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1. Abbreviations: 

8-pCPT-cGMP:  8-(4-Chlorophenylthio) guanosine-3',5'-cyclic 

monophosphate  

ACSF:    artificial cerebral spinal fluid 

BSA:     bovine serum albumin  

Ca2+:    calcium ion 

[Ca2+]:    calcium ion concentration 

CICR:    calcium-induced calcium release 

cGMP:    3',5'-cyclic guanosine monophosphate 

[cGMP]:   3',5'-cyclic guanosine monophosphate concentration 

CLSM:    confocal laser scanning microscope 

CMV:     cytomegalovirus promoter 

CNG channels:  cyclic nucleotide-gated channels 

CNS:    central nervous system 

cpfl1:    cone photoreceptor function loss 1 

DMSO:   dimethyl sulfoxide 

DNA:    deoxyribonucleic acid 

dNTP:     deoxynucleoside triphosphate 

ECFP:    enhanced cyan fluorescent protein 

ER:    endoplasmic reticulum 

ERG:    electroretinogram 

FRET:    fluorescence/Förster resonance energy transfer 

GC:    guanylate cyclase 

GCAP:    guanylate cyclase activating protein 

GCL:    ganglion cell layer 

GECI:    genetically encoded calcium indicator 

GFP:     green fluorescent protein 

GTP:    guanosine triphosphate 

IP3:    inositol 1,4,5-triphosphate 

IPL:    inner plexiform layer 

IS:    inner segment 

IVM:    in vitro mutagenesis 

kb:    kilobase pair 

KCl:     potassium chloride 

K+:    potassium ion 

LB:    lysogeny broth 
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LED:     light-emitting diode 

M-(opsin/cone):  medium wavelength (opsin/cone)  

Na+:    sodium ion 

NADPH: β-Nicotinamide adenine dinucleotide phosphate  

NBT:    Nitro Blue Tetrazolium 

NCKX:    sodium/calcium-potassium exchanger 

NCX:    sodium/calcium exchanger 

NFL:    nerve fiber layer 

NGS:    normal goat serum 

NO:    nitric oxide 

NOS:    nitric oxide synthase  

NO-sGC pathway:  nitric oxide-soluble guanylate cyclase pathway 

ODQ:    1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one  

ONL:    outer nuclear layer 

OPL:     outer plexiform layer  

OS:    outer segment 

PCR:    polymerase chain reaction 

PBS:    phosphate buffered saline 

PBS-T:   phosphate buffered saline with Trixon-100 

PDE:    phosphodiesterase 

PFA:     paraformaldehyde 

PKG:    protein kinase G  

PMCA:    plasma membrane calcium ATPase 

q-PCR:     quantitative polymerase chain reaction 

rd1:    retina degeneration 1 

ROI:    region of interest 

RPE:    retinal pigment epithelium 

rpm:    revolutions per minute 

RyR:    ryanodine receptor 

SAP:     shrimp alkaline phosphatase 

SCCI:    synthetic chemical calcium indicator 

sGC:    soluble guanylate cyclase 

SNAP:    S-Nitroso-N-acetyl-DL-penicillamine 

S-(opsin/cone):  short wavelength (opsin/cone) 

TRPC:    transient receptor potential channel 

VGCC:    voltage-gated calcium channel 
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2. Abstract: 

Calcium (Ca2+) is a universal and ubiquitous signaling messenger that controls a 

large variety of cellular processes under physiological conditions. Deviations from the 

normal range of spatial and temporal Ca2+ dynamics can result in cell death (Choi, 

1992; Eimerl and Schramm, 1994; Nicotera and Orrenius, 1998; Berliocchi et al., 

2005).  

Cone photoreceptors are responsible for photopic vision and convert light signals into 

electric signals (Pugh and Lamb, 1993; Muller and Kaupp, 1998; Arshavsky et al., 

2002; Fu and Yau, 2007; Mustafi et al., 2009). Calcium plays multiple roles in cone 

photoreceptors of the vertebrate retina including modulating phototransduction in the 

outer segment, metabolic processes in the inner segment and mediating transmitter 

release at the synaptic terminal. Furthermore, studies on retinal degeneration 

strongly imply the involvement of an aberrant Ca2+ homeostasis in cone 

photoreceptor cell death, e.g. apoptosis in hereditary retinal dystrophies. Therefore, 

to monitor the subcellular Ca2+ dynamics in cones is crucial not only for 

understanding cone function but also to gain important insights into the 

pathophysiological processes that occur in cones before and during degeneration. To 

this end, a transgenic mouse line (HR2.1:TN-XL) was generated in which cone 

photoreceptors selectively express the genetically encoded ratiometric Ca2+ 

biosensor TN-XL. With immunohistochemistry and ERG recordings we confirmed 

that TN-XL is expressed in both types of mouse cones and that the biosensor’s 

presence does not affect photoreceptor function. Light-evoked Ca2+ responses from 

single cone terminals were characterized via two-photon imaging – demonstrating 

that cone Ca2+ dynamics can be easily studied through the pharmacological 

modulation of different components/steps of the phototransduction cascade. Using 

this approach, we tested the hypothesis that nitric oxide (NO) modulates the Ca2+ 

dynamics in cone terminals via the “classical” soluble guanylate cyclase (sGC) 

dependent pathway (NO-sGC pathway). While it was confirmed that Ca2+ resting 

levels in mouse cones can be modulated by NO, no evidence was found that 

supports an involvement of the NO-sGC pathway. In conclusion, the HR2.1:TN-XL 

mouse line offers a great opportunity to elucidate the light-driven Ca2+ dynamics and 

its regulation in mouse cone photoreceptors under physiological and 

pathophysiological conditions. 
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3. Zusammenfassung: 

Kalzium (Ca2+) ist ein ubiquitärer und universeller „Botenstoff“, der auf der einen 

Seite eine Vielzahl von zellulären Prozessen unter physiologischen Bedingungen 

reguliert. Andererseits kann das Überschreiten der normalen räumlichen und 

zeitlichen Grenzen der Ca2+ Dynamik zum Zelltod führen (Choi, 1992; Eimerl and 

Schramm, 1994; Nicotera and Orrenius, 1998; Berliocchi et al., 2005). 

Zapfen-Photorezeptoren sind für das photopische Sehen verantwortlich und wandeln 

Lichtsignale in elektrische Signale um (Pugh and Lamb, 1993 1505; Muller and 

Kaupp, 1998 1496; Arshavsky et al., 2002 1508; Fu and Yau, 2007 1494; Mustafi et 

al., 2009 464). Kalzium spielt mehrere wichtige Rollen in Zapfen-Photorezeptoren der 

Retina: Es moduliert die Phototransduktion im Außensegment sowie 

Stoffwechselvorgänge im Innensegment, und vermittelt die Transmitterfreisetzung an 

der synaptischen Endigung (Terminalien). Darüber hinaus implizieren Studien über 

Netzhautdegeneration, dass eine stark abweichende Ca2+-Homöostase am Zelltod 

von Zapfen-Photorezeptoren, z.B. bei Apoptose in hereditären Netzhautdystrophien, 

beteiligt ist. Daher ist die Untersuchung der subzellulären Ca2+-Dynamik in Zapfen-

Photorezeptoren nicht nur entscheidend, um die Funktion von Zapfen-

Photorezeptoren zu verstehen, sondern auch um wichtige Einblicke in die 

pathophysiologischen Vorgänge zu gewinnen, die in Zapfen-Photorezeptoren vor 

bzw. während ihrer Degeneration ablaufen. Zu diesem Zweck wurde eine transgene 

Mauslinie (HR2.1:TN-XL) generiert, in der Zapfen-Photorezeptoren selektiv den 

genetisch-kodierten ratiometrischen Ca2-Biosensor TN-XL exprimieren. Mittels 

immunohistochemischer Färbungen und ERG-Ableitungen konnten wir zeigen, dass 

TN-XL in beiden Typen von Zapfen-Photorezeptoren der Maus exprimiert wird und 

dass die Gegenwart des Biosensors die Funktion dieser Zellen nicht beeinträchtigt. 

Mittels Zweiphotonenmikroskopie wurden licht-induzierte Ca2-Antworten von 

einzelnen Zapfen-Photorezeptor-Terminalen gemessen und charakterisiert. Dabei 

konnte gezeigt werden, dass sich mit dieser Methode die Ca2-Dynamik von Zapfen-

Photorezeptoren besonders effizient untersuchen lässt, beispielsweise indem 

gleichzeitig verschiedene Komponenten bzw. Reaktionschritte der 

Phototransduktionskaskade pharmakologisch moduliert werden. Mit diesem Ansatz 

testeten wir die Hypothese, dass Stickstoffmonoxid (NO) die Ca2-Dynamik in den 

Terminalien von Zapfen-Photorezeptoren über einen Signalweg moduliert, der eine 

lösliche Guanylatzyklase (sGC) involviert (NO-sGC Signalweg). Wir konnten 

bestätigen, dass das Ca2-Niveau in Zapfen-Photorezeptoren unter Ruhebedingungen 

durch NO moduliert werden kann. Allerdings fanden wir keinen Beleg für eine 
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Beteiligung des vorgeschlagenen NO-sGC Signalwegs. Zusammenfassend kann 

man sagen, dass die hier erzeugte HR2.1:TN-XL Mauslinie ein wichtiges 

„Werkzeug“ darstellt, um die Licht-induzierte Ca2-Dynamik und deren Regulation in 

den Zapfen-Photorezeptoren der Maus unter physiologischen und 

pathophysiologischen Bedingungen aufzuklären. 
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4. Introduction: 

4.1. The structure of the retina: 

The vertebrate retina senses as well as processes visual information from the outside 

world: it transforms light into electric signals, extracts salient features from the visual 

scene and transmits these via the optic nerve to the visual centers of the brain. The 

vertebrate retina is a part of central nervous system (CNS) and due to its highly 

organized structure and accessibility it offers an excellent opportunity to study CNS 

function. The retina is composed of a diversity of cell classes including neurons (such 

as photoreceptors, horizontal cells, bipolar cells, amacrine cells and retinal ganglion 

cells, (Ramón y Cajal et al., 1972); translation of the author's La rétine des vertébrés 

published in 1892) and glial cells (such as Müller cells, astroglia cells and microglia 

cells, (Boycott and Hopkins, 1981)) that are derived from multipotent progenitor cells 

and differentiated in a highly chronological order (Cepko, 1993; Livesey and Cepko, 

2001). 

The structure of the mature retina is layered and well organized (see Fig. 1). The 

following layers can be distinguished (Kolb, 2003): 1) the retinal pigment epithelium 

layer (RPE), 2) the layer containing outer and inner segments (OS+IS) of cone and 

rod photoreceptors in contact with RPE, 3) the outer nuclear layer (ONL), which is 

composed of cone and rod photoreceptor somata, 4) the outer plexiform layer (OPL), 

which is formed by synapses of photoreceptors, bipolar cells and horizontal cells, 5) 

the inner nuclear layer (INL), which includes bipolar cell, horizontal cell and amacrine 

cell somata, 6) the inner plexiform layer (IPL), which is formed by processes and 

synapses of bipolar cells, amacrine cells and ganglion cells, 7) the ganglion cell layer 

(GCL) with the ganglion cell somata and 8) the optic nerve fiber layer (NFL) that is 

formed by ganglion cell axons. 

Incoming light is projected by the eye optics onto the light-sensitive OS of the 

photoreceptors. Because the vertebrate retina has an inverted structure, on the way 

to the photoreceptors the light has to pass all the neural retinal layers, which are 

nearly transparent. Light stimuli are converted by photoreceptors into electrochemical 

signals, which are then further processed by the retinal neurons including bipolar 

cells, horizontal cells, amacrine cells and ganglion cells (Boycott and Wassle, 1999; 

Masland, 2001; Wassle, 2004). Finally, the processed and integrated information is 

sent to the brain as spike trains via the ganglion cell axons which compose the optic 

nerve. The signals transmitted contain, for example, information about the 
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segregation of local and background motion (Olveczky et al., 2003), direction of 

moving objects (Taylor et al., 2000; Euler et al., 2002; Fried et al., 2002), chromatic 

properties (for review see (Dacey and Packer, 2003)) and contrast (Brown and 

Masland, 2001; Baccus and Meister, 2004). 

4.2. Photoreceptors (rods and cones): 

Photoreceptor cells represent the machinery to convert light signals into electric 

signals (Pugh and Lamb, 1993; Muller and Kaupp, 1998; Arshavsky et al., 2002; Fu 

and Yau, 2007; Mustafi et al., 2009). There are two types of photoreceptors in the 

                   

Fig. 1: Schematic structural organization of the vertebrate retina. 

The vertebrate retina is a layered structure and composed of: retinal pigment epithelium 

(RPE), outer and inner segments (OS and IS) of cone and rod photoreceptors, outer nuclear 

layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), ganglion cell layer (GCL) 

and nerve fiber layer (NFL).  

(cones, c; rods, r; horizontal cells, h; bipolar cells, b; amacrine cells, a; ganglion cells, g; 

Müller cells, m) 

Figure modified from (Euler et al., 2009). 
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vertebrate retina: rods are responsible for vision at low light levels (scotopic 

condition), whereas cones are responsible for vision in daylight (photopic condition). 

At mesopic condition both rods and cones contribute to vision. 

Most mammalian species possess two types of cones and are therefore dichromatic, 

while old-world primates including humans feature trichromatic color vision based on 

three types of cone photoreceptors (Jacobs, 1993). Tetrachromacy is among most of 

birds and several species of fish, amphibians and reptiles. In the mouse retina, rods 

are dominating in number, with cones constituting less than 3% of the photoreceptor 

population (Jeon et al., 1998). Mice have dichromatic vision based on short (S) and 

medium (M) wavelength-sensitive cones with approximate absorption maxima at 360 

and 510 nm, respectively (Jacobs et al., 1991). 

Rods and cones have similar primary structures (Fig. 2) including OS, IS, soma and 

synaptic terminal (Kaneko, 1979; Muller and Kaupp, 1998; Mustafi et al., 2009). The 

OS of photoreceptors is filled densely with disks: in rods these disks are pinched off 

from the cell membrane, while cones possess open disks formed by invaginations of 

                               

Fig.2: Rod and cone photoreceptor cells. 

Schematic drawing of rod and cone photoreceptor cells.  

(outer segment, OS; inner segment, IS; mitochondria, m; endoplasmic reticulum, ER). 
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cell membrane. These disks in the OS contain visual pigment molecules, rhodopsin 

in rods and opsin in cones. The OS is linked to the IS by a thin intracellular bridge, 

the so-called connecting cilium arising from the basal body in the IS. The IS hosts the 

metabolic machinery, whereas the cell body contains the nucleus and focuses on 

gene expression. The synaptic terminal contains the machinery responsible for the 

release of transmitter (glutamate) onto postsynaptic neurons including bipolar cells 

and horizontal cells.  

In contrast to most “conventional” neurons, the vertebrate photoreceptors are 

considered non-spiking cells that maintain sustained depolarization and tonic 

transmitter release from the synaptic terminal in darkness. Light evokes intensity-

dependent graded hyperpolarizing responses that decrease transmitter release from 

photoreceptor terminals. Rods are highly light-sensitive and capable of detecting and 

signaling single-photon events but display responses with slower kinetics, while 

cones are less light-sensitive but display much faster response kinetics (Korenbrot 

and Rebrik, 2002). These distinct response properties of rods and cones are 

attributable to differences in the phototransduction cascade (Tachibanaki et al., 2001; 

Kefalov et al., 2003; Rebrik and Korenbrot, 2004). Moreover, the kinetics of synaptic 

transmission is also faster in cones than in rods. The factors determining this 

difference include the properties of synaptic Ca2+ channels, differences in the 

diffusion distance from Ca2+ channels to transmitter release sites as well as vesicle 

replenishment and glutamate removal mechanisms (Schnapf and Copenhagen, 1982; 

Copenhagen et al., 1983; Thoreson, 2007). 

4.3. Phototransduction in photoreceptors: 

Phototransduction occurs in rod and cone photoreceptor OS based on an enzymatic 

cascade triggered by light-evoked activation of visual pigments (Pugh and Lamb, 

1993; Muller and Kaupp, 1998; Burns and Baylor, 2001; Arshavsky et al., 2002; Fu 

and Yau, 2007; Mustafi et al., 2009). The visual pigment in vertebrate photoreceptors 

is generally composed of a chromophore (11-cis-retinal) and a transmembrane 

protein (opsin). Among vertebrate species, opsins can be further subdivided into 

cone opsins and rod-specific rhodopsins. They have very similar amino acid 

sequences but with specific differences that alter the peak wavelength sensitivity (for 

review see (Stenkamp et al., 2002)). 
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In darkness, high [cGMP] in the OS keeps cyclic nucleotide-gated cation (CNG) 

channels open leading to membrane depolarization. This depolarization opens 

voltage-gated Ca2+ channels (VGCCs), which allow Ca2+ influx into the synaptic 

terminal, leading to sustained transmitter release. Light initiates the 

phototransduction cascade (see Fig. 3; phototransduction in rod OS as an example) 

with the absorption of photons by 11-cis retinal within opsin proteins (rod rhodopsin 

or cone opsin). The retinal is photoisomerized to all-trans retinal, thereby inducing a 

conformational change in the opsin protein, which in turn binds to the G-protein 

transducin. Binding of opsin to transducin exchanges the GDP with GTP, which 

activates the α-subunit of transducin to dissociate from transducin complex, with GTP 

bound to the transducin α-subunit. The α-subunit-GTP complex activates membrane 

associated phosphodiesterase (PDE). Activated PDE hydrolyzes cGMP to 5’-GMP 

resulting in decrease of the intracellular [cGMP]. Drop of intracellular [cGMP] causes 

closure of CNG channels, leading to hyperpolarization of the membrane potential and 

closure of VGCCs at the terminals. Efficient pumps and exchangers at the terminals 

(for details see section 4.4) quickly lower intracellular [Ca2+] and thereby decrease 

release of glutamate at the synaptic terminals. 

 

 

Fig.3: Schematic drawing of phototransduction cascade in photoreceptor OS. 

Schematic diagram illustrates biochemical cascade of phototransduction in vertebrate 

photoreceptor OS.  

