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The photoreceptor cells of the vertebrattna share a common morphological design andecatdr scheme fof
phototransduction. Within this framework, there great functional differences with respect to respaaplification, kinetics
and adaptability to different mean light levelssfj between the two main classes of photoreceptmis,and cones, and second,
between different taxonomic groups. The presentishasalyses functional differences and similaritiesween i) mammaliap
and amphibian photoreceptors, and ii) rods and <dne studying effects of temperature on electrojiygical responsd
properties.

The research is based on characterisafigensitivity and photoresponse kinetics in radd cones of two mammals (rat
and mouse), and two amphibians (frog and toad).dPésponses to light pulses of incremental stremgtte recorded by th
electroretinogram (ERG) technique across isolatpdréate-treated retinas at different temperaturdise range 2 - 37C, and at
different levels of mean illumination.

One objective was to investigate how theomijnctional differencebetween different vertebrate photoreceptors can be
explained without assuming large differences inptaperties of the phototransduction molecules. Aegalrconclusion is that gt
the same temperature photoreceptors of mammalampthibians exhibit similar functional properties.rbds, the remaining
differences in the electrophysiological propertias largely be explained by differences in outgmsent size and morphology.
In cones the picture is more complex due to thélgifplded structure of the outer segment as welhaspresence of thermg
isomerizations of visual pigment, which may occua aate possibly high enough to ‘light-adapt’ coimedarkness.

Another objective was to relate the capdoit temporal integration of dark-adapted rod pheteptors to the integratig
time of vision and absolute visual sensitivity. Aosig correlation was found between temporal integmnain rods and in &
visually guided behaviour of toads at different pematures. The results allow the conclusion thapteal integration is mainly
set by the rods and explains a considerable paliffefences in absolute visual sensitivity betwaerphibians and mammals.

The thesis also includes a project incllthe aim was to develop a method where the vettebgtina could be used ag
biosensor for monitoring controlled drug releasenfrtemperature-sensitive polymeric carriers. Theetigped method enablg
accurate concentration determinations of the matta 3-isobutyl-1-methylxanthine (IBMX) based on tkquare roof
dependence of photoresponse kinetics on [IBMX] disced in the work. Moreover, the biocompatibilitydsfig carriers can b
assessed by the degree to which rods retain statdéidn in the presence of the carrier moleculéisomonomers.
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Tiivistelma

Verkkokalvon nakéaistinsolut ovat morfologijanfototransduktion (valon muuttaminen sahkdisekgnaaliksi) puolesta
paapiirteissédn hyvin samankaltaisia kaikilla selkfiaisten ryhmaéan kuuluvilla elaimilla. Toiminnsilita eroistd
merkittavimmat  liittyvat valovasteen vahvistukseeja kinetikkaan sek& nékoaistinsolujen sopeutunmseeri
valaistusolosuhteisiin. Tassa vaitostydssa seliitetoiminnallisia eroja i) tasalampdisten nisékdeén ja vaihtolampdiste
sammakkoeldimien nékoéaistinsolujen valilla seka yiigisesti sauvasolujen ja tappisolujen valillakioalla lampétilan
vaikutusta néakdaistinsolujen valovasteisiin.

Tutkimus pohjautuu nékoéaistinsolujenkkgyden ja vastekinetiikan karakterisoimiseen kdladeisakaslajilla (rotalla jg
hiirelld) sek& kahdella sammakkoeldinlajilla (sarkoi ja rupikonnalla). Nékoaistinsolujen sahkoigésteita intensiteetiltdaah
kasvaviin valopulsseihin rekistergitiin eristetyrerkkokalvon elektroretinogrammitekniikalla (ERG).ittukset suoritettiin
laajalla lampétila-alueella (2 - 3T) ja useilla taustavalointensiteeteilla.

Yksi vaitostyon paatavoitteista oli seié, onko valttimatonta olettaa merkittavia efojatransduktion molekyylitaso
mekanismeissa selittdméan nakdoaistinsolujen toiaflisia eroavaisuuksia. Yleisena johtopaatoksendettinel, ettd samass
lampdotilassa nisakkaiden ja sammakkoeldinten n&ktaolut toimivat hammastyttavan samankaltaisestiavaitut
eroavaisuudet selittyvat sauvoissa suurelta osinjeso kokoeroilla. Tapeissa asia on huomattavastnimutkaisempi mm
tappien ulkojdsenen rakenteen takia. Liséksi tapeigikopigmentin termisten aktivaatioiden taajuusiin suuri, ettéa se vdi
toimia siséisena taustavalona.

Toisena p&aatavoitteista oli verrata g@Eadaptoituneessa tilassa temporaalista integraatigtkdaistinsolujen j&
kayttaytymistason naon valilla. Tulosten pohjaltaitin p&atelld, ettd temporaalinen integraatio ihyvahaisessa valosga
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vapautuksessa lampéotilaherkistd polymeereistd. Méma perustuu tyéssd havaittuun  nelidjuuririipputeen
valovastekinetiikan ja malliladkeaineen 3-isobuttymetyyliksantiinin (IBMX) pitoisuuden valilla jese mahdollisti hyvin
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1 Introduction

Vision is arguably the most important sense for &osnand for other quickly moving
animals, including other vertebrates as well asrapods and molluscs. The importance
of vision to human behaviour is seen in the stmgctf the brain, where more than half
of the cortical area is dedicated to processingalismformation captured by our eyes.
The coordinated operation of eyes and brain toge#ilews us to see amazingly
varying objects in very different ambient condigsome can discern objects that are still
or fast moving, objects that contain different eokor small, detailed characters, and
identify them in greatly varying illumination.

In vision, as for all our senses, the system mrtedetoff between sensitivity and

resolution (see Fig. 1). Furthermore, this trafferoust consider different types of

resolution, which in human vision include spattainporal, and chromatic resolution.
This “optimisation space” is necessarily constrdiri®y the properties of the input

neurons, the photoreceptors. The anatomical afrpiiatoreceptors sets one inexorable
limit to the spatial resolving power (visual acyitifor a review, see e.g. Williams,

1986): with increased cell diameter and centereioker distance the spatial resolution is
degraded (Miller & Bernard, 1983; Snyder & Millekx977), although simultaneously

the quantum catch of a single photoreceptor isess®d. Similarly, the response
kinetics of photoreceptors sets limitations to temap resolution. Finally, the numbers

and distribution of different types of cones setils to chromatic resolution.

An additional feature of vision in a large spectrafrvertebrates, including humans, is
that it operates over at least a billion-fold rargfelight intensities, ranging from a

moonless starry night to bright midday sunshineis T$ets great demands on the
photoreceptors, which should encode the informaitmda neural signals despite their
relatively narrow dynamic range, which may spanofders of magnitude at best.

The optimisation problem is somewhat facilitated thye use of two classes of
photoreceptors in parallel: very sensitive, slowisrdhat are used in dim light and
somewhat less sensitive, faster cones of seveedtrsph types that underlie vision in
bright light conditions. Rods are of a single kisacrificing chromatic resolution) and
give large and slow responses to photons in diht.lifhey do have a limited capacity
for light-adaptation, i.e., for shifting their op#ing range to higher mean light
intensities by desensitization coupled to accalamanf responses. Cones, on the other
hand, have a striking ability to light-adapt anduoction in very bright light as they do
not electrically saturate at any steady light istgn(Barlow, 1972).

The present thesis focuses on the role of photptersin constraining the optimization
space of vision, particularly on the sensitivityrates temporal resolution axis. The
original papers are concerned with the physioldgioa molecular mechanisms that set
the mode of operation of the photoreceptor cefisyall as the functional importance of
temporal integration in rods in determining the dbte sensitivity of vision.
Temperature is used as an experimental tool to pon&ie the time scale of
photoresponses and the intrinsic thermal activitythee photoreceptors, which is



presumed to contribute to setting dark-adapteditbatysas well as response kinetics.
The experimental work is mainly based on photorexreplectrophysiology (ERG
across the isolated retina), but also includesidysof toad behaviour. Mammalian (rat
and mouse) and amphibian (toad and frog) rods andscwere selected for study with
a view to provide comparisons between photoreceptwat differ with respect to the
temperature and light level at which they normaljyerate, as well as the size and
morphology of the outer segments.

Primary trade-offs in vision

SPATIAL <€ > TEMPORAL

SENSITIVITY <€ > RESOLUTION

CHROMATIC

Figure 1. The “optimisation space” of vision. Compromises/é to be made between
sensitivity and resolution and between differemidki of resolution (spatial, temporal
and chromatic) in order to optimise the use of thermation carried by light at
different ambient illuminations.



2 Review of the literature

2.1 Vertebrate photoreceptors and their function

Vision is a highly complex process that requires tbordinated activity of numerous
components in the eye and brain. The initial sepscarried out in the retina, which is
part of the brain, forming a layered sheet of neanesiding in the back of the eye. The
retina has two main functions: (i) to act as agdarcer that converts photon absorptions
into neural signals and (ii) to perform the firg¢ss of neural analysis and encode the
end result into spike trains that are sent to ttaénb The first task is accomplished by
two types of photoreceptors, rods and cones, othvhods operate in dim light and
cones in brighter light.

Almost all vertebrates have at least two cone typaisonly a single rod type. The

different cone types are mainly distinguished kg plart of the light spectrum to which
each is most sensitive. The spectral sensitivitp photoreceptor is determined by the
light-absorbing properties of a so-called visuagnpent (sometimes modified by
absorbing structures in front of the pigment). Eiesorbance spectrum of a pigment
describes the probability of a photon to be absbdsefunction of its energy, inversely
proportional to its wavelength. Once absorbed, dffect of each photon on the
photoreceptor is independent of the wavelength lfRums 1972). Thus wavelength

discrimination always requires comparison of sign&om different cone types,

providing the basis for colour vision. With thredfefent cone types in the retina,
humans have trichromatic vision in bright light a colour vision in dim light, as

there is only one rod type in the retina.

2.1.1 Morphology

Rods and cones of most vertebrates can be morpballygdistinguished from each

other. The first observations of these cells wekely made as early as 1722 by
Anthonie van Leeuwenhcek who studied human retimaibyoscopy (Jsterberg, 1935).
The proper discovery of “light sensitive photoreioep’ and understanding of their
functional meaning, however, had to wait until ghedies of many different animals by
Gottfried Treviranus in 1834 (Finger, 2001).

