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Abstract: Light-sheet fluorescence microscopy (LSFM) enables real-time whole-brain func-
tional imaging in zebrafish larvae. Conventional one-photon LSFM can however induce
undesirable visual stimulation due to the use of visible excitation light. The use of two-photon
(2P) excitation, employing near-infrared invisible light, provides unbiased investigation of neu-
ronal circuit dynamics. However, due to the low efficiency of the 2P absorption process, the
imaging speed of this technique is typically limited by the signal-to-noise-ratio. Here, we describe
a 2P LSFM setup designed for non-invasive imaging that enables quintuplicating state-of-the-art
volumetric acquisition rate of the larval zebrafish brain (5 Hz) while keeping low the laser
intensity on the specimen. We applied our system to the study of pharmacologically-induced acute
seizures, characterizing the spatial-temporal dynamics of pathological activity and describing for
the first time the appearance of caudo-rostral ictal waves (CRIWs).

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recent scientific advances, both in microscopy technology [1–5] and in fluorescent sensors
of neuronal activity [6,7], have led to a profound revolution in the field of brain functional
imaging, making it pivotal for understanding brain functions. Deciphering the workings of a
brain (and its alterations due to pathologies and disorders) requires real-time mapping of the
activity of all neurons and in this scenario light-sheet fluorescence microscopy (LSFM) [8] plays
a crucial role. Indeed, owing to its unique architecture, which couples optical sectioning ability
with parallelization of the acquisition process within each frame, LSFM has allowed for the
first time the high-speed volumetric imaging of a vertebrate brain in its entirety, employing the
intrinsically transparent zebrafish larva as a sample [9]. In particular, this technique has enabled
the simultaneous functional investigation of large populations of neurons throughout the entire
zebrafish brain expressing fluorescent calcium indicators, leading to novel insights into circuit
dynamics [9–14].
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Conventional LSFM employs continuous-wave lasers as sources for one-photon excitation
and, apart from the use of peculiar illumination tailoring aimed at excluding eye exposure [15],
this usually leads to detrimental visual stimulation during imaging. At best, the use of a visible
light sheet may induce undesired activation of retino-recipient neurons throughout the brain,
making it hard to disentangle this activity from those under investigation [16,17]. At worst, it
may preclude neuronal activity measurement in more delicate experimental conditions, i.e. more
susceptible to photostimulation, such as target-driven fictive navigation, sleep/wake rhythm or
specific pathological states. The use of two-photon (2P) excitation [18] instead, employing near
infrared pulsed light, which is invisible to the majority of vertebrates (including zebrafish [19]),
allows for a potential expansion of the experimental panorama amenable to high-speed imaging.
However, owing to the low probability of the 2P absorption process, 2P LSFM [20–22] is prone to
low signal-to-noise ratio (SNR) issues, which remarkably limit the actual volumetric acquisition
speed [23]. For this reason, thus far, 2P LSFM has been proficiently applied to perform structural
studies [24], single plane functional imaging [25,26] and functional studies at low volumetric
rate [16,17,27,28]. To date, no high-speed volumetric functional imaging has been performed by
means of 2P LSFM. Here, we describe a 2P LSFM setup achieving fast whole-brain imaging (5
volumes per second) in zebrafish larvae [29,30] through SNR boosting, while keeping low the
incident power on the sample, a crucial aspect for in-vivo imaging [23,31].

We applied the system to investigate the neuronal dynamics occurring in the larval zebrafish
brain during epileptic seizures. Seizures are recurrent and unprovoked episodes of paroxysmal
neuronal activity typically occurring as a consequence of a loss of balance between excitatory
and inhibitory synaptic activity and they represent the hallmark of epilepsy. We induced seizures
in 4 days post fertilization (dpf) larvae using pentylenetetrazole (PTZ), a molecule employed to
model seizure-like behavior in zebrafish larvae [32,33] thus modelling several kinds of human
epilepsies in this animal [34].

We mapped in real-time, on a brain-wide scale and with cellular resolution, the onset and
propagation of acute seizures, at the same time avoiding detrimental photostimulation on a
highly susceptible system such as an epileptic brain. In this work, we show that the presented 2P
LSFM design enables high spatio-temporal resolution mapping of seizure dynamics, allowing
the emergence of peculiar postero-anterior propagation patterns to be revealed for the first time.

2. Experimental techniques and materials

2.1. 2P-LSFM setup

The employed 2P LSFM setup is depicted in Fig. 1. A tunable Ti-Sa pulsed laser (Chameleon
Ultra II, Coherent) is used to generate the excitation light at 930 nm. The laser is coupled with a
pulse compressor unit (PreComp, Coherent) to pre-compensate for the group delay dispersion
(induced by the optics and by the long path travelled by the focused light after the excitation
objectives inside the water-filled imaging chamber), thus increasing the SNR. At the exit of the
pulse compressor, the laser beam is attenuated using a half-wave plate and a Glan-Thompson
polarizer that dumps part of the beam.

The beam then passes through an electro-optical modulator (EOM, 84502050006, Qioptiq)
that switches the polarization state of the light between two orthogonal states with a frequency of
100 kHz. After the EOM, a quarter-wave plate is used to pre-compensate for the polarization
distortions and a half-wave plate is employed to rotate the couple of light polarization planes in
order to be parallel or perpendicular with respect to the optical table surface.

The light is then routed to a hybrid pair of galvanometric mirrors through a periscope and a
pair of steering mirrors. One of the galvanometric mirrors is a fast resonant mirror (CRS-8 kHz,
Cambridge Technology) and it is used to scan the beam along the fronto-caudal direction of the
larva with a frequency of 8 kHz to digitally generate the light sheet. The other galvanometric
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Fig. 1. Schematic of the novel custom-made 2P LSFM setup. fs-laser: femtosecond laser.
Pre Comp: group delay dispersion precompensation unit. Int. control: power intensity
control unit. EOM: electro-optic modulator. λ/2: half-wave plate. λ/4: quarter-wave
plate. galvos: hybrid galvanometric mirrors assembly. PBS: polarizing beam splitter. ETL:
electrically-tunable lens. Red lines: excitation beampath, green lines: detection beampath.
Dashed segments indicate vertical paths.

mirror is a closed-loop mirror (6215H, Cambridge Technology) and it is used to scan the
light-sheet along the dorso-ventral direction of the larva with a frequency of 5 Hz.

Two excitation dry objectives are placed at the lateral sides of the larva, outside the sample cham-
ber. The scanned beam is routed to one of the two excitation objectives (XLFLUOR4X/340/0,28,
Olympus) by means of a scan lens (50 mm focal length), a tube lens (75 mm focal length) and
a pair of relay lenses (250 mm and 200 mm focal lengths). The lens series after the galvos
magnifies the beam diameter 1.2 times, therefore the objective pupils are underfilled. When the
incoming light is polarized perpendicularly to the table surface by the EOM, it is diverted by a
polarizing beam splitter placed between the tube lens and the first relay lens to illuminate the
second excitation arm. Immediately after this beam splitter, a half-wave plate is used to rotate the
light polarization plane so that the light from both the excitation objectives is polarized parallel
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to the table surface. Finally, a pair of relay lenses identical to the one on the first excitation arm is
used to route the beam to the second excitation objective.

The excitation light is focused inside the custom-made sample chamber filled with fish water.
This chamber is walled by thin (0.17 mm) glass surfaces and is open on the top. It is thermostated
(at 28.5 °C) using a dedicated custom closed-loop controller. The chamber is designed to hold a
modified glass slide having a raised glass wedge at the center, on the top of which the larva is
placed. In this way the focused light beams are not distorted by the presence of the adjacent glass
slide surface.

