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a b s t r a c t
Rapidly developing imaging technologies including two-photon microscopy and genetically encoded
calcium indicators have opened up new possibilities for recording neural population activity in
awake, behaving animals. In the small, transparent zebraﬁsh, it is even becoming possible to image
the entire brain of a behaving animal with single-cell resolution, creating brain-wide functional
maps. In this chapter, we comprehensively review past functional imaging studies in zebraﬁsh,
and the insights that they provide into the functional organization of neural circuits. We further
offer a basic primer on state-of-the-art methods for in vivo calcium imaging in the zebraﬁsh, including building a low-cost two-photon microscope and highlight possible challenges and technical
considerations.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction

1.2. The zebraﬁsh

1.1. Imaging neural population activity

The zebraﬁsh model, which was originally developed because of
its optical transparency at early developmental stages, is uniquely
well suited to take advantage of advances in optical neurophysiology [4–8]. The whole brain of a ﬁve-day-old larva occupies a volume about 800 lm long, 400 lm wide and 300 lm thick and
contains on the order of 100,000 neurons. Thus, using standard
imaging equipment, one entire coronal section through the brain
can be imaged with subcellular resolution in a single ﬁeld of view
(Fig. 1). Larval ﬁsh can be partially restrained using low-melting
temperature agarose, allowing stable imaging of the brain, even
while the eyes and tail are free to move, enabling the correlation
of neural activity with behavior [9,10]. Moreover, efﬁcient transgenic methods are available that allow straightforward expression
of genetically encoded tools in deﬁned neuronal populations [11].

Understanding how dynamic activity in networks of neurons
allows us to process sensory stimuli, make decisions and execute
appropriate actions is a central goal of neuroscience research.
Over the last decades, much has been learned about the spiking
properties of individual neurons and the macroscopic organization of brain areas, but we know relatively little about the intermediate scale: the spatiotemporal patterns of activity in
interconnected populations of neurons in the brain of a behaving
animal [1]. This can be attributed mostly to technical constraints: electrophysiology is limited to recording from at best
a small subset of neurons, and is usually blind to their identity.
Recently, ﬂuorescence-based functional imaging methods have
opened up the possibility to record simultaneously from hundreds, or even thousands of neurons, with very high time resolution [2]. Beyond a simple scaling up of existing recording
methods, these imaging techniques also provide access to new
kinds of information, such as the spatial structure of circuits at
the cellular and even synaptic level [3] and the genetic identity
of the recorded neurons. Both the imaging technology, and the
methods for analyzing and understanding the very large data
sets that can be acquired are still in a state of rapid development, and we will endeavor in this article to give an overview
of both the current state of the art, and also the outlook for
the future.
⇑ Corresponding author.
E-mail address: michael.orger@neuro.fchampalimaud.org (M.B. Orger).
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1.3. Two-photon microscopy
We focus here on one particular imaging method: two-photon
laser scanning microscopy [12]. Developed more than two decades
ago by Denk and colleagues, this technique takes advantage of nonlinear photon absorption to conﬁne ﬂuorescence excitation to a
small focal volume (Fig. 2B), which can then be scanned in a raster
pattern through a sample to yield an image. This has a number of
advantages for in vivo studies of neural circuits. Images can be obtained with excellent 3D resolution, with minimal out of focus
ﬂuorescence excitation and consequent photo-damage. The technique works very well in scattering tissue, because weakly scattered infrared light is used for excitation, and efﬁcient, non
image-forming methods can be used for collection of ﬂuorescence
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Fig. 1. Two-photon imaging in the zebraﬁsh brain. (A) A two-photon optical section through the brain of a ﬁsh expressing a pan-neuronal ﬂuorescent marker (HuC:YC2.1)
[110]. Scale bar 100 lm. (B, C) Detail images showing subcellular resolution. Dark circles are nuclei of neurons in the tectum and cerebellum. Scale bar 25 lm. (D) Imaging of
visually evoked, orientation and direction selective calcium signals in tectal neuron somata. Left: two-photon image showing tectal neurons transiently expressing the
genetically encoded indicator GCaMP5G, following embryo injection with HuC:Gal4FF and UAS:GCaMP5G plasmids. Scale bar 20 lm. Right: delta F/F traces for three somatic
regions of interest during presentation of dark bars that sweep across a screen below the ﬁsh over 2 s, in four different directions. First bar is in tail to head direction; average
of 2 repeats.

Fig. 2. Schematic of imaging volumes for three common methods of 3-dimensional ﬂuorescence microscopy. (A) In a confocal, a laser beam is focused to a spot, but also
excites ﬂuorophores in planes above and below the point of focus. (B) In a two-photon microscope, an infrared laser beam passed through the sample, but ﬂuorescence
excitation is conﬁned to the focal point. (C) In a light-sheet microscope, a thin beam or sheet of excitation light enters the specimen at right angles to the imaging path, so only
ﬂuorophores in the focal plane of the objective are excited.

emission. Importantly also, when imaging in tiny zebraﬁsh larvae,
the excitation light is mostly invisible, so should not affect their
behavioral responses, particularly to visual stimuli. Fig. 2 shows a
comparison of excitation volumes using three methods: confocal
laser scanning, two-photon and light-sheet imaging (see Section 7).
Current two-photon microscopy techniques allow imaging of neuronal activity in mammalian neocortex at depths of up to 1 mm
[13], imaging from freely moving animals via optic ﬁbers [14]