(rhodopsin, R; activated rhodopsin, R*; transducin, T; phosphodiesterase, PDE; guanylate 

cyclase, GC; guanosine triphosphate, GTP; GC activating proteins, GCAP; sodium/calcium-

potassium exchanger, NCKX; cyclic nucleotide-gated channel, CNGC). 
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Recovery of the light response requires restoration of the [cGMP] to the dark level. 

The [cGMP] is determined by PDE mediated hydrolysis and guanylate cyclase (GC)-

mediated synthesis (Koch, 1991; Venkataraman et al., 2003). Guanylate cyclase 

activity is regulated by the GC activating proteins (GCAPs, (Subbaraya et al., 1994; 

Olshevskaya et al., 1997)) in a Ca2+ dependent manner. In darkness, the relatively 

high [Ca2+] promotes the formation of the Ca2+-bound form of GCAPs, which inhibits 

GC. When the [Ca2+] declines during the light response, the dissociation of Ca2+ 

allows GCAPs to activate GC, thereby restoring the basal [cGMP]. 

4.4. Calcium regulation in photoreceptors: 

Calcium is a universal and ubiquitous signaling messenger to control a large variety 

of cellular processes (Carafoli et al., 2001; Berridge et al., 2003) including fertilization, 

proliferation, development, learning and memory, contraction and secretion (Berridge 

et al., 2000). The signaling potential of Ca2+ is based on the steep concentration 

gradient between cytosol (with basal [Ca2+] typically ~50 nM) and extracellular space 

(with [Ca2+] ~1.5 mM) (Krizaj and Copenhagen, 2002). Because of the [Ca2+] gradient 

between the cytosol and the extracellular space, Ca2+ influx across the plasma 

membrane and/or Ca2+ release from intracellular stores can produce significant 

changes of free cytosolic [Ca2+] (Berridge et al., 2000).  

In photoreceptors, Ca2+ regulates intracellular processes in a highly 

compartmentalized manner. Changes in intracellular [Ca2+] modulate 

phototransduction cascade in OS (see section 4.3), energy metabolism in IS, gene 

expression in soma and transmitter release at terminal (Korenbrot, 1995; Koutalos 

and Yau, 1996; Fain et al., 2001; Krizaj and Copenhagen, 2002; Johnson et al., 

2007). 

To elucidate the compartmentalized Ca2+ functions in photoreceptors, it is essential 

to identify the spatial distribution of the Ca2+ regulating “toolkits” such as Ca2+ buffers, 

channels, transporters and intracellular stores (see Fig. 4). Calcium regulation is 

similar in rod and cone photoreceptors, however, Ca2+ dynamics in rods and cones 

differs in kinetics and capacities (Krizaj and Copenhagen, 2002; Johnson et al., 2007; 

Kramer et al., 2007). 

Calcium dynamics in the OS, where phototransduction cascade takes place, is 

regulated by CNG channels and sodium/calcium-potassium exchangers (NCKXs, 

(Korenbrot, 1995; Krizaj and Copenhagen, 1998)). CNG channels are 

transmembrane proteins that open a cation-permeable pore across the membrane in 

response to the direct binding of intracellular cGMP (for review see (Kaupp and 
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Seifert, 2002; Matulef and Zagotta, 2003)). The opening of CNG channels results in 

Ca2+ and Na+ influx into the OS. The K+-dependent NCKX is thought to be the main 

mechanism for transporting Ca2+ out of the photoreceptor OS. Nevertheless, 

accumulated evidence suggests that there are very likely other yet unknown 

pathways to regulate Ca2+ in the OS. For instance, loss of the cone specific NCKX2 

(Prinsen et al., 2000; Schnetkamp, 2004) did not show any obvious cone dysfunction 

(Li et al., 2006), suggesting that other Ca2+ extruding pathways can compensate for 

the lack of NCKX2 in cones. Evidences for other pathways that are not yet well 

characterized include the type 1 inositol 1,4,5-triphosphate (IP3) receptor (Wang et 

al., 1999) and ryanodine receptors (RyRs, (Shoshan-Barmatz et al., 2007)) based on 

their localization in photoreceptor OS revealed by immunohistochemistry. Another 

result that implies the presence of further Ca2+ regulating pathways in the OS is that 

the disks were shown to take up Ca2+ in an ATP-dependent manner, leading to the 

suggestion of an ATPase pump residing on disk membrane propound being involved 

in the Ca2+ regulation (Carretta and Cavaggioni, 1976; Sack and Harris, 1977; 

Puckett et al., 1985; Panfoli et al., 1994). 

The photoreceptor IS contains mitochondria and endoplasmic reticulum (ER), both of 

which are generally considered to serve as Ca2+ stores (Gunter et al., 2000; 

Verkhratsky, 2005; Szabadkai and Duchen, 2008; Berridge, 2009; Puzianowska-

Kuznicka and Kuznicki, 2009). An anatomical study on the distribution of 

mitochondria and ER in photoreceptors revealed that both organelles are present at 

high densities in the IS (Johnson et al., 2007). The ER is the most important Ca2+ 

store and controls cytosolic Ca2+ dynamics in concert with mitochondria and cell 

membrane-bound Ca2+ regulating components (for Ca2+ regulation by ER see review 

(Puzianowska-Kuznicka and Kuznicki, 2009)). Mitochondria can participate in Ca2+ 

regulation, especially under pathological conditions (Toescu and Verkhratsky, 2003; 

Toescu, 2004). However, it remains to be elucidated how Ca2+ is regulated in this 

region.  

In the photoreceptor soma, Ca2+ regulates gene expression, but it is unclear how 

Ca2+ dynamics is regulated in this compartment. An immunohistochemical study 

revealed that the transient receptor potential channel 6 (TRPC6) is expressed in 

photoreceptor somata (Krizaj, 2005) suggesting a potential involvement in somatic 

Ca2+ regulation in photoreceptors. However, its exact role in Ca2+ regulation remains 

unknown.  
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Fig. 4: Schematic diagram of calcium regulating machineries in mouse cone photoreceptor. 

The drawing shows distribution of Ca
2+

 regulating channels, transporters as well as 

intracellular Ca
2+

 stores including mitochondria and ER.  

(outer segment, OS; inner segment, IS; cyclic nucleotide-gated channel, CNGC; 

sodium/calcium-potassium exchanger, NCKX; mitochondria, m; endoplasmic reticulum, ER; 

voltage-gated Ca
2+

 channels, VGCC; plasma membrane Ca
2+

 ATPase, PMCA; 

sodium/calcium exchanger, NCX).  

Schematic drawing is based on (Johnson et al., 2007). 

In photoreceptor synaptic terminals, the main role of Ca2+ is to regulate release of the 

transmitter glutamate. In darkness, rod terminals maintain lower [Ca2+] than cone 

terminals do, resulting in a lower exocytosis rate in rods, whereas cone terminals are 

able to reduce the higher intra-terminal [Ca2+] to achieve a greater degree in graded 

hyperpolarization during light adaptation (Johnson et al., 2007; Sheng et al., 2007). 

L-type voltage-gated Ca2+ channels (VGCCs) sensitive to membrane potential are 

the main mode for Ca2+ entry into photoreceptor terminals (Nachman-Clewner et al., 

1999; Krizaj and Copenhagen, 2002; Szikra and Krizaj, 2006; Johnson et al., 2007). 

Extrusion of Ca2+ from the terminal is implemented by the plasma membrane Ca2+ 

ATPase (PMCA) and the sodium/calcium exchanger (NCX, (Krizaj et al., 2002; 

Johnson et al., 2007)). The photoreceptor PMCA has a higher Ca2+ affinity and 
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removes Ca2+ in an ATP-dependent manner with a relatively low turnover rate, 

whereas NCX has a higher capacity for Ca2+ extrusion and is especially well suited 

for recovery from a massive [Ca2+] increase. Their respective properties suggest that 

at high [Ca2+], NCX lowers [Ca2+] rapidly to its Kd value and that PMCA is crucial for 

the fine tuning of [Ca2+] (Zylinska and Soszynski, 2000).  

There is evidence that in amphibian (Krizaj et al., 1999; Cadetti et al., 2006; 

Suryanarayanan and Slaughter, 2006) and mammalian rod terminals (Babai et al., 

2010) Ca2+ influx induces Ca2+ release from internal stores (Ca2+-induced Ca2+ 

release, CICR) to amplify synaptic transmitter release. Such a role of CICR for Ca2+ 

amplification has been described in details for controlling myocyte contraction (Endo 

et al., 1970; Fabiato and Fabiato, 1975; Fabiato, 1983). Whether or not ER-mediated 

CICR serves a similar role in (mammalian) cone terminals is not known. Furthermore, 

novel pathways for Ca2+ regulation that involve internal Ca2+ stores in (amphibian) 

photoreceptor terminals have been proposed, such as for example contribution of 

store-operated Ca2+ entry (Szikra et al., 2009).  

Taken together, the Ca2+ regulation in photoreceptors is highly compartmentalized 

and involves a number of different Ca2+ entry, uptake and extrusion mechanisms, 

which are not yet completely understood. 

4.5. Potential role of calcium imbalance in photoreceptor 

disorders: 

Unsurprisingly, due to its versatility in cellular processes, Ca2+ dynamics plays a 

crucial role not only in physiological but also in pathophysiological processes (for 

review see (Cheng et al., 2006)). Imbalance in Ca2+ homeostasis leads to 

pathological processes: depletion of cytosolic Ca2+ leads to rapid and inevitable cell 

death (Verkhratsky and Toescu, 2003; Paschen and Mengesdorf, 2005) as well as 

overload of cytosolic Ca2+ is highly toxic and represents a general mechanism of cell 

demise (Choi, 1992; Eimerl and Schramm, 1994; Nicotera and Orrenius, 1998; 

Berliocchi et al., 2005).  

Also in photoreceptors, abnormalities in Ca2+ dynamics are tightly connected to 

pathophysiological processes such as degeneration (Chang et al., 1993; Fox et al., 

1999; Sancho-Pelluz et al., 2008). Calcium overload was proposed to trigger 

photoreceptor cell death (Fox et al., 1999). Activation of calpain-type proteases in 

degenerating rod and cone photoreceptors was observed by using in situ 

biochemical assay (Paquet-Durand et al., 2006; Trifunovic et al., 2010). Because 
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calpain is a Ca2+-dependent protease, this finding suggested that intracellular [Ca2+] 

is, in fact, elevated during the neurodegenerative process. 

In retina degeneration 1 (rd1) retina, accumulation of cGMP leads to rod cell death 

due to a mutation in the rod specific Pde6b (Bowes et al., 1990). Binding of cGMP to 

CNG channels in the OS increases the open possibility of these channels and 

increased Ca2+ influx through CNG channels leads to Ca2+ accumulation, and 

eventually rod degeneration ((Sancho-Pelluz et al., 2008); see Fig. 5). Recently, it 

was reported that in rd1 mice that lack functional CNG channels photoreceptor 

degeneration was postponed significantly (Paquet-Durand et al., 2011). Lack of 

                     

Fig. 5: Molecular pathways during retinal photoreceptor degeneration. 

PDE6 mutation-induced deregulation of cGMP results in accumulation of cGMP, thereby 

causes Ca
2+

 influx through CNG cation-channels resulting in Ca
2+

 overload in OS. Elevated 

[Ca
2+

] causes oxidative DNA damage, energy depletion and cell death, eventually.  

Figure modified from (Sancho-Pelluz et al., 2008).  
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functional CNG channels should result in decreased Ca2+ influx, which will in principle 

compensate Ca2+ overload as caused by Pde6b mutation. Therefore, this Cngb1-/- x 

rd1 line confirmed that Ca2+ is crucial for the progress of retinal degeneration in rd1.  

In cone photoreceptor function loss 1 (cpfl1) retina (Chang et al., 2009), loss of 

functional cone-specific PDE6 (mutation in Pde6c) leads to cone degeneration 

(Trifunovic et al., 2010). The underlying degeneration mechanism has been 

suggested to be similar to that in rd1 retina: Elevated [cGMP] leads to opening of 

CNG channels, which in turn was proposed to cause Ca2+ overload in cpfl1 cones 

(Trifunovic et al., 2010). 

While all the aforementioned reports support the hypothesis that Ca2+ is elevated 

before and/or during retinal degeneration, these data consist of indirect evidence. Yet 

to really understand the role of Ca2+ dynamics in these degenerative processes it is 

important to be able to monitor intracellular Ca2+ dynamics directly in living 

photoreceptors. 

4.6. Optical calcium recording: 

Calcium imaging makes use of synthetic or genetically encoded fluorophors that 

change their fluorescence properties (e.g. spectral distribution, fluorescence lifetime) 

as a function of intracellular [Ca2+]. Therefore, these indicator dyes are of immense 

importance for studying cellular Ca2+ signaling (Knot et al., 2005), which is, as 

discussed above, involved in controlling a plethora of cellular processes under 

physiological as well as pathophysiological conditions. While Ca2+ imaging provides 

extremely useful spatially and temporally resolved information about intracellular Ca2+ 

dynamics, one has also to keep in mind, that different processes contribute to the 

measured intracellular [Ca2+] and that therefore an increase in [Ca2+], for instance, 

does not necessarily represent depolarization. Calcium levels are affected by 1) Ca2+ 

entry through VGCC and/or ligand-mediated receptors from the extracellular space, 2) 

Ca2+ release from intracellular stores (i.e. ER and mitochondria), 3) Ca2+ extrusion 

from the cytosol mediated by pumps and exchangers and 4) Ca2+ uptake into 

intracellular stores (for review see (Berridge et al., 2000)). Therefore, the recorded 

Ca2+ signal requires careful interpretation and further dissection, e.g. with 

pharmacological means. Still, in many cases Ca2+ activity approximates neuronal 

activity and therefore Ca2+ imaging allows for comprehensive functional studies of 

microcircuits in neuronal networks. Often, Ca2+ imaging can be used to indirectly 

monitor action potential trains, because action potential trains cause brief Ca2+ influx 



17 
 

through VGCCs in neuronal membranes (Gobel and Helmchen, 2007). This method 

of “imaging spiking activity” has become very important in neuroscience and 

generated significant insights into the operation of the CNS (Voitenko et al., 1999; 

Mao et al., 2001; Ghozland et al., 2002; Cossart et al., 2003). 

Calcium indicators can be categorized into two groups, synthetic chemical Ca2+ 

indicators (SCCI), which are typically small fluorescent molecules capable of 

chelating Ca2+ ions, and genetically encoded Ca2+ indicators (GECI, synonym: Ca2+ 

biosensor), which are basically a combination of one or more fluorescent proteins 

and a Ca2+ binding protein. These two groups of Ca2+ indicators have distinct 

advantages and disadvantages.  

Synthetic Ca2+ indicators possess typically a greater dynamic range (fractional 

change in intensity or ratio) and faster kinetics compared to GECIs (Palmer and 

Tsien, 2006; Paredes et al., 2008). In the AM ester form, SCCIs provide an easy 

loading method for introducing these dyes into living cells (Tsien, 1989, 1992). The 

major disadvantages of such AM-forms are that 1) they can be compartmentalized 

into cellular organelles (instead of remaining in the cytosol, where one typically wants 

to monitor Ca2+), 2) they can leak out of the cells and make chronic imaging over long 

time periods impossible and 3) they cannot be targeted to specific cell populations or 

cellular compartments (Palmer and Tsien, 2006; Mank and Griesbeck, 2008; 

Paredes et al., 2008). 

Calcium biosensors or GECIs possess several advantages over conventional SCCIs: 

1) They can be expressed in a cell type-specific manner and therefore allow 

monitoring Ca2+ dynamics in defined cell types, 2) they can be targeted to specific 

subcellular compartments, 3) their continuous expression over extended time periods 

allows chronic time-lapse imaging. Their main disadvantages include that 1) in 

general they possess a smaller dynamic range of their fluorescence intensity/ratio 

compared to SCCIs, 2) by FRET-based GECIs the baseline ratio cannot be always 

adjusted to zero even in the absence of FRET, which makes it very difficult to detect 

small changes in low [Ca2+] range (for review see (Takahashi et al., 1999)), 3) it 

requires more sophisticated methods to introduce GECIs into cells such as 

electroporation, lipofection and viral transduction (McCombs and Palmer, 2008). 
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So far, three main classes of Ca2+ biosensors (see Fig. 6) have been developed with 

different strategies (McCombs and Palmer, 2008): 1) GECIs can be based on 

aequorin, a photoprotein from the bioluminescent jellyfish aequorea, which upon Ca2+ 

binding emits fluorescence due to a chemical reaction that requires reconstitution of 

the indicator with a cofactor, 2) GECIs can consist of a single fluorescent protein, into 

which Ca2+ sensitive elements are inserted and alter the spectral properties of the 

protein upon binding/unbinding of Ca2+, 3) GECIs utilize FRET; here the Ca2+ 

sensitive moiety is typically flanked by two fluorescent proteins and alters the 

efficiency of FRET between them. In the latter two cases, the fluorescent proteins are 

in most cases the green fluorescent protein (GFP) or its derivatives. 

 

Fig. 6: Three classes of genetically encoded calcium indicators that have been developed with 

different strategies. 

(A): The aequorin in complex with coelenterazine. Upon binding of Ca
2+

, aequorin undergoes 

a conformational change, releasing coelenteramide and emitting light.  

(B): Single fluorescent protein-based sensor. Binding of Ca
2+

 causes a change in protein 

conformation and a shift in the protonation state of the chromophore.  

(C): FRET-based sensor containing a Ca
2+

 binding domain between two fluorescent proteins. 

By Ca
2+

 binding, distance between the two fluorescent proteins is shortened thereby 

increasing the efficiency of FRET.  

Figure modified from (McCombs and Palmer, 2008). 
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The criterion how to choose an appropriate Ca2+ indicator depends on the purpose 

and setup in the researcher’s projects. 

4.7. TN-XL calcium biosensor and HR2.1 promoter: 

In the present study, the Ca2+ biosensor TN-XL (Mank et al., 2006) was used to 

detect Ca2+ dynamics in mouse cones.  

TN-XL is a FRET-based Ca2+ indicator that uses mutated chicken skeletal Troponin 

C as Ca2+ binding moiety. The mutated form of Troponin C displays a much 

increased affinity to Ca2+ (Mank et al., 2006; Mank and Griesbeck, 2008). Troponin C 

is flanked by ECFP and circular permuted Citrine acting as fluorescence donor and 

 

Fig. 7: Schematic drawing of FRET-based TN-XL with exemplary calcium imaging by two-

photon microscopy. 

