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Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more so that we may fear less.
Marie Curie, 1867 - 1934
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Summary

V

ision is defined as the detection of photons and subsequent conversion to electrical signals
that are transmitted to the brain. There, they are interpreted as an image, encoding information on size, shape, color and movement of the perceived objects. Humans are highly visual creatures,
strongly relying on vision in the majority of aspects in life. Vision is mediated by the neuronal part of
the eye, the retina, in which the light sensitive photoreceptors translate the physical stimulus in form
of light to an electrical output. This signal is passed on to secondary neurons and further to output
neurons whilst being refined by different modulatory neurons.
Signal transmission in the retina largely relies on exocytosis of glutamate. Glutamate is the main
excitatory neurotransmitter of the vertebrate central nervous system and requires extremely tight concentration control. Once released by the presynaptic terminal, glutamate diffuses across the synaptic
cleft, activating postsynaptically expressed receptors/channels. Cleft glutamate clearance is mediated
by excitatory amino acid transporters (EAATs), a group of transporters belonging to the SLC1 gene
family. Removal of extracellular glutamate by EAATs greatly contributes to precise signal transmission
by keeping the glutamate signal-to-noise ratio at an optimum and also to prevention from glutamate
induced excitotoxicity. Additionally, EAATs are associated with an anion conductance allowing Cl- to
pass through the transporter. The extent of anion channel activity may reach values of bona fide ion
channels however it differs between EAAT subtypes. This dual channel-transporter function further
allows glutamate transporters to shape signal transmission by modulation of cell membrane potentials.
The photoreceptor ribbon synapse constitutes a very specialized synapse, accredited with tonic
glutamate release in darkness. Hence, glutamate accumulates more easily in the photoreceptor synapse than in conventional synapses, and therefore requires precise regulation by numerous EAATs. I
exploited the evolutionarily conserved vertebrate retina and the large genetic tool box offered by the
model organism zebrafish (Danio rerio), which are discussed in Chapter 2, to study the dynamics
of glutamate in the cone synapse. Chapters 3 to 5 elaborate the function of seven conventional and
non-conventional EAATs in the zebrafish outer retina and summarize how glutamate transporters
adopted unique expression patterns and biophysical characteristics to coordinate synaptic transmission in an EAAT subtype-specialized manner. My results demonstrate that the Müller glia cell specific
EAAT2a serves as the main glutamate sink and is therefore indispensable for signal transmission
in the first visual synapse. Moreover, we show that EAAT2b, expressed on cone pedicles, influences
synaptic transmission mostly through its large Cl- conductance and leak current that pushes the presynaptic membrane potential back to the dark resting potential and thereby greatly enhances temporal
resolution of vision. Furthermore, the postsynaptically expressed EAAT5b and EAAT7 contribute to
ON-bipolar cell activation upon light increments, likely through their anion conductance. We propose EAAT5a, expressed outside the synaptic invaginations to buffer glutamate and keep spillover to
a minimum. Additionally, the EAAT6 paralogs constitute non-conventional transporters. EAAT6b
is an extrasynaptic transporter that likely possesses a metabolic function; whereas EAAT6a could
provide horizontal cells with a glutamate source for the synthesis of the inhibitory neurotransmitter
γ-aminobutyric acid.
In addition to the study on retinal glutamate transporters, further research on the zebrafish retina
was carried out. On one hand, chapter 6 discusses how accumulation of the neuroactive substance
cocaine exposure leads to a supernormal electroretinogram, potentially caused by inhibition of the
reuptake of the neurotransmitter dopamine. On the other hand, chapter 7 elaborates on an ultrastructure of the cone accessory outer segment, a cytoplasmic structure found in teleost cones.
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Zusammenfassung

D

as Sehvermögen basiert auf der Detektion von Photonen und deren darauffolgende Umwandlung in elektrische Signale. Diese werden in übergeordnete Gehirnzentren weitergeleitet, wo die Bildgebung stattfindet. So können Informationen zu Grösse, Form, Farbe und Bewegung
von Objekten wahrgenommen werden. Der Mensch verlässt sich in vielen Aspekten auf sein Sehsystem. Die Lichtsinneswahrnehmung geschieht in der Netzhaut (Retina), dem neuronalen Teil des Auges, wo die lichtsensitiven Photorezeptoren den physikalischen Stimulus Licht in ein elektrisches Signal
umwandeln. Das elektrische Signal wird via Sekundärneurone an Ganglienzellen, die Output-Neurone der Retina, weitergeleitet und währenddessen von unterschiedlichen Interneuronen moduliert.
Die Signalweiterleitung in der Retina geschieht hauptsächlich über die Ausschüttung von Glutamat, dem wichtigsten exzitatorischen Neurotransmitter des Zentralnervensystems aller Vertebraten.
Glutamat diffundiert nach seiner Ausschüttung von der Präsynapse durch den synaptischen Spalt und
aktiviert postsynaptisch exprimierte Rezeptoren/Kanäle. Extrazelluläres Glutamat wird durch Excitatory Amino Acid Transporter (EAATs), die zur Genfamilie der SLC1 Transporter gehören, beseitigt.
Da EAATs Glutamat aus dem synaptischen Spalt in Zellen hinein transportieren, tragen sie einerseits
zur präzisen Signalübertragung bei, indem sie ein optimales Signal-Rausch-Verhältnis erhalten, und
andererseits auch zur Vermeidung toxischer Glutamat-Nebeneffekte. Des Weiteren besitzen Glutamat-Transporter eine Anionenleitfähigkeit, die es Cl- erlaubt durch den Transporter zu fliessen. Die
Cl- Stromamplituden sind je nach EAAT Subtyp unterschiedlich, können aber Werte eines bona fide
Ionenkanals erreichen. Mit dieser dualen Funktion eines Kanals im Transporter sind Glutamat-Transporter dazu fähig, die Signalvermittlung nicht nur über die Glutamat-Aufnahme, sondern auch durch
Modulierung des Membranpotenzials zu beeinflussen.
Die Ribbon Synapse von Photorezeptoren ist eine spezialisierte Synapse, die in Dunkelheit kontinuierlich Glutamat ausschüttet. Verglichen mit einer konventionellen Synapse akkumuliert Glutamat in der Photorezeptor-Synapse wegen seiner anhaltenden Freisetzung viel schneller, und macht
eine äusserst präzise Regulierung durch zahlreiche EAATs notwendig.
Ich machte mir die evolutionär konservierte Retina und die zahlreichen Methoden zur genetischen
Manipulation des Modellorganismus Zebrafisch (Danio rerio), welche in Kapitel 2 näher erläutert
werden, zu Nutze, um die Glutamat-Dynamik in der Zapfen-Synapse, zu erforschen. Kapitel 3 bis 5
untersuchen die Funktion von sieben verschiedenen Glutamat-Transportern in der äusseren Retina
des Zebrafischs und legen dar, wie Glutamat-Transporter sowohl Subtyp-spezifische Expressionsmuster als auch biophysikalische Eigenschaften angenommen haben, um die synaptische Signalübertragung auf spezialisierte Art und Weise zu koordinieren. Die erhobenen Resultate implizieren, dass
der Müller Glia Zell-spezifische Transporter EAAT2a die Haupt-Glutamat-Senke der Zapfen-Synapse
darstellt, und daher unabdingbar für die korrekte Signalweiterleitung in der ersten visuellen Synapse der Retina ist. Des Weiteren wird gezeigt, dass EAAT2b, ein Zapfen-spezifischer präsynaptischer
Transporter, die Signalübertragung grösstenteils durch eine hohe Cl- Leitfähigkeit und einen Kriechstrom beeinflusst, wodurch das Membranpotenzial des Zapfens in Richtung Ruhemembranpotenzial
getrieben wird. Dies erhöht die zeitliche Auflösung des Sehens massiv. Zudem wird demonstriert, wie
die beiden postsynaptischen Transporter EAAT5b und EAAT7 zur Aktivierung von ON-Bipolarzellen beitragen, sehr wahrscheinlich durch eine hohe Cl- Leitfähigkeit. EAAT5a ist ausserhalb der synaptischen Invagination exprimiert, vermutlich auf dendritischen Fortsätzen von ON-Bipolarzellen,
wo EAAT5a möglicherweise als Glutamat-Puffer fungiert. Ausserdem wird gezeigt, dass die Paraloge EAAT6a und EAAT6b nicht-konventionelle EAATs darstellen. EAAT6b ist ein extrasynaptischer
Transporter, der wahrscheinlich eine metabolische Funktion im inneren Zapfensegment besitzt, und
EAAT6a, welches auf Horizontalzellen lokalisiert ist, stellt möglicherweise eine Substratquelle für die
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Synthese von γ-Aminobuttersäure dar.
Weitere Studien, die das visuelle System anhand des Modellorganismus Zebrafisch erforschen,
werden in den Kapiteln 6 und 7 vorgestellt. In Kapitel 6 wird ermittelt, dass die Akkumulation
der neuroaktiven Substanz Kokain im Auge zu einem supernormalen Elektroretinogramm führt,
wahrscheinlich durch Inhibierung der Dopamin-Wiederaufnahme. Kapitel 7 erläutert die Ultrastruktur des akzessorischen äusseren Zapfensegments, einer zytoplasmatischen Struktur, die häufig in Teleostiern gefunden wird.
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Chapter 1
General Introduction

G

lutamate is the main excitatory neurotransmitter of the vertebrate central nervous system.
It is involved in most forms of brain functions, but also in central nervous system development. Therefore it comes as no surprise that an imbalance in glutamate homeostasis or aberrant
glutamatergic signaling is a frequent cause or consequence of numerous neurological disorders. Thus,
extracellular glutamate concentration must underlie extremely tight regulation in order to maintain
high fidelity signal transmission and to prevent toxic glutamate effects.

1.1 Glutamatergic signaling
Glutamate is stored in a vesicle pool in the presynaptic terminal. Local increase in Ca2+ concentration in the presynapse evokes exocytosis of glutamate, resulting in a transient rise in glutamate
concentration up to levels in the low millimolar range in the synaptic cleft (Vandenberg, Ryan 2013).
The released glutamate generates a postsynaptic electrical signal by either opening ionotropic NMDA,
AMPA or kainate receptors or by indirectly modulating ion channels by binding to metabotropic glutamate receptors (Figure 1). Precise regulation of glutamate concentrations is of utmost importance to
maintain synaptic function but also to prevent exitotoxicity. Glutamate must be actively transported
from the synaptic cleft against a concentration gradient back into neurons or glia cells. The subsequent
fate of glutamate depends on the cell type that takes up glutamate. It may either be metabolized to
yield ATP via the TCA cycle, or it may be recycled and reused as a neurotransmitter. Most glutamate
taken up by glia cells is recycled by the glutamate-glutamine cycle (van den Berg, Garfinkel 1971). Glia
cells convert glutamate to glutamine by the enzyme glutamine synthetase (Martinez-Hernandez et al.
1977). Glutamine is being released again by astrocytes and taken up into the presynapse where it is
metabolized back to glutamate and packaged into vesicles. Alternatively to the glutamate-glutamine
cycle, glia cells can also use glutamate as an energy source, by conversion to α-ketoglutarate which gets
metabolized in the tricarboxylic acid cycle (TCA cycle) (reviewed by (Danbolt 2001)). Additionally,
glutamate can also be taken up directly by presynaptic terminals of neurons where it is packaged again
into vesicles, creating a direct recycling system.

1.2 Glutamate uptake by excitatory amino acid transporters (EAATs)
Spatiotemporal concentration of extracellular glutamate is tightly controlled by glutamate transporters called excitatory amino acid transporters (EAATs), which belong, together with the neutral amino acid transporters, to the SLC1 transporter family (Arriza et al. 1993; Shafqat et al. 1993).
The SLC1 family in mammals consists of 2 neutral amino acid transporters and 5 EAATs (EAAT1
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Figure 1: Schematics of a
glutamatergic synapse.
Glutamate is stored in presynaptic vesicles that fuse
upon increases in Ca2+ concentrations. Synaptic glutamate binds to ionotropic
NMDA, AMPA or kainate
glutamate receptors or to
metabotropic
glutamate
receptors inducing postsynaptic currents. Glutamate
transporters expressed on
the presynapse, postsynapse
and on glia cells remove cleft
glutamate to terminate the
signal. Image from (Attwell,
Gibb 2005)

- EAAT5). The basic complement of vertebrates however consists of 7 EAAT genes (Gesemann et al.
2010). Mammals have lost some of the EAATs during the course of evolution, which are still found in
the genome of lower vertebrates (eaat6 and eaat7). Furthermore, due to an additional whole-genome
duplication in the teleost lineage, some of the duplicated eaat genes in zebrafish have been retained,
yielding a total of 11 eaats (eaat1a, 1b, 2a, 2b, 3, 4, 5a, 5b, 6a, 6b, 7) in zebrafish (Gesemann et al. 2010).
By removal of glutamate from the synaptic cleft, EAATs terminate the synaptic signaling event,
thereby shaping synaptic effects by buffering released glutamate in a sub-millisecond timeframe. This
protects from excitotoxic glutamate effects and also creates a glutamine supply for glia cells, which
is involved in ammonia detoxification or energy production. Also, glutamate transport is associated
with a thermodynamically uncoupled Cl- flux of varying amplitudes, allowing EAATs to further influence synaptic transmission by modulating the cell’s membrane potential.

1.2.1 Glutamate uptake mechanisms
The understanding of glutamate uptake mechanisms and the exact associated stoichiometry has
emerged during decades of research. The first comprehension on EAATs dates back to the 1960, when
knowledge of glutamate transporter mediated shaping of signal transmission was gained by the application of different pharmacological blockers. Later in the 1990s, when cloning of eaats became
possible, several studies investigated EAAT expression patterns (Vandenberg, Ryan 2013). Biophysical
characterizations in isolated expression systems raised the awareness of the large differences in kinetics and functional properties of the various EAAT subtypes. The (up to now) last mile stone in EAAT
research was reached when the crystal structure of the archeal aspartate transporter of Pyrococcus
horikoshii (GltPh) in different conformations was determined (Reyes et al. 2009; Verdon, Boudker
2012; Yernool et al. 2004). GltPh shares 37% amino acid identity with human EAAT2 (Yernool et al.
2004). Considering the amino acid identity between EAAT1 to EAAT5 of roughly 50% (Vandenberg,
Ryan 2013), GltPh constitutes an excellent model that deepened our knowledge on the structure and
function of EAATs of higher organisms, despite the considerable evolutionary distance.
The transport of glutamate by EAATs is electrogenic. It is driven by the energy stored in transmembrane concentration gradients of the cotransported Na+. The transport of one molecule of glutamate is coupled to the cotransport of 3 Na+ and 1 H+ (Figure 2) (Levy et al. 1998; Owe et al. 2006; Zerangue, Kavanaugh 1996). This transport is immediately followed by the countertransport of one K+,
a step that does not depend on the actual transport step (Figure 2) (Levy et al. 1998; Owe et al. 2006;
Zerangue, Kavanaugh 1996). Hence, movement of one glutamate molecule (carrying one negative
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charge) yields a total movement of two positive charges into the cell generating the so called transport
current (Levy et al. 1998; Zerangue, Kavanaugh 1996; Owe et al. 2006). Coupling glutamate transport
to the cotransport of 3 Na+ enables EAAT expressing cells to generate a 106 fold concentration gradient across the membrane under standard condition (Zerangue, Kavanaugh 1996). This is roughly in
agreement with the estimated extracellular glutamate concentration (at rest) of 25 nM (Herman, Jahr
2007). Binding of substrate to EAATs generates a thermodynamically uncoupled, substrate-activated
Cl- conductance through the transporter of amplitudes varying between different isoforms (Fairman
et al. 1995; Billups et al. 1996). In essence, EAAT proteins are both glutamate transporters and anion
channels. The mammalian EAATs have all been biophysically characterized in isolated expression
systems. These studies revealed that EAAT1, EAAT2 and EAAT3 possess low channel activity, while
the neuronal EAAT4 and EAAT5 were associated with Cl- conductances comparable to a bona fide
ion channel (e.g. reviewed by (Vandenberg, Ryan 2013)). While Cl- is the most common anion in
a physiological system, EAATs are also permeant to other anions, some of them even with greater
permeability (Wadiche et al. 1995; Wadiche,
Kavanaugh 1998). Furthermore, EAATs possess a leak current, defined by the ion slippage
through the transporter in absence of substrate
binding, of a magnitude roughly 1-5% of that
of Cl- conductance (Melzer et al. 2003; Ryan et
al. 2004; Huang, Vandenberg 2007). The functional implication of this Cl- flux and also the
leak currents depend greatly on the location of
the transporter and of the current amplitudes.
Released glutamate may activate the Cl- current on the presynaptic terminal, resulting in
Figure 2: Stoichiometry of glutamate transport.
a hyperpolarization of the presynaptic neuron
Glutamate is cotransported with 3 Na+ and one H+. Structurand thereby causing a reduction in glutamate
al change back to the outward-facing conformation is associated with the transport of 1 K+ from the intracellular to the
exocytosis by a negative auto-feedback. Furextracellular milieu. EAATs possess an anion conductance
thermore, the Cl- conductance of EAATs can
that is thermodynamically uncoupled but kinetically coube directly involved in signal transmission
pled. Glu, glutamate; Na+, sodium; H+, proton; Cl-, chloride;
K+, potassium. Taken from (Ryan, Vandenberg 2005)
by hyperpolarizing the postsynaptic neurons
through the Cl- conductance of postsynaptic
transporters. One last function of the Cl- current through EAATs can be the maintenance of ionic homeostasis.

1.2.2 Structure-function relationship
Glutamate transporters consist of 8 transmembrane domains (TMs) and two reentrant loops,
one between TM6 and TM7 and the second one between TM7 and TM8 (Figure 3A, B) (Yernool et
al. 2004). Both termini lay intracellularly. EAATs assemble as trimers, of which each protomer constitutes a functional unit (Figure 3D). Mostly, the transporters of the same isoform homotrimerize,
however EAAT3 and EAAT4 were shown to be able to form heterotrimeric assemblies (Nothmann
et al. 2011). Each protomer consists of a scaffolding and a transport domain (Figure 3C). TM3, TM6,
TM7, TM8 and both hairpins (HPs) mediate transport function (Yernool et al. 2004; Boudker et al.
2007; Reyes et al. 2009). TM1, TM2, TM4 and TM5 are associated with protomer trimerization (Vandenberg, Ryan 2013). The assembled protomers form an extracellular facing aqueous bowl, in which
glutamate can diffuse half-way through the transporter and bind to the glutamate-binding sites at the
bottom of the bowl. The two hairpins are thought to have gate-keeper functions. Glutamate transport occurs through an alternating access mechanism. The transporter cycles through two distinct

4

Chapter 1

conformations, the outward- and inward-facing conformation intermitted by a series of intermediate
conformations. One of the major conformations allows the substrate to bind from the extracellular
side and the second one exposes the substrate binding site to the intracellular milieu (Vandenberg,
Ryan 2013; Machtens et al. 2015). The intermediate conformations, occurring between the outwardand inward-facing conformations, are determined by the substrate binding site being closed on both
sides of the membrane. Hence they are referred to as occluded conformations. The existence of these
intermediate conformational states is supported by the crystal structure of GltPh, as one of the isolated conformations resembles the occluded conformation (Yernool et al. 2004). Glutamate transport
is initiated by Na+. Binding of Na+ to the transporter opens the extracellular gate, formed by HP2,
permitting access of glutamate to the substrate binding site (TM7, TM8 and both hairpins). Binding
of glutamate to the substrate binding site induces conformational changes in the transporter. The
extracellular gate, formed by HP2 closes and the transporter undergoes an elevator-like movement,
bringing the substrate from the extracellular to the intracellular side, by changing from outward-facing to the inward-facing conformation (Huang, Tajkhorshid 2008; Heinzelmann et al. 2011). This is
followed by opening of the HP1, the intracellular gate and the release of the substrate (Heinzelmann
et al. 2013). The change of the empty transporter back to the extracellular facing conformation is associated with the movement of one K+ ion.
Binding of Na+ is required for induction of the anion flux. Thus, the anion conductance is kinetically tightly coupled but the direction and the magnitude of the anion flux are thermodynamically
uncoupled (Fahlke et al. 2016). A series of mutational studies demonstrated the importance of TM2
(Ryan et al. 2004) in anion conductance (Seal et al. 2001; Borre et al. 2002; Ryan, Vandenberg 2002,
Figure 3: Structure of glutamate transporters and assembly as homotrimers .
(A) 3 dimensional structure of
an EAAT protomer shows folding and orientation within the
membrane. (B) 2 dimensional
representation of glutamate
transporters. EAATs consist of 8
transmembrane domains (TMs)
with two hairpins (HP) separating TM6 from TM7 and also
TM7 from TM8. The same color
coding is used as in panel A. (C)
Side view of a single protomer.
Trimerization domains are colored in beige and transport domains are represented in blue.
(D) Top view EAATs assembled
as trimers. Straight dashed line
shows boarder between each
protomer while curved dashed
line marks the interface between the scaffolding (beige)
and transport (blue) domains.
Adapted from (Vandenberg,
Ryan 2013)

2005). The exact underlying molecular and structural mechanisms of the anion channel gating were
only recently resolved (Machtens et al. 2015). Neither the outward- nor the inward-facing conformation is permeant to anions, however the Na+-bound conformational intermediates are anion conducting. Movement of the transport domain causes a water influx and a broad anion pore surrounded by
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hydrophobic amino acids at the interface between the scaffolding and the transporter domain emerges
(Ryan et al. 2004; Cater et al. 2016; Fahlke et al. 2016; Machtens et al. 2015).

1.2.3 Transport kinetics
Different EAAT isoforms possess distinct transport kinetics, which are influenced by a series of
events. One factor determining the kinetics is the glutamate binding affinity of the transporter. Generally, neuronal glutamate transporters have a lower glutamate binding affinity constant (Kd) than glial
transporters, implying that neuronal transporters have a higher glutamate affinity (Tzingounis, Wadiche 2007). The binding affinity has a great impact on the spatiotemporal distribution of synaptic glutamate. The next important factor determining transporter kinetics is the capture efficiency, defined
as the probability of bound glutamate to be transported rather than released back to the extracellular
space. The capture efficiency of EAAT1, EAAT2 and EAAT3 were shown to be only 0.5, indicating
that the likelihood of glutamate to be released equals the likelihood of being transported into the
cell (Cavelier, Attwell 2005; Beart, O’Shea 2007; Tilleux, Hermans 2007). Despite their low capture
efficiency, EAATs can shape synaptic signals very rapidly by acting as glutamate buffers. A further
point that determines transporter kinetics is the turnover rate, defined as the time required for one
full transport cycle. Different EAATs differ in their turnover rates by almost two orders of magnitudes.
EAAT3 was associated with the fastest turnover rate, while EAAT4 and EAAT5 were shown to possess
turnover rates roughly 100 times slower. This indicates that the latter two transporters possess negligible transport functions (Gameiro et al. 2011; Mim et al. 2005; Wadiche et al. 1995). The rate limiting
step of the turnover is not the transport of glutamate but rather the movement of the K+ ion (Grewer et
al. 2000; Bergles et al. 2002; Larsson et al. 2004). Interestingly, glutamate diffusion across the synaptic
cleft lasts less than 1 ms (Grewer, Rauen 2005), however the turnover of glutamate takes significantly
longer, with 30 ms for EAAT3, the transporter associated with the highest turnover rate (Grewer et
al. 2000). This nicely demonstrates the importance of the buffering function of EAATs by controlling
the extracellular glutamate concentration before the actual transport cycle is fulfilled. One last point
that influences kinetics of EAATs is their expression levels along with the proximity to the release site.

1.2.4 Regulation of EAAT expression
Glutamate transporters are regulated both at the transcriptional as well as at the posttranscriptional level. Despite numerous studies assessing the transcriptional regulation of some EAAT isoforms, surprisingly little is known. Analysis of the rat and human eaat2 promoter revealed interspecies
differences in transcription activating molecules. Comparison to the human and rat eaat1 promoter
displayed again changes between regulation of eaat1 and eaat2. Amongst others, eaat2 transcription
is upregulated by cAMP, epidermal growth factor, transforming growth factor α and the pituitary
adenylate cyclase-activating polypeptide and downregulated by proinflammatory cytokine, tumor necrosis factor α and endothelins (reviewed by (Grewer et al. 2014)). Promoter analysis of eaat1 revealed
several transcription factor binding sites that potentially regulate eaat1 expression: NF-κB, CART,
CEBP, GATA, HAML, MZFI, NKXH, oct1, SP1 and YY1f (Grewer et al. 2014). EAAT3, involved
in oxidative stress regulation, is upregulated during oxidative stress by the nuclear factor erythroid
2-related factor 2 (Nfr2)-antioxidant responsive element (ARE) (Escartin et al. 2011). A further interesting finding comes from Müller glia cells, the retinal glia cells, in which the transcription of EAAT1
and glutamine synthetase are regulated in a coupled manner by the glucocorticoid hormone cortisol
(Rauen, Wiessner 2000).
Posttranscriptional regulation of EAATs serves short-term modulation and is mediated by posttranslational protein modifications and membrane trafficking. The cell surface expression of EAATs is
very dynamic and transporters are commuting between intracellular storages, including lipid rafts and
caveolae and the cell surface. The amount of cell-surface expressed EAATs differs between isoforms
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from 80% of EAAT2 to 30% of EAAT3 (Sheldon et al. 2006). Furthermore, cell surface expression is
influenced by transporter modifications through protein kinases (Grewer et al. 2014). Protein kinases
C have been shown to mediate short term increases in membrane expression while Protein kinases A
mediated the long-term increase (Tzingounis, Wadiche 2007). Another mediator of cell surface expression of EAATs are glutamate transporter associated proteins (GTRAPs), which when interacting
with EAATs stabilize membrane expression (Tzingounis, Wadiche 2007).

1.2.5 Clinical relevance
Due to the important function of EAATs in maintaining extracellular glutamate concentrations,
it is not surprising that malfunctioning of EAATs is cause or consequence of numerous neurological
disorders. Glutamate transporters have been associated to the pathophysiology of stroke, epilepsy,
amyotrophic lateral sclerosis, Parkinson disease, Huntington disease, HIV-associated dementia, traumatic brain injury, malignant glioma as well as neuropsychiatric disorders including schizophrenia
and bipolar disorder (e.g. reviewed by (Beart, O’Shea 2007; Benarroch 2010)). EAATs are involved in
the aforementioned disorders either by malfunctioning as a consequence of a mutation (e.g. epilepsy),
by altered splicing (amyotrophic lateral sclerosis), by differential expression levels (neuropsychiatric
disorders) or by transport reversal (ischemia) (reviewed by (Benarroch 2010)).

1.3 The photoreceptor ribbon synapse
The light sensitive photoreceptor cells of the retina transmit graded information about illumination. They function in a very wide and dynamic working range, reaching from complete darkness to
bright light while conveying the signal with high fidelity to second order neurons. Changes in illumination cause graded changes in their membrane potential. In darkness, rods and cones are depolarized
with a membrane potential of roughly -35 to -45 mV, evoking tonic release of the neurotransmitter
glutamate (Thoreson 2007). Light increments shift the membrane of photoreceptors to more hyperpolarized potentials of values up to -65 to -75 mV (Thoreson 2007). This light induced hyperpolarization ceases the glutamate release at the photoreceptor terminal. The photoreceptor synapse is a very
specialized synapse termed ribbon synapse that allows transmission of fine-tuned information to the
second order neurons by graded changes in the release rate of the neurotransmitter glutamate. Indeed,
ribbon synapses are only found in neurons in which graded changes in membrane polarization drives
sustained neurotransmitter release. The photoreceptor ribbons are planar structures of 35 nm thickness protruding from the active zone into the cytoplasm (Figure 4) (Heidelberger et al. 2005). These
plate-like protrusions run perpendicularly along the presynaptic membrane to which it is attached by
the arciform density. A series of proteins were identified that localize to the synaptic ribbon, with RIBEYE being the sole one that exclusively localizes to ribbon synapses (reviewed by (Matthews, Fuchs
2010)). Ribbons are surrounded by thousands of vesicles, attached by filamentous tethers of unidentified molecular composition, creating storage of readily releasable glutamate vesicles (Figure 4). Hence,
in comparison to a conventional synapse where 10 to 100 vesicles are clustered at the active zone, the
ribbon synapse of a cone contains up to 170’000 vesicles, as shown in the lizard retina (Choi et al.
2005). Glutamate filled vesicles in cones are distributed amongst several ribbons (between around
25 ribbons in a lizard cone up to 50 ribbons in a primate cone) (Haverkamp et al. 2000), while mammalian rods only possess two ribbons (Migdale et al. 2003). The vesicle fusion machinery in ribbon
synapses highly resembles the release machinery of conventional synapses. Exocytosis is triggered by
a local increase in Ca2+ concentration in the presynaptic terminal. Fusion of the vesicles is mediated
by the SNARE complex that contains syntaxin 3 in retinal ribbons instead of syntaxin 1 found in the
brain (Morgans et al. 1996; Morgans 2000). The high number of readily releasable vesicle ensures
tonic glutamate release. Estimates of the release rate of photoreceptors suggest values between 10 - 80
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vesicles/s/ribbon in darkness (Ashmore, Copenhagen 1983; Berntson, Taylor 2003; Choi et al. 2005).
Taking into account the multiple ribbons per cone, this yields values of 250 - 2000 vesicles/s/cone
in lizards which corresponds to 0.6 - 50 million glutamate molecules released per second per cone
(calculation based on estimated 2500 molecules of glutamate per vesicle (Jackman et al. 2009)). Cleft
glutamate concentrations in darkness reach values several orders of magnitudes higher than needed

Figure 4: Schematic representation of photoreceptor ribbon synapses.
Ribbon synapses are characterized by a planar structure protruding from the active zone into the cytoplasm. Thousands of
vesicles are tethered by filamentous structures to the ribbon, creating a ready releasable vesicle pool. Middle panel shows
a transverse view of the ribbon and the panel on the right illustrates an en-face view. Image adapted from (Matthews,
Fuchs 2010)

to activate postsynaptic receptors (µM levels) (Aizenman et al. 1988; Zhou et al. 1993; Sasaki, Kaneko
1996). Hence, an extraordinarily efficient glutamate uptake system provided by EAATs is required to
maintain high fidelity signal transmission and to prevent excitotoxic glutamate concentrations.

1.4 Objectives of the thesis
The objective of this thesis is to analyze EAAT mediated glutamate homeostasis in the zebrafish
photoreceptor synapse. The zebrafish, possessing a canonical vertebrate retina, is a suitable model to
study the functional implication of regulation of glutamate concentration of each EAAT expressed in
the first visual synapse. The retina of the larval zebrafish develops rapidly and functional assessment
can readily be carried out on 5 day old larvae. Recent developments in targeted genome engineering
by CRISPR/Cas9 allow mutagenesis of the individual transporters and thereby functional analysis of
individual transporters by means of knockout studies. These advances in genetic approaches to retinal
research in zebrafish are summarized in Chapter 2.
The main part of this thesis discusses expression patterns and functions the of retinal glutamate
transporters EAAT2a, EAAT2b, EAAT5a, EAAT5b, EAAT6a, EAAT6b and EAAT7. This is the first
study analyzing the whole set of transporters shaping signal transmission by regulation of glutamate
concentration in one defined synapse by knockout approaches and bringing all the involved mechanisms into context. Chapter 3 discusses the role of the paralogous transporters EAAT2a and EAAT2b
in shaping signal transmission at the photoreceptor synapse. It demonstrates that the glial EAAT2a
constitutes the main glutamate sink in the photoreceptor synapse, while the presynaptic EAAT2b is

8

Chapter 1

involved in stabilization of the cone dark resting potential and thereby enhancing temporal resolution
of vision. Chapter 4 deals with the contribution of postsynaptically expressed transporters EAAT5a,
EAAT5b and EAAT7 in activation of ON-bipolar cells upon light increments, including an analysis
of spectral variances in glutamatergic signal pathways. Chapter 5 elaborates on two non-conventional
glutamate transporters EAAT6a and EAAT6b and their suggested function in strengthening GABAergic horizontal cell synapses and in photoreceptor metabolism.
Chapter 6 and Chapter 7 contain additional published work of topics not related to glutamate
homeostasis. Chapter 6 summarizes how accumulation of cocaine in the eye of the larval zebrafish
induces a supernormal electroretinogram, possibly by inhibiting dopamine reuptake. Chapter 7 presents a morphological description of the zebrafish cone accessory outer segment and a validation of the
Usher protein Myosin 7a as a marker thereof.
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2.1 Abstract

T

he zebrafish (Danio rerio) possesses a vertebrate type retina that is extraordinarily conserved
in evolution. This well organized and anatomically easily accessible part of the central nervous system has been widely investigated in zebrafish, promoting general understanding of retinal
development, morphology, function and associated diseases.
Over the recent years, genome and protein engineering as well as imaging techniques have experienced revolutionary advances and innovations, creating new possibilities and methods to study
zebrafish development and function. In this review we focus on some of these emerging technologies
and how they may impact retinal research in the future. We place an emphasis on genetic techniques,
such as transgenic approaches and the revolutionizing new possibilities in genome editing.

2.2 Introduction
In recent years, the small zebrafish (Danio rerio) made a big splash as a model for vertebrate biology in general and nervous system development in particular. This small tropical teleost fish owes
this honor mainly due to its favorable biological properties, combining many advantages of simple
invertebrate models with the ones of more complex vertebrates. It possesses a canonical vertebrate
nervous system, with evolutionarily conserved anatomical subdivisions, cell types, receptors, channels
and neurotransmitter systems. But it also possesses attributes more commonly found in invertebrates,
such as small body size, ease of maintenance and breeding, high number of offspring (one pair can
produce up to 200 progeny per week) and more compact neuronal circuits. Additional points in favor
of zebrafish are its rapid extra-corporal development and transparency of offspring, making them
ideally suited for live imaging.
The main reason for the zebrafish to join the exclusive club of the few most studied biomedical
model species lies in its superb genetics with continuous additions to its genetic toolbox. The zebrafish
genome is by now fully sequenced and annotated (Howe et al. 2013) and for more than 70% of human
genes at least one zebrafish ortholog can be identified (Howe et al. 2013). Therefore human genetic
diseases can readily be modeled in zebrafish.
Recent years saw a massive expansion of the genetic toolbox to manipulate zebrafish. Transposon
mediated transgenesis allows efficient insertion of DNA cassettes into the zebrafish genome. Spatial
and temporal control of transgene expression can now be achieved through the use of various cell and
tissue specific, and inducible regulatory elements.
Finally the field of genome editing has seen a revolution with the introduction of the CRISPR/Cas
system, enabling easy and efficient site-directed mutagenesis in zebrafish.
Equipped with this vast and growing array of tools, the vertebrate retina can be effectively studied in zebrafish. The zebrafish retina develops early on in development and shows all the features of a
canonical vertebrate retina already 5 days post fertilization (dpf).
Due to the diurnal life style of the zebrafish, its retina supports daylight vision and is therefore in
many aspects closer related to the human retina than the retina of mostly nocturnal rodents.
In the following section we will briefly outline the structure and functionality of the zebrafish
retina, before embarking on a description of modern genetic tools that became recently available for
the study of the zebrafish retina.
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2.3 The Zebrafish retina
The zebrafish possesses a canonical vertebrate retina that is amenable to a detailed analysis of its
development and functional output by various electrophysiological and behavioral means. As vision
is the primary sense at larval stages used for prey capture and predator avoidance, strong selective
pressure has been placed on the rapid development of the retina and downstream visual processing
centers in the rest of the brain.

2.3.1 Retinal anatomy
The zebrafish retina is a canonical vertebrate retina with the neural retina consisting of three nuclear layers, separated by two synaptic layers. As in all vertebrate retinas there are five major neuronal
and one glial cell type stereotypically situated in these nuclear layers. The outer nuclear layer is made
up of the nuclei of photoreceptors. The inner nuclear layer is composed of cell bodies of horizontal,
bipolar, amacrine, and Müller glia cells. Finally the ganglion cell layer mainly consists of ganglion cell
nuclei, but also of nuclei of displaced amacrine cells (Figure 1).
This remarkably ordered array is already present in the early larva at 5 dpf (Figure 1a).
These major cell types can be further subdivided into numerous subtypes, by both morphological
and physiological criteria. The exact number of these subtypes varies between different vertebrates,
likely reflecting adaptation to differing visual ecologies, and is controversially debated in most species.
The zebrafish outer retina contains one rod photoreceptor cell type, adapted to low light (scotopic) vision, and four cone types, mediating color vision at brighter (photopic) illumination. These
photoreceptors are arranged in a distinct stereotyped mosaic pattern that crystalizes during larval
stages (Robinson et al. 1993; Fadool 2003). The peak sensitivities of zebrafish cones are 360–361 nm
(ultraviolet, short single cone), 407-417 nm (blue, long single cone), 473–480 nm and 501-503 nm for
the green/red double cone (Allison et al. 2004; Cameron 2002; Nawrocki et al. 1985; Robinson et al.
1993). Hence the visual spectrum of the zebrafish reaches deeper into the infrared than the human
and enables ultraviolet vision. Consistent with their diurnal life style, the zebrafish retina features a
high proportion of cones. Vision is nearly exclusively cone driven up to 15 to 20 dpf (Raymond et al.
1995; Saszik et al. 1999). In this respect, the larval zebrafish retina mimics cone exclusive foveal vision
of humans.
Horizontal cells of the inner retina receive input from and feed back to photoreceptors, contributing to the center-surround system that enhances contrast sensitivity. These interneurons can be classified into 4 groups (H1 to H4) which differ in their connectivity to cones and in their gene expression
profiles (Klaassen et al. 2016). Bipolar cells are divided into two physiological types depending on
their response to changes in illumination: the ON- and OFF-bipolar cells. They can be further subdivided into at least 17 subtypes (Connaughton et al. 2004; Connaughton 2011). Bipolar cells transmit
the signal to ganglion cells, whose synapses are found in the inner plexiform layer together with synapses of amacrine interneurons. Amacrine cells are a diverse group of interneurons that modify the
signal transmitted from bipolar to ganglion cells. They differ in size, arborization, size of receptive
field and biochemistry resulting in a population of neurons that shape signal transmission in the inner
plexiform layer in a subtype-specific way (reviewed by (Masland 2012)). Novel amacrine cell types are
still being discovered, e.g. by transgenic techniques (Glasauer et al. 2016). Nuclei of ganglion cells together with displaced amacrine cell bodies, build the innermost ganglion cell layer. Ganglion cells are
the output neurons of the retina. Their long axons connect the larval retina with 10 distinct regions of
the brain of which the optic tectum is the most prominent (Burrill, Easter, JR 1994).
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Figure 1: Zebrafish retinal anatomy.
Zebrafish possess a vertebrate type retina. a) Already at 5 days post fertilization, the larval retina is considered fully functional and consists of three nuclear and two synaptic layers, typical for a canonical vertebrate retina. b) Section of an adult
zebrafish retina (left) with a schematic illustration (right) depicting retinal organization. The outer nuclear layer contains
nuclei of rod and cone photoreceptors. Photoreceptors transmit the signal to interneurons called bipolar cells whose nuclei are located in the inner nuclear layer, together with cell bodies or horizontal and amacrine cells. Bipolar cells in turn
project to ganglion cells, the retinal output cells. Horizontal and amacrine cells are inhibitory interneurons laterally modulating the signal in the synaptic layers, outer and inner plexiform layer respectively. Müller cells are the main glia cell type
in the zebrafish retina. They span from the optic nerve layer to the basal end of photoreceptor inner segments. R Rods, C
Cones, H Horizontal cell, B Bipolar cell, A Amacrine cell, G Ganglion cell, M Müller glia cell.
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2.3.2 Retinal development
In general, zebrafish develop rapidly. However, the development of the retina is particularly precocious. By 60 hours post fertilization (hpf) all retinal layers are morphologically distinct and the vast
majority of cells are post-mitotic. Following neurulation, movements of a diencephalic cell population
result in two evaginations that form the optic bulbs (Schmitt, Dowling 1994). Later, an invagination
in the eye primordia cell mass results in the formation of the optic cup at 24 hpf (Schmitt, Dowling
1994). Cell division taking place at the innermost layer of the optic cup will give rise to retinal cells.
All retinal neurons as well as Müller glia cells are descendants from one common multipotent progenitor (Turner, Cepko 1987). Ganglion cells in a ventral patch close to the choroid fissure are the
first retinal neurons to exit the cell cycle and start differentiation at around 28 hpf (Hu, Easter 1999).
All retinal neurons develop first in a ventro-nasal region and then distribute to more dorsal regions
(Kljavin 1987; Schmitt, Dowling 1994). The formation of an inchoate ganglion cell layer at around
36 hpf is followed by differentiation of neurons located in the INL (amacrine and horizontal cells at
50 hpf followed by bipolar cells at 60 hpf). Photoreceptors become postmitotic starting from 43 hpf
while the photoreceptor layer can be observed histologically form 48 hpf on (Schmitt, Dowling 1994;
Branchek, Bremiller 1984). Müller cell markers HNK-1 and glutamine synthetase are first detected by
60 hpf (Peterson et al. 2001). However, Müller cell maturation seems to underlie a biphasic pattern,
as other typical markers for these cells are only found at later stages (Peterson et al. 2001). Once photoreceptors exit the cycle, they start to mature and express opsins. Paradoxically, rod photoreceptors
that become functionally integrated last are the first to express rod opsin, followed by red, green, blue
and later by UV cones (Raymond et al. 1995; Saszik et al. 1999). Coinciding with the development
of photoreceptor outer segments and formation of ribbon synapses with second order neurons at
around 60 hpf, the first behavioral responses to light can be observed (Branchek, Bremiller 1984;
Easter, Nicola 1996; Biehlmaier et al. 2003). Signal transmission from photoreceptors to bipolar cells
sets on around 3.5 dpf, coinciding with the time when first electroretinogram (ERG) responses can be
recorded (Branchek 1984).
In a sense retinal development is never finished, since the retina continues to grow in adulthood
by adding cells in the ciliary margin of the retina (Wan et al. 2016). The retina also has immense regenerative properties that are increasingly investigated. Müller glia cells can dedifferentiate and replenish
all retinal cell types after damage (reviewed by (Goldman 2014).