The cellular organization of rods and cones is dioaimilar. Both consist of an outer
segment where vision is initiated and which corgatine visual pigment and other
transduction molecules, an inner segment where boktaprocesses take place, and a
synaptic terminal transmitting the visual signals $econd-order neurons. The
morphological features making rods and cones ofymantebrates appear different is
the generally ‘rodlike’ shape of rod outer segmesatisus the slightly tapered shape of
cone outer segments (Fig. 2). In rods, the shapsated to maximizing quantum catch
by packing a high density of visual pigment in eg&anumber of separate membranous
discs resembling a stack of coins. This differgrfroones, where the membrane that
holds the visual pigment typically forms a smallember of infoldings contiguous with
the external cell membrane. (Rodieck, 1998).



In rod and cone outer segments the visual pigmeiécules constitute about 95 % of
all the membrane proteins (Nathans, 1987). Themifft outer segment morphology of
rods and cones might affect the level of theirimsic noise. It has been suggested that
the isolation of the outer segment discs from tkieaeellular medium in rods may be
one factor allowing the great stability of the ragdual pigment (Burns & Lamb, 2003).

ROD CONE

lc

Figure 2. A schematic illustration of rod and cone phot@gtors. In rods the ‘rodlike’
outer segments (OS) have separate membranous hiddsg visual pigments and
other phototransduction proteins whereas in comesdlightly tapering outer segments
contain these proteins in infoldings of the celimbeane. In both photoreceptors there
iIs an inward current into the outer segment andwaut current out of the inner
segment (IS) forming a current loop in darknessight induces a change in this
circulating current (1) which in rods lasts consrdély longer than in cones (see traces
Ir for rods and ¢ for cones). The resulting membrane hyperpolar@ai\ for rods
and & for cones, modified by voltage-sensitive conduwstanin the inner segment
compared with the outer-segment current responsejutates transmitter release from
the synaptic terminals (ST). The figure is repmhtath minor modifications from Burns
& Arshavsky, 2005, Copyright (2005) with permisdiamm Elsevier.

Rod and cone morphology differs also in the inmgnsent, which is thicker in cones to
enable funnelling of light into the outer segmeéntboth cell types the contents of the
inner segment appears to be quite similar, inclydine nucleus and other usual



organelles e.g. for protein synthesis and procgsaimd cell metabolism (Rodieck,
1998). Synthesised proteins needed in the outenemtyare moved from the inner
segment through a narrow connecting cilium (Wolfrién Schmitt, 2000). This
structure, with microtubules and molecular mot@she only intracellular link between
the morphologically and functionally distinct connjpaents of the inner and the outer
segments and is, therefore, crucial for photorexefpinctioning (Schmitt & Wolfrum,
2001).

The ending of the inner segment, the synaptic t@mis known as the pedicle in cones
and spherule in rods. The names refer to the sgnapsphology: cone pedicles are
large and conical with flat end-feet whereas rolesples are small and round. Both
types of endings are filled with synaptic vesicle@ntaining the neurotransmitter
glutamate (Rodieck, 1998).

2.1.2 Phototransduction and photoresponses

Vision begins with the absorption of light by a malle of visual pigment and its
transduction into an electrical signal, a photooesg, via a G-protein cascade in the
photoreceptor outer segment. This process, calfedofransduction, is similar in all
vertebrate rods and cones (Pugh & Lamb, 2000).lIG&-g@rotein mediated signalling
cascades, phototransduction is arguably the onéstkaown in greatest detalil.

Visual pigments have been under intense investigagince the discovery by Franz
Boll about 130 years ago, that light acts directlya chemical substance in the retina,
“Sehpurpur” or “rhodopsin”, which is “bleached” whdluminated (Boll, 1877; for a
review see Lu@t al, 2008). Knowledge about rhodopsin and its decoitipady light
increased rapidly by the findings of Wilhelm Kihmethe late 1870s as well as of
George Wald, Ruth Hubbard and others in the 198@s1840s (Kihne, 1878; Wald,
1968). The absorption spectrum of rhodopsin wasrdehed as early as 1894 by A.
Koenig (Koenig, 1894), and was correlated with diight vision in 1922, when Selig
Hecht and R. Williams determined the relation bemvéhe frequency of light and the
intensity needed to produce a colourless sensatitre human eye (Hecht & Williams,
1922). Ragnar Granit and Carl M. Wrede (1937) irtgodty correlated the
psychophysical data with retinal neurophysiology ljectroretinogram (ERG)
recordings of the spectral sensitivity of rods. Wl950, 1951) showed that the initial
event in visual excitation was the isomerisatiorthad vitamin A aldehyde prosthetic
group (the “chromophore”) of the visual pigment ewlle from the 1ZLis to the all-
transform.

After Granit's ERG experiments it was not until thred-1960s before the picture of
how the absorption of a photon by a visual pignteggers an electrical signal in the
photoreceptor cell started to become clear. By 1®Was understood that in darkness
there is an inward movement of positive charge thtoouter segment and an outward
movement of positive charge from the inner segneegdting a current loop known as
the “dark current” or the “circulating current”, whidk suppressed by light (Hagies



al., 1970). Soon after these findings it became evitet light-induced changes in the
current were mediated by an intracellular secondsereger. Whether this messenger
was C&" or cyclic guanosine monophosphate (cGMP) was tiiest of a long and
intense debate. In the mid-80s the question wasitddy resolved by the patch-clamp
experiments of Fesenla al. (1985), showing that the light-sensitive chansalirectly
gated by cGMP (without phosphorylation, the finstls channel characterized) (cf. also
Yau & Nakatani, 1985). Thus €4s not an intracellular second messenger mediating
the light-induced change in circulating current, bstead, it constitutesa. 15 % of the
primarily Na'-carried ion current flowing into the outer segmefihis current is
maintained by NdK* ATPases located in the inner segment cell membaankits
suppression by light leads to a decrease in irtedae C&* concentration due to
continuous extrusion from the outer segment vi&Gi" - K* exchangers.
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Figure 3. The phototransduction cascade. The first steppencascade is the absorption
of a photon by a visual pigment molecule (here dpsih, R). The activated rhodopsin
R* contacts G-proteins (G) and catalyses the reactin which active form of G-
protein, G, is produced (Steps 2 and 3), Gan bind to the inhibitory subunit of the
phosphodiesterase (PDE) and binding gft® both of the subunits of PDE activates
its o and  subunits which are then able to catalyze the hydre of cyclic guanosine
monophosphate cG (cGMP in the main text) (Stefpl#g.decrease in cG concentration
leads to closure of the cyclic nucleotide gatedneigds (CNGC) of the outer segment
and decrease in the circulating ion current (Stg¢pThe figure is reprinted from Lamb
& Pugh, 2006, Copyright (2006) with permission fr@ime Association for Research in
Vision and Ophthalmology.

Activation

The very first step of phototransduction is thevation of visual pigment molecules
acting as light detectors in photoreceptor cek® (Big. 3). Visual pigments consist of a
light absorbing “chromophore”, which is a form oftamin A aldehyde (retinal),



covalently bound to a 7-transmembrane G-proteiplealreceptor protein called opsin.
Absorption of light isomerizes the chromophore fribra 11¢€is configuration to the all-
trans configuration on an extremely shoda( 200 fs (Schoeleiet al, 1991, Wanget

al., 1994)) time scale leading to conformation changeshe protein part of the
molecule (Wald, 1968). As a result of these changles protein transforms to its
activated (catalytic) form, which initiates the pbiwansduction cascade. The activated
form of visual pigment binds and activates the Gtgin transducin, which in turn
activates phosphodiesterase (PDE). Activated PDHrohyses cyclic guanosine
monophosphate (cGMP, cG in Fig. 3), which acts asaperative channel gatekeeper
in the outer segment of photoreceptors so thaetises cubic dependence of membrane
conductance on the concentration of cGMP (Fesehlab, 1985). The concentration of
free cGMP in darkness is high holding cGMP-gateaihciels open. Light-induced PDE
activity leads to a decrease in cGMP concentratidnich reduces the probability of
cGMP binding to the cation channels, causing chiartoeclose.

As the cation channels in the outer segment clts®e is a reduction in the dark
current which leads to hyperpolarization of thd eeld a decrease in neurotransmitter
(glutamate) release from the synaptic terminal. €leetrical signal generated in this
manner is the result of a massive molecular ancplifon: in rods a single
photoisomerization may cause hydrolysis of flecules of cGMP and interrupts the
flow of at least 10 cations into the cell (Burns & Baylor, 2001). Thmplification,
which is qualitatively similar although lower inmes, arises mainly from the following
three processes. First, a photoisomerized rhodopsitivates many transducin
molecules. Second, each PDE molecule activatedrdnsducin hydrolyses a large
number of cGMP molecules. And third, multiple chelsneach allowing the influx of
cations at a high rate, close in response to the iir cGMP concentration. This cascade
creates considerable amplification: in a humamattiod a single photoisomerisation
reduces the circulating current by approximate®p 2t peak (Rodieck, 1998). In cones,
however, the molecular gain of phototransductiomigh lower than in rods (Kefalov
et al, 2003; Kawamura&Tachibanaki, 2008). The lower gamd faster response
recovery in cones results in lower cone light densi: a single photoisomerisation
reduces the circulating current by 0.1 % or legseak in primate cones (Schnapfal,
1990).

Deactivation

The visual system signals continuously about chaimgéhe light environment, and for
this to be possible, termination of the respond@hd in a timely manner is as

important as the onset of the response. Thudhalkhttivation steps induced by light
have to be terminated soon after their onset tblerzhotoreceptors to respond to
subsequent light stimulation. This deactivationha&f response is an active process and
it requires shutdown of the visual pigment, tramsid@and PDE, as well as restoration of
the cGMP level by activation of guanylyl cyclasen ®longer time scale, visual
pigment has to be regenerated, as the deactivagewpt cannot be activated by light.
The first step in termination of the light respomséhe shutdown of the visual pigment.
It is initiated by phosphorylation of the activegpient at several sites by rhodopsin



kinase (Kuhn & Wilden, 1987; Newton, 1997). Thedeogphorylations reduce the
catalytic activity of the active visual pigmentstepwise manner (Wildeet al, 1986)
but for complete deactivation, the binding of atiress also needed. This process
eventually shuts off the visual pigment activityreyenting further binding and
activation of transducin molecules.

Deactivation of the visual pigment alone is notfisiégnt for rapid termination of the
light response. Transducin and PDE activity nesd & be shut off. In its active form
transducin has guanosine triphosphate (GTP) bowndne of its subunits. The
transducin-PDE —complex is inactivated when GTRydrolysed in a process requiring
an accelerator protein RGS9-1 and a protefgblG(He et al, 1998; Makinoet al,
1999).

