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[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  Cyclic guanosine monophosphate concentration in darkness 

CNG Cyclic nucleotide-gated 

CO2 Carbon dioxide 

E4021 A phosphodiesterase inhibitor 



List of Abbreviations and Symbols 
 

6 

EDTA Ethylenediaminetetraacetic acid 

EGTA Ethylene glycol tetraacetic acid 

ERG Electroretinography 

γ-subunit γ-subunit of phosphodiesterase-6 

𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗  The average rate of spontaneous transducin activations∙rod-1s-1 

GAFa, GAFb The regulatory domains of phosphodiesterase-6 

GAP  GTPase accelerating protein complex 

GARP2 Glutamic acid-rich protein-2 

Gβ5 Member of GTPase accelerating protein complex 

GC Guanylate cyclase 

GCAP Guanylate cyclase-activating protein 

GDP Guanosine diphosphate 

GMP Guanosine monophosphate 

GRK G-protein-coupled receptor kinase 

Gtα  α-subunit of transducin 

GTP Guanosine triphosphate 

HCN1 Hyperpolarization-activated cation channel 1 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IBMX 3-isobutyl-1-methylxanthine 

𝐽𝐽𝑐𝑐𝑐𝑐  Current through cyclic nucleotide-gated channels 

𝐽𝐽𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚  Maximal current through cyclic nucleotide-gated channels 

𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Circulating current through the cyclic nucleotide-gated channels in darkness. 

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 The maximal catalytic rate of the phosphodiesterase-6 dimer 

𝑘𝑘𝑓𝑓 The rate of phosphodiesterase-6 and cyclic guanosine monophosphate encoun-
ters 

𝑘𝑘𝑙𝑙𝑙𝑙   Diffusion-limited phosphodiesterase-6 hydrolytic activity 

𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 The rate constant for phosphodiesterase-6 deactivation 

𝑘𝑘𝑟𝑟 The rate of the dissociation of phosphodiesterase-6 cyclic guanosine monophos-
phate complex 
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𝑘𝑘𝑅𝑅 The rate constant for rhodopsin deactivation 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  The cyclic guanosine monophosphate concentration leading to a half-maximal 
cyclic nucleotide-gated channel opening. 

𝐾𝐾𝐷𝐷 Dissosiation constant 

𝐾𝐾𝐼𝐼 Inhibition constant  

𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  Inhibition constant against spontaneously activated phosphodiesterase-6 

𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 Inhibition constant against light-activated phosphodiesterase-6 

𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  Inhibition constant against trypsin-activated phosphodiesterase-6 

𝐾𝐾𝑀𝑀 Michaelis constant 

Kx  Class of voltage-gated potassium channels 

LERG Local electroretinography 

LERG-OS Local electroretinography recorded across the photoreceptor outer segment 
layer 

LERG-PR Local electroretinography recorded across the photoreceptor layer 

mRNA Messenger ribonucleic acid 

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 The Hill coefficient for cyclic nucleotide-gated channel activation 

𝑁𝑁𝐴𝐴  Avogadro’s number 

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. Number of cGMP molecules in one rod disk compartment 

NCKX Na+/Ca2+K+ exchanger 

NCKX1 Na+/Ca2+K+ exchanger 1 found in the rod outer segments 

PDE Phosphodiesterase 

PDE5 Phosphodiesterase-5 

PDE6 Phosphodiesterase-6 

𝑃𝑃𝑃𝑃𝑃𝑃6𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗   The average rate of spontaneous phosphodiesterase-6 activations∙rod-1s-1 

PI, PII, PIII The components of the retinal light response as recorded by electroretinography 

PID Proportional-integral-derivative 

PMCA  Ca2+ transport protein in the plasma membrane 

𝑟𝑟(𝑡𝑡) The time course of the electroretinography signal (the retinal light response)  

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 Maximal amplitude of the electroretinography signal 



List of Abbreviations and Symbols 
 

8 

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Maximal amplitude of the electroretinography signal in control conditions 

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝐼𝐼 Maximal amplitude of the electroretinography signal in the presence of a PDE6 
inhibitor 

R*   The number of activated rhodopsin molecules 

R9AP Member of GTPase accelerating protein complex 

RGS Regulator of G-protein signaling 

RGS9 Member of GTPase accelerating protein complex 

ROS Rod outer segment 

SOC Store-operated Ca2+ channel 

𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃  The average lifetime of activated phosphodiesterase-6   

𝜏𝜏𝑅𝑅  The average lifetime of activated rhodopsin 

𝑡𝑡𝑑𝑑  The combined time delay from recording equipment and phototransduction 

𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅  Time delay from rhodopsin activation to the activation of phosphodiesterase-6 

TERG Transretinal electroretinography 

TRMP Family of transient receptor potential ion channels 

𝛷𝛷  Number of rhodopsin isomerizations caused by a pulse of light 

𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 The average rate of spontaneous rhodopsin isomerizations∙rod-1s-1 

𝛷𝛷𝐵𝐵𝐵𝐵  The rate of rhodopsin activations by a background light 

𝜈𝜈𝑅𝑅𝑅𝑅 The rate at which rhodopsin activates transducin 

𝜈𝜈𝑅𝑅𝑅𝑅 The rate at which rhodopsin activates phosphodiesterase-6 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Rod outer segment cytoplasmic volume 
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1. Introduction  

The retina converts the information in incoming light into electrical signals in neurons, pro-
cesses it, and transmits a pattern of pre-processed signals to the brain, where the visual per-
cept is formed. The first steps in the formation of the neural image take place at the distal side 
of the retina, in photoreceptor cells. These cells can be divided into rods and cones. Rods are 
responsible for dim-light vision, and cones are used for fast signaling in daylight and for color 
discrimination. Together these photoreceptor cells enable vision in different illuminations cov-
ering a 1012-fold range, which includes dim starlight and goes beyond the light levels experi-
enced during bright winter days. (Stockman & Sharpe, 2006) 
 
The rod system can function over 107-fold range of illuminations, while the dynamic range of 
a single mammalian rod covers around three to four orders of magnitude (Stockman & Sharpe, 
2006; Grimes et al., 2018). Rods extend their dynamic range by regulating their sensitivity to 
light via calcium sensor proteins. Light absorption by rhodopsin in rod outer segments acti-
vates a powerful biochemical amplification cascade, phototransduction, where the activation 
of the phosphodiesterase-6 (PDE6) enzyme leads to a vast increase in cGMP hydrolysis, de-
crease in the intracellular cGMP concertation and closure of cyclic nucleotide-gated (CNG) 
cation channels in the plasma membrane. Upon channel closure, sodium and calcium influx 
through the channels ceases, while the extrusion of calcium by sodium/calcium-potassium 
exchangers continues. The resulting decline in the intracellular calcium concentration pro-
vides calcium sensor proteins with negative feedback to mediate the rod sensitivity regulation 
and adaptation to changing illuminations. (for reviews, see, e.g., Pugh & Lamb, 2000; Fu & 
Yau, 2007) 

Rods have three acknowledged calcium-mediated light adaptation mechanisms. Guanylate 
cyclase-activating proteins (GCAPs) control the activity of cGMP-synthesizing guanylate 
cyclase (Mendez et al., 2001). Recoverin controls the lifetime of activated rhodopsin (Chen et 
al., 1995, 2015; Zang & Neuhauss, 2018), and calmodulin modulates the affinity of cGMP to 
CNG channels (Hsu & Molday, 1993). A great deal of the studies on photoreceptor light adap-
tation mechanisms has been conducted with amphibian photoreceptors, where the effects of 
specific feedback mechanisms are well described (Koch, 1994; Pugh et al., 1999; Nikonov et 
al., 2000). In mammalian rods, GCAPs are considered to have a dominant role in light adapta-
tion, but even without GCAPs, some adaptation persists (Mendez et al., 2001; Burns et al., 
2002). The role of calmodulin, on the other hand, is considered only minor (Chen et al., 2010c), 
and the role of recoverin is still controversial.  

The first part of this thesis showed that the fast, subsecond-timescale, light adaptation is en-
tirely mediated by calcium ions in mouse rods. Additionally, the study quantified the magni-
tude of GCAPs and recoverin-mediated sensitivity regulation and found that recoverin plays a 
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crucial role in mouse rod light adaptation. However, some calcium-mediated regulation re-
mained even in the absence of GCAPs and recoverin. The rest of the thesis delved into char-
acterizing the novel modulation with the leading hypothesis that it arises from the calcium-
mediated control of basal PDE6 activity (𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑), one of the fundamental factors setting the 
photoreceptor sensitivity. 

The study was conducted by recording extracellular light-induced field potential changes with 
transretinal ex vivo electroretinography (TERG) from dark-adapted isolated mouse retinas. In 
TERG, the photoreceptor component of the ERG signal can be extracted by pharmacologically 
blocking the synaptic transmission from photoreceptors to second-order neurons. TERG can 
be used to investigate phototransduction, but the signal components arising from the opera-
tion of voltage-gated ion channels in the rod inner segments are known to modify the signal 
(Vinberg et al., 2009). Therefore, a technique was developed for simultaneous recording of 
TERG and local ERG across the photoreceptor outer segment layer (LERG-OS). This method 
enables quantitative investigation of the phototransduction mechanisms in the intact living 
retina together with pharmacological manipulation of photoreceptor cells. The study demon-
strated that TERG signals correspond well to those registered by local ERG and that the com-
bination of TERG and LERG-OS techniques offers a versatile tool in the study of both photo-
transduction and retinal function. 

PDE6 is almost solely expressed in photoreceptors, and the ex vivo ERG methods permitted 
quantitative study of PDE6 activity and its inhibition. PDE6 inhibitors are traditionally exam-
ined using purified PDE6 molecules that are biochemically activated. These treatments change 
the structure of the PDE6 molecule and might affect its properties. In this thesis, experimental 
paradigms were developed to quantify the inhibition constants for PDE6 inhibitors acting on 
the light-activated and spontaneously active forms of PDE6 in their natural environment, the 
living retina. The work demonstrated that the inhibition constants against light-activated, 
spontaneously activated, and biochemically activated forms of PDE6 can differ substantially. 
This finding questions the application of solely biochemically activated PDE6, e.g., in the in-
vestigation of novel PDE inhibitor drugs with possible adverse effects. 

The determined inhibition constant values and the developed LERG-OS technique were em-
ployed in a novel cGMP clamp paradigm to determine the value for 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. In the cGMP clamp 
procedure, the PDE6 inhibitor-induced decrease in the basal PDE6 activity is counterbalanced 
by increasing the PDE6 activity with light. Thereby the LERG-OS signal, and thus, the intracel-
lular cGMP concentration, remain clamped to their dark values. This method allowed the de-
termination of 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 in wild type mouse rods for the first time. In addition, it enabled the 
demonstration that the absence of GCAPs or recoverin in genetically manipulated mouse rods 
does not affect 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. To examine the modulation of 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, the rod extracellular calcium con-
centration was lowered to ~ 20 nM, mimicking the effect of intense background light. The 
experiments revealed that the basal PDE6 activity can increase by ~ 20 – 30% in mice lacking 
GCAPs and recoverin proteins when the calcium level decreases. This new mechanism supple-
ments our current understanding of rod light adaptation and the functional regulation of PDE 
enzymes. 
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2. Mammalian rod photoreceptors 

2.1 Structure 

Vertebrate vision begins in the rod and cone photoreceptor cells. Rods are extremely sensitive 
to light, and they are responsible for our vision at low light levels. Cones are 30 – 1000 times 
less sensitive to light than rods, and they are responsible for daylight vision (Nikonov et al., 
2006; Naarendorp et al., 2010; Koenig & Hofer, 2011; Korenbrot, 2012; Vinberg et al., 2014; 
Ingram et al., 2016). Further, the comparison of the bioelectrical signals from different cone 
types enables color vision in many vertebrate species (Rodieck, 1999). Both photoreceptor 
types reside in a layer in the distal part of the retina, and in most mammals, the retina is dom-
inated by rods (Peichl, 2005; Kim et al., 2016). In the human retina, cones are densely packed 
in the macular region of the central retina where rods are absent, and rods dominate in the 
retinal periphery (Osterberg, 1935; Curcio et al., 1990). In mice, the rod photoreceptors dom-
inate the whole retina, while cones are rather evenly distributed across the retina, constituting 
1/30 of the total population of 5 to 7 million photoreceptors (Carter‐Dawson & Lavail, 1979; 
Jeon et al., 1998; Donatien & Jeffery, 2002; Ortin-Martinez et al., 2014). This thesis concen-
trates mainly on rods. 

A photoreceptor cell consists of three parts: an outer segment, an inner segment, and a syn-
aptic terminal. The outer segment is pointing towards the back of the eye, and it contains the 
light-capturing pigment molecules and the machinery for converting photon information into 
a bioelectrical signal. In rod photoreceptors, the photon-capturing molecules are located in 
disk membranes that occupy 70% from the volume of the murine rod outer segment and 
around 50% of amphibian outer segment volume. The rest is filled with cytoplasm. (Peet, 
2004; Nickell et al., 2007) An average mouse rod outer segment has ca. 1.4 µm diameter and 
24 µm length (Liang et al., 2004; Rakshit et al., 2017). On average, it contains 810 discs dividing 
the outer segment space into somewhat isolated compartments (Carter‐Dawson & Lavail, 
1979; Liang et al., 2004). Correspondingly, a mouse cone outer segment diameter is 1.2 µm 
and length 13 µm, but instead of separate discs, there are invaginations of the plasma mem-
brane (Carter‐Dawson & Lavail, 1979; Mustafi et al., 2009). In both photoreceptor types, the 
outer segment is connected to the inner segment by a narrow cilium. The inner segment holds 
the cell organelles and the nucleus. A thin axon connects the inner segment to the synaptic 
terminal, which transmits the signals generated by the photoreceptors to horizontal and bi-
polar cells by modulating glutamate release into the synaptic cleft (see, e.g., Thoreson, 2007). 
The length of the whole rod photoreceptor cell in the murine retina is close to 100 µm (Hagins 
et al., 1970). Rods are densely packed to a hexagonal arrangement to maximize the probability 
of photon capture. The average rod density in mouse retinas is about 437,000 cells/mm2 (Jeon 
et al., 1998). Fig. 1 illustrates the structure of rod and cone photoreceptors. 
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Figure 1. Structure of rod and cone photoreceptor cells. By courtesy of Encyclopædia Britan-
nica, Inc., copyright 2012; used with permission. 

2.2 Ionic mechanisms in rods 

Fig. 2 illustrates the main ionic mechanisms controlling the membrane currents in rod photo-
receptors. In darkness, photoreceptors maintain ionic gradients between the intracellular and 
extracellular space and a cation current flowing from the photoreceptor inner segment to the 
outer segment, which is controlled by ion pumps, exchangers, and channels unevenly distrib-
uted along the length of the photoreceptor. This cation current in darkness is often referred 
to as the circulating dark current. Maintaining the circulating current is highly energy consum-
ing, taking around 60% of the total energy consumption of the vertebrate photoreceptor 
(Okawa et al., 2008). The resting potential of a rod photoreceptor is near -35 mV in darkness, 
which is relatively depolarized compared with that of a typical neuron. Upon light exposure, 
rods can hyperpolarize below -60 mV. (Baylor & Nunn, 1986; Cangiano et al., 2012)  

The cyclic nucleotide-gated (CNG) channels are the only functional ion channels in the photo-
receptor outer segment, and they serve as the sink for the circulating current. The channels 
are tetrameric complexes penetrating the photoreceptor cell membrane, consisting of three 
CNGA1 subunits and one CNGB1 subunit in rods, and three CNGA3 subunits and one CNGB3-
subunit in cones (Kaupp & Seifert, 2002). CNG channels are nonselective cation channels, and 
the inward current flowing through the channels in photoreceptors is mostly carried by so-
dium and calcium ions. Ca2+ carries 10 to 20% of the channel current in rods and around 30% 
in cones (Nakatani & Yau, 1988a; Ohyama et al., 2000). In photoreceptors, the cyclic nucleo-
tide ligand that modulates the open probability of the channel is cGMP, and therefore they 
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are commonly referred to as cGMP-gated channels. The light-induced reduction in the cGMP 
concentration (see Section 3.3 for details) causes the closure of these channels and hyperpo-
larization of the cell membrane, which transmits the information from the captured light to 
the photoreceptor synaptic terminal. The intracellular cGMP concentration keeping half of the 
channels open, 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, has been determined to be close to 80 µM in human rods (Dhallan et 
al., 1992), 165 µM in bovine rods (Quandt et al., 1991), around 40 µM in striped bass and 
brown anole lizard rods (Savchenko et al., 1997; Rebrik & Korenbrot, 1998) and around 30 µM 
in salamander rods (Nikonov et al., 2000). The cytoplasmic cGMP concentration [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] in 
rods is estimated to be less than 4 µM in rods (Cobbs & Pugh, 1985; Yau & Nakatani, 1985; 
Yau & Baylor, 1989; Pugh & Lamb, 1990; Caruso et al., 2005; Gross et al., 2012a) and the Hill 
coefficient for channel activation, 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , around 3 (Pugh & Lamb, 2000; Gross et al., 2012a; 
Lamb & Kraft, 2016). The ratio of open channels follows the Hill equation 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

≈ �[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]
𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

,   (1) 

where the approximation holds when 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≫ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . Considering the 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
estimate of 30 µM and [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] of 4 µM, less than 1% of the CNG channels are concurrently 
open in darkness. Towards larger 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 estimates, the fraction of open channels decreases 
further.  

Figure 2. Ion transport mechanisms in rod photoreceptors. The CNG channels in the outer 
segments function as the sinks for the circulating current, while multiple channels in the rod 
inner segment act as the source for the current. 

The rod outer segment contains Na+/Ca2+K+ exchangers (NCKX), which extrude calcium ions 
using the driving force from the sodium and potassium ion gradients. They transport one cal-
cium and one potassium ion out of the cell for every four sodium ions transported into the 
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cell. The maximal circulating dark current in mouse rods is at least 20 pA (Okawa et al., 2008). 
If Ca2+ carries 15% of this current, it means that over 9.4 million Ca2+ ions pass through the 
CNG channels of a rod outer segment every second.  The intracellular free calcium concentra-
tion in mouse rods is close to 250 nM in darkness (Woodruff et al., 2002). In the ca. 11 fl mouse 
rod outer segment cytoplasmic volume, this means that there are 1700 free Ca2+ ions in the 
outer segment. Hence, the calcium exchangers remove the whole store of free calcium in 
every 0.2 ms, which is among the fastest turnover rates in known biological systems (Rodieck, 
1999). After the absorption of light and the closure of CNG channels, the influx of calcium 
decreases, while the extrusion of calcium through the exchangers continues. Under rod satu-
rating light, the cytoplasmic calcium concentration declines fast to below 20 nM due to the 
rapid turnover of calcium ions (Woodruff et al., 2002). Decreased intracellular Ca2+ concentra-
tion serves as an essential feedback signal for the mechanisms of light adaptation, which ac-
celerate the rod recovery to the dark state (reviewed, e.g., in Fu & Yau, 2007; Koch & Dell’Orco, 
2015; Vinberg et al., 2018a). Many biochemical studies have shown that the NCKX1 exchanger 
is the primary calcium transporter in the rod outer segments (Schnetkamp, 1986; Cook & 
Kaupp, 1988; Reid et al., 1990; Reilander et al., 1992). However, a recent study demonstrates 
that knocking out NCKX1 exchanger does not entirely abolish calcium extrusion from mouse 
rods, suggesting the existence of a parallel mechanism for calcium extrusion (Vinberg et al., 
2015b). 

The photoreceptor inner segment and the synaptic terminal contain a diverse selection of ion 
channels and pumps whose main ionic mechanisms have been identified and characterized. 
However, the distribution of the channels along the photoreceptor length and their function 
in shaping the rod membrane potential still requires examination. Na+/K+ ATPase maintains 
the sodium and potassium ion gradients across the cell membrane required for circulating the 
dark current and for the functioning of the photoreceptor. The ion pump extrudes three so-
dium ions and intrudes two potassium ions with the energy received from the hydrolysis of 
one adenosine triphosphate (ATP) molecule. A mouse rod photoreceptor consumes around 
108 ATP molecules per second in darkness. 60% of this is used for Na+ and K+ pumping (Okawa 
et al., 2008). The high need for energy is also reflected in the distribution of mitochondria, as 
the photoreceptor inner segments contain 55 – 65% of all the mitochondria in the retina 
(Medrano & Fox, 1995; Kooragayala et al., 2015). 

