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Abstract 
 
To investigate the visual system of the zebrafish, different techniques were used to 
express genetically-encoded Ca2+ indicators and test their functionality in vivo. XFPs, G-
CaMP 1.6 and troponeons were expressed in a mosaic pattern and in single neurons 
under different promoters in the whole central nervous system of larval zebrafish. Light-
evoked responses to a flickering LED in G-CaMP1.6 expressing tectal neurons were 
recorded with single photon excitation. Furthermore, changes of intracellular [Ca2+] were 
measured in separate dendritic structures. For the characterization of expression 
patterns, repeated two-photon imaging of the whole tectum opticum was performed, 
allowing the monitoring of single cells in high resolution over time.  
The analysis of the expression of green fluorescent protein (GFP) showed that nearly all 
cell types present in the adult, are found as early as 7 dpf (days post fertilisation) in the 
zebrafish larvae, which was unknown previously. Equally, at 7dpf, the lamination of the 
tectum opticum was found to be similar to that of the adult. Furthermore, the onset of 
development of the tectal laminar structure seems to coincidence with the first 
arborization of retinal axons onto their tectal target (84 hpf).  
Linking of these morphological aspects, with functional properties of tectal neurons in 
the larva, gives valuable information about different players in the visual processing in 
the tectum. The system developed in the course of this study presents an experimental 
tool for the investigation of the cytoarchitecture of neural circuits with a quasi non-
invasive monitoring of network activity throughout early development in an in vivo 
preparation, which has direct application to complex questions of systems level 
neuroscience. 
 
Key words: zebrafish; tectum opticum; calcium imaging; G-CaMP;  two-photon 
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Deutscher Titel und Zusammenfassung 
 
Anwendung von G-CaMP1.6 zur Beobachtung visuell hervorgerufener 
synaptischer Aktivität in tektalen Neuronen in vivo 
 
Um das visuelle System von Zebrafischen zu untersuchen, wurden verschiedene 
Methoden eingesetzt zur genetischen Exprimierung von Ca2+ Indikatoren und ihrer 
Anwendung  in vivo. XFPs, G-CaMP 1.6 und Tropeonen wurden sowohl in Mosaik-
Mustern als auch in einzelnen Neuronen exprimiert vermittels verschiedener 
Promoteren im gesamten Zentralnervensystem von Zebrafischlarven. Die Reizantworten 
tektaler, G-CaMP 1.6 exprimierender Neuronen auf Lichtanregung wurde durch Einzel-
Photonen-Exzitation erfasst. Weiterhin wurden Veränderungen intrazellulären [Ca2+] in 
unterschiedlichen dendritischen Strukturen gemessen. Für die Bestimmung von 
Expressionsmustern wurde wiederholt das gesamte tectum opticum mittels Zwei-
Photonen-Lasermikroskopie erfasst, was eine Zeitreihenanalyse einzelner Zelltypen 
ermöglichte. 
Die Untersuchung der Exprimierung von GFP (grün fluoreszierendes Protein) zeigte, 
dass fast alle Zelltypen des erwachsenen Zebrafisches bereits sehr früh, um 7 dpf (Tage 
nach Befruchtung) in der Zebrafischlarve vorhanden sind, was bis jetzt nicht bekannt 
war. Es wurde festgestellt, dass bereits zur selben Zeit (7 dpf) auch der Schichtaufbau 
des tecti dem des erwachsenen Zebrafisches sehr ähnlich ist. Dabei scheint die 
Einleitung der Entwicklung des tektalen Schichtaufbaus mit dem ersten Verzweigungen 
der retinalen Axonen zu ihren tektalen Zielzellen zeitlich zusammenzufallen (84 hpf, 
Stunden nach Befruchtung). 
Diese Beobachtungen morphologischer Art liefern zusammen mit dem Wissen über die 
funktionellen Eigenschaften tektaler Neuronen in der Zebrafischlarve wertvolle 
Informationen über die an der Verarbeitung von visueller Information im tectum 
beteiligten Komponenten. Weiterhin stellt das während der für diese Arbeit entwickelte 
System ein wertvolles experimentelles Hilfsmittel dar für die Untersuchung des 
zellulären Aufbaus neuronaler Netzwerke durch die Beobachtung der Netzwerkaktivität 
auf quasi nicht-invasive Weise in einer in vivo-Präparation; dies ist direkt verwendbar für 
die Untersuchung komplexer Fragestellungen auf höherer Ebene in der systematischen 
Neurowissenschaft. 



 

 
Eva Aimable Naumann: Using G-CaMP 1.6 to Monitor Visually-Evoked Synaptic Activity in Tectal Neurons in vivo 

4 

Acknowledgments 
 
My thanks go to Prof. Dr. Florian Engert at Harvard University, USA and                      
Prof. Dr. Claudia A.O. Stürmer, Universität Konstanz, Germany for supervising this 
thesis. Furthermore, I am particularly grateful for having been able to do the 
experimental work for this thesis in Prof. Engert´s laboratory. Especially, I would like to 
express my admiration for Prof. Engert´s outstanding leadership and teaching.  
 
I also would like to thank the whole group of the Engert laboratory, in particular Dr. 
Johann Bollmann, Adam Kampff and Dinu Florin for their endless patience at teaching 
two-photon microscopy and Pavan Ramyda, Bettina Reiter, Andre Valente, Rebecca 
Vislay for many fruitful discussions and many useful comments. I am also grateful to 
many members of the research group of Prof. Venkatesch Murthy for vivid exchange in 
the field of molecular biology, especially Dr. Juan Burrone. Kaveri, I would like to thank 
you for the help in developing the lipofection technique. Finally, I would like to express 
my appreciation to Roland Puettmann-Holgado and Prof. Dietmar Schmucker for many 
hours of patient teaching and helping, and, last but not least, to my friends and family for 
their support at many levels, especially my mother and my brother Olaf. 
 
 
 
 
 
 



I. INTRODUCTION AND THEORETICAL BACKGROUND 
 

 
Eva Aimable Naumann: Using G-CaMP 1.6 to Monitor Visually-Evoked Synaptic Activity in Tectal Neurons in vivo 

5 

I. INTRODUCTION AND THEORETICAL BACKGROUND 
 
 
1. INVESTIGATION OF NEURAL CIRCUITS  
  
1.1 Motivation: The scope of neural complexity  
 

Asking profound questions like how the brain works or how the nervous system is 
linked to behaviour, is of fundamental interest to modern biology. One key to these 
questions is to understand the developmental processes that result in the about 1012 
neurons in our brain, each one of a specific type, position, spectrum of connections, and 
finally their patterns of activity. Facing such a fantastically complicated phenomenon, 
science can benefit from a reductionist approach, e.g. the use of a more simple model 
system that is experimentally accessible, with the hope that the findings obtained may 
be generalized to the more complex system.  

 
The simple model system at the focus of this study is the neural circuit of the 

visual system in larva of the vertebrate teleost zebrafish, Danio rerio.  
 
1.2 The visual system: an example for a neural circuit  
 

Adult vertebrate nervous systems possess, after a period of neural development 
eventually a set of synaptic connections which implement neural circuits with specific 
functional properties.  
 

The building of a prominent example of such a neural circuit, the vertebrate visual 
system, has been extensively examined in both mammals [Goodmann & Shatz, 1993; 
Tessier-Lavinge & Goodmann, 1996] and in lower vertebrates [Baier et al, 1996].  
Due to its experimental accessibility, the retinal projection in frog and fish has lead to 
many insights about how the topographic map of the visual field present on the retina is 
finally conveyed to the optical tectum –the mammalian homologue is the superior 
colliculus– a brain structure involved in visual processing, building the retinotopic map.  
 

Starting with famous experiments by Roger Sperry [Sperry, 1963], which have 
first elucidated the roles of both chemical gradients and synaptic activity in axonal and 
dendritic growth processes, the retinotectal projection has established itself as a model 
system with its well-defined mapping, providing information about the process of retinal 
axon pathfinding, tectal cell dendrite extension, and correct synapse formation between 
the two neuronal populations [Baier et al., 1996; Fraser,1992; Hutson & Chien, 2002].  
 
1.3 How are neural circuits established? 
 

Intrinsic processes, genetically determined, that establish chemical gradients are 
believed to set up a coarse initial layout of the retinotopic map, by specifying axonal 
arborization fields. Once early connections are formed, patterned synaptic activity due to 
sensory experience refines this initial mapping, by instructively or at least permissively 
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influencing axon and dendrite growth [Ruthazer & Cline, 2004]. The long discussion of 
nature versus nurture, referring to intrinsic determinant factors and environmental 
influences respectively, continues here, as an attempt to unravel the players and 
mechanisms responsible for the final outcome.  
 

Activity-dependent refinement in the early vertebrate central nervous system, 
where sensory input impacts epigenetically the fine structure of neuronal connections, is 
a long understood phenomena in higher vertebrates like monkeys or cats [Hubel & 
Wiesel, 1982]. In those animals neural activity modulates the early development of 
topographic visual maps by refining an initially imprecise and overlapping projection from 
both eyes in the visual cortex by driving synapse and axon arbor pruning as well as map 
refinement into eye-specific ocular dominance columns. 
 
1.4 Current knowledge on the role of activity dependent refinement in the 
establishment of neural circuits  
 

Each fish and early frog retina projects completely to the contralateral optic 
tectum in a topographically well organized manner, forming an inverted map of visual 
space. That maturation and refinement of these retinotopic map also involves activity-
dependent processes is supported by zebrafish mutants (macho) with a temporally 
regulated reduction in sodium currents begins at the time that the retinotectal projection 

refines [Gnuegge et al., 2001]. Macho displays a dispersed projection, but nearly no 
differences in individual optic axon arbor morphologies. Given that this alteration in the 
projection pattern occurs after the correct initial coarse mapping, suggests that also in 
nonmammalian vertebrates neuronal activity is necessary for synapse stabilization and 
refinement, but not for the establishment of the coarse retinotopic map in the first place.  
 

An observation of the formation of eye-specific stripes in the optic tectum of frogs 
in which only one optic tectum is innervated by two eyes [Reh et al., 1982] supports the 
idea that activity indeed does play a role in the establishment of topographic maps and 
that ocular dominance columns may emerge via an activity-dependent sorting 
mechanism. 

 
More evidence for an early role for activity-dependent competition during synaptic 

circuit formation comes from rewired ferrets, in which retinal axons from the two eyes 
first overlap within the auditory thalamus, but at a later stage segregate into eye-specific 
clusters forming a topographically ordered, functional retinotopic map at a completely 
inappropriate target [Sur et al., 2002]. The fact that molecular cues for correct 
topographic axonal growth are organized differentially in the distinct thalamocortical 
sensory circuits (visual versus auditory), indicates an instructive role of patterned activity 
in the wiring. 
 

The mechanisms by which experience, is able to refine a developing neuronal 
circuit are not well understood, which of course is also due to the fact that how these 
circuits are established at all still poses many open questions.  
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1.5 How to investigate neural circuits and their establishement 
 

Therefore, comprehension of the assembly and functional organization of neural 
circuits during development requires the ability to follow simultaneously the spatio-
temporal distribution of activity in populations of neurons “in vivo”. However, since it is 
very difficult to gain access to tissue deep in intact animals such as the mammalian 
brain [Helmchen et al., 2002], it seems that an understanding of the principles of 
functional maturation of the neuronal circuits in lower vertebrates can bring greater 
insights into the underlying mechanisms and organization of the these neuronal circuits 
more rapidly, even when cross species variations will not allow complete 
generalizations. Nonetheless, next to its accessibility, the visual system of non-
mammalian vertebrates like frog and fish shows further advantages in its remarkable 
plasticity making it a attractive model to explore the mechanisms by which neuronal 
activity modulates the development and refinement of topographic maps [Debski & Cline 
2002].  
  

Clues as to  activity-dependent refinement could take place come from the highly 
dynamic branching period in the first few days after fertilization: Fish and frog 
observations monitoring this growth phase in vivo show dendritic branches are being 
extended and retracted and nascent synapses being eliminated [Cline, 2001; Cohen-
Cory, 2002; Wong et al., 2000]. However, examinations of the morphological 
development of the tectal cell population were concentrated on single periventricular 
tectal neurons [Kaethener & Stuermer,1997, Niell et al. 2004a], leaving out the diversity 
of the early tectal cytoarchitecture. Similar elegant studies using electrophysiological 
methods in this developmental period, primarily focused on the topographical distribution 
of retinal axons [Schmidt & Buzzard, 1990] or changes in synaptic transmission and 
plasticity [Aizenman et al., 2003; Engert et al., 2002; Engert et al., 2002] contribute 
further to the understanding of single cell properties, but give restricted information 
about the functioning of the neural circuit. 
  

