zouden hebben? Bedankt voor alle gezellige avondjes, die vaak 
eindigden met veels te veel bier! Ook alle andere ZaZouers (Mark, Jesse, Alex, Reitze, Marjo, 
Coen, Harmen, Pim, Hannah, Tjerk, Do, Rosa, Bart, Anoek, Henri, Rick, Bunnik, Dolly, ) bedankt 
voor de altijd gezellige en late feestjes en vakanties! Soms is het een drempel om vanuit utrecht 
“helemaal” naar amsterdam te komen, maar als ik er eenmaal ben wil ik meestal niet meer terug.. 
Meiden, t lijkt wel alsof QuotmoZ alleen maar levendiger is geworden de laatste jaren. Thanks voor 
de altijd gezellige wijn avondjes!

Marlous, vriendinnetje van t eerste uur! Wat ben ik blij dat we elkaar nog steeds zien.. Ondanks dat 
we ver bij elkaar vandaan wonen is er altijd genoeg stof tot praten, bij een van ons thuis, op strand, 
in de kroeg, onder t genot van een high tea, in de sauna.. heerlijk!

Deno and Lauren, the Cincinnati ozzies. You guys are great! Thanks for all the nice diners we’ve 
shared. Lauren, I’ve really enjoyed our shopping sessions and our short holiday in Zurich together!

Familie

Lieve pap en mam, jullie zijn de liefste ouders op de hele wereld en ik hou zo ontzettend veel van 
jullie! Niet vergeten he, als ik straks ver weg zit.. Ik weet dat jullie t misschien fijner hadden gevonden 
als ik een baan wat dichter bij huis had genomen, maar toch steunen jullie me volledig in mn keuze 
om naar Boston te gaan. En dat is eigenlijk altijd zo geweest; toen ik besloot om in Amsterdam te 
gaan studeren ipv in Leiden, toen ik besloot om te switchen van geneeskunde naar BMW, toen ik 
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besloot mn PhD te gaan, toen ik naar australie ging voor mn stage. T feit dat jullie onvoorwaardelijk 
achter me staan heeft al deze keuzes zo veel gemakkelijker gemaakt! Mam, jij hebt me geleerd dat 
alles mogelijk is: al toen ik als klein meisje vertelde dat ik graag zuster wilde worden zei jij me dat 
dokter worden ook een mogelijkheid was. Ook wist je altijd precies wat alles t hele promoveren nou 
eigenlijk inhield, wat het een stuk gemakkelijker maakte om thuis te vertellen waar ik eigenlijk mee 
bezig was. Pap, wat heb jij een eeuwig geduld! Altijd vroeg je mij hoe het nu toch weer ging met 
alle proeven.. Zelfs toen ik laatst mn Rubicon aanvraag mee naar huis had genomen begon je het 
met veel interesse te lezen! Thanks! Je wist ook altijd als de beste een goeie analogie te vinden voor 
mijn rare onderzoeken; pacmannetjes, grote heggenscharen, het gesloten systeem van een kachel; 
fantastisch, waar haal je het vandaan! Ook ben je voor mij het perfecte voorbeeld van iemand die 
met veel plezier en passie zn werk doet, iets wat ik altijd heb bewonderd! Pap, mam, verder wil 
ik jullie natuurlijk bedanken voor alle heerlijke vakanties, weekenden, etentjes, ontbijt/brunches, 
dagjes samen die we de afgelopen tijd hebben gehad. Ik kom altijd met veel plezier naar jullie toe!

Maja, mn allerliefste zusje. Wat ben ik trots dat jij mn paranimf wilt zijn! Met de kleine Jake nog maar 
net geboren wijk je toch (even) van zn zijde om naast me te kunnen staan tijdens mn verdediging. 
In een prachtige jurk! Haha, de lol die we hebben gehad tijdens het passen daarvan is denk ik 
een mooi voorbeeld van hoe wij altijd de grootste lol kunnen hebben om helemaal niks; Ritsma 
humor :). Want ondanks dat we soms erg verschillend kunnen zijn, zijn we op heel veel punten toch 
ook hetzelfde! Ik denk dat Floris dat wel kan beamen; bijvoorbeeld als de zusjes weer eens samen 
zitten te sniffen als ze een lieve kerstkaart van hun ouders krijgen. Maaj, verder wil ik je natuurlijk 
bedanken voor t feit dat je er altijd voor me bent om over vanalles en nog wat te praten, hoe lang we 
elkaar ook niet gesproken hebben..  Floris, wat ben je er al lang bij! Jij hebt zelfs Reddy en Snoepie 
nog in hun begin jaren meegemaakt. Bedankt dat je Maja al zo lang zo gelukkig maakt, en dat je me 
twee prachtige neefjes hebt gegeven. Nick, lekkere kletskous.. Dank je wel voor de mooie muizen 
tekeningen die overal in dit boekje staan! Jake, die eerste lach van je is zo ontzettend mooi! Dat mag 
je altijd blijven doen.

Clair, Hans, Naomi, Malka, Ernst, kleine Ernst, Max; ik heb me altijd heel welkom bij jullie gevoeld! 
Bedankt voor alle gezellige etentjes.

Joram, lief leuk lekker ding! Wat maak jij me gelukkig. De chemie tussen ons kon bijna niet anders dan 
beantwoord worden en sindsdien heb ik zo ontzettend veel mooie momenten met je meegemaakt; 
van feesten op awakenings tot samen Twilight films kijken op de bank, van heerlijk oesters eten 
in Kentucky tot ijsjes likken in toscane. Door jou voel ik me altijd levendig en vol energie! Thanks 
dat je het lange-afstands-relatie-gebeuren een kans hebt gegeven, ook al was het soms behoorlijk 
frustrerend om niet bij elkaar te kunnen zijn. Vol verlangen kijk ik dan ook uit naar ons grote Boston 
avontuur. Ik kan niet wachten totdat het zo ver is :).. Eindelijk! Bijna! Dkus lieverd, :€, love you!      

Laila
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