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Un istinto ben comprensibile, lo stesso che ci ha spinti sulla luna, induce i girini ad allontanarsi 

dallo specchio dôacqua dove hanno compiuto la muta; non importa verso dove, in qualunque 

luogo salvo quello. 

(Primo Levi) 

 

An understandable instinct, the same that led us to the moon, guides tadpoles to move away from 

the body of water where they have completed the molting; it does not matter where, everywhere, 

except there.  

(Primo Levi) 
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Abstract 

Light and dark cycles are one of the principal driving forces for the metabolism of both eukaryotic 

and prokaryotic organisms, which are the evolutionary closest one to the first living beings. Therefore, 

is reasonable to think that the alternation between light and dark has influenced the evolution of all 

the organisms on Earth. Cyanobacteria as well as yeasts have evolved oscillating rhythms of gene 

expression, also known as circadian rhythms, in order to synchronize their physiological processes 

with Earthôs day/night cycles. Light cues can also drive unicellular organismsô motility and growth. 

However, the light perception of these organisms is limited, and the vast majority of them can express 

a small number of molecules that can detect a limited range of the light spectrum.  

On the other hand, metazoan and in particular vertebrates have evolved very specialized and sensitive 

neurons, rods and cones, which enable visual perception in almost all the lightning conditions that 

occur during the 24 hours of the day. It has been hypothesized that vertebrates have evolved firstly 

cone photoreceptors, to perceive light changes during the day (photopic vision). However, conesô 

sensitivity is very limited at night and in low illumination conditions their functions as photons 

detectors are drastically reduced. Rods instead can perceive very dim light signals at night (scotopic 

vision), even single photons, ensuring an approximate visual stimulus also in poor lighting conditions. 

It has been proposed that rods are the latest evolved photoreceptors, which have conferred to 

vertebrates an extraordinary sensitive visual system.  

The cellular and molecular mechanisms of light and dark adaptation in vertebratesô photoreceptors 

have been widely studied and accurately described since the early seventies of the last century. 

Nonetheless, the study of these fascinating and complex dynamics has left some open questions, 

regarding both physiological and pathological aspects of photoreceptors metabolism as well as the 

influence of these alternating mechanisms on phototransduction, the set of enzymatic reactions that 

transform light stimuli into electrical signals.  

During the course of my PhD, I have focused my attention on rodôs physiology, in particular on the 

mechanisms that govern light induced degeneration of photoreceptors, in a Xenopus laevis model of 

retinitis pigmentosa. Frogs carrying a specific genetic mutation displayed an altered turnover of their 

cellular body as well as some deficits of phototransduction signaling cascade. In our work, we 

attempted to estimate how many light induced photoisomerization were necessary to see these 

alterations.  
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Moreover, I have partially continued the assessment of the response of rods photoreceptors to very 

localized light stimuli, elicited by mean of a special type of metal coated, tapered optical fibers. 

Through this technique, we have studied light adaptation of Xenopus laevisô rods to very confined 

light stimuli, in order to understand if variations of this process may occur along the rod cells bodies.  

Furthermore, I have assessed the possible contribution of the circadian rhythms on the 

phototransduction machinery, by altering the light and dark adaptation cycles of Xenopus frogs. 

Finally, I have initiated the study of the possible coupling between mechano and phototransduction 

in rod photoreceptors. This last part is the most fascinating one and made me embrace the idea that 

sensory neurons are surely specialized cells for one sensory stimulus such as light, sound or chemicals 

molecules, but others sensory stimuli like temperature variations and small mechanical forces could 

modulate significantly the perception of the principal stimulus.  
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1. Introduction  