Only recently Niell et al. [2004b] used synthetic Ca2+ indicators to study the 
development of properties of receptive fields of periventricular tectal cells, which are 
thought to receive the main input from retinal ganglion cells. They show that shortly after 
the first retinal axons are known to reach the tectal neuropil, the periventricular neurons 
become light responsive; this ties in with patch clamp recordings of cells in the 
superficial layers of the neuropil itself, which also show an early onset of light- 
responsiveness at 4dpf [Reiter et al., 2004] and the onset of an early startle response to 
a change in light intensity [Westerfield, 1993]. It is known that retinal axons begin to 
arbourize in the tectum approximately 60 hours post-fertilization (hpf) [Stuermer, 1988], 
and dendrite growth and synaptogenesis of tectal neurons begin around 3 days post-
fertilization (dpf), ceasing the phase of highly dynamic branching approximately at 7dpf 
[Niell et al., 2004a].  Thus, the finding of Niell et al. [2004b] is in so far interesting as they 
not only observe this early onset (at 3dpf) of general light responsiveness, but also that 
neurons develop specific properties like direction selectivity and receptive fields similar 
to relatively mature neurons (9 dpf) at the same time, arguing for an extremely fast  set 
up of functional synaptic connections despite of dramatic morphological changes in 
these neurons in dendritic arborization and synapse formation. 
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2. MONITORING ACTIVITY IN NEURAL CIRCUITS 
 
2.1 Monitoring activity in neural populations 
 

It becomes clear that the establishment of methods to measure activity of either 
identifiable neurons or at least populations of neurons with characterized properties and 
connections simultaneously, will be necessary to gain an understanding of neuronal 
networks and their development. 
 

Changes in membrane potential are the most direct measurement of neuronal 
activity, therefore the idea of multiple patch recordings or using microelectrode arrays 
[Meister et al., 1995; Markram, 1997] seems to be most straightforward and has proved 
valuable, but it is innately limited: technically the number of patch electrodes is restricted 
to only a few (less than 8) and microelectrode arrays can only measure spiking activity 
or compound field potentials on a two dimensional plane, which makes its application to 
structures in vivo like the tectum very difficult, if not impossible. Furthermore, the 
common limits any electrical recording face is the difficulty of detecting activity in small 
processes and intracellular biochemical changes. 
 
 2.2 OPTOPHYSIOLOGICAL METHODS TO MONITOR NEURAL ACTIVITY 
 

Other ways to measure neural activity attempt to simply visualize it: such 
optophysiological measurements have become achievable with the design of fluorescent 
Ca2+ indicators [see Tsien, 1992 for review] and voltage sensitive dyes that report 
change of intracellular [Ca2+] or a change of membrane potential, respectively. In the 
case of Ca2+indicators activity is indirectly detectable with fluorescent reporters of 
cytosolic [Ca2+]. This  also holds true for zebrafish neurons  [Fetcho et al., 1998] - as 
action potentials trigger Ca2+ transients due to the opening of voltage gated Ca2+ 
channels [Smetters et al.,1999]. 
 

The advantages of Ca2+ indicators that make them so attractive not only lies in the 
ability to measure activity in subcellular compartments, but also offers insights in cellular 
processes that are thought to require rises in local [Ca2+], like the pathfinding associated 
morphological changes of neurites [Yuste & Bonhoeffer, 2004], the induction  of synaptic 
plasticity [Wan et al., 1999] or general gene regulation [Ghosh et al.,1995].  
 

In the last decade, Ca2+ indicators were employed in many different experimental 
set ups to explore patterns of activity in vitro and even in vivo in juvenile or adult 
vertebrates preferably in those with easily accessible embryos during early 
development, e.g. chick, Xenopus and also zebrafish [Helmchen et al., 2002; Gomez et 
al.,1999; Fetcho et al.,1995].  
 
2.3 APPLICATIONS OF Ca2+  INDICATORS IN LIVING ZEBRAFISH 
 

With its nearly transparent body, the zebrafish larva is an ideal experimental 
object to examine with optophysiological techniques and therefore it is not surprising 
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that it was an early target for the application of [Ca2+] measurements with fluorescent 
dyes: populations of spinal and hindbrain neurons in zebrafish larvae were imaged 
during escape responses, showing large depolarisation waves [Fetcho, 1995; Gahtan et 
al., 2002]. 
 

The method to introduce the Ca2+ indicators into cells used in these in vivo 
preparations was the injection of dextran-conjugated Ca2+ indicator dyes, resulting in 
labelling of neuronal populations in the spinal cord with processes at the site of dye 
injection [e.g.Fetcho,1995]. A related technique, the injection of dextran-conjugated Ca2+ 
indicator dyes in single blastomeres of the zebrafish larva and has similarly been used 
for recordings of spinal neurons during escape behaviour and to detect spontaneously 
occurring neuronal Ca2+ transients [Ashworth et al., 2002] 
 

An interesting alternative to these approaches, is the cell labelling with help of the  
membrane permeable acetoxymethyl (AM) ester derivatives of Ca2+indicator dyes, which 
become functional once having passed the membrane barrier and are enzymatically 
cleaved by intracellular located esterases. These dye variants have even been used in 
living mammals, in mice [Stosiek et al. 2003] via a process called “multi-cell bolus  
loading” and allowed monitoring of spontaneous and sensory-evoked Ca2+ changes with 
two-photon imaging of several hundred neurons in cortex with single-cell resolution, 
simultaneously. A similar process was employed in zebrafish larva by Niell et al. (2004b) 
in tectal periventricular neurons, and in spinal cord neurons [Brustein et al., 2003]. 
 

Another approach with AM-ester Ca2+ indicator dye, indicating that the use of 
monitoring changes in [Ca2+] is a promising tool to obtain a high quality of information 
(high time resolution and amplitude) about the neuronal activity was developed in the 
Engert lab [Ramyda et al., 2004]: a whole tectal lobe of the zebrafish larva, after 
epidermis removal, exposed to an AM-ester Oregon-green, was monitored while 
presenting a white noise  light stimulus. The change of fluorescence signal in neurons of 
the superficial neuropil could even be used for reverse correlation analysis of linear 
response properties, allowing the accurate description of the stimulus preference (ON or 
OFF) of multiple tectal cells simultaneously.  
 

However, the limitations of these approaches lie not only in the arbitrarily stained 
neurons or even other cell types (e.g.glia), but also other restrictions, resulting from the 
labelling: The invasiveness of the for AM-ester whole tectal preparation (epidermis 
removal), forcing the later sacrifice of the animal or the lengthy incubation time, lasting 
12–24 h 8 (for the dextran indicators). This prolonged incubation period is of particular 
concern when studying early development, especially since chronic exposure to 
synthetic Ca2+ indicators seems to interfere with normal development [Ashworth R et al., 
2001]. 
 
2.4 Genetically encoded Ca2+- indicators as non-invasive alternative 
 
Therefore, a non-invasive introduction of Ca2+ indicators, which would allow targeting 
into specific cell types would be favourable. With the development and design of 
genetically encoded reporter proteins this seems to be possible by using the appropriate 
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promoters, permitting a combination of long-term studies of neuronal activity and 
morphology of specific cells and subcellular structures such as spines [Grutzendler et 
al., 2002; Trachtenberg et al., 2002]. In the last couple of years the expression of 
different genetically encoded Ca2+ indicators (GECIs) in intact animals has rendered 
possible the measurement of [Ca2+] transients in worm [Suzuki et al., 2003], fruitfly 
[Wang et al., 2003] mouse [Hasan et al., 2004] and unsurprisingly, in zebrafish  
[Higashijima et al., 2003].  

 
Now, the zebrafish, a fast emerging model organism for the visual system [Easter 

et al., 1999; Gathan & Baier, 2004] allows different approaches to the successfully 
implement GECIs in vivo, such as the use of appropriate promoters in combination with 
a specific DNA  introduction method like microinjection [Xu Q.,1999], lipofection 
[Ohnuma et al., 2002], electroporation into single cells or in whole population of cells 
[Haas et al., 2002] or even whole embryo electroporation [Hostetler et al., 2003 ] or viral 
transfection [Wagle & Jesuthasan, 2003].    
 
3. USING GENETICALLY ENCODED Ca2+ INDICATORS TO MONITOR 
TECTAL NEURONS IN LIVING ZEBRAFISH   
 

Here I present the results of the development of a reliable system to express two 
GECIs, G-CaMP1.6 and TNL-15, such that their functionality is testable in vivo in 
zebrafish tectal neurons with single photon excitation and a light stimulus from a 
flickering red LED. In combination with the stable excitation of a Xenon lamp,  the 
indirect monitoring of activity by measurements of intracellular [Ca2+] levels in 
populations of cells, single cells, or even cell compartments is possible.  
 

This investigation involved the testing of different promoters that seemed to be 
amenable for this project and also of different DNA introducing techniques, mainly 
microinjection and lipofection. Furthermore, the expression pattern of the different 
methods was assessed with the expression of GFP and two-photon microscopy.  
 

Analysis of these expression patterns led to interesting findings in the 
cytoarchitecture of the larval zebrafish, namely the early onset of the laminarization and 
cell type differentiation.  Tectal cell types are well characterized in many different teleost 
species and especially in goldfish. Although little was known about which of those cell 
types already exist in the zebrafish larva. Classifying cell types after the same criteria 
used for goldfish shows that all seven main cell types are present in the larva. The same 
expression methods can be used to monitor the expression pattern and morphological 
changes over a long portion of the developmentally interesting period when the fish start 
to hunt prey, a visually guided behaviour that involves the tectum.  
 

The system developed here is an experimental tool combining the architecture of 
neural circuits with a quasi non-invasive recording  of network activity throughout 
development, which has direct application to the richly complex questions of systems 
level neuroscience. 
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II. METHODOLOGY 
 

All experiments were done on wild type zebrafish (Danio rerio) embryos and 
larvae raised at 28.5 °C that were obtained from the Harvard MCB zebrafish colony 
maintained according to established procedures [Westerfield, 1993]. All experiments 
were carried out in compliance with institutional guidelines. 
  
1. Plasmid DNA  
 

The plasmid DNA constructs of UAS-GFP, UAS-G-CaMP1.6 [Nakai et al., 2001], 
UAS-DsRed (in pDsRed Express-1 expression vector from Clontech) and α-tubulinGal4 
-Gal4VP16 (in pBluescript KS) were gifts from Cristopher Niell and Eric Schroeter with 
thanks to Reinhard Koester. HuC3.2Gal4 was generously provided by Michael 
Hendricks, the HUC10.2 GFP construct, the troponeon constructs CMV-csTNL-15 
(further referred to as only TNL-15) and its variants csTNL-ras, TNL-hum on a PCDNA3 
Invitrogen expression vector [Heim et al. 2004]  were kindly given by John Fetcho and 
the latter ones by Oliver Griesbeck. The Xenopus derived β-tubulin regulatory elements 
inserted in pEGFP-1 (Clontech) was constructed and kindly shared by Paul Krieg. The 
EGFP-N1 expression vector was commercially obtained from Clontech. The thy-1.2 
promoter [Caroni, 1997] cassette was generously provided  by Pico Caroni. 4neo-G-
CaMP1.6 under the CMV promoter, further called only CMVG-CaMP1.6 was a gift from 
James Taylor. 
 

First, for the establishment of a transgenic line, a plasmid was created by 
swapping the CMV promoter in CMVG-CaMP 1.6 with the neural promoter HuC3.2. To 
generate I-Sce-I HuC3.2 G-CaMP1.6 I-Sce-I, a 3.2 kb PCR product, corresponding to 
sequences immediately upstream of the ATG start of the HuC gene [Park et al., 2000] 
was amplified. This putative neuronal promoter fragment (HuC3.2kb) was generated by 
a forward primer of 51 bp including the Isce-I restriction site and also an Ase restriction 
site: 5´-ACA GTA CGA TTA ATC TAG GGA TAA CAG GGT AAT  GAA TTC ACT AAT 
TTG AAT- 3’ (all oligonucleotides ordered from Integrated DNA Technologies, Inc. 
(USA) and a reverse primer of 32 bp introducing a downstream Nhe restriction site: 5’- 
TAG CAT ACG CTA GCT CTT GAC GTA CAA AGA TG – 3’ using the HUC10.2 GFP 
plasmid as template. Subsequently the PCR product was digested with AseI and NheI 
and ligated into CMVG-CaMP 1.6 cut with AseI and NheI. Further a second I-Sce-I 
restriction site was introduced downstream of the SV40 polyadenylation sequence: Two 
oligonucleotides, each 22 bp, ‘megalinkers’ containing the I-SceI recognition site (TAG 
GGA TAA CAG GGT AAT) with complementing sequence, flanked by free ends 
compatible with AflII digest products were  generated by annealing.  These ‘megalinkers’ 
were inserted at the AflII site. Similarly, this plasmid was used to construct Sce-I HuC3.2 
GFP I-Sce-I; G-CaMP1.6 was exchanged for EGFP generated by a PCR product with 
forward primer 5’ GTT TAG TGA ACC GTC AGA TC (570-590) and reverse primer 
including a XHO-1 site, 5’ GCA AGT TCA CTC GAG TGG CTG ATT ATG ATG ATC 
TAG A (XHO-1,1430-1412), using EGFP-N1 as template and I-Sce-I HuC3.2 TNL-15 I-
Sce-I, with G-CaMP1.6 exchanged for TNL-15 generated by a PCR product, forward 
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primer introducing a NheI site: 5’ TAG CAT ACG CTA GCT TGG TAC GCA GCT CGG 
ATC (891-912, NheI) and reverse primer : 5’ TTA TCG GCC CTC TAG ATG CAT GCT 
CGA G (998-970) using CMV TNL-15 as template. UAS-csTNL-15, UAS-csTNL-ras, 
UAS-TNL-hum was constructed by digesting CMV csTNL-15 and UASDsRed with 
BamHI and Not1 restriction and ligation of  TNL-15 restriction product with the open 
UASDsRed vector instead of DsRed. 
 
