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Modern imaging for life sciences is per-
formed on model organisms. It aims
at integrating functional information
obtained in vivo with high spatial
resolution.

Intravital CLEM uniquely enables the
visualization of key biological events
in living multicellular organisms and at
high resolution.

Bimodal probes are specifically devel-
oped to mark the event of interest for in
vivo and EM imaging.

Automating correlative workflows to
enable higher throughput is a prerequi-
site for routine and quantitative
applications.
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Studying key biological events within complex model systems relies on dynamic
and functional imaging at optimum spatial and temporal resolutions. Intravital
correlative light and electron microscopy (intravital CLEM) combines imaging
living multicellular model systems with electron microscopy, and offers full
ultrastructural details of dynamic or transient events in vivo. However, routine
use of intravital CLEM is hindered by multiple technological challenges faced
when targeting a micron-size object (e.g., single cells or organelles) in a complex
living organism. Recently, various approaches have been developed to over-
come these limitations. In this review we outline the current methods and
present the power of intravital CLEM in different fields of research. Finally,
we describe approaches that will make intravital CLEM a routine, quantitative
method for high-resolution cell biology in vivo.

Intravital CLEM for Correlating Structure to Function In Vivo
While in vitro models offer multiple advantages for cell biology, they fail to fully recapitulate the
complexity of tissues in vivo. To achieve a complete understanding of biological processes,
these are therefore best studied in living animals. Many functional techniques can be employed
for understanding a specific phenomenon in vivo, among which is intravital microscopy (IVM).
IVM allows visualization of dynamic and specific events in living animal model systems, at optimal
temporal resolution and, if required, over long periods of time [1–4] (Box 1). This can be done
using organelle- or protein-specific fluorescent tags, or using functional probes, both of which
inform on the location and on the function of the event of interest. Electron microscopy (EM), by
contrast, is the only method so far to reveal the rich subcellular landscape at high resolution.
Because EM also resolves the ultrastructural context, cellular interactions with their surrounding
microenvironment can be studied in tissues.

Correlative light and electron microscopy (CLEM) combines the advantages of both imaging
modalities, allowing the targeting of the event or the specific molecule of interest in space and time
using light microscopy, and subsequently imaging the exact same area in the specimen at high
resolution with EM. CLEM has yielded seminal results in vitro, either on cultured cells or on
organotypic tissue-slices [5–9]. This success has led to the design of numerous strategies to
correlate dynamic fluorescence microscopy (FM) to EM [10–16]. In an intact organism, correlating
IVM to EM using intravital CLEM enables high temporal and spatial resolution studies of crucial
biological events as they take place in their native environment. IVM allows the monitoring of behavior
over time, or the assessment of function, provided that functional probes such as in vivo sensors are
available. Next, EM permits studying the object, and its direct surroundings, at high resolution.
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Box 1. Intravital Microscopy: Watching Cells in their Natural Habitat

Because it allows cellular behavior to be observed in its native context, IVM is instrumental in acquiring new knowledge in the cell biology of developmental,
physiological, and pathophysiological processes. Uniquely, in vivo models integrate the complex cellular heterogeneity, the mechanical and topological properties of
the tissues, the presence of soluble factors, as well as optimal blood perfusion. Intravital imaging can be easily performed on naturally transparent organisms such as
embryos or larvae, and this has been particularly useful for studies in Drosophila, C.elegans, zebrafish, and the chick embryo (Figure IA). Because these models are
suited for non-invasive confocal microscopy, they can also be adapted to model diseases such as cancer [100,101]. Light-sheet microscopy, which is less phototoxic
than confocal and multiphoton microscopy, provides access to long-term volume imaging of fragile samples (early mouse embryos) [86]. It is also possible to image a
complete living organism, provided that they are translucent [87,102].

Non-invasive IVM in mouse models is rare, mostly because of light absorption that occurs when trying to reach cellular events localized deep in the tissue. Intact tissues
such as the epidermis or the subcutaneous layers (�100 mm) can be reached using two-photon excitation microscopy (2PM) [36,49,103,104]. However, most internal
organs either need to be surgically exposed to 2PM imaging or to be reached by endo-microscopy (Figure IB). Via surgical exposure, 2PM has been successfully used
to image organs such as the tongue, the leg muscles, the dermis, and organs of the gastrointestinal tract. Because these approaches are invasive and not compatible
with longitudinal recordings of the animals, scientists have developed imaging windows that provide deep access (up to few hundred mm) to brain [71], lung [105],
mammary tissue [1], abdominal organs [106], and subcutaneous tissues [107]. Virtually any biological event can be studied with IVM, but imaging windows have been
so far widely designed and used for tracking different steps of tumor progression [68]. An alternative to surgical exposure is the use of micro-endoscopic tools that are
less invasive and still provide access to important organs such as the brain, heart, airways, and colon [108]. In this case the micro-endoscope is inserted through
natural orifices or via small surgical openings. It must be noted that this approach is of lower resolution and has a smaller field of view compared to confocal FM and
2PM.

