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Chapter 3
Eavesdropping on Biological Processes 
with Multi-dimensional Molecular Imaging

Andrey Andreev, Scott E. Fraser, and Sara Madaan

3.1  Intravital Imaging

A more complete understanding of biological processes at cellular and molecular 
levels requires the ability to study them in time and space. Such observation became 
increasingly easy with the use of genetically encoded fluorescent markers, such as 
GFP, and the latest developments in optical microscopy. This combination of tools 
permits the structure and function of biological tissues to be imaged in zebrafish 
non-invasively. For example, it has become possible to image cardiac structure 
when GFP is fused to cytoskeletal elements, such as alpha-catenin; similarly, neural 
activity can be followed when genetically encoded calcium sensors are used to 
eavesdrop on sets of neurons. Such intravital imaging has furthered our understand-
ing of the relationships between cardiac structure and function, as well as between 
neuronal activity patterns and complex behaviors such as sleep. Imaging these pro-
cesses in 3 dimensions – at whole tissue scale and at subcellular resolution – is 
challenging to perform at sufficient speeds to capture the dynamics under study. 
Here we review some emerging approaches that combine the speed of Light Sheet 
microscopy with sets of computational image processing and image analysis tools, 
offering clear paths to overcome these challenges. We will take advantage of the 
zebrafish as an excellent system for imaging, and offer examples drawn from recent 
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efforts to perform 3D imaging at single-cell resolution of the beating heart, and of 
whole-brain neural activity.

3.2  Volumetric Cardiac Imaging in Embryonic Zebrafish

3.2.1  Zebrafish As a Model System for Cardiovascular 
Research

Congenital heart diseases (CHDs), not only represent the most prevalent birth 
defects in humans but also one of the leading causes of infant mortality and morbid-
ity (Pierpont et al. 2007). Although several vertebrate model systems allow mecha-
nistic investigations of cardiac development and of cardiac diseases, zebrafish 
(Danio rerio) offers a powerful model organism for cardiovascular development 
studies using imaging tools. Because of its small size, passive diffusion of oxygen 
can support the normal development of zebrafish embryos that are completely lack-
ing a functional cardiovascular system or blood circulation; this permits analyses of 
embryos with severe cardiovascular defects that would be impossible in other sys-
tems (Stainier et al. 1996). Because zebrafish embryos develop externally and are 
optically transparent, they are ideal for live, in vivo imaging of cellular and physi-
ologic processes involved in cardiac morphogenesis (Hove et al. 2003). The zebraf-
ish heart is small enough in size (~250 μm × 200 μm × 150 μm) to be imaged in its 
entirety at sub-cellular resolution.

Zebrafish and mammalian hearts exhibit several well conserved structures 
including atria, ventricles, cardiac valves and a cardiac conduction system which 
coordinates the contractions of the atrial and ventricular chambers and maintains a 
normal heart rate (Beis et al. 2005; Chi et al. 2008; Sedmera et al. 2003; Stainier 
et al. 1993). These conserved features make zebrafish studies of cardiac develop-
ment (e.g. valve development) and physiology (e.g. cardiac conduction studies) rel-
evant to human cardiac development and pathologies.

The rapid development and large offspring numbers make zebrafish ideal for 
forward genetic screens, which have identified numerous cardiovascular mutant 
phenotypes. These mutants provide excellent model systems to understand human 
cardiac disease mechanisms, and the similarities of the mutant phenotypes to key 
features of some human cardiomyopathies, have resulted in the identification of 
novel candidate genes responsible for human cardiomyopathies. Zebrafish cardiac 
mutants have identified regulatory mechanisms that play crucial roles during car-
diogenic specification and differentiation, migration of cardiac progenitor cells, 
heart tube morphogenesis, and cardiac function. For instance, the zebrafish weak 
atrium (wea) mutant has shed light on the importance of blood flow through the 
developing ventricle for the establishment of proper ventricle morphology 
(Auman et al. 2007).
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Reverse genetic approaches allow functional tests of genes suspected to play 
important roles in cardiac function, development or pathology. For example, several 
potential genetic risk markers for atrio-ventricular (AV) valve and septum defects, 
identified from a study of 190 heart disease patients, result in malformation of the 
AV canal and other defects when expressed in the zebrafish (Vermot et al. 2009; 
Wienholds et al. 2003).