2. Microinjections  
 

Zebrafish embryos were collected and raised according to established 
procedures [Westerfield, 1993], and kept on a 14h-on, 10h-off light cycle, with light-on 
synchronized for embryo collection. Plasmid DNA was prepared with Quiagen mini- or 
maxiprep kits and final DNA concentration was 25-100 ng/μl in 0.1M KCl. The injection 
solution also contained 0.2% phenyl red for visual control of injection. Injections were 
performed at room temperature in fishwater on a custom made plastic device, holding 
up to 80 embryos.  
 

Visually guided injections under a dissection microscope into 1-4 cell stage 
embryos were controlled by a Picospritzer III (General Valves) using backfilled 
borosilicate filament glass micropipettes (1.5mm), pulled with horizontal pipette puller 
(P87 Sutter, Ca). When coinjecting with meganuclease I-Sce-I(New England Biolabs, 
USA), micropipettes were backfilled with the injection solution containing plasmid DNA: 
25-100- ng/μl, commercial meganuclease buffer (0.5 x), meganuclease I-Sce-I: 1 
units/ml, 0.2% phenol red and was injected within the next 30-40 min. After injection, 
embryos were immediately rinsed and raised at 28.5 °C in fishwater containing 
phenylthiourea, PTU (70-µM,  Sigma, Germany) to block pigment formation which 
minimizes autofluorescence. Embryos were rinsed once in the first 3 days and fed from 
day 4 on with paramecia.       
 
3. Larval Injections: Lipofection 
 

Lipofection was performed in larva of age 30hpf to 5dpf, raised as described 
above. Larval injections were done with 0.02% tricaine (MSS 222, Sigma, Deisenhofen, 
Germany); the anaesthetized zebrafish embryos were raised in fishwater containing 
PTU, using a custom injection tray covered with tissue to stabilize the embryo. The 
injection solution was prepared with 0.5 μl of Neuroporter (Gene Therapy Systems) in 
addition to 2 μl of plasmid DNA at concentration between 300-800 ng/μl and 1% phenyl 
red, mixed via pipetting. After an incubation time of  5-10 min at room temperature, the 
solution was backfilled in filament glass micropipettes and injections were performed 
immediately within the next 40 minutes. This was controlled and delivered by a 
Picospritzer III with air pressure (between 30 and 60 psi) and multiple pulses (between 
35 and 80 msec).  
 
4. Larva screening 
 

All screening was performed with a Leica microscope equipped with a GFP 
fluorescence attachment. Young fish were imaged in fishwater while older fish were 
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placed in methyl cellulose [Westerfield, 1993] to prevent fast movements without 
anaesthetization. 
 

To obtain optimal results during the time consuming step of fish screening, DNA 
microinjected larva were screened and selected at 30hpf when autofluorescence is 
minimal. Fish that were later used for imaging purposes were selected shortly before the 
imaging session and kept in labelled 6-well dishes of fishwater containing PTU. Pictures 
for simple expression screening were taken with a standard digital camera (Nikon).   
 
5. Ca2+ imaging with single photon excitation and visual stimulation 
 

Intact zebrafish larvae expressing G-CaMP1.6 tectal neurons, were 
anaesthetized at 9 dpf in MMR salt solution (in mM): 134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 
MgCl2, pH 7.8, containing 0.2% tricaine (MS-222, Sigma) for at least 10 min. The 
immobilized larvae were then embedded in 1.5% low-melting-point agarose (Gibco BRL, 
Burlington, Canada) and mounted dorsal-side up in a petridish (2.5cm) permitting the 
objective to be positioned above the tectum opticum for imaging (Figure 1A). The fish in 
agar was then covered with fishwater with PTU.  

For excitation a Xenon UV lamp at λ = 488nm wavelength was used and a CCD 
camera and a GFP2 filter for recording of absolute change in fluorescence in a frame 
rate of 18 to 24 frames per sec. Fluorescence data acquisition and later offline analysis 
of changes in fluorescence were both performed with custom software in Labview 7.0 
(National Instruments). The response was measured by absolute change of 
fluorescence ΔF  in discrete values of 0 to 255 in each pixel and the change in 
fluorescence in a region of interest (ROI) is measured as changes in digitized mean 
pixel intensity for each time point. For each neuron or neuron’s subcompartments, ROIs 
were manually selected. The mean fluorescence background was subtracted from 
absolute intensity values. For the comparison between different areas the quotient of 
ΔF/F was calculated as the ratio of ΔF and the baseline fluorescence F, where F is the 
average fluorescence over a 2 sec window at the end of the recording. This was not 
corrected for photobleaching, which was generally less than 10%. Visual stimuli were 
generated by a simple flickering red LED (Radioshack, USA) using custom software 
written in Labview7.0   to control amplitude and duration and was then  presented to the 
fish’s contralateral eye. Recordings were done at room temperature. 
 
6. Two photon microscopy 
 

GFP labelled larvae were immobilized in 0.02% tricaine for 10 min. and then 
embedded in 1.5% low melting agarose and covered with fishwater with PTU. Imaging 
of G-CaMP 1.6, GFP and DsRed fluorescence in the tectum was performed with a 
custom built laser-scanning two-photon microscope, based on a 900 Ti-Sapphire pulsed 
laser (Spectraphysics, CA) tuned to λ=900 nm, using a long working-distance water 
immersion objective (40x, 0.8NA Zeiss). Data acquisition utilized custom Labview7.0 
software. Fluorescence signals were acquired with frame scans over the selected area, 
with 1μm steps.  
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Images were automatically aligned and converted into a multiple TIF format with 
another custom software program in Labview7.0, which could then be further analysed 
with Image J, Java version (http://rsb.info.nih.gov/ij/). Velocity (for Macintosh) was used 
to perform 3D surface rendering of multiple TIFF stacks with corrections in brightness 
and contrast and also manual removal of autofluorescence of epidermis. Z-stacks where 
analysed slice by slice to follow dendritic structures or axons and with additional 
information of the surface rendered two-photon images to determine cell  types; the 
classification was done after Meek & Schellart, 1978. Lines drawn on projections to 
show where the process projected were manually added. All lines drawn to show 
laminarization borders should only serve as visual guidance, since borders shift with 
increasing depth, resulting in a concave shape of the laminarization borders. 
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III. RESULTS 
 
The results section is structured as follows:  

1. approaches for GECI expression in tectal cells are presented 
2. tested promoters are described  
3. the results of the larval Zebrafish cytoarchitecture are examined  
4. light evoked responses, monitored in tectal neurons are described. 

 
1. APPROACHES TO GENETICALLY ENCODED Ca2+ INDICATOR 
EXPRESSION IN ZEBRAFISH LARVA 

 
To monitor [Ca2+] in G-CaMP1.6 expressing tectal neurons in the zebrafish larva, 

microinjection into 1-4 cell stage embryos was successfully employed to obtain an 
expression level of the Ca2+ indicator such that it was functional for in vivo imaging, see 
Figure 1 F and Figure 2 (see also Figure 9 and 10, supplemental movie atubUASG-
CaMPexpressingXIV.avi). The following will describe the experimental process of the 
successful implementation of GECIs in zebrafish:  

 
 G-CaMP1.6 [Nakai et al., 2001] consists of a circularly permuted EGFP linked on 

one side by the M13 fragment of myosin light chain kinase and on the other by the 
calcium binding site of calmodulin. When Ca2+ enters the neuron, it binds to the 
calmodulin fragment of G-CaMP1.6 allowing interaction with the M13 fragment. This 
intramolecular interaction induces a conformational change in EGFP that results in an 
elevation in fluorescent intensity. Temperature sensitivity of G-CaMP1.6 (incorrect 
folding over 28.5°C) does not allow its usage in mice, but did not pose a problem in 
zebrafish. csTNL-15 [Heim et al., 2004], also called troponeon, is a novel type of 
ratiometric calcium indicator that will allow Ca2+ imaging over a larger dynamic range 
than G-CaMP1.6. Here, instead of calmodulin, another calcium-binding protein was 
incorporated, that has no other known function other than regulating muscle contraction 
and thus should minimally interfere with cellular biochemistry of neurons. Both indicators 
were expressed in tectal neurons of the zebrafish larva.  
 
1.1 Expression of G-CaMP1.6 with UASGal4 expression system 
 

Now, in the process of testing promotors it turned out that a much better way to 
screen, detect, and perform imaging on neurons in the zebrafish was the Gal4/UAS 
expression system [Koster et al., 2001] due to the much higher levels of protein 
expression. This expression system leads to a multiplication of the final gene product 
when both Gal4, under any promoter, and UAS are in front of the gene of interest, which 
allows for strong targeted expression. In the fruitfly, the Gal4/UAS system is widely used 
for this objective and therefore the adaptation to a vertebrate system is a very welcome 
approach permitting the use of otherwise ‘too weak’ promoters. 
 

The coinjection of α-tubulinGal4 as a driver plasmid and UASG-CaMP1.6 with the 
gene of interest resulted in strong reliable expression in the central nervous system from 
30 hpf up to 2 weeks, as shown in Figure 1F, G, H and I, as well as in Figure 2A, B and 
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C, which depicts representative two-photon image projections of a α-tubulinGal4/UASG-
CaMP1.6 expressing right tectal lobe of a zebrafish, 7 dpf. Figure 2A shows a mosaic 
expression pattern, such that it is still possible to distinguish between different cells and 
follow processes over long distances. The varying, inhomogeneous distribution of 
fluorescence, letting some cells appear as hollow shapes (cell b) seems specific to the 
α-tubulinGal4 promoter, since it is not observed in HuC3.2kbGal4 driven UASG-
CaMP1.6 expression, see Figure 2D and E.  

 
Figure 1H shows three embryos that show already at 30hpf expression pattern 

differences: embryo a has stronger expression than embryo b, which has stronger 
expression than embryo c. Embryos expressing HuC3.2Gal4/UASG-CaMP1.6 look very 
similar, but by 3dpf the number of expressing cells is reduced by at least the half. 
Selection of embryos for later imaging is greatly facilitated by the strong initial 
fluorescence when even single cells are distinguishable in the screening scope, see 
Figure 1H. Figure 1I shows a zoom onto the hindbrain, illustrating the expression also in 
other brain areas.  
 
1.2 Evaluating expression of genetically encoded Ca2+ indicators with UASGal4 
expression system 
 
That this method is also applicable for other protein based indicators with otherwise too 
dim expression for detection in zebrafish is demonstrated by the expression of UASTNL-
15. Initial expression with CMV promoter resulted merely in strong expression in the yolk 
sack (Figure 1J), subcloning resulting in the I-Sce-I/HuC3.2kb/TNL-15 I-Sce-I construct 
did also not bring the desired expression level (Figure 1K). Aware of the screening 
difficulties, TNL-15 (troponeon) constructs were cloned into a vector that carried DsRed, 
so that the presence of red fluorescence would be an additional help for the detection of 
the Ca2+ indicators. It turned out though that although the correct construction and 
introduction of the troponeons into the embryo was successful, detection of expressing 
cells is non-trivial. Finally, the expression of TNL-15 with HuC3.2kbGal4/UASTNL-15 
coinjection was achieved, as shown in figure 1L and figure 1M, but unfortunately testing 
of functionality could not be further carried out due to time constraints.  
 
1.4 An alternative to transient expression of genetically encoded Ca2+: 
Transgenic lines 
 

Generating a transgenic line with this promoter driving G-CaMP1.6 was the initial 
plan and the construct I-Sce-I/HuC3.2G/CaMP1.6/I-Sce-I was generated under 
consideration of the following:  
 

Germ line integration frequency is maximal when DNA is integrated into the 
genome immediately in the first cell, since then 50% of all sperm or egg cells carry the 
foreign gene. Coinjection of I-Sce-I meganuclease and a I-Sce-I restriction site flanked 
indicator gene of interest is reported to result in a more reliable expression in more cells 
presumably due to the earlier integration/distribution event. Better availability of 
convenient DNA fragments yields an earlier integration into the genome than simply 
linearized plasmids [Thermes et al., 2002].  
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A zebrafish whole genome blast further confirmed that I-Sce-I restriction site does 

not cut in the genome. Although, under HuC3.2kb alone, Ca2+ indicator protein (G-
CaMP1.6) expression was weak and difficult to detect, with the high background 
autofluorescence of the zebrafish.  
 