Another advantage of the 2PM, in addition to its penetration depth, is the visualization of non-labeled structures by non-linear fluorescence imaging. Non-
centrosymmetric molecules, such as myosin (muscle) and collagen, are imaged using second harmonic generation [109]; interfaces between water and lipids or
proteins (e.g., cellular membranes) can be visualized with third harmonic generation [110]; and lipids can be analyzed using CARS (coherent anti-Stokes Raman
scattering) [111]. A recent review on intravital imaging provides a comprehensive table listing the different in vivo imaging techniques and their applications [112].
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Figure I. Model organisms used in intravital correlative microscopy. (A) in vivo microscopy can be easily applied to transparent organisms. (B) In bigger opaque
animals, such as the mouse, some thin tissues can be directly observed by multiphoton microscopy, while others need to be surgically exposed. Alternatively, imaging
windows can be surgically implemented on the animal or specific tissues can be reached by endo-microscopy.
In this review we focus on the combination of in vivo microscopy on animals and EM, which we
refer to as ‘intravital CLEM’. Our aim is to facilitate and promote intravital CLEM by offering an
overview of the existing workflows (Figure 1, Key Figure), as well as by illustrating some of their
applications to various model-systems. We discuss the potential and limitations of each
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Key Figure

Outline of an Intravital Correlative Light and Electron Microscopy (CLEM)
Workflow

Animal Model Systems
- Commonly used: C. elegans, mouse, zebrafish
- The ROI is labeled with fluorescent probes

Intravital imaging
- Confocal, mul�photon, or light-sheet microscopy
- Func�onal imaging
- Time-lapse or long-term imaging

Processing for electron microscopy
- Biopsy of the imaged area
- Chemical fixa�on, heavy metals
- Dehydra�on and resin embedding

Image registra�on and correla�on
- Correla�on of datasets in 2D or 3D
- Retrieve posi�on of the ROI

3D Electron microscopy
- Semi-automa�c: FIB-SEM, SBF-SEM, array
  tomography
- Serial sec�on TEM and electron tomography

Image processing
- Aligning image stack
- Segmenta�on and 3D modeling of ROI

Figure 1. Different animal models can be genetically engineered and observed in vivo, allowing dynamic and functional
imaging of any biological event of interest. After fixation and processing for EM, the position of the region of interest (ROI)
within the resin block can be retrieved by correlating the volume acquired by intravital imaging and the fixed tissue. It allows
3D electron microscopy acquisition and segmentation of the ROI.

850 Trends in Cell Biology, November 2016, Vol. 26, No. 11



Box 2. Sample Preparation for EM

Classical EM processing involves chemical fixation, infiltration with heavy metals, dehydration, and resin embedding. This
procedure generates a sample that is comparatively stable in the vacuum of the electron microscope, and is suitable for
sectioning and EM imaging. Chemical fixation is a slow process and prone to introduce structural artifacts, whereas high-
pressure freezing (HPF) stops processes in a few milliseconds and yields better ultrastructural preservation [29,113]. The
advantages of HPF were exploited in the study of small organisms, where the event of interest can be monitored by IVM,
followed by rapid cryo-fixation [17,31]. Subsequently, the sample can be freeze-substituted and embedded in resin [114],
or the sample can be imaged under cryo-conditions with EM [115]. Interestingly, the use of cryo-FIB-SEM to generate
thin lamellas has recently been introduced to perform cryo-TEM tomography on multicellular specimens [116]. Such
techniques not only enable ultrastructural analysis of samples in a close to native state but can also reveal the structure of
macromolecular complexes at near-atomic resolution. The application of such approaches in intravital CLEM on small
model organisms is to be expected in the near future.

Nevertheless, efficient vitrification of biological specimens by cryo-fixation is limited to a maximum of 200 mm (when using
HPF) or even less, for example for challenging tissues such as mouse brain (10–20 mm) [113]. Cryo-fixation of a region
from large specimens would require dissection, which unavoidably leads to profound artifacts. Therefore, chemical
fixation is often the only alternative to efficiently immobilize large tissue samples in an intravital CLEM workflow. Following
initial fixation, heavy metals are added to the tissues, such as osmium tetroxide or uranyl acetate. In addition to being
strong fixatives, heavy metals are also contrasting agents for EM that allow the visualization of subcellular structures such
as endo-membranes, the cytoskeleton, and protein complexes. Moreover, heavy metal staining is of prime importance
when imaging large volumes by automated serial imaging methods using scanning EM (Box 3 and Figure 1 in main text),
which are highly suited to imaging multicellular specimens.
technique, and we introduce emerging approaches that will further push the efficiency and
throughput of intravital CLEM.

Keeping the Region of Interest (ROI) in Sight: Approaches for Intravital CLEM
Although imaging subcellular regions in multicellular organisms by FM can be done on large
volumes (Box 1), EM imaging demands a reduction in sample size and specialized tissue fixation
and processing steps (Box 2). These processing steps have a dramatic impact on the ability to
correlate EM to the IVM dataset (Boxes 2 and 3). Moreover, EM processing results in mod-
ifications to the dimensions and orientation of the sample, making it impossible to accurately
track the position of the ROI inside the resin block.

