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‘[...] But the fool on the hill
sees the sun going down
and the eyes in his head

see the world spinning round [...]’

John Lennon and Paul McCartney,

from The Fool on the Hill1967






Table of Contents

SUMIMATY e e e e e e et e ettt e e et e e e 1
(I 111 To 18 Tox 1T o N PN |
1 Motivation: the brain challenge ..............ccociiiiiiiciiiee e
P 4 T= T TN o] o P 8
3 Fluorescence theory .......c.ocvviviiiiiii i e e 14

3.1 Two-photon excitation fluorescence ...............ocoevvvvvvnevnnn 190

4 The Green Fluorescent Protein ..........cccovviiiiiiiiie i e e 21
5 Genetically encoded €andicators ................cooeeveveiinieeeeiiineee e, 25
5.1 GCaMPB ..o i e 31
6 FlUOreSCeNCEe MICIOSCOPY . .uuvmrnnitine et ettt e e aea e 33

6.1 Wide-field fluorescence miCroSCOpPY .........ccoovvvvieeeiiveiniiinine 3D
6.2 Light-sheet fluorescence miCroSCOPY ..........covvvveiunevenneninennnn. 37

6.2.1 Light-sheet fluorescence microscopy: drawbacisalutions .......42

6.2.1.1 Bessel beams illumination ................ccoiecccie i viiiiiee e, 44
7 Zebrafish in NEUrOSCIENCES ......cvi i e 46
7.1 Zebrafish and epilepsy .......c.ooeiiiiiiiiii 54
Il MEINOAS ... e e e e e e 57
8 Generation of the GCaMP6s transgenic zebrafish line ................. 59.
8.1 Amplification of plasmid tol2-elavI3:H2B-GCaMP6s ................. 60.

8.1.1 Bacterial transformation with tol2-elavi3:H2B-GCaddplasmid ... 60
8.1.2 tol2-elavi3:H2B-GCaMP6s plasmid extraction ......................61..
8.2 Invitro transcription of tol2 plasmid ..............cccoiiii i 62
8.3 MICIOINJECLION . .v ittt e e e e e e 63
8.4 Transgenic line selection .............cccov i e ... B4
O MICIOSCOPES ... vnieeiie ittt et e ettt reee et e e eneneaen e . DO
9.1 Wide-field fluorescence miCroscope .............cccvceeveiviiiineeen ... 06
9.2 Dual illumination light-sheet fluorescence microgeap................. 67

9.3 Two-photon light-sheet microscope ..............ceoevvvviiiennnn. 70,



Table of Contents

10 Zebrafish husbandry ... 72
11 Sample MOoUNtiNg ......c.oveie i e o A 3
11.1 Wide-field fluorescence microscopy imaging ...........ccceeeevenennne 73
11.2 Dual-illumination light-sheet fluorescence micrgsconaging ....... 74
11.3 Two-photon light-sheet fluorescence microscopy iingag............. 75
12 Chemicals preparation .............oouveiiiieiie e e e e 17
13 Optical MeaSUIrEMENLS .......ceie it e e 78
13.1 Wide-field optical mapping measurements ........................... 8
13.1.1 Combined electrographic and fluorescence recording ..........78.....
13.1.2 High-throughput measurements ..............ccovvvviieveneevnn el 9

13.2 Dual-illumination light-sheet fluorescence micrggcmeasurements 80
13.3 Two-photon light-sheet fluorescence microscopy ureagents ...... 81

14 Data analySiS .......ovvuiiriie e e e 282
14.1 Wide-field optical mapping measurements analysis ............... 82..
14.1.1 High-throughput measurements analysis ..............cc.cocvve.ns 84...
14.2 Dual-illumination light-sheet fluorescence micrggcomeasurements
ANAIYSIS .ot 84
14.2.1 Haemodynamic artefacts measurements analysis ...............84...
14.2.2 Bessel beam illumination light-sheet microscopyftital mapping
ANALYSIS .ot 38
14.3 Two-photon light-sheet fluorescence microscopy wi@m
measurements analysis ..........ccovevivviineiiiieii e e20.90,
HIE RESUILS ..ot e e e e e e e e e e e e 93
15 Optical mapping of zebrafish neuronal activity in a plzarological
model of ePIlePSY ...vuviiii i . 95
15.1 GCaMP&6 optical measurements show basal and PTZ-altnatly in
the zebrafish brain ................coo 095
15.2 GCaMP&6s fluorescence measurements are sensitiveeterdifPTZ
o0 o= o1 (= U0 o LS 98

15.3 Correlation analysis among brain regions and locoractiwity ..... 101

15.4 High-throughput combined fluorescence and behaviouratiiege 108



Table of Contents

16 Bessel beam illumination as a means to reducaeatddh quantitative
functional studies using light-sheet microscopy ...................... 112

16.1 Streaking artefacts obscure microscopic featuresesest ......... 112
16.2 Flickering quantification ..............cccooviii i i e 2116
16.3 Impact of flickering on neuronal activity measurement ...........118
16.4 Flickering artefacts mask neuronal correlations ..................... 121

17 3D optical mapping of zebrafish neuronal activity with srogll
resolution by Bessel beam illumination LSFM .......................... 123

18 Fast whole brain functional imaging by two-photon ligheshe
flUOreSCeNCE MICTOSCOPY ...vuvir ittt e et 127

IV DISCUSSION ..ttt e e e e e e e e e e e a2 143

19 Optical mapping of neuronal activity during PTZ-inducedwses ..... 146

20 Bessel beam illumination reduces haemodynamic adefafiinctional
LSO M L 151

21 3D mapping of zebrafish neuronal activity by Bessel bdamiiation
LSO M L e 156

22 Whole-brain neuronal dynamics by two-photon light-sheet fluenes
[0 Tod 01T olo] o )V 159
V FUtUre dir€CLIONS ....cvo i e e e e e e e e 163
VI APPENAICES ...ttt et e e e e e e 169
APPENTIX A .o e e el LT
APPENTIX B ..o 196
BiblOgraphy ..o 203






List of Figures

Figure 1. Schematic Structure of & NEUION. ........... . eemmmemrerrermnirnniiiiiiiiiiieenns 8
Figure 2. REAZIONE NEIA. ......cccuuiuiiiiiee et eeenmmm e ettt 9
Figure 3. Action potential and underlying ionic conductances.................. 11
Figure 4. First observation of fluorescence. ............coemeeieieeeeieeiiiiiinnnnen. 14
Figure 5. Jablonski’'s didgram. ..............eeuvviiiiiiimmiimiiii e 15
Figure 6. FIUOrescence SPECIIUM. ...........uuuuuuiiiimmmmmme e 18
Figure 7. Single-photon and two-photon excitation. .........ccccceeviiiiieiieennns 20
Figure 8. AQUOIEa VICIONIA. ....ccevvuuuiieeeiiiieitmmmmme ettt eeeeaes 21
Figure 9. GFP structure and fluorescence spectrum......ccccceeeecoooevvvvinennn. 23
Figure 10. GCaMP structure and kinetic features. ..........ccueemeveeivieeninnnnnn. 30
Figure 11. Simplified schemes of different kind of fluorescenceroscopes. 35
Figure 12, URFamiCrOSCOPE. .....coeeeiiieiiiiiseee et comssmr s e e e e e eeetann e e e eeeeennne 37
Figure 13. Basic concept behind light-sheet microscopy. ....ceecceevvvvnnee.. 39
Figure 14. lllumination strategies in light-sheet microscopy...................... 40
Figure 15. Gaussian beam profile. ... 42
Figure 16.Bessel beams profile. ............coooviiiuii s 45
Figure 17.Danio rerio (Hamilton). ............uuuuiiiis s 46
Figure 18. Schematic representations illustrating topological cpoedence
between zebrafish and mouse brain. ... 48
Figure 19. Whole-brain functional imaging in zebrafish........ccccc.......ooo.o. 51

Figure 20. Whole-brain functional imaging in fictively behaving zebshfi.... 52
Figure 21. Whole-brain functional imaging in freely swimming zebshfi..... 53

Figure 22.Map of the tol2-elavi3:H2B-GCaMP6s plasmid. ........ccreuee....... 59
Figure 23. Transgenic line fluorescence screening. .......cccccceevvevvvveinnneenne. 65
Figure 24.Wide-field fluorescence miCroSCOpe. ..........cccceevvvniieeeeeeeennnnnn 66
Figure 25. Light-sheet fluorescence microscope with dual illumorapath. .. 68
Figure 26. Dual illumination light-sheet microscope characteriat............ 69
Figure 27. Double-sided illumination two-photon light-sheet microseop... 71
Figure 28. Capillary-holder technical design..............uueeaeiiiinieeeeeiiiiinnnn, 74
Figure 29. Custom-made sample holder design. .. eereeeenn 15
Figure 30. Two-photon LSFM imaging chamber technlcal deS|gn . 76
Figure 31.High-throughput multi-well plate technical design. .................. 79
Figure 32.Parabolic line selection faail movement analysis. ....................... 83
Figure 33.Work flow to estimate area severely affected by fliokgr........... 86
Figure 34. Automatic neuron detection. ...........ccooevvieiessmmmmmn e e e eeeeeeeeeeeeeee 89
Figure 35. Brain activity recording with GCaMP&6s. . st e eaennnneanes 97
Figure 36. Effects of different PTZ concentrations on bram\atty ................ 99

Figure 37. Simultaneous measurement of brain activity and tail momemé&02



List of Figures

Figure 38. Effect of treatment with paralyzing agent on brain agtivit...... 104

Figure 39. Distributions of brain activity and tail movement................... 105
Figure 40. Correlations of brain activity in different regions kvibcomotor

ACTIVILY. . eeeeteiie ettt ettt enr s 106
Figure 41. Cross-correlations maps of activity in different bnagions. ...... 108

Figure 42. High-throughput combined fluorescence and behavioural as$ag.
Figure 43. Movement trajectories of larvae in high-throughput assay.... 111

Figure 44. Shadow artefacts in zebrafish brain imaging. ... .veve.. 113
Figure 45. Haemodynamic flickering in zebrafish brain imaging. ....ce.... 115
Figure 46.Flickering quantifiCation...............ccovveeiiiceeeeiiiiiee e 117
Figure 47. Effect of random synthetic noise on neuronal activity cross-
COMTEIATION. ..ttt e et e e e eeeaaes 120
Figure 48. Case study of the effect of haemodynamic artefact oronalr
activity Cross-Correlation. ...............oiivicemmciii i 122
Figure 49. Whole-brain neuron detection................coooiccciiiiiiiccneeeeen 123
Figure 50. Bessel beam light-sheet microscopy 3D mapping of zebrafish
NEUIONAI QCHIVILY. .evvvviiie ettt e e e e e eenes 125

Figure 51. Real-time whole-brain neuronal activity recording by 2P-LSHANM7
Figure 52. Map of physiological neuronal functional clusters A, B and.C131

Figure 53.Map of the physiological neuronal circuit A. .........cccceennreeen. 133
Figure 54. Map of the physiological neuronal circuit B.................ccouue.. 135
Figure 55. Map of the physiological neuronal circuit C.............ccceevvnnnnn. 137
Figure 56. Map of the neuronal functional cluster identified duringuseg. 139
Figure 57. Map of the neuronal circuit during Seizures. .....cccccceeeeeveennnes 141
Figure 58. Co-expression of GCaMP6s and ReaChR in larval zebr@fish

L TCTUT 0] 0 J PRSP 166
Figure Al. Effects of different PTZ concentrations on brain activity....... 171
Figure A2. Evaluation of cross-talk between brain regions dueide-fveld

1 pgF= T |1 T PSP 172
Figure A3. 2D heat maps used to produce 3D activity maps. ...cceeuuen-... 195

Vi









Summary

In this PhD thesis, we performed functional imaging elbrafish larvae
with a multi-modal and multi-scale approach. In partéicuwve focused our
research on measuring neuronal activity in both physicbgand
pathological conditions. We adopted a pharmacologicaletnof epilepsy,
by administering pentylentetrazole at different con@giuns and inducing
seizures of different entity in zebrafish larvae egsing in all CNS
neurons the C4 reporter GCaMP6s. Owing to the relation between
neuronal activity (i.e. action potentials) and intradal Cé&*
concentration, we were able to measure neuronal achyitgcording the
changes in fluorescence of GCaMP indicator. Using aoushade wide-
field fluorescence microscope, we measured activity duriegtiset and
propagation of seizures, investigating the dynamics betdiéerent brain
regions along with tail locomotor activity. We implemed commonly
used zebrafish high-throughput drug screening assays, measuryng onl
behavioural parameters (i.e. velocity of swimming, tatlelled length),
with a direct measure of the overall brain activitiiud laying the
foundation for novel drug screening methods capable of inegrefficacy.
In order to improve the spatio-temporal resolution odirbractivity
recordings, being able to perform optical sectioning of thasparent
zebrafish brain, we performed Bessel beam illuminatigit-sheet
fluorescence microscopy measurements. Indeed, with tespec
conventional Gaussian illumination, Bessel beamsngvio their non-
diffractive and self-healing properties, allow for a sabsal reduction of
haemodynamic artefacts jeopardizing functional recgglinin
conventional measurements. We applied a custom analystnp to
produce 3D maps of neuronal activity, with single celbhg®on. Finally,
in order to perform real-time whole-brain measuremenmith single-
neuron resolution, we devised a novel two-photon lighétshecroscope
able to image the entire larval brain at 1 Hz. Applyinmxal-wise custom
analysis we were able to identify functional circesrinvolved both in
physiological and pathological neuronal communication.
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Chapter 1

Motivation: the brain challenge

The huge variety of human behaviours relies on an e#bdarray of
sensory receptors connected to an extraordinarily plasgian, the brain,
which actively organizes incoming sensory signals. Paorepiputs are
in part stored in memory for future reference, and it panverted into
immediate behavioural responses. All these processemaraged by a
network of interconnected neurons, which are the straicand functional
units of the nervous system. Starting from embryonicam@lrprogenitor
cells which, through millions of years of evolution, édveen equipped
with the potency to produce every neuron in the nervousrmsyshe adult
human brain counts approximately'i@eurons and as many non-neural
cells [1]. This enormous number of cells takes part mstituting circuits
with precise functions, in a network that is thoughtdort more than 20
synapses [2]. The complexity of this system arises mbt om the
number of elements constituting it but also from thidersity, both in
terms of shapes and functions. In fact, neurons offitimean brain can be
classified, according to gene expression profiling, in uptalifferent cell
sub-types [3], spanning from elongated retinal cone photaxesep
involved in visual perception, to arborized cerebellar Pyekcells
coordinating motor function, to the hypothalamic osmoreceptairons
secreting antidiuretic hormone (ADH), to cite juse@f This extraordinary
diversity exists even between cells within the sameram@l subtype.
Indeed, even neurons with similar morphology can diffeimportant
molecular details (e.g. expression of different comlmmadf membrane
ion channels, providing neurons with diverse excitatioastolds and/or
distinctive firing patterns), highlighting the importancksingle neurons
in the network. How and when the outstanding neuronal sliyers
generated in the course of neurogenesis, remains howsNarnclear.
Since during embryonic neurogenesis, proliferative precumrsaroblasts
migrate to form the adult grey matter and in this prooedg 15-40% of
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post migratory cells survive [4, 5], it has been hypothesibadl this
putative selection process could be responsible for thergigmn of
neuronal diversity [6], through a DNA recombination simita that seen
in the immune system with V(D)J mechanism [7]. In additto this
process, has been demonstrated the existence of adeggnrdent
neuronal diversity in postmitotic neurons driven by enviromiaestimuli
that dynamically refine neuronal networks, as it happemsxXample, in
hippocampal “place cells” [8]. Yet, to make things even nemaplex,
both neurons and their connections are modified by expezi The
outstanding structural and functional plasticity of tvast interconnected
system accounts for the fact that during all the coofseir lives we keep
storing new memories and learning new skills, as a dialddegins to walk
or a man that learns to play the piano.

Our understanding of the functioning of neural cells, as wfethe fine
mechanisms underlying neuronal synapses, has greatly advameednt
years. By comparison, our knowledge of neuronal strucaméfunctional
connectivity in the brain is far behind. The staggering maational
abilities, of which this organ is capable, is a perfeetngde of what the
theory of complex systems calsnergent behaviolir a phenomenon
typical of biological systems. Indeed, the deep comprétenst the
interactions occurring between all the parts of thisteay requires an
intense multilevel approach, ultimately necessitating possibility to
access and image the intact working organ in its eptaea nanometric
and sub-millisecond scale, sufficient to “see” neuramatiers vesicles
released in the synaptic cleft yet simultaneoushhewhole organ. The
task is absolutely out of reach, other than obvious ethiodl practical
reasons, because of the peculiar multi-scale struofuttee human brain
itself. In fact, this organ (tens of cm) is composedsbyeral lobes and
nuclei (cm), which are constituted by millions of highlgcked cells
arranged in clusters (mm). Each neuronal soma (tepsnpfproject very
small neurites (even < 100 nm), extending over large dissafcm) and

I The set of properties of a system that does not depeitslindividual part, but on their
relationships to one another. Typically, life is ddesed as an emergent behaviour since
it cannot be explained only considering the propertiegidilar components.
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taking contact with thousands of other cells. Forghemsons, a whole-
brain approach with high spatio-temporal resolution tesuifeasible, at
list with present technology.

Indeed, analysis on brain-wide scale are typically eacd by fMRI
(functional magnetic resonance imaging) and EEG
(electroencephalography). Despite extremely usefulparticular in a
clinical environment, both these techniques suffer fronitdientemporal
and/or spatial resolutién

To perform investigation of the brain with cellular ahdh temporal
resolution was thus necessary to turn our attention omisrga having a
smaller and “simple?CNS. The most common mammalian model used in
neuroscience is the mouse, which, despite providing aentsis
benchmark in research, because of the presence ladtieeskull (like most
vertebrates), does not allow optical access to thelembncephalon, but
only limited cortical or sub-cortical access, throaghoccranial windows
[10] or implanted optical fibres [11], respectively. In tast decades, the
use of zebrafish has been increasingly popular in ikid.fA small
teleostean fish, zebrafish detains a number of até#bthiat make it the
vertebrate model of election to perform whole-brainctional imaging.
Indeed, currently available state-of-the-art fluoreseemécroscopes [12,
13] allow for real-time optical access of the wholenslucent zebrafish
larva brain (=18 neurons) expressing fluorescent neuronal activity
indicators. The synergy between technological improvenfeiorescent
biosensors development and this transparent organism offenedy to
the unprecedented non-invasiwe vivo functional investigation of a
vertebrate brain in its entirety.

2 In particular, fMRI, despite offering a spatial resauatiof 2-4 mm, sufficient to
investigate the brain on a neuronal-cluster scalehieaes temporal resolution of only 1-
4 s, which is not enough to follow the rapid communicalietween neurons. In contrast,
the EEG offers a millisecond-range temporal resolutionplot spatial resolution (cm
range).

3 The term “simpler” is to be intended relatively te thuman brain. Suffice it to say that
the genome of the wor@aernorabditis elegansontains sequences for 80 different types
of potassium-selective ion channels, 90 ligand-gated resgpadod around 1000 G
protein-linked receptors [9]. The combinatorial posdieti are astonishing for a nervous
system with only 302 neurons.
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The neuron

The neuron is the structural and
functional unit of the nervous
system. A typical neuron can be
divided in four morphologically
defined regions: cell body,
dendrites, axon and presynaptic
terminals (Fig.1). The cell body
(somg contains the nucleus and
is the metabolic centre of the
cel. From the soma, two
different kinds of processes
originate: several short dendrites
and one long axon. Dendrites
form branches and are the main
tool for receiving incoming
signals from other nerve cells.

Figure 1. Schematic structure of
a neuron.

From the cell body, which contains the

nucleus, originate two different kinds

of processes: dendrites (usually
several), used by the neuron to receive
signals from other cells, and axons
(typically one), used to send signals to
other cells. Dendrites are the

postsynaptic elements of the synapse,
whereas axons represent the
presynaptic part. From [14].
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The axon instead, is typically longer than dendritescandes signals to
other neurons. Large axons are typically wrapped in afaisg sheath of
a lipid substance, myelin. The sheath is interruptecegular intervals,
every 1-2 mm, by gaps of bare axon membrane approxintajety wide,
the nodes of Ranvier.

The comprehensive structur=——
of the neuron did not becom
clear until late 19 century,
when Camillo Golgi and
Santiago Ramoén y Caja
began to use thé&eazione
nera” (black  reaction)
introduced by the former in
1883 [15]. Still used today,
this  silver impregnation
method has two advantage
First, in a random manner
that to present day is still no
fully  understood, silver
nitrate solution stains only
about 1% of the cells in any
particular  brain  region,
mak.lng "t p053|ble_to .exam.mPFigure 2. Reazione nera.
a single neuron in isolatior

from its neighbours. SeconcHand drawing of a pyramidal neuron of the cere
. . cortex stained with Golgi’sreazione nera by

_Stame_d ”eWO”S_ are d_e“neat(Santiago Ramon y Cajal (1852-1934).

in their entirety, including cell

body, axon, and full dendritic tree. Applying Golgi's madh Ramoén vy

Cajal performed a meticulous work: he examined the streicif neurons
in almost every region of the nervous system, describételit classes of
nerve cells and mapped the precise connections betwesmoiitem [16]

(Fig.2).

From a functional point of view, neurons communicate@ugh action

potentials, which are transient electrical signalginating at the hillock,
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the initial segment of the axon, and propagating alonghallprocess
length. The lipid bilayer constituting cell plasma meamer is impermeable
to ions and thus represent an insulator separatingdnducting solutions,
the cytoplasm and the extracellular fluid. lons cassstrthis lipid barrier
only by passing through ion channels present in the ceflbrene. When
a cell is at rest, passive ionic fluxes into and ouhefcell are balanced, so
that the charge separation across the membrane regwissant and
membrane potential is maintained at its resting valughi$nscenario, the
dynamic equilibrium potentidt for anyX ion can be calculated using the
Nernst equation [17]:

whereR is the gas constank the temperature expressed in Kelvin degrees,
z the valence of the iok; the Faraday constant, and|{ and [X]i are the
concentrations of the ion outside and inside the cell.

The resting membrane potenti, representing the electrical potential
(voltage) across the membrane due to charge separediome obtained
calculating Goldman equation [18] for the ion species|irad

wherePk, Pna andPg) are the permeability of the membrane to Ka® and
CI, respectively.

In neurons, the value of the resting membrane potestialose to the
Nernst potential for K(~ — 80 mV), the ion to which the membrane of a
cell at rest is most permeable. Plasma membransasrather permeable
to Na however and therefore the influx of sodium shifts iembrane
potential slightly positive to the'KNernst potential [19]. At this condition
of potential the electrical and chemical forces actim¢gbare no longer in
balance, thus Kdiffuses out of the neuron. The passive fluxes bard
Na" are both counterbalanced by active fluxes driven by tembrane
Na’-K* ATPase [20], which moves Naand K against their

10
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electrochemical gradients. Typically, a neuron hageembrane potential at
rest of approximately — 65 mV.

When an excitatory stimulus reaches the cell (e.g.ecotds of
neurotransmitters bind their specific ligand-gated ion céBsnionotropic
receptors), membrane channels open andfidas inside the cell, driven
by its electrochemical gradient. The sudden cation inthilbers the
equilibrium of membrane potential, inducing a depolarizathanthe size
of the depolarizing current increases, eventually a thigsimtage is
reached, typically at around — 50 mV. At this point, agéi-gated Na
channels open rapidly. The resultant increase in memalmanductance to
Na“ causes the sodium influx to exceed thHeeKlux, creating a net influx
of positive charge that causes further depolarizatidme mcrease in
depolarization induces even more voltage-gateddNannels to open and
an action potential is thus generated (Fig.3). The sidslzepe of an action
potential is independent of the current that initiatechaéytare all-or-none
digital signals.

=B
50 M

Action potential
a

Na* conductance (Na* channels) 140

K}Conductance (K* channels)

Membrane potential (mV)

-50 F

sueiquIBw Jo ,w sad spuueyp usdo

FE
Figure 3. Action potential and underlying ionic conductances.

The sequential opening of voltage-gated Bad K (purple traces) produce the typical
shape of the action potential (wine red). From [14].

During the rising phase of the action potential the memisaNe
conductance is much greater than that of eithea@ K’; for this reason,
at the peak of the action potential the membrane potapjoaches the
Na“ equilibrium potential (+ 55 mV), reaching + 30 mV. With thkisge

11
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change in membrane potential, voltage-gatetl dannels inactivate and
simultaneously voltage sensitive &hannels open, triggering a net efflux
of positive charge from the cell and thus beginning tpelegizing phase.
The combination of these two events accounts foratiethat this segment
of membrane cannot be depolarized again and thus the gctiential
spreads down the axon, unable to back-propagate. An acttentipb
generated in one segment of membrane supplies depolanziegt to the
downstream membrane, causing it to depolarize gradually rdowa
threshold. Thus, the action potential is continuously reggaed by
voltage-gated ion channels and does not attenuate aseistedong the
axon.

In the majority of neurons, the action potential idloiwed by a
hyperpolarization period, a transient shift of the membrpotential to
values more negative than the resting potential. Thiagrhenon occurs
because the Kchannels that open during the repolarizing phase of the
action potential and remain open for a few millisecaftelr Vi has returned
to its resting value. The combined effect of this transiecrease in K
conductance and the enduring inactivation of thé &fennels underlies
the absolute refractory period, the short time follgyvain action potential
when it is impossible to elicit a new action potenfide refractory period
limits the frequency at which a neuron can fire acgiotentials, and thus
limits the information-carrying capacity of the axon.

The functional design of neurons is determined by twiposing
requirements. First, they have to be small, soléinge numbers can fit into
the brain and spinal cord, in order to maximize the comgudower of the
nervous system. Second, they also have to conduct sigegl rapidly, to
maximize the ability of the organism to respond to enviroriaiehanges.
Neurons are indeed small, but they consist of a thinbreme surrounded
by two conducting media and thus they have high capacitMaeover,
the electrical signals flow through a relative poamdwctor, a thin column
of cytoplasm. These two factors combine to slow dowrctreuction of
voltage signals.

Two adaptive strategies have evolved to increase the prapagétthe
action potential. One is an increase in the diameftéhe axon, which

12
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reduces the axial resistance inside the process (to titeemexof the giant
axon of the squid, which can reach 1 mm in diameté®.second strategy
is the wrapping of a myelin sheath around the axon. phi€ess is
functionally equivalent to increase the thicknesshefdxonal membrane
and thus increases the electrical resistance of theona@e. To prevent the
action potential from running out, the small patch of membiresent in
each node of Ranvier is rich in voltage-gated blaannels and thus can
generate an intense depolarizing inward® Marrent that periodically
propagates the electric signal. The action potential dpregpidly along
the internode because of the low capacitance in g@oneence of the
myelin sheath and slows down as it crosses the higlcitapee region of
each node. For this reason, the propagation of an aptitential in a
myelinated axon is termed saltatory conduction.

13



Chapter 3

Fluorescence theory

Fluorescence is a phenomenon consisting
in the molecular absorption of
electromagnetic radiation (photons) at
one wavelength and its re-emission at
another, usually longer, wavelength.

The first reported observation of
fluorescence was made by Nicolas
Monardes, a Spanish physician and
botanist. In 1565, he published the
‘Historia medicinal de las cosas que se
traen de nuestras Indias Occidentales’
in which he describes how, under certain
conditions of observation, an infusion of
Eysenhardtia polystachjaa wood from
Mexico, took a peculiar opalescent blue
colour® (Fig.4) [21].

Figure 4. First observation of fluorescence.

Painting representing a cup madeEof polystachiawood and a flask containing its
fluorescent solution. In 1565, Nicolas Monardes describad thie first time the
phenomenon that, three hundred years later, would hamegbesm the namBuorescence

by Sir G.G. Stoke<. polystachids a wood from Mexico at that time used to treat kidney
diseases (for this reason nantigdum nephriticurh This wood, already known to Aztecs,
was a scarce and expensive medicine. Monardes in hissegggasts using the opalescent
blue colour unleashed by the infusion to detect countetfeitend [21]. From [22].

4 Lignum nephriticunwas a scarce and expensive medicine; therefore, ibfyzeticular
interest to detect counterfeited wood. On this respelisiassay Monardes wrot®)ake
sure that the wood renders water bluish, otherwise it is &fitadibn. Indeed, they now
bring another kind of wood that renders the water yellow, batribi good, only the kind
that renders the water bluish is genuin&his method for the detection of a counterfeited
good it is considered the first application of the pmeamon that would be later called
fluorescence

14



Fluorescence theory

This phenomenon is due to the peculiar electronic struatirgome
molecules, called fluorophores. The molecular transstionderlying the
emission of fluorescence are typically illustrated iy dablonski diagram

(Fig.5).
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Sy » ” " Crossing (ISC)
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hv,; hv, hv,
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Figure 5. Jablonski’s diagram.

The processes occurring in a molecule between the alosogoid emission of light are
usually illustrated by this kind of diagram, named afteexahder Jablonski who is
regarded as the father of fluorescence spectroscopysiiglet ground, first and second
electronic states of a fluorophore are depicteddysSand 3, respectively. At each of
these electronic energy levels, molecules can exigtimder of vibrational energy levels
(0, 1 and 2). s, h ¢, and hprepresent the molecular absorption of a photoretthission

of a fluorescence photon and the emission of a phosptemce photon, respectively. T
indicates the first triplet state’.:—f[l;\represents the almost simultaneous absorption of two

photons having each half the energy necessary to indsiegke photon excitation.
Adapted from [23].