The inflow of sodium in rod outer segments is balanced by the outflow of potassium supplied 
by the Na+/K+ ATPase through K+ channels in the rod inner segment. Two main types of K+ 

channels are expressed in photoreceptors: voltage-gated K+ channels and Ca2+-gated K+ chan-
nels (Van Hook et al., 2019). The voltage-gated K+ channels were first characterized in sala-
mander rods. The reversal potential of the channels was shown to correspond to the equilib-
rium potential of K+, -75 mV (Beech & Barnes, 1989). These channels were named Kx channels. 
The voltage-gated K+ channels reach their maximal conductance at ca. -30 mV and activate at 
membrane potentials higher than -60 mV (Molday & Kaupp, 2000). The current flowing out 
through the voltage-gated K+ channels and in through the CNG channels are the main factors 
that set the resting membrane potential of rod photoreceptors in darkness. When the CNG 
channels close, the membrane potential hyperpolarizes towards the equilibrium potential of 
K+. A recent study in primate rods showed that the Kx current might not be caused by single 
channel type but arises from the action of voltage-gated Kv2.1 channels and heteromeric 
Kv2/Kv8.2 channels found in the inner segment (Gayet-Primo et al., 2018). Among Ca2+-gated 
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K+ channels, BK channels are thought to be the most relevant in photoreceptors, and they are 
distributed along the whole inner segment region of salamander rods (Pelucchi et al., 2008). 
The BK channels have large conductance and fast gating kinetics. The channels are open at 
membrane potentials of ca. -30 to +40 mV, and they are thought to contribute to the setting 
of the membrane potential in darkness. An increase in the cytoplasmic Ca2+ concentration 
activates the channels, and they can balance the depolarizing effect caused by the inflow of 
Ca2+ through the L-type calcium channels. (Moriondo et al., 2001) There is also evidence that 
BK channels modulate mouse retinal signaling, but most likely at the level of bipolar and ama-
crine cells (Nemargut et al., 2009; Tanimoto et al., 2012).  

Hyperpolarization-activated cation channels have been found along the whole inner segment 
of rod photoreceptors, but the channel densities are still unknown (Demontis et al., 2002; 
Knop et al., 2008). These HCN1 channels are closed in darkness and activate at membrane 
potentials below -50 mV, reaching maximal conductance at a membrane potential of -90 mV 
(Fain et al., 1978; Bader et al., 1982; Demontis et al., 2002; Kawai et al., 2002). HCN1 channels 
pass potassium and sodium ions, and their reversal potential is near -30 mV. The physiological 
function of HCN1 channels is to modulate the voltage response of rods by restricting strong 
hyperpolarizations caused by a bright light (Seeliger et al., 2011). When the membrane poten-
tial starts to hyperpolarize, HCN1 channels open and let sodium ions flow into the cell. The 
Na+ inflow shifts the membrane towards a new, more depolarized state. The gating of the 
HCN1 channels is quite slow, which creates a “nose” like appearance to the voltage responses 
of a rod to bright flashes (Baylor et al., 1984a). HCN1 channels speed up the recovery of rod 
membrane potential after illumination and prevent saturation of the rod system (Sothilingam 
et al., 2016). In addition, the operation of these channels reduces the hyperpolarization of 
cones through rod-cone gap junction connections and prevents the saturation of the retinal 
network through rods. This is an important feedback mechanism improving cone vision in 
mesopic light conditions (Seeliger et al., 2011).   

The release of glutamate into the photoreceptor synaptic cleft is regulated by the intracellular 
calcium concentration in the photoreceptor synaptic terminal. The inflow of Ca2+ through volt-
age-gated L-type calcium channels and the extrusion of Ca2+ through Ca2+ ATPase (PMCA) con-
trol the calcium concentration in the synaptic terminals (see, e.g., Krizaj & Copenhagen, 2002). 
There are three types of voltage-sensitive Ca2+ channels in the retina: CaV 1.2, CaV 1.3, and CaV 
1.4. The CaV 1.4 L-type calcium channels are found exclusively in the photoreceptor synaptic 
terminals, and they are the primary Ca2+ channels responsible for the calcium control of glu-
tamate release (Baumann et al., 2004). Recently, also CaV 1.3 type channels have been shown 
to contribute to the regulation of the photoreceptor and retinal light responses together with 
synaptic plasticity (Shi et al., 2017).  In amphibian photoreceptors, the L-type Ca2+ channels 
activate near a membrane potential of -40 mV, reach their maximal conductance at 0 mV, and 
inactivate at +50 mV. (Bader et al., 1982; Corey et al., 1984; Rieke & Schwartz, 1994) Hence, 
the calcium channels close already at voltages very near the photoreceptor resting potential 
in darkness, although the photoreceptors can hyperpolarize close to -60 mV during a light 
response (Baylor & Nunn, 1986; Della Santina et al., 2012; Cangiano et al., 2012). This suggests 
that the amphibian rod synapse can transmit only small deviations in membrane potential to 
the post-synaptic terminals. Later studies with freshly isolated pig rod photoreceptors, how-
ever, have demonstrated that L-type Ca2+ channels start to activate already around -60 mV 
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and reach their maximal conductance between -20 to -30 mV (Cia et al., 2005), which corre-
sponds more closely to the dynamic range of the rod voltage response. There are also other 
channels participating in the regulation of the inner segment calcium concentration. The 
store-operated Ca2+ channels (SOC) open in response to the depletion of calcium ions from 
the endoplasmic reticulum and provide a mechanism for reacting to an extensive reduction in 
intracellular Ca2+ concentration. (Molnar et al., 2012) Furthermore, CNG channels have been 
found in the cone synaptic terminal, where they allow the inflow of Ca2+ into cells. The chan-
nels may help the cone synapses to broaden the operational range and mediate nitric oxide-
induced glutamate release (Savchenko et al., 1997; Barnes & Kelly, 2002). 

The Ca2+-gated chloride channels offer a passage for chloride anions. In mouse photorecep-
tors, these channels are expressed in the synaptic region (Stöhr et al., 2009). The equilibrium 
potential for chloride has been determined to be around -20 mV in salamander rods (Thoreson 
et al., 2002) and -46 mV in salamander cones (Thoreson & Bryson, 2004), which is near to or 
slightly more depolarized than the resting potential of the photoreceptor cell. Hence, the chlo-
ride flow produces an inward current (an efflux of Cl-) in physiological conditions. Activation 
of the channel by Ca2+ increases the Cl- conductance, and the Cl-  current is thought to inhibit 
Ca2+ inflow, providing a feedback mechanism that limits excess glutamate release (Thoreson 
et al., 2003; Dauner et al., 2013; Van Hook et al., 2019). 

2.3 The response of photoreceptors to light 

Photoreceptors respond to light through a biochemical cascade, phototransduction, where 
the activation of a rhodopsin molecule by photon absorption leads to increased hydrolysis of 
cGMP by phosphodiesterase-6 (PDE6) enzymes in the rod disk membranes. The decrement in 
the cytoplasmic cGMP concentration evokes the unbinding of cGMP from the CNG channels 
and channel closure. The decrease in the Na+ and Ca2+ flow through CNG channels (decrease 
in the circulating current) and continuing efflux of K+ through the potassium channels in the 
inner segments drive the membrane potential towards the equilibrium potential for potas-
sium. This hyperpolarization is transmitted to the synaptic terminal, where it causes the clo-
sure of L-type calcium channels and a decline in Ca2+ influx. The decrease in the synaptic cal-
cium concentration reduces the glutamate release into the synaptic cleft, which serves as a 
message of the incoming light to the bipolar and horizontal cells. After the photoresponse 
onset and the propagation of the signal to the inner retina, phototransduction molecules de-
activate, and cGMP concentration returns to its dark concentration. The following sections 
explore in more detail cGMP homeostasis, photoresponse onset and recovery, and the cal-
cium-mediated feedback mechanisms, which enhance photoreceptor recovery after the pho-
toresponse. 

2.3.1 cGMP homeostasis 

The homeostasis of cGMP is maintained by continuous synthesis and hydrolysis of cGMP even 
in darkness. The well-balanced cGMP level offers a non-fluctuating signal baseline for reliable 
detection of photons in an environment where thermal energy continuously causes stochastic 
activations of molecules involved in phototransduction. The synthesis of cGMP is carried out 
by guanylate cyclase, which converts guanosine triphosphate (GTP) to cGMP. The hydrolysis 
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of cGMP to guanosine monophosphate (GMP) is catalyzed by PDE6, which has high basal ac-
tivity in darkness. 

cGMP synthesis by guanylate cyclase 

Mammalian photoreceptor outer segments express two forms of membrane-bound guanylate 
cyclases: ROS-GC1 and ROS-GC2. Rods express both forms, while cones express only ROS-GC1 
(Yang et al., 1999; Baehr et al., 2007; Helten et al., 2007). ROS-GC1 is 25-fold more common 
than ROS-GC2 in the bovine retina (Helten et al., 2007) and 4 times more common in mouse 
photoreceptors (Peshenko et al., 2011). The maximal guanylate cyclase activity has been esti-
mated to be 600 µMs-1 in (Peshenko et al., 2011) and 149 µMs-1 in (Makino et al., 2008) for 
mouse rods. Guanylate cyclase-activating proteins (GCAPs) control the activity of guanylate 
cyclases by sensing changes in intracellular calcium concentrations (see Section 3.3.4). The 
guanylate cyclase activity in darkness is ca. 8 – 14-fold smaller than the maximal activity (Burns 
et al., 2002; Olshevskaya et al., 2004; Peshenko et al., 2011; Gross et al., 2012a). Despite the 
high rate of continuous cGMP synthesis consuming high-energy GTP molecules, the process 
takes only a small share of the total energy consumption of photoreceptors. Makino et al. 
calculated the maximal rate of cGMP synthesis to be 1.6 ∙ 106 cGMP molecules∙rod-1s-1, which 
correspond approximately to a rate of 1.7 ∙ 105 cGMP molecules∙rod-1s-1 in darkness (Makino 
et al., 2008). Slightly higher estimates were proposed in (Okawa et al., 2008) by calculating 
that the guanylate cyclase activity determined by Makino et al. (2008) at 30 °C would double 
at mouse body temperature (38 – 39 °C). The total ATP consumption in rods is estimated to 
be around 108 ATP/s in darkness and less than 2.5 ∙ 107 ATP/s in bright light (Okawa et al., 
2008). Since the energy content of ATP and GTP are similar, the synthesis of cGMP takes only 
0.2 – 0.4% of the total energy consumption of rods in darkness and 6 – 13% in bright light, 
where the guanylate cyclase activity reaches its maximum, and the circulating current is di-
minished. 

cGMP hydrolysis by basal phosphodiesterase-6 activity 

In rods, the basal cGMP hydrolysis in darkness results from spontaneous PDE6 activations due 
to thermal energy. This is probably caused by momentary fluctuations in the inhibitory PDE6γ-
subunit binding to the catalytic site of the PDE6 body (for more details, see Section 4.1). A 
small part of the basal PDE6 activity is also caused by thermal activations of rhodopsin mole-
cules, which are identical to the rhodopsin activations caused by photon absorptions (Rieke & 
Baylor, 1998). These two phenomena are thought to produce the dark noise in photorecep-
tors, which refers to the thermal fluctuation in the number of open CNG channels causing 
fluctuations in the circulating current (Baylor et al., 1980; Rieke & Baylor, 1996). The sponta-
neous closings and openings of CNG channels also give a small contribution to this dark noise, 
but at higher frequencies than the rod light response (Reingruber et al., 2015). In dark-adapted 
toad rods, 1 out of 5000 PDE6 molecules was estimated to be spontaneously active at a given 
moment (Rieke & Baylor, 1996) and in mouse rods, roughly 1 out of 1000 (Reingruber et al., 
2013). The value corresponds to one spontaneously active PDE6 molecule per one compart-
ment in the mouse rod outer segment at a time (Reingruber et al., 2013). For rods, this is 
considered to be close to the optimal basal activity because, with lower activity, the cGMP 
concentration would increase momentarily in some compartments and spontaneous PDE6 ac-
tivation would cause a large change in the cGMP concentration near that compartment, which 
again would lead to high fluctuations in the open CNG channels. The resulting increase in the 
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dark noise would hamper the discrimination of single-photon responses from the fluctuating 
baseline. A single active PDE6 molecule in each compartment would provide, on average, a 
steady rate of cGMP hydrolysis in the whole photoreceptor cell. With higher basal activity, on 
the other hand, the light-activity needed to overcome the threshold level for photon detection 
set by the basal activity would be higher. Hence, more light-activated PDE6 molecules would 
be needed to induce a detectable signal (for review, see Reingruber et al., 2015). The basal 
PDE6 activity estimates vary from 0.1 s-1 to 1.5 s-1 in toad rods (Rieke & Baylor, 1996; Whitlock 
& Lamb, 1999; Hamer et al., 2003), from 0.49 to 3.4 s−1 in frog rods (Astakhova et al., 2008, 
2012) and from 1.2 to 2.8 s−1 in salamander rods (Hodgkin & Nunn, 1988; Cobbs, 1991; 
Nikonov et al., 2000). For mouse rods, the basal PDE6 activity has been estimated to be ca. 4 
s-1 in GCAPs-/- background (Gross et al., 2012a).  

In a steady-state, cGMP synthesis and hydrolysis are in balance. 

𝛼𝛼 = 𝛽𝛽 ∙ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐],     (2) 

where 𝛼𝛼 is the rate of cGMP synthesis, 𝛽𝛽 the rate of cGMP hydrolysis, and [𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃] is the 
cytoplasmic cGMP concentration (Pugh & Lamb, 2000). In rod subsaturating light conditions, 
the synthesis rate is determined only by the rate of guanylate cyclase activity, as a sufficient 
supply of GTP is considered to be available for the conversion (Biernbaum & Bownds, 1985; 
Wimberg et al., 2018). The hydrolysis depends on both free cGMP concentration and the basal 
PDE6 activity. The factor 𝛽𝛽 defines the turnover rate of cGMP in a steady-state. For example, 
in mouse rods in darkness, assuming the basal PDE6 activity to be ~ 4 s-1, the free cGMP pool 
is renewed approximately every 250 ms (Gross et al., 2012a). From a cGMP synthesis rate of 
16.7 µMs-1 and hydrolysis rate of 4 s-1, the size of the free cGMP pool in darkness can be cal-
culated to be near 4 µM (Gross et al., 2012a), which is close to previous estimates of 2 – 4 µM 
(Cobbs & Pugh, 1985; Yau & Nakatani, 1985; Yau & Baylor, 1989; Pugh & Lamb, 1990; Cote & 
Brunnock, 1993; Caruso et al., 2005). The turnover rate of cGMP is one of the main factors 
setting the kinetics of photoresponse recovery. Hence, basal PDE6 activity is of key importance 
in setting the absolute threshold for rod light sensitivity and temporal resolution.  

2.3.2 Photon absorption and phototransduction 

Phototransduction is one of the most thoroughly examined biochemical signaling cascades in 
vertebrates. Fig. 3 illustrates the molecules involved in phototransduction and their interac-
tions. Several book chapters and review articles describe the phototransduction steps. A de-
tailed description can be read, e.g., in Chapter 8 of the book “The First Steps in Seeing” by 
R.W. Rodieck (Rodieck, 1999). For highly quantitative analysis, see also (Pugh & Lamb, 2000) 
and for latest updates to phototransduction, see the reviews by (Fu & Yau, 2007; Gross et al., 
2015; Koch & Dell’Orco, 2015; Reingruber et al., 2015). 

Phototransduction begins with photon absorption in a class of G-protein coupled receptors, 
visual rhodopsins, protein molecules that are densely packed in the disk membranes of rod 
outer segments. In cones, these light-capturing molecules are packed in the invaginations of 
the plasma membrane. The surface density of rhodopsin is ca. 25,000 molecules/µm2 
(Liebman et al., 1987; Nickell et al., 2007), and rhodopsin occupies 25% of the disk membrane 
surface area (Liebman et al., 1987). The total number of rhodopsin in mammalian rods is close 
to 5∙107 molecules∙rod-1 (Nathans, 1992). Rhodopsin has previously been thought to diffuse 
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freely in the disk membrane in monomeric conformation (Cone, 1972; Poo & Cone, 1973, 
1974; Liebman & Entine, 1974). Present knowledge, however, supports the view that rhodop-
sin is oligomerized to densely packed paracrystalline lattice arrangements where it forms long 
tracks of dimers working as platforms for signal propagation (Fotiadis et al., 2003, 2004; 
Govardovskii et al., 2009; Gunkel et al., 2015). Rhodopsin is composed of two parts: the apo-
protein opsin and the covalently bound, light-absorbing prosthetic group, the chromophore.  
In mammals, the chromophore is vitamin A1 aldehyde, retinal, while many amphibian and fish 
species have vitamin A2 derived didehydroretinal (Crescitelli, 1958; Bridges et al., 1984; 
Amora et al., 2008; Enright et al., 2015). Photon absorption causes isomerization of retinal 
from the 11-cis to the all-trans configuration. The isomerization triggers a sequence of very 
fast conformational changes in the opsin protein, converting the rhodopsin to its active form, 
metarhodopsin II within a few milliseconds (reviewed in Okada et al., 2001). 

Figure 3. Phototransduction proceeds through the following steps: Step 1: Absorption of pho-
ton and isomerization of rhodopsin. Step 2: Activated rhodopsin catalyzes the exchange of 
GDP to GTP in the photoreceptor G-protein called transducin, which it encounters in the disk 
membrane. Step 3: The α-subunit of activated transducin detaches from the transducin βγ-
body. Step 4: The transducin α-subunit binds to PDE6, and the complex starts to hydrolyze 
cGMP with a rate limited by aquatic diffusion. Step 5: The drop in the cytoplasmic cGMP con-
centration leads to closure of CNG channels in the rod outer segment plasma membrane and 
a decrease in the circulating current. Phosphorylation of rhodopsin by rhodopsin kinase 
(GRK1) and binding of arrestin terminates the activity of rhodopsin, while the GAP-complex 
mediates the deactivation PDE6. Calcium sensor proteins boost the recovery of photorecep-
tors after photoresponse: recoverin controls the activity of rhodopsin kinase, GCAPs activate 
guanylate cyclase, and calmodulin regulates the affinity of cGMP to CNG channels. Reprinted 
from (Yau & Hardie, 2009), with permission from Elsevier. 

The activated rhodopsin can bind to G-protein, transducin, catalyzing the exchange of GDP to 
GTP on the transducin α-subunit (Gtα). The amount of transducin is one-tenth of the amount 
of rhodopsin in frog rods (Hamm & Bownds, 1986). The amount translates to approximately 
5∙106 transducins in the mammalian rod outer segment, assuming the same proportion to 
both species. The estimated rates at which rhodopsin activates transducins vary profoundly in 
the literature, between 300 – 1300 s-1 (Leskov et al., 2000; Heck & Hofmann, 2001; Gross et 
al., 2012a; Lamb et al., 2018). If rhodopsin deactivation is assumed to follow first-order reac-
tion kinetics and the average active lifetime of rhodopsin is around 40 ms (Gross & Burns, 
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2010), one activated rhodopsin can activate 10 to 50 transducins in the mammalian rod before 
it deactivates (Reingruber et al., 2015; Yue et al., 2019). 

The exchange of GDP to GTP on Gtα releases the α-subunit from the G-protein βγ-complex. 
The activated Gtα binds to one of the 2∙105 PDE6 molecules in the mammalian rod outer seg-
ment (Hamm & Bownds, 1986; Cote & Brunnock, 1993; Dumke et al., 1994; Pentia et al., 2006; 
Nickell et al., 2007). The rod PDE6 is composed of two catalytic subunits, α and β, and two 
inhibitory γ-subunits (Baehr et al., 1979; Hurley & Stryer, 1982). Gtα binds to one of the PDE6γ-
subunits, displacing it, and revealing the active site of the catalytic subunit (Wensel & Stryer, 
1990; Granovsky & Artemyev, 2001a). A widely accepted hypothesis is that one Gtα can acti-
vate approximately one PDE6 catalytic subunit (Leskov et al., 2000; Burns & Pugh, 2009). 
Hence, the absorption of one photon leads to the activation of 10 – 50 PDE6 subunits. The 
average lifetime of the light-activated PDE6 is considered to be close to 200 ms in mouse rods 
(Nikonov et al., 2006; Chen et al., 2010b; Azevedo & Rieke, 2011; Sakurai et al., 2011b; Gross 
et al., 2012b; Woodruff et al., 2014; Sarfare et al., 2014). Many studies have questioned the 
hypothesis proposing that the 1 : 1 binding of transducin to one PDE6-subunit would lead to 
activation of the concerned subunit (Melia et al., 2000; Norton et al., 2000; Qureshi et al., 
2015, 2018; Lamb et al., 2018). In addition, some studies argue that the activation of PDE6 by 
transducin would induce a lower catalytic activity of the enzyme compared to the chemical 
activation of PDE6 by limited trypsin proteolysis, which completely detaches the inhibitory γ-
subunits from the PDE6αβ-body (Whalen et al., 1990; Melia et al., 2000; Norton et al., 2000; 
Liu et al., 2009). (see Section 4.1.2). 

2.3.3 Photoresponse recovery 

Timely recovery of photoreceptor cells is crucial so they can rapidly respond to subsequent 
photons and changes in the background illumination. The recovery of a photoreceptor cell 
from a photon-initiated response includes the deactivation of the activated rhodopsin, the 
deactivation of the GtαPDE6 complex, and the restoration of the cGMP concentration. These 
deactivation processes set the time course of photoresponses. 