2.3.3 Retina function
Given the rapid development of the zebrafish retina, it comes as no surprise that retinal function
is already apparent at larval stages and can be assessed by both electrophysiological and behavior
means.
The most direct electrophysiological approach is the recording of electroretinograms (ERG),
which records the outer retina response to light. For this purpose the electrode is placed on the cornea, recording sum-field potentials in response to light (Makhankov et al. 2004). Practically both
intact larvae and eye cup preparations are suitable for such measurements. The first ERG responses
in the zebrafish can be recorded starting from about 3.5 dpf, yielding robust cone-mediated response
from 5 dpf on (Brockerhoff et al. 1997; Seeliger et al. 2002; Makhankov et al. 2004; Saszik et al. 1999).
Functional rod input starts between 15 and 21 dpf (Bilotta et al. 2001; Branchek 1984; Saszik et al.
1999). Zebrafish display canonical vertebrate ERG responses consisting of a negative a-wave reflecting
hyperpolarization of photoreceptors, followed by a positive b-wave reflecting activity of ON-bipolar
cells. Furthermore, one can readily assess the OFF-response (d-wave), reflecting OFF bipolar activity.
The most common recordings consist of a series of white light stimuli of increasing light intensities
to assess response thresholds and response amplitudes. Furthermore the flicker ERG can be used to
determine the flicker-fusion-frequency, where single responses to a train of flashes cannot be resolved
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anymore (Branchek 1984). Spectral ERG allows to investigate the function of single cone subtypes by
application of monochromatic light stimuli (Hughes et al. 1998), which can especially be advantageous
to probe UV-sensitive cones as they contribute very little to the normal white light ERG (Zang et al.
2015). Defects in ganglion cells do not influence the ERG response (Gnuegge et al. 2001). One way
to study ganglion cell function is extracellular recordings of the optic nerve on isolated eyes, a method that can be combined with simultaneous ERG recordings (Emran et al. 2007; Li, Dowling 2000).
More sophisticated electrophysiological measurements have been used to measure whole cell currents
of ganglion cells (Gnuegge et al. 2001; Zhang et al. 2010). Physiological properties of the remaining
retinal neurons has been assessed by patch-clamp recordings or suction-electrode recordings for photoreceptors in isolated retinas or isolated cells (Enright et al. 2015; Vroman et al. 2014; Brockerhoff et
al. 2003). However, the limited number of publications on recordings in retinal slices shows one of the
limitations of the zebrafish model to study retinal physiology (Connaughton et al. 2008). Especially at
larval stages, the small zebrafish retina makes cellular electrophysiology challenging. However, development of different optical biosensors that visualize Ca2+ or Cl- concentrations or membrane voltages
can, at least partially, compensate for the challenging cellular electrophysiology (see below).
The other functional approach to visual system function testing is behavioral assays that comprehensively test visual processing of the entire visual system in a non-invasive manner. Zebrafish primarily use vision for prey hunting and predator avoidance, necessitating a quick emergence of visual
guided behavior. The startle response is the first visual guided behavior developing at around 68 hpf
(Easter, Nicola 1996), likely mimicking an escape response from a looming predator (Kimmel et al.
1974). While the startle response is not based on form vision, the optokinetic response (OKR), also
seen from day 3 on represents the first visual guided behavior requiring form vision (Clark 1981). The
OKR is a robust behavior of the fish eyes tracking the moving surround. For experimental purposes,
the zebrafish larva is typically immobilized in a viscous solution surrounded by a paper drum that
presents rotating black and white bars. The elicited behavior consists of a smooth pursuit movement
in the direction of the presented stimulus and a fast saccadic resetting movement. Given the large size
and dark pigmentation of the eyes, tracking of the eye movements enables quantitative assessment of
the visual performance. Computer based OKR setups allow more sophisticated measurements, e.g.
presentation of stripes of different intensities or different rotation velocities assessing contrast vision
and temporal resolution respectively (Huber-Reggi et al. 2013; Rinner et al. 2005). Since this behavior
is largely reflexive it has been successfully used to screen for blind mutant strains (Brockerhoff et al.
1995; Neuhauss et al. 1999; Muto et al. 2005). An alternative tool to unravel blinding disorders is the
visual motor response (VMR). For VMR tests the locomotor activity upon illumination changes can
be tracked during several hours with alternating periods of darkness and light. Stereotypic increase
and decrease in locomotor activity can be observed at light offset and onset respectively (Emran et al.
2008). Another powerful tool, also suitable for large-scale examination of visual impairment, is the
optomotor response (OMR). To evoke an OMR, a screen displaying moving black and white bars is
presented to zebrafish from below or the side of the tank. Zebrafish at age of 7 dpf or older will respond
by swimming in the direction of the moving bars, either escaping a dark or following a white stripe
(Neuhauss et al. 1999). Schooling behavior in adult zebrafish influences the OMR, hampering large
scale screens at later stages. The adult escape response is another behavioral assay that allows probing
for visual impairment in adult zebrafish. The fish is placed in a round tank that is surrounded by a
white paper drum with one black stripe that is mimicking a predator and contains a pole in the center.
Zebrafish with intact vision exhibit a robust escape response from the black bar and try to hide behind
the central pole (Li, Dowling 1997).
The possibility to resolve retina development and morphology at cellular resolution with ready
functional read outs make the retina an ideal system to study neural circuit development and its link
to behavior. Similarly mutant strains with visual impairment can readily be identified (reviewed in
(Gestri et al. 2012; Malicki et al. 2016)).
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2.4 Transgenesis based approaches
Transgenesis, the introduction of an exogenous piece of DNA into the genome of the host organism, is a powerful technique to label, ablate, and monitor cells in a living animal. This approach is
particularly fruitful in the zebrafish with its transparent embryos and rapid development. The optical
clarity of zebrafish embryos and larvae allow sophisticated live imaging to directly follow cell movements during development, fate map developmental lineages, ablate specific cells, and study neuronal
activity related fluorescent changes. A number of transgenic approaches have been applied in the past,
while the adaptation of the host factor independent Tol2 transposon system, originally discovered in
the Medaka, has greatly facilitated transgenesis in zebrafish (Kawakami et al. 2000).
Application of Tol2-mediated transgenesis to study retinal development and function is booming, in no small part due to the ever increasing number of marker genes (usually GFP (green fluorescent protein) derivatives) and activity markers (GCaMP variants).

2.4.1 Transposon based transgenesis
A number of transposon system work in the zebrafish, such as the salmonid fish sleeping beauty
(Balciunas et al. 2004), Caenorhabditis elegans Tc3 (of the Tc-1/mariner family) (Raz et al. 1998; Fadool et al. 1998), Medaka Tol2 and Tol1 (Koga et al. 2008; Kawakami et al. 2000) and the maize Ac/
Ds transposable elements (of the hAT family) (Quach, Helen Ngoc Bao et al. 2015). The efficiency of
Tol2-mediated transgenesis, permitting insertion of genetic material of more than 100 kb into the
zebrafish genome, have now replaced most other transgenic systems (Suster et al. 2011).
The Tol2 injection mix consisting of transposase-encoding mRNA and a transposon donor plasmid containing a Tol2 flanked reporter gene of interest fused to cell type specific regulatory elements.
This mix is injected into the one cell stage zebrafish embryo, enabling transposase mediated excision
of the Tol2 construct from the donor plasmid and integration into the genome (Figure 2a) (Kawakami
2007). Cells will experience random integration at multiple sites at different times during early embryogenesis resulting in a genetically mosaic animal. This applies also to the germ line necessitating
inbreeding at the next generation to yield stable transgenic lines (Kawakami 2007).
The randomness of integration may in few cases lead to the disruption of endogenous genes or
regulatory elements, which can be exploited to induce mutations (see section on Insertional Mutagenesis).
The Gateway cloning based Tol2kit, greatly facilitates generation of Tol2 donor plasmids where 3
entry vectors are converted to a destination vector by att site specific recombinational cloning (Kwan
et al. 2007). This kit has greatly advanced Tol2 mediated transgenesis, allowing selection of an expanding variety of existing clones (http://tol2kit.genetics.utah.edu/index.php/Main_Page).
Random integration of the Tol2 construct at multiple insertion sites can be circumvented by
using phiC31-mediated site directed transgenesis. This approach is based on phiC31 integrase-mediated single insertion of a transgene vector into attP (attachment site Phage) landing sites (Mosimann
et al. 2013; Hu et al. 2011; Roberts et al. 2014). A number of lines with attP landing site at defined
genomic locations have been generated. Injection of phiC31 integrase mRNA together with an attB
(attachment site Bacterium) site containing donor plasmid allows single integration of the cassette
at the attP landing site by recombination with high efficiency in both somatic and germ cells (Figure
2b) (Mosimann et al. 2013; Roberts et al. 2014). Germline transmission rate was reported to reach
values between 10% (Roberts et al. 2014) and 34% (Mosimann et al. 2013). Integration events create
attR and attL (right and left) sites which are incompatible for phiC31 mediated recombination thus
irreversible transgene integration is ensured (Groth et al. 2000). attP flanked reporter genes can be
used to establish transgenic lines via recombinase-mediated cassette exchange, allowing generation of
a single-insertion transgenic line within one generation (Mosimann et al. 2013; Roberts et al. 2014; Hu
et al. 2011). This single integration approach reduces variability due to position effects and multiple
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Figure 2 (preceding page): Schematic illustration of transgenesis approaches used in zebrafish.
a) Tol2-mediated transgenesis has become the standard technique to insert exogenous DNA into the zebrafish genome.
Transposase mRNA is injected together with a donor plasmid containing a Tol2 site flanked tissue specific promotor upstream of a reporter gene. Transposase mediated excision of the cassette from the plasmid and integration into the genomic DNA occurs in a randomized way. b) Random or multiple integrations into the genome can be bypassed by using
the phiC31 system. Zebrafish lines carrying a single landing (attP) site can be injected with phiC31 encoding mRNA and
a donor plasmid containing a reporter gene (here GFP) downstream of a promoter and an attB site. A single integration
event occurs at the attP site, catalyzed by the phiC31 integrase. The introduction of the cassette results in GFP expression
in all cells with promoter activity. c) The Gal4/ Upstream activation system (UAS) is a dual transgenesis system where a
Gal4 driver line is crossed to a UAS reporter line. The Gal4 driver fish expresses Gal4 under a tissue specific promoter. The
UAS reporter harbors a transgene in which a reporter gene (here GFP) is downstream of the UAS. If driver and reporter fish
are crossed, all cells of the progeny with promoter activity express the reporter gene, due to specific binding of Gal4 transcription activating protein to the UAS enhancer. d) Cre/Lox constitutes another powerful dual transgenesis system, where
a Cre driver line is crossed to a switch line. The cre driver transgenically expresses Cre recombinase under the control of
promoter X (e.g. a ubiquitous promotor like ubiquitin). The switch line contains a transgene of a promoter Y upstream of a
floxed ORF (e.g. GFP or a stop cassette) and a cargo (e.g. RFP). By crossing driver and switch lines, progeny will show cargo
(RFP) expression in cells with promoter Y activity, due to Cre mediated recombination of the floxed ORF.

insertions. The future will likely see more use of this approach with the availability of more transgenic
lines with defined landing sites.

2.4.2 Two-component systems
An important advance of the described transgenic technology is the use of binary systems, pioneered in Drosophila and the mouse. These systems allow additional flexibility and ease of generating
cell specific expressing strains. They allow crossing driver lines with various reporter or switch lines
generating new transgenic lines purely by crossing existing strains.
One widely used system, originally established in Drosophila, is the Gal4/Upstream Activating
Sequence (UAS) system (Figure 2c). Gal4 is a yeast transcriptional activator that specifically recognizes the UAS sequence and drives expression of any ORF immediately downstream of it (Guarente et al.
1982). The two-component system consists of a Gal4 driver line that expresses Gal4 under the control
of a tissue specific regulatory region and a UAS reporter line harboring a cassette of UAS sequence
and a downstream open reading frame (ORF). By crossing the driver with the reporter line, the ORF is
expressed in all cells that have promoter activity (Figure 2c). In order to obtain stronger Gal4 activity
a number of modified Gal4 variants have been generated. One commonly used variant is Gal4-VP16
which possesses the transcriptional activation domain of the herpes simplex virus VP16 (Sadowski et
al. 1988) and variants thereof, such as the weaker Gal4FF (Asakawa et al. 2008). One drawback of the
Gal4/UAS system is that UAS transgenes are prone to show position effects which may result in gene
silencing or variegated transgene expression levels (Asakawa, Kawakami 2008). This limitation may be
overcome in the near future by using the PhiC31 system.
The Cre/Lox system, pioneered in rodents, is another popular two component system, which is
especially suitable for lineage-tracing, connectome analyses and conditional gain- and loss-of-function studies. It is based on the bacteriophage P1 Cre recombinase, which catalyzes recombination between locus of X-ing over (lox) sites (Sauer 1987). For spatial control of transgenesis, the Cre driver line
expresses Cre recombinase under the control of a specific promoter X. This line is then crossed with
switch transgenic line that harbors a cassette of a promoter Y upstream of a lox site flanked (floxed)
ORF or a stop cassette followed by a second cargo ORF. Lox sites can be in tandem, wherein Cre-mediated recombination results in circularization and excision of the cassette or in a head-to-head orientation that promotes inversion of the floxed cassette (Branda, Dymecki 2004). In cells where promoter
X is active, Cre recombines lox sites leading to excision of the floxed ORF or stop cassette ceasing its
expression and thus allowing promoter Y to drive expression of the downstream cargo (Figure 2d).
Multicolor labelling of cells mediated by Cre mediated recombination of a cassette of three differ-
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ent floxed fluorescent proteins (Brainbow, see below) provides a prime example for the application of
the Cre/Lox system in lineage analysis or connectome analyses (Pan et al. 2011).

2.4.3 Temporally controlled inducible transgenesis
While spatially controlled transgenesis can be achieved by cell type specific promoters and the
use of the described two-component systems, additional temporal control by exogenous induction is
often desirable. A number of systems have been established in zebrafish.
Temporal control over transgene expression can be achieved by using heat shock promoters (the
hsp70 promoter is commonly used) (Halloran et al. 2000). Taking Cre recombinase under heat shock
control enables both spatial and temporal control of gene expression (Thummel et al. 2005; Le et al.
2007). This method is somewhat limited by the observed leakiness of the hsp70 promoter, resulting in
basal activation of Cre at permissive temperatures and hence non-conditional recombination (Hans
et al. 2009).
Another way to accomplish temporal control of recombination is provided by the CreERT2 system
wherein Cre recombinase is fused to a mutated version of the human estrogen receptor (ERT2) (Feil
et al. 1997). Administration of the estrogen derivatives Tamoxifen or 4-OHT results in activation of
CreERT2-mediated recombination by induction of conformational changes in the ER ligand-binding
domain (Feil et al. 1997). This leads to shedding of endogenous Hsp90 protein and translocation of
CreERT2 to the nucleus, where recombination is catalyzed (Hans et al. 2009). Fusing mCherry and
CreERT2 in a single ORF separated by a viral T2A peptide sequence results in production of mCherry
and CreERT2 in a stoichiometric ratio, which allows visual screening of low-expressing CreERT2 driver
lines thus decreasing probability of non-conditional Cre activity (Hans et al. 2011).
Another system for spatial and temporal control over gene expression is achieved by the Tet-ON
binary system. This system consists of a transcription factor, the reverse tetracycline-controlled transcriptional activator (rtTA) and the tetracycline response element (TRE) upstream of the gene to be
transgenically expressed (Gossen, Bujard 1992; Gossen et al. 1995). Spatial control over gene expression is achieved by placing the transgene cassette (containing rtTA and TRE) under the control of a
tissue-specific promoter (Huang et al. 2005). Gene expression can now be controlled by the addition
of tetracycline or doxycycline which both induces expression of rtTA (Gossen, Bujard 1992; Gossen
et al. 1995). Without application of tetracycline or doxycycline, the gene downstream of TRE is not
expressed. Due to leakiness in transgene expression in zebrafish, the system had to be improved by
fusion of the rtTA to a mutated glucocorticoid receptor or a domain of the ecdysone receptor that
resulted in abolishment of the leakiness and also made the system reversible (Knopf et al. 2010).
Employing this technique, two zebrafish retina Tet-ON driver lines were generated, one driving rtTA
expression specifically in UV cones and the other one in rods (West et al. 2014; Campbell et al. 2012).

2.4.4 Application of transgenic approaches
The presented transgenic technology hands the retinal researcher a large variety of tools to study
all aspects of retinal development and function. Recent advances in protein engineering of stable fluorescent proteins, photo-convertible fluorophores and dyes that allow neuronal activity monitoring
complement this tool box. The parallel development of advanced microscopic techniques, such as
multi-photon, selective planar illumination (SPIM) and super resolution microscopy unlocks the full
power of these approaches.

Gene overexpression

Overexpression assays provide (additionally to loss-of-function assays) a tool for gene function
analysis. In such a gain-of-function experiment, a gene of interest is overexpressed and subsequent
phenotype analysis is performed. Gene overexpression can be achieved in two ways: injection of ex-
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pression constructs in form of DNA or mRNA. mRNA injection has the advantage that it leads to uniform expression over the whole embryo, while DNA leads to mosaic expression (Malicki et al. 2002).
Nonetheless, mRNA gets degraded over time and dilutes with cell divisions.
One application in retinal research is the generation of a disease model by overexpressing a gene
of choice containing the diseases causing mutation. For instance the expression of a mutated form of
retinal guanylate cyclase lead to altered retinal morphology providing a model for the corresponding
human cone-rod dystrophy (Collery et al. 2013).

Cell labeling and fate mapping

Labelling of cells with fluorescent reporters has greatly contributed to our understanding of cellcell interactions, cell proliferation, cell migration and the embryonic origins of tissues. This area of
retinal research is probably the most advanced with numerous studies describing the development of
cell types and their connections.
Transgenic lines labeling specific cell types can be used to follow this cell type throughout development. A beautiful example is the Spectrum of Fates technique that allows the monitoring of all
retinal cell types simultaneous during development (Almeida et al. 2014).
Connectome studies are facilitated by using transgenic lines with fluorescently tagged cell types.
For instance the connection between photoreceptors and second order neurons (bipolar cells and
horizontal cells) has been described in detail using fluorescent transgenics that label all photoreceptor
subtypes in combination with lipophilic dyes to mark bipolar or horizontal cells (Li et al. 2012; Li et
al. 2009). These studies revealed that red cones are exclusively contacted by H1 horizontal cells, while
blue, green and UV cones are contacted by two or even all three cone horizontal cell subtypes (H1 to
H3) (Li et al. 2009). Furthermore, transgenic labelling of photoreceptors has nicely contributed to the
our understanding how the stereotyped crystalline photoreceptor mosaic emerges during development (Allison et al. 2010; Fadool 2003).
In the inner retina, the trajectory of ganglion cells has been studied in detail in transgenic larvae
with red labelled RGCs (expressing mCherry) and green synapses (EGFP-tagged synaptic protein
synaptophysin) which allowed analysis of the RGC connectome and the cell-type specific projection
pattern (Robles et al. 2014).
Finally transgenic technology allowed the in vivo imaging of cell division and migration of newborn cells in the retina. Lineage tracing experiments using transgenics demonstrated that cone precursor cells in the ciliary marginal zone are dedicated to produce a single type of cone. Hence each of
the four cone subtypes has its own dedicated precursor (Suzuki et al. 2013).
Transgenic labeling can also lead to the identification of previously unknown cell types. For instance a transgenic line expressing GFP under the control of the mGluR6b promoter identified a novel
cholinergic, non-GABAergic, non-starburst amacrine cell type (Glasauer et al. 2016).
One current limitation of these labelling approaches is the paucity of well characterized regulatory elements that drive cell type specific expression. Furthermore, labelling of a dense population of
cells often prevents tracing trajectories of single cells. This problem can either be solved by mosaic
expression of a transgene or by the multicolor brainbow system.
Brainbow is a Cre/lox based transgenic approach consisting of a promoter that controls expression of a cassette of three different fluorescent reporters, RFP, CFP and YFP (Gupta, Poss 2012; Pan
et al. 2011; Pan et al. 2013). Mutually incompatible lox site pairs are used to yield a stochastic choice
of expression of only one of the three fluorescent proteins per copy of construct (Pan et al. 2011). Different lines have been generated, with only single insertions leading to expression of 3 different colors
in heterozygotes and 6 colors in homozygotes or multi insertion animals that express a wide range of
different hues (Pan et al. 2013). Furthermore by using different promoters or combining the system
with the Gal4/UAS system, tissue specific labelling can be achieved. Work in mosaic animals allows
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sparse labelling of cells facilitating tracking of trajectories. So far, no published studies used the zebrafish brainbow system to assess retinal neurons, but recently a study applied this technique to assess the
spatial distribution of Müller glia cells in the mouse retina (Wang et al. 2016).
Another useful technique is the use of photoconvertible fluorescent proteins, such as Kaede, Dendra2, and Dronpa. Both, Kaede and Dendra2 irreversibly photoconvert when activated with UV-light
of 400 nm (Kaede) or light of 488 nm (Dendra2) (Ando et al. 2002; Wachter et al. 2010). Dronpa on
the other hand is a GFP-like fluorophore and can be reversibly switched from dim irradiance to a
bright state with 405 nm light. The bright state can be switched off to the dim state by 488 nm light
irradiation (Habuchi et al. 2005). By either switching on fluorescence (Dronpa) or switching color
(Kaede and Dendra2) one can visualize cells in a background of non-labelled or differentially labelled
cells, facilitating fate-mapping and observation of cell-division and migration. An application of this
approach led to a description how variable clones can give rise to a invariant retina, a discovery of
importance not only for retinogenesis (He et al. 2012).

Cell ablations

Transgenic tools can be used to ablated specific cell, e.g. by expressing toxins or laser ablating labeled cells. The Nitroreductase cell ablation method has been popular in the zebrafish, since it allows
spatial control via transgene expression and temporal control by prodrug addition to the water. The
bacterial enzyme Nitroreductase (NTR) converts the prodrug Metronidazole (Mtz) into a cytotoxic
agent that causes DNA damage and subsequent cell death of NTR expressing cells (Curado et al. 2007).
This method was used to selective ablate a specific subset of bipolar cells, originally identified in
a Gal4 based gene trap approach (Zhao et al. 2009).
Such ablation studies are particularly important to further our knowledge on regeneration studies. Ablated cells of the retina are usually replenished by stem cells origination from dedifferentiated
Müller glia (reviewed by (Goldman 2014)).
Rod photoreceptors can be replenished by either dedifferentiated Müller glia cells or by rod precursor cells that reside in the ONL. One study using the aforementioned cell ablation technique could
show that the extent of rod loss predicts which precursor pool is used. When only a subset of rod cells
are ablated the rod precursor pool is used to replenish them. Conversely, the regenerative response of
Müller glia cells is trigger by large scale and rapid loss of rods (Montgomery et al. 2010).
Another question that can be asked with current technology is if regenerated neurons reconnect
with the synaptic partner of the originally ablated cell. By ablation of a distinct subset of bipolar cells
(xfz43), D’Orazi and colleagues showed that the regenerated neurons do not reconnect with the exact
same cells as the ablate cells. Hence regenerated neurons employ a distinct synaptic matching strategy
(D’Orazi et al. 2016).

Neuronal Activity Monitoring

Traditionally, electrical activity of neurons is measured by electrophysiology using either sharp
electrode, patch clamp or extracellular electrode recording techniques. These technically challenging
experiments achieve insight into the function of single (or small groups of) neurons at high temporal
resolution. The parallel measurements of many neurons by multi-electrode arrays are impossible for
most many neural circuits and necessitate ex-vivo preparations.
Recent developments in protein engineering have led to the establishment of genetically encoded
sensors of neuronal activity, such as Ca2+ indicators that can partially compensate for the challenging
electrophysiology, even though temporal resolution is not comparable to electrophysiology. Importantly, functional neuronal imaging enables the concomitant analysis of potentially thousands of cells,
potentially covering the complete neural network.
This approach is particularly well suited for the small and transparent zebrafish brain, which
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more than compensates for the difficulties to perform cellular physiology in the small larva.
Intracellular calcium concentration is a good proxy for a neuron’s excitable state. Monitoring Ca2+
dynamics in neurons using genetically encoded calcium indicators (GECIs) is therefore a powerful
tool to visualize not only general neuronal activity, but also Ca2+ homeostasis in healthy and diseased
neurons. Synaptic Ca2+ dynamics are crucial for synaptic vesicle release and thus signal propagation.
A great advantage of neuronal activity monitoring by Ca2+ imaging is that it can be performed non-invasively in living larvae and can even be combined with consequent behavioral output. A variety of
GECIs have been engineered. The two most commonly used GECIs are FRET (Förster Resonance
Energy Transfer) based sensors and GCaMP calcium indicators. The later ones are the most popular
ones used in zebrafish.
GCaMPs are fusion proteins consisting of a circularly permuted EGFP (enhanced GFP) which is
linked at the N-terminus to the M13 peptide of the myosin light chain kinase and on the C-terminus
to Calmodulin (Nakai et al. 2001). When Ca2+ binds Calmodulin, Calmodulin interacts with its target
sequence M13 which induces a conformational change in EGFP that results in enhanced fluorescence
(Nakai et al. 2001). These sensors are constantly improved in terms of their sensitivity and kinetics
(reviewed by (Broussard et al. 2014)).
In comparison to GCamps, FRET sensors like Cameleon are dual fluorophore based. Binding of
2+
Ca to the Calmodulin of Cameleon leads to a Calmodulin-M13 interaction and resulting conformational changes allow fluorescent resonant energy transfer from one fluorophore to another one
(Miyawaki et al. 1999). This results in a change of the emitting color (Miyawaki et al. 1999).
Synaptic activity can be monitored using the genetically encoded reporter SyGCamp, a GECI that
localizes to the synapse. During neuronal activity, Ca2+ entering the synapse through voltage-gated
Ca2+ channels induce the release of neurotransmitter filled vesicles into the synaptic cleft. SyGCamp
consists of a GCamp fused to the synaptic protein synaptophysin. In vivo Ca2+ imaging using encoded
SyGCamps enables monitoring the brief presynaptic Ca2+ transient thus allowing detection of synapse
activation (Dreosti et al. 2009). This approach is especially suitable for monitoring neuronal activity in
the retina, since retinal neurons do not transmit information in an all-or-none action potential fashion but rather by graded voltage changes. Hence in contrast to most central nervous system neurons,
where action potential firing neurons can be imaged as nicely “blinking” neurons, retinal neurons
only show subtle changes in fluorescent intensity (Dreosti et al. 2009).
Hence Ca2+ imaging on retinal neurons in zebrafish have greatly advanced the understanding on
synaptic function in the retina, such as how amacrine cells modulate synaptic output of bipolar cells
(Rosa et al. 2016) or how the volume of bipolar cell terminals influences signal transmission (Baden
et al. 2014).
Ca2+ imaging experiments can further be employed to monitor degenerating cells and have led
to the insight that increased cytoplasmic Ca2+ might not be the underlying cause for photoreceptor
degeneration in a phosphodiesterase (pde6c) mutant fish (Ma et al. 2013).
One drawback of Ca2+ imaging is the limitation in the field of view. One might miss interesting
events, simply because they are outside of the region being imaged. A solution to that is the so called
Campari method. It allows to permanently labelling active neurons in a timely controlled manner.
Campari has a similar structure as GCamps, but instead of a circularly permuted EGFP, EosFP is used
as the fluorescent protein, which is bright green and converts to red emission upon exposure to violet
light (Fosque et al. 2015). Active neurons are labelled by a green-to-red conversion only under violet
illumination, allowing precise timing of activity-mapping.
While GECIs are widely used in zebrafish to monitor visual processing its use in the retina is restricted by the prevalence of non-spiking neurons.
Hence the advance of imaging methods to monitor extracellular glutamate, the sole neurotransmitter of photoreceptors, constitutes an important advance for zebrafish retinal research. Since photoreceptors and bipolar cells modulate the tonic release rate of glutamate in response to graded changes
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in membrane potential via specialized ribbon synapses, synaptic glutamate concentrations are a good
proxy for neuronal activity.
iGluSnFr is a glutamate biosensor consisting of circularly permutated GFP and GltI, a bacterial glutamate transporter (Marvin et al. 2013). Glutamate transients lead to binding of glutamate to
iGluSnFr and induce a conformational change evoking an increase in fluorescence emission. Fast
kinetics, its robust specificity to glutamate and high signal-to-noise ratio make it a powerful tool to
monitor neuronal activity (Marvin et al. 2013). Glutamate dynamics in the zebrafish retina can now
be directly observed using the recently introduced transgenic line Tg(gfap:iGluSnFR), that expresses
the glutamate sensor in Müller glia cells (MacDonald et al. 2016).
A number of additional optic sensor are currently developed that may benefit zebrafish retinal
research in the future. For instance an optical synaptic pH sensor was used to study the still elusive
feedback mechanism of horizontal cells to photoreceptors in the zebrafish retina (Wang et al. 2014).

2.5 Mutagenesis
The traditional genetic approach to understand gene networks is the removal of gene function
followed by inspection of the resulting phenotype. This approach has been pioneered more than 100
years ago and its impact on biology can hardly be overestimated. Historically forward genetic approaches were first used by randomly inducing mutations followed by the description of the resulting
phenotypes. More recently the advent of modern molecular genetics enabled researchers to use reverse genetics by first inactivating a known gene of interest before studying the resulting phenotype.

2.5.1 Forward genetics
The strength of forward genetics is that this approach is completely unbiased and needs no prior
knowledge of genes and pathways potentially affecting the biological process of interest. Zebrafish
was the first vertebrate model organism where large scale mutagenesis screens aiming at saturating
mutagenesis was attempted.

Chemical mutagenesis

Inspired by successful saturating chemical screens in C. elegans and Drosophila (Hirsh, Vanderslice 1976; Nusslein-Volhard, Wieschaus 1980), two large-scale (Driever et al. 1996; Haffter et al. 1996)
as well as several small-scale genetic screens were performed. All these screens are based on chemical
mutagenesis approaches using the chemical N-Ethyl-N-nitrosourea (ENU) to induce point mutations
and small deletions in the germline of male zebrafish. These mutations were bred to homozygosity
in a simple inbreeding scheme (Mullins et al. 1994; Solnica-Krezel et al. 1994). Alternative screening
methods based on parthenogenesis were also used to a lesser extent (reviewed by (Patton, Zon 2001)).
These screens proved to be very powerful and were basically limited only by the observational capabilities of the screener and the logistics of such a large scale operation. More than a thousand loci have
been identified, including many affecting retina morphology and function (Brockerhoff et al. 1995;
Malicki et al. 1996; Neuhauss et al. 1999; Muto et al. 2005). Besides locomotion and hearing, the visual
system was the first system where behavioral screens have been performed. However, the molecular
identification of the responsible loci proved to be a bottleneck, demanding tedious genetic mapping
and positional cloning efforts. Exome sequencing only recently became an alternative (Kettleborough
et al. 2013). Therefore, even 20 years after the initial description, there are still a number of interesting
mutant strains that have not been linked to the underlying genetic defect.
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Insertional mutagenesis

The challenge of positional cloning of mutated genes motivated efforts to achieve insertional
mutants where the mutation is caused by the insertion of a DNA element. Such an insertion does not
only disrupt the affected gene, but also tag it, facilitating subsequent identification.
This was first achieved by utilizing a pseudotyped retrovirus (Amsterdam et al. 1999). These viruses contain a genome based on the Moloney murine leukemia virus and are pseudotyped with the
envelope of a vesicular stomatitis virus, allowing them to infect all cells. Virus particles are injected
into 1000-2000 cell stage embryos with the aim of targeting primordial germ cells present at this
stage (Amsterdam et al. 1999; Gaiano et al. 1996a; Gaiano et al. 1996b). Founder fish are in-crossed
to generate F1 families that are tested for inserts by Southern blot analysis. Multi-insert F1 fish are
inbred and sibling F2 fish are crossed to allow identification of phenotypes of recessive mutations in
the resulting F3 generation (Amsterdam et al. 1999). Although the mutation rate was quite low, the
underlying mutated genes could be very efficiently identified. Some retinal mutations and their underlying genetic defect were identified by this route (Gross et al. 2005).
The expertise needed for handling of pseudotyped virus that are difficult to produce in high titers
and are a potential biohazard by being infectious for humans, prevented the wide spread use of this
technique.
Transposon based insertional mutagenesis became a possibility with the advent of efficient transgenesis. Additionally to gene disruption, insertion of a marker gene (e.g. GFP) readily provides information on the expression pattern of the disrupted gene (Balciunas et al. 2004; Kawakami et al. 2004;
Kotani et al. 2006). The mutation rate is low compared to chemical mutagenesis, but the identification
of the disrupted locus is straight forward (Nagayoshi et al. 2008; Balciuniene et al. 2013). Due to the
low mutagenesis rate only few mutant strains have been identified.

Figure 3: Schematic illustration of reverse genetic mutagenesis approaches based on FokI endonuclease.
Zinc Finger Nucleases (ZFNs) and Transcription-Activator-Like Effector Nucleases (TALENs) both consist of a DNA binding
domain linked to a FokI endonuclease. FokI nucleases only induce double strand breaks into the genome if they dimerize.
Thus, both ZFNs and TALENs are used in pairs, where proper spacing between the two DNA binding domains is crucial double strand breaks to be induced. a) The DNA binding domain in ZFNs consists of a zinc-finger protein that is engineered to
recognize different target sequences. Many Cis2His2 fingers can be arranged of which the α-helix of each finger recognizes
3 to 4 base pairs (Pavletich, Pabo 1991). Zinc-fingers that recognize about 49 out of the 64 existing base pair triplets have
been described, however specificity is remains problematic. b) Target recognition in TALENs is mediated by the DNA binding domain that consists of tandem repeat units of which each unit specifically binds one nucleotide. One TALEN half-side
generally recognizes 16 to 17 nucleotides.
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2.5.2 Reverse genetics
While forward genetics is unbiased, reverse genetics is hypothesis driven by manipulating a gene
with a prior suspected function. This is of particular interest with gene orthologs that have been linked
to human diseases, since disease mechanisms can potentially be uncovered in a direct genetic zebrafish model of a genetic disease of interest.
Due to the lack of an efficient reverse genetics mutagenesis tool, antisense mediated gene knockdown was for a long time the only method available and thus extensively used to target a gene of
interest. Strictly speaking this is not a reverse genetic technique, since no heritable change is induced.
Gene function was downregulated by the injection of morpholino antisense nucleotides at the one cell
stage. These antisense nucleotides are modified to make them more stable in a cellular environment
and less toxic. The sequences are either designed to block the translational start sites or splice sites.
Knockdowns allow rapid assessment of gene function in larvae up to 5 dpf (Nasevicius, Ekker 2000).
At later stages no efficient knockdown can be achieved due to dilution by increased cell numbers of
the growing fish. Morpholino injections allow for a sometimes deceptively quick analysis of gene
function. As in all proper experiments, morpholino effects need to be carefully controlled to avoid
premature conclusion on phenotypes that may be caused by toxic effects. This is particularly pertinent
for phenotypes involving degeneration (Kok et al. 2015). An additional advantage of morpholinos is
that also maternally provided mRNA is targeted, that may mask phenotypic effects at earlier stages in
embryonic lethal mutants.
One of the first realized real heritable reverse genetic approach is TILLING (Targeting Induced
Local Lesions in Genomes) pioneered by plant geneticists (McCallum et al. 2000; Till et al. 2007; Gilchrist et al. 2006; Winkler et al. 2005). This technique is somewhat placed between forward and reverse
genetics in that initially mutants are randomly generated by chemical mutagenesis. The originally mutated male fish are outcrossed, essentially generating a swimming library of numerous mutations, with
each fish carrying a multitude of heterozygous mutations. By sequencing or by an endonuclease cleaving heteroduplex DNA (Cel1) approach, mutations are identified and recovered by mating the fish
carrying mutations in the gene of choice (Wienholds et al. 2003; Draper et al. 2004; Wienholds et al.
2002; Oleykowski et al. 1998). Many mutant libraries have been generated, with the biggest one at the
Welcome Trust Sanger Center carrying roughly 36’000 alleles in more than 730 genes (https://www.
sanger.ac.uk/sanger/Zebrafish_Zmpbrowse). Although many mutant lines that are used around the
world have been generated in this way, the effort to breed lines containing only the desired mutation
and the logistics necessitating dedicated centers are drawbacks of this method. Thus, with the emergence of efficient reverse genetic mutagenesis tools, TILLING based approaches are losing popularity.
Two FokI based genome editing techniques have been successfully established in zebrafish (Figure 3). FokI is an endonuclease that induces double strand breaks when dimerized (Bitinaite et al.
1998). Both approaches use fusion proteins that fuse FokI with specifiable DNA binding domains.
These sequences specific domain direct FokI to the genomic target of choice. If two FokI proteins are
in this way joined at a genomic site, a double strand break is induced in the DNA. The error-prone
- repair mechanism (non-homologous end-joining, NHEJ) relegates the two DNA strand frequently
introducing small insertions or deletions (indels). The two methods differ by the nature of the DNA
targeting protein, suing zinc fingers domains (Figure 3a) or TALE (Transcription-Activator-Like Effectors) domains (Figure 3b) (Meng et al. 2008; Doyon et al. 2008; Moore et al. 2012). Transcription-Activator-Like Effector Nucleases (TALENs) proved to be more user-friendly and efficient in
inducing targeted mutations (Huang et al. 2012).
Although a number of mutants affecting the development of the retina and the eye (e.g. (Deml et
al. 2015; Miesfeld et al. 2015)) have been generated by these methods, the more efficient CRISPR/Cas9
method is quickly replacing them.
Genome editing has been revolutionized not only in the zebrafish with by the application of the
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Figure 4: Illustration of a CRISPR/Cas9 complex inducing double strand breaks at the genomic target.
a) The sgRNA targets the Cas9 endonuclease to the genomic DNA, where 20 nucleotides of the sgRNA bind the genomic
target by Watson-Crick base pairing. A genomic target consists of 20 nucleotides and an additional 3’ NGG protospacer-adjacent motif (PAM) that is required for Cas9 activity. Binding of the sgRNA to the genomic target induces endonuclease
activity in the two catalytically active domains RuvC and HNH of Cas9, inducing site specific nicks between the third and
fourth base-pair upstream of the PAM on each strand (Gasiunas et al. 2012; Jinek et al. 2012). A repair mechanism prone
to errors ligates the ends of the DNA by non-homologous end joining (NHEJ), resulting in deletions or insertions at the site
of the double strand breaks. b) sgRNA with Cas9 mRNA or protein is injected into the one cell stage embryo. F0 founder
fish harbor many different mutations (depicted by different colors). Two different breeding schemes are used to generate
mutant lines. Mosaic F0 fish can be outcrossed to WT fish to generate a heterozygous F1 generation (left). Two F1 fish harboring the same mutation can be incrossed which results in a partially (1/4) homozygous F2 generation. If high mutation
rates are obtained in founder fish, these mosaic F0 fish can directly be incrossed, resulting in a heterogeneous F1 generation (right). This generation needs to be genotyped as both homo- and heteroallelic mutants can be found. Phenotype
analysis in homozygous mutants (most likely transheterozygous) can be conducted already in the F1 generation.

CRISPR/Cas system. The clustered regularly interspaced short palindromic repeats (CRISPR) – CRISPR-associated (Cas) system in bacteria and archaea targets and cleaves foreign intruding virus and
plasmid DNA (Gasiunas et al. 2012). The type II CRISPR/Cas9 system of the bacterium Streptococcus
pyogenes is one of the most extensively studied members of the endonuclease family and has been successfully adapted for directed genome manipulation in a variety of species, where a guide RNA directs
target-specific induction of double strand breaks by the Cas9 endonuclease. The active CRISPR/Cas9
holoendonuclease in vivo consists of the endonuclease, transcribed from the cas9 gene and a complex
of two small RNAs, the trans-activating CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA). The
system was modified to be used as a mutagenesis tool. The two small RNAs are fused to one single
guide RNA (sgRNA) mimicking the tracrRNA:crRNA complex (Figure 4a) (Jinek et al. 2012). Target
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recognition of the CRISPR/Cas9 complex is ensured by specific Watson-Crick base pairing of complementary 20 nucleotides on the sgRNA with the genomic target DNA (Figure 4a). CRISPR/Cas9
system is the only mutagenesis method to date that relies on Watson-Crick base pairing rather than
potentially less specific DNA recognition by proteins (Gaj et al. 2013). A NGG protospacer-adjacent
motif (PAM) is required by the Cas9 to be the 3’ end of the 23 nucleotide target in order to cleave the
DNA (Jinek et al. 2012). Binding of the sgRNA to the genomic target induces endonuclease activity of
Cas9 and leads to DNA cleavage.
In theory, any sequence of 23 nucleotides harboring a 3’ NGG PAM can serve as a target. If using
T7 RNA polymerase for in vitro transcription of the sgRNA, the sgRNA must start with a 5’ GG. Together with the restriction of a 3’ NGG PAM, such targets (GG-N18-NGG) are found in the zebrafish
exome one every 128 nucleotides (Hwang et al. 2013). However, methods to increase the target range
have been suggested, like mismatching the two 5’ nucleotides to GG (GG-N18-NGG), adding additional GG at the 5’ end (GG-N20-NGG) or using SP6 RNA polymerase (5’-G(A/G)) (Hwang et al.
2013; Gagnon et al. 2014). Also, enzymes with different targeting requirements are now being increasingly engineered. Target selection is facilitated by several online tools based on empirical testing that
predict possible guides (e.g. (Moreno-Mateos et al. 2015; Montague et al. 2014)). It is recommended
to either target the beginning of a gene, where a potentially resulting truncated protein in the mutant
lacks most functional domains or directly target regions coding for functional domains. These restrictions, besides the required PAM, the recommended high G/C content further decreases number of
possible target sites and can be limiting if targeting smaller genes.
sgRNAs can either be injected into the one cell stage embryo together with nuclear localizing Cas9
encoding mRNA or with Cas9 protein. Successful mutagenesis results in induction of double-strand
breaks by the Cas9 endonuclease at the target site. Error-prone NHEJ refuses the two free ends often
introducing small insertions or deletions (Figure 4a) (Thyme, Schier 2016; He et al. 2015). The CRISPR/Cas9 system is able to induce somatic mutations at very high frequencies (up to 100%) and also
germline-transmission is very efficient (Burger et al. 2016). CRISPR injected fish (F0 fish) are highly
mosaic, but when out-crossed to wildtype fish, the sibling progeny (F1 generation) shows limited mutation complexity, suggesting that Cas9 is active in the first 4 hours, when only 4 germline progenitor
cells are present (Jao et al. 2013). Two different breeding schemes (Figure 4b) are used to create stable
homozygous mutant lines: Outcross of F0 fish to wildtype fish, resulting in first homozygous mutants
in the F2 generation or a direct F0 incross, resulting in transheterozygous F1.
Counterintuitively, the main workload for generating CRISPR mutants does not fall on target
selection or sgRNA /Cas9 mRNA synthesis, but rather on genotyping. The targeted region has to be
PCR amplified and sequencing following cloning is required to detect animals harboring frame-shift
mutations. Injecting two sgRNAs in parallel may decrease the genotyping efforts, as often the genomic
region between the targets gets excised resulting in deletions that can be detected by gel-electrophoresis, making cloning and sequencing redundant.
The high efficiency of the CRISPR/Cas9 system can induce such a high load of somatic mutations
that embryonic lethality may occur. This can be prevented by fusing the cas9 open reading frame to
the 3’ untranslated region of nanos1 to target Cas9 to the germline, thereby avoiding somatic mutations. This approach eases the generation of mutants with embryonic lethal mutations (Moreno-Mateos et al. 2015).
The CRISPR/Cas9 system has been further tweaked to induce mutations in a spatially or temporally controlled fashion by transgenic expression of cas9 and sgRNA. Two approaches have been successfully implemented, both relying on Tol2 transposon based insertion of constructs. One relies on a
one vector system that contains a cassette containing the tissue specific promoter upstream of cas9 and
the zebrafish specific U6 promoter upstream of a sgRNA (Ablain et al. 2015). The second approach is
based on a two vector system where one cassette containing cas9 under the control of a tissue-specific
promoter is injected into a fish that later will be crossed with another fish that was injected with a con-
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struct containing one or several specific sgRNAs under the control of a U6 promoter (Yin et al. 2015).
Both studies proved that transgenic expression of cas9 and sgRNA is sufficient to induce somatic biallelic mutations that result in a phenotype, despite highly varying mutation rate and phenotype severity
between siblings (Yin et al. 2015).
Tissue specific mutagenesis was also achieved by ubiquitous transgenic expression of cas9 and
injection of sgRNA into a specific tissue followed by electroporation. Yin et al. showed that targeting
ascl1a, a gene involved in retinal regeneration by Müller glia cell dedifferentiation and proliferation,
resulted in decreased regeneration measured by the number of proliferating cells after light-induced
photoreceptor degeneration (Yin et al. 2015).
Temporal control of mutagenesis can be achieved by temporal control of Cas9 expression, e.g. by
a heat-shock promoter (hsp). Heat-shock induced tyrosinase inactivation led to hypopigmentation in
the eye, however of different extents (Yin et al. 2015).
Although no successful application of these tissue specific mutagenesis regimes have been reported for studies of the retina, they hold great promise for the future.
In comparison to overexpression assays, where a DNA sequence is expressed in addition to endogenous gene expression, targeted knock-ins have the advantage to simultaneously disrupt an endogenous locus while introducing an ORF of interest. This is of particular importance for modeling
human retinal diseases, where the exact nucleotide change found in a human mutation could be introduced to the fish. While targeted knock-in based on CRISPR/Cas9 is widely and successfully used
in cultured cells, its application in zebrafish is only emerging and technical refinements are required
in order to achieve efficient in-frame knock-ins. Depending on the experimental approach, a variety
of genetic material, reaching from fluorescent reporter genes, mutated genes, stop codon cassettes to
antibody recognition tags can be inserted (Auer et al. 2014; Armstrong et al. 2016; Hruscha et al. 2013;
Gagnon et al. 2014). So far, genetic material to be integrated was of different length and kind (plasmid
versus oligonucleotides) and contained homology arms of different lengths reaching from only a few
nucleotides to several hundred bps (reviewed by (Albadri et al. 2017)). The different strategies resulted
in successful integration of the donor DNA, however at rather low efficiencies and with high frequencies of out-of-frame integrations or additional indel mutations (Auer et al. 2014; Armstrong et al.
2016; Hruscha et al. 2013), reviewed by (Albadri et al. 2017). At the current pace of innovation it is to
be expected that in the near future efficient ways to introduce precise knock-ins will become available
in the zebrafish. This would allow retina researcher to recreate heritable retinal disease of humans with
single nucleotide precision in the zebrafish.