Calcium ions bind to Troponin C (TnC) of the TN-XL Ca
2+

 biosensor leading to a 

conformational change in TN-XL, thereby enhancing FRET from the donor (ECFP) to the 

acceptor moiety (Citrine). The illumination wavelength is chosen so as to excite only the 

donor, the ensuing donor and acceptor emissions are monitored separately at their respective 

wavelengths (upper example for Ca
2+

 imaging by two-photon microscopy). 
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acceptor, respectively, in the FRET process (see Fig. 7). TN-XL displays a large 

fractional fluorescence change in its emission ratio over a large [Ca2+] range. In vivo 

Ca2+ imaging demonstrated that TN-XL exhibits stable fluorescence signals in the 

presynaptic motor neuron terminals of transgenic fruit flies (Mank et al., 2006). TN-XL 

possesses a faster decay time-constant compared to other GECIs (Garaschuk et al., 

2007; Hendel et al., 2008). Its Ca2+ affinity in vitro was reported to be relatively low 

(Kd = 2.20 µM), however, in vivo it appears to be somewhat higher (Kd ~0.77 µM, 

(Hendel et al., 2008)) depending on the local environment of different cell types. The 

relatively low Ca2+ affinity of TN-XL could limit its application, i.e. when very small 

Ca2+ fluctuation needs to be detected. On the other hand, due to this property TN-XL 

is expected to have minimal effect on intrinsic Ca2+ buffering capacity (Takahashi et 

al., 1999). 

To drive TN-XL expression specifically in mouse cones, we used the HR2.1 promoter, 

which is a 2.1 kb fragment of the upstream sequence of human red opsin gene. This 

sequence contains a 1.6 kb BamHI–StuI fragment joined to a proximal promoter of 

495 base pairs of the human red pigment gene (Wang et al., 1992; Li et al., 2008). 

The version of human red opsin promoter has been shown to be sufficient to drive 

cone photoreceptor-specific expression of reporter genes in mouse (Wang et al., 

1992), rat and guinea pig (Li et al., 2008) retinas. Using this promoter, in rat the 

reporter expressing was M-cone selective (Li et al., 2008), whereas in mouse both 

cone types, M- and S-cones, expressed the transgene (Wang et al., 1992). The 

reason for this species-related difference could be ascribed to the species difference 

(Li et al., 2008).  

4.8. Physiological role of nitric oxide in retinal functions: 

Nitric oxide (NO) was proposed to modulate Ca2+ dynamics in amphibian 

photoreceptor terminals via a NO-sGC pathway (Kurenny et al., 1994; Savchenko et 

al., 1997; Blom et al., 2009). By using the established HR2.1:TN-XL mouse line, we 

investigated whether NO modulates Ca2+ dynamics in mouse cone terminals through 

such a pathway.  
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Nitric oxide is a well known to exert a variety of functions on cell physiology (Rosselli 

et al., 1998; Doutheil et al., 2000; Guix et al., 2005; Gotoh and Mori, 2006; 

Garthwaite, 2008). It is produced by NO synthase (NOS) from the amino acid L-

arginine (see Fig. 8) and is a membrane permeable signaling molecule with a short 

half-life (Knowles and Moncada, 1992; Feldman et al., 1993; Hakim et al., 1996). 

Thus, it exerts its actions either within the source cell or diffuses from the source cell 

to affect adjacent cells (Lubos et al., 2008). 

One well described function of NO is to activate soluble guanylate cyclase (sGC) 

through the “classical” NO-sGC pathway (see Fig. 9) in a number of physiological 

processes (Denninger and Marletta, 1999). The hemoprotein sGC is activated by NO 

 

Fig. 8: Biochemical reactions of nitric oxide and its derivates.   

Nitric oxide (NO) is synthesized by nitric oxide synthase (NOS) using L-arginine and reacts 

with a variety of targets. It reacts with soluble guanylate cyclase (sGC) to produce cGMP, with 

transition metals (M), with thiol groups (RSH) to produce S-nitrosothiols (RSNO) and with 

superoxide anion (O2
−•

) to form peroxynitrite (ONOO−/ONOOH). Nitric oxide can be reduced 

to nitrous oxide (N2O) or oxidized to nitrite (NO2
−
). 

Figure modified from (Lubos et al., 2008). 
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(with an estimated half-maximal effective concentration EC50 of ~1 nM, (Wykes and 

Garthwaite, 2004)) and converts GTP into cGMP, resulting in a rise of cytosolic 

[cGMP], which transmits the NO signal to the subsequent target of cGMP, such as 

cGMP-dependent protein kinases and CNG channels (for review see (Calabrese et 

al., 2007)). 

As an oxidizing agent NO can also react with a large variety of potential targets, 

depending on its local concentration and environment (see Fig. 8). Nitric oxide can 

react with thiol groups (RSH) to produce S-nitrosothiols (RSNO). Nitric oxide reacts 

with superoxide anion (O2
−•) to produce peroxynitrite (ONOO-), which is a powerful 

oxidant, and therefore cytotoxic. Furthermore, NO can be reduced to nitrous oxide 

(N2O) or oxidized to nitrite (NO2
−). In summary, NO exerts its functions either through 

direct NO interactions with its targets or indirectly through its metabolites. Important 

cellular effects of NO include: protein posttranslational modification nitration and S-

nitrosylation to alter activities of target proteins (Lipton et al., 1996; Broillet, 1999; 

 

Fig.9: NO-sGC pathway.  

Soluble guanylate cyclase (sGC) is activated by the binding of NO to transform GTP into 

cGMP, resulting in increase of intracellular [cGMP]. Intracellular cGMP has several 

downstream effectors including protein kinase G (PKG) and the CNG channels. 

Phosphodiesterase (PDE) hydrolyzes cGMP and therefore acts to counteract excessive 

production of cGMP.  
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Cassina et al., 2000; Doutheil et al., 2000; Amici et al., 2003), inhibition of 

cytochrome C oxidase in mitochondria (Brown and Cooper, 1994; Cleeter et al., 1994; 

Brown, 1999) and suppression of protein synthesis in ER (Doutheil et al., 2000). 

Excessive NO causes cytotoxic effects including genetic mutations (Nguyen et al., 

1992; Routledge et al., 1994; Juedes and Wogan, 1996), inhibition of DNA repair 

enzymes (Kwon et al., 1991; Lepoivre et al., 1991) as well as ER stress (Doutheil et 

al., 2000; Li et al., 2000; Gotoh and Mori, 2006).  

Nitric oxide has been shown to be involved in retinal functions and was suggested to 

be a contributor to the pathology underlying (some) retinal diseases (Goldstein et al., 

1996; Kelly and Barnes, 1997; Gotzes et al., 1998; Muller and Koch, 1998; Djamgoz 

et al., 2000). It is well established that NO modulates the functions of ganglion cells 

and amacrine cells in inner retina (Ahmad et al., 1994; Mills and Massey, 1995; 

Wang et al., 2003; Hoffpauir et al., 2006). Nitric oxide was also reported to regulate 

gap junction permeability and modulate glutamate receptors in horizontal cells 

(Devries and Schwartz, 1992; McMahon and Ponomareva, 1996) as well as activate 

sGC in bipolar cells (Shiells and Falk, 1992; Snellman and Nawy, 2004).  

Several studies also demonstrated NO effects on photoreceptors (Schmidt et al., 

1992; Rieke and Schwartz, 1994; Levy et al., 2004) and it was proposed that NO 

modulates Ca2+ dynamics in amphibian photoreceptor terminals via a NO-sGC 

pathway (Kurenny et al., 1994; Savchenko et al., 1997; Blom et al., 2009). Based on 

electroretinogram (ERG) recordings, NO was reported to also affect rodent 

photoreceptor function (Sato and Ohtsuka, 2010; Vielma et al., 2010), but it is still 

unclear whether or not the effects in amphibian and mammals are based on the 

same pathway.  

4.9. Aim and contributions: 

4.9.1. Aim of this study: 

Due to the importance of Ca2+ in regulating intracellular processes under 

physiological and pathophysiological conditions, it is crucial to be able to monitor 

Ca2+ dynamics in such processes in vivo. Moreover, monitoring Ca2+ activity in cones 

provides the possibility for comprehensive functional studies of microcircuits in early 

visual processing. However, this direct approach of assessing Ca2+ dynamics has so 

far been hampered by different factors, including the relatively low number of cone 

photoreceptors in the mouse retina and the lack of cell-specific labeling techniques 

with Ca2+ indicators.  
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The aim of the present study was to investigate Ca2+ dynamics specifically in mouse 

cones using the genetically encoded Ca2+ indicator TN-XL. To achieve the goal, the 

tasks in the project include: 

(A) to design a construct on which expression of the Ca2+ biosensor (here TN-XL) is 

driven by using a specific promoter (the human red opsin promoter HR2.1); 

(B) to generate a transgenic mouse line carrying the construct that stably expresses 

TN-XL in cones specifically; 

(C) to characterize the generated mouse line using immunohistochemistry and ERG; 

(D) to evaluate pharmacologically modulated Ca2+ signal in different compartments; 

(E) to evaluate light-evoked Ca2+ responses in subcellular resolution; 

(F) to modulate light-evoked Ca2+ responses pharmacologically; 

(G) to investigate specific hypothesis (here Ca2+ modulation by NO through NO-sGC 

pathway in cone terminals) by using the HR2.1:TN-XL mouse line. 

4.9.2. Contributions: 

I performed following experimental procedures and methods: 

 Creation of the HR2.1:TN-XL construct 

 Screening of the transgenic founder mice by using single-photon confocal 

laser scanning microscope 

 Immunohistochemical study on retinal whole mounts and vertical sections 

 Tissue preparation for physiological measurements 

 Ca2+ imaging with pharmacology using single-photon confocal laser scanning 

microscope 

 Ca2+ imaging by using two-photon microscope and light-evoked Ca2+ 

response experiments 

 Pharmacological manipulation of light-evoked Ca2+ response 

 Analysis of Ca2+ imaging data obtained with single- and two-photon 

microscopes 

The following experimental procedures and methods were carried out by Norman 

Rieger and Britta Baumann (Molecular Genetics Laboratory, Centre for 

Ophthalmology, University Clinics Tübingen): 

 Screening of the transgenic founder mice by PCR and quantitative PCR 
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The following experimental procedures and methods were carried out by the group of 

Thomas Ott (Transgenic Animals Core Facility, University Medical School, Tübingen): 

 Microinjection of HR2.1:TN-XL construct into pronuclei of fertilized ova and 

manipulation of fertilized ova into foster mice 

The following experimental procedures and methods were carried out by Naoyuki 

Tanimoto (Division of Ocular Neurodegeneration, Centre for Ophthalmology, Institute 

for Ophthalmic Research, University of Tübingen): 

 Electroretinogram examination on one month old HR2.1:TN-XL mice 

The following experimental procedures and methods were carried out by Gorden 

Eske (Centre for Integrative Neuroscience (CIN)/Institute for Ophthalmic Research, 

Centre for Ophthalmology, University of Tübingen): 

 Preparation of retinal sections for immunochemical staining 

The following experimental procedure was carried out by Francois Paquet-Durand 

(Institute for Ophthalmic Research, Centre for Ophthalmology, University of 

Tübingen): 

 NOS diaphorase assay 
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5. Materials and methods: 
5.1. Equipments and materials: 

5.1.1. Setups and microscopes: 

Two-photon microscopy system 

Newport Spectra-Physics,    Ti/sapphire laser (MaiTai-HP DeepSee) 

Darmstadt, Germany calibrated photometer (Model 842-PE, 

200-1100 nm) 

 

Sutter Instruments,   movable objective microscope, 

Novato, CA, USA    custom-modified in lab of AG Euler 

   

Olympus, Tokyo, Japan   XLUMPlanFL 20x/0.95w objective 

 

AHF, Tübingen, Germany   HC 483/32 optic filter 

      D 535/50 optic filter  

 

Light stimulator 

AHF, Tübingen, Germany   UV: 360 BP 10 

      green: 520 BP 10 

      beamsplitter: 400 DCLP 

 

Arduino     open source microprocessor board 

http://www.arduino.cc    

 

CLSM system 

Nikon, Tokyo, Japan   Eclipse FN1 microscope 

      Fluor, 40x/0.80w objective 

 

AHF, Tübingen, Germany   HC 469/35 optic filter 

      ET 535/30 optic filter  

 

Coherent, Dieburg, Germany  Radius 405-25 diode laser system 

 

ALA Scientific Instrument,    VC34 System focal perfusion system 

Westbury, NY, USA    100 µm-diameter tip manifold 
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Equipments for immunohistochemistry 

Leica Microsystems GmbH,  JUNG CM3000 cryotome 

Wetzlar, Germany 

 

Zeiss, Oberkochen, Germany  Zeiss Imager Z1 Apotome 

    Plan-APOCHROMAT 5x/0.16, 20x/0.8 

      EC Plan-NEOFLUAR 40x/1.3 oil 

 

filter sets 38 for Alexa 488, excitation 

470/40 nm, emission 525/50 nm 

filter sets 50 for Alexa 660, excitation 

640/30 nm, emission 690/50 nm 

Molecular genetics equipments 

Applied Biosystems,    GeneAmp PCR System 2400 

Foster City, USA    GeneAmp PCR System 9600 

      GeneAmp PCR System 9700 

 

Biorad, Richmond, USA   agarose gel electrophoresis chamber 

 

Eppendorf, Hamburg, Germany  Thermomixer comfort 

 

GFL, Burgwedel, Germany   water bath shaker 

 

Hereaus, Osterode, Germany   Biofuge Fresco 

      Biofuge 15 

      incubator 

 

Thermo Fisher Scientific Inc.   NanoDrop-ND-1000-Spectrophotometer 

Wilmington, US 

 

5.1.2. Chemical list: 

Baxter, Unterschleißheim, Germany Isoflurane 

 

BioLog, Bremen, Germany   8-pCPT-cGMP 
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Biozym Biotech Trading GmbH,   LE agarose 

Wien, Austria    

 

Carl Roth GmbH+Co.,     ampicillin   

Karlsruhe, Germany    powder milk  

 

Calbiochem, Darmstadt, Germany  proteases inhibitor cocktail 

 

GE Healthcare, Munich, Germany  bromophenol blue 

 

Merck, Damstadt, Germany  ethanol 70% 

      glucose 

      KCl 

 

Serva Feinbiochemica GmbH,   ethidium bromide 

Heidelberg, Germany  

 

Sigma-Aldrich, Steinheim, Germany BSA 

      caffeine 

      DMSO 

      MgCl2 

      NaCl 

      NADPH 

      NGS 

      NBT 

      ODQ 

      PFA 

      SNAP 

      Triton X-100 

      zaprinast 

 

USB Amersham, Cleveland, USA  dNTPs 

 

 

5.1.3. Consumbles and reagent kits: 

Applied Biosystems, Foster City, USA BigDye® Terminator V3.1 sequencing kit 
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Dow Corning, Midland, USA  high vacuum grease  

 

Electron Microscopy Sciences,   plastic cover slips for acute retinal slices 

Hatfield, PA, USA 

 

Eppendorf, Hamburg, Germany   Fast Plasmid Mini Kit 

 

MARTOR KG, Solingen, Germany  blades for tissue chopper 

 

MBI Fermentas, Vilnius, Lithuania  GeneJET Plasmid Miniprep Kit  

 

Millipore, Cork, Ireland   0.8 µm pore filter membrane 

 

Qiagen, Hilden, Germany    QIAquick Gel Extraction Kit 

 

Vector, Burlingame, CA, USA  vectashield mounting medium 

 

5.1.4. Buffers and media: 

ACSF       125 mM NaCl 

      26 mM NaHCO3 

      1.25 mM NaH2PO4 

      2.5 KCl 

      1 mM MaCl2 

      2 mM CaCl2 

      20 mM glucose 

      0.5 mM L-glutamine 

 

dNTP-solution    5 mM dATP 

      5 mM dCTP  

5 mM dGTP  

5 mM dTTP  

5 mM Tris (pH 7.5) 

 

microinjection buffer   0.1 mM EDTA 

      10 mM Tris-HC (pH 7.5) 
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PBS       20 NaH2PO4,  

80 Na2HPO4,  

154 NaCl (pH 7.4) 

 

50 x TAE buffer  2 M Tris base  

  5.71% (v/v) acetic acid 

  50 mM EDTA pH 8.0 

 

TE buffer      1 mM EDTA 

10 mM Tris (pH 7.5) 

 

5.1.5. Antibodies: 

Abcam, Cambridge, UK    rabbit anti-sGC (#AB50238) 

 

Chemicon International,    rabbit anti-blue opsin (#AB5407) 

Hofheim, Germany    rabbit anti-red/green opsin (#AB5405 ) 

 

Novus Biologicals,     mouse anti-GFP (#NB600-597) 

Littleton, CO, USA  

 

Invitrogen, Molecular Probes,   secondary antibodies 

Eugene, OR, USA    Alexa Fluor 488 and 660 

 

5.1.6. Enzymes for molecular genetics: 

New England Biolabs,    restriction enzymes  

Beverly, USA     Asc 

BamH 

      Bgl 

      Nhe 

 

Perkin Elmer, Foster City, USA   Taq polymerase  

 

Stratagene, La Jolla, USA    Pfu Turbo DNA polymerase  

 

USB Amersham, Cleveland, USA   SAP 



31 
 

5.1.7. Primer list: 

* Feo 164:   CCT GAG GGT CAC GGC GCT TTA T 

* Feo 203:   CCA GCA AAT CCC TCT GAG CC 

* Feo 207:   TTA GGA GTA GTC GCA TTA GAG A  

* Feo 208:   CAG AGG AGG AGT GGG GTG TC  

* HR 2.1-fwA:  AGT GAG ATC TGC TAG CCC TAC AGC AGC CAG GGT 

GAG 

* HR 2.1 revA:  CTG GCA GAT CTG GCT ATG GAA AGC CCT GTC C    

MM-OPA1_QF:  CCT CTG CGT TTA TTT GAA GAA TG 

MM-OPA1_QR: AAA AGG GTA GAA CGG GAG GA 

* RGCP-30FW:  AAC GTG ACT CGA CCC AGT AA 

* RGCP-20RV:  GGC CAG GGT GGA AGA TTA GAT G 

TN-XXL-fw:   CAA CAT CGA GGA CGG CAG  

* TNX1-rev:   GCC CTG AGA ATC TCA CC 

TNXL Seq R1: TGC ACG CCC CAG GTC AG 

(5’ -> 3’; * for DNA sequencing)  
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5.2. Molecular genetics: 

5.2.1. Overview of the cloning strategy and procedure: 

The TN-XL plasmid construct (Mank et al., 2006) was kindly provided by Oliver 

Griesbeck (Max-Planck-Institute for Neurobiology, München-Martinsried, Germany) 

and the Human red opsin promoter (HR2.1) containing plasmid (Wang et al., 1992) 

was kindly provided by Jeremy Nathans (Howard Hughes Medical Institute, Baltimore, 

MD, USA). A strategy was devised to combine parts of both plasmids to generate the 

new construct HR2.1:TN-XL, in which the TN-XL is under the control of the HR2.1 

promoter, which has been shown to drive specific expression in mouse cone 

photoreceptors (S- and M-cones, (Wang et al., 1992)). The cloning strategy and 

procedure are presented as an overview (Fig. 10) followed: 

1. HR2.1 was amplified by PCR. Subsequently, the PCR product was digested 

by Bgl and the fragment was gel purified. 