The fine three-dimensional placement of the sample under the detection objective is performed
by moving the sample chamber with three micro-positioning stages (M-521.DD1, M-511.DD1
and M-501.1DG, Physik Instrumente) while observing the detection-objective relative position
with an infrared-sensible auxiliary camera (UI-1240SE-NIR-GL, iDS) placed frontally to the
larva, outside the chamber.

A water-immersion high-numerical aperture (NA) detection objective (XLUMPLFLN20XW,
Olympus, NA=1) placed on the dorsal side of the larva is used to collect fluorescence emission.
For this objective we use a tube lens with a focal length of 300 mm. The collected light is then
routed to the sCMOS camera (ORCA-Flash 4.0 V3, Hamamatsu) by a relay system composed
by an additional tube lens (focal lens: 200 mm) and a dry objective (UPLFLN10X2, Olympus,
NA=0.3). The total magnification of the detection arm is 3×.

Immediately before the camera objective pupil we placed the filter wheel and an electrically-
tunable lens (ETL). The ETL (EL-16-40-TC-VIS-5D-C, Optotune) is used to remotely scan the
focal plane of the sample-side detection objective in synchrony with the light-sheet motion. To
select GCaMP6s emission we used a green fluorescence filter (FF01-510/84-25 nm BrightLine
single-band bandpass filter, Semrock) placed in the filter wheel.

The two excitation objectives and the sample-side detection objective are mounted on objective
scanners (PIFOC P-725.4CD, Physik Instrumente). Before each acquisition, the axial positions
of the objectives are tuned in order to overlap the scanning range of the ETL with that of the
closed-loop galvanometric mirror and to homogeneously illuminate the sample from the sides.

2.2. Acquisition control

The microscope is controlled by two workstations (Precision Tower 5810 and Precision Tower
7810, Dell), one of which is dedicated exclusively to the camera control, exploiting a frame-
grabber device and a RAID-0 array of four fast SSD devices, while the other one is used to
manage all the other microscope hardware, also using a data acquisition device (PCIe-6353,
National Instruments). Image acquisition and instrument control are performed by dedicated
custom software written in “G” (LabVIEW, National Instruments).

2.3. Optical system characterization

Detection point spread function (PSF) measurements were performed in two ways. First, we
visualized fluorescent beads (T7280, Invitrogen) with a diameter of 2.5 µm included in agarose
gel, employing a blue LED source for excitation. With this method, we measured a transversal
full width at half maximum (FWHM) of 6 µm and an axial FWHM of 10 µm. Then, we observed
with transmitted light a grid made by horizontal and vertical lines spaced 10 µm (R1L3S3P,
Thorlabs). We computed the transversal PSF size from the two-dimensional Fourier transform
of this image and a size of 5.2 µm resulted from the modulation transfer function. This 13%
discrepancy can be attributed to the size of the employed beads in the first method.

Excitation beam characterizations were performed by imaging fluorescence emission induced
in a fluorescein solution. The transversal fluorescence profiles at each position along the beam
axial dimension were fitted with Gaussian functions. From the fit parameters we obtained the
maxima and the transversal FWHMs for each longitudinal position. Finally, we obtained the
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beam maximum fluorescence value and longitudinal FWHM by fitting the computed transversal
maxima with a Gaussian function. With this method we found a transversal FWHM at the waist
of 6 µm (Fig. S1a,b) and a longitudinal FWHM of 327 µm (Fig. S1c).

To test the advantages of employing the emi-field alternating illumination, we replaced the
polarizing beam-splitter on the illumination path with a non-polarizing beam-splitter and we
deactivated the EOM controller. Moreover, we rotated the half-wave plate after the beam-splitter in
order to maintain horizontal polarization in both the excitation arms. The maximum fluorescence
values in the two conditions were computed with the same procedure described above (Fig.
S1c,d). The measure was performed with a cumulative excitation power of 100 mW (after the
objectives). Before the measure we verified the cumulative fluorescence signal displaying the
expected quadratic dependence on the excitation power up to 205 mW by fitting it with a parabolic
function, finding a determination coefficient equal to 0.999.

2.4. Laser power

For all the imaging sessions, the cumulative power of the excitation beams at the exit of the
two objectives was set at 200 mW± 5% (at 100 mW± 5% for each objective in time-average).
These values were chosen after performing preliminary studies about phototoxicity. In brief,
we continuously imagined 10 larvae for extended periods of time (more than 1 hour) and with
excitation powers varying between 125 mW and 210 mW. For each larva we reported the time
when photodamage appeared in the brain volume as areas of tonic activation of the calcium
sensor (Fig. S2 and Table S1), typically located in the lateral (left or right) optic tectum. We
observed that 60% of the larvae continuously exposed to uninterrupted imaging with illumination
power ≥ 190 mW did not show photodamage signs in the first < 30 minutes.

We estimated the power loss induced by the passage through the glass-walled sides of the
sample camera by measuring the laser power levels before and after the glass wall in air (without
fish-water) and we found it to correspond to ∼10%. Finally, employing the Lambert-Beer’s law
and considering the water absorption coefficient at 930 nm to be 0.128 cm−1 (as reported by Kou
and collaborators [35]), we calculated that the 25 mm-path travelled by the light in fish-water
solution produces a power loss corresponding to ∼26%. In conclusion, we estimated that a
combined power corresponding to less than 140 mW reaches the larva from the two sides (less
than 70 mW from each side). Neither sustained calcium sensor activation nor other kinds of
photodamage signs were observed during experimental imaging sessions.

2.5. Imaging parameters

Each imaging session started with a 5-minute control acquisition before the exposure to the
convulsant. After the convulsant exposure, the imaging session proceeded alternating 5-minute
acquisitions every 10 minutes for 6 cycles. In light of the phototoxicity evaluation (see Sec. “2.4
Laser power”, Fig. S2 and Table S1), which was deliberately performed in harsher conditions
(i.e., continuous exposure to the laser) with respect to the actual imaging configuration, this
conservative choice (i.e., a discontinuous imaging protocol) was made in order to be confident
not to mix or boost seizure dynamics with eventual photodamage effects arising from thermal
accumulation or non-linear effects [23,31]. Therefore, for each animal we imagined 30 minutes
of aberrant neuronal activity during seizure onset and propagation spanning a total time of 60
minutes.

The volumetric imaging was performed at 5 Hz with 31 stacked z-planes spanning an axial
size of 150 µm. A spacing of 5 µm along the axial dimension was chosen because it coincides
with the value of the half width at half maximum of the detection axial PSF. The image pixel size
is ∼2.2 µm × 2.2 µm and we acquired 512×512 pixel images with 16 bit depth of integer grey
levels.
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The sCMOS camera was operated in “synchronous readout trigger mode” to secure as long
exposure time as possible. In this mode the end of each exposure coincides with the start of the
next exposure and of the readout. The acquisition time (corresponding also to the exposure time
in this modality) for each image is 5.8 ms, while 20 ms were allocated for the ETL flayback time.

2.6. Zebrafish larvae

We observed a total of 18 zebrafish (Danio rerio) larvae aged 4 dpf. The employed transgenic
strain Tg(elavl3:H2B-GCaMP6s) [15,36], in homozygous albino background [37], expresses the
fluorescent calcium sensor GCaMP6s under a pan-neuronal promoter with nuclear localization.