In such diagrams, the energy levels of a moleculelepeted as straight
segments, ordered according to energy on the verticalaaxl grouped
according to the spin state (singlet or triplet) onhbezontal axis. Each
electronic energy level ¢SS, etc.) is split in a manifold of vibrational and
rotational states of slightly different energies (fhisplay reason, only
vibrational levels are shown in Figure 5). At room tempgggtmolecules
typically lie in the ground statey.SThe molecular absorption of light @)
can induce an electronic transition (occurring in abodf %)), that brings
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the fluorophore from &o some higher vibrational level of either @ S.
Molecules rapidly relax to the lowest vibrationavdé of S, dissipating
energy in a non-radiative way. This process is caflegtnal conversion
and generally occurs within 0 s or less. After internal conversion,
fluorophores return, typically, to the higher vibratioleadels of the ground
state (in about 1®s) with emission of one photon @. This transition is
allowed because the electron in the excited orbitphised (by opposite
spin) to the second electron in the ground-state drBik@mination of the
Jablonski diagram (Fig.5) reveals that energy of thitearadiation (hr)

is typically lower than that of the absorbed one YhEach photon absorbed
results in the release of a lower energy (longereleangth) fluorescence
photon. This phenomenon was first described by Sir. G5tGkes in his
‘On the change of refrangibility of lighth 1852, and is named Stokes shift
after him. The energy loss between excitation angsom is principally
due to the rapid decay to the lowest vibrational levehofr8this process,
part of the energy transferred from the photon taribéecule is dissipated
in the form of heat. Furthermore, fluorophores generddigay to higher
vibrational levels of & resulting in further loss of excitation energy by
thermalization of the excess vibrational energy. édales in the Sstate
have a small probability to undergo a spin conversion édfitkt triplet
state T, a process called intersystem crossing (ISC). Emidsion T; is
termedphosphoresceng¢and is generally shifted to longer wavelengths
(lower energy) relative to fluorescence. Transitiomf T; to the singlet
ground state is highly unlikely (because of unpaired spim),asma result
the lifetime of the triplet state is several ordefs magnitude larger
(typically, 10° to 10% s) than that for fluorescence [23]. Fluorophores,
however, can return to the §round state through interaction with the
environment; in particular, from the energy transfethwO. (which is
itself a triplet in the ground state), singlet molecubxygen!O;, is
produced. Moreover, electron transfer can occur from tiiget
fluorophore to molecular oxygen, leading to the formatiba superoxide
radical Q. Singlet oxygen and superoxide radical, along with other
oxidizing species formed subsequently (HO-, 2HQHO,, H20»), are
collectively termed reactive oxygen species (ROS) wisigh degrade
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fluorophores and bring them in a non-fluorescent dark §24te25]. This
phenomenon is known ghotobleachingand accounts for the fact that,
even if in principle a fluorophore can cycle between gdoand excited
states an unlimited number of times, due to environmentataictions
fluorescence emission from a single molecule can algrapase. When
recording the integrated fluorescence emitted by hundreti®os$ands of
fluorophore molecules, photobleaching consists in a preigeedecrease
of emitted light, upon constant excitation power.
The spectral properties of fluorophores, in terms otation and emission,
are generally presented as fluorescence spectra. Thesthemce spectrum
of a fluorophore expresses the likelihood that excitadiah emission will
occur as a function of wavelength (Fig.6). An excitatipecsrum is
characterized by a maximum that corresponds to the wagtblevhich
most efficiently can excite the fluorophore; lighttkve wavelength near
the excitation maximum can cause excitation too, kag ddficiently. The
fluorescence emission spectrum has a similar meaniegfjubrescence
output of a fluorophore is most likely to occur at a ipatar wavelength,
the emission maximum for that fluorophore. The excitedrophore can
also emit light at wavelength around the emission mamirhowever the
light will be less intense. As the electronic tréosis underlying
fluorescence emission typically occur between manifalas not single
states, fluorescence spectra are formed by bands tagéimesharp lines. For
example, the lowest fluorescence wavelengths regatérighest energy
emitted) are typically due to the emission from thedstwibrational level
of the excited state;1$o the lowest vibrational level of the ground staje S
(Fig.6). Excitation and emission spectra of a fluorophame generally
symmetric; more in details, the emission is usuakyrttirror image of &
S absorption as a result of the same transitions bevadved in both
absorption and emission, and similar vibrational enkrggis of 3 and S.
Another general property of fluorescence is that theesfuorescence
emission spectrum is tipically observed regardlessthef excitation
wavelength (Fig.6). This is known as Kasha'’s rule [26] asdlt from the
fact that, upon excitation into higher electronic andatibnal levels, the
excess of energy is quickly dissipated in a non-radiatiay, leaving the
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fluorophore in the lowest vibrational level of.SA part from some
exceptions, due to internal conversion, fluorophores aleaysfrom S,
and thus emission spectra are usually independent of excitat

wavelength.
Excitation Emission
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Figure 6. Fluorescence spectrum.

Example of excitation (blue) and emission (red) spectruanflaforophore. The emissi
spectrum is always (apart for some rare exceptionseghiftwards longer waveleng
with respect to the excitation spectrum (Stoke’s shifte €misgn spectrum will hav
the same distribution regardless the excitation wavdie(igasha’s rule). Due to t
manifold vibrational levels present in each moleculactsbaic state, both excitation ¢
emission spectra are not single bands (as happermsricapectra, for example) but h.
a broader distribution. The more vibrational leveta@ecule has in its electronic sta
the broader will result its fluorescence spectrum.



Fluorescence theory

3.1 Two-photon excitation fluorescence

At the dawn of the development of quantum mechanics,aVadppert-
Mayer [27] in her doctoral dissertation theorized aerahtive mechanism
through which fluorescence could be excited. She hypothesiaetivo or
more photons of lesser energy together could causecé@at®n normally
produced by the absorption of a single photon having higlexgegnin a
process called multi-photon excitatfon

Multiphoton processes such as two-photon excitation (T&E)often
termed ‘nonlinear’ because the rate at which they occes dot depend
linearly on light intensity, as in common single-photexcitation, but
rather on the second power of the intensity. Two-photecitagion
fluorescence (TPEF) is based on this theoretical gredidwo photons,
having each half the enefgyecessary to bring the molecule from its
ground state §&to the excited state (e.g2)Sinteract with the fluorophore
nearly simultaneously (within10° s) and induce an electronic transition
to the excited state, equivalent to that produced by the@tlmsoof a single
photon possessing twice the energy. Once in the exscitatd, the
fluorophore can emit a single fluorescence photon haviagethission
spectrum as it would after single-photon excitation @jig.

Since TPE is an extremely unlikely phenomenon, higensity (the
number of photons passing through a unit area per unit tinnéomehcm
2.s1) is required to produce TPEF. To attain high intensitg, éxcitation
photons must be concentrated both spatially and tempoktih spatial
photon density is obtained by focusing the laser beam difraction-
limited volume through a moderate/high numerical apert(Né)
objective. High temporal photon density is achieved gusnode-locked

5> The experimental demonstration of Maria Géppert-Mayarsliction had to await
until the '60s [2], when the technological improvement bhduo the development of
appropriate laser sources.

5 In principle, any combination of photons of diffetemergies that sum up to give the
energy difference between the ground state SO and B2wK. For practical reasons,
two photons of equal wavelength are typically used.
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pulsed lasersemitting photons intermittently in high-power burststgasl
of the most common continuous-wave oné&xnsequently, only in the
focal volume the spatio-temporal photon density is keigbugh to produce
TPEF. Away from the focus, the TPE probability decreagadly so that
no appreciable fluorescence is excited (Fig.7).

Figure 7. Single-photon and two-photon excitation.

488 nm laser |€éft) and 960 nm pulsed laseright) focused into a quartz cuve
containing dilute fluorescein solution. In contrast wattephoton excitation, which is
linear process (directly depending on the illumination isitgrl), two-photon egitatior
is a non-linear process that depends on the squaredifptiénBecause intensity depel
on the area, it is greater at the focus than a distaway. For this reason, while in single-
photon excitationl¢ft) the density of photon away from tfoeus is sufficient to produ
emission of fluorescence (and thus fluorescence is gedeatong al the path of 1
focused beam), in two-photon excitatigigit) only in a very small volume at the fo
is produced a photon intensity high enough tateXtuorescence. Away from the foc
the probability to have two-photon excitation rapidipps to zero.

Image by S. Ruzin and H. Aaron, UC Berkeley.

" The titanium:sapphirgTi:Sa) laser generally adopted in tpboton fluorescence
microscopy (TPFM) [28generates picosecondstandreds of femtosecond pulses of
high peak power, but at a low repetition rate (~100 MHagps tkeeping low the average
power.
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The Green Fluorescent Protein

Figure 8. Aequorea victoria.

A. victoriais a small (7-10 cm in diameter) marine jellyfish whémme is due to the
presence, along its umbrella rim-edge of light-emitingans. In the darld. victorids
luminescence is characteristically green owing to thesgon of the green fluorescent
protein. From [29].

Among all fluorophores, probably the most famous, andstoe the one
that in biology research deserves a place of hor®thieigreen fluorescent
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protein (GFP). It was first discovered fortuitously in 1961 Gyamu
Shimomura and colleagues [30] during the extraction and puidgiicaf

the bioluminescent protein aequdritom the hydromedusaAequorea
victoria (Fig.8). GFP was isolated as a by-product of aequorin owitfget
bright greenish colour it gave to the solution in whicias suspendéd
The same group [34] published then the emission spectrummfvdkch
peaked at 508 nm. They noted that the green bioluminescéhoean@
Aequorea tissue also peaked near this wavelength, whereas the
chemiluminescence of pure aequorin was blue and peaked near 470 nm,
which was close to one of the excitation peaks of GHperefore,
Shimomura and colleagues hypothesized that GFP converteblude
emission of aequorin to the green one of the living/fist. Morin and
Hastings in 1971 [35] first hypothesized the implication aba-radiative
Forster-type energy transfer from aequorin to GFP.HRIET mechanism
was confirmed in 1974 by Morise and colleagues [36], who piusified

and crystallized GFP.

From a structural point of view (Fig.9), GFP is a 238 anaiaids -barrel
consisting of eleven-strands, threaded by arhelix running up the axis

of the barrel (27 kDa). The chromophore is attached to-tnelix and is
hidden in the centre of the cylinder, which has beendallecan. In 1979,
Shimomura [37] proteolysed denatured GFP, analysed the pepaide th
retained visible absorbance, and correctly proposedhbathromophore

is 4-(-hydroxybenzylidene)imidazolidin-5-one. The chromophore is
formed, through a maturation process, by residues 65-66-67, areiGer-
Tyr-Gly in the native protein. After the protein hasdfed into its nearly
native conformation, the imidazolinone is formed byleophilic attack of

the amide of Gly67 on the carbonyl of Ser65, followed blyydeation.
Finally, molecular oxygen dehydrogenates the bond of Tyr66,
conjugating its aromatic group with the imidazolinone. Catlyhis stage,
the chromophore does acquire visible absorbance and aeree. The

8 Aequorin is a protein that can bind calcium ions thrahgke EF-hand domains. Upon
C&* binding, through an oxidative reaction, aequorin emits ljhé (465 nm) [31, 32].

® Actually, the protein was first called “green proteby’ Shimomura and colleagues; it
was Hastings and Morin [33] in 1969 to use for the firaetihe term “green fluorescent
protein”.
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The Green Fluorescent Protein

peculiar position of the chromophore inside tHearrel, protecting it from
the environment, prevents it from quenching. Indeed,-iberrel may have
evolved to be porous during chromophore formation, therkdyiag the

access of water and oxygen molecules, which seem tandarhental for
the correct chromophore maturation, and to be progedgsimnore

impermeable following chromophore formation [38].

% Transmission
N
o

400 450 500 550 600 650
Wavelength (nm)

Figure 9. GFP structure and fluorescence spectrum.

a. Crystal structure of GFP showing the typical 40-Barrel, composed by 11strands,
sheltering the fluorophore that consist of Ser65, Tyr66GIgd7. From [39].b. EGFP
fluorescence spectrum has its excitation and emission E#ak88 nm and 510 nm,
respectively. With respect tatGFP, the excitation peak in the UV range is absentgwin
to S65T mutation, which allows the fluorophore to reniaithe deprotonated (anionic)
state.

From a spectral point of view, GFP is characterized by $eparate
absorption peaks, a major one in the UV range at 395 dra amnor one
in the visible range at 475 nm. The amplitude of theserabion peaks
changes according to pH level [40] (e.g. increasing pH isesedhe
amplitude of the 475 nm excitation peak with a reductiorhef395 nm
peak) and the excitation at 395 nm and at 475 nm gives twalgligh
different emission peaks, 508 and 503 nm respectively. Thigvimeh
depends on the protonation state of the chromophorerticuar of the
Tyr66. The 475 nm excitation peak arises from GFP moledudering
deprotonated chromophores (anionic), whereas the 395 nm pgeak ar
from GFPs containing protonated chromophores (neutral) 421,
Protonated chromophores in the excited state are licelyeprotonate,
because the phenol of the Tyr66 residue is prone to beowok more
acidic in its excited state. During most light absompsanission cycles, the
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proton transfer does reverse. However, occasionadyptbton does not
return to the chromophore, so the neutral chromophgreo®isomerized
to its anionic form. This behaviour accounts for the faat upon intense
UV illumination, the 395 nm absorption peak of the neutrahfgradually
decreases and the 470-nm peak of the anionic chromophozasas [42-
44].

An important breakthrough in the early history of GFiheawith the
isolation and cloning of the gene encoding GFP by Prasldeca@leagues
[45] in 1992. Thanks to this great advancement, Chalfie allehgues [46]
in 1994 first showed that GFP could be heterologously exmtesse
maintaining its fluorescent properties, and could, thusiskeed as a marker
for protein localization and expression in living organismihey
successfully expressed GFPGnelegansinder the control of a-tubulin
promoter active in touch receptor neurons. Its spatial t@naporal
expression in these specific neurons of the worm nkiecicthat of the
endogenous -tubulin gene, thus proving that GFP could be a faithful
marker to study gene expression.

Once demonstrated the feasibility of using GFP asrsatie reporter of
gene expressiom Vivo, great efforts were made to improve thiéd-type
GFP and to produce new spectral variants. Roger Y. Tsiendoubtedly
the scientist who gave the major contribution to timgireeering of
fluorescent proteins (FPs). Tsien, between 1994 and 1996, tmanadpm
chromophore mutagenesis, produced a GFP variant 5-foldtdrittan
WIGFP characterized by a single excitation peak at 488 nnngmdved
folding at 37 °C, that after this was later named entthi@ieP (EGFP,
S65T and F64L mutations) [47]. He developed spectral GFP \audant
well, such as the blue fluorescent protein (BFP, Y66H) ayan c
fluorescent protein (CFP, Y66W) [41, 48]. On the basis e Gtructural
data instead, he designed and generated the yellow flunrgzaein
(YFP, T203Y) [49].

In 2008, the Nobel Prize in Chemistry was awarded joitglyOsamu
Shimomura, Martin Chalfie and Roger Y. Tsidor the discovery and
development of the green fluorescent protein, GFP”
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Genetically encoded €aindicators

During the course of cellular evolution, calcium io@a{’) has been
selected as a universal carrier of signals. Notingxitsnsive distribution
and functioning as a control ion in cells, common tougehrange of
eukaryote cell types, from animal, plant, to fungal,chiidiverged billions
of years ago, it is clear how early in the evolutigri@story this ion earned
its fundamental role in cell life [50].

The first observation of the signalling role oCia due to Sydney Ringer
while performing experiments on the contraction of ismlatat heart§
[51] in 1883. Ever since, this topic attracted great atenfrom the
scientific community and many more evidence of‘Gaplication in the
most diverse aspects of cell metabolism were brougigto Actually, the
variety of processes that are controlled by*@egins with the origin of
cell life at fertilization, and ends wittapoptosis the process of
programmed death that terminates life once cells heavehed the end of
their vital cycle. Between these two events?'Gagulates processes that
may be shared by all cells, e.qg. differentiation, geaescription, control
of phosphorylation grade, cytoskeletal reorganization, admotility.
Other processes may be otherwise cell-type specificg. e
contraction/relaxation of skeletal muscles and hsadretion of insulin in
pancreatic -cell and neurotransmitters in pre-synaptic nerve cells.

In neurons during an action potential, the changes in pduititg, caused
by the opening of gated ion channels, modify the net chagaration
across the membrane and thus produce an electric digmaypically do

10 Ringer came almost by chance to the discovery thtd@aied the signal that initiated
heart contraction. As he admitted, in early experimdrgshad suspended the isolated
hearts in a saline solution prepared using London taprvesitd the hearts contracted
beautifully. When he proceeded to replace tap water ehittilled water, he made a
surprising finding: the beating of hearts became pregrely weaker until stopping. To
maintain contraction, he found it necessary to add €its to the suspension medium.
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not result in appreciable changes in the bulk intraleeltoncentrations of
most ion species [52]. €ais a notable exception to this rule. The
concentration of free Gain the cytoplasm of a resting cell is kept
extremely low, about 1 mM, several orders of magnitude below the
external C& concentration, which is approximately 2 mM. Due to this
steep gradient, the intracellular®aoncentration may increase many fold
above the resting value as a result of the influx diwa through
membrane voltage-gated Tachannels [53]. This inwardcd helps
depolarize the cell and at the same time enhances thakiity that
calcium-activated, voltage-sensitivé hannels will open, thus triggering
cell repolarization through outward potassium curreighRafter the end
of an action potential, during the repolarization phtsecytoplasmic CGa
concentration is brought back to its basal levels thronghray of calcium
transporters. These ion pumps belong to the superfafi?htype ATPases
and either extruding calcium outside the cell (plasmanbnane C&
ATPase, PMCASs) or segregating it in intracellular cormipants such as
endoplasmic reticulum (sarco/endoplasmic reticulum?* CATPase,
SERCAs) and Golgi vesicles system (secretory path@ay ATPase,
SPCAS), they contribute to diminish free calcium indide neuron [54].
Additionally, mitochondria can act as calcium buffesstaking C&" up
through the calcium uniporter [55].

Hence, in a neuron, the short-term fluctuation of owhalar C&*
concentration reflects its activation state and thmeasuring this
fluctuation one could have an indirect recording of neuraciavity.

Owing to the crucial role of Gaand its homeostasis as universal signalling
ion, profuse were the efforts to develop methods that dvgive the
possibility to measure intracellular €alynamics. In particular, research
focused on the development of fluorescent moleculesgadiie ability to
bind C&* and to modulate their emission depending off Gancentration.
Reliable methods to measure cytosoli@¢'Gancentration appeared in the
late 1960s, when Ridgway and Ashley [56] first exploited @&*-
dependent bioluminescence of aequorin to observe tra@Ersignals in
single isolated muscle fibres of barnacle. While aequgravided
important early insights into the calcium-dependent reéigmaf neuronal
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processes [57-59], its implementation and use was oftemwenient. In
fact, the use of the purified protein, as in Ridgway andeéysékperiments,
required its injection inside the desired tissue or oslisle when pursuing
recombinant expression of aequorin it was necessarydiinater
coelenterazine as a cofactor of the translated apoenzyorder to have
the functional protein, limiting its application to celultures. A true
breakthrough came a few years later, when Roger YnT6@ rationally
designed and developed a new generation of synthetic fasmtes
polycarboxilate dyes derived from the hybridization oftiighly calcium-
sensitive chelator EGTA with a fluorescent chromophorke first
generation of fluorescent calcium indicators included BAPand its
derivative Quin-2, which, excited by UV light, was thestf dye used in
biological experiments [61, 62]. However, these dyes requiomplex
loading procedures, which often ended up damaging the sampieal@o
the widespread popularity of the polycarboxilateé*Gadicators was the
synthesis of their acetoxymethyl (AM) esters which, bemgmbrane
permeable, allow for non-disruptive loading and efficieapping of the
dyes in intact cells once the ester groups are hydroJg8¢édn 1985, Tsien
and colleagues [64] introduced a second generation of improgd@aiors
(e.g. Fura-2, Indo-1, etc) with stronger fluorescence eomsspon C&
binding, weaker affinity for Ga and higher specificity (i.e. better
selectivity against other ions). Fura-2 allowed the sanoeipg{65] to
perform unprecedented spatiotemporal measurementso§@alients in
subcellular compartments of single smooth muscle cedigaling the
differential regulation of G4 concentration in the cytoplasm, nucleus and
sarcoplasmic reticulum. Despite the substantial advaentg one
disadvantage of the Fura-2 family of dyes, which lichiteeir range of
potential application, in particular im vivo experiments, was that they
required excitation in the UV. For this reason, Tsiad colleagues further
developed their indicators, producing a novel class &fi@aorters (Rhod-
2, Fluo-2, Fluo-3, etc.) having visible-wavelength excita{i®®]. These
Cé&* indicators and their further improved versions (e.gioH [67],
Oregon Green BAPTA-1) have achieved widespread use in ne2mosci
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research [68-73], thanks to their brightness, photostahiiitl very large
Cat*-dependent fluorescent changes.

The major limitation of C-sensitive dyes arises from their impossibility
to selectively stain specific cellular populations or atiéint subcellular
compartments, considerably reducing the range aivoapplications. The
demonstration by Chalfie and colleagues [46] in 1994, that ¢RI be
effectively expressed in multicellular organisms under ¢bntrol of a
specific gene promoter, without the need for exogenoudratds and
cofactors coming from the jellyfish, paved the way fa& development of
a new class of CGa reporters with genetic tagging. In 1997, again the
laboratory of Roger Y. Tsien [74], brought to light thestfiC&* sensor
based on GFP: that was how genetically encoded calongicators
(GECIs) were born. Cameleon, as it was called, vaasdbon a simple and
yet brilliant design. A CFP molecule was fused to Mwerminus of
calmodulin (CaM), an eukaryotic protein with four EF-haa*-binding
domains, and a YFP to the C-terminus of M13, the CaM-bindipgdse
from skeletal muscle myosin light chain kinase. T¥f&P-CaM and the
M13-YFP were linked by two glycines. Reversible binding of'Ga the
CaM caused it to bind the M13 [75], bringing CFP and YFP coseigh
to produce FRET. Hence, an increase in intracelldi& concentration
resulted in increased YFP emission upon CFP excitatibe.ifhovative
rational design of Cameleon-1 and Cameleon-2 (a vawdht different
FRET partners, BFP-GFP), which exploited the physioldgmteraction
occurring between CaM and M13 peptide, represents the foattiait of
almost all the GEClIs that would have been later devdlope

In 1999, again Tsien group [76], discovered that tean surrounding the
chromophore of GFP could be circularly permuted (cp), opetiie way
to the development of single-FP based indicators. fbelar permutation
consists in the insertion of a peptide linker betweemmd C-terminus of
the protein and the creation of a new N- and C-terminusgisewhere in
the sequence. The discovery lead to the developmenned&ao, the first
single-fluorophore GECI, a circularly permuted enhance Y¢tpEYFP)
bringing a CaM domain between positions 144 and 145, near the

28



Genetically encoded Gaindicators

chromophore. The conformational change occurring in tharrel, upon
Ca* binding, was responsible for the increase in emitisaréiscence.

In 2001, Pericam [77] and GCaMP [78] were separately develypedn
a common design: both had a circularly permuted FP — cPEWE first
and cpGFP the second — carrying the M13 peptide fused to then(Dtis
and the CaM domain to the N-terminus. Both indicastvared the same
working mechanism. The fusion of CaM domain and M13 peptidbe
cpFP, introduces a distortion in thecan structure that induces the
quenching of chromophore fluorescence. Upon?*Chinding, the
conformational change occurring in thecan, because of M13/CaM
interaction, restores the original shape of the bavith an increase in
emitted fluorescence. While Pericam development wasdalned,
GCaMP (Fig.10) scaffold has been iteratively optimizeahuitiple rounds
of structure-guided design, giving birth to the most widely dasdly of
protein calcium sensors.

The founder GCaMP had very weak fluorescence comparedRat&Hf,
when expressed at physiological temperatures. This issiaddaessed by
introducing two mutations (V163A and S175G) known to improve the
temperature-dependent maturation of GFP, to give the ntacalled
GCaMPL1.6 [79], which had about 40-fold increased brightnessetar,
these modifications did not lead to adequate maturabionea30°C. Thus,
the GCaMP construct was subjected to random mutagenesiidies
showing brightest fluorescence at 37°C were selected tued
corresponding mutations identified (D180Y and V93I) [80]. GCaMds
it was called, was 200 times brighter than GCaMP at 3Vh€n, attention
was focused on improving the sensitivity of the indicatodetect smaller
calcium changes. The determination of GCaMP2 crystacttsire in the
Ca*-bound and CH-free states [81, 82], allowed the systematic
mutagenesis of the CaM EF-hand and of the M13/CaM interact
domains, giving rise to GCaMP3 [83]. This novel indicatorvaeh an
increased dynamic range, due to a 2-fold decrease in afoe
fluorescence and 1.5-fold increase in calcium-saturatedeBgence with
respect to GCaMP2. Targeted mutagenesis of the linkers ¢omgnéee
cpGFP to CaM and the M13 peptide led then to GCaMP5 [84].
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Ca?* Ky Dynamic range Decay t4» Rise T, Decay t4» Rise T,eq
Sensor (nM) (AF/F, at 160 AP) 1 AP (ms) 1 AP (ms) 10 AP (ms) 10 AP (ms)
GCaMP5 44710 1085+66% 268420 60+20 667443 166420
GCaMP6s 1444 1680+48% 550452 179423 179673 480424
GCaMP6m 1673 1177+30% 270423 807 1162455 280448
GCaMP6f 375+14 1314+56% 142+11 45+4 400+41 80+35

Figure 10. GCaMP structure and kinetic features.

Crystal structure of GCaMBhowing the three domains of which is made: circu
permuted GFP (cpGFP), calmodulin (CaM), and myosin lighinckiaase M13 peptid
With low intracellular C&" concentration, upon blue light (488 nm) excitation, GC
emits dim baseline fluorescence. Increasing intradeell@&* concentration, the bindil
of C&* ions to the CaM domain induce a conformational change résibres th
fluorophore emission properties, giving rise to brightofescence. The process
reversible. Table. Biophysical features of the last generations of GCaktisor.
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5.1 GCaMP6

In 2013 what is, to date, the most sensitive protein calsensor was
developed: GCaMP6 [85]. Mutagenesis was directed towardstdréace
between cpGFP and CaM, M13 and CaM, and inside CaM domaéntdD
the fast calcium dynamics and the low peak calciumraatations typical
of neurons [86], Chen et al. screened GCaMP6 variamduped by
mutagenesis, in neurons. Based on the screening reseytssalated three
ultrasensitive GCaMP6 variants (6s, 6m and 6f, for stoadium and fast,
respectively) characterized by different kinetics. Compgao GCaMP5,
GCaMP6 have similar baseline brightness, with a 1.5-fotdlease in
dynamic range (Table 1). For small numbers of actioeri@tl the most
sensitive sensor, GCaMP6s, produced sevenfold larger sigiatsum-
saturated GCaMP6s is 27% brighter than EGFP [85].

Due to the extremely rapid processes at the basis enfronal
communication (the duration of an action potential sagily in the order
of 2 ms), even this last generation offCaensors is far from having a
kinetic fast enough to resolve single action potentiaisfact, even
considering the fastest &andicator currently available, GCaMP6f
(Fig.10 Table), despite its potential sensitivity to detesingle AP, its
overall rise and decay time approaches 200 ms, a timeisofffor tens of
APs to happen. Indeed, the fluorescence dynamics recandeevivo
experiments is typically the result of tens, if hoihdreds, of APs. Given
the slow kinetic of the albeit fast GCaMP6 sensorsh wespect to the
electrical communication between neurons, & @aorescence time trace
can be considered as the result of a powerful low-pléessdn the actual
sequence of neuronal APs. Despite the direct relaBbmeen intracellular
Ca* concentration and fluorescence emission characte$tcalcium
sensors, these single FP based indicators (in contistFRET-based
ones) do not allow an absolute quantification of*Gamncentration, and
ultimately, thus, do not allow to perform inference abitnt number of
action potentials underlying a fluorescence curve.