2. Into the TN-XL plasmid an Asc restriction site was introduced downstream of 

the TN-XL sequence by in vitro mutagenesis for later linearization of the final 

construct. 

3. The TN-XL (Asc+) plasmid was digested by BamH and Bgl, then the large 

DNA fragment was gel purified. 

4. The purified DNA fragments (from steps 1. and 3.) were ligated and the 

ligation products were transformed into E. coli cells.  

5. Correct clones were identified by colony PCR and isolated plasmid DNA was 

verified by DNA sequencing, subsequently. 

6. Eventually, the final construct HR2.1:TN-XL (Asc+) was linearized by 

restriction enzyme digestion and purified for later microinjection.  
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Fig. 10 Flow chart for design of HR2.1:TN-XL. 

Strategy and procedures for design of HR2.1:TN-XL are presented as flow chart. HR2.1 and 

TN-XL were combined, so that TN-XL is under the control of HR2.1. For microinjection of the 

construct, HR2.1:TN-XL was linearized from vector by restriction digestion. 

5.2.2. PCR amplification: 

The HR2.1 promoter fragment was amplified by PCR using the HR2.1 plasmid as 

template; the selective amplification of DNA sequence was performed with 

appropriate sense and antisense primers. 

PCR reaction setup: 

0.5 µl HR2.1-plasmid (100 ng) 

0.9 µl primer HR2.1-fwA (100 ng) 

1.1 µl primer HR2.1- revA (100 ng) 

4 µl 10x PfuTurbo buffer 

2 µl dNTPs 

30.5 µl H2O 

1 µl PfuTurbo DNA polymerase (2.5 U/µl) 

PCR Cycling conditions: 

 cycles temperature duration 

1. denaturation 1 94°C 1 min 

2. denaturation 

    annealing 

    elongation 

 

30 

 

94°C 1 min 

58°C 1 min 

72°C 3 min 

3. final elongation 1 72°C 10 min 

After the thermal cycling, the reaction was cooled down to 8°C and the PCR product 

was stored at 4°C until use.  

5.2.3. In vitro mutagenesis by PCR: 

The excision of the DNA fragment for later microinjection (devoid of most vector 

backbone sequences) requires unique restriction sites to be present on the 

HR2.1:TN-XL plasmid with one located upstream and one located downstream of the 

promoter/TN-XL sequence. Here, a unique downstream restriction site was created 

on the original TN-XL plasmid by site-directed mutagenesis. At base positions 3312-

3319 (ggc ttt cc) of the TN-XL plasmid the -ttt- sequence was replaced by the 
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sequence -gcg-, thereby generating the restriction site Asc at this site. Primer 

sequences for in vitro mutagenesis were as follows:  

Primer (5’ -> 3’): 

Asc_F:  CCA CGT TCG CCG GCG CGC CCC GTC AAG CTC  

Asc_R:  GAG CTT GAC GGG GCG CGC CGG CGA AAC GTG G 

(nucleotides exchanged with respect to the template DNA in red) Tm = 80,57 

Reaction Setup: 

5 µl 10 x Pfu buffer 

20 ng Plasmid DNA 

125 ng Asc_F primer 

125 ng Asc_R primer 

2 µl dNTP (5 mM each dNTP) 

1µl PfuTurbo DNA polymerase (2.5 U/µl) 

H2O added to 50 µl 

PCR Cycling conditions: 

 cycles temperature duration 

1. denaturation 1 95°C 30 s 

2. denaturation 

    annealing 

    elongation 

 

18 

 

95°C 30 s 

55°C 1 min 

68°C 8 min 

3. final elongation 1 68°C 8 min 

An elongation time of 1 minute per kilobase pairs (kb) of plasmid length was 

recommended, therefore, elongation for the TN-XL plasmid was applied for 8 minutes 

with an approximate size of 8 kb. After the thermal cycling, the reaction was cooled 

down to 8°C.  

5.2.4. Restriction enzyme digestion of plasmid DNA or PCR-

products: 

The TN-XL (Asc+) plasmid contains the cytomegalovirus (CMV) promoter upstream 

of the TN-XL gene. To replace the CMV promoter with the HR2.1 promoter, the CMV 

promoter was excised by restriction enzyme digestion. For this purpose TN-XL (Asc+) 

plasmid DNA was digested with BamH and Bgl. 
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Reaction Setup: 

2.45 µl TN-XL (Asc+) DNA (408.5 ng/µl) 

2 µl 10 x NEB 3 buffer 

2 µl BSA (1mg/ml) 

12.55 µl H2O 

0.5 µl BamH (10 U/µl) 

0.5 µl Bgl (10 U/µl) 

The digestion mix was incubated for 1 hour at 37°C. Subsequently, 

dephosphorylation (which is required to prevent re-circularization of the linearized 

plasmid in the later ligation step) was performed by adding 2U shrimp alkaline 

phosphatase (SAP) for 1 hour at 37°C. The reaction was stopped by heating the 

sample to 65°C for 15 minutes, which completely inactivates SAP activity.  

The PCR product of the HR2.1 promoter fragment was digested with Bgl as follows: 

25 µl PCR product (196.5 ng/µl) 

4 µl 10 x NEB 3 buffer 

10 µl H2O 

1 µl Bgl (10 U/µl) 

The digestion reaction was incubated for 1 hour at 37°C. 

5.2.5. Gel electrophoresis purification and DNA extraction: 

For separation and purification of the DNA fragments used for the later ligation 

reaction, both restriction enzyme digestions were electrophoresed on a 1% (m/v) 

agarose gel in 1x TAE buffer. The QIAquick Gel Extraction Kit (Qiagen, Hilden, 

Germany) was used for the purification of DNA from gel slices. The agarose gel was 

stained with ethidium bromide (1/1000 vol. of 100µg/ml ethidium bromide in gel) and 

the desired fragments were excised from the gels and collected into an Eppendorf 

cup. The gel slices were mixed with three volumes of buffer QG and dissolved by 

incubation for 10 minutes at 50°C. After the addition of one gel volume of isopropanol, 

the samples were applied to QIAquick column and centrifuged for 1 minute at 12,000 

rpm. The spin columns were washed once with 500 µl QG and once with 500 µl PE 

and then were placed into clean 1.5 ml centrifuge tubes. The bound DNA was eluted 

from the column with 50 µl EB buffer applying centrifugal force (1 minute – 12,000 

rpm). DNA concentrations were quantified with a NanoDrop-ND-1000-

Spectrophotometer (Thermo Fisher Scientific Inc. Wilmington, DE, USA) according to 

manufacturer’s instruction. 
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5.2.6. Ligation of TN-XL (Asc+) and HR2.1 fragments: 

Ligation of the gel-purified DNA fragments of TN-XL (Asc+) and HR2.1 (molar ratio of 

insert to vector = 5:1) was performed by applying T4 DNA Ligase. 

Ligation Reaction Setup: 

1.8 µl TN-XL (Asc+) fragment (20 ng) 

15.5 µl HR2.1 promoter fragment (100 ng) 

2 µl 10 x T4 ligase buffer 

1 µl T4 DNA ligase (4 U/µl) 

The ligation reaction mix was incubated at 16°C over night.  

5.2.7. Transformation of chemically competent E. coli cells: 

Transformation of chemical competent E. coli cells with the ligation product HR2.1: 

TN-XL (Asc+) was performed according to the manufacturer’s recommendations 

(Invitrogen BV, Groning, NL).  

30 µl competent cells (DH5α) were thawed on ice. 2 µl of the ligation reaction were 

added to the cells and the suspension was incubated on ice for 20 minutes. A heat 

shock was applied to the cells by incubating in a 42°C water bath for 20 seconds. 

Afterwards the cells were put back on ice for another 2 minutes. 300 µl SOC medium 

were added to the transformation mix and then the cell suspension was incubated for 

1 hour at 37°C while shaking at 225 rpm. To obtain single colonies, the 

transformation suspensions were plated on selective LB-agar plates (with ampicillin 

as an antibiotic). 

5.2.8. Colony PCR: 

In order to identify bacterial colonies that contain the plasmid with desired construct 

and confirm that HR2.1 (Asc+) and TN-XL are in correct orientation, colony PCR was 

performed, which is a quick and simple method to screen for plasmid inserts, directly 

from E. coli colonies. Single colonies were picked from the LB-agar plates and 

resuspended in 40 µl H2O with some rest of each colony spread onto backup LB-

agar plates. Colony suspensions were mixed with 10 µl of a PCR reaction mix 

composed of: 

2 µl dNTP-mix (5 mM) 

5 µl ATI buffer 
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1 µl forward-primer FEO 203 (10 pmol/µl) 

1 µl reverse-primer TNX 1(10 pmol/µl) 

0.8 µl H2O 

0.2 ml Taq polymerase (5 U/µl) 

PCR Cycling Conditions: 

 cycles temperature duration 

1. Pre-PCR 1 60°C 20 min 

2. denaturation 1 94°C 4 min 

3. denaturation 

    annealing 

    elongation 

 

25 

 

94°C 30 s 

53°C 30 s 

72°C 3 min 

4. final elongation 1 72°C 5 min 

After termination of the reaction the temperature was set at 8°C. 

5.2.9. Isolation of plasmid DNA: 

For small-scale plasmid isolation, 5 ml LB-medium supplemented with 5 µl ampicillin 

(final concentration = 100µg/ml) were inoculated with a single bacterial colony 

(screened positive by colony PCR) and incubated for 12-16 hours at 37°C while 

shaking at 200-250 rpm. Before plasmid isolation 500 µl of the culture were mixed 

with 500 µl 50% glycerol and stored at -80°C as frozen stock.  

The plasmid isolation was performed according to the GeneJET Plasmid Miniprep Kit 

(MBI Fermentas, Vilnius, LT) user manual. Harvested plasmid DNA was 

resuspended in TE buffer and quantified by Nanodrop measurement. 

5.2.10. DNA sequencing: 

The integrity and correctness of the new construct was validated by DNA sequencing.  

Sequencing of the purified plasmid DNA was performed by Cycle Sequencing using 

BigDye® Terminator V3.1 chemistry (Applied Biosystems, Foster City, USA) with the 

primers that cover the entire length of HR2.1:TN-XL fragment (see primer list).  

Reaction Setup: 

1.5 µl DNA (500ng) 

4 µl BigDye sequencing buffer 5x  

2 µl BigDye v3.1 

11.5 µl H2O 
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1 µl primer (5pmol/µl) 

Cycling conditions: 

 cycles temperature duration 

1. denaturation 1 96°C 2 min 

2. denaturation 

    annealing 

    elongation 

 

25 

 

96°C 15 s 

53°C 15 s 

60°C 4 min 

3. final elongation 1 8°C ∞ 

After termination the reaction was cooled down to 8°C.  

5.2.11. Preparation of linearized construct for microinjection: 

For the microinjection into fertilized eggs, the HR2.1:TN-XL core fragment was 

excised from the vector backbone by restriction enzyme digestion with NheI and AscI. 

Digestion reaction setup: 

1 µl DNA (2.32 µg) 

4 µl 10 x Tango buffer  

2 µl Nhe (10U/µl) 

2 µl Asc (10U/µl) 

31 µl H2O 

The reaction was incubated at 37°C for 3 hours, then the enzymes were heat 

inactivated by incubation for 20 minutes at 65°C. Digested DNA fragments were 

stored at -20°C before purification by gel electrophoresis. Separation of the digestion 

products was performed by gel electrophoresis on a 0.8% TAE/Seakem agarose gel. 

The HR2.1:TN-XL core fragment was excised from the gel and purified using the 

QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) as described above. Purified 

DNA was dissolved in microinjection buffer containing 0.1 mM EDTA and 10 mM 

Tris-HCl (pH 7.5). DNA quantity was determined by Nanodrop analysis. In addition 

an aliquot of the DNA was subjected to electrophoresis on a 1.5% agarose along with 

a series of a DNA standard (2, 5, 10, 20, 50 and 100 ng of λHindIII/EcoRI standard). 

The DNA samples were stored at 4°C.  

Following the same strategy and procedure, two further constructs were 

created by Britta Baumann (Molecular Genetics Laboratory, Centre for 

Ophthalmology, University Clinics Tübingen). One construct was designed to 
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express TN-XL under the HR2.1 promoter – similar to the construct described 

above (HR2.1:TN-XL), but then supplemented with human CNGB3 gene of the 

CNG channel at the 3’ end. This was done to direct localization of TN-XL 

specifically in cone OS. The second construct was designed to express TN-XL 

under the control of the mouse Nrl promoter (Akimoto et al., 2006) to target 

specific expression of TN-XL in mouse rods. The linearized constructs were 

also prepared for microinjection for generating transgenic mouse lines. 

5.3. Generation of the transgenic mouse line expressing 

TN-XL in photoreceptors: 

In order to achieve stable expression of TN-XL in photoreceptors, the mouse line 

HR2.1:TN-XL was generated by standard transgene technologies (Gordon and 

Ruddle, 1981). 

5.3.1. Microinjection of HR2.1:TN-XL construct into the pronuclei of 

fertilized ova: 

All procedures including isolation of oocytes, microinjection of the DNA 

fragment and re-implantation of embryos into foster mothers were performed 

by lab members of Dr. Thomas Ott (Transgenic Animals Core Facility, 

University Medical School, Tübingen). 

All procedures were performed in accordance with the law of animal experimentation 

issued by the German Federal Government (Tierschutzgesetz) and approved by the 

State’s legal body (Regierungspräsidium Tübingen) for the evaluation animal 

experimentation. Transgenic mice were generated by direct microinjection of the 

HR2.1:TN-XL core DNA fragment into the pronuclei of fertilized ova (Gordon and 

Ruddle, 1981). The manipulated fertilized ova were transferred into the oviducts of 

foster mice, which had a heterogenic genetic background that was known to yield 

superior injection results.  

5.3.2. Selection of transgenic mice by PCR and quantitative PCR: 

All procedures of the identification of transgenic founder mice by PCR, the 

determination of the transgene copy numbers by q-PCR as well as animal 

cross-breeding were carried out by Norman Rieger and Britta Baumann 

(Molecular Genetics Laboratory, Centre for Ophthalmology, University Clinics 

Tübingen).  
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Newborn mice from the microinjection experiment were analyzed by PCR for the 

presence of the transgene HR2.1:TN-XL. For that DNA was extracted from ear 

punches and subjected to PCR amplification with primers FEO203 and TNXLSeqR1 

that cover a junction fragment between HR2.1 and TN-XL.  

Quantitative PCR (q-PCR) was performed to estimate the copy numbers of the 

integrated transgene fragment and to assess its stability in subsequent breeding. For 

quantification the Ct method (Livak and Schmittgen, 2001; Schmittgen and Livak, 

2008) was applied by comparing the amplification of a transgene fragment with that 

of a genomic locus (Opa1). Quantitative PCRs were carried out with probes of the 

Universal Probe Library (Roche, Mannheim, Germany) and performed on a 

Lightcycler 480 instrument (Roche). For calibration of genomic copy numbers the 

serial dilutions of the HR2.1:TN-XL plasmid spiked into mouse genomic DNA were 

used.  

5.3.3. Selection of transgenic mice by using single-photon confocal 

laser scanning microscopy (CLSM): 

These founder mice positive for transgene integration were crossed with C57Bl6 

wild-type mice and the obtained F1 offspring of the founder mice were screened for 

TN-XL expression. For that purpose unfixed retinal whole mounts and sections (for 

procedure of tissue preparation see 5.4.2) were analyzed by CLSM (for procedure of 

microscopy see methods 5.7.1). 

5.3.4. Generation of the purebred mouse line HR2.1:TN-XL: 

The offspring of founder mice were analyzed for TN-XL expression in photoreceptors 

using fluorescence microscopy (see 5.5.3). Only the offspring of one founder animal 

(HR2.1:TN-XL) with an estimated copy number of ~15 yielded stable and strong 

expression of TN-XL. To establish a purebred mouse line that carries the transgene 

insertion on both chromosomes (and therefore supersedes genotyping of newborn 

mice), transgene-positive animals were cross-bred and identified with a doubling in 

the copy numbers (and thus most likely homozygous for the transgene insertion) by 

q-PCR for subsequent breeding. This line referred to HR2.1:TN-XL was used for all 

subsequent histological and physiological experiments. 

5.4. Animals and tissue preparation: 

Animals were housed under a standard white cycling lighting (12 hours). For retina 

dissection the animals were anesthetized with isoflurane (Baxter, Unterschleißheim, 
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Germany) inhalation and killed by cervical dislocation. All procedures were performed 

in accordance with the law of animal experimentation issued by the German Federal 

Government (Tierschutzgesetz) and approved by the State’s legal body 

(Regierungspräsidium Tübingen) for the evaluation animal experimentation. 

5.4.1.Retinal whole-mounts and sections for immunohistochemistry: 

Retinal sectioning for immunohistochemistry was carried out by Gorden Eske 

(Centre for Integrative Neuroscience (CIN)/Institute for Ophthalmic Research, 

Centre for Ophthalmology, University of Tübingen). 