and detection of single action potentials with near-millisecond
precision [2].
1.4. Calcium imaging
Monitoring membrane potentials can provide an accurate measure of the timing and location of neuronal activity. Yet, most functional imaging studies do not aim to measure membrane voltage
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directly, but instead record intracellular calcium changes as a
proxy for neural spiking activity. Calcium is involved in many different aspects of neuronal signaling from neurotransmitter release
to postsynaptic signaling [15]. Most importantly for recording neural activity, somatic calcium accumulation, via voltage gated channels, provides a persistent and integrating measure of recent
spiking activity. Neuronal cytosolic calcium concentrations can rise
more than tenfold during electrical activity [15,16], and can be followed using a wide range of synthetic ﬂuorescent dyes, and, more
recently, genetically engineered calcium-sensitive ﬂuorescent
proteins.
2. Functional imaging studies in zebraﬁsh
2.1. Imaging neural circuit activity in vivo
The ﬁrst demonstration that calcium imaging could be used to
record neural activity in vivo came from work in zebraﬁsh by Fetcho and O’Malley [17,18]. They labeled different populations of
neurons by injection of dextran-conjugated calcium dyes into their
downstream target regions, and showed synchronous activity of
primary and secondary motoneurons in the larval spinal cord during escape behavior [17]. In a seminal study, they showed differential activation of the Mauthner neuron and its segmental homologs
in response to sensory stimuli in different locations [18]. Targeted
single cell laser ablations established a role for these population
activity patterns in controlling directionality of the escape response [19]. Many studies have since then reﬁned and extended
these approaches to investigate the neural circuit activity underlying various aspects of sensory and motor function in zebraﬁsh.
2.2. Locomotor circuits
Larval zebraﬁsh use kinematically distinct motor patterns to
move through the water at different speeds, or orient themselves
relative to predators and prey [20–25]. Functional imaging has
been used to study both the spinal cord circuitry responsible for
generating these patterns, and the descending pathways from the
brainstem that activate them [26,27].
In spinal cord, many studies have focused on the recruitment of
different motor neuron and interneuron types during different
modes and speeds of swimming [28]. Through calcium imaging,
in combination with whole-cell patch clamp recordings, it was
found that, as ﬁsh swim at higher tail beat frequencies, there is a
progressive recruitment of motor neurons from the most ventral
to more dorsal [29]. In contrast, two classes of excitatory interneurons, the more ventral MCoDs (multipolar commissural descending) and the dorsal CiDs (circumferential descending) are
differentially engaged during slow swimming and fast escapes
[30], and more vigorous swimming can be accompanied not only
by graded changes in ﬁring intensity [31], but also by a continuous
shift of the active population from more ventral to more dorsal
cells, both within and across genetically deﬁned populations [32].
Remarkably, the authors were able to show that ablating MCoD
interneurons could impair the ﬁshes’ ability to swim at slow
speeds, while leaving fast swimming unaffected [29].
Spinal cord neurons show spontaneous rhythmic activity as
early as 17–18 h post fertilization [33–35]. Imaging an enhancer
trap line labeling a subset of motor neurons, Muto et al. [36]
showed left–right alternation, and rapid rostro-caudal propagation
of this activity. Population activity imaging identiﬁed a rapid
developmental transition, between 18 and 20 h post fertilization,
from sporadic, uncoordinated ﬁring to rapid bouts of ipsilaterally
correlated, and contralaterally anticorrelated activity [35]. Circuit
maturation was associated with a strengthening of ipsilateral
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connections and was impaired when neurons were optogenetically
silenced during the transition period, indicating a role for the spontaneous activity patterns in proper development of spinal central
pattern generator circuits [35].
Central control of swimming behavior is mediated by an array
of spinally projecting neurons located in the brainstem [37,38].
Although they show diverse and stereotyped morphology and projections, for the most part it is still poorly understood how they
function, either individually or as a population, to generate the
complex motor output of the ﬁsh. Many studies have focused on
the giant Mauthner neuron and its segmental homologs, using
imaging to reveal, for example, inhibitory inputs [39], bilateral
activation in response to sound/vibration stimuli [40], different
patterns of activation during escapes elicited by different sensory
modalities [41] and functional integration of supernumerary Mauthner cells in a notch mutant [42]. Other reticulospinal cells have
so far received less attention. Imaging the whole reticulospinal
population, Gahtan and colleagues [43] found that most cells were
activated during escape behavior, suggestive of a distributed control architecture. When ﬁsh are shown stripes moving in different
directions, which engage the optomotor response, they are driven
to repeat different elementary swim patterns [44]. Systematic
imaging of activity through the whole reticulospinal array found
distinct groups of cells that are activated by stimuli that evoke forward swims or left and right turns. Targeted laser ablations of a
small number of neurons could eliminate orienting turns unilaterally, arguing for the existence of more dedicated control systems.
One of the most rostral descending structures, the nucleus of the
medial longitudinal fasciculus (nMLF), has been implicated in a
wide range of sensorimotor behaviors by both imaging and ablation studies, including orientation to prey, escape behavior and
optomotor swimming [43–46], although its functional role still remains unclear.
2.3. Visual system
The optic tectum is the major retinal target area in the ﬁsh brain
and has been the focus of several imaging studies. Tectal neurons
show marked tuning for the size and motion direction of visual
stimuli, and these properties are established early during network
wiring and undergo only minor reﬁnement with visual experience
[47]. While some evidence suggests that direction selectivity is
computed by circuits within the tectum [48,49], imaging of retinal
ganglion cell terminals in the tectal neuropil, using a synaptically
targeted indicator, has identiﬁed three subtypes of direction-selective inputs terminating in two discrete superﬁcial layers [3]. Using
transgenic lines that label tectal neurons with different preferred
motion directions, Gabriel et al. [50] showed that these neurons
have dendritic stratiﬁcations which may allow them to sample
selectively from these input populations.
Presenting moving bars of different widths, Del Bene et al. [51]
identiﬁed a preference for smaller stimuli in the deeper output layers of the tectum compared to the superﬁcial input layers. They
also found a genetically identiﬁed class of GABAergic superﬁcial
interneurons (SINs), which responded only to wider bars, and thus
proposed a circuit mechanism for size ﬁltering in which inhibition
from the SINs acts to suppress responses to larger stimuli. Ablations of the SINs affected not only tectal output, but also prey capture, a behavior dependent on tectal function [46]. An intriguing
phenomenon was observed in optic tectum neurons when moving
bars were presented repeatedly at ﬁxed intervals. When stimulus
presentation stopped, rhythmic population activity often continued with appropriate timing. Entrained ensemble activity was correlated with rhythmic tail-ﬂipping and might reﬂect a mechanism
of short-term perceptual memory [9]. Recently, tectal activity was
imaged in freely swimming larvae during prey capture, opening up
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exciting possibilities for relating population dynamics to natural
behavior [52].
Two-photon imaging studies focusing on the large terminals of
retinal bipolar cells have produced unexpected insights into how
synaptic dynamics shape visual processing. Using a genetically encoded indicator designed to measure presynaptic calcium entry
[53], Dreosti et al. [54] showed that bipolar cells, previously
thought to use only graded transmission, can generate all-or-none
calcium spikes in their synaptic terminals, which are time-locked
to visual stimuli with millisecond precision [55]. Odermatt et al.
[56] used the indicator sypHy (see below) to measure the rate of
synaptic vesicle release in response to different changes in light
intensity, and found many cells with an unusual, triphasic tuning
curve. Using computational modeling they demonstrated that this
nonlinear dependence of synaptic vesicle release on intensity allowed more efﬁcient coding of luminance contrast.
2.4. Olfactory processing
In contrast to the other work reviewed here, most of the imaging studies on the zebraﬁsh olfactory system have been in the adult
brain. Systematic imaging throughout the 3-dimensional volumes
of olfactory structures has provided novel insights into the representation of odor stimuli at the neural population level. Early functional imaging experiments in the olfactory bulb described
complex odor- and concentration-speciﬁc activity patterns of
glomeruli that argued for a combinatorial representation of the
stimulus, as well as focused activation of single glomeruli by certain pheromones [57,58]. Functional activity maps were organized
in a hierarchical chemotopic manner, with subregions of the olfactory bulb preferentially responsive to certain classes of chemicals.
Such maps were present even at 2.5 days post fertilization when
the system ﬁrst becomes responsive to odors [59], and at which
time inhibitory interneurons are already functional and contributing to odor processing in the bulb [60]. Although this chemotopy is
initially transmitted to mitral cells, making them highly correlated,
temporally deconvolved calcium imaging revealed that local circuit processes cause their responses to become rapidly decorrelated, leading to better representation of odor identity [61,62].
Presentation of binary odor mixtures or food extracts revealed
mixture interactions resulting from processing in the olfactory
bulb [63]. Population analysis of mitral cells showed overall activity patterns to be largely insensitive to changes in odor concentration. However, switching between two odors, via a sequential
series of intermediate mixtures – odor morphing – often resulted
in an abrupt transition in population activity. This activity switch
was mediated by coordinated response changes among small neuronal subpopulations [64], which might have been missed by less
systematic recording methods. Imaging odor processing in downstream regions identiﬁed two areas with distinct odor representations, one in the subpallium, with broadly tuned responses, and a
pallial area, homologous to the olfactory cortex, that showed more
complex responses to stimulus combinations, that may allow for
representation of higher order ‘‘odor objects’’ [65]. Most recently,
experiments studying the effect of the neuromodulator dopamine
on olfactory processing have shown it both hyperpolarizes and increases response gain in mitral cells, thereby increasing the contrast of odor-evoked activity patterns in the olfactory bulb [66],
and also enhances odor evoked activity in the pallium via disinhibition [67].
2.5. Functional mapping of sensorimotor circuits
To understand microcircuit mechanisms as well as global processing of sensorimotor functions it is necessary both to image
activity in behaving animals, and to identify the signals carried