3.2.2  Cardiac Development: Symbiosis of Function and Form

Examining the relationship between function and form of the heart can offer impor-
tant insights into cardiac morphogenesis as well as late-onset or acquired cardiac 
diseases (Hove et al. 2003; Bartman and Hove 2005; Beis et al. 2005). Since the 
anatomy of the heart is not fully formed until several days after its function has been 
initiated, it seems likely that the heart’s early mechanical function plays a role in its 
own morphogenesis. The beating of the heart generates several types of forces at 
different spatial and temporal scales. While both endocardial and myocardial cells 
undergo cyclical compression and expansion at the tissue scale, individual endothe-
lial cells directly experience the shear stresses and oscillatory flows generated by 
moving blood (Vermot et al. 2009). Several studies have suggested that changes in 
myocardial function result in cardiac remodeling (Hove et al. 2003; Bartman and 
Hove 2005; Beis et al. 2005).

3D imaging of fixed heart tissue has prompted the proposal of models for how 
cardiac function affects cardiac development. For example, Auman et al. used con-
focal imaging of fixed zebrafish to propose (Auman et al. 2007) that cardiomyocyte 
contractility, in addition to previously suggested hemodynamics (Hove et al. 2003), 
plays a role in determining the structures of cardiomyocytes in different parts of the 
zebrafish heart. Because stopping the heart can lead to changes in cardiac cell mor-
phology, imaging of fixed or immobile hearts is not an ideal means to accurately 
assess changes in cell shape and size. Similarly, 3D Ca2+ −mapping in heart tissue 
using light sheet microscopy has improved our understanding of cardiac conduction 
patterns, but in cells of an immobilized heart (Weber et al. 2017). The development 
of techniques that allow visualization of the cardiac chambers as well as the blood 
flow through the heart in 3 dimensions over the time-period of the heart develop-
ment would best advance our understanding of how the proper functioning of the 
developing heart affects cardiac morphology and vice versa.

3.2.3  Cardiac Imaging Is a 4-Dimensional Challenge

Visualizing the beating heart by using in vivo dynamic imaging has become possi-
ble due to the availability of several stable transgenic zebrafish lines expressing 
fluorescent proteins in defined cardiac and blood cells. To study cardiac 

3 Eavesdropping on Biological Processes with Multi-dimensional Molecular Imaging



16

developmental mechanisms, in vivo dynamic imaging methods must provide high 
spatial and temporal resolution, and must allow imaging of an individual zebrafish 
embryos throughout significant fractions of their development. Only then will it 
become possible to address the relationship between blood flow, shear stress, wall 
motion and normal cardiac development.

Despite the flexibility offered by the small size and transparent tissues of zebraf-
ish embryos, it is still a fundamental challenge to create four-dimensional (4D) 
images (i.e. a volumetric (3D) movie of the beating embryonic zebrafish heart 
through the full depth of the beating organ) at volume rates sufficient to resolve fast 
cardiac motion. In order to create a high spatial resolution 3D volume rendering, 
data from every voxel (up to several million voxels) must be acquired in a sequential 
fashion. The fluorescent labeling used to visualize the tissues imposes its own limi-
tations. For example, the excitation needed to stimulate the dye can also bleach the 
dyes and cause other potential photo-toxic events. Image contrast results from the 
detected fluorescence from the sample (often called signal) against the autofluores-
cence of the tissue and detector signal due to electrical noise in the absence of fluo-
rescence (often called noise). The signal to noise ratio (SNR) must be high enough 
to allow the observer to differentiate labeled tissue from the background. A large 
number of photons must be recorded per pixel to accurately image the sample, as 
fluorescence emission is a Poisson process and the probability that the actual inten-
sity at a pixel is equal to the expected intensity is proportional to √N, where N is 
the number of photons generated by fluorescence excitation. Typically, these con-
cerns favor longer detection times so that signal can be collected per pixel; however, 
this makes the acquisition of a single volumetric image an inordinately slow process 
(Vermot et al. 2008).

Creating a volumetric movie of the beating heart, requires the acquisition of 
many high spatial resolution volumetric images at a high temporal resolution. High 
temporal resolution is required because cardiac walls move at velocities up to 
2 mm/s and blood cells flow at velocities up to 17 mm/s. To maintain subcellular 
resolution, each volumetric image must be acquired in a time-period so short that 
the cardiac motion does not blur the image. This predicts a required volume acquisi-
tion rate of more than 1000 volumes/s. Even if such high imaging speeds were pos-
sible, the extremely short detector integration time would require an extremely high 
fluorescence signal rate, which would, in turn, require a very bright fluorescence 
excitation light. As this would lead to photobleaching and phototoxicity, such an 
approach would likely compromise the imaging quality and, more importantly, per-
turb the developing organism (Taylor et al. 2012).