Rhodopsin deactivation mechanisms 

Two proteins participate in the termination of the rhodopsin activity: rhodopsin kinase and 
arrestin (see Fig. 3). Rhodopsin kinase in rod photoreceptors is the first discovered member 
of the G-protein-coupled receptor kinases (GRKs). Hence, it is known as GRK1 (Palczewski & 
Benovic, 1991; Palczewski, 1997; Maeda et al., 2003). Rhodopsin kinase can phosphorylate 
sequentially six to seven serine and threonine residues at the C terminus of rhodopsin. The 
phosphorylation of rhodopsin has been found to gradually decrease rhodopsin activity and 
increase the probability of arrestin binding to rhodopsin. Arrestin fully terminates rhodopsin 
activity and rate-limits the rhodopsin deactivation process, at least in mouse rods. (Wilden et 
al., 1986; Xu et al., 1997; Gibson et al., 2000; Mendez et al., 2000; Arshavsky, 2002; Hamer et 
al., 2003; Doan et al., 2006; Vishnivetskiy et al., 2007; Gross et al., 2012b; Berry et al., 2016) 
This multistep quenching of rhodopsin activity and the increased probability for arrestin bind-
ing with each phosphorylation step can explain the high reproducibility of rod single-photon 
responses (Mendez et al., 2000; Hamer et al., 2003; Doan et al., 2006). However, this acknowl-
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edged model has been challenged by Lamb and Kraft, who argue that rhodopsin activity re-
mains high and drops to a lower level only after several phosphorylation steps before a com-
plete termination of activity by arrestin binding to low-activity rhodopsin (Lamb & Kraft, 2016). 

After the phosphorylation of rhodopsin and the binding of arrestin, the inactivated rhodopsin 
dissociates to opsin and all-trans-retinal. To regenerate rhodopsin to its dark-adapted form 
and to restore the rod sensitivity, rhodopsin has to be dephosphorylated and arrestin decou-
pled from rhodopsin. Additionally, the all-trans-retinal has to be isomerized into the functional 
11-cis form. This is accomplished in the visual cycle, a process where the chromophore is trans-
ported to the retinal pigment epithelium, enzymatically isomerized, returned to the outer seg-
ments, and coupled with dephosphorylated opsin. (see e.g. Lamb & Pugh, 2004; Lee et al., 
2010; Reuter, 2011; Saari, 2012) 

PDE6 deactivation mechanisms 

Hydrolysis of the GTP, bound to transducin during light-activation, deactivates the GtαPDE6 
complex. Gtα has some GTPase activity by itself, but the hydrolysis is profoundly accelerated 
by a GTPase accelerating protein (GAP) complex (see, e.g., Arshavsky & Wensel, 2013). There 
are three members in the GAP complex: RGS9, Gβ5, and R9AP. At least 11 different RGS coding 
mRNAs are expressed in the retina, but only RGS9 is enriched in photoreceptor outer seg-
ments (He et al., 1998). RGS9 has high GAP activity. The protein forms a tight complex with 
Gβ5 (Makino et al., 1999; Cheever et al., 2008). The soluble complex of RGS9 and Gβ5 can be 
purified from cells (He et al., 2000b), although for its proper function, the complex has to be 
bound to the rod disk membranes. This action is accomplished by a third factor, R9AP anchor-
ing protein (Hu & Wensel, 2002). The GAP complex can significantly increase the GTPase effi-
cacy of transducin. However, its affinity to transducin is low (Skiba et al., 2000). The effective 
deactivation of GtαPDE6 is enabled by the PDE6γ-subunit, which enhances the affinity of trans-
ducin to the GAP complex by more than 15-fold. Additionally, this mechanism ensures that 
activated transducin is not unnecessarily deactivated before its binding to PDE6. (Angleson & 
Wensel, 1994; Skiba et al., 2000). 

All the GAP complex proteins are necessary for the timely recovery of photoresponses. The 
transgenic animals that lack RGS9, Gβ5, or R9AP show identically delayed recovery of pho-
toresponses with a negligible change in the activation phase (Chen et al., 2000; Krispel et al., 
2003; Keresztes et al., 2004). The incidence of the components in the GAP complex is highly 
dependent on each other. The RGS9 knockout does not have detectable Gβ5 in their photo-
receptors and vice versa, while both have a normal level of R9AP. R9AP knockouts, on the 
other hand, suffer from a severe depletion of both RGS9 and Gβ5 in their photoreceptors 
(Chen et al., 2000, 2003; Keresztes et al., 2004). Interestingly, the overexpression of R9AP 
causes a profound increase in the expression level of the whole GAP complex, unlike the over-
expression of RGS9 or Gβ5 (Chen et al., 2003; Krispel et al., 2006). Krispel et al. utilized this 
phenomenon to show that the overexpression of the GAP complex accelerates rod photore-
sponse recovery drastically while the overexpression of GRK1 has no significant effect (Krispel 
et al., 2006). This finding attests that PDE6 deactivation is the rate-limiting factor in rod pho-
toresponse recovery (Krispel et al., 2006; Invergo et al., 2013). Additionally, the overexpres-
sion of the PDE6γ-subunit has been shown to accelerate the rod response recovery inde-
pendently of the GAP complex, which suggests that the inhibitory sites on PDEαβ body are 
accessible for excess PDE6γ-subunits after the activation of the PDE6 molecule by transducin 
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(Tsang et al., 2006). The deactivation of GtαPDE6, where Gtα dissociates from PDE6, is a single-
step stochastic process while rhodopsin deactivation proceeds through multiple steps. The 
reproducibility of single-photon responses, in the case of PDE6 deactivation, is secured by the 
activation of 10 – 50 PDE6 subunits per one rhodopsin activation, which provides the neces-
sary averaging of the activated PDE6 lifetime.  

2.3.4 Calcium-mediated feedback mechanisms 

In dark-adapted conditions, rods can respond to single photons, but their signaling starts to 
saturate already with flashes causing around 100 rhodopsin isomerization per rod (see, e.g., 
Baylor et al., 1979a; Cobbs & Pugh, 1987; Long et al., 2013; Reingruber et al., 2013). Still, rods 
can function in conditions producing steady illumination of ca. 105 R*rod-1s-1. (Adelson, 1982; 
Sharpe et al., 1992; Naarendorp et al., 2010) The expansion of the operation range is accom-
plished by accelerating the deactivation processes in phototransduction and speeding up the 
recovery of the cytoplasmic cGMP concentration in background illuminations (Pugh et al., 
1999). The number of hydrolyzed cGMP molecules resulting from rhodopsin activation is de-
creased mainly by shortening the lifetime of activated rhodopsin (Gorodovikova et al., 1994; 
Chen et al., 1995; Matthews & Fain, 2001; Makino et al., 2004). However, later studies suggest 
that also the lifetime of activated PDE6 may be under modulation (Woodruff et al., 2008; Chen 
et al., 2012, 2015). Additionally, some evidence suggests that phototransduction amplification 
in amphibian rods might be reduced in background light when intracellular calcium level de-
creases (Lagnado & Baylor, 1994; Jones, 1995; Gray-Keller & Detwiler, 1996). However, these 
findings were questioned by Pugh et al. (1999), who suggested that the acceleration of re-
sponse recovery might affect the response kinetics at earlier times than anticipated, leading 
to reduced phototransduction amplification estimations. The speeding of cGMP recovery is 
achieved by accelerating the cGMP synthesis rate of guanylate cyclase. This is considered as 
the dominant mechanism for fast light adaptation in rods (Koch & Stryer, 1988; Koutalos et 
al., 1995a; Nikonov et al., 2000; Mendez et al., 2001; Burns et al., 2002; Peshenko & Dizhoor, 
2004). Additionally, the affinity of cGMP to CNG channels is under regulation, but particularly 
in mammalian rod photoreceptors, the contribution of this regulation to light adaptation is 
only modest (Hsu & Molday, 1993; Nikonov et al., 2000; Chen et al., 2010c). Intracellular Ca2+ 
concentration plays a decisive role in rod light adaptation (Matthews et al., 1988; Nakatani & 
Yau, 1988b; Koutalos et al., 1995a), as all the light adaptation mechanisms described above 
are mediated through calcium sensor proteins: recoverin, guanylate cyclase-activating pro-
teins (GCAPs), and calmodulin, respectively (see Fig. 3). These calcium-sensitive mechanisms 
and their role in controlling photoreceptor sensitivity are discussed in detail in many reviews 
(see, e.g., Palczewski et al., 2000; Nikonov et al., 2000; Vinberg et al., 2018a). 

Guanylate cyclase-activating proteins 

Guanylate cyclase-activating proteins (GCAPs) constitute a subfamily of neuronal calcium sen-
sor proteins, which control the activity of membrane-bound guanylate cyclase. One to eight 
GCAPs isoforms exist in different vertebrate species (Koch & Dell’orco, 2013; Wen et al., 2014). 
Mammalian rod photoreceptors contain two isoforms: GCAP1 and GCAP2, which both can ac-
tivate the guanylate cyclases ROS-GC1 and ROS-GC2 independently. GCAP1 and GCAP2 in-
crease the efficiency of ROS-GC1 28-fold and 13-fold, respectively, while they stimulate ROS-
GC2 only 6-fold and 5-fold, respectively (Peshenko et al., 2011). In darkness, when the calcium 
level is high, GCAPs bind calcium and do not activate guanylate cyclase. When light induces a 
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decline in the cytoplasmic calcium concentration, Ca2+ ions are released from GCAPs and re-
placed by Mg2+ (Dizhoor et al., 2010). Mg2+-bound GCAPs can activate guanylate cyclases and 
enhance the total synthesis rate of cGMP by 8 – 14-fold (Burns et al., 2002; Olshevskaya et al., 
2004; Peshenko et al., 2011; Gross et al., 2012a). This mechanism accelerates photoresponse 
recovery and decreases the number of closed CNG channels in prolonged illumination 
(Mendez et al., 2001; Burns et al., 2002).  GCAP1 has a lower affinity to Ca2+, and it responds 
faster to the light-induced decline in cytoplasmic calcium. GCAP2, with higher affinity to Ca2+, 
responds when calcium level continues to decline further and hence the role of GCAP2 is em-
phasized in bright light (Makino et al., 2008, 2012; Wen et al., 2014). Together, the GCAPs 
provide strong negative feedback that counterbalances light-induced changes in the cGMP 
level. Rods lacking both GCAPs produce 5-fold larger single-photon responses, and their light 
adaptation is severely compromised (Mendez et al., 2001). Similar findings have also been 
made in cone photoreceptors lacking GCAPs (Sakurai et al., 2011a; Vinberg et al., 2018b). In 
addition, studies utilizing PDE6 inhibitors suggest that GCAPs-mediated feedback does not 
only work by activating guanylate cyclase in response to Ca2+ decreases, but can also respond 
to increases in cytoplasmic Ca2+ concentration above the dark-adapted level by inhibiting 
guanylate cyclase. PDE6 inhibitors elevate cGMP concentration by decreasing the basal cGMP 
hydrolysis rate. Both electrophysiological and biochemical studies have shown that the PDE6 
inhibitor-induced elevation in cGMP concentration is profoundly increased if either calcium 
concentration is buffered to a steady level or GCAPs are knocked out (Zhang et al., 2005; Tsang 
et al., 2012). Both of these manipulations prevent GCAPs-mediated inhibition of guanylate 
cyclase. 

Recoverin 

Recoverin is a calcium sensor protein that modulates the activity of rhodopsin kinase, and 
hence, the lifetime of activated rhodopsin (Gorodovikova et al., 1994; Chen et al., 1995; 
Matthews & Fain, 2001; Makino et al., 2004).  The intracellular calcium level is high in dark-
ness, and in these conditions, recoverin binds two calcium ions. The binding of Ca2+ to recov-
erin facilitates its binding to the disk membrane and inhibition of rhodopsin kinase, which 
leads to delayed phosphorylation and deactivation of rhodopsin. (Chen et al., 1995; Senin et 
al., 1995; Palczewski et al., 2000) The decline of intracellular Ca2+ upon illumination causes 
recoverin to unbind from rhodopsin kinase, allowing efficient rhodopsin phosphorylation and 
deactivation. 

Recoverin has been shown to contribute to the light-dependent acceleration of response re-
covery in mouse rods, but it seems to have little or no effect on the response amplitudes or 
initial time course of responses. Additionally, recoverin did not seem to have a role in rod light 
adaptation in several studies. (Makino et al., 2004; Sampath et al., 2005; Chen et al., 2010a, 
2010b, 2012). However, these experiments were conducted in the presence of the dominant 
GCAPs-mediated Ca2+ feedback mechanism, which might partially hide the smaller effects of 
recoverin. Moreover, recent experiments have suggested that besides the control of rhodop-
sin lifetime, recoverin might modulate the lifetime of activated PDE6 (Chen et al., 2012, 2015; 
Morshedian et al., 2018) and basal PDE6 activity (Morshedian et al., 2018). However, biochem-
ical evidence supporting the hypotheses are still lacking (Koch & Dell’Orco, 2015). 
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Calmodulin 

The CNGB1-subunit of the CNG channel in rods contains a binding site for the calcium sensor 
protein calmodulin, which controls the affinity of cGMP to the CNG channels (Grunwald et al., 
1998; Weitz et al., 1998). When the intracellular calcium level is high, calmodulin binds Ca2+ 
and occupies the binding site in the CNG channel. When calmodulin releases the bound Ca2+, 
it unbinds from the CNG channel, which increases the affinity of cGMP to the channel. (Hsu & 
Molday, 1993; Nakatani et al., 1995; Gordon et al., 1995; Warren & Molday, 2002) This phe-
nomenon could potentially serve as a light adaptation mechanism in photoreceptors. How-
ever, its effect in mammalian rods is considered only minor (Chen et al., 2010c). Both electro-
physiological and modeling studies with amphibian rods indicate a small contribution of cal-
modulin-mediated channel modulation to light adaptation in bright light (Koutalos et al., 
1995b, 1995a; Nikonov et al., 2000). However, in a study with a mouse model lacking the cal-
modulin-binding site of CNG channels, the researchers found no contribution from the cal-
modulin pathway on sensitivity regulation of rod dim flash responses at different background 
light intensities, albeit preventing calmodulin binding to CNG channels did accelerate the re-
covery of saturated responses (Chen et al., 2010c). A peculiar phenomenon involving calmod-
ulin was noted by McKeown and Kraft, and Chen et al., when they showed that removal of the 
calmodulin-binding site potentiated the overshoot after step responses to intense background 
light in both in wild type (McKeown & Kraft, 2014) and GCAPs-/- mice (Chen et al., 2010c). The 
direct mechanisms of calmodulin involvement remained unidentified, but it could be associ-
ated with changes in Ca2+ and Mg2+ homeostasis. Interestingly, a later investigation showed 
that this overshoot was abolished after knocking out recoverin (Morshedian et al., 2018). Fur-
thermore, a recent biochemical study suggests that rhodopsin kinase contains a separate 
binding site for calmodulin in addition to the binding site for recoverin. The study proposes 
that these two calcium sensor molecules work synergistically in a way that calmodulin com-
plements the effect of recoverin and broadens the calcium range where the modulation of 
rhodopsin kinase takes place (Grigoriev et al., 2012). 
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3. Phosphodiesterase-6 (PDE6) 

The cyclic nucleotide phosphodiesterases (PDEs) comprise a superfamily of 11 regulatory en-
zymes (Bender & Beavo, 2006). Their function is to catalyze the hydrolysis of cyclic nucleo-
tides, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), 
to adenosine monophosphate (AMP) and guanosine monophosphate (GMP), respectively. 
PDE activity is found practically in every cell in the body, as PDEs control a broad range of 
cellular processes as well as a communication between the cells (see, e.g., (Soderling & Beavo, 
2000; Conti & Beavo, 2007; Francis et al., 2011a). Phosphodiesterase-6 (PDE6) appears pri-
marily in photoreceptor outer segments, where it controls the cytoplasmic cGMP concentra-
tion and serves as an essential member of the phototransduction cascade converting the in-
formation of captured photons to a bioelectrical signal (see, e.g., Stryer, 1986; Zhang & Cote, 
2005; Cote, 2006). This section concentrates mostly on rod PDE6 and its significance for rod 
signaling. 

 

3.1 Structure and function 

The rod PDE6 is composed of two active catalytic subunits, α and β, and two inhibitory γ-
subunits, while the cone PDE6 is composed of two similar catalytic α’-subunits and two inhib-
itory γ’-subunits (Baehr et al., 1979; Hurley & Stryer, 1982). Fig. 4 illustrates a model structure 
of PDE6 determined from cryo-electron microscopy experiments (Zhang et al., 2015). The two 
catalytic subunits form a dimer (αβ in rods and α’α’ in cones), and each subunit contains three 
structural domains: GAFa, GAFb, and the catalytic domain. Additionally, the hydrophobic C-
terminal of PDE6 anchors the PDE6 to the rod disk membrane (Catty & Deterre, 1991). The 
relative PDE6 to rhodopsin ratio in rod disk membranes is near 1 : 300 in amphibian and mam-
malian photoreceptors (Hamm & Bownds, 1986; Cote & Brunnock, 1993; Dumke et al., 1994; 
Pentia et al., 2006). The total PDE6 concentration is approximately 30 µM in rod outer seg-
ments as calculated based on the 8.23 mM rhodopsin concentration in mouse rods (Nickell et 
al., 2007), close to an earlier estimate of 22 µM for frog rods (Dumke et al., 1994). The 30 µM 
PDE6 concentration implies 2∙105 PDE6 molecules in one mouse rod and around 200 PDE6 
molecules per rod disk membrane (Nickell et al., 2007). PDE6 is mostly concentrated on the 
rim regions of the disks (Muradov et al., 2009, 2010). 
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Figure 4. Model structure of the phosphodiesterase-6 enzyme and its interactions. The cata-
lytic domains are expressed in pink, the GAF domains as gray, and the PDEγ-subunits are 
shown in blue. The C-terminal residues in the catalytic domain structure are highlighted with 
red color and the residues connecting PDE6 to the disk membrane with black color. A) Bottom 
view of the catalytic domains. B) A front view of the enzyme. C) A proposed model for the 
interaction of transducin Gtα-subunit (purple) and PDE6. A fragment of RGS9 is shown in 
brown. This research was originally published in (Zhang et al., 2015) © the American Society 
for Biochemistry and Molecular Biology. 

The catalytic domains of mammalian phosphodiesterases are highly conserved and contain 
invariant catalytic site residues (Zhang et al., 2004b; Conti, 2004). PDE family members share 
ca. 25% sequence identity within catalytic domains (Ke, 2004), and the closest relatives PDE5 
and PDE6 share approximately 50% of the catalytic domain identity (Granovsky & Artemyev, 
2001a). The catalytic domain contains two metal-binding motifs: one binding Zn2+ with high 
affinity and the other Mg2+ with lower affinity. They have a role in stabilizing the PDE6 struc-
ture in addition to the high importance for the cGMP catalysis (He et al., 2000a; Ke, 2004). 
PDE6 hydrolyzes cGMP with a rate limited by the aquatic diffusion (Reingruber et al., 2013). 
The catalytic activity surpasses that of PDE5 by 500-fold, but the reason for this difference is 
not yet well understood. The metal binding motifs in the catalytic region of PDEs are likely 
partially responsible for the difference since substituting two residues from the divalent metal 
binding region in PDE5 to their PDE6 counterpart increased the maximal catalytic activity of 
PDE5 by 10-fold (Granovsky & Artemyev, 2001a). The rate of cGMP hydrolysis 𝑣𝑣 can be con-
sidered to follow the Michaelis-Menten kinetics 

𝑣𝑣 = 𝑃𝑃𝐷𝐷𝐷𝐷6∗∙½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]
𝐾𝐾𝑀𝑀+[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]

,     (3) 

where 𝑃𝑃𝐷𝐷𝐷𝐷6∗ denotes the number of activated PDE6 subunits, [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] the cytoplasmic cGMP 
concentration and 𝐾𝐾𝑀𝑀 is the Michaelis constant signifying the cGMP concentration resulting 
in a half-maximal rate for cGMP hydrolysis. The estimates for the Michaelis constant 𝐾𝐾𝑀𝑀 of 
the hydrolysis reaction range from 10 µM to 100 µM (Gillespie & Beavo, 1988; Dumke et al., 
1994; Granovsky et al., 1998; D’Amours & Cote, 1999; Leskov et al., 2000; Mou & Cote, 2001; 
Zhang et al., 2008; Muradov et al., 2010). The maximal catalytic rate of the PDE6 dimer, 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐, 
lies around 5,000 s-1 (Dumke et al., 1994; Mou & Cote, 2001; Muradov et al., 2010). The mul-
tiplier ½ derives from the assumption that two PDE6 subunits of the dimer are equally active 
(Leskov et al., 2000; Burns & Pugh, 2009). PDE6 is highly selective for cGMP. The maximal 
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catalytic activity for the hydrolysis of cAMP by PDE6 (𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐  ≈ 3000 s-1) is of the same order as 
for cGMP but the 𝐾𝐾𝑀𝑀 for cAMP is almost 100-fold larger than for cGMP. 