1.1 Vertebrates and invertebrates photoreceptors 

The vast majority of metazoan are responsive to light. The ability of perceiving luminous variations 

during the day/night cycle, the detection of food, the evasion from predators and the recognition of a 

suitable partner for mating have been determinant and compelling factors for the development of a 

visual system 1. All the metazoan have evolved this complex sensory system, with ocular and/or 

extraocular photoreceptors cells that can be divided in rhabdomeric or ciliary photoreceptors. The 

general distinction between these two main categories of photoreceptors can be done accordingly to 

their morphological features and to the molecular mechanism 

that they adopt to transduce light signals 2. Protostomes 

organisms (invertebrates) mostly display rhabdomeric 

photoreceptors, which have photosensitive cellular membranes 

composed of modified microvillar projections. The strategy to 

transduce light signals in rhabdomeric photoreceptors involves 

the phospholipase-C signal pathway 3. When a light stimulus 

activates this signal pathway, the rhabdomer depolarizes and 

transmits the electrical signal through the release of histamine, 

which hyperpolarizes the downstream neurons 4,5.  

On the other hand, deuterostomes organisms (comprising 

vertebrates) mostly exhibit ciliary photoreceptors. In particular, 

the two major categories of photoreceptors of vertebrates 

organisms, rods and cones, provide a reliable precise and fast 

sensory input for the visual system 2. They transform the gradual 

changes of light during the day, the perception of colors, as well 

as the shape of objects in electrical impulses, which are 

elaborated by the central nervous system in a complex visual 

perception 2.  

Rods and cones are very specialized neurons, with an elongated 

and polarized cellular body subdivided in different morphological and functional regions (Figure 

1.1). The synaptic terminal (ST) connects them with the others cells of the retina 6. The cell body 

(CB) contains the nucleus; the inner segment (IS) contains the endoplasmic reticulum (ER), the Golgi 

apparatus and the mitochondria. The IS is in continuity with the outer segment (OS) through a tiny 

Figure 1.1. Representation of vertebratesô 

photoreceptors. Schematic representation of a 

rod (on the left) and a cone (on the right). All 

the compartments of the cells are evidenced by 

abbreviations: ST, synaptic terminal; CB, 

cellular body; IS, internal segment; CC, 

connecting cilium; OS, outer segment. 
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portion of cytoplasm called connecting cilium (CC). The OS is the most characteristic feature of rods 

and cones. It is a modified cilium that contains a densely packed stack of membranous disks, in which 

are embedded all the protein of the phototransduction 2. This signaling cascade is very similar in both 

rods and cones 7, but for the purpose of my thesis I will focus mostly on rodsô physiology. 

1.2 Phototransduction activation and termination mechanisms in vertebrates 

1.2.1 Photoreceptors in resting dark conditions 

In dark conditions, excluding the spontaneous activations that are mostly due to the thermal activation 

of the signaling machinery (dark noise components) 8, phototransduction is turned off. The opening 

of non-selective cationic channels activated by cGMP (CNG channels) expressed on the OS 

membrane, as well as the activity of the electrogenic Na+/Ca2+, K+ exchanger (NCKX ), maintain a 

net inward current of positive charges from the extracellular space to the OS cytoplasm, which 

depolarize the photoreceptor (Figure 1.2.1) 9. On the IS membrane are expressed two main types of 

K+ channels, the hyperpolarization-activated, cyclic nucleotideïgated channels (HCN)10 and the Kx 

channels that do not inactivate and are important for the light responsiveness of rods 11. Together with 

the activity of the Na+/K+-ATPase, these channels maintain a net outward current of positive charges 

from the IS cytoplasm to the extracellular space 12. These two ionic fluxes generate a loop of positive 

charges called ñdark currentò that keeps the photoreceptor resting membrane potential at around -35/-

45 mV 7. Therefore, in dark conditions, rods are depolarized and release the excitatory 

neurotransmitter glutamate from their synaptic terminal 13.  