However, the same construct showed easily detectable expression of GFP in 
neurons while the expression of G-CaMP1.6. remained very dim and only detectable till 
60 hpf in the screening microscope. The change of the screening age to 30hpf resulted 
in better detection of larva with visible expression in bright neurons in the spinal cord 
and trigeminal ganglion (expression with GFP shown in Figure 1B,C,E). Nonetheless, 
the I-Sce-I/HuC3.2G/CaMP1.6/I-Sce-I construct was used to inject about 600 embryos 
and to raise up transient expressing fish in order to generate a transgenic line and test 
whether expression in all tectal neurons then could be used to monitor Ca2+ changes in 
early development [Wang et al., 2003]. The raising of 60 individuals, 17 survivors at the 
age of 4 months (1 female, 16 male), screening of about 600 eggs from 10 batches of 
offspring, did not show a positive result. Although unfortunate, this still suggests that it is 
possible to raise zebrafish that express G-CaMP1.6, displaying normal behaviour and 
fertility. The construct I-Sce-I/HuC3.2G/CaMP1.6/I-Sce-I, but G-CaMP1.6 exchanged for 
TNL-15 (Figure 1J) also had only weak expression.  
 
 
2. PROMOTOR TESTING WITH EXPRESSION OF GREEN  
    FLUORESCENT PROTEIN (GFP)  
 
2.1 Neural specific promoters  
 

Initially, the ubiquitous CMV promoter in front of G-CaMP1.6 on an expression 
vector was used for injection into the fertilized egg: no expression was detectable. The 
use of a more specific promoter, either neuronal or better tectal cell specific expression, 
was suggested, since both a homogeneous expression in all neurons for global and 
sparse expression for dendritic [Ca2+] monitoring are desirable. According to the 
literature, there are no tectal specific promoters characterized yet. Therefore, the most 
straightforward way to express a gene in the tectal populations is to use a panneural 
promoter like α-tubulinGal4 promoter [Niell et al. 2004a] or HuC promoter [Park et al., 
2000], which is a regulatory element that drives HuC, an RNA binding protein which is 
homologous to Drosophila elav, that serves as an excellent early marker for 
differentiating neurons. Instead one could clone a promoter of zebrafish origin with 
desired expression, e.g. promoter for thy-1.  
  
2.2 Panneural promoters 
 

To test the single promoters for their specific expression patterns in tectal 
neurons, they were used to drive the expression of cytoplasmic green fluorescent 
protein (GFP): Table 1 shows the tested promoters in an overview.  
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Tested 
Promoter 

Tectal 
Expression 

Tectal Specificity Timecourse 

α-tubulinGal4 
Gal4 

yes Muscle expression, around the muscle 
border, neuropil celltype labelling appears 
to be lower, axonal labelling dimmer than 
with HuC3.2Gal4  

From 30 dpf strong,  
fades slowly 

β-tubulin yes Higher labelling frequency, slightly more 
labeled cells in neuropil layers , 
expression in fusiform neurons less than in 
others 

From 30 dpf on  strong 
expression through first 
2 weeks, very little 
change over time 

HuC10.2kb yes very strong neuronal, often also in eye, no 
muscle expression, panneural 

Strong expression 
through first 2 weeks 
little change over time 

HuC3.2kb yes Panneuronal, but also muscle expression, 
better axonal labelling than βtub or 
αtubulin 

 
n.a. 

HuC3.2kbGal4 yes Strong, but also muscle expression, better 
axonal labelling, butonlike stuctures 
stronger than in  β-tubulin or α-tubulinGal4  

Many expressing cells 
from 30hpf on, less 
later, but strongly in 
distinct cells, see 
Figure3 

CMV no No cellspecifity at all, not reliable in 
zebrafish, often strong overall or yolksack 
only expression 

From 30hpf on till? 

Murine Thy-1.2  no No expression detectable  
 
Table1: In zebrafish larvae tested promoters for tectal expression till 14 dpf.  
 
 
The mainly used promoters HuC10.2kb and its fragment HuC3.2kb, and 
αlphatubulinGal4 are reported to be panneural [Park et al., 2000; Niell et al., 2004]. A 
construct encoding HuC10.5kb followed by GFP on an expression plasmid (Bluescript 
KS), was successfully employed and a mosaic expression pattern in the tectal region 
was easily detected with a dissecting microscope (Figure 1A, see supplemental movie: 
HuC10kbGFPlefttectallobe.avi). 
  

Zebrafish class 1 β-tubulin expression is also restricted to the nervous system. 
However, the developmentally downregulated expression is confined to the caudal end 
of the periventricular zone in the adult [Oehlmann et al.; 2004]. The β-tubulin regulatory 
element derived from Xenopus, tested here, appeared to have panneural properties as 
well.  
 

Injected plasmids, whether linearized or not, do not distribute equally into 
daughter cells after each cell division, which results in mosaic expression in different 
sets of neurons for each labelled tectum. Figure 1A shows a fish head with a very strong 
level of expression while 1B, C and D show only a few cells labelled; this illustrates the 
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random expression resulting from microinjection, as well as serve as an example of the 
screening process, at which point it is necessary to select specimen for later imaging.  
 

In this case, the random mosaic labelling of cells turns out to be fortuitous, since it 
considerably facilitates the distinction of cells and their processes from each other. 
Promoter specific expression in the tectum opticum, with respect to the random 
expression in different cell types, seems to be relatively similar, although a slight bias 
can be detected for neurons in the neuropil layer with the β-tubulin promoter. GFP under 
HuC promoters appear to more have often brighter expression in different neurons 
(even of same type) and processes are particularly well labeled (e.g.Figure 5H, I) 
compared to αlphatubulin (Figure 6G, H ) and β-tubulin regulatory element driven GFP 
expression. The latter promoters show a more equilibrated expression in all labelled 
cells. Fusiform neurons (type VI and XII) and the two specimen of I were only identified 
with β-tubulin  (Figure 3G, M and O), cell types III, XIV, X and XIII could be found in 
tecta labelled with any of the three promoters. For expression screening UASDsRed 
was expressed under α-tubulinGal4  and HuC3.2Gal4 promoters. 
 
2.3 Thy1.2 murine promoter 
 

A useful method for obtaining mosaic expression patterns necessary for imaging 
neuronal subsets by expressing XFPs under the murine thy-1 promotor in transgenic 
mice has been developed recently. Therefore one could hope for a similar result with the 
creation of transgenic lines using the thy-1 promotor in zebrafish. The thy1.2 promoter 
cassette was described by Vidal et al. (1990) and Caroni (1997). It contains 6.5 kb of the 
murine thy1.2 gene, extending from the promoter to the intron following exon 4, but 
lacking exon 3 and its flanking introns [see Figure 1 in Caroni, 1997]. Since preliminary 
analysis of genomes suggest that zebrafish and mammals share many orthologous 
genes and many conserved regulatory elements [Venkatesh & Yap, 2005], the murine 
thy1.2 promoter cassette was tested by injection. Unfortunately, no expression was 
detected. Since the murine version did not lead to results, I attempted to obtain the 
promoter of zebrafish origin. Deininger et al. (2002) were able to identify teleost Thy-1 
from EST fragments. In performing a blast search with the genomic information of these 
EST fragments against the zebrafish genome http://www.sanger.ac.uk/Projects/D_rerio/  
a region 5000 bp upstream of the start codon was analyzed. High density of 
transcription factor binding sites, which might be identified as the zebrafish thy-1 
regulatory region were found.  
 
To test this putative promoter in future, one can obtain the suspicious sequence from a 
BAC clone (accession number: BX510918; 45121-51000) via PCR and then use it to 
drive transient expression of XFPs to analyze the expression pattern. Due to unreliable 
prospect of success in short time, this project was not pursued any further.   
  
2.4 Timecourse of expression 
 

β-tubulin and α-tubulinGal4 show both an early onset of expression. For the β-
tubulin promoter, cells labelled in the beginning maintain expression throughout the 
period of 1-14 dpf. The α-tubulinGal4 expression diminishes slightly over time. The time 
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course of Huc10.2kb expression is similar to β-tubulin promoter. The expression of 
HuC3.2Gal4/UASGFP follows a particular time course in which many neurons are 
labelled at 30 hpf, but at later stages expression is restricted to a few cells which show a 
strong expression level (Figure 3).  
 
2.5 Expression in non-neural cells 
 

The sequence of 3.2kb, immediately upstream the startcodon of HuC10.2kb 
reported sufficient for neuronal restricted expression [Park et al., 2000], was obtained by 
PCR and used as the driving promoter for G-CaMP1.6, TNL-15 and GFP. Although the 
HuC3.2kb long regulating element is reported to be neural specific only, in Figure 1E, 
muscle expression under HuC3.2kb control is visible and is also found by others (M. 
Hendricks, private communication). Also, α-tubulin shows muscular expression with a 
characteristic pattern as seen in Figure 1G, whereas β-tubulin promoter did not show 
activity in other cell types. 
 

For the CMV promoter, different groups report unreliable expression in zebrafish.  
Results with CMV promoter gave some expression (Figure 1J) CMV-TNL-15, but only 
unrestricted, mostly in skin and yolk sack. 
 
2.6 Lipofection a stage-specific and region-specific alternative to microinjetion 
 

An in vivo lipofection strategy was attempted to have a mean for a controlled, 
stage-specific and region-specific expression in tectal neurons, with β-tubulin as test 
construct. In Figure 4A, B and D two-photon images of single tectal neurons in a living 
zebrafish larvae (9dpf) are shown. The labelling of these cells with GFP is a result of an 
injection of plasmid DNA complexed with a lipophilic agent (Neuroporter, Gene Therapy 
Systems) into the SPV of 30 to 96hpf old zebrafish larvae. Simple injection of such 
complexed plasmid DNA under the epidermis into a desired target area results in 
expression of either single cell or a cluster of 2,3 cells (Figure 4E). Also, high co-
lipofection efficiency allows one to use the same Gal4/mju expression system, and it 
retains the same advantages as the microinjection of multiple expression constructs. To 
achieve a targeted expression in restricted cell types at a specific time, the use of a 
specific neural promoter proves again to be very effective.  
 

The technique of targeted lipofection in tectal neurons in zebrafish is derived from 
a protocol developed initially for the labelling of frog retina [Ohnuma et al., 2002], 
extending an original lipofection technique of Holt et al., (2002), then was adapted to the 
zebrafish retina (Hendricks, private communication). With a neural promoter, the use the 
lipophilic reagent introducing plasmids at a desired (later) stage and into cells in a more 
specific area.  
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3. CYTOARCHITECHTURE OF THE TECTUM OPTICUM 
 
3.1 Classifying cell types in the adult tectum opticum 
 

Most studies of the morphology of teleost optic tectum examined the adult 
cytoarchitecture with a variety of Golgi-methods, labelling single cells in fixed slices of 
tissue. The basic tectal organization with a distinct pattern of laminarization as found in 
the adult teleost is displayed in Figure 5A. The neurons of the goldfish tectum are most 
can be classified into 15 groups, each with characteristic location, extension of dendritic 
arbors, and with characteristic axonal properties. Four of the described cell types have 
myelinated axons which leave the tectum ( type VI, X, XII and XIII), whereas the 8 other 
cell types (I, III, IV, V, VII, VIII, IX and XIV) show interneuron properties and the 
remaining 3 cell types, II, XI and XV have no described axonal properties [see Meek, 
1983 for review]. Meek & Schellart (1978) distinguish cell types primarily based upon the 
locations of the somata and dendritic trees in the tectal layers. The six different layers in 
the goldfish, as identified by Vanegas et al. (1974), are also found in the adult zebrafish 
[Kishida R., 1979; Sajovic et al. 1982b] . 
 

Figure 5A also shows the 7 main neuron types that can be found across seventy-
five other species of teleost fish tecta, investigated by modified Bodian and the Golgi-
Cox methods [Kishida R., 1979]. Sajovic et al. (1982b) describe 6 cell types in the adult 
zebrafish of which 5 coincide with Meek & Schellart’ s I, III, XII, XIII, XIV, only the 
classification of the sixth is ambiguous; the two cell types not identified are X and VI, but 
since they did not classify the cells with the same criteria, VI was probably grouped into 
the ‘fusiform‘ neurons. 
  
 
3.2 Identification of Cell types in the Tectum Opticum at 7 to 9 dpf 
 

The goal to investigate whether at least these six cell types could be found in the 
larval tectum led to the following observations:    
 

Two-photon imaging of GFP labelled neurons in the zebrafish larva allows insight 
into the living tectum opticum, such that one can explore the cell processes in a high 
resolution from all directions (see supplemental movie: βtubwholetectallobe9d.MOV and 
Figure 7). The sparse expression pattern allows the distinction between cells and their 
processes. GFP expression driven by different promoters (HuC3.2kbGal4, 
αlphatubulinGal4, βtubulin), was used to label over 60 zebrafish tecta in mosaic fashion 
which were imaged at 7-9 dpf.  
 

In Figure 5B, a rotated view of the original imaging plane is shown such that the 
laminarization of the larva tectum is displayed parallel to the projection axis. Due to the 
concave ‘bowlshape’ of the larval tectum, the layers are difficult to align all at once (see 
Figure 8). For classification of cell types in the zebrafish larva, a combination of 
techniques was used: maximum intensity (Figure 5 G) or standard deviation projections 
(Figure H - K) and also three dimensional models generated by a surface rendering 
program (Velocity) (Figure 5B, C, D, E, F) which aided the identification of laminarization 
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borders and the location of somata and dendritic arborization. Tracking of processes 
through image stacks ‘slice by slice’ to localize processes in detail, gave information that 
could not be obtained by analysing projections alone (see movie: 
HuC10kbGFPlefttectallobe.avi and huc3.2Gal4tectum90h.avi). Finally, comparison 
between different tectal lobes completed the sense of orientation that was necessary to 
adapt classifications to the larval tectum.  