Furthermore, a subset of zebrafish larvae (n=3, Tg(elavl3:GCaMP6s), raised in 0.003%
phenylthiourea (P7629, Sigma-Aldrich) to avoid pigmentation) were recorded in previous
experiments [38]. Fish were maintained according to standard procedures [39] and their handling
was carried out in accordance with European and Italian law on animal experimentation (D.L. 4
March 2014, no. 26), under authorization no. 407/2015-PR from the Italian Ministry of Health.

Before the imaging sessions, larvae underwent a mounting procedure as we previously described
[38]. Briefly, each larva was paralyzed with a solution of d-tubocurarine (2 mM; 93750, Sigma-
Aldrich) to avoid movement artefacts, included in 1.5% (w/v) low gelling temperature agarose
(A9414, Sigma-Aldrich) in fish water (150 mg/L Instant Ocean, 6.9 mg/L NaH2PO4, 12.5 mg/L
Na2HPO4, pH 7.2), then mounted on a custom-made glass support and immersed in fish water
thermostated at 28.5 °C. After the initial 5-minute control acquisition, each larva was exposed to
convulsant agent PTZ (P6500, Sigma-Aldrich) at one of the following final concentrations: 1.0,
2.5, 7.5 and 15.0 mM. We randomly assigned three larvae to each concentration. Stock solutions
of PTZ were prepared by dissolving it in milliQ water, while the final concentrations used in the
experiments were obtained by diluting each stock in fish water.

2.7. Post-processing

After the acquisitions, each time-lapse recording was manually inspected to identify movement
artefacts. Where present, these artefacts were removed; in this way, from a single time-lapse
movie, several motion artefact-free sub-movies were generated. The raw fluorescence images
were then preprocessed as follows. First, two volumetric masks were computed as the sets of
pixels whose values were smaller than two arbitrarily chosen threshold values (the chosen values
are the same for all the recordings). The mask computed on the larger threshold value was then
subjected to a morphology opening operation. After that, the final mask was computed as the
binary-set union between the two masks. The values of all the pixels identified by the final mask
were set to zero.

After the masking procedure, the 16-bit integer fluorescence images were converted in 32-bit
floating point pixel-based ∆F/F0 signals using the following formula:

∆F/F0 =
F − F0
F0 − D

, (1)

where F0 is computed as the pixel-based first decile value along the temporal dimension, while D
is computed as the nearest lower integer of the lowest unmasked F0 value.

Great care was taken to mount the larvae in the same position and orientation, nevertheless, in
order to enhance the inter-sample consistency, we spatially aligned the brain volumes acquired
from different animals in a post-processing passage. This alignment procedure was performed
using a series of custom-made Python scripts that we made publicly available under the MIT
License on GitHub (“https://github.com/lens-biophotonics/2P-LSFM-align”). First, time-lapse
∆F/F0 movies were spatially interpolated along the axial dimension to an almost isotropic voxel
size of 2.2 µm × 2.2 µm × 2.0 µm. Then, an animal-specific rotation matrix was applied. Finally,
the rotated stacks were binned to the final voxel size of 4.4 µm × 4.4 µm × 4.0 µm. In the

https://github.com/lens-biophotonics/2P-LSFM-align
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binning procedure, solely the unmasked voxels were taken into account, so that relevant border
information was not degraded. In order to generate the rotation matrices, we time-averaged one
stack for each animal and then we confronted the result with a reference stack. We exploited
a simulated annealing algorithm to optimize the rotation parameters, using the numerosity of
the intersection set between the unmasked voxels of the two stacks as fitness value. Finally, the
parameters of each matrix were fine-tuned manually by visually exploring the rotation results. For
the resulting overlaid stacks, we considered as unmasked only those pixels that were unmasked in
the same position in all the original stacks.

2.8. Voxel-based lag analysis

To perform lag analysis we computed the temporal cross-correlation (using the Pearson’s
coefficient) between each voxel-based ∆F/F0 trace and the global (encephalon plus spinal cord,
restricted to the unmasked voxels) average ∆F/F0 trace. This procedure is justified by the fact that
epileptic activity is by definition characterized by hyper-synchronicity, therefore performing the
global cerebral mean makes the pathological features stand out by averaging out asynchronous
activity. The voxel-based lag value is defined as the temporal cross-correlation shift associated
with the maximum value of the coefficient of determination [40].

To generate single-trial voxel-based lag maps we color-mapped the lag value, limited to the
unmasked voxels showing a statistically significant correlation (two-tailed test, multiplicity
correction carried out with the two-stage Benjamini-Hochberg procedure, controlling the false
discovery rate at 10%). We generated aggregated voxel-based lag maps by color-mapping the
median values of the single-trial voxel-based lags, considering only the unmasked and statistically
significant voxel of each acquisition.

Lag histograms for the relative frequencies of voxel-based lag values were computed for
each acquisition and each region of interest (ROI); voxel-based lag values related to the same
individual event (unique occurrence of “control”, “ictal” or “postictal” activity) divided in
multiple sub-movies were pooled together. After that, aggregated bar plots were generated by
computing the first, second and third quartiles of the distributions for each class of the histograms.

2.9. Statistical analysis

For ROI-based lag analysis, the lag value was computed for each acquisition as the median lag
value among all the unmasked voxels in the ROIs that displayed also a statistically significant
correlation. If the percentage of voxels in the ROI displaying a statistically significant correlation
with respect to the total number of unmasked voxels was lower than 20%, then the observation
was excluded. ROI-based lag values related to the same individual event (unique occurrence
of “control”, “ictal” or “postictal” activity) divided in multiple sub-movies were aggregated
by taking their median values. ROI-based statistical analysis of lag delay was performed
using Kruskal–Wallis one-way analysis of variance followed by a post-hoc pairwise multiple
comparison procedure with two-tails Dunn test. Multiplicity correction was carried out with the
Benjamini-Hochberg procedure controlling the false discovery rate at 5%.

Voxel-based correlation coefficients were calculated using the Pearson’s coefficient as the
correlation between the voxel-based ∆F/F0 temporal traces and the global (encephalon plus spinal
cord, restricted to the unmasked voxels) average ∆F/F0 temporal trace. ROI-based correlation
coefficients and ROI-based ∆F/F0 values were computed as the averages (restricted to the
unmasked voxels of ROI) of the voxel-based respective quantities. In addition, for the analysis of
the variation of the mean ∆F/F0 values over exposure time, we computed for each time point and
each animal the weighted averages of the ROI-based mean ∆F/F0 values employing the number
of temporal frames of the respective time-lapse as weight. For the analysis of the variation of the
standard deviation of the whole-brain ∆F/F0 traces over PTZ concentration, we first computed
the average ∆F/F0 value (over the whole brain) for each time point of the traces, excluding
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the masked voxels. Then, we computed the standard deviation of this unidimensional trace.
The aforementioned weighted averaging procedure was applied also in this case. The obtained
standard deviation values were finally fitted with a linear regression line with respect to the PTZ
concentrations.

For the statistical analyses of the ROI-based and voxel-based correlation coefficients and of the
variation of the mean ∆F/F0 values over exposure time we employed general linear mixed models
[41] (GLMMs) implemented in the R [42] language in which we defined the animals as a random
factor. For the analyses of the correlation coefficients relating to submaximal PTZ concentrations
and of the variation of the mean ∆F/F0 values over exposure time, we set the categorical PTZ
concentrations and the interaction between the categorical PTZ concentrations and the exposure
time as fixed factors in the GLMMs. For the analyses of the correlation coefficients relating to
maximal PTZ concentration, we set only the categorical PTZ concentrations as a fixed factor.