2.6 Outlook
The retina as an accessible part of the brain has always fascinated neuroscientist by providing
compact neural circuits with a defined function. The highly visual zebrafish is an ideal model to advance our understanding of retinal development and function by providing a compact cone dominant
retina with numerous genetic and imaging approaches available. In this review we have sketched some
of the latest technological development that will strongly influence retinal research. While many these
techniques are rapidly and constantly improved, their full impact for our understanding of the vertebrate retina has not been fully realized yet. We are entering exciting times for retinal research with
emerging genetic and imaging technologies that only a few years ago were unthinkable.
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3.1 Abstract

P

hotoreceptor ribbon synapses tonically release glutamate. In order to ensure efficient signal transmission and prevent glutamate toxicity, a highly efficient glutamate removal system
provided by members of the SLC1 gene family is required. By using a combination of biophysical
and in vivo studies we elucidate the role of EAAT2 proteins in synaptic glutamate homeostasis at the
zebrafish photoreceptor synapse. The main glutamate sink is provided by the glial EAAT2a, reflected
by reduced electroretinographic responses in EAAT2a depleted larvae. EAAT2b is located on the tips
of cone pedicles and contributes little to glutamate re-uptake. However, this transporter displays both
a large chloride conductance and leak current, being important in stabilizing the cone resting potential and thereby enhancing temporal aspects of vision. This work not only demonstrates how proteins
originating from the same gene family can complement each other’s expression profiles and biophysical properties, but also how presynaptic and glial transporters are coordinated to ensure efficient
synaptic transmission at glutamatergic synapses of the central nervous system.

3.2 Significance statement
Glutamate transporters are key regulators of glutamate homeostasis. Here we analyze two players
of glutamate homeostasis at the zebrafish photoreceptor synapse. This report demonstrates how paralogous glutamate transporters emerging from a whole genome duplication event acquired a complementary expression pattern and adopted different biophysical characteristics that allow modulation of
the synapse and signal transmission in a specialized manner.

3.3 Introduction
Excitatory amino acid transporters (EAATs) are high affinity glutamate transporters that regulate
the extracellular concentration of glutamate in the vertebrate brain and retina. The transport of glutamate is an electrogenic process driven by the co-transport of three sodium and one hydrogen and the
counter-transport of one potassium ion (Zerangue, Kavanaugh 1996). In addition, a thermodynamically uncoupled chloride conductance, whose magnitude differs between EAATs, is associated with
the glutamate transport. This chloride conductance can modulate the cell’s membrane potential (Picaud et al. 1995; Palmer et al. 2003; Veruki et al. 2006; Wersinger et al. 2006). Photoreceptors possess
highly specialized ribbon synapses, where vesicles are tethered to provide tonic release of glutamate
(Morgans 2000; Schmitz 2009). In contrast to non-ribbon synapses, where the depolarization of the
presynaptic terminal induces the release of a few vesicles of neurotransmitter, cone ribbon synapses
allow the simultaneous release of hundreds of vesicles. This can results in exceptional high glutamate
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concentration within the synapse, making efficient glutamate uptake capacities essential to ensure an
optimal signal to noise ratio, to precisely terminate a signal and to prevent neurotoxic glutamate concentrations (reviewed by (Morgans 2000)). As a consequence, EAATs are highly expressed in the retina. In mammals, the main retinal glutamate uptake is conducted by Müller glia cells through EAAT1
(GLAST) (Tse et al. 2014; White, Neal 1976; Levinger et al. 2012; Harada et al. 1998; Barnett, Pow
2000; Rauen et al. 1998; Rauen 2000). However, in most other vertebrates including zebrafish (Danio
rerio), the glutamate transporter expressed on Müller glia cells is EAAT2 (GLT-1) (Eliasof et al. 1998a;
Eliasof et al. 1998b). Interestingly, EAATs are also present at photoreceptor terminals, where glutamate uptake is accompanied by a subtle regulation of the presynaptic potential (Eliasof, Werblin 1993;
Vandenbranden et al. 1996; Gaal et al. 1998; Roska et al. 1998; Hasegawa et al. 2006; Szmajda, Devries
2011; Rowan, Matthew J M et al. 2010). This modulation of the presynaptic potential was suggested to
accelerate the light response.
In the present study, we focus on the role of EAAT2 at the photoreceptor synapse of the cone
dominant zebrafish retina. The zebrafish genome harbors two eaat2 genes that originated from a
whole genome duplication event about 350 million years ago (Gesemann et al. 2010b). For EAAT2 we
found an unusual case of both spatial and functional sub-functionalization (division of the ancestral
gene function among the two paralogs, as reviewed by (Glasauer, Stella M K, Neuhauss, Stephan C F
2014). Biophysical properties of the transporters differ in dependence of their biological requirements.
EAAT2a is expressed in Müller glia cells and knockdown of this glial transporter significantly reduces
the ERG b-wave amplitude, indicating that EAAT2a removes the main load of synaptic glutamate.
EAAT2b is located presynaptically in cone pedicles. Loss of EAAT2b does not significantly reduce the
electroretinogram (ERG) b-wave, suggesting that it interferes only slightly with the removal of cleft
glutamate: its action could be limited to the cone presynaptic terminal in agreement with its proposed
function of accelerating the transient cone response (Rowan, Matthew J M et al. 2010). Furthermore,
with its high chloride conductance and the presence of a significant leak current, EAAT2b may stabilize the dark resting potential of cones, speeding up the light off response. Thereby, EAAT2b greatly
enhances temporal resolution of vision, as demonstrated by assessing the flicker fusion frequency in
eaat2b knockout animals. This presents an intriguing case of divergent evolution of an ancestral protein leading to sub-functionalized proteins at the photoreceptor synapse, supporting vision through
different mechanisms.

3.4 Methods
3.4.1 Fish maintenance
Zebrafish (Danio rerio) of the Tübingen and Wik strain were kept in a 14 hours (h)/10 h light/
dark cycle under standard condition as previously described (Mullins et al. 1994). Larval stages were
raised in E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 10-5%
Methylene Blue) at 28°C. All experiments were performed in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research and were approved by the local authorities
(Veterinäramt Zürich TV4206).

3.4.2 In situ hybridization
Cloning of the eaat2 genes into the TOPO pCRII vector (TA Cloning Kit Dual Promoter, Invitrogen, Basel, Switzerland) is described elsewhere (Gesemann et al. 2010a). Plasmids containing the
genes were linearized for SP6 and T7 in vitro transcription, and purified with phenol-chloroform.
DIG-labeled antisense RNA-probes were generated using DIG-RNA-labeling kit (Roche Diagnostics,
Switzerland). Larval whole-mount and adult retina in situ hybridization was done on 5 days post
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fertilization (dpf) larvae and adult retinal cross sections. Detailed protocol of in situ hybridization is
described by (Huang et al. 2012). Briefly, the tissue was treated with Proteinase K and postfixed with
4% paraformaldehyde (PFA) before pre-hybridized at 64°C. Hybridization of RNA-probes was done at
64°C overnight (ON). On day two, several stringency washes at 64°C followed prior to blocking in 1x
Roche blocking solution (in TNT). Anti-dig AP antibody was applied ON at 4°C. On day 3, following
several washing steps, signal was detected by incubation in staining buffer. Stained embryos/retinal
sections were fixed with PFA and imaged in glycerol (whole-mount) with an Olympus BX61 light microscope. Images were processed and assembled using Adobe Photoshop and Adobe Illustrator CS5.

3.4.3 Generation of antibodies
Chickens were immunized using the peptide H2N-CKL KEN LGE GLE NDE V-CONH2 to raise
chicken anti-EAAT2a antibodies. Antibodies against EAAT2b were raised in guinea pigs using the
peptides H2N-CKL KAN LGE GKK NDE V-CONH2 and H2N-CKG AAK YVI KKS LQF KS-CONH2.
Antibodies were raised in a 87-day classical program and affinity-purified against the corresponding
peptides by Eurogentec (Eurogentec S.A., Seraing, Belgium).

3.4.4 Immunohistochemistry
Larvae (5 dpf) or adult eyes were fixed in 4% PFA in phosphate buffered saline (PBS) pH 7.4 or
2% Trichloroacetic acid for 30 min at room temperature (RT). Samples were cryoprotected in 30%
sucrose in PBS ON at 4°C and were embedded in cryomatrix (Tissue Tek O.C.T Compound, Sakura
Finetek, Netherlands) using liquid N2 to immediately freeze the samples. Sections of 16 - 18 μm were
mounted onto superfrost slides (Thermo Scientific, Germany). Slides were air dried at RT and stored
at -20°C. Before use, slides were thawed at 37°C for 30 min and washed in PBS, pH 7.4 for 10 min.
Blocking solution (10% normal goat serum, 1% bovine serum albumin, 0.3% Tween-20 in PBS pH
7.4) was applied for at least 45 min at RT and primary antibodies diluted in blocking solution were
incubated ON at 4°C. The following antibodies were used: mouse anti-Glutamine Synthetase (Chemicon International, MAB302) 1:700, mouse anti-Zpr-1 (Fret43, a commonly used marker labelling redgreen double cones) (Larison, Bremiller 1990) (Zebrafish International Resource Center, OR, USA)
1:400, chicken anti-EAAT2a 1:100, guinea pig anti-EAAT2b 1:100. The immunoreaction was then
detected using fluorescently labeled secondary antibodies (goat anti-mouse Alexa Fluor 488 or 568,
goat anti-guinea pig Alexa Fluor 488 or 568, all from Molecular Probes, and rabbit anti-chicken IgY
Cy5 from Jackson Immuno Research or rabbit anti-chicken Alexa Fluor 488 from Molecular Probes)
diluted 1:1000 in PBS. Bodipy TR Methyl Ester (Life Technologies, USA) was used to counterstain
green fluorescence. It was applied 1:300 in PDT (PBS with 0.1% Triton and 1% DMSO) for 20 min
after washing the secondary antibodies.
Slides were coverslipped and imaged with a SP5 and a TCS LSI confocal microscope (both Leica
Microsystems GmbH, Germany). Images were then processed with Imaris (Bitplane) and post-processed using Gimp imaging processing software, Adobe Photoshop and Adobe Illustrator CS5.

3.4.5 Histology
Whole larvae were fixed in 4% PFA ON at 4°C. Larvae were dehydrated in series of increasing
ethanol concentrations in PBS (50%, 70%, 80%, 90%, 95% and 100% ethanol). After dehydration larvae were incubated in a 1:1 ethanol Technovit 7100 (Heraeus Kulzer, Germany) solution (1% Hardener 1 in Technovit 7100 basic solution) for 1 h followed by incubation in 100% Technovit solution ON
at RT. Larvae were then embedded in plastic moulds in Technovit 7100 polymerization medium and
dried at 37°C for 1 h.
3 μm thick sections were prepared with a microtome, mounted onto slides and dried at 60°C.
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Sections were stained with Richardson (Romeis) (0.5% Borax, 0.5% Azur II, 0.5% Methylene Blue)
and slides were mounted with Entellan (Merck, Germany). Images were taken in the brightfield mode
of a BX61 microscope (Olympus).

3.4.6 Gene knockdown
Two different EAAT2a translation-blocking morpholinos were used for injections into the one
cell stage of the zebrafish embryo. Titration injections were performed to find optimal dose with highest knockdown efficiency but no toxic side effects. For EAAT2a morpholino 1 CATCATCCACAACTGTCAGGCTGGC (position -22 to 03) the injected amount was 1.3 ng. For EAAT2a morpholino 2
CGTGCTTCGGCATCATCCACAACTG (position -12 to 13) two different amounts were injected,
1.8 ng and 3.6 ng (referred to as low and high dose, respectively). EAAT2b morpholino 1 GATCTCCACTTGCTTCTGCATCTTC (position -04 to 21) was injected at a dose of 1.8 ng and morpholino 2
GAGTTTCACAACAGTTTGCTAGACA (position -65 to -41) was injected at a dose of 9 ng.
Prior to dilution, stock morpholinos were heated to 65°C for 5 min and subsequently diluted with
nuclease free H2O to the desired concentration (injection mix contained 0.04% Phenol red for color
indication). The injection amount was 1 nl. The standard control morpholino was injected into sibling
embryos. Injected embryos were raised in E3 containing methylene blue at 28°C until 5 dpf.
Efficiency of knockdown was quantified by measuring the fluorescence of antibody staining on
wildtype (WT) and morphant retinal sections (imaged with same confocal microscope settings). For
EAAT2a, a region of interest (ROI) reaching from photoreceptors to basal processes of Müller cells
was selected to measure the fluorescence. For EAAT2b the ROI was placed over an area of the outer
plexiform layer (OPL). Since EAAT2b staining is present only in OPL, background fluorescence (ROI
set on inner nuclear layer (INL)) was subtracted from fluorescence in OPL. Two ROIs were set per
animal. A one way ANOVA with Tukey post hoc test was performed to statistically analyze the difference in fluorescence.

3.4.7 Generation of CRISPR/Cas9 knockout line
Stable homozygous fish carrying eaat2b null alleles were generated using the CRISPR/Cas9 approach. Target sites were selected by using the www.zifit.partners.org and https://chopchop.
rc.fas.harvard.edu/ target site prediction tools. Possible targets were further tested for potential
off-target sites and had to meet the requirement of a 5’ GG, which enables T7-mediated in vitro transcription. The 5’ GG is followed by 18 gene specific nucleotides and a 3’ NGG palindromic adjacent
motif (PAM) (GG-N18-NGG). Single guide RNA (sgRNA) synthesis was carried out with a PCR
based approach. To enhance mutagenesis, two targets were chosen, laying 39 nucleotides apart (target site sequences are shown in Table 1). Forward primers of the sequence GAAATTAATACGACTCACTATAGGN18GTTTTAGAGCTAGAAATAGC together with the common, partially overlapping
reverse primer AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC were used for dsDNA synthesis using a high fidelity Phusion polymerase (New England Bio labs). These target specific amplicons served as templates
for T7 in vitro transcription (MEGAshortscrip T7 Transcription Kit, Ambion). sgRNAs were purified
using the Megaclear Kit (Ambion) followed by an ethanol precipitation.
Table 1: CRISPR/Cas9 target sites used for mutagenesis of eaat2b.

Gene

Genomic targetsequence

Position (cDNA)

Eaat2b target 1
Eaat2b target 2

GGGAGAGAAGGCCAAACTGA
GGCTTGTCGGCATGATCATG

717-736
776-795
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Protein/sgRNA complex formation of the two targets was carried out in separate tubes for 10
min at 37°C. Each mix contained 150 ng/μl sgRNA, 814 ng/μl Cas9 protein (kindly provided by Prof.
Dr. Darren Gilmour) and 300 mM KCl. The final injection mix consisted of a 1:1 dilution of the two
mixes. 1 nl was injected into the cell of the one-cell stage embryo.
Injected F0 larvae were raised to adulthood and outcrossed to WT fish. Their progeny was genotyped and two fish carrying the same +83 bp mutation were incrossed, giving rise to the partially (1/4)
homozygous F2 generation.

3.4.8 Mutation analysis and genotyping of mutant fish
Target sites were validated by pooling 10-15 injected 3 dpf larvae and amplifying the genomic
region around the two target sites by PCR. This was carried out by the use of the primers listed in
Table 2 and a fast-cycling polymerase (KAPA2G Fast HotStart PCR kit, KAPA Biosystems). Resulting
amplicons were cloned into pCR 2.1-TOPO vectors and subsequently sequenced.
Genotyping of eaat2b mutant fish is carried out by PCR amplification of the region spanning the
two targets using the same primer pair and polymerase as above. Mutant fish carry a 83 bp insertion
and can be detected by gel-electrophoresis of the amplicon. WT amplicon is 565 bp and mutant amplicon is 648 nucleotides long.
Table 2: Primer pair used for genotyping of eaat2b-/-.

Gene

Primer name

Primer sequence

eaat2b

eaat2b_g4920_s
eaat2b_g5485_as

GCGGCATGAATGTGTTAG
TTCATGTCCTTTCCGGGT

3.4.9 Assessment of retinal morphology in WT and EAAT2 knockdown animals
Retina morphology of EAAT2a and EAAT2b morphant and WT animals was analyzed on
cryo-sections and several parameters were statistically compared. 5 dpf WT (n=13) and larvae injected with EAAT2a MO 1 (1.3 ng) (n=13), EAAT2a MO 2 (n=12), EAAT2b MO 1 (1.8 ng) (n=13) and
EAAT2b MO 2 (9 ng) (n=13) were fixed, embedded in cryomatrix and sectioned at 16 µm prior to
immunofluorescent staining with Zpr-1 (EAAT2b morphants) and Glutamine synthetase (EAAT2a
morphants) (see Methods section Immunohistochemistry). The retinal thickness was measured on
confocal images using the Fiji software. Per larva, retinal thickness was assessed on three different locations. The average of the three measurements was used for statistical analysis. The length of Müller
cells (in EAAT2a morphants) as well as the overall cone length (EAAT2b morphants) was assessed the
same way. In total three cones and three Müller cells per larvae were analyzed (same sample sizes as for
retinal thickness analysis) and the average of the three measurements was used for statistical analysis.
A one way ANOVA followed by a Tukey post hoc test was performed using SPSS.

3.4.10 White light electroretinography (ERG)
ERG recordings were performed on 5 day old morphant/knockout larvae and their control injected siblings/WT as previously described by Makhankov et al. (Makhankov et al. 2004) with some
minor adaptations. Larvae were dark adapted for at least 30 min and all preparations before the actual
recording were done under a red light, preventing bleaching of photoreceptors. The larval eye was
removed from the eyecup and placed onto a filter paper on top of a 1.5% agarose gel in E3, in which
the reference electrode was inserted. The recording electrode (micropipette filled with E3) was placed
onto the center of the cornea. 100 ms light stimuli of 5 different light intensities (log-4 to log0) were
given with an inter stimulus interval of 7 seconds. The light intensity of log0 corresponds to 6800 lux
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or 75 W/m2 (recordings on morphants). For recordings on knockout animals, a high power xenon
light source HPX-2000 (Ocean Optics) was used. 100% light (log0) corresponds to 696 lux if measured with a TES 1335 Light Meter.
B-wave amplitudes and the time from light onset to the b-wave peak were compared using mixed
repeated measures ANOVA followed by Tukey and Games-Howell post hoc test. Results are shown in
a box-and-whisker plot (b-wave amplitudes and time from light onset to peak), where the bottom and
top of the box represent the first and third quartile respectively, with the median represented as a line
within the box and whiskers reaching to minimum and maximum values obtained.

3.4.11 Flicker fusion ERG
The flicker fusion frequency, a proxy for temporal resolution of vision, was assessed in 5 dpf
eaat2b mutant and WT larvae. A similar ERG setup was used as described in the Methods section on
white light ERG (3.4.11). Larval eyes were removed and placed on top of a filter paper covering a 1.5%
agarose gel (in E3 buffer). Same recording and reference electrodes were used as for Ganzfeld ERG.
Light stimuli of 15 ms were presented with increasing frequencies starting from 2 Hz. Flickers of each
frequency were presented for 2 sec and subsequently increased in 1 Hz steps. Analysis of obtained
recordings was done using Matlab software. Noise was filtered out and a fast fourier transform helped
to identify frequencies of curves. Flicker fusion frequency of WT (n=23) and eaat2b knockout larvae
(n=24) was statistically compared by a two-tailed t-test using SPSS. Results are demonstrated in a boxand-whisker plot.

3.4.12 Oocyte experiments
Xenopus oocytes were purchased from Ecocyte Bioscience (Germany) or were obtained from the
Institute of Physiology, University of Zurich. The oocytes were kept at 16°C for 2-5 days.
Capped cRNA was microinjected into Xenopus oocytes (40-80 ng per oocyte) and membrane
currents were recorded 2-4 days later.
With the exception of the chloride-free solution, the extracellular recording solution comprised
(in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, pH 7.5. L-glutamate was obtained by Sigma while DL-TBOA (DL-threo-β-Benzyloxyaspartic acid) was obtained by Tocris. For chloride-free
solutions, all chloride salts were replaced with gluconate salts. To increase the uncoupled current, the
oocytes were dialysed in chloride-free solution for 24 h, and the recordings were then performed in a
solution where chloride was substituted with the more permeant ion SCN-.
The approximated chloride equilibrium potential, ECl- for the injected oocytes was estimated by
calculating the reversal potential of ICl(Ca) induced by 4-Br A23187 (Sigma), a calcium ionophore, as
described by Wadiche et al. (Wadiche et al. 1995).
Radiolabeled glutamate uptake was performed under voltage clamp at -60 mV (or at -15 mV
when uptake at the chloride equilibrium potential was investigated). Currents were recorded during
application of 100 µM [3H]-L-Glutamate for 100 s. The specific activity of the [3H]-L-Glutamate in
this solution was 20 Ci/mol. For control, we used the same protocol on non-injected oocytes. After
application of [3H]-L-Glutamate, oocytes were first washed in Ringer solution and then lysed in a
scintillation vial containing 2% SDS. Radioactivity was later measured.
Two electrode voltage-clamp recordings were performed using a Turbo Tex-03x amplifier (NPI,
Germany) and signals acquired with a Digidata 1440A (Molecular devices, USA). Recording electrodes with resistance < 1 MΩ contained 3 M KCl. Currents were acquired at 10 KHz and low-pass
filtered at 20 or 500 Hz in dependence of the recording protocol.
Data analysis was performed using Axon pClamp10 and GraphPad Prism software. To determine Km, dose response curves were fitted with the Michaelis-Menten relationship included with the
GraphPad Prism software: Y = Imax*X/(Km + X), where „Imax is the maximum current in the same
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units as Y“ and „Km is the Michaelis-Menten constant, in the same unit as X“.

3.5 Results
3.5.1 eaat2 paralogs are complementarily expressed in the retina
A phylogenetic analysis of excitatory amino acid transporter genes revealed that the zebrafish
genome harbors two eaat2 (also called glt-1 or slc1a2) genes (Gesemann et al. 2010a). Analyzing the
transcript expression of the two transporters in the zebrafish retina, we found strong eaat2a expression
in the inner nuclear layer (INL) in close proximity to the inner plexiform layer (IPL) and additionally
very weak expression in photoreceptors (Figure 1 A, B). In contrast, eaat2b mRNA was present in the
photoreceptor cell layer and in low concentration in the INL (Figure 1 C, D). Staining in the photoreceptor layer was present throughout all cone photoreceptors, however the layer containing nuclei of
rods was unstained, suggesting eaat2b to be cone specific.
To confirm cellular identity and obtain information about subcellular distribution of the protein,
we generated paralog specific peptide antibodies.
Consistent with the in situ hybridization data, immunostainings against EAAT2a on larval and
adult retinal sections revealed expression of EAAT2a in Müller glia cell membranes (Figure 2 A-F).
EAAT2a seems to be specific to Müller cells as no immunofluorescent signal could be detected in
photoreceptors. The staining intensity within Müller glia cells appeared increased in the OPL and

Figure 1: Transcript expression
of excitatory amino acid transporter 2 (eaat2) paralogs.
A, B: eaat2a mRNA is strongly
expressed in the inner nuclear
layer (INL) in the retina, both in
5 days post fertilization (dpf) larvae (A) and in the adult retina
(B). Additionally, extremely low
transcript levels can be found in
photoreceptors (B). C, D: mRNA
of eaat2b is expressed in photoreceptors and weakly in the
INL throughout different developmental stages (C: in 5 dpf larvae, D: in adult retinal sections).
Small inset in C shows eaat2b in
situ staining in an eye of a wholemount larva that has only been
shortly stained, to better visualize the expression in the INL.
Scale bar in A is100 µm and it
also applies to C. Scale bar in B
corresponds to 50 µm and also
applies to D.
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Figure 2: Protein expression of EAAT2 paralogs.
A-F: Double-immunostaining of EAAT2a (green) and glutamine synthetase (magenta) in adult (A) and larval (5 dpf) (D)
retinal sections confirm expression of EAAT2a in Müller glia cells. Separated channels are shown in (B) (adult) and (E) (5
dpf) (EAAT2a, green channel only) and in (C) (adult) and (F) (5 dpf) (glutamine synthetase, magenta channel only). Scale
bar in (A) is 30 µm and it also applies to (B) and (C). Scale bar in (D) also applies for (E) and (F) and corresponds to 50 µm.
G-N: EAAT2b protein is expressed in a dotted manner in the outer plexiform layer (OPL) in all cone pedicles, but it is not expressed in rods. EAAT2b antibody staining (magenta) on adult retinal sections stained with Zpr-1 (red-green double cones,
(G)) and on retinal sections of zebrafish expressing GFP in blue cones (H), UV cones (I) and rods (J) confirms that EAAT2b
is cone specific and is spared from rod spherules. K-M show zoom ins of the cone pedicles expressing EAAT2b (magenta)
in red-green double cones (K), blue cones (L) and UV cones (M). (N) shows larval (5 dpf) expression of EAAT2b in magenta
together with a nuclear counterstain (Dapi, blue). Scale bars in G-J are 7 µm. Scale bars in K-M are 2 µm. Scale bar in (N)
is 30 µm.
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IPL where glutamatergic synapses are tightly ensheathed by Müller glia cells. The nature of the labelled cells was confirmed by double labeling with the glial marker Glutamine synthetase which colocalizes with EAAT2a (Figure 2 A, D). Consistent with the mRNA distribution, we found antibody
staining against EAAT2b protein in the OPL in a dotted fashion (Figure 2 G-N). The appearance of
the staining indicated localization of EAAT2b in cone pedicles, whereas rod spherules were devoid
of EAAT2b protein. To further characterize the photoreceptor subtype specific expression, we used
transgenic fish lines expressing GFP in different photoreceptor cell types (Tg(zfSWS1–5.5A:EGFP),
Tg(zfSWS2–3.5A:EGFP), Tg(zfRh1-3:EGFP)) (Takechi et al. 2003; Takechi et al. 2008; Hamaoka et al.
2002). EAAT2b is expressed in the presynaptic terminal of all cone subtypes (UV, blue, red and green
sensitive cones) (Figure 2 G-I, K-M) however, consistent with the in situ hybridization results, rod
terminals do not express this transporter (Figure 2 J). Remarkably, no EAAT2b immunofluorescence
could be observed in cells of the INL, suggesting that local protein concentration in the membranes of
these cells are rather low, preventing immunostaining.

3.5.2 EAAT2 paralogs differentially shape signal transmission in the cone synapse
To characterize the function of EAAT2 transporters in zebrafish vision, we generated knockdown
larvae using different morpholino antisense oligonucleotides. Quantification of fluorescence intensities in morphant and WT eyes demonstrated the efficiency of protein knockdown in 5 dpf larvae
(Figure 3).
Both, EAAT2a- and EAAT2b-deficient (EAAT2b knockdown and knockout) animals showed
no apparent overall morphological abnormalities (Figure 4 A-C and G-I show morphology of morphants, Figure 5 of mutants), nor abnormalities in the cell shape of Müller glia cells (Figure 4 D-F) or
red and green cones (Figure 4 J-L). Statistical analysis confirmed this assessment as no significant difference in retinal thickness between wildtypes and EAAT2a (Figure 4 M) or EAAT2b morphant larvae
(Figure 4 O) could be detected. Furthermore, neither the length of Müller cells (Figure 4 N) nor of
cones (Figure 4 P) is influenced by knockdown of EAAT2a and EAAT2b, respectively, indicating that
the knockdown does not impair retinal development. However, EAAT2a morphant larvae displayed
behavioral changes (no quantifications done) and abnormal body bends, similar to the ones described
in tnt mutants that carry a point mutation in eaat2a (McKeown et al. 2012).
To analyze the functional role of EAAT2 in the zebrafish retina, we performed ERG on 5 day
old morphant larvae. The ERG measures the sum field potential generated by retinal cells upon light
exposure. We used the amplitude of the b-wave at varying light intensities as a functional read-out of
outer retinal function. The b-wave reflects the activation of ON bipolar cells following photoreceptor
hyperpolarization after a light stimulus. In a typical WT ERG, the large b-wave masks the a-wave resulting in no or only a tiny a-wave visible. At 5 days, rods are not yet functionally integrated into the
larval retina, therefore the measured light responses are exclusively cone driven (Branchek, Bremiller
1984; Branchek 1984). To analyze the ERG kinetics, the time from light stimulus onset to the peak of
the b-wave was compared between control and morphant animals.
Loss of EAAT2a leads to a reduction of the ON-response. EAAT2a-deficient larvae showed a
highly significant reduction in the b-wave amplitude throughout all different light intensities tested,
indicating that this glial transporter is fundamental for uptake of the synaptic glutamate (Figure 6 A).
B-wave amplitudes of larvae injected with 1.3 ng of morpholino 1 or low dose of morpholino 2 were
diminished by more than 40% throughout all different light intensity flashes. B-wave amplitudes of
larvae injected with high dose of morpholino 2 showed a reduction of 75% or more in comparison
to WT and control injected larvae. Furthermore, we show a clear dose-dependency of morpholino 2,
leading to significant differences in the b-wave amplitude between low and high dose EAAT2a morphants. This was observed for all light intensities except for the lowest intensity stimulus (log-4).
However, even at high doses of injected EAAT2a morpholino, we could still observe a small ERG
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b-wave, indicating that there is either no complete protein knockdown or that different glutamate
transporters present at the first visual synapse take over a comparable function.
In contrast to EAAT2a, knockdown of EAAT2b resulted only in a mild ERG phenotype. The
medians of ERG b-wave amplitudes of EAAT2b morphant larvae were slightly reduced compared to

Figure 3: Confirmation of knockdown.
A-C: Immunostaining of EAAT2a on WT (A) and EAAT2a morphant (B: 1.3 ng EAAT2a morpholino (MO) 1, C: 1.8 ng EAAT2a
MO 2) retinal sections (5 dpf). D: Box-and-whisker plot of analysis of fluorescence of WT, EAAT2a MO 1 and EAAT2a MO 2
injected animals stained with anti-EAAT2a antibody. Statistical analysis reveals a highly significant (p<0.001) reduction of
fluorescence for both MOs. E-G: Retinal sections of WT (E) and EAAT2b morphant (F: 1.8 ng EAAT2b MO 1, G: 9 ng EAAT2b
MO 2) larvae stained with anti-EAAT2b antibody. H: Fluorescence was measured in the OPL and background fluorescence
(taken from area in INL) was subtracted. Fluorescence of WT and morphant immunostaining is plotted in a box-and-whisker plot and shows a significant (p<0.01) and slightly significant (p<0.05) decrease in fluorescence in animals injected with
1.8 ng EAAT2b MO 1 and 9 ng EAAT2b MO 2, respectively. EAAT2a WT: n=6, EAAT2a MO 1: n=8, EAAT2a MO 2: n=8, EAAT2b
WT: n=10, EAAT2b MO 1: n=10, EAAT2b MO 2: n=10. Scale bar in A is 30 μm and also applies to B and C, scale bar in E is 10
μm and also applies to F and G.
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WT and control morphant ERG however statistically significant only for some light intensities (see
legend, Figure 6 B).
To artificially augment glutamate concentration in the cleft and to disrupt the glutamate-glutamine cycle between photoreceptors and Müller glia cells, double injections of 1.3 ng EAAT2a and 9
ng EAAT2b morpholino were performed. Interestingly, except for dim light conditions, b-wave amplitudes of double knockdown larvae are significantly lower than b-wave amplitudes of EAAT2a morphants (Figure 6 C). This nicely demonstrates the function of EAAT2b by illustrating that glutamate
clearing capacity has further been neutralized in the EAAT2 double morphants.
Knockdown of EAAT2a not only affected the b-wave amplitude, but also its kinetics. In general,
the ERG response in EAAT2a depleted animals was slower (representative ERG traces shown in Fig-
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Figure 4 (preceding page): Retinal histology of EAAT2 morphant zebrafish larvae.
Histological analysis of retinal sections of wildtype (WT), EAAT2a and EAAT2b morphant zebrafish larvae (5 dpf) stained
with Richardson-Romeis (A-C and G-I). Immunostaining of glutamine synthetase (green) labelling Müller glia cells counterstained with Bodipy (magenta) (D-F) of WT and EAAT2a morphant (E: EAAT2a MO 1, F: EAAT2a MO 2) 5 dpf retinal sections.
Anti-Zpr-1 immunostaining (labelling red and green cones, shown in green) on WT (J) and EAAT2b morphant (K: EAAT2b
MO 1, L: EAAT2b MO 2) retinal sections counterstained with Bodipy (magenta). Knockdown of neither EAAT2a (B: EAAT2a
MO 1, C: EAAT2a MO 2) nor EAAT2b (H: EAAT2b MO 1, I: EAAT2b MO 2) causes any defect in retinal lamination. Thickness
of the retina was assessed on WT and morphant larvae and did not reveal any significant difference in the thickness of the
retina neither in EAAT2a nor EAAT2b morphants (M, O), yielding p values of p=0.997 and p=0.935 for EAAT2a MO 1 and
EAAT2a MO 2, respectively and p=0.658 and p=0.922 for EAAT2b MO 1 and EAAT2b MO 2 (all in comparison to WT). Moreover, knockdown of EAAT2a does not significantly influence Müller glia cell length (N) nor does the loss of EAAT2b result in
cone length alteration (P). Statistical analysis of the cell length yielded p values of p=0.969 and p=0.989 for EAAT2a MO 1
and EAAT2a MO 2, respectively and p=0.911 and p=0.631 for EAAT2b MO 1 and EAAT2b MO 2, respectively (in comparison
to WT). All scale bars are 50 µm. Scale bar in A applies to both B and C, scale bar in D applies to E and F, scale bar in G also
applies to H and I and scale bar in J also applies to K and L.

ure 6 D) than in WT or control animals (Figure 6 E). The time to peak at low light intensity stimuli
(log-4) was significantly increased in EAAT2a depleted larvae. Also at bright light (log0) the ERG
response is still decelerated, resulting in a significant increase in the time to peak in EAAT2a depleted
animals (Figure 7 A, B). As ON-bipolar cell activity is decreased and delayed in EAAT2a morphants,

Figure 5: Retinal histology of eaat2b mutant zebrafish.
Histological sections of adult (A, C) and 5 dpf (B, D) wildtype (A, B) and eaat2b knockout (C, D) zebrafish. Retina morphology of mutant animals confirms knockdown analysis. There is no apparent morphological defect
in eaat2b knockout animal, neither in the larvae nor in the adult eye.
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Figure 6: Box-and-whisker plots of electroretinogram (ERG) b-wave amplitudes of EAAT2a and EAAT2b morphant zebrafish larvae and representative ERG traces.
A: Knockdown of EAAT2a results in a highly significant (p<0.001) reduction of the ERG b-wave amplitude both in comparison to WT and to control injected animals throughout all light intensities (log-4 to log0). For EAAT2a MO 2, we could
demonstrate a dose-dependency, resulting in a highly significant difference (p<0.001) between the low dose (1.8 ng) and
the high dose (3.6 ng) for the bright light intensities (log-1 and log0) and a significant difference (p<0.01) for the medium
light intensities (log-3 and log-2). WT: n=33, control MO: n=25, EAAT2a MO 1: n=23, 1.8 ng EAAT2a MO 2: n=27, 3.6 ng
EAAT2a MO 2: n=24.
B: Knockdown of EAAT2b only mildly interferes with the ERG b-wave. There is an overall tendency in EAAT2b depleted
animals of having a slightly reduced ERG b-wave amplitude. This results in a slight statistical significance (p<0.05) between
WT and EAAT2b morphant (MO 1) at log-4 and a highly significant (p<0.001) reduction at log-3 and log-2. Further there is
a slightly significant (p<0.05) reduction between EAAT2b morphants (MO 1) and control morphants for log-2. When using
EAAT2b MO 2, we obtained a significant (p<0.01) reduction of the ERG b-wave amplitude in comparison to control morphants at log0 and in comparison to WT at log-2. WT: n=39, control MO: n=11, EAAT2b MO 1: n=39, EAAT2b MO 2: n=16.
C: The function of EAAT2b could be demonstrated by double knockdown of both EAAT2 paralogs. Under such conditions,
when glutamate uptake by Müller glia cells was impaired we could show an even further reduction of the ERG b-wave amplitude in the double morphants in comparison to EAAT2a morphant larvae (slightly significant (p<0.05) at log0, significant
(p<0.01) at log-1 and highly significant (p<0.001) at log-3 and log-2). EAAT2a MO 1: n=23, EAAT2b MO 2: n=16, double MO:
n=32.
D-F: Representative ERG traces of control MO injected larvae (D), EAAT2a morphant (E, high dose of MO 2) and EAAT2b
morphant (MO 2) larvae (F). Yellow bar represents light stimulus (starting at time 0, ending at 100 ms).
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Figure 7: Time to peak analysis of ERG recordings.
Box-and-whisker plots of time (ms) from onset of light stimulus (time 0 ms) to the peak of the b-wave. EAAT2a morphant
larvae display changed ERG kinetics. At low light levels (A), low dose and high dose of EAAT2a MO 2 results in a significant
(p<0.01) and highly significant (p<0.001) increase in the time to peak, respectively. At bright light levels (B) EAAT2a morphant (MO 1) larvae show a significant (p<0.01) increase in the time to peak while both levels of MO 2 result in a highly
significant (p<0.001) increase in the time to peak. ERG response of EAAT2b morphant fish was not decelerated neither in
dim light conditions (C) nor in bright light (D).

the b-wave does not dominate the a-wave anymore. Therefore, the a-wave (electro-negative wave preceding the positive b-wave) becomes apparent in an EAAT2a morphant ERG (Figure 6 E). ERG kinetics in EAAT2b depleted larvae is unaffected (Figure 7 C, D, representative ERG traces are shown
in Figure 6 F).
White light ERG on eaat2b knockout larvae was performed to assess validity of the knockdown
data. Fish homozygous for eaat2b null alleles show a significant decrease in the ERG b-wave amplitude
(Figure 8). The decrease is slightly more pronounced than in knockdown animals, confirming the
assessment of the knockdown efficiency that yielded only a barely significant reduction in the protein
but not a highly significant reduction as would be expected for a full knockdown.
To further investigate the function of EAAT2b, flicker fusion ERG was carried out on 5 dpf WT
and eaat2b knockout larvae. WT animals were able to resolve flickers of up to 14 Hz with a flicker fusion frequency median of 12 Hz. Homozygous mutation of eaat2b causes a highly significant decrease
of the flicker fusion frequency, with a median of 4 Hz (Figure 9), indicating that EAAT2b enhances
temporal resolution of vision.
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Figure 8: Box-and-whisker plots of ERG b-wave
amplitudes of eaat2b mutant zebrafish larvae.
Homozygous mutation of
eaat2b results in a highly
significant decrease of the
ERG b-wave amplitude.
Median of b-wave amplitude in mutant animals
is reduced by roughly 2530% for bright light stimuli.

3.5.3 Biophysical properties of EAAT2 paralogs
Glutamate uptake by EAAT proteins is electrogenic, being associated with the movement of
charges through the cell membrane: 3 Na+ ions and one proton enter the cell for each transport cycle,
and one K+ ion moves out (Zerangue, Kavanaugh 1996; Levy et al. 1998; Owe et al. 2006). In addition,

Figure 9: Sample traces of flicker fusion ERG and plots of flicker fusion frequency of WT and eaat2b-/-.
Sample traces show flicker fusion ERG response of WT (A) and eaat2b knockout (B) larvae, stimulated with 3 different
frequencies; 3 Hz (left panel), 4 Hz (middle) and 5 Hz (right panel). The represented mutant resolves frequencies of up to
4 Hz. Box-and-whisker plot of flicker fusion frequency of WT and eaat2b-/- (C) shows a highly significant reduction thereof
in mutants.
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upon binding of glutamate and sodium, a thermodynamically uncoupled chloride current is associated with these transporters (Fairman et al. 1995; Wadiche, Kavanaugh 1998). These intrinsic electrogenic properties of glutamate transporters allow evaluation of their electrical properties by expressing
them in Xenopus oocytes.
About 48 h after microinjection of eaat2a or eaat2b mRNA, Xenopus oocytes displayed glutamate
evoked currents (IGlu) that were absent in uninjected oocytes. In oocytes voltage clamped to negative
potentials, increasing doses of glutamate evoked an increasing inward current (Figure 10 A, B, insets).
The normalized amplitude of IGlu for different glutamate concentrations was fit with the Michaelis
Menten equation (Figure 10 A, B) to yield a Km of 19.6 ± 2.7 µM (n=6) for EAAT2a and 3.1 ± 0.6 µM
(n=8) for EAAT2b (see Methods). When voltage clamping the oocytes to different potentials and
measuring IGlu in the steady state, we found that at sufficiently positive potentials, IGlu reversed both
for EAAT2a and for EAAT2b injected oocytes (Figure 10 C, D black). This outward current was more
prominent for EAAT2b expressing oocytes. Such an outward current has been described for human
EAAT1 and EAAT3 and salamander sEAAT1, sEAAT2 and sEAAT5 (Wadiche et al. 1995; Eliasof et
al. 1998a; Eliasof et al. 1998b; Eliasof, Werblin 1993) and shown to be due to the uncoupled chloride
conductance that is associated with the transporter itself.
The more prominent outward current in EAAT2b injected oocytes suggested that a larger chloride conductance was associated with this paralog. To verify this hypothesis, we recorded IGlu in a
bath solution where chloride was substituted with gluconate. Gluconate cannot permeate the chloride
channel therefore, for potentials that are positive to the chloride equilibrium potential, no current
carried by an inward chloride flux should be recorded. For EAAT2a injected oocytes, there was no
difference between the glutamate current recorded in control solution and that recorded in chloride
free solution (Figure 10 C). Conversely, for EAAT2b injected oocytes, the glutamate induced outward
current was abolished at positive potentials when recorded in a gluconate based solution, whereas the
inward current was only minimally affected (Figure 10 D). The chloride current is therefore a significant component of the total glutamate induced current.
To estimate how much of the total IGlu was due to the uncoupled chloride component, we calculated the charge to flux ratio (the charge transferred per molecule of glutamate taken up), using
bath-applied tritiated glutamate. This ratio is independent of functional expression level efficiency and
provides a reliable measure of the current elicited by each molecule of glutamate. At a holding potential of -60 mV, the calculated charge to flux ratios were significantly different (p< 0.0008, two tailed
t-test) for EAAT2a (1.7 ± 0.4 (n=8)) and EAAT2b (4.5 ± 1.7 (n=8)) injected oocytes.
However, at this potential the recorded current is due to both the chloride conductance and the
stoichiometrically transported ions (Na+, K+, and H+). To confirm that the difference between the two
ratios was indeed due to chloride flux, we repeated the uptake experiment at -15 mV, the calculated
chloride equilibrium potential (see Methods). The charge to flux ratio did not differ for the two transporters (1.2 ± 0.2 for EAAT2a and 1.3 ± 0.3 for EAAT2b) at this potential. Therefore we concluded
that the observed difference in charge to flux ratio at -60 mV was indeed due to differences in chloride
conductance. Moreover, the charge to flux ratio at -60 mV for EAAT2a was not significantly different
from the uptake at -15 mV (ANOVA plus Tukey post hoc test), which indicated that the larger charge
to flux ratio measured at -60 mV with EAAT2b injected oocytes was mostly due to uncoupled chloride
current.

3.5.4 EAAT2a and EAAT2b differ in their leak currents
To determine if currents were only induced by the ligand glutamate, we checked if DL-TBOA, a
non-transportable antagonist, could block IGlu in EAAT2a and EAAT2b injected oocytes.
As expected, DL-TBOA blocked the glutamate induced current, but also revealed a current in
EAAT2b (not in EAAT2a) injected oocytes in absence of glutamate (Figure 10 E, F). Indeed the an-
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Figure 10: Two electrode voltage clamp recordings from EAAT2a and EAAT2b expressing oocytes.
A, B: Glutamate-evoked currents normalized to the saturating current induced by 500 µM glutamate in EAAT2a- (A) and
EAAT2b- (B) expressing oocytes (n=8), respectively and fitted with the Michaelis-Menten equation. The oocytes were voltage clamped at -50 mV. For clarity, fitted curves were plotted only up to 100 µM. In the insets, inward currents induced
by increasing concentration of L-glutamate (1, 5, 25, 100, 500 µM) in representative oocytes. The arrows indicate when
glutamate was applied. Scale bar is 20 nA. C, D: Voltage dependence of EAAT2a- (C) and EAAT2b- (D) mediated currents
(n=5 respectively) induced by 100 µM L-glutamate in control solution (black) and in a chloride-free solution (red). The data
from each cell were normalized to the response elicited by 100 µM L-glutamate in control solution at -100 mV. Insets show
I-V recordings from representative oocytes in normal buffer. Data under both conditions are recorded from the same cells;
oocytes are from 3 different batches. E-H: TBOA reveals a leak current. TBOA (100 mM) was applied alone (black arrow) in
control medium to EAAT2a (E) and EAAT2b (F) injected oocytes. In EAAT2b injected oocytes it evoked an outward current.
When oocytes were dialyzed with a chloride-free solution for 24 hours and the control perfusing medium was exchanged
with a solution containing SCN- as the main negative ion, TBOA induced an inward current in EAAT2a and EAAT2b injected
oocytes (G, H). Blue arrows indicate wash from TBOA. Scale bar is 10 nA.
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tagonist blocks the channel, preventing the ions from flowing through it, and unmasks ion slippage
through the transporter in the absence of substrate, glutamate in this case (Shimamoto et al. 2004).
The leak current (determined subtracting the current in TBOA from the current recorded in absence of antagonist) was inward at negative potentials and outward for potentials more positive than
-16 mV (not shown). Leak currents have been described for most electrogenic carriers (Ryan et al.
2004; Vandenberg et al. 2008; Sonders, Amara 1996; Andrini et al. 2008) but their function is often not
clear. For some transporters, the ions contributing to the leak current can be the same ones that are
translocated, while for others they are different. The calculated oocyte chloride equilibrium potential
is close to the reversal potential of the EAAT2b leak current, suggesting that chloride flows through
EAAT2b in absence of glutamate.
In contrast to EAAT2b, we never observed an outward current at negative potentials in the presence of DL-TBOA in EAAT2a injected oocytes (n=6).
To test whether the absence of a leak current in EAAT2a could be due to the absence of such
ion slippage, or to a negligible chloride conductance associated with the transporter, we recorded the
TBOA induced currents in a solution where chloride was substituted with SCN-. When TBOA alone
was applied to the SCN- bathing solution, an inward current was observed in all EAAT2b injected oocytes at negative potentials (Figure 10 H): in these experimental conditions, SCN- was indeed flowing
into the oocyte through the EAAT2b before TBOA closed the leak. Under these same conditions, even
EAAT2a oocytes displayed an inward current although small compared to the one elicited in EAAT2b
injected oocytes (Figure 10 G). This current was too small to be measured in EAAT2a expressing oocytes bathed in standard ringer solution, suggesting that only EAAT2b has a leak current that could
exert an important physiological role.