For immunohistochemistry retinal whole mounts and vertical sections were prepared 

from eight weeks old HR2.1:TN-XL animals (purebred line). After the mice were 

sacrificed, the eyes were marked at the nasal side to be able to maintain the retinal 

orientation and quickly enucleated. The retinas were dissected out and fixed in 4% 

paraformaldehyde (PFA) diluted in PBS containing (in mM) 20 NaH2PO4, 80 

Na2HPO4, 154 NaCl (pH 7.4) for 45 minutes at 4°C. Then the retinas were washed 

with PBS and cryoprotected in increasing concentrations of sucrose (10, 20 and 

30%). For vertical sections, completely fixed eyes were embedded in tissue freezing 

medium, frozen in liquid N2 and sectioned into 12 µm using a cryotome (JUNG 

CM3000, Leica Microsystems GmbH, Wetzlar, Germany). The sections were 

collected on glass slides and stored at -20°C for later use. 

5.4.2. Acute retinal slices for calcium imaging: 

For Ca2+ imaging, acute retinal slices were prepared from 4-7 weeks old HR2.1:TN-

XL mice. For those experiments that involved light stimulation (two-photon imaging) 

the animals were dark adapted for at least 2 hours before the dissection. After the 

mice were sacrificed, the eyes were quickly enucleated and hemisected in 

carboxygenated (95% O2, 5% CO2) ACSF solution containing (in mM) 125 NaCl, 2.5 

KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and 20 glucose (pH 7.4). 

Remaining vitreous was carefully removed using forceps, before the retina was 

dissected from the eyecup. The retinas were cut in half, flattened by cutting off their 

edges and put onto filter paper (0.8 µm pore size, Millipore, Ireland) with the 

photoreceptor layer facing up. Approximately 200 µm thin vertical slices were cut by 

using a custom-made tissue chopper (Werblin, 1978) with razor blades (MARTOR 

KG, Solingen, Germany). Slices with the filter paper attached were then stabilized 

using high vacuum grease (Dow Corning, Midland, USA) on plastic cover slips 

(Electron Microscopy Sciences, Hatfield, PA, USA). This way the slices could be 
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stored in a holding chamber with carboxygenated ACSF at room temperature before 

they were placed in the recording chambers under the microscopes. In the respective 

recording chambers of the two microscope systems (see 5.7), the slices were 

perfused constantly with warmed (~36°C) carboxygenated ACSF. 

5.5. Anatomy: 

5.5.1. Immunohistochemistry: 

Retinal sections on slides stored at -20 C were desiccated at 37 C and subsequently 

rehydrated in PBS. The slices were then incubated for 1 hour at room temperature in 

blocking solution containing 0.3% PBS-T, 1% BSA and 5-10% corresponding normal 

serum from the host animal (goat or rabbit) in which the respective secondary 

antibodies were raised. Primary antibodies including rabbit anti-blue opsin (1:200), 

rabbit anti-red/green opsin (1:200), mouse anti-GFP (1:200) and rabbit anti-sGC 

(1:200) were diluted in blocking solution and applied to the sections. After over-night 

incubation at 4°C with the primary antibodies, the sections were washed four times 

for 5 minutes in PBS and then incubated for 1 hour at room temperature with 

secondary antibodies (Alexa Fluor 488 and 660, Invitrogen, Molecular Probes, 

Eugene, OR, USA) diluted 1:500 in PBS. After washing six times in PBS, the 

sections were covered with coverslips by using vectashield mounting medium (Vector, 

Burlingame, CA, USA). 

5.5.2. NOS activity assay: 

The NOS diaphorase assay was carried out by Francois Paquet-Durand 

(Institute for Ophthalmic Research, Centre for Ophthalmology, University of 

Tübingen).  

The NOS diaphorase assay (Hope et al., 1991) was performed by incubating 

rehydrated retinal tissue sections for 4 hours at 37°C in 0.3% PBS-T, 0.7 mM 

NADPH, 0.25 mM Nitro Blue Tetrazolium (NBT; both from Sigma-Aldrich, Steinheim, 

Germany). After washing three times in PBS the sections were mounted using 

vectashield.  

5.5.3. Standard fluorescence microscopy: 

Standard fluorescence microscopy was performed on a Zeiss Imager Z1 Apotome 

Microscope (Zeiss, Oberkochen, Germany), equipped with a Zeiss Axiocam digital 

camera, Zeiss objectives (Plan-APOCHROMAT 5x/0.16, 20x/0.8 and EC Plan-

NEOFLUAR 40x/1.3 oil) and Zeiss filter sets (filter set #38 for Alexa 488, excitation 
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470/40 nm, emission 525/50 nm; filter set #50 for Alexa 660, excitation 640/30 nm, 

emission 690/50 nm). Images were acquired with Zeiss Axiovision® 4.8 software and 

processed using Canvas (ACD Systems International Inc., Saanichton, BC, Canada).   

5.6. Electroretinograms (ERGs): 

ERGs were performed by Naoyuki Tanimoto (Division of Ocular 

Neurodegeneration, Centre for Ophthalmology, Institute for Ophthalmic 

Research, University of Tübingen). 

To determine whether the expression of TN-XL in cones alters visual function of the 

mouse line, binocular ERGs were recorded on HR2.1:TN-XL mice at the age of 4 

weeks, as described previously (Seeliger et al., 2001; Tanimoto et al., 2009). The 

ERG equipment consisted of a Ganzfeld bowl, a direct current amplifier, and a PC-

based control and recording unit (Multiliner Vision; VIASYS Healthcare GmbH, 

Hoechberg, Germany). First, mice were anaesthetized using Ketamine (66.7 mg/kg 

body weight) and Xylazine (11.7 mg/kg body weight). Then their pupils were dilated 

and single flash ERG responses were obtained under dark-adapted (after overnight 

dark adaptation) and light-adapted (with a background illumination of 30 cd/m2 

starting 10 minutes before recording) conditions. Single white-flash stimuli ranged 

from -4 to 1.5 log cd*s/m2 under dark-adapted and from -2 to 1.5 log cd*s/m2 under 

light-adapted conditions. Ten responses were averaged with inter-stimulus intervals 

of 5 seconds (for -4 to -0.5 log cd*s/m2) or 17 seconds (for 0 to 1.5 log cd*s/m2). 

Responses to trains of flashes (flicker) for a fixed intensity (0.5 log cd*s/m2; the 

International Society for Clinical Electrophysiology of Vision standard flash [ISCEV 

SF] intensity; (Marmor et al., 2004a)) at 18 and 20 Hz were obtained under dark-

adapted conditions. Flicker responses were averaged 30 times. Band-pass filter cut-

off frequencies were 0.3 and 300 Hz for all ERG recordings. The Mann-Whitney rank 

sum test was used to test for statistical significance of differences in a-wave and b-

wave ERG amplitudes in HR2.1:TN-XL (n=6) and wt (littermates, n=6) mice. 

5.7. Calcium imaging: 

5.7.1. Single-photon confocal laser scanning microscopy (CLSM): 

The microscope used for recording drug-evoked Ca2+ responses in the TN-XL 

expressing cones was an Eclipse FN1 microscope (Nikon, Tokyo, Japan) equipped 

with a diode laser (Radius 405-25, Radius Laser System, Coherent, Dieburg, 

Germany) that allowed exciting the fluorescence donor (ECFP) of the TN-XL 

indicator at 405 nm. A 40x water immersion objective (Fluor, 40x/0.80w, Nikon, 
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Tokyo, Japan) was used to acquire images (256x256 pixels, for time-lapsed 

recordings every 5 seconds) at the emission wavelengths of ECFP (HC 469 BP 35 

filter, AHF, Tübingen, Germany) and Citrine, the fluorescence acceptor (ET 535 BP 

30, AHF). Control images were recorded for at least 2 minutes before drug 

application (see 5.9.1.), for which a focal perfusion system was used (VC34 System, 

manifold with tip diameter of 100 µm; ALA Scientific Instrument, Westbury, NY, USA).  

5.7.2. Two-photon microscopy: 

A custom-built two-photon microscope (Denk et al., 1990) was used as described 

earlier (Euler et al., 2009; Breuninger et al., 2011). In brief, the system was equipped 

with a mode-locked Ti/sapphire laser (MaiTai-HP DeepSee, Newport Spectra-

Physics, Darmstadt, Germany) tuned to ~860 nm, two detection channels for 

fluorescence imaging of ECFP (483 BP 35, AHF) and Citrine (D 535 BP 50, AHF) 

and a 20x water-immersion objective (XLUMPlanFL 20× water-immersion, 0.95 NA, 

Olympus). Retinal slices were placed in recording chamber at 36°C - 36.5°C perfused 

with carbogenated ACSF. Image acquisition was performed using customized 

software (CfNT, by Michael Müller, MPImF) and by taking 128x8 pixel images (at 

62.5 Hz frame rate) restricted to the row of cone pedicles in the OPL (see Fig. 11). 

This way, bleaching of the light-sensitive cone OS by the scanning laser could be 

largely avoided.  

5.8. Light stimulation: 

A custom-designed dichromatic light stimulator (Breuninger et al., 2011) was 

mounted below the recording chamber and consisted of two band pass-filtered (UV: 

360 BP 10, green: 520 BP 10; AHF) LEDs. Their light was combined by a beam-

splitter (400 DCLP, AHF), focused by an achromatic air condenser lens (0.8 NA,H 

DIC, Zeiss) and projected through the glass bottom of the recording chamber. The 

LEDs were driven by an open-source microprocessor board (http://arduino.cc). 

Because the UV LED evoked weak but detectable fluorescence in the tissue, the 

LED was synchronized on-time with the two-photon microscope’s scanner retrace 

and thereby prevented stimulation artifacts during data acquisition time fraction of a 

scan line (when the laser scanned the cone pedicles). A combination of dichroic 

mirrors in front of the photomultipliers and in the detection path prevented light from 

the stimulation LEDs interfering with the fluorescence detection directly (for details 

see (Euler et al., 2009). Stimulator intensity was measured at the level of the 

recording chamber using a calibrated photometer (Model 842-PE, 200-1100 nm, 

Newport, Darmstadt, Germany) set to the respective center wavelengths of the LED 
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filters (see above). Cone photo-isomerization rates were calculated using the relative 

sensitivities of the mouse cone opsins at the LED filter wavelengths via an opsin-

template (Stockman and Sharpe, 2000) fitted to the peak sensitivities (360 and 511 

nm, (Jacobs et al., 1991)) and assuming a cone’s light collection area of 0.2 µm² 

(Nikonov et al., 2006). The stimuli always covered the whole retinal slice (full field, 

see Fig.11). 

Two light stimulation protocols were used: in the first protocol, bright 1-second 

flashes were presented every 5 seconds and repeated 7-10 times. During the flashes, 

the intensity (as photo-isomerization rate, 103·P*s-1cone-1) was stepped from 

background level to 13.0 and 12.8 for M- and S-opsins, respectively. Here, the 

background level meant that the stimulator LEDs were off but the excitation laser was 

scanning. Since the laser light scattered in the tissue, this provided a low basal 

illumination (see laser effect in Fig. 17), to which the cone photoreceptors adapted 

within tens of seconds. In the second protocol, bright and dark flashes (1 second 

duration, every 5 seconds, 7 repeats) were presented by stepping the intensity (in 

103·P*s-1cone-1) from a medium level of 6.3 (for both opsins) to 8.85 and 11.4 

(“bright”) and 1.26 and 3.79 (“dark”) for both M- and S-opsins. For both protocols, the 

 

Fig. 11: Schematic drawing of light stimulation experiment on cones. 

Retinal slice was stimulated by the full field light stimulation (indicated by dotted circle 

covering the entire retinal slice, left). Only the cone terminals were scanned for avoiding 

strong stimulation of OS (rectangle). Green highlight indicates localization of TN-XL 

expression.  
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slices were kept at the background (protocol 1) or the medium (protocol 2) intensity 

level for 1 minute after the laser-scanning started before flashes were presented. 

This was necessary to allow the cone photoreceptors to adapt to scatter excitation 

laser light. 

5.9. Pharmacology: 
For stock solutions, all drugs were dissolved in H2O or DMSO, according to the 

vendor’s instructions. Before each experiment, drugs were freshly prepared from 

stock solutions in carboxygenated ACSF.  

5.9.1. Drug-evoked calcium responses: 
In the CSLM experiments, the drug solutions included 100 mM KCl, 50 mM Caffeine 

and 500 µM 8-pCPT-cGMP (BioLog, Bremen, Germany; the others from Sigma-

Aldrich, Steinheim, Germany) and were puffed using a focal perfusion system (see 

5.7.1).  

5.9.2. Pharmacological modulation of light-evoked calcium 

responses:  
In the two-photon experiments, the final concentrations of the drug solutions were: 

200 µM zaprinast, 200 µM SNAP, 100 µM ODQ and 50 µM 8-pCPT-cGMP (BioLog, 

Bremen, Germany; the others from Sigma-Aldrich). The drugs were applied with the 

bath solution. Drug effects were analyzed statistically for wash-in (from application 

start) and wash-out (from end of drug application) durations of at least 20 minutes 

(see also 5.10). 

5.10. Data analysis: 

For analysis of the drug-evoked Ca2+ response data acquired with the CSLM, the 

commercial EZ C1 confocal imaging software (Nikon) of the microscope system was 

used. For analyzing light-evoked Ca2+ response data, the public domain software 

ImageJ (http://rsb.info.nih.gov/ij/) and custom-written scripts for the commercial 

IgorPro software (Wavemetrics, Lake Oswego, Oregon, USA) were employed. 

Regions of interest (ROIs) were positioned on individual cone pedicles and, in case 

of the CSLM measurements, also on cone IS and somata. Background fluorescence 

was subtracted and the ratio (R=FA/FD) between the fluorescence signal of the donor 

(FD) ECFP and that of the acceptor (FA) Citrine was calculated. An increase in R (or 

ΔR/R = (Rdrug – Rcontrol) / Rcontrol) represents an increase in intracellular [Ca2+]. We 

refrained from calibration of the ratiometric measurements (to yield absolute [Ca2+]) 

because for the purpose of the present study, relative [Ca2+] that could be compared 
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between different conditions was sufficient. Therefore, we give the fluorescence ratio 

R as a measure of [Ca2+]. 

To quantify light-evoked Ca2+ changes recorded using the two-photon microscopy, 

the response traces were fitted with sigmoid curves (see Fig. 19B1) and the following 

parameters were extracted: pre-response baseline ratio (Rbase), peak amplitude (ΔR), 

area (RA), rise time (trise, time between 20% and 80% of ΔR) and decay time (tdecay, 

time between 80% and 20% of ΔR). Rbase was obtained by averaging fluorescence 

ratio in the pre-response phase and ΔR was calculated by subtracting Rbase from the 

peak amplitude. RA was determined by the surface area of light response trace under 

the curve, despite differences in Ca2+ dynamic profiles, measurements of the area 

revealed relative quantity of transported Ca2+ induced by light stimuli. Note that “rise” 

refers to the initial drop in [Ca2+] at light-onset, whereas “decay” refers to the increase 

in [Ca2+] at light-offset. The effects of the drugs onto the different response 

parameters were statistically evaluated using the Wilcoxon’s rank sum test. 
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6. Results: 
6.1. Three constructs were created for driving TN-XL 

expression specifically in mouse photoreceptors: 

To target a calcium biosensor to mouse cone photoreceptors, we designed a 

construct that drives the expression of the TN-XL calcium biosensor under the control 

of the human red opsin promoter HR2.1 (Wang et al., 1992; Li et al., 2008).  

Two more constructs (Fig. 12) were designed using the same procedure. First, the 

HR2.1:TN-XL-CNGB3 construct was designed to allow probing very local Ca2+ 

dynamics (Ca2+ microdomain) close to CNG channels directly in the cone OS. The 

term Ca2+ microdomain generally refers to an increase in cytosolic Ca2+ that remains 

in vicinity of the mouth of Ca2+ channels (for review see (Rizzuto and Pozzan, 2006)). 

The human CNGB3 gene was added to the downstream end of the HR2.1:TN-XL 

construct  (Fig. 12). The strategy behind this construct design is that exogenous 

CNGB3 bound to TN-XL will be transported to OSs associated with endogenous 

CNGA3 (Ding et al., 2009). The exogenous CNGB3 subunit and the endogenous 

CNGA3 subunit will form functional CNG channels in the OS, so that TN-XL is 

localized to the mouth of the CNG channels and detects the local Ca2+ dynamics. 

Second, the Nrl:TN-XL construct was designed for targeting TN-XL expression in rod 

photoreceptors using the Nrl promoter (Akimoto et al., 2006). Nrl is a motif-leucine 

 

Fig 12: Schematic presentation of three designed constructs. 

Calcium biosensor TN-XL is under the control of HR 2.1 or Nrl promoter. TN-XL is a 

ratiometric Ca
2+

 indicator and composed of ECFP as fluorescence donor and Citrine as 

fluorescence acceptor; mutated Troponin C from chicken skeletal muscle serves as Ca
2+ 

binding moiety. Additionally, in the HR2.1:TN-XL–CNGB3 construct, the CNGB3 gene was 

attached to the 3’ end. 
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zipper transcription factor that is specifically expressed in rod photoreceptors and 

pinealocytes. The Nrl promoter was shown to be able to drive reporter gene 

expression specifically in rods (Akimoto et al., 2006). 

Transgenic mouse lines carrying the three constructs were generated by direct 

microinjection of the respective TN-XL constructs into the pronuclei of fertilized ova 

(Gordon and Ruddle, 1981), because stable expression of TN-XL in cones enables 

the evaluation of cone Ca2+ dynamics in an in vivo-like situation.  

6.2. TN-XL expression is only found in HR2.1:TN-XL 

mouse retinas: 

Received founder mice were screened by PCR for the integration of transgenes in 

the mouse genome and by fluorescence microscopy for their expression (see Table 

1). For the HR2.1:TN-XL construct, a total of 97 mice were born from foster mothers 

which had been implanted with microinjected oocytes. Integration of HR2.1:TN-XL in 

the genome was confirmed for 10 of these mice by PCR analysis of DNA extracted 

from ear punches. Only 1 of the 10 founder mouse lines showed TN-XL expression in 

the retina with 15 integrated transgene copies per haploid genome (=copy number) 

estimated using q-PCR. This copy number turned out to be stably inherited in the F1 

generation, suggesting that the transgene copies had inserted into the genome at a 

single location. 