Confocal Slit Microscopy made it possible to reach imaging speeds of 120 
frames/s through parallel acquisition of data from a line of voxels at a time (Liebling 
et al. 2005). In this technique the high Numerical Aperture (NA) detection objective 
is used to create a blade shaped illumination beam focused to a line (instead of a 
single point in a conventional confocal laser scanning microscope) and all the pixels 
in this illuminated line are imaged in parallel. Axial sectioning is achieved by using 
a pinhole slit. As with other confocal microscopy techniques, the imaging speed is 
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mostly limited by significant photobleaching due to excitation of fluorescence out-
side the detection plane.

The imaging speed provided by Confocal Slit microscopy (up to 3 volumes/s) is 
still nowhere near the speeds required (~1000 volumes/s) to capture the entire beat-
ing embryonic zebrafish heart without blurring due to wall motion or blood flow. 
One approach to imaging the heart is to slow down the heart wall motion and the 
blood flow by using chemical agents; however, this can’t provide an accurate mea-
sure of the role of cardiac function on cardiac development at realistic heart rates. A 
better approach is to use computational techniques that utilize the quasi-periodic 
nature of the heart to reconstruct a volumetric representation of the beating heart 
from images acquired at speeds greater than 60 frames/s.

We have elected to combine computational reconstruction approaches with the 
fast imaging provided by Selective Plane Illumination Microscopy (SPIM), as it 
offers the speed of Confocal Slit Microscopy, but is dramatically less bleaching. 
SPIM provides diffraction limited (sub-micron resolution) imaging at high frame 
rates (up to 200 frames/s) and sufficient Signal to Noise ratio, by parallelizing the 
detection of all the voxels in a single optical section. Optical sectioning is achieved 
by illuminating the sample with a thin sheet of light created by a separate objective 
lens along a path orthogonal to the optical axis of the detection objective, thus elimi-
nating fluorescence excitation outside of the imaged optical section. The limitation 
of SPIM lies in the requirement that the sample must be optically accessible from 
two orthogonal directions.

3.2.4  Principles of Cardiac Gated Imaging in Zebrafish

To build a 3D representation of the beating heart using SPIM or other fast 2D imag-
ing techniques, multiple images of 2D optical slices in a volume are acquired 
sequentially over a period spanning multiple heartbeat periods. The different strate-
gies for collecting a 4D rendering (3D over time) can be understood if we consider 
the needs for capturing a sequence of 3-dimensional images representing the differ-
ent phases of the cardiac cycle. Each 3D image is composed of 2D image slices; 
thus, a 4D movie of the heart is a 2D matrix containing one 2D image in each cell 
(Fig. 3.1). The two axes of this matrix are the phase (φ) of the beating heart and the 
axial position (z) of the image slice. The cells in this matrix could be filled with 
images that are acquired in almost any order, as long as computational algorithms 
can utilize the quasi-periodic nature of the heart’s motion to assign the 2D slices 
into the correct cell in the matrix. Once the matrix has been filled, the 2D cardiac 
images acquired during different heart beat periods are stitched into a single cardiac 
volume image at a single phase of the beating heart. The 4D rendering is derived 
from the 3D cardiac images for each phase point during the cardiac cycle, stitched. 
4D cardiac imaging strategies can be classified into three groups: prospective car-
diac gating, retrospective cardiac gating, and phase stamping.
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3.2.4.1  Prospective Gating

In prospective gating a reference signal is used to identify exactly when the heart 
will be in a desired phase in its cycle (Taylor et al. 2012). The reference signal could 
be frame data streamed from a bright-field imaging camera (Taylor et  al. 2012), 
laser Doppler velocimetry data from a non-invasive needle probe (Jenkins et  al. 
2007), or scattered light modulated in intensity by the heartbeat collected from a 
region of tissue (such as esophagus or thorax) using a fiber optic cable (Brau et al. 
2002; Sablong et al. 2014). Real-time analysis of this signal allows image acquisi-
tion of each 2D “z-slice”, required to build up a 3D image for a given phase (φ) 
point (time point in the heartbeat), to be triggered when the heart is in that desired 
position. Thus, if we represent the 4D beating heart as a φ-z matrix (with phases 
along the columns and z along the rows) where each entry is a 2D z-slice, then pro-
spective gating collects images corresponding to entries along one column at a time, 
creating a 3D image of heart, one phase point at a time (Fig. 3.1).