Present genetically encoded voltage indicators (GEVs)e fast enough
kinetics to reveal single action potentials; howevetha current stage of
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development, they do not have a sufficient signal-tisencatio (SNR) to

be usefulin-vivo beyond a very sparse neuronal labelling. Therefore,
GCaMP6 indicators family represents, to date, the moétlugatical tool

to perform measurements of neuronal activity with pan-meldabelling.
Coupled with zebrafish larvae as an animal model @&eerafish in
neurosciencgs GCaMP6 represents the best and most reliable neuronal
activity indicator available, to perform whole bragcording with up to
single cell resolution.
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Fluorescence microscopy

Ever since the first cytological and histological alsadons in the XIX
century, the need emerged for methods aiming to enhancerttrast, in
the sample, between structures of interest and nokdbaend). In this
direction went the development of staining procedures aadine black
reaction by Camillo Golgi [15] (see Fig.2), haematoxyiml &osin (Paul
Mayer, 1896), and Giemsa stain (Gustav Giemsa, 1904). Allesh are
absorption techniques in which structures of interest airgest with agents
that absorb light. The limit of these techniques lethe fact that, for small
objects, the amount of light absorbed becomes only itegsimally
different from the background. During the course of thecéKtury, owing
to the growing theoretical knowledge around fluorescerenomenon,
several staining methods based on fluorescent moleceksdeveloped.
In fact, fluorescent labelling in the absence of auteélsoence allows for
a dramatic increase in contrast of the structures efdast. Furthermore,
owing to the possibility to genetically target the expi@s of fluorescent
tags (GFP and its derivatives), the use of fluorescenb®mlogy research
has considerably increased over the past decades.

The basic but not trivial task of a fluorescence miarpscis to irradiate
the specimen with a desired and specific band of wavelergytishen to
separate the much weaker emitted fluorescence from timten light.
The separation between the two (excitation and eomssavelength are
different due to the Stoke’s shift phenomenon,Haerescence theojys
achieved using a fluorescence (or emission) filter. THetses have
different transmittance (i.e. fraction of inciderg@lomagnetic power that
is transmitted) depending on light wavelength. Accordinthé excitation
and emission properties of the fluorophore in use, gte amission filter
is the one that selectively blocks the excitation el@wgth and is
transparent to the fluorescence wavelength, so thgttballast one can
reach the detector. Fluorescence filters are typidadigd-pass filters,
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having high transmittance in the range of the fluoropleonéssion peak
and almost zero transmittance outside the range, my-pass filter,
blocking shorter wavelengths and transmitting longer .omeisially,
fluorescence  microscopes adopted a transmission céghiers
configuration, in which the exciting light coming through tdesdenser is
directed on the sample, and the emitted fluorescencellected by the
objective. However, the most widespread approach in mdtlerescence
microscopes is epi-illumination. In this configuratiathe microscope
objective serves to both image and magnify the sampldécandndense
excitation light on it. The advantage of this approaatr dransmission is
that, although the excitation of fluorophores is equivaie both epi- and
transmitted microscopes, only the small percentageeadxciting light that
is reflected off the sample needs to be blocked ingtwen light path in the
epi-illumination mode. The main technical obstacle witis tpproach is
that, since the excitation light and emitted fluoreseawverlap in the light
path, a special kind of beam splitter is required. Thierdic beam-splitter
mirror is designed to be used in light path at 45°. Innanyi epi-
fluorescence microscopes, the dichroic reflects shoveerelength light
originating from the light source (arc lamp, LED, lasdc.) and transmits
the longer wavelengths of the emitted fluorescence. H@tinoic have a
transition from reflection to transmission situatextween the excitation
and emission peaks of the fluorophore it is design to leel wsth.
Typically, in addition to the emission filter and diolt mirror, a
fluorescence microscope mount also an excitation,fitdich preselects
the exciting wavelength. This is done to narrow the waltlexcitation
wavelengths band to the neighbourhood of the fluorophortaérci peak.
Excitation filters are typically band-pass or shorsgpélters, transmitting
shorter wavelengths and blocking longer ones.
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6.1 Wide-field fluorescence microscopy

Wide field fluorescence microscopy (WFFM) is a broadkgdusechnique
[87-91] whose basic principle is to illuminate the entpecsmen with the
excitation light and to record simultaneously the esditfluorescence
through a spatially resolved detector (WFFM, Fig.11). Typicalfiltered

LED source, after a collimation step, is focused onbdek pupil of the
objective, through a converging lens (tube lens). Focughtldnters the
objective and exits collimated from the front pupil. féi®y, excitation
light is shaped and concentrated into (approximately) adsid, whose
diameter is as large as the microscope field-of-vie@\F To ensure a
homogeneous illumination of the sample, usually an dwegfof the back

pupil is performed. This guarantees that solely the depad of the

Gaussian distributed focused light, at the back apertargributes to the
formation of the excitation spot.

Camera PMT PMT
Image space I:I DP —|:|— |:|
TL T i
\\ >
/ DM [ | DM
Lo =5 oL
Object space é /‘)}'r-/ wtp
WFFM CLSM

Figure 11. Simplified schemes of different kind of fluoresc
microscopes.

WFFM is widefield fluorescence microscopy, CLSM confocal laser negz
microscopy, TPFM two-photon fluescence microscopy, OL objective lens, TL tube
DM dichroic mirror, EP excitation pinhole, DP detection mileh PMT photomultiplie
tube. Representative rays of excitation light and 8soence emission are depicted in
(red for two-photon) andreen, respectively. The portion of the specimen agteaditec
is highlighted.
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Thus, in contrast with confocal laser scanning micros¢@p$M, Fig.11),

where a focused laser beam is rapidly scanned along lane pf the

sample, in WFFM the whole specimen is evenly illumedaty the

collimated LED source. Thus, at any time, all the fydrores present in
the sample are simultaneously excited and the emittedescence is
collected by the same objective (epi- configuration). fdacence light
travels back along the same path of incoming light apitally, a dichroic

mirror separates it from the excitation light. Based the emission
spectrum of the fluoreophore used, an emission filteectel the

wavelength band that can reach the detector, which isatiypa CCD or

sCMOS camera. While in CLSM the out-of-focus fluoresee
contribution is rejected by a pinhole mask placed intfadrihe detector,
in WFFM all the emitted fluorescence is collected arcbrged by the
camera pixels. This fact decreases the az)atgsolution of the system,
since the fluorescence light coming from the whole depthe sample is
integrated and contributes to the formation of the inweghe camera chip.
Therefore, WFFM is characterized by lack of z-resotutiDespite the
weak axial resolution, WFFM shows a diffraction limilateral resolution
(Rxy), function of the numerical aperturdl4) of the objective and the
wavelength of the emission light f), according to Ernst Abbe’s
expression (Eq.1):

e S 3 /0

12) -

wheren is the refractive index of the medium in which theechye is

immersed (e.Qair = 1, Nwater = 1.33,n0il = 1.5) and is half the maximum
angle of the cone of light that can enter (or eki® objective. Moreover,
WFFM can provide very fast temporal resolution. In fagice each frame
is acquired as a single snapshot, detection speed isdiemclusively by
camera acquisition rate and available fluorescencelsignang from the

specimen. Indeed, higher frame rates are usually achievdddogasing
the exposure time of the camera chip at the expense aghage signal-to-
noise ratio. Furthermore, coupling this method with a toagnification

objective it is possible to achieve high frame ratet wery large FOVs,
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spanning from a few millimetres needed to image a wholeafishrlarva
[91], to tens of millimetres necessary to perform imagidghe entire

mouse cortex [92-95].

6.2 Light-sheet fluorescence microscopy

a
b | Hee
-
Light shest  Sample

Figure 12. Ultramicroscope.

Schematic drawing of the fi
microscope based on ligkhee
illumination, the ultramicroscope
Zsigmondy and Siedentogzf. latera
view; b: top view. From [96].

Despite its simplicity and
inexpensiveness, basic WFFM does not
allow three-dimensionally  resolved
imaging. Indeed, the out-of-focus
fluorescence produces so much blurred
background that in-focus contribution
becomes hardly distinguishable. A key
requirement for performing three-
dimensional fluorescence imagimgvivo,
without the need to mechanically cut the
specimen into thin slices, is that the optical
system used be capable of optical
sectioning, as to say the non-invasive
ability of distinguishing in-focus signal
from out-of-focus background. In
fluorescence microscopy, two alternative
strategies are typically applied to achieve
optical sectioning. One is to illuminate the
whole sample and to reject fluorescence
generated above and below the focus,
using a specific pinhole mask placed in the

detection path right before the detector, as happens$MJsee Figure
11). The other one is to confine the excitation onlhefocus plane, so as
not to generate out-of-focus background. This can be achieither
exploiting non-linear interaction between light and teratseel wo-photon
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excitation fluorescengeto excite fluorescence only in a small volume
confined at the focus, as it happens in two-photon fluonescaicroscopy
[28] (TPFM, Fig.11), or illuminating the sample with a tlsimeet-shaped
beam, the case of light-sheet fluorescence micrgsd&-M). Light-sheet
illumination was introduced in 1902 [96] by Richard Zsigmondyldanry
Siedentopf when, working for the manufacturer of opt&atem Carl
Zeiss, they invented the ultramicroscope (Fig.12). Eviaces this
technigue remained almost forgotten for about one centuilythianks to
the development of laser and digital camera technedogi has known a
true renaissance. After the seminal work of Voie arttagues [97] in
1993, LSFM has been proficiently engineered to produce a pdetifo
variants: selective plane illumination microscopy I(8P [98],
multidirectional SPIM (mSPIM) [99], digitally scanned dadight-sheet
microscopy (DSLM) [100], oblique plane microscopy (OPM) [1®ighly
inclined and laminated optical sheet microscopy (HILO) [1o2ected
light-sheet microscopy (RLSM) [103] and single-objecti&PIM
(soSPIM) [104], among the most important.

The basic principle of light-sheet microscopy is sengét brilliant: as
already mentioned, the idea is to confine the illumimaioa thin sheet of
light, thus exciting fluorescence only from a two-dimensai section of
the specimen and guaranteeing intrinsic optical sectiolfiig.13).
Typically, the emitted fluorescence is collected byeaosd objective
placed orthogonally to the illumination optical axislamving its focus
exactly overlapping with the illuminated plane. In this ywaonly
fluorescent molecules lying on the focal plane of theect®n objective
are excited, thus contributing to the fluorescent sjgmhile those outside
the focal plane, not being excited, do not fluoresce. @haeection
architecture is simply that of a wide-field fluoreseenmicroscope.
Typically, an sSCMOS camera record the fluorescencesigsulting from
the excited plane, acquiring each image as a singlesfsdilution snapshot.
This parallelization of the imaging process within epleme dramatically
increases imaging speed compared to CLSM and TPFM, winesetial
nature of the acquisition process and its dependence on nesgation,
limit the actual frame rate. With the progressive dispment of the light
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sheet in different positions relative to the specimeis, this technique
allows the sequential acquisition of single planesi@lthe depth of the
sample and thus its three-dimensional reconstruction.

Figure 13. Basic concept behind light-sheet microscopy.

In light-sheet microscopy, the excitation light (blueoan is shaped into a thin shit of
light illuminating only a quasi-2dimensional plane of Haeple. The excited fluorescence
is collected by a second objective orthogonally placell véspect the illumination one
and having its focal plane exactly overlapping the ilhated plane. Owing to the fact
that the optical paths of excitation and detection areupged, a light-sheet florescence
microscope can be really designed around the sampléy, @&itlless scope for
customization. In light-sheet microscopy, fluorescenastation (blue arrow), which is
modelled into a very thin sheet of light, and detectigredn arrow) are split into two
distinct optical paths. From [105].

Since at any time, only the plane being imaged is ithat@d, LSFM
guarantees exposure of the sample to excitation lighoup érder of
magnitude lower with respect to CLSM [100]. Furthermomgesihe dwell

time at each point is orders of magnitude higher thannhaoint-scanned
techniques, this allows for a substantial reduction in pegit intensity.
Reduced total exposure to laser excitation results in reduced
photobleaching of the fluorophores and reduced phototoxicitytHer
sample, which is crucial when dealing with living specimens

From a technical perspective, the simplest strateghdpesa laser beam
into a sheet of light is to put a cylindrical lens m fiath [97, 98]. In this
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way the beam, which is supposed to be axially symmetrardeitering
the lens, is focused only in one direction, producing Bcstmost two-
dimensional sheet of light (Fig.14). Alternativelyyigual light sheet can
be generated by focusing a laser beam to a single linepially scanning
it through a galvanometric mirror, during the exposure tifnhe camera
chip, along the detection objective focus plane, as happe@SLM
(Fig.14) [100].
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Light sheet
shape

Figure 14.lllumination strategies in light-sheet microscopy.

The use of a cylindrical leng)(and of a scanning mirrob) to generate the light sheet
are depicted along with the actual shape of the light sB&ds a cylindrical lens, GM a
galvo mirror, L a lens. Below, the top and side viethig, shape of the light sheet taken
along the section indicated by the yellow dashed lidapted from [106].

As only part of the plane is illuminated at a given timd ¢hus the pixel
dwell time decreases, this method requires higher peak peaseer to
maintain the desired signal-to-noise ratio (SNR), txmosing the sample
to a local light intensity which is up to ~300 times higtiem techniques
using static light sheets [100]. However, the benefil®®iEM arise from
the greater uniformity of the light-sheet intensitgfile and the possibility
to engineer the detection path to perform confocal lineatien. This can
be achieved either de-scanning to image the beam positiom @tatic 1D
slit before rescanning onto a CCD camera [107] or expipitne rolling
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shutter of an sSCMOS camera [108]. In this last modehe¢laen is scanned
across the camera chip and the exposed pixels move syocisty.

In light sheet microscopy, the lateral resolutity is the same of a wide-
field microscope, governed by tHeA of the detection objective and
wavelength of the fluorophorem (see Eq.1). The axial resolution instead
is ultimately determined by the thickness of the lighteshehich in turn
depends on the features of the illumination opticdl, &en illuminating
with Gaussian beams, diffraction leads to divergenceybf &nd thus the
beam will spread and lose its sheet-shape. Indeed, tavithand scanned
light sheets show a hyperbolic profile in tkeplane (Fig.15), with the
beam waistw, indicating the thickness of the most tightly focusad-m
point of the illumination profile that can be obtainkd the following
equation (Eq.2):

)6 7g, &
4 > +8 9:

wherefexis the focal length of the excitation objectivg,is the wavelength
of excitation light, andDoy; is the diaphragm of the excitation optics.
Owing to the spreading of the beam caused by diffractmmyentionally
the light sheet is considered homogeneous over thellsd-¢2ayleigh
rangezr (Eq.3):

<42
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At a distance from the waish equal to the Rayleigh range the widthw

of the beam is=+ larger than it is at the foctls The distance> between
the two points? is called confocal parameter. It typically defines the
maximum usable lateral extent of the light sheet ia tlrection of
propagation, eventually determining the size of the fiéldiew. Indeed,
the more the beam is focused (i.e. the higher thenilation NA) the

11 Rayleighzs range denotes the distance over which a Gaussian begzasas its
cross-sectional area by a factor of two.
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thinner will be the light sheet, which in turns meansidg a shorter
confocal parameter and thus a smaller FOV. To maintdarge FOV,
which is one of the key advantages of light sheet noomg the axial
resolution should be larger than the lateral one (uésaol anisotropy).
Indeed, having an isotropic resolution would mean to focessheet of
light to such an extent that the beam would rapidlgmdje about its focus,
thus having an extremely short Rayleigh range and so th E@d. For
this reason, during the design of a custom-made light-shieeoscope it
is necessary to find a trade-off between the desired B@/the axial
resolution.

Figure 15. Gaussian beam profile.

Due to diffraction, a focused Gaussian beam tends to diveirgee Gaussian beam wi
W(2) increase as a function of the distazadong the beanthe beam portion which
typically considered usable for imaging is where therbeaistw, increase not more th

=+. The distance betweew and=+w is termed Rayleigh range and is worth half th
confocal parametdy that is the beam portion useful for imaging.

6.2.1 Light-sheet fluorescence microscopy: drakbac
and solutions

To be effective, light-sheet microscopy requires mthfetransparent
specimen, in order for the sheet of light coming frosida to evenly excite
all the fluorescent molecules lying on the focal plafsetually, only an
ideally transparent sample would allow the excitatightl to travel
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unruffled along the whole FOV length. All transparentdmdcal samples,
be they clarified tissues or inbred transparent organsuch as the
zebrafish larvae, present to some extent opticalnmdygeneities, changes
in refractive index, which can perturb the incident beany refractive,
scattering or absorbing particle that stands in the-Bybet path, reduce
the optical quality of the excitation, producing a weakewnstream
illumination hence visible in the image as a darlpstrindeed, one of the
most common problems with LSFM, and in particular shsyked
illumination LSFM, is the presence of shadowing adisfaAt best, dark
shadowing severely affects image homogeneity, at wibrsgmpletely
obscure any feature of interest in the affected am@ath#s reason, many
efforts have been, and still are, produced trying to meiglais problem.
An early solution to the striping issue was the appbcaof multiview
imaging, realized by rotating the sample and taking multigess of the
same volume, and fusing then the images from each \wewbtain a
shadow-free high quality composite [109]. This method however
considerably reduces the temporal resolution of the myste the
acquisition of a whole volume and therefore is naasle forin vivo high-
speed imaging. A second strategy that has been devisedaddhion of a
second illumination objective, generating a second ligbesentering the
sample from the opposite side, as happens in mSPIM [99¢h8ymous
double-sided illumination results in a loss of contrasthaslight sheet
spreads towards the opposite side. For this reasonaliypivo views of
the sample are provided, as it is sequentially illumoh&tem either side.
Since the final image is obtained by stitching togethegtual half of each
image, only half of the FOV needs to be covered by dath sheet.

Therefore, each light sheet may be made thinner byter fat=+ without
compromising the FOV. Additionally, mSPIM resonantlyqgis the light
sheets about its focus, illuminating more uniformly and thusher
reducing the stripe artefacts. The next step, in ttemgt to increase the
temporal resolution of these double-sided illuminatioriesys, has been
the introduction of a second detection objective producingwiaw SPIM
(MuVi-SPIM) [110] and simultaneous multiview light-sheaicroscopy
(SiMView) [111]. All of these multiview methods, despiteogucing a
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remarkable reduction of the striping artefacts, exposesgmaple to an
overall higher illumination intensity (due to the neediage several times
features in each plane) and require co-aligning with prgicision up to
four expensive objective lens and to perform computatiokgdiganding
post-processing. Such features often preclude multiviewgiimgaof living
specimens.

6.2.1.1 Bessel beams illumination

An alternative strategy to overcome the drawback od®lva generation,
cheaper and more suitable farvivo high-speed imaging, is to produce a
virtual light sheet with Bessel beaiji42] instead of Gaussian beams. A
Bessel beam can be simply produced by the incidence olssiga
distributed beam onto the surface of a conically shapes (exicon), or
using a much more expensive spatial light modulator (SLNfjef@ntly
from Gaussian beam, whose intensity profile has @aygiaussian shape,
the cross section of a Bessel beam consists ofr@weacentral core
surrounded by a series of rings of diminishing inteAi(fig.16). The
peculiar feature of this kind of beam is that its cresstion remains the
same as the beam propagates and thus can be considsoestichlly
diffraction free, or propagation invariant. Durnin et gi113]
experimentally demonstrated the feasibility of a quassBledeam
possessing the properties of the mathematical entityabfieite distance.
This kind of beam can maintain an invariant profilerov&ny times the
Rayleigh range of a Gaussian beam of edNfl(znay. With respect to
light-sheet microscopy, this means that with theeslllaone can produce
a much longer (and thus a larger FOV) and thinner shebkghafusing
Bessel beam. The central bright core of a Bessehpehich is the portion
useful for imaging, is generated by constructive interfexent the
converging outer rings. From this feature, emerge a serbecksting
property of Bessel beams, that of “self-healing”. Indebuhking of the

12 Mathematically the Bessel beam can contain an tefimimber of rings, and so over
an infinite area would carry infinite power, being thunphysical to realize.

44



Fluorescence microscopy

Bessel beam as a set of plane waves propagating oreaifcae place an
object in the centre of the beam, the waves thatetde beam are able to
overstep the obstruction, casting a short shadow into bdam, but
ultimately reforming the original intensity profile beyathe obstacle. This
property, applied to light sheet microscopy, allows igjiat sheet to reform
beyond a scattering or absorbing feature of the tissukthais produces a
much more uniform illumination that can propagate deeperdénsi
scattering media. Since much of the energy of the@d®am is contained
in the outer subsidiary rings, this involves that, withpect to Gaussian
illumination, the image contrast is reduced as ouboé$ fluorophores
contribute to the fluorescence signal and that the sy@ecis exposed to an
overall higher illumination intensity.

Figure 16.Bessel beams profile.

a, b. Gaussian and Bessel beam intensity profile, respectiBagsel beam shows a
central bright core surrounded by several subsidiary rifiggrogressively decreasing
power. The constructive interference of these convergimgrorings produce the
reconstructive central part of the Bessel beam. Matlifrom [114].c. Schematic
generation of a Bessel beam through incidence of a {aaussam onto the surface of a
conical lens (axicon). The interference of inclingdvefronts produces a central self-
healing part of the beanz.£,) which can reform itself after encountering an olistan
its path. From [115].
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Zebrafish in neurosciences
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Figure 17.Danio rerio (Hamilton).

From the top: adult male and femalezebrafish. The masculine sex is characterized by
brown-orangish background colour and slimmer body shajeregpect to the feminine
one. The sexual dimorphism, however, is not alwayscpdatly stressed. The distinctive
feminine mark is a small triangular transparent fin irkpnity of the urogenital pore, as
highlighted by the yellow arrowhead. Scale bar: 5 mm. [ded® hours post fertilization
(hpf) wt zebrafish larva characterized by large yolk, transpaissues and poor presence
of skin pigments. Scale bar: 500 um.

Since its first reported use as a probable promising no@ehbryological
research by Charles W. Creaser in 1934 [116], zebrafistiheatime a
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popular aquarium species, has gradually made a transitiondoonestic
fish tank to the laboratory. In facBanio rerio (Fig.17), a robust and
healthy freshwater fish native of South-East Asia, hasumber of
attributes that makes it particularly suitable for ekpental manipulation
and explains the growing attention of the internatiosalentific
community. Due to its small size, large numbers cakdpt easily and
cheaply in the laboratory, where it breeds all yeamd. Females can
spawn every 2-3 days and a single bunch may containasdwemdred
eggs. It is an organism with external fertilization éimas, its embryos can
be studied since the very first zygotic cellular divisioGeneration time is
short, typically 3-4 months, making it appropriate forlesgon
experiments. Development is rapid, with precursors ltanajor organs
developing within the first 36 h. The zebrafish genomebkas completely
mapped and approximately 70% of zebrafish genes share honwilbgy
the human genome, and 84% of genes associated withelisglasmans
are present in zebrafish [117, 118].

Actually, its current prominence as a model organism stemsthe work
of George Streisinger, who pioneered its use in the st@iaggotecular
genetics [119], and Charles B. Kimmel, who published detailed
descriptions of cell differentiation and nervous systeganization [120,
121]. Their work, together with the first large-scale randoutagenesis
screen to be conducted in a vertebrate [122], performed bgti@he
Nusslein-Volhard, paved the way for the use of zebrasinamal model
in the most disparate fields of biological research.

In the field of neuroscience, five are the key featuhed have made
zebrafish a particularly interesting and suitable magiest, the CNS of a
3 days post fertilization (dpf) zebrafish larva (Fig. 16dpunts
approximately 100 000 neurons [123], which makes it a relatae@typlex
system to be studied if compared to the CNS of invertelargitnal models
(e.g. Caernorabditis elegandrosophila melanogasteretc.), but still a
simpler and more accessible structure compared to hightetbvates (e.g.
rodents, primates, etc.). Second, zebrafish shares ctiv@mon
neurotransmitters pool with mammals and have similarazeatomy in
many areas (e.g. retina, hindbrain, spinal cord, etddlit®&nally, due to
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the different neuro-morphogenesis with respect to masgifnahportant

nuclei, instead of being in deep and hardly accessiblengeg®happens in
the mammalian brain, become in zebrafish the maseréicial, and thus
accessible, structures. Indeed, while behaviourally relenaadlei (e.g.

hippocampus, habenula, amygdala, etc.) are difficult regmmeach in

mammals due to their deep location beneath the neocortitve zebrafish
brain these regions (or their functional analogous)the most dorsal of
the telencephalon (Fig.18).

74
Lpons /MO

B ventral pallium (VP) [] 1ateral pallium (LP) [ dorsal pattium (DP) [l medial pallium (MP)
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Figure 18. Schematic representations illustrating topological
correspondence between zebrafish and mouse brain.

The zebrafish telencephalon is characterized by two weaksies covered by a dorsally
located T-shaped ventricle. The mouse telencephalon, iresgraonsists of two bilateral
hemispheres surrounding centrally located ventriclése fopology of the zebrafish
pallium is similar to the one in mouse. The zebrafistilium, like its mammalian
counterpart, consists mainly of four pallial divisioagnedial pallium (MP) homologous
to the mammalian hippocampus (Hip), a dorsal pallial diwis{DP) topologically
corresponding to the mammalian isocortex (Ctx), and vefuRl and lateral (LP) pallial
divisions homologous to the mammalian pallial (bagodd} amygdala (BLA) and
piriform cortex (pirCtx), respectively. From [124].

Third, larvae are completely transparent during embryonieldpment;
this means that, in contrast with higher vertebratesy entire nervous
system is optically accessible and can be thus investigeting advanced
fluorescence microscopy techniques. State of the artt-digget

13 Indeed, while the anterior neural tube of mammals underigeegination during
development (inversion), leading to the deep locatioomafy important nuclei, the
zebrafish brain develops by eversion.
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microscopy, for example, allows nowadays imaging titeeslarval brain
(800x600%x200 uM) with single neuron resolution, at a volumetric rate
12 Hz [13], a more than optimal sampling frequency considénmslow”
kinetics of currently available calcium indicatorsufd, larval zebrafish,
usually within 5 dpf, already exhibit complex behaviours (e.g. food
seeking, pray capturing, escape response, etc.) [125, 126§jngllthe
study of neuronal activity associated with a specificavetur. Fifth, but
not less important, zebrafish genome can be modifaadmore easily with
respect to other model organisms: the possibility of eil@iiucing mutant
lines carrying, on orthologue genes, human mutations assdcwith a
pathologic phenotype, or generating transgenic lines esipgeuorescent
tags or indicators in a cell-type specific way, dranadifcexpands the
experimental panorama.

Since the early days of using zebrafish as an experitmaatiel, and until
relatively recently, nervous system development kas la major focus for
research [127-130]. Kimmel and colleagues [121, 125] performed fine
observations of bothwild type embryos, having regular neuronal
development, and mutant ones, showing aberrant neuro-ogepésis.
With this approach, they provided a detailed and comprehensive
description of nervous system organization, unveiling séasgahanisms
underlying brain morphogenesis. In recent years, the dewelapof tools
providing optical readout of neuronal activiiy and novel ging
techniques moved research focus to the study of neuronwityaetnd
neural circuits function. The genetic targeting of'Cimdicators (see
Genetically encoded G&indicatorg in all neurons of the zebrafish larva
opened the way to the unprecedented non-invaisiveivo functional
investigation of a vertebrate brain in its entirety,[121] (Fig.19). Ahrens
and colleagues [12] first applied fast light-sheet microsdopperform
real-time brain-wide imaging (800x600x200 )rof restrained zebrafish
larvae, at a volumetric framerate of 0.8 Hz. Indeedrectly available
technology, coupled to last generation GECIs, allowendreet al. [13] to
perform functional light-sheet imaging of the entirarval CNS
(3000x500x200 pA at a sampling rate of more than 6 Hz (Fig.19).
Whole-brain imaging has been proficiently applied toithetification of
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functional circuitry while head-restrained fictivelghmaving larvae were
exposed to virtual environment stimulation [132-139]. In particula
Vladimirov and colleagues [132] first, using light-sheeicroscopy,
measured neuronal activity during optomotor response in lax@esed to
a moving grating visual pattern (Fig.20). The same virtual tyeal
experimental paradigm allowed Freeman and colleagues [@38ptluce
whole brain maps showing the tuning of individual neurangsponse to
the different moving directions of the visual stimulus presd (Fig.20).
Portugues et al. [134], performing whole brain light-sheaging in larvae
to which a rotating grating visual pattern was presented tifiein a
broadly distributed stereotyped functional network gowey the
optokinetic response (Fig.20). Dunn et al. [136], studying xpéoeatory
behaviour of freely swimming larvae in absence of salEmsory cue,
found that their trajectories were characterized lgraditing sequences of
repeated turns (Fig.20). In parallel, performing brain-widggtisheet
imaging of fictively behaving larvae, they identified specineural
populations whose activity controlled the observed behavbig.20).
Recently, in the effort to measure larval neuronaiviagtin conditions
closer to the physiological ones, two groups [140, 141] baydied the
principle of light field microscopy (LFM) to perform wisbrain
functional imaging in freely swimming larvae. In parteyl Kim and
colleagues [140], coupling LFM with structured illuminatiom @anewly-
developed motion-cancellation custom system, were ablmage with
cellular resolution the entire brain of freely movirggviae exposed to
thermal stimuli (heat avoidance behaviour) (Fig.21). Ttreehconcept
they have devised dramatically expands the behaviouralrtogpe
amenable to brain-wide cellular-resolution imaging, poady including
spatial navigation, social behaviour, feeding or reward. nQwio
technological improvement and development of novel asmopes, built
around the specimen and capable of faster volumetric sonj the
zebrafish, with its unique features, represents an ertebtetebrate model
to study the nervous system, in the attempt to disertamygl understand
the functional circuitry and neuronal activity pattesihshe base of specific
behaviours.

50



Zebrafish in neurosciences

Whole brain functlonallmagmg at cellular resolution
using light-sheet microscopy

Misha B Ahrens', Michael B Orger?, Drew N Robson?, Jennifer M Li*® & Philipp J Keller!