Figure 1.2.1. Phototransduction in resting conditions. Representation of the resting state of the phototransduction machinery, in 

dark conditions. Rhodopsin (R), transducing (G) and phosphodiesterase (E) are all inactive and the CNGs are opened, allowing the 

influx of positive ions inside the OS. Calcium as well as cGMP concentration are elevated and the rod is depolarized at around -35/-45 

mV. 
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1.2.2 Phototransduction activation 

Phototransduction begin when light encounters a rod and rhodopsin (R) absorbs a photon. R is a 

member of the G-protein-coupled receptor (GPCR) family, expressed on the disks membranes of the 

OS. Like all the other GPCR, is 

composed of seven 

transmembrane helices linked by 

six extra-membrane loops and it 

accommodates the chromophore 

molecule 11-cis retinal on the 

seventh helix 14. Retinal is the 

actual photons sensor and 

consequently to the absorption of 

a photon, it changes conformation 

from 11-cis to all-trans retinal, 

becoming a stronger agonist of 

the enzymatic activity of R 7. 

Activated R (R* ) became 

metarhodopsin and contacts 

hundreds of molecules of the G-

protein transducin (G), 

amplifying the signal 12. This 

trimeric G protein is a complex of three subunits, GŬ, Gɓ, and Gɔ anchored to the disks membrane. 

The successful activation of G promotes the substitution of the guanosine di-phosphate (GDP) 

molecule on its GŬ-subunit with a guanosine tri-phosphate (GTP) molecule 2. This substitution is 

energetically expensive for photoreceptors and in terms of adenosin triphosphate molecules (ATP) 

consumption, it has been estimated that it requires around 3*106 ATP s-1 15. Two GŬGTP complexes 

leave the respective Gɓ-ɔ complexes and bind to two inhibitory ɔ subunits of another protein anchored 

to the disk membrane, the phosphodiesterase (E). Consequently, the catalytic EŬ-ɓ subunits are 

activated and catalyze the hydrolyses of thousands of cyclic guanosine monophosphate (cGMP) 

molecules 7.  

Therefore, the cytoplasmic concentration of cGMP decrease and this reduction leads to the closure of 

CNG channels on the OS membrane. The major effects of this closure are the progressive shutdown 

of the depolarizing inward current throughout the OS, the dropping of the Ca2+ concentration in the 

Figure 1.2.2. Phototransduction activation. (A) Schematic representation of the  

phototransduction activation (see the main text for the details). (B) Representatives 

traces of the progressive decrease of circulating dark current, which is proportional to 

the light intensities. 
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OS, mostly due to the still functioning Na+/Ca2+, K+ exchanger, and the progressive hyperpolarization 

of the cell (Figure 1.2.2 A) 16. The hyperpolarization is proportional to the intensity of the light 

stimulus and reaches a saturation level at which all the CNG channels are closed (Figure 1.2.2 B) 17.  

Unlike others sensory neurons, the activating stimulus of phototransduction signaling cascade inhibits 

the release of glutamate from the synaptic terminal, therefore inhibiting the synaptic transmission 

18,19. Hence, metabolic energy consumption drops during a light stimulus and rods require less energy 

to maintain their hyperpolarized state 15.  

1.2.3 Phototransduction termination and modulation of dark adaptation 

The mechanisms involved in the recovery of the phototransduction machinery after the light onset 

and partially in the termination of the photoresponse, are calcium-mediated by negative feedback 

mechanisms (Figure 1.2.3)20, for instance, the termination of the enzymatic activity of R*. This 

process is mediated by recoverin (Rec), a soluble modulatory calcium binding protein, not anchored 

to the plasma membrane. In dark condition Rec binds two calcium ions and is linked to rhodopsin 

kinase (RK ) at the disk membrane, preventing its phosphorylation activity on R 18. After 

phototransduction, calcium concentration drops in the OS. Therefore, Rec releases the two calcium 

ions and dissociates from RK, which is able to interact with the activated R* and to phosphorylate its 

serine residues near the C-terminus 7. Phosphorylated R* is then recognized by arrestin (Arr ) that 

reduces its catalytic activity (Figure 1.2.3A). In the deactivated R*, the retinal is in its all-trans 

conformation, it has lost the ability to absorb photons (is óbleachedô) and detaches from R* 2. The all-

trans retinal is reduced to all-trans retinol and leaves photoreceptors, translocates to the retinal-

pigmented epithelium (RPE) cells, which restore its 11-cis conformation. Therefore, a supply of 11-

cis isomer is necessary to maintain the responsiveness of the photoreceptors 7. 