The regulatory GAF domains contain allosteric cGMP-binding pockets, which regulate the af-
finity of γ-subunits for the catalytic domain (Zhang et al., 2008). Four potential non-catalytic 
cGMP-binding sites exist in the PDE6 dimer. Two of the sites bind cGMP with high affinity, and 
these sites seem to be almost permanently occupied in physiological conditions. The binding 
of cGMP to the high-affinity sites increases the affinity of one γ-subunit for PDE6αβ catalytic 
domain by at least 10-fold, while the affinity of the other γ-subunit remains unaffected or even 
decreases slightly (D’Amours & Cote, 1999; Mou & Cote, 2001; Cote, 2006). Mutually, binding 
of γ-subunits to the PDE6 body increases the affinity of cGMP to the two high-affinity binding 
sites. In other words, the dissociation constants, 𝐾𝐾𝐷𝐷, for the two high-affinity binding sites 
shows positive cooperativity with the binding of γ-subunits. With γ-subunits bound, the disso-
ciation constants are < 1 nM and 15 nM for the two cGMP-binding sites, and without γ-subu-
nits, the dissociation constants increase to 60 nM and to > 1 µM, respectively (Gillespie & 
Beavo, 1989a; Cote et al., 1994; Artemyev et al., 1996; Mou et al., 1999; Cote, 2006). Addi-
tionally, two low-affinity binding sites (𝐾𝐾𝐷𝐷  = 7 µM) have been localized to rod outer segments. 
The identity of the sites remain unknown but since no other cGMP binding proteins are found 
in sufficient amounts in rod outer segments, it is plausible that the binding sites in PDE6 ac-
count for the low-affinity binding (Cote & Brunnock, 1993; Zhang & Cote, 2005). The bound 
cGMP constitute roughly 90% of the total 60 µM cGMP concentration in the rod outer seg-
ments in the dark-adapted state (Cote et al., 1984; Gillespie & Beavo, 1989a; Cote & Brunnock, 
1993) and even during prolonged light adaptation, the total cGMP concentration can undergo 
a decrease of no more than roughly 50% (Cote et al., 1984, 1986; Calvert et al., 2002). In ad-
dition to cGMP binding, GAF domains control the dimerization of PDE6 into αβ form instead 
of αα or ββ (Artemyev et al., 1996) and guide the localization of PDE6 to the photoreceptor 
outer segments (Cheguru et al., 2014). 

The concentration of the inhibitory PDE6 γ-subunits is equal to that of PDE6 catalytic units in 
rod outer segments (Norton et al., 2000). γ-subunits are likely to exist natively unfolded in 
solution (Uversky et al., 2002; Uversky, 2002; Cote, 2006) but when bound to PDE6, the γ-
subunit extends linearly from the C-terminal to N-terminal of the PDE6αβ forming multiple 
interaction sites with both the GAF domains and with the catalytic domain (Guo et al., 2006; 
Guo & Ruoho, 2008; Zhang et al., 2015). Moreover, the γ-subunit has been observed to bind 
simultaneously to both PDE6α and PDE6β subunits (Guo et al., 2005, 2006). The primary pur-
pose of the γ-subunits is to block the access of cGMP to the C-terminal catalytic pockets and 
to relieve this blockage upon the binding of light-activated Gtα to the γ-subunit (Wensel & 
Stryer, 1990; Granovsky & Artemyev, 2001a; Barren et al., 2009). Additionally, the binding of 
the γ-subunit increases the affinity of cGMP for the non-catalytic cGMP binding sites and the 
affinity of the GAP complex for activated Gtα, which leads to enhanced deactivation of 
GtαPDE6 complex (see Section 3.3.3). The multifunctional γ-subunit is also believed to have 
other tasks in many organs such as in the lungs (Tate et al., 1998) and the brain (see, e.g., Guo 
& Ruoho, 2008).  
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3.1.1 The sources of basal PDE6 activity 

The basal activity of PDE6 (𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) can originate from three main sources: spontaneous activa-
tions of rhodopsin, transducin, and PDE6 caused by thermal energy. In a steady-state, the 
contribution of these different sources to the basal PD6E activity can be calculated as follows: 

Spontaneous rhodopsin isomerizations  𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠
 𝜈𝜈𝑅𝑅𝑅𝑅

𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑅𝑅
𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

Spontaneous transducin activations  𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗   ,  (4) 

Spontaneous PDE6 activations  𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃6𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗  

where 𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the average rate of spontaneous rhodopsin isomerizations∙rod-1s-1, and 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗  
and 𝑃𝑃𝑃𝑃𝑃𝑃6𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗  are the average number of activated transducin and PDE6 molecules∙rod-1 at a 
given time, respectively. 𝑘𝑘𝑅𝑅 and 𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 are the rate constants for rhodopsin and PDE6 deacti-
vation (The average lifetime of the activated molecules 𝜏𝜏𝑖𝑖 = 1

𝑘𝑘𝑖𝑖
). 𝑐𝑐𝐺𝐺𝐺𝐺 is the coupling coefficient 

for PDE6 activation by transducin. Usually, all transducins are assumed to bind PDE6 before 
their deactivation and, hence, 𝑐𝑐𝐺𝐺𝐺𝐺 is close to 1 (Lamb, 1994). 𝜈𝜈𝑅𝑅𝑅𝑅 = 𝜈𝜈𝑅𝑅𝑅𝑅  𝑐𝑐𝐺𝐺𝐺𝐺 is the rate by 
which rhodopsin activates PDE6, while 𝜈𝜈𝑅𝑅𝑅𝑅 is the rate constant for transducin activation by 
activated rhodopsin. 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 is the average hydrolytic rate for one activated PDE6 subunit. 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
is estimated to be close to 1 s-1 in amphibian rods at room temperature (Hodgkin & Nunn, 
1988; Cobbs, 1991; Rieke & Baylor, 1996; Whitlock & Lamb, 1999; Nikonov et al., 2000; Hamer 
et al., 2003; Astakhova et al., 2008, 2012) and 4 s-1 in mouse rods in 37 °C (Gross et al., 2012a). 

Rhodopsin is an extremely stable molecule, and it activates thermally only once in several 
hundred years (Baylor et al., 1984b). Still, because of the vast amount of rhodopsin molecules 
in rods, thermal isomerizations of rhodopsin occur at a rate of once per tens to hundreds of 
seconds per rod. The rate of rhodopsin isomerizations have been determined to be less than 
1/200 s-1 in bullfrog rods (Donner et al., 1990) but around 1/50 s-1 in toad rods both near 20 
°C (Baylor et al., 1980). In mammalian body temperature, the rate has been determined in 
monkey rods, 1/160 s-1 (Baylor et al., 1984b), and in mouse rods, 1/100 s-1 (Burns et al., 2002). 
If 𝜈𝜈𝑅𝑅𝑅𝑅 is assumed to be 1000 s-1 in mammalian rod in body temperature (Heck & Hofmann, 
2001; Lamb et al., 2018), 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 to be 3 (Pugh & Lamb, 2000) and 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 to be 0.007 s-1 (Based 
on amplification constant of around 20 s-2 determined Papers IV and V, see Eq. 19), and the 
lifetimes of activated rhodopsin and PDE6 to be 40 ms and 200 ms, respectively, the rate of 
spontaneous cGMP hydrolysis caused by the thermal isomerizations of rhodopsin would be 
ca. 5∙10-4 s-1 (calculated based on Eq. 4). Hence, spontaneous activations of rhodopsin most 
likely do not have a significant effect on the basal rate of cGMP hydrolysis. 

In addition to spontaneous rhodopsin activation, the chromophore-free opsin is shown to ac-
tivate PDE6 (and transducin) with a rate of 2∙10-3 s-1, around 106-to 107-fold lower than the 
activity of light-activated rhodopsin (Melia et al., 1997). A similar conclusion was drawn from 
electrophysiological experiments with bleach adapted salamander rods where opsin was esti-
mated to be 106 to 107 times less active than activated rhodopsin (Cornwall & Fain, 1994; 
Matthews et al., 1996). In a recent study, the free opsin-to-rhodopsin ratio was estimated to 
be 1.5∙10−4 in dark-adapted mammalian rod outer segments (Tian et al., 2017). The estimate 
corresponds to around 7500 free opsin molecules in one mouse rod. With a rate of 2∙10-3 s-1 
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for PDE6 activation, this would lead to 15 PDE6 activations∙s-1 corresponding to 5 simultane-
ously active PDE subunits in rod (200 ms lifetime of PDE6) or to a cGMP hydrolysis rate of 0.04 
s-1 (see Eq. 4). Hence, free opsin is not expected to have a significant contribution to the basal 
PDE6 activity. However, a novel finding suggests that opsin exists in equilibrium with a pre-
dominant inactive state and a rare, highly active state. According to that study, free opsin 
might contribute to the discrete shot noise events in rods, generally considered to originate 
from the thermal activations of rhodopsin (Sato et al., 2019).    

Spontaneous GDP to GTP exchange in transducin extracted from bovine rods was determined 
to occur at a rate of 10-5 to 2∙10-4 s-1 (Fawzi & Northup, 1990; Ramdas et al., 1991). The rate is 
107 to 108-fold less than that caused by light-activated rhodopsin. Still, because there are 5∙106 

transducins in each mouse rod, 50 to 1000 spontaneous transducin activations∙s-1 occur in a 
rod outer segment. With 200 ms average lifetime of active PDE6, the rate translates to 10 – 
200 simultaneously active PDE6 molecules∙rod-1  or to a cGMP hydrolysis rate of 0.07 – 1.4 s-1 
(see Eq. 4). These values imply that the spontaneous activations of transducins could contrib-
ute to the total basal PDE6 activity. However, Rieke and Baylor (1996) showed that the com-
plete removal of GTP in toad rods did not affect the dark noise originating from the fluctua-
tions in the basal PDE6 activity (Rieke & Baylor, 1996). The finding questions the contribution 
of spontaneous activation of rhodopsin, opsin, and transducin to the basal rate of cGMP hy-
drolysis, at least in amphibian rods. 

The spontaneous activation of PDE6 is believed to occur when thermal energy wiggles the γ-
subunit and momentarily releases the inhibition of the active core of the PDE6 catalytic do-
main. The biochemical estimates for the dissociation constant of the γ-subunit from the cata-
lytic domain differ profoundly. Some studies report different dissociation constants (𝐾𝐾𝐷𝐷) for 
the two subunits as < 0.3 pM and 2 – 3 pM (Mou & Cote, 2001; Paglia et al., 2002) and some 
report similar 𝐾𝐾𝐷𝐷 for both subunits, from 10 to 80 pM (Wensel & Stryer, 1986; D’Amours & 
Cote, 1999; Muradov et al., 2010). The fraction of active PDE6 subunits of the total 30 µM 
concentration of PDE6 dimers (2∙105 PDE6 dimers in one rod) can be calculated from the equa-
tion 

[𝑃𝑃𝑃𝑃𝑃𝑃6][𝛾𝛾]
[𝑃𝑃𝑃𝑃𝑃𝑃6𝛾𝛾]

= 𝐾𝐾𝐷𝐷.     (5) 

Considering the different 𝐾𝐾𝐷𝐷 values for the two subunits, less than 1/ 10 000 of the high affin-
ity (𝐾𝐾𝐷𝐷 < 0.3 pM) subunits and around 1/3200 of the lower affinity subunits (𝐾𝐾𝐷𝐷 = 3 pM) would 
be active at a given moment. Higher 𝐾𝐾𝐷𝐷 estimates suggest that 1/2500 (𝐾𝐾𝐷𝐷 = 10 pM for both 
subunits) to 1/870 (𝐾𝐾𝐷𝐷 = 80 pM for both subunits) subunits are active at a given moment. 
These values would translate to around 80 – 460 active PDE6 subunits in mouse rod or to basal 
PDE6 activity of 0.6 to 3.2 s-1 with subunit activity 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 = 0.007 s-1 (see Eq. 4). The dissociation 
constants were determined at room temperature and, thus, the values might even double in 
body temperature. Simulations by Reingruber et al. resulted in an estimate of around 700 
spontaneously activated PDE6 molecules in a mouse rod at body temperature at any given 
moment (Reingruber et al., 2013). With 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 ≈ 0.007 s-1, this corresponds to 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≈ 4.9 s-1, 
very close to the value 4 s-1 for 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 determined earlier for mouse rods (Gross et al., 2012a). 
In summary, the likely source of the basal rate of cGMP hydrolysis is the thermal activation of 
PDE6. However, both the spontaneous activity of transducin and free opsin could potentially 
contribute to 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. 
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3.1.2 PDE6 activation by light 

After the GDP to GTP exchange catalyzed by activated rhodopsin, the free transducin alpha 
subunit Gtα binds to the PDE6αβγγ holoenzyme via multiple interaction sites (Zhang et al., 
2012). The binding of the transducin Gtα-subunit to the γ-subunit displaces the C-terminal of 
the γ-subunit, reveals the catalytic cGMP-binding site and activates the enzyme (Wensel & 
Stryer, 1990; Granovsky & Artemyev, 2001a) (see Fig. 4C). Transducin has also been shown to 
interact with the central region of the γ-subunit, where its binding lowers the cGMP affinity 
to the non-catalytic cGMP binding sites in GAF domains (Zhang et al., 2012). During the light-
activation of PDE6, γ-subunits stay attached to the GAF domains of the PDE6αβ body 
(Artemyev et al., 1992). However, it is also hypothesized that this connection is maintained 
only when the high-affinity cGMP-binding sites are occupied. Unbinding of cGMP from the 
high-affinity site could lead to a decrease in the affinity of the γ-subunit to the PDE6  body, 
allowing the γ-subunit to break away from the PDE6-body along with the Gtα-subunit 
(Yamazaki et al., 1990; Arshavsky et al., 1992). This effect might be involved in light adaptation 
during prolonged light exposures (Zhang et al., 2008). 

The catalytic activity of the α and β subunits of rod PDE6 have been found to be equal 
(Muradov et al., 2010). According to the general view, the α and β subunits work inde-
pendently. The binding of transducin to one γ-subunit can release half of the total catalytic 
power of the enzyme, and the binding of another transducin to the second γ-subunit releases 
the remaining half (Wensel & Stryer, 1990; Pugh & Lamb, 2000; Leskov et al., 2000). However, 
multiple studies have concluded that only approximately half of the maximal catalytic activity 
of PDE6 can be achieved in physiological conditions with transducin activation (Whalen et al., 
1990; Melia et al., 2000; Norton et al., 2000; Liu et al., 2009). Some studies argue that the 
binding of the first transducin releases the achievable potency of PDE6 and the binding of the 
second transducin might work only as a signal to enhance the deactivation of the PDE6 enzyme 
(Bruckert et al., 1994; Melia et al., 2000; Yamazaki et al., 2002). Others have found that the 
binding of the first transducin results to only less than 5% activation of the enzyme and the 
binding of the second transducin is needed for effective catalysis (Norton et al., 2000; Lamb 
et al., 2018; Qureshi et al., 2018). In the latter model, a high local concentration of activated 
transducin would be enough to form a cluster of PDE6 enzymes binding two transducins and 
cause effective hydrolysis of cGMP in the small compartment limited by rod disk membranes. 
Such a system would be beneficial by limiting significant PDE6 activation by spontaneously 
activated transducins filtering the transducin-mediated phototransduction noise (Norton et 
al., 2000; Lamb et al., 2018; Qureshi et al., 2018). Overall, the scientific consensus between 
the models for PDE6 activation by transducin is yet to be found.  

3.2 Inhibition of PDE6 

The application of PDE inhibitors revealed that PDE6 has an essential function in controlling 
the photoreceptor response to light (Lipton et al., 1977; Capovilla et al., 1982, 1983) already 
before the identification of the cGMP-gated channels as the light-sensitive cationic channels 
in the rod outer segment plasma membrane (Fesenko et al., 1985). Since then, PDE inhibitors 
have provided vast mechanistic insight on how the catalytic activity of PDE6 controls the ab-
solute sensitivity, response kinetics, and dark noise of photoreceptors (Cervetto & 
McNaughton, 1986; Hodgkin & Nunn, 1988; Rieke & Baylor, 1996). As PDEs take part in almost 
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every regulatory system in the body, the therapeutic and scientific value of PDE inhibitors has 
long been recognized (Lugnier, 2006). PDE inhibitors are widely used for pharmacological 
treatments of disorders such as erectile dysfunction, congestive heart failure, and inflamma-
tory airway disease (Essayan, 1999; Boswell-Smith et al., 2006; Francis et al., 2011b). However, 
PDE inhibitors suffer from poor specificity because of the structural similarity of the catalytic 
domains between PDE classes. Poor specificity has been reported to cause various side effects 
for PDE-targeted drugs, including hearing impairment and increased sensitivity to light 
(Boswell-Smith et al., 2006; Kerr & Danesh-Meyer, 2009; Khan et al., 2011; Azzouni & Abu 
samra, 2011). PDE6 is especially non-discriminant for different PDE inhibitors. Practically all 
so-called “specific” PDE inhibitor drugs inhibit PDE6 effectively in addition to their target PDE 
isoform (Zhang et al., 2005). Hence, photoreceptors offer a valuable platform for examining 
the effects and isoform specificity of PDE inhibitors in a well-characterized model system. 

PDE6 inhibitors are traditionally investigated together with trypsin-activated purified PDE6 
(Wensel & Stryer, 1986; Catty & Deterre, 1991; Zhang et al., 2005). In trypsin activation, the 
γ-subunits are degraded from the PDE6αβ, causing the permanent activation of the PDE6 en-
zyme that can be reversed only by the addition of substitutive γ-subunits (Wensel & Stryer, 
1986). Furthermore, trypsin provokes the cleavage of the catalytic subunit C-terminal releas-
ing the PDE6 from rod disk membranes and converting PDE6 to soluble form (Catty & Deterre, 
1991). The mechanism of PDE6 inhibition has been investigated only with few inhibitors. Zapri-
nast, dipyridamole, and E4021 show classical competitive inhibition of trypsin activated PDE6 
in biochemical studies (Gillespie & Beavo, 1989b; D’Amours et al., 1999). Additionally, an elec-
trophysiological study by Cobbs demonstrated that IBMX behaves as a competitive inhibitor 
of both light-activated and spontaneously active PDE6 (Cobbs, 1991). Zaprinast, dipyridamole, 
E4021, vardenafil, and sildenafil, but not IBMX, have also been found to stimulate the PDE6 
holoenzyme activity with a high substrate and a low inhibitor concentration in addition to the 
regular competitive inhibition seen with higher inhibitor concentrations (Gillespie & Beavo, 
1989b; D’Amours et al., 1999; Zhang et al., 2005). The phenomenon indicates that the inhibi-
tor hinders the γ-subunit binding to the catalytic subunits more than it hinders the actual 
cGMP binding to the catalytic core, suggesting a complex competition between some inhibi-
tors, cGMP and the γ-subunit for binding to the catalytic region.  

The potency of inhibition of trypsin-activated PDE6 can exceed that of spontaneously active 
PDE6 (D’Amours et al., 1999; Zhang et al., 2005; Liu et al., 2009). The inhibition constant of 
IBMX against spontaneously active PDE6 was found to be 3-fold larger than the inhibition con-
stant against trypsin-activated PDE6. With vardenafil, the difference was over 11-fold and with 
E4021, as high as 40-fold. (D’Amours et al., 1999; Zhang et al., 2005) The difference in inhibit-
ing trypsin-activated and spontaneously activated PDE6 can be largely explained by mutually 
exclusive competition between the γ-subunits and the PDE6 inhibitors. The inhibition constant 
determined from the trypsin-activated PDE6 represents the pure affinity of the inhibitor to 
the enzyme. In the spontaneously active state, the apparent inhibition constant reflects the 
combined effect of the inhibitor and the γ-subunit binding to the same active site. This inter-
pretation is supported by the shared binding sites between the γ-subunit and PDE6 inhibitors. 
The γ-subunit has been shown to interact with multiple amino acid residues in the PDE6 cata-
lytic domain, including Met759, Phe778, and Phe782, close to the active site, thereby closing 
the entrance of cGMP to the catalytic core (Granovsky & Artemyev, 2001a, 2001b; Cote, 
2004). In molecular modeling, the PDE inhibitors zaprinast and sildenafil were demonstrated 
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to interact with Met759 and Phe778 in addition to the binding to the catalytic core, suggesting 
a direct competition from the same binding sites between the inhibitor and the γ-subunit 
(Simon et al., 2006). Interestingly, in transducin-activated PDE6, only half of the subunits could 
be inhibited by vardenafil, and in spontaneously active PDE6, vardenafil could bind to only 
around 10% of the subunits (Liu et al., 2009). These values correlated strongly with the percent 
of total hydrolytic activity of PDE6 in transducin-activated (38%) and spontaneously activated 
(~10%) state compared to the fully active trypsin-activated PDE6 (100%) (Liu et al., 2009). This 
implies that γ-subunit could completely block the binding of vardenafil to the catalytic region, 
letting vardenafil inhibit PDE6 only when the enzyme is active (Liu et al., 2009). Overall,  fur-
ther investigations are needed in order to determine the mechanism of the interaction be-
tween transducin, the γ-subunit of PDE6, and different PDE6 inhibitors – research that can 
offer crucial knowledge when developing truly isoform-specific PDE inhibitors for a broad 
range of diseases (Maurice et al., 2014; Ahmad et al., 2015).  
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4. Aims of the study 

The broad aim of this thesis was to investigate the calcium-mediated modulation of 
photoresponses of mouse rod photoreceptors. The first paper of the thesis quantified 
the effects of acknowledged calcium sensor proteins GCAPs and recoverin on mouse 
rod light adaptation but also discovered a new source of calcium-mediated modula-
tion. The rest of the thesis delved into developing and utilizing methods to characterize 
the mechanism of this novel modulation. The specific aims were: 

 
1. To investigate the role of calcium and recoverin in the fast light adaptation in mice 

where the dominant GCAPs-mediated modulation is knocked out (Paper I). Earlier data 
have shown that the mammalian rod light adaptation is dominated by calcium-de-
pendent modulation of guanylate cyclase activity by GCAP1 and GCAP2. However, the 
contribution of other factors to mammalian rod light adaptation are not fully charac-
terized. The goal of this work was to quantify the contribution of recoverin and other 
possible Ca2+-feedback mechanisms in GCAPs-independent light adaptation of mam-
malian rod photoreceptors. 

