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Un istinto ben comprensibile, lo stesso che ci ha spinti sulla luna, induce i gialoaidnarsi

dall o specchio débacqua dove hanno compiuto | a
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)

To my grandparents
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Abstract

Light and dark cycles are one of thenmipal driving force for the metabolism of dth eukaryotic

and prokaryotiorganismgswhichare thesvolutionaryclosest one to the first livingeings. Therefore,

is reasonable to think th#te alternation between light and déks influencedthe evolution of all

the organism®n Earth.Cyanobacteria as well as yeabave evolved oscillating rhythms of gene
expressionalso known as circadian rhythms,order to synchronize their physiological processes

with E a r tddy/dight cycle. Light cues can also drivenicellularor gani sms 6 mot i | it
However the light perception dhese organisms limited, and the vast majority of them can express

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

On the other hand, metazoan andartigular vertebrates have evolved very specialized and sensitive
neuronsyods and conesyhich enablevisual percetion in almost all the lightning conditiorthat

occur during the 24 hours of the ddtyhas been hypothesized that vertebratese evoled firstly

cone photoreceptarso perceive light changes during the day (photopic vision). Howevees adn
sensitivity is very limited at night aneh low illumination conditions their functions as photons
detectors are drastically reduc&bdsinsteadcan 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 andmolecular mechanisms of light and dark adaptation mr t e photardcept®ré
have been widely studied and accurately described sinceatieseventies of the last century.
Nonetheless, thetudy of thesdascinating and complex dynamics Haft some open questions,
regarding both physiological and pathological aspects of photoreceptors metadmligeil aghe
influence of thesalternatingmechanisms on phototransductitime set of enzymatic reactions that

transformlight stimuli into electrical signals

During the courseof my PhD | havefocusedmy attention orr o shlysiology, in particulaon the
mechanisms that govern liginduced degeneration of photoreceptang Xenopus laevis model of
retinitis pigmentosa-rogs carrying a specific genetiwutationdisplayed an altered turnover of their
cellular bodyas well as some deficits of phototransduction signaling castad®ir work, we
attemptedto estimatehow many light induced photoisomerizatiowere necessary to see gbe

alterations.



Moreover,| have partially continued the assessnaithe response of rogghotoreceptorso very
localized light stimuli, elicited by mean of a spedybe of metal coatedapered optical fibers.
Through thistechnique, w have studietight adaptatiorof Xenopus laevigrodsto very confined

light stimuli, in orderto understand Wariations otthis process may occatongtherod cellsbodies

Furthermore | have assesdethe possible contribution of theircadian rhythms on the
phototransduction machinery, ajtering the light and dark adaptation cycles of Xenopus frogs
Finally, | haveinitiated the study of the possible coupling between mechano and phototransduction
in rod photoreceptors. This last part is the most fascinatinguadismademe embracehe idea that
sensory neurons are surely specialieeltsfor one sensorytsnulussuch as light, sound or chemicals
molecules butothers sensory stimuike temperatire variationsand small mechanical forcesuld

modulatesignificantlythe perception of the principal stimulus.
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1. Introduction

1.1Vertebrates and invertebratesphotoreceptors

The vast majority of metazoan are responsive to.ligie ability of perceiving luminous variations
during the day/night cycle, the detectiorfadd, the evasion from predators and the recognition of a
suitable partner for mating have been determinant and compelling féartéhne developmentof a
visual system?. All the metazoarhave evolvedthis complexsensory system, withcular andbr
extraocular photoreceptors cellgat can be dividd in rhabdomec or ciliary photoreceptorsThe
general distinction between these two main categories of photoreceptors can be done accordingly to
their morphological features and to the molecular mechanism
that they adoptto transduce light signalg. Protostomes
organisms (invertebrates) mostly display rhabdomeric
photoreceptorswhich have photosensitiveellular membranes
composed omaodified microvillar projectionsThe strategy to
transduce light signals in rhabdomeric photoreceptors involves
the phospholipas€ signal pathway. When a light stimulus
activatesthis signal pathway, thenabdomer depolarizes and
transmitsthe electrical signal through the release of histamine

which hyperpolarizeshe downstream neurorfs.