Ccd"* feedback is important for several steps of thetiltion processes. Upon closure
of the outer-segment cation channels by light,ekieusion of C&' ions by N&/C&* -

K* exchangers leads to a decrease in intracellulaf @acentration. One important
C&*-dependent deactivation mechanism is the restorafithe concentration of cGMP
to the dark level. This is achieved by synthesic®MP by guanylate cyclase (GC),
whose activity is regulated by the calcium depebhdgmanylate cyclase activating
proteins GCAP1 and GCAP2 (Pugh al, 1997). In addition to cGMP synthesis, the
regulatory negative feedback mediated by'@afluences rhodopsin kinase activity and
reduces the affinity of the light-sensitive catmrannels for cGMP through calmodulin.
In all these processes, the drop of ‘Czoncentration acts to restore the receptor dark
current.

For photoreceptors to restore their full dark-addgensitivity, the visual pigment must
be regenerated. The athns retinal is detached from the opsin and transpaditetthe
retinal pigment epithelium (Saaet al, 1982; Bunt-Milam & Saari, 1983; Jonetal,
1989), or to Muller cells for cones (Maga al, 2002), where it is reisomerized to the
11<is form and delivered back to the photoreceptors, revhie binds to opsin and
reconstitutes the visual pigment (for a review, lse@b & Pugh, 2004)

Modelling photoresponses

Responses of photoreceptors to light are produgetthd transient decrease in cGMP
concentration in the outer segment described ab®he. resulting change in the
circulating current (see for rod and ¢ for cone in Fig.2) depends on the light intensity
such that at low intensities the amplitude of thetpresponse increases linearly with
the stimulus intensity, retaining the response i@we At high intensities, when the
number of open channels and thus the circulatingrenti approaches zero,
photoreceptors saturate, indicating that the resp@mplitude can no longer increase
with increases in light intensity, although the éimgpent in saturation does. Temporal
parameters of responses in all these light regicamsbe used to constrain molecular
models of phototransduction.



The current knowledge about the molecular schenaetfation is sufficiently detailed
that the time course of the onset of photoresporaesbe predicted accurately by
physiologically-realistic mathematical models. Omielely used model of this kind is
the ‘activation model' developed by Lamb and Pud@®9@). The model does not
include inactivation reactions and is, thereforjdsonly at relatively short times after
the stimulus. A model covering all aspects of phegponses does not yet exist (see e.g.
Hamer, 2000). However, there are models descritibrey full waveform of rod
photoresponses in restricted conditions (such &oridiv et al, 1998) obtained by
including certain simplifications of the phototrdastion cascade.

2.1.3 Light adaptation

The vertebrate visual system operates over a viely kange of light levels: from a dark
night to bright daylight the intensity increases®\by a factor of 10 On the other
hand, the working range of neurons is much narrobeing about 2 log units on
average. The problem arising from this differensesolved by adaptation acting to
adjust the operating range of visual system tolbtha time within a physiologically
useful region of light intensities, i.e. being atderespond in graded manner to the most
commonly occurring contrasts. Primarily, this addéiph has been observed to be of
retinal origin and a property of photoreceptorswideer, a big part of the extension of
the dynamic range of rod vision is a result of aéaonvergence occurring in the rod
pathway.

As described in the previous chapter, the photsttaction cascade allows dark-
adapted rod photoreceptors to respond reliably $mgle photon. Yet, photoreceptors
need also to retain function in conditions where thean light level is increased by
several orders of magnitude. By way of light adapta the sensitivity of the
phototransduction cascade is rapidly decreasebdatsaturation does not occur and the
receptor can respond to light stimuli in the preseof the background illumination (see
Fig. 4). Adaptation that occurs in the presencet@hdy illumination of relatively low or
moderate intensity is termed light adaptation orckiggound adaptation. In
electrophysiological recordings, light adaptatisncharacterized by (i) a reduction in
cell’'s sensitivity (measured as a decrease in tmpliude of the single-photon
response) and (ii) acceleration of response regover

The molecular mechanisms of light adaptation areyet fully understood but their
ultimate effect is to keep a fraction of the cGMé&tegl channels open in varying
background illuminations to retain responsivenelse findings of Nikonovet al.
(2000) showed that the gain of the activation phafsphototransduction is unaltered
under light adaptation. This means that moleculechmanisms of light adaptation do not
operate via the gain of the activation steps btheravia the lifetimes of active
substances. The cellular events known to medigte ladaptation are (1) calcium-
dependent mechanisms, (2) increased steady-state RBEuvity, (3) protein
translocation and (4) pigment bleaching. Respoonsgcession (decrease in the number
of open channels under steady background lightilse often characterized as an



adaptation phenomenon although it is more a comseguof working against a limit
where all the channels are closed. (Burns & Larb32
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Figure 4. Responses to brief (20 ms) flashes of light ¢ogeahe working range of rat
rods in darkness (black traces) and at an illumioatactivating ca. 22 rhodopsin
molecules per rod per second (Rh*/s) (gray tracd3)e to light adaptation the
intensity of the stimulus light needed to produagesponse of the same fractional size
was 5-fold higher at the background illuminatiorathin darkness. In darkness the
stimulus intensities were 1.7, 5.4, 17, 54 and 5800 and under the background
illumination 8.5, 27, 85, 270 and 27 000 Rh*.

Calcium and light adaptation

In darkness the inward movement of positive chdalhgeugh the cGMP-gated cation
channels is mainly carried by Naut also C& ions, so that there is a continuous influx
of C&" ions to the photoreceptor outer segment>* @a extruded from the cell via
Na'/Ca* - K* exchangers (Hodgkiat al, 1987; Nakatani & Yau, 1988). Light closes
the channels and decreases the influx of' @ms. The extrusion of €5 however,
continues and this leads to a decline in intrat®liG&* concentration.

The light induced decrease in Caconcentration affects at least three inhibitory
processes in rod outer segments. The mechanismbergynilar also in cones although



much less is known about them. Most important eééhnegative feedback mechanisms
is the C&'-dependent regulation of GC activity (Koch & Styr£®88). It is mediated by
GCAPs, which stimulate rapidly cGMP synthesis by Cresponse to the fall in
intracellular C&" (Palczewskiet al, 1994; Palczewskiet al, 2004). Here it is
noteworthy that in addition to affecting the recovef the flash response, €a
dependent regulation of GC activity also contrbls steady state level of cGMP under
continuous illumination.

The second negative feedback mechanism is theatsmulof rhodopsin activity by the
C&*-binding protein recoverin. Gabound recoverin inhibits the activity of rhodopsin
kinase and thus prevents it from phosphorylatingddpsin (Kawamura, 1993;
Gorodovikovaet al, 1994). The decrease in intracellularCin light relieves this
inhibition and leads first to a faster rhodopsiadtivation and consequently to a lower
level of active PDE molecules (Gray-Kellet al, 1993; Koutaloset al, 1995;
Matthews, 1997).

The third C&*-dependent feedback mechanism is the calcium régulaf the cGMP
channels by calmodulin or calmodulin-like prote(ftsu & Molday, 1993; Nakatarat
al., 1995; Bauer, 1996). The reduced?Ceoncentration in the presence of light is
followed by calmodulin dissociating from the chahmdnich increases its affinity to
cGMP (Gordonet al, 1995). This feedback mechanism may be minor s rbut,
instead, it is quite probably significant in coriBebriket al, 2000).

Contribution of elevated steady-state PDE actitatyight-adaptation

The steady-state PDE activity is increased in @mstlumination. Although this is a
direct consequence of phototransduction it providesmajor contribution to
photoreceptor light-adaptation behavior (Nikonew al, 2000). In darkness, PDE
activity is low and the absorption of even a singloton in a rod produces a large
relative change in cGMP concentration giving ris@ sizable electrical response. In the
presence of steady illumination, the PDE activisy higher and, accordingly, the
activation of the same amount of PDE by one phgiomduces a smaller relative
increase in PDE activity. This translates to a $nalelative decrease in cGMP
concentration and also a smaller electrical respaamplitude (Hodgkin & Nunn,
1988). In addition to smaller response amplitude hiigher PDE activity in light also
makes the response recovery faster (Nikoabal, 2000; Govardovskiet al, 2000).
The contribution of elevated steady-state PDE #gtto light-adaptation is remarkable
in rods but less important in cones due to ~10-foggher dark PDE activity (Holcman
& Korenbrot, 2005).

Contribution of pigment bleaching to light-adaptati

At higher background light intensities, bleachin§l the photopigment starts to
contribute to light-adaptation (Rushton & Henry68% This adaptation mechanism is
based on the loss of visual pigment, which deceegd®toreceptor sensitivity by
reducing the probability of successful photon apson. In rods, pigment bleaching has



a negligible role in light-adaptation whereas ime®, which are capable of functioning
even when a substantial fraction of their pigmenbleached (Burkhardt, 1994), this
mechanism is particularly important. In cones, mgirbleaching, together with the fast
regeneration of the bleached pigment provides mdanavoid saturation at any
illumination (Barlow, 1972; Shichidat al, 1994). Furthermore one must consider in
both rods and cones that the bleached visual pigmen chromophore-free opsin, is
known to activate transducin at a low level thusemsitising the cells (Cornwadt al.
1994&1995).

Light-adaptation and protein translocation

Light-adaptation is characterised by the fact thatto intensities eliciting even 70 %
suppression of the dark current in rods the angglifon of the activation phase of
phototransduction remains invariant (Nikonetval, 2000; Sokolowet al, 2002). At
higher intensities, however, reduction in the alitamplification has been observed
(Lagnado & Baylor, 1994; Kennedayt al, 2001; Sokolowet al, 2002). This reduction is
correlated with the massive translocation of trasd from rod outer segment to the
inner segment but it is not yet clear whether thechanism mainly serves to rescue
rods from saturation in bright light or to act asnaans to minimize metabolism by
preventing excess energy consumption (Soketad, 2002; Burns & Lamb, 2003).

Recoverin and arrestin also translocate in rods ulpgmination: recoverin moves from
the outer segment to the inner segment and arresiives in the opposite direction
(Brokhyuseet al, 1985; Brann & Cohen, 1987; Phip al, 1987; Whelan & McGinnis,
1988, Strissekt al, 2005). The functional consequences of this toaralon are still
under investigation but they probably include aekd rhodopsin inactivation and
thus faster response recovery and lower light seitgi(Burns & Arshavsky, 2005). It
has also been suggested that one effect of moeicgyerin to the inner segment is to
speed up synaptic transmission (Samgatl., 2005).