 
Attempts to distinguish different cell types were primarily based upon location of 

somata and dendritic trees in tectal layers. Lamination in the larval zebrafish is 
essentially similar to the adult; the merging of SO and SM for the classification was 
consistent with the fact that teleost differ most in the thickness of SM correlating with 
number of afferents from TL [Kishida R., 1979]. Absolute size of dendritic tree or somata 
was not used as direct criteria, since differences to the adult tectum size and shape are 
not amenable for comparison in size between larval cells. Instead relative size of cells in 
the larval tectum was used to distinguish cell types. However, that many investigated 
neurons resemble described adult tectal cells (Figure 5 and Figure 6) is in line with 
across species studies, which show some variability, but roughly the same cell types are 
recognized [Kishida R., 1979]. These are displayed as idealized prominent cell types 
(Figure A). Figure 5 further shows example cells of 7 types found in the larva which 
show striking resemblance to the idealized cell types [Kishida R., 1979] and also other 
cell types that are recognized by Meek & Schellart (1978) (see for examples: Figure 5 
and Figure 6). Except for I, which is only with a specific Golgi-method (Kopsch) found in 
the adult, all cell types are found frequently. Thus, cell types described by Sajovic et al. 
[1982b] appear in the larva by at least at 7-9 dpf, except for one cell type, which is not 
clearly classified. The data from younger larva also show distinct cell types, but were not 
examined as extensively.  
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3.3 Analysis of the tectal population in the zebrafish larva 
 

Counting of the labelled cells in 5 tectal lobes provides an estimation of the 
frequency with which cell types are found with the GFP-labelling technique presented 
here (Graph 1).  
 

 
Graph 1:  Cell type frequency of 5 different tectal lobes expressing GFP under βtubulin promoter at 

7dpf (grouping of cell types according to J. Meek 1983). 

 
In comparison, the estimated numbers in adult goldfish tectum are: type I: 5000-

20,000; type III: 2500-10,000; type IV-XIII, each 500-2000 and type XIV, 1-2 million 
[Meek & Schellart,1978]. The large quantative difference is not surprising; but also the 
cell type ratios differ, such that although type XIV cells are by far the most frequent cell 
type in the larva, but with the assumption that the labelling is random, the ratio between 
type XIV cells and others suggests that the larva has proportionally more of the non-type 
XIV cells than the adult. Also, the finding of pyramidal neurons in the larva (type I) is 
much rarer than in the adult.  
 
 
3.4 Development of tectal morphology: early onset of lamination of the tectum  
 
   Figure 7 illustrates the three dimensional structure of the larval tectum, displaying 
rotated views, from medial and lateral of a tectal lobe as sagittal section. (Please see 
movie for a full 360° presentation of a tectal lobe that shows a mosaic expression such 
that layers become visible when rotated into the position of Figure 7E: 
betatubwholetectallobe9d.MOV). Different celltypes like smXIVa (characteristic 
bifurcated dendritic arborization in SM) and III, can be used as landmarks for lamination 
border distinctions.  
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In order to characterize the initial establishment of the laminar structure of the 

cytoarchitecture of the zebrafish larva, two photon imaging in 3 succeeding days was 
performed. Starting at 60 hpf (= 3dpf), when retinal axons have just started entering the 
tectal neuropil and then imaging at 74 hpf and then again at 110 hpf, despite poor 
quality, (data not shown) these images strongly suggest that the onset of laminarization 
happens between 60 and 74 hpf.  

 
At 84h a the lamination pattern is clearly visible as depicted in Figure 8B, C. 

Further a timelapse image sequence at 4dpf (8D, E) illustrates the increasing degree of 
laminarization in this developmental period. Furthermore, the presented timelapse 
experiment shows next to Figure 3, the significance of these experiments to investigate 
developmentally important questions, like the structural development of the tectal layers, 
since development can be observed in high detail.    

 
 
   
4. G-CaMP1.6 AS FUNCTIONAL Ca2+ INDICATOR IN TECTAL 
    NEURONS  
 
4.1  Light-evoked responses with G-CaMP 1.6 in tectal neurons 
 

Zebrafish with G-CaMP1.6 expression were restrained in agarose, allowing 
simultaneous imaging with one photon excitation and presentation of visual stimuli to the 
contralateral eye using a flickering LED (Figure 9A). Visual responses to repeated white-
noise from a red LED were recorded in G-CaMP1.6 expressing tectal neurons in 
relatively mature 9dpf fish. At that age, tectal neurons are morphologically relatively 
stable and dendritic growth, axon rearrangements, and synapse formation have 
decreased significantly with respect to the early period of 3-7 dpf [Niell et al., 2004a]. 
Furthermore, at 9dpf G-CaMP1.6 expressed with the UAS/Gal4 system is easy to detect 
and already relatively bright prior to stimulation.  
 

Figure 9 C shows 6 neurons of type XIV in close vicinity that were monitored with 
a normal CCD camera. The presentation of visual stimuli for 25 sec resulted in 
increases in fluorescence of all neurons (Figure 9E). All cells show a fast fluorescence 
change at the same moment in the first half of the repetition a and at least cell 1,2,3 and 
4 also a second response in the last third of the repetition. Repetition b shows a very 
similar response pattern which is strongly correlated to the preceding repetition. Similar 
responses between cells were detected, but also each cell has its own response pattern 
that is repeated in repetition a and b. There are also fluorescence changes that seem to 
be independent of the repetition, see cell 3b. An additional confirmation that these cells 
respond to the light stimulus is that the changes in fluorescence without the flickering of 
the LED is quite small, as shown in 9D. Larger spontaneous waves of fluorescence 
change can be seen in cell 2 and 3, whereas nearly no fluorescence change (except for 
photobleaching) can be seen for the other cells.  
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Figure 10 demonstrates how a single tectal neuron can be imaged during 
stimulation with repeated white noise. In this case, an advantage of GECIs over bulk-
labeling with synthetic Ca2+ indicators is exemplified in that subcellular structures can 
be distinguished and separately monitored for changes in fluorescence. The soma and 
three dendritic areas were chosen as separate ROIs. The traces in different colours (in 
10E) correspond to the selected ROIs.  
 

Over repeated trials, no direct responsiveness to light flashes can be detected 
and responses are spontaneous and not locked to a stimulus pattern as found in the 
cells in Figure 10. However, the comparison of the traces in ΔF/F shows different size 
changes in fluorescence in different areas of the dendrite and the soma. The soma 
shows the smallest overall fluorescence change, whereas dendritic areas seem to have 
a complex response pattern, differing in amplitude, timing and kinetics. The location of 
the soma and dendritic properties suggest that this neuron could be a small type XIVa  
cell, which would also provide a plausible explanation as to why this cell is not light 
responsive; it does not get retinal input, although, it presumably receives inputs via the 
Torus longitudinalis (TL). 
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IV. DISCUSSION 
 

The following discussion highlights important considerations relevant to the 
experimental system of GECI-zebrafish described here, and then propose possible 
trajectories of study motivated by the integrated results obtained.  

 
1.  Benefits of genetically encoded Ca2+ indicators in zebrafish 
 
2. Considerations using genetically encoded Ca2+ indicators in zebrafish: 
        Animal health (2.1), transgenics (2.2), lipofection (2.3), indicator types (2.4).  
 
3.  Imaging of tectal neurons: 
      Light-evoked responses and dendritic [Ca2+] changes in tectal neurons (3.1), 
      cytoarchitecture and cell morphology (3.2) 
 
4. Calcium Imaging Informed by Morphology: 

Applications of the here developed system and integration of results (4.1) 
  
 
1. BENEFITS OF GENETICALLY ENCODED Ca2+ INDICATORS IN 
ZEBRAFISH  
 

By expressing calcium-sensitive fluorescent proteins in a mosaic pattern 
throughout the zebrafish central nervous system, it is possible to monitor the activity 
patterns of many identifiable neurons with high spatial resolution. Combined with 
techniques to stimulate awake, immobilized larva, this method is able to determine the 
response properties of populations of neurons in vivo during the course of early 
development. The fact that the panneural promoters are also expressed in other CNS 
regions, all advantages gained here for the investigations of the optical tectum will in 
principle also be applicable for studies involving other parts of the brain and central 
nervous system, including the extensively studied locomotor [ Drapeau et al., 1999; 
Budick & Malley, 2000; Saint-Amant &Drapeau, 2000] system.  
 

This technique has opened up another way to engage the simple, quickly 
developing system of the zebrafish, which is increasingly studied as a model organism 
for visual function and development, for questions concerning vertebrate nervous 
system organization and function.  
 
 
 
 
 
 
 
 
 



IV. DISCUSSION 
 

 
Eva Aimable Naumann: Using G-CaMP 1.6 to Monitor Visually-Evoked Synaptic Activity in Tectal Neurons in vivo 

27 

   
2. CONSIDERATIONS USING GENETICALLY ENCODED Ca2+ 
INDICATORS IN ZEBRAFISH 
 
2.1 GECI and GFP expression and animal health 
 

Although the microinjection with DNA is initially a major seizure, if successful, at 
later stages the procedure is quasi non-invasive: Zebrafish larvae without injection 
induced defects (either lethal before 30 hpf or a upward bent tail), feature no noticeable 
effect, neither micro- or macroscopically nor behaviorally. The concentration of PTU at 
70 µM, optimal for transparency with minimal deleterious side effects, does appear to 
not impair the embryo’s health. In particular, the condition of the tectal neurons over time 
is of great interest: Cell morphology seems to suggest that the cells stay healthy, not 
only over the time period of imaging, but expressing neurons stay alive long after 9 dpf. 
HuC3.2Gal4, HuC10.2 kb, α-tubulinGal4 and β-tubulin driven GFP is expressed 
throughout the investigated time period of 0 – 14dpf and longer [Koster et al., 2001].  
Photobleaching of fluorescent dyes was previously a problem in imaging, especially over 
long time periods, but is less of a concern with two-photon microscopy since excitation 
only occurs at the focal plane. Therefore, the main difficulty for long-term imaging is 
keeping the embryo immobilized and healthy.  
 

The special time course of HuC3.2Gal4 expression, with initial strong expression 
and later decrease, could have multitude of causes, including natural, Ca2+ indicator, or 
GFP induced apoptosis or simply no more Ca2+ indicator/GFP expression due to 
promoter properties. The special cell morphology of some neurons with rather thick 
appearing varicosities is partially a result of the data presentation but is also more often 
observed in HuC3.2Gal4GFP expressing neurons. It is not known whether cells are 
completely unaffected by the expression of GFP or G-CaMP1.6. 

  
Still, it is generally accepted that at least GFP expression is a priori non toxic. The 

effects of GECIs in general or G-CaMP1.6 in specific on zebrafish neurons or change 
the balance in their Ca2+ homeostasis has not been examined, but studies with GECIs at 
least suggest that the electrophysiological properties of cells do not change [Hasan et 
al., 2004]. Examination of requirements for green fluorescent protein detection 
[Amsterdam et al, 1996] concludes that for the detection of GFP in individual cells in 
zebrafish, 5x105  molecules are necessary. 

  
With G-CaMP1.6 and TNL-15 being barely detectable with a promoter that drives 

easily detectable GFP expression, one could ask what effect the overexpression with 
the UAS/Gal4 system, introducing many more molecules of a Ca2+ binding protein than 
necessary for GFP detection, could have on the cell’s metabolism. Indeed, aspects of 
the cell’s health and its metabolism while expressing GECIs are of great interest to be 
able to make valid statements about the natural cell’s activity and should be pursued 
further. However the finding that the cells expressing G-CaMP1.6 show light responses 
and that they stay alive over a long time implies that the disturbance by additional Ca2+ 
indicator is not too grave.  
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2.2 Transient expression vs. transgenic line  
 

Surely, the most difficult step in establishing the expression of a dim Ca2+ 
indicator in the zebrafish is the screening of the already very autofluorescent animals. 
Confronted with this task, experience in the screening process is one of the time limiting 
factors, which gives an explanation for long delays between actual expression and 
detection of G-CaMP1.6 or TNL-15 constructs. Before establishing a transgenic line, it is 
useful to test the Ca2+ indicator first in transient expressing animals, to asses their 
functionality and also their visibility under a certain promoter before attempting to 
establish a transgenic line, since this can be a laborious step, if the Ca2+ indicator is dim. 
Compared to  homogeneous expression in transgenic lines, transient expression with an 
unbiased distribution of plasmid DNA, resulting in a mosaic labeling of cells, is very 
desirable for any kind of imaging study, because too dense expression does not allow a 
distinction between single neurons and their processes. This observation can already be 
made when analyzing dense transient expression.   
 

Advantages of transgenic lines are the lack of any invasive procedure and with it 
the time saved otherwise spent on injections, or other DNA introducing technique. Also 
the possibility to express the reporter protein in all neurons, can make this system very 
attractive for detection of global waves of [Ca2+], thus neuronal activity. Furthermore, a 
transgenic line would express the indicator reliably over and over again in the same 
subset of neurons in different individuals. This suggests comparing them in investigating 
the environmental influence on the establishment of the neural circuit in question. The 
targeting into a specific subpopulation of neurons can indeed be very useful as the mice 
from the Sanes’ lab [Feng et al., 2000] demonstrate.  
 