by different neural populations. Recent studies have made signiﬁcant strides towards these goals.
A regression-based approach was used to locate eye position
and velocity sensitive neurons in the brainstem of restrained ﬁsh
[10,68]. In these studies, the ﬁsh’s eyes were free to make spontaneous horizontal saccades, which were recorded via automated video tracking. Eye movement information was used to identify, and
functionally characterize, neurons in the velocity-to-position neural integrator. Calcium imaging, combined with loose-patch
recordings, localized these neurons in the larval zebraﬁsh hindbrain and revealed heterogeneity, as well as a spatial gradient, in
their ﬁring-rate persistence. This was inconsistent with a simple
line attractor model for the integrator circuit, leading the authors
to propose a new model with multi-dimensional dynamics.
A key question in neuroscience is how learning changes neural
circuits at both the structural and functional levels. Aizenberg and
Schuman [69] identiﬁed a rapidly acquired form of classical conditioning, that can be reliably elicited in head-ﬁxed larvae, and thus
allows for simultaneous calcium imaging. Repeated pairing of visual stimuli with body touch resulted in tail movements to the presentation of the visual stimuli alone. Acquisition and extinction,
but not expression, of this learning was dependent on the cerebellum. They systematically imaged through the cerebellum to map
responses to the conditioned and unconditioned stimuli (CS/US)
over the course of learning, and showed a general increase in CS responses, and also identiﬁed a population of initially US-only
responsive cells that developed CS responsiveness in parallel with
learning.
The great promise of the zebraﬁsh as a systems neuroscience
model stems from the potential to record activity throughout the
whole brain during behavior. With a view to this, Ahrens and colleagues [70] combined two-photon microscopy with a virtual-reality setup in which visual stimuli are updated in response to ﬁctive
swim patterns recorded with suction electrodes on the motor
nerve roots in the tail of paralyzed ﬁsh. When the feedback gain
was altered to make the ﬁsh seem stronger or weaker, the ﬁsh rapidly compensated by altering the strength of their swimming responses to visual stimuli. Different brain volumes were imaged
with high resolution across many ﬁsh while they performed this
adaptive motor behavior, and the activity of single neurons was
correlated with different aspects of the behavior. These local data
sets were then aligned to an anatomical reference, and combined
to build comprehensive, three-dimensional functional maps of
the whole brain, identifying areas involved in sensory processing,
motor output, and motor learning.
3. Optical reporters of neuronal activity
Activity of single neurons or population of neurons can be visualized using ﬂuorescent sensors reporting changes in intracellular
calcium levels, pH, membrane potential or neurotransmitter release. A great diversity of synthetic, small molecule and genetically
encoded indicators have been developed to probe different cellular
functions, and the number is rapidly increasing (reviewed in
[15,71–74]). Here we will give an overview on indicators that are
commonly used to monitor neuronal ﬁring in zebraﬁsh and discuss
recent innovations and points of practical implementation.
3.1. Synthetic calcium indicators
Synthetic calcium indicators were ﬁrst generated by hybridizing the chelating agent BAPTA with a ﬂuorescent chromophore
[75,76], and many variants have been developed that differ in calcium binding afﬁnity, dynamic range, brightness and spectral
properties. Up to now, small molecule calcium indicators such
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as Oregon Green BAPTA-1 (OGB-1) have represented the gold
standard for calcium imaging in neurons, due to their combination of brightness, fast kinetics and large signal changes, which
allows for measurements with very high signal to noise ratio
(SNR) and temporal resolution, including detection of single
action potentials [2].
Small-molecule indicators can be introduced into neurons in
several ways. Dextran-conjugated dyes (e.g. Calcium Green dextran, 3000MW, Invitrogen) can be injected into downstream
target structures where they are readily taken up by damaged
axons and transported back to the cell soma. Dyes can be
introduced directly to single neurons via a patch pipette or focal electroporation from a juxtacellular dye-ﬁlled micropipette.
A common method for bulk introduction of dyes into many
cells is to mask charged, lipophobic elements via addition of
acetoxymethyl (AM) groups. These ‘AM-ester’ dyes are membrane-permeable and will pass into the cytoplasm, where the
AM groups are cleaved by nonspeciﬁc intracellular esterases,
preventing them from re-crossing the membrane. By injecting
a bolus of AM-ester conjugated dye into the extracellular space,
rapid labeling of most neurons in a local area can be achieved
[77]. A disadvantage of this method is that it indiscriminately
ﬁlls different neuronal and non-neuronal cell types, and the
amount of indicator loaded into each cell is difﬁcult to control.
This is particularly detrimental for high-afﬁnity calcium sensors,
as large amounts of indicator might buffer small changes in
calcium concentrations and alter calcium signaling kinetics in
the cell.
Care must be given to the choice of indicator for the cell type
and question of interest. High-afﬁnity indicators can be very sensitive, but may have slower kinetics, and saturate at high activity
levels. Indicator properties may also vary depending on the presence of calcium binding proteins, temperature, pH, or ionic
strength. Some indicators alter their emission or excitation spectrum on binding calcium, so ratiometric imaging can be used to
determine actual calcium levels, independent of indicator concentration. Comparison of synthetic Fura PE3, Calcium Green-1, Indo-1
and Magnesium Green in spinal neurons of larval zebraﬁsh demonstrated different signal to noise ratios and kinetics of detection of
glutamate-evoked calcium transients [77]. In the zebraﬁsh olfactory bulb, red ﬂorescent indicator rhod-2 provided a linear readout
of ﬁring rate up to very high levels, while the high-afﬁnity indicator OGB-1 saturated during sustained action potential ﬁring [62].
Thus, prudent choice of the indicator facilitates optimal probing
of neural activity.
3.2. Genetically encoded calcium indicators
Genetically encoded calcium indicators (GECIs) based on engineered ﬂuorescent proteins offer several advantages. They can be
coupled to speciﬁc promoter sequences to target them to particular
neuronal subtypes, and stable transgenic lines can be created to
express them at controlled and reproducible levels. The ﬁrst GECIs
(excluding the natural calcium-sensitive bioluminescent protein,
aequorin) were based on calcium-dependent binding of calmodulin (CaM) to the M13 peptide from myosin light chain kinase. In
indicators termed ‘Cameleons’, these two domains were fused together, sandwiched between two spectrally distinct ﬂuorescent
proteins [78]. Calcium binding to CaM causes a conformational
change in CaM-M13 interaction and alters the distance and relative
orientation of the two ﬂuorophores thereby enhancing Förster resonance energy transfer (FRET), which can be measured as a increase in the ratio of long wavelength to short wavelength
emission [79]. The ratiometric nature of this output makes measurements robust to changes in indicator concentration or motion
artifacts, but also requires an extra emission channel. Efforts have
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been made to improve ratio changes, and prevent interference
with normal cell processes, by targeted mutations of the CaM
and M13 domains, linker optimization, or use of a calcium binding
domain from the non-neuronal protein troponin C [80–84]. Current
ratiometric indicators have kinetics and signal to noise ratios that
compare favorably with synthetic dyes [85].
A different approach to GECI development has been to create
single wavelength, intensity based sensors by introducing the
CaM-M13 domains into the backbone of ﬂuorescent proteins, so
that calcium binding alters ﬂuorescence levels. In this category,
the GCaMP family, in which M13 and CaM are fused to the Nand C-termini of circularly permuted green ﬂuorescent protein
(cpGFP), is most extensively developed, and widely adopted
[52,86–90]. Structure-guided optimization of the GCaMP sequence
recently resulted in GCaMP5 variants with an increased dynamic
range, improved signal to noise ratio and decay times faster than
synthetic OGB-1 [89]. Yet, GCaMP5 still lags OGB-1 in onset kinetics and sensitivity in detecting single action potentials, factors that
are actively being addressed in the newest generation indicators
[91,92]. Recently, blue and red ﬂuorescent GECIs have also been
described, opening up new possibilities for combining calcium
imaging with GFP-based anatomical labels, or optogenetic manipulations of neuronal function with blue light sensitive channels
such as Channelrhodopsin-2 [88,93,94]. Red ﬂuorescent R-GECO
is comparable to GCaMP3 in performance, and has been used successfully in zebraﬁsh to measure tuning properties of both tectal
neurons and retinal ganglion cell terminals in response to visual
stimuli [95].
A variant of the naturally occurring bioluminescent calcium
indicator, GFP-Aequorin, was used to monitor neural activity
non-invasively in freely swimming zebraﬁsh [96]. Fish swam under a large area photomultiplier tube, which allowed the recording
of a high temporal resolution pooled functional signal from genetically targeted groups of neurons, while their behavior was tracked
using infrared illumination. Activity in the small group of hypothalamic hypocretin/orexin expressing neurons was continuously recorded for a period of over 15 h, and was shown to correlate
with swimming behavior on a 10 ms time scale. This method requires the brain to be loaded with a cofactor, coelenterazine, and
may be difﬁcult to combine with visual stimulation due to the
highly sensitive detectors required, although the authors did present a proof of principle using a gated detector.
3.3. Voltage indicators
Directly monitoring membrane potential could provide a more
accurate and time-resolved measure of spiking activity and potentially also allow visualization of subthreshold events. Using voltage
sensitive dyes (VSDs), changes in membrane potentials can be detected with submillisecond time resolution [97]. Friedrich and colleagues previously used Di-4-ANEPPS and ANNINE-5 to record
local ﬁeld potentials in the zebraﬁsh olfactory bulb [57,98]. However, these small amphiphilic molecules are difﬁcult to load and
can have toxic side effects.
Many different strategies have been attempted to develop small
molecule and genetically encoded voltage sensors, but their widespread adoption has been hampered by poor brightness, especially
using two-photon illumination, small signals and toxicity [99]. For
studies of spiking activity in large populations, calcium indicators
offer signiﬁcant advantages: large numbers of photons per spike,
ﬂexibility in imaging frame rate, high signal to noise, and the ability to separate signals from individual neuronal somata in densely
labeled tissue. Although there are many exciting new developments to watch in the ﬁeld of voltage sensors (e.g. [100,101]), in
the immediate future their application is likely to be limited to
more specialized questions.
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3.4. Other approaches
Genetically encoded indicators have also been designed to
probe neuronal activity by visualizing neurotransmitter release
from synaptic terminals. One strategy exploits the pHluorin protein which is a pH sensitive version of GFP generated through
structure-directed mutagenesis [102]. When fused to synaptophysin [103], a synaptic vesicle protein, sypHy ﬂuorescence is
quenched at acidic pH levels present in synaptic vesicles (pH5.5).
pH increase to 7.3 upon vesicle fusion with the plasma membrane
causes a rapid increase in ﬂuorescence. A complementary approach
is to image presynaptic calcium entry using GCaMPs targeted to
the synapse via fusion to synaptophysin [53]. Cytoplasmic GCaMP3
has been also used to image presynaptic calcium signals in mammalian cortical neurons, an approach that may be beneﬁcial in
small synapses where photobleaching of the vesicle-bound indicator might be a limiting factor [104].
A promising approach is the direct detection of neurotransmitter molecules after release into the synaptic cleft. FLIP-E [105] and
SuperGluSnFR [106] both sandwich the glutamate periplasmic
binding protein GltI from Escherichia coli between eCFP and eYFP
and exploit FRET upon glutamate binding to image synaptic glutamate release. The newly developed IntenseGluSnFR, which links
GltI to cpGFP, exhibits a high signal to noise ratio and photostability, and is suitable for two-photon imaging [107]. Simultaneous
imaging of IntenseGluSnFR responses and calcium signals using
red ﬂuorescent indicators opens up the possibility of studying
the transformations between input and output in single neurons.