On the other hand, the mechanism of inactivation of the GŬGTP-Eɔ complex is not calcium mediated 

and involves the regulator of G-protein signaling (RGS9) as well as the type 5 G-protein ɓ subunit 

(Gɓ5). These two modulatory proteins bind the complex GŬGTP-Eɔ, forming an intermediate 

quaternary complex that accelerates the intrinsic GTPase activity of the GŬ subunit. Moreover, this 

transitory complex may favor the access of water molecules to the GTP binding site on the GŬ subunit, 

supporting the hydrolysis of the GTP molecule and the inactivation of the GŬ 
12, therefore inhibiting 

the activity of E* (Figure 1.2.3B). 
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A third mechanism, which directly modulates 

the restoration of the cytoplasmic concentration 

of cGMP in the OS, is calcium dependent. In 

dark conditions, the high calcium concentration 

inhibits the activity of two calcium-binding 

proteins, the guanylate cyclase-activating 

protein 1 and 2 (GCAPs). During a light 

stimulus, the drop in calcium concentration 

inside the OS activates the GCAPs, which in 

turn activate the enzyme guanylyl cyclase 

(GC). The enzymatic activity of GC increase 

the cGMP concentration in the OS, 

counteracting the activity of E*  and leading to 

the re-opening of the CNG channels, which 

restore the depolarizing dark current across the 

OS 2.  

Moreover, the modulation of the reopening of 

the CNG channels is also calcium mediated. In 

dark conditions, high calcium concentrations in 

the OS saturate the calcium binding sites of the 

protein Calmodulin (CM ), which in turn is 

bound to the CNG channels. The complex 

calcium-CM-CNGs increase the K1/2 of CNG 

channels for cGMP 21. When calcium 

concentration drops during the light onset, CM 

dissociates from the CNGs. This mechanism 

leads to the decrease of their K1/2 for cGMP and 

promotes the repolarization of the rod (Figure 

1.2.3C).  

Therefore, while luminous stimulus ends, rods 

rapidly regain their dark-adapted state. This 

process is extremely costly for the cell 15. Photoreceptors have to shutdown the activated R* and to 

restore the concentration of cGMP, reactivating the dark current through CNG channels. It has been 

Figure 1.2.3. Inactivation mechanisms of the photoransduction. 

General mechanisms of inactivation of the principal proteins, 

involved in the phototransduction signaling pathway. All the  

mechanisms are described in details in the text. The shading between 

blue and red backgrounds represents the transition between light and 

dark. 
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estimated that the phosphorylation of R* and the termination of its active state, costs 6*105 ATP s-1, 

whereas the restoration of the cGMP concentration in the OS and consequently the reopening of CNG 

channels, needs around 5.7*107 ATP s-1 15. Therefore, in dark conditions photoreceptors have to 

maintain their depolarized state trough the opening of CNG channels; they also release glutamate 

from the synaptic terminal and as a consequence metabolic energy consumption rises 15.  Considering 

these aspects, darkness might be seen as the excitatory stimulus for rods 7. 

1.3 Molecular bases of light adaptation 

1.3.1 General principles of light adaptation 

The changes of light during the day/night cycle vary over 10 orders of magnitude 22. Besides, the 

diurnal switch between rod and cone sensory pathways allows vertebrate to adjust their visual 

perception and respond properly to these changes 23. The different sensitivity of rod and cone 

photoreceptors to the light spectrum is the origin of this elevated plasticity.  

In general, the sensitivity (S) can be described as the response amplitude (µr) in relation to the 

intensity of the stimulus (µI). 