2.2 Impact of physical variables other than light

In all vertebrates studied the photoreceptor dalition in the same general way (see
Pugh & Lamb, 2000). Yet the electrical responsdfedin kinetics, amplitude, and
sensitivity. The differences are likely to arisepart from the properties of the different
isoforms of the phototransduction molecules betwes@mal species and between rods
and cones. However, there are two important phlyfctors that have to be considered
when comparing photoreceptors from different spedemperature and photoreceptor
morphology. In the present work, rods and conesotti amphibians and rodents were
studied. These photoreceptors differ significanthith respect to normal working
temperature and/or morphology. Temperature isalsseful experimental variable.



2.2.1 Temperature

On an early autumn day, the outside temperaturesasity change by 10 or even 15 °C
between night and daytime. The body temperaturangphibians changes with the
ambient temperature, whereas in mammals body tetyerremains constantly near
37 °C.

In amphibians, temperature has many effects tleatliscernible both at the behavioural
cellular level. The active behaviour of frogs amads, for example, depends on the
ambient temperature so that movements get slowkmadr temperatures (Putham &

Bennet, 1981). These animals also stop feedingnapératures below 7-8 °C (Larsen,
1992; Aho, 1997).

Changes at the cellular level reflect the geneff@cts of temperature on molecular
motion and reaction times. Baylet al. (1983), Lamb (1984) and Donnet al. (1988)
studied the effects of temperature on photoreceptmction by recording rod
photoresponses in toad and frog retina at diffetemperatures. They found that
kinetics accelerated and the maximal response amdplincreased monotonically with
warming over the whole range studied from 5 to°30 Fractional sensitivity stayed
essentially constant up ta. 10-11°C in frog andca. 13°C in toad and then decreased
with increasing temperature. They concluded thatlorease in amplitude is a result of
an increased dark conductance and the change irespense kinetics a result of the
change in diffusion of molecules within the disldgilasma membrane (Lamb, 1984).

The effects of temperature on phototransduction

The phototransduction reactions occur both in teenbbranes and in the cytoplasm and
are, thus, dependent on the rates of diffusiorhefphototransduction molecules in the
lipid and water phases. As temperature is a meaduitee kinetic energy of a system,

higher temperatures imply higher average kinetiergy of molecules and more

collisions per unit time. Therefore, it is evidetfiat all the reactions involved in

phototransduction are accelerated when temperetunereased.

Furthermore, at higher temperatures spontaneoest{ti) activation of any component
of the phototransduction reaction chain will becommre frequent. Especially
important will be the spontaneous activation ofugispigment molecules, because the
signal triggered by such an event will be amplifiecbugh the transduction cascade to
produce a quantal electrical response indistinglilshfrom the response to a single
photon. The idea of activation of visual pigmentthgrmal energy was proposed by
Autrum (1943) but the first direct experimental damce came from suction pipette
measurements of dark current fluctuations in singéel rods by Bayloet al. (1980).
They showed that discrete decreases of the ligiiteee current (dark events) that are
indistinguishable from photon-triggered events odacuabsolute darkness. It is now
commonly accepted that these events are initiaedhbrmal activation of visual
pigment molecules. In all vertebrate photorecepttuslied so far their frequency of



occurrence is observed to be temperature depemdtimt ca. 3-4 fold rise per 16C
(Baylor et al. 1980; Matthews, 1984; Sampath & Baylor, 2002).

In addition to visual pigment, other proteins ok tphototransduction cascade (G
protein, PDE) can also be activated by thermal ggneFheir activation produces so-
called *“continuous” noise, the relative importanad which varies among
photoreceptors. It now seems that the dominannsitr noise in many cone types and
even in some rod types may originate downstream fitze visual pigment (Luet al,
2008; Ala-Laurilaet al, 2007). A basic difference, however, is that oplgment-
originated noise can be truly “photon-like”, sintdee amplification of any events
initiated downstream in the transduction cascadstnm principle, be smaller.

2.2.2 Geometric factors

Vertebrates form a highly diverse group of animal®rrespondingly, within the
framework of a common structural scheme, phototecepells show enormous
variation in detailed morphology (see e.g. Wall842), and the rod/cone dichotomy
was established in early histological studies (8zkhu 1866). It is obvious that such
differences generally have a functional “meaninghy attempt at understanding
function and modelling photoresponses must take atcount simple size parameters
like outer segment diameter, length, surface aridnve, and especially the surface-to-
volume ratio.

Rods and cones differ widely in size among spediresnammals and birds the outer
segments are generally slender compared to phefaigs of poikilothermic
vertebrates: mammalian rod outer segments are ZBK@0smaller than those of
amphibians (Lamb & Pugh, 2006). Furthermore, tlze siifference between rods and
cones in amphibians is often quite remarkablevtiieme of the outer segment of cone
photoreceptors may be 30-70 times smaller thandahtite rod outer segment (Donner
et al, 1998; Kawamura & Tachinabaki, 2008). In mammhiscontrast, rod and cone
outer segments are more similar in size.

The functional consequences of the size differerares not yet fully understood.
Advantages of having thin outer segments are tbd sliffusion distances from disks to
the plasma membrane, and the smaller volumes wiemese in cGMP concentration
in response to light have to be achieved. In phatsduction this means that the same
rate of PDE activation will produce a faster changeGMP concentration in thinner
outer segments. In addition, the transduction $igpaeads longitudinally further in
thinner photoreceptors compared to thicker onesnlde& Reuter, 1981; Holcman &
Korenbrot, 2004). On the other hand, as the coragon of the visual pigment is quite
constant in all photoreceptors, long outer segmalibsv very efficient photon catch,
but a large outer segment volume also implies & lugntent of potentially noise-
producing pigment molecules.



Another important photoreceptor parameter is thitasa-to-volume ratio. Thicker cells
provide lower surface-to-volume ratios and are tkasrgetically more economical.
Expressed somewhat differently, the metabolic pestretinal area of maintaining the
light-sensitive current is smaller for few thickteusegments than for many thin outer
segments. The difference in surface-to-volume rafipears especially pronounced
when comparing cones with rods. Due to the foldaterosegment membrane cones
have a greatly increased surface-to-volume ratihvts important in speeding up the
rate of change of intracellular ion concentratioespecially calcium (Burns & Lamb,
2003). Furthermore, the higher surface-to-voluni® rarovides faster recovery of the
cell after a bleaching exposure (Ala-Lauriizal 2006).

2.3 Rods and the absolute sensitivity of vision

Any visual performance is ultimately constrainedthg information provided by the
retina. A dynamic electrical image of the outsiderie is created in the retina based on
the signals of photoreceptors. In dim light, whigne light sensitivity of cones is too low
for these cells to signal the arrival of single f@ms, vision relies on the rod system. On
the other hand, bright light saturates rods ansuich illumination the electrical image
of the outside world is based entirely on cone premteptors. At low light levels where
the small number of photons and their stochastigradimit the amount of information
gathered by rod photoreceptors, retinal convergenessential: rod signals are pooled
in a series of convergent connections to ganglats cending signals from thousands
of rods to higher visual centres (see e.g. Ahal, 1993), providing a way to obtain
visual sensitivity much higher than the sensitivafyindividual rod cells. In mammals
this pooling occurs in a specialized circuitry reéel to as the rod bipolar pathway and
it transmits light-evoked rod signals to the retiganglion cells via rod bipolar cells,
All amacrine cells and cone bipolar cells (Daché&nRaviola, 1986; Smith et al.,
1986). Another important factor facilitating higtbsmlute visual sensitivity is the
slowness of electrical responses of rods, whicHieaghat the neural trace left by each
photon in each individual rod persists and is suthmigh the traces of photons arriving
earlier/later over long times. This temporal sumaomgt together with spatial
summation, is how the rod system maximizes phot@pture and thus sensitivity,
although spatial and temporal resolution is sirmdtausly degraded (Barlow, 1982).

As described above, at low light levels, vision elegs on rods being able to signal
single photoisomerizations reliably. This featufettee rod system, however, implies
that ‘false’ photon-like events due to thermal \aafiions of visual pigment are also
processed as visual information. The idea thabwisit very low light levels may be
limited by a “dark noise” due to spontaneous atiives of visual pigments is from the
middle of the twentieth century (Autrum, 1943; Bav| 1956). It was shown by Ahet
al. (1988, 1993) that absolute dark-adapted sensitimitoads is indeed close to that
allowed by the rates of thermal activations meastumesingle rods. Thus thermally-
generated photon-like events produce “dark light*imner background light” that light
signal must exceed to become detected. Viewed thasnperspective, visual detection
can be seen as a statistical problem: the photonvwihen a light stimulus is present



must differ significantly from the range of photdinxes plus dark light when the
stimulus is absent (Barlow, 1956; Barlow, 1957).

In individual rods, thermal activations do not regent a notable source of noise due to
the extremely stable nature of the rod visual pigimen average, each molecule of e.g.
toad rhodopsin is thermally activated oncecm 3000 years at room temperature
(Baylor et al, 1980). By contrast, in cones the rate of sportase&ctivations of visual
pigments may be 3-4 log units higher than in rddrlpw, 1958; Bayloet al, 1984;
Rieke & Baylor, 2000; Sampath & Baylor, 2002). Téfere, in L-cones of at least some
species thermal activations of visual pigment maynfthe dominant source of noise,
especially at higher temperatures (Rieke & Bay2®Q0). In primate L-cones, however,
only a minor fraction of the very considerable dadise appears to be due to thermal
activation of visual pigment (Schnagtfal, 1990; Fuet al, 2008).

One component of photon-like noise that also netalsbe considered is the
“continuous” dark noise (Bayloet al, 1980) due to spontaneous activation of
transducin (Lamb, 1987) and PDE (Rieke & Baylor9@Pmolecules. In mammalian
rods, unlike to amphibian rods, this form of noses been observed to constitute the
main component of the dark noise (Bay&tral, 1984). However, in the mammalian
scotopic system the continuous component is supgdesy a non-linear signal transfer
from rod photoreceptors to rod bipolar cells (Fi@lRieke, 2002; Sampath & Rieke,
2004; Fieldet al, 2005). This threshold-like nonlinearity greatiyproves the absolute
sensitivity of the rod signals in the rod bipolathpwvay. In amphibian rod vision it is
unlikely for this kind of thresholding nonlinearitp occur due to extensive electrical
coupling (Copenhagemt al, 1990) and high signal-to-noise ratio (see Oka&a
Sampath, 2007). Thus, in toads the retinal gangtiells underlying the behavioral
response are likely to have access to a linear @utine full number of single-photon
responses estimated from absorptive quantum eftigie



3 Aims of the study

Basic parameters (sensitivity and kinetics) of phegponses in the dark-adapted state
and under adapting light were studied in rods amtes of two rodents (rat and mouse)
and two anuran amphibians (toad and frog). The bigective was to investigate
factors that determine the major functional differesbetween different species of
vertebrate photoreceptors, given the fundamentallagity of the phototransduction
cascade in all (rods and cones). The second olgeuwtas to relate the capacity for
temporal integration in mammals and amphibiansotb photoreceptor kinetics and to
the differences in visual sensitivity. In a separptoject the goal was to develop a
method using retina as a biosensor in experimdrndsrarolled drug release.