SPED Light Sheet Microscopy:
Fast Mapping of Biological System
Structure and Function
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Fast functional imaging of multiple brain regions in
intact zebrafish larvae using Selective Plane
Illumination Microscopy

Thomas Panier, Sebastién A Romano?, Raphadl Olive, Thomas Pieti:*, Germéin Sumbre:, Rephad! Candelier: and
Georges Debreges

Figure 19. Whole-brain functional imaging in zebrafish.

Milestone publications about brain-wide functional imagmrestrained zebrafish larvae.
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Figure 20. Whole-brain functional imaging in fictively behaving zebrafish.

Key publications applying the wholaain functional imaging to partially restrair
zebrafish larvae during virtual reality experiments.
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Figure 21. Whole-brain functional imaging in freely swimming zebrafish.

Most recent technology breakthroughs allowed the wh@d@ measurements in fre
behaving zebrafish larva
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7.1 Zebrafish and epilepsy

Epilepsy* is the most common and widespread neurological disorder
characterized by aberrant cerebral activity in humahss pathology is
characterized by recurrent and unprovoked spontaneous tingtisronal
activity, known as seizures, which are linked to a Iddsaance between
excitatory and inhibitory synapses. The aetiology aeppy is manifold,
ranging from genetic mutations affecting membrane icamnhls [143],
altering neuronal migration, or protein degradation in nesif@44], to a
variety of insults, such as brain tumours, injury, stroke
neurodegeneration. Despite a wide range of anti-epilelptigs (AEDS)
currently available for treatment of epilepsy [145], apprately 35% of
patients fail to respond adequately to therapy [146, 147]. @jpionost
of the research on AEDs is performed using rodent modkése models
have significantly contributed to increase our comprehansicepilepsy
but suffer from limitations for the identification oew AEDSs, regarding,
for example, the throughput of drug screening and the timareegto
generate new transgenic lines to model specific epileptibogahic
mechanisms. In recent years, zebrafish has rapigrged as a valid
animal model to study this pathology both in basic reeand in drug
discovery. Indeed, owing to the features discusseckipitvious session,
zebrafish represents a key animal model to study epilépsy a
perspective not applicable with mammals. Seizures candilg galuced
in zebrafish using pentylenetetraZ6l§PTZ), a molecule that recent
studies revealed can be successfully used to model sealkaifgehaviour
in zebrafish larvae, making this pharmacological apghcaitable to study
several kinds of human epilepsy in this animal model [180]. Thus far,

1 This neurological disorder was already known by the atxi@he first recorded report
traces back to an Assyrian text (2000 B.C.). Hippocrats B4C.), in his On the Sacred
Disease, gives one of the first accurate descriptigheopathology, making conjectures
about its probable aetiology [142].

15 pentylenetetrazole is a molecule that is thouglgeda@n binding studies, to act as a
competitive inhibitor at the picrotoxin site of theaminobutyric acid type A (GABA
receptor. PTZ inhibits the GABA-activated iperpolarizing &lirrent in a concentration
dependent manner, thus reducing the inhibitory effects of &¢ignalling [148].
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epileptic seizures have been detected and characteamizethiafish either
as behavioural alterations or by means of direct elgcphic recordings.
Behavioural measurements rely on the recording of swigractivity by
time-lapse videos and tracking of the larva positiommetj149, 151, 152].
During seizures, larvae exhibit a variety of behaviourssified in
different epileptic stages [149]. This type of measuremeassbeen used
to characterize chemically-induced convulsions and to scpe¢ential
anti-convulsant drugs, capable of reversing the effect®Td [153].
However, a detailed study of the mechanisms of epilegspires
measuring the neuronal activity underlying seizures. The nsesl method
to this end is the electrographic recording of activityange areas of the
larval brain via extracellular field recordings. Thesadies have proved
effective in detecting brain electrical activity and &kerations, which
correlate with seizures [149, 151, 154], despite lacking in $pasalution.
Indeed, the use of the novel optical methods discussedopstyi(see
Genetically encoded Gk indicatory applied to the study of epilepsy,
could provide new insights regarding the mechanisms underlyingrtset
of aberrant electrical activity characterizing this p&ige.

55






ine

Part |l

Methods

57






Chapter 8

Generation of the GCaMP6s transgenic zebrafish
line

Aiming to produce a transgenic zebrafish line expressing inutieus of

all CNS neurons the fast and sensitivé'Gaporter GCaMP6s [85], we
chose the plasmid tol2-elavi3:H2B-GCaMP6s (Addgene, Cambridge
Massachusetts, USA) [133]. The 14288 bp vector (Fig.22) cdives
GCaMP6s gene fused with histone H2B gene, under the contetd\d8
promoter.

Figure 22. Map of the tol2-elavi3:H2B-GCaMP6s plasmid.

The transgene GCaMP6s is fused to the histone 2B,and this fusion gene is pla
downstream to the pan-neuronal promeatiew!3 (hereHuC). The expression cassett
flanked by two consensus sequences (brown triangles)plalsmid backbone carries
ampicillin resistance gerempR
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The insert is flanked by two consensus sequences spegifieatignized

by the Tol2 transposase. The expression product is a fpsiein H2B-
GCaMP6s, which guarantees the nuclear localization efréporter,
present in all differentiated neurons owing to the elpu@noter. The most
common method to obtain a transgenic zebrafish l&n® microinject the
plasmid carrying the insert into fertilized eggs, togetheth Tol2
transcript [155]. Once inside the zygote, the translatiapparatus of the
embryo translates Tol2 mRNA into the active Tol2 tpmssse. The
enzyme binds the tol2 consensus sequences and excises éhe ins
performing a random recombination with the genomic DNA.

8.1 Amplification of plasmid tol2-elavi3:H2B-
GCaMP6s

We first proceeded to amplify tol2-elavi3:H2B-GCaMP6s pldsm
(carrying resistance to ampicillin as a marker forele), performing a
heat-shock bacterial transformation followed by growthransformed
cells and plasmid purification.

8.1.1 Bacterial transformation with tol2-elavI3Bi2
GCaMP6s plasmid

To perform bacterial transformation, a 50 uL aliquot A9 E. coli

competent cells, stored at -80 °C, was thawed orRleag of plasmid (1
ML) were added to the tube and the solution was gently mikbdwwipette
tip. The competent cells/plasmid mixture was then indan ice for 30
minutes. The cells were then heat shocked in a 42 °@rveath for 45
seconds. The tube was put back on ice for 2 minutes; 250prk-efarmed
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(37 °C) sterile LB® liquid medium were gently mixed with the bacteria.
The transformation tube was placed in a shaking inculf2@&rpm) at 37
°C for 30 minutes. This first growth step allows baetda generate the
ampicillin resistance proteins encoded in the plasmid bmaek, so that
they will be able to grow once plated onto agar plategtaining the
antibiotic. After this incubation, the bacterial s@ut was plated using a
sterile spreader onto 10 cm plates containing LB 1.5 % dgadavith 100
ng/mL ampicillint’. The plates were incubated at 37 °C overnight.

8.1.2 tol2-elavl3:H2B-GCaMP6s plasmid extraction

Since only bacteria that incorporated the plasmid prodarogicillin
resistance proteins and are thus able to grow onto mexbuataining the
antibiotic, we could select a single colony grown toure $o recover only
clones of a transformed bacterium. The colony wasated! from the
medium surface using a sterile loop and then inoculateda 2 mL sterile
LB liquid medium starter culture supplemented with 100 ng/mL
ampicillin). The vial containing the starter culture wécpd in a shaking
incubator (300 rpm) at 37 °C for 8 hours. Terminated thabation, 100
pL of starter culture were diluted into 100 mL of steri# liquid medium
added with 100 ng/mL ampicillin. The solution was placed 50@ mL
flask on a shaking incubator (300 rpm) at 37 °C overnighthétend of
the incubation, the tol2-elavi3:H2B-GCaMP6s plasmid wagipdrusing
the QIAGEN Plasmid Midi kit (12123, QIAGEN, Hilden, Germany

18 The lysogeny broth (LB) was prepared dissolving 10 g trygp(®@293, Sigma-Aldrich,
Saint Louis, Missouri, USA), 5 g yeast extract (70161, Sigidaich, Saint Louis,
Missouri, USA) and 10 g NaCl into 800 mL dg] pH of solution was balanced around
7 and final volume brought to 1000 mL. LB medium was stediin autoclave (15 min
at 121 °C).

7B 1.5 % solid medium was prepared melting bacteriologacar (A5306, Sigma-
Aldrich, Saint Louis, Missouri, USA) into liquid LB magn. Once cooled down to 60 °C
the still liquid medium was added with 1 pL/mL ampicillin [10§ pL].
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8.2 In vitro transcription otol2 plasmid

To obtain the Tol2 transposase mMRNA, necessary in ibeimection
procedure in order for the insert to be integrated iredeafish embryo
genome, we set up an vitro transcription reaction of the pCS2-TP
plasmid using the reliableMESSAGE mMACHINE SP6 Transcription kit
(AM1340, Ambion, Life Technologies, Carlsbad, CaliforniaSA). All
procedures were performed using RNase-free supplies. Indessd)osv
concentration of nucleases can degrade the transcript.

The first step, to allow SP6 polymerase to operate #msdription, was to
linearize the plasmid through an enzymatic digestion usiod, s its
restriction site is present only once in the plasmmlueace. Restriction
reaction was performed adding in a tube the reagentsllag:fd9 pL
diHO, 5 pL 3.1 buffer (B7203S, New England Biolobs, Ipswich,
Massachussetts, USA), 6 pg pCS2-TP plasmid (24 pL at 260 ngAdld
ML Notl enzyme (R0189, New England Biolobs, Ipswich, Melsgasetts,
USA) to arrive at a final volume of 50 pL. The tube wesibated at 37 °C
overnight. The restriction reaction was terminatedd ahe DNA
precipitated by adding 2.5 uL 0.5 M EDTA, 5 pL 5M ammoniuntaee
and 100 pL absolute ethanol. The solution was mixed aneédaooiwn to
-20 °C for 165 minutes. The tube was then centrifuged (bepdentrifuge
5417R, Eppendorf, Hamburg, Germany) for 15 min at maximum speed.
The supernatant was discarded and the tube centrifuged againfdw
seconds to remove the residual fluid. The linearizednpthpellet was
resuspended in 12 pL diB at a final concentration of 455 ng/ pL (as
determined by reading absorbance at 260 nm with the spectropbatome
NanoVue Plus, GE Healthcare, Chicago lllinois, USA).

The linearized plasmid solution was then used as a sub&irahein vitro
transcription kit. At the end of the transcriptionggan, the mRNA was
recovered using theRNA Clean & Concentrator-5R1015, Zymo
Research, Irvine, California, USA). The final yield w&d.4 pg of mRNA
(30 puL at 713 ng/pL) as determined by reading absorbance at 2aham.
transcript was diluted on ice at 125 ng/uL and stored atG8mh 2 uL
aliquots in 500 pL reaction tubes.
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8.3 Microinjection

As the zebrafish natural behaviour is to mate at davenzebrafish facility
is equipped with a temporized illumination system thatpsop lights at
9 am for our convenience, producing an artificial dawn.pfepare the
injection mix a 500 pL reaction tube containing 2 pL Tol2NwWRat 125
ng/uL, kept at -80 °C, was placed on ice. Reagents wenesaitided to the
tube as follows: 6 puL dd#D, 1 uL 1% w/v phenol rél (P3532, Sigma-
Aldrich, Saint Louis, Missouri, USA) and 1 uL tol2-elaH2B-GCaMP6s
plasmid at a concentration of 250 ng/pL, with 10 pL firdume. The tube
was first vortexed to make the solution homogeneous,spmned briefly
to collect the whole injection mix at its bottonmdafinally placed back on
ice.

The fine needles used to microinject zebrafish eggs éeireed from glass
capillaries (O.D. 1.0 mm, I.D. 0.5 mm, length 10 cm1B&-50-10, Sutter
Instrument, Novato, California, USA) through the samé#éirmmu process
used to produce micropipettes for electrophysiology. Inrotaleobtain
superfine-tipped needles, yet with the appropriate stiffnese
micropipette puller (P-1000 Flaming/Brown type, Sutter LmseEnt,
Novato, California, USA) was set with the followingrpmeters: heat, 645;
pull, 60; velocity, 80. As the injection needles havéoaed tip, due to the
pulling process, the very end of the needle tip was braki#rfine forceps
(Dumont #5, Fine Science Tools, Vancouver, Canada).

Typically, 2-3 pL of mix were loaded into a pulled injectio@edle using
a specific electrode loading pipette tip (cat.5242956.003, Eppendorf
Hamburg, Germany), before plugging the needle to the miecion
(FemtoJet 4i, Eppendorf, Hamburg, Germany) holder.

The microinjector was set up with the appropriate presasndetime of
injection parametet$ in order to inject the proper volume inside each
embryo. As the needle is manually opened, parametert® Hemdmodified

8 Phenol red is used to colour the otherwise transparienin order to visualize the
injection location.

19 Typically: injection pressure, 650 hPa; injection tifl& s; compensation pressure, 20
hPa.
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from time to time according to the diameter of thedie tip and based on
the observed volume of solution injected.

Microinjection procedure consisted in injecting the mioithe yolk of one
cell stagent AB/Tuibingen zebrafish embryos. As the injected mixusiéls
into the zygote, the translational apparatus of tHeyoads rise to the active
tol2 transposase, which operates the recombination.

8.4 Transgenic line selection

In order to select embryos expressing the transgeneperfermed a
fluorescence-based screening. We equipped a stereomicro&impe
508, Carl Zeiss, Oberkochen, Germany) with a 470 nm blue LED
(M470L3, Thorlabs, Dachau, Germany) opportunely filtered OQ(FF
469/35, Semrock, Rohnert Park, California, USA). Excitatight was
blocked with a couple of filters (FF02-525/40, Semrock, RohRark,
California, USA) mounted directly into the microscope acsil Embryos
were selected according to the presence of fluoresicgratl €oming from
the CNS.

As the tol2-mediated recombination is a stochasticteaewl typically the
transposase, as long as it remains active, can atsseeke insert out of
the genomic DNA, microinjection rarely gives rise tobeyos expressing
the transgene in all cells in which it is supposed to espRgather, injected
embryos are most often a mosaic of expression. lksrreason, once
reached adulthood (~3-4 months) we performed an outbetggen each
of the microinjection positive individuals (FO, Fig.23bhda a wt
AB/TlUbingen zebrafish. In order to select the founderswftransgenic
line, we performed a second fluorescence screening onffdping of
each microinjection positive fish. Only zebrafish whiritegrated the
transgene in the germ line gave rise to fluorescent aftgF1, Fig.23c).
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Figure 23. Transgenic line fluorescence screening.

a, b. Widefield fluorescence images of microinjected FO larvasveing no fluorescel
signal @) and some sparse labelling @rising from the CN. Wideield fluorescenc
image of a F1 Tg(elavi3:H2B-GCaMP6s) larva showing bréde expression of ti
fluorescent reporter. Scale bar: 500 pm.

The signal arising from the yolk of each of the threedaris due to auto fluorescence.
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Microscopes

9.1 Wide-field fluorescence microscope

Figure 24. Wide-field fluorescence microscope.

Scheme of the custom-made wiiikdel fluorescence microscope used for optical may
measurements of zebrafish neuronal activity. L: I8rs, tube lens, M: mirror, F.
excitation filter (469/35), F2: emission filter (525/39)Mbdichroic mirror (495 high-
pass).

Fluorescence optical mapping of zebrafish larvae neuractality was
performed using a custom-made upright epifluorescence scupe
(Fig.24).

We imaged either the entire zebrafish larva (EC RIBE®FLUAR 2.5x,
0.085 NA, air immersion, Carl Zeiss, Oberkochen, Germangnty the
encephalic portion (EC Plan-NEOFLUAR 5x, 0.085 NA, awmersion,
Carl Zeiss, Oberkochen, Germany). Fluorescence wakeéxn a wide-
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field configuration using a collimated LED with emissiomtted at 470
nm (M470L3, Thorlabs, Dachau, Germany), followed by anta&ixon
469/35 nm band-pass filter (FF01-469/35, Semrock, Rohnert Park,
California, USA). The epifluorescence detection waplemented with a
dichroic mirror (DC FF495-DI02, Semrock, Rohnert Park, fGalia,
USA) and an emission 525/39 nm band-pass filter (MF525-39, Tsorla
Dachau, Germany). The fluorescence signal was recordecavBCMOS
camera (OrcaFlash4.0 V2, Hamamatsu, Hamamatsu city,)Jajhril6-
bit dynamic range, which was controlled using its propryetoftware
HClmage.

To perform high-throughput measurements the excitation L3
equipped with a diffuser to produce an even illuminatioar@n area of
about 50 crf) covering the whole multi-well plate. In order toaige such
a large area, a wide-angle lens (MVL8M23, Thorlabs, DadBaumany)
with 8 mm focal length was mounted directly on the came

9.2 Dual illumination light-sheet fluorescence
microscope

A custom-made digitally scanned light-sheet microscopgg.Z5a),
specifically designed foin vivo imaging of zebrafish larvae, was used to
perform single-cell resolution functional imaging ofbeafish neuronal
activity. A 488 nm continuous-wave diode-pump solid stater lase
(Excelsior, Spectra Physics, Santa Clara, CalifoldA) with 50 mW
output power was used as light source and an acoustaldpnable filter
(AOTF) was used as a shutter and power regulator. Twerelift
illumination paths could be selected by the use of flip mstrdhe first
illumination path expanded the output of the laser ongalganometric
mirror (galvo, 6220H, Cambridge Technology, Bedford, Masssetts,
USA). The galvo was re-imaged with a 4f telescope thedack aperture
of the excitation objective (4x, 0.1®A, air immersion, Olympus, Tokyo,
Japan). The excitation objective focused the illumimateam into the
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sample chamber and, by applying a sawtooth waveform to tie, dhé
beam was rapidly scanned to form a virtual light she@thvcoincided
with the focal plane of a perpendicularly placed deteabibjective (20x, 1
NA, water immersion, Olympus, Tokyo, Japan). In the sg#darmmination
path a telescope adjusted the diameter of the Gauss&n before the
axicon (AX251-A, =1, Thorlabs, Dachau, Germany) to minimize the
Gaussian contribution produced by the round tip. The sedfrstruction
length of the resulting Bessel beam was then re-imaggd3aadditional
lenses, each placed at 2f from each other, into thenconGaussian light
path. A circular spatial filter was used close to a Fwypiane near the
galvo to filter out any residual Gaussian contributiothenBessel beam.

Figure 25. Light-sheet fluorescence microscope with dual illumination
path.

a. Scheme of the light-sheet microscope designed for imadtimaging.b. Zebrafish
larvae were mounted onto an y-, z-, -stage to precisely potion the sample inside the
imaging chamber.

The capillary in which the sample was mounted (seaW)elas fixed on
an x-, y-, z-, -stage (M-122.2DD and M-116.DG, Physik Instrumente,
Karlsruhe, Germany), through a custom-made capillargengkee Figure
28) and immersed in the sample chamber (Fig.25b). A lgeatiatem
equipped with a thermocouple kept the sample chamber aotisant
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temperature of 28.5 °C during the whole measurement. Motoriagdss
allowed precise sample positioning and acquisition of azkst

Fluorescence was detected in a wide-field scheme withealéns forming
an image onto the chip of a sSCMOS camera (OrcaFlasi#}.Bamamatsu,
Hamamatsu city, Japan) having 16-bit of dynamic range.

Figure 26. Dual illumination light-sheet microscope characterization.

a. Measured point spread functions (PSFs) for the laachaxial directions for Gauss
(grey) and Bessel illumination (blue) using sebelution fluorescent beads (100
diameter). Beads were automatically extracted andldistitto a PSF using commert
software (PSF distiller, Huygens Software, Scientifdwhe Imaging BV, Hilversur
Netherlands)b. PSFs for Gaussian and Bessel illuminateih.ongitudinal beam profils
d. Transverse profile for the Gaussian (grey) and Béssem (blue)e. Table reportin
the specifics of the setup in the two alternative illugtion. *theoretically derived values.
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A 525/39 nm filter (MF525-39, Thorlabs, Dachau, Germany) was wsed t
bandpass filter the fluorescence emission and rejextat@n light. The
camera was operated in rolling shutter mode therebyingeat virtual
confocal slit. With this configuration we obtained a eysthaving the
specifics showed in Figure 26.

The microscope was controlled via custom software evrith LabVIEW
2012 (National Instruments, Austin, Texas, USA) using the Muvrm
library (Distrio, Amsterdam, Netherlands) in partauio synchronize the
galvo movement with the camera rolling shutter pace.

9.3 Two-photon light-sheet microscope

A custom made two-photon light-sheet microscope wasapebuilt to
perform fast volumetric functional imaging of zebrafisuronal activity.
The setup (Fig.27) was equipped witlChameleon Ultra Iitwo-photon
tuneable Ti:Sa laser (Coherent, Santa Clara, Caldpt6A), with 140 fs
pulse width and 80 MHz repetition rate, as an excitasmurce. The IR
beam passed through an electro-optical modulator (LM020@ptiQj
Rhyl, Wales, UK) that alternately rotated its polai@at in this way a
downstream polarizing beam-splitter was used to conveyatde beam
into two excitation arms in order to perform double-sidkomination. A
couple of galvanometric mirrors (6SD11015, Cambridge Technplogy
Bedford, Massachusetts, USA), a resonant and a clospdne, generated
the virtual light sheet and rapidly scanned it acrostattva brain. A couple

of illumination objectives (4x, 0.8A, air immersion; Olympus, Tokyo,
Japan), mounted on piezoelectric motors (PIFOC P-725, WPhysi
Instrumente, Karlsruhe, Germany) for fine axial adj&stts, focused two
coplanar light sheets inside the sample chamber in tor@ewer the whole
FOV. Double-sided illumination was necessary to obtagh photon
density over a FOV large enough to image the entire eatmplof a
zebrafish larva. The detection objective (20dA 1, water immersion;
Olympus, Tokyo, Japan), placed at 90° with respect to thaiiiation
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axis, collected and projected the excited fluorescencesGBIOS camera
(OrcaFlash4.0 V3, Hamamatsu, Hamamatsu city, Japan).rder do
perform fast volumetric imaging over the whole larvacephalon, the
detection objective was mounted on a piezoelectric m@dentical to
those mounted for the excitation objectives) thawadid fast displacement
of the objective lens. To have sharp images of the same plter each
iteration of the objective, the piezo motor was syankaed with the closed
loop galvo movement. Then, just before the cameraa&Hipx objective
(RMS10X, Plan Achromat, 0.25 NA, Olympus, Tokyo, Japan) aipdra
demagnification of the image to use a sub-array of hije (512x512 p%)
and thus speed up the acquisition. Indeed, directly choasitaver
magnification (lowelNA) detection objective would have meant having the
same spatial resolution but collecting much less fluerese photons (as
the photon collection efficiency scales liK&?). With the introduction of
this demagnification step, we could combine low magnificatisthout
renouncing to the highNA of the detection objective. The final
magnification of the system was 3x, reaching a pixelsb@um, enough
to sample neuronal nuclei (~ 5 pum) according to Nyquist-Siann
sampling theorem.

Figure 27. Doublesided illuminatiol
two-photon light-sheet microscope.

Scheme of the two-photon ligbhee
microscope specially designed to perf
rapid whole brain imaging of the zebra
larva neuronal activity. The IR femtosec:
pulsed laser isapidly scanned by a reson
galvanometric mirror, thus producing a virt
light sheet. The position of the sheet of |
inside the brain of the larva is progressi
moved by a slower closddep galvo. Ti
perform volumetric acquisition the detect
objective is synchronously moved to aday
focus to the plane that is time-byae excite
by the light shee
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Zebrafish husbandry

Zebrafish of the AB/Tubingen, albino, Tg(elavli3:GCaMP6shd a
Tg(elavl3:H2B-GCaMP6s) strains were maintained accordirggaiodard
procedures [156], in a 14 hour day - 10 hour night cycle at Z3.%n a
standalone aquarium system (Z-Hab Mini, Pentair, Apopkaida, USA).
Zebrafish larvae of the Tg(elavi3:GCaMP6s) line usedwide-field
fluorescence measurements were raised, from 24 hourdepulgtation
(hpf) onwards, in 0.003% (w/v) N-phenylthiourea (P7629, Sigmaigkidr
Saint Louis, Missouri, USA) to inhibit melanogenesis amid the
formation of skin pigments. Tg(elavi3:H2B-GCaMP6s) zeblaline was
brought on an heterozygous albino background; to obtainaallarvae
used in the experiments, incross matings were perfornesée couples
of heterozygous albino adults.
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Sample mounting

Zebrafish larvae were mounted differently depending ennticroscopy
techniqgue used to perform the measurements. All of the tingun
procedures, however, had in common an embedding phase.

Each 3-4-5 dpf Tg(elavl3:GCaMP6s) and Tg(elavl3:H2B-GCaMP6s) larva
was transferred into a reaction tube containing 1.5% (l@tv) melting
temperature agarose (A9414, Sigma-Aldrich, Saint Louis,dMissUSA)
in fish water (150 mg/L Instant Ocean, 6.9 mg/L Ma&,, 12.5 mg/L
NaeHPQ, pH 7.2), kept liquid at 38 °C. The larva was then takewitip
a micropipette in a glass capillary (O.D. 1.5 mm, I00B6 mm, length 10
cm; B150-86-10, Sutter Instrument, Novato, California, US¥jer gel
polymerization, mounting proceeded as follow.

11.1 Wide-field fluorescence microscopy imaging

Mounting was performed under a stereomicroscope (StemCz0BZeiss,
Oberkochen, Germany). An agarose cylinder containing the lvas
gently extruded from the capillary and laid on a micrpscslide (1##02E,
Menzel-Glaser, Thermo Scientific, Vantaa, Finland).this phase, care
was taken to orient the embedded larva with its dorsalopofacing
upwards. A small drop of melted agarose was then placeteorostral
portion of the larva in order to immobilize the head i threcise
orientation chosen. Next, the portion of agarose cylitddow the yolk
was cut off with a scalpel and removed, thus freeingahef the larva.
This procedure, not only allowed measurements of tail meweivut also
improved the stability of encephalic imaging by preventuigrations
otherwise transmitted through the agarose cylinder. #v ftlhamber,
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allowing for solution exchange, was then assembled bgclatlg a
coverslip to the microscope slide with double-sided tapeniinghick). In

every experiment the chamber was initially filled wigh water. Sample
remained in a natural horizontal position during the measeme

11.2 Dual-illumination light-sheet fluorescence
microscopy imaging

The agarose cylinder containing the larva was gently exdruahél the
head protruded from the glass. The glass capillary wasekgosed to 2
mM d-tubocurarine (a paralyzing agent, 93750, Sigma-AldrichntSa
Louis, Missouri, USA) in fish water for 10 minutes. Th&mwas mounted
into a custom-made capillary-holder (Fig.28) and fixed amto-, y-, z-,

-stage (M-122.2DD and M-116.DG, Physik Instrumente, Karlsruhe,
Germany) (Fig.25b). The capillary was immediately imsed into the
sample chamber containing fish water kept at a constamerature of
28.5 °C through a heating system. Due to the design oéthp,she sample
stood in a head-down vertical orientation.

Figure 28 Capillary-holdel
technical design.

The custonmade capillary hold
consisted in a custom brass titea
cylinder having a through hole, scre\
on a commercial grip head for unive
capillary holder (cat. 5176210.0
Eppendorf, Hamburg, Germar
Capillary grip was ensured by anribg
gasket system present inside

commercial grip head. The br
cylinder was made integral with {
rotation motor through a set of th
plastic screws. Dimensions in mm.
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11.3 Two-photon light-sheet fluorescence microgcop
imaging

Mounting was performed under a stereomicroscope (StemCz0BZeiss,
Oberkochen, Germany). The capillary containing the lamas first
immersed in 2 mM d-tubocurarine in fish water for 10 misuihen, the
agarose cylinder containing the embedded larva was gentiydexgt from
the glass capillary and laid, with the dorsal portiacinig upwards, on a
modified microscope slide, consisting of a regular glidg8t02E, Menzel-
Glaser, Thermo Scientific, Vantaa, Finland) at whesere was glued with
Canada balsam (C1795, Sigma-Aldrich, Saint Louis, Missb@&A) a 7x3
mm piece of glass, 2 mm thick. The larva position veasised with a small
drop of melted agarose. The peculiar slide used was egdaesposition
the larva at the appropriate height inside the sampdenbhr, without
having glass deteriorating light-sheet quality (Fig.29).

Figure 29. Custom-made sample holder design.

A custom-made microscope slide was necessary forghedheets not to be aifed by
the glass surface. Indeed, owing to the glass spacediced, the focused ligkteet
(in red) could reach the larval zebrafish brain (in greeithout intercepting tr
underlying microscope slide.
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The modified microscope slide was then placed insiderthging chamber
(Fig.30), which was immediately filled with fish water kegg 28.5 °C
through a heating system. Sample stood in a naturalombaizposition
during the measurement.

Figure 30. Two-photon LSFM imaging chamber technical design.