On the oher hand, deuterostomesorganisms (comprising
vertebrates) mostly exhibdiliary photoreceptordn particular,
the two major categoriesf photoreceptorsof vertebrates
organisms rods and conegprovide a reliable precise and fast

sensory inputor the visual systerh Theytransform the grashl

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

Figure 1. 1. Represent at as the shape of objects electrical impulseswhich are
photoreceptors.Schematic representation ¢

rod (on the left) and a cone (on the right). elaborated by the central nervous sysiana complex visual
the compartments of the cells are evidence

coorevislons: ST synaptc lerminai 2. perceptiorf

connecting clllumS, outer segment Rods and coneare very specialized neurons, with an elongated
and polarized cellular body subdiéd in different morphological and functional regioRgy(ire
1.1). The synaptic terminalS(T) connects them with the others cells of the retirEhe cell body
(CB) contains theucleusthe inner segment]) contains thendoplasmiceticulum(ER), the Golgi

apparatus and the mitochondria. The IS is in continuity with the outer segd®rth(ougha tiny
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portion of cytoplasm called connecting ciliu@). The OS is the most characteristic feature of rods
and cones. s a modified cilium thatortains a densely packed stack of membraniigks in which
are embedded all the protein of the phototransduétiblnis signaling cascade is very similar in both

rods and cor&’, but for the purpose of my thesis | will focus mostly on égds/siology

1.2 Phototransductionactivation and termination mechanismsan vertebrates

1.21 Photoreceptorsin resting dark conditions

In dark conditionsexcluding the spontaneous activations that are mostly doetteermal activation

of thesignaling machinerydark noise component& phototransduction igirnedoff. The opening
of nonselective cationic channels activated by cGMENG channels) expressed on the OS
membrane, as well as the activity of the electrogeni¢@¥’, K* exchange(NCKX ), maintain a

net inward current of positive charges from the extracellular space to theyt@8asm, which

)
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Figure 1.2.1 Phototransduction in resting conditions.Representation of the resting state of the phototransduction machir
dark conditions. RhodopsifR}], transducing@) and phosphodiesterade) (are all inactive and the CNGs are opened, allowlia
influx of positive ions inside the OS. Calcium as well as cGMP concentration are elevated and the rod is depolarizdd38/a4€
mV.

depolarize the@hotorecepto(Figure 1.2.1) °. On the IS membrane are expressea main types of

K* channelsthe hyperpolarizatioractivated cyclic nucleotidé gated channeldHCN)° and theK
channelghatdo not inactivate and@important for the light responsiveness of réd§ogether with

the activity of theNa'/K*-ATPasethese channelmaintain a net outward current of positive charges
from the IS cytoplasm to the eatellular spac&. These two ionic fluxes generate a loop of positive
char ges c arldnretdo Atdhaatk kceweps t he phot astareumdd5t or
45 mV 7. Therefore, in dark conditions, rods are depolarized release the excitatory

neurotransmitter glutan@from their synaptic terminat.



1.2.2Phototransduction activation

Phototransduction begin when light encousigerod and rhodopsirR) absorbs a photork is a
member of the &roteincoupled receptoiGPCR) family, expressed on tldisksmembranes of the
OS. Like all the other GPCR, i<[p

composed of seven

transmembrane helices linked k
six extramembrane loops and i
accommodates the chromopho

molecule 1icis retinal on the

seventh helix'*, Retinal is the [caMP |

actual photons sensor and [ca?*]}

consegently to the absorption o' g
a photon, it changes conformatic
from 1l-cis to alttrans retinal,
becoming a stronger agonist ¢
the enzymatic activity of R'.

Activated R (R*) became

metarhodopsin  and  ctacts

hundreds of molecules tfie G- Figure 1.2.2. Phototransduction activation.(A) Schematic representation of
. . phototransductioractivation (see the main textrféhe details).(B) Representativ

protein transducin Q), traces of the progressive decrease of circulating dark current, which is proport

L . . the light intensities.

amplifying the signal*?2. This

trimeric G protein is a complex of three subuni@; Gs, and G anchored to theisksmembrane.

The successful activation of @romotes the substitution of tlguanosine dphosphate GDP)

molecule on its Gsubunit with aguanosine trphosphate GTP) molecule?. This substitution is

energeticallyexpensive for photoreceptoasd n terms of adenosin triphosphate moleculSER)

consumption, it has been estimated thagquiresaround3*10° ATP s Two GiGTP complexes

leave the respectivesc o mp|l exes and bind t o thevprotainrafchoted t o r

to the diskmembrane, the phosphodiesterag®. (Consequently, theatalytic Ep subunits are

activated and catalyze the hydrolyses of thousandsyaifc guanosine monophosphatesGMP)

molecules'.