3.6 Discussion
The synaptic clearance of glutamate by excitatory amino acid transporters (EAATs) is essential
to maintain synaptic function in the central nervous system (reviewed in (Zhou, Danbolt 2013)). In
this study we focused on zebrafish EAAT2 proteins that are expressed at the photoreceptor synapse.
This paralogous gene pair originated from a genome duplication event about 350 million years ago.
Intriguingly, we found the two paralogous genes and their proteins to be complementary expressed in
two distinct retinal cell types: cone photoreceptors and Müller glia cells. While high mRNA expression levels of eaat2a are observed in the INL, only low transcript levels can be seen in photoreceptors.
On the other hand, mRNA expression levels of eaat2b are high in photoreceptors and low in the INL.
This weak INL expression of eaat2b and even lower transcript levels of eaat2a in photoreceptors might
be a remnant of the ancestral eaat2 gene expression, which was, before the whole genome duplication,
likely expressed in both Müller glia cells as well as photoreceptors. Interestingly, protein expression
of the corresponding eaats in these cells could not be detected using our immunofluorescence protocol. Whether this is due to the generally low protein concentration in the membrane of these cells
or due to degradation of EAAT2b in Müller cells and EAAT2a in cones, remains to be analyzed. The
case of EAAT2 represents a rare case where the sub-functionalization event led to a change not only
in expression pattern but also in biophysical properties that can be directly linked to the biological
function.
Functional analysis was carried out by ERG recordings. The ERG measures sum field potential
changes of the retina evoked by changes in illumination. It has proven to be a robust measure of photoreceptor responses and subsequent bipolar cell activation. The ERG is a standard approach to measure
outer retina function not only in model organisms, but also in the clinic (Perlman 1995).
Knockdown of the glial transporter EAAT2a shows a highly significant reduction in the ERG
b-wave implying that glutamate levels in the synaptic cleft remain elevated even during a light stimulus, saturating postsynaptic glutamatergic receptors (Figure 11 B). This is consistent with the increased
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time to peak recorded for the b-wave in these animals. This delay is likely due to elevated glutamate
levels in the cleft, even after light stimulation. In darkness, photoreceptors tonically release glutamate,
which binds to the postsynaptic metabotropic glutamate receptor 6b (mGluR6b) (Nomura et al. 1994;
Huang et al. 2012). This leads, via a signaling cascade, to the closure of the cation conducting ion
channel TRPM1 (Morgans et al. 2009). During a light stimulus, photoreceptors become more hyperpolarized which results in a decreased number of vesicles fusing at the presynapse. This, together with
glutamate transporters clearing the synaptic glutamate, results in reduced concentrations of glutamate
in the synaptic cleft, to an extent depending on the light stimulus intensity (Figure 11 A). In EAAT2a
depleted animals, glutamate levels do not decrease during a light stimulus to the same extent as in WT
animals implicating a reduced and delayed ON bipolar cell depolarization (Figure 11 B). Müller glia
cell processes wrap around and coat photoreceptor synapses but do not invaginate the synapse (Burris
et al. 2002). Thus released glutamate needs to diffuse from the presynaptic release site to the glial glutamate transporter EAAT2a on Müller cell processes, where it is being taken up. Such a system, with
the main transporter being outside the synaptic cleft, prevents direct competition of transporter with
the postsynaptic receptors and therefore keeps interference of the glutamate uptake with signal propagation to a minimum (Gaal et al. 1998; Roska et al. 1998). In accordance with being expressed on glia
cells rather than neurons, we could not associate EAAT2a with a high chloride conductance nor with
a high leak current, which implies that its primary function is high capacity glutamate transport and
not modulation of membrane potentials.
Loss of the presynaptic glutamate transporter EAAT2b only slightly modulates the ERG b-wave,
indicating that synaptic glutamate levels in knockdown animals must still be comparable to the ones
in WT (Figure 11 C). The fact that the kinetics of the EAAT2b morphant ERG does not significantly differ from the one in control animals further reveals that EAAT2b does not have a high glutamate turnover rate. However, EAAT2b shows a high affinity to glutamate, hence it must either be
significantly outnumbered by EAAT2a, or have a lower cycling rate or capture efficiency (likelihood
of glutamate being transported versus released again) than EAAT2a. Glutamate transporters have
been shown to buffer glutamate and therewith shape signal transmission after a quantal event in a
fast timeframe, despite having slow turnover rates (Diamond, Jahr 1997; Wadiche, Kavanaugh 1998;
Wadiche et al. 1995). Furthermore, EAAT1-3 are thought to have a capture efficiency of 0.5, indicating
that the likelihood of being released again equals the likelihood of being transported (Beart, O’Shea
2007; Tilleux, Hermans 2007; Cavelier, Attwell 2005). Therefore, we assume that glutamate released
by photoreceptors can bind and unbind several transporters within the cleft, before being taken up
by glial transporters that surround the synapse in high numbers (Bergles et al. 2002; Diamond, Jahr
1997; Wadiche, Jahr 2001).
In addition, our obtained ERG results suggest that the main vesicular glutamate pool of cones is
not being replenished by presynaptic glutamate uptake via EAAT2b, otherwise EAAT2b knockdown
would result in a depletion of the presynaptic vesicles which would give us a more drastic phenotype. Glutamate vesicles of cones therefore seem to be mainly filled by glutamate recycled via the
glutamate-glutamine cycle between Müller cells and photoreceptors (Figure 11 A), revealing another
difference between cones and rods, which are thought to possess an almost self-sustaining glutamate
uptake system (Hasegawa et al. 2006).
ERG recordings on double morphant zebrafish indicate that upon loss of both EAAT2 paralogs
glutamate uptake is further neutralized. The resulting difference in the b-wave amplitude between
EAAT2a single loss and EAAT2 double knockdown is either the result of photoreceptors possessing a
limited pool of glutamate filled vesicles, as both the glutamate-glutamine cycle via Müller glia cells as
well as the presynaptic uptake of glutamate is inhibited, or the result of an increased glutamate level in
the synaptic cleft, even during light stimuli, or both of them.
Binding of glutamate by EAAT2b is accompanied by the opening of a chloride conductance that
generates a large component of the total current. The chloride driving force and ionic flux direction
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Figure 11: Schematics of photoreceptor synapse in light and dark.
Illustration of changes in the photoreceptor synapse between light and dark in WT (A), in EAAT2a (B) and EAAT2b (C) morphants. EAAT2a on Müller glia cells is responsible for the uptake of the main load of glutamate. The uptaken glutamate in
Müller cells is recycled via the glutamate-glutamine cycle. In EAAT2a morphants (B) the main load of glutamate is not being
taken up and the cleft glutamate concentrations remain high, even during bright light stimuli. This may lead to binding of
glutamate to postsynaptic receptors and therefore to a decreased ON-response in comparison to WT animals. The presynaptic transporter EAAT2b has a large Cl- conductance among with a large leak current in absence of glutamate. During
a light stimulus when photoreceptors hyperpolarize and very few glutamate remains in the synaptic cleft, Cl- leaves the
photoreceptor (leak current) and brings back the membrane potential closer to the dark resting potential. Due to the lack
of such a leak current in EAAT2b morphants, cones remain in a slightly more hyperpolarized state (C).
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depend on the chloride equilibrium potential that we suppose for zebrafish cones being between -40
and -50 mV. These estimates stem from data obtain in goldfish (-50 mV) (Vroman et al. 2014), salamander (-46 mV) (Thoreson, Bryson 2004) and turtle cones (-47 mV) (Kaneko, Tachibana 1986). As
the cone dark resting potential of zebrafish is with around -40 mV (Endeman et al. 2013) very close
to the chloride equilibrium potential (ECl-), the flux of chloride that accompanies glutamate transport
of EAAT2b will force the cone to return to potentials close to the dark resting potential, giving rise to
previously described positive feedback (Szmajda, Devries 2011). The presence of the large leak current
that we have described for EAAT2b in absence of glutamate will push the cone towards the resting
potential, even when glutamate in the cleft will be extremely low. Accordingly, a prolonged and strong
light stimulus will speed up the repolarization at light off (Rowan, Matthew J M et al. 2010) stabilizing
the resting potential at depolarized potentials (Figure 11 C). This was further supported by assessing
the flicker fusion frequency that is drastically decreased in eaat2b knockout animals, indicating that
EAAT2b improves temporal resolution. After a light flash, EAAT2b brings the cone membrane potential back to the dark resting potential and thereby preparing the cone to precisely transmit the next
light signal. The lack of the chloride leak in EAAT2b knockdown larvae would maintain the cones in
a slightly hyperpolarized status in darkness and contribute therefore to the observed slight b-wave reduction. This effect would become more evident in the double knockdown larvae. Indeed in this case,
the postsynaptic glutamatergic receptors would be partially saturated due to the increased glutamate
concentration in the cleft, and the hyperpolarization of the cones in darkness (and their possible loss
of readily available vesicles) would further reduce the difference in cleft glutamate between dark and
light conditions.
It is intriguing that the zebrafish retina acquired a system with sub-functionalized EAAT2 proteins that is comparable to the one present in the mouse retina with different EAATs. In contrast to
zebrafish, mice use EAAT2 as the presynaptic transporter, while EAAT1 (GLAST) on Müller cells
constitutes the main glutamate sink of the photoreceptor synapse (Tse et al. 2014).

3.7 Outlook
Single cell recordings of photoreceptors on adult eaat2b knockout animals would allow a confirmation of the supposed function of the anion conductance accelerating the light off response in vivo.
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3.8 Supplemental material

Supplemental Figure 1: Wildtype and mutant EAAT2b protein sequence.
Protein sequence of wildtype (black font) and mutant (gray font) EAAT2b with labelled transmembrane domains (TMs) and
hairpins (HPs) (A). The wildtype protein is 548 amino acids long. The mutant protein carries a premature stop at amino acid
254, within TM5. EP 1 and EP 2 mark the antibody recognition sites. Color code for TM and HP labelling in A corresponds
to the color code of the 2-dimensional topology schematics of EAATs (B) from (Vandenberg, Ryan 2013).
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4.1 Abstract

P

hotoreceptors tonically release the neurotransmitter glutamate in darkness. They convey information about illumination to bipolar cells by gradual changes in glutamate release rate.
ON-bipolar cell depolarization upon a light stimulus is mediated by a metabotropic glutamate receptor (mGluR6) signaling cascade involving the cation conducting transient receptor potential melastatin 1 channel (TRPM1). However in teleosts, evidence of a second glutamatergic mechanism contributing to ON-bipolar cell activation has been found. This mechanism is suggested to be mediated
by a glutamate transporter induced Cl- current. Glutamate transporters, termed excitatory amino acid
transporters (EAATs), remove glutamate from the synaptic cleft and thereby are in tight control of
extracellular glutamate concentration. Additionally, EAATs are associated with a thermodynamically
uncoupled Cl- conductance, with current amplitudes varying between the EAAT family members.
This study provides evidence that at least two glutamate transporters EAAT5b and EAAT7 are involved in cone-mediated ON-response generation in zebrafish. EAAT5b and EAAT7 are co-expressed
on ON-bipolar cell dendritic terminals and localize to every cone synapse, but only to a minority of
rod synapses. Both, EAAT5b and EAAT7, are likely associated with a large anion conductance, and
thus may induce ON-bipolar cell hyperpolarization in darkness. In addition, EAAT5a shows a postsynaptic expression in the photoreceptor synapse, most likely on ON-bipolar cell dendritic processes.
We suppose EAAT5a to buffer glutamate and in doing so preventing glutamate spillover to neighboring synapses. These three glutamate transporters seem to be involved only in UV, blue- and red light
signal transmission but we could not associate them with green light signaling.

4.2 Introduction
The first visual synapse harbors synapses between photoreceptors and bipolar as well as horizontal cells. Bipolar cells vertically transmit the signal that they receive by photoreceptors to ganglion cells, which constitute the retinal output neurons. Inhibitory horizontal cells mediate lateral
information flow. In the photoreceptor synapse, the vertical signal is split into two parallel pathways
mediated by two types of bipolar cells that differ in their response to light. OFF-bipolar cells and photoreceptors depolarize in darkness, while ON-bipolar cells depolarize upon light increments. Thus,
the photoreceptor synapse is unique in the way, that glutamate, the sole neurotransmitter used by
photoreceptors has an activating (OFF pathway) and inactivating (ON pathway) function simultaneously. This separation of the parallel pathways is important for contrast vision and arises through differential expression of glutamate receptors/channels on bipolar cell dendritic terminals. OFF-bipolar
cells are associated with ionotropic AMPA/kainite receptors mediating depolarization of OFF-bipolar
cells in presence of glutamate (darkness). ON-bipolar cells express a class III metabotropic glutamate
receptor, mGluR6. The mGluR6 signaling cascade is evolutionarily conserved amongst vertebrates
(e.g. (Huang et al. 2012; Nomura et al. 1994)). At a light decrement, glutamate binds to mGluR6 on
ON-bipolar cells. This causes, via a G-protein signaling cascade, the constitutively open, non-selective transient receptor potential melastatin 1 (TRPM1) cation channel (Morgans et al. 2009; Morgans
et al. 2010) to close. The closure of this cation channel elicits hyperpolarization of ON-bipolar cells.
In incremental light, photoreceptor mediated glutamate release is reduced, rendering the mGluR6
signaling cascade inactive. Consequentially, TRPM1 remains open leading to ON-bipolar cells depolarization. In teleosts, and possibly also in amphibians and in mammals, a second glutamatergic input
mechanism on ON-bipolar cells exist. The first evidence of this alternative mechanism dates back to
1979 and was obtained from recordings of carp ON-bipolar cells. They showed a resistance increase at
photopic conditions and a decrease thereof at scotopic conditions (Saito et al. 1979). Almost a decade
later, Nawy and Copenhagen described two distinct input mechanisms onto ON-bipolar cells in the
goldfish retina (Nawy, Copenhagen 1987). Later on, the observed glutamate gated current, termed IGlu,
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was shown to be a Cl- conductance, sensitive to the EAAT blocker DL-threo-β-benzyloxyaspartate
(TBOA) (Grant, Dowling 1996). Due to the high anion conductance associated with EAAT5 (Arriza
et al. 1997), this particular transporter subtype constituted a strong candidate for ON-bipolar cell
activation (Thoreson, Witkovsky 1999). Several studies performed on teleosts using single cell and
electroretinogram (ERG) recordings were conducted to describe the two ON-bipolar mechanisms in
more detail. A series of studies suggest that the glutamatergic mechanism of photoreceptors to signal onto ON-bipolar cells depends on the type of photoreceptor: rods mainly use mGluR6 signaling
while cones employ EAAT mediated signaling (Nawy, Copenhagen 1987; Grant, Dowling 1995, 1996;
Wong et al. 2005b). Other studies argue that rod-mediated ON-responses are exclusively generated
via mGluR6 signaling, whilst cones signal via both, mGluR6 and EAATs, (Wong et al. 2005a; Saszik
et al. 2002; Nelson, Singla 2009). However, not only rod/cone differences in glutamatergic signaling mechanisms were suggested, but also spectral differences within the cone-mediated ON-bipolar
cell depolarization. Using adult zebrafish ERG recordings, Saszik et al. showed that the effect of the
class III mGluR agonist DL-2-amino-4-phosphonobutyric acid (L-AP4) was strongest for UV- and
blue-light stimulation and thus suggest UV- and blue-cone ON-response to be mediated by mGluR6
(Saszik et al. 2002). Nelson and Singla some years later, made an ERG component analysis by recording monochromatic and white light ERG on adult zebrafish treated with a series of different combinations of receptor/transporter blockers. Their study revealed seven isolatable ERG components. They
showed that PII, the photopic ON-response consists of a metabotropic component (PIIm) as well as
a non-metabotropic component (PIInm). Spectral sensitivity of PIIm was greatest for blue and UV
light, supporting the finding of Saszik et al. (Nelson, Singla 2009). Nevertheless, spectral sensitivity
of PIInm is broadly distributed across the visual spectrum with a maximum sensitivity value shifting
from UV to red light, depending on criterion levels chosen (Nelson, Singla 2009). This indicates that
EAATs seem to mediate all cone signals without a spectral preference. The photopic ERG response element generated solely by EAATs (with all cone function subtracted) was demonstrated to contain an
EAAT-mediated post-photoreceptor a-wave component (termed a1nm) followed by a b-wave component (Nelson, Singla 2009). A1nm is thought to derive from ON-bipolar cell hyperpolarization, due to
the slow kinetics of the Cl- conductance dissociation. At a light increment, when glutamate release is
reduced, glutamate gated Cl- conductance through EAATs terminates. The transport of glutamate with
the co-transport of 3 Na+ and H+ terminates before the Cl- conductance dissociates, results in a quick
hyperpolarization of ON-bipolar cells prior to depolarization.
Biophysical characterization of human and mouse EAAT5 have been performed by expressing
the transporters in Xenopus oocytes or human embryonic kidney cells (Arriza et al. 1997; Schneider et
al. 2014; Gameiro et al. 2011). These are two orthologs of the transporter supposed to mediate the Clconductance on ON-bipolar cells. Both, human and mouse EAAT5, have been described as low-capacity transporters with low glutamate affinity, for which the transport activity was even below resolution limits. Thus, glutamate turnover rates are at least an order of magnitude smaller than in other
described EAATs (Gameiro et al. 2011; Schneider et al. 2014). However, EAAT5 was associated with a
voltage-dependent Cl- conductance comparable to a bona fide Cl- channel for which the probability of
being open is highest at negative potentials (Gameiro et al. 2011; Schneider et al. 2014). In absence of
glutamate, EAAT5 displays a leak current (Gameiro et al. 2011). Interestingly, and in agreement with
the observations of Nelson and Singla, EAAT5 is associated with extremely slow kinetics, for which
the current onset is an order of magnitude slower than for other transporters (Gameiro et al. 2011).
Taken together, EAAT5 can be characterized as a low-affinity glutamate transporter with low turnover
rates but with a large Cl- conductance, optimally functioning at negative potentials (Arriza et al. 1997;
Gameiro et al. 2011; Schneider et al. 2014).
This study aims to identify possible glutamate transporters involved in ON-bipolar cell activation
by mRNA and protein expression analysis in the zebrafish (Danio rerio) retina. Targeted mutagenesis
using the CRISPR/Cas9 system allows to functionally probe the retina in knockout fish. This is the first
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study to directly probe the function of different EAATs by genetic means, without the dependence of
unspecific blockers and mathematical modelling. White light as well as monochromatic ERG responses were measured on cone dominant larval fish homozygous mutant for different postsynaptic transporters. Kinetics as well as amplitudes of the ERG b-wave, a proxy for ON-bipolar cell depolarization,
were analyzed and compared between mutant and wildtype zebrafish larvae.
EAAT5a, EAAT5b and EAAT7 are all expressed postsynaptically in the outer plexiform layer
(OPL). EAAT5b and EAAT7 colocalize on ON-bipolar cell dendritic terminals and are found in all
cone synapses but rarely in rod synapses. EAAT5a is not expressed on dendritic terminals, but rather
on dendritic processes of most likely ON-bipolar cells. EAAT5b and EAAT7 seem to be functionally
redundantly involved in the cone mediated ON-response. EAAT5b, in agreement with the human
and mouse EAAT5, seems to be associated with slow kinetics. Eaat5a knockout significantly reduces
ON-bipolar cell depolarization, however whether glutamate buffering is the underlying mechanism
requires further investigations. Monochromatic light stimulation showed that both EAAT5a and
EAAT5b seem to generate the red, as well as UV and blue cone-mediated ON response, whilst EAAT7
is exclusively involved in red light signaling.

4.3 Material and Methods
4.3.1 Fish husbandry and breeding
Zebrafish husbandry and breeding of mutant and wildtype fish of the WIK and Tübingen strain
was performed under standard conditions as described before (Mullins et al. 1994). In short, fish were
kept at 28°C under a 14 hour/ 10 hour light/ dark cycle. Larvae were raised in E3 medium containing
methylene blue (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.01% methylene Blue)
or in 1‐phenyl‐2‐thiourea (PTU, Sigma‐Aldrich) (up to 5 days) when prevention of pigment formation was necessary. Larvae were staged in days post fertilization (dpf). From 5 dpf on, fish were raised
in facility water.
The following transgenic zebrafish lines were used for immunohistochemistry: Tg(cx55.5:GFP) (kindly provided by Maarten Kamermans), Tg(zfSWS1–5.5A:EGFP) (Takechi et al. 2003),
Tg(zfSWS2–3.5A:EGFP) (Takechi et al. 2008), Tg(zfRh2-2:EGFP) (Tsujimura et al. 2007), Tg(zfLWS:EGFP) (Tsujimura et al. 2010), Tg(zfRh1-3:EGFP) (Hamaoka et al. 2002).

4.3.2 Cloning of eaat genes and in situ hybridization
Full length or fragments of retinal eaat genes were PCR amplified using a Taq polymerase (Invitrogen) with primer pairs shown in Table 1. A detailed description of cloning and mRNA in situ probe
preparation is described elsewhere (Gesemann et al. 2010; Huang et al. 2012). Amplicons were cloned
into dual promoter pCRII-TOPO (Invitrogen, life technologies) vectors. Plasmids were linearized using the following enzymes: XhoI for eaat5a and eaat5b and KpnI for eaat7. Linearized plasmids were
purified using Phenol chloroform. In vitro transcription of eaat5a and eaat5b was done with Sp6 and
of eaat7 with T7 RNA polymerase, respectively (Roche Diagnostics).
mRNA in situ hybridization was carried out on 5 dpf PTU-treated whole mount larvae and on
adult retinal sections as described by (Thisse, Thisse 2008) with minor adaptations described by (Haug
et al. 2013).
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Table 1: Primers used to clone eaat genes for in situ probe preparation.

Amplicon

Primer name

Primer sequence

eaat5a: 509 bp

eaat5a_016_s
eaat5a_525_as
eaat5b_135_s

GTGTGGAGCCGTGTTAAA
GGGTTCCAGGGTTCAATG

eaat5b: 465 bp
eaat7: 859 bp

eaat5b_600_as

GGAGCAGGAAGTCAAGTA
GTCCGTCCCATTATCGTC

eaat7_142_s
eaat7_1001_as

GTAATAGCAGGCACAGTGATG
CCCAGAGCAGTGATCCAAG

4.3.3 Generation of antibodies
Animals were immunized with EAAT specific peptides (Table 2) and antibodies were generated
in a 87-day classical program. Immunization as well as subsequent affinity purification of the antibodies against the corresponding peptide was carried out by Eurogentec (Eurogentec S.A., Seraing,
Belgium).
Table 2: Peptide sequences used to generate custom made peptide antibodies.

Gene

Host organism

Epitope

Peptide Sequence

EAAT5a
EAAT5b
EAAT7

Rabbit
Guinea Pig
Rabbit

EP102562
EP102564
EP35

ADNKKSSHLSPLHYKRDQKDKEHCT
PDRKKPPVPPRHLKHRDKDHCA
KLRSGQVSSAPRNQEV

4.3.4 Immunohistochemistry
Immunohistochemical stainings were performed on larval and adult retinal sections. Tissue was
fixed with 2% trichloroacetic acid (TCA) for 20 min at room temperature (RT) (EAAT5b) or with
4% paraformaldehyde (PFA) for 30 min at RT (EAAT5a and EAAT7) prior to cryo protection in 30%
sucrose. Tissue was embedded in Richard-Allan Scientific Neg-50 Frozen Section Medium (Thermo
Fisher Scientific) or in Tissue Tek O.C.T. compound (Sakura Finetek). 16 um thick sections were
prepared for the staining. Immunostaining was carried out as described before (Fleisch et al. 2008),
however tissue was only blocked for 45 min, instead of 4 h. Table 3 shows primary antibodies used in
this study and the respective dilutions. Primary antibodies were detected with the following secondary antibodies (all diluted 1:500): goat anti-mouse, goat anti-rabbit, goat anti-guinea pig all conjugated
to Alexa Fluor 488, 568 and 647 (Invitrogen, Molecular Probes). Goat anti-guinea pig Alexa Fluor
488 and goat anti-Rabbit Atto 594 secondary antibodies were used for stimulated emission depletion
(STED) microscopy. For counter-staining, Bodipy TR methyl ester (Thermo Fisher Scientific) diluted
1:300 in PDT (PBS pH 7.4 with 0.1% Triton and 1% DMSO) was applied after washing the secondary
antibodies. Slides were coverslipped with Moviol containing DABCO.
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Table 3: Antibodies and corresponding dilutions.

Antigen

Host

Dilution

EAAT5a
EAAT5b
EAAT7
Zpr-1 (Zebrafish International Resource Center, OR, USA)
PKCα MC5 (Novus Biologicals, NB200-586)
GFP(A20162; Invitrogen)
Synaptic Vesicle 2 (SV2) (DSHB, Iowa, USA)
Cacna1fa (kindly provided by Michael Taylor, School of
Pharmacy, University of Wisconsin-Madison)

Rabbit
Guinea Pig
Rabbit
Mouse
Mouse
Chicken
Mouse
Rabbit

1:100
1:100
1:400
1:200
1:500
1:500
1:100
1:6000

Ribeye b (kindly provided
by Teresa Nicholson, Oregon Health & Science University)
PKCβC16 (#E1313, Santa Cruz Biotechnology)

Rabbit

1:250

Rabbit

1:500

4.3.5 Image acquisition and processing
DIC and brightfield images of whole mount and section in situ hybridizations were taken with
an Olympus BX61 light microscope (Olympus). Fluorescence was imaged with a SP5 and a TCS LSI
confocal microscope (both Leica Microsystems GmbH).
Superresolution images were taken with a CLSM - Leica SP8 inverse STED 3X microscope at the
Center of Microscopy and Image Analysis, University of Zurich. STED images were deconvoluted
with Huygens.
Images were processed using Adobe Photoshop and assembled with Adobe Illustrator.

4.3.6 Generation of CRISPR/Cas9 knockout lines
Potential target sites for clustered regularly interspaced short palindromic repeats (CRISPR) –
CRISPR-associated (Cas) mediated mutagenesis were selected using the target site prediction tools
offered by www.zifit.partners.org and https://chopchop.rc.fas.harvard.edu/. A potential
genomic target consists of a 5’ GG required for T7 in vitro transcription, followed by 18 nucleotides
and a 3’ NGG palindromic adjacent motif (PAM) (GG-N18-NGG). Genomic target sequences are
listed in Table 4. A PCR-based protocol was used to prepare the single guide RNA (sgRNA). dsDNA
were generated by PCR using a high fidelity Phusion polymerase (New England Bio labs) and forward
primers of the sequence GAAATTAATACGACTCACTATAGGN18GTTTTAGAGCTAGAAATAGC
together with the common reverse primer AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC. The amplicon served as
a template for T7 in vitro transcription using the MEGAshortscrip T7 Transcription Kit (Ambion).
RNA purification was carried out using the Megaclear Kit (Ambion) followed by an ethanol precipitation. Concentration of the sgRNA was assessed with a Nanodrop spectrometer (ND‐1000; Witec AG)
and stored at -80°C.
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Table 4: CRISPR/Cas9 target sites.

Gene

Target sequence

Position (cDNA)

Eaat5a
Eaat5b
Eaat7

GGTGGTGGTGGGCATCGTCA
GGTGGTGGTGGGAATCGTCA
GGGAACCCAAAACTCAGGTC

309-328
315-334
370-389

Crispr injection mix contained 150 ng/μl sgRNA, 814 ng/μl Cas9 protein (GFP-tagged Cas9
(Jinek et al. 2013) kindly provided by Prof. Dr. Mosimann and Prof. Dr. Jinek) and 300 mM KCl. Prior
to injection, mix was incubated for 10 min at 37°C allowing protein-sgRNA complex formation. 1 nl
of the mix was injected into the cell of the one-cell stage embryo.
Eaat5b;eaat7 double mutant line was established by in-crossing of eaat5b-/- and eaat7-/- fish as well
as in-crossing of their progeny.

4.3.7 Mutation analysis
To validate target sites and assess mutagenesis efficiency, 10-15 3 dpf larvae were pooled and genomic DNA was extracted using the KAPA Express Extract Kit (KAPA Biosystems). Genomic region,
harboring the target site, was PCR amplified with a Fast Cycling polymerase (Qiagen) (primers listed
in table 5) and cloned into pCR 2.1-TOPO or pCRII-TOPO vector for subsequent sequencing of the
plasmids.
Table 5: Primers used for genotyping.

Gene

Primer name

Primer sequence

eaat5a

eaat5a_218_s
eaat5a_430_as
eaat5b_223_s
eaat5b_403_as
eaat7_309_s
eaat7_498_as

TGATGTCTGGTTTGGCAG
GTATGAGGTCTAGAAGGG
TTGATGTCAGGTTTGGCG
TGATGGGTTTTCCGCTGT
ATGTCCACCACAGTAATCG
TTGAAAACAGGCCTGGAC

eaat5b
eaat7

Mosaic F0 generation was raised and outcrossed to wildtype fish. Fin biopsies of F1 generation
were genotyped (PCR amplification of genomic DNA, cloning and sequencing). F1 fish carrying same
frame-shift mutations were directly in-crossed to generate a partially (1/4) homozygous F2 generation. Alternatively, heterozygous F1 fish were outcrossed to wildtype and heterozygous F2 generation
was in-crossed to generate a partially homozygous F3 generation.

4.3.8 Genotyping of mutant lines
In order to genotype mutant fish harboring identified mutations, genomic region spanning the
target site was PCR amplified with a KAPA Fast Hotstart polymerase (KAPA Biosystems) using the
primers listed in Table 5. To detect mutations in eaat5a (-14 bp deletion) and eaat5b (+79 indel), subsequent gel electrophoresis was sufficient to resolve difference in fragment size between mutant and
wildtype alleles. For eaat7 mutation (-4 bp deletion) detection, PCR amplicon was digested with DdeI,
prior to gel electrophoresis. Table 6 lists allele specific amplicon/restriction fragment lengths.
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Table 6: Amplicon or restriction fragment length specific for mutant and wildtype alleles.

Gene

WT fragment size

Mutant fragment size

eaat5a
eaat5b
eaat7

212 bp
180 bp
116 bp & 73 bp

198 bp
259 bp
182 bp

4.3.9 Retinal histology
Adult eyes and 5 dpf larvae were fixed overnight in 4% PFA at 4°C prior to embedding in Technovit 7100 (Kulzer Histotechnik). 3 µm thick sections were cut with a microtome (LeicaRM2145,
Leica Microsystems). Sections were stained with Richardson Romeis solution (1% methylene blue, 1%
borax) for 20 sec and washed with ddH2O for 10 min. Entellan (Merck) was used to coverslip slides.

4.3.10 Electroretinography
In order to assess outer retinal function, the electroretinogram (ERG) was measured in mutant
and wildtype 5 dpf larvae as previously described (Makhankov et al. 2004) with some adaptations.
Larvae were dark adapted for at least 30 min prior to recordings. Measurements were done in a double-blinded fashion. Larval eyes were removed and placed on top of a, with a filter paper covered,
agarose gel (1.5% in E3). The recording electrode, a glass capillary GC100-10 (Harvard Apparatus,
Holliston USA) with a tip diameter of 20-30 µm, was placed on top of the cornea. The reference electrode was inserted into the agarose pad. All preparations prior measurements were done under a dim
red light to prevent saturation of photoreceptors.
For white light recordings, a series of 5 stimuli of increasing light intensities (log-4 to log0) was
presented to the eye. Stimulus duration was 100 ms with an inter stimulus interval of 7 sec. 100% light
(log0) corresponds to 6800 lux or 75 W/m2 (Zeiss XBO 75 W light source) for recordings of eaat5a
and eaat5b mutants. For recordings of eaat7 mutants and eaat5b;eaat7 double mutants, a high power
xenon light source HPX-2000 (Ocean Optics) was used for which log0 corresponds to 696 lux if measured with a TES 1335 Light Meter. Spectrum of white light source is shown in Supplemental Figure
1A.
For spectral ERG, a similar recording paradigm was applied to measure responses to monochromatic light of different wavelengths. A series of 5 monochromatic light stimuli (each 100 ms) was presented to the isolated larval eye with an inter stimulus interval of 7 sec. For eaat5a mutant recordings,
all 5 stimuli were of 100% light. For eaat5b-/-, eaat7-/- and eaat5b;eaat7 double mutants, light stimuli
were of increasing light intensity, reaching from log-4 to log0. A high power xenon light source HPX2000 (Ocean Optics) was used for light stimulation and an additional light source (Philips projection
lamp type 6958, 20 V, 250 W in a Liesegang Diafant 250 housing) was used for background adaptations. Different light filters (see Table 7, and Supplemental Figure 1) were mounted in front of both,
stimulation and background light source.
Table 7: Light filters used for spectral ERG.

Monochromatic stimulation Stimulation light filter

Background light filter

UV-Blue light
Green light
Red light

500-680 nm
> 480 nm
none

350-430 nm (peak at 415 nm)
450-475 nm
> 580 nm
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4.3.11 Analysis of ERG recordings and statistics
ERG traces were analyzed using Excel and Igor-Pro Software (Wave Metrics), script by Dr. Igor
Delvendahl. B-wave amplitudes were determined as a proxy for ON-bipolar cell depolarization. Kinetics of the ERG was assessed by determination of the maximum slope of the b-wave, the 20% - 80%
rise time, the delay of the b-wave (onset of the b-wave determined by fitting a regression line between
the 20% and 80% of the b-wave amplitude and assessing y-axis crossing of the regression line) and the
decay half time (time from b-wave maximum to 50% of b-wave max).
Statistical analysis was done using SPSS software. Two tailed t-tests for each light intensity assessed statistical difference between two groups (wildtype and mutants) and a mixed model repeated
measures ANOVA with Tukey and Games-Howell post hoc tests assessed difference if more than
two groups were compared. Significance levels are determined as follows: *≙ p<0.05; **≙p<0.01;
***≙p<0.001.
Results are plotted in box-and-whisker plots. Boxes reach from 1st to 3rd quartile, median is represented by the line within the box. Whiskers reach to maximum and minimum obtained values.

4.4 Results
4.4.1 Postsynaptic expression pattern of eaat5a, eaat5b and eaat7 in the outer
plexiform layer
eaat5a mRNA is expressed in the inner nuclear layer (INL) both in 5 dpf larvae (Figure 1A) and
adult retinas (Figure 1B). eaat5a message is further found in the outer nuclar layer (ONL), where photoreceptor (PhR) nuclei are located: in the larval retina, only peripheral PhR show eaat5a expression
(Figure 1A), while in the adult retina, expression is not restricted within the ONL (Figure 1B). Additionally, also cells of the ganglion cell layer (GCL)
in the adult retina express eaat5a (Figure 1B).
The other eaat5 paralog, eaat5b, is expressed
in the INL throughout different developmental
stages (Figure 1C, D). In the adult retina, eaat5b
transcript is also found in PhRs. Besides the retinal
expression of eaat5b, the message is also detected in other regions of the central nervous system,
which will not be further discussed in this thesis.
Besides a broad and strong brain expression
of eaat7 mRNA, retinal eaat7 mRNA expression is
restricted to cells of the INL, both at larval stages
(Figure 1E) and in the adult retina (Figure 1F).
Figure 1: mRNA expression pattern of eaat5a (A,B), eaat5b
(C,D) and eaat7 (E,F).
Eaat5a message is found in the INL in the larval (A) and adult
(B) retina. Furthermore, eaat5a mRNA is expressed in PhRs
and in the ganglion cell layer (GCL) of the adult retina, whereas only peripheral PhRs show eaat5a expression in larvae.
Eaat5b is strongly expressed in the INL throughout developmental stages (C,D) and additionally in PhRs of the adult
zebrafish (D). Retinal eaat7 mRNA expression is restricted to
the INL, both at 5 dpf (E) as well as in the adult eye (F). Scale
bars in A,C,E are 100 µm, scale bars in B,D,F are 50 µm. PhR,
photoreceptor; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 2: EAAT5a protein localizes postsynaptically to the outer plexiform layer as well as to the optic nerve fiber.
Immunostaining of EAAT5a (green) on adult retinal sections (A, A’) shows expression of this transporter in the OPL and in
the ONF. (B) Doublelabelling with the presynaptic marker Synaptic Vesicle 2 (SV2) (green) indicates a postsynaptic expression in the OPL. (C-C’’) Immunohistochemical staining of EAAT5a (magenta) on retinas with GFP-expressing HCs (green),
suggests EAAT5a expression elsewhere than on HCs. (D-D’’) Co-staining of EAAT5a (green) with the ON-bipolar cell marker
PKCβ (magenta) is indicative of a possible localization of EAAT5a to ON-bipolar cell dendritic processes, whilst dendritic
tips are devoid of the protein. Scale bar in B is 10 μm, scale bar in C is 10 μm and also applies to C’ and C’’, scale bar in D
is 20 μm and also applies to D’ and D’’. PhR, photoreceptor; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; SV, synaptic vesicle; ONF, optic nerve fiber; HC, horizontal cell.

Subcellular localization of the transporters was assessed by immunohistochemical stainings.
EAAT5a immunofluorescence signal can be detected in the first visual synapse, the outer plexiform
layer (OPL) as well as, in the inner retina, in the optic nerve fiber (Figure 2A). A higher magnification
image (Figure 2A’) shows the localization of EAAT5a protein to ganglion cell axons which bundle
together and leave the retina as the optic nerve (ON). In the OPL, EAAT5a immunofluorescence appears in a continuous stripe. Double-labelling of EAAT5a with the presynaptic marker synaptic vesicle 2 (SV2) indicates postsynaptic localization of this transporter, as no overlap of SV2 and EAAT5a
immunofluorescence is observable (Figure 2B). Immunohistochemical staining of EAAT5a on retinal
sections of a transgenic fish expressing GFP in all horizontal cells (tg(cx55.5:GFP)) strongly indicates
EAAT5a expression in cell types other than horizontal cells (Figure 2C). EAAT5a localizes proximally
to synaptic tips of horizontal cells but distally to their cell bodies, where fine processes of horizontal
cells are located. However, no structural resemblance between horizontal cell processes and EAAT5a
expression pattern can be observed. Double-labelling of EAAT5a with the ON-bipolar cell marker
PKCβ (Biehlmaier et al. 2003) shows that EAAT5a is not expressed on ON-bipolar cell dendritic tips,
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Figure 3: EAAT5b protein localizes to ON-bipolar cell dendritic tips contacting all cone subtypes and a minority of rods.
(A) Immunostaining of EAAT5b (magenta) with PKCα (green) on adult retinal sections shows expression of EAAT5b in
ON-bipolar cell dendritic tips. Immunohistochemical staining on adult retinal sections of transgenic fish expressing GFP in
different photoreceptors reveals localization of EAAT5b to all four cone synapses (UV- (B), blue- (C), green- (D) and red-sensitive (E) cones) as well as localization to very few rod synapses (F&F’). Scale bar in A corresponds to 15 μm and also applies
to B-F, scale bar in F’ is 3 µm.

thus it does not localize to the PhR synaptic invaginations. Nevertheless, the staining indicates a possible localization of EAAT5a to ON-bipolar cell dendritic processes (Figure 2D).
EAAT5b protein expression is found in a dotted fashion the OPL. Double-labelling with the ON-bipolar cell marker PKCα (Yazulla, Studholme 2001) shows clear localization of EAAT5b to ON-bipolar
cell dendritic tips (Figure 3A). Immunostaining of EAAT5b on transgenic lines expressing GFP, driven
by the different opsin promoters (Tg(zfSWS1–5.5A:EGFP) (Takechi et al. 2003), Tg(zfSWS2–3.5A:EGFP) (Takechi et al. 2008), Tg(zfRh2-2:EGFP) (Tsujimura et al. 2007), Tg(zfLWS:EGFP) (Tsujimura et al.
2010), Tg(zfRh1-3:EGFP) (Hamaoka et al. 2002)), shows that this transporter is expressed on ON-bipolar cell dendrites contacting all cone pedicles (UV, blue, green and red sensitive cones) (Figure 3BE). Additionally, few dendrites contacting rod spherules express EAAT5b (Figure 3F’).

82

Chapter 4

Figure 4: Confocal and stimulated emission depletion (STED) image of EAAT5b and EAAT7 immunohistochemistry.
(A) Double-labelling of EAAT5b (green) and EAAT7 (magenta) indicates co-expression of these two transporters on the
same dendritic tips. (B) STED microscopy reveals sub-compartmental differences in the distribution of the two transporters, with EAAT5b situated slightly more proximal to the synaptic cleft and EAAT7 slightly more distal within a dendritic tip.
Scale bar in A is 15 μm, scale bar in B corresponds to 1 μm. PhR, photoreceptor; OS, outer segment; IS, inner segment; ONL,
outer nuclear layer; OPL, outer plexiform layer.

Co-staining of EAAT5b and EAAT7 reveals coexpression of these two glutamate transporters on
dendritic tips. Super-resolution microscopy of EAAT5b and EAAT7 demonstrated a small difference
in distribution of the two transporters within a dendritic terminal. EAAT7 is found more distal, while
EAAT5b is slightly more proximal to the synaptic cleft on ON-bipolar cell dendrites.
Immunohistochemical staining of EAAT7 on transgenic lines expressing GFP in the different
cone subtypes as well as in rods confirms the finding of EAAT5b and EAAT7 to be co-expressed and
Figure 5: EAAT7 localizes to
ON-bipolar cells contacting all
cone subtypes and few rods.
Antibody staining of EAAT7 (magenta) on transgenic fish with
GFP expressing photoreceptors
(green). EAAT7 localizes to ON-bipolar cell dendritic terminals
contacting all cones (UV- (A),
blue- (B), green- (C) and red-light
sensitive (D) cones) and rods (E).
Zoom in of rod spherules shows
dendritic terminals positive for
EAAT7 contacting rods (E’). Scale
bar in A is 10 μm and also applies
to B-E, scale bar in E’ is 5 μm.
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shows postsynaptic localization of EAAT7 in all cone synapses. EAAT7 additionally localizes to a minority of ON-bipolar cell dendritic terminals contacting rods.

4.4.2 Highly efficient CRISPR/Cas9 induced mutagenesis
To further investigate the function of these transporters, we generated mutant lines using the
recently established CRISPR/Cas9 method. CRISPR/Cas9 mediated mutagenesis proved to be highly
efficient, with efficiencies in
the F0 generation reaching
from 68% to 100% (68%,
100% and 100% for eaat5a,
eaat5b and eaat7, respectively). Mutation rate in the
F1 generation significantly
reduced, with 56%, 46% and
75% for eaat5a, eaat5b and
eaat7, respectively, indicative of a higher mutation
rate in somatic than germ
cells.
Stable mutant lines
were generated for all three
postsynaptic transporters.
Eaat5a mutant line harbors
Figure 6: Normal retinal morphology in eaat5a-/-, eaat5b-/and eaat7-/-.
Knockout of neither eaat5a (C,
D), eaat5b (E, F) nor eaat7 (G,
H) results in morphological alterations of the retina, neither
at larval stages (B, D, F, H) nor in
adult fish (A, C, E, G). Scale bar in
A is 30 μm and also applies to C,
E, G. Scale bar in B is 100 μm and
also applies to D, F, H. PhR, photoreceptor; OPL, outer plexiform
layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL,
ganglion cell layer; dpf, days post
fertilization.
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a 14 bp deletion, eaat5b a -6+85 bp indel and eaat7 a 4 bp deletion. The 14 bp deletion in eaat5a shifts
the reading frame and consequently leads to a premature stop codon at amino acid 120. The large
indel in eaat5b also disrupts the reading frame and leads to a predicted early stop at amino acid 136.
eaat7-/- harboring a 4 bp deletion shows an alteration in protein sequence that has a stop after amino
acid 148.