Therefore, it might be a very worthwhile approach to obtain the thy-1 promoter of 
zebrafish origin. Transgenic lines that could be generated with this approach will likely 
posses similar properties, resulting in a labeling of subsets of cells depending on the 
integration site of the plasmid DNA into the genome. This would have its clear 
advantages over the mosaic transient expression, since one could study an identical 
subpopulation of neurons in different animals over time. Further, a transgenic line with 
only the “driver” construct of the Gal4/UAS system, could also facilitate and enhance the 
random expression of the transient approach.  

 
To address different sets of questions, different expression methods will be 

necessary, including transgenic lines, transient mosaic expression or single cell 
expression, like e.g. lipofection.   
 
2.3 Lipofection 
 

Next to the ability to drive expression in the tectal neurons in zebrafish with 
microinjections, lipofection has proved itself to be a worthwhile alternative for different 
sets of questions that require region- or stage specific expression or only single cell 
expression. Other stage-specific introductions of expressed genetically encoded 
constructs such as plasmids are based on transfection via viruses into specific precursor 
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cells or electroporation [Haas et al., 2002] into single or multiple (bulk) cells are more 
complicated or not possible. 

  
The special advantage that lipofection can bring is the very targeted introduction 

into the region of interest. Also, the transparent body of the zebrafish facilitates visually 
guided injection of the lipophilic plasmid DNA complex. Another advantage lies in the 
fact that secondary effects caused by early and/or unrestricted expression can be 
avoided. This can be especially useful for the expression of Ca2+ indicators, since the 
effects of the buffering of the natural [Ca2+] could have not well understood effects on 
development, health or other properties of the cell. 

  
Methodologically, lipofection is similar to single cell electroporation, which suffers 

from the some common technical difficulties and also from the additional drawback of 
the removal of the epidermis and with it the later sacrifice of the animal. Finally, though 
lipofection might also prove itself to be useful to analyse both the function of genes and 
the functional interactions of genes, since it holds also the possibility to employ 
morpholinos (Ohnuma, 2002). 
 
 2.4 GECIs as reporter of neural activity: example of G-CaMP1.6 
 

The rise of intracellular [Ca2+] in zebrafish neurons can be used as indirect 
measurement for activity [Fetcho et al., 1998]. Niell et al. [2004b] show stimulus-evoked 
calcium transients that correspond well with extracellular recorded action potentials, 
whereas stimuli that did not evoke action potentials also did not result in calcium influx. 
This notion is also supported by injection of tetrodotoxin (TTX) into the eye which 
diffuses in the retinotectal system leads to the elimination of both stimulus evoked and 
spontaneous calcium transients, showed that calcium transients are related to action 
potentials in these tectal neurons. Therefore, the ideally fast and linear measurement of 
intracellular Ca2+ is a very reliable approach to report activity. Unfortunately, G-CaMP1.6 
does not offer the response linearity and kinetics to report neural activity as fast as the 
synthetic dye Oregon greenB. 
 

This study here demonstrates a way to implement such a promising technique 
into the living zebrafish larva, but unfortunately the GECIs that are available right now, 
have limitations: Recently, Polgruto et al. (2004) found that G-CaMP 1.6 produces 
robust signals to high-frequency trains of action potentials, but have low sensitivity at 
low firing rates and that the relationship of G-CaMP 1.6  fluorescence with [Ca2+] is 
complex, with supralinear and sublinear properties. Still, a comparison with other Ca2+ 
indicators in their study showed that the affinity and dynamic range of G-CaMP1.6 make 
it the best-suited indicator for detecting spiking activity in pyramidal neurons in slices, 
but may be better used to investigate physiological signals that are optimized for CaM 
activation. Therefore, Ca2+ indicators, such as the troponeons, with minimal interference 
with cellular processes of the neuron are more auspicious to serve as activity reporter. 
Nonetheless, even without being the ideal reporter for neural activity, G-CaMP1.6 , or 
variants of this indicator could be used to investigate physiological signals that are 
optimized for CaM activation. 
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In theory, there is no limit in the design of a highly functional and fast reporting 
GECI; the activity that is of interest to the neuron itself and therefore for the investigator, 
are detected by the neuron’s proteins in the first place. The techniques presented here 
therefore can be seen as a preliminary study to the development of an even more 
powerful tool, when combined with a superior GECI, which still has to be designed in the 
time to come. 

 
 The ideal neural activity sensor would respond linearly to single as well as to a 

train of action potentials and should have as little as possible interaction with other 
cytoplasmic processes in addition to a brighter base fluorescence in the Ca2+ unbound 
state to make it more easily detectable. Moreover, a combination of functional Ca2+ 

imaging and of other approaches to dissect the neuronal circuitry of the retinotectal 
projection would be enormously useful for little progress can be expected in systems 
level Neuroscience while structure and function remain experimentally unmarried. 
  
 
3.  IMAGING OF TECTAL NEURONS 
 
3.1 Light-Evoked Responses and  Dendritic [Ca2+] Changes in tectal neurons 
 

With the expression of G-CaMP1.6 via microinjection, access to information about 
neurons which would be difficult, if not impossible to obtain with microelectrodes is 
gained. Imaging neurons with this method not only allows the acquisition of data from 
multiple neurons simultaneously, but also makes it possible to obtain insights into 
dendritic response properties, to provide information about the spatial distribution of 
synaptic input of the dendritic arbour.  

 
In Figure 9, it is presented how [Ca2+] changes in cell somata of tectal 

periventricular neurons can be monitored that are locked to a specific pattern in the 
white-noise stimulus. The fact that there appear to be at least two separate responses 
and that these are not locked to the onset of the stimulus, which would suggest that the 
cells just respond to the change of intensity, of light on and off, indicates that cells 
specifically responded to a pattern in the white noise stimulus. Although, it is not optimal 
to use reverse correlation to find the cells preferred stimulus pattern, because G-
CaMP1.6 does not give a desirable fast time resolution, the repeated responses to a 
repeated white noise stimulus can also inform about the cell’s preferred sensory input 
(each responses followed a large dip in intensity).  
 

The use of a strong UV light for the cell monitoring, is not optimal, since it is 
expected that the photoreceptors are completely saturated, therefore it is an interesting 
finding that a red LED evokes responses in these tectal neurons. In addition, the stability 
of the lamp is also of main importance, since the small fluorescence change of G-
CaMP1.6 (less than 20 %) in the tectal neurons requires a homogeneous excitation with 
minimal fluctuations in intensity. Nonetheless, activity measurements with G-CaMP1.6 
might not have optimal resolution for single action potential detection, but the presented 
data is a proof of principle that activity can be detected.  
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The non-light responsiveness of the neurons presented in Figure 10 might be due 
to fact that the stimulus itself is suboptimal: Either this is simply a non-light responsive 
cell and is not excitable by light at all or is a neuron for which a stimulus of a red 
flickering LED is not suitable. Studies in both the tectum opticum of fish and superior 
colliculus of higher vertebrates suggest that visually responsive neurons prefer objects 
of smaller size than their RF size, and even decrease their response to bigger or 
multiple objects when within the region that would otherwise elicit a positive response 
[Vanegas, 1984].  

  
As for stimulation with the flickering LED, a restriction of a stimulus to subregion 

of the visual space is not feasible. With Niell et al. [2004b] showing that nearly 50% of 
periventricular tectal cells are motion-responsive neurons it is advisable to stimulate with 
more complex and more restricted stimulus. Although, Niell et al.[2004b] also find a 
group of tectal cells which did not respond significantly to any of the many different 
stimuli that were presented to the fish. Thus, for further investigations, improved 
stimulation conditions are indicated. The presented data serves as proof of principle with 
the auspicious prospect to lead to more exciting insights how different tectal cell types 
are involved in the processing of visual information. 

 
Early establishment of functional, correct connections, shown in morphological 

details and resulting in the light responsiveness of the very young tectal cells, suggests 
that development of the circuit does not begin with coincidental synaptic connectivity 
that needs then later refinement to become a final functioning network, which has often 
been suggested for visual cortical development. 
 
3.2 Cytoarchitecture and cell morphology  
 

With the GFP labelling technique in the larva most, but not all cells, can be 
classified in detail. This is often due to the fact that with too many labelled neurons, 
processes cannot be unambiguously attributed to the somata. Others do not agree with 
a classified type, because they seem to not be fully developed and in different stages of 
differentiation. 
 

The results of all Golgi-studies [for review see Meek, 1987] taken together 
suggest that except for quantative differences in cell numbers, the tecta of all teleosts 
studied are basically similar. A vast literature dealing with the cellular organization of 
tecta of teleosts provides further detailed information of the laminar structure, tectal 
afferents and efferents, synaptic organization [Meek, 1983] to dynamics of dendritic 
arborization and axonal outgrowth. The highly organized, laminar structure of the teleost 
optic tectum and its embedding between the relatively well understood retina and 
downstream targets of the locomotion system seems to offer an ideal model system to 
bring together a functional anatomical concept of a neuronal circuitry. 
 

In vivo imaging studies both retinal ganglion axons in the frog [Alsina et al., 2001] 
and tectal neurons in zebrafish [Kaethner & Stuermer, 1997; Niell et al., 2004a] find first 
an extensive branching, generating many more processes and also synaptic marker 
assemblies than will eventually persist. Extension of exploratory branches only occurs in 
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defined periods and in the specific layers, this first argues for the interaction with the 
neurons’ environment, that possibly offers growth promoting substrates and/or guidance 
cues. Activity-based processing seems to be necessary to offset the lack of precision of 
the map that is established by molecular cues. To address this developmentally 
fundamental question how much intrinsic or extrinsic factors contribute to the final 
outcome, a system that monitors the morphological development in high detail under 
different conditions (e.g. deprivation experiments) will give further insight. 
 

Here such a system has been successfully used for a studying the expression 
pattern in the tectum opticum. But also preliminary data about the morphological 
development could be collected. Further, in using the here presented mosaic expression 
of GFP or its color variants, which possess extreme photostability, together with two-
photon microscopy, will allow one to monitor the development of the tectum opticum on 
single cell resolution over long times.   
 
 
4. Ca2+  IMAGING INFORMED BY MORPHOLOGY 

 
One necessary step to comprehend the tectum’s functioning as a whole, rather 

than only a component of its processing in high detail, is the assessment of the 
functional anatomy. A morphological and functional analysis of all cell types with respect 
to the laminar organization is required to develop a valid concept of how the tectum is 
used by the fish to process visual information. In this study, two-photon imaging was 
used to characterize the cytoarchitecture in terms of cell morphology and overall 
structure, of which little was known in the larva previously.  The investigation of activity 
in all different tectal cell types, from very early development on, should bring a clearer 
insight into the functional connectivity  - and its establishment - between tectal neurons, 
and thus provide useful clues about the wiring that underlies the tectal function as a 
processing. 

A clear advantage of the zebrafish-GECI system over current approaches 
employing synthetic, bulk-loaded Ca2+ indicators, lies in the possibility to monitor a group 
of classified neurons and to thus address questions tailored to a specific hypothesis 
about intertectal connections, e.g. that type III cells might receive input from different 
type XIV cells. Synthetic Ca2+ indicators, like the AM ester variants of OB green can still 
offer a better time resolution and measurement of [Ca2+] [Niell et al.. 2004b; Ramyda et 
al., 2004], but the available low spatial resolution data makes it difficult to decipher what 
the underlying neural circuit is.  

 
The cell in Figure 10 can serve as preliminary example to illustrate how 

combining the information of cell type characteristic properties (here the presumable 
absence of retinal input), and monitoring activity can promote an understanding that 
logically connects morphology and function. 

 
Only two studies by Sajovic et al. [Sajovic et al.,1982a; 1982b] next to Niell et al. 

[2004b] examined the single unit visual response properties of tectal neurons. Despite 
the difference of recording (measurements of extracellular field potentials and changes 
of intracellular [Ca2+]) and the age of the fish examined (adult versus larva), the 
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response properties found by Sajovic et al. in adult zebrafish periventricular neurons 
correspond well with the ones found by Niell et al. [2004b] indicating that the visual 
topography is functionally well established in the early larva. This is also supported by 
the finding that also the laminar structure seems to be established as soon as tectal 
cells start to arbourize (60 hpf).  

 
 These observations are all in line with the argument that the larval zebrafish 

visual system can be considered to be similar in functional properties as the fully mature 
tectum, which makes the zebrafish larva even more interesting for studies aiming to 
make more general claims about the vertebrate visual system. 
 
 A combination of long-term imaging with two-photon microscopy, morphological 
classification and morphological change over time would allow the investigation of cell 
type specific development in terms of morphology and activity. Linking sensory input, in 
the form of visual stimulation, to behaviour, the understanding and localization of the 
responsible neuronal circuits is one of the grand aims of neuroscience, and will 
ultimately have to integrate anatomical and functional aspects in a manner similar to the 
system here demonstrated.  
 