In paper |, the purpose was to investigate how far tempeggiamd outer-segment size)
can explain differences in rod sensitivity, resgokmetics and light adaptation between
mammals and amphibians, assuming phototransductaecules in all vertebrate rods

to be functionally similar. For this objective tledfects of temperature and steady
background light on rat rod photoresponses werdiesiuby electroretinogram (ERG)

recordings. For amphibian rods, the informatiomfrthe literature was supplemented
by ERG recordings from toad retina at different penatures.

In paper Il, the main objectives were (i) to clarify to whattent differences in the
absolute visual sensitivity of amphibians and maisniacluding humans) depend on
differences in the capacity for temporal integnatand (ii) to study whether temporal
integration at the behavioural level can be exgldihy the response kinetics of the rod
photoreceptors. Sensitivity, integration timg, @nd temporal accuracy of vision were
measured psychophysically in toads by recordingging at worm dummies moving at
different velocities at two temperatures (15 and@p To compare behavioral data to
information at the visual input the integration ¢inf;) of rods was determined by
electroretinogram (ERG) recordings across the tedldoad retina at the same two
temperatures (15 and 26).

In paper Il , the main purpose was to estimate the importahtteeamnal activations of
visual pigment as a source of ‘dark light' (actyvidf the phototransduction machinery
in darkness) in frog long-wavelength-sensitive ¢bpes. For this purpose both L-cone
and rod photoresponses were studied by electroggim (ERG) recordings across frog
retina at different intensities of steady backgeblight, using temperature changes as
an experimental tool.

In paper 1V, the purpose was to characterise physiologicgbgnaes of mouse cones
intact in the isolated retina and thus make a leridgtween electroretinogram studies of
living animals and single cell suction pipette meliogs of mouse cones. For this
purpose mouse cone photoresponses were recordedeblyoretinogram technique
from isolated retinas and the basic parameter®é photoresponses were determined
from the recordings.



Paper V presents a practical application of the prepanatemd the electroretinogram
(ERG) recording technique combined with currentwdeclge of phototransduction. The
idea was to use the (rat) retina as a biosensavaluating controlled drug release and
the biocompatibility of polymers and polymeric natractures used as drug carriers.
For this purpose ERG recordings across the isolea¢detina were performed at
different concentrations of the model drug 3-isgbttmethylxanthine (IBMX) and in
the presence of polymers or monomers alone.



4 Materials and methods

The main experimental technique used in this thess electroretinogram (ERG)
recording across the isolated aspartate-treat@tar@tV). This is a useful technique,
especially in experiments requiring long and rdéaiecordings with treatments that are
stressful for the cells, such as repeated temperahanges and use of a wide range of
background light intensities. Such experiments wdu very challenging — or even
impossible — to perform with e.g. single-cell retiag techniques.

In the ERG recordings, the flat-mounted retina wagoendicularly illuminated from
the receptor side by brief light pulses or adaptiagkground lights. The objectives of
the studies required light intensities to be adalyaconverted into photoisomerisations
per photoreceptor per second, and the absorbaonpenies of the rat retina were not
well known. For this purpose, the axial absorbaaoteat rods was measured by a
method set up by the author (I). For calibratioramphibian retinas and mouse cones,
for methods in the behavioural experiments (Il)d dor modelling of dim-flash rod
responses (1), the reader is referred to the Metlsedtions of the original papers.

4.1 Animals, preparations and chemicals

Table 1.List of animal species and experimental temperatued in studies I-V.

Species Photoreceptor| Temperature Reference
type (G

Rattus norvegicus rod 5,12, 20-40 l, V

Bufo bufo rod 15, 25 Il

Rana temporaria L-cone &rod | 7,11, 15, 20, 25 Il

Mus musculus M-cone & rod 37 \Y

Animals and preparations

The animal species used in the research of thigslaee listed in Table 1. The rodents
were lab-raised Wistar ratRéttus norvegicysand mice fMus musculusC57BI/§. The
amphibians were caught in the wild in the autumthee in Leningrad Region, NW
Russia (common frogRana temporarigor in SW Finland (common toadBufo buf9.

Before the experiment, the animals were dark-adapseially for at least 12 h but for
shorter durations in some rat and mouse experinfahtsast for 3 h). The rodents were
killed by CQ inhalation and decapitation. After decapitationd@ouble-pithing for the
amphibians) the eyes were enucleated and biseltied the equator. The retinas were
isolated from the open eyecups and the pigmenbh@pitm removed in cooled Ringer
solution (for Ringer compositions, see Methodsapey I) under dim red light.



Chemicals and polymeric materials used in the aapibon of paper V

This thesis includes also an application of the BB&hnique used in the other works,
using the retina as a biosensor to study controtleay release from polymeric
structures. The model drug in the release expatsngas 3-isobutyl-1-methylxanthine
(IBMX), purchased from Sigma. The polymeric matisrizgsed as model drug carriers in
the application were synthesised from monomersogrgylacrylamide (NIPAAmM)
and vinylcaprolactame (VCa) in Professor Heikki Ri@s research group at the
University of Helsinki. In addition, hexafluorobuyethylacrylate (HFBMA) was used
for copolymerisation with NIPAAm to modify the loweritical solution temperature
(LCST) and to increase the hydrophobicity of théypmers (Lowe, Virtanen & Tenhu,
1999a, 1999b). All these monomers were purchasenn fiPolysciences Inc.
(Warrington, Pennsylvania, USA). The thermorespangpolymers PNIPAAmM and
PVCa were synthesised from the monomers and tlex lparticles prepared as
described earlier (Lowe, Benhaddou & Tenhu, 1998).

4.2 Electroretinogram (ERG) recordings (I-V)

The basic principle in ERG recordings was to statrilthe isolated retina by light and
measure the changes in transretinal potential lmyAg/AgClI electrodes placed at the
distal and proximal sides of the retina. The retives placed in the specimen holder
(Fig. 5) so that the illumination came from the fmeceptor side, which was
continuously perfused by Ringer. The recorded Dghali was amplified 10 000x,
digitized at 200 Hz (I, 1l, lll and V) or 1000 HA{) and stored on a computer hard disk
for further analysisDuring the experiment, the retinal temperature e@srolled by a
heat exchanger placed below the specimen holdemadtored continuously with a
thermistor close to the retina.

Stimulus system

The retina was stimulated by a dual-beam opticatesy (Donneret al, 1988). The
homogeneous illumination was provided &%0 W tungsten lamp with either 519 and
503 nm interference filters (papers | and V) or 5522 and 621 nm interference filters
(paper 1) (interference filters Melles Griot, lansmission bandwidtba. 10 nm). In
part of the experiments (papers Il and IV and teggeriments of paper I) the tungsten
lamp with interference filters was replaced by 548m He-Ne laser (Melles Griot 05
LGR 173, 0.8mW). In both cases, light pulses wemviged by a computer-controlled
Compur shutter allowing a minimum pulse length 6fris. To get shorter stimulcq.
1.4 ms) for mouse cones, light pulses were gergeraith a computer-controlled xenon
flash gun (Minolta 360PX), spectrally limited byl@ang-pass edge filter (GG495 by
Schott, A > 495 nm). The intensity of the light of each loé$e sources was controlled
separately with calibrated neutral density filtensl wedges.

The intensity of the light covering homogenouslg tivhole measurement area was
measured regularly by a calibrated photodiode (EG BUV-1000B; calibration by the



National Standards Laboratory of Finland). The hgemeity of the light spot was
verified by measuring the intensity of light pagsthrough a small aperture positioned
at different points of the field.

Light-tight Faraday cage

I i
|
| _ Light guide |
i - |
| |
| |
| |
| |
| |
| |
| |
| |
: I
! Retina |
Ringer | : | !
[ |
; Iy 77 7 | ERG_
Thermisﬂlor A - isignal
: SR + !
Cooling/ | O-rin !
|
|

P |
heatmg ! 0

0

|
Heat exchanger i

Figure 5. A schematic representation of the setup useddord transretinal ERG.

Isolation of the appropriate response component

The ERG voltage signal reflects changes in alladaclirrents that occur due to light in
the resistive extracellular space of the retina. thts reason the measured signal may
contain components not only from different typegbbtoreceptors but also from other
cells, notably bipolar cells and glial cells. Iretetudies of this thesis, it was essential to
isolate as reliably as possible the signal formirgle photoreceptor type. Post-
receptoral signal components were eliminated bggudifferent chemicals. To isolate
the signal of the photoreceptor type under studierént experimental protocols were
used (see section iii) below).

i) Removal of response components from second- atfdrd-order neurons

The information from photoreceptors to second-omkurons (bipolar and horizontal
cells) is conveyed by chemical synapses throughulatidn of glutamate release. If this
synaptic transmission is blocked, the recorded ERf@al is practically free from

postsynaptic components although glial responseshtmges in extracellular ionic
concentrations remain (see below). In most of #tpeements, adding 2 mM sodium-L-
aspartate (an agonist for glutamate) to the perfustinger solution was enough to
block glutamatergic transmission. In some experisien especially when retinal



metabolism was high due to high experimental teatpee — this concentration had to
be doubled to remove the response of bipolar cells.

i) Removal of glial components

Glial (Muller) cells extend radially across mosttbé thickness of the retina They serve
as a retinal potassium buffer, releasingiéhs near the photoreceptor inner segments as
the local K concentration is decreased by illumination. Thisusion of K is balanced
by K" influx near the endfeet of the Miiller cells in timmer retina to form a current
loop. The ERG component due to this current isand slow, but it can be eliminated
by blocking potassium channels located mainly atahdfeet of Muller cells. (see e.g.
Newman, 1993). In the experiments of this thediscking was done by adding a high
concentration of BaGlin the lower electrode space of the specimen hopfcam where

it could slowly diffuse, mainly to the proximal sicf the retina (Bolniclet al, 1979;
Donner & Hemild, 1985; Newman, 1989), with minimeffects of B&" on the
photoreceptors themselves. In rodent experimehts,concentration was 10 mM, in
anuran experiments a concentration of 3 mM was wsteq

i) Isolation of the photoresponse of rods or L-cnes

Mammals have only one type of rod photoreceptothénretina. Frogs and toads have,
in addition, blue-sensitive so-called “green” rogkich are really morphologically
modified cones. The proportion of the latter is Bmlaowever, and as their peak
sensitivity lies at ca. 431 nm, their contributtonthe ERG signal when stimulated with
lights > 500 nm is negligible. This made the isolatof the rod component from the
ERG-signal easy in all the animals used here: uiccdbe done solely based on the
slower kinetics and higher sensitivity of rods carga with cones.