4.4.3 Normal retinal morphology in postsynaptic transporter knockout fish
Retinal morphology of 5 dpf old larvae and adult retinas was assessed on histological plastic
sections. None of the mutant lines displayed any changes in retinal morphology throughout development. Sections of different wildtype and mutant animals were compared in terms of cell density, cell
morphology and thickness of retinal layers (no quantifications done) (Figure 6).
Additionally, retinal morphology of eaat5b;eaat7 double-knockout larvae has been examined.
Simultaneous loss of both postsynaptic glutamate transporters has no influence on retinal morphology at 5 dpf (no adults examined yet) (Figure 7).

Figure 7: Normal retinal morphology in eaat5b+/-; eaat7-/- and
eaat5b-/-;eaat7-/- 5 dpf larvae.
Double knockout of eaat5b and
eaat7 does not evoke any morphological aberrations in 5 dpf
larvae (C). In line, larvae heterozygous for eaat5b and homozygous
for eaat7 do not display morphological abnormalities in the retina
(B). Scale bar in A is 100 μm and
also applies to B and C, scale bar
in A’ is 10 μm and also applies to B’
and C’. PhR, photoreceptor; OPL,
outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer; dpf,
days post fertilization.
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Figure 8: Normal distribution of postsynaptic glutamate transporters in eaat5a knockout retinas.
Antibody staining of EAAT5a (green) and Zpr-1 (magenta) (A,B) and EAAT5b (green) and PKCβ (magenta)
(C,D) on adult retinas of wildtype (A,C) and eaat5a
knockout animals (B,D). Immunofluorescent signal of
EAAT5a, even if slightly decreased, is still be detected
in the mutant retina (B). EAAT5b localization and expression intensity appears normal in the OPL of eaat5a-/- (D). Morphology of red-green double cones is
not influenced by homozygous mutation of eaat5a (B).
C and D were counterstained with PKCβ. Scale bar in B
is 15 µm and also applies to A, scale bar in D is 20 μm
and also applies to C. PhR, photoreceptor; OPL, outer
plexiform layer; INL, inner nuclear layer.

4.4.4 Normal distribution of synaptic proteins in mutants
Because the mutations generated in the eaat5 and eaat7 genes could be potentially compensated
by upregulation of a homolog or synaptic plasticity events, the distribution of synaptic proteins in the
OPL was analyzed. Surprisingly, EAAT5a immunoreactivity can still be detected in eaat5a-/- at the
expected location, even though the antibody binding site (amino acid 548 to 572) is C-terminal of

Figure 9: Normal localization of postsynaptic transporters and presynaptic proteins in eaat5b mutant retina.
Immunohistochemical staining of different synaptic markers in wildtype adult (A,C,E,G,I) and eaat5b mutant adult (B,D,F,H,J)
retinas. (B) No EAAT5b immunofluorescence (green) can be detected in the eaat5b mutant retina. EAAT7 (green, C,D) and
EAAT5a (green, E,F) still localize to the OPL in eaat5b knockout retinas (D,F). Presynaptic proteins Ribeye b (G,H) and Cacna1fa
(I,J) show normal distribution upon knockout of eaat5b (H,J) and morphology of red-green sensitive cones stained with Zpr-1
(magenta, E,F) appears normal. Slides were counterstained with PKCβ (A,B) or Bodipy (C,D,G-J). Scale bar in A, C, G and I is 10
μm, A also applies to B, C applies to D, G applies to H and I also applies to J. Scale bar in E is 15 µm and also applies to F. PhR,
photoreceptor; OPL, outer plexiform layer; INL, inner nuclear layer.
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Figure 10: Normal distribution of
EAAT5b and presynaptic proteins in
eaat7 knockout animals.
Immunohistochemistry on 5 dpf
eaat7 mutant (B,B’,D,F) and wildtype
(A,A’,C,E) larval retinas stained for
EAAT5b (green) and EAAT7 (magenta) (A-B’), Cacna1fa (green) (C,D) and
Ribeye b (green) (E,F). C-F was counterstained with Bodipy (magenta). No
EAAT7 immunofluorescence is detectable upon eaat7 knockout, but EAAT5b
localizes normally to the OPL (B,B’).
Both presynaptic markers, Cacna1fa
(C,D) and Ribeye b (E,F), appear normal
in eaat7 mutant retina (D,F). Scale bar
in A is 50 µm and also applies to B, scale
bar in A’ is 5 µm and also applies to B’,
scale bar in C is 8 µm and also applies
to D, scale bar in E is 50 µm and also
applies to F. PhR, photoreceptor; OPL,
outer plexiform layer; dpf, days post fertilization.

the predicted premature stop (amino acid position 120). Fluorescence intensity in mutants seems
slightly reduced (Figure 8B) in comparison to wildtypes (Figure 8A), however no quantification was
made to support this finding. Expression of the other EAAT5 paralog, EAAT5b, is not affected by a
homozygous mutation in eaat5a. EAAT5b still localizes to the OPL in its characteristic dotted pattern
(Figure 8D). Furthermore, morphology of red-green double cones appears normal in eaat5a knockout
animals (Figure 8B).
In eaat5b knockout animals, EAAT5b immunofluorescence cannot be detected (Figure 9B).
Whether a truncated protein is present cannot be determined, as the antibody recognition site lies
at the C-terminal end of the transporter, downstream of the predicted premature stop. EAAT7 still
localizes to dendritic terminals of ON-bipolar cells even in the absence of EAAT5b (Figure 9D). Furthermore, EAAT5a is still found in the typical stripe-like pattern in the OPL in the retina of eaat5b-/(Figure 9F). By means of immunofluorescence, obvious upregulation of neither EAAT5a nor EAAT7
can be observed upon loss of EAAT5b. In order to assess potential presynaptic reorganizations, localization of the presynaptic structural protein Ribeye b as well as the voltage gated Ca2+ channel
Cacna1fa, mediating vesicle release in the presynapse, were analyzed. Neither Cacna1fa (Figure 9J)
nor Ribeye b (Figure 9H) mislocalizes or seems differentially expressed in the presynaptic terminals
of eaat5b-/-. Therefore, our results suggest that no structural reorganizations occur upon eaat5a, eaat5b
or eaat7 knockout
EAAT7 signal cannot be detected in the eaat7 mutant retina (Figure 10B & B’), in line with the
antibody binding site being disrupted by the mutation. In these mutants, EAAT5b still localizes to the
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OPL (Figure 10B & B’) in the same dotted pattern as can be found in wildtype animals (Figure 10A &
A’). Also presynaptic proteins Cacna1fa (Figure 10C, D) and Ribeye b (Figure 10E, G) seem not to be
influenced by eaat7 mutation (Figure 10D, F). Neither EAAT5b nor the presynaptic proteins Cacna1fa
and Ribeye b seem to be differentially expressed upon knockout of eaat7 based on immunofluorescence signal.

4.4.5 Loss of eaat5a, eaat5b and eaat7 differentially influences the ERG b-wave
Outer retinal function was assessed by means of ERG in mutant and wildtype 5 dpf larvae. Eaat5a
knockout animals show a significant decrease in the b-wave amplitude, a proxy for ON-bipolar cell depolarization, throughout all light intensities measured (Figure 11A). The decrease in the ON-response
is most apparent at medium light intensities (log-3 to log-1) and only yields a slightly significant
decrease for very dim and very bright light (log-4 and log0) (Figure 11A). In comparison to eaat5a-/-,
eaat5b mutant animals display a mild ERG phenotype. Loss of EAAT5b results in a slightly significant
decrease of the ERG b-wave amplitude at medium light intensities log-3 and log-2 (Figure 11B). Dim
light (log-4) and bright light (log-1 and log0) stimuli did not elicit a difference in ON-bipolar cell depolarization between wildtype and mutant animals. Eaat7 mutants did not reveal a white light ERG
phenotype, for neither light intensities tested (Figure 11C).
Double knockout of the two postsynaptic transporters co-expressed on ON-bipolar cell dendritic tips (EAAT5b and EAAT7) evokes a strong ERG phenotype (Figure 11D). Simultaneous loss of
EAAT5b and EAAT7 causes a highly significant decrease in the ERG b-wave amplitude throughout
all light intensities. Additionally, animals heterozygous for eaat5b and homozygous for eaat7 loss-of-
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Figure 11 (preceding page): ERG b-wave amplitudes in zebrafish mutant for postsynaptic glutamate transporters of the
OPL.
B-wave amplitudes of white light ERG are plotted in box-and-whisker plots for 5 different light intensities tested (log-4 to
log0) in eaat5a-/- (A), eaat5b-/- (B), eaat7-/- (C) and eaat5b-/-;eaat7-/- (D). (A) Knockout of eaat5a causes a significant decrease in the ERG b-wave amplitude in comparison to wildtype larvae throughout all 5 light intensities. Dim light (log-4) as
well as bright light (log0) only evokes a slightly significant decrease in ON-bipolar cell depolarization (p=0.041 and 0.022,
respectively). (B) eaat5b knockout results in a slightly significant reduction of the b-wave amplitude for medium light
intensities (log-3 and log-2) with a p value of 0.026 and 0.033, respectively. Magnitude of ON-bipolar cell depolarization
evoked by dim light (log-4) and bright light (log-1 and log0) does not differ between eaat5b-/- and eaat5b+/+. (C) Larvae
mutant for eaat7 do not display a white light phenotype for any light intensity. (D) Double knockout of eaat5b and eaat7
results in a highly significant b-wave amplitude reduction for log-3 to log0 and a significant reduction for dim light stimuli
(log-4). Fish heterozygous mutant for eaaat5b and homozygous mutant for eaat7 also display a highly significant reduction
in ON-bipolar cell depolarization for log-3 to log0 and a slightly significant reduction for log-4. WT, wildtype; OPL, outer
plexiform layer.

function (eaat5b+/-;eaat7-/-) exhibit a highly significant and slightly significant decrease in the b-wave
amplitude in comparison to wildtype animals for log-3 to log0 and for dim light log-4, respectively
(Figure 11C), indicative for haploinsufficiency.

Figure 12: Analysis of ERG b-wave kinetics of eaat5a-/-.
ERG b-wave kinetics of eaat5a knockout animals remain largely unaltered if compared to the kinetics of wildtype animals.
(A) The onset of the b-wave (delay) is not influenced by EAAT5a. (B) The maximum slope (dVdTmax) of the b-wave rising
phase is slightly significantly lower in eaat5a knockout animals for medium light intensity log-2. The maximum slope of
b-waves caused by dim light (log-4 and log-3) as well as by bright light (log-1 and log0) is comparable between wildtypes
and mutants. (C) Knockout of eaat5a does not influence the 20% - 80% rise time of the b-wave. (D) The half time of the
b-wave decay shows a trend change with increasing illumination. For dim light stimuli, eaat5a-/- displays a slight increase in
the half time, for medium light intensities the mutant and wildtype half times are comparable, but for bright light, eaat5a
knockout causes a slight decrease in half time if compared to wildtypes. WT, wildtype.
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Interestingly, knockout of the different postsynaptic transporters differentially influences signal
transmission, reflected by distinct b-wave kinetics changes. eaat5a mutants displayed the strongest
reduction in the b-wave amplitude of the three single mutants. They seem to have widely unchanged
kinetics, with the exception of a decrease in the maximum b-wave slope (dVdTmax) that is slightly
significantly reduced for the medium light intensity log-2 (Figure 12B). Furthermore, the half time of
the b-wave decay is slightly significantly increased for dim light (log-4) in mutants and slightly significantly decreased for bright light (log-1) (Figure 12D). The delay of the b-wave (Figure 12A) as well as
the rise time (Figure 12C) is not influenced by a homozygous mutation in eaat5a.
Eaat5b mutants show a significant decrease in the delay of the b-wave onset in comparison to
wildtypes for log-3 to log0 and a slightly significant decrease in the delay for dim light stimulation
(log-4), indicating that the ON-response commences faster in eaat5b mutants (Figure 13A). Consistent with the decrease in b-wave amplitude for medium light intensities in eaat5b-/-, there is a reduction in the rise time in eaat5b-/- for the two medium light intensities (log-3 and log-2) (Figure 13C).
Furthermore, there is a change in the decay kinetics visible in the mutants for bright light (log-1 and
log0) even though there is no discrepancy in the b-wave amplitude for these light intensities. For these

Figure 13: Analysis of ERG b-wave kinetics of eaat5b-/-.
(A) Knockout of eaat5b results in a significant decrease (slightly significant for log-4 and significant for log-3 to log0) in the
b-wave delay. (B) The maximum slope of the b-wave rising phase does not differ between mutant and wildtype animals.
(C) If stimulated with medium light intensities (log-3 and log-2) the resulting 20% - 80% b-wave rise time is significantly
lower in eaat5b knockout animals. Loss of EAAT5b does not influence the rise time for dim (log-4) as well as bright (log-1
and log0) light stimuli. (D) The half time of the b-wave decay differs between mutant and wildtype animal for bright light
stimuli. The b-wave of the mutant retina declines in shorter time to the 50% value, while it is unaffected for low light intensities. WT, wildtype.
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bright light intensities, the half time of the decay is shorter in mutants than in wildtypes (Figure 13D).
The maximum slope of the b-wave is not affected by knockout of eaat5b (Figure 13B).
Consistent with the unchanged b-wave amplitudes in eaat7-/-, the ERG kinetics seem comparable between eaat7 mutants and wildtypes except for the b-wave delay, which is, in contrast to the
eaat5b mutants, significantly increased in eaat7 knockout animals for medium to bright light (log-2 to
log0 (Figure 14A) and slightly significantly increased for log-3. The ON-response delay for dim light
stimuli does not differ between eaat7-/- and eaat7+/+ (Figure 14A). Maximum slope (Figure 14B), 20%

Figure 14: Analysis of ERG b-wave kinetics of eaat7-/-.
Kinetics of eaat7 mutant ON-response is to a great extent comparable to kinetics of wildtype b-waves. (A) The only kinetics
change between eaat7+/+ and eaat7-/- lays in the delay of the b-wave, which is significantly increased in eaat7 mutant animals if stimulated with medium to bright light and slightly significantly increased if stimulated with log-3 light. The delay
of the ON-bipolar cell depolarization remains unchanged if it results of dim light stimulation (log-4). Mutation homozygous
for eaat7 does not influence the maximum slope (B), the 20% - 80% rise time (C) as well as the half time of the decay (D)
of the b-wave. WT, wildtype.

- 80% rise time (Figure 14C) as well as decay half time (Figure 14D) of the b-wave are not affected by
knockout of eaat7.
Double-knockout of eaat5b and eaat7 evokes several ERG kinetics alterations. Interestingly, akin
to the eaat5b but unlike the eaat7 single mutant, eaat5b-/-;eaat7-/- show a significant decrease in the
b-wave delay, indicating that ON-bipolar cell depolarization sets on more rapidly in double mutants
than in wildtypes (Figure 15A). Nevertheless, fish with one wildtype allele of eaat5b (eaat5b+/-;eaat7-/-)
do not show this decrease in the delay if compared to wildtype animals. The b-wave rise time of double
mutant animals is differing only slightly at high light intensities (log-1 and log0). At these light intensi-
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ties, there is a small decrease in the 20% - 80% rise time in double mutants (Figure 15C). Furthermore,
both eaat5b+/-;eaat7-/- as well as eaat5b-/-;eaat7-/- display a significant reduction in the maximum slope
(dVdTmax) (highly significant for medium light intensities log-3 and log-2, significant for log-1 and
slightly significant for log-4) (Figure 15B). The decay half time for medium light intensities is slightly
significantly reduced in animals heterozygous mutant for eaat5b and homozygous mutant for eaat7.
If stimulated with bright light (log-1 and log0), the resulting b-wave decay half time is slightly significantly decreased in homozygous double mutants if compared to wildtype animals (Figure 15D).

Figure 15: Analysis of ERG b-wave kinetics of eaat5b-/-;eaat7-/-.
(A) Double homozygous mutants show a significant decrease in the ON-response delay in comparison to wildtype animals
for all light intensities, with the exception of dim light (log-4). The delay reduction yields a slight statistical significance
for log-3, log-2 and log0. Larvae heterozygous mutant for eaat5b and homozygous for eaat7 (HetHom) do not show any
difference in b-wave delay in comparison to wildtypes. (B) The maximum slope of the b-wave is significantly reduced both
in double homozygous as well as in HetHom larvae in comparison to wildtype larvae. For double homozygous animals,
the reduction in dVdTmax is slightly significant for log-4, highly significant for log-3 and log-2 and significant for log-1. For
HetHom larvae, the decrease is slightly significant for log-4, highly significant for log-3 to log-1 and even slightly significant
for log0. (C) Double knockout of both eaat5b and eaat7 only slightly influences b-wave rise time. Eaat5b-/-;eaat7-/- display
a slightly significant and significant reduction in b-wave rise time for bright light stimuli log-1 and log0, respectively. (D)
The decay half time of double homozygous mutants as well as HetHom mutants does not underlie gross changes in comparison to wildtype animals. Only for log-2, HetHom larvae show a slightly significant decrease in the half time and double
homozygous mutants show a slightly significant decrease in the b-wave half time for bright light (log-1 and log0). HetHom;
heterozygous homozygous (eaat5b+/-; eaat7-/-). WT, wildtype; HetHom, heterozygous-homozygous.
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4.4.6 Wavelength specific involvement of postsynaptic EAATs in ON-response
In order to examine a potential spectral difference in ON-response generation, as suggested before (Saszik et al. 2002), monochromatic light of different wavelengths was used to elicit an ERG response. By the application of an mGluR agonist, Saszik et al. suggested a spectral separation in ON-bipolar cell depolarization mechanism, where short wavelength light ON-response should primarily
be generated by the mGluR6 – Trpm1 pathway. Wildtype and mutant zebrafish larvae were therefore
stimulated with UV-blue light, green light and red light. Spectral ERG of eaat5a mutants was assessed
for bright light only. Knockout of eaat5a results in a slightly significant decrease of the ERG b-wave
for short wavelength light, stimulating UV- and blue sensitive cones (Figure 16A) as well as for long
wavelength light stimulating red cones (Figure 16C). Stimulation with green light does not result in
a difference between wildtype and eaat5a-/- in the green cone-mediated ON-response (Figure 16B).
Figure 16: Spectral ERG on eaat5a-/larvae.
B-wave amplitudes of spectral ERG
on eaat5a knockout larvae stimulated with 100% light. (A) Knockout
of eaat5a causes a slightly significant
decrease in the b-wave amplitude
if stimulated with short wavelength
light stimulating UV- and blue-sensitive cones. (B) For green light stimulation, homozygous mutation in eaat5a
does not influence ON-response. (C)
Red light stimulation results again in a
slightly significant decrease in ON-bipolar cell depolarization. WT, wildtype.

For eaat5b-/-, eaat7-/- and eaat5b-/-;eaat7-/-, spectral ERG spanning 5 log units of light intensities
(log-4 to log0), was assessed. Interestingly, eaat5b knockout animals display a similar phenotype as
eaat5a mutants. If stimulated with UV-blue light, the resulting b-wave amplitude in eaat5b mutants
is significantly lower for medium light intensities (log-3 to log-1) if compared to wildtype animals
(Figure 17A). EAAT5b seems not to be involved in green light mediated signaling, as ON-bipolar cell
depolarization does not differ between wildtype and eaat5b mutants if stimulated with green light
(Figure 17B). Long wavelength light (red) stimulation however, did result in a significant decrease in
the eaat5b mutant b-wave amplitude if compared to wildtypes (Figure 17C).
Whilst eaat7 knockout animals did not display a white light ERG phenotype at all, a difference
between mutants and wildtypes can be observed if the retina is stimulated with long wavelength light
(red). B-wave amplitude of eaat7 mutants, if stimulated with red light, is slightly significantly lower
for dim light (log-4) and significantly lower for log-3 to log0 (Figure 18C), indicating an involvement
of EAAT7 in the ON-response that cannot be detected by means of white light ERG. If the retina is
stimulated with light of shorter wavelength, green light (Figure 18B) as well as UV-blue light (Figure
18A), no difference between b-wave amplitudes of mutants and wildtypes can be detected.
Eaat5b;eaat7 double mutant animals show a similar spectral ERG phenotype as eaat5b single
mutants. The ERG b-wave amplitude of double mutants is significantly lower if the retina is stimulated with short wavelength light (UV/blue) at medium light intensities (log-3 to log-1) (Figure 19A).
Consistent with the green light ERG results of eaat5b and eaat7 single mutants, the ON-bipolar cell
depolarization following green cone stimulation does not differ between double knockout animals
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Figure 17: B-wave amplitudes of spectral ERG on eaat5b-/- larvae.
B-wave amplitudes of spectral ERG across 5 light intensities (log-4 to log0) on eaat5b knockout animals. (A) ON-bipolar
cell depolarization is slightly significantly decreased if eaat5b knockout larvae are stimulated with short wavelength light
(UV-blue light) at medium light intensities (log-3 to log-1). (B) Knockout of eaat5b has no influence of green light mediated
ON response for any of the tested light intensities. (C) Stimulation with long wavelength light yields a significant reduction
in the b-wave amplitude in eaat5b-/- (slightly significant for log-4, log-2 and log-1 and significant for log-3 and log0). WT,
wildtype.

and wildtypes (Figure 19B). Long wavelength light (red) stimulation of medium light intensities however results in a decreased ON-bipolar cell depolarization in double mutants in comparison to their
wildtype siblings (Figure 19C), in agreement with the red light-mediated b-wave in eaat5b and eaat7
single mutants. Dim (log-4) and bright (log0) red light stimulation of double mutants did not yield a
significant difference in the b-wave amplitude if compared to wildtypes.

4.4.7 Spectral involvement of the mGluR6-Trpm1 pathway in the ON-response
In order to compare contribution of EAATs and mGluR6 signaling pathway to ON-bipolar cell
depolarization, spectral ERG was assessed on wildtype 5 dpf larvae and siblings treated with the
mGluR agonist DL-2-amino-4-phosphonobutyric acid (APB). This mGluR agonist causes a highly
significant decrease of the b-wave amplitude for UV-blue (Figure 20A), green (Figure 20B) and red
light (Figure 20C). Nevertheless, the b-wave was not completely diminished after APB application.
The median amplitudes of the remaining b-waves reside below 1 mV for all three colors tested, hence
b-waves seem to be reduced down to comparable levels and no spectral difference in b-wave amplitude reduction can be observed (Figure 20).
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Figure 18: Spectral ERG recordings on eaat7 knockout larvae.
Spectral ERG was assessed for 5 different light intensities (log-4 to log0) for UV-blue, green and red light on eaat7-/- larvae.
Stimulation of the retina with both, short (UV-blue) (A) and medium wavelength light (green) (B), does not result in a
change in b-wave amplitude in eaat7 knockout animals in comparison to wildtype larvae. (C) Red light stimulation however, results in a decreased ON-bipolar cell depolarization over all 5 light intensities (slightly significant for dim light log-4,
and significant for log-3 to log0). WT, wildtype.

4.5 Discussion
In vertebrates, depolarization of ON-bipolar cells upon a light stimulus is mediated by mGluR6
– Trpm1 signaling cascade (e.g. (Morgans et al. 2010)). In zebrafish this mGluR6 mediated signaling
cascade has been shown to be conserved (Huang et al. 2012). However, a number of studies on different teleosts revealed the existence of a second glutamatergic mechanism involved in ON-bipolar cell
depolarization (Saito et al. 1979; Nawy, Copenhagen 1987; Grant, Dowling 1995, 1996; Connaughton,
Nelson 2000; Wong et al. 2005b). What was first described as a glutamate gated chloride current, IGlu
(Grant, Dowling 1995, 1996) was later shown to be a Cl- current sensitive to the non-specific EAAT
blocker TBOA and thus mediated by EAATs (Wong et al. 2005b, 2005b). Later, a spectral model was
published suggesting mGluR6 is mainly involved in scotopic (rod) and short wavelength photopic
signaling (Saszik et al. 2002; Nelson, Singla 2009). The exact EAAT subtypes involved in the zebrafish
ON-response and a potential spectral difference in glutamatergic signaling mechanism generating
ON-bipolar cell depolarization remained to be analyzed and was subject of this study.
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Figure 19: Spectral ERG on eaat5b-/-;eaat7-/- larvae.
B-wave amplitudes of spectral ERG over 5 light intensities (log-4 to log0) for UV-blue, green and red light stimulation. (A)
UV-blue light mediated ON-response is significantly decreased in double knockout animals for medium light intensities
(log-3 to log-1). (B) Green light ERG does not result in a phenotype in eaat5b-/-;eaat7-/- larvae, with the exception of a
slightly significant increase in the b-wave amplitude at dim light log-4 in double knockout larvae. (C) Long wavelength light
stimulation results in a significant decrease in red light mediated ON-bipolar cell depolarization for log-3 to log-1 (slightly
significant for log-3 and log-1 and significant for medium light intensity log-2). WT, wildtype.
Figure 20: Spectral ERG on APB treated
larvae.
B-wave amplitudes of UV-blue, green and
red light ERG of APB treated larvae. Incubation of wildtype larvae in the mGluR agonist DL-2-amino-4-phosphonobutyric acid
(APB) prior spectral ERG results in a highly
significant decrease in the ERG b-wave amplitude for UV-blue light (A), green light (B)
as well as red light (C). The ON-response
was not completely abolished by application of APB, but greatly reduced. WT, wildtype; APB, DL-2-amino-4-phosphonobutyric acid.
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4.5.1 Postsynaptic expression of EAAT5a, EAAT5b and EAAT7 could be indicative for
a role in ON-bipolar cell activation
In order to identify the glutamate transporter mediating glutamate gated Cl- currents in ON-bipolar cells, we searched for EAATs postsynaptically expressed on ON-bipolar cell terminals. EAAT5b
and EAAT7 seem to be ideal candidates. Both of them are co-expressed on dendritic tips of ON-bipolar cells contacting all cones, with EAAT5b localizing slightly more apically than EAAT7. EAAT5b
and EAAT7 are additionally found in an outnumbered group of rod synapses. Thus, functional impact
in generation of the rod ON-response is thought to be negligible and has no influence on the functional analysis of the knockout animals which was carried out on 5 dpf larvae (a time in development
when rods are not yet functionally integrated) (Branchek 1984; Saszik et al. 1999; Bilotta et al. 2001).
A hypothesized spectral difference in glutamatergic signaling pathway mediating ON-bipolar cell depolarization is not reflected in the expression pattern of neither EAAT5b nor EAAT7, as both of them
localize to all synapses. Immunohistochemistry is not sensitive and quantitative enough for detection
of a potential difference in expression level.
EAAT5a does not localize to dendritic terminals, but we rather propose an expression on ON-bipolar cell dendritic processes. This particular localization implicates a function other than participation in direct signal transmission as the transporter would only be activated by glutamate diffusing
out of the synaptic invagination. Additionally, EAAT5a is expressed in the optic nerve fiber layer.
Glutamatergic signaling in the inner retina was not subject to this study and thus function of EAAT5a on ganglion cell axons not examined. As only the outer retina contributes to the ERG, the lack
of functional EAAT5a in the inner retina should not influence the ERG recorded on mutant animals.
Eaat5a and eaat5b showed an additional mRNA in situ signal in the photoreceptor layer, which
was devoid of immunofluorescence signal. This could either be due to unspecific binding of the in situ
probes to a photoreceptor specific eaat (e.g. eaat6b), due to protein degradation after translation or
due to expression levels too low to be detected by our immunohistochemistry protocol. Based on the
fact that the additional photoreceptor eaat5b mRNA expression is only found at adult stages and that
the unique expression of eaat5a in the larval ONL, restricted to the peripheral retina, does not resemble any other ONL eaat expression, we deem it likely that the observed in situ signal is not caused by
unspecific binding.

4.5.2 Loss of EAAT5a, EAAT5b or EAAT7 does neither cause altered retinal
morphology nor synaptic reorganization
The retina of eaat5a, eaat5b and eaat7 mutants does not show any morphological alterations. The
normal retinal morphology may indicate that no excitotoxicity is occurring in mutants, concomitant
with the expectation that the transporter generating the ON-response is functionally rather a channel
than a transporter. All the identified functional phenotypes are thus not the consequence of morphology alterations but rather of the lack of the corresponding transporter function.
It is known from different mutants that a lack of postsynaptic proteins (e.g. any protein of the
mGluR6 signaling cascade) can influence targeting of other postsynaptic proteins (Cacna1s) to the
dendritic tips (Tummala et al. 2014). Furthermore, retrograde trans-synaptic effects were observed in
mice mutant for mGluR6 in which presynaptic proteins were downregulated (Tummala et al. 2016).
Therefore, localization of pre- and postsynaptic proteins was assessed in mutant retinas. Homozygous
mutation of eaat5a does not evoke an obvious upregulation in EAAT5b that can be detected by immunofluorescence. However, EAAT5a immunohistochemistry signal is still detected in homozygous
mutants, despite the premature stop codon being more N-terminal than the antibody binding site. The
reason for the persisting immunostaining in mutants cannot readily be explained. Either, the antibody
is not specific to its own epitope and recognizes another glutamate transporter or alternative splicing
might occur in mutants in a way that the exon carrying the deletion (exon 3) is skipped and a protein
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without exon 3 is being translated. Dot blot analysis showed that EAAT5a antibody specifically recognizes its own epitope (see Supplemental Figure 2). Furthermore, the expression pattern of EAAT5a
protein is unique to this transporter and does not resemble expression pattern of any other retinal
EAAT. Therefore, we assume that the antibody does specifically recognize EAAT5a. RT PCR on mutant larvae was not conclusive as the two mutants tested yielded different amplicon sizes (one yielded
full length mRNA with the 14 bp deletion, indicating that no nonsense mediated decay occurs, the
other mutant yielded an amplicon much smaller of only about 900 bp, which could be indicative for
splicing to occur) (see Supplemental Figure 3). Different EAATs exist as splice variants, some of them
lacking whole exons. For EAAT1 an exon 3 lacking splice variant was described to still localize to the
membrane of expressing cells in the brain and retina (Lee et al. 2012; Macnab et al. 2006). Hence, assuming no nonsense mediated RNA decay occurs in eaat5a-/- zebrafish, the remaining immunostaining might well be the antibody recognizing EAAT5aΔexon3, which could be assessed by western blot.
In eaat5b and eaat7 single mutants, the respective protein could not be detected anymore by immunofluorescence. This is in agreement with the antibody binding site of EAAT5b being at the very
C-terminus (after the predicted mutant stop codon) and of EAAT7 being disrupted by the deletion.
EAAT5b still localizes to dendritic terminals of eaat7 knockout animals and vice versa, indicating that
the two transporters do not require each other for proper targeting to the membrane or do not assemble in a protein complex that falls apart if one member is missing. EAAT5b and EAAT7 do not seem
to be upregulated in animals homozygous mutant for eaat7 and eaat5b, respectively. This however
needs to be confirmed by a more quantitative approach like western blot, dot blot or qRT-PCR. Also
presynaptic proteins appear to be normally expressed in eaat5b and eaat7 mutants. Neither the voltage
gated Ca2+ channel Cacna1f nor the presynaptic structure protein Ribeye b appear to be mislocalized
or differentially regulated in the mutant retina. Therefore, we conclude that mutation in neither eaat5b
nor eaat7 evokes morphological or molecular synaptic reorganizations.

4.5.3 Generation of the cone white light ON-response
Thorough studies performed in the Dowling lab involving electroretinographic as well as patchclamp analysis of ON-bipolar cells of the Giant Danio (Danio aequipinnatus) retina suggest that cone
signaling onto ON-bipolar cells is mainly mediated by EAATs and to a lesser extent by mGluR, while
rod signaling onto ON-bipolar cells mainly involves mGluR6 signaling (Wong et al. 2005b; Wong,
Dowling 2005). Therefore, the candidate EAAT should yield a significant decrease in the ERG b-wave
reflecting ON-bipolar cell depolarization, if mutated in larvae.

Contribution of EAAT5a to ON-response

Despite the still detectable immunofluorescence in the mutant retina (both in the OPL as well
as in the optic nerve fiber layer), knockout of eaat5a results in a significant reduction in the b-wave
amplitude across all light intensities, indicating that the persisting protein is not or at least not fully
functional. The obtained ERG phenotype could be the result of remaining glutamate in the synapse
even during a light stimulus, assuming EAAT5a primarily acts as a transporter. It could however also
be the result of the loss of the hyperpolarizing Cl- current in darkness, assuming EAAT5a to act as
a channel. The human/mouse EAAT5 orthologs were demonstrated to be low capacity transporters
associated with a high gated Cl- conductance (Gameiro et al. 2011; Arriza et al. 1997). Assuming
EAAT5a possesses comparable transporter properties would suggest EAAT5a to act as a glutamate
buffer or a channel. However, the localization of EAAT5a transporter away from dendritic tips and
thus outside of the synaptic invagination deems it rather unlikely that EAAT5a is the transporter mediating the hyperpolarizing Cl- currents in darkness. In order to activate EAAT5a, glutamate would
need to diffuse out of the synaptic cleft. Such glutamate diffusion is known to happen, as demonstrated
by the importance of EAAT2a on Müller glia cells, constituting the main glutamate sink in the OPL
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(see Chapter 3). Nevertheless, a transporter directly involved in signaling, mediating ON-bipolar cell
activation through its anion conductance, likely does not rely on glutamate diffusion. Direct competition of glutamate receptors/transporters within the synapse would be too high and interfere with
signaling. Therefore, we rather propose a function of EAAT5a in buffering diffused glutamate and
thereby to keep glutamate spillover to a neighboring synapse to a minimum. Kinetics analysis of the
ERG b-wave of eaat5a-/- larvae yielded no delay in ON-response initiation, suggesting that EAAT5a
does not constitute the main glutamate sink, which is in agreement with the findings in Chapter 3.
The b-wave decay kinetics in eaat5a knockout animals change with light intensity. At low light levels, eaat5a mutants show a significant increase in half time, while at bright light, half time of eaat5a
mutants is significantly shorter. This indicates, regarding the decreased b-wave amplitude across all
light intensities in eaat5a-/-, that the decay of the dim light evoked b-wave is decelerated, which cannot
readily be explained.

Contribution of EAAT5b and EAAT7 to the ON-response

Considering the dendritic expression of EAAT5b and EAAT7 on ON-bipolar cells, both of them
constitute perfect candidates for mediating the hyperpolarizing currents in presence of glutamate.
Furthermore, the salamander and human EAAT5 have been associated with extremely large Cl- conductances, meeting the requirement for the candidate transporter. Biophysical characterization of
EAAT7 has not yet been carried out, as this transporter has been lost in a series of species and is only
retained in Actinopterygii, Amphibia and Lepidosauromorpha (Gesemann et al. 2010). ERG recordings of EAAT5b mutants yielded only a slightly significant decrease in the ERG b-wave amplitude for
medium light intensities. This indicates that ON-bipolar cell depolarization still takes place to a large
extent. This result, in agreement with the findings that the b-wave delay is not increased in mutants,
clearly demonstrates that EAAT5b is not fulfilling the function of a high capacity transporter. Therefore, we suggest EAAT5b rather to function as a channel. However, according to Wong et al. (Wong et
al. 2005b; Wong et al. 2005a) the cone signals onto ON-bipolar cells are mainly mediated by EAATs.
Thus, homozygous mutants for the candidate eaat are supposed to have a strong decrease in the ERG
b-wave, as recordings are carried out before rods render functionally. Against our expectations, eaat7
mutant animals did not yield any white light ERG phenotype at all.
Interestingly, eaat5b mutant animals show a significant decrease in ON-response delay, meaning
that initiation of ON-bipolar cell depolarization is accelerated in mutants. This observation precludes
the possibility of EAAT5b being a high capacity transporter and is in agreement with the assigned
biophysical traits of salamander and human EAAT5 (Arriza et al. 1997; Gameiro et al. 2011). Furthermore, the accelerated ON-response initiation in eaat5b mutants might readily be explained by
the described EAAT-mediated post-photoreceptor a-wave (Nelson, Singla 2009). When isolating the
non-metabotropic b-wave and subtracting any cone function (termed PIII) from it, the resulting response consists of a post-photoreceptor a-wave (termed a1nm) and a b-wave (PIInm) (Nelson, Singla
2009). This post-photoreceptor a-wave mediated by EAATs is thought to be generated by the Cl- current that dissociates after the termination of glutamate transport and the associated Na+ cotransport.
Consequently, upon illumination increments EAATs shortly render ON-bipolar cells at hyperpolarized potentials until the Cl- current slowly dissociated. We strongly suggest, that in eaat5b mutants
there is, due to the lack of EAAT5b, no generation of this post-photoreceptor a-wave, resulting in a
more rapid initiation of ON-bipolar cell depolarization. This proposed mechanism is especially compatible in light of the described extraordinarily slow kinetics of the human and salamander EAAT5
(Arriza et al. 1997; Gameiro et al. 2011; Schneider et al. 2014).
The maximum slope of the white light b-wave does not significantly differ in eaat5b mutants and
wildtypes. The 20% - 80% rise time is decreased in mutants for medium light intensities as a logical
consequence of the same slope but reduced b-wave amplitude.
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Intriguingly, eaat7 and eaat5b mutants possess opposite kinetics in the b-wave delay. Homozygous mutation of eaat7 causes a significant increase in the ON-response delay. This could either be
indicative of EAAT7 to possess a moderate glutamate turnover rate or rapid channel gating mechanisms. Biophysical characterization of EAAT7 will elucidate whether lack of the transporter causes
remaining cleft glutamate to decelerate onset of ON-bipolar cell depolarization upon light stimuli,
or else, whether lack of EAAT7, supposedly associated with rapid gating mechanisms, decelerated
ON-response onset, as only slow metabotropic as well as slow EAAT5b- mediated imput remain.
Despite their perfect localization on ON-bipolar dendritic tips, the obtained results indicate that
either EAAT5b and EAAT7 are not involved in ON-bipolar cell depolarization, or that they are functionally redundant.
In order to depict a possible functional redundancy of EAAT5b and EAAT7, we generated double knockout fish lacking both transporters. The b-wave amplitude of double knockout animals is
significantly reduced across all light intensities, nicely manifesting that EAAT5b and EAAT7 indeed
are functionally redundant on ON-bipolar cells. Hence, we suggest that both, EAAT5b and EAAT7,
are involved in generation of the zebrafish ON-response by hyperpolarizing these cells in darkness.
One eaat5b wildtype allele (eaat5b+/-;eaat7-/-) is not sufficient to rescue the decreased b-wave, which is
indicative for a haploinsufficiency if the redundant partner is fully knocked out. Despite their different
biophysical properties (we suggest EAAT7 is associated with a faster gated anion conductance than
EAAT5b), they seem to similarly contribute to hyperpolarization of ON-bipolar cells in darkness,
with EAAT5b being functionally slightly more prominent. This is concomitant with the modest ERG
defect in eaat5b single mutants and the localization of EAAT5b closer to the glutamate release site
than EAAT7.
Remarkably, the accelerated ON-response onset observed in eaat5b single mutants is also observable in eaat5b-/-;eaat7-/-. The afore mentioned slow kinetics of EAAT5 (Gameiro et al. 2011), likely
resulting in the described post-photoreceptor a-wave (Nelson, Singla 2009), is dominating the delay
kinetics of EAAT7. Whilst one wildtype allele of eaat5b cannot rescue the b-wave amplitude phenotype, it can rescue the delay phenotype, as seen in eaat5b+/-;eaat7-/- animals that do not have an accelerated initiation of ON-bipolar cell depolarization.
The maximum slope of the b-wave in double mutants is significantly reduced in comparison to
wildtype animals. The rise time however, does not underlie changes when knocking out both eaat5b
and eaat7, in agreement with decreased b-wave amplitudes and slopes. Furthermore, one has to point
out that b-wave decay kinetics of double homozygous mutants resembles the decay kinetics of eaat5b
single mutants. Interestingly, these kinetics change with increasing light intensities and thus, with
changes in glutamate concentration remaining in the cleft during a light stimulus (decreasing concentration with increasing light intensity). Taking the reduced b-wave across all 5 light intensities into
consideration, at low light, wildtype ON-bipolar cells return more rapidly to the hyperpolarized state
than mutants. Cl- conductance of mouse and human EAAT5 has been shown to be highest at negative
potentials (Schneider et al. 2014; Gameiro et al. 2011). At low light, ON-bipolar cells are more hyperpolarized than during a bright light stimulus, thus Cl- conductance is higher and might make cells
return faster to negative potentials. In summary, EAAT5b decelerates b-wave initiation across all light
intensities, but accelerates the decay of the b-wave induced by low light stimuli.
To conclude, we strongly suggest EAAT5b and EAAT7 to be functionally redundant in mediating
ON-bipolar cell hyperpolarization in darkness and to considerably contribute to the zebrafish ON-response, with subtype specific gating kinetics.
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4.5.4 Spectral differences in glutamatergic signaling mechanisms mediating the ONresponse
Based on the results of two independent studies, suggesting an involvement of mGluR6 for UV
and blue cone mediated ON-response (Saszik et al. 2002; Nelson, Singla 2009), we assessed the ERG
response using monochromatic light stimuli in the three postsynaptic transporter single mutants
(eaat5a-/-, eaat5b-/- and eaat7-/-) as well as in eaat5b-/-;eaat7-/- double mutants. Short wavelength light
(stimulating UV and blue sensitive cones), light of medium wavelength (stimulating green cones)
and long wavelength light (stimulating red cones) was used to depict a potential spectral difference in
glutamatergic ON-bipolar cell input mechanisms.
Homozygous mutation in eaat5a impairs signal transmission of short (UV-blue) as well as long
(red) wavelength light. Interestingly, eaat5b knockout larvae showed a comparable spectral phenotype
and thus an involvement in the ON-response of UV and blue as well as red cones. Monochromatic
light stimulation only resulted in decreased b-wave amplitude in eaat7 mutants if stimulated with
long (red) wavelength light. Considering that white light stimulation of eaat7 knockout animals did
not yield an ERG phenotype, this indicates that white light ERG is not sensitive enough to detect
defects mediated by a single cone subtype. Furthermore, eaat5b-/-;eaat7-/- larvae showed a decrease
in the b-wave amplitude if stimulated with UV-blue as well as with red light. Consistent with eaat5b
and eaat7 single mutants, double knockout animals do not show a decrease in green cone mediated
b-wave.
The obtained data indicate that none of the postsynaptic transporters is mediating green light
ON-response. Thus, green cone signal must be transmitted solely by mGluR6. This is contradicting the spectral model of Nelson and Singla suggesting the spectral profile of the non-metabotropic
b-wave component (PIInm) to be broadly distributed across the visual spectrum and the metabotropic b-wave component (PIIm) to have its peak cord sensitivity at short wavelength light (Nelson,
Singla 2009). Their predictions are based on mathematical models, for which the calculated peak sensitivity of the non-metabotropic b-wave could not be determined with high fidelity as it shifts across
the visual spectrum depending on criterion levels chosen (Nelson, Singla 2009). Therefore, no precise
spectral sensitivity prediction of EAAT-mediated ON response exists. Our obtained data suggest the
PIInm to peak at short and long wavelength light, contradicting the published results that show the
PIIm to peak at short wavelength light. This surprising result requires more thorough investigation
to be explained. We cannot exclude the possibility that our green light stimulus does not exclusively
activate green cones but also other cone subtypes. Nevertheless, as red cone signaling is involving all of
the mentioned EAATs, potential adaptation problems should not be the reason for the lack of a green
light phenotype (improper red cone saturation would result in a false green light phenotype).
It was surprising to find a spectral component of EAAT5a signaling. The localization of this transporter, most likely on ON-bipolar cell dendritic processes but not on dendritic tips rather suggests a
general involvement of EAAT5a rather than specifically mediating short (UV-blue) and long (red)
wavelength signaling. However, these monochromatic ERG results suggest EAAT5a to mostly buffer
glutamate release by UV, blue and red sensitive cones or else to mediate a Cl- current while being expressed on ON-bipolar cells mainly contacting UV, blue and red cones.
The use of the class 3 mGluR agonist L-AP4 resulted in a highly significant decrease in b-wave
amplitude for all wavelengths tested. Thus, by using L-AP4 we could neither reproduce the spectral
model by Nelson and Singla (Nelson, Singla 2009), suggesting an involvement of mGluR6 for UV- and
blue-cone mediated signaling, nor the spectral model based on our monochromatic ERG results that
would lead to the assumption of strongest mGluR6 involvement in green-cone mediated ON-bipolar
cell activation. However, Wong et al. demonstrated that the sole use of L-AP4 results in almost complete abolishment of the ERG b-wave by not only acting on mGluRs in the OPL, but also in the INL on
neurons that inhibit ON-bipolar cells (Wong et al. 2005a). Hence, the sole use of L-AP4 is not appro-
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priate for the performed experiment, but should be used in combination with blocker for GABAergic
and glycinergic signaling to solely act on mGluR6 in the first visual synapse (Wong et al. 2005a).
An explanation for the finding that EAATs do not mediate the green light ON-response might
be found by analysis of the abundance of mGluR6b in the different synapses, which e.g. was shown to
localize postsynaptically to all green cone synapses but only a minority of red cone synapses (unpublished, Dr. Marion Haug).