therefore many groups built custom, homebrewed set-ups,
either by modifying old confocal microscopes, or by constructing rigs from the ground up. Currently, there is a proliferation
of affordable off-the-shelf options, many of which are modular
and allow for a high degree of customization (e.g. from Prairie
Technologies, Thorlabs, Sutter). Nevertheless, a fully custombuilt approach is still extremely cost-effective, and allows for
a high degree of ﬂexibility and the straightforward incorporation of new technologies, such as optogenetic stimulation. Here
we describe an essential core plan for a two-photon microscope,
which can be built starting from around 40,000 US dollars,
while delivering competitive performance for imaging in the
zebraﬁsh brain. This price does not include the laser, which is
signiﬁcantly more expensive. However, we typically use less
than 10% of the power output of currently available lasers. So,
in theory, several microscopes could be built sharing one laser
and optical table.
A review of the theoretical principals of two-photon imaging is
outside the scope of this article. Instead, we summarize below core
components of an imaging setup and comment on points of practical implementation. We also suggest vendors or give part numbers of speciﬁc components, which are intended purely as
examples to provide a starting point for further research. For anyone wishing to read in more depth on the subject, we recommend
the comprehensive book chapter by Tsai and Kleinfeld [113] as
well as other reviews dealing speciﬁcally with two-photon microscopy [13,114,115].
4.2. Optomechanics

3.5. Getting indicators into zebraﬁsh neurons
Dextran conjugated dyes are relative easy to load into cells.
They need to be dissolved at extremely high concentration
(50% weight/volume), and can simply be injected into the target
region using a glass pipette with a tip broken with forceps,
which will locally sever the axons. AM-ester dyes are often quite
insoluble, and should be dissolved in DMSO, with a dispersing
agent, such as Pluronic-127, added to the solution to improve
loading efﬁciency. For population imaging, AM-ester dyes can
be bulk-loaded by pressure-injection into the area of interest.
A recovery time of about an hour is usually enough for efﬁcient
cell loading. Many small molecule indicators can be loaded
directly into single neurons by electroporation using glass
micropipettes [108].
Genetically encoded indicators are expressed in speciﬁc celltypes by fusion to appropriate promoter sequences, or using driver/reporter systems such as GAL4/UAS [109]. Promoters from
elavl3 (HuC) [110] and goldﬁsh alpha-1-tubulin [111] are commonly used to drive expression in most neurons throughout the
brain, although the expression from both promoters tends to decline with age. For stable expression, constructs are typically integrated using Tol2-mediated transgenesis [11] or the ISce-1
meganuclease [112]. For particular experiments, where sparse
labeling is required, or stable lines are not available, mosaic
expression of indicators following plasmid injections in zebraﬁsh
eggs can be useful, although expression levels are more variable.
Table 1 gives an overview on transgenic zebraﬁsh lines previously
used for imaging of neuronal activity.
4. Building a low cost custom two-photon microscope
4.1. Commercial versus in-house microscopes
In the early days of multiphoton imaging, commercial microscopes were expensive, and often performed suboptimally, and