V. CONCLUSION AND PERSPECTIVES 
 

 
Eva Aimable Naumann: Using G-CaMP 1.6 to Monitor Visually-Evoked Synaptic Activity in Tectal Neurons in vivo 

34 

V. CONCLUSION AND PERSPECTIVES 
 
1. Conclusions 
 

Expression with the Gal4/UAS system of genetically encoded Ca2+ indicators in 
tectal neurons of the zebrafish is functional and can be used to measure light-evoked 
activity. Further the Gal4/UAS system seems to be well suited to test new indicator 
proteins in a very short time in an in vivo vertebrate preparation. The early onset of 
laminarization and development of complex cytoarchitecture of the larval tectum, 
together with the behavioral observations at this stage, suggests that the processing of 
the larval tectum could be essentially similar to the adult; making a huge body of 
literature on the adult tectum opticum transferable to the early, opto- and  
electrophysiological accessible, genetically modifiable larva. Understanding acquired 
from the larva can in return elucidate visual processing in the adult. Further, the ease of 
genetic manipulations and the availability of morphologically and behaviorally 
characterized zebrafish mutants together with functional imaging provide powerful tools 
to unravel the connection between nervous system and behaviour.  
 
2. Perspectives 
 

 From here, the next step would be towards further technical development: 
bringing together imaging tools, like improved Ca2+ indicators with more targeted/ 
reproducible cell specific expression, cellular markers (e.g. PSD-95 or GABA linked to 
XFP variants), as well as further functional and morphological classification, improved 
stimulus presentation and usage of two-photon Ca2+ imaging. With the fast development 
of better protein- based indicator in combination with imaging with one or two photon 
microscopy, the approach of GECI expression in a mosaic fashion can immensely 
facilitate the study of developmental processes in neuronal network establishment and 
its functional organization in living zebrafish larva. These techniques have especially 
great prospect to answer questions requiring resolution on dendritic level, e.g. synaptic 
plasticity, mapping of receptive fields onto dendritic arbors etc. 

 
 Diverse applications of these methods will lead to new insights about the tectal 

connections and therefore open up the possibility to develop models of the processing of 
visual information presented by the fish’s eye. But already the present methodology 
allows one to investigate different cellular properties while long term imaging can be 
used to monitor G-CaMP1.6 Ca2+ signals and morphological changes in different cell 
types. 
 

Another combination with in vivo functional Ca2+ imaging, bringing it together with 
genetics, provides a promising tool to further understand the specific defects in neural 
function that accompany mutations in different modalities of the visual system, from 
photoreceptor properties to wiring deficits, as well as behavioural mutants [Neuhauss,  
2003] of unknown neurological basis [Baier, 2000]. Furthermore, ablation of single cells 
or cell groups could bring valuable information about the circuit function, localization of 
specific behaviours or even the connection between genes and behaviour. 
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Appendix 2: Abbreviations 
 
 
AP   action potential 
APT Area pretectalis 
CMV cytomegalovirus derived ubiquitous promoter 
csTNL-15 chicken skeletal muscle based TNL-15 
csTNL-15 ras csTNL-15 with ras tag for membrane localization 
dpf days post fertilization 
FR Formatio reticularis 
Gal4  Galactosidase promoter which activates the transcription of Gal4 

 protein which activates upstream activating sequence (UAS) 
GECI genetically encoded Ca2 
hpf hours post fertilization 
humTNL-15 human cardicac muscle based TNL-15 
NI Nucleus isthmi 
NPTh Nucleus pretectalis/Thalamus  
NR Nucleus rotundus 
OB Olfactory bulb 
PGC Paracervical ganglion 
PTU 1-phenyl 2-thiourea (PTU) 
ROI Region of interest 
SAC Stratum album centrale 
SFGS or SFG Stratum fibrosum and griseum superficiale 
SGC Stratum griseum centrale 
SM Stratum marginale 
SO Stratum opticum 
SPV Stratum periventriculare 
Tele Telencephalon 
TeO Tectum opticum 
TL Torus longitudinalis 
TS Torus semicircularis 
UAS upstream activating sequences, activating transcription of gene  
sm Small (for description of XIV neurons) 
lg Large (for description of XIV neurons) 
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Appendix 3: Timeline of experiments 
 
Month 1-4: 
 

 establishment of microinjection with picospritzer III, screening methods 
 literature research for apt promoters, teleost thy one promoter analysis 
 organizing and “ordering” of published constructs (UAS Gal4 constructs) 
 trying out electroporation of whole embryos with RF module from Biorad  
 cloning of I-Sce- Huc3.2 G-CaMP 1.6 I-Sce , I-Sce- Huc3.2 GFP I-Sce construct 
 identification of zebrafish Thy-1 promoter region via gene blast against zebrafish 

genome with teleost Thy-1 EST fragments identified by Deininger et al. 2002 
 
 
Month  5-7:  

 Further development of microinjections (fish troubleshooting), 
 Further organizing and “ordering” of published constructs (UAS Gal4 constructs) 
 Further development of screening techniques.  
 Cloning of I-Sce- Huc3.2-TNL-15 1.6- I-Sce 
 Promoter testing, testing with transient expression  
 Acquiring of imaging skills with two-photon microscope 
 Testing imaging with single photon excitation with zebrafish tectum preparation 

labelled with AM esters 
 Cloning of troponeon constructs into UAS-DsRed  
 Discovering that lamp fluctuations will not allow imaging of G-CaMP1.6, ordering 

of new Xenon lamp 
 Screening for generation of a transgenic line: breeding and embryo screening 

  
  
Month 7-11: 

 Further microinjections for morphology, G-CaMP and  troponeon expression 
 Ca2+ imaging with Xenon lamp 
 Imaging of GFP labelled zebrafish  
 Data analysis with image J and Velocity  
 Summarizing results 
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Appendix 4: Figure Legends and Figures 
 
 
Figure 1: Screening of Ca2+ and GFP expressing zebrafish.  
All images in Figure 1 are taken with a digital camera with 8sec shutter opening time, as seen in 
the screening microscope, with GFP2 filter and UV mercury lamp.  
 
A Head of a zebrafish from the side, 5dpf, expressing GFP under HuC10.2kb promoter, strong 
expression in the olfactory bulb (OB) and also expression in the optical tectum (TeO); also in 
different other neurons of the brain and in the trigeminal ganglion (Tr).  
 
B Zebrafish head 5dpf, expressing GFP under HuC10.2kb promoter in trigeminal ganglion (tr).  
 
C Zebrafish 5dpf, expressing GFP under HuC10.2kb promoter: some neurons in spinal cord and 
hindbrain (HB) are labelled.  
 
D Zebrafish eye 5dpf, expressing GFP under HuC10.2kb promoter: presumably retinal ganglion 
cells.   
 
E Zebrafish 4dpf, expressing GFP under HuC3.2kb promoter next to labelled neurons, muscle 
expression (m) visible.  
 
F View from dorsal/left onto zebrafish, 5dpf, expressing UASG-CaMP1.6 under αtubulin Gal4 
promoter. Expression is visible in tectum and hindbrain, and also in eye  
 
G Zebrafish, 5dpf, expressing UASG-CaMP1.6 under αtubulin Gal4 promoter, showing next to 
neuronal expression muscle expression.  
 
H Zebrafish embryos, 30hpf expressing UASG-CaMP1.6 under αtubulin Gal4 promoter. Embryo 
a has most expression, b less than a and c less than b. Common view when  screening for 
expression.  
 
I Zoom in on hindbrain of UASG-CaMP1.6 under αtubulinGal4 promoter expressing zebrafish 
5dpf for demonstration that single neurons are visible in screening microscope.  
 
J Zebrafish embryo 30hpf, expressing TNL-15 under CMV promoter displaying only 
fluorescence in yolksack.  
 
K  I-Sce-I/HuC3.2kbTNL-15/I-Sce-I expression in a 4 dpf zebrafish, showing weak expression, 
indicated bright spots cells in spinal cord and trigeminal ganglion.  
 
L Zebrafish at 5dpf, expressing UASTNL15 under HuC3.2kbGal4 promoter, showing 
characteristic HuC3.2kb muscle expression, but also expression in brain regions. Both fish 
indicated with asterices * express the construct, also confirmed by no red fluorescence, see text.  
 
M Zebrafish at 5dpf, expressing UASTNL15 under HuC3.2kbGal4 promoter, showing expressing 
cells in tectal region.  
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Figure 2: UASGCaMP1.6 expression   
 
A Two-photon image projection of a right tectal lobe of a zebrafish, 8dpf expressing 
UASG-CaMP1.6 under αtubulinGal4 promoter, many periventricular neurons, that 
project into the neuropil, where their dendrites arbourize, are labelled. Dark rim is 
autofluorescent skin.  
 
B Shows a zoom in of a cluster of periventricular neurons in A. Clustering probably due 
to common progenitor cell.  
 
C Shows a zoom in of a different cluster of periventricular neurons in A, Cell somata of 
a, b and c are different in the homogeneity of the expressed fluorescent protein, G-
CaMP1.6.  
 
D Two-photon image projection of another right tectal lobe of a zebrafish, 8dpf 
expressing UASG-CaMP1.6 under HuC3.2kbGal4 promoter, probably a small XIVf tectal 
neuron is visible, with an axon arising from the dendritic tree, leaving the tectum in SAC.  
 
E Zebrafish, 8dpf expressing UASG-CaMP1.6 under HuC3.2kbGal4 promoter, showing 
large XIV neuron and others of unclear classification. 
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Figure 3: Timelapse of HuC3.2kbGal4/UASGFP expressing tectal cells:  
Development of two tectal lobes of two different zebrafish larvae, expressing UASGFP 
under HuC3.2kbGal4 promoter in a mosaic fashion.  
 
Both fish were transferred into agar at 60hpf and imaged for the first time, then at 74 hpf 
and then again at 110 hpf, before they were released from the agar. The healthy 
appearing fish were then again imaged at 7dpf. This shows that timelapse imaging in the 
developmentally critical period is repeatedly possible. The observation of the expression 
pattern of HuC3.2kbGal4UASGFP in the young embryo is strong (see Figure 1 H), fades 
then and persists in some cells till later stages. The tectal lobes of both fish nearly 
doubled in size over the time course of 5 days with a predominantly caudal growth  
direction. All images are scanned with the same magnification.  
 
Image column A: The right tectal lobe is imaged at 4 different time points, see timeline 
to the right. The arrow points to a cell with a soma in a high layer (SO?), nearly at the 
surface of the neuropil, that is likely of type III, shows relatively strong expression from 
the beginning on and develops a extensive dendritic arbor over time. The maximal 
dendritic extension does not increase as much as the tectum size over the 5 days, 
rather covering a relatively smaller area of the neuropil than before. The group of cells 
labeled with # is rather strongly expressing GFP at 60hpf, but this labeling is faded 
considerably at 74 hpf, and barely to detect at 110 hpf. Similar to a single neuron 
labelled with *, the over the time course of the first 36 of imaging is fading from stronger 
to weaker expression. At 7 dpf only the arrow indicated cell stayed in a relatively similar 
location and no noticeable change in fluorescence occurred.  
 
Image column B: Observation of this tectal lobe shows a similar process as in column 
A, where one neuron, already expressing a relatively high level of fluorescent protein 
develops over time without the level decreasing and generating extensive dendritic 
arborization, whereas the relatively strong overall expression, fades over the time 
course.   



 



APPENDIX 
 

 
Eva Aimable Naumann: Using G-CaMP 1.6 to Monitor Visually-Evoked Synaptic Activity in Tectal Neurons in vivo 

45 

 
Figure 4: Lipofection  
 
A Two-photon image at 8dpf of a small type XIV cell in a left tectal lobe of a at 40hpf 
lipofected zebrafish larva.  
 
B Two-photon image of the same tectal lobe, showing another small type XIV neuron 
further ventral. The ‘*’ indicates the dendritic arborization that is enlarged in  
 
C, which shows a full depth  projection.  
 
D A two-photon image of another lipofected zebrafish tectal lobe at 8dpf, showing a 
small type XIVf neuron. E Methodological approach of lipofection: When injected close 
to target cells,  membrane permeable plasmid-DNA/ lipophilic agent complex diffuses 
across the cell membrane and is expressed, if the promoter is activated in the specific 
cell type.  
 
F A two-photon image of both olfactory bulbs (OB) and most ventral part of the TeO. 
The type of neurons labelled here is not known.  
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Figure 5: Cell types and lamination of the larval tectum opticum:  
 
A  Idealized schematic overview as presented in [Kishida R., 1979] of 7 main different 
tectal  cell types found across adult seventy-five species of teleost fish, localized within a 
reoccurring pattern of laminarization: I, pyramidal neuron; III, horizontal neuron of SO 
and SFGS; VI, bipolar neuron of SFGS; XII, fusiform neuron; XIV large pyriform neuron; 
XIII, large multipolar neuron; X, small multipolar neuron; a, axons. Some sources of 
afferents are indicated at the top, with their layers of termination shown correspondingly 
by shading. Neurons contacted by afferents from TL and retina are shown within the 
respective shaded areas. Efferent tectal neurons have axons leading to downward 
arrows, and the targets of such axons are correspondingly shown at the bottom. For 
abbreviations see appendix: The same types of neurons are found in the zebrafish larva 
at 7dpf; see different example cells: cell type I, see O; cell type VI, see G; cell type III, 
see G,H,L; cell type XII, see M; cell type XIV, see H,I,J,K, etc. ; cell type X, see M, K ; 
cell type XIII, see K.  
 