4.5.5 General conclusion
EAAT5b and EAAT7 are likely the two transporters that mediate the well described (Grant, Dowling 1995, 1996; Connaughton, Nelson 2000; Wong, Dowling 2005; Wong et al. 2005b; Wong et al.
2005a) glutamate gated Cl- current in ON-bipolar cells in darkness. Interestingly, these transporters
seem to be functionally redundant in generation of the ON-response, thus double knockout animals
need to be analyzed for phenotype detection. The detected phenotype is of a smaller extent than expected, as cone mediated ON-bipolar cell depolarization is suggested to be mainly mediated by EAATs
and only to a minor extent by mGluRs (Wong et al. 2005b; Wong, Dowling 2005). The measurements
performed until now harbor some substantial differences in the experimental setup that might explain the obtained results; they involve the use of a series of receptor/transporter/channel blockers
combined with mathematical models and were performed on either adult zebrafish retina or on other
teleost species. Besides, the models are based on acute treatment of the retina, whereas mutant analysis is not acute and changes in gene expression may occur.
Interpretation on the function of EAAT5a, without biophysical analysis of the transporter, is difficult and relies on assumptions. Location-wise and also concomitant with the characterization of
the human EAAT5, shown to be a low capacity transporter, we suppose EAAT5a to buffer glutamate
diffusing out of the synaptic invagination.
Not all cone subtypes seem to involve EAAT5a, EAAT5b and EAAT7 for signal transmission to
ON-bipolar cells. Based on the obtained spectral ERG, green cones seem to mainly signal onto ON-bipolar cells through a mechanism other than an EAAT-mediated one. UV-blue and red cones though,
seem to involve both, mGluRs and EAATs.
Whether glutamate transporters mediate the ON-response in non-teleost species requires further
investigation. It is commonly assumed that exclusively mGluR6 signaling mediates ON-bipolar cell
depolarization in non-teleosts. L-AP4 completely blocks all light response in ON-bipolar cells of salamanders and mudpuppies (Nawy, Jahr 1991; Slaughter, Miller 1981; Wu, Maple 1998; Hensley et al.
1993), although, changing Cl- concentration of internal solutions, when recording from salamander
ON-bipolar cells, affects the reversal potential of the cells, indicative for a potential involvement of
glutamate transporters in the amphibian ON-response (Thoreson, Miller 1993). Additionally, application of L-AP4 does not completely abolish the b-wave in frogs (Szikra, Witkovsky 2001; Arnarsson, Eysteinsson 2000). In mammals, single cell recordings on mouse ON-bipolar cells suggest no
involvement of EAATs in ON-response generation (Berntson, Taylor 2000). Though in rabbits, L-AP4
could not completely abolish the ON-bipolar cell response (Cohen, Miller 1999). More recent studies
involving ERG showed that mGluR6 knockout mice show a persisting b-wave response (Masu et al.
1995) while another study directly suggests involvement of EAAT5 in mouse ON-bipolar cell activation (Tse et al. 2014).
Having a dual system with two glutamatergic signaling pathways (mGluRs and EAATs) mediating the same response in ON-bipolar cells harbors different advantages. Based on the fact that only
a minority of rod synapses contains EAATs, we agree with already published literature that rod signaling onto ON-bipolar cells is mostly of metabotropic nature (Wong et al. 2005b; Wong et al. 2005a;
Wong, Dowling 2005; Nelson, Singla 2009). It makes sense that rods, functioning at low light, use a
metabotropic signaling pathway that allows signal amplification. Further, it has been proposed by
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Wong et al. that EAAT and mGluR signaling suppress each other, resulting in a partial suppression of
rod and cone pathways in mixed input bipolar cells (Wong et al. 2005b). EAATs being non metabotropic transporters are generally thought to have faster kinetics than mGluRs. In EAATs, glutamate
directly induces Cl- currents, whilst for mGluR signaling, a cascade involving G-proteins is required
to act on TRPM1 ion channels. Nevertheless, this might not hold true for EAAT5, which has been described as a slow gating ion channel (Schneider et al. 2014; Gameiro et al. 2011). Indeed, knockout of
EAAT5b resulted in a more rapid onset of ON-bipolar cell depolarization, indicating that mGlur6 and
EAAT5b have different kinetics, however of contrary attributes than expected. Additionally, EAATs
and mGluRs are thought to have different glutamate dose-response functions. Salamander EAAT5
was shown, by expressing it in Xenopus oocytes, to have a glutamate dose response over 4 log units
(Eliasof et al. 1998), while mGluR6 glutamate dose response saturates at 2 log units (Shiells, Falk
1994). Furthermore, as mentioned before, mGluRs are not just involved in glutamatergic signaling,
but are a key molecule for proper localization of synaptic proteins.

4.6 Outlook
ERG b-wave kinetics analysis improves the knowledge of biophysical properties of a transporter
to some degree. Nevertheless, for completing the picture, biophysical characterization of transporter
traits, such as gating kinetics, anion conductance and transport rates, is indispensable to interpret the
ERG data with great expressiveness. This especially holds true for transporters, for which the mammalian ortholog is lost and thus not characterized yet. Furthermore, a different ERG paradigm with long
light stimuli (e.g. 2 seconds) could be applied to better characterize the decay of the b-wave. As the
mGluR6-mediated b-wave is of transient nature (TRPM1) but EAATs are expected to have a sustained
inhibition of the Cl- conductance during a long bright light stimulus, such a setup might be beneficial
to obtain further insights into the transporter’s biophysical characteristics.
In order to further investigate the proposed redundancy of EAAT5b and EAAT7, possible compensatory mechanisms in the single mutants could be analyzed by means of qRT-PCR or western
blot. Additionally, superresolution microscopy on single mutants might reveal changes in localization
within the dendritic tips.
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4.7 Supplemental material
Supplemental Figure 1: Spectra of stimulation and background light used for spectral ERG.
(A) Spectrum of white light, used to stimulate the retina for white light ERG, is
broad reaching from 300 nm up to 1000
nm, hence activates all cone subtypes. (B)
Spectrum of UV-blue light stimulation light
(pink) and background filter (green). Stimulation light has wavelength of 350-430 nm,
while wavelength of background adaptation light is 500-680 nm (black). (C) Green
stimulation light (pink) is of 450-475 nm
wavelength, and background adaptation
light above 480 nm. (D) For red light stimulation, light of wavelength of 580 nm and
above was used.
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Supplemental Figure 2: Wildtype and mutatnt protein with labeled domains.
(A) Protein sequence of wildtype (black font) and mutant (gray font) EAAT5a with labelled transmembrane domains (TM)
and Hair pins (HP). Color code according to protein structure by (Vandenberg, Ryan 2013) (see (D)). Antibody binding site
of antibody used in immunohistochemistry (EP 63) is labelled by EP 63 (epitope 63) and EP 62 labels antibody binding site
used in dot blot (Supplemental Figure 3). Both antibodies bind the C-terminal part of the protein. (B) Wildtype (black font)
and mutant (gray font) protein sequence of EAAT5b. EP 64 labels antibody binding site which is at the C-terminus of the
protein. (C) Wildtype (black font) and mutant (gray font) EAAT7 protein sequence, with antibody binding site labeled with
EP 35. The antibody binding site is disrupted in the mutant protein. (D) Protein structure by (Vandenberg, Ryan 2013).
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Supplemental Figure 3: Dot blot analysis of EAAT5a antibody.
EAAT5a antibodies specifically recognize the epitopes they were raised
against, with anti-EAAT5 63 also recognizing the other epitope (62), but with
decreased affinity.

Supplemental Figure 4: RT PCR on eaat5a-/and wildtype larvae.
Gel-electrophoresis of PCR on cDNA of eaat5a mutants (5a-/- Mut1 and 5a-/- Mut 2) and
wildtype eyes. Size of wildtype fragment is
indicated with a gray arrowhead. Mutant 1
showed a full length band lacking the 14 bp
described in eaat5a mutants. Mutant 2 did
not show a full length amplicon, but a fragment of roughly 900bp.
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5.1 Abstract

E

xcitatory amino acid transporters (EAATs) are glutamate transporters with the main function
of regulating the extracellular concentration of the excitatory neurotransmitter glutamate.
Therewith they are a key element in excitatory signal transmission by removing glutamate from the
synaptic cleft to accurately terminate a signal but also to prevent excitotoxicity. However, EAATs have
also been shown to be expressed in non-synaptic cellular compartments and have been associated
with non-conventional functions like the regulation of the presynaptic GABA pool of inhibitory neurons by supplying the terminals with glutamate which is then metabolized to GABA. Furthermore,
glutamate transporters have been associated with glutathione mediated regulation of the redox homeostasis by not only transporting glutamate, but also L-cysteine which is the rate limiting substrate
in glutathione production. It was further shown that astroglial EAATs constitute a source of energy, as
the uptaken glutamate is not only converted to glutamine but also to α-ketoglutarate which is oxidatively metabolized in the TCA cycle.
In this chapter, we describe the two non-conventional glutamate transporters EAAT6a and
EAAT6b in the zebrafish retina in a loss-of-function analysis. We suggest EAAT6a, expressed on horizontal cells, to create a substrate pool for GABA synthesis and EAAT6b, expressed on the metabolic
compartment of the energetically very demanding cones to either possess a function in energy or
redox metabolism.

5.2 Introduction
Glutamate is the main excitatory neurotransmitter in the vertebrate central nervous system. Not
surprisingly, imbalance in glutamate homeostasis is cause or consequence of numerous neurological
disorders. Excitatory amino acid transporters (EAATs) are glutamate transporters that regulate extracellular glutamate concentration. They contribute to excitatory signaling by removing glutamate
released by neurons from the synaptic cleft and thereby precisely terminate excitatory signaling whilst
maintaining an optimal signal-to-noise ratio. EAATs belong to the SLC1 transporter family. While
the mammalian genome harbors 5 EAATs, 11 eaat genes are present in the zebrafish genome due to a
teleost specific whole genome duplication but also due to the retention of some subclasses (eaat6 and
eaat7) that were lost in the therian lineage (Gesemann et al. 2010). The transport of glutamate is electrogenic, driven by the concentration gradients of co-/countertransported cations enabling glutamate
to be transported against its concentration gradient (Levy et al. 1998; Owe et al. 2006). Together with
one molecule of glutamate, EAATs cotransport 3 Na+ and 1 H+ and countertransport 1 K+ (Levy et al.
1998; Owe et al. 2006). This coupling ratio ensures synaptic cleft glutamate concentrations to remain
below excitotoxic levels but also leads to a reversal of the glutamate transport once cation concentration gradients change (Grewer et al. 2008).
Besides the classical glutamate transporter function in excitatory signaling by regulating extracellular glutamate concentrations, EAATs have also been attributed to non-conventional transporter
functions. For instance, the mammalian EAAT3 has been shown to strengthen inhibitory GABAergic
synapses by taking up glutamate into the synaptic terminals of inhibitory neurons, which is then
metabolized by the enzyme Glutamic Acid Decarboxylase (GAD) to the inhibitory neurotransmitter
γ-Aminobutyric acid (GABA) (Mathews, Diamond 2003; Sepkuty et al. 2002). Thus, glutamate transporters can directly influence presynaptic GABA content and the, by GABA release evoked, current
amplitudes in neighboring cells (Mathews, Diamond 2003). Such a function has also been proposed
but not yet proven for EAAT3 expressed on rat retinal horizontal cells (Rauen et al. 1996). Horizontal
cells integrate inputs of many photoreceptors. They negatively feedback to photoreceptors via lateral inhibition, mostly GABAergic signaling amongst other feedback mechanisms (e.g. (Kamermans,
Spekreijse 1999)). However, the functional implication of GABAergic feedback and/or existence of
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the mechanism remain a hotly debated topic. Opponents of the GABAergic negative feedback theory
suggest horizontal cell-released GABA to only constitute a positive feedback to other horizontal cells
without having a negative input on photoreceptors (Kamermans, Werblin 1992).
Another non-conventional EAAT function is their involvement in maintaining redox homeostasis. Besides glutamate, EAAT3 also efficiently transports L-cysteine (Zerangue, Kavanaugh 1996).
Transport rates of L-cysteine by EAAT3 are comparable to the ones of glutamate and are 10 to 20 times
higher for EAAT3 compared to EAAT1 or EAAT2 (Zerangue, Kavanaugh 1996). L-cysteine constitutes the rate limiting substrate factor for glutathione production, the most important thiol containing
antioxidant. Therefore, EAAT3 knockout mice possess decreased neuronal glutathione content, which
exposes them to increased oxidative stress leading to age-dependent neurodegeneration (Aoyama et
al. 2006).
A further non-conventional function of EAATs is their contribution in oxidative metabolism by
taking up glutamate that is shuttled into the tricarboxylic acid (TCA) cycle for adenosine triphosphate
(ATP) production. Such a mechanism wherein glutamate pays for its own uptake into a cell has been
shown in glia cells (McKenna et al. 1993; Hertz, Hertz 2003; Sonnewald et al. 1993). Normally, glutamate taken up by glia cells is metabolized to less toxic glutamine. Glutamine, via the glutamate-glutamine cycle is transported back from glia cells into the presynaptic terminals of neurons, where after
reconversion to glutamate it gets packaged into presynaptic vesicles. In astroglia cells, glutamate can
also have a second fate. It can be converted to α-ketoglutarate by glutamate dehydrogenase (GDH) before entering the TCA cycle (Sonnewald et al. 1993; McKenna et al. 1993). One molecule of glutamate
can yield up to 26 ATPs (Bauer et al. 2012; McKenna 2013). Even though this mechanism has been
attributed so far only to glial cells, in this study we propose a similar mechanism in photoreceptors.
Photoreceptors, especially cones are amongst the energetically most demanding cells of the organism.
Most energy in photoreceptors is required for maintenance of the dark current. This repolarization after a depolarization necessitates Na+ and K+ to be transported against their concentration gradients by
the ATP consuming Na+/K+-ATPases. Photoreceptor inner segments, stretching distally from the cell
nuclei up to the connecting cilium constitute the metabolic compartment of photoreceptors. Packed
with mitochondria, most energy is produced in the inner segment by oxidative metabolism of blood
derived glucose (Wong-Riley 2010).
In this study, we analyzed two non-conventional glutamate transporters EAAT6a and EAAT6b,
whose mammalian orthologue have been lost during evolution. EAAT6a is strongly expressed on
horizontal cell processes. Due to the fact that at least some subtypes of horizontal cells are GABAergic
neurons, we hypothesize a function of EAAT6a in glutamate uptake that serves as substrate for GABA
synthesis. Retinal function was assessed by electroretinogram (ERG) recordings, assessing outer retinal function as well as by the optokinetic response (OKR) assay. The OKR is a stereotypic behavior
consisting of a smooth pursuit movement of the eyes following the direction of the presented stimulus
until the maximum deflection angle is reached and a fast resetting saccadic movement. Thus the OKR
assay allows quantitative and qualitative assessment of retinal function. Although eaat6a knockout
animals did not reveal a functional phenotype in neither the ERG nor the OKR, we still suggest EAAT6a to be involved in strengthening of the GABAergic synapses of horizontal cells. As the functional
implication of GABAergic signaling by horizontal cells is still under debate, direct conclusion of the
transporters function cannot readily be drawn. EAAT6b is a non-synaptic transporter expressed on
cone inner segments. This localization advocates a metabolic function of the transporter, either in
redox homeostasis or in oxidative energy metabolism.
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5.3 Material & Methods
5.3.1 Fish husbandry and breeding
Zebrafish (Danio rerio) of the wildtype strain Wik and Tübingen were used for this study. Adult
fish were kept and bred under standard conditions (Mullins et al. 1994). Larval zebrafish were raised at
28 °C in E3 containing methylene blue (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4,
0.01% methylene Blue) or in 1‐phenyl‐2‐thiourea (PTU) (Sigma-Aldrich) if inhibition of pigmentation was required (whole mount in situ hybridization) until 5 days post fertilization (dpf). Juvenile
and adult fish were kept in facility water at 28 °C in a 14 hour light / 10 hour dark rhythm.
The transgenic lines tg(cx55.5:GFP) (kindly provided by Prof. Dr. Maarten Kamermans) as well as
tg(zfRh1-3:EGFP) (Hamaoka et al. 2002) were used for fluorescent immunohistochemistry.

5.3.2 Cloning of genes for in situ probe preparation
For in situ probe preparation, full length or fragments of the corresponding genes were amplified
using a Taq polymerase (Invitrogen) and the primer pairs listed in Table 1. Amplicons were cloned
into pCR 2.1-TOPO vectors (Invitrogen, Life technologies). Prior in vitro transcription of antisense
probes, all plasmids were linearized using XhoI. For digoxygenin-labeled mRNA probe synthesis, in
vitro transcription using SP6 RNA polymerase (Roche Diagnostics) and Dig RNA labeling kit (Roche
Diagnostics) was carried out.
Table 1: Primer pairs and corresponding sequences used for in situ probe preparation.

Amplicon
eaat6a: 518 bp
eaat6b: 1699 bp
gad1b #1: 609 bp
gad1b #2: 775 bp
gad2: 710 bp

Primer name

Primer sequence

eaat6a_017_s

eaat6b_1687_as

CTATAAGTGTCCGGGAGT
GGGTTCCAGGGTTCAATG
CCCTGGAGAAACATGGTG
GTGCCCATTGGTAGTGTAAC

gad1b_008_s
gad1b_617_as
gad1b_534_s
gad1b_1309_as
gad2_907_s
gad2_1617_as

CTTCTGCACCTTCTTCCT
ATGTTGGTGTTGGCAGTG
TTCAACCAGCTTTCCTCC
CCAGGATGGCTGAACATT
GATGAGAGGGGTAAGATG
GCCGTACTCCATCATTCT

eaat6a_535_as
eaat6b_-012_s

5.3.3 Whole mount and section in situ hybridization
In situ hybridization was carried out on 5 dpf whole mount larvae and 16 µm thick adult retinal
sections according to the protocol by Thisse et al. 2008 (Thisse, Thisse 2008) with minor modifications
described in (Haug et al. 2013). Eaat6a stained whole mount larvae were embedded in Tissue Tek
O.C.T. compound (Sakura Finetek) and sectioned at 16 µm.

5.3.4 Generation of custom made peptide antibodies
Peptide specific antibodies against EAAT6a and EAAT6b were raised in chicken and rabbit, respectively. Animals were immunized with the corresponding peptide (see Table 2) by Eurogentec (Eurogentec S.A., Seraing, Belgium). Affinity purification was carried out by Eurogentec after the classical
87-day immunization protocol. For EAAT6a immunohistochemistry, the purified antibody is used
while for EAAT6b the serum of the final bleed is used.
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Table 2: Peptide sequence used to generate custom made antibodies.

Antigen

Host organism

Epitope name

Peptide sequence

EAAT6a
EAAT6b

Chicken
Rabbit

EP121649
EP121684

CSISVREFIKEYIKRNG
CPPEIHYKIVPGKSNGMN

5.3.5 Fluorescent immunohistochemistry
Whole mount 13 and 22 day old juvenile fish as well as dissected adult eyes were fixed with
4% paraformaldehyde (PFA) for 30 minutes (min) (anti-EAAT6a stainings) or with 2% trichloroacetic acid (TCA) for 20 min (anti-EAAT6b stainings), both at room temperature prior embedding in
Richard-Allan Scientific Neg-50 Frozen Section Medium (Thermo Fisher Scientific) or in Tissue Tek
O.C.T. compound (Sakura Finetek). Immunofluorescent stainings were carried out on 16 µm thick
cryo-sections as described by Fleisch et al. (Fleisch et al. 2008) with an adapted blocking time of only
45 min instead of 4 h. All primary antibodies with the corresponding dilutions are listed in Table
3. Primary antibodies were detected with goat anti-mouse, anti-chicken and anti-rabbit antibodies
labelled with fluorescent dyes Alexa Fluor 488, 568 or 647 (Invitrogen, Molecular Probes) all diluted
1:500. Bodipy TR methyl ester (Thermo Fisher Scientific) diluted 1:300 in PDT (PBS pH 7.4 with 0.1%
Triton and 1% DMSO) was used for 15 min after the secondary antibodies were washed off to counter-stain the sections. Slides were coverslipped with Moviol containg DABCO.
Table 3: Antibodies and the corresponding dilutions used in this study.

Antigen

Host

Dilution

EAAT6a
EAAT6b (serum of final bleed)
Zpr-1 (Zebrafish International Resource Center, OR, USA)
GFP (Torrey Pines Biolabs, TX, USA), 042704
Synaptic Vesicle 2 (SV2) (DSHB, Iowa, USA)
GOα (Chemicon, Tamecula, USA)
Nitrotyrosine

Chicken
Rabbit
Mouse
Rabbit
Mouse
Mouse
Rabbit

1:500
1:50
1:200
1:650
1:100
1:500
1:100

5.3.6 Image acquisition and processing
Brightfield and differential interference contrast images were taken with an Olympus BX61 microscope (Olympus). Immunofluorescence was imaged with a Leica SP5 or TCS LSI confocal microscope (both Leica Microsystems GmbH). Image processing was done with Imaris (Bitplane) or
Photoshop (Adobe) and assembled using Illustrator (Adobe).

5.3.7 Generation of CRISPR/Cas9 knockout lines
Target sites for CRISPR/Cas9 mediated mutagenesis were chosen with the target prediction tools
available on www.zifit.partners.org and https://chopchop.rc.fas.harvard.edu/. Targets
(GG-N18-NGG) were chosen to meet the requirements of a 5’ GG for T7 mediated in vitro transcription of the single guide RNA (sgRNA) followed by 18 nucleotides and a 3’ NGG palindromic adjacent
motif (PAM), needed for Cas9 enzymatic activity (see Table 4 for target sites). For mutagenesis of eaat6a, two targets were chosen that lay 37 nucleotides apart (from end of target 1 to beginning of target
2) on exon 7. Target site of eaat6b is located on exon 3. A PCR based protocol was used for sgRNA synthesis. First, dsDNA with the sequence of the sgRNA was generated with a high fidelity Phusion polymerse (New England Bio labs) with two partially overlapping primers; a forward primer harboring the
target specific sequence GAAATTAATACGACTCACTATAGGN18GTTTTAGAGCTAGAAATAGC
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and a common reverse primer AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC. dsDNA template was in vitro transcribed with the MEGAshortscrip T7 Transcription Kit (Ambion). sgRNA purification was carried
out using the Megaclear Kit (Ambion) followed by an ethanol precipitation.
Table 4: CRISPR/Cas9 target sequences.

Gene

Target sequence

Position (cDNA)

eaat6a target #1
eaat6a target #2
eaat6b

GGGATCATCTTCCTTGTGGC
GGAAAGAAACTAGGCTGGTA
GGAACCGGCACTGAAAAAGA

805-824
862-881
457-476

Prior injection, the mix consisting of 150 ng/μl sgRNA, 814 ng/μl Cas9 protein and 300 mM KCl
was incubated for 10 min at 37°C allowing sgRNA/Cas9 complex formation. Only after complex formation of the two eaat6a sgRNAs (target #1 and target #2) with Cas9 protein in individual tubes was
completed, the injection mix of equal amounts of both mixes was made. For mutagenesis of eaat6a, a
Cas9 protein, kindly provided by Prof. Dr. Darren Gilmour, was used while for eaat6b mutagenesis a
GFP-tagged Cas9 (Jinek et al. 2013), kindly provided by Prof. Dr. Mosimann and Prof. Dr. Jinek, was
used. 1 nl injection mix was injected into the cell of the one-cell stage zebrafish embryo.
Injected fish were raised and crossed to wildtype fish to generate a heterozygous F1 generation.
Genomic DNA of biopsies of F1 fish was extracted for genotyping. Fish carrying a frame shift mutation were crossed again to wildtype fish. The heterozygous F2 fish were incrossed to give raise to a
partially homozygous mutant (1 out of 4) F3 generation.

5.3.8 Mutation analysis
10 to 15 injected (F0) 3 dpf embryos were pooled and genomic DNA was extracted with the
KAPA Express Extract Kit (KAPA Biosystems) to assess mutation rate. Region spanning the target
sites was PCR amplified with a Fast Cycling polymerase (Qiagen) and primer pairs shown in Table 5.
Amplicons were cloned into pCR2.1-TOPO vectors and sequenced.
Table 5: Genotyping primer pairs.

Gene
eaat6a
eaat6b

Primer name

Primer sequence

eaat6a_g18723_s
eaat6a_g19259_as
eaat6b_g2827_s
eaat6b_g3247_as

GTGAACCATACAGCTAGT
GTACTCATTGACCTGGGC
GTCTGGCTTGTCTGCTAT
CACACATGCACTCCATTC

5.3.9 Genotyping of mutant lines
Stable mutant lines were raised harboring a -56 bp deletion in eaat6a and a -122 bp deletion in
eaat6b. Genotyping the fish for these alleles was performed by PCR using a Fast Cycling polymerase
(Qiagen) and primer pairs shown in Table 5. This was followed by gel-electrophoresis allowing mutant allele detection due to the large deletions. Eaat6a wildtype amplicon is 536 bp, while the mutant
amplicon is only 480 bp long. For eaat6b, the wildtype amplicon is 420 bp and the amplicon of mutant
DNA only 298 bp.
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5.3.10 Retinal histology
Dissected adult eyes as well as whole mount 20 dpf juvenile fish fixed with 4% PFA over night at
4°C were embedded in Technovit 7100 (Kulzer Histotechnik) and sections of 3 µm were cut on a Leica
RM2145 microtome (Leica Microsystems). Sections were stained with Richardson Romeis staining
solution (1% methylene blue, 1% borax) for 20 sec and washed for 10 min in ddH2O. Dried slides were
coverslipped with Entellan (Merck).

5.3.11 Electroretinography
Electroretinogram (ERG) of 20 dpf wildtype and eaat6a mutants (transheterozygots) was measured to probe outer retinal function similarly as described by Makhankov et al. (Makhankov et al.
2004) with small adaptations. Prior recordings, juvenile fish were dark adapted for at least 30 min. All
preparations were then performed under a dim red light to prevent photoreceptor saturation. Preceding recordings, fish were anesthesized with tricaine (MS‐222; Sigma‐Aldrich). One eye per fish was
removed and placed on top of a filter paper covering an agarose gel pad (1.5 % agarose in E3). The
recording electrode (glass capillary GC100-10 (Harvard Apparatus, Holliston USA) with a tip diameter of 20-30 µm) filled with E3 solution was placed on top of the cornea, while the reference electrode
was inserted in the agarose gel. 5 light stimuli of increasing intensity (log-4 to log0) were given to the
eye, each for 100 ms. Intervals between stimuli were 7 sec. A high power xenon light source HPX-2000
(Ocean Optics) was used for which 100% light intensity (log0) corresponds to 696 lux if measured
with a TES 1335 Light Meter. Spectrum of white light source is shown in Supplemental Figure 1A.

5.3.12 Analysis of ERG recordings and statistics
B-wave amplitudes were taken as readouts for outer retinal function. Furthermore, ERG kinetics
was analyzed using Excel and Igor-Pro (Wavemetrics) software (script written by Dr. Igor Delvendahl).
The ERG b-wave delay (in ms) was assessed by fitting a linear regression between 80% and 20% of the
b-wave amplitude and assessing the y-axis crossing. The rise time indicates the time between 20% and
80% of the b-wave amplitude. Additionally, the maximum slope of the b-wave rising phase (dVdTmax) as well as the time of the 50% b-wave decay (half time) were determined.
For statistical analysis, a two-tailed t-test using SPSS was performed comparing values between
wildtype and mutant fish. Statistical significance is determined as follows: *≙ p<0.05; **≙p<0.01;
***≙p<0.001. Data are represented in box-and-whisker plots with boxes reaching from first to third
quartile, the median represented by the line within the box and whiskers reaching to maximum and
minimum value measured.

5.3.13 Optokinetic response stimulation and assessment of eye movement
In order to assess a possible defect in contrast vision, spatial or temporal resolution in eaat6a
knockout animals caused by a potential horizontal cell defect, the optokinetic response (OKR) was
assessed similarly as previously described by K.P. Mueller in (Kalueff, Stewart 2012). 20 dpf juvenile
wildtype and eaat6a-/- fish were embedded dorsal up in 3% pre-warmed (28°C) methylcellulose in a
petri dish (diameter 35 mm). Eyes were stimulated with computer generated (Vision Egg) rotating
gratings of different contrast, width and speed to assess contrast sensitivity, spatial resolution and temporal frequency, respectively. Presented gratings change direction with a frequency of 1/3 Hz. Only
one of the three parameter is adjusted during a trial (either contrast, spatial frequency or angular velocity). Parameter were changed every 9 seconds (e.g. gratings of a given % contrast was presented for
9 seconds before it was changed to the next % contrast). The fish was put back to system water between
the different trials (contrast, spatial frequency and angular velocity). Computer-based eye tracking as
well as eye speed assessment of both eyes was done with a custom made software.

118

Chapter 5

For statistical analysis, a repeated measures ANOVA with the experimental approach and the two
eyes of an individual fish as within-subjects factors and the genotype as the between subject factor was
carried out with SPSS.

5.4 Results
5.4.1 Expression pattern of eaat6 paralogs
Retinal mRNA expression pattern of eaat6a and eaat6b was assessed by RNA in situ hybridization on 5 dpf whole mount larvae (Figure 1A, C) as well as on adult retinal sections (Figure 1B, D).
In larvae, eaat6a message is found in photoreceptors (Figure 1A). Sectioning of stained whole mount
larvae confirms exclusive eaat6a mRNA expression in photoreceptors (Figure A’). At later stages, eaat6a in situ signal can not only be detected in photoreceptors but additionally in the inner nuclear layer
(Figure 1B), albeit at much weaker expression levels. eaat6b mRNA expression is exclusively found in
photoreceptors, throughout development (Figure 1C, D). The in situ signal of eaat6b is indicative for a
cone-specific expression as the layer containing rod nuclei (most proximal to the outer plexiform layer
(OPL)) seems to be free from RNA expression.
Custom made peptide antibodies were used to analyze subcellular protein localization of EAAT6a and EAAT6b by fluorescent immunohistochemistry. EAAT6a protein is strongly expressed in the
OPL (Figure 2F & F’). EAAT6a immunofluorescence in the OPL can only be detected in juvenile fish
(Figure 2A, B), but not in larval stages. Cell specific markers were used in combination with EAAT6a
to pinpoint the staining pattern to the cell type expressing it. EAAT6a double labeling with the presynFigure 1: mRNA expression of eaat6a and eaat6b.
In situ hybridization of eaat6a (A,B) and eaat6b (C,D)
on 5 dpf whole mount larvae (A,C) and adult retinal
sections (B,D). (A) eaat6a
mRNA is expressed at 5 dpf
in photoreceptors only. (B)
Later in development, an
additional weak expression
in the INL can be observed.
mRNA of eaat6b is exclusively expressed in the
photoreceptor layer, both
at 5 dpf (C) and in the adult
retina (D). Localization of
eaat6b in situ signal indicates an expression exclusive to cones (D). Scale bar
in A is 100 µm and also applies to C, scale bar in A’ is
50 µm and scale bar in B is
50 µm and also applies to
D. dpf, days post fertilization; PhR, photoreceptor;
OPL, outer plexiform layer;
INL, inner nuclear layer;
IPL, inner plexiform layer;
GCL, ganglion cell layer.
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Figure 2: EAAT6a is expressed on horizontal cell processes.
EAAT6a fluorescent immuno staining on sections of juvenile (A,B) and adult (C-G’) retinal sections. EAAT6a protein localizes to the
OPL, however expression only sets on between 13 (A) and 22 dpf (B) (orientation within the retina is given by double labelling with
the red-green cone marker Zpr-1 in magenta). Double labeling with the presynaptic marker Synaptic Sesicle 2 (SV2, green channel)
indicates a postsynaptic expression of EAAT6a (magenta channel) (C), however not on ON-bipolar cells, shown by non-overlapping
fluorescence of the ON-bipolar cell marker GOα (green) and EAAT6a (magenta) (D). Immunofluorescent staining of EAAT6a (magenta) on retinal sections of transgenic fish with GFP expressing horizontal cells (green channel) strongly indicates that EAAT6a
protein localizes to processes of horizontal cells (E-G). However cell bodies of horizontal cells as well as dendritic terminals, lack
EAAT6a protein (E’-G’). Scale bar in A is 14 µm and also applies to B, scale bar in C is 20 µm, scale bar in D is 15 µm, scale bar in E
is 20 um and also applies to F and G, scale bar in E’ is 10 µm and also applies to F’ and G’. dpf, days post fertilization; PhR, photoreceptor; IS, inner segment; OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; SV2, Synaptic Vesicle 2; tg, transgene; cx55.5, connexin 55.5; GFP, green fluorescent protein.
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aptic marker Synaptic Vesicle 2 (SV2) clearly confirms a postsynaptic expression of EAAT6a (Figure
2C). Anti-GOα antibody was used as a marker for ON-bipolar cells (Nawy 1999; Dhingra et al. 2000).
Co-staining of EAAT6a with GOα demonstrates that ON-bipolar cells do not express this glutamate
transporter (Figure 2D). Immunostaining on retinal sections of transgenic fish expressing GFP in
all horizontal cell types (tg(cx55.5:GFP)) proves expression of EAAT6a on horizontal cells. This is an
unusual finding since horizontal cells (or at least part of them) are GABAergic neurons. EAAT6a localizes specifically to processes of horizontal cells, while the cell body as well as the synaptic terminals
are devoid of the protein (Figure 2 E-G’).
Interestingly, EAAT6b is a non-synaptic glutamate transporter. Immunostaining of EAAT6b reveals its photoreceptor exclusive expression (Figure 3). The transporter does not localize to the photoreceptor synapse, but rather at the base of the photoreceptor inner segment (Figure 3A, B), at the
level of the outer limiting membrane. EAAT6b immunofluorescence cannot be detected in larval and
juvenile (20 dpf) fish (data not shown), but only in the retina of adult fish. Confirming the mRNA
expression pattern, EAAT6b does not overlap with GFP expression driven by the rhodopsin promotor,
and is thus exclusively expressed in cones (Figure 3C).

Figure 3: EAAT6b protein localizes to the base of the cone photoreceptor inner segment.
Antibody staining of EAAT6b reveals a photoreceptor specific expression. (A) Maximum projection of a confocal stack
shows that EAAT6b (green) protein forms a closing ring at the proximal end of the inner segment of cones. (B) Single
EAAT6b dots can be observed when looking at a single confocal plane (green channel). Autofluorescence (in B) is imaged
in the magenta channel for orientation purposes. (C) EAAT6b immunofluorescence (magenta channel) on transgenic fish
expressing GFP in rods (green channel) shows that EAAT6b is a cone specific transporter. All scale bars correspond to 15
µm. PhR, photoreceptor; IS, inner segment; OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; tg,
transgene; GFP, green fluorescent protein.
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5.4.2 Stable mutant lines generated with CRISPR/Cas9 technology
The CRISPR/Cas9 technology was used to create stable lines harboring frame shift mutations in
either eaat6a or eaat6b. The use of two sgRNAs both targeting exon 7 of eaa6a has been proven to
be highly efficient for mutagenesis. Injected F0 fish showed a mutation rate of 100% and so did their
offspring, the F1 generation. The two sgRNAs influenced the type of mutation towards deletions of the
genomic region between the two targets. Mutagenesis of eaat6b proved to be less efficient. Mutation
rate in the F0 generation was 42% and mutation rate in the F1 generation decreased further to below
5%.
Despite the differing mutagenesis efficiencies, stable homozygous mutant lines were generated for
both genes. eaat6a mutants carry a –56 bp deletion on exon 7, resulting in a shift of the open reading
frame and a premature stop codon. The predicted mutated protein is only 307 amino acids (aa), in
comparison to the 538 aa long wildtype protein (see Supplemental Figure 2A). Eaat6b mutants harbor
a deletion of 122 bp on exon 3. The deletion causes a frame shift and an early stop, thus the mutated
protein is predicted to be 95 aa long, while the wildtype transporter is 550 aa of length (see Supplemental Figure 2B).

Figure 4: Normal retinal morphology upon knockout of eaat6a and eaat6b.
Histological retinal sections of adult (A,C,E) and 20 dpf juvenile fish (B,D). Knockout of eaat6a does not evoke any morphological change in the adult (C) and 20 dpf juvenile retina (D) if compared to the wildtype retina (A,B). Adult fish homozygous mutant for eaat6b also do not display any morphological alterations in the retina (E). Scale bar in A corresponds to 30
µm and also applies to C and E, scale bar in B is 50 μm and also applies for D. dpf, days post fertilization; PhR, photoreceptor; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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5.4.3 Normal retinal morphology in eaat6 mutants
Homozygous mutation in eaat6a does not cause any abnormalities in retinal morphology, neither
in adults (Figure 4C) nor in 20 days old juvenile fish (Figure 4D). Animals mutant for this horizontal
cell specific glutamate transporter seem to have normal retinal thickness and normal cell densities (no
quantifications carried out). Adult retinal morphology of fish harboring a mutation in the non-synaptic glutamate transporter eaat6b appears to be normal as well and comparable to wildtypes in cell
density as well as layer thickness (Figure 4E). Only adult retinas were examined due to the fact that the
transporter is not yet expressed in juvenile fish.

5.4.4 Knockout of the horizontal cell glutamate transporter EAAT6a does not evoke
functional impairment of the retina measurable by ERG or OKR
The functional implication of the unusual expression of EAAT6a on horizontal cells was assessed
by immunohistochemical stainings on mutants and retina function assessment by ERG and OKR. As
a first step, the retina of adult mutant fish was analyzed by immunohistochemistry. EAAT6a immunofluorescent signal can still be detected in the retina of eaat6a knockout animals (Figure 5B), indicating
that translation of a truncated protein but no nonsense mediated mRNA decay occurs assuming the
Figure 5: Immunohistochemical
analysis of the eaat6a knockout
and wildtype retina.
Antibody staining of EAAT6a
(green channel) and Zpr-1 (magenta channel) in the adult wildtype (A) and eaat6a-/- (B) retina.
EAAT6a still localizes to horizontal cell processes in the mutants
(B). Scale bar in A corresponds to
10 µm and also corresponds to B.
PhR, photoreceptor; OPL, outer
plexiform layer.

antibody to be specific. The truncated protein correctly targets to horizontal cell processes not yielding
any abnormalities in the expression pattern. However, the transporter is assumed not to be functional
anymore as the domains crucial for glutamate and cation transport are missing.
The electroretinogram (ERG) was recorded from 20 dpf juvenile animals to probe retinal function of eaat6a knockout animals. White light stimuli of 5 different light intensities were presented,
starting with low light (log-4). Homozygous mutation in eaat6a does not evoke a change in the ERG
b-wave amplitude (Figure 6). Statistical analysis did not yield a significant difference in the b-wave
amplitude, nor in the b-wave kinetics (b-wave delay, maximum slope of the b-wave, rise time and half
decay time) between mutant and wildtype animals (data not shown). One exception is the significant
increase (p=0.003) in the 20% - 80% rise time in eaat6a mutants at log-3 (data not shown). All in all,
the obtained results indicate no function impairment in the outer retina of eaat6a knockout animals
by ERG analysis.
As horizontal cells contribute to the center-surround vision by negatively feeding back to neighboring photoreceptors we probed the OKR of 20 dpf mutant and wildtype animals to test for a potential decrease in contrast vision, spatial frequency or angular velocity. However, eaat6a knockout ani-
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Figure 6: Normal white light
ERG response in 20 dpf eaat6a-/- animals.
Box-and-whisker plots of ERG
b-wave amplitudes over 5 different light intensities (log-4
to log0) on 20 dpf eaat6a-/(orange) and wildtype (blue)
animals. Homozygous mutation in eaat6a does not evoke
a significant difference in the
ERG b-wave amplitude if compared to wildtype animals of
the same stage. Dpf, days post
fertilization; ERG, electroretinogram.

mals did not reveal any OKR phenotype. Contrast sensitivity (Figure 7A) measured by assessing the
eye movement if stimulated with moving gratings of differing contrast is largely comparable between
mutant and wildtype animals. Also the visual acuity, measured by assessing the spatial frequency (Figure 7B), as well as temporal resolution (Figure 7C) of mutant animals is not impaired and does not
yield a statistical difference between the two genotypes.
Figure 7: Assessment of the
optokinetic response in 20
dpf eaat6a-/- and wildtype
animals.
Eye movement was assessed
when stimulated with moving
gratings of different contrast
(A), different width (B) and
different angular velocity (C)
surrounding the juvenile fish.
eaat6a knockout fish possess
the same contrast sensitivity
(A), spatial (B) as well as temporal resolution (C) as wildtype fish. Average eye speed
(deg/s) of mutant (orange
trace) and wildtype (blue
trace) fish is plotted for different contrasts, spatial frequency and angular velocity. Error
bars represent +/- 1 standard
error of mean.

5.4.5 Loss of EAAT6b does not evoke impaired redox homeostasis or photoreceptor
degeneration under normal physiological conditions
The localization of EAAT6b in the photoreceptor inner segment is indicative for a metabolic involvement of the transporter. To test whether EAAT6b might be involved in reactive oxygen species
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(ROS) metabolism by uptake of L-cysteine, and therewith creating a source for glutathione synthesis,
we compared the retina of animals homozygous mutant for eaat6b with the wildtype retina. This
was carried out by immunostaining of the red-green double cone marker Zpr-1 and the oxidative
stress marker Nitrotyrosine. Morphology of red- and green-light sensitive cones is not affected by a
homozygous mutation in eaat6b (Figure 8A, B). Also the density of red and green cones seems comparable between mutant and wildtype animals, indicating that no photoreceptor cell degeneration has
been taking place (at least not in the stage examined (young adult stage)). Furthermore, knockout of
eaat6b does not lead to an increase in Nitrotyrosine immunofluorescence (Figure 8 C, D). However,
Nitrotyrosine immunoreactivity can be observed (at comparable levels) in photoreceptors of both
Figure 8: No indication of
increased oxidative stress
eaat6b knockout animals.
Immunohistochemical analysis of retinas of young
adult eaat6b knockout (B)
and wildtype (A) animals.
Loss of function mutation in
eaat6b (B) seems to neither
influence morphology of redand green- sensitive cones,
stained by Zpr-1 (green channel) nor the density of these
cells if compared to wildtype
animals (A). Sections were
also stained for anti-Nitrotyrosine (magenta). Nitrotyrosine immunofluorescence can
be detected at similar levels in
wildtype (A’) and mutant (B’)
animals like EAAT6b at the
base of the photoreceptor inner segment. Scale bar in A corresponds to 15 μm and also applies to B, scale bar in A’ is 10 μm and also applies to B’. PhR,
photoreceptor; IS, inner segment; OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer.

wildtypes and knockout animals in close vicinity to EAAT6b localization and slightly more basally
than EAAT6b (Figure 8 A’ and B’). Therefore, loss of this extrasynaptic transporter does not result in
increased oxidative stress, at least not in the retina of young adult, non-stressed fish.

5.5 Discussion
5.5.1 Expression pattern of EAAT6 glutamate transporters suggests non-conventional
function
Both zebrafish EAAT6 glutamate transporter paralogs show unconventional expression patterns.
Eaat6a mRNA at early stages is found in photoreceptors only. Later on, in the adult retina an additional, though rather weak in situ hybridization signal can also be detected in the inner nuclear
layer, where cell bodies of bipolar, horizontal, amacrine and Müller cells are located. Localization of
the transporter was analyzed by immunohistochemistry on retinal sections using our custom made
peptide antibodies. EAAT6a glutamate transporter expression is only detected from juvenile stages
onwards. By co-expression studies using various markers we could demonstrate the expression of
EAAT6a transporter on horizontal cell processes while the dendritic tips, as well as the cell bodies,
are devoid of the transporter. The rather late onset in protein expression is in agreement with the in
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situ hybridization result showing no mRNA expression in the inner nuclear layer at larval stages. Zebrafish possess 4 different horizontal cell types (H1-H4) that differ in transcriptome (connexins) and
photoreceptor connectivity (Li et al. 2009; Klaassen et al. 2016). The transgenic line (tg(cx55.5:GFP))
used for immunostaining of EAAT6a expresses GFP in all horizontal cells types thus no conclusion on
the subtype expressing EAAT6a can be drawn. Nevertheless, EAAT6a clearly localizes to horizontal
cells contacting red-green double cones as demonstrated by double labeling with Zpr-1 (Figure 5),
hence a (not necessarily exclusive) expression in H1 (contacting red, green and blue cones) (Li et al.
2009) is plausible. In the goldfish retina horizontal cells of the type H1 are GABAergic horizontal cells
(Marc et al. 1978), therefore we suggest EAAT6a to be likely expressed on GABAergic horizontal cells.
Immunofluorescence of EAAT6a cannot be detected in photoreceptors, despite the strong mRNA expression in the outer nuclear layer. Whether the antisense probe recognizes eaat6b and unspecifically
labels photoreceptors, or the protein is expressed below detectable levels, or whether the transporter
is translated in photoreceptors but gets degraded, remains to be analyzed.
Both eaat6b mRNA and the protein are expressed exclusively in photoreceptors. Eaat6b message
is strongly expressed in the outer nuclear layer, both at larval stages and in the adult retina. Interestingly, the transporter is not, as usually the case for EAATs, synaptically expressed but is instead localized at the basal end of photoreceptor inner segments. Furthermore, EAAT6b is expressed on cones
exclusively.