The anuran retina may contain three cone typesi-simiddle- and long-wavelength
sensitive S, M and L cones (Liebman & Entine, 1988tosi, 1975; Koskelainegt al,
1994). Of these, M cones have never been reliadgtified inRana temporariaand
Bufo bufg and the response contribution of S cones is gibigi at the stimulus
wavelengths used. To isolate the L-cone respomse the rod response two different
experimental procedures were used. One methodgyoonfidently dark-adapted cone
responses was a subtraction method (paper Ill) doase the spectral sensitivity
difference between rods and cones and describeétail by Donneet al (1998). In
this method, the “pure” rod response to 552 nmtlifglod favouring stimulus) is
subtracted from the response to 642 nm light withequivalent rod component but a
much larger L-cone component (for illustration amdre information see Fig 1. in
paper 1ll). The small cone component in the 552 nesponse used for subtraction is
then restored by adding the response to a coneadgat 642 nm flash to obtain a
‘pure’ L-cone response. The other method (paperaNgwing distinguishing of cone
responses from responses of spectrally similar nsdsa double-flash technique
(Koskelaineret al, 1994) where a rod-saturating flash is followgdalcone stimulating
flash. The time between the flashes is definedhab ¢ones have recovered from the
first flash while rods remain saturated.



General experimental protocol

The goal of the experiments in this thesis was haracterise certain functional
properties of rods and/or cones by recording respdamilies to flashes of light with

increasing intensity covering the dynamic rangethsd photoreceptor type studied.
Responses were recorded (i) in the dark-adaptéel staifferent temperatures (I-111) or

at fixed temperature (IV), (i) under a series tdagly adapting lights of increasing
intensities at different fixed temperatures (1),llbr (iii) in the dark-adapted state at
different temperatures and at several concentmiddBMX as well as in the presence
of polymeric structures (V). Furthermore, in papleresponses to dim light pulses of
successively increasing duration (from 20 ms upa®00 ms) keeping intensities in the
linear response range were recorded to determenmtégration time analogously to the
“critical duration” in psychophysics.

4.3 Analysis

The recorded photoresponse families were usediftirdr analysis to obtain parameters
describing the functional properties of photoreoeptDim flash responses as well as
intensity versuspeak response amplitude-R) data extracted from response families
were fitted with appropriate model functions. Inddin, intensities of criterion
responses of paper Il were plotted against pulsation on log-log axes and the
integration time ) was determined by accurately mapping ¢mel of the time range
where the stimulus intensity needed for a criterresponse changed inversely to
stimulus duration and thdeginning of the time range where it was duration-
independent (see paper Il for more details).

Fractional sensitivity Si.e. the fraction of the light-sensitive currdntned off per

photoisomerization was obtained by fittilgR data witha weighted sum of an
exponentially saturating function (Lamsbal, 1981)

anax (1)

and a Michaelis function

R
anax I +|1/z. (2)

In (1) and (2)Rmax is the amplitude of the saturated responselamslthe flash intensity
required to elicit a half-maximal response. TheapastersS andl., are related by, =
VS If the weighting coefficient is (0 < a < 1) the weighted sum of (1) and (2) can be
written as
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It is noteworthy that for amphibian photoreceptansl mammalian cones,is typically

a = 0 but for mammalian rods (paper 1) a smoothditaan from Michaelis ¢ = 0) to
exponential saturation behaviour £ 1) was observed when changing the temperature
from 12 to 37 °C. Thus to get a good fit of Eq. {(8)-R data at all temperatures in
rodent rods, the weighting coefficient was allovwed¢hange with temperature.

Time-to-peak of the flash respon@g), the parameter describing the time scale of the
photoresponse if the waveform stays constant, eatirectly measured from responses
to dim, brief flashes if the signal-to-noise rasogood enough. If this is not the case, a
better estimate fa, is obtained by fitting responses to briefZ0 ms) flashes with the
phenomenological multi-stage filter models thatotée the time course of linear-range
responses of both rods and cones. The version ynaseld in the present thesis is the
‘independent activation’ model of Baylet al. (1974, 1979)

— nn -ttt g _ x-t/Tyn-1
R(t)—ISf—(n_l)n_ln L-nV7)", (4)

whereR(t) is the response is flash sensitivity (inuV / (photons /um?) if | is in
photons um?), n is the number of stages (here 4), and is the general time constant
tP
|n(n) ' (5)
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The integration time;,t the parameter describing the capacity of phosptrs to
temporally integrate photon signals, is by defant{Baylor and Hodgkin, 1973):

j%) . 6)

whereR is again the peak amplitude of the respoR&g. The integration time for
responses that can be described by the indepemadéuation model is obtained by
substitutingR(t) from equation (4) into equation (6) and integrating

t—r( n j
n-1 (7)



Substitutingz from equation (7) into equation (5) allows theemmation time to be
calculated directly from the time-to-pegk

The amplification constant of activation & parameter describing the onset phase of the
photoresponse, was obtained by fitting fractioredponse families (r(t) R(t)/Rmay
with a delayed Gaussian function (Lamb & Pugh, 3992

%: —exr{—%CDA(t—td)z}, (8)

where® is the flash intensity (number of photoisomermmagsi per photoreceptor) aty

is the effective delay time putting together selvshart delays in the activation phase of
transduction. In Eg. (8) all inactivation reacti@rs not considered. Therefore, fitting is
restricted to relatively early times before shutfeactions come into play. Defined in
this way, A describes the effect of activation of a singlauglspigment molecule after
passing through the overall amplification of theofliransduction cascade. Taking the
inverse square root &f provides us with a parameter corresponding tdithe it would
take for a flash response to reach a criterion angd in the absence of deactivation
processes. This parameteX™) depends only on activation, whereigsdepends on
deactivation processes as well.

For the analysis dfackground light adaptatiom photoreceptors, the reader is referred
to the description in paper lll. The traditionatifig of the Weber function

I
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to the fractional sensitivityS versus background light intensity data gives the
background intensity that depresses sensitivityhdth its dark-adapted valudg). In
estimating the intrinsic light-like activity in pkareceptors (“dark light”) the Weber
function has limited usefulness, since the depereles generally shallower and,
especially in L-cones, much more complex than exgad by simple functions like eqgn.
(9) (Donneret al, 1998).

4.4 Absorbance measurements

The intensity of the light incident on the retina sweneasured (usually in each
experiment) with a calibrated photodiode (EG & G HWROO0B; calibration by the
National Standards Laboratory of Finland) in unithotons / mrii/ s. The conversion
of this value into photoisomerisations per photepor per second (Rh* / s) requires
knowledge of photoreceptor dimensions as well ag tptical density, reflecting the
specific absorbance of the visual pigment. For dheran species used here, these
values were readily available (Aled al, 1993; Donneet al, 1995 & 1998). For rodent



rods, however, the absorption coefficient valuesdua earlier studies were found to be
unrealistically low (0.0lum™, Penn & Hagins (1972); 0.0088n”, Robinsonet al.
(1993)) compared with values for both rods and sasfemany other vertebrate species
(e.g.Bufo marinus0.0161um™ (Harosi, 1975)). Therfore, the author set up a otkth
for careful measurement of axial absorbance ino@s in the intact isolated retina.

After trying to measure pigment density in isolatemt rod outer segments by
microspectrophotometry (MSP) and finding that itswdifficult or impossible to
measure reliable absolute values in such thin eslist rods (outer segment diameter in
our strain about.7 um), the device illustrated in Fig. 6 was set upe Goal was to
measure light transmission transversely throughisbtated intact retina before and
after bleaching the visual pigment.

Light guide

Collimating lense

Pinhole (diam. 3 mm)
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Figure 6. Experimental arrangement for measuring axial abaoace of rat rods in the
isolated retina.

The dark-adapted retina was flat-mounted photorecgpside up, on a transparent
circular area (diam. 3 mm) at the bottom of a hatal glass chamber (76x26x5 mm)
(Fig. 6). The retina was held in place by a blackamnang (inner diameter 3 mm),

which also served as a mask against light scatfevedthe 1 mm deep and 2 mm wide
groove surrounding the measurement area. The chamasrfilled with Ringer's

solution containing 50 mM hydroxylamine to preveigment regeneration. The test
light was a 501 nm unpolarized full-field exposperpendicular to the retinal plane and
its intensity was measured by the calibrated phottaplaced below the glass chamber.



The absorbance was determined by comparing the meamsity of 3-4 dim 2-s test

light pulses transmitted through the retina befarel after a “total bleach”. The

bleaching exposure was estimated to bleach more38& % of the pigment, whereas
the 2-s test light pulse was estimated to bleaghtlean 0.01 % of the visual pigment.

An estimate for the absorption coefficient of rhpsim in rat rods was calculated from
the percentage of light absorbed in the retinafeord the equation

| oo =1 007, (10)

where | is the intensity of light without the absorbing dnem, a is the absorption

coeffiecient and the length of the rod outer segment. It was assuthat rods are

packed hexagonally and that a fraction of light pmmbional to the retinal area
uncovered by the rods will pass unattenuated throtlng retina. The very sparse
population of cones in the rat retina was neglected

4.5 An application for drug delivery tests (V)

The electroretinogram provides a useful tool talgtine properties of the photoreceptor
light response. The phototransduction cascade tscate, and susceptible to
pharmacological manipulation, thus we developed rétna as a model system for
targeted drug delivery. In targeted (or controlldd)g delivery, a drug is released from
carrier structures rapidly and locally by exterséimuli (here by warming). When
assessing the suitability of candidate carriers, dmount of drug released in living
tissue needs to be carefully measured and the fjoatbility of the carrier material
tested. The retina has properties that make itaamising biosensor for evaluating
carriers. First, the photoreceptor cells are semsib any general cytotoxic effects and
will reveal acute toxicity by changes in responeasgtivity or kinetics, or even the
disappearance of photoresponses. Second, drugeelean the carrier can be tested
with a model drug selected to target a specifip ste phototransduction, whereby
changes in the parameters of photoresponses comlilp a sensitive and quantitative
measure of the concentration of drug releasedariving tissue. Here, the membrane-
permeable PDE inhibitor 3-isobutyl-1-methylxanth{ii@MX) was used as model drug
and effects on rod photoresponses were measurE®Byin rat retina

4.5.1 Testing the biocompatibility of molecules

A biocompatibility test was performed as followsedponse families of rat rods to 20

ms pulses of light with intensities covering thendsic range of rods were repeatedly
recorded in standard Ringer perfusion until a stattiate had been reached (i.e.,
responses did not change between families). Themmlto be tested was then added to
the Ringer and the retina was perfused with thistem for as long as needed to

achieve a new steady state (unless the effecteeopolymer were too pronounced).