Taylor et al. (2012) used prospective gating of SPIM images to generate volu-
metric movies of an embryonic zebrafish heart and observed peak cardiac wall 
velocities of 160 μm/s. The authors used brightfield images of the heart acquired 
using the SPIM detection objective as the reference signal for gating. By using one 
heartbeat period worth of frames as the representative frames, they determined the 
phase of the heartbeat for each brightfield frame, as it was acquired, by comparing 
it with these representative frames, to trigger the acquisition of a fluorescent frame 
at the desired phase point. The number of fluorescent frames acquired is exactly 
equal to the number of fluorescent frames used in the final 3D reconstruction which 
minimizes the photodamage. The phase prediction module can also be used to trig-
ger an ablation laser for high precision targeting of moving cells within a normally- 
beating heart while observing the effects of ablation.

Fig. 3.1 Spatiotemporal Phase (φ) – slice position (z) representation of a 4D (3D + time) heart. If 
each cell in the 2-dimensional φ – z matrix consists one 2D image slice corresponding to that phase 
and slice position, then the matrix can be used to generate a volumetric movie of the beating heart. 
There are three ways to fill up this matrix with 2D image slices: prospective, retrospective and 
Macroscopic Phase Stamping (MaPS). In prospective gating images corresponding to entries along 
one column are acquired sequentially, creating a 3D image of heart at one phase point. In retro-
spective gating images corresponding to one row are acquired sequentially, creating a movie 
(2D +  time) of the heart at one z plane. In MaPS, sequentially acquired images correspond to 
entries along diagonal lines of the matrix, thus filling the matrix with the least amount of photo-
bleaching and hardware complexity
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3.2.4.2  Retrospective Gating

In retrospective gating, movies are acquired for each 2D slice, over the course of 
multiple heart beat cycles and relative temporal shifts between adjacent 2D slices 
are calculated in order to temporally align movies from neighboring slices (Liebling 
et al. 2005). The 2D slice movies are first truncated to an integer number of heart-
beats. Then pairwise correlation between the wavelet coefficients of frames of 
neighboring movies are used to determine the phase offset between neighboring 2D 
movies (Liebling et al. 2005). While, prospective gating collects images along the 
columns of the φ-z matrix, retrospective gating collects images along the rows 
(Fig. 3.1). Liebling et al. later improved upon their technique by using “temporal 
warping” of slice sequences by taking the variability of the cardiac rate between 
different slice sequences into account. The improved approach could reduce the 
quantization error introduced while assigning a discrete phase to any frame in one 
slice sequence based on the phase of the most similar frames in the neighboring 
slice sequence.

The simplicity of the imaging hardware in retrospective gating makes it a desir-
able technique for cardiac imaging. Retrospective gating has been combined with 
2-photon SPIM to achieve high penetration depth while maintaining the high imag-
ing speed required for cardiac imaging (Trivedi et al. 2015). This could allow imag-
ing of older zebrafish embryos that have a more complex cardiac structure. 
Retrospective gating requires higher number of acquired frames (~2–5 min of con-
tinuous recording at 100 frames/s) compared to prospective gating; however, the 
total elapsed imaging time is generally shorter for retrospective approaches. With 
prospective gating, only one point in the phase-z matrix is acquired per heartbeat, 
which can extend elapsed imaging times up to 20 min, depending upon the number 
of desired z-slices.

3.2.4.3  Macroscopic Phase Stamping

Both gating techniques have been used in cardiac imaging using modalities other 
than fluorescence microscopy (Thompson and McVeigh 2004; Larson et al. 2004; 
Grass et al. 2003; Treece et al. 2002). Despite being widely used, both these tech-
niques suffer from limitations arising from the need to create 3D volumes from 2D 
slices in the absence of an imaging modality that can capture a 3D volume at a rate 
sufficient to minimize the motion of the heart to sub-pixel amounts. For the retro-
spective approach, the assumption of sample continuity in the z direction can break 
down in case of a peristaltic wave propagating through the cardiac tube along the 
imaging axis. Retrospective gating also lacks simultaneous and independent acqui-
sition of the phase of the acquired images. The primary limitation for the prospec-
tive approach is the hardware complexity and the inability to trigger accurately off 
less distinct phase points due to the slower motion of cardiac tissue in the brightfield 
frames during the start of atrial and ventricular contraction, which leads to jitter in 
the final φ-z reconstruction.
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We have developed Macroscopic Phase Stamping (MaPS) to provide a more 
robust reconstruction, by jointly refining low resolution brightfield images acquired 
synchronously with optically sectioned fluorescent images acquired with SPIM 
(Truong et al. 2014; Truong 2017). The brightfield images allow us to determine the 
macroscopic spatio-temporal phase of the beating heart in the fluorescent images in 
post-processing. In MaPS, the sample is repeatedly scanned along the axial direc-
tion, while the imaging plane is kept stationary during the synchronized fluorescent 
+ brightfield image acquisition. Since both the z position and the phase of the beat-
ing heart advance from one image to the next, the phase-z matrix is filled diago-
nally (Fig. 3.1). The z position for the fluorescent frames is assigned based on the 
stage position.