The most crucial step is the retrieval of the object imaged in vivo from the EM-processed 3D
sample. In the case of nematode embryos [17,18] and small model organisms [19,20], the entire
Box 3. Bimodal Probes for Intravital CLEM

The ideal probe for performing intravital CLEM is specific, biocompatible, and, importantly, visible both in LM and EM.
Several attempts have been made to develop such bimodal probes, the most potent of which involves genetically
encoded fluorescent molecules, combined with a system able to generate electron-dense deposits. The genetically
encoded miniSOG is a fluorescent protein that, upon blue light illumination, generates oxygen singlets that in turn induce
local DAB photo-oxidation. The result is the accumulation of a highly osmiophilic, thus electron-dense, deposit visible by
EM [117]. However, its reduced brightness and the requirement for light to induce DAB photo-oxidation precludes its use
in thick volumes of tissues because of light scattering. Alternatives are emerging, such as the fusion of a fluorescent
protein with a genetically encoded peroxidase (e.g., Flipper [118]). While this combination offers the best probes in each
imaging mode, it results in a large fusion protein (most fluorescent proteins and peroxidases are around 25 kDa) and
therefore requires functional validation before being used in an intravital setting. In an alternative approach, peroxidase
has been fused to a GFP-binding protein and coexpressed with the GFP-tagged protein of interest in a living animal [119].
This modular system relies on the potent APEX2 peroxidase [120], and allows fast and precise subcellular localization of
various proteins. The recently developed click-EM technology offers an interesting alternative to fluorescent proteins
because it allows non-protein biomolecules to be metabolically labeled with single-oxygen generating dyes using ‘click-
chemistry’ ligations [121].

Other probes specifically designed for in vitro CLEM (such as the FlasH/ReAsh system, [122]), as well as small organic or
inorganic affinity-based molecules (e.g., quantum dots), may presently be restricted to specific cases of IVM [123]. It
remains problematic that some of these probes are not biocompatible or may even be toxic, and it is challenging to deliver
these probes to the cells in a living organism.
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sample can be screened with EM to retrieve the ROI. Serial imaging of full samples from larger
organisms, however, is highly cumbersome and results in unnecessarily large datasets. We
outline here methodologies that keep track of the ROI when moving from IVM to EM, either by
relying on bimodal probes (Box 3) or on anatomical or artificially introduced landmarks that are
visible in different imaging modalities.

Translating Staining for In Vivo Imaging to EM
Intravital CLEM approaches have elaborated on existing methods for in vivo microscopy. These
rely on genetically encoded fluorescent proteins to study, in living animals, the expression and
localization patterns of specific proteins, and to analyze the fate and behavior of specific cells or
subcellular compartments. While these can be easily observed in transparent or relatively thin
embryos using conventional fluorescence techniques, in two-photon excitation microscopy
(2PM), the use of fluorophores excitable in the near infrared spectrum allows deeper observation
in somewhat opaque tissues because the light is less absorbed and scattered at these wave-
lengths (700–900 nm, Box 1). However, only a few studies have translated the fluorescent signal
recorded with intravital imaging to EM [21–24]. This has been achieved either by preserving the
fluorescence of the object of interest while processing for EM or by converting it to an electron-
dense material visible by EM, mostly through DAB (3,30-diaminobenzidine) oxidation [13,25,26].
Oxidation of DAB into an osmiophilic product can be achieved either by using peroxidase-
coupled antibodies [21], photo-oxidation by a fluorochrome or a fluorescent protein [22,24], or
by using genetically encoded peroxidases [23]. Fluorescence can be preserved in the resin block
through chemical fixation using low amounts of heavy metals [27,28] or through high-pressure
freezing (HPF) followed by freeze substitution and lowicryl embedding [29,30]. The latter
constitutes a promising solution to follow the same staining in both imaging modes (Box 3),
with great potential for intravital CLEM.

Correlating In Vivo Microscopy to EM Based on Landmarks
Limiting 3D electron microscopy (3DEM) imaging (Box 4) to the area that was identified with IVM
is one of the most effective approaches for intravital CLEM. This approach requires precise
identification of the position of the ROI within the processed sample, even when fluorescence is
abolished (Box 2). Targeted ultramicrotomy relies on overlaying 2D IVM images on a macro-
scopic image of the resin-embedded sample, for example C. elegans, zebrafish, or Drosophila
embryos (Figure 2A and Box 1). The superimposed IVM image provides the position of the ROI,
and this location can then be carved onto the resin block using a laser dissection microscope
[31,32] (Figure 2A). The markings are subsequently used as a guide to target the ROI using
ultramicrotomy. Although highly effective in comparatively flat samples such as the nematode or
the zebrafish embryo, this method is limited to retrieving the x and y coordinates of the ROI and it
does not reveal its z position within the block. For large 3D samples, alternative approaches are
thus required.