5.5.2 Function of the glutamate transporter EAAT6a on horizontal cells
Finding EAAT6a to be expressed on horizontal cells was surprising, since these cells (or at least
a subgroup of them) are inhibitory GABAergic cells. Integrating input from many photoreceptors,
horizontal cells negatively feedback to photoreceptors. The negative feedback provided by horizontal
cells enhances spatial contrast and sharpens color vision. However the underlying mechanisms mediating this inhibitory feedback remains a hotly debated research topic, in part due to the challenge of
measurements in the small cleft of the invaginating synapse. Several, not necessarily excluding mechanisms have been proposed. One of them constitutes an ephaptic mechanism where a current through
channels of the depolarizing horizontal cells increases the extracellular potential (Byzov, Shura-Bura
1986; Kamermans et al. 2001). Another feedback is mediated by a decrease in proton efflux during
horizontal cell hyperpolarization that leads to modulation of voltage gated Ca2+ channels on cones
(reviewed by (Hirasawa et al. 2012)). Additionally, a GABA-mediated negative feedback was suggested
(Schwartz 1982).
In neurons GABA is synthesized from glutamate, unless taken up by transporters. Decarboxylation of glutamate for GABA synthesis is catalyzed by the enzyme Glutamic Acid Decarboxylase
(GAD). Glutamate transporters have been shown to be expressed on terminals of inhibitory neurons,
e.g. EAAT3 is expressed on cerebellar Purkinje cells (Rothstein et al. 1994; Conti et al. 1998; He et al.
2000), and also on horizontal cells in the rat retina (Rauen et al. 1996). Since zebrafish horizontal cells
are (partially) GABA- and also GAD-immunopositive (Connaughton et al. 1999) we hypothesized
EAAT6a to be expressed on GABAergic horizontal cells to create a substrate pool for GABA synthesis
by GAD1b (GAD67) (see Supplementary Figure 3). The proposed mechanism of glutamate transporters contribution to GABA synthesis is by creating substrate supply. This has been demonstrated in
hippocampal CA1 interneurons. Glutamate is directly taken up by EAAT3 into presynaptic terminals
before getting converted to GABA (Mathews, Diamond 2003). Thereby, EAAT3 directly influences the
presynaptic vesicular GABA content and as a consequence the mIPSC (miniature inhibitory postsynaptic current) amplitude (Mathews, Diamond 2003). Furthermore, knockdown of EAAT3 in rats leads
to reduced GABA synthesis in the hippocampus and to development of epilepsy. This is likely due to
hyperexcitability as a result of decreased inhibitory mechanisms (Sepkuty et al. 2002). An equivalent
function was hypothesized for EAAT3 on rat horizontal cells (Rauen et al. 1996), further supported by
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the more recent finding showing mammalian horizontal cells to be unconventional GABAergic neurons without a functional GABA uptake mechanism (Deniz et al. 2011). Nevertheless, no functional
analysis on EAAT3 on horizontal cells has been carried out. Additional support of our hypothesis of
EAAT6a creating a substrate pool for GABA synthesis comes from a study on turtle horizontal cells
that were shown to have an activity dependent glutamate uptake (Schutte, Schlemermeyer 1993).
Our functional analysis of 20 day old juvenile eaat6a knockout fish showed that loss of the horizontal cell glutamate transporter has no effect on the white light ERG b-wave amplitude and kinetics
in neither dim nor bright light (with the exception of the rise time for log-3). This indicates that EAAT6a does not function as a high capacity transporter with a high glutamate turnover rate. Due to the
enhancement of spatial contrast by horizontal cells, a disruption in EAAT6a mediated GABA synthesis may lead to a decrease in contrast sensitivity as a consequence of a potential decrease in the negative feedback from horizontal cells to photoreceptors. However, assessing the optokinetic response in
juvenile mutant fish revealed normal contrast sensitivity, normal spatial as well as normal temporal
resolution. This could indicate that either EAAT6a is not involved in creating substrate pool for GABA
synthesis thus GABAergic signaling to photoreceptors is not impaired, or that zebrafish horizontal
cells possess a GABA uptake mechanism making them independent of GABA synthesis. In addition
it could indicate that GABAergic signaling back to photoreceptors causes changes too subtle to be
detected by the applied assays. It could further mean that horizontal cells indeed do not feedback to
cones by a GABAergic signal. The lack of the exact understanding of the functional implication of horizontal cell released GABA, renders a concluding statement about the function of EAAT6a difficult.
One conclusion that can be drawn is that if GABAergic negative feedback signal exists, it is of smaller
extent than the ephaptic feedback, as impairing the ephaptic feedback by mutating connexin 55.5
(cx55.5) causes a decrease in contrast sensitivity that can be assessed by OKR (Klaassen et al. 2011).
In agreement with this conclusion, only one subtype of horizontal cell (H1) connecting green, red and
blue sensitive cones is GABAergic (Marc et al. 1978), which might just as well apply to zebrafish. Thus,
interfering with GABAergic feedback mechanism might only evoke a subtle phenotype not detectable
by ERG and OKR. Another explanation of the obtained results is, assuming that GABA mediated signaling exclusively constitutes a positive autofeedback to horizontal cells (e.g. (Kamermans, Spekreijse
1999; Kamermans, Werblin 1992)) that the reduction in this autofeedback, caused by a decrease in the
GABA pool in eaat6a knockout animals, is simply not detectable by ERG and OKR.
We still hypothesize EAAT6a to be involved in glutamate uptake creating a substrate source for
GABA synthesis by GAD67, even though the obtained data cannot directly support it. After decades
of research it is still a matter of debate how GABA-release by horizontal cells influences outer retinal
cell types. Although our functional analysis of EAAT6a on horizontal cells remains inconclusive, it is
tempting to entertain the idea that the excitatory neurotransmitter glutamate is used to strengthen
GABAergic synapses. Especially in the photoreceptor synapse, where glutamate concentrations reach
extraordinarily high concentrations, the proposed system wherein excess glutamate is being taken up
and metabolized to GABA constitutes a remarkably efficient mechanism.

5.5.3 Function of EAAT6b on cone inner segments
The unusual localization of the glutamate transporter EAAT6b at the basal end of the cone inner
segments indicates that EAAT6b is not involved in signal transmission and glutamate homeostasis in
the first visual synapse. Hence the ERG response of eaat6b knockout fish was not assessed. EAAT6b
expression on the inner segment is found precisely at the level of the outer limiting membrane (OLM,
also known as external limiting membrane), which is immediately distal of the photoreceptor nuclei.
The OLM is a physical barrier between the outer nuclear layer and the subretinal space, made up of
adherence junctions between different Müller glia apical processes or between Müller glia endfeet and
cone inner segments (Bunt-Milam et al. 1985). The photoreceptor inner segment hosts the cell’s ener-
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gy machinery. It is divided into two compartments, the distal Ellipsoid packed with mitochondria and
the more proximal myoid containing the Golgi apparatus and the endoplasmatic reticulum (Pearring
et al. 2013). The unexpected discovery of a glutamate transporter at this particular, subcellular compartment requires a more indepth analysis. Non-synaptic glutamate transporters have been suggested
to be involved in either redox homeostasis and/ or in energy metabolism. These two hypotheses are
consistent with the location of EAAT6b on the inner segment of photoreceptors where most of the
metabolic requirements of the photoreceptor are met, concomitant with the need to keep oxidative
stress to a minimum. The involvement of glutamate transporters in redox homeostasis has been shown
for EAAT3. EAAT3 is not only expressed in synaptic compartments but also all over the cell body of
mature neurons (Rothstein et al. 1994; Shashidharan et al. 1997). This transporter has been associated
with an efficient transport of L-cysteine with transport rates comparable to glutamate transport rates
(Zerangue, Kavanaugh 1996). EAAT3 mediated L-cysteine transport accounts for 75-85% of neuronal
cysteine uptake (Allen et al. 2001). L-cysteine is the rate limiting substrate for glutathione production
(Dringen et al. 1999). Glutathione, the most important redox buffer containing thiol, serves different functions. It metabolizes reactive oxygen species, maintains reduced thiol groups of proteins and
serves as an enzyme cofactor against oxidative stress (e.g. reviewed by (Couto et al. 2016)). EAAT3
deficient mice show reduced neuronal glutathione content, an increase in oxidant levels and age-dependent neurodegeneration (Aoyama, Nakaki 2015; Aoyama et al. 2006). We compared nitrotyrosine
formation, a protein modification caused by reactive nitrogen species in the retina of young adult
eaat6b knockout and wildtype fish. Nitrotyrosine immunoreactivity can be detected at the level of the
outer limiting membrane and slightly more proximal of it. Unlike the EAAT3 knockout mice, the fish
retina of eaat6b knockouts does not reveal an increase in nitrotyrosine immunoreactivity in comparison to wildtype animals. Furthermore, Zpr-1 immuno staining reveals no degeneration of red-green
double cones in young adult zebrafish.
A second role of the extrasynaptic glutamate transporter EAAT6b could be the uptake of glutamate to be oxidatively metabolized to energy. The photoreceptor inner segment is the place of the cells
energy production. Photoreceptors, especially cones, belong to an organism’s energetically speaking
most demanding cell types. Energy, in the currency of ATP is used for protein synthesis, loading,
releasing and recycling of neurotransmitters and protein trafficking. However, these actions only
consume a minority of the ATP consumed by cones. By far, most ATP is used for maintaining the
dark current. Repolarization after a depolarization is met by the active ion transport against the concentration gradients by Na+/K+-ATPases. ATP can be synthesized either glycolytically or oxidatively.
Neurons rely mostly on the oxidative pathway. The unique expression pattern of EAAT6b on the cone
inner segment is strongly indicative of a metabolic function. Under normal conditions blood-derived
glucose entering photoreceptors via GLUT1 is oxidatively metabolized yielding 36 molecules of ATP
(Wong-Riley 2010), making photoreceptors dependent on blood-derived oxygen. Glutamate, while
mostly converted to glutamine, has also been shown in vitro and in vivo to be oxidized, at least in glia
cells, yielding between 23 and 26 ATP per molecule glutamate (Sonnewald et al. 1993; McKenna 2013;
Kreft et al. 2012). Additionally, it was shown that EAAT1 compartmentalizes with many mitochondrial proteins building a macromolecular complex that supports oxidative metabolism of glutamate
(Bauer et al. 2012). Especially in case of an energy failure situation oxidative metabolism of glutamate
could create a backup system to meet the metabolic requirements of photoreceptors. This does not yet
explain how glutamate reaches the cone inner segment. Diffusion out of the photoreceptor synapse
seems unlikely. If looking at the expression pattern of the glial transporter EAAT2a (see Chapter 3)
one can clearly appreciate the localization of this transporter covering Müller glia cell membranes.
Thus, glutamate diffusing out of the first visual synapse is thought to be taken up by Müller cells.
Müller cell apical processes reach up to the outer limiting membrane, thus Müller cells could create a
glutamate source. Indeed, glutamate release by glial cells occurs by two separate mechanisms: Ca2+ dependent exocytosis as well as Ca2+ independent reversed glutamate transport of EAATs. Gliotransmis-
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sion, the exocytotic release of glutamate has been shown to occur in mouse Müller glia cells although
its functional impact remains unknown. Ca2+ mediated release of glutamate seems not to influence
retinal function as assessed by ERG and OKR, but seems to impair glial volume regulation (Slezak et
al. 2012). However, Müller glia cells have also been attributed to reversed glutamate transport (Szatkowski et al. 1990). Glutamate is conventionally transported by EAATs from the synaptic cleft into
the cell, driven by the concentration gradient of the cotransported Na+ and the countertransported
K+. Glutamate transport by EAATs is reversible if intracellular [Na+] increases and extracellular [K+]
decreases or if extracellular [Na+] decreases and intracellular [K+] increases (Szatkowski et al. 1990;
Billups, Attwell 1996; Jabaudon et al. 2000). Maintaining a cell’s resting potential is mediated by the
energy (ATP) consuming, active transport of Na+/K+-ATPases. This means that the aforementioned
redistribution of ions happens mostly during energy deprivation (Jabaudon et al. 2000). Additionally,
membrane depolarization can also lead to a reversal of glutamate transport (Grewer et al. 2008). Energy deprivation in neurons occurs mostly when blood vessels occlude and glucose as well as oxygen
is not amenable to neurons anymore. Already mild ischemia caused by partial occlusion of vessels
leads to changes in ion concentration gradients or membrane depolarization. We propose a functional
relevance of EAAT6b in either taking up glutamate that is shuttled into the TCA cycle and/or in boosting glutathione production in order to keep oxidative stress in photoreceptors to a minimum mostly
during energy deprivation. We hypothesize, that Müller cells might make glutamate accessible to the
photoreceptor inner segment by reversed transport of EAAT2a. This could have a significant supporting effect on photoreceptors, as kinetic data predict a release rate of 140’000 glutamate molecules per
second by 1 µm2 cell membrane (Grewer et al. 2008).
Our obtained results do not provide enough evidence to fully undermine our hypothesis, thus
metabolism as well as oxidative stress should be assessed in the aged and/or stressed retina.

5.5.4 Conclusion
Expression pattern of EAAT6a on horizontal cell processes and EAAT6b in the metabolic compartment of photoreceptors away from the synapse indicates that these paralogs represent non-conventional glutamate transporters with functions other than high capacity glutamate clearance. We
suppose EAAT6a on GABAergic horizontal cells to create a substrate source for GABA production.
The expression of EAAT6b on the cone inner segment suggests a metabolic function of this transporter, either by providing substrates for glutathione production, serving as an important antioxidant, or,
not necessarily contradicting, the first hypothesis, providing glutamate that can be oxidatively metabolized for energy production. On a functional level, the importance of EAAT6b is thought to be
highest during energy deprivation, as glutamate most likely reaches the inner segment most efficiently
during reversed EAAT2a transport of Müller cells. This proposed model suggests an comprehensive
way of how Müller glia cells and photoreceptors metabolically interact during a phase of energy deprivation. While Müller glia cells mostly rely on glycolysis, photoreceptors energy production is largely
mediated by the oxidative pathway, making them more dependent on glucose and oxygen supply than
Müller cells. Thus, during a phase of low glucose and low oxygen supply, as is the case during vessel
blockage, the more resistant Müller cells could provide fuel to the energy-demanding photoreceptors.
Interestingly, EAAT3, not expressed in the zebrafish retina, has been attributed to both the hypothesized functions of EAAT6a and EAAT6b.

5.6 Outlook
The specificity of EAAT6a and EAAT6b antibodies needs to be confirmed on mutants by immunohistochemistry and western blot. It will be vital to assess the oxidative state, as well as energy
metabolism of photoreceptors of aged eaat6b knockout fish and of retinas of fish that were stressed by
prolonged exposure to very bright light. Furthermore, it will be of utmost interest to determine L-cys-
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teine transport rate by EAAT6b in isolated expression systems. Functional implication of EAAT6a
are likely quite subtle. Thus, more fine-tuned experiments need to be designed e.g. the assessment of
quantitative expression level of gad67 or the assessment of retinal GABA levels by western blots.

5.7 Supplemental material

Supplemental Figure 1: Spectrum of ERG white light source.
The light used to evoke the ERG response covers all the wavelengths between roughly 330 nm and 1000 nm.
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Supplemental Figure 2: Wildtype and mutant EAAT6a and EAAT6b protein sequence with marked protein domains.
(A) Wildtype EAAT6a protein is 538 amino acids long, while the mutant protein harbors a stop at amino acid 307, right
within transmembrane domain 6. Anti-EAAT6a antibody binds to the N-terminal part of the protein, thus might still bind
to a potential truncated protein. (B) EAAT6b glutamate transporter is 550 amino acids long, while the mutant truncated
protein would only be 110 amino acids long and thus not detected by the anti-EAAT6b antibody which binds amino acid
210 to amino acid 228.
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Supplemental Figure 3: Whole mount in situ hybridization of gad1b (gad67) and gad2 (gad65).
In situ hybridization on 5 dpf whole mount larvae show expression patterns of gad1b (A) and gad2 (B). (A) gad1b message
is found in various brain regions and in the retina in horizontal cells as well as amacrine cells. (B) Brain gad2 mRNA expression pattern looks similar to the one of gad1b, however gad2 in the retina is solely expressed in amacrine cells. Scale bar
in A corresponds to 100 μm and also applies to B.

132

Chapter 5

5.8 Publication bibliography
Allen, J. W.; Shanker, G.; Aschner, M. (2001): Methylmercury inhibits the in vitro uptake of the glutathione
precursor, cystine, in astrocytes, but not in neurons. In Brain research 894 (1), pp. 131–140.
Aoyama, Koji; Nakaki, Toshio (2015): Glutathione in Cellular Redox Homeostasis: Association with the Excitatory Amino Acid Carrier 1 (EAAC1). In Molecules (Basel, Switzerland) 20 (5), pp. 8742–8758. DOI: 10.3390/
molecules20058742.
Aoyama, Koji; Suh, Sang Won; Hamby, Aaron M.; Liu, Jialing; Chan, Wai Yee; Chen, Yongmei; Swanson,
Raymond A. (2006): Neuronal glutathione deficiency and age-dependent neurodegeneration in the EAAC1
deficient mouse. In Nature neuroscience 9 (1), pp. 119–126. DOI: 10.1038/nn1609.
Bauer, Deborah E.; Jackson, Joshua G.; Genda, Elizabeth N.; Montoya, Misty M.; Yudkoff, Marc; Robinson, Michael B. (2012): The glutamate transporter, GLAST, participates in a macromolecular complex that
supports glutamate metabolism. In Neurochemistry international 61 (4), pp. 566–574. DOI: 10.1016/j.neuint.2012.01.013.
Billups, B.; Attwell, D. (1996): Modulation of non-vesicular glutamate release by pH. In Nature 379 (6561),
pp. 171–174. DOI: 10.1038/379171a0.
Bunt-Milam, A. H.; Saari, J. C.; Klock, I. B.; Garwin, G. G. (1985): Zonulae adherentes pore size in the external
limiting membrane of the rabbit retina. In Investigative ophthalmology & visual science 26 (10), pp. 1377–
1380.
Byzov, A. L.; Shura-Bura, T. M. (1986): Electrical feedback mechanism in the processing of signals in the
outer plexiform layer of the retina. In Vision research 26 (1), pp. 33–44.
Connaughton, V. P.; Behar, T. N.; Liu, W. L.; Massey, S. C. (1999): Immunocytochemical localization of excitatory and inhibitory neurotransmitters in the zebrafish retina. In Visual neuroscience 16 (3), pp. 483–490.
Conti, F.; DeBiasi, S.; Minelli, A.; Rothstein, J. D.; Melone, M. (1998): EAAC1, a high-affinity glutamate tranporter, is localized to astrocytes and gabaergic neurons besides pyramidal cells in the rat cerebral cortex.
In Cerebral cortex (New York, N.Y. : 1991) 8 (2), pp. 108–116.
Couto, Narciso; Wood, Jennifer; Barber, Jill (2016): The role of glutathione reductase and related enzymes
on cellular redox homoeostasis network. In Free radical biology & medicine 95, pp. 27–42. DOI: 10.1016/j.
freeradbiomed.2016.02.028.
Deniz, Sercan; Wersinger, Eric; Schwab, Yannick; Mura, Carole; Erdelyi, Ferenc; Szabo, Gabor et al. (2011):
Mammalian retinal horizontal cells are unconventional GABAergic neurons. In Journal of neurochemistry
116 (3), pp. 350–362. DOI: 10.1111/j.1471-4159.2010.07114.x.
Dhingra, A.; Lyubarsky, A.; Jiang, M.; Pugh, E. N., JR; Birnbaumer, L.; Sterling, P.; Vardi, N. (2000): The light
response of ON bipolar neurons requires Galphao. In The Journal of neuroscience : the official journal of the
Society for Neuroscience 20 (24), pp. 9053–9058.
Dringen, R.; Pfeiffer, B.; Hamprecht, B. (1999): Synthesis of the antioxidant glutathione in neurons: supply
by astrocytes of CysGly as precursor for neuronal glutathione. In The Journal of neuroscience : the official
journal of the Society for Neuroscience 19 (2), pp. 562–569.
Fleisch, Valerie C.; Schonthaler, Helia B.; Lintig, Johannes von; Neuhauss, Stephan C. F. (2008): Subfunctionalization of a retinoid-binding protein provides evidence for two parallel visual cycles in the cone-dominant zebrafish retina. In The Journal of neuroscience : the official journal of the Society for Neuroscience 28
(33), pp. 8208–8216. DOI: 10.1523/JNEUROSCI.2367-08.2008.
Gesemann, Matthias; Lesslauer, Annegret; Maurer, Colette M.; Schonthaler, Helia B.; Neuhauss, Stephan
C. F. (2010): Phylogenetic analysis of the vertebrate excitatory/neutral amino acid transporter (SLC1/EAAT)
family reveals lineage specific subfamilies. In BMC evolutionary biology 10, p. 117. DOI: 10.1186/1471-2148-10117.
Grewer, Christof; Gameiro, Armanda; Zhang, Zhou; Tao, Zhen; Braams, Simona; Rauen, Thomas (2008):
Glutamate forward and reverse transport: from molecular mechanism to transporter-mediated release
after ischemia. In IUBMB life 60 (9), pp. 609–619. DOI: 10.1002/iub.98.
Hamaoka, Takanori; Takechi, Masaki; Chinen, Akito; Nishiwaki, Yuko; Kawamura, Shoji (2002): Visualization
of rod photoreceptor development using GFP-transgenic zebrafish. In Genesis (New York, N.Y. : 2000) 34
(3), pp. 215–220. DOI: 10.1002/gene.10155.
Haug, Marion F.; Gesemann, Matthias; Mueller, Thomas; Neuhauss, Stephan C. F. (2013): Phylogeny and
expression divergence of metabotropic glutamate receptor genes in the brain of zebrafish (Danio rerio).
In The Journal of comparative neurology 521 (7), pp. 1533–1560. DOI: 10.1002/cne.23240.
He, Y.; Janssen, W. G.; Rothstein, J. D.; Morrison, J. H. (2000): Differential synaptic localization of the glutamate transporter EAAC1 and glutamate receptor subunit GluR2 in the rat hippocampus. In The Journal of
comparative neurology 418 (3), pp. 255–269.

Non-conventional Glutamate Transporters EAAT6a and EAAT6b

133

Hertz, Leif; Hertz, Elna (2003): Cataplerotic TCA cycle flux determined as glutamate-sustained oxygen consumption in primary cultures of astrocytes. In Neurochemistry international 43 (4-5), pp. 355–361.
Hirasawa, Hajime; Yamada, Masahiro; Kaneko, Akimichi (2012): Acidification of the synaptic cleft of cone
photoreceptor terminal controls the amount of transmitter release, thereby forming the receptive field
surround in the vertebrate retina. In The journal of physiological sciences : JPS 62 (5), pp. 359–375. DOI:
10.1007/s12576-012-0220-0.
Jabaudon, D.; Scanziani, M.; Gahwiler, B. H.; Gerber, U. (2000): Acute decrease in net glutamate uptake
during energy deprivation. In Proceedings of the National Academy of Sciences of the United States of America 97 (10), pp. 5610–5615.
Jinek, Martin; East, Alexandra; Cheng, Aaron; Lin, Steven; Ma, Enbo; Doudna, Jennifer (2013): RNA-programmed genome editing in human cells. In eLife 2, e00471. DOI: 10.7554/eLife.00471.
Kalueff, Allan V.; Stewart, Adam Michael (2012): Zebrafish protocols for neurobehavioral research. New
York: Humana Press (Springer protocols, 66).
Kamermans, M.; Fahrenfort, I.; Schultz, K.; Janssen-Bienhold, U.; Sjoerdsma, T.; Weiler, R. (2001): Hemichannel-mediated inhibition in the outer retina. In Science (New York, N.Y.) 292 (5519), pp. 1178–1180. DOI:
10.1126/science.1060101.
Kamermans, M.; Spekreijse, H. (1999): The feedback pathway from horizontal cells to cones. A mini review
with a look ahead. In Vision research 39 (15), pp. 2449–2468.
Kamermans, M.; Werblin, F. (1992): GABA-mediated positive autofeedback loop controls horizontal cell
kinetics in tiger salamander retina. In The Journal of neuroscience : the official journal of the Society for Neuroscience 12 (7), pp. 2451–2463.
Klaassen, Lauw J.; Graaff, Wim de; van Asselt, Jorrit B.; Klooster, Jan; Kamermans, Maarten (2016): Specific
connectivity between photoreceptors and horizontal cells in the zebrafish retina. In Journal of neurophysiology 116 (6), pp. 2799–2814. DOI: 10.1152/jn.00449.2016.
Klaassen, Lauw J.; Sun, Ziyi; Steijaert, Marvin N.; Bolte, Petra; Fahrenfort, Iris; Sjoerdsma, Trijntje et al.
(2011): Synaptic transmission from horizontal cells to cones is impaired by loss of connexin hemichannels.
In PLoS biology 9 (7), e1001107. DOI: 10.1371/journal.pbio.1001107.
Kreft, Marko; Bak, Lasse K.; Waagepetersen, Helle S.; Schousboe, Arne (2012): Aspects of astrocyte energy
metabolism, amino acid neurotransmitter homoeostasis and metabolic compartmentation. In ASN neuro
4 (3). DOI: 10.1042/AN20120007.
Levy, L. M.; Warr, O.; Attwell, D. (1998): Stoichiometry of the glial glutamate transporter GLT-1 expressed
inducibly in a Chinese hamster ovary cell line selected for low endogenous Na+-dependent glutamate uptake. In The Journal of neuroscience : the official journal of the Society for Neuroscience 18 (23), pp. 9620–
9628.
Li, Yong N.; Matsui, Jonathan I.; Dowling, John E. (2009): Specificity of the horizontal cell-photoreceptor
connections in the zebrafish (Danio rerio) retina. In The Journal of comparative neurology 516 (5), pp. 442–
453. DOI: 10.1002/cne.22135.
Makhankov, Yuri V.; Rinner, Oliver; Neuhauss, Stephan C. F. (2004): An inexpensive device for non-invasive
electroretinography in small aquatic vertebrates. In Journal of neuroscience methods 135 (1-2), pp. 205–210.
DOI: 10.1016/j.jneumeth.2003.12.015.
Marc, R. E.; Stell, W. K.; Bok, D.; Lam, D. M. (1978): GABA-ergic pathways in the goldfish retina. In The Journal of comparative neurology 182 (2), pp. 221–244. DOI: 10.1002/cne.901820204.
Mathews, Gregory C.; Diamond, Jeffrey S. (2003): Neuronal glutamate uptake Contributes to GABA synthesis and inhibitory synaptic strength. In The Journal of neuroscience : the official journal of the Society for
Neuroscience 23 (6), pp. 2040–2048.
McKenna, M. C.; Tildon, J. T.; Stevenson, J. H.; Boatright, R.; Huang, S. (1993): Regulation of energy metabolism in synaptic terminals and cultured rat brain astrocytes: differences revealed using aminooxyacetate.
In Developmental neuroscience 15 (3-5), pp. 320–329.
McKenna, Mary C. (2013): Glutamate pays its own way in astrocytes. In Frontiers in endocrinology 4, p. 191.
DOI: 10.3389/fendo.2013.00191.
Mullins, M. C.; Hammerschmidt, M.; Haffter, P.; Nusslein-Volhard, C. (1994): Large-scale mutagenesis in
the zebrafish: in search of genes controlling development in a vertebrate. In Current biology : CB 4 (3),
pp. 189–202.
Nawy, S. (1999): The metabotropic receptor mGluR6 may signal through G(o), but not phosphodiesterase,
in retinal bipolar cells. In The Journal of neuroscience : the official journal of the Society for Neuroscience 19
(8), pp. 2938–2944.
Owe, Simen Gylterud; Marcaggi, Paikan; Attwell, David (2006): The ionic stoichiometry of the GLAST glu-

134

Chapter 5

tamate transporter in salamander retinal glia. In The Journal of physiology 577 (Pt 2), pp. 591–599. DOI:
10.1113/jphysiol.2006.116830.
Pearring, Jillian N.; Salinas, Raquel Y.; Baker, Sheila A.; Arshavsky, Vadim Y. (2013): Protein sorting, targeting and trafficking in photoreceptor cells. In Progress in retinal and eye research 36, pp. 24–51. DOI: 10.1016/j.
preteyeres.2013.03.002.
Rauen, T.; Rothstein, J. D.; Wassle, H. (1996): Differential expression of three glutamate transporter subtypes in the rat retina. In Cell and tissue research 286 (3), pp. 325–336.
Rothstein, J. D.; Martin, L.; Levey, A. I.; Dykes-Hoberg, M.; Jin, L.; Wu, D. et al. (1994): Localization of neuronal and glial glutamate transporters. In Neuron 13 (3), pp. 713–725.
Schutte, M.; Schlemermeyer, E. (1993): Depolarization elicits, while hyperpolarization blocks uptake of endogenous glutamate by retinal horizontal cells of the turtle. In Cell and tissue research 274 (3), pp. 553–558.
Schwartz, E. A. (1982): Calcium-independent release of GABA from isolated horizontal cells of the toad
retina. In The Journal of physiology 323, pp. 211–227.
Sepkuty, Jehuda P.; Cohen, Akiva S.; Eccles, Christine; Rafiq, Azhar; Behar, Kevin; Ganel, Raquelli et al.
(2002): A neuronal glutamate transporter contributes to neurotransmitter GABA synthesis and epilepsy.
In The Journal of neuroscience : the official journal of the Society for Neuroscience 22 (15), pp. 6372–6379.
Shashidharan, P.; Huntley, G. W.; Murray, J. M.; Buku, A.; Moran, T.; Walsh, M. J. et al. (1997): Immunohistochemical localization of the neuron-specific glutamate transporter EAAC1 (EAAT3) in rat brain and spinal
cord revealed by a novel monoclonal antibody. In Brain research 773 (1-2), pp. 139–148.
Slezak, Michal; Grosche, Antje; Niemiec, Aurore; Tanimoto, Naoyuki; Pannicke, Thomas; Munch, Thomas
A. et al. (2012): Relevance of exocytotic glutamate release from retinal glia. In Neuron 74 (3), pp. 504–516.
DOI: 10.1016/j.neuron.2012.03.027.
Sonnewald, U.; Westergaard, N.; Petersen, S. B.; Unsgard, G.; Schousboe, A. (1993): Metabolism of
U-13Cglutamate in astrocytes studied by 13C NMR spectroscopy: incorporation of more label into lactate
than into glutamine demonstrates the importance of the tricarboxylic acid cycle. In Journal of neurochemistry 61 (3), pp. 1179–1182.
Szatkowski, M.; Barbour, B.; Attwell, D. (1990): Non-vesicular release of glutamate from glial cells by reversed electrogenic glutamate uptake. In Nature 348 (6300), pp. 443–446. DOI: 10.1038/348443a0.
Thisse, Christine; Thisse, Bernard (2008): High-resolution in situ hybridization to whole-mount zebrafish
embryos. In Nature protocols 3 (1), pp. 59–69. DOI: 10.1038/nprot.2007.514.
Wong-Riley, Margaret T. T. (2010): Energy metabolism of the visual system. In Eye and brain 2, pp. 99–116.
DOI: 10.2147/EB.S9078.
Zerangue, N.; Kavanaugh, M. P. (1996): Interaction of L-cysteine with a human excitatory amino acid transporter. In The Journal of physiology 493 (Pt 2), pp. 419–423.

Chapter 6
Cocaine Accumulation in Zebrafish Eyes
Leads to Augmented Amplitudes in the
Electroretinogram

Stephanie Niklaus1*, Krishna Tulasi Kirla2,4*, Ksenia J. Groh3, Thomas Kraemer4,
Kristin Schirmer5 and Stephan C.F. Neuhauss1,§
1University of Zürich, Institute of Molecular Life Sciences, CH-8057 Zürich, Switzerland,
Life Science Zürich Graduate School, Ph.D. Program in Neuroscience
2Eawag, Swiss Federal Institute of Aquatic Science and Technology (EAWAG),
Department of Environmental Toxicology, CH-8600 Dübendorf, Switzerland;
3Food Packaging Forum Foundation, CH-8045 Zürich, Switzerland;
4University of Zürich, Department of Forensic Pharmacology and Toxicology, Zürich
Institute of Forensic Medicine, CH-8057 Zürich, Switzerland;
5Eawag, Swiss Federal Institute of Aquatic Science and Technology, Department of
Environmental Toxicology, CH-8600 Dübendorf, Switzerland; EPFL, School of Architecture,
Civil and Environmental Engineering, CH-1015 Lausanne, Switzerland; ETHZ, Institute of
Biogeochemistry and Pollutant Dynamics, CH-8092 Zürich, Switzerland

*Equal Contribution
§Corresponding author
Article published in Science Matters

Personal contribution: Performing all the experiments except for cocaine
exposure. Analyzing the data, preparation of the figure as well as editing of the
manuscript.

Chapter 6

138

6.1 Abstract

Z

ebrafish larvae exposed to cocaine accumulate cocaine in the eye. Here we used electroretinography (ERG) to assess the effect of accumulated cocaine on the outer retina function
of zebrafish larval eyes. We found a statistically significant increase of the ERG responses at moderate
to bright light levels, showing that the presence of cocaine increased retinal responses to light, especially in the bright light range. This increase may be linked to dopamine in the retina, since cocaine is
known to increase effective dopamine concentrations in the nervous system.
The zebrafish has gained popularity for testing substances of abuse, due to the ease of behavioral
testing in a vertebrate with conserved brain structure and pharmacological targets comparable to
mammals (reviewed in (Rinkwitz et al. 2011)). This is particularly pertinent for larval stages, where
hundreds of animals can be assessed in parallel, enabling middle and high-throughput screens. However, the small size of larvae makes it difficult to link observed behavioral effects to effective drug
concentrations at target sites. An additional point to consider is the different routes of administration.
Zebrafish larvae are usually bathed in a solution containing the neuroactive substance, whereas neuroactive substances in mammals are typically orally administered, injected, smoked, or snorted (Benowitz 1993). Recent studies uncovered an unexpected difference in behavioral responses to cocaine
between rodents and zebrafish. Cocaine acts on monoaminergic neurotransmission and is a central
nervous system stimulant in mammals, while in zebrafish it resulted in a decrease of locomotor activity (Irons et al. 2010). As suggested by (Kirla et al. 2016), this may be due to the local anesthetic
effect of the drug acting on the peripheral nervous system before it reaches its targets in the brain.
This work highlighted the importance of considering the application route when comparing different
experimental species. Another intriguing aspect discovered in cocaine exposed zebrafish larvae was
a strong and sustained accumulation of cocaine in the eye, likely due to a high affinity of cocaine to
melanin (Kirla et al. 2016). Cocaine is known to inhibit monoaminergic neurotransmitter reuptake,
leading to an increased synaptic concentration of these neurotransmitters (Ritz et al. 1987). Any effect
of cocaine on the retina is likely mediated by an increase in dopamine concentration, since dopamine
is the main monoaminergic neurotransmitter in the retina (Kolb et al. 1995). In this study we tested
the effect of accumulated cocaine on outer retina function. Outer retinal function in zebrafish larvae
can be assessed by using electroretinography, that records the sum field potential of the retina in response to light (Makhankov et al. 2004).

6.2 Objective
Here, we evaluate the effect of eye-accumulated cocaine on outer retina physiology in zebrafish
larvae.

6.3 Results & Discussion
In order to test the effect of cocaine accumulation in the larval zebrafish eye, we performed electroretinography recordings in 5 days post fertilization (dpf) larvae to assess outer retina function.
White light ERG over five different light intensity levels (log-4 to log0) was measured in a cohort of cocaine treated (n=41) and untreated control larvae (n=40) in three independent exposure experiments
(11, 12 and 17 untreated animals and 11, 12 and 18 treated animals per recording day, respectively).
Recording was performed in a double blind fashion (coded animals were measured without prior
knowledge of the treatment by the sole experimenter). We found the overall shape of the ERG response to be unchanged in cocaine treated larvae. Hence, no major alterations of outer retina function
by cocaine accumulation were detected (Fig 1A). However, the amplitude of the b-wave of cocaine
treated animals is statistically significant larger at medium to bright light intensities (Figure 1B). The
b-wave reflects ON-pathway activation and can serve as a proxy to general excitability of the outer
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retina. These results demonstrate that there is no adverse effect on outer retina function. Nevertheless
the observation that cocaine treatment leads to a moderate, but significant increase of the b-wave amplitude in the ERG is surprising and not readily explainable.
The most likely explanation of the observed effect is monoaminergic signaling in the retina, since
cocaine is thought to mainly act through the inhibition of monoaminergic neurotransmitter reuptake.
Unfortunately there is little information on neurochemical signaling in the zebrafish retina in general
and in the larval retina (the stage that we examined) in particular. Additionally effective concentrations of cocaine and dopamine are currently not measurable in situ in larval zebrafish. In the retina
a number of monoamines are present, with dopamine being by far the most prominent one (Kolb,
2005). Dopamine is released by a group of distinctive amacrine cells (interplexiform cells in the te-

Figure 1: Electroretinography of cocaine treated larval zebrafish eyes.
Exemplified ERG traces (log0) from one control (green trace) and one cocaine treated (blue trace) fish (A) depicting an
increase in the b-wave amplitude in the cocaine treated fish compared to control. B-wave amplitudes plotted over the
five different light intensities (log-4 to log0) for control and cocaine treated fish in a Box-and-Whisker plot (B). Values are
reported pooled from three independent replicates for both groups (n= 11 or 12 or 17 fish/replicate) and two-tailed t-test
shows significant difference in the b-wave amplitude with increased light intensity (log-4 p=0.213; log-3 p=0.897; log-2
p=0.034; log-1 p=0.004; log0 p=0.001).

leost retina). Interplexiform cells extend their processes to both the inner and outer plexiform layer.
They form conventional synapses with cone horizontal cells (H1, H2, H3) in the outer plexiform layer
(Dowling, Ehinger 1978). At least in teleosts, interplexiform cells are likely the target of centrifugal
fibers originating in the olfactory bulb (Zucker, Dowling 1987). In the retina dopamine is mainly
released as a paracrine factor reaching target cells not by direct synaptic transmission but rather by
diffusion. Dopamine receptors of both the D1-like and D2-like type are distributed throughout the
entire retina. Surprisingly little is known about their cellular distribution in the zebrafish retina (Li et
al. 2007), but in most vertebrates D1-like and D2-like receptor types are found on horizontal and photoreceptor cells, respectively (reviewed in (Witkovsky 2004)). Since dopamine signaling is mediated
by trimeric G-protein signaling leading to either an increase (D1-like type) or decrease (D2-like type)
of the intracellular messenger cAMP, the main effect of retinal cells is believed to be on the coupling of
neurons by gap junctions. Such electric coupling has been reported between zebrafish photoreceptors
(Li et al. 2014) and between horizontal cells. The levels of dopamine in the retina follow a circadian
rhythm, with dopamine concentrations rising at dawn. One current hypothesis is that dopamine function favors cone driven visual circuits, preparing the retina for photopic (day time) vision (reviewed in
(Witkovsky 2004)). It is rather unlikely that changes in rod cone coupling underlie the enhanced ERG
that we report here, since at the larval stage when the recording was done, rod photoreceptors are not
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functionally integrated. Hence in zebrafish rod function does not significantly contribute to the larval
ERG before about 16 dpf (Bilotta et al. 2001). Dopamine increases the sensitivity of horizontal cells
to glutamate by inhibiting electrical coupling between them, resulting in a reduced negative feedback
to cone photoreceptors (Knapp, Dowling 1987; DeVries, Schwartz 1989; McMahon 1994). Hence, an
increase in retinal dopamine may enhance the photopic cone response by a reduced negative feedback
from horizontal cells in cocaine accumulating retinas. In humans consumption of cocaine has been
occasionally accompanied with slight vision impairment. For instance one study showed that some
cocaine and amphetamine users display blue-yellow color vision impairment, suggesting that manipulating dopamine in the central nervous system may change color perception (Hulka et al. 2013). This
effect may already impact retinal processing, since cocaine dependent patients have been reported to
have reduced b-waves in the blue cone ERG, correlated to lower concentrations of dopamine metabolites (Roy et al. 2003). Since blue cones only minimally contribute to the brightfield ERG in zebrafish
larvae, another mechanism must be responsible for the observed effect in zebrafish.

6.4 Conclusions
Cocaine accumulation in the retina does not adversely affect outer retina function, but leads to
increased light sensitivity through unknown mechanisms.

6.5 Limitations
The effect of cocaine accumulation in the eye was tested under a single application regime and
developmental time point. The effective concentration of cocaine and dopamine in the treated retinas
is currently not measurable in situ.

6.6 Methods
Fish husbandry and drug exposure Zebrafish of OBI strain were maintained in the flow-through
systems (Müller & Pfleger, Rockenhausen, Germany) at 28°C under a 14-h light/10-h dark cycle according to the guidelines published by (Nüsslein-Volhard, Dahm 2002). Breeding was carried out by
group crosses and embryos were raised in reconstituted water (294.0 mg/L CaCl2.2H2O, 123.2 mg/L
MgSO4.7H2O, 64.74 mg/L NaHCO3 and 5.7 mg/L KCl) until 5 days post-fertilization (dpf).
For exposures, larvae at 5 dpf were distributed one larvae per well (in a 24 well plate) and exposed
to cocaine hydrochloride (Lipomed AG, Switzerland) at 50 µM for 8 h in the housing incubator with
the same conditions as mentioned above. Three independent experiments were performed. In a previous study, it was shown that at these exposure conditions cocaine accumulates in the eyes of zebrafish
larvae (Kirla et al. 2016).
Electroretinography (ERG) ERG recordings were performed double blinded on 5 day old exposed and non-exposed larvae at the late afternoon as previously described by Makhankov et al.
(Makhankov et al. 2004) with some minor adaptations. ERG recordings were performed between 6-8
P.M. for all the replicates. Larvae were dark adapted for at least 30 min and all preparations before
the actual recording were performed under red light preventing photoreceptor bleaching. Larval eyes
were removed from the eyecup and placed onto a filter paper on top of a 1.5% agarose gel in E3, in
which the reference electrode was inserted. The recording electrode (micropipette filled with E3) was
placed onto the center of the cornea. 100 ms light stimuli of 5 different light intensities (log-4 to log0)
were given with an inter stimulus interval of 7 seconds. A high power xenon light source HPX-2000
(Ocean Optics) was used and the light intensity of log0 corresponds to 696 lux measured with a TES
1335 Light Meter.
The b-wave amplitudes (pooled over the three independent experiments) were compared using a
2-tailed t-test. Results are demonstrated in a Box-and-Whisker plot (b-wave amplitudes), where bot-
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tom and top of the box represent first and third quartile respectively with the median represented as a
line within the box, and whiskers reach to minimum and maximum values obtained.
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7.1 Abstract

T

he accessory outer segment, a cytoplasmic structure running alongside the photoreceptor
outer segment, has been described in teleost fishes, excluding the model organism zebrafish.
So far, the function of the accessory outer segment is unknown. Here, we de scribe the ultrastructure
of the zebrafish cone accessory outer segment by electron microscopy. Starting at the connecting cilium, the accessory outer segment runs parallel alongside the cone outer segment (COS). A thin plasma
bridge connects the outer segment with the accessory outer segment, whose surface is enlarged by
foldings and invaginations. Beside the morphological descriptions, we demonstrate that the Usher
protein myosin VIIa (Myo7a) is a specific marker for the zebrafish cone accessory outer segment. Zebrafish cone photoreceptors possess a large and well-differentiated accessory outer segment, in which
the unconventional motor protein Myo7a is highly enriched. The direct cytoplasmic contact with the
COS as well as the surface enlargement of the accessory outer segment suggests an important role of
this structure in transport and exchange of metabolites between the COS and the surrounding retinal
pigment epithelium. In future studies of the outer retina, more attention should be paid to this often
neglected structure.