For the correlation coefficient voxel-based analyses, we used the frequentist package lmerTest
[43] and then we corrected the results (two-tailed test) for the multiplicity using the Benjamini-
Hochberg procedure, controlling the false discovery rate at 10% to test statistical significance. For
the analyses of the voxel-based correlation coefficients relating to submaximal PTZ concentration,
we extracted the p-values directly from the GLMMs, while for the analyses of voxel-based
correlation coefficients relating to maximal PTZ concentration we employed linear contrasts
based on the respective GLMM.

For the analyses of the ROI-based correlation coefficients and of the variation of the mean
∆F/F0 values over exposure time we used the Bayesian package brms [44] employing NUTS
sampler (target average proposal acceptance probability during adaptation period: 0.99, maximum
allowed tree depth: 15, number of total iterations per chain including warmup: 3000) and setting
uninformative priors. For the analyses of the ROI-based correlation coefficients at submaximal
PTZ concentration and of the variation of the mean ∆F/F0 values over exposure time, statistical
significance was tested by computing the credibility intervals (CIs) at 95% for the posterior
distributions of parameters. For the analysis of the ROI-based correlation coefficients at maximal
PTZ concentration, statistical significance was tested employing Bayesian non-linear hypothesis
testing based on the respective GLMM and setting the statistical significance threshold at 95%
for the posterior probabilities.

3. Results

3.1. 2P-LSFM setup optimization for fast acquisition

We specifically devised a 2P LSFM setup to perform fast whole-brain imaging in zebrafish
larvae. We used double-sided illumination, thus covering the field-of-view with two partially
overlapped thinner and shorter light-sheets (as performed by Truong and collaborators [24]) in
place of a single, thicker, and longer one. We matched the radial dimension of the light sheets
(∼6 µm FWHM, Fig. S1a) with the axial detection PSF size (∼10 µm FWHM), thus achieving
improved axial resolution whilst illuminating the whole sample plane. Moreover, due to the two
counterpropagating infrared beams, this excitation geometry provides homogeneous illumination
and strong attenuation of striping artefacts [45,46]. Noteworthy, the typical size of the larval
brain along the lateral dimension (∼400 µm) results slightly smaller than the beam effective
confocal parameter (Fig. S1b). In particular, the radial dimension of the light-sheets remains
lower than 7 µm over a path longer than 200 µm, i.e. corresponding to the brain-half related
to the respective illumination emi-field, while also maintaining uniform illumination over this
distance (Fig. S1c).

In 2P excitation, fluorescence emission depends on the square of light intensity, hence it
is important to maximize the excitation peak power. Therefore, we employed an EOM and a
polarizing beam splitter (that steers the light depending on the instantaneous light-polarization
state induced by the EOM operation) to alternatively convey excitation light in either of the
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two illumination arms, thus maximizing the peak power of excitation. It should be noted that
the employed EOM operating frequency is three orders of magnitude larger than the camera
acquisition frequency, therefore no blinking can be observed in the recordings. This arrangement
can ideally produce a 2-fold increase of the fluorescent signal compared to halving the peak power
to simultaneously illuminate both sides, e.g. using a non-polarizing beam splitter. In fact, in the
first case the peak power is preserved, albeit the illumination time is halved, the latter having a
linear effect on the decreasing of the signal levels. On the contrary, in the second case the peak
power is halved, inducing a quadric decrement in the signal that would not be compensated by
the preservation of the total illumination time.

In order to experimentally test this effect, we measured the intensity of the fluorescence light
produced in a fluorescein solution using a polarizing or a non-polarizing beam-splitter (Fig.
S1c,d) while keeping a constant excitation power. We indeed observed an increase of 84% in the
generated signal when using the polarizing beam-splitter, confirming the validity of our approach.
A large part of the discrepancy with respect to the theoretical case (100% increase) is to be
ascribed to residual polarization distortions. Indeed, when the polarization is switched, about
2.5% of residual illumination intensity can still be measured in the original optical path and this
accounts for 10 percentage points of the difference.

Furthermore, the setup employs a quarter-wave and two half-wave retarders to make the
polarization plane of the excitation light parallel to the light-sheet plane. By photoselecting
a subpopulation of fluorophores emitting preferentially towards the detection objective, this
implementation drastically increases the signal levels in 2P LSFM, as we showed in a previous
article [47].

We maximized fluorescent signal collection using a high-NA detection objective. Its focus was
remotely displaced to match it with the position of the illumination light-sheet, using an ETL as
described by Fahrbach et al. [48]. This allowed fast volumetric imaging while keeping the bulky
objective still, which would have otherwise produced detrimental pressure waves impinging on
the sample.

The positioning of the ETL immediately before the camera-side objective pupil (a configuration
similar to the one adopted in Ref. [48]) introduces a small degradation of optical telecentricity,
i.e. an axial-position dependent magnification component. The magnification alteration at the
two extremes of the range commonly used in our acquisitions (150 µm) was quantified and it
was found to be below 7% with respect to the magnification at the center of the range (a level
similar to what described by Fahrbach et al. [48]). Therefore, considering the functional (i.e. not
structural) scope of our observations, this effect is deemed negligible.

The image generated by the detection objective tube lens is demagnified to a final 3× (i.e.
radically different from the original magnification of the sample-side objective: 20×) onto the
camera sensor by an optical relay system (composed by a second couple of objective and tube
lens), thus optically binning to concentrate light. This design allows for optimal fluorescence
collection using a high-NA detection objective without compromising on wide field-of-view.
This enlargement of the field-of-view comes at the expense of optical aberrations in the field
periphery. However, these aberrations are still acceptable in the area occupied by the sample,
especially considering the functional nature of our observations. In order to achieve these results,
care was taken to match the NA of the sample-side objective (NAS) with that (NAC) of the
camera-side objective: NASM ≈ NAC, where M is the lateral magnification. If this condition is
verified, then the optical system can exploit the full light-collection capabilities of the high-NA
sample-side objective. Noteworthy, in this configuration the ETL (placed near the back aperture
of camera-side objective) does not limit the NA of the detection system, since its aperture (16 mm)
is larger than the magnified image of the objective pupil (12 mm).

Furthermore, the demagnification adopted allows the image to be focused onto a small central
portion (512 × 512 pixels) of the sCMOS camera sensor, providing enhanced number of photons
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collected by each camera pixel and increased image readout frequency. We chose an image pixel
size of 2.2 µm in order to sample neuronal nuclei (∼5 µm) according to the Nyquist principle.

3.2. Brain-wide PTZ-induced seizures mapping

The system allowed us to capture neuronal activity in the intact whole brain of zebrafish larvae
expressing the calcium indicator GCaMP6s [15,36] once every 200 ms (Fig. 2(a)), yet with
cellular resolution in the vast majority of the cerebral tissue (Figs. 2(b), S3 and S4). Despite
the counterpropagating-beams architecture can be prone to a partial laser blocking by the larval
eyes, with respect to more complex illumination strategies [15,28], the reduced image quality in
the deepest portion of the forebrain did not prevent us from extracting meaningful functional
activity even from this area (Fig. S5). Notably, we exploited the fast volumetric imaging
abilities of the setup and its invisible nonlinear excitation to investigate on a brain-wide scale
the neuronal dynamics occurring during seizures in a photosensitive system such as an epileptic
brain. We induced seizures of different entities in 4 dpf transgenic zebrafish larvae using different
concentrations (1.0, 2.5, 7.5 and 15.0 mM) of PTZ, a GABAA receptor antagonist widely used as
a convulsant drug [38,49]. Analogously to what we already described [38], we observed a linear
relationship between the PTZ concentration and the global brain calcium activity (Fig. S6). The
thorough brain mapping provided by the system allowed for fine monitoring of seizure onset and
propagation across multiple anatomic districts spanning the entire brain (Fig. 2(c)), identified
according to available larval zebrafish brain atlases [50,51].