Therefore, the cytoplasmic concentration of cGMP decrease anddirction leads to the closure of
CNG channels on the OS membrane. Tegor effects of this closure are the progressive shutdown
of the depolarizing inward current throughout the OS, the dropping of tHec@wentration in the
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OS, mostly due to the stflinctioning N&/C&*, K* exchangerand the progressive hyperpolarization
of the cell Figure 1.2.2 A) 8. The hyperpolarization is proportional to the intensity of the light
stimulus and reachessaturation level at which all the CNG channels are cldSigaie 1.2.2B) .

Unlike othessensory neurons, the activagistimulus of phottransduction signaling cascadéibits
the release of glutamate from the synaptic terminal, therefore inhibiting the synaptic transmission
1819 Hence metabolic energy consystion drops during light stimulus andods require less energy

to maintain their hyperpolarized state

1.2.3Phototransduction termination and modulation of dark adaptation

The mechanisms involved in threcovery of the phototransductiomachinery after the light onset
and partially in the termination of the photoresponsee calciurrmediatedby negative feedback
mechanismgFigure 1.2.3%, for instancethe termination of the enzymatic activity of RFhis
process isnediated by recoverirRgog), a soluble modulatorgalcium bindingprotein not anchored

to the plasma membranka dark conditionRec bindsgwo calcium ions andk linked to rhodopsin
kinase RK) at the diskmembrane, preventing its phosphorylation activity on®R After
phototransductioncalcium concentration drops inetl©®S Therefore Recreleases the two calcium
ions and dissociates from Ri¢hichis able to interact with the activated R* and to phosphorylate its
serine residues near thet€@minus’. PhosphorylatedR* is then recognized by arrestiAr( ) that
reduces its catalytic activitfFigure 1.2.3A). In the deactivated R*, the retinal is in its-mlins
conformation, it has | ost the ability.Theal abso
transretinal is reduced to atlans retinol and leaves photoreceptdranslocats to the retinal
pigmentedepithelium RPE) cells, whichrestoreits 11-cis conformation Therefore, a supply of 11

cis isomer is necessaty maintainthe responsiveness of the photoreceptors

On the other handhe mechanism ahactivationof the GGTP-E; complexis not calcium mediate

and involves the regulator @-protein signalingRGS9) as well as the type 5-r ot ei n b s u
(G b)) These two modulatgr proteinsbind the complex G5TP-E,, forming an intermediate
guaternary complex that accelerates the intrinsic GTPase acfithg &g subunit. Moreover, this
transitory complex may favor the access of water molecules to the GTP binding site oaubart,
supporting the hydrolysis of the GTP molecate the inactivation of thed®?, therefore inhibiting

the activity of E*(Figure 1.2.3B.



A third mechanismwhich directly modulates
the restoration ahecytoplasmicconcentration
of cGMP in the OSis calcium dependenin
dark conditionsthehigh calcium concentration
inhibits the activity of two calciurbinding
proteins, the guangte cyclasactivating
protein 1 and 2(GCAPs). During a light
stimulus, thedrop in calcium concentration
inside the OS activateahe GCAPs, which in
turn activate the enzyme guanylyl cyclase
(GC). The enzymatic activity of GC increase
the cGMP concentration in the OS,
counteactingthe activity of BE andleading to
the reopening of theCNG channelswhich
restorethe depolarizingdark currentacrosshe
OS2

Moreover,the modulabn of the reopening of
the CNG channels alsocalcium mediatedin
dark conditionshigh calcium concentrations in
the OS saturate the calcium binding sites of the
protein Calmodulin €M), which in turn is
bound to the CNG channels. The complex
calciumCM-CNGs increase the K. of CNG
channels for c¢cGMP 2. When calcium
concentratiordrops during the light onset, CM
dissociates from th€NGs. This mechanism

leads tahedecreasef their Ky» for cGMP and

promotes the repolarization of the rflgure

Figure 1.2.3. Inactivation mecanisms of the photoransductior 1.2 3Q
General mechanisms of inactivation of the principal prot ~— =" ’
involved in the phototransduction signaling pathway. All

mechanisms are described in details in the text. The shadingb  Therefore, vhile luminous stimulus ends, rods
blue and red backgrounds repeats the transition between light

dark. rapidly regain their darkadaptedstate This
process is extremely costly for the c&ll Photoreceptors have stutdownthe activatel R* and to

restore theconcentration of cGMP, reactivating the dark current through CNG channels. It has been
10



estimated that the phosphorylation of &1td the termination of its active statests 6*18 ATP s,
whereaghe restoration of the cGMP concentration in thes®& consequently the reopening of CNG
channelsneeds around 5.7*10ATP s! 15 Therefore,in dark conditionsphotoreceptorsave to
maintain theirdepolarizedstate trough the opening of CNG channétey alsoreleaseglutamate
from the synaptic terminandas a consequenagetabolic energy consumption risésConsidering