 
2. To identify the applicability of transretinal ex vivo ERG in investigating the rod photo-

transduction cascade by comparing it to local ex vivo ERG recordings across the rod 
outer segment layer (Paper II). Transretinal ERG (TERG) recorded ex vivo has been 
widely used in research on the phototransduction cascade because it enables exami-
nation of retinal function in the intact retina and pharmacological manipulation of ret-
inal signaling. Phototransduction mechanisms are located in the outer segment of pho-
toreceptors, and measuring the light-induced changes in the outer segment mem-
brane current is the most powerful way of investigating phototransduction in intact 
cells. When the photoreceptor component of the TERG signal is pharmacologically iso-
lated, the signal does arise mainly from the changes in the outer segment current, but 
components arising from the inner segment layer inevitably contribute to the recorded 
signal. This study aimed to clarify how consistently TERG reflects changes in the rod 
outer segment current signaling by comparing TERG to simultaneously recorded local 
ERG across the outer segment layer (LERG-OS). An additional aim was to develop the 
LERG-OS technique for further use in Papers III, IV, and V. 

 
3. To develop a method for the quantification of the inhibitory effect of phosphodiester-

ase-6 inhibitors against naturally activated forms of phosphodiesterase-6 in intact 
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mouse retina (Paper III). The cyclic nucleotide phosphodiesterases in vertebrates hy-
drolyze the second messengers, cAMP and cGMP, and they are involved in practically 
every regulatory system in the body. Many of the PDE inhibitors are rather non-selec-
tive for different PDEs, and efficient quantitative methods to investigate the isoform-
specificity of PDE inhibitors in natural environments are unavailable. Traditionally, the 
potency of PDE6 inhibitors is determined biochemically from purified PDE6, which is 
activated by trypsin. This treatment changes the structure of the enzyme and affects 
its interaction with the inhibitors. The study aimed to develop a method for determin-
ing the inhibition constant of PDE6 inhibitors against naturally occurring, light-acti-
vated and spontaneously activated forms of PDE6 inside intact photoreceptors in living 
retina. This knowledge was also crucial for achieving the aims of Papers IV and V. 

 
4. To develop an ex vivo ERG-based method for determining the basal PDE6 activity of rod 

photoreceptors (Paper IV). The rate of spontaneous cGMP hydrolysis, i.e., the basal 
PDE6 activity (𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑), sets the steady-state level and the turnover rate of cGMP. Hence, 
it is the main factor in setting the kinetics of photoresponse recovery, and the spatial 
propagation of cGMP concentration decrease during photoresponses. For amphibian 
photoreceptors, the determination of basal PDE6 activity is possible with a “3-isobutyl-
1-methylxanthine (IBMX) jump” technique, but it is still not feasible with the more 
fragile mammalian photoreceptors. To date, there has been no means to determine 
the 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  of wild-type mammalian photoreceptors. This work aimed to develop a 
method for the determination of 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 in intact photoreceptors and determine for the 
first time the 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 of wild-type mouse rod photoreceptors. 

 
5. To investigate whether calcium modulates the basal PDE6 activity in mouse rods and 

to quantify the effect of the possible modulation on rod sensitivity (Paper V). Paper I 
discovered a new source of light adaptation in mouse rods, but the mechanism was 
unidentified. The novel light adaptation mechanism was found to be dependent on 
calcium but independent of GCAPs- or recoverin-mediated pathways. This work aimed 
to probe whether calcium modulates basal PDE6 activity and whether this modulation 
could explain the discovered new sensitivity regulation of mouse rod photoresponses.
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5. Methods 

5.1 Ex vivo electroretinography 

Electroretinography (ERG) records light-induced changes in the extracellular field potentials 
generated in the retinal tissue. The spatial separation of ion influxes and effluxes through the 
cell membranes of retinal cells creates ion currents flowing in the resistive extracellular me-
dium of the retina. The excitable cells in the retina are organized in highly structured and 
densely packaged layers, which leads to a high electrical resistivity of the extracellular space 
(Hagins et al., 1970). High resistivity enables the generation of mass potential fields across the 
retina. The extracellular currents and potential differences within the retina are intercon-
nected according to Ohms law  

∆𝑉𝑉(𝑧𝑧, 𝑡𝑡) = ∫ 𝑟𝑟(𝑧𝑧)𝑖𝑖𝑧𝑧(𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑑𝑑    (6) 

where 𝑟𝑟(𝑧𝑧)  is the resistivity (Ω∙m) of the extracellular medium and 𝑖𝑖𝑧𝑧(𝑧𝑧, 𝑡𝑡) is the radial ionic 
current density (A/m2). In a uniformly illuminated retina, the lateral ion currents cover less 
than 10% of the total currents in the photoreceptor layer of the retina (Penn & Hagins, 1969; 
Hagins et al., 1970). In photoreceptors, the sinks of the circulating current lie in the photore-
ceptor outer segment layer and sources in the inner segment layer (Penn & Hagins, 1969; 
Hagins et al., 1970). The absorption of light to the rod outer segments produces a change in 
the circulating current and a corresponding change in the extracellular voltage. The signal is 
synaptically transmitted to second- and third-order retinal neurons causing changes in their 
membrane currents, e.g., through glutamate receptor-mediated TRMP1 channel closure in bi-
polar cells (Koike et al., 2010a, 2010b; Morgans et al., 2010; Xu et al., 2012). Many of these 
changes can be detected in the ERG recordings. 

The ERG signal components are classified in two ways: based on the distinctive waveforms, 
which are separated in time, or based on the underlying signal components, which originate 
from different sources. The typical classification commonly used in clinical diagnostics, and in 
the study of retinal function, divides the ERG signal to the following waveforms: the a-wave is 
a fast waveform triggered soon after the light stimulus. The polarity of this component is often 
considered as negative because, in conventional corneal ERG recording, this component 
causes a negative shift in corneal recording electrode potential with respect to the potential 
of the reference electrode placed to a skin contact near the examined eye (Pugh et al., 1998). 
The b-wave is a large-amplitude wave with positive polarity dominating the ERG signal after 
the fast a-wave. The slow positive c-wave peaks only after 2 to 10 s after the light stimulus 
onset. The d-wave is generated after the offset of the prolonged light stimulus. In addition to 
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these waves, oscillatory potentials superimpose with most of the b-wave (Wachtmeister, 
1998). Fig. 5 presents the waveforms of the ERG signal.  

Figure 5. Cat ERG components (PI, PII, and PIII) and waveforms (a, b, c and d-waves) in re-
sponse to a 2 s bright (above) and dim (below) light stimulus. Reprinted from (Granit, 1933) 
with permission from John Wiley & Sons, Inc. 

When examining the sources of the ERG signal, it is practical to decompose the signal to its 
superimposed components. Ragnar Granit (Granit, 1933) dismantled the ERG signal to com-
ponents based on their sensitivity to the depth of the anesthesia in a cat. The first signal com-
ponent to disappear from the overall signal was termed PI, the second PII, and the last surviv-
ing component PIII. The PIII component was later divided into fast PIII and slow PIII based on 
the signal kinetics (Murakami & Kaneko, 1966; Sillman et al., 1969). It is now known that these 
signal components originate in specific retinal layers. The PI component, which corresponds 
mainly to the ERG c-wave, originates from the changes in the extracellular potassium flux to 
retinal pigment epithelium due to light illumination (Steinberg et al., 1970; Oakley, 1977). The 
PII component, comprising the central part of the b-wave, has been shown to arise from the 
function of bipolar cells (Pugh et al., 1998). The fast PIII component is generated in the pho-
toreceptors and the slow PIII in the Müller cells (Penn & Hagins, 1969; Oakley et al., 1992; 
Pugh et al., 1998). The ERG components are illustrated in Fig. 5. The photoreceptor compo-
nent (fast PIII) in the ERG signal is mostly masked under the more prominent PI, PII, and slow 
PIII components. Consequently, an effective way to investigate the function of photoreceptors 
and phototransduction is to isolate the photoreceptor component from the mixed signal.  

In our ex vivo methods, the ERG signals are registered from an isolated retina, which is kept 
alive in a specific sample holder. Ex vivo ERG allows the isolation of the photoreceptor com-
ponent by two different means: pharmacologically in transretinal ERG, or spatially with local 
ERG. These techniques are discussed below. 
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5.1.1 Transretinal electroretinography 

Transretinal ERG (TERG) is an ex vivo ERG technique where the ERG signal is registered across 
the whole retina with macroelectrodes placed on the distal and proximal sides of the isolated 
retina. The recording geometry is illustrated in Fig. 6A. A constant flow of nutrition solution 
perfuses the photoreceptor side of the retina, which also allows the delivery of drugs to the 
retina. The different cell types of the retina contribute to the TERG signal, and extraction of 
the photoreceptor signal is necessary when investigating phototransduction. This can be 
achieved by blocking the glutamatergic synaptic transmission from photoreceptors to bipolar 
cells, e.g., with glutamate receptor agonist aspartate or with glutamate receptor antagonist 
DL-2-amino-4-phosphonobutyric acid (APB) (Slaughter & Miller, 1981; Vinberg et al., 2009, 
2014). In addition, the component arising from Müller cells (slow PIII) can be abolished by 
blocking the potassium channels in the Müller cell membrane with BaCl2 (Bolnick et al., 1979; 
Nymark et al., 2005). The remaining signal arises exclusively from photoreceptor cells. Fig. 6B 
introduces the TERG signal to varying light flash stimuli without blockers and Fig. 6C shows the 
isolated photoreceptor component of TERG (see also Fig. 3 in Paper II). The TERG technique 
provides unparalleled signal-to-noise ratio, stability, and maximal duration of experiments 
compared to the more widespread single-cell techniques, suction electrode recordings and 
patch-clamp. Hence, TERG has been routinely used to examine photoreceptor signaling and 
phototransduction (Nymark et al., 2005; Heikkinen et al., 2008; Palczewska et al., 2014; Berry 
et al., 2016; Vinberg et al., 2017). However, despite the use of pharmacological isolation of 
the photoreceptor component from the TERG signal, imperfect pharmacological blocking or 
the presence of signal components originating in the photoreceptor inner segment region may 
shape the TERG signal. The changes in the extracellular voltage are proportional to the 
changes in the superimposed extracellular currents, and the cell membrane potential affects 
the extracellular voltage indirectly by modulating voltage-gated channel currents. The distri-
bution, selectivity, and regulation of the voltage-gated ion channels in the inner segment and 
their contribution to the ERG signal are partly unknown, which complicates the quantitative 
interpretation of the TERG signal when the goal is to investigate the phototransduction. At 
least HCN1 channels located in the rod inner segment are thought to modify the photorecep-
tor component of the TERG signal (Vinberg et al., 2009). Additionally, a transient capacitive 
component originating in the inner segment of rods seems to play a role in generating the 
“nose” like appearance in the leading edge of the TERG responses to intense flashes of light 
(Robson & Frishman, 2014). 

5.1.2 Local electroretinography 

In local electroretinography from isolated retinas, the extracellular voltage is recorded with 
microelectrodes whose tips are inserted to desired retinal depths (Fig. 6A). The current flow-
ing through the rod outer segment CNG channels is independent of the membrane potential 
over the physiological range in salamander rods (Baylor & Nunn, 1986) and has only a subtle 
voltage dependence in pig rods (Cia et al., 2005). Hence, accurate information on the changes 
in the intracellular cGMP concentration, and thus on the phototransduction cascade, can be 
obtained by recording light-induced changes in the circulating current. However, a recent 
study shows that the CNG channels in mouse cones have a small but clear current-voltage 
dependence in the physiological range of membrane potentials (Ingram et al., 2020).  Record-
ing of the circulating current is most commonly realized with the suction electrode technique 
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where the inner or the outer segment of the photoreceptor is gently sucked into a glass pi-
pette. The recording geometry forces the extracellular current flowing from the inner segment 
to the outer segment to pass through the recording electronics (Baylor et al., 1979b). Since 
there are no other light-dependent current sinks or sources in the photoreceptor outer seg-
ments than the CNG channels, the extracellular voltage changes across the rod outer segment 
layer are practically directly proportional to the changes in the circulating current. The mem-
brane capacitance of the outer segment functions as a low pass filter for the extracellular volt-
age signal with approximately 1 ms time constant. This may have a small effect on the leading 
edge of the responses to strong saturating flashes of light (Cideciyan & Jacobson, 1996; Smith 
& Lamb, 1997; Robson & Frishman, 2014). Overall, it is possible to get quantitative information 
about the phototransduction cascade by recording local ERG across the photoreceptor outer 
segment layer (LERG-OS) (Hagins et al., 1970; Pugh et al., 1998).  
 
The relationship between the circulating current and the LERG-OS signal can be calculated 
based on Eq. 6. The extracellular current density in the photoreceptor layer is at its maximum 
near the cilium, and it decreases quite linearly towards the distal end of the outer segment 
(Hagins et al., 1970). Hence, with 20 pA circulating dark current produced by a single rod and 
with a rod density of 437,000 rod/mm2, the extracellular current density in the cilium region 
is 8.7 pA/µm2. The average current density along the 24 µm length of the average photore-
ceptor outer segment is half of this, i.e., 4.4 pA/µm2 (Hagins et al., 1970; Liang et al., 2004; 
Rakshit et al., 2017). The resistivity along the photoreceptor outer segment layer has been 
determined to around 1 MΩ∙µm for rat retina (Penn & Hagins, 1969; Hagins et al., 1970), while 
a substantially larger value of ca. 20 MΩ∙µm was determined from rabbit eyecup (Karwoski & 
Xu, 1999). Consequently, the voltage drop along the photoreceptor outer segment layer cal-
culated with the above values would be close to 100 µV and 2 mV, respectively. The voltage 
drop should correspond to the maximal extracellular voltage change that can be induced with 
bright light closing all the CNG channels. The relationship of the outer segment current and 
voltage is further discussed in (Penn & Hagins, 1969; Hagins et al., 1970; Arden, 1976; Pugh et 
al., 1998) and in Paper II of this thesis. 

When investigating phototransduction, LERG-OS recordings should provide good correspond-
ence with the signals recorded by the suction electrode technique, but additionally, allow 
pharmacological manipulation of the retina. LERG-OS is free from the inner segment contri-
butions to the recorded signal, which makes the quantitative analysis more trustworthy com-
pared to TERG. On the other hand, the signal-to-noise ratio and the stability of the signal dur-
ing the experiments are inferior with LERG-OS compared to TERG. Lower signal-to-noise ratios 
result mainly from the larger resistance of the recording electrode and the mechanical dis-
turbance to the cells by the microelectrode inserted into the retina. Figs. 6D and E display flash 
responses recorded with local ERG across the whole photoreceptor layer and across the pho-
toreceptor outer segment layer, respectively.  
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Figure 6. A) Recording geometries for two ex vivo ERG techniques: transretinal ERG (TERG) 
and local ERG (LERG). TERG was recorded with two macroelectrodes placed on both sides of 
the retina (gray cylinders). LERG was recorded across the desired retinal layers with two mi-
croelectrodes (blue pipettes). The figure shows the LERG-OS geometry where the recording 
electrode is placed near the proximal ends of the rod outer segments, and the reference elec-
trode is left at the distal surface of the retina. The amacrine and ganglion cell layers are dis-
regarded in the figure. B – E) Flash response families collected in different ex vivo ERG geom-
etries with increasing response strengths covering the whole operation range of rods B) TERG 
response family without pharmacological blockers. C) Pharmacologically isolated photorecep-
tor response family recorded with TERG. D) Response family recorded by LERG across the 
photoreceptor layer (LERG-PR) E) LERG-OS response family. 
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5.2 Experimental methods 

5.2.1 Ethical approval 

The use and handling of the animals were in accordance with the Finland Animal Welfare Act 
2006, guidelines of the Animal Experiment Board in Finland, and with the Directive 
2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the pro-
tection of animals used for scientific purposes. 

5.2.2 Animals, preparations and measurement conditions 

Wild type (C57BL/6J), GCAPs-/-, and GCAPs-/- recoverin-/- mice (kindly provided by J. Chen, Uni-
versity of Southern California, Los Angeles, CA; Mendez et al., 2001) of both sexes were used 
in these studies. Mice were housed at 24 °C and kept under 12/12 hour light-dark cycle. They 
were dark-adapted overnight before the experiment day, and euthanized by CO2 inhalation 
and cervical dislocation 4 – 6 hours after the usual time of light onset. The eyes were enucle-
ated and bisected along the equator with micro-scissors, and the eyecups were placed in a 
cooled nutrition solution. The retina was isolated from one eyecup under a microscope with 
the help of micro-scissors and forceps. The isolated retina was placed in a recording chamber 
inside a light protective Faraday cage while the other eyecup was stored (to be used later on 
the same day) at +7 °C in a light-tight container filled with a nutrition solution. All procedures 
were conducted under dim red light. 

The recording chamber allowed stimulation and perfusion of the retina, and the recording of 
TERG and LERG simultaneously or individually. The recording chamber was developed based 
on the specimen holder introduced in (Donner et al., 1988). The recording chamber for LERG 
recordings contained a passage for two microelectrodes into the retina and optical pathway 
for visualization of the retinal surface with a bottom view microscope. The isolated retina was 
placed on a filter paper photoreceptors facing upwards, and the retina was held in place by 
gently clamping the rim of the retina between two accurately fitted polycarbonate pieces. The 
electrical connection around the edges of the retina was minimized with a rubber seal and 
vacuum grease. 

The photoreceptor side of the retina was perfused with a constant flow of nutrition solution 
(ca. 3 ml/min). The retina was perfused either with HEPES buffered or bicarbonate buffered 
solutions. The composition of the HEPES buffered solution was (mM): Na+, 133.4; K+, 3.3; Mg2+, 
2.0; Ca2+, 1.0; Cl−, 143.2; glucose, 10.0; EDTA, 0.01; HEPES, 12.0. The composition of the bicar-
bonate buffered solution was (mM) Na+, 124.3; K+, 3.3; Mg2+,  2.0; Ca2+, 1.0; Cl−, 133.6; glucose, 
10.0; EDTA, 0.01; HEPES, 10.0; NaOH, 4.8; NaHCO3, 20. Both solutions contained 0.72 mg/ml 
Leibovitz culture solution L-15 to improve the viability of the retina. Synaptic transmission to 
bipolar cells was blocked with 20 µM APB in bicarbonate-buffered solution and with 2 mM 
sodium aspartate in HEPES-buffered solution (Nymark et al., 2005). The slow PIII component 
arising from Müller cells was abolished by adding 50 µM BaCl2 to the solutions (Bolnick et al., 
1979; Nymark et al., 2005). These substances had little or no effect on the LERG signal at the 
concentrations used (see Paper II). To examine the effect of calcium on photoresponses, a 
solution with extremely low calcium ion concentration, referred to as a low Ca2+ solution, was 
prepared. The total calcium concentration was adjusted to 100 µM (including 66 µM calcium 
from the 0.72 mg/ml L-15 supplement), and the free calcium concentration was dropped to 
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~20 nM with 3.4 mM EGTA calculated with an “EGTA calculator”. (Portzehl et al., 1964; 
Vinberg et al., 2015a). The pH of all solutions was adjusted to 7.5 with 5.8 mM NaOH. In addi-
tion, phototransduction was manipulated with PDE6 inhibitors: sildenafil, zaprinast, and 3-
isobutyl-1-methylxanthine (IBMX). All chemicals used in these studies were purchased from 
Sigma-Aldrich (Espoo, Finland). 

Recordings were conducted at physiological temperature 37 ± 1 °C. The recording chamber 
was placed on top of a heat exchanger whose temperature could be controlled with a water 
circulating heat bath (LTD6G; Grant Instruments Ltd, Shepreth, Royston, UK). The temperature 
was monitored with a calibrated thermistor (30K6A309I; BetaTHERM; Measurement Special-
ties, Inc., Hampton, VA, USA). The perfusion solution was connected to the signal ground 
through a 4.7 µF capacitor, which let high-frequency noise pass to the ground. 

5.2.3 Recordings and light stimulation 

Transretinal electroretinography 

Transretinal voltage was recorded across the whole retina with Ag/AgCl pellet electrodes (EP2; 
WPI). The proximal side of the retina was connected to the electrode space through a small 
hole under the retina and the filter paper. The electrode space on the distal side of the retina 
was connected to the perfusion solution channel, and hence to the photoreceptor side of the 
retina, through a narrow passage. Both electrode spaces were filled with a chloride solution 
containing 115 mM Na+, 122.3 mM Cl−, 3.3 mM K+, and 2.0 mM Mg2+.   