One effective approach is to map the position of the ROI with respect to landmarks in the tissue
surrounding the ROI (Figure 2A). Endogenous or artificially introduced landmarks are used as a
guide to retrace the position of the ROI following EM processing. Tissue features can be
effectively used as landmarks provided that they are recognizable both with IVM and during
the subsequent processing and imaging procedures. The vascular network can be imaged
in vivo, for example by using transgenic animals in which endothelial cells stably express
fluorescent proteins, or by injecting fluorescent dyes into the circulation. Alternatively, fluorescent
red blood cells can be injected to reveal vessel perfusion in vivo [33]. In thin and largely
transparent tissues [34,35], vessels are still recognizable after resin embedding and can be
used to select the area to be imaged with EM. In mouse skin tissue, networks of vessels and
collagen fibers were exploited to correlate the IVM dataset to LM images of thick 500 nm
sections that were obtained while progressing through the ROI [36]. In zebrafish, trimming and
852 Trends in Cell Biology, November 2016, Vol. 26, No. 11



Box 4. Volume EM: Automating Subcellular Imaging in 3D

Recent technological advances have resulted in the development of 3D electron microscopy (3DEM) to image voluminous samples ranging from whole cells to
organisms. 3DEM imaging has mostly been performed by serial-section transmission EM [124,125], which can be combined with serial electron tomography (Table I).
Scanning TEM (STEM) tomography allows thicker sections (0.5–1 mm) to be imaged, thus permitting larger volumes to be visualized [126,127]. However, serial
sectioning is cumbersome, results in an inevitable loss of material, and sections are deformed by the cutting process. Moreover, the sectioning, staining, and imaging
steps demand constant input from the operator. Scanning EM (SEM), which was traditionally used in life sciences to obtain topographic images of samples, is now
emerging as the future of 3DEM (Table I).

SEM offers semi-automatic approaches for 3DEM. Large sequences of serial sections, mounted on a solid substrate, can be imaged with SEM [63,128–132]. Coined
as ‘array tomography’, this method involves performing repetitive immunofluorescent labeling, FM, and EM imaging of serial thin sections mounted on glass slides
[133–136]. Adjustments to the method have been made to improve SEM imaging conditions [137,138]. Collecting serial sections has been automated by the invention
of the automated tape collection ultramicrotome (ATUM) [139–141]. In this technique serial sections are collected on a tape as they come off the knife. The tape is split
into numerous fragments that are mounted on large wafers, which are imaged. Importantly, the acquisition step is automated by the development of microscope-
controlling software that recognizes and images the sections (e.g., [141] and Atlas 5, Zeiss).

Alternative approaches have been developed to image the block-face of the sample following removal of thin layers of biological material. Arguably, the block-face
suffers less from deformation compared to thin sections, and imaging with SEM is limited to the first �5–60 nm of the sample surface. Repetitive cycles of sectioning
and SEM imaging of the block-face enable 3D image stacks of the sample to be generated [63,128,130,131,142]. This can be achieved in two ways: (i) focused ion
beamFIB-SEM combines a SEM column, for imaging, with an FIB column, that sputters thin layers (down to 3 nm) of biological material [142]. (ii) Using serial block-face
SBF-SEM [143,144], 30–100 nm sections of the sample are removed by a custom-built microtome mounted inside the SEM chamber. In both FIB-SEM and SBF-
SEM, sectioning–imaging cycles are performed automatically and may run over several hours or days, depending on the desired image volume and voxelsize. These
techniques now enable visualization of the ultrastructure of samples of large dimensions, revealing complex organelle networks in cells, or enabling the analysis of cell–
cell contacts in large tissues.

Table I. Approaches for 3D Electron Microscopy

3DEM Approach Typical
Lateral
Resolution
(xy)

Typical Axial
Resolution (z)

Sample Volume Manual parts of
Procedure

Notes Selected
Reviews

Serial section TEM

1–5 nm 50–100 nm Block-face:
0.5 mm � 0.3 mm

Trimming block, serial
sectioning, TEM
imaging

May be combined with
serial electron
tomography,
improving the
resolution in z to
> 1 nm. Multiple
acquisitions are
possible, and sections
are preserved.

[63,125,
128,130,
131]

Array tomography
(with ATUM) SEM

4–8 nm 40–200 nm Block-face:
> 0.5 mm � > 0.3 mm

Trimming, serial
sectioning (unless
performed with
ATLUM), monitoring
microscope

Multiple acquisitions
are possible, sections
are preserved. May be
combined with
immunolabeling and
FM/LM.

[63,
128–132]

Focused ion
beam SEM

4–8 nm 4–8 nm Size of the stub: mm
range. The imaged
volume is smaller
(50 � 50 � 50 mm3)

Trimming and mounting
sample, setting up and
monitoring microscope

Material is ablated and
thus lost. The block-
face is imaged: less
deformation, resulting
in improved post-
acquisition alignment.
FIB can be used for
imaging.

[63,128,
130,131,
142]

Serial block-face
SEM

5–8 nm 100 nm 300–500 mm in xy,
200–500 mm in height.
Imaged volume may
be the full block-face
or selected ROIs

Trimming and mounting
sample, setting up and
monitoring microscope

Sections are not
preserved. The block-
face is imaged: less
deformation, resulting
in improved post-
acquisition alignment.