MaPS combines the simplicity of the hardware needed for retrospective gating 
with the advantage of an independent phase channel in prospective gating, pro-
viding an improvement over both approaches. The hardware complexity is mini-
mized because both cameras are synchronized only to each other and not to a 
cardiac event. The availability of the synchronized bright field images provides an 
independent channel to determine the periodicity of the heartbeat on which any 
type of cardiac gating relies. The brightfield images allow us to synchronize fluo-
rescent images that are adjacent to each other in the z direction without using the 
fluorescent images themselves, resulting in more accurate reconstructions of the 
3D structure of the heart.

The high resolution of the individual 2D slices afforded by SPIM added with the 
more accurate reconstruction process provides high spatial resolution 3D reconstruc-
tion volumes, in which individual cardiac cell boundaries are easily resolvable 
(Fig. 3.2a). The high spatio-temporal resolution has allowed us to segment  individual 

Fig. 3.2 (a) Macroscopic Projection of a 3D rendering of a 4D reconstructed cardiac movie at 84 
hpf where the cardiac boundaries are visible through endogenous expression of citrine labeled 
alpha-catenin. The 4D cardiac movie was reconstructed through Macroscopic Phase Stamping of 
SPIM images. (b) Selectively segmented cell boundaries at different phases in the heart beat. (c) 
Selectively segmented cell boundaries along with their displacement during the heart beat (straight 
lines) from ventral (c) and lateral (d) views
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cardiac cells and determine their displacement over the course of a heartbeat period 
(Fig. 3.2b–d). This will enable cardiac researchers to understand of how individual 
cell biomechanics relates to the overall biomechanics of the beating heart. Recent 
improvements in MaPS have reduced the error introduced due to phase assignments 
by using a finer quantization of the phase, reducing artefacts that might otherwise 
appear in the volumetric renderings when the heart wall moves at its fastest speeds.

Aperiodically beating mutant zebrafish hearts, which represent some of the best 
tools for understanding the causes and effects of human cardiac diseases such as 
arrhythmias, are also the most challenging to image with cardiac gating-based tech-
niques described above. Imaging individual blood cells that flow aperiodically 
through a periodically beating heart is another goal that future developments in 
cardiac imaging tools would attempt to accomplish.

3.3  Large Scale In Vivo Brain Imaging with Two-Photon 
Light-Sheet Microscopy

One of the important characteristics of the brain is its ability to constantly change 
and adapt, driven in large part by its combined evoked and spontaneous activity, 
typically without any periodic pattern. Brain activity observation allows insight into 
these dynamic changes of the nervous system. Complex animal behaviors often 
involve activity that spans many brain regions. If we want to advance our under-
standing of complex behaviors such as learning or sleep, we necessarily have to 
look at multiple regions of the brain with single-cell resolution. This remains a chal-
lenge to overcome, as most current tools for functional brain imaging lack either 
resolution or field of view. For example, one of the best tools to study the activity of 
the roughly 100 billion neurons human brain, functional MRI using BOLD (blood- 
oxygen- level dependent) contrast, produces striking three-dimensional images; 
however, the signal presented in each voxel of thousands of neurons. At the other 
end of the spectrum are microscopy techniques, where the best light imaging instru-
ments collect data from only a small fraction of the cortical neurons in mice. The 
best experiments collect data from a thousand out of the four million cortical neu-
rons: merely 0.025% of the cells.

Zebrafish, with its compact brain, offers the potential of optical imaging that can 
observe neural activity at whole-brain scale with single-cell resolution. Functional 
imaging can be achieved using genetically-encoded fluorescent calcium indicators 
as an indicator of neuronal activity, as calcium is elevated in most neurons when 
they fire action potentials. Genetically encoded calcium indicators change their 
fluorescence intensity depending on calcium ion concentration in the neuron. Some 
dyes change fluorescence efficiency (intensity-based), while other sensors change 
spectral parameters (shifting emission spectra from green to red, for example). Fast 
imaging techniques, such as light-sheet microscopy or laser scanning microscopy, 
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are need to capture these signals. The advantages and limitations of these imaging 
tools will be discussed below.