For the HR2.1:TN-XL–CNGB3 and the Nrl:TN-XL constructs, 6 of 32 and 5 of 28 

founder mice, respectively, were confirmed to carry the transgenes. However, 

inspection of their isolated retinas with fluorescence microcopy showed that none of 

these founder mice expresses TN-XL. 

Taken together, only 1 HR2.1:TN-XL founder mouse did indeed express TN-XL in the 

retina, while none of the founder mice for the other two constructs displayed any 

retinal TN-XL expression.  

The HR2.1:TN-XL founder mouse was used to establish a purebred line HR2.1:TN-

XL carrying the integrated transgene insertion in both homologous chromosomes by 

cross-breeding transgene-positive mice. The purebred transgenic mouse line stably 

transmits the transgene at a copy number of about 10-15 per haploid genome, as 

measured by q-PCR-based analysis. 
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Table 1: Screening of transgenic mouse lines. 

 6.3. TN-XL is expressed in both cone types in the 

HR2.1:TN-XL mouse line: 

To characterize the expression pattern of TN-XL within cones and the distribution of 

TN-XL-positive cones across the retina, vertical sections and whole mounts of 

HR2.1:TN-XL retina (purebred line) were double-labeled with antibodies against GFP 

(to amplify TN-XL fluorescence) and against M- or S-opsin (Fig. 13). We found that in 

these animals TN-XL is present throughout the cone with the exception of the OS 

(Fig. 13 A-C). In M-cones identified by M-opsin labeling, TN-XL expression is 

restricted to IS, soma and terminal, whereas staining of M-opsin was confined to the 

OS (Figure 13 A-C). Despite the absence of an overlap in staining of TN-XL and M-

opsin, it is evident that both antibodies labeled different parts of the same cells (inset 

in Figure 13C).  

Mice possess a dorso-ventral opsin co-expression gradient, with M-cones dominating 

the dorsal and M/S double-expressing cones dominating the ventral retina (Szel et al., 

1992), as found in a few other mammalian species (reviewed by (Lukats et al., 2005)). 

That this gradient is also present in the transgenic line was shown by S-opsin 

labeling of whole mounted retina (Fig. 13D). Despite the opsin co-expression 

gradient, cones that exclusively express S-opsin (“true” S-cones) are evenly 

distributed across the whole mouse retina (Haverkamp et al., 2005). Hence, to test if 

TN-XL is also expressed by “true” S-cones we stained a dorsal vertical section, 

where opsin co-expression is low (Fig. 13E,G with Fig. 13F,H). We found that 

infrequent S-opsin expressing cones in dorsal retina, which presumably represent the 

“true” S-cones - were TN-XL positive (Fig. 13G, inset), suggesting that the HR2.1 

Mouse line promoter founder 

mice (n) 

PCR approx. copy 

numbers 

(q-PCR) 

TN-XL expression 

(by fluorescence 

microscopy) 

HR2.1:TN-XL HR2.1 97 10 + 1, 1, 1, 1, 1, 2, 

2, 4, 14, 15 

1 + 

(copy number ~15) 

HR2.1:TN-XL –

CNGB3 

HR2.1 32 6 + 1, 1, 3, 3, 29, 25 - 

Nrl:TN-XL Nrl 28 5 + 1, 1, 4, 4, 5 - 

For each of the three constructs, number of founder mice, number of founder mouse lines 

carrying the transgene (tested by PCR), approximate copy numbers (by q-PCR) and number 

of lines confirmed to express TN-XL by fluorescence microscopy are listed. 
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promoter drives TN-XL expression in both mouse cone types, consistent with earlier 

observations (Wang et al., 1992). As in the M-cones, TN-XL is present throughout 

the S-cone with the exception of the OS. 

 

Fig. 13: TN-XL expression in cone photoreceptors of the HR2.1:TN-XL mouse line. 

(A-C): Vertical sections stained with antibodies against GFP (labels TN-XL; blue) and M-opsin 

(red), showing the presence of the biosensor throughout the cone with the exception of OS. 

Magnified inset in (C) illustrates that TN-XL and opsin labeling does not overlap but is 

localized in same cone. (outer segment, OS; inner segment, IS; outer nuclear layer, ONL; 

outer plexiform layer, OPL; inner nuclear layer, INL). 

(D): Retinal whole mount stained with antibody against S-opsin, confirming the presence of 

the dorsal-ventral opsin co-expression gradient described in mouse (Szel et al., 1992). 

(E-H): Vertical sections taken from the dorsal (E,G) and the ventral (F,H) retina and stained 

for S-opsin. Example for S-opsin expressing, TN-XL-positive cone in the dorsal retina (G, see 

also magnification in inset). Scale bars: 20 µm (A-C and E-H), 50 µm in (D). 
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6.4. Cone function is unaffected by TN-XL expression: 

Upon the generation of transgenic mice, it may happen that the random insertion of 

the transgene(s) disturbs endogenous gene functions. Additionally, in the HR2.1:TN-

XL mouse line, TN-XL contains Troponin C as its Ca2+-binding moiety (Mank et al., 

2006), which might alter the intrinsic cone Ca2+ buffering capacity and thereby affect 

Ca2+ signal spread and neurotransmitter release to postsynaptic neurons. Therefore, 

we tested if photoreceptor function in the HR2.1:TN-XL line was normal by recording 

scotopic and photopic ERGs from one month old transgenic and wild-type mice. To 

assess cone function and synaptic transmission, we analyzed the photopic single 

flash b-wave, which is evoked by downstream ON-cone bipolar cells. The b-wave 

recorded from HR2.1:TN-XL mice was not significantly different from wild-type 

animals (P=0.13 to 0.67 for -0.5 to 1.5 cd·s/m2), indicating normal ON-cone bipolar 

cell function (Fig. 14A-C). To assess OFF-cone bipolar cell function, we applied a 

flicker stimulus protocol at a fixed intensity of 0.5 log cd·s/m2 which is defined as the 

International Society for Clinical Electrophysiology of Vision standard flash (ISCEV 

SF, (Marmor et al., 2004b)). Again, we found no significant difference between 

transgenic and wild-type mice in the flicker responses that reflect OFF-cone bipolar 

cell activity (Fig. 14D,E). This suggests that cone function as well as transmission 

from cones to bipolar cells is not substantially altered by the expression of TN-XL. 

Moreover, under scotopic conditions, the function of rods (indicated by the a-wave) 

and rod bipolar cells (indicated by the b-wave) is not significantly different between 

transgenic and wild-type mice (Fig. 14F-H). In conclusion, our ERG data indicate that 

neither the transgene insertion nor the expression levels of TN-XL in cones interfere 

with normal photoreceptor function in HR2.1:TN-XL mice. 
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Fig. 14: Electroretinogram (ERG) analysis of HR2.1:TN-XL mice vs. wild-type mice.  

(A): Representative photopic single flash ERGs in 1-month-old HR2.1:TN-XL (red) and wt 

(black) mice under a static background light (30 cd/m
2
). The b-wave is indicated by an open 

arrow.  

(B): Box-and-whisker plot showing photopic single flash b-wave amplitudes in wt (black) and 

HR2.1:TN-XL (red) mice. Boxes indicate the 25% and 75% quantile range, whiskers indicate 

the 5% and 95% quantiles, and the asterisks indicate the median of the data. The amplitude 

differences were not statistically significant at any intensity (P=0.13 - 0.67 for -0.5 to 1.5 

cd·s/m
2
).  

(C): Overlay of the response traces of wt (black) and HR2.1:TN-XL (red) mice from (A).  

(D): Representative flicker ERG response traces at 18 and 20 Hz under dark-adapted 

condition in wt (black) and HR2.1:TN-XL (red).  

(E): Box-and-whisker plot showing flicker response amplitudes of wt (black) and HR2.1:TN-XL 

(red) mice. (P=0.31 for 18 Hz and P=0.39 for 20Hz). 

(F): Representative scotopic single flash ERGs in wt (black) and HR2.1:TN-XL (red) mice. 

The a-wave and the b-wave are indicated by open arrows. 

(G): Box-and-whisker plot of scotopic single-flash a-wave and b-wave amplitudes in wt (black) 

and HR2.1:TN-XL (red) mice. The amplitude differences were not statistically significant at 

any intensity (P=0.093 - 1.00 for -1.5 to 1.5 cd·s/m
2
-for the a-wave and P=0.39 - 0.94 for -4 to 

1.5 cd·s/m
2
-for the b-wave).  

(H): Overlay of the response traces of wt (black) and HR2.1:TN-XL (red) mice from (F).  

6.5. Changes in calcium concentration are largely 

restricted to cone synaptic terminals: 

To show that TN-XL allows monitoring of changes in cone cytosolic [Ca2+] and to 

investigate the subcellular distribution of these changes, we performed Ca2+ imaging 

on light adapted retinal slices while puffing different pharmacological agents onto the 

tissue (Fig. 15-16).  

In the light-adapted retina, the membrane potential of cones is hyperpolarized, such 

that the VGCCs are closed and the resting [Ca2+] is low in cone terminals (Choi et al., 

2005; Krizaj, 2005). Depolarization of cones with high extracellular KCl (Fig. 15) 

evoked large increases in fluorescence ratio – and therefore in [Ca2+] – in cone 

terminals, reflecting Ca2+ influx through VGCCs – likely the L-type channels (Taylor 

and Morgans, 1998; Morgans et al., 2005).  This increase was expressed as the 

normalized change in ratio, ΔR/R = (Rdrug – Rcontrol) / Rcontrol), and was found to be 

ΔR/R = 0.94 ± 0.29 (n=45 of 48 cone terminals from 4 experiments). Repeated puffs 

of KCl evoked a consistent Ca2+ increase in terminals with an approximate duration 

of 15 seconds. In contrast to the large responses observed in cone terminals, KCl-
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evoked Ca2+
 responses, when detected in IS and soma, were small (ΔR/R = 0.11 ± 

0.10, n=48 in 4 experiments), indicating that Ca2+ regulation is compartmentalized in 

cones. Whether the occasionally observed small [Ca2+] changes in IS and soma 

reflect Ca2+ diffusion from the terminal remains to be investigated.  

Next, we tested if the biosensor would allow detection of drug evoked Ca2+ 

fluctuations via different pathways. In these experiments, we first confirmed the 

viability and responsiveness of the cones using KCl puffs (Fig. 16). Then we tested 

different drugs. Caffeine, a ryanodine receptor agonist, was applied to release Ca2+ 

from the ER (Blinks et al., 1972). Caffeine puffs increased [Ca2+] in cone terminals 

(ΔR/R = 0.77 ± 0.35, observed in 38 of 40 cone terminals in 3 experiments) but not in 

the soma nor the IS (ΔR/R = 0.08 ± 0.08, n=40 in 3 experiments), suggesting that 

ER-mediated Ca2+-induced Ca2+ release (CICR) is involved in Ca2+ regulation mainly 

                         

Fig. 15: Depolarization-evoked calcium increase in cone terminal indicated by TN-XL. 

(A): Retinal slice from the HR2.1:TN-XL mouse imaged by a confocal microscope. 

(B): Ca
2+

 signals (as fractional change of fluorescence ratio, ΔR/R; from ROI in A) measured 

in terminals in response to puffs of 100 mM KCl. Bottom: First depolarization evoked Ca
2+

 

signal magnified along the x-axis. 
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in cone terminals. This is different from what has been previously observed in rod 

photoreceptors, which displayed somatic [Ca2+] changes in response to both KCl 

puffs and drugs that trigger CICR (Babai et al., 2010). 

As TN-XL is not expressed in the cone OS, the transgenic line does not allow 

monitoring Ca2+ dynamics in this compartment directly. To show that OS was intact in 

TN-XL-expressing cones the cGMP analog 8-pCPT-cGMP was puffed onto 

                         

Fig. 16: Spatial distribution of pharmacologically evoked calcium changes in cones. 

(A): Slice from HR2.1:TN-XL mouse imaged by a confocal microscope while puffing drugs. 

(inner segment, IS; outer nuclear layer, ONL; outer plexiform layer, OPL). 

(B): Three TN-XL-positive cones with regions of interest (ROI) located on inner segments (IS) 

and soma as well as on the respective terminals before (top) and during a puff of 100 mM KCl 

(bottom) are shown (pseudo-colored images represent ratios R=FA/FD, reflecting the 

intracellular [Ca
2+

] level, and are averages of 5 frames).  

(C): Ca
2+

 signals (as fractional change of fluorescence ratio, ΔR/R; from ROIs in B) measured 

in IS+soma (upper trace) and terminals (lower trace) in response to puffs of 100 mM KCl (1 

s), 50 mM caffeine and 500 µm 8-pPCPT-cGMP (both 5 s). Gray bars indicate the time 

window when frames for images in (B) were taken. 
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photoreceptors on the slices. This caused CNG channels to open and thereby 

depolarized the cones, leading to Ca2+ influx through VGCCs in the terminals (ΔR/R 

= 0.73 ± 0.32, observed in 31 of 38 cone terminals in 3 experiments). No 8-pCPT-

cGMP-evoked rise in [Ca2+] was detected in soma or IS (ΔR/R = 0.07 ± 0.07, n=38 in 

3 experiments), consistent with the KCl-evoked depolarization results. The data 

indicate that CNG channel-mediated Ca2+ influx into OS (Wei et al., 1998) has no 

detectable direct effect, e.g. by diffusion, on the rise in [Ca2+] recorded in the 

terminals. 

In conclusion, for all tested drugs that induced cone [Ca2+] changes, these changes 

were largely restricted to the cone terminals, with no or only small responses in soma 

or IS, pointing at a high degree of compartmentalization of Ca2+ regulation in 

mammalian cones. In addition, these results confirm that the TN-XL biosensor allows 

detection of drug-evoked changes in cone [Ca2+] via different pathways. 

6.6. HR2.1:TN-XL allows recording of light-evoked calcium 

responses in cone terminals: 

To evaluate cone Ca2+ dynamics under physiological conditions, light-evoked Ca2+ 

responses in cone terminals of HR2.1:TN-XL mice were recorded. To this end, retinal 

slices from dark-adapted animals were imaged using two-photon microscopy (Denk 

et al., 1990). Laser scanning was restricted to a narrow region covering cone 

terminals in the OPL (see Fig. 11). The perpendicular orientation of the laser beam to 

the slice surface prevented direct laser illumination of the cones’ light-sensitive OS. 

This was crucial to avoid bleaching of photopigments by the excitation laser, because 

even ~100 µm away from the focal plane, two-photon excitation of photopigments is 

the largest contributor to the light responses evoked by the pulsed infrared scanning 

laser beam (here ~860 nm) (Denk et al., 1990; Euler et al., 2009). 

Light-evoked hyperpolarization closes L-type VGCCs in photoreceptor terminals, 

resulting in a decrease of presynaptic [Ca2+] (Choi et al., 2005). Therefore, also a 

decrease in fluorescence ratio R was expected in response to light stimulation. This 

was confirmed using a light-on flash stimulus (see the first light stimulation protocol in 

5.8): light flashes reduced R and therefore terminal [Ca2+] repeatedly (Fig. 17, n=10 

stimuli). It should be mentioned that even in the described recording configuration, 

laser scanning decreased both resting [Ca2+] and cone light responses (Fig. 17B). 

Whether the decrease in baseline [Ca2+] was due to scattered laser light or the 

evoked TN-XL fluorescence or a combination of both was not further explored. In any 
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case, the scanned cones adapted to this “background illumination” within 30-60 

seconds (Fig. 17). Consequently, the scanning laser was started for more than 30 

seconds before the actual light stimuli were presented (see also 5.8). Under these 

conditions, light responses could be measured from individual cone terminals at 

single trial level to both increases as well as decreases (“dark flashes”) in stimulus 

intensity (Fig. 18, conditions a, b). 

Sometimes we observed that the retinal slices contained cones with TN-XL 

fluorescence that did not respond to light stimuli (see an example in Fig. 17A, 

arrowhead). Seemingly, the fraction of light responding cones depends on the quality 

of the retina slices. This is very likely related to damage of cone OS during the slicing 

 

Fig. 17: Light-evoked calcium responses recorded from cone terminals. 

(A): The imaged area covered the OPL, as indicated by the orange box. Ratio images (1 

control and 2 +light, averages of n=20 frames) reflect [Ca
2+

] before (1) and during a flash of 

light (2). Note single non-responsive cone terminal (arrowhead in A). 

(B): Light-evoked Ca
2+

 responses (black trace, as ratio R=FA/FD) reflect [Ca
2+

] before (1) and 

during a flash of light (2). Multiple light responses (B, as ratio R=FA/FD) recorded from a ROI 

placed on an exemplary cone terminal (circle in A). Laser scanning was started (arrow) briefly 

before the light stimulation (1 second bright flashes, 13·10
3 

P*s
-1

cone
-1

 for both types of 

cones). Gray bars indicated time windows when frames for images (in A) were taken.  
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process. In support of this explanation is the finding that almost all cone terminals 

were responsive when using depolarizing KCl puffs (Fig. 15 and 16). 

In summary, our light response data indicate that TN-XL allows measuring cone Ca2+ 

dynamics under largely physiological conditions and within the physiological [Ca2+] 

range.  

6.7. Light-evoked calcium responses are quantified for 

further analysis: 

Light response traces of single cones to repeated light stimuli were averaged (Fig. 19 

A; 7 cells and 10 stimuli). For quantification the averaged light-evoked Ca2+ response 

traces were fitted to extract 5 parameters (see Methods 5.10 for details and Fig. 

19B1) that described pre-response baseline [Ca2+] (Rbase), response size (peak 

amplitude, ΔR; area under the curve, RA) and time course (rise time, trise; decay time, 

tdecay). Note that trise refers to the beginning of the Ca2+ response that is the decrease 

               

Fig. 18: Light-evoked calcium responses to both incremental and decremental steps of light 

flashes. 

Ca
2+

 responses, as measured by the change in ratio (ΔR), could be evoked by darker-than-

background (conditions a, b) and brighter-than-background flashes (conditions c, d) of 

different intensities in a single cone terminal (background and flash isomerization rates next to 

traces; averages of n=10 trials in black, single-trials in gray). 
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in [Ca2+], whereas tdecay refers to the Ca2+ response end, when [Ca2+] is rising back to 

baseline.  