This was followed by washout with standard Ring#utson (see Fig. 4 in paper V).



4.5.2 Measuring the concentration of free IBMX

The method for determining the concentration acdaséd model drug (not tied to carrier
molecules, i.e., ‘free’) in the retina was baseditereffects on phototransduction. The
model drug IBMX is a PDE inhibitor that increaség time it takes for activated G-
protein to find a PDE molecule that can be actiafhis leads to slowing of rod
responses in a dose-dependent manner, so thahsespdecelerate monotonically with
increasing IBMX concentration (Capovikd al, 1982). The effects are fully reversible.

First, a calibration curve was constructed, plottthe time-to-peakty) of dim-flash
responses against the concentration of free IBM¥éperfusate. This curve had to be
determined for each retina and temperature separBesponse families were recorded
at different IBMX concentrations (ranging from 3 160 or 300uM), then again in
standard Ringer solution, and finally in Ringerusimin containing the carrier polymer
loaded with IBMX. With every solution it was essahto record rod responses until a
new physiological steady state was achieved anpgorsgs remained constant with
respect both to amplitude and kinetics.

The IBMX calibration data were fitted by a secondes polynomial

[IBMX]=b, +b,t, +b,t2 (11)

with temperature-dependent factorg b, and k. Thus, the concentration of IBMX
released from the polymeric drug carriers couldiermined by measuring the time to
peakt, of linear-range flash responses of rods (see bigsd 6 in paper V).



5 Results

5.1 Physiological properties of photoreceptors affe cted by
temperature

5.1.1 Photoresponse kinetics (I-1V)

The effect of temperature on photoresponse kinetias qualitatively similar in all
photoreceptors studied. The time to peak of dirsHflaesponsed,f, which could be
used as an index of response kinetics as the wawestayed essentially constant,
increased with decreasing temperature. The charigevas steepest in rat rods at lower
temperatures being 5.4-fold over the lowest 10 fterval (6-16 °C). This change
became shallower towards higher temperatures $@vea the highest 10 °C (26-36 °C)
the change i, was comparable to that of anuran photoreceptoed| a&xperimental
temperatures (2-25 °C).

While the overall shape of the dim-flash respormmained approximately constant
under temperature changes, in the sense that mspaould be made to coincide by
appropriate scaling of the time and amplitude axtles,speed of activation was less
steeply dependent on temperature than the deactivahase. In frog L-cones this
phenomenon was quite remarkable: the parameteribiesc‘pure’ activationA™ was
observed to change 1.5-fold per 10 °C whereas hhage int,, which reflects both
activation and inactivation, was ca. 2.5-fold pé °C. In rods, in comparison, the
retardation of the deactivation phase comparedctivadion phase was only slightly
stronger.

5.1.2 Rod response kinetics and visual time scale ( 1I)

The kinetics of rod photoresponses analyzed at¢helar level in paper (I) was shown
in paper (Il) to be of immediate functional importa for vision. The integration time
of rod vision, determined by the snapping behavudark-adapted toads (details in
paper Il) decreased with increasing temperatura manner well-correlated with the
acceleration of the kinetics of small-stimulus nqoiabtoreceptors determined by ERG
recordings from the isolated toad retina. The valioe behavioural integration time at
the experimental temperatures 15 and 25 °C wers 413d 0.9 s, respectively. Rgd
estimated from ERG recordings was 4.2-4.3 s al@Q%nd 1.0-1.3 s at 2%. The
difference in integration time at these two tempees correlated with ca. 5-fold higher
sensitivity for seeing persistent targets at’@scompared with 25C. It is particularly
noteworthy that “warm” toads were unable to intégiayht over longer times than their
rods, although the sensitivity advantage from d@agvould have been at least as great
as for the “cool” toads. The constraint on visummlet scale set by the rod photoreceptors
will affect all temporal properties of scotopic ias. This was demonstrated in paper
(I) as a deterioration of the spatio-temporal men of snapping with decreasing
temperature.



5.1.3 Fractional sensitivity (I, 1)

The fractional sensitivity§) of rat and toad rods, and of frog rods and L-sosteowed
a monotonic decrease when temperature was increfased 10 to 25 °C in the
amphibians and from 12 to 36 °C in rats. Below ehtesnperatureS remained roughly
constant. The decrease in fractional sensitivitys wguite similar in all rod
photoreceptors studied, the change being ca. 2geld10 °C. In frog L-cones the
temperature dependence was comparable up to abo® but got steeper at higher
temperatures (15 — 2&), whereS decreased by a factor of 4 per 10 °C. Thus, tvase
extra desensitization in frog L-cones versus rddemperatures higher than 15 °C. In
the waveform of flash responses, the extra desesisin correlated with an extra
acceleration of the deactivation phase in L-commapared with rods upon warming
from 15 to 25°C. This phenomenon resembles light adaptationk{skav).

Interestingly, fractional sensitivities in roderats 36 °C and in anurans at 15 °C were
very similar (see Table 2) although valuesyidiffer by up to one log unit. At the same
temperatures, on the other hamgyvalues were quite similar, whil€ at any given
experimental temperature was about 0.7 log-unghédriin rat rods than in the anuran
rods.

Table 2. Some dark resting electrophysiologicalpgrties and outer segment sizes of
rods and cones studied in this thesis at mammalaaty temperature (36-37 °C) and a
typical temperature of frogs and toads on a summignt in Finland (15 °C).

Rod Cone
tp(s) SRh*) V@m’) t(s) SRh*) V(um)
Rat (at 36 °C) 0,15 0,017 50
Frog (at 15 °C) 1,4 0,015 1400 0,26 0,0033 20
Toad (at 15 °C) 2,4 0,013 1900
Mouse (at 37 °C) 0,117 0,013 37 0,051  0,0023 15

5.1.4 Light adaptation (I, I11)

Exposure to steady adapting lights had qualitativeimilar effects at any fixed
temperature on the dim-flash responses of all phoéptors studied. Increasing the
intensity of the adapting light above a certairelesaused photoreceptor desensitization
coupled to response acceleration. Furthermore, aghtnbe expected from the
temperature dependence of fractional sensitivitgarkness, the desensitizing effect of
the adapting light also set in at lower intensities lower the temperature. Thus, in all
photoreceptors studied, the intensify where background light started to affect
sensitivity increased strongly with temperaturee Tgwalues of frog L-cones were 1.5-
2.5 log-units higher overall than those of rodsffag as well as rat).

Comparing changes iy over the temperature range studied reveals tleatlhnge in
background light intensity required to reduce fi@tl sensitivity by half is steeper in



frog L-cones than in rods of frogs and rats. THigrmpmenon is most pronounced at
temperatures higher than 15 °C, i.e. over the teatye interval where the extra
desensitization in dark-adapted cones versus raus abserved. Furthermore, if the
change in integration time (proportionaltgp with increasing adapting light intensity is
factored out (see paper Il for details) the inseemlo with warming disappears in rods
but not in cones.

5.2 Retina in testing candidate materials for contr  olled drug
release

The method using retina for testing candidate earmaterials with respect to
biocompatibility and drug release properties cosgsitwo main aspects. First, rod
photoresponses are likely to reveal sensitively atiyte cytotoxic effects of a general
nature that the carrier structure or its constitsienay have. The results show how
toxicity can, in principle, be estimated from des@mation, deceleration, (and
disappearance) of rod photoresponses, validatihgetaa as potentially useful in a
battery of fast biocompatibility screening tests.

Second, when a molecule with a precise action enptimototransduction machinery
(here IBMX) is used as the drug to be releaseds fiossible to use changes in rod
photoresponse parameters as quantitative measiuties traction of drug released by
the carrier, available in the tissue. Thus theasdeproperties of the candidate carrier
and its responsiveness to the control signal {ergperature) may be easily studied. The
accurate quadratic relation between [IBMX] and thmee to peak of rod dim-flash
responses (equation 11) is a central result of pdpé suggests that IBMX is a useful
model drug for testing any carrier that is broadButral with respect to the chemical
nature of the drug to be released. In case therespecific interactions between the
carrier and the drug molecule, however, IBMX canoiotourse be used as a “general
model”, and any quantitative testing of carriersgghe retina as a biosensor is limited
to release of molecules that have a very speaifio@ on phototransduction.



6 Discussion

6.1 Phototransduction in mammals vs. amphibians (I- V)

Our present understanding of vertebrate photorecex largely based on experimental
studies in two groups of animals, amphibians andnmals. The data derived from
amphibian photoreceptors shows that their eledtriesponses are much slower than
recorded from mammals (Baylat al, 1974, 1979, 1984; Lamb, 1984; Matthews,
1991; Miller & Korenbrot, 1994; Krafet al, 1988, 1993; Friedburet al, 2001&2004;
Nikonov et al, 2000&2006). In addition, amphibian rods are régabrto exhibit
extensive light adaptation starting at low lightemsities (Fain, 1976; Hemila, 1977,
Baylor et al, 1980; Donneet al, 1990a), whereas rods of mammals have been shown
to adapt only in a narrow range of high light irdities (Tamuraet al, 1989; Matthews,
1991; Hood & Birch, 1993; Kraftt al, 1993; Silveet al, 2001; Friedburgt al, 2001).
Thus, the data in literature suggests important emoar differences in
phototransduction and light adaptation between d‘dboded” vertebrates and
mammals, including humans. This thesis shows tigaifeant generic differences in
the functional properties of the transduction prebetween these groups are not
necessary to explain their functional differenadssimilar temperatures photoreceptors
of mammals and amphibians work in a remarkably lamway, when differences in
outer-segment size and morphology are also takeraostount.