3.3.1  Brain Activity Monitoring in Behaving Zebrafish

The zebrafish larva offers an important compromise, as it is a vertebrate model rel-
evant to higher animals and mammals, in which almost all of its 100,000 neurons of 
the central nervous system can be imaged. While such imaging is still challenging 
and requires the application of advanced optical light sheet microscopy (to be dis-
cussed later), it is the feasibility of in toto imaging that drives our choice to focus on 
the zebrafish nervous system here.

The benefits of zebrafish larva as model organism stem from the combination of 
its compact size and optical transparency, thus permitting high-resolution optical 
microscopy. In order to visualize neural activity, transgenic animals, positionally 
expressing a gene encoding a calcium-sensitive fluorophore (cf. GCaMP or its vari-
ants) have been used. These genetically encoded fluorescent calcium indicators 
change their color or their brightness when a cell’s calcium level increases, as it 
does following even single action potentials. GCaMP indicators, based on a fusion 
of a modified GFP fluorescent protein and the calmodulin calcium-binding domain, 
offer a large change in signal with changes in calcium levels. In addition, they offer 
the ability to use multiple colors, since GFP and other colored fluorescent proteins 
permit the creation of whole palette of calcium sensors, from blue to deep-red 
(Akerboom et al. 2013). GCaMP sensors are intensity-based, that is, they change 
their intensity as the calcium level changes. This is in contrast to other ratiometric 
calcium sensors, which change their fluorescent spectrum as the calcium level 
changes. Ratiometric indicators offer more accurate measurements of calcium con-
centration, but the need to measure the spectrum of the dye, or the ratio of its inten-
sity at two emission (or excitation) wavelengths limits the number of simultaneous 
labels that can be deployed simultaneously. Several limitations should be consid-
ered, including temporal resolution of these sensors. While action potentials have 
duration of 10’s of milliseconds or less, calcium sensors give a signal in response to 
neuronal activity that lasts 100 ms/s. The speed of the signal can decline when sen-
sor is concentrated in the cell soma, away from synapses where neural-related cal-
cium transients are generated. In vertebrates that is not a general issue, the soma is 
electrically involved in the neural processing; however, in some invertebrate spe-
cies, the soma can be physically and electrically distant from the synaptic activity. 
Currently, sensors of the GCaMP6 family are best option for imaging neural activ-
ity, when a single color is enough and two-photon excitation is required.

Modern bioengineering techniques allow labeling of neurons in specific brain 
region by expressing the reporter using a vector, an artificial DNA sequence, con-
taining a tissue-specific promoter sequence, followed by protein coding sequence 
for one of the calcium sensors. A common zebrafish promoter used to drive gene in 
the nervous system is the promoter of the HuC gene, also known as elavl3. Often, 
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the sensor fused with nuclear-localization sequence (as nls-GCaMP) (Kim et  al. 
2014), in order to increase the concentration of protein in nuclei, and hence increase 
signal-to-noise ratio. Concentration of the fluorescence signal in a discrete location 
such as the nuclei can be helpful for downstream image processing, as images of 
nuclear-localized fluorescent molecules are bright focal spots, easily segmented 
computationally. Concentrating the sensor molecules in nuclei decreases temporal 
resolution, as changes in calcium across the cell must propagate from its release site 
to the nucleus in order to affect sensor’s fluorescence, which can take up to a sec-
ond. Faster dynamics are possible by localization of the sensor to other cellular 
compartments, such as synapses, by fusing it with synaptophysin (Li et al. 2011). 
This concentrates the sensor in compartment of interest (synapse) because synapto-
physin is naturally localized there by the cell’s own machinery. However, such 
fusions also raise the possibility of perturbing the local environment of the synapse, 
since the synapse is a very crowded and tightly regulated compartment; further-
more, the protein molecule fused to the sensor might be perturbed and lose its origi-
nal functionality.

Brain imaging using calcium indicators has been successfully applied to study 
zebrafish brain activity. For example, fluorescent calcium indicator dyes have been 
useful to investigate distribution of spontaneous activity-independent calcium tran-
sients in zebrafish spinal cord (Ashworth and Bolsover 2002). Intensity-based sen-
sors, primarily members of GCaMP family, were used to observe neural activity 
while the animal is performing complex behaviors, such as prey capture (Muto et al. 
2013), visual or auditory responses (Thompson and Scott 2016), optokinetic 
responses (Vladimirov et al. 2014), or spontaneous activity reorganization during 
development (Avitan et al. 2017).

