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RPE retinal pigment epithelium 
Rsat level of saturated response amplitude 
R(t) waveform of photoresponse 
SNR signal to noise ratio 
SSE sum of squared errors 
T absolute temperature 
TTP time-to-peak 
TRPM1 transient receptor potential cation channel subfamily M member1 
Y feature (of a photoresponse) 
v rate (of a process) 
vRP rate of PDE activation by a rhodopsin 
VEGF vascular endothelial growth factor 
βsub catalytic efficiency of PDE 
λ wavelength 
Φ number of activated pigments
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1. Introduction 

Our ability to receive information about the environment is strongly dependent on vision, 
which relies on the initial visual processing that occurs in the retina. The retina also serves 
as a model tissue of the nervous system due to its well-known structure and the possibility 
to stimulate its neurons with their natural stimulus, light. Electroretinography (ERG) of-
fers an electrophysiological tool for studying the function of the retina. Essentially, an ERG 
investigation consists of stimulating the retinal tissue with light and recording the result-
ing electrical response generated by the retinal cells. The components of ERG responses 
can be associated with different cell types enabling detailed analysis of retinal electrophys-
iology. Modifying the light stimulus and the recording setup open up vast possibilities for 
applying ERG in basic research. Abnormal ERG responses are associated with various ret-
inal diseases, including retinitis pigmentosa, diabetic retinopathy, and congenital station-
ary night blindness. Therefore, ERG offers a valuable technique also for clinical examina-
tions and diagnostics. 

In this doctoral thesis, ERG has a central role and it is applied in two different modalities 
for recording retinal photoresponses. Corneal ERG is a non-invasive method for investi-
gating retinal function commonly used both in basic research and in clinical examinations. 
Ex vivo ERG is performed with an isolated retinal tissue placed in a specimen holder 
equipped with perfusion. In the present work, both methods are applied to study the retina 
of the mouse. The mouse is selected as the model animal due to its frequent use in ocular 
research and due to the prevalence of disease model mouse strains. 

The ex vivo method of ERG recording provides high signal-to-noise ratio together with 
long and stable experiments. The most significant advantage is the possibility to modify 
the retinal environment, a principal element of all subprojects of this thesis. The extracel-
lular conditions of the retina can be kept stable with the constant perfusion of physiological 
saline solution and with pH and temperature control. On the other hand, the effects of 
pharmacological substances can be examined by introducing them to the perfusion solu-
tion, and the consequences of temperature changes can be observed by directly manipu-
lating the temperature. The corneal ERG recording does not provide such flexibility, but it 
facilitates examinations without disturbances caused by tissue isolation, conserving the 
natural environment and state for the retina. Thus, ex vivo and corneal ERG together pro-
vide two complementary methods for assessing retinal functions. The present work con-
sists of studies applying the combination of ex vivo and corneal ERG. The goal is i) to char-
acterize retinal functions by ERG at varying temperatures and extracellular conditions and 
ii) to investigate the feasibility of ERG for retinal temperature estimation. 
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In the photoreceptors of the retina, changes in light levels are transduced into neural 
responses through the biochemical cascade of phototransduction. Studying this cascade is 
essential for understanding the principles of light detection in the retina as well as for the 
deeper comprehension of the G-protein-coupled pathways common in cellular signaling. 
Phototransduction and photoreceptor function have traditionally been studied by address-
ing single cells directly. In these experiments, the physiological environment and the neu-
ronal connections of photoreceptors are compromised or completely lost. Ex vivo ERG of-
fers a less invasive method with maintained connections, combined with the advantages 
described above, such as high signal-to-noise ratio and the possibility to introduce phar-
macological agents. This thesis addresses the applicability of ex vivo ERG in studying pho-
totransduction and photoreceptors by investigating the preservation of the rod function in 
the isolated retina (Paper I). The photoreceptor-induced component of the ex vivo ERG 
signal is compared to the corresponding component of the corneal ERG signal, which pro-
vides a reference state with the retina in its natural environment. In addition, an easily 
accessible method for isolating the photoreceptor component by pharmacological manip-
ulations of the perfusion solution in the ex vivo setup is assessed by comparing it to an 
alternative method for photoreceptoral response isolation with a specific light stimulus 
protocol. 