[63,128,
130]
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Figure 2. Approaches Used To Retrieve the ROI Observed by Intravital Microscopy (IVM) in the Resin Block.
(A) Anatomical features (e.g., melanocytes, vasculature, yolk sac, muscles) present in the tissue can be used to locate the
ROI (region of interest) by focused ion-beam scanning EM (FIB-SEM) [37], or post-embedding laser etching can enable
targeting for serial transmission electron microscopy (TEM) [32]. (B) The ROI can be delimited in x–y by near-infrared
branding (NIRB) of the living tissue following intravital imaging which enables precise EM acquisition by TEM or by FIB-SEM
[47,48,55]. (C) 3D registration of the anatomical features present in the tissue (such as blood vasculature), visible in IVM and
microCT (mCT), allows the ROI to be precisely targeted in 3D and volume ultrastructure to be acquired by FIB-SEM [49].
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approaching the ROI can be monitored by relying on structural features such as the yolk sac,
notochord, melanocytes, muscles, endothelial cells, and blood vessels [32,36–40] (Figure 2A).

Retrieval of the ROI within Vibratome Sections: From LM to Near-Infrared Branding
For voluminous specimens such as the mouse brain, the ROI can be retrieved by screening serial
thick (60–100 mm) vibratome sections of the tissue. Inspecting these sections by LM allows
quick retrieval of the area imaged in vivo. The ROI can be marked by photo-oxidation of
fluorophores or by affinity labeling with peroxidases (Box 3). These deposits are visible in the
vibratome sections before [22,23,41] and after resin-embedding [25]. DAB-labeling of GFP-
expressing neurons has been used in mouse brain [21,24,42–45], based on an in vitro CLEM
approach using cultured brain slices [46]. In this technique, IVM through a cranial window (Box 1)
is followed by perfusion fixation, and 60 mm vibratome sections of the brain are produced parallel
to the imaging plane. Repetitive freeze–thaw cycles of the cryo-protected brain slices ensures
effective affinity-labeling of the GFP-expressing neurons and subsequent targeting with perox-
idases, which in turn generates DAB deposits. Following resin embedding, the position of the
ROI is retrieved in the brain slice based on correlating the visible vascular patterns with the IVM
dataset. Following serial sectioning of the area of interest, the DAB-labeled neuron is retrieved
while screening the sections with transmission electron microscopy (TEM).

Alternatively, near-infrared branding (NIRB) can be used to mark the position of the ROI in the
vibratome section (Figure 2B) [47]. Following IVM and chemical fixation, the vibratome sections
are screened to retrieve the fluorescent ROI. Physical markings are created by NIRB, consisting
of tissue damage induced by a high-powered slow-scanning laser in the same z plane or above
the ROI [47]. These marks are visible in the tissue section by imaging at a low magnification
(macroscopy) and by EM, facilitating retrieval of the ROI during processing and EM imaging.
Light scattering induced by the tissue limits the depth of the branding, and NIRB is therefore
mostly performed to mark the surface of the sample [36] or the inside of the vibratome sections
[47,48]. The technique has been proven effective in various tissue types, including mouse brain
[47–49], spinal cord [47], and skin [36,49].

A correlative IVM and focused ion-beam scanning EM (FIB-SEM, Box 4) workflow was
developed to retrieve single neurons in brain tissue, and is now routinely used in many studies
[48,50–54] (Figure 2B). In this technique, IVM of GFP-expressing neurites is followed by
perfusion fixation and vibratome sectioning of the mouse brain. The pattern of blood vessels
observed in vivo is used to retrieve the ROI within the vibratome sections, by image registration,
and this area is subsequently marked by NIRB. Following resin embedding, these NIRB marks
are visible and are copied to the resin surface by laser etching. These supplementary landmarks,
as previously used for targeted ultramicrotomy [31,38], greatly facilitate the trimming of the resin
block to expose the sample for volume EM imaging [55] (Figure 2B).

MicroCT to Target the ROI inside an EM-processed Sample
Screening serial resin-sections or vibratome-sections of the sample enables the retrieval of the
ROI in x, y, and, importantly, in z. For obvious reasons, such as time constraints, browsing
through the sample using 50–500 nm serial sections is limited to small organisms or flat tissues.
Retrieving the ROI inside vibratome-sections requires the targeted structure to be much smaller
than the thickness of the section. In the case of dendritic spines, boutons, axons, and synapses
[48,50–54,56], the features are sufficiently small to be captured in full inside a 60–100 mm
vibratome section. However, in studies of metastatic events, full 50–80 mm sized tumor cells
were targeted in living mice [49]. In this case it was necessary to avoid disrupting the integrity of
the cell of interest that could occur when obtaining vibratome sections. Therefore, an alternative
approach was developed that bypasses serial vibratome sections and screening of the tissue.
First, the xy position of the imaged volume is marked at the tissue surface using NIRB [36,47],
Trends in Cell Biology, November 2016, Vol. 26, No. 11 855



enabling the excision of a > 1 mm3 biopsy containing the ROI following perfusion fixation. Next,
microCT is exploited to map the EM-processed sample, which identifies the position of the ROI
within the resin block (Figure 2C). Although the resin-embedded samples are generally opaque
(Box 2), microCT allows imaging of their topology [49,57–60]. The heavy metal stains used
during processing for EM generate image contrast in microCT [61,62], revealing the outlines of
the resin block, the embedded tissue, and the structural features therein. It was previously
demonstrated that microCT imaging reveals DAB-labeled neurons and nano-phosphor particles
inside tissue [60]. Importantly, microCT can be further exploited to facilitate and accelerate the
correlation between IVM and EM imaging. Endogenous features that are visible in IVM and
microCT enable 3D registration of both volumes, accurately determining the position of the ROI
inside the EM-processed sample. Subsequently, the resin block can be trimmed quickly and
precisely to expose the ROI for 3DEM [49] (Figure 2C and Box 4). Moreover, the registration of
the IVM volume to the microCT compensates for the tissue shrinkage introduced by the EM
sample preparation, and thus provides high targeting precision (<5 mm).