In order to quantify the effects of the different PTZ concentrations tested on neuronal activity
amplitude in different brain regions over time, we draw the scatter plots shown in Fig. 2(d),
showing the results obtained from 3 larvae for each of the four PTZ concentrations.

We found that larval brain regions are differently recruited during seizures. Indeed, at 1.0
mM PTZ we did not observe statistically significant alterations. The same at 2.5 mM PTZ, with
the exception of a statistically significant (the 95%-CI excludes the zero value) increase on the
relative (with respect to the control condition) mean ∆F/F0 value in the spinal cord (95%-CI:
[0.42; 6.24]×10−3 min−1).

This scenario dramatically changes at the higher concentrations tested. At 7.5 mM PTZ
concentration we observed statistically significant decreases for the telencephalon (95%-CI:
[-4.82; -0.50]×10−3 min−1) and the spinal cord (95%-CI: [-6.47; -0.52]×10−3 min−1). Finally,
when exposed to saturating PTZ concentration (15 mM), zebrafish larvae undergo an extensive
functional connectivity rearrangement marked by an overall increase in neuronal activity and
synchronicity (Sect. 3.3). In this case, we observed statistically significant decreases for
the telencephalon (95%-CI: [-5.59; -1.19]×10−3 min−1) and the spinal cord (95%-CI: [-6.49;
-0.72]×10−3 min−1) and statistically significant increases for the optic tectum (95%-CI: [3.35;
12.48]×10−3 min−1), dorsal thalamus (95%-CI: [2.12; 9.05]×10−3 min−1), medial tegmentum
(95%-CI: [1.47; 9.89]×10−3 min−1) and interpeduncular nucleus (95%-CI: [0.60; 7.06]×10−3

min−1).
This functional rearrangement eventually leads to the appearance of acute seizure ictal-like

events [52,53], depicted in Fig. 2(e), which shows typical whole-brain ∆F/F0 traces, observed
during pre-exposure recording (CTRL) and after exposure to maximal concentration of PTZ.
After an initial increase in amplitude and frequency of global brain activity, between 10 and
40 minutes upon the addition of the convulsant drug, the scenario abruptly changes with the
appearance of typical high-amplitude and low frequency ictal events (yellow highlight at 50 min).

3.3. Hyper-synchronicity during seizure activity

In order to characterize how the degree of hyper-synchronicity in neuronal activity varies during
the development of seizure, we studied the trend of the correlation coefficient between the
voxel-based calcium traces and the global average calcium trace. We observed that some of
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Fig. 2. Fast volumetric functional imaging of seizures in zebrafish larvae. (a) Left: close-up
schematic showing the axial scanning direction, the excitation light polarization plane
(double-headed arrows), and the geometric disposition of the larva and the objectives. Right:
scheme showing the parameters of the volumetric acquisition process. (b) Top: four coronal
sections showing temporal average intensity projections at different dorso-ventral depths
of a larva (indicated on the panels, with respect to the dorsal surface). Scale bar: 100
µm. Orientation as in (c), left panel. Bottom: magnification of the area indicated by the
red rectangle. Scale bar: 20 µm. (c) Outlines of the different ROIs (in different colors)
considered in the analysis; left: coronal projection, right: sagittal section over larval midline.
R: rostral, C: caudal, D: dorsal, V: ventral, Rt: right, Lt: left. ROI names reported in (d).
(d) Scatter plots of the mean values of the ∆F/F0 traces as a function of the PTZ exposure
time. Different colors and shapes indicate different PTZ concentrations (as specified in
the legend) and animals, respectively. A small amount of jitter was applied on the x-axis
to improve visualization. The traces were generated by averaging the activity signal over
different ROIs, as indicated on the plots (in the same colors as in (c)). Predicted values
generated by the Bayesian model for each PTZ concentration are indicated as dashed lines
with corresponding colors. Time-point-based averages for each concentration are linked by
solid lines of the corresponding colors (all values were normalized on the mean value of the
corresponding control acquisitions at time zero). IPN: interpeduncular nucleus. Number of
larvae measured: 3 for each condition tested. (e) Examples of ∆F/F0 traces from a single
larva exposed to 15 mM PTZ, recorded during different acquisition times as indicated on
the right. Traces were generated by averaging the activity signal over the whole brain. The
yellow bar indicates an individual ictal event that happened 50 minutes after PTZ exposure.

the brain regions exhibited similar neuronal behaviors, therefore here we mainly focused our
analysis on four regions distributed over the whole extension of the encephalon, summarizing the
globality of the observed neuronal behaviors: telencephalon, optic tectum, dorsal thalamus and
spinal cord. Aggregate results from all the larvae are shown in Fig. 3. We analyzed the data from
animals exposed to maximal and submaximal concentrations of PTZ separately, since we have
shown that only the former are characterized by the emergence of ictal activity, i.e. paroxysmal
activity typical of acute seizures.
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Fig. 3. Correlation analysis. (a) Color maps (coronal and sagittal sections) depicting the
effects of PTZ concentration and exposure time on the correlation coefficient value computed
between single-voxel calcium activity and global calcium activity. These maps represent the
aggregate results from all the larvae exposed to sub-maximal PTZ concentrations. Masked
voxels are depicted in grey values, non-statistically significant voxels in unsaturated colors
and statistically significant voxels in saturated colors. The voxel-based t-value associated to
the effect of the interaction between PTZ concentration and exposure time is color-mapped
as described by the color-bar on the left. R: rostral, C: caudal, D: dorsal, V: ventral, Rt: right,
Lt: left. Scale bar: 100 µm. (b) Scatter plots showing the distribution of the ROI-based
(as indicated on the top) correlation coefficients (on the y-axis) as a function of PTZ
concentration (different colors) and exposure time (on the x-axis). Data related to different
animals are indicated by different shapes. A small amount of jitter was applied on the x-axis
to increase readability. Solid lines indicate predicted values generated by the Bayesian
model, while dotted lines indicate the 95%-CIs. The regression coefficient related to the
optic tectum and the 7.5 mM PTZ exposure resulted as statistically significant. (c) Color
maps (coronal and sagittal sections) depicting the effects of the control, ictal and postictal
conditions on the correlation coefficient value. These maps represent the aggregate results
from all the larvae exposed to maximal PTZ concentration. The colors map voxel-based
t-values associated to the effect of the condition. Color code, color saturation, grey values
and scale bar as in (a). (d) Scatter plots showing the distribution of the ROI-based (as
indicated on the top) correlation coefficients (on the y-axis) at maximal PTZ concentration
in control, ictal and postictal conditions (on the x-axis). Data related to different animals are
indicated by different shapes. A small amount of jitter was applied to the x-axis to increase
readability. The horizontal lines indicate predicted values generated by the Bayesian model
and their error bars indicate the 95%-CIs. Statistically significant differences are indicated
by dotted lines.
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For submaximal concentrations, we characterized the temporal dependence of the correlation
coefficient values on the exposure time and we generated color maps based on this effect [17],
quantified as t-value (i.e. the computed value of the Student’s t-statistic), while checking its
statistical significance. As shown in Fig. 3(a), almost no statistically significant effects are
observed at 1.0 mM PTZ concentration, while at 2.5 mM PTZ concentration we observed a
significant negative correlation for few voxels, mostly located in the spinal cord in addition to
a small number of others dispersed (but not isolated) throughout the encephalon. Conversely,
at 7.5 mM PTZ concentration we observed the emergence of a widespread positive correlation
between the voxel-based calcium traces and the global average trace, meaning that the value of
the correlation coefficient increases with the exposure time. The increased correlation among
neuronal activity is the hallmark of seizures, even when ictal activity is not yet present. It is
interesting to note that some subregions show an unexpected appearance of negative correlation,
such as portions of the spinal cord and part of the medial tegmentum, meaning that for these
subregions the value of the correlation coefficient actually decreases with the increasing of the
exposure time.