B Surface-rendered two-photon image of mosaic GFP labelled tectal neurons in a 7 day 
old zebrafish, presented in a rotated view such that it shows a very similar layering 
pattern, note that only the proportion of SO and SM appears not to be fully segregated. 
Compare with G.  
 
C Surface-rendered two-photon image of mosaic GFP labelled tectal neurons in different  
8 day old zebrafish, presented in a straight dorsal view as it was recorded, such that it 
shows no layering pattern; all cells can be distinguished by their different sizes and 
arborization of the dendrites projecting upwards for type XIV cells and downwards for 
cell type III. The different grey scale values and volume of rendered structure of different 
cell types is due to different levels of expression of GFP. The presented image is a 
result of a compromise between brightness and contrast (B/C) parameters that present 
all cell types in the best possible way. Compare with D and H (see also supplemental 
movie: huctypeXIV8d.MOV).  
 
D The same neurons as in C, surface-rendered two-photon image with same B/C 
values, presented in a rotated view such that it shows the distinct layering pattern of the 
dendritic structures of the imaged cells. Bringing together information of the dendritic 
structures, soma location relative to other cells, laminarization locations and comparison 
with cytoarchitectural data from adult teleost fish allows the assumptions about cell 
types and location of layer borders. Compare with H.  
 
E Another surface-rendered two-photon image of mosaic labelled tectal neurons 7 day 
old zebrafish, presented in a rotated view such that it shows an axonal arbour arising 
from the contralateral eye (not shown) arbourize at the same layer as tectal type XIV 
cells. Compare with F.  
 
F The same neurons as in E, surface-rendered two-photon image displayed in a rotated 
view, showing the laminarization pattern.  
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(figure 5 cont.) 
 
G A maximum intensity projection of the same two-photon image as in B, allowing the 
comparison between the rendered and not rendered presentation. 
 
 H-O: Standard deviation projections of selected slices of two-photon images of different 
tectal lobes to present single cell types in their natural location. Left and right indicate 
which of the two tectal lobes is shown. All images: rostral is down and caudal up. In 
brackets is indicated under which promoter GFP is expressed. Cell type classification 
after [Meek &Schellart], 1978.  
 
H (HuC3.2Gal4GPF) A projection of the same two-photon image as in C, as it was 
recorded, again allowing the comparison between the rendered and not rendered 
presentation, autofluorescent skin was removed from image stack. LgXIVc: large tectal 
neuron of type XIVc. Boutonlike structures in dendrites are partially due to method of 
projection, cells showing similar morphology, seem not to be impaired in health and 
survive over days; smXIV, small type XIV cell types, exact type unclear; IIIa, a cell type 
found in different variations in the neuropil. Inset: IIIa in higher magnification and 
different B/C adjustments: even fine processes (arrowheads) are clearly visible  
 
I (HuC3.2Gal4GPF) smXIVf and g are presented here to show the difference between 
different small type XIV cells. The layer where the myelinated axons leave the tectum 
(SAC), is well labelled in this projection. Dark coloured rostral rim is autofluorescent skin.  
 
J (βtubulinGFP) Two type XIV cells, a and e, and other tectal cells are labelled. 
Projection is such that the laminarization pattern is visible. Arrow indicates the furcated 
dendritic tree, that projects into the highest layer, which is characteristic for cell type 
XIVa. Note that more cellsomata are expressing GFP weakly than in HuC3.2 labelled 
fish.  
 
K (βtubulinGFP) Many type XIV cells are labelled, but also a single type XIIIe.  
 
L (βtubulinGFP) A strongly GFP expressing type III cell, nearly covering the whole 
neuropil and other tectal cells.  
 
M (βtubulinGFP) Showing a XII cell, presumably a kind of X cell and a large XIVc.  
 
N (βtubulinGFP) This is an example of a cell type that is not one of the 7 canonical tectal 
cell types, but is described in Meek & Schellart, 1978. : IVa and b. O (βtubulinGFP) 
Presenting the one of two cell types found, that fit the type I description.  
Scale bars =10µm      
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Figure 6: Different cell types in the larval tectum opticum 
 
Standard deviation projections of selected slices of two-photon images of different tectal 
lobes to present single cell types in their natural location in 7-9dpf old zebrafish larvae. 
Left and right indicate which of the two tectal lobes is shown. All images: rostral is down 
and caudal up. In brackets is indicated under which promoter GFP is expressed. Cell 
type classification after [Meek &Schellart], 1978.  
 
A (HuC3.2Gal4GPF) smXVI either of type a or h, lgXIVb. 
 
B (α-tubulinGal4GFP) Xa and smXIV. 
 
C (HuC3.2Gal4GPF) smXIV, presumably smXIVd. 
 
D (HuC3.2Gal4GPF) lgXIVa and other type smXIV.  
 
E (HuC3.2Gal4GPF)  a type XIV neuron, this is an example of a unclassifiable neuron, it 
seems that this neuron is not mature enough to display dendritic arbour properties, such 
to be unambiguously classified. 
 
F (α-tubulin Gal4GFP) a cluster of  smXIV neurons, presumably sharing a common  
progenitor cell.  Cell labelled a, b and c show strongest expression in dendritic arbour. 
 
G (α-tubulin Gal4GFP) presumably 2 type VII and a type III neuron. 
 
H (α-tubulin Gal4GFP) type X.  
 
 I (βtubulin Gal4GFP) presumably type VII and clearly XII type neuron. 
 
J (βtubulin Gal4GFP) neuron type VI (presumably a?); a neuron of type I; the soma well 
labelled,  processes rather weakly.  
 
K (βtubulin Gal4GFP) type XIIb, IIIa. 
 
L (α-tubulin Gal4GFP) type III, either c or d.  
 

Scale bars =10µm     
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Figure 7: Three dimensional structure of the optical tectum of the zebrafish larva (7dpf) : 
 
A Schematic dorsal view onto the larval head position in which fish are imaged: both 
tectal lobes are depicted. The right lobe shows how the optical tectum appears with 
superficial tectal neurons stained with fluorescent dye; the border between SPV and 
layers in the neuropil is clearly visible (also see supplemental movie: 
exposedtectummovie.avi). The left tectum shows how type XIV cells displayed in B and 
C are located in the tectal lobe.  
 
B Surface rendered two-photon images, displaying a rotated view of a tectal lobe with 
type XIV neurons, as if the rostral was tilted about 20° downwards: this is a projection 
where the lamination becomes visible.  
 
C As in B, original orientation of scanning plane is presented. Lamination is not visible; 
axons leaving the tectum in SAC, originating from dendritic tree of type XIV cells.  
(see supplemental movie: huctypeXIVswithskin8d.MOV, but also 
hucGal4typeXIVwAXON9d.MOV)  D Illustration of ‘bowl-shaped ‘ larval tectum as 
sagittal section.  
 
E Surface rendered two-photon images, displaying rotated views, from medial and 
lateral of a tectal lobe as sagittal section. Different cell types like smXIVa or IIIa can 
serve as landmarks for lamination border distinctions. Please see also supplemental 
animation of this tectal lobe: βtubwholetectallobe9d.MOV. 
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Figure 8: Early onset of laminarization of the tectum opticum (84hpf) 
 
A Surface rendered two-photon images, displaying view of a tectal lobe with a type XIV 
neuron in original orientation of scanning plane  
 
B The same as in A, in a rotated view such that the laminar arborization of the type XIV 
is visible (arrowhead)  
 
C As in B, a different projection angle. Please see also supplemental movies 
βtublaminationonset84h.avi and βtublaminationonset84h.MOV.  
 
D and E Surface rendered two-photon images, displaying a rotated view of a different 
tectal lobe with type XIV neurons in SPV projecting dendritic arborization upwards. The 
same neurons were imaged over 12h from 92 hpf and 114 hpf;  single z-projections of  
36 time points are presented in  supplemental movies: 12hrstimelapsemovieZproj.avi. 
Comparing neuropil region of D and E, a laminated structure is visible (arrowhead) in E, 
not to be seen in D.  
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Figure 9: Light-evoked responses in G-CaMP1.6 expressing tectal neurons 
 
A Schematic illustration of the experimental arrangement to provide visual stimuli via a 
red flickering LED while performing single-photon imaging. Imaging neuronal response 
to visual stimuli illustrating stimulus being provided to contralateral eye of a living intact 
zebrafish larva, expressing G-CaMP1.6. The Ca indicator is excited by the appropriate 
wavelength of 488 nm light (blue) generated by a xenon UV lamp. The emitted light 
(green) is detected by a CCD camera and then further online analysed by a custom 
Labview program.  
 
B CCD camera image of UAS-G-CaMP1.6 expressing cells with selected areas of 
interest (ROI) in different colours. Colours used in ROIs in B and C correspond to the 
recording traces with the same number and colour in D and E. 
 
C Two-photon image of right tectal lobe, showing the location of the imaged neurons in 
which the Ca2+ transients were measured in response to the visual stimulation.  
 
D Background subtracted fluorescence traces for 6 different cells in SPV 25 sec 
recording in the dark, no stimulus, showing little change in fluorescence, except for cell 3 
which shows slow and large spontaneous responses.  
 
E Background subtracted fluorescence traces for the same 6 cells as in D, showing 25 
sec  recording with a repeated noise stimulus. Red LED is flickering controlled by a 
custom Labview program that triggers 2 times exactly the same pattern of noise stimulus 
to the recorded traces a and b evoked robust Ca2+ transients in periventricular  neurons. 
Light grey bar, indicate the beginning and the end of each recording. Light orange lines 
indicate where presumably correlated fluorescence change due to the same stimulus 
preceding the response occurred and should rather been seen as optical guidance, to 
compare responses of different cells, than indication of stimulus onset. All traces in a 
and b show a repeated response pattern to the repeated stimulus and at least cell 2,3 
and 4 show similar and correlated responses.   
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Figure 10: G-CaMP1.6 fluorescence changes in different areas of the dendrite  
 
A Surface rendered tectal cell, presumably a small type XIVf, showing a forkated 
dendritic arborization (arrow) in uppermost layer (SO/SM), in a living zebrafish larva at 
9dpf, in a direct projection onto layering.  
 
B Showing the same surface rendered tectal cell from the side.  
 
C Screenshot of the same cell in A and B how the cell was imaged with single photon 
excitation with different areas of interest  
 
D Maximum intensity projection of a stack of two photon images, to present location of 
imaged cell.  
 
E Recordings of fluorescence in dF/F over 50s while stimulating the contralateral eye 
with a noise stimulus generated by a red LED (see Figure 9 A). Colours of ROI in B and 
D correspond to colours of recording traces.    
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Appendix 5: Movie Legends  
 
.MOV-files: animation of 3-dimensional surface rendered structures 
Point into the image and keep mouse button pressed. Then move the mouse for a 
rotation of the structure.  
 
.AVI-files: movie sequence of real-time gathering of experimental data 
Play and stop when necessary to see details. 
 

 betatubIIIa7d.MOV: type III neuron as in Figure 5L 
 betatublaminationonset84h.MOV: view onto and into a tectal lobe expressing 

GFP in mosaic fashion at 84hpf, please note the laminated pattern of some 
young dendrites, please see Figure 8. 
 betatubtypeXIII8d.MOV: typeXIII neuron showing characteristic lamination   
 betatubwholetectallobe9d.MOV :  360° view onto and into a tectal lobe 

expressing 
 GFP in mosaic fashion.  
 betatubtectumlamination8d.MOV: 360° view onto and into a tectal lobe 

expressing 
 GFP in mosaic fashion.  
 atubXIVlayereddendrite8d.MOV: type XIV as in Figure 5C, D, H 
 huctypeXIVswithskin8d.MOV: as in Figure 7B, C 
 huctypeXIVwAXON9d.MOV: type XIV with axon leaving the tectum   
 12hrstimelapsemovieZproj.AVI: timelapse movie sequence of growing tectum 

opticum, see Figure 8  
 atubUASG-CaMPexpressingXIV.AVI: UAS-GcaMP1.6 expressing type XIV cell, 

how it  appears when focusing in a single photon fluorescence microscope, while  
imaging. 
 betatublaminationonset84h.AVI: tectal lobe movie sequence of a z-stack, 

recorded like shown in Figure 7, see Figure 8. 
 exposedtectummovie.AVI: tectum opticum as seen, when exposed and 

focussed down 
in a light microscope. Superficial cells, probably of type III are visible. The soma-
rich part is SPV.   
 huc3.2tectum90h.AVI: tectal lobe movie sequence of a z-stack, recorded like 

shown in 
 Figure 7, see Figure 8. Note the laminated pattern in a ‘bowlshaped’ form. 
 huC10kbGFPlefttectallobe.AVI:8dpf, tectal lobe movie sequence of a z-stack, 

recorded  
like shown in Figure 7, see Figure 8. Note the laminated pattern in a ‘bowlshaped’ 
form in the first slices, then the sequence will show the main deep axonal layers 
through which the some tectal neurons leave the neuropil.   
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