Applications of Intravital CLEM in Model Systems
The methods described above have enabled the retrieval of transient and rare events within
voluminous, complex samples and have facilitated diverse applications in the fields of neuro-
science, development, and cancer biology. In this section we outline some of the main findings
provided by intravital CLEM studies in commonly used model systems (Box 1).

Neuroscience: Pioneering and Pushing intravital CLEM
Neuroscience has undoubtedly been one of driving forces in the development and application of
intravital CLEM. Studying the complex neuronal connectivity matrices requires knowledge about
the architecture of axons and dendrites, and the locations and strengths of synapses [63]. Using
novel tools and probes, FM visualizes some of these features, but only EM reveals the neurons at
high resolution in their structural context. Combining functional and long-term IVM imaging with
EM thus makes intravital CLEM both popular and instrumental in neurobiological studies. One
commonly used model system is the mouse brain, where IVM is performed through a cranial
window to image fluorescently labeled neurons in the cortex. Alternatively, Xenopus tadpoles
[23] and Drosophila [19] have been used in intravital CLEM studies to follow synapse formation
during neuronal development. In addition to IVM of fluorescent proteins expressed in neurons,
neuronal activity can be visualized by calcium imaging (Figure 3A). The preferred response of
pyramidal neurons to stimuli of specific orientations was determined by presenting differently
angled black and white lines to anesthetized mice, and visualizing the calcium response in a
subset of neurons from the visual cortex. Through intravital CLEM, serial section EM revealed
that the connectivity between these pyramidal neurons and inhibitory interneurons was depen-
dent on their physical proximity and not on the preferred orientation [64]. When exploring
neuronal connectivity and plasticity, EM was often employed as a confirmation or extension of in
vivo imaging. EM of a small subset of the IVM imaged neurites validates in vivo measurements,
such as the correlation between fluorescence intensity and the volume of spines [44], boutons
[51], or of postsynaptic densities [53]. Importantly, intravital CLEM demonstrated that the shape
of spines cannot always be accurately defined by relying solely on resolution-limited IVM [54]. In a
series of studies on neural circuit plasticity, the dynamics of spines [42,44] or boutons [24] were
monitored over days and months, and the presence of synapses was confirmed by EM. Aiming
to define the structural basis of age-induced cognitive decline, EM was also employed to
visualize synapses on small spines [50] and large boutons [51] in brains of aged mice. Two
studies, mainly relying on intravital CLEM to assess the mechanics of circuit development,
demonstrated the unique power of correlative imaging to link ultrastructure to a priori knowledge
of growth dynamics [21,23]. The age and persistence of spines were analyzed by in vivo imaging
over a period of > 28 days, and these findings were correlated to the presence of synapses, to
spine volume and surface area, and to the neurite connectivity pattern as assessed with EM.
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Figure 3. Examples of Intravital CLEM Applications. (A) In vivo two-photon calcium imaging correlated to EM was used to elucidate neuronal networks in the mouse
primary visual cortex [64]. (B) Time-lapse IVM of labeled neurons allowed axonal branching dynamics to be studied. Coexpression of GFP and HRP allows the neuron of
interest to be retrieved. Once reconstructed using serial TEM (vEM), the postsynaptic profiles from a stable axonal branch are documented [23]. (C) In the zebrafish
embryo, intravital CLEM was used to precisely determine the ultrastructure of the endothelial cilia in the blood flow [38]. Abbreviations: HRP, horseradish peroxidase; IVM,
intravital microscopy; 2PM, two-photon excitation microscopy; TEM, transmission electron microscopy; vEM, volume electrom microscopy; sET, serial electron
tomography; 1PM, single-photon excitation microscopy.
Such detailed analysis contradicted the Peters–Miller model of synapse formation and led to the
conclusion that a growing spine can form a synapse de novo, preferentially with presynaptic
elements that are already connected to another spine [21]. Similarly, in vivo dendritic branch
dynamics in tectal neurons of Xenopus tadpoles have been correlated to the distribution,
connectivity, and maturity of synapses, as revealed by EM (Figure 3B) [23]. Dynamic dendrites
harbor a higher number of synapses compared to stable or retracting ones. During develop-
ment, branches form multiple synapses, which are then reduced upon stabilization [23].

In summary, intravital CLEM can provide unique insights by combining functional imaging of
neurons, via for example in vivo calcium imaging, to their detailed structural organization, as
visualized by 3DEM. Moreover, long-term monitoring of the development and behavior of
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neuronal connections by IVM can be followed by revealing the ultrastructure of the synapses and
mapping neuronal organization.