The majority of this thesis (Papers II and III) consists of a research project motivated by 
emerging retinal heating treatments targeted towards various retinal diseases, such as age-
related macular degeneration, central serous chorioretinopathy, diabetic macular edema, 
and retinal vein occlusion (Lavinsky et al., 2016; Luttrull et al., 2015; Scholz et al., 2017; 
Sivaprasad et al., 2010; Söderberg et al., 2012; Sramek et al., 2011; Tode et al., 2018). These 
novel treatments aim at a moderate temperature rise that avoids permanent damage in the 
retinal tissue. It has been proposed that the therapeutic effect of heating arises from the 
stress reaction in the cells, especially in the retinal pigment epithelium (Inagaki et al., 
2015; Kern et al., 2018; Lavinsky et al., 2016; Mackanos and Contag, 2011; Morimura et 
al., 2004; Sramek et al., 2011). The therapeutic window for this kind of treatment is nar-
row. Therefore, finding an adequate heating power that is high enough for therapeutic ef-
fect but avoids damage in the retinal cells is considered the main challenge in the develop-
ment of non-damaging heating treatments (Lavinsky et al., 2016; Scholz et al., 2017; 
Schule et al., 2004; Sivaprasad et al., 2010). The aim of the project was to investigate the 
possibility of applying the temperature-dependent alterations in the ERG photoresponses 
for monitoring the temperature changes of the retina during heating treatments. 

The temperature-dependent changes in the photoreceptoral light responses or in the 
ERG responses of the whole retina have been previously studied to some extent with dif-
ferent species and techniques. However, more detailed and quantitative information on 
the temperature-induced changes is needed to address the feasibility of ERG for retinal 
temperature estimation. In this project, the temperature-dependent changes in the ERG 
flash responses of mouse, are carefully mapped around the normal mammalian body tem-
perature. To accomplish this, experiments are conducted with the ex vivo setup, providing 
accurate and rapid control over the retinal temperature. Thereafter, the corresponding re-
cordings are performed with corneal ERG to verify the temperature dependencies in the 
physiological circumstances of the retina. A set of temperature-dependent features of the 
ERG responses are selected to show a proof of concept for ERG-based retinal temperature 
determination and to estimate the accuracy achievable with the method. For simplicity, 
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the term retinal temperature estimation is adopted in this thesis. More precisely, the sig-
nal utilized for temperature estimation originates in the distal retina, and for long-duration 
moderate heatings, it can be applied also for the estimation of the temperature changes of 
the retinal pigment epithelium. 

The final phase of this thesis introduces a third example of utilizing the combination of 
corneal and ex vivo ERG (Paper IV). It forms a part of a comprehensive study providing a 
characterization of a novel mouse model with the gene for producing transmembrane 
prolyl-4-hydroxylase (P4H-TM) enzyme inactivated. This gene has a high level of expres-
sion in the mouse eye and brain. Along with other investigations, electroretinography is 
applied for assessing the retinal functions of these mice. The corneal ERG recordings per-
formed under anesthesia reveal a possible defect in the cone-pathway of the retina. How-
ever, as the function of the inactivated gene is related to the oxygenation level of tissues 
(Koivunen et al., 2007) and general anesthesia is known to cause abnormalities in the ox-
ygen regulation in the body, ERG recordings are conducted also ex vivo in a controlled 
environment with stable oxygen and pH levels. Ex vivo ERG provides verification that the 
observed alterations in the retinal photoresponses are caused by a cone-mediated defi-
ciency, ruling out the possibility for anesthesia-related bias. 
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2. Retina and photoresponses 

The electroretinogram signal arises from the functioning of the retina, a neural tissue with 
highly organized layered structure. This chapter summarizes essential background infor-
mation about the origin, composition and recording of the ERG signal. 