7.2 Introduction
The zebrafish (Danio rerio) is an important model organism to investigate the vertebrate visual
system (Gestri et al., 2012). Being diurnal vertebrates, zebrafish are advantageous to study cone vision.
Here, we describe a highly visible but little studied structure of the zebrafish cone photoreceptor, the
accessory outer segment (AOS).
The AOS was first described by Engström (1961) in the family of Gadidae (cods) as a cilium-like
structure with a fine netlike cytoplasm; however, even 50 years after its initial description, the function of the AOS is still unknown. Historically, this structure is referred to as “accessory element”
(Engström, 1963) or “lateral sac” (Fineran and Nicol, 1974), but is now more commonly referred to as
accessory outer segment. The structure has been described in several teleost species. It originates from
the connecting cilium (CC), which is located between the photoreceptor inner and outer segment, and
runs along the outer segment. AOS and cone outer segment (COS) are connected via a thin plasma
bridge enclosed by a continuous membrane (Engström, 1963; Fineran and Nicol, 1974; Yacob et al.,
1977; Nagle et al., 1986). In teleost double cones, both cells have their own AOS (Engström, 1961;
Januschka et al., 1987).
In this study, we show that retinal expression of myosin VIIa (Myo7a) in adult zebrafish is restricted to the AOS. Myo7a is an unconventional myosin (Cheney and Mooseker, 1992). In mammals,
MYO7A is expressed in cochlear and vestibular sensory hair cells of the inner ear and in photoreceptor cilia and retinal pigment epithelium (RPE; Hasson et al., 1995; el-Amraoui et al., 1996; Weil et al.,
1996; Liu et al., 1997; Wolfrum et al., 1998). Moreover, in species having calycal processes (CPs), such
as primates or frogs, Myo7a is also expressed in this supporting photoreceptor structure (Sahly et al.,
2012). In zebrafish wild-type larvae, myo7a has been found in the inner ear and in neuromast hair
cells, but not in the eye (Ernest et al., 2000). MYO7A mutations in humans leads to Usher syndrome
1B characterized by sensorineural vision and hearing loss (Usher, 1914). The Myo7a mouse mutant
shaker-1 (Gibson et al., 1995) shows an eye phenotype, including opsin accumulation in the CC (Liu
et al., 1999), abnormal phagocytoses in the RPE (Gibbs et al., 2003), and impaired pigment granule
movements (Liu et al., 1998). In zebrafish, myo7a has been identified as the defective gene in the
mariner mutant (Ernest et al., 2000). mariner mutants belong to the circler mutants, characterized by
balance impairments (Nicolson et al., 1998; Sahly et al., 2012).
Here, in addition to the selective AOS marker Myo7a, we also present for the first time a detailed
ultrastructural analysis of the zebrafish cone AOS.
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7.3 Materials and Methods
7.3.1 Fish Maintenance
Both adult and larval wild-type zebrafish (Danio rerio) were kept under a 14-hr/10-hr light/dark
cycle at 28°C. Larvae were staged according to days postfertilization and raised in E3 medium. Adult
fish were older than 3 months.

7.3.2 Electron microscopy
For scanning electron microscopy (SEM), the samples were conserved in freshly prepared fixative
(1% paraformaldehyde, 100 mM phosphate buffer, 3% saccharose, 0.15 mM CaCl2 solution, and 2.5%
glutaraldehyde) overnight at 4°C and washed with 100 mM sodium cacodylate buffer. Postfixation
with 2% osmium tetroxide for 30 min at room temperature was followed by washing with 100 mM
sodium cacodylate buffer and a graded ethanol series ending with a H2O-free absolute ethanol step.
Samples were transferred to a critical point drying device (Bal-Tec AG, today Leica Microsystems).
After several medium changes between dry ethanol and fluid CO2 at around 10°C, samples were dried
above the critical point of CO2. Before the dried specimens were mounted on carbon pads, they were
broken by means of a razor blade or a tungsten wire. To avoid charging the samples when exposed
to electrons, the surface was covered with a 10- to 20-nm-thick platinum or gold coat by means of a
sputter coater (Bal-Tec AG, today Leica Microsystems). Samples were analyzed with the Zeiss SUPRA
50 VP scanning electron microscope.
For standard transmission electron microscopy (TEM), the same fixation was used as for SEM.
Samples were subsequently washed with 100 mM phosphate buffer before postfixation in 1% osmium
tetroxide for 80 min at room temperature. Then, the samples were washed with 100 mM phosphate
buffer, followed by ddH2O before contrasting with 1% uranyl acetate for 1 hr at 4°C. Dehydration was
done in a graded ethanol series and a propylene oxide step. After preinfiltration in an epon/propylene
oxide mixture, samples were embedded in pure epon and polymerized at 65°C for 24–48 hr. Ultrathin
sections were contrasted with Reynolds lead citrate for 15 min and analyzed with a Philips CM208
transmission electron microscope.
TEM immunohistochemistry has been done as described in detail by Klooster et al. (Klooster et
al., 2009). Briefly, after fixation and cryoprotection, 40-µm-thick frozen sections were incubated with
the polyclonal rabbit α-Myo7a antibody for 48 hr. After rinsing, the sections were incubated in a PowerVisionPoly-HRP-Goat α-rabbit IgG (ImmunoVision Technologies). To visualize the peroxidase, the
sections were incubated in a Tris-HCl diaminobenzidine (DAB) solution containing 0.03% H2O2. The
DAB reaction product was then intensified by a gold-substituted silver peroxidase method (Jordan
et al., 1996). Sections were postfixed in 1% OsO4 supplemented with 1% potassium ferricyanide in
sodium cacodylate buffer 0.1 M (pH 7.4). Sections were dehydrated and embedded in epoxy resin.
Ultrathin sections were observed and photographed in a FEI Tecnai 12 electron microscope.

7.3.3 Fluorescence immunohistochemistry
Adult wild-type zebrafish were sacrificed, and then, the eye cup was removed and immediately
fixed (without lens) in 2% trichloroacetic acid for 45 min at room temperature. After washing with 150
mM phosphate-buffered saline (PBS, pH 7.4), the eye cup was cryoprotected in 30% sucrose at 4°C
overnight, embedded in Tissue-Tek (Sakura Finetek Germany GmbH), and frozen in liquid nitrogen.
Sections with a thickness of 16 μm were cut, mounted on SuperFrost®Plus slides (Menzel-Gläser), and
air dried at 37°C before freezing at −20°C. Before the staining procedure, slides were thawed at 37°C
and washed with PBS. To avoid background staining, the slides were treated with a blocking solution
(20% normal goat serum and 2% bovine serum albumin in PBS containing 0.3% Triton X-100) for
at least 30 min at room temperature. The primary antibody diluted in blocking solution was applied
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overnight at 4°C. The zebrafish Myo7a protein was stained with a polyclonal peptide rabbit α-Myo7a
antibody (1:350, custom made by Eurogentec S.A., Seraing, Belgium) directed against a C-terminal
peptide at position 2004–2017 (YRVKFEDDKSHFPS). Peptide designing was based on the protein
sequence published by Ernest et al. (2000). Antibody specificity was tested in the presence of 3 ng/µL
Myo7a peptide to block staining to the Myo7a epitope. Washing with PBS was followed by incubation
with a secondary antibody (AlexaFluor® 488; Invitrogen) diluted in PBS. The slides were washed and
coverslipped with Mowiol and viewed with a Leica HCS LSI confocal microscope. Actin staining was
performed on adult eyes fixed with 2% paraformaldehyde for 30 min at room temperature. Cryoprotection, embedding, and sectioning were carried out as described for immunohistochemistry. Sections
were washed twice for 5 min with PBS and permeabilized for 45 min with PBS containing 0.3% Triton
X-100. Phalloidin-FITC (1:200 in PBS containing 0.3% Triton X-100; Sigma-Aldrich) was applied for
1 hr at room temperature. After washing, sections were coverslipped with Mowiol and imaged with a
Leica HCS LSI confocal microscope.

7.3.4 Cloning and expression of Myo7a Ferm2 fragment
Zebrafish cDNA was essentially done as previously described by Gesemann et al. (Gesemann
et al., 2010). The FERM2 domain of zebrafish Myo7a1 was amplified using the following primers: Myo7a1_dr_Kozak5572s GCCACCATGGAGGTGGAGGCCATTC and Myo7a1_dr_6540as
TCACTTGCTGCTGCCG. Forty cycles of amplifications were done using the Fast cycling polymerase
(Qiagen). The amplified fragment was gel-purified and ligated into the pcDNA 3.3-Topo eukaryotic
expression vector, and inserts from several colonies were sequenced. Clones with no mutations and
correct orientation were chosen for recombinant protein expression. 293T cells were transfected using
the calcium-phosphate transfection method (Jordan et al., 1996). Cells were washed with PBS and
subsequently lysed using SDS-PAGE sample buffer (50 mM Tris pH 6.8; 2% SDS; 10% glycerol, 12.5
mM EDTA; 200 mg/L bromphenolblue) 48 hr after transfection. DNA aggregates were broken by
sonication, and the lysate was cleared by centrifugation (5 min, 20,000 g). The recovered supernatant
was used for Western blot analysis.

7.3.5 Western blot analysis
Zebrafish lysates for Western blot analysis were prepared from zebrafish eye and fin tissue using
the following parameters: four adult zebrafish eyes or an equivalent volume of zebrafish fin tissue were
transferred to 1 mL of SDS-PAGE sample buffer and homogenized using an Eppendorf tube pistil.
Cells and DNA were further fragmented using sonication. Lysates were cleared using centrifugation,
and the supernatant was subjected to Western blot analysis. Tissue and 293 lysates were separated on
4–15% Mini PROTEAN-TGX gels (Bio-Rad) and blotted to Invitrolon PVDF membranes (Invitrogen). Membranes were saturated by incubation with 3% dry milk powder in PBS + 0.05% Tween20
(PBS-mT) for 2 hr. Subsequently, the membranes were incubated with the Myo7a peptide antibody
(1:1,000) for 45 min at room temperature. Following three washes with PBS-mT, membranes were incubated with a secondary donkey α-rabbit HRP-conjugated antibody (1:100,000; Jackson ImmunoResearch) for 90 min at room temperature. Following four washes with PBS-mT and one wash with PBS,
membranes were briefly rinsed with dH2O and subjected to ECL solution (Thermo Scientific). Blots
were exposed for 10 min in an ImageQuant LAS-4000 imaging system (GE Healthcare Lifescience),
and the obtained images were analyzed and adjusted using the Photoshop software.
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Figure 1: Ultrastructural analysis of the adult zebrafish outer retina by means of scanning (A–C) and transmission (D and
E) electron microscopy.
A) The outer retina of a zebrafish revealing the AOS (arrowheads) as a prominent structure of a cone. The numerous calycal
processes (CP, arrows) are distributed all around the cone and are markedly thinner than the AOS. B) Close-up of a COS
shows that the AOS starts at the CC and runs alongside the COS. C) Highly optically magnified AOS showing the folding of
the surface area. D) Longitudinal section of an adult zebrafish cone shows that the AOS is not part of the COS but rather
runs alongside the COS. E) Cross section of the distal part of the cone inner segment shows that the CC is enclosed by a
separate membrane bulging around the nine fused triplet microtubules. The CIS is densely packed with mitochondria.
Scale bars: A = 5 µm; B = 1 µm; C = 250 nm; D = 1 µm; and E = 250 nm. Abbreviations: AOS = accessory outer segment;
CC = connecting cilium; CIS = cone inner segment; COS = cone outer segment.
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7.4 Results and Discussion
7.4.1 Adult zebrafish cones feature an accessory outer segment
The AOS has been described in several teleost fish species. However, no studies in the model organism Danio rerio are yet available. To identify and resolve the AOS in zebrafish, we used SEM (Fig.
1A–C). The overview of SEM picture (Fig. 1A) illustrates that every cone in the adult zebrafish retina

Figure 2: Development of the accessory outer segment.
Cross sections of a 5-day-old (A), 12-day-old (B), and adult cone (C) show the maturation of the AOS. The surface becomes
more enlarged over time, and the cytoplasmic bridge between the COS and the AOS is smaller but longer at older stages.
In contrast, the CPs are enclosed by a separate membrane at all stages. Scale bars: A and B = 500 nm and C = 1 µm. AOS,
accessory outer segment; COS, cone outer segment; CP, calycal process; PG, pigment granule.

is indeed associated with an AOS, which originates at the CC. The CC in zebrafish is short and only
visible as a small fissure. This is a marked difference to mammalian photoreceptors where inner and
outer segments are spatially separated from each other and exclusively linked by the CC. The AOS
is clearly smaller in diameter than the outer segment but larger than the CPs, which longitudinally
wrap every cone. The numerous and thin CP were about equidistantly distributed all around the cone
from the outer limiting membrane to the outer segment. This basket-like structure formed by many
CPs was proposed to structurally stabilize the outer segment (Pagh-Roehl et al., 1992; Lin-Jones and
Burnside, 2007). Higher optical magnification revealed the fine texture of the AOS (Fig. 1B,C). Its
membrane appeared strongly ruffled with multiple foldings and invaginations, resulting in a huge
surface enlargement.
We performed TEM to gain additional ultrastructural data. TEM sections (Fig. 1D,E) confirmed
the findings obtained by SEM. The AOS continues from the CC leading to a gradual transition between CC and AOS. As suggested by the SEM images, the AOS appeared to be continuous with the
cytoplasm of the CC, running alongside the outer segment (Fig. 1D). Within the adult zebrafish COS,
there was no cytoplasmic part as the discs span all along the entire width of a radially sectioned outer
segment. This is in contrast to mammalian COS, which has a cytoplasmic part but is devoid of an
AOS. This hints at the origin of the mammalian arrangement, in which the thin cytoplasmic bridge
connecting the AOS and COS has been enlarged over time, finally incorporating the AOS into the
COS. In contrast to the CC (Fig. 1E), the AOS is devoid of microtubules (Fig. 2C). Nevertheless, the
AOS membrane was irregularly curved, leading to an enlarged surface confirming the SEM images.
The membrane enclosing the AOS is part of the cell membrane as there is a cytoplasmic connection
between the AOS and the COS. When analyzing larval zebrafish, a rudimentary AOS could already be
detected. However, no surface enlargement could be seen in 5-day-old (Fig. 2A) or 12-day-old larva
(Fig. 2B), suggesting that differentiation at these stages is incomplete and that maturation occurs only
at later stages. In larval as well as adult zebrafish, CPs are separated from the COS, as they are enclosed
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by distinct membranes. Moreover, both AOS and RPE membranes run in parallel resulting in a close
contact of these two structures. It has been proposed that an exchange of metabolites (for instance,
retinoids) takes place between RPE and cones via the AOS (Yacob et al., 1977; Burnside et al., 1993).
When analyzing the electromicrographs, the enlarged surface of the AOS is consistent with such
an assumption. The close contact of AOS and RPE has been suggested to stabilize the outer retina, especially during retinomotor movement activity (Fineran and Nicol, 1974; Yacob et al., 1977; Januschka et al., 1987; Burnside et al., 1993; Collin et al., 1996). Within a cone, the AOS is thought to exchange
metabolites, conduct signals from the inner to the outer segment, or the AOS could be a storage compartment for metabolites (Fineran and Nicol, 1974; Yacob et al., 1977; Januschka et al., 1987).

7.4.2 Myo7a is a marker for the accessory outer segment
Until now, there was no specific marker known to label the AOS. As the unconventional motor
protein Myo7a (for structure, see Fig. 4A) is often associated with ciliary structures (Wolfrum et al.,
1998), we raised peptide antibodies against zebrafish Myo7a to test the association of this protein with
the AOS.
On adult retinal sections, fluorescence microscopy reveals a distinct Myo7a staining in the photoreceptor layer (Fig. 3). This labeling originated at the boundary of the inner and outer segment
of every cone photoreceptor type spanning alongside the outer segment, indicating that the AOS is
indeed labeled. The staining of the AOS can be abolished by competition with the Myo7a peptide
(Fig. 4B), indicating that the antibody indeed recognizes Myo7a. Moreover, the antibody did interact
with a 260-kDa band in zebrafish retina extracts and recognizes the recombinant FERM2 domain of
zebrafish Myo7a (Fig. 4C) further confirming its specificity. Consistent with our histological studies
which have demonstrated that the AOS is not mature at 12 days postfertilization, we did not detect
Myo7a staining in larval zebrafish eyes, suggesting that Myo7a serves as a selective marker for the
mature AOS.
We also determined protein expression at the ultrastructural level using the same Myo7a-specific
antibody previously used for the fluorescence microscopical approach for transmission electron miFigure 3: Radial section of an adult zebrafish
immunohistochemically stained with a zebrafish-specific antibody against Myo7a.
(A) Myo7a (green) is exclusively found in the
outer retina in the area of the cone outer segments. Red channel is autofluorescence. (A′)
Optical zoom of the outer retina revealing a
Myo7a staining in the accessory outer segments
of all four cone types. Scale bars: A = 25 µm and
A′ = 5 µm. Abbreviations: COS = cone outer segment; dc = double cone; GCL = ganglion cell layer;
INL = inner nuclear layer; IPL = inner plexiform
layer; lsc = long single cone; ONL = outer nuclear layer; OPL = outer plexiform layer; ROS = rod
outer segment; RPE = retinal pigment epithelium;
ssc = short single cone.
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Figure 4: Structure of zebrafish Myo7a.

A) The different domains and motifs of
Myo7a are depicted. Note that zebrafish
Myo7a is 2180AA long with a predicted
molecular weight of 252 kDa. The Myo7a
part recombinantly expressed is shown.
The antibody binding site within the second
FERM domain is given in red. Abbreviations:
MySc = myosin motor domain; IQ = calmodulin binding motif; CC = coiled-coil domain;
MyTH4 = myosin tail homology 4 domain;
FERM = domain found in F for 4.1 protein, E
for ezrin, R for radixin, and M for moesin;
Sh3 = Src homology 3 domain. B) Myo7a1
peptides can specifically block antibody
staining against Myo7a1. The top panel
shows a regular Myo7a staining in adult zebrafish retina (green). Photoreceptors are
made visible by overexposure of the red
channel, resulting in detectable autofluorescence. In the lower panel, Myo7a1 staining in the presence of an excess of Myo7a
peptide is shown. Note that AOS staining
is completely abolished by incubation with
Myo7a peptides. Scale bar equals 10 µm. C)
Myo7a1 antibodies recognize recombinant
as well as native Myo7a1. In the top panel,
a Western blot on adult zebrafish eye and
fin tissue is shown. The antibody reacts with
a band of around 260 kDa in zebrafish eye
tissue, which correlates well with the predicted size of 252 kDa. In the lower panel,
interaction of Myo7a antibodies with the recombinant terminal FERM domain is shown.
Note that the antibody recognizes a band of
the predicted size in Myo7a1_FERM transfected cells but not in mock transfected controls. D: AOSs are not enriched in filamentous actin. Adult zebrafish retina sections
were stained for filamentous actin (F-actin)
using FITC-labeled phalloidin. Although
faint labeling of F-actin can be seen in cortical structures of blue cones as well as red/
green double cones (increased staining at the edges is due to the higher number of layers with staining that project into the
same area in projections), no labeling resembling the Myo7a labeling of the AOS can be detected. Additional filamentous
actin can be detected in the RPE as well as in the area where rods and/or UV cones are located. The red channel represents
photoreceptor autofluorescence seen when highly overexposed. Scale bar is 15 µm.

croscopical immunohistochemistry. These immunogold transmission electron microscopical studies
confirmed the staining pattern found by means of fluorescence immunohistochemistry. The majority
of gold particles were detected in the AOS (Fig. 5A). No particles could be seen in the COS or cone
inner segment (CIS). A low number of gold particles were found in the CC where the staining of
the AOS faded out (Fig. 5B). These findings support the conclusion that our custom-made antibody
against the zebrafish Myo7a is a specific marker for the AOS in the adult zebrafish retina.
The role of Myo7a in the AOS is not known. However, participation in opsin transport is likely.
Interestingly, a putative transport within the AOS seems to be rather independent of filamentous actin, as staining with labeled phalloidin, a marker for F-actin, did not highlight the AOS (Fig. 4D). In
mice, it has been proposed that MYO7A is indeed involved in the transport of opsin from the inner
to the outer segment. In the Myo7a mouse mutant known as shaker-1, this transport is slower than
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Figure 5: Transmission electron
micrograph of a radial section of
an adult zebrafish stained with a
zebrafish-specific antibody against
Myo7a.
A) The Myo7a staining is most
prominent in the AOS. B) Optical
magnification revealing an intense
staining in the AOS and a weak staining in the CC. Scale bars: A = 250
nm and B = 500 nm. Abbreviations:
AOS = accessory outer segment;
CC = connecting cilium; CIS = cone
inner segment; COS = cone outer
segment.

in wild-type mice, leading to the accumulation of opsin in the inner segment (Liu et al., 1997). This
finding is consistent with MYO7A being involved in the transport of opsin through the cilium (Liu et
al., 1999; Williams, 2002); however, this accumulation may also be a secondary effect of phagocytosis
defects of RPE cells (Hashimoto et al., 2007).
Myo7a has been found in the RPE of several species such as mouse, human, guinea pig, chicken,
or macaque (el-Amraoui et al., 1996; Liu et al., 1997). Interestingly, other than within the AOS, we saw
no staining with our antibody either in the zebrafish RPE or in any other part of the photoreceptor.
However, a comprehensive study dealing with the expression of several myosin proteins in fish retinae (including zebrafish, albino trout [Oncorhynchus mykiss], green sunfish [Lepomis cynellus], and
striped bass [Morone saxatilis]) found Myo7a staining in the AOS; however, the antibody also labeled
other parts of the photoreceptor and in other retinal cell types (Lin-Jones et al., 2009). As teleost genomes experienced a third whole genome duplication subsequent to the two vertebrate duplications
(Amores et al., 1998; Postlethwait et al., 1998), the discrepancy may be explained by the fact that the
zebrafish genome harbors two Myo7a paralogs. As our antibody was specifically raised against the
zebrafish Myo7a1 protein, the antibody used by Lin-Jones et al. (2009) is directed against the human
myo7a ortholog, recognizing most likely both zebrafish Myo7a paralogs, Myo7a1 as well as Myo7a2.
One is identical to the published sequence, located on chromosome 18 (Ernest et al., 2000), whereas
another copy can be found on chromosome 21. The discovery of a second paralog may lead to a scenario where one paralog functions in photoreceptors, whereas the other may exert its function in the
RPE.
In the mouse, there is clear evidence that Myo7a indeed plays different roles. In photoreceptors,
the protein is involved in the transport of opsin (Liu et al., 1997), whereas in the RPE, it is involved in
the movement of organelles, such as phagosomes (Gibbs et al., 2003) and pigment granules (Liu et al.,
1998; Schwander et al., 2009). Accordingly, in zebrafish, Myo7a1 may fulfill its task in photoreceptors,
whereas Myo7a2 may act in the RPE. Alternatively, as in mice, MYO7A exists as a monomer in photoreceptors and as a dimer in RPE (Williams and Lopes, 2011), dimerization may prevent the access of
our antibody to the epitope in the RPE.
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In conclusion, the zebrafish accessory outer segment is a very prominent structure of the cone
photoreceptor. So far, it has received little attention, but it might prove to be an important structure
for transport and exchange of metabolites between the CIS and COS as well as with the surrounding
RPE. The unconventional myosin Myo7a1 is highly enriched in the accessory outer segment and can
be used as a specific marker for studying this structure in greater detail.
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Chapter 8
General Discussion

S

ynaptic neurotransmitter kinetics is determined by the neurotransmitter release rate, the
transmitter’s diffusion coefficient as well as by its reuptake. The reuptake was closely examined
in the presented study on glutamate homeostasis in the photoreceptor synapse. The beneficial biological traits of the vertebrate model organism zebrafish (Danio rerio), such as its high fecundity, rapid
extra-corporal development and its transparent larval stages were exploited to carry out functional
analysis of retinal glutamate transporters. Zebrafish possess a canonical vertebrate retina with evolutionarily conserved cell types and a well-defined connectome, amenable to studying the physiology of
the structurally well-characterized and easily accessible photoreceptor synapse. A further beneficial
trait of the zebrafish retina is its larval cone dominancy, creating a valid model for examination of
photopic visual pathways. Over the recent years, zebrafish has emerged as a widely used model for retinal research, not only due to the numerous assays for retinal function but also due to the expanding
available genetic toolbox, allowing targeted genome editing. In this work, signal transmission in the
photoreceptor synapse shaped by excitatory amino acid transporters (EAATs) was assessed by electroretinography (ERG) measurements on knockout and knockdown animals. Photoreceptors possess
synaptic ribbons, structures that allow sustained release of glutamate by tethering thousands of vesicles near the release site. Glutamate easily accumulates in ribbon synapses. Hence, the photoreceptor
synapse constitutes a suitable synapse to study the function of seven (partially) differentially expressed
EAAT isoforms in shaping signal transmission from photoreceptors to second order neurons.

8.1 The validity of electroretinogram studies in assessing glutamate
kinetics in the first visual synapse
Electroretinography (ERG) is one of the oldest but still one of the most extensively used methods to assess retinal function. It is not only employed for research purposes on animal models, but
also in clinics. The ERG measures the response of outer retinal cells to a light stimulus. A typical
ERG response consists of three consecutive composite waves. The first wave is electro-negative, called
a-wave and reflects photoreceptor hyperpolarization. This wave is followed by a large electro-positive wave, the b-wave, reflecting ON-bipolar cell depolarization. A third wave, the d-wave, caused by
the OFF-bipolar cell depolarization can be observed at light off, if stimulated with a prolonged light
flash (Perlman 1995). Therefore, measuring the ERG is well suited for studies assessing photoreceptor
function, signal transmission or integrity of bipolar cells. Thus, ERG is an ideal method for functional
assessment of how glutamate transporters shape signal transmission in the photoreceptor synapse.
Patch-clamp recordings depict an alternative method to ERG enabling precise analysis of EAAT me-
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diated Cl- currents as well as the measurement of glutamate-induced postsynaptic currents. However,
patch-clamp recordings in the larval outer retina are not feasible due to the very small size of the larval
eye. It is therefore not amenable for morpholino knockdown studies that can only be carried out until
5 days post fertilization. Working with knockout animals would overcome this limitation, but patchclamp recordings of the adult retina remain very challenging, a fact reflected by the limited number
of published studies.
For this study on glutamate transporters in the outer plexiform layer, analysis of the ERG b-wave
amplitude and kinetics abides a technically less demanding, yet powerful assay. It proved to be especially suitable in combination with biophysical characterization of the transporters in isolated expression systems such as Xenopus oocytes or human embryonic kidney cells. The influence of glutamate
transporters on the ERG b-wave can be twofold; either by the anion conductance or by the transport
activity itself. Therefore, a reduction in the b-wave amplitude in knockout animals could arise from
the loss of the anion conductance or else from the reduced glutamate uptake in mutants. Thus, ERG
studies are a powerful tool to measure the physiology of the outer retina in knockout animals, but direct conclusions on the transporter kinetics are based on assumptions, especially true for transporters
that do not possess a mammalian ortholog and thus have not been characterized. This study showed
that the ERG is sensitive enough to reflect many aspects of the transporter properties, like the gating
kinetics, reflected by the b-wave delay or the leak currents, reflected by the b-wave decay. Nevertheless, validity of the kinetic analysis needs to be further assessed by comparison to the biophysical
properties of each transporter assessed by expression in cell lines and subsequent current recordings.
In conclusion, the different applications of ERG (different light intensities, monochromatic or
flicker stimuli) allow to precisely determine outer retinal physiology and to draw conclusions about
the function of a transporter. ERG kinetics analysis might additionally enable to contemplate on transporter properties, but interpretations of obtained ERG results are even more powerful when examining a transporter with defined biophysical properties.

8.2 Glutamate homeostasis in the zebrafish photoreceptor synapse
Rod and cone photoreceptors depolarize in darkness. The depolarized membrane potential induces opening of voltage-gated Ca2+ channels, which in turn leads to the exocytosis of glutamate-filled
vesicles (Baylor et al. 1971; Ashmore, Copenhagen 1983). Photoreceptors respond to changes in illumination with gradual changes in the membrane potential. Thus, information on illumination is
transmitted to the second order neurons by graded changes in the sustained glutamate release rate
(Sterling, Freed 2007). Exocytosed glutamate diffuses across the synaptic cleft to activate channels/
receptors on the postsynapse.
In the zebrafish retina, the presynaptically expressed EAAT2b, associated with a large anion conductance and a large leak current, possesses a negligible function in glutamate reuptake but all the
more importance as an anion channel. The value of the cone dark resting potential is comparable to
the chloride equilibrium potential (with roughly -40 mV) (unpublished data, L.Cadetti). Hence, in
darkness there is no functional implication of the anion conductance as there is no Cl- net flux. Therefore no changes in the membrane potential are induced.
Furthermore, EAAT5b and EAAT7 are co-expressed on the postsynaptic side of the synapse.
More specifically, they localize to dendritic tips of ON-bipolar cells contacting all cones but only a minority of rods. Kinetic analysis of the two ON-bipolar cell transporters suggests them to be rather low
capacity transporters. However, ERG data strongly indicates that glutamate elicits a Cl- flux, contributing to the hyperpolarization of ON-bipolar cells in darkness. With that, EAAT5b and EAAT7 create
a second glutamatergic mechanism that induces ON-bipolar cell activation upon light on, besides the
well characterized and conserved mGluR6-TRPM1 pathway (Morgans et al. 2009).
Additionally, obtained data indicates that most of the presynaptically released glutamate diffuses
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Schematic depiction of zebrafish photoreceptor synapse in dark and light.
Simplified illustration of the zebrafish photoreceptor synapse in dark (top) and light (bottom) with all glutamate transporters expressed. HC, horizontal cell; ON-BPC, ON-bipolar cell; MC, Müller glia cell.
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out of the synaptic invagination. Müller glia cells ensheath the synapse with their processes. EAAT2a
is strongly expressed on the cell membrane of Müller cells and constitutes the main glutamate sink
of the photoreceptor synapse. The location of the high capacity transporter outside of the synaptic
invagination prevents direct competition of the transporter with postsynaptic receptors that mediate
postsynaptic currents.
Furthermore, horizontal cell processes express EAAT6a, but synaptic terminals as well as the cell
body are devoid of the transporter. We suppose EAAT6a to be expressed on GABAergic horizontal
cells, creating a substrate pool for GABA synthesis through glutamate uptake. Thus, EAAT6a might
contribute to strengthening inhibitory synapses and therewith to GABA-mediated lateral inhibition.
EAAT5a is also expressed outside of the synaptic invaginations, most likely on dendritic processes of ON-bipolar cells. Based on the determined biophysical properties of the mammalian EAAT5,
with high anion conductance but extremely low glutamate turnover (Gameiro et al. 2011; Schneider
et al. 2014), we suppose EAAT5a to possess similar biophysical traits which are typical fro transporters functioning as glutamate buffers that prevent spillover of glutamate from one to the neighboring
synapse.
Finally, EAAT6b is also found in the outer retina of the zebrafish, however we demonstrated that
EAAT6b is not synaptically expressed but rather at the level of the outer limiting membrane at the
basal end of the cone inner segment. This position implies that EAAT6b does not contribute to signal
transmission in the photoreceptor synapse. Synaptically released glutamate is very unlikely to diffuse
up to the cone inner segment, which in the adult retina is more than 30 µm apart from the release site.
EAAT2a, expressed on Müller cells covering the whole cell surface and thus along the whole potential
diffusion pathway, would most likely reuptake any glutamate diffusing out of the synaptic cleft into the
direction of the cone inner segment.
Upon light increments, photoreceptors hyperpolarize by maximally 30 mV. The more negative
membrane potential leads to the closure of the voltage-gated Ca2+ channels and consequently to a
decrease in local Ca2+ concentration in the photoreceptor terminal. The drop in Ca2+ levels entails the
termination of glutamate vesicle fusion (Jackman et al. 2009). The remaining synaptic glutamate will
diffuse out of the surrounding Müller glia cells which clear extracellular glutamate via EAAT2a. Lack
of this important glial transporter, that is, apart from the retina, also strongly expressed in various
brain regions, results in elevated cleft glutamate concentrations even during a prolonged light stimulus. These elevated glutamate levels implicate a reduced and delayed ON-bipolar cell depolarization,
as postsynaptic receptors / transporters are still (partially) activated by glutamate. This effect can be
observed in a delayed and reduced ERG b-wave amplitude. Furthermore, knockdown of EAAT2a
elicits spontaneous epileptic seizures in larvae, most likely caused by hyperexcitability of the brain
due to increased extracellular glutamate levels (data not shown). This finding supports the proposed
function of EAAT2a as a high capacity transporter. Under bright light, when cones are hyperpolarized
and no glutamate remains in the cleft, Cl- slips through EAAT2b (leak current) from cones to the
extracellular milieu, bringing the cone membrane to a more positive potential and thus back to the
cone dark resting potential. Under dim light, when cones are only slightly hyperpolarized, still sufficient glutamate levels reside in the cleft which induce Cl- conductance through EAAT2b. This also
brings the membrane from the hyperpolarized potential back to the dark resting potential. Hence, the
EAAT2b-mediated Cl- leak and Cl- flux speed up the light off response, which drastically enhances
temporal resolution of vision. The ERG b-wave amplitude is only slightly decreased in EAAT2b knockdown animals, indicating that EAAT2b does not have high glutamate turnover activity. Additionally,
this finding indicates that cones do not/only minimally rely on EAAT2b-mediated uptake to replenish
the presynaptic vesicle pool, but likely rely on the glutamate-glutamine cycle involving EAAT2a on
Müller glia cells. The anion flux through EAAT5b and EAAT7 dissociates when glutamate release is
terminated upon light increments. This causes ON-bipolar cells to depolarize. Interestingly, EAAT5b
and EAAT7 seem to be redundant in their function. Their contribution to ON-bipolar cell activation

General Discussion

163

can only be observed in double knockout animals. The mammalian EAAT5 was associated with very
slow kinetics, which seems to apply as well to EAAT5b. Slow dissociation of the Cl- flux upon light
increments causes a delay in the ON-bipolar cell depolarization in comparison to the eaat5b knockout
animals. Fish carrying eaat5a knockout alleles show a reduced ON-bipolar cell depolarization, likely
due to impairment in buffering glutamate and spillover prevention.

8.3 Glutamate homeostasis in the photoreceptor synapse of nonteleost vertebrates
Mammals

Several studies have been conducted on mouse and rat as well as on salamander retinal glutamate
transporters, revealing functional interspecies similarities but also differences. One major difference
between zebrafish and the mammalian retina is the Müller glia cell glutamate transporter. Whilst in
zebrafish one of the EAAT2 paralogs is expressed on retinal glia cells, in the rodent retina, EAAT1
is the main glial transporter (Rauen et al. 1996; Lehre et al. 1997; Pow, Barnett 1999). Interestingly,
the zebrafish EAAT1 orthologs are restricted to other brain areas and are not expressed in the retina
(Gesemann et al. 2010). The glial transporters, the zebrafish EAAT2a and the rat/mouse EAAT1, seem
to be functionally related. Two independent studies, one using an isoform specific pharmacological
blocker, the other working on EAAT1 knockout mice, demonstrated that loss of EAAT1 function in
mice leads to a drastic reduction in the ERG b-wave amplitude (Harada et al. 1998; Tse et al. 2014a).
This nicely implies that both in rodents as well as in zebrafish, the Müller glia specific transporter constitutes the main glutamate sink of the photoreceptor synapse and that glutamate, in order to be taken
up, needs to diffuse out of the synaptic invagination to the surrounding glia cell processes.
EAAT2 in mammals, akin to the zebrafish EAAT2b, is expressed in cone terminals. This has been
shown in the macaque, rat and the mouse retina (Harada et al. 1998; Rauen, Kanner 1994; Rauen et
al. 1996). Consistent with the function of the zebrafish EAAT2b, loss of the presynaptic mammalian
EAAT2 only slightly influences the ERG response, hence does not function as a high capacity transporter (Harada et al. 1998). This was further supported by an elegant study showing that glutamate
released by cones saturates cleft transporters, resulting not only in glutamate diffusion to the surrounding Müller glia cells but even to a spillover to neighboring synapses (Szmajda, Devries 2011).
The presynaptic EAAT2, just like the zebrafish EAAT2b, was further associated with a Cl- conductance. This anion conductance was shown to not only be activated by released cleft glutamate but also
by spilled-over glutamate (Szmajda, Devries 2011).
The zebrafish EAAT6a, whose homolog has been lost in the mammalian lineage, is expressed
on horizontal cells (Gesemann et al. 2010). Nevertheless, rat horizontal cells also express a glutamate
transporter, EAAT3 (Rauen et al. 1996), which in zebrafish does not have a retinal expression (unpublished, A. Lehnherr). In the rat, EAAT3 is further expressed on a subset of amacrine cells, which,
together with horizontal cells, constitute the only GABAergic retinal cell type (Rauen et al. 1996). This
strongly suggests an involvement of EAAT3 in glutamate uptake to support GABA synthesis, as is also
suggested for the zebrafish EAAT6a.
On top, EAAT5 is another glutamate transporter expressed in the rat and mouse retina. In the
mouse retina, EAAT5 is a presynaptic transporter expressed on rod spherules (Hasegawa et al. 2006).
This forms a major difference to the zebrafish retina, where none of the glutamate transporters is associated with rods. It was demonstrated that rods, which only possess two synaptic ribbons and thus release less glutamate than cones, take up all of the released glutamate themselves. No spillover from rod
synapses occurs and rods create a self-sustaining neurotransmitter recycling system (Hasegawa et al.
2006). This is a surprising result, as the mammalian EAAT5, which is expressed on rod terminals was
described as a glutamate transporter with virtually no transport activity (Arriza et al. 1997; Gameiro
et al. 2011; Schneider et al. 2014). A more recent study demonstrates EAAT5 expression on rod and
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cone ON-bipolar cells in mice (Tse et al. 2014b), akin EAAT5b expression in zebrafish. Electrophysiological recordings using a series of different pharmacological blockers suggest EAAT5 to significantly
contribute to ON-bipolar cell hyperpolarization in darkness and therewith to ON-bipolar cell depolarization upon light increments (Tse et al. 2014b).

Amphibians

Another model organism that has been subject to extensive analyses of retinal glutamate transporters is the salamander. During evolution, salamanders have lost EAAT4 and EAAT6, but unlike
mammals have retained EAAT7 (Gesemann et al. 2010). Nevertheless, no publication mentioning
the salamander EAAT7 expression or function has been, to our knowledge, published to date. Two
transporters were suggested to be expressed on salamander Müller glia cells. Pow and Barnett suggest
EAAT1 to be the glial transporter (Pow et al. 2000) while Rowan et al. argue EAAT2 to be expressed
on Müller cells (Rowan et al. 2010).
EAAT2 exists as two different splice variants in salamanders, termed sEAAT2A and sEAAT2B
(Eliasof et al. 1998a). sEAAT2A has been localized on photoreceptor terminals and Müller cells and
sEAAT2B is expressed pre- and postsynaptically in OFF-bipolar cells (Rowan et al. 2010). The salamander retina exhibits drastic differences in cleft glutamate kinetics in comparison to mammals and
also to zebrafish. Glutamate uptake in the salamander cone synapse occurs mainly via the presynaptically expressed sEAAT2A (Rowan et al. 2010). This creates an efficient and rapid neurotransmitter
recycling mechanism, independent of the glutamate-glutamine cycle. Furthermore, the presynaptic
transporter is associated with a large Cl- conductance, generating a negative feedback by modulating
the cone membrane potential (Gaal et al. 1998). The glia expressed sEAAT2A is thought to possess a
negligible function in extracellular glutamate removal (Gaal et al. 1998; Rowan et al. 2010). However,
these experiments rely on the use of a EAAT2-specific pharmacological transporter blocker which
thus also blocks sEAAT2A on Müller cells. Therefore, the importance of the Müller glial glutamate
transporters in removing exocytosed glutamate might have been underestimated in the conducted
studies. The function of sEAAT2B in the OFF-bipolar cell presynapse remains to be determined (Rowan et al. 2010).
Coinciding with mammals and zebrafish, EAAT5 is a retina-specific glutamate transporter in
the salamander retina (Arriza et al. 1997), although the expression pattern differs between species.
Early studies suggested EAAT5 to be expressed on Müller glia cells as well as presynaptically in the
outer plexiform layer (Eliasof et al. 1998a; Eliasof et al. 1998b). Due to the associated large anion conductance of sEAAT5, it is likely that EAAT5 does not work as a high capacity transporter but rather
modulates the membrane potential of expressing neurons (Eliasof et al. 1998a; Eliasof et al. 1998b).

8.4 Cross-species comparison in glutamate regulation in the first
visual synapse
In summary, it became clear that glutamatergic signal transmission is subject to tight control
by several members of the EAAT family, not only in the zebrafish photoreceptor synapse, but also in
mammals and amphibians. This is in agreement with the evolutionarily conserved photoreceptor synapse containing multiple ribbons, which ensure tonic neurotransmitter release, and therefore requiring a much stricter regulation of the extrasynaptic glutamate than conventional synapses. In zebrafish, 6 different glutamate transporters (EAAT2a, EAAT2b, EAAT5a, EAAT5b, EAAT6a and EAAT7)
shape the glutamate signal in the first visual synapse. In mammals, 4 transporters (EAAT1, EAAT2,
EAAT3 and EAAT5) are involved in this process while in salamanders only 3 genes are involved, 2 of
them however exist in two splice variants (sEAAT1, sEAAT2A, sEAAT2B, sEAAT5A and sEAAT5B).
Comparing the glutamate kinetics between mouse/rat, salamander and zebrafish it is remarkable that
the glutamate kinetics is very much alike in mammals and zebrafish, despite differentially expressed
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transporters. It seems that the cone presynaptic transporters, the Müller glia transporters, horizontal
cell transporters and potentially even postsynaptic ON-bipolar cell transporters have adopted resembling functions between mammals and zebrafish. In salamanders though, released glutamate seems
to underlie a different regulation, mostly influenced by presynaptically expressed transporters. Salamanders and mouse/rat retina share one mechanism that is not present in the zebrafish. These species
express a glutamate transporter in rod spherules that in mammals is thought to take up the main bulk
of released glutamate, which then directly feeds the presynaptic vesicle pool. In zebrafish, none of the
retinal EAATs is expressed on rods. Hence, rods exclusively rely on the glutamate-glutamine cycle via
Müller glia cells to replenish the presynaptic vesicle pool. The main difference between the mouse/rat
retina and the zebrafish retina in terms of glutamatergic signaling is the number of postsynaptically
expressed ON-bipolar transporters and their function. Whilst in zebrafish and other related teleost
fishes EAATs on ON-bipolar cell dendrites contribute to ON-bipolar cell activation upon light on, it
was generally accepted that in mammals only the mGluR6-TRPM1 pathway contributes to ON-bipolar cell depolarization. One recent study brings up some evidence that the postsynaptic EAAT5 might
indeed also induce ON-bipolar cell hyperpolarization in darkness by a Cl- influx in mice (Tse et al.
2014b). It therefore is a possibility that in zebrafish more weight is given to the EAAT-mediated ON
response compared to the mouse, explaining the presence of three different postsynaptic EAATs. It
is surprising that two non-paralogous transporters, EAAT5b and EAAT7, share the same expression
pattern and seem to be redundant in their function. This is especially remarkable when considering
that EAAT5a, the paralog of EAAT5b has adopted a novel expression pattern and is functionally not
comparable to EAAT5b or EAAT7. Furthermore, it is intriguing that zebrafish have retained all duplicated eaat genes, with the exception of eaat7, leading to the increased number of EAATs expressed
in the outer plexiform layer compared to mammals and amphibians. This high retention rate is even
more noteworthy in light of the general retention proportion of only about 20% for duplicated genes
(Glasauer, Neuhauss 2014). The fact that all the duplicated genes have undergone a sub-functionalization which is not only reflected by their unique expression pattern but also by their function, explains
the high retention percentage of EAATs. This sub-functionalization makes each single transporter
of the photoreceptor synapse unique, and we deem it therefore likely that they will not be lost in the
course of evolution. One exception of this hypothesis illustrates the non-paralogous EAAT5b and
EAAT7 that share the same expression profile and seem to complement each other if one is mutated.
The fact that EAAT5b and EAAT7 seem to have different transporter kinetics might however favor the
retention of these similar transporters as well.

8.5 Concluding remarks
This thesis demonstrates the validity of the zebrafish model with its evolutionarily conserved vertebrate retina for retinal research. Several robust readouts for retinal function allow not only analyzing
functions of different proteins by genetic manipulations like knockdown/knockout studies, but also
assessing functional implications of neuroactive substances on retinal physiology.
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