Besides what is referred to as the “standard” response, which was seen in the 

majority of cones (Fig. 19 B1), two other response “types” were observed; 22 of 216 

 

Fig. 19: Averaged light responses and quantification of light response traces. 

(A): Light-evoked Ca
2+

 responses from 7 cone terminals, as marked by color-coded ROIs. 

Left: Averaged traces of 7 ROIs from n=10 trials; right: single-trial traces (gray) with average 

overlaid (green) for one of the ROIs (arrow).   

(B): For quantification 5 parameters were determined from the responses (black, B1): 

baseline ratio (Rbase), reflecting resting [Ca
2+

]; peak amplitude (ΔR) and area under the curve 

(RA) as measures for response size; rise (trise) and decay time (tdecay), characterizing the time 

course, were determined from two sigmoid functions fitted to rise (blue) and decay (green) of 

the response (for details see Methods). Examples for two less frequent response profiles: an 

overshoot at light-off (not quantified) was observed in some cones (B2, n=9 trials overlaid in 

grey); some responses displayed spike-like activity (B3; 3 exemplary single-trials). Only 

responses like those shown in B1 and B2 were included in the statistical analysis. 
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(~10%) of the analyzed cones displayed an “overshoot” component at light-offset (Fig. 

19 B2), which may correspond to the current “undershoot” observed in electrical 

recordings of single cones (Baylor et al., 1987). Because this type of response was 

observed infrequently, we did not further quantify the overshoot component. Another 

set of light-responsive cones (25 of 216, ~12%) displayed spontaneous spiking-like 

activity (Fig. 19 B3). We assume that this was likely due to slicing-related tissue 

damage, since it typically occurred in multiple cones of the same slice. On the other 

hand, the cones with such spontaneous activity were still responsive to light (Fig. 19 

B3; 3 single light response curves presented as examples). Since it was doubtful 

whether or not these cones were healthy and also because fitting the responses was 

unreliable, we decided to exclude cones with spontaneous activity from the statistical 

analysis. Also, pharmacology experiments on light-evoked Ca2+ responses (see 

section 5.9.2) were only carried out, when the cones lacked spontaneous activity in 

the control phase.  

While baseline Ca2+ levels (Rbase= 0.93 ± 0.14, n = 58) were rather constant, their 

response sizes (ΔR= -0.20 ± 0.13, RA= -0.23 ± 0.14) varied among analyzed cones. 

Interestingly, the response rise at light-onset (trise= 219 ± 131 ms) was significantly 

shorter than the response decay at light-offset (tdecay= 550 ± 504 ms), suggesting that 

the extrusion of Ca2+ from cone terminals may happen faster than Ca2+ influx through 

VGCCs.  

6.8. Functional imaging of light-evoked calcium responses 

allows detailed analysis of phototransduction: 

To evaluate the sensitivity of the measured Ca2+ signal in TN-XL-expressing cone 

terminals, light stimulation was combined with pharmacological manipulation of the 

phototransduction cascade. In these experiments, we used the cGMP analog 8-

pCPT-cGMP (50 µM) to activate CNG channels and zaprinast (200 µM) to inhibit 

PDE6 activity. 

Since 8-pCPT-cGMP is ~80 times more potent for CNG channels than cGMP (Wei et 

al., 1998) and resistant to hydrolysis by PDE6 (Hurwitz et al., 1985; Thompson, 

1991), it “clamps” the channels in the open state, leading to a tonic depolarization of 

cones and thereby a strong Ca2+ influx at their terminals. As expected, 8-pCPT-

cGMP increased Rbase (Fig. 20A,B) suggesting that 8-pCPT-cGMP introduces Ca2+ 

and Na+ influx through CNG channels in OS resulting in depolarization of the 

membrane potential thereby increasing [Ca2+] in the terminal. 
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During application of 8-pCPT-cGMP, light-evoked Ca2+ changes were abolished in 

almost all cones (mean ΔR and RA were significantly reduced, Fig. 20C; for all 

statistics see Table 2). The wash-out was likely incomplete, since the light responses 

recovered but the resting Ca2+ level (Rbase) remained higher than before the 

application (Fig. 20C). This is possibly due to the high affinity of 8-pCPT-cGMP to 

CNG channels. Its effect on the response time course could not be analyzed, 

because in most cases light responses completely vanished.  

 

Fig. 20: Effect of 8-pCPT-cGMP on the light-evoked calcium response in cone terminals.  

(A): Light-evoked Ca
2+

 responses in three representative cone terminals (marked by color-

coded ROIs; outer plexiform layer, OPL) before, during and after drug application of 8-pCPT-

cGMP (50 µM, bath application). Time points given from application start (in brackets: from 

beginning of wash-out). 

(B): Quantification of the responses of all 7 cone terminals recorded in the experiment shown 

in (A). 

(C): Summary of the 8-pCPT-cGMP effect on light-evoked Ca
2+

 responses for n=17 terminals 

(from 4 retinas), with each symbol representing a cone (averages ± S.D. are given next to 

each symbol column). For the timing parameters (trise, tdecay), values are only plotted for cones 

(n=3) in which the response was not completely suppressed by 8-pCPT-cGMP. (Wilcoxon 

signed test for paired samples, ** = p<0.01, * =p<0.05, if not indicated: non-significant). 
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Parameters are presented as mean ± standard deviation (S.D.). Significance levels are 

determined using the Wilcoxon signed test for paired samples (always vs. control condition, ** 

= p<0.01, * =p<0.05, if not indicated: non-significant; n is number of cells; 
1) 

n=3). 

Another way of modulating the open probability of CNG channels is to inhibit PDE6, 

which leads to an accumulation and delayed degradation of cGMP in cones 

(Sahaboglu et al., 2010). To this end, the selective PDE5/6 inhibitor zaprinast (Zhang 

et al., 2005) was used. Zaprinast induced a strong increase in resting [Ca2+] (Rbase) 

as well as a prolonged response rise time (trise) and, at least in some cones, a large 

increase in response size (ΔR, RA, Fig. 21A-C; for statistics see Table 2). In contrast 

to the results with the cGMP-analog, the light responses remained intact, indicating 

that PDE6 activity was only partially blocked by zaprinast, resulting in a “slowed 

down” phototransduction cascade. This is supported by the finding that zaprinast 

significantly slowed down the response rise (but not the decay), which can most likely 

be explained by the inhibited PDE6 not being able to reduce cGMP levels quickly 

enough, such that open CNG channels compete with Ca2+ extrusion mechanisms at 

the on-set of the light response. As with the cGMP-analog, wash-out appeared 

Table 2: Summary of pharmacological effects on light-evoked calcium responses in cone terminals. 

  n Rbase ΔR RA trise (ms) tdecay (ms) 

8-pCPT-cGMP  

control 

drug 

wash-out 

 

17 

17 

17 

 

1.07 ± 0.13 

1.85 ± 0.25 (**) 

1.91 ± 0.91 (**) 

 

-0.13 ± 0.07 

-0.02 ± 0.02 (**) 

-0.17 ± 0.11 

 

-0.13 ± 0.08 

-0.01 ± 0.001 (**) 

-0.17 ± 0.16 

 

195 ± 78 

89 ± 61
1) 

184 ± 210 

 

333 ± 432 

951 ± 365
1) 

642 ± 882 

zaprinast 

control 

drug 

wash-out 

 

15 

15 

11 

 

0.90 ± 0.13 

1.38 ± 0.33 (**) 

1.23 ± 0.10 (**) 

 

-0.13 ± 0.06 

-0.36 ± 0.28 (**) 

-0.25 ± 0.06 (**) 

 

-0.18 ± 0.10 

-0.46 ± 0.31 (**) 

-0.21 ± 0.08 

 

228 ± 104 

375 ± 196 (*) 

132 ± 20 (*) 

 

797 ± 369 

932 ± 490 

121 ± 156 (**) 

SNAP 

control 

drug 

wash-out 

 

19 

19 

19 

 

0.97 ± 0.13 

0.80 ± 0.07 (**) 

0.81 ± 0.05 (**) 

 

-0.31 ± 0.10 

-0.15 ± 0.05 (**) 

-0.18 ± 0.05 (**) 

 

-0.32 ± 0.13  

-0.15 ± 0.07 (**) 

-0.16 ± 0.07 (**) 

 

196 ± 88 

194 ± 57 

206 ± 133 

 

180 ± 103 

180 ± 240 

111 ± 113 (**) 

ODQ 

control 

drug 

wash-out 

 

16 

16 

12 

 

1.20 ± 0.22 

1.46 ± 0.25 (*) 

1.22 ± 0.12 

 

-0.29 ± 0.14 

-0.37 ± 0.09 (*) 

-0.23 ± 0.09 (**) 

 

-0.25 ± 0.10 

-0.41 ± 0.13 (**) 

-0.19 ± 0.08 

 

159 ± 28 

184 ± 68 

182 ± 73 

 

374 ± 325 

399 ± 380 

300 ± 539 
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incomplete, since neither resting [Ca2+] nor peak response returned to their pre-

application levels (Fig. 21C). 

Taken together, these results show that HR2.1:TN-XL mice allow the efficient 

examination of different functional aspects of phototransduction in cones by 

supporting the observation of light-driven Ca2+ dynamics in cone terminals.  

 

Fig. 21: Effect of zaprinast on the light-evoked calcium response in cone terminals.  

(A): Light-evoked Ca
2+

 responses in three representative cone terminals (marked by color-

coded ROIs; outer plexiform layer, OPL) before, during and after drug application of zaprinast, 

a PDE5/6 inhibitor (200 µM, bath application).   

(B): Quantification of the responses in all 6 cone terminals recorded in the experiment shown 

in (A). 

(C): Summary of the zaprinast effect on light-evoked Ca
2+

 responses for n=15 terminals (from 

3 retinas). In wash-out values for each parameter are only plotted for n=11 cones that 

retained their light responsiveness. 
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6.9. Nitric oxide suppresses light-evoked calcium 

responses in cones: 

With these tools in hand, we tested whether the long-standing hypothesis of a NO-

mediated regulation of cone photoreceptor output is supported in mouse retina. 

Diffusing nitric oxide (NO) as a retrograde messenger has been proposed to 

modulate synaptic transmission in the brain (Odell et al., 1991; Schuman and 

Madison, 1994), but see (Schmidt, 2004). It was also proposed to regulate 

photoreceptor synaptic output via a sGC-mediated signaling pathway (NO-sGC 

pathway, see Fig. 9) in amphibian retina (Kurenny et al., 1994; Rieke and Schwartz, 

 

Fig. 22: Effect of nitric oxide on the light-evoked calcium response in cone terminals.  

(A): Light-evoked Ca
2+

 responses in three representative cone terminals (marked by color-

coded ROIs; outer plexiform layer, OPL) before, during and after wash-out of SNAP, a NO 

donor (200 µM, bath application).   

(B): Quantification of the responses of all 6 cone terminals recorded in the experiment shown 

in (A). 

(C): Summary of SNAP’s effect on light-evoked Ca
2+

 responses for n=19 terminals (from 3 

retinas). See Fig.20 for further experimental details. 
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1994; Savchenko et al., 1997). While NO has been shown to modulate 

phototransduction in mammalian cones (Sato and Ohtsuka, 2010; Vielma et al., 

2010), at present it is unclear whether or not this NO effect is based on this NO-sGC 

pathway. We therefore examined whether the HR2.1:TN-XL mouse supports the 

detection of NO-mediated signaling in cones. 

To address this question, we measured light-evoked Ca2+ responses in HR2.1:TN-XL 

mouse cones and applied NO pathway-related pharmacology. First we applied the 

NO donor SNAP (Fig. 22) at a concentration (200 µM) that was inspired by recent 

ERG recordings of NO effects in mammalian photoreceptors (Sato and Ohtsuka, 

2010). In the presence of SNAP, resting [Ca2+] (Rbase) and light responses size (ΔR 

and RA) decreased (Fig. 22A,B). These changes were statistically significant (Fig. 

22C, for statistics see Table 2) and not reversible, even after a prolonged wash-out 

period. Neither trise nor tdecay was significantly altered by the NO donor. The 

continuous decrease of tdecay over the course of the experiment appeared to follow a 

general trend (Fig. 22C in “wash-out” cf. also Fig. 21C) and may therefore not be 

drug-related (see also Discussion 7.3). To confirm that the observed effects were 

indeed NO-mediated, degassed SNAP solution (solution left in an open lab vial over 

night) was applied to retinal slices, with no significant effect on light responses (data 

not shown). To examine the possibility of endogenous NO-signaling, we used the NO 

scavenger cPTIO (100 µM). In 1 out of 4 experiments, bath-application of cPTIO 

increased both resting Ca2+ level and response size weakly, hinting at a possible 

involvement of endogenous NO signaling on Ca2+ dynamics. However, in the 

remaining 3 experiments no consistent/significant effects could be observed (data not 

shown).  

6.10. NO modulates light-evoked calcium response in 

cones through a sGC-independent pathway: 

To elucidate whether the observed NO effect on light response at cone terminals is 

mediated by the aforementioned NO-sGC pathway, we examined whether the 

required pathway components are present in the outer retina of the mouse. 

Since NO is a small, membrane-permeable molecule with a short half-life (Knowles 

and Moncada, 1992; Feldman et al., 1993; Hakim et al., 1996), a NO mediated 

pathway requires the activity of NOS in either the cone terminal or in immediately 

adjacent cells (such as horizontal cells and bipolar cells). Using the diaphorase assay, 

we tested for endogenous NO production in mouse retina. Nitric oxide synthase 
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activity was readily detectable in amacrine cells and processes in the IPL, but absent 

from cells in the OPL (Fig. 23A-C). Combined with the inconsistent results of NO 

scavenger application, this lack of detectable NOS activity in OPL makes an 

involvement of NO in photoreceptor synapse signaling unlikely.  

Nonetheless, our data show that (exogenous) NO can strongly modulate cone light 

responses (Fig. 22). SNAP decreased both resting [Ca2+] as well as response 

amplitudes, suggesting a suppressive effect of NO on light responses in cones. Yet, 

these effects are not what would be expected from the “classical” NO-sGC pathway, 

in which a NO-induced sGC-generated increase in cGMP production should result in 

Ca2+ influx through CNG channels and hence an increased [Ca2+]. To test if sGC 

played a role in modulating Ca2+ dynamics in cone terminal, sGC was blocked and its 

effect on light responses was measured. Surprisingly, bath application of the 

selective sGC blocker ODQ caused a small but significant and reversible increase in 

resting [Ca2+] as well as response size (Fig. 24, for statistics see Table 2) - hinting at 

a possible role for sGC in shaping cone Ca2+ dynamics. However, immuno-

histochemical staining showed that sGC expression was readily found in bipolar cells 

of HR2.1:TN-XL mouse retina but was not detected in cone terminals (Fig. 24A-C), 

 

Fig. 23: NOS activity assay on vertical retinal section. 

(A-C): Vertical section of HR2.1:TN-XL mouse retina stained with antibodies against GFP (A, 

blue) and processed to reveal nitric oxide synthase (NOS) activity using a NOS/diaphorase 

assay (B, red). (outer plexiform layer, OPL; inner nuclear layer, INL; inner plexiform layer, IPL; 

ganglion cell layer, GCL). Scale bars: 20 µm. 
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consistent with finding in rat retina (Ding and Weinberg, 2007). The lack of sGC 

expression in cone terminals suggests that the effects of ODQ may have been only 

indirect. 

In conclusion, while we demonstrate strong evidence for NO modulation of the Ca2+ 

dynamics in the mouse cone terminal, our data do not support the “classical” NO-

sGC pathway, as it has been previously proposed for amphibian photoreceptors 

(Kurenny et al., 1994; Savchenko et al., 1997).  

 

Fig. 24: Effect of inhibition of sGC on light-evoked calcium response. 

Summary of the effect of ODQ, a selective sGC inhibitor, on light-evoked Ca
2+

 responses for 

n=16 terminals (from three retinas), with each symbol representing a cone (averages ± S.D. 

are illustrated next to each symbol column). For the wash-out, only data from n=12 cones is 

plotted; the remaining cells lost light excitability. (Wilcoxon signed test for paired samples, ** = 

p<0.01, * =p<0.05, if not indicated: non-significant). 

 

 

Fig. 25: sGC staining on vertical retinal section. 

(A-C): Vertical section stained for TN-XL (A, blue) and sGC (B, red). Inset in (B) shows 

magnification of sGC and TN-XL labeling in the outer plexiform layer (OPL), from (C). (outer 

plexiform layer, OPL; soluble guanylyl cyclase, sGC). Scale bar: 20 µm. 
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7. Discussion: 

Studying Ca2+ dynamics in cone photoreceptors has previously been hampered by 

the relatively low number of cone photoreceptors in the retina of model species such 

as mice and the lack of specific labeling techniques with Ca2+ indicators. The 

successful generation of the HR2.1:TN-XL mouse line for monitoring Ca2+ signals 

selectively in cones represents a major technical advance in this area. Another 

benefit of the HR2.1:TN-XL mouse is that many transgenic mouse models for human 

vision diseases are available (for review see (Won et al., 2011)) and by simply cross-

breeding these models with the HR2.1:TN-XL, it will allow monitoring cone Ca2+ 

dynamics in the context of the respective diseases directly – for example, to study 

the mechanisms of inherited cone dystrophies and mutation-independent cone death 

followed by rod death.  

In this study, it was demonstrated that in the transgenic mouse line 1) TN-XL-

expressing cone photoreceptors have a normal morphology and that 2) the 

corresponding ERG components are indistinguishable from those recorded in wild-

type littermates. It was further demonstrated that HR2.1:TN-XL allows measuring 

[Ca2+] changes in individual cones 3) at subcellular resolution, 4) in response to 

chemicals as well as light stimuli and 5) to probe the phototransduction cascade and 

its diverse regulatory mechanisms with pharmacology while monitoring cone output 

via changes in [Ca2+] at the cone terminal.  

7.1. HR2.1:TN-XL, a transgenic mouse line to study 

calcium dynamics in cones: 

The mouse is a very popular mammalian animal model, because, among other things, 

its genetics is very well understood, it can be easily genetically manipulated and it 

has a relatively short breeding cycle (van der Weyden et al., 2002; Graw, 2009). 