Local electroretinography 

Local electroretinography entailed recording across the photoreceptor outer segment layer or 
across the whole photoreceptor layer with microelectrodes (as described in Paper II). Micro-
electrodes were pulled from glass capillaries (WPI TW100-6; EP2; World Precision Instruments 
Ltd [WPI], Hitchin, UK) with a micropipette puller (Model P-97; Shutter Instrument Co., No-
vate, CA, USA), filled with 5.3 w% sodium chloride solution, and connected to an Ag/AgCl pellet 
electrode (EP2; WPI). The reference electrode (tip size ~ 30 µm) was moved to the proximity 
of the surface of the retina with a micromanipulator (MR 471843; Carl Zeiss AG, Oberkochen, 
Germany). The recording electrode (tip size 2 – 5 µm) was inserted to a depth of 20 – 30 µm 
in the retina in LERG-OS recordings and to a depth of ~ 100 µm in LERG-PR recordings with a 
micromanipulator (MC-35A, 0.2 µm resolution; Narishige International Ltd., London, UK) in an 
angle of 30° to the retinal surface. The surface of the retina was identified visually or from the 
voltage change in the oscilloscope when the electrode penetrated the retina. Simultaneous 
TERG was recorded along with LERG to monitor the general viability of the photoreceptors 
and the retina.  

Light stimulation 

The stimulus light arrived in the recording chamber parallel to the axis of photoreceptor cells. 
The stimulation was accomplished either with two laser sources: 532 nm laser diode module 
(IQ5C (532-100)L74; Power Technology Inc., Little Rock, AR, USA) and 633 nm HeNe laser (25 
LHR 151; Melles Griot, Carlsbad, CA, USA) or with two similar LED light sources (Luxeon Rebel 
LXML-PM01-0100, λmax = 532 nm; Lumileds, Amsterdam, the Netherlands). The stimulus illu-
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minated the whole retina homogeneously, which was verified with a camera-based beam pro-
filer (Model SP503U; Spiricon Laser Beam Diagnostics, Ophir-Spiricon Inc., Logan, UT, USA). 
The absolute light intensity incident on the retina was measured with a calibrated photodiode 
(FDS100-cal; Thorlabs GmbH, Newton, NJ, USA, or with HUV-1000B; EG&G, URS Corporation, 
Gaithersburg, MD, USA). The number of rhodopsin photoisomerizations in rod photoreceptors 
(R*rod-1 or R*rod-1s-1) caused by the stimulus was calculated based on the rod outer segments 
dimensions (Ø = 1.4 µm, l = 24 µm), the LED/laser emission spectrum, the photodiode spectral 
sensitivity curve, and the pigment template (Govardovskii et al., 2000) as described in 
(Heikkinen et al., 2008). 

Additionally, a proportional-integral-derivative (PID) controlled feedback loop from the rec-
orded voltage signal to the light source was developed for cGMP clamp experiments (see Pa-
per IV). In cGMP clamp, the PID controller keeps the recorded signal constant by adjusting 
background light strength after the introduction of the PDE6 inhibitor to the retina. This 
closed-loop light control was carried out digitally in LabVIEW. The PID controlled background 
light feedback was utilized in Papers IV and V. 

5.2.4 Data collection 

Data acquisition and light stimulus controls were handled with a data acquisition card (PCIe-
6351 or PCI-6024E; National Instruments, Austin, TX, USA) and custom made LabVIEW or 
LabWindows software. The recorded DC signals were amplified 1000-fold and sampled at 1000 
Hz in one or two recording channels. Signals were first low-pass filtered with fc = 500 Hz (8-
pole Bessel filter) and, in most cases, filtered digitally with fc = 100 Hz afterward to increase 
the signal-to-noise ratio. 

5.3 Modeling 

This thesis aimed to develop and modify existing phototransduction models to determine pho-
totransduction parameters, and to investigate the effect of PDE6 inhibitors and calcium con-
centration on LERG-OS photoresponses. The models were constructed based on the theoret-
ical background introduced and discussed thoroughly in (Pugh & Lamb, 2000).  The following 
section describes the framework of the utilized models and introduces new insights and ex-
amines their validity. 

5.3.1 Activation model 

The Lamb and Pugh activation model quantifies the activation steps in phototransduction, and 
it can be used to determine the overall gain in the phototransduction cascade (Lamb & Pugh, 
1992). The model assumes that at times considerably after the time constant for rhodopsin 
activation (0.1 ms, Penn & Hagins, 1972), the number of activated rhodopsin molecules R* in 
a rod photoreceptor increases stepwise after a brief stimulus with a flash strength of 𝛷𝛷. The 
molecules in the rod disk membrane are in constant Brownian motion resulting in molecular 
encounters. Rhodopsin activates transducin molecules at an approximately constant rate. The 
activated transducins bind to PDE6 γ-subunits, each assumed to activate one of the two cata-
lytic PDE6 subunits. The rate constant by which rhodopsin activation leads to the activation of 
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PDE6 is denoted 𝜈𝜈𝑅𝑅𝑅𝑅. The number of activated PDE6 subunits after a flash stimulus can be 
expressed by a ramp function 

𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡) = 𝛷𝛷𝜈𝜈𝑅𝑅𝑅𝑅(𝑡𝑡 − 𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅),    (7) 

where 𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 denotes the combined time delay from rhodopsin activation to the activation of 
PDE6. The activated PDE6 enzyme starts to hydrolyze its substrate molecules, cGMPs. In the 
total cytoplasmic space, the cGMP concentration decreases according to Michaelis-Menten 
relation 

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
𝑑𝑑𝑑𝑑

 =  −𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡) ½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑁𝑁𝐴𝐴𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∙ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)+𝐾𝐾𝑀𝑀

   (8) 

where ½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 is the average turnover rate of one activated PDE6 subunit, 𝑁𝑁𝐴𝐴 is Avogadro’s 
number, 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the rod outer segment cytoplasmic volume, 𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the cGMP buffer capac-
ity in rod outer segments, and 𝐾𝐾𝑀𝑀 is the Michaelis constant for the cGMP hydrolysis by PDE6 
(Pugh & Lamb, 2000). 

The Lamb and Pugh activation model assumes that cytoplasmic 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 concentration is always 
substantially smaller than 𝐾𝐾𝑀𝑀. With this assumption, Eq. 8 simplifies to  

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
𝑑𝑑𝑑𝑑

=  −𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡) ½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 𝐾𝐾𝑀𝑀⁄
𝑁𝑁𝐴𝐴𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡).   (9) 

The implication of this assumption is considered in Section 5.3.6 and in the supplementary 
material of Paper V. Eq. 9 can be presented in the form 

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
𝑑𝑑𝑑𝑑

=  −𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡)𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡),   (10)  

where 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 is the average rate of cGMP hydrolysis catalyzed by one active PDE6 subunit. This 
equation simplifies further to 

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
𝑑𝑑𝑑𝑑

=  −𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡).    (11) 

where 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 presents the light-induced PDE6 activity. 

In addition to light-activated PDE6, cGMP concentration is regulated by the rate of cGMP syn-
thesis 𝛼𝛼 and the hydrolysis by basal PDE6 activity 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,  

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
𝑑𝑑𝑑𝑑

=  𝛼𝛼 − �𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡�[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡).   (12) 

During times early enough after a flash stimulus, the cGMP concentration and the rate of 
cGMP synthesis are still unmodulated from their dark-adapted values, [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 
respectively. Additionally, the cGMP synthesis is in balance with the rate of cGMP hydrolysis 
in darkness 

𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  = 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.    (13) 

At these times, Eq. 12 simplifies to Eq. 11, which has the following solution: 
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[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑒𝑒−½𝛷𝛷𝜈𝜈𝑅𝑅𝑅𝑅𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡−𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅)2.    (14) 

The cation current through the CNG channels in the rod outer segment is directly proportional 
to the number of open CNG channels. Hence, CNG channel current obeys the same Hill equa-
tion as in Eq. 1 for channel open probability 

𝐽𝐽𝑐𝑐𝑐𝑐
𝐽𝐽𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚

= [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

.    (15) 

Here 𝐽𝐽𝑐𝑐𝑐𝑐  denotes the current through CNG channels, 𝐽𝐽𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚 denotes the maximal current 
when all the CNG channels are open, and 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 represents the cooperativity of the cGMP 
binding sites in the CNG channels (Lamb & Pugh, 1992). The value of 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is considered to 
be close to 3 in vertebrate rod photoreceptors (Pugh & Lamb, 2000; Gross et al., 2012a; Lamb 
& Kraft, 2016). The cGMP concentration leading to half-maximal channel opening, 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, is 
always substantially larger than the cGMP level in physiological conditions (Pugh & Lamb, 
2000). Thereby, Eq. 15 simplifies to 

𝐽𝐽𝑐𝑐𝑐𝑐(𝑡𝑡)
𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

≈ � [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

�
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

,     (16) 

where 𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the value of circulating current through the CNG channels in darkness. The cir-
culating current 𝐽𝐽𝑐𝑐𝑐𝑐(𝑡𝑡) follows the Ohmic relation with the voltage drop in the extracellular 
space across the rod outer segments. The LERG-OS signal amplitude, 𝑟𝑟(𝑡𝑡),  normalized by the 
LERG-OS signal saturation level,  𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚, can be considered to follow 

𝑟𝑟(𝑡𝑡)
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

≈ 1 − � [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐](𝑡𝑡)
[𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

�
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

.    (17) 

Combining Eqs. 14 and 17 yields the Lamb and Pugh activation model that can be used to 
quantify the phototransduction amplification constant from LERG-OS responses.   

𝑟𝑟(𝑡𝑡)
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

= 1 − 𝑒𝑒−½𝛷𝛷𝛷𝛷(𝑡𝑡−𝑡𝑡𝑑𝑑)2,     (18) 

where the amplification constant, 𝐴𝐴,  is 

𝐴𝐴 = 𝜈𝜈𝑅𝑅𝑅𝑅𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐     (19) 

and 𝑡𝑡𝑑𝑑 is the combined delay from the recording equipment and from the phototransduction 
(𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅). 

The Lamb and Pugh activation model does not consider the deactivation reactions of photo-
transduction. Hence, the model fits only the early phase of the responses after a flash stimu-
lus. 

5.3.2 Model for response onset including deactivation of rhodopsin and PDE6 

In mouse rods, the average lifetime of activated rhodopsin has been estimated to be 40 ms 
(Gross & Burns, 2010). Assuming first-order deactivation kinetics, the number of activated 
rhodopsin molecules has decreased by 10% already at 4 ms after the flash stimulus. The dif-
ference between the photoresponse trace and the activation model fit increases the further 
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the two are compared after the moment of the flash stimulus. An expanded form of the acti-
vation model, developed in this thesis, takes into account the deactivation of activated rho-
dopsin and PDE6 in order to increase the valid time range for the fit. The model assumed that 
the number of activated rhodopsins decay with first-order reaction kinetics  

𝑅𝑅∗(𝑡𝑡) = 𝛷𝛷𝑒𝑒−
𝑡𝑡
𝜏𝜏𝑅𝑅 ,     (20) 

where 𝛷𝛷 is the number of activated rhodopsins produced by the stimulus flash and 𝜏𝜏𝑅𝑅 is the 
average lifetime of activated rhodopsin. Also, PDE6 activation can be assumed to decay with 
first-order reaction kinetics and thus, the total PDE6 activity due to a light stimulus can be 
solved from a convolution 

𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡) =  𝛷𝛷𝑒𝑒−
𝑡𝑡
𝜏𝜏𝑅𝑅 ∗ 𝜈𝜈𝑅𝑅𝑅𝑅𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃     (21) 

where 𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃 is the average lifetime of activated PDE6 subunit. Adding the terms from the de-
activation of activated rhodopsin and PDE6 to Eq. 10, the light-induced change in the cGMP 
hydrolysis is 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= −𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡)  = − 𝛷𝛷𝑒𝑒−
𝑡𝑡
𝜏𝜏𝑅𝑅 ∗ 𝜈𝜈𝑅𝑅𝑅𝑅𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡). (22) 

By taking the deactivation reactions into account, the range of model validity can be extended 
in order to estimate the amplification constant 𝐴𝐴 and the activated rhodopsin lifetime 𝜏𝜏𝑅𝑅 in 
mouse rods without foreknowledge on basal PDE6 or guanylate cyclase activity. Eq. 22 can be 
solved numerically and converted to relative LERG-OS voltage according to Eq. 17. The lifetime 
of activated PDE6, 𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃, can be determined from the flash responses by Pepperberg analysis 
(Pepperberg et al., 1992; Krispel et al., 2006; Invergo et al., 2013). 

5.3.3 Model for the entire flash responses 

Eq. 12 takes into account the basal and the light-induced rate of cGMP hydrolysis and the rate 
of cGMP synthesis. To model the entire flash response trace, the relative change in the cGMP 
concentration can be solved from Eq. 12 numerically, and the result can be converted to LERG-
OS voltage change according to Eq. 17. 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 can be calculated based on the Eq. 22. This thesis 
disregarded the calcium-mediated modulations of phototransduction in the modeling. Hence, 
the model is valid for flash responses with insignificant or abolished calcium-mediated modu-
lation. Papers IV and V modeled entire dim flash responses recorded using LERG-OS from 
GCAPs-/- and GCAPs-/- recoverin-/- mouse retinas where the calcium regulation during flash re-
sponses should play only a minor role (Burns et al., 2002). 

5.3.4 Inhibition of light-activated and spontaneously activated PDE6 

Paper III describes novel methods to determine the inhibition constants against naturally oc-
curring activated forms of PDE6, both light-activated PDE6 (𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡) and spontaneously active 
PDE6 (𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑), using electroretinography from intact isolated mouse retinas. These inhibition 
constants were further used in the cGMP clamp paradigm (Papers IV and V). 
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Inhibition of light-activated PDE6 

The determination of 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 is based on the ability of PDE6 inhibitors to decrease the hydro-
lytic rate of light-activated PDE6. When a competitive PDE6 inhibitor, 𝐼𝐼, is introduced to the 
retina, it will reduce the hydrolytic rate of cGMP according to the equation 

𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠,𝐼𝐼 = 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠
1+ [𝐼𝐼]

𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

,      (23) 

where 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠,𝐼𝐼 is the rate constant of cGMP hydrolysis in the presence of the inhibitor. The re-
duction of the PDE6 hydrolytic activity leads to a decrease in molecular amplification of pho-
totransduction, which can be quantified as a decrease in the amplification constant. 

𝐴𝐴𝐼𝐼 = 𝜈𝜈𝑅𝑅𝑅𝑅𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠,𝐼𝐼𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜈𝜈𝑅𝑅𝑅𝑅 �
𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠

1+ [𝐼𝐼]
𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

� 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .    (24) 

The ratio of amplification constants without (𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) and in the presence of the inhibitor (𝐴𝐴𝐼𝐼) 
gives a linear equation that can be used to determine the inhibition constant for PDE6 inhibi-
tors against light-activated PDE6 

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝐼𝐼

= [𝐼𝐼]
𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

+ 1.     (25) 

Inhibition of spontaneously activated PDE6 

In addition to light-activated PDE6, the introduction of a PDE6 inhibitor reduces the basal PDE6 
activity. The decreased basal level of cGMP hydrolysis causes an increase in the intracellular 
cGMP concentration. In wild type animals, the increase in the cGMP concentration will lead 
to an increase in calcium influx into the rod outer segment, which in turn will decrease the 
guanylate cyclase activity through GCAPs. The resulting reduction in the rate of cGMP synthe-
sis will largely compensate for the inhibitor-induced decrease in cGMP hydrolysis (Zhang et 
al., 2005). However, in GCAPs-/- mice, the guanylate cyclase activity is locked to its dark value 
𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and no such compensation can arise. For GCAPs-/- mouse rods in steady-state in dark-
ness, 

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]
𝑑𝑑𝑑𝑑

= 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝐼𝐼[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝐼𝐼 = 0. (26) 

For a competitive PDE6 inhibitor, solving Eq. 26 gives 

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝐼𝐼
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑟𝑟𝑘𝑘

= 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝐼𝐼

= 1 + [𝐼𝐼]
𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

.    (27) 

The relative change in the extracellular voltage across the rod outer segment layer is propor-
tional to the relative change in the intracellular cGMP concentration raised to the power of 
the Hill coefficient for CNG channels, as shown in Eq 17. Hence, 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 can be determined 
from the relation 

� 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝐼𝐼
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�
1 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

= 1 + [𝐼𝐼]
𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

,    (28) 
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where 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝐼𝐼 presents the maximal LERG-OS voltage suppressible by light in 
the absence and the presence of the inhibitor, respectively. Hence, Eq. 28 provides a way to 
determine the 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 by recording the inhibitor-induced increase in maximal LERG-OS re-
sponse amplitudes. 

5.3.5 cGMP clamp 

The introduction of a PDE6 inhibitor can decrease the basal PDE6 activity, which should man-
ifest itself as an elevation in the intracellular cGMP concentration. The elevation can be com-
pensated by increasing PDE6 activity with light. By adding just the right amount of light, the 
circulating current and the cGMP concentration can be clamped to their dark values. Hence, 
in the presence of the PDE6 inhibitor and the compensating amount of light, one can derive 

𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]
𝑑𝑑𝑑𝑑

= 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − � 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1+ [𝐼𝐼]

𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

+ 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
1+ [𝐼𝐼]

𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

� [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0,  (29) 

where the 1/ �1 + [𝐼𝐼]
𝐾𝐾𝐼𝐼
� denotes the decrease of PDE6 activity due to the introduction of com-

petitive PDE6 inhibitor, and 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 stands for the increment in the PDE6 activity due to com-
pensating light. [𝐼𝐼] is the inhibitor concentration, and 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡  are the inhibition 
constants against spontaneously active and light-activated PDE6, respectively. Combining Eqs. 
26 and 29 gives a formula, that can be used to determine the value for 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  

𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
1+

𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
[𝐼𝐼]

1+ [𝐼𝐼]
𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

.      (30) 

If 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 are equal, the Eq. 30 simplifies to a form 

𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
𝐾𝐾𝐼𝐼
[𝐼𝐼]

.     (31) 

𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 in the presence of steady light can be calculated using the derived phototransduction 
parameters and the amount of light 𝛷𝛷𝐵𝐵𝐵𝐵 needed to clamp [cGMP] to its dark state value 

𝛽𝛽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 𝛷𝛷𝐵𝐵𝐵𝐵
𝐴𝐴𝜏𝜏𝑅𝑅𝜏𝜏𝑃𝑃𝑃𝑃𝑃𝑃
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 .     (32) 

5.3.6 Modeling assumptions and their justifications 

The models used in this thesis are based on the assumption that activated rhodopsin and PDE6 
deactivate through first-order reactions. In addition, the hydrolytic activity of PDE6 is assumed 
to behave linearly in relation to intracellular cGMP concentration, while the CNG channel open 
probability assumed to be proportional to the third power cGMP concentration. The reacting 
molecules are thought to be thoroughly mixed and diffusing freely in the rod outer segment 
disk membranes and in the rod cytoplasm. The concentrations of the reacting molecules, ex-
cluding cGMP, are not expected to change significantly during the photoresponses. These sim-
plifications are not all accurate, but they allow reducing the number of free parameters in the 
models. The next section considers the implications and justification of these assumptions.  
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Exponential deactivation of rhodopsin 

According to first-order reaction kinetics, rhodopsin activity decays exponentially, and the de-
activation occurs without intermediate states. After the average rhodopsin lifetime, 𝜏𝜏𝑅𝑅, each 
of the activated rhodopsin molecules has e-1 (~37%) probability of being still active. However, 
there is convincing evidence that the probability for arrestin binding and complete deactiva-
tion of rhodopsin increases stepwise with rhodopsin phosphorylations (Wilden et al., 1986; Xu 
et al., 1997; Gibson et al., 2000; Mendez et al., 2000; Arshavsky, 2002; Hamer et al., 2003; 
Doan et al., 2006; Vishnivetskiy et al., 2007; Gross et al., 2012b; Berry et al., 2016). Addition-
ally, the phosphorylation of rhodopsin seems to decrease rhodopsin activity in a graded fash-
ion (explained in more detail in Section 3.3.3). The assumption of graded rhodopsin shut-off 
leads to a near exponential decline in total rhodopsin activity (see Fig. 2 from Lamb & Kraft, 
2016 and Fig. S2C from Gross et al., 2012b). Therefore, the assumption that the rhodopsin 
deactivation follows first-order reaction kinetics should not cause a substantial error in the 
modeling of flash responses. However, Lamb and Kraft (2016) suggested an alternative model 
to explain their experimental results with arrestin and rhodopsin kinase mutant mice (Lamb 
& Kraft, 2016). In the model, rhodopsin has to enter a low-activity state before it can bind 
arrestin and deactivate. Rhodopsin stays fully active until several phosphorylations cause an 
abrupt decline in its activity. This results in a delay before rhodopsin activity starts to decline 
in contrast to the exponential model, where deactivation starts immediately (see Fig. 4 in 
Lamb & Kraft, 2016). If the latter model is more accurate, using the exponential model might 
cause a small overestimation of the number of rhodopsin activations or the phototransduction 
gain when modeling flash responses. The impact of assuming the first-order deactivation of 
rhodopsin on response modeling and cGMP clamp is discussed further in Paper IV. 