An excellent demonstration of the power of in vivo brain imaging in zebrafish, 
was the description of the activity in the visual system (optic tectum) during prey 
capture (Muto et al. 2013) using wide field microscopy with visible light illumina-
tion. By observing the freely swimming fish surrounded by several paramecia, the 
authors were able to record calcium activity in tectal neurons and create maps of 
activity corresponding to the particular position of prey in the fish’s visual field. By 
simultaneous imaging of prey movement and calcium activity authors were able to 
map how prey’s trajectory maps onto optic tectum: the prey’s ventral-dorsal move-
ment resulted in distinct tectal activity than prey movement in anterior-posterior 
direction. This work not only demonstrated the promise of brain imaging in zebraf-
ish, but also revealed limitations of the particular imaging technique. First of all, the 
resolution of the imaging was low, averaging signals from tens of neurons. More 
importantly, this imaging approach used visible light to excite fluorescence, and 
hence potentially perturbed the animal’s visually-guided behaviors, as animal con-
tinuously illuminated with very bright blue light.

The optic tectum or its equivalent, the superior colliculus in the mammalian mid-
brain, is present in all vertebrates and responsible for the animal’s orientation toward 
a subject and attention. In larval zebrafish, the optic tectum is only about 100 um 
thick and is positioned at the dorsal surface of the brain, making it an accessible 
system for studying neural function. This allowed Avitan et  al (2017) to follow 
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changes in functional mapping during development in larval zebrafish. Observing 
spontaneous activity in animals of age 4–7 days post fertilization (dpf), the authors 
discovered changes in single-cell as well as group activity patterns during develop-
ment. Immobilization of the animal and use of two-photon laser scanning micros-
copy (LSM) allowed imaging with single-cell resolution, thus making it possible to 
robustly identify cellular communities containing as small as a few cells.

Advancements in imaging techniques, behavioral protocols, and genetic tools, as 
well as image analysis algorithms, allow whole-brain imaging of behaving zebrafish 
with single-cell resolution. These achievements prove how useful zebrafish and 
brain imaging can be together. More importantly it supports the use of zebrafish 
model and imaging for detailed studies of more complex behaviors, such as learning 
and sleep. Sleep behavior in particular requires careful approach, since it occurs 
over long period of time; hence we need a tool that would allow longitudinal (up to 
24 h) imaging of brain activity in behaving zebrafish. Combined with already estab-
lished sleep behavioral models, such as narcolepsy or insomnia models, such tool-
box would be immensely useful for more detailed examination of underlying neural 
substrate of these disorders, as well as natural sleep.

3.3.2  Principles and Successes of Light-Sheet Microscopy 
for Zebrafish Brain Imaging

Light-sheet microscopy, or selective-plane illumination microscopy (SPIM), solves 
previous limitations by providing tool to collect large-scale imaging data with cel-
lular resolution (Huisken 2004). Photo-toxicity is lower because only imaged vol-
ume is illuminated, thus allowing imaging either with higher signal-to-noise, or 
greater speed. SPIM imaging has reached a 1 volume per second imaging rate, suf-
ficient for whole-brain GCaMP activity mapping. Light-sheet mode also provides 
opportunity to use two-photon illumination, using light invisible to the fish. This 
removes artifacts of high-power visible light illumination, such as visual system 
stimulation, and allows better use of optogenetic tools.

Even though a number of commercial SPIM systems are available, many labs 
choose to build their own light-sheet microscopes, often following designs available 
in numerous research publications. A project dedicated to creation of an open- 
source light-sheet microscope, OpenSPIM, provides detailed designs and step-by- 
step instructions for the assembly of a relatively cheap home-built microscope with 
a small footprint. For more flexible solutions it is important that the software for 
running microscopes is open source and free. The popular microscopy program, 
Micro-Manager provides a package that supports a myriad of hardware compo-
nents, allowing robust control of almost any part of a microscope.

First experiments with whole-brain SPIM imaging in zebrafish larvae were per-
formed on paralyzed animals (Ahrens et  al. 2012) during adaptation of motor 
behavior. This work was further developed (Vladimirov et al. 2014) to show how 
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ablation of particular neurons changes fictive whole-animal behavior. One limita-
tion of these experiments is that study of such “fictive” behavior in a paralyzed 
animal, when motor response is not observed but rather recorded by measuring 
motor neurons’ activity, is achieved by inducing irreversible paralysis. This prepa-
ration limits experiment time, as animals can survive such treatment for only a 
few hours.