The custom imaging chamber was designed to house conventiierascope slide
(76x26x1 mm) onto which immobilizing the zebrafish larva. THember, made of in¢
anticorodal aluminium alloy and anodized indd@o minimize reflections, had 4 opti
windows sealed with optical quality borosilicate covers{tp® bigger for entering wi
the light sheets, two smaller to allow visibility thg sample positioning), open tog
allow access of the water immensidetection objective, and bottom made of transp
polycarbonate to allow future virtual reality experimeitistance between the two me
optical windows was chosead hocin order for the sheets of light to be focused ir
centre of the chamberrgulucing the desired FOV. The imaging chamber was eqt
with two cartridge heaters feedbactntrolled by a thermocouple to keep temper:
constant during measurements. Dimensions in mm.
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Chemicals preparation

All stock solutions were prepared fresh the day of erpemis. Stock
solutions of pentylentetrazole (PTZ; P6500, Sigma-Aldr&ghint Louis,
Missouri, USA), valproic acid (VPA; P4543, Sigma-Aldrickail@ Louis,
Missouri, USA), tricaine (A5040, Sigma-Aldrich, Saint Lquidissouri,
USA), kynurenic acid (KYN; abl120256, Abcam, Cambridge, UK),
tetrodotoxin (TTX; ab120055, Abcam, Cambridge, UK), and Wanlo
(BAC; ab120149, Abcam, Cambridge, UK) were prepared by dissolving
powders in milliQ water (at 100 mM concentration for PNPA, and
KYN; 4g/L for tricaine; 2 mM for TTX; 10 mM for BAC). Té final
concentrations used in the experiments were obtainedlliyng each
stock in fish water. D-tubocurarine (D-TC; 93750, Sigma-ihr Saint
Louis, Missouri, USA) was dissolved at 2 mM concenbratilirectly in
fish water.
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Optical measurements

13.1 Wide-field optical mapping measurements

Brain activity imaging was performed with the camera afweg at 5 Hz
(200 ms exposure time). Each measurement was composd®-ohiaute
control recording, during which the larva was kept in figtter, followed

by the addition of the drug solution at the desired conaBoim and
subsequent recording for 30 to 120 minutes. When performing
measurements of the whole larva to obtain data dm@rement along
with GCaMP fluorescence, the camera was operated atz38itH 5 ms
exposure time (chosen to guarantee sharp images of tlexdai during
fast movements).

Measurements were conducted at room temperature.

13.1.1 Combined electrographic and fluorescence
recording

Extracellular (local field potential, LFP) recordings weqverformed by
inserting a borosilicate electrode, filled with 3 M Na@i the optical
tectum of the larva. Electrical activity was recordedurrent clamp mode
with a Multiclamp 700B (Molecular Devices, Sunnyvale, Caltifa,
USA). Analog signal was digitized at 10 kHz, low-paserfdd at 1 kHz
with a Digidata 1322A acquisition board, commanded with ppED
(Molecular Devices, Sunnyvale, California, USA). Simoéaus
measurement of GCaMP6s fluorescence intensity was a&chmith a
fluorometric set up consisting of a blue LED excitati@urse and a
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photomultiplier tube (Cairn Research). Fluorescendiec®n area was
adjusted manually to contain the entire encephalonheflarva. The
photomultiplier signal was acquired and processed as iedcifor
electrode signal.

13.1.2 High-throughput measurements

To perform high-throughput measurements on freely moving danve
designed a black PVC multi-well plate composed of 61 cyitatlwells
(diameter: 7 mm, depth: 5 mm, volume: ~200 uL) arranged lreaagonal
geometry to maximize the number of wells within a dacullumination
spot (Fig.31). The material chosen to build the

multi-well plate had the advantage of both being

inert and offering a dark background for

fluorescence measurements. Each 4 dpf
Tg(elavli3:GCaMP6s) zebrafish larva was

transferred into one of the 61 wells with an

appropriate volume of fish water. After 20 min of

habituation, 10 min of control recording were

performed and then drug stock solutions were

added to each of the 61 wells to obtain the desired

final concentration in 180 pL final total volume.

Measurements were then run for 2 hours, a time

sufficient for all the tested drugs to exert their

action. High-throughput measurements were

performed at room temperature, operating the

camera at 5 Hz (200 ms exposure time).

Figure 31. High-throughput multi-well plate technical design.

A multi-well (61) plate was specifically designed to parfo highthroughpu
measurements of larval movement and neuronal acti@€aMP fluorescence). We
had the same diameter (7 mm) of those in 96-wells ptggacally used for high-
throughput behavioural drug screening assays in zebrBiistensions in mm.
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13.2 Dual-illumination light-sheet fluorescence
microscopy measurements

For light-sheet microscopy functional imaging a linp@sure time of 0.3
ms (corresponding to a virtual slit width of 201 pm) waslusesulting in
a frame rate of 49 Hz, at a full resolution of 2048. Mhen using Bessel
beam illumination, power was increased by a factahafe compared to
Gaussian illumination. Typical laser power at the badal plane of the
excitation objective was 0.7 mW for Gaussian illumina@md 2 mW for
Bessel illumination. These power levels have beemdyjreeported in the
literature to be safe in terms of photo-toxicity [13¥easurements were
conducted at the constant temperature of 28.5 °C

In flickering quantification measurements, in order tousssthat the
evidenced changes in pixel brightness were not due to mausotivity,
160 mg/L tricaine (A5040, Sigma-Aldrich, Saint Louis, MissoUWgA), a
general anaesthetic that blocks voltage sensitive” Mhannels
preferentially in neurons, was added to fish water. lagueements aiming
at recording spontaneous neuronal activity, larvae wereaiddtept in fish
water.

In measurements of 3D mapping of neuronal activity duringotiset of
drug-induced seizures, the sample chamber was filled with
pentylentetrazole (PTZ) solution at the desired comagonh in fish water.
The larva was precisely positioned through the motor staggsfter 15
minutes incubation in PTZ (an amount of time we saweaasufficient for
PTZ to exert its convulsive action) measurements wareStarting from
the dorsal surface of the larva we imaged sequentéliginutes each, 24
planes of the larval encephalon 7 um apart from et ofor an overall
~ 160 um thickness. Measurement depth was limited by theedetime-
window of ~ 2 h during which D-TC exerted its reversibleapaing
action.
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13.3 Two-photon light-sheet fluorescence microgcop
measurements

Before each two-photon light-sheet fluorescence mooqgrecording, the
laser was first aligned to have two coplanar light &heevering the whole
FOV, without overlap. Coarse alignment inside the imgghamber was
performed using a green fluorescent plastic rod (obtainedh fa
fluorescent slide by Chroma Technology Corp, BellowksF&ermont,
USA) cut with approximately the same dimensions of aafedr larva (~
1x1x3 mni), glued on a custom microscope slide (identical to tieeused
for sample mounting, Fig.29). Fine alignment was theneaell directly
on the larva, with the foresight to use very low po{@8 W at the exit of
the electro-optical modulator), not to expose the spatita unnecessary
electromagnetic radiation. Laser power during measuresmeas set to
values ranging from 0.7 to 1 W (at the exit of the eleoptical modulator),
depending on the fluorescence signal available. Imagingnlodia was
filled with fish water (~ 80 mL) and measurements wereducted at the
constant temperature of 28.5 °C. Volumetric time-lapserdatgs were
performed moving the detection objective through a pieztredemotor,
accordingly to the plane illuminated by the light-sheetaching a
volumetric framerate of 1 Hz, over 150-200 um thicknesgichlly,
measurements in physiological conditions were run forma® When
recording aberrant neuronal activity, larvae were fimsiged 5 minutes in
control conditions before replacing a specific volurhdéish water inside
the imaging chamber with 100 mM PTZ stock solution, toioktze final
desired PTZ concentration. Seizure onset and propagad®nesorded for
60 minutes.
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Data analysis

14.1 Wide-field optical mapping measurements
analysis

In each wide-field experiment, the GCaMP6s fluorescsigraal from the
whole larval encephalon or from different brain oew (telencephalon,
optic tectum, cerebellum, medulla) was measured usingydinaby
manually selecting the desired region of interest (RDhe ROI's mean
fluorescence intensity for each time point was thdoutated and, after
background subtraction, the values obtained were furtheegsed using
a custom Matlab script to obtain tl@AB4157] signal as follows. The
baseline for every time poin#d{) was calculated (using Matlab function
msbackadyith a running window and a step size of 2000 and 13333 points
for 5 Hz and 33 Hz recordings, respectively) and subtraitted the
fluorescence signalA), thus producing@A These values were then
normalized by dividing them by the baseline itself, abtey @ABA

The traces shown in Figure 35b,c were processed differémthighlight
the dynamics of the basal brain activity in the expental conditions
shown. The mean fluorescence intensity of each 1Qcamirol recording
was calculated and usedAdn the @ABAalculation of each trace. In this
way, the trace was not flattened by running baseline stibimaéutomatic
peak detection was performed @nABAtraces using a custom Matlab
script. The software first smoothed the traces by appgagtzky-Golay
filtering (sgolayfilt function, polynomial order: 7; frame length: 31 for 5
Hz acquisitions and 207 for 33 Hz acquisitions) therfiraipeakgunction
with 0.02 @ABAninimum peak prominence as a threshold, to measure the
number of peaks in the trace along with their maxin@sBAsalue. Talil
movement analysis was first performed with ImageJguaiparabolic line
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selection with its focus centred on the tail positairest (Fig. 32). The
intensity line profile of the selection was then mgad in each frame and
the coordinate of the maximum intensity point indicdtedtail position at
that time. Tail position values were then convertedmm. On tail
movement traces peak analysis was also performed, Ingsehe
minimum peak prominence to 0.05 mm and the minimum peakndistto
0.3 s, as athreshold. These parameters were chosdimaeprue motion
detection above noise.

Figure 32. Parabolic line selection forail movement analysis.

The analysis of tail movement in hessstrained larvae was performed drawir
parabolic line selection, with its focus centred on tidfikat rest, at a constant dista
from the end of the yolkHighlighted in colours the four main brain regions (k
telencephalon, orange: optic tectum, yellow: cerebellumpl@gumedulla) usedof
activity analysis.

Correlation plots shown in Figure 40 were obtained bitiptpagainst each
other @ABArom two chosen regions. To distinguish fluorescence data
occurring simultaneously with tail movement from thoseing rest, the
tail position data were smoothed (running window of 150 poimid)a
threshold of 0.1 mm displacement of the tail was eho® indicate
significant movement. Cross-correlation analysis showFigure 41 was
performed on brain recordings of larvae exposed to diffefeTZ
concentrations, considering the four brain regions usedralysis and
further dividing the data into the two hemispheres. Foh eamdition
considered, analysis was conducted on three progresaefadimes along
a one-hour measurement. Correlation coefficients welailated for any
chosen pair of brain regions, averaged over threecadps and plotted in
the cross-correlation matrix shown in the figure.
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14.1.1 High-throughput measurements analysis

The fluorescence recordings from the high-throughput meamsumt
(Fig.42) were analysed by selecting a region of intéfR&t) around each
well and then running a custom ImageJ macro enabling parallel
measurement of the maximum grey level detected in e&2h (&fter
subtraction of the background measured in each ROI igi@ref 230 px
away from the larva). For larva tracking, tGeDcoordinates of the centre
of mass were extracted from the ROI after thresholtllegimage so to
measure only pixels attributable to the larva. The neutian these
measurements on each frame of the acquired timel&agesequently,
intensity data were analysed to obt@mABAraces as described above,
while coordinates data were used to plot the larva trajeetad calculate
its speed for each pair of frames.

14.2  Dual-illumination light-sheet fluorescence
microscopy measurements analysis

14.2.1 Haemodynamic artefacts measurements amalysi

The 16-bit depths images constituting each time-lapse fwstreonverted
from the proprietary Hamamatsu file format to tiff asidhultaneously
temporally down sampled by a factor of 10 to save disc ggacdting in
an effective frame rate of ~5 Hz. In measurementopedd to quantify
flickering noise, larvae were treated with tricainedano temporal
downsampling was performed. GCaMP6s fluorescence sigraed w
extracted with an ImageJ macro over circular ROIswadly selected
around cell nuclei. Theg2ABAraces were obtained with a custom-written
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Matlab script as described before, after subtracting baakgr measured
over a ROI on the background proximal to the laser inogrdirection.
The area affected by flickering (strong variations asedine fluorescence
intensity attributable to the upstream passage of blodsl ioéd vessels)
for Gaussian and Bessel beams illumination was esdnata plane-wise
manner by using a sequence of custom-made macros (ImagedJ) and
programs (LabVIEW). Using this automated method, 2D mézevere
flickering areas were obtained which allowed us to cateulse percentage
of the entire encephalon prone to a substantial souroeutiiplicative
noise.

In details (Fig.33), both raw time-lapse recordings (GandsBessel) were
first processed with a custom-written ImageJ macro thidulated the
standard deviation (STD) of 5 consecutive frames (windavséep size 5
frames), to highlight the areas affected by the highdstnges in
fluorescence. The result was a pair of new time-lapseks composed by
STD images (Fig.33b,g). After adjusting both time-lapgeshe same
brightness scale, they were processed by an additimagkeJ macro with
the aim to enhance, in the images, the visibility edtéires having the
highest STD values. The custom routine applied first angacorrection
of 1.1 (so as to enhance the visibility of brighter pagssus dim ones),
second a bandpass filter (in order to filter out objectdeura certain
dimension) and third a variance filter (to highlight edgeshe images)
(Fig.33c,h). Each time-lapse was then collapsed togesimage using a
z-projection of the STD. The resulting images were ghodded to a
common value and converted to 8-bit binary where dark spditsate the
parts of the encephalon that had changed the mostnis bf fluorescence,
during high frame rate (49 Hz) acquisition. The binary insaég.33d,i)
where then analysed in a custom-written LabVIEW progrdrat
automatically found the bounding boxes of each identi@dicle. In the
case of Gaussian illumination, the horizontal dimemsib the bounding
box of each particle was extended up to a mask corresgptadthe free-
hand selection of the encephalon of the larva. Indtheslto Gaussian beam
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physical properties, when an obstacle stands on its paghshadow
produced is casted along the entire propagation length betrg®.

Figure 33. Work flow to estimate area severely affected by flickering.

The first row refers to data obtained with Gaussiamihation while the second row w
obtained with Bessel illumination. The radata stack g f) was first temporall
downsampled by calculating projections of the STD overradswindows. Those ST
stacks Ip, g) were then treated over the entire image to furthesreednthe flickeringreas
evidenced as bright horizontal stripes, using gammaj-pass filter (BPF) and variar
filter. Theresulting time lapsex,(h) are projected alongyme dimension to create sing
STD images, which were adjusted to #aene brightness scale before a common thre
was applied to binarize them, (). The binary imagewere then evaluated with a custom-
written LabVIEW program to automatically localize thobs”. Thebounding boxesg(

j) were used to calculate the overall area affecteddkefing.

20 Only diffraction can mitigate the sharpness of thelstws produced, but the effects
due to this phenomenon are visible only after lontadises travelled.
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In the case of the Bessel beam illumination, due to s#iéhealing
properties of this kind of beam (sdkessel beams illuminatiprthe
bounding box was extended to a length corresponding tin¢loeetically
calculated reconstruction length of the Bessel beamghavfollows from
simple trigonometric considerations:

F G
1*H1J

E

whereG s the angle of the Bessel cone in the sample begrandJ is the
height of the bounding box. The LabVIEW program theromnattically
calculated the sum of all bounding boxes and their pgleai the free-
hand selection of the entire encephalon. The chenisit horizontal
stripes of the resulting areas, confirmed that the otketdicated
shadowing artefacts and not individual neuronal activity.

For peak counting, th@@ABAraces were loaded into a custom-written
Matlab program and smoothed using dgwlayfilt function (polynomial
order: 5; frame length: 7). ThBndpeaksfunction was then used to
automatically detect peaks above the Gaussian and Beasisel level,
respectively, with a minimum peak prominence of 8.5%@4BA The
correlation matrices were calculated using a custorttemri Matlab
program using theorr2 function. Noise (see Figure 47) was generated
according to the following pseudo Matlab code to produce randase n
that oscillates around an average of unity:

KL/ M8*NO P )

The noise vector was than point-wise multiplied totthee vector, which
was averaged to zero using:

Q ROS/ TUN KL/
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14.2.2 Bessel beam illumination light-sheet micopsy
3D optical mapping analysis

Measurements of 3D mapping during the onset of epilepticresizvere
first converted from the proprietary Hamamatsu filenfat to tiff and
simultaneously temporally down sampled by a factor of rhetliod:
average), resulting in an effective frame rate of ~5 ting a custom
LabVIEW program. To further save disc space, tiff fiesre then 2x2
binned, (method: average) passing from 2048 fax 1024 px, and
converted in 8-bit depth imagés using ImageJ. This post-processing
allowed for an 80x reduction in data weight without loEsformation.
Indeed, the temporal downsampling performed brought the actual
framerate from the redundant 50 to 5 Hz, which represegus@dsampling
considering GCaMP kinetic. The binning procedure halved theai
lateral resolution without anyway compromising the mpli cellular
resolution achieved. Moreover, both temporal downsamplingoammdng
were perfomed using an averaging method, thus without wasting
information. After background subtraction, the tileg®ath temporal stack
were registered usingurboRegfunction on ImageJ, in order to remove
movement artefacts, and adjusted in rotation for disglaypose if
necessary.

In order to perform an automatic cell detection, fromhepre-processed
time-lapse stack an average intensity projection was prdd(csing
ImageJ), which underwent a local contrast enhancememy i AHE
function. On each projection image a custom Matlabimewvas then run,
The_Cell_Detector.m adapted from Kawashima et al. [158], which
performed an automatic cell segmentation based on loocatrast
thresholding. The script saved as output a matrix conthithe xy
coordinates of the nucleus centre of all the detectds, @bng with a
spatial mask of detected cells distribution and an imageisg colour cell
tag overlaid to the projection (Fig.34) Then, to calculgtdBAraces for

21 The dynamic range compression did not impair followingré'@oence dynamics
analysis.
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detected cells, each pre-processed time-lapse stacloadesdlon Matlab
using a custom scripthe_DF_F_Calculator.nwhich used data saved by
The_Cell_Detector.moutine to identify the pixels belonging to each cell
and measure the average tl@ABAtrace for each cell The matrix
containing the @ABAtraces of all detected cells, saved as output of
The_DF_F_Calculator.mwas then used in a third custom Matlab script
The_Peaks_Finder.m

Figure 34. Automatic neuron detection.

Single plane of a 4 dpf Tg(elavi3:H2B-GCaMP6s) zebrafisialdeft) and the result of
automatic cell detection right) operated with the custom Matlab script
The_Cell_Detector.nfadapted from Kawashima et al. [158]). Based on looalrast
thresholding, the script identified great part of neumesent in the imaged plane.

This third routine, after applyinggolayfilt function (polynomial order: 3;
frame length: 17) to smooth traces, performed an activitgk pe
identification usingindpeakdunction (minimum peak prominence: 0.02).
The script then summed, for each cell, the prominehat peaks detected

89



Chapter 14

above threshold, thus producing an integrated measure overall
activity of each cell over the recorded time. Finalliie_Peaks_Finder.m
using the spatial mask produced Dlge_Cell_Detector.mattributed to
each cell position a colour representing, in a colowleddashion, the sum
of its peaks prominence, generating a tiff image, whicls weamed
neuronal activity heatmap. All heatmap planes were tw@nbined to
reconstruct a stack, which represented the 3D neurotmatyamap. See
Appendix Bior further details about the scripts.

14.3 Two-photon light-sheet fluorescence microgcop
whole brain measurements analysis

Two-photon LSFM time-lapse stacks, composed by sequentiainebtic
acquisition of the larval brain, were first convert@ hyperstacks using
ImageJ. Each multidimensional hyperstack could be navigatditz,
choosing the desired depth inside the brain, atichieto see the temporal
dynamics of a chosen plane. Five minutes temporal wiadofvthe
hyperstacks produced were processed through a custom-made data-
analysis pipeline written in Python language that peréarthe analysis in

a pixel-wise fashion. In order to eliminate probable ow®rtefacts, the
script first identified frames in which the larva moweith a displacement
greater than one pixel and substituted them with arpiolaion of the first
flanking frames not affected by movement. After thigpstine routine
calculated the standard deviation (STD) over time oftladl pixels
composing the hyperstack. An arbitrary threshold wasrs&Td values,

S0 as to produce a mask of all the pixels having STD gribate 10. Then,
the Python script performed a temporal deconvolutioalldhe pixels of
the hyperstack, using a modified version of the algorithiniglhed by
Friedrich et al. [159]. After that, a correlation of #ie pixels above
threshold was performed. Results obtained were fupfteessed through
DBSCAN algorithm [160] to identify neuronal clusters based on
correlation of activity. A cluster was defined any timgixel had at least
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300 pixels sharing with it a correlation Pearsorks6 0.9. Considering the
final spatial resolution of our system, a single celllews is described by
~ 3x3 pixels thus, the minimum 300 pixels necessary toifglentluster
correspond to ~ 33 cells. The script then calculatedvbeage over time
of the grey values of all the pixels composing each etugtfter that, a
correlation of all pixels values (above and below thw&hhwith the
average activity calculated for each cluster was peddriB3D maps of
correlation were then produced by attributing a colour-¢odgatistically
significant correlating (green) and anti-correlating (rqujels. Each
correlation map (one for each neuronal cluster isd)atepresented a
functional circuit composed by neurons functionally castad to one
particular cluster, during the time-window of measurement
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In this PhD thesis, we performed measurements of zsbrdfirvae
neuronal activity at different scales, ranging from higtoughput low-
resolution wide-field fluorescence recordings to high-rggm light-sheet
microscopy imaging. We focused our interest on both plogicdl and
pathological neuronal activity, studying neuronal dynangasing the
onset and propagation of PTZ-induced seizures

Chapter 15

Optical mapping of zebrafish neuronal activity in
a pharmacological model of epilepsy

15.1 GCaMP6 optical measurements show basal and
PTZ-altered activity in the zebrafish brain

For this part of the work, we used a transgenic zebréfish generated
during my Master thesis project, expressing in the cytoplafsall CNS
neurons the fast and sensitive calcium reporter GCaM8%s Pan-
neuronal expression in the Tg(elavi3:GCaMP6s) zebrafisiepdalon
provided a strong signal that maps throughout the whalalldrain,
allowing us to clearly distinguish different anatomicaeas of the
encephalon such as the telencephalon, the optictette cerebellum and
the medulla (Fig.35a). During wide-field fluorescence recwydif brain
activity, the larvae were mounted under the microscopesegtup allowing
solution exchanges (s&ample mountindor details), so that each larva
could be monitored in control conditions before adding thell-
characterized convulsant agent PTZ at the desired dmatien. This
experimental protocol enabled the direct measuremenedribet of the
compound activity as well as its steady effect at pigdaol exposures.
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Figure 35b shows a typical experiment in which 15 mM RTadided after
11 minutes of control recording. Th@ABAtrace (seeData analysi¥
clearly shows an increase of the baseline developinly eéier PTZ
addition.
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Figure 35. Brain activity recording with GCaMP6s.

a. Widefield fluorescence image of the encephalon of a 4 dpf kexpeessing GCaMP
underelavi3promoter. The four main zebrafish brain regions useéuftiner analysis a
highlighted (Telencephalon, blue; Optic tectuonange; Cerebellum, yellow; Medu
purple). Scale bar: 100 prn. Time trace of fluorescenceg{ABAseeData analysidor
detailg in control conditions and after addition of 15 mM PTHuorescence data i
integrated over the whole brain of the larva and sampled at Shzinset shows a shol
time interval of the trace to better display’Cpeak shape and regularity. @ABArace
of an experiment in which tricaine (160 mg/L) was added attitne indicatedanc
subsequent decay of neuronal activity was monitored @HA&Aialues become negat
after tricaine administration sineg reference level was measured in control condi
(seeData analysidor details)d. @ABArace showing sharp brain activity decay in a |
simultaneously treated with 15 mM PTZ andM TTX. After approximately 35 minut
upon drugs administration, TTX action completely suppressemmauseizure activii
induced by PTZe. Representat®/ trace of simultaneous electrographic (black tracd
GCaMP6s fluorescence (red trace) recording on a 4 dpf fiskbdarva with hea
restrained in 1.5% low gelling temperature agarose awdtéil (as described Dptical
measuremen}sThe recording was taken 25 minutes after administratid5 mM PTZ
Comparison of the two traces demonstrates the excetier@spondence between the
measurement methods.

Compared to control, where few small peaks of spontaneoctivity are
visible (with a maximum amplitude of about 0.4), the affef PTZ
developed gradually over about ten minutes and then reackezhdy
convulsion activity with large and regularly paced caitispikes. In the
trace shown in Figure 35b, during the 50-60 minutes followin@tiset of
PTZ effect, activity was regularly paced, wighdBAnaximum amplitudes
of 2-3. With more prolonged exposure to PTZ even larger bbestame
evident (@ABAIp to 5-6).

The data shown in Figure 35b demonstrate the high sensitfiour
recording method to the convulsant effects of PTZ. Idoee these
experiments demonstrate that different stages of csiovid can be
recognized in the calcium trace, depending on both amplituake
frequency of the fluorescence peaks. It is also integesd consider the
signal baseline and its dynamics: due to projection offltlt@escence
signal on one plane and the integration over the wi@la performed to
obtain data such as those shown in Figure 35b, the neellsaseline can
indeed be interpreted as a measurement of basal btiityaaf the larva.
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Our measurements are very sensitive to this paramstéenaonstrated by
the sharp and rapid increase of the baseline upon exposRie.

To further test this sensitivity, we performed measurésneh activity
upon treatment with tricaine, a general anaesthetic @ntynused to
immobilize zebrafish larvae. Figure 35c shows the markedydef basal
neuronal activity associated with the tricaine treatmdime use of a
specific blocker of the neuronal voltage-dependent” Naannels
(Tetrodotoxin, TTX) also induced complete suppression r(afb@ut 35
minutes of treatment) of the calcium signal in our soe@ments in the
presence of 15 mM PTZ (Fig. 35d), demonstrating that thalsgantirely
due to neuronal firing activity. Thus, GCaMP integrated mneasents are
effective in monitoring both basal activity and dynasriie to alterations
such as seizures or drug treatments. Furthermore, tothsbptical
recording with respect to the gold standard electrophysia@bggcording,
we performed a simultaneous combined measurement of \bhale
fluorescence and optic tectum electrical activity recardifigure 35e
shows representative traces of simultaneous elecpbigrand GCaMP6s
fluorescence recording on a 4 dpf zebrafish larva, 25 miraftes the
administration of 15 mM PTZ. The extracellular recogdirace shows two
large ictal bursts (pointed by the arrowheads) separatethtértictal
activity, as described in the literature [149].

15.2 GCaMP6s fluorescence measurements are
sensitive to different PTZ concentrations

We next characterized the response of zebrafishdatwalifferent PTZ
concentrations. Figure 36a shows GCaMP6s recordings inn@rgo 1,
2.5, 7.5and 15 mM PTZ. The figure shows a clear dependéboth peak
amplitudes and frequencies on PTZ concentration: at 1 &nchi.PTZ,
the peaks amplitudes are only slightly larger than cnbmo the other
hand, at 7.5 and 15 mM PTZ we observed a marked increaseapiitude
of the spikes and the appearance of regularly paced [satteactivity.
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Figure 36. Effects of different PTZ concentrations on brain activity.

a. @ABAs plotted as a function of time for control conditiogsd increasing P1
concentrations as indicated. Upper left panels show isregppuired at the points indica
during the recording at 15 mM PTZ, demstrating the large dynamic range of the si
and lack of saturation even at the highest recordedsleVke inset on the upper ri
shows a single cluster of closely spaced*Gapikes occurring at 15 mM PTZ ¢
displayed on a magnified time scal@ABAscale bar: 100%h. Average amplitude
peaks detected over one hour registration for each laceaided (se®ata analysidor
details about automatic peak detection). The red symboksepis measureme
performed on larvae treated with 15 mM PTZ after aipcabation of one hour in 5 m
valproic acid (VPA). The linear regression through th&-only measurements (bl
dashed line) produces a slope of 0.037/mM, Pearsons's392.(N = 6 (0 mM), 7 (
mM), 5 2.5 mM), 6 (7.5 mM), 7 (15 mM), 3 (15 mM + 5 mM VPA). ErisrSEM an:
were not visible is smaller than symbol sizeAverage peak frequency as a functio
PTZ concentration. N is the same as in panel
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Particularly at 15 mM PTZ the@ABAsignal displayed long (about 5
minutes) and very large@ABAIp to 4-5) increases consisting of clusters
of closely spaced spikes (Fig.36a, inset).

Each burst is followed by a period of low activity befaenew burst
appears. We observed some variability in the latencyapprearance of
these characteristic convulsive clusters of seiz(assvisible from a
comparison between Figure 35b and the trace at 15 miMdune=36a), but
the periodicity of the convulsive and rest periods wamarkably
reproducible across larvae.