Ὓ  
‬ὶ

‬Ὅ
 

For photoreceptors, this relation can be indicated in quantal terms, namely from a very dim flash it 

can be estimated the number of activated R* 18. Rods are more sensitive to dim light stimuli than 

cones and they can even respond to single photons 24. In other terms, rods that have been dark adapted 

to be fully responsive, can transduce a signal over their intrinsic noise range, by even the 

photoisomerization of a single R molecule 25. This extraordinary sensitivity allows the visual system 

to function also with very low levels of illumination. However, rods responses saturate to moderate 

light intensities, so that the release of glutamate from their synaptic terminal during the day is almost 

completely abolished 26,7.  

Cones instead are less sensitive to dim light. They detect a signal only if at least 4-10 molecules of 

visual pigment are isomerized. Even so, their responses to steady stimuli do not saturate and their 

spectral sensitivity to light is wider in respect to rods 27,28. Therefore, it has been hypothesized that 

vertebrates have evolved firstly cone-like photoreceptors, to perceive the changes of light during the 

day and secondly rods and their sensory pathway 1. 

Despite the differences in spectral sensitivity, exposing both types of photoreceptors to a long lasting 

stimulus, such as an impulse of steady light, results in a decrease of the circulating dark current, which 
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partially recovers after some seconds (Figure 1.3.1 A). This adjustment is called light adaptation and 

is generally characterized by a reduction in photoreceptor sensitivity (desensitization) and by the 

acceleration of the response kinetics 23.  

The process of desensitization of a photoreceptor follows 

Weberôs Law, which is generally used to describe the 

relation between the actual physical nature of a stimulus 

and its perception:  

Ὓ  
Ὓ

ρ Ὅ ὍȾϳ
 

This simple equation highlights the inverse 

proportionality between photoreceptorsô sensitivity 

(Ssteady) that declines from its initial value (S0), and the 

amplitude of a steady stimulus (Isteady); I1/2 is the steady 

intensity that half-desensitizes the response. The value of 

I1/2 is strictly dependent on the degree of light/dark 

adaptation of the cells and is calculated from rodsô 

responses 18. In general, all light adapted photoresponses 

reach the peak amplitude faster, and have also a faster 

falling phase 29. Light adapted rods display this peculiar 

acceleration of the response kinetics that are related to 

changes in the underlying molecular machinery of 

phototransduction (Figure 1.3.1 B).  

1.3.2 Molecular mechanisms of light adaptation 

The ensemble of the mechanisms that govern light 

adaptation is a combination of phototransduction activation, modulation and termination 7. Besides, 

it has been shown that calcium play a fundamental role in light adaptation of photoreceptors 30,31. 

When calcium concentration is maintained around its resting dark level in the OS, with specific 

Ringer solutions, photoreceptors fail to adapt to light stimuli. Namely the range of their responses is 

severely restricted and they saturate at very low light intensities 23. Therefore, the physiological 

decline of calcium concentration in the OS prevents rodsô responses from saturation at low light 

intensities, contributing in both extending their operating range (the range of light intensities at which 

they can respond with distinguishable events) and in modulating flash sensitivity (i.e., the minimum 

Figure 1.3.1. Photoresponsesô light adaptation and 

light adapted photoresponses. (A) Representative 

recording of the photoresponses of a dark-adapted rod, 

to long lasting stimuli of progressively higher 

intensities of light. The arrow indicates the beginning 

of the delayed decrease of amplitude associated with 

light adaptation. The black squared line represent the 

ñstepò of light that triggered the photoresponse. (B) 

Response of a light adapted (red traces) and a dark-

adapted (black traces) rod to similar light intensities. 

The first three red traces represent the responses of a 

light adapted rod to the same light intensities that 

elicited the last three responses of a dark-adapted rod. 

The arrow indicates the timing of the light pulse. 
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amount of light that rods can perceive) 23. Nine main mechanisms have been described as key aspects 

of light adaptation. They can be classified considering their role in increasing or decreasing 

photoreceptor sensitivity, operating range and the involvement of calcium 7,23. 