Sample preparation is important for experiments in living animals. Imaging of 
zebrafish brain using SPIM can be achieved with immobilization, but without total 
paralysis (Keller et al. 2008). Often soft agarose gel is used to restrict animal head 
under detection objective to perform long-term observation of neural activity with 
single- cell resolution. Such restraining can be deleterious from several points of 
view. For longer imaging in young animals, agarose embedding impedes proper 
development (Kaufmann et al. 2012). Such immobilization can also possibly change 
behavior by stimulating efferent neurons, neurons of the lateral line, and other sen-
sory circuits. New methods are being developed in order to overcome this limitation 
and image freely swimming larval zebrafish (Kim et al. 2017), but only using high 
power visible light as fluorescence excitation source. When sufficiently advanced, 
these would provide much needed tool to observe neural activity while animal per-
forms unrestricted behavior. Such experiments would allow observation of move-
ment and prey capture behavior in real time, as well as long-term imaging, necessary 
for studying development or learning. Applied to imaging compact and accessible 
zebrafish brain, this would allow observation of brain activity in behaving vertebrate 
at unprecedented scale, unavailable to rodent model systems.

High temporal resolution is important for fast-pacing action potentials, as dis-
cussed above. In light-sheet microscopy pixels in different axial planes are acquired 
at different times, limiting temporal resolution. Light-field microscopy (LFM) 
offers a potential solution to this problem. LFM (Levoy et al. 2009) uses a micro-
lens array interposed between the image plane and the camera to re-image light of 
sources from different axial positions to different sets of pixels on the camera. 
Computational deconvolution is used to reconstruct 3-dimensional image of the 
sample. This comes at a price of lower spatial resolution, but it allows the capturing 
of events at millisecond time scales across large volumes, extending to as large as 
nearly the entire zebrafish brain. LFM is a promising tool as it would allow imag-
ing of very fast events across the brain, such as propagation of action potentials 
along axons.

In our work, we were able to observe neural activity during sleep and wake in 
zebrafish (Fig. 3.3) for more than 24 h for the first time (Lee et al. 2017). Application 
of two-photon light-sheet microscopy and opto- and chemo-genetic activation of 
sleep-promoting NPVF circuit, allowed us to demonstrate how sleep behavior man-
ifest itself on brain activity level in natural and induced sleep (Fig. 3.3c). Light- 
sheet imaging though allows extension of this simple analysis in order to quantify 
functional inter-neuronal connections, correlation of activity between neurons, and 
other metrics that are usually used to understand functionality of the brain. Extension 
of this work (presented at the Society for Neuroscience Annual Meeting, 2017), 
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shows that functional correlation between regions differs in sleep and wake. In par-
ticular we observed that activity of cerebellum lobes becomes more correlated dur-
ing sleep, suggesting a pathway to study role of sleep in memory consolidation in 
zebrafish. Another exciting application allowed by development of this toolbox is 
the investigation of effects of melatonin and other hypnotic chemicals on brain 
activity during sleep and wake. This should permit comparative analyses of 
chemically- induced sleep with natural healthy sleep.

3.4  Conclusion

The development of imaging tools, discussed here, allows unprecedented access to 
biological processes in living zebrafish. Light-sheet and light-field imaging provide 
information about anatomy and function of rapidly beating heart with subcellular 
resolution and permit whole-brain mapping of activity with single-neuron 

Fig. 3.3 (a) Single-plane imaging of brain in 6dpf zebrafish Tg(HuC:H2B-GCaMP6s). Neurons 
are labeled with nuclei-concentrated calcium indicator GCaMP6s. (b) Neurons are localized using 
PCA/ICA toolbox (Mukamel et al. 2009). (c) Day/night oscillation in fluorescent signals across 
whole brain of the animal. Imaging does not perturb circadian clock and allows observation of 
spontaneous and light-induced activity
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resolution. Future work will benefit from combination of large-scale, high- resolution 
imaging with genomics and other genome-scale methods. Many of these tools are 
already available, but a collaborative environment where biologists who can main-
tain optimal conditions for sample survival, physicists and engineers who can create 
the imaging instruments, and mathematicians who can design analytical tools can 
work together in order to foresee the possible challenges and find alternative solu-
tions, will be required to carry out interesting and meaningful experiments.
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