We then performed the same correlation analysis at ROI level and no statistically significant
effect was visible for 1.0 mM and 2.5 mM PTZ concentrations (Fig. 3(b)). On the contrary, for
the 7.5 mM PTZ concentration, the correlation coefficient increased during exposure time for
ROIs such as the dorsal thalamus (95%-CI: [2.47; 9.56]×10−3 min−1), the optic tectum (95%-CI:
[4.29; 10.97]×10−3 min−1), the cerebellum (95%-CI: [3.99; 9.96]×10−3 min−1) and the hindbrain
(95%-CI: [1.37; 7.74]×10−3 min−1) in a statistically significant manner (the 95%-CI excludes the
zero value). The decrease observed for the spinal cord ROI, however, did not result as significant
(95%-CI: [-4.67; 3.34]×10−3 min−1); this lack of significance can be explained by the fact that
the decrease in the correlation coefficient detected for small subregions included in this ROI is
washed out when taking into account the whole region.

In larvae exposed to the maximal PTZ concentration (15 mM) we computed the correlation
value differences among ictal, postictal and control conditions and the aggregate results for
the voxel-based analyses are shown in Fig. 3(c). We observed a significant and widespread
increase in the correlation coefficient in the ictal condition when compared to control or postictal
conditions in the whole encephalon. On the contrary, we observed a reduced number of voxels
showing significant differences between the postictal and control conditions in the encephalon,
the majority of them exhibiting an increase in the correlation coefficient and being concentrated
in subregions belonging to the inner parts of midbrain and hindbrain. Interestingly, the spinal
cord behaved differently, showing almost no differences between ictal and control conditions,
while a significant decrease in the correlation coefficient can be observed limited to its most
dorsal subregion in the postictal condition compared to the control condition. Finally, in the
comparison between the ictal and the postictal conditions, the spinal cord behaved similarly to
the encephalon, showing a widespread increase in the correlation coefficient.

We characterized these differences at ROI level and the results are shown in Fig. 3(d). We
observed an increase in the correlation coefficient for the ictal condition compared to the control
or the postictal conditions for all the ROIs belonging to the encephalon, e.g. for the telencephalon
(+0.28 increment, 90%-CI: +0.18, +0.38, posterior probability ictal > control: ∼ 100% and +0.34
increment, 90%-CI: +0.26, +0.42, posterior probability ictal > postictal: ∼ 100%, respectively),
the optic tectum (+0.53 increment, 90%-CI: +0.36, +0.70, posterior probability ictal > control:
∼ 100% and +0.38 increment, 90%-CI: +0.25, +0.51, posterior probability ictal > postictal: ∼
100%, respectively) and the dorsal thalamus (+0.55 increment, 90%-CI: +0.42, +0.69, posterior
probability ictal > control: ∼ 100% and +0.41 increment, 90%-CI: +0.31, +0.51, posterior
probability ictal > postictal: ∼ 100%, respectively) ROIs. Conversely, in the comparison between
the postictal and the control conditions we observed only a single significant difference in the
correlation coefficient among the ROIs belonging to the encephalon: an increase for the dorsal
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thalamus ROI (+0.14 increment, 90%-CI: +0.03, +0.26, posterior probability postictal > control:
98%). Remarkably, we did not observe significant differences for the spinal cord ROI comparing
the ictal or the postictal conditions to the control condition (+0.13 increment, 90%-CI: -0.04,
+0.29, posterior probability ictal > control: 89% and -0.02 decrement, 90%-CI: -0.17, +0.12,
posterior probability postictal < control: 59%, respectively), while we observed a significant
increase (+0.15 increment, 90%-CI: +0.02, +0.29, posterior probability ictal > postictal: 97%)
in the correlation coefficient for the ictal condition compared with the postictal condition.

In summary, the exposure to maximal PTZ concentration (15 mM) induced a general increase
in neuronal activity and synchronicity, except for the most caudal and rostral regions (namely
spinal cord and, limited to the neuronal activity, telencephalon).

3.4. CRIWs: a postero-anterior seizures propagation pattern

During this phase of paroxysmal activity, appearing only in larvae exposed to the convulsant
maximal concentration, we observed the emergence of previously unreported fast rhythmic ictal
waves propagating in postero-anterior direction, which we termed caudo-rostral ictal waves
(CRIWs). Visualization 1 (Scale bar: 100 µm) reports a volumetric recording of an individual
CRIW event shown as a selected subset of coronal sections. To characterize the spatio-temporal
propagation features of CRIWs, we calculated the temporal delay of each voxel activation with
respect to the global activity (Fig. 4(a) and Visualization 2). In order to do so, we computed
the cross-correlation between the voxel-based and the global average activities. In this way, by
identifying the voxel-based maxima in the temporal cross-correlation function (i.e. the “lag
value”), it is possible to visualize the spatial spreading path of the seizure activity.

While the individual CRIW initiation appears to be synchronous all over the larval brain, its
propagation dynamics assume a wave pattern consistently starting in the most caudal regions
(spinal cord, hindbrain) and spreading then to the most rostral ones (optic tectum, telencephalon)
as shown in Fig. 4(b). This seizure propagation pattern is characterized by high-amplitude
and long-lasting calcium transients (Fig. 4(b)) that are typical of ictal activity since it is not
observed during physiological activity (Fig. 4(c)). Importantly, this wave pattern does not emerge
merely as an aggregate average. We verified the across-event consistency of the aggregated
data of the ictal phase by assessing the concordance of the voxel-based lag-values with those
of all the recorded ictal events from which the aggregated map is derived (Fig. S7). Moreover,
this recurrent propagation motif is also visible in single-trial data (Fig. S8a). In the post-ictal
phase—a state characterized by a marked overall depression of neuronal activity (Fig. 2(e)) and a
decreasing synchronicity trend (Fig. 3(c),(d))—we report a wave-like moving pattern too, albeit
less pronounced (Fig. 4(c)).

We then quantified lag value differences among brain regions (Fig. 4(d)). Interestingly, despite
the entire CRIW typically lasting a few seconds, it consistently spans the entire brain, from the
most caudal regions to the most rostral ones, in about 1 second, a time-frame inaccessible to
previous 2P light-sheet setups with lower acquisition frequency [16,17]. Finally, computing the
distribution of voxel-based lag values for each brain district (Figs. 4(e) and S8b), we confirmed
that different brain regions are differently recruited during the occurrence of seizures.