Two main mechanisms are involved in the extension of the operating range and in the increase of 

sensitivity of photoreceptors, and both are calcium mediated (see also section 1.4):  

1) GC steady increase in synthesis activity. In dark, the resting calcium concentration in the OS 

is around 400-600 nM and drops to 30-50 nM during a light stimulus. This decline triggers 

the activity of GCAP proteins that in turn activates the GC. The activity of GC can increase 

almost 10 times when calcium concentration declines in the OS, during a steady light stimulus 

32,33. Therefore, this mechanism modulates indirectly the re-opening of CNG channels by 

restoring the cytoplasmic concentrations of cGMP. Hence, more dark current could be 

available and modulated by a second flash of light. 

 

2) Effect of CM modulation on CNG channels. Another mechanism that modulates the reopening 

of CNG channels is carried out directly by CM. This calcium protein has two binding sites on 

the ɓ subunit of the CNG channels. In darkness, CM is bound to calcium and is associated to 

the CNG channels, increasing their K1/2 for cGMP, thus lowering their opening probability 23. 

When calcium concentration drops after a light stimulus, CM dissociates from CNG channels, 

decreasing their K1/2 for cGMP and increasing their opening probability.  

By favoring the reopening of the CNG channels after and during a light stimulus, these two calcium-

mediated processes not only extend the operating range of the rods, but they also increase their 

sensitivity, partially rescuing phototransduction machinery from saturation 7.  The remaining seven 

mechanisms, influence mostly photoreceptors desensitization and not all of them are calcium 

dependent: 

3) Compression of the range of rodsô responses. In a rod exposed to a not-saturating steady light 

stimulus, dark current is partially shut down and the amount of residual currents that could be 

modulated with a second flash of light is reduced. In fact, steady light closes a fraction of 

CNG channels and the phototransduction activated by a second flash has a limited operating 

range, until reaching saturation. Therefore, in this conditions, photoreceptor sensitivity and 

the range of its responses are reduced 34. This compression effect can derive not only from 

different background illumination, but also from different recording conditions, for example 

clamping calcium concentrations around its dark levels in the OS 35.  
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In order to analyze and compare the 

variations of photoresponses kinetics 

and to account for the compression of 

the operating range and the changes in 

sensitivity, it is sufficient to normalize 

the responses by dividing them for the 

value of the peak amplitude of the 

circulating dark current (Figure 1.3.2) 

36. This normalization is based on the 

assumption that if the reduction of rods 

sensitivity was caused only by the 

compression of the responses, the 

number of additional E* catalytic 

subunits activated by a second flash 

would be independent from the 

background intensity 23,35. 

Consequently, the activity of the 

additional E* catalytic subunits would 

produce a constant change in cGMP 

concentration, which would be 

independent from its initial 

concentration 35. Furthermore, it has 

been demonstrated analytically that a constant portion of the opened CNG channels would be 

closed by a given flash, independently from the background intensity 37. Thus, all these 

mechanisms involved in the initial phase of phototransduction should be considered as 

independent from background light. 

 

4) Intrinsic gain of R* activity. The decrease in sensitivity of photoreceptors, due to a 

background light stimulus, was related to a reduced increment of the activation and 

amplification reactions of phototransduction (from the activation of R* to the activation of 

E*) as an effect of the decrease of calcium concentration in the OS 38,39. This hypothesis was 

rejected on the bases of experimental evidences that showed that independently from the 

Figure 1.3.2. Normalized dark adapted and light adapted 

photoresponses. The responsesô kinetics of the light adapted rod and 

the dark-adapted rod are very different when observed with their 

original scale (Figure 1.3.1 B). On the other hand, the normalized 

traces evidence similar time course of the rising phase, indicating that 

light adaptation affects mostly the falling phase of the 

photoresponses. Indeed the amplification of the phototransduction 

cascade is unaltered by the light adaptation and the only major change 

is in the amplitude of the responses, which is proportional to the 

available signaling machinery. 






































































































