Intravital CLEM in Developmental Biology
Intravital CLEM enables the visualization of the ultrastructure of transient processes during
development in living model systems, such as mice [22,65], C. elegans [17,31], and zebrafish
[32,37–40] (Figure 2A). IVM is used to monitor developmental processes, for instance, organo-
genesis in zebrafish embryo (Figure 2A) [32]. In this work, IVM revealed that the deposition and
formation of mechanosensory organs by a migrating primordium is regulated by fibroblast
growth factor, which accumulates in a microlumen in the center of the organs. By combining IVM
with serial section TEM, it was shown that the microlumen is a well-defined apical space that is
contacted by all cells in the organ progenitor [32]. Intravital CLEM in developing zebrafish
embryos revealed that the inner structure of endothelial cilia could support their mechanical
properties, and thus enable their function as optimal blood-flow sensors. Using serial electron
tomography of cilia deflected by the blood flow, it was shown that microtubule content
decreases along the axoneme, which potentially regulates their flexural rigidity [38]
(Figure 3C). IVM can furthermore be used to pinpoint cells of interest, such as in a recent study
of hematopoietic stem and progenitor cells in the caudal hematopoietic tissue niche in zebrafish
embryo vasculature. The microenvironment of the lodged cells was imaged by serial section
TEM, revealing the contact between hematopoietic stem cells and perivascular niche cells via
wrapping, extension of protrusions, or cell–cell attachment [40].

Overall, the application intravital CLEM to embryo models available in developmental biology has
the potential to answer unsolved questions related to stem cell origin and fate. As a stand-alone
technique, IVM allows the monitoring of developmental processes over time in living organisms,
but lacks in resolution the ability to visualize subcellular detail. EM, by contrast, images the
sample at high resolution but does not allow rapid screening of crucial developmental events in
space and time. For this reason, intravital CLEM is the only technique suitable for studying
developmental processes at subcellular resolution. For example, intravital CLEM could help to
address the mechanisms of vessel anastomosis [66] or endothelial–hematopoietic transition
[67], where the ultrastructural architecture of the cells can be visualized with EM at different steps
during the process, as monitored via IVM. In addition, new fast-imaging technologies where low
phototoxicity can be exploited to assess developmental events over long periods of time, such
as light-sheet microscopy (Box 1), could also be employed. Combining these imaging
approaches with high-resolution EM will undoubtedly lead to a better understanding of devel-
opmental events.

Intravital CLEM in Cancer Biology
Intravital CLEM bears great potential in addressing animal models of human pathologies at a
subcellular level. Cancer biology has often been studied by IVM [68], resulting in seminal findings
on key aspects of tumor cell invasion or metastasis [69–73]. Recent developments in intravital
CLEM captured invasive tumor cells in mouse skin tissue [36]. In this study subcutaneous tumor
xenografting in the ear was followed by non-invasive IVM, and subsequent EM. This approach
revealed subcellular features of tumor invasion, such as tumor cell protrusions, interaction
between tumor cells and the surrounding extracellular matrix, as well a detailed morphology
of the invading cells. MicroCT-guided CLEM in the mouse ear significantly reduced the time
required to retrieve tiny invasive tumor cells at high resolution, and will undoubtedly lead to new
observations that will be instrumental for describing the molecular machineries involved in tumor
cell invasion [49]. In particular, this method can provide ultrastructural features of the plasticity of
invasive tumor cells and of their microenvironment at the stromal boundary of a tumor xenograft.
Furthermore, intravital CLEM was used to track single metastasizing cells in the mouse brain
vasculature and to provide, using FIB-SEM (Box 4), details of the early steps of extravasation [49]
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Outstanding Questions
How can IVM become fully non-inva-
sive to prevent interfering with or dis-
rupting the biological model system?

Can intravital CLEM be performed on
spontaneous mouse cancer models
and provide understanding of the
metastasis cascade?

Can we further enhance the spatial and
temporal resolution of IVM? Can we
exploit endogenous fluorescence and
additional probes to reveal more of the
environment of the ROI to facilitate
correlation?

How can we introduce cryo-fixation in
the intravital CLEM workflow? Follow-
ing IVM, stabilizing the sample using
cryo-fixation will arrest the event of
interest as it takes place. Moreover,
cryo-fixation not only improves the
ultrastructural preservation of the sam-
ple but also would be an obligatory
step for developing cryo-CLEM.

How can image processing and data
analysis be automated? Will it be possi-
ble to fully automate segmentation and
annotation of the cell ultrastructure?

How can the throughput of the correl-
ative workflow be increased to study
large numbers of samples?

Will CLEM become a routine approach,
comparable to confocal microscopy,
which is accessible for all scientists?
(Figure 2C). This study proves that a rare event such as tumor cell extravasation can be assessed
at high resolution, in vivo in its metastatic niche.