A two-photon microscope is typically constructed on a large
optical table, supported on legs, which isolate the table from
environmental vibrations, usually by ‘ﬂoating’ it on compressed
air (e.g. Newport RS4000 and S-2000 series). Custom mounts
are available for most optical components, and these can be ﬁxed
to mounting holes on the table using adjustable-height post/post
holder combinations, on rail systems, which allow easy adjustment of position along the optical axis, or in rigid cage systems
(e.g. from Thorlabs, Newport, Siskiyou). We mount the scan optics
on sliding carriages (Thorlabs XT95P11/12) on a vertically
mounted 95 mm rail (Thorlabs XT95). The laser beam is steered
around the table using protected silver mirrors in kinematic
mounts that allow ﬁne adjustment of their angle along two
dimensions for precise beam alignment (Thorlabs PF10-03-P01
and KM100).
4.3. Laser
Most commercial and homebrewed two-photon microscopes
use mode-locked titanium sapphire (Ti:S) lasers as their excitation
source. These lasers deliver intense 100 femtosecond pulses of
light at a repetition rate of roughly 80 MHz and are tunable over
a broad range of useful wavelengths (700–1100 nm). For a given laser intensity, using very short pulses maximizes the two-photon
ﬂuorescence excitation, which depends on the average squared
intensity of the light. The most practical option is a single box model (e.g. Coherent Cameleon Ultra II, SpectraPhysics MaiTai HP),
which contains both the Ti:S laser and the green laser which
pumps it. These units have motorized optics, which perform continuous closed-loop adjustment of power output and alignment,
and allow for software control of wavelength and mode-locking.
Femtosecond pulsed ﬁber lasers (e.g. from IMRA, Polaronyx, Toptica) are potentially a cheap and reliable alternative, especially for
applications that don’t require the high output powers, or tunability of the Ti:S systems.
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Table 1
List of stable transgenic zebraﬁsh lines expressing genetically encoded indicators.
Line

Expression

Reference

gSA2AzGFF49A;UAS:GCaMP7a
HuC:GCaMP5G
HuC:Gal4;UAS:GCaMP3
Isl2b:Gal4; UAS:SyGCaMP3
HuC:GCaMP3
HuC:GCaMP2
Ribeye:Zf-SyGCaMP2
SAIGFF213A;UAS:GCaMP-HS
Ath5:GCaMP1.6
UAS:GCaMP1.6
HuC:YC2.1
HuC:IP(inverse pericam)
Ribeye:sypHy
Hcrt:GFP-apoAequorin
Nbt:GFP-apoAequorin

Habenula, optic tectum, pineal body
Panneuronal
Panneuronal
Retinal ganglion cells, hindbrain, trigeminal nerve, spinal cord
Panneuronal
Panneuronal
Retina, inner ear, neuromast hair cells
Subpopulations of inter-and motoneurons, Rohon-Beard neurons, broad CNS expression
Retinal ganglion cells

[52]
[150]
[89]
[3]
[151]
[70]
[53]
[36]
[9]
[51]
[110]
[59]
[56]
[96]
[96]

Panneuronal
Panneuronal
Retina, inner ear, neuromast hair cells
Hypothalamus
Panneuronal, muscle

4.4. Laser conditioning

transmitted power can be varied smoothly over the full range. A
simple way to rotate the input polarization is to pass the beam
through a broadband k/2 or ‘half-wave’ plate, inside a rotation
mount (e.g. Thorlabs AHWP05M-980 with PRM1/MZ8E – 1’’
Motorized Rotation Stage). Rotating the half-wave plate by angle
h causes the polarization angle of the beam to rotate by 2h. If the
half-wave plate is ﬁrst rotated until no light is transmitted by
the polarizer, then a 45 degree rotation in either direction can be
used to control the laser power.
A common alternative method of power modulation is using a
device called a Pockels cell, which uses an electro-optic effect to rotate the beam polarization angle (e.g. ConOptics, USA). A Pockels
cell is expensive, can be tricky to align, and must be calibrated independently for different wavelengths. However, it allows switching
of the laser power on a microsecond time scale, which permits pixel
by pixel adjustment of excitation. This can be useful for blanking
the laser during turnaround of the scan mirrors to minimize photodamage, or to photostimulate at multiple separate sites.

Before entering the microscope scan path, the diameter and
intensity of the laser beam must be adjusted appropriately (for
an outline of the optical path see Fig. 3). Generally, the beam path
contains a shutter, which is closed by default. For aligning the laser
path, only a very attenuated beam should be used. The infrared laser can cause serious damage to your eyes, as well as equipment
and cables, and is particularly dangerous since it is invisible. Different surfaces of optical components may generate stray beams
through reﬂection, which should be blocked with appropriately
rated beam traps (e.g. Thorlabs BT610).
4.4.1. Intensity control
A simple way to control intensity is by passing the beam,
through a laser polarizer (e.g. Thorlabs GL10-B, Glan-Laser Polarizer, in SM1PM10 mount), which splits the laser light into two
beams with orthogonal polarization angles. For the GL10-B polarizer above, an input beam with a polarization angle parallel to
the optical table will all be reﬂected to the side, and the same beam
rotated by 90 degrees about the optical axis will all be transmitted.
By adjusting the input angle between these two values, the

Half-wave
plate

Laser

4.4.2. Beam expansion
To minimize the magniﬁcation required between the scanner
and the objective, the diameter of the laser beam is usually ex-

Polarizer

Beam
dump

Scan
mirrors
Shutter
Scan lens

Emission
filter

PMT
Tube lens

PMT
Short-pass
filter

Objective

Fig. 3. Schematic of microscope components. A minimal set of optical components for two-color two-photon imaging are shown.
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panded to match the size of the scan mirrors. This can be achieved
simply, using two achromatic lenses, with focal lengths, f1 and f2, in
a ratio that matches the desired magniﬁcation. They should be
placed at a distance f1 + f2 apart, with one lens mounted on a sliding rail that allows precise adjustment of this distance, to ensure
that the output beam is precisely collimated. There are also many
preassembled beam expanders available, with adjustable focus or
magniﬁcation, or using only reﬂective components (e.g. Thorlabs
BE04R – 4 Reﬂective Beam Expander).

4.4.3. Laser pre-chirping
Many components in the beam path will have an adverse effect
on pulse duration. The brief pulses from a mode-locked Ti:S laser
contain a broad spectrum of frequencies. When light passes
through many materials, such as glass, different wavelengths can
propagate at different speeds, a phenomenon known as ‘group
velocity dispersion’. Usually, longer wavelengths travel faster than
shorter ones, causing the pulse to become spread out in time and
‘positively chirped’ with low frequencies leading high frequencies.
Commercial systems are available to ‘pre-chirp’ the laser output by
selectively retarding the longer wavelengths in each pulse to precisely compensate the effects of the microscope optics, but these
may not be necessary for many applications.