Assumption: 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ] 

The opening probability of the CNG channels can be assumed to be proportional to the intra-
cellular cGMP concentration raised to the power of the Hill coefficient for the CNG channels 
(see Eq. 1). This assumption holds when 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≫ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . The estimates for 
cGMP concentration leading to a half-maximal CNG channel opening (𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) vary between 
30 and 165 µM (see Section 3.2) and the value of 20 µM has been previously used for modeling 
(Pugh & Lamb, 2000; Shen et al., 2010; Lamb et al., 2018). With 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of 20 µM, 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of 3 
and [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] of 4 µM, 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 125[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . Hence, the error from this approxi-
mation should be insignificant. 

Assumption: 𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ] 

The assumption that PDE6 hydrolytic activity depends linearly from the cGMP concentration 
in physiological cGMP concentrations (𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐], compare Eqs. 8 and 9) is widely used in 
the modeling of photoresponses (e.g., in Lamb & Pugh, 1992; Pugh & Lamb, 2000; Hamer et 
al., 2005; Caruso et al., 2005; Gross et al., 2012a; Reingruber et al., 2013; Invergo et al., 2014; 
Lamb & Kraft, 2016; Lamb et al., 2018). The estimates of the rod intracellular cGMP concen-
trations in darkness vary from 2 – 4 µM (see Section 2.3.1). The impact of the approximation 
in 4 µM cGMP concentration with different 𝐾𝐾𝑀𝑀 values is illustrated in Fig. 7, which plots the 
hydrolytic rates (𝑑𝑑[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] 𝑑𝑑𝑑𝑑⁄ ) of a single active PDE6 subunit with the catalytic activity of 
½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 = 2200 s-1 without the assumption (Eq. 8) and with the assumption (Eq. 9) when 𝐾𝐾𝑀𝑀 
values range from 10 to 100 µM. The error in the hydrolytic rate due to the approximation is 
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less than 10% with 𝐾𝐾𝑀𝑀 values of 40 µM or higher. However, with 𝐾𝐾𝑀𝑀 estimates of 10 µM 
(Leskov et al., 2000), the approximation becomes questionable. 

Figure 7. Rate of cGMP hydrolysis by one active PDE6 subunit with ½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 of 2200 s-1 calcu-
lated with the approximation 𝐾𝐾𝑀𝑀 >> [cGMP] (Eq. 8, black line) and without the approximation 
(Eq. 9, red line). [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 4 µM, 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 11 fl, 𝐵𝐵 = 2, 𝑁𝑁𝐴𝐴 = 6.022∙1023. 

The catalysis of cGMP hydrolytic reaction by PDE6 can be denoted with the following expres-
sion 

𝑃𝑃𝑃𝑃𝑃𝑃6∗ + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⇌𝑘𝑘𝑟𝑟
𝑘𝑘𝑓𝑓 𝑃𝑃𝑃𝑃𝑃𝑃6∗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐�⎯⎯� 𝑃𝑃𝑃𝑃𝑃𝑃6∗ + 𝐺𝐺𝐺𝐺𝐺𝐺,   (33) 

where 𝑃𝑃𝑃𝑃𝑃𝑃6∗ and 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 presents active PDE6 subunits and cGMP molecules, respectively.  
𝑘𝑘𝑓𝑓 is the rate of the PDE6 and cGMP encounters and 𝑘𝑘𝑟𝑟 is the rate constant for the dissociation 
of the enzyme-substrate complex. Recent studies indicate that the PDE6 enzyme approaches 
catalytic perfection meaning that the catalytic rate of PDE6 is limited by the encounter rate of 
cGMP and PDE6, and not by the catalytic power of PDE6 (Reingruber & Holcman, 2008, 2009; 
Reingruber et al., 2013). This implies that the enzyme-substrate complex decomposes quickly 
after it is formed (𝑃𝑃𝑃𝑃𝑃𝑃6∗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≈ 0). As a result, 𝑘𝑘𝑓𝑓 can be assumed to be the rate-limiting 
factor in the reaction and the reverse reaction back from the enzyme-substrate complex can 
be assumed to be negligible. With these assumptions, the Eq. 33 simplifies to  

𝑃𝑃𝑃𝑃𝑃𝑃6∗ + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑘𝑘𝑓𝑓
→ 𝑃𝑃𝑃𝑃𝑃𝑃6∗ + 𝐺𝐺𝐺𝐺𝐺𝐺     (34) 

and the hydrolytic rate of cGMP can be expressed as 

 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

≈  −𝑘𝑘𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃6∗(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) (Reingruber & Holcman, 2008). (35) 

Thus, the hydrolytic rate of PDE6 depends linearly on cGMP concentration and on the diffu-
sion-defined encounter rate of the substrate and the enzyme. Noteworthy is that Eq. 35 is 
analogous with the Eq. 10, which uses the approximation 𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] and it can substitute 
the Eq. 10 in modeling of photoresponses. In order for the reaction to be purely diffusion-
limited, the total rate of cGMP encounters with PDE6 subunit in one disk compartment 
(𝑘𝑘𝑓𝑓𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.) should be substantially smaller than ½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 for PDE6 (Reingruber & Holcman, 
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2008). However, the diffusion-limited encounter rate of cGMP and PDE6 in mouse rods disk 
compartment is estimated to be 𝑘𝑘𝑓𝑓 = 61 s-1 (Reingruber et al., 2013). If there are approximately 
33 cGMP molecules in one mouse rod compartment in darkness (4 µM cGMP dark concentra-
tion, 11 fl cytoplasmic rod outer segment volume and 810 compartments, 𝑁𝑁𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ≈ 33), 
𝑘𝑘𝑓𝑓𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. is close to 2000 s-1. The value is only slightly smaller than the catalytic rate of 
cGMP hydrolysis by PDE6 subunit (½𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 = 2200 s-1, Leskov et al., 2000) or by the fully active 
dimer (~ 5000 s-1, Dumke et al., 1994; Mou & Cote, 2001; Muradov et al., 2010), which ques-
tions the validity of Eq. 35, at least with the estimated 4 µM cGMP concentration.   

Overall, if the reaction rate is diffusion-limited, as suggested by (Reingruber & Holcman, 2008, 
2009; Reingruber et al., 2013), or if the 𝐾𝐾𝑀𝑀 value is closer to 100 µM than it is to 10 µM, the 
approximation 𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] is acceptable. In other cases, Michaelis-Menten kinetics for 
cGMP hydrolysis without the assumption should be preferred. The effect of this approxima-
tion is analyzed in more detail in the supplementary part of Paper V. 

Thoroughly mixed and abundant molecules in free diffusion 

According to the current understanding, the phototransduction molecules are not thoroughly 
mixed in the rod disk membranes, and neither can they diffuse freely. Novel studies have re-
vealed the organization of rhodopsin to dimer lattices, which form tracks to support, e.g., col-
lisions with transducin (Fotiadis et al., 2003, 2004; Govardovskii et al., 2009; Gunkel et al., 
2015). Also, PDE6 has been shown to concentrate mostly on the rim regions of the discs in-
stead of being evenly distributed in the lateral space of the discs (Muradov et al., 2009, 2010). 
The disk membranes themselves serve as diffusion barriers that divide the intracellular space 
to somewhat separate compartments. These findings give ground for questioning the as-
sumed free diffusion of thoroughly mixed molecules in the rod disk membranes and cyto-
plasm. However, most of the current phototransduction models use these assumptions while 
still accurately describing averaged rod photoresponses of both amphibians and rodents un-
der various stimulation paradigms. (Leskov et al., 2000; Nikonov et al., 2000; Hamer et al., 
2005; Invergo et al., 2014; Lamb et al., 2018). Nevertheless, inaccurate model presumptions 
can create some bias in the derived model parameters. 

Within the independent compartments, the diffusion distances are relatively small, and the 
total time from photon absorption to PDE6 activation is short concerning the overall kinetics 
of the rod photoresponse (peaking around in 150 ms in WT mouse rods). The pooled delay 
from photon absorption to PDE6 activation is determined to be less than 2 ms mammalian 
rods in body temperature (Breton et al., 1994; Pugh & Lamb, 2000). Considering more sophis-
ticated models for molecular diffusion would affect only the very beginning of the model re-
sponses before factors, like rhodopsin deactivation, start to affect the signal shape. Hence, 
investigating complex molecular diffusion might not be practical with tools such as ERG, and 
assuming free diffusion of well-mixed molecules should offer a solid basis for photoresponse 
modeling. 

The number of activable phototransduction proteins decreases upon light absorption. How-
ever, the protein concentrations in the rod compartments are high. PDE6 is the most sporadic 
of the molecules involved in phototransduction activation. Poisson statistics can describe the 
probability that a certain amount of photoisomerizations will occur in one disk membrane 
(see, e.g., equation 2.10 from Lamb et al., 2018). The models in this thesis were used with 
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stimulus strengths causing less than 200 isomerizations per rod per one flash, which causes 
less than 0.25 isomerizations per rod disk membrane on average. The probability that two or 
more isomerizations would occur in one disk is thus less than 3%. The isomerization of single 
rhodopsin causes on average activation of 10 – 50 PDE6 subunits while there are around 200 
PDE6 molecules in one rod disk (see Sections 3.3.2 and 4.1). Therefore, there are plenty of 
PDE6 molecules available with stimulus strengths producing less than 200 R*rod-1. Hence, the 
depletion of the phototransduction molecules should not be a significant factor in photore-
sponse modeling with subsaturating stimulus strengths. 

Although the compartments function mostly as individual units, they share the same pool of 
cGMP that can diffuse freely within the rod cytoplasm. Late studies suggest that upon single-
photon absorption in one compartment, the cGMP concentration decreases fewer than 20% 
from its dark level in the vicinity of that compartment (Gross et al., 2012a, 2015). When rho-
dopsin isomerizations happen evenly along the outer segment length, e.g., when using ho-
mogenous full-field flash stimuli, the decrease in cGMP level can be assumed to occur evenly 
within the rod outer segment. However, with intense and uneven light stimulation, the limited 
rate of cGMP diffusion should be considered in the modeling.  

Overall, the assumption that well-mixed phototransduction molecules are abundant and un-
der free diffusion should be valid when modeling dim and subsaturating flash responses, es-
pecially in techniques such as ERG, where the rare events average out in the mass potential 
signal. However, when using intense light stimuli or when harvesting detailed knowledge from 
diffusion of phototransduction molecules, more complex models should be considered. 
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6. Results 

6.1 Calcium mediates fast light adaptation in mouse rods, but all mechanisms 
have not been identified (Paper I) 

Photoreceptors have accurate control over the intracellular calcium concentration, and the 
changes in the calcium level mediate fast light adaptation through calcium sensor proteins. 
GCAP1 and GCAP2 are the dominant mediators of mouse photoreceptor light adaptation, but 
even after knocking out both GCAPs, some adaptation remains. Paper I characterized the role 
of recoverin in light adaptation in the absence of the dominant GCAPs-mediated modulation 
with transretinal ex vivo ERG, recorded from isolated GCAPs-/- mouse retinas. We recorded 
rod responses to flashes and steps of light in normal extracellular calcium concentration (1 
mM) and in low free calcium concentration (~ 20 nM), which is expected to drive all the cal-
cium-mediated modulators out of their operational range. In WT mouse photoreceptors, low-
ering of extracellular calcium causes a substantial increase in maximal flash response ampli-
tudes and non-physiological desensitization of rods due to low Ca2+-induced acceleration of 
guanylate cyclase activity. However, the study demonstrated that in GCAPs-/- mice, lacking the 
modulation of guanylate cyclase activity, stable ERG responses can be recorded in low extra-
cellular calcium. The possibility to lower the extracellular calcium allowed us to examine the 
fully light adapted-like state of rods without using background light. By combining TERG re-
cordings, genetic manipulation, and the low Ca2+ approach, the work showed that recoverin 
mediates a substantial part of the GCAPs-independent light adaptation but not all of it. Even 
after knocking out both GCAPs and recoverin, rods were still capable of regulating their sensi-
tivity. Paper I investigated the changes in rod sensitivity in relation to the background light 
intensity in order to clarify the remaining adaptation. In normal Ca2+, the rods still showed 
significant adaptation to background light illumination in GCAPs-/- recoverin-/- retinas. How-
ever, after dropping the extracellular calcium concentration to ~ 20 nM, the rod sensitivity in 
different background light levels accurately followed the behavior predicted by a model that 
disregards all light adaption mechanisms. The result indicates that the fast light adaptation of 
mouse rods is completely mediated by calcium. 

6.2 Pharmacologically isolated photoreceptor component of transretinal ERG 
corresponds well with the ERG registered locally across the rod outer seg-
ments (Paper II) 

The photoreceptor component of the ERG signal (fast PIII) can be investigated with transreti-
nal ex vivo ERG (TERG) from intact mouse retinas, and it gives an insight into the phototrans-
duction mechanisms. However, the isolation of fast PIII component requires pharmacological 
blocking of the synaptic transmission to the second-order neurons and blocking of potassium 
channels in Müller cells. These blockers might have some influence on phototransduction, and 
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imperfect blocking can cause components originating from deeper retinal layers and Müller 
cells to influence the registered signals. Additionally, the voltage-sensitive channels in the rod 
inner segment layer are known to modify the TERG signal (Vinberg et al., 2009). Local ERG, on 
the other hand, can be recorded across the rod outer segment layer alone (LERG-OS) with 
microelectrodes. Paper II shows that the pharmacological substances commonly used to block 
the synaptic transmission from photoreceptors to bipolar cells (aspartate and APB) or BaCl2, 
which blocks the K-channels from Müller cells, do not significantly modify the LERG-OS signal 
at concentrations sufficient to accomplish blocking (2 mM aspartate or 20 µM APB and 50 µM 
BaCl2). Moreover, the maximal LERG-OS photovoltage is equal to the dark voltage shift ob-
served when the microelectrode is advanced through the outer segment layer, which verifies 
that the LERG-OS signal is directly proportional to the changes in the rod outer segments cur-
rent. These results suggest that the LERG-OS signal can be used as a quantitative indicator of 
the changes in the outer segment current that reflect changes in phototransduction. 

When comparing TERG and LERG-OS with light stimulus paradigms commonly used to exam-
ine phototransduction, the study found that the two methods gave very similar results. The 
activation phases of subsaturated responses were similar with the two methods when the 
plateau levels were scaled to match, but with stronger flash strengths, a “nose” component 
emerged in the TERG signal. This “nose” was not present in the LERG-OS. Response recovery 
was slightly faster, and the time-to-peak and dominant time constant for response turnoff, 
determined from the Pepperberg plot analysis (Pepperberg et al., 1992), were somewhat 
smaller as recorded by TERG. However, no differences were observed between the TERG sig-
nal and the LERG signal recorded across the whole length of the photoreceptors (LERG-PR). In 
order to avoid the inner segment contribution to the ERG signal and to get quantitative infor-
mation about changes in phototransduction, the LERG-OS technique developed in Paper II was 
further used in the determination of inhibition constants and the cGMP clamp experiments 
conducted in Papers III, IV and V. 

6.3 Inhibition constants for phosphodiesterase-6 inhibitors can be determined 
with ex vivo electroretinography (Papers III, IV and V) 

Paper III introduces methods based on ex vivo electroretinography for the determination of 
the inhibition constants of phosphodiesterase-6 (PDE6) inhibitors against the naturally occur-
ring light-activated and spontaneously activated forms of PDE6. We tested the methods with 
three PDE6 inhibitors: 3-isobutyl-1-methylxanthine (IBMX), sildenafil, and zaprinast. The inhi-
bition of light-activated PDE6 manifested as a decrease in the phototransduction gain and a 
slowdown of the onset of the flash responses. The phototransduction gain was assessed by 
determining the amplification constant with the Lamb and Pugh activation model (see Section 
5.3.1). The amplification constant decreased linearly with increasing inhibitor concentration 
with all the tested inhibitors, and it was not sensitive to background light or moderate changes 
in the cGMP concentration in rods. The inhibition constants against the light-activated PDE6 
(𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡) were 13.4 ± 0.7 µM for IBMX (n = 16 retinas), 0.56 ± 0.09 µM for sildenafil (n = 4 
retinas), and 0.97 ± 0.07 µM for zaprinast (n = 4 retinas). The relative standard error (RSE) was 
5% for IBMX, 16% for sildenafil, and 7% for zaprinast for the 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 determination.  
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The inhibition of spontaneously activated PDE6 causes an increase in the intracellular cGMP 
concentration due to the decrease in the basal rate of cGMP hydrolysis by PDE6. In Paper III, 
the relative increase in the intracellular cGMP concentration was determined from the cubic 
root of the relative inhibitor-induced increase in the maximal LERG-OS flash response ampli-
tudes in GCAPs-/- mouse retinas lacking the calcium feedback to guanylate cyclase (see Eq. 17). 
The inhibition constant against spontaneously activated PDE6 (𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) was quantified by de-
termining the slope of the relative increase in the cGMP concentration plotted against the 
used inhibitor concentration (see Eq. 28). However, the cubic root of the relative increase of 
maximal LERG-OS amplitudes showed a nonlinear dependence on the inhibitor, which was 
emphasized towards larger inhibitor concentrations. The behavior manifested as a time-de-
pendent decrease of the maximal LERG-OS amplitude after the introduction of the inhibitor 
solution to the retina (see Fig. 8A). To correct for the effect of the amplitude decrease, 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
values were determined by fitting an exponential model to the data extracted from the 
steady-state LERG-OS amplitudes and extrapolating the slope in zero inhibitor concentration 
(see Fig. 8C). The 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 was 1.6∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡for IBMX, 4.0∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 for sildenafil, and 9.2∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 
for zaprinast. 95% confidence bands for the determined 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 values were [1.1; 2.0]∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡, 
[3.5;4.5]∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡, [4.5; 14]∙ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡, for IBMX, sildenafil, and zaprinast, respectively. 

Figure 8. A) Effect of 40 uM IBMX on the LERG-OS voltage in GCAPs-/- mouse retina. The retina 
was stimulated with saturating flashes at 25 s intervals to determine the change in the maxi-
mal LERG-OS amplitude. The arrows indicate the times of introduction and washout of IBMX. 
B) cGMP clamp run recorded in 1 mM Ca2+ with LERG-OS in GCAPs-/- recoverin-/- mouse retina. 
The black trace illustrates the LERG-OS voltage and red trace the background light strength 
produced by the closed-loop PID-controlled feedback system to keep the LERG-OS voltage 
steady after the introduction of 40µM IBMX. After the controller had reached a steady-state, 
the background light was turned off, causing a rapid increase in the LERG-OS voltage. C) De-
termination of 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 for IBMX. Y-axis shows the cubic root of the IBMX-induced relative in-
crease in LERG-OS amplitude. Error bars represent SEMs. LERG-OS amplitudes were deter-
mined using the steady-state amplitudes after the introduction of IBMX (blue circles, see 
panel A) and using the maximal LERG-OS amplitude increase resulting from the background 
light turn off after cGMP clamp (black squares, see panel B). The 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 values extrapolated 
from the exponential fit in zero inhibitor concentration (solid red traces illustrate exponential 
fits and dashed red traces the extrapolated slopes in zero inhibitor concentration) were 22.5 
µM (n = 5 GCAPs-/- retinas) and 15.0 µM (n = 9, GCAPs-/- recoverin-/- retinas) when determined 
using steady-state amplitudes and cGMP clamp-induced amplitude increase, respectively. The 
figure is modified from Papers III and V. 

To conduct the cGMP clamp analysis, 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 was probed again for IBMX in Papers IV and V in 
GCAPs-/- and GCAPs-/- recoverin-/- backgrounds. The decrease of the maximal response ampli-
tude in the inhibitor solution was minimized by evoking the effect of IBMX on the maximal 
LERG-OS amplitudes as quickly as possible. This was achieved by first introducing the PDE6 
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inhibitor to the retina and then compensating the decrease of basal PDE6 activity by increasing 
PDE6 activity with light. The closed-loop feedback-controlled background light kept the total 
PDE6 activity constant, and after the system had reached a steady-state, the background light 
was turned off. With this method, the IBMX binding to PDE6 had time to reach equilibrium 
within rod cells without a change in the cGMP levels or LERG-OS amplitudes. After the light 
turn off, the cGMP level increased with a rate limited by the deactivation kinetics of light-
activated PDE6, which minimized the effect of time-dependent decrease of the maximal LERG-
OS amplitudes for 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 determination (see Figs. 8B and C). With this method, the study 
found practically no difference in the inhibition constant of IBMX against the light-activated 
PDE6 and spontaneously activated PDE6 in the solution containing the 1 mM calcium concen-
tration. However, when the extracellular calcium was lowered from 1 mM to ~ 20 nM, the 
𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 value dropped from 13.8 µM to 7.6 µM. Surprisingly, the inhibition constant against 
spontaneously activated PDE6 shifted in the opposite direction, from 15.0 µM in normal Ca2+ 
to 49.0 µM in low Ca2+. 