Rare and transient metastatic events, such as invasion, intra- and extravasation, can only be
found in living tissue using IVM. IVM can be exploited to not only pinpoint the time and place of
the event but also to track the behavior of the tumor cells over time. However, the resolution of
IVM is insufficient to reveal the detailed architecture of the tumor cells and does not show their
interaction with the microenvironment, which can only be revealed by EM. For instance, only EM
can visualize the complexity of the cytoskeletal arrangement, the variety of intracellular organelles
that are key elements for cell signaling, and the nature of the cell–cell and cell–extracellular matrix
interactions. Intravital CLEM thus provides unique insights into metastatic processes and, in the
future, could reveal other features of tumor cell invasion such as extracellular vesicle shedding
and uptake [1], tumor/stroma crosstalk, or nuclear squeezing that leads to the rupture of the
nuclear envelope [74].

Concluding Remarks and Future Directions
Combining IVM and EM generates unique insights into the mechanism and architecture of an
event of interest taking place inside a living organism. Recently, technological developments,
new probes, and improved workflows have made routine, widespread use of intravital CLEM
within reach. Most notably in neuroscience, intravital CLEM is used in numerous studies to
support IVM observations or as the main method to study neuronal growth dynamics.
However, intravital CLEM still requires experience, dedication, time, and, often, sophisticated
equipment, which can be challenging for many laboratories. Our own experience proved that
tight collaboration between interdisciplinary teams is a rewarding way to circumvent such
limitations.

A widespread and routine use of intravital CLEM relies on the development of automated
procedures. Automating a multi-step, multi-equipment, and complex procedure such as
intravital CLEM is currently not within the realm of possibilities, but some crucial steps
can certainly be improved or simplified (see Outstanding Questions). Starting with IVM, much
can be gained by improving the spatial resolution and image quality. Super-resolution
microscopy (SRM) defies the diffraction limit of light and obtains an xy resolution of
10–130 nm [75]. Intravital SRM was previously performed on C. elegans [76,77], zebrafish
embryos [77,78], and mouse brain [79–81]. The effective resolution of such SRM
approaches, however, is hindered by the scattering effect of the tissue. This, in turn, can
be compensated for in vivo by adjusting an objective correction ring, by wave-front sensing,
and adaptive optics aberration correction [82–84]. However, in vivo imaging demands high
temporal resolution, and some SRM techniques or adaptive optics may currently be too
slow to capture transient events. The need for reduced phototoxicity in conjunction with
increased temporal resolution is being filled by recent developments in light-sheet micros-
copy, which opens new avenues for performing long-lasting time-lapse imaging at high
resolution [85–87].

IVM could generate additional functional information by making use of different probes, such as
fluorescent timers [88,89] and opto-reporters [90]. Moreover, cellular processes can be influ-
enced by photo-activatable genes, which have been used to study synaptic vesicle dynamics in
C. elegans with EM [91,92]. Following stimulation of light-activated sodium channels, the worm
was rapidly (within 20 ms) cryo-immobilized by high-pressure freezing and subsequently proc-
essed and imaged with EM [91,92]. In addition, recent developments in fluorescence and
chemical biology open the field to the study of nm-sized objects such as nanoparticles within
living animals. When combined with EM, such analysis allows the targeting of nanoparticles and
analysis of their ultrastructural context [93].
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Correlating IVM to EM is easiest when datasets from both modalities largely overlap: this
enables the identification of a larger number of common landmarks, which improves the
registration of the imaged volumes. IVM typically provides a large field of view, but volume
imaging by TEM required large numbers of serial sections. A TEM camera array employed
in an intravital CLEM study extended the field of view of EM [64]. Similarly, a multi-SEM
was developed that combines > 61 electron beams and detectors [94]. Importantly, a
number of recent developments have resulted in automated volume EM (see Table I in
Box 3). With FIB-SEM and SEM, an interplay between dedicated hardware and software
enables sectioning and imaging with limited assistance of an operator. Automated serial
imaging in SEM has the potential to bridge the need for large volume acquisition when
correlating EM to LM. The use of these techniques in CLEM is expected to dramatically
increase in the near future.

Finally, the ease-of-use and throughput of intravital CLEM could be significantly improved by
automating the retrieval of the ROI and the analysis of the data. In intravital CLEM, correlating the
different datasets is primarily performed manually using commercially available software, such as
Adobe Photoshop [32,36,38] or Amira [20,36,49], but also using freeware such as Fiji [40,64,95]
and potentially Icy [96]. However, no software is currently available that enables fully automatic
alignment between 2D or 3D IVM and EM volumes. Following EM imaging of the ROI, the stack of
EM images that make up the 3D volume need to be aligned, mostly performed with TrakEM (Fiji)
[36,41,48–54,97] and the structure of interest may be highlighted by segmentation. Segmen-
tation enables 3D visualization of the ROI and can be crucial for correlation between IVM and EM
[54]. To automate segmentation, machine-learning software is being developed and constantly
improved [98,99]. However, the majority of segmentation work on EM volumes still involves time-
consuming manual labor.

In conclusion, intravital CLEM is a developing field that could gain accessibility by simplifying and
automating crucial workflow steps. Because intravital CLEM combines IVM and EM, the
potential of the approach is restricted by the limitations of both techniques. Then again, the
developments recently achieved for both IVM and EM contribute to intravital CLEM as a whole.
Further improvements, especially in dedicated registration and image-processing software, will
enhance the throughput of intravital CLEM, allowing quantitative structure–function studies to be
performed in vivo.
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