Kinetics and fractional sensitivity

As described earlier (see chapter 2.2.1) highenaletemperature brings along faster
reaction kinetics and increased PDE activity. lrotpheceptors, this is seen as a
speeding of response kinetics and decrease indnattsensitivity. Viewed from this
perspective, it is not surprising that photorespsng mammalian and amphibian rods
show strikingly similar values df when referred to the same temperature. The pit of
vs. temperature (Fig. 7), as well as our prelimindata on mouse cones at X5,
suggests that it is approximately true of conewels Changes i, of rat and toad rods
and frog rods and cones can be described by si@ilavalues (2-3) in agreement with
earlier reports of amphibiansBiifo marinus Baylor et al. 1983; Lamb, 1984;
Pseudemys scripta eleganBaylor et al. 1974). This requires, however, that the
profoundly steeper change tinof rat rods at temperatures lower tham 15°C is not
given full weight. The observed excessive retactatf the recovery phase compared
with the activation phase of the photoresponseeay low temperatures is consistent
with the observations of Robinsat al. 1993 and may be a phenomenon of warm-
blooded animals only, reflecting for instance aggh&ansition in the cell membrane
leading to significantly slower diffusion of moldes. This discrepancy between
mammals and amphibians may be quite natural a® thes temperatures far below
those that the visual cells of a living rat or etheammal ever experience. However,
from a molecular point of view, the implication thie observed excessive retardation of
the recovery phase is that different mechanismsrésponse shut-off become rate
limiting at the lowest temperatures.



Activation and recovery phases of responses wdeetafl differently by temperature
also in frog cones, but at higher temperatures@be. 15°C). In rat rods, the strong
retardation of the recovery phase upon cooling &yviow temperatures was
accompanied by only a shallow change in fracti@®lsitivity. In frog cones, on the
contrary, warming induced excessive acceleratiotn@frecovery phase compared with
the activation phase, resulting in a steeper chanfjactional sensitivity than evident at
lower temperatures. Rieke and Baylor (2000) coreduthat in salamander L-cones
(using a mixture of 1tisretinal (Al) and 1Xis-3,4-dehydroretinal (A2)
chromophores) thermal activations of visual pigmeifiectively light-adapt the cells.
Our main hypothesis in paper Ill was that this naggso be the case in frog L-cones,
although A1 chromophore they use is likely to prmala much less stable pigment than
the A2 chromophore (Donnet al, 1990b, Ala-Laurilaet al, 2007) The excessive
acceleration in response shut off coupled to déseatson observed in frog L-cones at
temperatures higher thaze. 15 °C is probably at least partly due to spontaneous
thermal isomerisations of visual pigment light-atilagpthe cones.
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Figure 7. Acceleration of dim-flash responses with incregstemperature in rods
(circles) of frog (purple solid), toad (blue solidat (green solid), mouse (light green
solid), cane toad (black open, Lamb, 1984) and hulidack half open, Friedburg et
al., 2001) as well as cones (squares) of frog @etld), mouse (orange solid), turtle
(black open, Baylor et al. 1974), salamander (go@gn, Perry & McNaughton, 1991),
ground squirrel (gray half open, Kraft et al., 1988nd human (black half open,
Friedburg et al., 2004). Allptvalues of our recordings are means of at leaseehr
experiments



In all photoreceptors studied fractional sensiivihanged in a qualitatively similar
way: it increased monotonically with cooling downca. 10-12°C and remained rather
constant at even lower temperatures. Our valu&irofodents at body temperature and
anurans over the temperature range 162#ere consistent with values reported in the
literature (see e.g. Baylet al, 1984; Kraftet al., 1993; Bayloret al, 1979; Donneet
al., 1995) although the fractional sensitivity of asurods in our work was somewhat
lower than reported earlier, probably reflecting ohoice of using solely HEPES as a
buffer instead of a mixture of HEPES and bicarber{aee Donneet al, 1990c). It is
noteworthy that a close agreement was found infthetional sensitivity of rodent
photoreceptors (rods and cones) at body temperatogethe corresponding type of
anuran photoreceptors at the temperature (arourf€)l@here frogs and toads in the
northern hemisphere most naturally are active. e our results suggest that the
rate of thermal isomerisations of visual pigmenteunoles is not high enough to light-
adapt frog L-cones at temperatures below ca’Q,5and the situation appears to be
similar in human cones at body temperature:eFal. (2008) recently concluded that
thermal isomerisations of human L-cone pigmentisoaly temperature occur at such a
low rate (ca. 10 Rh*/s) that it is unlikely to ligadapt the cones.

Light adaptation

Light adaptation in rat and frog rods agreed welsimilar temperatures. This means
that rat rods adjusted their fractional sensitiagyefficiently as rods of frogs and other
amphibians in general (see papers I&lll as welHamila, 1977; Donneet al, 1995).
Still, at 36 °C rat rods showed light adaptatioméweour very typical to mammalian
rods, including humans (Tamued al, 1989; Nakatanet al, 1991a&b; Kraftet al,
1993). The somewhat higher fractional sensitivityab rods compared with frog rods at
similar temperatures was not evident as a highsceqtibility to densensitization by
backgrounds. This is consistent with our suggedipaper 1ll) that, in rods, differences
in the weakest background light that begins to caffeensitivity simply reflects
differences in temporal integration of the photoadions from the background light.
Temporal integration in frog and rat rods, as jutliy the time to peak of shape-
invariant dim-flash responses (cf. Fig. 7), was pamably similar at any given
temperature.

As for rods, steady background light in frog coatso had qualitatively similar effects
on the linear-range responses at any experimemiapdrature. The adaptation
behaviour of cones at all temperatures thus agneédearlier reports (Hood & Hock,
1975; Donnekt al, 1998). The “dark light” of frog cones as deteredrby background
adaptation was found to increase more steeply teitiperature above 15 °C than below
that temperature, supporting the notion that L-cdax sensitivity may truly be limited
by an intrinsic thermal “dark light” at higher teematures. One probable source of this
intrinsic thermal “dark light” is thermal activityf visual pigment. In addition,
spontaneous activations of phosphodiesterase nietecuay provide another source,
although this effect seems not to be strongly teatpee-dependent (Baylor et al.,
1983). Also, one possible source comparable ieffect to the effect of thermal activity
of visual pigment, is the chromophore-free opsiovamto activate transduction at a low



level (Cornwall et al., 1995; Kefalov et al., 200But neither the absolute level nor the
temperature-dependence of this activity in darkpseth conedntact in the retina is
known.

The size of outer segments

The data on mammalian and amphibian photoreceptesented here indicates that it is
not necessary to assume remarkable differences howtojpansduction molecules
between mammals and amphibians. In paper I, it sla@wn that the observed
difference in fractional sensitivity between ratdaoad rods can be fully explained by
the 39 times smaller outer segment volume of rds mompared with toad rods. This
conclusion reflects the fact that the same rateDE activation will produce a faster
change in cGMP concentration in the smaller voluha rat rod compared with a toad
rod, and, since it is a change in concentratioh ti@dulates the channels, the response
per R* will be larger in rat than in toad.

In mammalian rods, it is possible that the veryntbuter segments are a result of
adaptation to high and stable body temperaturksyialg the generation of large single-
photon responses within the compressed time séfedad by the high temperature.

Furthermore, keeping outer segments long (althoogtow) retains high quantum

catch (although it is far from that of most amphiis). Thus, the long and thin outer
segments of mammalian rods enable simultaneoug\srhent of high dark-adapted

sensitivity and fast response kinetics

The effect of outer segment size in cones is mongptex due to the folded structure of
the outer segment affecting greatly e.g. the sarfaevolume ratio of these cells.
Qualitatively, both small size and large surfacdl wupport efficient recovery of

processes dependent on calcium feedback.

6.2 The Iimpact of photoreceptor properties on visua I
performance

6.2.1. High visual sensitivity is a result of long integration times and low
intrinsic noise

Lowering body temperature in amphibians increasesabsolute sensitivity of vision as
well as fractional sensitivity of photoreceptorshe same phenomenon being apparent
also in mammalian photoreceptors (Papers I-ll)this reason for this the decrease in
intrinsic noise or the increase in temporal intégra following slowing down of
responses of neurons to light?

Thermal activations of photopigment produce intdrthermal noise indistinguishable
from “background” flux of photons. The role of thieise in limiting the absolute
sensitivity of vision is shown to be particularipportant (Bayloret al, 1980; Ahoet

al. 1988, 1993; Fyhrquist al, 1998; Firsowet al, 2002). In the present thesis (paper



), the contribution of temporal integration toetlabsolute sensitivity of vision was
assessed directly. It was found that in a dark-@mdhpoad visual sensitivity grows
proportionally to exposure time up to a limit, tinéegration time. The integration time
measured from behavioral studies was found toveeftild higher at 1% than at 2%C
and correlated closely with the integration timeaswred in rod responses

6.2.2. Setting the trade-off of temporal integratio  n vs. temporal resolution

Increasing visual sensitivity by means of tempargkegration leads to losses in
temporal resolution. Is there then any benefit attigg higher sensitivity if vision
simultaneously becomes very slow? The answer depemdhe targets of interest to the
animal. For toads hunting at night under very dihamination the increase in
sensitivity is truly valuable. At low temperaturé®® worms or woodlice they feed on
are quite slow (see paper Il) so that toad visiemains in the biologically relevant
temporal range (see Warrant, 1999). On the othed,halow vision at the low
temperature was associated with deterioration & s$patio-temporal accuracy of
visually guided snapping (I1).

In mammalian rod bipolar pathway high-pass filtgrimccurring duringsignal transfer
from rods to second-order cells sharpens the temhpesolution of the light response
(Field & Rieke, 2002). This filtering accelerateslrsingle photon response downstream
the retina (Field & Rieke, 2002) and, in additionrmiammals, it has also been observed
in turtle (Schnapf & Copenhagen, 1982) and salama(@apovillaet al, 1987; Bialek

& Owen, 1990; Armstrong-Gold & Rieke, 2003) bubt in toad (Belgum &
Copenhagen, 1988).



7 Conclusions

1. Temperature and the structural features of phoémtecs can explain much of
the difference in their functional properties asras&ammals and amphibians.

2. In rods, the differences in electrophysiologicalgerties between mammals and
amphibians disappear if temperature and outer segige are taken into
account. In cones other factors must also be ptesen

3. Lowering temperature increases the absolute seitgitif vision in amphibians
as well as fractional sensitivity of photoreceptofalso in mammals).
Measurements suggest this increase is due to ¢hease in temporal integration
following slowing down of photoresponses.

4. The method developed for controlled drug deliverpaldes accurate
concentration determinations of the model drug IBMX

5. Biocompatibility of the drug carrier molecules cdre rapidly tested by
following the degree to which rods retain stablection in the presence of the
carrier molecules.
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