6.4 cGMP clamp enables the determination of basal phosphodiesterase-6 ac-
tivity for mammalian rod photoreceptors (Paper IV) 

For amphibian photoreceptors, the basal PDE6 activity (𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) can be determined with an 
“IBMX jump” method where an individual photoreceptor cell is suddenly exposed to a solution 
with high IBMX concentration aiming at instantaneous inhibition of the basal PDE6 activity 
while recording the circulating current with the suction electrode technique (Nikonov et al., 
2000; Astakhova et al., 2008). The shutoff of the basal PDE6 activity leads to a rapid increase 
in intracellular cGMP and in the circulating current. 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 can be determined by quantifying 
the rate of [cGMP] growth. However, this method is not feasible with the fragile mammalian 
photoreceptors. Paper IV developed and tested a novel experimental paradigm, cGMP clamp, 
which allows the determination of basal PDE6 activity in intact retinas of wild type as well as 
genetically modified mice. The method is based on the ability of PDE6 inhibitors to decrease 
the catalytic activity of PDE6. A decrease in the basal PDE6 activity can be compensated by 
introducing a corresponding increase in the PDE6 activity with light, effectively keeping the 
intracellular cGMP concentration and circulating current at their dark values (cGMP clamp, 
see Fig. 8B). The basal PDE6 activity can be calculated from the light needed for cGMP clamp, 
the amplification constant for phototransduction, the Hill coefficient for CNG channel activa-
tion, the lifetimes of activated rhodopsin and PDE6, and the inhibition constants 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 
𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 for the used PDE6 inhibitor. To monitor the changes in the intracellular cGMP concen-
tration, we recorded LERG-OS from for WT, GCAPs-/- and GCAPs-/- recoverin-/- mouse retinas. 
A PID-controlled closed-loop background light feedback from the ERG signal to stimulus light 
enabled the cGMP clamp procedure. IBMX was used as the PDE6 inhibitor and the inhibition 
constants were determined as described in Section 6.3. The lifetime of activated PDE6 was 
determined as the dominant time constant from a Pepperberg plot analysis (Pepperberg et 
al., 1992; Krispel et al., 2006; Invergo et al., 2013). The amplification constant and the lifetime 
of activated rhodopsin were determined by modeling the response leading edge (Eq. 22). The 
average lifetimes of activated rhodopsin were 51 ms for WT, 49 ms for GCAPs-/- and 28 ms for 
GCAPs-/- recoverin-/- mice, and the amplification constant ranged from 14 to 21 s-2 with the 
used mouse strains. Resolving the necessary parameter values allowed determination of 
𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, which was close to 4 s-1 for all the mouse strains. The determined 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 values were 
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very close to that determined earlier from the late recovery of single-photon responses in 
GCAPs-/- mouse rods (Gross et al., 2012a). However, these determinations had utilized the ap-
proximation that intracellular cGMP concentration is always substantially smaller than the 
Michaelis constant 𝐾𝐾𝑀𝑀 for the cGMP hydrolysis. The effect of this assumption was analysed in 
detail in the supplementary material of Paper V. E.g., with a 𝐾𝐾𝑀𝑀 of 22 µM and [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 of 
3.7 µM (estimated in the supplementary material of Paper V), the 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 value determined 
without the approximation was 35% larger than that determined with the approximation. The 
supplement suggests that, if the approximation 𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ] is omitted, 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 value should 
be corrected to near 5 s-1. 

6.5 Calcium modulates basal PDE6 activity in mouse rods (Paper V) 

Paper I discovered a calcium-mediated regulation of rod flash responses, which was present 
in mouse rods lacking the GCAPs- and recoverin-mediated adaptation pathways. We observed 
no calcium-mediated change in the activation phase of the responses or in the lifetime of ac-
tivated PDE6. Additionally, the guanylate cyclase activity and rhodopsin lifetime were constant 
as the GCAPs- and recoverin-mediated pathways were missing. Hence, the study hypothesized 
that the novel regulation of flash responses could originate from the modulation of basal PDE6 
activity, a crucial effector in setting the rod sensitivity to light. To investigate this, we used the 
LERG-OS method introduced in Paper II, the method to determine the inhibition constants of 
PDE6 inhibitors presented in Papers III and IV, and the cGMP clamp paradigm explained in 
Paper IV. In Paper V, we mimicked the effect of intense background light by lowering the rod 
extracellular calcium to ~ 20 nM in GCAPs-/- recoverin-/- background. Similarly as shown in Pa-
per I by TERG, LERG-OS recordings in Paper V concluded that lowering of Ca2+ causes small 
desensitization of rods and acceleration of response recovery kinetics. The effects were com-
pletely reversible when the low Ca2+ solution was changed back to normal Ca2+ solution.  

The cGMP clamp experiments showed 29% larger basal PDE6 activity in the low Ca2+ solution 
compared to that determined in normal Ca2+. A similar increase in 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 explained the low-
Ca2+-induced acceleration of LERG-OS dim flash response recovery kinetics and the decrease 
in response amplitudes when examined by modeling the dim flash responses recorded in nor-
mal and low Ca2+ conditions. Taking into account the effect of the common approximation 𝐾𝐾𝑀𝑀 
>> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ] (the detailed analysis is found from the supplementary material of the Paper V), 
the study concluded that the maximal Ca2+-induced increase of 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is ~ 20 – 30%. This dis-
covered mechanism is a completely new source of calcium-mediated regulation of rod pho-
toresponses, which could explain the GCAPs- and recoverin-independent light adaptation 
found in Paper I.  
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7. Discussion 

7.1 Transretinal ERG for investigating the retina and the phototransduction 

Suction electrode recording (Baylor et al., 1979b, 1979a) is an established method for exam-
ining the phototransduction cascade while corneal ERG is the most widely applied non-inva-
sive electrophysiological method for investigating retinal functions and eye diseases 
(Whatham et al., 2014; Johnson et al., 2019; McCulloch et al., 2019). Ex vivo ERG allows the 
study of the phototransduction cascade and overall retinal function even from the same reti-
nal preparation providing a competitive technique bridging the gap between the suction elec-
trode and corneal ERG techniques. 

Transretinal ERG and the corneal ERG recorded in vivo have been compared by several groups 
(Green & Kapousta-Bruneau, 1999a; Heikkinen et al., 2012; Vinberg et al., 2014). These studies 
emphasized that transretinal recordings are well comparable with corneal ERG recorded from 
living animals, and the techniques offer very similar qualitative information on the retinal 
function. Even quantitatively, the size, the sensitivity and the kinetics of the ERG a-wave were 
found to be comparable between these techniques, although the TERG responses were 
slightly slower, the b-wave onset delayed, and the oscillatory potential considerably sup-
pressed in the TERG compared to in vivo recordings (Heikkinen et al., 2012; Vinberg et al., 
2014).  

On the other hand, the local ERG across the photoreceptor outer segments accurately repro-
duces the light-induced changes in the circulating current (discussed in Paper II). In our com-
parison of the LERG-OS recordings with the published results of suction electrode recordings, 
photoreceptors appeared more sensitive and response recovery kinetics slightly slower in suc-
tion electrode recordings. However, the overall resemblance of responses and the derived 
parameter values were prominent (see Table 1 in Paper II). Also, the maximal LERG-OS ampli-
tudes (105 µV in bicarbonate solution) matched well with the theoretical expectation (100 µV 
see Section 5.1.2) calculated based on the extracellular resistivity in the outer segment layer 
determined from isolated rat retina (Hagins et al., 1970). However, the extracellular resistivity 
determined from rabbit eyecup preparation (Karwoski & Xu, 1999) gave a 20 times larger es-
timate for the maximal light-induced extracellular voltage change in the outer segment layer. 
If the latter estimate is closer to the extracellular resistivity of our isolated mouse retina prep-
aration, a substantial part of the signal must be shunted by a “leaking” ion current via some 
other pathway than directly from rod inner segments to outer segments. This kind of leakage 
could also potentially explain the phenomenon described in (Green & Kapousta-Bruneau, 
1999b), where a reversed miniature version of the transretinal signal superimposed to the 
local ERG recordings with microelectrodes. A similar phenomenon was sporadically seen in 
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our experiments, but mostly our LERG-OS responses resembled those recorded with the suc-
tion electrode technique, and no other signal components were visible. Another explanation 
for the observed maximal response amplitude may be the isolation of the retina from the 
pigment epithelium, decreasing the resistivity in the outer segment layer. The resistivity may 
further be reduced due to the use of a relatively large recording electrode, which is inserted 
into the retina (2 – 5 µm tip diameter in our experiments and 1 – 2 µm in Hagins et al., 1970). 
Reduced extracellular resistivity would be manifest as smaller maximal response amplitudes. 

In addition, Paper II concentrated on resolving how well the pharmacologically isolated pho-
toreceptor component of the transretinally recorded ERG corresponds to the signals recorded 
with the LERG-OS technique in order to examine the usefulness of TERG in quantitative pho-
totransduction research. Excluding the response amplitudes that are substantially larger by 
TERG than by LERG-OS, the simultaneous recordings with TERG and LERG-OS gave nearly iden-
tical results with the conventional light stimulus paradigms used in phototransduction re-
search both in the dark- and light-adapted retinas. The LERG-OS responses were slightly faster 
than those recorded by LERG-PR or TERG, and the transient nose component that emerged to 
saturated LERG-PR and TERG responses after strong flash stimuli was never visible in LERG-
OS. The nose component is most likely a combination of component arising from the function 
of HCN1 channels, capacitive component originating in the rod inner segment region, and a 
small contribution from cones (Heikkinen et al., 2008; Vinberg et al., 2009; Robson & 
Frishman, 2014). The slightly faster response kinetics by TERG and LERG-PR compared with 
LERG-OS can be explained by response modulation by voltage-gated channel currents. At least 
HCN1 channel current is known to speed up the recovery of the membrane potential after a 
light stimulus (Sothilingam et al., 2016), and it can also contribute to the modulation of TERG 
and LERG-PR response recovery kinetics. LERG-OS responses, however, should remain unmod-
ulated due to the absence of voltage-gated channels in the outer segment of rods. 

Based on our results and those published before, TERG offers a versatile tool for investigating 
retinal function and the phototransduction cascade. The most significant advantage of TERG 
compared to single-cell recordings is the unparalleled signal-to-noise ratio and the stability of 
TERG recordings in long-lasting experiments, and the pooling of the individual cellular varia-
tions in the mass potential signal. TERG also allows fast modification of the extracellular solu-
tion perfusing the retina, and hence, it enables easy pharmacological manipulation of cells and 
connections in the intact isolated retina. Paper II demonstrates that TERG is a precise, versa-
tile, and cost-effective technique for quantitative study of the phototransduction machinery 
and the effects of pharmacological agents on retinal signaling. Still, when investigating 
changes in the rod circulating current, one should be aware of the signal components arising 
from the photoreceptor inner segment region. 

7.2 Cooperative action of PDE6 γ-subunit and PDE6 inhibitors  

Paper III demonstrated that the inhibitory efficacy of PDE6 inhibitors can be substantially dif-
ferent against light-activated, spontaneously activated, and trypsin-activated forms of PDE6. 
For sildenafil, the inhibition constant against the light-activated form (𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡) was 4 times 
smaller than against the spontaneously activated form (𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) when determined electro-
physiologically from isolated mouse retinas. The 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 of sildenafil was also 50 times larger 
than the inhibition constant against trypsin-activated form of PDE6 determined biochemically 
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from purified bovine PDE6 (Zhang et al., 2005). For IBMX, the differences seem to be much 
smaller (𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≈ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 1 − 3 ∙ 𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) (Cobbs, 1991; Zhang et al., 2004a, 2005 and 
Paper III & IV of this thesis). 

Paper III hypothesizes that the difference between 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡, 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is due to the 
mutual competition of the inhibitory PDE6 γ-subunit, cGMP, and the PDE6 inhibitors for bind-
ing to the same catalytic domain in the PDE6 apoenzyme (D’Amours et al., 1999; Zhang et al., 
2005). According to our electrophysiological data, the competition for binding to the catalytic 
site by the PDE6 inhibitor and the PDE6 γ-subunit might be stronger with zaprinast and 
sildenafil and milder with IBMX judging from the more substantial differences in inhibition 
constants, 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 and 𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, for sildenafil and zaprinast compared to IBMX. This 
hypothesis is supported by biochemical evidence for common binding sites for the PDE6 γ-
subunit, sildenafil, and zaprinast in the catalytic region of PDE6. The γ-subunit binds to the 
amino acid residues Met759, Phe778 and Phe782 in the PDE6 αβ-apoenzyme close to the en-
trance of the catalytic pocket and prevents cGMP from entering the catalytic core (Granovsky 
& Artemyev, 2001a, 2001b; Cote, 2004). According to the molecular modeling of the PDE6 
catalytic site, in addition to binding to the catalytic core, zaprinast interacts with Met759, and 
sildenafil with both Met759 and Phe778 (Simon et al., 2006). Due to the competition for the 
common binding site of sildenafil and zaprinast with the γ-subunit, the inhibitors cannot in-
hibit the enzyme as effectively as they would in the absence of γ-subunits. This manifests itself 
as larger 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 values compared to those of 𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. Some of this competition might still 
be present even in the light-activated state of PDE6 leading to differences in 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 and 
𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. In the trypsin-activated state, the PDE6 γ-subunits are disintegrated from the PDE6 
body and no interaction between the inhibitors and γ-subunits can arise. IBMX, being the 
smallest of the tested inhibitors and having no known shared binding sites with the γ-subunit, 
may completely escape the competition with the γ-subunits, explaining the smaller differ-
ences in 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 and 𝐾𝐾𝐼𝐼,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, for IBMX. 

Interestingly, the inhibition constants of IBMX against light-activated and spontaneously acti-
vated PDE6 were similar only with the physiological calcium concentration (𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ≈ 𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 
= 14 – 15 µM in 1 mM extracellular Ca2+) but differed profoundly in the low Ca2+ condition 
(𝐾𝐾𝐼𝐼,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 7.6 µM and 𝐾𝐾𝐼𝐼,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑= 49 µM). The result indicates that Ca2+ can modify the binding 
of IBMX to PDE6 by interacting either directly with IBMX or PDE6, or through some indirect 
pathway. To our knowledge, there is no evidence for an interaction of Ca2+ with IBMX, but it 
is acknowledged that calcium regulates, e.g., the phosphodiesterase-1 group enzymes 
through calmodulin (Kakkar et al., 1999; Goraya & Cooper, 2005). It is probable that calcium 
can allosterically regulate the PDE6 enzyme and the binding of IBMX to its catalytic core either 
directly or indirectly. However, the study cannot provide further evidence on the mechanism 
of this interaction. It might be that the same mechanism that is causing the calcium-mediated 
regulation of inhibitor binding to PDE6 is behind the calcium-mediated regulation of basal 
PDE6 activity found in Paper V. 
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7.3 Basal PDE6 activity and calcium in sensitivity regulation of mouse rod pho-
toresponses 

Paper I reaffirmed that the calcium-dependent modulation of guanylate cyclase activity is the 
dominant source of fast light adaptation in mouse rod photoreceptors. This modulation is me-
diated through GCAP1 and GCAP2. Knocking out both GCAPs allowed us to investigate other 
light adaptation pathways in mammalian rods and to quantify the magnitude of the light ad-
aptation mediated through recoverin, which controls the lifetime of activated rhodopsin and 
according to recent studies may also modulate the lifetime of activated PDE6 (Chen et al., 
2012, 2015). Additionally, a recent study proposes that recoverin might be involved in keeping 
the basal PDE6 activity high in darkness and decreasing it in background light (Morshedian et 
al., 2018). In Paper I, knocking out both GCAPs and recoverin allowed the examination of 
GCAPs- and recoverin-independent regulation of rod photoresponses. Paper I revealed a for-
merly unknown source of calcium-mediated light adaptation, but the mechanism of the newly 
identified source of light adaptation in mouse rod photoreceptor cells remained unknown. 

The rest of this doctoral thesis delved into examining the source of the unknown sensitivity 
regulation with a leading hypothesis that basal PDE6 activity might be under calcium-depend-
ent control. The techniques, methods, and paradigms developed to investigate the possible 
calcium modulation of basal PDE6 activity were introduced in Papers II-IV. Paper V showed 
with cGMP clamp that calcium can modulate basal PDE6 activity by 20 – 30%. This finding was 
supported by mathematical modeling of dim flash responses, where similar modulation of ba-
sal PDE6 activity could explain the low-Ca2+-induced desensitization of rods as well as the ac-
celeration of response recovery. Additionally, Paper V demonstrated that using a common 
approximation 𝐾𝐾𝑀𝑀 >> [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ] in the determination of phototransduction parameters can 
lead to a small but significant bias in estimated parameter values. With the current numerical 
tools available for phototransduction modeling, the approximation is somewhat unnecessary 
and should be omitted when possible. The supplement to Paper V gives estimates for 𝐾𝐾𝑀𝑀 and 
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 in mouse rods, but the exact values still need to be confirmed. 

Although the cGMP clamp experiments and modeling provide a quantitative estimate for the 
maximal range of for the Ca2+-dependent modulation of spontaneous PDE6 activity in dark-
adapted mouse rods, resolving the exact mechanism for the modulation still needs further 
research. The Ca2+ modulation might be mediated either by the direct interaction of Ca2+ with 
PDE6 or through a calcium sensor protein. In addition to recoverin and GCAPs, at least cal-
modulin can bind Ca2+ with high affinity in rod outer segments, and it is also known to regulate 
the activity of PDE1 family enzymes (Kakkar et al., 1999; Goraya & Cooper, 2005). However, 
to our knowledge, a direct interaction of calmodulin with PDE6 has not been demonstrated. 
Glutamic Acid–Rich Protein-2 (GARP2), on the other hand, can bind Ca2+ with low affinity but 
with high capacity (Haber-Pohlmeier et al., 2007) and at the same time, it can bind PDE6 with 
high affinity (Pentia et al., 2006). GARP2 concentrates to the rim regions of rod disk mem-
branes (Colville & Molday, 1996; Korschen et al., 1999) together with PDE6 (Muradov et al., 
2009, 2010) with relatively similar stoichiometry (Batra-Safferling et al., 2006; Pentia et al., 
2006). GARP2 has been shown to regulate phototransduction gain and photoresponse recov-
ery in mouse rods (Sarfare et al., 2014), and basal PDE6 activity in bovine rods (Pentia et al., 
2006). It might be possible that GAPR2 is needed to maintain the basal PDE6 activity in dark-
ness and that this interaction is regulated by calcium. 
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The magnitude of the novel Ca2+-dependent modulation of basal PDE6 activity raises the ques-
tion about the physiological significance of the effect in the rod photoreceptors. One option 
is that the primary role of the regulation is not in fast light adaptation. Basal PDE6 activity is 
the main component in determining the turnover rate of cGMP and the level of dark noise in 
rods. The turnover rate of cGMP is crucial for setting the photoreceptor response kinetics and 
amplitude, while the level of dark noise affects the variability of responses and fixes the 
threshold for light-activity needed for photon detection. Modification of these two factors 
always leads to a trade-off between absolute visual sensitivity and temporal resolution. The 
calcium-mediated modulation of the basal level of PDE6 activity might offer a flexible way of 
tuning the basal turnover rate of cGMP, which could help the animal to adapt to small varia-
tions in brightness. Another option is that this modulation of basal PDE6 activity is less signif-
icant for rods, but it could be more significant in cone signaling. The dynamic range of mam-
malian cone-mediated vision exceeds that of rods by several log units (Stockman & Sharpe, 
2006; Naarendorp et al., 2010), but the mechanisms of cone light-adaptation are still not fully 
understood (Sakurai et al., 2011b, 2015). As in rods, fast light adaptation in cones in mainly 
driven by calcium-mediated feedback mechanisms (Matthews et al., 1988; Nakatani & Yau, 
1988b; Vinberg & Kefalov, 2018). Additionally, in amphibian cone outer segments, the decline 
in the intracellular calcium concentration is faster, and the dynamic calcium range is at least 
over three times wider than in rods (Sampath et al., 1998, 1999). Hence, it is likely that a sim-
ilar mechanism found in this thesis for rods would produce a more significant effect in cones.  
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8. Conclusions 

1. The calcium sensor protein recoverin and a novel mechanism contribute significantly to 
the fast light adaptation in mouse rods. The fast light-adaptation of mouse rods is com-
pletely calcium-mediated. 

 

2. Transretinal ex vivo ERG (TERG) enables quantitative examination of photoreceptor sig-
naling after pharmacological blocking the signal transmission to higher-order neurons 
and Müller cell contribution. Phototransduction parameters extracted from TERG, local 
ERG across the outer-segment layer (LERG-OS), and suction electrode recordings are 
closely similar. Still, when investigating the rod phototransduction cascade with TERG, 
one should take into consideration the ERG components originating in the rod inner seg-
ment region. 

 

3. Ex vivo ERG offers a potent and versatile tool for investigating phosphodiesterase-6 in-
hibitors in the natural environment of PDE6. The inhibition constants determined from 
trypsin-activated, light-activated, and spontaneously activated PDE6 can differ substan-
tially, most likely due to the mutual competition of the PDE6 𝛾𝛾-subunit, the PDE6 inhib-
itor, and cGMP for common binding sites at the catalytic core of PDE6. 

 

4. A novel experimental paradigm, cGMP clamp, enables the determination of the basal 
PDE6 activity in the mouse rod photoreceptors. The basal PDE6 activity is approximately 
4 – 5 s-1 in the wild type, GCAPs-/- and GCAPs-/- recoverin-/- mouse retinas. 

 

5. The basal PDE6 activity is modulated by calcium in mouse rods. Decreasing the extracel-
lular calcium concentration from 1 mM to ~ 20 nM causes roughly ~ 20 – 30% increase 
in the basal PDE6 activity.  
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