4.5. Scan path
Scanning a focused spot through a sample requires sending collimated laser light into the back aperture of the objective at different angles. This can be achieved by using a small rotating mirror
driven by a galvanometer-based motor to pivot the laser beam rapidly in different directions. An image of this scanning mirror is then
formed at the back aperture of the objective lens using a pair of
lenses. The scan lens, focal length fs, placed fs from the scan mirror,
is used to generate a scanned spot in the conjugate image plane of
the microscope. The tube lens, focal length ft, placed fs + ft from the
scan lens, converts this spot to a collimated beam which pivots
about a point ft beyond the tube lens, where the objective back
aperture is positioned. The beam is increased in diameter by ft/fs,
allowing for the complete ﬁlling of the objective aperture.
An ideal scan lens would have a number of desirable properties.
It should produce a spot that moves through a ﬂat plane; it should
be an F-theta lens, for which spot position is proportional to scan
angle, rather than its tangent, and it should be telecentric, meaning
that beams in different scan positions propagate in parallel. While
it is possible to buy complex and expensive scan lens assemblies
that fulﬁll these criteria, a simple achromat can perform very well
for small scan angles. Care should be taken to choose the appropriate scan and tube lens diameters to avoid any clipping of the beam.
To scan a square with side d in the sample, with beam diameter b,
and objective with magniﬁcation M speciﬁed for a tube lens of focal length fspec the beam will sweep a diagonal distance:

relatively small, scan angles can be kept low, and, with the objective placed between the images of the two mirrors, this is usually
no major problem.
Galvanometer-based scanners can be bought as a mounted x–y
pair with a wide variety of customization options (e.g. 6210H,
Cambridge Technology, Inc., USA). With the mirror assembly
comes one or two driver boards, which take a voltage input proportional to desired position and generate the current required to
achieve it, given the weight and inertia and current state of the
mirrors. These boards are each tuned to the properties of the individual mirrors, and the correct mirror must be connected to the
correct board. Each board requires a low noise power supply capable of providing the speciﬁed peak current (from e.g. Agilent, BK
Precision). To get the optimal performance out of the mirrors, both
the boards and the mirror assembly will need to be ﬁtted with
heatsinks and/or active cooling systems.
Other scanning methods include the use of resonant scanners or
acousto-optic deﬂectors. Resonant scanners are designed to operate at a single resonant frequency, which can be very high compared to galvo systems, up to several thousand hertz, allowing
for much faster frame rates [116]. Disadvantages include a lack
of ﬂexibility due to the ﬁxed frequency, and a non-linear scan path
that causes image distortions that must be corrected in hardware
and software. Acousto-optic deﬂectors use a non-mechanical
method to deﬂect the beam, allowing for movement of the beam
between any two points in the image in microseconds. This ‘random-access’ scanning ability is useful for repeatedly sampling a
group of points of interest with very high temporal resolution,
thereby optimizing the use of the available acquisition time, by
not wasting time scanning background regions [2,117]. The downside of these scanners is that they introduce large optical dispersions, which may require additional compensation optics.
4.6. Objective
Most microscope manufactures sell water immersion objective
lens specially designed for multiphoton microscopy. The relevant
features are near infrared transmission, low magniﬁcation, and
therefore large ﬁeld of view, long working distance to provide access for physiology, and a large numerical aperture (NA) (e.g.
Olympus XLUMPLFLN 20 1.0NA, Nikon CFI LWD 16 0.8NA). A
large NA is important for maximizing light collection efﬁciency,
as is a large ﬁeld of view, since scattered light is just as important
to collect as ballistic photons. The effective NA for excitation depends not just on the objective, but on the ﬁnal diameter of the
infrared laser. The laser beam can be expanded to overﬁll the back
aperture of the objective, which can be quite large (20 mm) for
high NA, low magniﬁcation objectives. Underﬁlling the objective
will reduce resolution, mostly in the axial (z) direction. In some
experiments, for example when recording weak signals from sparsely labeled cells, it may be beneﬁcial to trade resolution for an increased excitation volume.

pﬃﬃﬃ
2  d  M  ðft =fspec Þ þ b

4.7. Emission collection

For scanning in two dimensions, the laser is bounced off two
mirrors, a smaller one, denoted x, that scans the beam over the surface of a larger y mirror, which then scans in the orthogonal direction. As the x mirror is smaller and lighter, it is usually used for the
fast back and forth scanning of each line. Since both mirrors are different distances from the scan lens, they cannot both be conjugate
with the objective back aperture. When a position is found below
the tube lens where the beam is stationary while rotating one mirror, then the beam will wobble back and forth when rotating the
other. This will cause a drop in power at large scan angles, as part
of the beam fails to enter the objective. Since the larval ﬁsh brain is

Light is emitted in all directions from the focal point, and, since
excitation is restricted to a small volume, it is beneﬁcial to collect
all photons, even those which are scattered as they pass through
the tissue. Often, only photons that enter the objective are collected, but it is worthwhile to collect light also with a condenser
below the specimen, or a ring of ﬁber optics [118]. The intensity
of emitted light is at best a few photons per laser pulse, so the
detection apparatus should have very high efﬁciency and low
noise. Typically photomultiplier tubes (PMTs) are used, which convert incident photons to short (1 ns) bursts of electric current.
PMTs can range from fairly cheap and robust models (e.g. Ham-
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amatsu R10699) to more expensive, but highly sensitive gallium
arsenide phosphide (GaAsP) detectors (e.g. Hamamatsu H742240). The output current can be ampliﬁed using a low-noise current
pre-ampliﬁer (e.g. Stanford SR570, Femto DHPCA-100), whose
bandwidth should be matched to the desired pixel dwell time,
and sampled by a computer via an analog to digital converter
(e.g. National Instruments NI PCI-6115).
4.7.1. Photon counting
One major source of noise in the PMT signal at low light levels is
that each individual photon generates a current pulse with widely
varying peak height, due to random variation in the multiplication
factor at different steps in the cascade ampliﬁcation. If pulses are
well separated in time, this noise can be eliminated by detecting
and counting individual events, a process known as photon counting. This can be achieved using commercial photon counting modules which convert the analog output of the PMT to a train of TTL
(transistor–transistor logic) pulses, with custom-built electronics,
or by feeding the output of the PMT directly into an ultrafast digitizer (e.g. Alazartech ATS9870), where the photon counting can
be performed on an FPGA (ﬁeld-programmable gate array) or in
software on a fast computer.
4.7.2. Collection optics
The emitted light, which is in the visible spectrum, is separated
from the excitation pathway by a dichroic ﬁlter with a 700–750
nm edge wavelength placed immediately above the objective
(e.g. Semrock FF705-Di01). This ﬁlter should be large enough to allow a clear aperture for the expanded laser beam over the full scan
range. Ideally, every photon that makes it through the objective
should be collected. Whereas PMT active areas can be 5 mm or
smaller, the back aperture of multiphoton objectives can be large
(approximately 2  fspec  NA/M), and the large ﬁeld of view means
that light can emerge at a wide variety of angles. A lens system is
required to collect all this light and form a reduced image of the
back aperture at the PMT. In principle a single lens is all that is required for this (see [113]), but a useful alternative is a two lens system consisting of a collection tube lens placed as close to the
objective as possible, in a telescope conﬁguration with an aspheric
condenser lens in front of the PMT. Between these two lenses,
where most of the collected light is traveling fairly parallel to the
optical axis, dichroic and other ﬁlters for multicolor imaging can
be placed. Usually, it is necessary to include a high performance
short-pass ﬁlter to eliminate scattered laser light (e.g. Semrock
SEM-FF01-720/SP), in addition to any emission ﬁlters.
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4.9. Software
At a basic level, the software required to run a two-photon
microscope is extremely simple. It needs to generate an array of
x and y mirror positions, and pass these, via a digital to analog converter, as an analog voltage waveform to the scan driver boards.
Synchronized with this, the PMT output should be sampled via
an analog to digital converter and converted to image pixel values.
Both of these functions can be executed by a multifunction digital
acquisition board (e.g. National Instruments NI PCI-6115), which
can be programmed using the graphical programming language
LabView (National Instruments) or most commonly used computer
languages (e.g. MathWorks Matlab, Microsoft C#). A complete
acquisition program should also control many other elements of
the microscope, such as the laser, shutters and stages, save the
data, allow for some image processing, and generate experimental
stimuli. Some ﬂexible software packages to control custom microscopes have been developed for free and open distribution including ScanImage (Matlab; [120]; https://openwiki.janelia.org/wiki/
display/ephus/ScanImage) and Helioscan (Labview; http://
www.helioscan.org).
5. Imaging zebraﬁsh
5.1. Mounting the ﬁsh
Imaging experiments are usually carried out in mutant ﬁsh that
lack skin pigmentation such as the nacre (mitfa /) or casper
(mitfa /; roy /) lines [121,122]. Alternatively, ﬁsh can be
raised in embryo medium containing 0.003% 1-phenyl-2-thiourea
(PTU) to suppress all pigmentation formation. Fish can be mounted
in a small volume of 1–2% low melting point agarose (Invitrogen)
on a Sylgard 184 surface. Sections of agarose can then be cut away
with a small scalpel to allow the tail or the eyes to move. Alternatively, to minimize movement artifacts during imaging, larvae can
be paralyzed before embedding. Commonly used methods are
soaking of larvae in 1 mg/ml a-bungarotoxin or 0.01 mM D-tubocurarine (Sigma) or immersion in 0.5 mg/ml mivacurim chloride
(Mivacron; GlaxoSmithKline) – all three blockers of nicotinic acetylcholine receptors at the neuromuscular junction. a-bungarotoxin can also be pressure-injected into the tail of larval ﬁsh. It
should be noted that potential central effects of these drugs are
not well characterized in ﬁsh. For ﬁctive behavior recordings, larvae can also be pinned to the Sylgard surface with short pieces of
ﬁne tungsten wire [31] or suspended from structural pipettes [70].