Transgenic mice carrying artificially modified DNA in their genomes serve as 

sophisticated “tools” and provide reproducible experimental systems for elucidating 

pathways of normal development and functions. 

The success rate for generation of the transgenic mice for the HR2.1:TN-XL 

construct using direct microinjection was low; only 1 out of 10 founder mice carrying 

the integrated transgene expressed TN-XL in cones. This is likely due to the 

limitations of the direct microinjection technique used: the insertion site and its 

integrity, and the copy number of the transgene cannot be controlled for. There is a 

high probability that the introduced gene will not insert itself into an appropriate site in 
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the host genome that will permit its expression or that the introduced gene even 

inserts into a site that influences endogenous gene expression with lethal effects. 

The most likely explanation why in some cases the transgene was not expressed is 

transgene silencing (Milot et al., 1996; Clark et al., 1997; Pedram et al., 2006) by 

position effects in the local endogenous DNA environment.  

In the resulting homozygote line (HR2.1:TN-XL), TN-XL is exclusively expressed in 

cones, consistent with earlier reports on the human red opsin promoter HR2.1 (Wang 

et al., 1992) we used here. TN-XL was absent from cone OS, which may, in fact, 

explain why the cells maintained apparently normal phototransduction. It is 

conceivable that this avoided potential interferences between photopigments and the 

TN-XL fluorescent proteins as well as Ca2+ buffering effects by the biosensor. The 

absence of TN-XL expression in cone OS may be due to a lack of recognition sites 

required for trafficking proteins from IS to OS (Williams, 2002; Insinna and Besharse, 

2008; Kennedy and Malicki, 2009; Kizhatil et al., 2009), restricting the direct 

observation of Ca2+ dynamics to IS, soma and terminal. Nevertheless, changes of OS 

[Ca2+] can at least partially be inferred from [Ca2+] changes at the synaptic terminal, 

since these two compartments are linked via the cone’s membrane potential and the 

VGCCs present in the terminal. The TN-XL biosensor possesses a relatively low Ca2+ 

affinity (Garaschuk et al., 2007; Hendel et al., 2008), which might limit its application 

to detecting large changes in [Ca2+]. On the other hand, for the same reason it is also 

expected to have only little effect on intrinsic Ca2+ buffering capacity, and therefore 

little influence on normal cell physiology. In support of this is that no significant 

differences in ERG recordings were found between transgenic and wild-type mice, 

suggesting i.e. normal rod, cone and bipolar cell functions. Also the findings that 

light- and dark-evoked Ca2+ responses could be measured and cones remained 

responsive after adapting to different light levels indicate that cone function was 

largely normal. Therefore, our transgenic mouse line offers an excellent model to 

evaluate not only Ca2+ dynamics in cones, but also to gain insight in retinal signaling 

pathways from cones to postsynaptic neurons (see also 7.6)  

7.2. Using HR2.1:TN-XL allows monitoring calcium 

dynamics in mouse cones in subcellular resolution:  

With synthetic Ca2+ dyes it is possible to label photoreceptors for Ca2+ imaging 

experiments in mouse retinal slices, however the achieved signal is strongly 

dominated by the overwhelming number of rods (Mansergh et al., 2005; Babai et al., 

2010), such that the cone signal is difficult to isolate. While enzymatically isolated 
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cones allow for higher spatial resolution, better control of the experimental conditions 

and easy access by electrodes (Szikra et al., 2009; Krizaj et al., 2011), this 

preparation is, of course, not suitable for measuring Ca2+ dynamics in cones under 

physiological conditions and interacting with their local microcircuit.  

Except for the OS, the Ca2+ biosensor TN-XL was present throughout the cones, 

which allowed for resolving Ca2+ dynamics in the different cone compartments. Direct 

(KCl) and indirect (cGMP analogs) depolarization as well as activation of RyR-

mediated CICR triggered large [Ca2+] changes in the cone terminal but not in soma or 

IS. In fact, [Ca2+] changes in latter compartments were rarely observed and rather 

resulted from prolonged Ca2+ influx in the terminal (and/or presumably the OS) and 

diffusion towards the soma/IS region. This is in contrast to findings in mouse rod 

photoreceptors, where depolarization evoked [Ca2+] elevation and CICR were also 

observed in rod somata (Babai et al., 2010), and suggests differences in Ca2+ 

compartmentalization between rods and cones.  

Photoreceptor terminals possess a specialized machinery for transmitter release 

called “synaptic ribbons” (Sterling and Matthews, 2005; tom Dieck and Brandstatter, 

2006; Pan and Massey, 2007; Jackman et al., 2009) that are controlled by the very 

local Ca2+ dynamics. The Ca2+ imaging results obtained at cone terminal of the 

HR2.1:TN-XL mouse will provide the possibility for studying how neurotransmission 

is regulated at the cone ribbon synapse.  

7.3. Light-evoked calcium responses can be recorded in 

mouse cone terminals of HR2.1:TN-XL mouse line: 

Light-induced hyperpolarization (Baylor and Fuortes, 1970) and the resulting 

decrease of voltage-dependent Ca2+ currents (Corey et al., 1984) were described by 

electrical measurements. Optical recording of Ca2+ dynamics were performed also by 

using synthetic Ca2+ indicators (Ratto et al., 1988; Gray-Keller and Detwiler, 1994; 

McCarthy et al., 1996; Sampath et al., 1998; Matthews and Fain, 2001; Choi et al., 

2005) which more focused on [Ca2+] at steady status. 

A recent study used an AAV-based system to introduce the Ca2+ biosensor GCaMP3 

into different classes of retinal neurons, including cones (Borghuis et al., 2011), 

however, they did not report convincing cone light responses – whether this was due 

to technical issues or the expression level or type of biosensor is unclear. To the best 

of our knowledge, the HR2.1:TN-XL mouse line allows for the first time, to record 
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light-driven Ca2+ signals from mammalian cones with subcellular resolution and for 

time periods that allow chronic pharmacological manipulations.  

Despite the orientation of the cones in the slice relative to the laser beam (see 

Results 6.6), laser scanning evoked effects were observed in the Ca2+ signals 

recorded from cone terminals directly after starting the scanning laser, resting [Ca2+] 

were strongly depressed but then increased over a course of tens of seconds. At the 

same time, the sensitivity of cones to light stimuli increased until reaching a stable 

level. The practical consequence of this was the requirement to adapt the cones to 

the “background” illumination caused by the scanning laser. If this laser effect was 

due to scattered laser light or the evoked TN-XL fluorescence or a combination of 

both, it was not explored yet (for discussion see also (Denk and Detwiler, 1999; Euler 

et al., 2009)).  

Over all, the response rise (=decrease in [Ca2+]) at light-onset was about twice as 

fast as the response decay (=increase in [Ca2+]) at light-offset. This may suggest that 

extrusion of Ca2+ from cone terminals was faster than Ca2+ influx through VGCCs, 

reflecting the fast clearance rate of the PMCA, which is energy dependent and was 

reported to be faster than passive Ca2+ influx through VGCCs along Ca2+ gradient 

(Caride et al., 2001; Johnson et al., 2007; Burette et al., 2009). Nevertheless, this 

temporal difference may also be at least partially due to the Ca2+ binding dynamics of 

TN-XL, which is unusual in that Ca2+ binding to TN-XL was reported to be two times 

slower than Ca2+ unbinding (Mank et al., 2006; Garaschuk et al., 2007; Hendel et al., 

2008). Therefore, the biosensor kinetics is, in fact, expected to slow the observed 

response decay (=increase in [Ca2+]), suggesting that the time difference between 

response rise and decay may actually be smaller.  

In many cones the response decay time decreased over the course of a typical 1-

hour experiment. Often, this was accompanied by the development of an overshoot 

at light-offset (Fig. 19 B2). Why this happened and whether or not this effect results 

from beginning of tissue degradation is unclear. Arguing against tissue degradation is 

the fact that the Ca2+ overshoot in mouse cones is reminiscent of the current 

undershoot reported for primate cones (Baylor et al., 1987). It has been proposed 

that this hyperpolarizing undershoot is related to the delayed activation of GC by 

GCAP2, which during light adaptation regulates GC activity to restore high resting 

[Ca2+] (Mendez et al., 2001). If the overshoot is a relevant physiological regulation of 

Ca2+ dynamics during cone phototransduction, one is puzzled by the fact that it was 

only observed in ~10% of the cones. One possibility is that GCAP2 function 

decreases over time as a result of (degenerative) processes started in the tissue 
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after the slicing. However, this possibility remains to be explored. An alternative 

explanation for the “overshoot” is an increased voltage-dependent excitability of 

cones. In line with this is the observation that in some experiments cones showed 

strong spontaneous spike-like activity (Fig. 19 B3). The conditions that trigger this 

activity and whether or not it is physiologically relevant remain to be investigated.  

Cone synaptic output is strongly controlled by feedback from horizontal cells (Byzov 

and Shura-Bura, 1986; Wu, 1992; Kamermans et al., 2001; Hirasawa and Kaneko, 

2003; Barnes et al., 2005; Jackman et al., 2011). Therefore, it is likely that the light-

evoked Ca2+ responses measured here also reflect some of this feedback. This may, 

however, vary from slice to slice, since at least some horizontal cells are damaged 

during the slicing procedure. While in this study the effects of horizontal cell feedback 

on the cone responses were not explored, some of the drug effects observed (see 

7.4.) may be at least partially explained by horizontal cell feedback rather than direct 

action on cones. 

7.4. Light-evoked calcium responses can be modulated 

pharmacologically: 

We also demonstrated that the HR2.1:TN-XL mouse is suitable to evaluate the 

effects of pharmacological agents on intracellular processes in the cones – with the 

light-evoked Ca2+ response as the readout. PDE6 and CNG channels are known to 

regulate Ca2+ dynamics in cones. For instance, modulating the activity of CNG 

channels or PDE6 using highly specific drugs (inhibition of PDE6 by zaprinast; 

activation of CNG channels by cGMP analog 8-pCPT-cGMP) induced the expected 

changes in light response properties. In principle, this approach also allows 

screening for novel substances that affect cone Ca2+ dynamics. Such an approach 

could not only confirm the role of candidate factors for the Ca2+ regulation in cones 

but may also reveal their roles in phototransduction and light response.  

7.5. Nitric oxide modulates light-evoked calcium 

responses in cone terminals: 

For the mouse retina, it remains unclear whether or not NO exerts its effect in cones 

through the NO-sGC pathway, which was shown to modulate Ca2+ dynamics in 

amphibian photoreceptor terminals (Kurenny et al., 1994; Savchenko et al., 1997; 

Kourennyi et al., 2004). Since NO is a small and membrane-permeable molecule with 

a short half-life (Knowles and Moncada, 1992; Feldman et al., 1993; Hakim et al., 

1996), this pathway requires the activity of NOS on either the synaptic side of the 
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cone terminal or in immediately adjacent cells. Our results did not show the presence 

of NOS in outer retina but in the IPL and in amacrine cells (see results 6.10 and Fig. 

23), suggesting a role for NOS in visual processing in the inner retina, consistent with 

previous reports (Ahmad et al., 1994; Mills and Massey, 1995; Wang et al., 2003; 

Hoffpauir et al., 2006). 

In addition to NOS, the expression of sGC and CNG channels in the presynapse (the 

cone terminal) is also needed by the hypothesized NO-sGC pathway. There are 

conflicting studies reporting the presence (rabbit: (Haberecht et al., 1998)) or 

absence (rat: (Ding and Weinberg, 2007)) of sGC in mammalian photoreceptor 

terminals, with the immunohistochemical sGC data in the present study supporting 

the latter. The absence of detectable sGC levels in cone terminals is in line with the 

physiological data: Although they confirm a strong effect of exogenous NO on mouse 

cone terminal [Ca2+], instead of an increase as expected for NO-mediated sGC 

activation, a significant decrease in resting [Ca2+] and light response amplitudes were 

observed. Also the finding that the sGC blocker ODQ increased resting [Ca2+] – again 

opposite to what would be expected for the NO-sGC pathway – is difficult to explain 

by direct action of sGC in cones. As previously shown, sGC is present in some cone 

bipolar cells (Ding and Weinberg, 2007) (Fig. 25A-C), but it is unclear how 

modulation of sGC activity there would affect Ca2+ dynamics in cones. Inconsistent 

with a NO-sGC pathway in the OPL of the mammalian retina is also the fact that 

CNG channels could not be located in cone terminals (Matveev et al., 2008; Ding et 

al., 2009). However, it is possible that CNG channels are only very weakly expressed 

in terminals and therefore difficult to detect by immunohistochemical staining. 

Nevertheless, our data clearly indicate that cone Ca2+ responses can be selectively 

decreased by exogenous NO. The results are in contrast to the data of previous ERG 

recordings in rats, where NO donors injected into the vitreous body were found to 

amplify the cone-specific ERG component (Sato and Ohtsuka, 2010; Vielma et al., 

2010). This discrepancy may be explained by the different experimental conditions, 

and/or NO donors used, which may have led to different final NO concentrations in 

the tissue, although the final NO concentration in this project was expected to be in 

the range of the concentrations used in the ERG studies. Together with application of 

exogenous NO it was tested whether Ca2+ dynamics could be modulated by 

removing endogenous NO (NO scavenger cPTIO application, see 6.9). The 

conflicting results of the NO scavenger experiments may be due to difficulties of 

completely removing endogenous NO. In nervous system, the physiological 

concentration of NO is estimated to be in low nanomolar range (Garthwaite, 2008). 
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Thus, incomplete removal of NO by NO scavenger cPTIO may have led only to minor 

differences in NO concentration such that the resulting Ca2+ change was below our 

detection threshold.    

Besides, there are a number of alternative potential explanations for the NO effects 

observed. As an oxidizing agent NO can also react with a variety of targets 

depending on its local concentrations and cell types. These NO effects include 

posttranslational protein nitration and S-nitrosylation that alter the activity of target 

proteins (Lipton et al., 1996; Broillet, 1999; Cassina et al., 2000; Doutheil et al., 2000; 

Amici et al., 2003), inhibition of cytochrome C oxidase in mitochondria (Brown and 

Cooper, 1994; Cleeter et al., 1994; Brown, 1999) and suppression of protein 

synthesis (Doutheil et al., 2000). For example, protein S-nitrosylation was suggested 

to underlie NO effects in photoreceptors (Vielma et al., 2010), however, whether S-

nitrosylation is indeed a physiological mechanism to modulate protein activity is 

discussed controversially (reviewed by (Garthwaite, 2008)).  

In conclusion, while it was found that NO modulates the Ca2+ dynamics in mouse 

cone terminals, it is unlikely that this effect employs the NO-sGC pathway. What 

pathway underlies the NO effects observed in cones and where NO might originate 

from remain to be seen. Nonetheless, on a more general level, the data illustrate the 

potential of the HR2.1:TN-XL mouse line in combination with two-photon imaging, 

light stimulation and pharmacology for functional studies of mammalian cone 

photoreceptors. 

7.6. Further applications of the HR2.1:TN-XL mouse line: 

The HR2.1:TN-XL mouse provides an excellent opportunity to study more “enigmatic” 

aspects of Ca2+ regulation in cones. For example, mice in which the cone-specific 

NCKX2 was knocked out failed to show any detectable dysfunction in cones (Li et al., 

2006), possibly pointing at as of yet unidentified Ca2+ efflux pathways that 

compensate for the loss of NCKX2-mediate Ca2+ extrusion. Cross-breeding the 

NCKX2 knockout mouse line with the HR2.1:TN-XL mouse line will offer the 

possibility of monitoring Ca2+ dynamics in mouse cones in absence of NCKX2.  

The transgenic mouse line may also be used to study synaptic interactions in the 

outer retina, in particular between cones and horizontal cells, where, for example, the 

cellular/synaptic mechanism(s) underlying negative (Byzov and Shura-Bura, 1986; 

Wu, 1992; Kamermans et al., 2001; Hirasawa and Kaneko, 2003; Barnes et al., 2005) 

or positive feedback (Jackman et al., 2011) are a matter of intense debate. Due to 

the low number and small size of mouse cones, it is quite a challenge to address 
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these questions in this increasingly prominent animal model for visual/retinal 

processing with electrical recordings. Thus, imaging light-driven Ca2+ responses in 

cone terminals while manipulating horizontal cells activity may prove an effective way 

to test different hypotheses on horizontal cell feedback mechanisms. Particularly 

exciting is also the possibility to image cone populations to gain high cell numbers 

and thus statistically more solid functional physiological data. Being able to acquire 

population data is also critical to systematically assess the functional properties of 

the different types of mouse cones, which include not only S- and M-cones but also 

opsin co-expressing (M/S-) cones, with M- and M/S-cones differentially distributed 

across the retina (Szel et al., 1992; Applebury et al., 2000; Haverkamp et al., 2005). 

A particularly interesting application, however, is clearly the cross-breeding with cone 

degeneration models, such as the CNG channel subunit A3 knock-out mouse 

(CNGA3-/-, (Michalakis et al., 2010)) or the cpfl1 mouse (Chang et al., 2009). In the 

CNGA3-/- too low [Ca2+] is thought to be connected to cone cell death, whereas in the 

cpfl1 model cone degeneration has been proposed to be triggered by Ca2+ overload. 

In the latter model, the resulting elevation of [cGMP] due to the loss of cone-specific 

PDE6 function is thought to be the initial trigger for cone cell death (Trifunovic et al., 

2010). Intracellular cGMP targets include CNG channels (Fox et al., 1999) and 

cGMP-activated PKG (Hofmann et al., 2006), both of which affect intracellular [Ca2+] 

either directly (CNG channels are Ca2+-permeable) or indirectly via modulation of 

CNG channel activity by PKG (Castro et al., 2010). One potential link between 

increased [Ca2+] and degenerative processes in cones is the over-activation of Ca2+-

dependent calpain-type proteases (Paquet-Durand et al., 2006; Trifunovic et al., 

2010). This is supported by the finding that in rd1/CNG-/- double-mutant animals, 

activity of calpains was strongly reduced and photoreceptor degeneration was 

slowed down significantly (Paquet-Durand et al., 2011). Cross-breeding of the 

HR2.1:TN-XL mouse line with the disease models mould allow us to gain direct 

insight in the Ca2+ dynamics in such degeneration processes.  

In conclusion, the transgenic biosensor mouse line offers unprecedented possibilities 

to study cone Ca2+ dynamics in a wide range of conditions. 
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