The statistical analysis confirmed the existence of significant (p-value= 0.0002) differences
among several rostral and caudal regions in the ictal condition, as shown at the bottom of the
plot. In particular, the q-values for post-hoc Dunn test were observed to be less than 0.05 for the
following comparisons: for telencephalon versus hindbrain (q-value= 0.0122) and spinal cord
(q-value= 0.0085) ROIs, for optic tectum versus interpeduncular nucleus (q-value= 0.0358),
hindbrain (q-value= 0.0084) and spinal cord (q-value= 0.0088) ROIs and for dorsal thalamus
versus hindbrain (q-value= 0.0159) and spinal cord (q-value= 0.0099) ROIs. Few of these
differences were also observed in the postictal condition (p-value= 0.0032). In particular, the
q-values for post-hoc Dunn test were observed to be less than 0.05 for the following comparisons:

https://doi.org/10.6084/m9.figshare.14847966
https://doi.org/10.6084/m9.figshare.14848506
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Fig. 4. Caudo-rostral ictal waves (CRIWs) during severe seizures in zebrafish larvae. (a)
3D rendering of the lag map (reported in (c)) showing the voxel-based temporal position of
the maximum of the cross-correlation function (coefficient of determination) between the
voxel-based calcium signal and the global cerebral average during the ictal phase. This lag
map represents the aggregate results from larvae exposed to PTZ maximal concentration (n.
larvae= 3, n. CRIWs= 6). The lag value is color-coded as specified by the color bar. R:
rostral, C: caudal, D: dorsal, V: ventral, Rt: right, Lt: left. See Visualization 2 for a rotating
rendering of this lag map (Scale bar: 100 µm). (b) ∆F/F0 signal from a single trial acquired
during the ictal phase for different ROIs (indicated by different colors as specified by the
legend and corresponding to Fig. 2(c)). The signals were normalized dividing them by the
respective maximum values. The lag map corresponding to these traces is shown in Fig. S8a.
Magnification in the inset. (c) Lag maps for control (n=3), ictal (n=6) and postictal (n=7)
events observed in the 3 larvae exposed to PTZ maximal concentration. Top row: coronal
sections; bottom row: sagittal sections. The sectioning planes are indicated as dashed blue
lines on the first panels. Color code and abbreviations as in a. Scale bar: 100 µm. (d) Scatter
plots of the median lag values for each condition (as indicated in the plots) and ROI (on the
x-axis). Different colors indicate different larvae. Each point corresponds to a single event.
A small amount of jitter was applied on the x-axis to improve readability. Horizontal solid
lines indicate the median value for each ROI. Statistically significant differences are indicated
by horizontal dotted lines at the bottom of the graphs. (e) Bar plots showing the relative
frequencies of the voxel-based lag values for two ROIs (as indicated in the plots). The bar
colors correspond to the color code used in (a) and (b). The height of each bar corresponds
to the median value of the single-acquisition-based frequency distribution, while the error
bars indicate the first and the third quartiles of the distribution. The first, second and third
bars in each lag class correspond to the control, ictal and postictal situations, respectively.
The plots for remaining ROIs are shown in Fig. S8b.

https://doi.org/10.6084/m9.figshare.14848506
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for optic tectum versus medial tegmentum (q-value= 0.0272), hindbrain (q-value= 0.0241) and
spinal cord (q-value= 0.0009) ROIs. Finally, no significant differences were observed in the
control condition (p-value > 0.05).

A recent work [54], employing zebrafish and PTZ as a paradigm (5-6 dpf, 10 mM PTZ)
to study convulsion-related activity with spinning disk confocal imaging, showed a specific
seizure propagation pattern moving in antero-posterior direction (with ictal events starting in the
telencephalon and propagating caudally, up to the cerebellum). Since the propagation pattern
described in [54] is opposite to the one we observed in CRIWs, we decided to perform the
following investigations as a control.

First, to validate the results of our analysis, we re-processed a subset of our data pertaining to
ictal activity with the method described in [54]. With this procedure lag values are computed on
the basis of the voxel-based local maxima of the time derivative of the smoothed (over 2 s) ∆F/F0
trace. A representative lag map resulting from this method is shown in Fig. S9 and it clearly
highlights a (albeit noisier) caudo-rostral propagation pattern of activity (i.e. the CRIWs). This
result validates the appropriateness of our analysis method to identify and describe the lag of
activation in our measurements.

Then, in order to exclude the possibility of CRIWs to be determined by a combination of
PTZ saturating condition and some 2P imaging effect (e.g. heating), we applied our validated
lag analysis method to 5 Hz wide-field fluorescence measurements of zebrafish larvae neuronal
activity, performed in our own experimental conditions (4 dpf, 15 mM PTZ). Indeed, one-photon
wide-field fluorescence imaging, employing a collimated LED source to illuminate the sample, is
a technique much less prone to photobleaching, phototoxicity and photodamage with respect to
other fluorescence microscopy techniques. Figure S10 shows the lag map during ictal activity
and it highlights a seizure propagation pattern consistent with CRIWs (particularly taking into
account the lack of depth discrimination in wide-field fluorescence measurements), meaning that
the phenomenon we described does not depend on the optical method used to observe it.

Finally, we performed 2P LSFM imaging of larval brain activity in the experimental conditions
described in Ref. [54], namely 6 dpf larvae and 10 mM PTZ. Figure S11 shows the median lag
map of the ictal activity highlighting a propagation pattern different both from CRIWs and from
the one previously described in Ref. [54]. Similarly to Liu and Baraban, we revealed an early
activation of the telencephalon. However, in contrast with what they described, this activation is
concurrent with the one of the spinal cord and of part of the optic tectum. The remaining part of
the optic tectum shows a late activation along with the habenulae and the superficial part of the
hindbrain.

4. Discussion

Here, we describe a novel 2P LSFM setup employing pulsed infrared excitation light to
perform high-speed cellular-resolution imaging of the larval zebrafish brain. Compared to
conventional one-photon LSFM (employing excitation in the visible range that can induce
unwanted visual stimulations [16]), 2P LSFM is prone to low SNR issues—owing to low 2P
absorption probability—which typically is the limiting factor toward rapid volumetric imaging.
Hence, in order to push further the volumetric temporal resolution of the system, we adopted
a series of technical implementations to optimize the setup for maximum SNR. Particularly,
using an EOM we alternated the illumination of the two halves of the field-of-view to maximize
the peak power of excitation light. This, due to the nonlinear nature of 2P absorption, led to a
more than 80% increase in signal with respect to halving the peak excitation power between
the two illumination arms. Moreover, as recently demonstrated by our group [47], controlling
the excitation light polarization to orient the emission toward the detection objective led to a
large increase in fluorescence collection. We employed a remote focusing approach, using an
ETL in the detection path, to enable volumetric signal collection by a high-NA immersion lens,
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while keeping the objective still (thus avoiding the generation of disturbing pressure waves on
the sample by the high frequency oscillation). Finally, we performed an optical binning of the
final image on the detector sensor to decrease readout and integration times while concentrating
the fluorescence signal. Collectively, the adopted implementations allowed for system SNR
boosting, enabling to quintuplicate (5 Hz, 600 × 800 × 150 µm3, 31 sections) the volumetric
acquisition rate of state-of-the-art brain-wide LSFM imaging using non-linear excitation. Indeed,
previous applications of 2P LSFM to larval zebrafish functional imaging yielded to 1 volume/s
mapping at limited brain depths (9-10 sections over 64 to 100 µm) [16,17,27] or to wider mapping
(250 µm depth, 52 sections) at the cost of volumetric sampling rate (0.5 Hz) [28]. Actually, in
the presented setup the main limitation factor for acquisition frequency is represented by the
dynamics of the large-aperture ETL. Indeed, the single-image acquisition time (5.8 ms, i.e. the
integration time of each plane in the volumetric scansion) is very close to the ETL response
time (5 ms). Further improvements in temporal resolution may stem from fine-tuning the analog
waveform driving the ETL, in order to optimize its dynamics behavior, as shown in [48].