4.8. XYZ motion control
5.2. Visual stimulation
For ﬁne adjustment of the position of the specimen chamber
under the objective it is helpful to have the ﬁsh mounted on an
XY translation stage. However, since the entire brain can be imaged
in one ﬁeld of view, it shouldn’t be necessary to move the ﬁsh during the experiment, so manual, or low-end motorized stages (e.g.
Thorlabs PT1-Z8) are sufﬁcient. Imaging at different depths can
be achieved by moving only the objective up and down between
the microscope and the ﬁsh, taking advantage of the fact that the
excitation and collection optics are not greatly affected by moderate movements of the inﬁnity-corrected lens along its optical axis.
In fact with some additional optics, the objective can be moved
along all three axes, allowing for the specimen to be mounted on
a ﬁxed stage [119]. It is desirable to have Z-motion of the objective
be fast and accurate, so it can be mounted on a high performance
compact linear stage (e.g. Newport VP-25XA with ESP301 controller), or, in order to allow high frequency z-scanning, on a piezo
objective mount (e.g. from Physike Instrumente, Piezosystem
Jena).

Experiments involving presentation of visual stimuli during
two-photon imaging pose a particular challenge, because it is necessary to avoid bleed-through of the stimulus illumination into the
ﬂuorescence collection pathway. Stimuli can be presented via a
video projector onto a diffuser screen, on miniature screens
such as organic light emitting diode (OLED) displays, through
ﬁber optic image conduits, or with custom built LED arrays
[44,47,119,123,124]. Bandpass optical ﬁlters in both the stimulus
and collection pathways can be used to separate stimulus from collected light, and some studies have even incorporated custom multiband dichroic mirrors [119]. An important factor to consider is
that ﬁlter spectral properties usually only hold for very small deviations (<5 degrees) from the speciﬁed angle of incidence, with the
passband typically shifting towards shorter wavelengths at steeper
angles. If it is not possible to eliminate all light contamination, a
complementary strategy is to ﬂicker the illumination source at
very high frequency, so it is only on when data is not being
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collected, for example during scan mirror turnaround or ﬂyback
[124]. This method is not so suitable for projection systems that
are themselves ﬂickering, such as digital micromirror device
(DMD) displays, but may work for more continuous display devices, such as liquid crystal on silicon (LCoS) displays. Free software packages designed for streamlined generation of typical
psychophysical stimuli include the Psychophysics Toolbox, and Vision Egg ([125], http://www.psychtoolbox.org/HomePage; [126],
http://www.visionegg.org).
5.3. Behavior tracking
It is often important to simultaneously record the ﬁsh’s behavior while imaging. This can be necessary both to understand the
functional signiﬁcance of the neural signals, and also to provide
relevant sensory feedback, which may play an important role in
shaping motor output, and triggering behavioral sequences
[70,127,128]. For unparalyzed ﬁsh, video tracking can be used to
record tail, ﬁn and eye movements. Tail or ﬁn movements can be
captured from below with an infrared sensitive, high-speed camera. Horizontal eye movements can be recorded with a video camera from below, or from above while imaging from the side [10], or
directly through the microscope objective. Tracking eye angle requires thresholding the images to identify the eyes, and calculating
their orientation, either by ﬁtting an ellipse, or determining the angle of the principal axis. Torsional eye movements have also been
observed using a side-mounted camera [129].
In paralyzed ﬁsh, ﬁctive behavior can be measured, by recording
from motor nerves using ﬁre-polished suction electrodes with 10–
25 lm tip diameter [70,130–133], and a patch-clamp ampliﬁer.
This method has been used to record ﬁctive tail and pectoral ﬁn
movements, and is even possible in the intact animal, with part
of the skin sucked into the tip of the recording pipette. Ahrens
et al. [70] describe methods to extract a virtual swim speed from
ﬁctive recordings, which can be used for online updating of a visual
display.
6. Data analysis
6.1. Image segmentation
Raw imaging data usually consists of a large 3- or 4-dimensional array containing the ﬂuorescence intensity value for each
point in an image, or imaging volume, at every point in time. It is
possible to analyze the ﬂuorescence signal from each voxel (volumetric pixel) independently, and this might make sense, for example, in neuropil regions of densely labeled samples where signals
from many different neurons overlap at each image point. Recently, Nikolaou et al. [3], imaging in axon terminals of retinal ganglion cells in the optic tectum, used a systematic voxel-based
analysis to probe the ﬁne spatial organization of synaptic activity.
Usually, the time varying signal from any single neuron is distributed over several voxels in our data set, and we should average the
ﬂuorescence trace over these to increase the signal to noise ratio.
However, choosing which voxels to assign to which neuron, especially in a sample where most cells are ﬂuorescent, is not always
simple. Regions of interest (ROIs) can be chosen manually based
on inspection of the data, but this is time-consuming and subject
to bias. In cases where there are clear morphological criteria to
identify cell bodies, they can be segmented using 2- or 3-D image
processing. Dorostkar et al. [134], as part of a suite of useful functions for processing functional imaging data implemented in Igor
Pro, provide a method to pick regions of interest that involves
transforming the image with a LaPlace operator to highlight edges,
followed by a thresholding operation. In an important advance,