Observation of the data in Figure 36a shows that GCaMRBureraents
are sensitive to a range of activity alterations as indbyatifferent PTZ
concentrations. Our recordings enabled quantitative asabfscalcium
activity in terms of both amplitude and frequency. Baseautomated data
analysis (sedata analysiy we identified each peak and measured its
amplitude and the frequency of firing in the recordings. Figéiec show
the average peak amplitudes and frequencies measured andiffrZ
concentrations in the range between 0 and 15 mM. @#BApeak
fluorescence (Fig.36b) exhibits a linear dependence on Biickntration
(R =0.992). Firing rates (Fig.36c¢), on the other hand, dease with PTZ
concentration but in a nonlinear manner. In the figuresasurements are
also reported for larvae that had been pre-incubated thigh anti-
convulsant agent valproic acid (VPA, 5 mM) for one hbefore the
treatment with PTZ (at 15 mM). The data clearly shinat the anti-
epileptic effect of this drug (one of the most commonlgdusn the
treatment of epilepsy in humans) was revealed extsemvell by our
method, since thg@ABAeak amplitude and frequencies measured upon
treatment with this drug were not distinguishable from trol levels.
The linear response observed for @4B4ignal over the range of PTZ
concentrations explored is interesting in the framstodlying mutations,
which have been associated with epilepsy but may ndtbgahemselves
to evident behavioural phenotypes.

Using PTZ as a standard in the field, we assessedrtimest and most
robust method to quantify the effects of this compound oralldsrain
activity. For application of GCaMP6s activity measuretaan a high-

100



Optical mapping of neuronal activity in a pharmacological motiepilepsy

throughput drug screening assay (see below) we tested wihesimple
time-averaged fluorescence over the whole recordinggimen condition
would be effective in detecting alterations of braintivéty in a

concentration-dependent manner. The data are shown in digdegure

Al and demonstrate that this simpler method is applidabdan analysis
requiring less detail but faster processing such as demandeih-

throughput assays.

15.3 Correlation analysis among brain regions and
locomotor activity

One of the main advantages of optical imaging witlpeesto the use of
an electrode is the capability of simultaneously momipractivity in
different brain regions. Furthermore, with the veaygk field of view of
our microscope we could image the whole larva, thus coimguct
simultaneous measurements of brain activity and taifament in head
restrained larvae (the tail was free to move due tortiod adopted for
mounting the larva on the slide, as describegiample mountingimaging
of the tail and its movements was facilitated by therescence signal from
GCaMP6s expressed in CNS neurons of the spinal cord. nAlgsad
fluorescence dynamics in four distinct brain regidetencephalon, optic
tectum, cerebellum and medulla (as evidenced by the colpuoéks in
Figure 35a). Figure 37 shows typical results obtained #®rebording of
brain activity and tail movement at 0, 1 and 15 mM PTZcemtration. The
general patterns of activity and peak amplitudes reflectébults shown
in Figure 36 for the signal averaged over the whole bEistinguishing
the different brain regions, however, allows somergsgting observations.
During spontaneous activity (CTRL, Fig.37a) we noticed timagctivities
in the optic tectum, cerebellum and medulla were veeligtated, while the
telencephalon exhibits independent patterns. Moreovere wihd larger
peaks in the three caudal regions of the brain correbatidud large
movements of the tail, telencephalon activity wasatagys linked with
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large movements. Figure 37d shows an enlarged part of thedtence
and tail movement traces, demonstrating that in thisitondnost of the
tail movements are brief, small amplitude beats sbingj of a single small
tail swing.

Figure 37. Simultaneous measurement of brain activity and tail movement.

a. Time trace of tail movement (black line) and fluoresee@ABA analysed in contr
conditions (0 mM PTZ) for four brain regions colaxoded as in Figure 35a. Traces s
correlations between fluoremnce peaks and tail movement for optic tectum, ceret
and medulla, while the telencephalon exhibits someegegfr activity not correlated w
tail movementb, c. Tail movement and brain activity analysed as in paratl1 and 1
mM PTZ, respectively. The dashed lines sho@4dBAevel of 0.4 corresponding to
highest peaks typically measured in control conditiongciBlarrowheads in panél
highlight peaks overcoming the 0.4 level and not cormadipg to large tail movemen
d, e, f.Expanded time scale traces of the fragment indicated tasteésk irg, b, andc,
respectively. Each panel shows movement and fluoresdeaces (coloucoded as i
panela-c) corresponding to a typical tail movement observethiérespective conditic
g, h, i. Fluorescence images of head-restrained larvas&Sgmgle mountinfpr details) ir
0, 1 and 15 mM PTZ. Images are maximum intensity prajestover a time interval of
min, chosen during typical locomotor activity of thetesl condition. Panels andi are
displayed with gamma = 0.4 to avoid saturation in theephalon and still have gc
contrast on the tail. Scale bar: 500 pm.

These movements (also shown in Figure 37g) can be &asss “beat and
glide” movements [126], and are not paired with measurablegelsaof
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fluorescence (most likely due to the loss of sensittatysed by integrating
the signal over large encephalic areas in wide fielbing). Compared to
control, at 1 mM PTZ (Fig.37b) we observed that telpheéon correlation
with the caudal regions increased, even though some aestaof
independent peaks persisted. As shown also by the data ie Bigyuat this
PTZ concentration, we observed the appearance of soahs péath a
larger amplitude than control peaks (the dotted line atdgthe maximum
value of @ABAypically reached in control recordings). These peas
therefore, be attributed to the alterations induced by. RTiZ interesting
to notice that, some of these peaks were associated lavile tail
movements (that would be conducive to swimming, if tinealavere free
to swim), but many others (highlighted by arrowheads irfighuee) were
not associated with any tail movement or, at most) wery small tail
deflections that would not produce detectable movemenrtghavioural
assays. Indeed, we noticed that additionally to the in&eiout large tail
swings (Fig.37b,h), at 1 mM PTZ concentration, thesdaexhibited
frequent small tail movements associated with detextelithnges in the
@ABAignal (Fig.37e). We noticed that, compared to contmiements,
these are more clustered and exhibit a larger numlail béats per event.
These movements can thus be classified as “dart” mawsrfie26]. At 15
mM PTZ (Fig.37c) we observed the complete synchronidigctivity in
the four brain regions, the appearance of very largellady paced peaks
of activity which are associated with larger tail moeens, i.e. with the
stage Ill [149] convulsive swimming detected also in behaviassays.
We also noticed a correlation between peak intensityladmplitude of
tail movement, with higher peaks being associated with epionv
swimming bouts (Fig.37c,f,i) and lower peaks with smalleil ta
fluctuations. Despite vigorous tail movements, the agaemsbedded head
of the larva remained very stable during the measurentéotsavoiding
potential movement artefacts (se@ample mountingpr more details). The
stability of the sample enabled measurements in trenabf paralyzing
agents, with the advantage of allowing combined fluorescandetail
movement measurements such as those shown in Figuregdre B8
shows @ABAtraces obtained after paralyzing the larva with the areur
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muscular blocker d-tubocurarine (d-TC), demonstrating dneesfeatures
shown by the data in the absence of paralyzing agent3FAig.

Figure 38. Effect of treatment with paralyzing agent on brain activity.

F/Fo traces bthe four brain regions highlighted in Figure 35a ofiéar paralyzed wit
2 mM d-tubocurarine exposed to three different conditiors),01((b) and 15 mM ¢)
PTZ.

We next analysed the amplitudes and frequencies of bizihrmaand tail
signals. Figure 39a,b show the mean peak amplitude and finieg
respectively, measured in the different brain regiong, d and 15 mM
PTZ. We can observe that during spontaneous activityoebuen and
medulla exhibited slightly larger peaks, while firing ratese quite similar
across the brain, with the optic tectum having a diighigher rate than
cerebellum and medulla. The introduction of PTZ, on dtiger hand,
induced a concentration-dependent imbalance of the caudahsggptic
tectum, cerebellum and medulla) compared to telencephaliwe
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imbalance was evident both in terms of amplitudes (aithery large

increase at 15 mM PTZ) and rates. Figure 39c,d show teeteff PTZ

on tail movement. Overall, the distributions of t@bvement amplitudes
(Fig.39c) demonstrate that PTZ most evidently induced seiati’es mM

concentration, characterized by large tail swings (aitiplitudes larger
than 0,4 mm and up to 2.2 mm on our scale, where neitirotoor 1

mM PTZ exhibited any event). These convulsive burstsaiened by a

static phase, accounting for the lower average tailfoegency in 15 mM
PTZ compared to control and 1 mM (Fig.39d).

Figure 39. Distributions of brain activity and tail movement.

a, b. Bars represent average peak amplitude and average peak fregaspegtively, i
the four brain regions highlighted in Figure 35a, for theetltiéferent conditions test
(0, 1 and 15 mM PTZ). Error is SEM. N = 3 larvae ofigf for each experimeal
condition.c, d. Distribution of tail movement amplitude and average frequdar the
three experimental condition tested (*, p = 0.0210; **, p = 0.008&t of. N = 3 larve
of 4 dpf per condition. Error is STD.
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We then analysed the correlations between neuronsitestiin different
brain regions with taill movement. We first considkerde correlation
between telencephalon and medulla, which was observéx tow in
control condition and low PTZ concentrations (segifg 37).

Figure 40Q. Correlations of brain activity in different regions w
locomotor activity.

Correlation plots of@ABAor chosen pairs of brain regions in control, 1 and 15RTM.
Correlations are shown between telencephalon and mggalteelsa-c) and betwee
cerebellum and medulla (paneld). Red and green symbols represent fluorescenc
corresponding to restin and swimming times, respectigelgljata analysidor details.
In panels a and b it is evident the presence of aesutfsdata characterized
telencephalon activity not associated with medulla agtiganel a) or aociated witl
only low levels & medulla activity (panel b); all those data points espond to tim
intervals in which no tail movement took place. Meas@ms shown are from t
recording performed on one exemplary larva.

106



Optical mapping of neuronal activity in a pharmacological motiepilepsy

Figure 40a shows correlation in one typical recordingopeied without
PTZ. The data confirmed the presence of a significaattibn of
telencephalon activity not correlated with medulls, guantitatively
demonstrated also by the low correlation coefficient ((R35). In order to
assess the correlation of any brain activity with rabvement, we
identified points in the fluorescence trace occurring dumiogement and
plotted them with green symbols in the figure, whileswahbols represent
brain activity not associated with movement. We ndtidbat the
independent telencephalon activity was not associated avith tail
movement, while neuronal spiking occurring in the tedphalon
synchronously with that of medulla was associated l@¢ébmotor activity.
Figure 40b,c show the same measurement performed at 1 and PFZ,
respectively. The data show that, with increasing PTenotrations, there
was a progressive reduction of the fraction of indepentdencephalon
activity, which was measured by an increasing correlati@ificient (R =
0.61 and R =0.89 at 1 and 15 mM PTZ, respectively). At 1M, a
population of data points corresponding to medium levelsoaelation
were still visible and maintained the property of spordasdelencephalon
activity, i.e. they were not functionally linked withit movement. At 15
mM PTZ, on the other hand, the correlation betweesntelphalon and
medulla was high and most of the neuronal activity vsae@ated with tail
movement. Figure 40d,f show correlation measurements wvath
movement analysis for cerebellum and medulla. In ¢ase, we could
observe complete correlation of the two areaslinalditions (R = 0.94,
0.98 and 0.98 at 0, 1 and 15 mM PTZ, respectively) and a njHidtween
activity in these areas and locomotor activity.

A systematic characterization of the correlatioracfivity across all the
four brain areas (for left and right hemisphere, Figlig confirmed the
observation that increasing PTZ concentrations indeizeii®es consisting
of highly correlated activity across the whole braitb.ldw (1 mM) PTZ
concentration and in control conditions, on the othendh we could
observe the progressive loss of correlation alongrélsero-caudal axis,
with the telencephalon being the region which lessetates with the
others. In all conditions, we observed a high cor@tabetween left and
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right side of each region. We also observed that afiset of PTZ effect,
correlations maintained their characteristic patteonshfe whole duration
of our measurements. These results are in line withiquely observed
whole-brain activation induced by PTZ [161, 162] and withdbemon
use of PTZ at 10-15 mM concentration to induce generalziedrss in
the larva.

Figure 41. Cross-correlations maps of activity in different brain regions.

a. Regions of interest selected for analysis are showerlaid with the widdield
fluorescence image. Scale bar: 100 jprrCross-correlation matrices (SBata analysiy
measured at different time intervals during twoex recording in different conditions,
indicated. Each matrix shows color-coded averaged casslation coefficients of N
3 larvae of 4 dpf, exposed to the same condition, during the 8meframe.

15.4 High-throughput combined fluorescence and
behavioural recordings

One of the main advantages of zebrafish in pharrogaal research is the
possibility of performing high-throughput drug screenings. The slaown
in Figures 36-37 demonstrate that measurements of neuronélyan
complement behavioural measurements by providing informabion
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activity alterations not always linked to altered swimmiebdviour of the
larva. To this purpose, we implemented fluorescence measuats in a
wide-field configuration at low magnification, enabling inrag over a
large area (=50 cih With this optical system, we could simultaneously
measure GCaMP6s fluorescence and larva position from réaelan
parallel, testing ten different experimental condgiovith statistics of 5-6
larvae per condition. We chose to reproduce some preyidested
conditions (i.e. 0, 1 and 15 mM PTZ treatment, VPAairie and TTX
treatments in the presence of 15 mM PTZ), together avithst on the
effects of two compounds acting on synaptic transmissi@hpreviously
shown to alter PTZ-induced seizures as measured wittniedécecordings
[149]: kynurenate (a non-specific blocker of postsynaptic glate
receptors, which was shown to reduce seizure amplitudé$8aciofen (a
GABAG& receptor agonist, which was shown to increase the amelibf
seizures). For an overall view of larva behaviour andréscence in each
well, we produced a maximum intensity projection (MIP¥8&fminutes
(Fig.42a), after one hour of drugs exposure. The figure inatedgi
demonstrates the effects of increasing PTZ concentsatsvisible from
an increased motility of the larvae at 1 mM PTZ (&&}12) compared to
control (wells 1-6) and a further increase of motildgsociated with a very
large increase of fluorescence at 15 mM PTZ (wells 13-b8pduction
of Baclofen potentiated the fluorescence signal bofh(atells 19-24) and
15 mM PTZ (25-30). Tetrodotoxin (wells 31-36), on the otherdhan
completely suppressed neuronal activity, even in the presef 15 mM
PTZ, as show in Figure 35d, with consequent decreaserai sigd larva
paralysis. The effect of kynurenate (wells 39-43) wasapgiarent in the
MIP analysis but became more evident in a subsequent ttiasti
analysis of@AB4and movement (Fig.42b-c). An important point to note
in this type of assay is that some compounds (for ekaikymnurenate)
might display significant fluorescence at the wavelesgemployed for
GCaMP6s excitation and detection, as demonstrated byattieground
measured in the well containing only kynurenate (well 38)pared to fish
water (well 37).
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Figure 42. High-throughput combined fluorescence and behavic
assay.

a. Maximum intensity projection of a 13 minutes segment of ltwors recording. We
content: 1-6 control, 7-12 1 mM PTZ, 13-18 15 mM PTZ, 1924M PTZ + 50uM
baclofen (BAC), 2-30 15 mM PTZ + 50 uM BAC, 336 15 mM PTZ + 5 pl
tetrodotoxin (TTX), 37 fish water, 38 fish water + 2 mivhkyenate (KYN), 3%3 1¢
mM PTZ + 2 mM KYN, 44-49 16 mM PTZ + 5 mM valproic agdPA), 5055 15 mi
PTZ (after pre-incubation in 2 mM d-tubocurarine — D-TIGr-10 minutes before starti
the measurement), 56-61 15 mM PTZ + 160 mg/L tricaine )R, c. Average@A5L
and swimming velocity for the different conditionstees Error is SEM.
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VPA showed its effectiveness in the MIP measureneellg 44-49) where
it decreased both larva motility and fluorescence irptesence of 15 mM
PTZ. D-TC (wells 50-55) caused larva paralysis, but unforeyatiten

caused the death of the larvae at the concentratiah Es®lly, tricaine
(wells 56-61) showed its anaesthetic effect in term$ath reduced
fluorescence and motility of the larvae. The resuitthe high-throughput
assay were quantified also by measuring the ave@g8AFig.42b) and
larva swimming velocity (Fig.42c) in all conditions test¥eélocities were
calculated from trajectories shown in Figure 43.

Figure 43. Movement trajectories of larvae in high-throughput assay.

For each well, the coordinates of the centre of miggedarva encephalon are plotted
a one-hour measurement. Colours refer to differemtrrphcological trements (se
legend). Scale bar: 7 mm.

111



Chapter 16

Bessel beam illumination as a means to reduce
artefacts in quantitative functional studies using
light-sheet microscopy

To improve the spatial resolution of neuronal functioimahging, with
respect to the wide-field fluorescence recordingsghstvn, we decided to
perform light-sheet fluorescence microscopy (LSFM) messents.
LSFM, a technique that affords intrinsic optical sectignifast acquisition
rates and low phototoxicity, represents the method of ehmicperform
high-speed functional imaging in the zebrafish larvanbridowever, its
very nature of uncoupled, perpendicular optical pathwayBuorescence
excitation and detection entails a set of drawbacks un@u&EM in the
form of dark shadows that appear whenever the fluoresasxting light
sheet is interrupted by scattering or absorbing obstgskesLSFM:
drawbacks and solutiohysespecially in the case of one-sided illumination.
These refractive index heterogeneities, always ptésesome extent even
in the intrinsically transparent zebrafish larva, hegen shown to lead to
a loss of spatial resolution and a concomitant degradetisensitivity and
contrast [163].

16.1 Streaking artefacts obscure microscopic featof
interest

Aiming for an optical solution to streaking artefacts, wave implemented
on a custom-made light-sheet microscope kieeoscope§ an alternative
illumination path based on Bessel beams [113]. Figure Msstie effect
of streaking artefacts. The image obtained using conveitdaussian
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Figure 44. Shadow artefacts in zebrafish brain imaging.

a, b.Static shadows in the transverse plane of a 3 dpf Ti¢§eE®@aMP6s) zebrafish lar

imaged with Gaussian and Bessel beam illatiam, respectively. Insets show

hindbrain details. Light blue arrow indicates light-shepagation. Scale bar: 50 pm.
Normalised line profile averaged over the entire widltlthe image for Gaussian (gr

and Bessel beam illumination (blue) evidences the shadswsops in the grey curwe.
Absolute difference of the line profiles mand the resulting bar code when applyil

threshold of 5%. With this threshold, 72.{? 4.2.5% was affected by streaking artefe

n = 20 planes throughout the encephalon in N = 11 larvaebodigf, error is standa

deviation.e. Sensitivity of the affected area on the threshold. Eeiht is the average

n =20 planes in N =11 larvae of 4-5 dpf, error is SENThe difference between the f

of the larva proximal and distal to the ligtieet source is not statistically significant.

0.6467, paired t-test of n = 20 planes in N = 11 larvae5otigf, error is SEM.
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illumination (Fig.44a) shows degraded image homogeneity amk da
shadows obscuring microscopic anatomical features ofesttehat are
further illustrated in an inset detailing the hindbrain.

Notably, those same features remain clearly visible wisng Bessel
beam illumination (Fig. 44b). In order to quantify the extef the area
affected by strong striping, we calculated the normaligesl profiles
obtained over the entire width (along the illuminatmirection) of the
image for Gauss and Bessel illuminafrespectively (Fig. 44c).

Drops in the line profile evidenced sharp decrease indkg@nce signal
propagating along image width. The absolute difference dexiwauss
and Bessel line profile was calculated and further bind(iSe&.44d) with
respect to a user-selected threshbl@his procedure led us to obtain a
pattern similar to a bar code, with dark bands reprexginiage portion
whose intensity difference between Gauss and Besgealstion dropped
below the set threshold. By superimposing this bar pattetine original
image, the percentage of area affected by streaking irgemedy was
estimated. Using a threshold of 5% (on the differeresvéen the line
profiles obtained with the two different illuminationse estimated that
72.8%712.5 % (error is standard deviation, n = 20 planes througheut
encephalon, N = 11 larvae) of the volume was aftedig streaking.
Clearly, the value calculated is strongly dependettethreshold. Indeed,
the higher the threshold you chose, the higher therdifice between Gauss
and Bessel line profiles is acceptable, the less ai@aed by shadows you
obtain. The sensitivity of the area percentage onhteshold is reported
in Figure 44e (using the same sample size, error is SEM)percentage
area when considering only the proximal or distal halthef zebrafish
relative to the illumination direction shows no satally relevant

22 In order to perform direct pair-wise comparison betwésmussian and Bessel
illumination acquisitions, the Bessel beam was co-align the Gaussian one, thus having
two superimposing light sheets. This procedure allowed nimignithe eventual need to
adjust larvae position inin order to image exactly the same brain plane. Paidenfical
structures were followed in the larval brain to be so@Ecquire the same exact plane with
both illuminations.

23 Basically, the threshold determined how much differémeteveen Gauss and Bessel
line profiles was acceptable.

114



Bessel beam illumination to reduce artefacts in foneti studies using LSFM

Figure 45. Haemodynamic flickering in zebrafish brain imaging.

a. Transverse plane of a 4 dpf Tg(elavli3:H&&aMP6s) zebrafish larva imaged v
Gaussian illumination. Image is the maximum intensitjgmtion, over 0.3 s timkpse
Inset highlights the presence of a large blood vessehiohywduring MIP time windw,
one single erythrocyte is flowing. Owing to the natur¢éhe projection, the passing |
blood cell is visible at different position along thessel (yellow arrowheads). At any r
position taken, the erythrocyte absorbs or scattersexc#ation lght, casting a tir
shadow along the direction of propagation of the lightes (light blue arrow)b.
Projection of the standard deviation over 1 s of tiapse recording on a transverse p
of a 4 dpf zebrafish larva imaged with Gaussian illuminatf@ilow arrowheads pointir
at a large blood vessel. The flow of blood cells insiue tessel producegdynamic
shadows that generate a corresponding area of high staledéation of the fluorescen
intensity, downstream along the light-sheet propagaticection.c. Projections of th
standard deviation on a transverse plane of a 4 dpéfegbiarva, sequentially imag
with Gaussian illuminationl€ft) and Bessel beam illuminatioright), displayed on th
same brightness scal. Quantification of the areaffected by flickering for Gaussi
(23.8%7? 6.5% and Bessel beam illumination (0.£?60.5%9. p < 0.0001, pairedtes
of n = 18 planes in N = 10 larvae of 4-5 dpf, error is SEM.

All measurements presented in this figure were conduabekdr ticaine (160 mg/L

treatment in order to evaluate only fluorescence chahget dynamic streaking artefact.

Scale bars: 50 pm. Calibration bar refers to both génahdc.
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difference (Fig.44f, p = 0.6467, paired t-test of n = 20 plamés= 11
larvae aged 4-5 dpf, error is SEM).

Furthermore, when the obstacles that obstruct thé digeet are not static,
the shadows produced move accordingly. Among these movinglesrt
for sure, a key role is played by blood cells. As easlyheee days post
fertilization (dpf), fully formed blood vessels can kasiy distinguished
by the flow of individual blood cells (Fig.45a, inset yellawowheads).
Dynamic shadowing caused by the movement of red blocsl lealils to a
fluctuation of fluorescence intensity independent from owealr activity,
causing an artefact here ternifikckering. Haemodynamic absorption [164,
165] of the light sheet can be particularly problemasicifi vivo Ce*
imaging as it represents a multiplicative noise soutéd][and therefore
has the potential to modulate significantly the sernsitto fluorescence
variations related to neuronal activity in adjacent nesirénprojection of
the standard deviation over ~1 s of recording (Fig.45b)lglexidences
blood vessels by superimposing the trajectories of blood aedisurther
highlights the strong variations in grey values in cgpomding adjacent
regions. Notably, when displayed on the same brigktreesle, the
corresponding areas are free of strong flickering whemuBessel beam
illumination (Fig.45c).

16.2 Flickering quantification

In order to evaluate to which extent flickering potentiatigsks or even
falsifies neuronal activity when using Gaussian illumomtiwe directly
compared each quantification with its Bessel beam copente All
measurements aiming to quantify the flickering issue wenelucied on
larvae treated with tricaine (160 mg/L) to globally lowmeuronal activity
[166] (see also Fig. 35c), ensuring that any changes in baseline
fluorescence were exclusively due to dynamic shadowingaindeuronal
activity. First, based on an approach employing standardati@vi
projections (se®ata analysis Fig.33), we quantified the percentage area
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that on average was affected by flickering in each imagesd plane. We
found it to be 23.8 9? 6.5 % for Gaussian and 0.8 700.5 % for Bessel
beam illumination (Fig.45d, error is SEM, p < 0.0001, pairesst-n = 18
planes in N = 10 larvae of 4-5 dpf).

Figure 46. Flickering quantification.

a. @ABAaselne traces of three representative neurons choserfénedif position in
transverse plane of a 4 dpf Tg(elavi3:HEZ&aMP6s) zebrafish larva treated with
mg/L tricaine.b. Average standard deviation (STD) of baseline traceswfams showin
no activity from larvae treated with 160 mg/L tricaimpe<0.0001, pairedtest, n = 62
cellsin N = 7 larvae of 4-5 dpf, error is SEM)Exemplary@ABAraces measured w
Bessel beam illumination during spontaneous neuronalitgcBtraight horizontal line
represents the average noise level measured for Gaags4nd Bessel (blue). Trianc
show peaks above noise level for Gaussian (gneg)Bessel beam illumination (blu
Peaks with prominence below threshold were discardedr{eedjle).d. Average peal
per minute detected above noise level using appropriate ddizgito exclude Gaussi
and Bessel baseline noise (p < 0.0001, paitedtfn = 586 in N = 1 larva of 4 dpf, el
is SEM.).Scale bars ia b are 0.1@AB and 30 s.
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Due to the irregular flow of blood cells, the travegsaxcitation light sheet

is either absorbed or scattered out of its trajecsogh that the baseline
fluorescence in adjacent neurons is no longer stegdiherated, both
because of direct shadowing of in-focus fluorophores andpafious
excitation of out-of-focus ones. Subsequently, we coetpdraseline
@ABAraces of pairwise identical neurons, imaged witheeibaussian or
Bessel beam, located in areas affected by flickering. &igéa shows
representative@ABAraces of three neurons chosen in different positions
of a transverse plane of the encephalon of a 4 dplatg@eH2B-
GCaMP6s) zebrafish larva. Different positions in émeephalon display
different levels of baseline noise; however, in geneha noise obtained

in Bessel traces was consistently lower than thataices obtained with
Gaussian illumination. Quantified by their standard demmtive analysed
traces measured with Gaussian and Bessel beam illuarimaspectively

to obtain the level of baseline noise in the abseriageoronal activity
(Fig.46b). The baseline noise was 19.€7 %.18% of@ABAor Gaussian
and 3.90%? 0.07% for Bessel beam illumination (p < 0.0001, paired t-test,
n = 625 cells, 15 time-lapses at various depths in N =véadaof 4-5 dpf,
error is SEM) constituting a five-fold increase in sewisy.

16.3 Impact of flickering on neuronal activity
measurement

Once quantified the average noise typical of GaussianBessel beam
measurements, we wanted to test to which extent the teisl affected
neuronal activity identification in both measuremenhditions. To this
end, we devised a peak counting routine (Fig. 46¢c,Dsea analysi}
which counted peaks above Gaussian baseline noise (greglés) and
again above Bessel beam baseline noise (blue triamgleggntical traces
obtained with Bessel beam illumination. Peaks of $uéshold
prominence (red triangle) were discarded. The total numbpeaks per
minute detected above their respective baseline noise &ealsported in
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Figure 46d (p < 0.0001, paired t-test, n = 586 cells, in N=1 larvar is
SEM). Cells were located at 12 different depths througtieuencephalon
of a 4 dpf larva. Whereas on average 6.6 peaks per minutebmdeétected
above Bessel beam noise levels, only 0.5 peaks per mivere high
enough to surpass the Gaussian baseline noise. This meains th
statistically, if a given cell were to be locatedan area affected by
flickering, then less than 1 out of 12 peaks would be detetite to the
higher associated baseline noise when using Gaussiaraceino Bessel
beam illumination. To further illustrate the influencerdreased baseline
noise on@ABAraces, we generated random white noise of an amplitude
corresponding to the Gaussian and Bessel baseline esgectively, and
multiplied it pairwise to traces obtained with Besbelhm illumination
(Fig.47a).