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

1.3 Molecular bases ofight adaptation

1.3.1General principles of ight adaptation

The changes of light duringhe day/night cycle vargver 10 ordess of magnitude?. Besides, lte

diurnal switch between rod and cone sensory patbwdows vertebrateto adjusttheir visual

perceptionand respond properlio these change$’. The differen sensitiviy of rod and cone

photoreceptorso the light spectrunis the origin of this elevated plasticity

In general,the sensitivity (S) can bedescribed as the response amplit@dg in relation to the

intensity of the stimulugul).

For photoreceptors, this relation can be indicated in quantal ,teamgelyfrom a very dim flash it
can be estimated the number of activatéd"RRods aremore sensitive to dim light stimulihan
conesandthey can even respond to single photénin other terms, roslithat have been dark adapted
to be fully responsive, can trang@ a signal ovetheir intrinsic noise range, by even the
photoisomerization of singleR molecule®. This extraordinarysensitivity dlows the visuabystem

to function also with very low levelsf illumination. However,rodsresponses saturate to moderate
light intensities so that the release of glutamftam ther synaptic terminatluring the day is almost

completely abolisheéf”’.

Conesinsteadare less sensitive to dim lighth&y detect a signal only if at leastL® molecules of
visual pigment are isomerizeHven so, lheir responseso steadystimuli do not saturatand their
spectralsensitivityto light iswider in respect to rod$"?8, Therefore, i has been hypothesizéiat
vertebrateiave evolvedirstly conelike photoreceptorgo perceive the @nges of light during the

day andsecondly rod and theisensory pathwa

Despite thalifferencesn spectral sensitivityexposingooth types of photoreceptdsalong lasting
stimulus such asaimpulse of steady lightesults in alecreasef the circulatinglark currentwhich
11



partially recovers aftesome second$-igure 1.3.1 A). This adjustments calledlight adapationand
is generally characterized layreduction in photoreceptsensitivity (desensitizationand by the

acceleratiorof the responsdinetics?,

Theproces®of desensitizationf a photoreceptdpllows
We b e r 0, which & \generally used to describe ti
relation betweethe actual physical nature of a stimul.

andits perception

oy

p O 1G

This simple equation highlights the invers
propationality between photoreceptdrssensitivity g — Derk dapiad esponses
(Ssteady thatdeclines from its initial value (g), and the
amplitudeof a steady stimuluss{$aqy; |12 is the steady
intensity that haHdesensitizes the respon$ee value of
li2 is strictly dependenbn the degree of lightdark

adaptationof the cellsand is calculated from redd

response&. In generalall light adaptethotoresponsesFigure 13.1. Photoresponsés | i ght ac

light adapted photoresponses. (A)Representati
recording of the photoresponses of a eadkpted rot
to long lasting stimuli of progressively higl
intensities of light. The arrow indicates the begin
of the delayed decreasé amplitude associated w
light adaptation. The black squared line represer
fistepo of Il i ght t hat (B}
Response of a light adapted (red traces) and a
adapted (black traces) rod to similar light intensi
The firstthree red traces represent the response
light adapted rod to the same light intensities

1.3.2Molecular mechanisms of Iight adaptation elicited the last three responses of a emtlpted ro
e The arrow indicates the timing of the light pulse.

reach the peak amplitude faster, and have also a f:
falling phase®. Light adapted rods displalgis peculiar

acceleration of the response kinetibat arerelated to

changes in the underlyingnolecular machinery of
phototransductiofFigure 1.3.1 B).