Mukamel and colleagues [135] developed a method, base on Independent Component Analysis (ICA), to perform automatic image
segmentation based on functional criteria. Importantly, this did
not require individual cell morphology to be visible in the images,
but instead grouped pixels according to their temporal patterns of
ﬂuorescence. This has been used successfully to identify ROIs in the
cerebellum, visual cortex, and spinal cord of both mouse and zebraﬁsh [35,136]. A disadvantage of this method is that it will only
identify cells with some threshold level of activity.
6.2. Data processing
Motion artifacts such as slow sample drift and fast movements
caused by the ﬁshes behavior are a potential problem in any imaging studies. Small, slow horizontal movements can be corrected
using cross-correlation based image registration, providing the ﬁsh
is expressing a stable anatomical marker. Movements along the zaxis are more problematic, and need to be compensated online, by
monitoring z drift relative to a reference image stack. More sophisticated methods have been developed that can correct, with subframe temporal resolution, for fast x–y movements, for example
using hidden Markov models [137].
For single-wavelength indicators, like OGB-1 and GCaMP, the
pixel brightness is a multiplicative combination of indicator concentration and the calcium level. In order to compare signals across
cells with different loading levels, data is usually converted to signal change normalized to the baseline ﬂuorescence, or delta F/F0,
where F0 is the baseline ﬂuorescence. This is not always straightforward to estimate, especially for cells with high spontaneous
activity, but for neurons with sparse activity, it should correspond
to the mode of the intensity distribution in the absence of
stimulation.
A simple way to remove noise in high dimensional data sets is
to project the data onto a lower dimensional space consisting of
the ﬁrst few vectors obtained from principal component analysis,
or singular value decomposition (PCA/SVD). Although this method
is prone to artifacts, it can be a very useful way to rapidly clean up
data for visualization purposes, or selection of regions of interest,
which can then be applied to the raw signal. Tao and colleagues
have used an SVD-based method on ratiometric data to identify
coactive ensembles during seizure activity, and subsequently inferred functional connectivity between different ensembles using
a linear model [138].
6.3. Decoding neural activity
The goal of many functional imaging studies is to measure, albeit indirectly, neuronal ﬁring patterns. However, the raw data
from calcium imaging experiments often consists of a noisy, low
temporal resolution sampling of the cell’s activity ﬁltered through
intracellular calcium dynamics and indicator kinetics. Some processing is therefore required to make an accurate estimate of the
underlying activity. Yaksi et al. [62] demonstrated using simultaneous juxtacellular recording and calcium imaging in the zebraﬁsh
olfactory bulb that, with the right choice of indicator, the calcium
trace is well modeled by a convolution of the spike train with an
exponentially decaying kernel. Deconvolving a ﬁltered version of
the calcium trace therefore yields an excellent estimate of the ﬁring rate. Vogelstein et al. [139] have extended this approach by
developing a deconvolution algorithm that uses the additional
information that the spike rate at any moment in time must be positive. Their method is fast enough to allow data analysis in real
time, and yields better estimates of ﬁring rate than simple Wiener
deconvolution. Importantly, this method has also been validated
by simultaneous in vivo imaging and electrophysiology in mouse
visual cortex [116,140]. The same group also described a more
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sophisticated, particle ﬁlter-based model, which can incorporate
more information to reconstruct spike trains with high accuracy
and sub-frame resolution, although it is more computationally
demanding and less straightforward to implement [139]. Several
methods have been developed to determine spike timing with very
high temporal accuracy from the high temporal resolution data obtained by random access scanning of distributed cell populations
[2,141,142], all using small molecule indicators with very fast rise
times.
6.4. Interpreting activity
The ultimate goal, and the biggest challenge, of most functional
imaging experiments is to understand the dynamics of activity, and
how it relates to the animals behavior. One way to visualize this
dynamics is as a trajectory through a low-dimensional space that
captures some large portion of the variance in cell ﬁring [64,70],
which can show how and when the network switches between different activity states. To know what role cells are playing in a circuit though, we often would like to understand what behaviorally
relevant signals they are carrying – for example are they processing sensory information, or controlling movement? Ahrens et al.
[70] identiﬁed different functional areas in the brain by the correlation of the local ﬂuorescence signal with sensory or motor variables. They distinguished sensory from motor particularly
effectively by using open-loop replay of sensory stimuli generated
by the ﬁsh’s swimming during previous closed-loop presentation.
Miri et al. [10] generated predictions of the calcium signals that
would be seen in cells encoding eye velocity and position, and used
this to identify these neurons using a regression analysis. A similar
approach, but working in the opposite direction, was used in recent
studies imaging in mammalian cortex. They ﬁrst estimated the ﬁring patterns of neurons from the calcium traces, and then tested
how effectively different behavioral parameters could be reconstructed from different neurons’ activity [104,143], using a nonparametric machine learning algorithm, that can be applied to
many different kinds of behavioral data.
7. Outlook
Continuing rapid developments in imaging technology, including microscopes that can image the whole brain in vivo with micron resolution, and genetically encoded indicators that can
reliably report neuronal ﬁring and synaptic activity, have opened
up new possibilities for neural circuit research. The small, transparent zebraﬁsh is a powerful model system to apply these tools.
A ﬁrst step will be to produce single-cell resolution, whole-brain
maps of the functional signals underlying different features of sensory and motor processing. By using freely available 3D alignment
tools like the Computational Morphometry Toolkit [144,145], these
maps can be aligned to a common reference frame, for comparison
of different patterns across ﬁsh. A Virtual Brain Explorer (ViBe-Z)
software has recently been developed for mapping gene expression
patterns on a 3D reference brain [146], and allows users to add different staining and transgenic expression patterns to a common
pool of images. High-resolution functional maps will eventually
be registered with these anatomical maps, facilitating the identiﬁcation of genetically targetable cell types involved in speciﬁc
behaviors and providing zebraﬁsh researchers with an unparalleled reference framework to guide studies of neural circuit structure and function.
The goal of imaging from a large fraction of the 100,000 neurons in the larval zebraﬁsh brain simultaneously at high temporal
resolution requires many millions of data points to be acquired per
second, which will eventually push the limits of conventional
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laser-scanning microscopy, in which every pixel is acquired
sequentially. In light-sheet microscopy, an entire z-plane is illuminated simultaneously, or with a scanned line, and pixel clock rates
of up to a gigahertz can be achieved by taking advantage of fast
complementary metal–oxide–semiconductor (CMOS) detectors
[147–149]. Since many pixels are exposed simultaneously, there
is a much smaller trade off of pixel dwell time versus acquisition
rate. Recently, Ahrens et al. [150] used light-sheet microscopy of
transgenic ﬁsh expressing GCaMP5G to image the entire brain of
zebraﬁsh larvae at 0.8 Hz. By analyzing correlations between voxels in this 3-dimensional volume, they were able to identify complex structures spanning different brain regions, which may
correspond to functionally connected networks of neurons (see
also [151]). One current drawback of this method, compared with
2-photon imaging, is that it requires scanning visible laser light
through the brain of the ﬁsh. This may require the laser to pass
through the eye, which should therefore not be pigmented, and
will likely produce visual responses either through stimulation of
the retina, or photosensitive cells in the brain [152,153]. Therefore,
the possibility of combining light-sheet imaging with two-photon
excitation is a particularly exciting direction for the future [154].
To probe the structure of neural circuits, it will be powerful to
combine functional imaging with methods that permit cell-type
speciﬁc optical manipulation of neural activity [155]. The engineering of red ﬂuorescent indicators [88,93,94,162] and light-gated
channels with a range of absorbtion spectra [156] will help to overcome existing problems of spectral overlap. A straightforward
method to integrate a digital micromirror device (DMD)-based
projection system into a homebrewed two-photon microscope to
allow stimulation with spatial light patterns has been described
[157]. This will facilitate mapping of functional connectivity in
the brain, and demonstration of causal links between neural circuit
activity and behavior.
Parallel developments in electron microscopy methods now
make possible 3D imaging of tissue ultrastructure and comprehensive reconstruction of synaptic connectivity within population of
neurons and potentially within entire brains [158–160]. When
combined with functional imaging in the same animal [161] this
provides a extraordinary level of functional and anatomical detail
to generate neural circuit models and develop a mechanistic
understanding of circuit function.
Taken together, there are a very exciting few years ahead, during which the zebraﬁsh model will be at the forefront of a major
wave of advances in systems neuroscience based on optical and genetic methods.
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