The native data set without synthetic noise was censitlas ground truth
and allowed an absolute comparison between Gaussianemse|Beam
illumination. The absolute cross correlation coeffitgereported in Figure
47b reveal that, while the mean of the Gaussian andendaita set differ
significantly (0.0978 vs 0.1309), the difference between thenroéahe
Bessel and the native data set is not statisticagjgifstant (0.1308 vs
0.1309) (p < 0.0001, t-test, n = 277885 corresponding to 746 cells in N=1
larva, error is too small to be displayed). Next, tlifference in cross
correlation coefficients between the native traees the traces with
synthetic noises was calculated. The histograms eéttestributions give
some important insights; whereas the mean value rejiseee bias of
each modality, the standard deviation gives a measure adcuracy. For
Gaussian illumination, we obtained a mean value of 0.01#feas this
value is 5.29-10 for Bessel beam illumination. This result indicaties
introduction of a systematic error by Gaussian illumara that is
approximately one tenth of the average absolute cdoelabefficient.
Furthermore, the standard deviations of the histograms givdirect
measure of the random error introduced by each methodharefdre a
measure of accuracy. The standard deviation was 0.0682 fosi@aasd
0.0033 for Bessel beam illumination (Fig.47c) which consstat@0-fold
increase in accuracy compared to Gaussian illumination.
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Figure 47. Effect of random synthetic noise on neuronal activity eross
correlation.

a. The baseline noise levels calculated in Fig. 46b was asenplitude to generat
random white noise which was point-wise multiplied to ‘@8 BAracesobtained wit|
Bessel beam modality. By defining the 746 synthetic Afoese traces as ground tr
(native), we obtained three data sets that we comparesspgctive cross correlatidp.
Average absolute cross-correlation coefficient (CQECx 0.0001, test, n = 2778¢
corresponding to 746 cells in N = 1 larva of 4 dpf, eisd8EM, too small to be shov
NS: not significant)c. STD of the difference in crogmrrelation coefficients between
native traces and the same traces with multiplied nise 0.0001, pairedtest, n :
277885 corresponding to 746 cellsin N = 1 larva of 4 dpf).
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16.4 Flickering artefacts mask neuronal correfegio

After showing that the contamination with both systdmmand random
errors is significantly higher when using Gaussian beampared to
Bessel beams, we performed measurements of spontaneatsnal
activity in the presence of flickering.

As indicated in Figure 48a,b, several cells have beewatly selected in
the hindbrain of a 4 dpf larva to generate a scenario inhagpairious
correlations due to flickering significantly alter the redaition amongst
cells in a circuit. The red and blue cells where chasean area determined
by the methodology described in Figure 45d and corresponded gdrine
which nearby flowing blood cells cast alternating shadomgereas the
yellow cells have been randomly chosen among a tiaducells that
showed strong spontaneous activity.

It is apparent from the correlation matrix (Fig.48d) thahen using
Gaussian illumination, a strong correlation betweelts cgn one line
(sector marked in the correlation matrix) can be observed, which
strongly anti-correlates with cells from the linenmediately next to it
(), an obvious haemodynamic artefact. Notably, when uBiessel
beam illumination this strong spurious correlation was$ observed
(average cross correlation -0.57°0.025 for Gauss versus -0.07? 9.023
for Bessel beam illumination, n = 55, error is SEMjemplary traces of
spontaneous activity outside an area strongly affectdtickgring (cells
marked yellow) are shown in Figure 48c. It is worthwhilenpiog out, that
when looking at correlations entirely outside flickeringes (), average
correlation obtained with Gaussian beams was 07506020 and 0.660
? 0.017 (anincrease of 15%, n = 91) for Bessel beams (FigH#8syesult
demonstrates that even when steering clear of problerasg@s with
evident strong flickering, correlations of neuronal agtivitan be
significantly affected by residual flickering, less evidenthe human eye,
when using Gaussian illumination. Since Bessel beaame A fivefold
increased sensitivity to calcium transients comparedaos§an beams,
they are more likely to detect calcium transientsnimtiple functionally
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connected cells and this leads to a higher averagelat@yneas seen in
Figure 48e.

Figure 48. Case study of the effect of haemodynamic artefact on ne
activity cross-correlation.

a. Transverse plane of a 4 dpf Tg(elavi3:H&BaMP6s) zebrafish larva imaged v
Gaussian illumination. Indicated are cells located on adjacent excitation lines (r
blue) and randomly in the hindbrain as part of an actitwork (yellow, see also zoom
view b, scale bar: 25 umg. Exemplary activity traces of cells marked in yellowaib
measured with Gaussian (grey) and Bessel beam illumim@diue). Scale bar: 0 @ABA
and 30 sd. Crosseorrelation matrix of neuronal activity of cells meeesd with Gaussit
(lower triangular matrix) and Bessel beam illuminatiupper triangular matrix)e.
Average cross-correlation coefficient (CCC) of yellggifow quadrant (p <0.0001
paired t-test, n = 91 in N = 1 larva of 4 dpf, error isVBE
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3D optical mapping of zebrafish neuronal activity
with single cell resolution by Bessel beam
illumination LSFM

Once assessed the
effectiveness of Bessel beam
illumination in  reducing
artefacts  arising  from
haemodynamic  absorption
and scattering in zebrafish
functional imaging, we used
this method to perform
faithful measurements of
zebrafish spontaneous and
convulsive neuronal activity.
In details, we performed
light-sheet microscopy time-
lapse recording on single
planes of larval brain,
progressively sampling most
of the encephalon depth. In
these measurements, we used
Tg(elavl3:H2B-GCaMP6s)

Figure 49. Whole-brain neuron detection.

23 individual brain planes of a 4 dpf Tg(elavi3:HE&aMP6s) zebrafish larva proces
with The_Cell_Detector.nm{see Data analysi} to detect neurons. Each image re
detected neurons as single white dots. Above each plage isveeported the numbet
cells actually detected by the algorithm. The overall remolb neurons detectedrer 2:
planes was 77 495. On average the script identified 7393484 neurons (N = 3 larv
of 4 dpf, error is STD).
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albino zebrafish larvae expressing the'Qaporter in the nucleus of all
CNS neurons. The nuclear localization of the indicaltowed us to
perform an automatic segmentation of each plane’s.c8ingle cell
analysis was then performed, thus obtaining 2D heat rsapsHigure A3)
in which the activity of each single neuron detected nepsesented as a
colour-scaled symbol placed in the coordinates belongitiwptgparticular
cell (seeData analysisfor details). Methods applied allowed us to image
and detect great part of the 100 000 larval brain neurogard-49 shows
the result of the segmentation process performed ondd&dual planes
of the brain of a 4 dpf zebrafish larva. We were &betect a total number
of 77 495 neurons over a depth of 160 pum. On average (N = B)ethod
allowed identifying 73 997 3984 individual neurons per brain, a result
close to that (80 000) obtained by recent breakthrough publisafit®2,
132, 133].

Figure 50 shows, on the same brightness scale, the BB ohactivity of
three larvae in 0 mM (a), 1 mM (b), and 7.5 mM PTZ (eypectively, in
a lateral ¢y) and a dorsalxf) view each. A zebrafish larva during
spontaneous activity (Fig.50a) showed predominant clusteredtamti of
telencephalic, diencephalic, cerebellar, and hindbraorons (seey
lateral view). In particular, most active hindbrain nexsravere arranged in
two clusters, symmetric with respect to the rostrodedhy-axis (seexy
dorsal view), which were superimposable to the already idescr
hindbrain oscillator [12] (or anterior rhomboencephalining region —
ARTR [136]), a region involved in the control of motor behavio
Conversely, optic tectum showed very low levels ofvatibns. Neuronal
activity appeared mostly confined to the superficial layefsthe
encephalon (Fig.50a, lateral view). In contrast withtoa condition, 1
mM PTZ treated larva (Fig.50b) showed a more widespreadathv
activation, spanning all the hindbrain, from cerebellumh® medulla.
Telencephalic neuronal activity appeared increased, wheieacephalic
(habenula) activity showed no significant increaseurhies of the optic
tectum exhibited a slight raise in activity. Globally,ttwii mM PTZ
administration, neuronal activity showed an incredsegathe medio-
lateral &) and rostro-cauday) direction, with no significant increase in the
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Figure 50. Bessel bea
light-sheet microscopy <
mapping  of  zebrafic
neuronal activity.

3D maps of zebrafishbrair
activity with single neurc
resolution in 0 mMg), 1 mM ()
and 7.5 mM ¢) PTZ. zy plane:
show a lateral projection of t
encephalon, whilexy a dorse
projection. Each dot composi
the map represents colosicale
activity of that particular neon
along the time of measuremen
min). Images are displayed in -
same brightness scale.
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depth ¢) of the brain (see Figure 50a,b, lateral and dorsal viElag action
of 7.5 mM PTZ (Fig.50c) induced robust widespread depolarisatiozis
in the deepest encephalic layers here imaged (sed la&va In contrast
with 0 and 1 mM PTZ conditions, habenula and optic techowsd large
burst of synchronous neuronal activity, revealed by a maastiation in
the map. Superficial activation (see Figure 50, lateral Vvievas
guantitatively very similar to that observed in 1 mM Pdahdition, apart
for optic tectum activation which even in the most sfipal layers
appeared more pronounced.
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Fast whole brain functional imaging by two-
photon light-sheet fluorescence microscopy

Figure 51. Real-time whole-brain neuronal activity recording by 2P-
LSFM

Three representative planes, out of 30, imaged at diffdepths (40, 100 and 140 p
along the brain of a 4 dpf Tg(elavi3:HZBSaMP6s) zebrafish larva. Each plane <
three highlighted neurons, whog24BA4ime traces are shown below following the colour-
code. Since all planes were recorded simultaneouslyadtindty of all neurons can
compared and functionally correlated. Scale bar: 100 um.
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We then performed real-time whole-brain functional soeaments of
physiological and pathological neuronal activity in TgyEaH2B-
GCaMP6s) zebrafish larvae using a novel custom two-pHajbiasheet
microscope (seMlicroscopey capable of imaging the entire larval brain at
1-2 Hz. The cutting-edge system developed allowed recording néurona
activity with single cell resolution, almost simultansly in the whole
brain. Indeed, due to the serial acquisition of the wffe planes, each
optical brain slice had 0.033 s of delay with respect ¢opitevious one.
Figure 51 shows exemplary/Fo traces of nine neurons highlighted in the
three planes imaged at different depths inside the lamaah,bduring
spontaneous activity.

Data acquired were processed with a pixel-wise customysasi@ipeline
(see Data analysi} based on correlation of neuronal activity, to first
identify neuronal clusters characterized by high gradecafelation
(minimum correlation coefficient: 0.9), and then prod@&e correlation
maps representing in green and red neurons showing aciritglating
and anticorrelating, respectively, to the one of a @aer neuronal cluster
identified. Applying this analysis to a measurement perfdrne
physiological condition (during which the larva did nateive any kind of
stimulus), we identified three different neuronal cdustactive during the
analysed 5 minutes time-window (Fig.52). Cluster A (oranges w
principally localized in the hindbrain and in the deepagtils of the optic
tectum (Figure 52, sezy lateral view). Cluster B (blue) was localized in
pairs of symmetric group of neurons spanning the hindbrain aeg de
layers of the optic tectum (Fig.52). Finally, cluster (¢&llow) was
principally located in the caudal hindbrain at the beginmihthe spinal
cord, and in the cerebellum (Figure 52, see lateral vi€hgn, calculating
the correlation of all the pixels activity with tlaerage activity of the
identified clusters, we obtained three correlation nmapserting the circuit
functionally linked to each identified cluster. Figures 58, and 55 show
the 3D correlation maps of circuit A, B and C, respetyi In particular,
circuit A (Fig.53) shows a prevalence of correlating nesr¢green),
arranged in small clusters and distributed in the hindaad in the deep
layers of the optic tectum.
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The few anticorrelating neurons (red) are mainly presenhe deepest
portion of the hindbrain, at the interface with meaulh contrast, circuits
B and C (Figs.54, 55) show many more anticorrelating nepvansh are
principally arranged in symmetric elongated-shape clusteeded at the
centre of caudal hindbrain (circuit B) and laterallyhia hindbrain (circuit
C). Circuit B shows one small symmetric cluster dfcamrelating neurons
in the cerebellum too. Some sparse anticorrelating neareraslso visible
in the optic tectum, for both circuits. Despite ataier grade of overlap
between the circuits identified, the substantialedéhce in anatomical
localization is however appreciable.

Repeating the same analysis on the same larva, but Sfteninutes
exposure to 15 mM PTZ, we identified only one neuronal al|{sig.56),
spanning the whole brain and active during the analysed timaowi (5
minutes). Figure 57 shows the corresponding 3D correlatmm Notice
the widespread correlation of neuronal activity and thest complete
absence of anticorrelating neurons.

129



Chapter 18

130



Fast whole-brain functional imaging by two-photon LSFM

Figure 52. Map of physiological neuronal functional clusters A, B and C.

3D reconstruction of the neuronal clusters identified thraagtelation analysis (sé#ata
analysisfor details) during physiological activity recordingu€lers A (orange), B (blue)
and C (yellow) are shown overlaid to the 30 brain plameged at different depthg® =
5 um) along the whole encephalon of a 4 dpf Tg(elavi3:HZExKBP6s) zebrafish larva.
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Figure 53. Map of the physiological neuronal circuit A.

Overlay of 30 brain planes imaged at different dept@d4 5 um) along the whc
encephalon of a 4 dpf zebrafish larva, during spontanetivgya@nd corresponding m
of the neuronal circuit A representing correlatiogiieen and anticorrelation in red.
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Figure 54. Map of the physiological neuronal circuit B.

Images presented were obtained as in Figure 53, formedwiocuit B.
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Figure 55. Map of the physiological neuronal circuit C.

Images presented were obtained as in Figure 53, for medwiocuit C.
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Figure 56. Map of the neuronal functional cluster identified du
seizures.

3D reconstruction of the neuronal clusters identifiedubhocorrelation analysis (sBata
analysi$ during epileptic activity recordin@verlay of 30 fluorescence imaged plane
the same 4 dpf zebrafish larva seen in Figure 52 and ittesspvead neuronal clus
identified based on strong pixel correlation after 50 ngis@xposure to PTZ.
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Figure 57. Map of the neuronal circuit during seizures.

Images presented were obtained as in Figure 53, foretivenal circuit identified after :
minutes exposure to 15 mM PTZ (Fig.56).
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The ultimate challenge of neurosciences is the profoamgprehension of
the fine and specific mechanisms underlying brain functioinsing to

unveil how those properties, not explainable just consigéhe sum of the
individual elements composing the brain, do emerge. To this the

possibility to non-invasively access a working brain ireitsrety plays a
crucial role. Due to its small size and transparencsgyalazebrafish
represents the ideal animal model to perform functidoagies on a brain-
wide scale. Indeed, in recent years, owing to the dewedop of novel
genetically encoded fluorescent indicators capable ofatiengeneuronal
activity [167] and to technological improvements applied to osicopy

techniques [168], real-time whole-brain neuronal activityording has
been proficiently applied to zebrafish larvae [12, 132, 1f83},time on a
vertebrate model. The opportunity to investigate the braim small

vertebrate having sufficient similarity in its CNS latecture and
neurochemistry to allow comparisons with the humemnb[169], opens
the way to unprecedented perspectives. Furthermore, dphpibgenetic
relationship between fish and humans dates back 400-450rmyéiars
[170], due to the high grade of homology zebrafish genomesheith

ours, this animal model represents a unique chanceafwiational studies.
In this framework, during my PhD we applied a multi-modgairaach to
investigate zebrafish neuronal activity at different s;alboth in

physiological and pathological conditions. In particulae adopted a
pharmacological model of epilepsy to study aberrant naliractivity

during seizures in zebrafish expressing the&*@alicator GCaMP6s.
Indeed, epilepsy is one of the most common neurolbgisorders,
affecting more than 65 million people worldwide [171], andpike the
huge efforts made by research in the development of depgp drugs

(AEDs), a relevant fraction (about 35%) of patients dd respond
adequately to currently available drugs. Actually, in regeats, zebrafish
have become a very prominent model for the study ofgpjiland for the
screening and development of new AEDs [172].
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Optical mapping of neuronal activity during PTZ-
induced seizures

Current approaches to investigate seizure-dependent albsratio
zebrafish are mainly based on electrophysiological somresnents and
behavioural assays. The former are very informativeoeerall brain
activity but are rather invasive, usually low-throughput aauk Ispatial
discrimination, thus failing to provide detailed informatiom ohe
localization of the epileptic foci and the dynamick propagation of
seizures. Recently, in the effort to improve the dglgput of
electrophysiological measurements, a platform to redowhl field
potentials (LFPs) simultaneously from many zebrafishala has been
developed [173]. In order to reduce the invasiveness of common
electrophysiological recordings, yet maintaining a Higloughput
configuration, two groups have instead proposed the use dceurf
electrodes [174, 175]. In particular, the latter developedraimvasive
multi-electrode system, integrated in a microfluidievice, capable of
addressing long-term electrical measurements in paralelseveral
zebrafish larvae and providing independent measurementieaifical
activity in up to five regions of the larva encephalon gl rostro-caudal
axis [175]. Besides, a similar multichannel EEG method deassed to
measure brain activity in adult zebrafish [176]. Behavibasaays, on the
other hand, are very simple to conduct and easily lendg#lkwes to high-
throughput screenings, and have been, indeed, successtdlyaiidentify
new potential AEDs [153, 177, 178]. These assays rely otgetfeetion of
large swimming bouts and locomotor alterations in zelirafegsvae
induced by either specific mutations (e.g. mind bomb [179]) omatze
treatments (typically PTZ) and screening for compoundsalda of
rescuing normal locomotor phenotype. Although quite smphd
effective, this method may suffer from two limitat®rFirstly, it detects
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only significant locomotor seizures and might miss subshold or pre-
epileptic events; secondly, it provides a positive ftrecompounds that
may have, for example, a strong anaesthetic or panglgffect and would,
therefore, be undesirable as anti-epileptic therapegéinta.

To overcome the limitations of current methods, we devise approach
based on employing a transgenic line expressing GCaMP@sneuabns
and directly measuring neuronal activity-dependent fluorescenlarvae
treated with PTZ. This compound was chosen since itbkas widely
proven to be a good way to induce, both in mice and zshrafonvulsions
that are considered a good model for epileptic seizureBumans.
Compared to electrophysiological recordings, in which actedde is
typically introduced into the tissue, the use of lighs Beveral advantages.
Most prominently, optical measurements are much lessivevand allow
the parallel measurement of activity on large populatidmeurons (up to
the whole brain) with a resolution that can probglsirtells. The data in
Figures 35 and 36 demonstrate that fluorescence recordings sho
characteristic changes inF/Fo peaks with increasing amplitudes for
increasing PTZ concentrations in the range testedal¥éeshowed that the
simple measurement of the averag€Fo signal integrated over time and
over the whole larva brain is sufficient to detdttrations induced by PTZ
even at very low (1 mM) concentrations (Fig.36a). A @haracterization
of PTZ effects on zebrafish larvae has demonstratemncentration-
dependent variety of behaviours classified in differgages [149]: an
increase of swimming activity with respect to contrédge 1), whirlpool-
like circular swimming (stage Il) and clonus-like convats with loss of
posture (stage lll). The PTZ concentrations normallpleged to induce
generalized seizures in zebrafish larvae are in thgeran 10-15 mM. It
has been shown [149] that lower concentrations delagribet of seizures
and, below a given threshold, for example at 2.5 mM, dohvulsions
(stage Ill) are never reached, while stages | and listiddrbe observed.
Thus, these low PTZ concentrations can be used to iraluaéd or pre-
epileptic state in the zebrafish larva. This sub-thriesstate may also
mimic the effects induced by genetic alterations not cagabthemselves
to induce seizures but contributing to determine a genetiepépgenic
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background. It is interesting to notice that, in the presefid mM PTZ,
some fluorescence spikes could be observed with amgdituidéer than
the typical maximum amplitude of control measuremeagshown by the
dotted line in Figure 37. Some of these peaks (highlighted by the
arrowheads in Fig.37b) were not conducive to taill movenoenbnly
caused very small oscillations that would not lead tdéo@motion
detectable in behavioural assays.

Thus, it is evident that the direct measurement of kaetivity represents
a powerful means for characterizing sub-threshold alters. This
sensitivity is essential to dissect contributionsndividual mutations and
develop specific drugs for each of them and, thereforgstodrugs with
much higher effectiveness. Furthermore, the methodslagme could
open the way to the study of currently understudied speaggfnetic and/or
pharmacological models of epilepsy subtypes, such an@seizures,
that would highly benefit from the simultaneous recordifdprain and
locomotor activity.

Previously, PTZ was investigated with organic calcium indisaand two-
photon microscopy in Xenopus laevis tadpoles to measuremed activity
at single cell level [180]. A genetically-encoded FREEduh calcium
indicator was first applied in zebrafish by Tao and egjlees [181] for the
study of PTZ-induced seizure propagation in the larval biRetently
GCaMP-expressing zebrafish larvae were used in a miaaflgiystem
with two-photon excitation to measure neuronal and locormesponse to
chemical stimuli [182].

The measurements shown in Figures 35b and 36a lend thesselee
direct comparison between optical and electrophysicddgieasurements.
The regularly-paced large=/Fo peaks seen during seizures at 15 mM PTZ
(Fig.36a) were remarkably similar to the results obtaived electrical
measurements [175] and to the envelope of the data measuhethevi
FRET-based genetically encoded calcium indicator [181].eller, the
data shown in Figure 36¢ for spiking frequencies comparesmitblidata
published at the same PTZ concentration with electroploggcal
recordings [149]. We also performed a direct comparisondmstwptical
and electrophysiological measurements by simultaneoustyrding
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GCaMP6s fluorescence and electrical activity with anraeeilular
electrode placed in the optic tectum. The data shownignré 35e
demonstrate an excellent sensitivity of tHgFo signal averaged over the
whole larva brain with the tectal field recordingcéin be noticed that the
fluorescence signal monitors both ictal and inter-ichativity. The
correspondence between our optical measurements andtdnebtained
with gold standard electrophysiological methods confirrasffectiveness
of calcium measurements for monitoring seizures inafedbr larvae, at
least in a time domain compatible with the dynamics agéilable
genetically-encoded calcium indicators.

In this study, the choice of wide-field over confocatven-photon imaging
is due to the time resolution we wanted to achieve iwal imaging, in
order to detect the fast dynamics of calcium peaks inwthele brain.
Moreover, the large field of view allowed simultaneousasurements of
brain activity and tail movement. The simplicity anmeed of wide-field
imaging comes with loss of the optical sectioning capglolf the larva
brain, as would be attainable with confocal microscoplis might
especially affect the attribution of fluorescence confiiagh a given region
in the image plane to specific brain structures, whictoaegted at different
depths within the brain. Considering the projection ofwiele brain of
the larva onto a single plane in wide field imaging, agsessed potential
bleed-through of spurious fluorescence from adjacent redespecially
for deeper structures) due to photon scattering in then hralume.
Appendix Figure A2 shows this characterization, demonsgétat all
features and details of the larva encephalon as obseartbeé confocal
image are well visible also in the wide field image. Btorer, we found
that cross-talk caused a deviation of measured fluoresdandess than
10% from ideal measurements. We notice that in any tased on the
data shown in Appendix Figure A2, this small amount of iptessross-
talk only regards optic tectum and telencephalon, as tegdéom their
relative positions and 3D structures; however, our datg.3Fa)
demonstrate true uncorrelated activity of telencephaltimowi significant
cross-talk of this signal with the optic tectum.
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Another significant advantage of optical measuremestthé ease of
implementation of high-throughput screening methods [183] fichwv
brain activity is measured in an array of larvae undergadiifigrent
treatments. We presented a demonstration of high-throughput
measurement of fluorescence and motility of 61 larvaergoing a battery
of ten different conditions. Considering the resolubbthe optical system
(sufficient to image the whole larva and track it adegjydor behavioural
measurements), the sSCMOS detector area and the LEDr pbiseeasy to
imagine a scalability of this measurement to a muchidangmber of wells
beyond the proof-of-principle shown. The devising of aeh@pproach,
combining commonly used high-throughput behavioural test pertbome
zebrafish larvae to the simultaneous recording of labvain activity,
offers the unmatched opportunity to increase the selsctofit drug
screening assays, thus reducing the rounds of trials necéssavgluate
the action of a molecule, and consequently the numbaniofals to be
used.
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Bessel beam illumination reduces haemodynamic
artefacts in functional LSFM

Aiming to increase the spatial resolution (laterally axidlly) in functional
measurements of neuronal activity in zebrafish, wedaecio perform
light-sheet fluorescence microscopy imaging. Indeed, LS#Mng to its
architecture (seelLight-sheet fluorescence microscppyallows fast
volumetric fluorescence recordings to be extended dwmwsingle-cell
resolution, without significant loss in temporal resolntwith respect to
wide-field fluorescence imaging. However, precisely bseaof the
peculiar nature of its excitation scheme, conventiofhussian
illumination LSFM can suffer from the presence of el@m absorbing or
scattering particles, partially spoiling the thin sheetlight. Indeed,
refractive index inhomogeneity and features of the spatiabsorbing
incident light may produce uneven illumination, resultingshadowing
artefacts. Even albino zebrafish larvae have skimpig residues and
other absorbing tissues (i.e. blood) that can partiallykiiloe illumination,
casting shadows along the light propagation directionghvban obscure
features of interest in the specimen (Fig.44a). Sirmeranon approach in
large-scale functional imaging in zebrafish is to applytomatic
segmentation algorithms, which identify ROIs associatéd individual
neurons [131, 158] and extract thE/Fo traces from the contained pixel
values, the presence of shadows extensively spanning pae ohaged
area makes the task harder. Actually, isolating fluemsdeatures of
interest in a heterogeneous background places higher cdmpata
demands on the algorithms used, often with concurrenease in
computation time and complexity of the parameters ttubed. A recent
study showed that very simple algorithms like globalghodding or high
pass filtering require uniform background intensity and faiségment
simple fluorescent forms like cell nuclei when a stghtbackground
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simulating muscle fibres is added to the image [184]. Asdheplexity of
the fluorescent feature increases, so do the demandseoalgorithms
deployed to isolate them. Another recent study compargdmated
segmentation of a simple synthetic interrupted tubé witbgressively
added salt and pepper noise by a range of published algoritlihtbean
failure to accurately trace this simulated neurite atnowge levels [185].
Figure 44d shows how a threshold of 5% leads to moretiinea quarters
of the larva encephalon being affected by a striatekgnaand and thus
jeopardizing hours of microscope acquisition time, datst-poocessing
and sample preparation if the data cannot be accuragigented in an
automated fashion.

Moreover, 4-5 dpf larvae typically used in our experimshtsv an already
well-developed circulatory system in which hundreds obtloells flow.
Due to the haemoglobin content of erythrocytes, tluedls dramatically
absorb the incident blue light and cast shadows movingucergly with
the cells themselves (Fig.45a). Furthermore, the abearmifect is
coupled with scattering introduced by moving erythrocytesledd,
incident excitation light is both absorbed and refréd€titie to change in
refractive index) by the passage of red blood cells, thudupiog a
complex pattern of shadowing artefacts. This ovesalhdhic shadowing
produces an intermittent random fluctuation of the fluoease (here
termedflickering) arising from the GCaMP6s sensor, that can be mistaken
for neuronal activity, thus introducing functional artééa(Fig.45b).

To overcome the artefacts due to striping and flickeringummctional
imaging of zebrafish neuronal activity, we implementessd®| beams
illumination on a custom-made light-sheet microscopein@wo its non-
diffractive and self-healing properties, this type of beaan travel further
inside scattering media and when encountering obstacksslgadlocking
their propagation, they can reconstruct their initiegmsity profile beyond
the obstacle. Obviously, this come at a cost. Indeedjsé of Bessel beams
illumination results in a reduction of image contrasthwespect to
Gaussian illumination, because of the out-of-focus #soence
contribution arising from outer rings excitation. Hertbe need to increase
excitation light intensity in order to increase imagetcast, thus exposing
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the specimen to additional laser power. However, thied) power used
(seeOptical measuremenjts our experiments have been already reported
in the literature to be safe in term of phototoxicityr did we observe any
sign of sufferance along all measurements. The uniquearés of Bessel
beams allowed for a reduction of the average areaeofiatval brain
affected by flickering by a factor of 30 when using this illumination
scheme with respect to Gaussian one (Fig.45d). Whereasvusre
publication [131] manually excluded severely affected neuroom fr
further analysis, using Bessel beams allow to includetantislly more
cells and besides to detect calcium transient with highesitivity, in a
move from large-scale imaging toward true brain-wide yaml Indeed,
from a statistical analysis to quantify the baselines&dan most adversely
flickering-affected neurons emerged a STD &#0% F/Fo for Gaussian
illumination compared to 4% for Bessel beams (Fig.46b). This represents
a 5-fold increase in sensitivity when using Bessel beamitiiation to
accurately reveal Gatransients that would have otherwise been buried in
noise. These STD values represent a worst-casergcelmgeed, in the
best case, at least in 2D studies, the plane of siteomtains no or very
little vessels and therefore no flickering and consequeht baseline
noise in Gaussian and Bessel beam are identicakré®13D brain-wide
acquisitions however, it will be impossible to fullycady hemodynamic
contamination. Notably, this sensitivity gain cannot ti@eved simply by
using standard double-sided illumination [12]. Indeed, in the hgsot of
Gaussian noise distribution, the process of summing oprdependent
variables (the two counter-propagating illuminations) iases the signal-
to-noise ratio only by a factor2, about 3.5 times less than what we found
with Bessel beams.

To illustrate the effect of increased baseline noise, performed a
statistical analysis applying peak counting and cross ctioreka identical
traces (Fig.46c¢). By counting peaks due to spontaneous neaciivitly
above Gaussian and Bessel baseline noise, we estithatdeiss than 1 out
of 12 peaks would be detected (Fig.46d) with the former w&peact to the
latter. This is a conservative estimate since usuadjidri thresholds of
signal to noise ratio (SNR), e.g., Rose criterio™NRS5 [186], are

153



Chapter 20

common. Furthermore, using synthetic white noise, we dawmonstrated
that the randomizing effect of hemodynamic noise leada toss of
correlation (Fig.47b) which cannot be hoped to be reeavéry clever
engineering of ever brighter calcium indicators due somultiplicative
nature.