The ensemble of the mechanisms that govern Ii

adaptation is a combination of phototransduction activation, modulation and termin&esides,

it has been shown that calciysay a fundamentalole in light adaptation of photoreceptot$™,

When calcium concentration is maintaing@undits resting dark leveln the OS with specific

Ringer solutionsphotoreceptors fail to adapt to light stimiNiamely the range of their responses is

severely restricted and they saturatevery lowlight intensities?®. Therefore, the physiological

decline of calcium concentration in the OS prevents dresgonses fronsaturation at low light

intensities, contributing in both extending their operating rdtingerange olight intensites at which

they can respond with distinguishalelent$ and in modulating flash sensitivifye., the minimum
12



amount of light thatodscan perceive}®. Nine mainmechanismsave beeunlescribediskey aspects
of light adaptation.They can beclassifiel considering their role in increasing or decreasing

photoreceptosensitivity, operating rangandthe involvement of calciurh?,

Two main mechaismsareinvolved inthe extension of the operating rareyed in the increase of

sensitivityof photoreceptorsandbotharecalcium mediated (see also sectiod):

1) GC steady increase synthesis activityin dark, the resting calcium concentratiorthe OS

is around 408600 nM and drops to 380 nM during a light stimulus. This decline trigger

the activity of GCAPproteirs that in turn activatethe GC. The activity of GC can increase
almost10 timeswhen calcium concentration declines in the OS, during a steady light stimulus
3233 Therefore, this mechanismodulatesindirectly the reopening of CNG channels by
restoring thecytoplasmic concentrations of cGMIPlence, more dark current could be

available ananodulated by a second flash of light.

2) Effect of CM modulation on CNG channésother mechanism thatodulatsthe reopening

of CNG channels isaried out directly by CMThis calcium protein has two bim sites on

theb subunitof theCNG channelsin darknessCM is bound to calciunand isassociate to

the CNG channelgncreasingheir Ki/2 for cGMP, thus lowering their opening probabil &3

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

decreasingheir Ky2 for cGMPand increasing their opening probability.

By favoring the reopening of theNG channelafter andduring a light stimulus, these two calcium
mediated processes not only extend the operating rantiee obds, but they also increase their
sensitivity partially rescuing phototransduction machinery from saturdtiohhe remaning seven
mechamsms influence mostly photoreceptorslesensitizatiorand not all of them are calcium

dependent

3) Compression of the range of r@desponsedn arodexposed to aotsaturatingsteady light

stimulus darkcurrentis partially shut down and the amount of residual cusrtatt ©uld be
modulatedwith a second flash dfght is reduced.n fact, steadylight closes a fraction of
CNG channels and thghototransductioactivated bya second flaslinas a limited operating
range until reaching saturatio herefore in this conditions photoreceptosensitivityand

the range ofts responsesre reduced*. This compressioreffectcan derive not only from
different background illumination, but also from different recording conditions, for example

clamping calcium concentratioasoundits dark levels in the O%.
13



4)

Figure 13.2. Normalized dark adapted and light adapte
photoresponsesThe responsesd Kineti
the darkadapted rod are very different when observed with
original scale Figure 1.3.1 B. On the other hand, the normali.
traces evidence similar time course of the rising phase, indicatii
light adaptation affects mostly the falling phase of
photoresponses. Indeed the amplification of the phototransd
cascade is unaltered the light adaptation and the only major che
is in the amplitude of the responses, which is proportional 1
available signaling machinery.

In order b analyzeand compardhe
variations of photoresponseginetics
and toaccount for the compressiaf
the operating rangand the changes in
sensitivity, it is sufficient to normalize
the responsesy dividing themfor the
value of the peak amplitude of the
circulating dark currentHigure 1.3.2)
36 This normalization is based dhe
assumption that the reduction ofrods
sensitivity was caused only bythe
compressionof the responsesthe
number of additionalE* catalytic
subunits activated by a second flash
would be independent from the
background intensity 2335,
Consequently the actity of the
additional E*catalytic subunitsvould
produce a constarthangein cGMP
concentration, which would be
independent  from its initial

concentration®. Furthermore it has

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

closed by a given flash, independently from the background intetfsifshus, all these

mechanismdgnvolved in the initial phase of phototransdoctishould be considered as

independent from background light

Intrinsic_gain of R* activity The decrease in sensitivity of photoreceptodsie to a

background light stimuluswas relatedto a reduced increment of the activatiand

amplificationreactionsof phototransductioiffrom the activation oR* to the activation of

E*) as an effect of the dezase of calcium concentration in the 8%, This hypothesisvas

rejectedon the bases aéxperimental evidences thshowed thaindependently from the

14









































































































































































