In recent years, a few works have performed one-photon LSFM functional imaging of the
larval brain to explore network dynamics during seizures, despite not thoroughly exploiting
the fast real-time volumetric access provided by LSFM architecture [55–57]. We employed
our fast 2P LSFM system to investigate on a brain-wide scale, yet with cellular resolution,
the neuronal dynamics occurring in the larval zebrafish central nervous system during acute
seizures. We exposed larvae to PTZ, a widely employed convulsant that leads to uncontrolled
paroxysmal activity typical of epileptic seizures by progressively blocking the inhibitory tone.
We characterized brain-wide neuronal activity both in terms of amplitude and synchronicity: the
hallmarks of epileptic discharges.

Exposing larvae to different PTZ concentrations, we found brain regions to be differentially
recruited during seizures. Indeed, at the lowest dose (1 mM) no significant effects were
observed on the activities of all brain regions considered, neither on their amplitudes nor on their
synchronicity levels with respect to control, confirming what we observed in a previous work [38].
At 2.5 mM PTZ, the spinal cord shows a significant increase in amplitude over exposure time
which is accompanied by a decrease in correlation with the global brain activity. Interestingly,
the spinal cord shows an unexpected concentration-dependent dichotomic effect of PTZ on its
functional connectivity. Indeed, when exposed to the highest concentrations (7.5 and 15 mM) we
observe an opposite behavior in terms of amplitude.

At the higher concentrations (7.5 and 15 mM PTZ), we observe that midbrain districts (dorsal
thalamus, optic tectum, medial tegmentum and IPN) are more susceptible to the effects of the
convulsive agent. At 7.5 mM PTZ, a great part of larval encephalon positively contributes to
global brain activity, whereas several voxels in the medial tegmentum and in the hindbrain show
reducing correlation. At saturating PTZ concentrations (15 mM), the larval brain undergoes a
profound functional connectivity rearrangement eventually leading to the appearance of ictal-like
neuronal activity, as previously described [32,33,38]. Ictal activity is characterized by high-
amplitude and long-duration calcium transients, confirming what previously observed using
different techniques [38,53,54,58]. In this condition, we observe an even more extensive increase
in correlation, involving the entire brain during ictal events, as previously reported [38,53,54,59].
Indeed, at maximal PTZ concentration all brain regions start acting as a synchronous system,
eventually leading to severe paroxysmal activity represented by ictal events. Each ictal event is
followed by postictal activity, a state characterized by a marked overall depression of neuronal
activity. Particularly, in the postictal phase we observed a decreased synchronicity in a subregion
of the spinal cord, likely underlying the ataxic phase observed during postictal behavior [32].

Through lag analysis (which we validated by comparing the results with a previously described
method) we reveal that ictal activity spreads in a peculiar and consistent wave pattern spanning
the entire larval brain from the most caudal regions to the more rostral ones and for this reason we
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named this phenomenon caudo-rostral ictal wave. The consistency of CRIWs as a pathological
propagation pattern, and its independence from the optical method used to investigate it, are
confirmed by its observation in measurements performed in the same experimental conditions (4
dpf larvae, 15 mM PTZ) yet employing a one-photon wide-field fluorescence microscope.

This previously unreported seizure propagation pattern is characterized by high-amplitude
and long-lasting calcium transients which are realistically generated by thousands of closely
paced action potentials. Indeed, in this scenario, where all the inhibitory GABAergic synapses
are dimmed by high PTZ concentrations, excitatory drive is predominant. Firing of neurons,
normally curbed by the inhibitory tone, may trigger other neuronal populations to fire, generating
an avalanche effect which determines the seizure propagation we observe.

A recent work by Liu and Baraban [54], employing one-photon confocal spinning disk
microscopy to image on a single brain plane 5-6 dpf larvae exposed to 10 mM PTZ, showed
a seizure propagation pattern opposite to CRIWs (i.e., in an antero-posterior direction). In
order to assess whether this discrepancy might be due to the different larval ages (4 versus
5-6 dpf) and/or to the different convulsant concentration (15 versus 10 mM) we used our 2P
LSFM setup to map seizure dynamics in the experimental conditions reported in Ref. [54].
Differently with what we observed using 15 mM PTZ, we noticed that not all the larvae we imaged
underwent severe seizures resulting in ictal events, meaning that 10 mM is a non-saturating
concentration of the convulsant. From lag analysis performed on ictal activity we indeed revealed
an early activation of telencephalon, in accordance with what described by Liu and Baraban.
However, the resulting propagation does not resemble a wave pattern, given the concurrent early
activation of non-contiguous brain regions. We think that this discrepancy between the two results
(namely the lack of a clear wave pattern in our replicated experiment) may be explained with the
particularities inherent to the diverse imaging techniques employed. The distinct propagation
patterns we observed (namely CRIWs—at 4 dpf and 15 mM PTZ—and early rostral activation in
our replication of Liu and Baraban conditions—at 6 dpf and 10 mM PTZ—) suggest that larval
age (and the consequent brain structural and functional grade of development) plays a crucial
role in the propagation of pathological neuronal activity in zebrafish. Even if we expect the
propagation pattern to be less affected by the concentration of PTZ needed to effectively trigger
ictal activity, we still cannot exclude an additional influence of this parameter.

The presented technique, which we successfully demonstrated in a delicate model such as
an unstable epileptic brain, might be applied in the future also to other experimental models in
which unwanted visual stimulation could be detrimental to unveil the neural dynamics underlying
specific brain states [60] and behaviors, such as circadian rhythm [30] or virtual-reality driven
responses. Finally, the temporal resolution achieved by the system, combined with its cellular
resolution, will enable a future extension of the setup with an optogenetic excitation control
module, to perform real-time closed-loop control of neuronal activity. For example, compared to
post-processing interpolation methods—which could be used to upscale the temporal resolution in
the calculation of lag values based on non-trivial inferences on in-vivo non-linear dynamics of the
calcium sensor—our native 5 Hz whole-brain sampling frequency will allow future experiments
involving real-time optogenetic suppression of ongoing seizure activity based on closed-loop
feedback approaches.

5. Conclusions

In conclusion, we devised a microscope that enables high-speed volumetric functional imaging
of the entire larval zebrafish brain, while employing nonlinear excitation. The combination of
multiple technical implementations allowed us to boost fluorescence signal collection in 2P LSFM,
thus quintuplicating the temporal resolution of state-of-the-art 2P LSFM, while keeping low the
laser intensity on the specimen. The setup allowed the onset and propagation of seizures to be
studied in a non-invasive fashion in a highly sensitive system such as an epileptic brain. Owing to
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the volumetric rate reached (5 Hz), we could observe and spatio-temporally describe for the first
time the emergence of CRIWs: fast travelling rhythmic ictal waves propagating in caudo-rostral
direction. The system we devised enabled us to deepen the knowledge of whole-brain dynamics
and functional connectivity reorganization during acute seizures in zebrafish larvae.
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