Blood flow in the brain is regulated to match neurateiand based on
activity by restricting and dilating the diameter of s&s, a phenomenon
known as neurovascular coupling [187, 188]. Assuming Hagen-Plgseui
law of fluidic dynamics, this results in varying voluime flow rates and
therefore speeds of red blood cells. This plus other raizilng effects like
vessel orientation and location means that neurons than just a few cell
diameters away from each other experience enturborrelated noise.
More strikingly however, the opposite is true as wedtirons which lie in
close proximity on a line parallel to the excitation tig¥ill experience a
baseline noise that is strongly correlated and capalgierarating spurious
correlations that are not due to activity. Manually gelgachosen neurons
on a single plane of a 4 dpf zebrafish larva braig.@8a,b), we generated
a scenario in which the positive correlation betweelis on one line and
their anticorrelation with cells on a neighbouring liere so strong as to
mask actual correlation due to activity in an area natredy affected by
flickering (Fig.48d). This result is important becausédvgs that not only
do Bessel beams reduce the area affected by evident fligkgeinin those
regions they also generate a significantly lower Ib@ese noise.
Additionally, even in areas that are not stronglgetiéd by flickering due
to immediately close-by vessels, Bessel beams reeeabnal activity that
is lost when using Gaussian illumination (Fig.48e).

Artefacts arising from haemodynamic absorption andesgadt of incident
light in light-sheet microscopy functional imagingncbe made milder by
averaging out the noise contribution over severalstri@learly, this is
feasible only in experiments in which the larva ip@sed to a certain
stimulus that can be reiterated many times. In cantnd®en dealing with
untriggered neuronal activity such as the activity pattspmntaneously
produced in the brain, which have been demonstrated tendé brain
functional connectivity [189], or the complex dynamicsglemying seizure
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onset and propagation, it is fundamentally impossible¢oage responses
over trials to clean up the signal. This complete adsef external stimuli
has a far-reaching consequence for the imaging setups dksigreveal
the underlying mechanism of untriggered activity. Indeedfundamental
for untriggered functional traces to be intrinsicallgazt enough to allow
extraction of meaningful data without averaging.
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3D mapping of zebrafish neuronal activity by
Bessel beam illumination LSFM

A full comprehension of the genesis and propagation itdE seizures
would ultimately require measuring neuronal activity ableforgan scale.
As already highlighted, light-sheet microscopy represetie ideal
technique to access the whole transparent larval brdiiglatspeed, high
resolution and minimum phototoxicity. Indeed, in the Iasars a few
research groups oriented their attention on the invagiig of the neural
dynamics underlying epilepsy using light-sheet microscoppalticular,
Winter and colleagues [190], who first applied light-sheetrasicopy to
the study of seizures, performed imaging with GCaMP6s-esipgeiarvae
exposed to different convulsant agents. With their ntettieey measured
brain-wide neural activity without achieving cellular rieson at a
volumetric rate of ~ 0.5 Hz. Rosch and colleagues [191¢pwed cellular
resolution light-sheet fluorescence imaging of Tg(elavia€6f) larvae
limited on a single plane at 20 Hz sampling rate. Degpie remarkable
improvements achieved by these groups in the study afresidynamics
in zebrafish, yet their work suffer from some limitatts. Indeed, the former
mapped good part of the larval encephalon, however not aofiswvigle-
cell resolution and reaching a volumetric temporal tegwoi (0.5 Hz)
sufficient to detect slow fluorescence trends but notr@st* dynamics.
The latter, on the other hand, imaged with cellulaokgion a single plane
of the larval brain, thus failing to attain a comprehemsiverview of the
whole-brain neuronal activity. Furthermore, Rosch anigagues, despite
the good cellular resolution achieved, performed a regise-@analysis,
thus neglecting information arising from cell-to-celhamunication.
Aiming to attain novel insights about functional redas between neurons
during epileptic aberrant communication, it would be ciuciat only to
completely map the larval brain with cellular resmlat but also to conduct
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single-neuron analysis. The use of Bessel beamsiilation LSFM, in
addition to the demonstrated substantial reduction iotimmal artefacts
arising from haemodynamic fluctuations, allowed us to se@lignimage
single planes of the larval brain, progressively cinggreat part of it,
during spontaneous activity and PTZ-induced seizures. Theohapplied
allowed us to image, detect and analyse on average ~ 74 09@lurad
neurons in each 4 dpf larva recorded, which is a resujt close to the
80 000 neurons reported by Ahrens and colleagues [12]. Owinbeto t
custom analysis developed, we produced 3D neuronal activifys ma
representing, in a colour-coded fashion, the overallviagctiof each
individual cell detected (Fig.49). These activity maps alidentifying at
a glance those neurons that were more active duringgasurement time-
window. The sensitivity of our measurements and custaatysis pipeline
is confirmed by the possibility to identify in the controeasurement
activity map (Fig.50a) a bilateral symmetric cluster o€tive
rhombencephalic neurons, anatomically compatible whih hindbrain
oscillator (HBO) first described by Ahrens and colleag{?], later
studied from a functional point of view by Dunn and colleag8§], and
more recently by Wolf and colleagues [192]. Furthermore semsitivity
of our methods allows following the onset of mild asllves severe
seizures, as induced by 1 mM and 7.5 mM PTZ, respectalpne hand,
the 3D activity map at 1 mM PTZ (Fig.50b) shows increasedomailir
activity particularly localized in the hindbrain (intstmgly, this result
confirm what observed in wide-field fluorescence measerdgs, Fig.39a).
Indeed, the hindbrain contains a diverse set of sensoigrmetworks that
control movements required for vision, respiration,stication, and
locomotion in all vertebrates [193]. It has been shtvaih in zebrafish the
hindbrain is organized in networks composed by clusters alrghtergic,
glycinergic, and GABAergic neurons [194]. Probably, the desweof
GABA inhibitory action, due to PTZ binding to GABAeceptor, leads to
a loss of the equilibrium between inhibitory (glycinedaBABA) and
excitatory (glutamate) signals. Lack of inhibitory sigmathe hindbrain
circuits could be responsible for the increased hindbraimamal activity,
in turn responsible, for example, for the increasedramtor activity
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observed in combined fluorescence-behavioural measurentagss3(,

40, 42). On the other hand, the 3D map obtained at 7.5 mMHF250c)
shows an overall increased neuronal activity spanning thoutigine
whole larval brain, indicating that the raised PTZcamtration probably
acts on multiple target brain areas. To test thesethgpes, however, it
will be necessary to identify the specific phenotypesth&f neurons
involved. In particular, we plan to perform immunostainingayaae after
brain activity recordings. This way, through a corrglatapproach, we
could be able to better understand the mechanisms underlying the
functional dynamics observed. The substantial increaseuronal activity
visible in the deeper layers of the larval brain isstrikely due to the
acquisition protocol. Indeed, performing imaging on sequeptahes
from the most superficial to the deepest ones, introda@sresponding
dorso-ventral gradient of time exposure to PTZ. Thusddepest layers
are those which were imaged approximately 1 hour after PTZ
administration, probably a time sufficient, at thenoentration tested, to
pass in a different seizures stage. This could be the lnainof this
approach, which however we plan to overcome by increabagumber

of larvae tested trying to invert the direction of seqa¢imaging.
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Whole-brain neuronal dynamics by two-photon
light-sheet fluorescence microscopy

In order to perform real-time whole-brain functionalasgrements in both
physiological and pathological conditions, we devised aehoustom-
made two-photon light-sheet microscope. Owing to the IRatian light
used, not perceived by zebrafish visual system [195, 196], red@chivity
recordings were free from probable artefacts arising freisual
stimulation. Indeed, when exciting fluorescent'Qaporters with visible
light (blue in the case of GCaMP), a strong visual dtisis delivered to
the larva and, despite adaptive mechanisms desensitisingr@teptors,
the neuronal recording could somehow be biased. Indeedt studies by
Ahrens and colleagues [12] and Panier and colleagues [131}mpedo
functional measurements of zebrafish neuronal actusigg visible laser
excitation light-sheet microscopy. Both groups iderdifiusters of active
neurons in the most superficial layers of the optieeium (Fig.19). This
activity, not detected in our two-photon excitation measergs (Fig.52,
53, 54, 55), could actually be due to the visual stimulationadpe by the
excitation light itself. Indeed, to overcome this issdiadimirov and
colleagues [132] proposed an illumination scheme, basedwon t
perpendicularly placed excitation objectives (a lataral a frontal one,
with respect to the larva position), tailorad hocto exclude eye exposure.
Although ingenious, this approach requires a further etépats adjust the
laser scanning limits from time to time, thus limiting ti@e-window
useful for imaging, and also unavoidably skipping some aglevbrain
regions. The system developed allowed recording neurangitya in
conditions more similar to the physiological oneggial-time in the whole
brain and with cellular resolution (Fig.51). In contragth 3D mapping
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performed with Bessel illumination LSFM, here the simotou$
recording of single neuron activity allows compar@giBAraces of cells
imaged in different planes. We compared the neuronaityabif the same
larva, both in control and PTZ-induced seizure conditiviedumetric data
produced posed a big challenge due to their size and complékitg, a
custom analysis pipeline was developed using Python progragnmi
language. Data were analysed in a pixel-wise fashiomnatnivial task
when every second of acquisition produced approximatelymil@ns
pixels. Due to the complexity of data produced, as anpirgdiry result we
analysed only a short time-window (5 minutes) of the lome- long
measurements performed. Based on strong pixels correl@oorelation
coefficientV 0.9) the analysis conducted on the physiological activity
evidenced the presence of three main neuronal clustéve daring the
time-window considered (Fig.52). By correlating the ager activity of
those clusters with the one of each image pixel, btaived 3D correlation
maps highlighting the presence of three functional csc{kigs. 53, 54,
55). All circuits showed a prevalence of neurons charaed by
correlating (green) activity. In particular, circuit (kig.53) showed the
almost complete absence of anticorrelating neurons, (retje us believe
it a as predominantly excitatory circuit. In circuita®d C (Fig. 54, 55)
small clusters of anticorrelating neurons were visiblebably due to the
presence of inhibitory synapses silencing those neuredshen the rest
of the circuit (green) was active (and not silencingnt when the rest of
the circuit was silent). Both circuits B and C had spaanticorrelating
neurons located in the periventricular region, congetvith GABAergic
periventricular neurons (PVNSs) identified by Robles arittagues [197].
After 50 minutes of exposure to 15 mM PTZ, none of the etadisted
above was identified. Indeed, based on pixel correlatgingle cluster was
identified (Fig.56). The 3D correlation map revealed thesgmee of a
widespread circuit spanning almost the whole brain, atreghérent with

24 Indeed, as highlighted i@hapter 18 due to the serial acquisition of the sequentially
deeper brain planes, each optical slice is imaged witmpaal delay (0.033 s) with
respect to the previous one. Thus, the last plane wagetinapproximately one second
after the first one. Owing to GCaMP6s kinetic, tiisot a time too long to prevent
comparison between different planes.
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PTZ mechanism of action suppressing GABAergic transmmssio
Furthermore, the result confirms that this saturatingeoimation of PTZ
produces a global activation of the brain, as previousoastrated
(Fig.41).
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In this PhD thesis, we developed a zebrafish transgeei@kpressing in
the nucleus of all CNS neurons the sensitivé’ @alicator GCaMP6s and
used it to perform whole-brain light-sheet microscopynctional
measurements. In particular, we performed two-photonl-tirea
recordings at a volumetric framerate of 1 Hz. This fregyeis just
sufficient to record calcium dynamics. Indeed, in the fere we will
upgrade the setup to improve the volumetric frameratpatticular, we
will mount the 10x demagnification objective on a piego&ic motor in
order to perform remote displacement of the detectionctige focus.
With this improvement, we will keep the detection objeestill and move
the demagnification one, thus being able to increasevthemetric
sampling frequency up to 5 Hz without the risk to transmdesired
vibrations to the sample. The measurement of activitir Wigh spatio-
temporal resolution will improve our understanding of thacfional
connectivity underlying physiological and aberrant neuronal
communication. Furthermore, the identification of speciheuronal
clusters involved in seizure propagation would most likdép improve
the efficacy of drug screenings for specific compounds, lBcsSey those
molecules acting on desired target brain areas.

Our intention is then to perform simultaneous?Camaging and
optogenetic stimulation. To this aim we have choserotgple the green-
emitting GCaMP6s indicator with the spectrally wedparated, genetically
targeted red-shifted opsin ReaChR [198, 199] (Fig.58). This esrgie
light-gated cation channel can be opened by shining lightappropriate
wavelength, thus eliciting action potentials in the setécteurons. To
perform optogenetic control of the activity of desireglimons in three
dimensions, we will implement the current setup wistimulation system
composed by a pulsed Ti:Sa laser emitting at 1064 nm andial gt
modulator (SLM). The SLM will allow to precisely conttbe position of
several two-photon excitation volumes spread in difier positions
throughout the larval brain. With this method, we ptastudy, in a “pump
and probe” approach, the neuronal dynamics emerging fr@stithulation
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of single or multiple nodes of a circuit, in order abtain a deeper
comprehension of the functional organization of theafeth brain.

Figure 58. Co-expressiomnf GCaMP6s an
ReaChR in larval zebrafish CNS neur.

Confocal image of a portion of a 4 dpf Tg(elval3:H2B-
GCaMP6s) zebrafish larva expressing the2'Ca
indicator along with the red shifted opsin Rea(
GCaMP6s expression is paeuronal, while ReaCt
shows a mosaic expression due to the fact that the
was microinjected, when oreell stage embryo, wi

a plasmid carrying the opsin gene. It is interestit
note the nuclear localization of GCaMP6s in con
with the membrane expression of ReaChFhe
localization of the opsin is made visible becau
expresses as a fusion protein with mCherry.
Objective: Nikon Plan Apo 20x, NA 0.75.

Scale bar: 10 pm.
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Appendix A

Figure Al. Effects of different PTZ concentrations on brain activity.

Each symbol represents the mean change in fluorescempaied to baseline@ABA of
multiple larvae exposed to the same condition. Red symapoesents mea@ABAof
larvae treated with 15 mM PTZ after a jimeubation of one hour in 5 mM VPA. Dasl
line is the linear regression through PTZ-only poiBtsor bars: SEM. Errorsf the point
at 0 and 1 mM PTZ are smaller than symbols size. Nuofilarvae measured: 6 (0 m!
7 (1 mM), 5 (2.5 mM), 6 (7.5 mM), 7 (15 mM), 3 (15mM + VPA).
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Figure A2. Evaluation of cross-talk between brain regions due to wide-
field imaging

Imaging was performed on the same larva in wide fikdft, (top panel) and confoc:
(left, middle panel). The confocal image was constructed as the sum of 188ced
planes (with 2 m zsteps) encompassing the whole depth of the larva brdiis
reconstruction is taken as a good reference for compawigio the wide field image, sin
each plane does not suffer from contributions of outofis planes from adjacent br
regions at different depths. Comparison of the two irmagel observation of the over
(left, bottom panel) demonstrates that the wide field image captures maseotlevar
featules of the encephalon as imaged with confocal microséopeantitative correlatic
between wid-field versus confocal intensities of the four regianalysed in the papel
shown in the right panel. Intensities are reportepaasentage over the totatensity
integrated on the whole brain.
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Figure A3. 2D heat maps used to produce 3D activity maps.

Each of the 23 planes showed were imaged progressiostytfre dorsal surface of
dpf Tg(elavi3:H2B-GCaMP6s) zebrafiskarva. Through a custom Matlab sc
processing (sePata analysisfor details) each neuron identified was expressed v
round symbol having a colour showing its overall agtigitring the time of measurem
(4 minutes) and placed in a virtual image with the originardimates the neuron hac
the original image. Thus, 2D heat maps were produced, ekuyabs activity of eac
single neuron present in the imaged plane. Those hgas were then combined
produce 3D maps of activity showed in Figure 50.

195



Appendix B

Following, the custom Matlab scripts written to perfoamalysis of 3D
mapping of zebrafish neuronal activity by Bessel beammitiation light-

sheet fluorescence microscopy.

% The_Cell_Detector.m

%

% This scripts detect circular-shaped cells or cell

% contrast information.

%

% Requires Image Processing Toolbox.

%

% This script only runs on 64-bit Windows because i

% MEX files build by VS2010. For use in other syste

% re-compile corresponding cpp files.

%

%

% Parameters for cell detection

%

% outdir -> Qutput directory of cell recogn

% fname -> Name of the image file to be an

% br_threshold -> Minimum brightness threshold fo

% cont_threshold -> Threshold for local contrast. T

% should be brighter than surroun

% cell_rad -> Radius of cells to be detected.

%

%

% Output of the script

%

% cellmask.tif -> Visual result of cell recogniti

% cell_info.mat -> Information of detected cells.

% center] y and x coordinate o

% area] area of the detected

% slice] Z-plane of the detec

% inds] one-dimensional indi

% y_minmax] min and max end of y

% x_minmax] min and max end of x

%

% developed by Francesco Vanzi, European Laboratory
% Spectroscopy (LENS), University of Florence, base

% Kawashima, HHMI Janelia Research Campus (Detailes
al., 2016.)

%

% October 10, 2018

tic

clear;

MIP=imread( 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\CLAHE(
MIPmask=imread( 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\CLAHE(
outdir="'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\'
planenumber = 24;
% filename = (['Plane’, num2str(planenumber)]); % s
in it

% filenamelabel = ([filename,'_celllabel1);

br_threshold = 50;
cont_threshold = 8;

cell_rad = 2; % keep it like this, it works just fine
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for Non-linear
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15,256,3)\AVG_Plane24 tif' );
15,256,3)mask\AVG_Plane24 tif' );

%% specify output directory

% Set the number of the frame you are processing

etting filename with frame number

% to be set individually for each MIP to be segment ed
% to be set accordingly to image contrast (good con

trast = 8)
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%% setting filters and matrices for detecting cell

num_images = 1;
dim=[1024 1024 1];
f=[1024 1024];

ave_rad=round(cell_rad/2)+1;
[avedisk, ave_se, rl, c1, maskinds]=make_recog_dis

[maxdisk, max_se, r2, c2, maxinds]=make_recog_disk

onedisk=makeDisk(ave_rad,ave_rad*2+1);
one_se=strel(onedisk);

r=cell_rad*2;
dimp=[dim(1)+r*2 dim(2)+r*2];
oop=zeros(dimp);
oop(r+1:end-r,r+1:end-r)=1;
one_inds=find(oop);

[mdisk, ~, ~, ~, rankinds]=make_recog_disk(r,dimp)
rank_ones=double(maskones2D_mex(int32([dim(1)
dim(2)]),int32(mdisk),int32(size(mdisk))))’;

%% detecting cells

mkdir(outdir);

cell_info=struct;

cell_color=zeros([dim(1) dim(2)*2+1 dim(3) 3],
cellnum=0;

allmask=zeros(dim(1),dim(2));
imlen=dim(1)*dim(2);

for z=1:dim(3)

im=MIPmask;

allmask(:)=0;

contimage = local_contrast_mex(single(im),int32
figure

imagesc(contimage, [0 1])

contimage = imdilate(imerode(contimage,one_se),
contimage = contimage.*uint8((im>br_threshold))

candidates=find(contimage);
if ~isempty(candidates)
%% recognizing cells in the first round

imrank =
calc_local_rank(im,rank_ones,cell_rad*2,00p,one_ind

aveimg =
double(local_average_mex(single(imrank),int32(c1),i

maximg =
double(local_max_mex(single(aveimg),int32(c2),int32

inds=find(maximg(candidates)>0 & aveimg(can
mask2=zeros(dim(1),dim(2));

for i=1l:length(inds)
cinds=candidates(inds(i))+maskinds;
cinds(cinds > imlen | cinds<1)=[];
mask2(cinds)=1;

end

allmask=mask2;

%% recognizing cells in the second round

k(ave_rad,dim);
(round(cell_rad*1.5),dim);

uint8' );

(32),single(cont_threshold));

one_se);

s,rankinds,candidates);
nt32(rl),int32(candidates)));
(r2),int32(candidates)));

didates) >0.4);
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mask3=ones(size(im), 'uint8' )-imdilate(uint8(allmask),max_se);
mask3 = imdilate(imerode(mask3,one_se),one_ se);
candidates2=candidates(mask3(candidates)>0) ;

imrank2 =

calc_local_rank(im,rank_ones,cell_rad*2,00p,one_ind s,rankinds,candidates?2);
aveimg2 =

double(local_average_mex(single(imrank2),int32(c1), int32(r1),int32(candidates?)));
maximg2 =

double(local_max_mex(single(aveimg?2),int32(c1),int3 2(r1),int32(candidates?2)));
inds=find(maximg2(candidates2)>0 & aveimg2( candidates2) >0.4);

mask2=zeros(dim(1),dim(2));

for i=1l:length(inds)
cinds=candidates2(inds(i))+maskinds;
cinds(cinds > imlen | cinds<1)=[];
mask2(cinds)=1;

end

allmask=allmask+mask2; % fv

cellkernel=[00100;01110;11111;0 111000100 % fv
FVCell=deconvlucy(allmask,cellkernel); % fv
FVCell=ceil(FVCell.*(FVCell>0.8)); % fv

%% create each cell ROls
% The following four commands represent the differe nce between Kawashima et al, 2016.
% method and ours. Use first line and comment secon d to fourth to use Kawashima.
% Comment only first line to use ours.

%]celllabel, totcell]=bwlabel(allmask,8);
[celllabel, totcelll=bwlabel(FVCell);
celllabel=conv2(celllabel,cellkernel);
celllabel=celllabel(3:1026,3:1026);

if totcell>0
cell_info=create_cell_info(cell_inf o,celllabel, totcell,z);
end

else

totcell=0;

celllabel=zeros(size(im));

end

cell_color(:,:,z,:)=reshape(make2DMask(MIP,cell label,candidates),[dim(1)

dim(2)*2+1 1 3]);

cellnum=cellnum+totcell;
disp(num2str(z));

end

%% Saving files

write_colortiff_mex(fullfile(outdir, 'Plane24.tif' ),cell_color,
int32(size(cell_color)));

save(fullfile(outdir, 'Plane24.mat" ), 'cell_info' ;
save(fullfile(outdir, 'Plane24_celllabel.mat' ), 'celllabel );
toc
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% The_DF_F_calculator.m

%

% This scripts calculate DF/FO from large stacks us ing coordinates data produced by
The_Cell_detector.m

%

% Requires Image Processing Toolbox.

%

%

% Parameters for cell detection

%

%

%

% Output of the script

%

%

% developed by Francesco Vanzi and Lapo Turrini, Eu ropean Laboratory for Non-linear
% Spectroscopy (LENS), University of Florence

%

% October 10, 2018

%% Loading.tif stack
tic
clear;

% Loading cell info file
load( 'C:\Users\Lapo Turrini\Desktop\Misure

SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result s\24\Plane24.mat' );

load( 'C:\Users\Lapo Turrini\Desktop\Misure

SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result s\24\Plane24_celllabel.mat' );
outdir = 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result s\24\' ;%% specify output
directory

FileTif = 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Downsa mpled, Binned,

Registered\Plane 24 tif' ;
Infolmage = imfinfo(FileTif);
mimage = Infolmage(1).Width;
nimage = Infolmage(1).Height;
Numberimages = length(Infolmage);

Finallmage = zeros(nimage,mimage,Numberimages, 'uintl6' ); % use 'uint8' for 8-bit
images or 'uint16' for 16-bit images
f=[mImage nimage]; % Number of pixels for each side of the FOV
totcell = length(cell_info); % Total number of cells detected
TifLink = Tiff(FileTif, )
for i=1:Numberimages
TifLink.setDirectory(i);
Finallmage(:,:,i) = TifLink.read();
end
TifLink.close();
%% Extracting DF/F from stack using segmentation x, y coordinates
FrameRate = 5; % Actual frame-rate of the loaded stack expressed i n Hz

fr = (1:Numberimages)’;
tr = zeros(Numberlmages,totcell);
DF_F = zeros(Numberimages,totcell);

for cn = 1:totcell
[x,y] = ind2sub(f,find(celllabel==cn));

Sint = double(0);
for coordpair = 1:length(x)
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Sint = double(double(SInt)+double(Finallmag
%Finallmage is the image stack: x,y,t matrix
end
trt = squeeze(Sint);
if cn==
tr = double(trt);
else
tr = [tr double(trt)];
end

DF = msbackadj(fr,trt,
FO = trt-DF;
MFO = min(F0);
if MF0>15
DF_F_temp = DF./FO;
else
DF_F_temp(fr) = 0;
end
DF_F(fr,cn) = DF_F_temp(fr);

end
save(fullfile(outdir,
toc

'DF_F24.mat ), DF_F );

% The_Peaks_Finder.m

%

% This scripts identifies peaks of fluorescence act

% The_DF_F_Calculator.m and produces a heat-map att
cell detected by The_Cell_Detector.m

%

% Requires Image Processing Toolbox.

%

%

% Parameters for cell detection

%

%

%

% Output of the script

%

%

% developed by Lapo Turrini, European Laboratory fo
University of Florence

%

% October 10, 2018

tic

clear;

%% Loading DF/F file

load( 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result

%% Loading cell info file
load( 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result

%% Loading MIP file

MIP =imread( 'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\CLAHE(
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% Setting output directory

outdir="'C:\Users\Lapo Turrini\Desktop\Misure
SPIM\zf_12_binned_16bit_registered_ptz_7_5mM\Result s\activity map\' i %% specify
output directory

planenumber = 24; % Set the number of the frame you are processing
filename_sum_pks = ([ 'SUMpeak_" , num2str(planenumber)]);
filename_sum_p = ([ 'SUMprominence_" , num2str(planenumber)]); % setting filename with

frame number

dim =[1024 1024 1]; % Image size in pixel

F = length(DF_F(:;,1)); % number of frames

C = length(DF_F(1,3)); % total number of cells
order = 3;

framelen = 17;
FR =5; % Actual framerate considering downsample
iftbr = 50; % Initial frames to be removed

%% Removing initial frames

for k=1.C
DF_Fclean(:,k) = DF_F(iftbr:end,k);
end
Fclean = length(DF_Fclean(:,1)); % number of clean frames

%% Allocating memory

smoothedDF_F = zeros(Fclean,C);
P{C}=[I;

sum_pks = zeros(1,C);

sum_p = zeros(1,C);

sum_p_mask = zeros(dim(1),dim(2));
sum_pks_mask = zeros(dim(1),dim(2));

%% Converting number of frames in time

n_frames = (1:Fclean)'; % all frames
time = n_frames*(1/FR); % number of frames converted in time [s]
meas_length = time(end); % time of measurement
%% Applying Savitzky-Golay smoothing to each DF/F t race
for i=1:C

smoothedDF_F(:,i) = sgolayfilt(DF_Fclean(:,i),0 rder, framelen);
end

%% Performing findpeaks on each smoothed DF/F trace

for j=1:C
[pks,locs,w,p] =
findpeaks(smoothedDF_F(:,j), '‘MinPeakProminence'  ,0.02, ‘'Annotate’ ,'extents' );
P{j} = [pks,locs,w,p];
end
%% Calculating sum of both peak maximum and peak am plitude
for k=1:C
sum_pks(;,k) = sum(P{1,k}(:,1)); % calculating sum of the first column (pks) for
each trace
sum_p(:,k) = std(P{1,k}(:,4)); % calculating sum of the fourth column (p) for
each trace
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end
%% Extracting cell coordinates

center = {cell_info.center}.’;
center_coordinates = cell2mat(center);
X_center = center_coordinates(:,2);
y_center = center_coordinates(:,1);

% cellkernel=[00100;01110;11111,011 1 0;0 0 1 0 0Q]; % squarish cells
cellkernel=[0001000;0111110;01111 10;1111111;0111110;0
111110,0001000]; % round cells

%% Creating a mask with each cell showing the sum o f its peak's amplitude

(prominence)
for i=1:C
sum_p_mask(x_center(i),y_center(i)) = sum_p (:0);
end
% sum_p_mask = sum_p_mask./meas_length;
sum_p_mask = (sum_p_mask)’;
fnan_p = find(isnan(sum_p_mask)); % find NaN in sum_prominence mask
sum_p_mask(fnan_p) = 0; % setting at 0 all found NaN
sum_p_map = imdilate (sum_p_mask,cellkernel);
imwrite(sum_p_map,fullfile(outdir, filename_sum_p), 'tif' );

dimwrite(filename_sum_p,sum_p_map);

%% Generating a mask with each cell showing the sum of its peak's maxima
for i=1:C

sum_pks_mask(x_center(i),y_center(i)) = sum _pks(:,i);
end

sum_pks_mask = sum_pks_mask./meas_length;

sum_pks_mask = (sum_pks_mask)';

fnan_pks = find(isnan(sum_pks_mask)); % find NaN in sum_pks mask
sum_pks_mask(fnan_pks) = 0; % setting at 0 all found NaN

sum_pks_map = imdilate(sum_pks_mask,cellkernel);
imwrite(sum_pks_map,fullfile(outdir, filename_sum_p ks), ‘tif' );
dimwrite(filename_sum_pks,sum_pks_map);

toc
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