2.1 Retinal structure and the origin of photoresponses 

Neural retina and the pigment epithelium 
The first steps in vision take place in the neural circuit of the retina. The retina has two 
main functions, converting the changes in photon flux into neural signals and processing 
the signals in its neural network. Among vertebrate species, the structure of the retina is 
very similar. Arriving photons are absorbed in the photoreceptor cells, rods and cones, 
leading to changes in the graded membrane potentials of these cells. Rods are extremely 
sensitive to light and they are responsible for vision at low light levels. Cones are less sen-
sitive and mainly used for daylight vision. The comparison of the signal levels originating 
in cones with different absorption spectra enables colour vision (Rodieck, 1998).  

The neural signals of photoreceptors are relayed for processing in the inner retina, ad-
vancing through bipolar cell layer to the ganglion cells. The axons of ganglion cells form 
the optic nerve transmitting action potentials to the brain. Horizontal cells form lateral 
connections at the level of the synapse between photoreceptors and bipolar cells. Further-
more, amacrine cells in the inner retina contact bipolar cells, ganglion cells and one an-
other (Rodieck, 1998). Figure 1 shows a diagram of the retinal structure and presents some 
representative cell types belonging to the classes introduced above. Moreover, Figure 1 il-
lustrates a Müller cell spanning almost the entire thickness of the retina. Müller cells are 
non-neural glial cells specialized in e.g. controlling the water and potassium homeostasis 
of the extracellular fluid and transporting nutrients and waste products between retinal 
vessels and neurons (Reichenbach and Bringmann, 2013). 

The retinal pigment epithelium (RPE) is a single layer of epithelial cells containing mel-
anin pigment granules. RPE cells are located between the photoreceptors and the cho-
roidal layer that provides most of the blood supply to the retina. The RPE layer carries out 
several tasks essential to retinal function. These tasks include transporting water, nutrients 
and metabolic end-products between the outer retina and the choroid, controlling the po-
tassium homeostasis, regenerating rhodopsin pigments for photon absorption, and ab-
sorbing excess light that could degrade the visual image (Strauß, 2014). The inability of the 
RPE to manage its vital functions plays a role in several retinal diseases (Sparrow et al., 
2010). 
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Figure 1. Retinal cells and structure. Rod photoreceptors (light green), cone photoreceptors (light yel-
low), bipolar cells (turquoise, yellow, green), horizontal cell (purple), amacrine cell (red), ganglion cells 
(orange, blue), Müller cell (grey), and RPE cells (light pink). Light arrives to the retina from the vitreous 
(proximal) side. RPE cells are located on the scleral (distal) side of the neural retina. In this thesis, most 
of the ERG flash responses are initiated in the rod photoreceptors. The primary pathway for these 
signals goes through rod bipolar cells (RB), AII amacrine cells (AII-A), ON and OFF cone bipolar cells 
(ON-B, OFF-B), and ON and OFF ganglion cells (ON-G, OFF-G). Adapted from Tsukamoto (2018), with 
permission. 

Phototransduction 
The absorption of a photon initiates phototransduction, a biochemical cascade transform-
ing the information of photon arrival into an electrophysiological signal. Phototransduc-
tion takes place in the photoreceptor outer segment and utilizes the G-protein pathway, 
which is a common signaling cascade in cells (Neves et al., 2002). The progression of pho-
totransduction in a vertebrate rod cell is described here. The mechanism is qualitatively 
similar in the cones (Tachibanaki et al., 2007). The vast literature on phototransduction 
mechanisms has been reviewed for example in Burns and Arshavsky, 2005, Fu and Yau, 
2007, and Pugh and Lamb, 2000. 

In the outer segment, arriving photons are absorbed in visual pigments, rhodopsins, 
leading to photoisomerization of the chromophore from 11-cis isomer to the all-trans form. 
The activated rhodopsin molecule moves in a disc membrane with Brownian motion and 
catalyzes the exchange of GDP to GTP in a G-protein called transducin. As a result, the 
activated α-subunit of the transducin detaches and binds to a phosphodiesterase enzyme 
(PDE) whose catalytic site becomes exposed. This leads to an increase in the hydrolysis of 
cGMP to GMP. cGMP is a cyclic nucleotide acting as a second messenger in the cytoplasm 
and controlling the cGMP-gated (CNG) ion channel located in the cell membrane of the 
outer segment. In darkness, a small fraction of CNG channels are open, passing cations, 
mainly Na+ and Ca2+, through the plasma membrane towards the cytoplasm. This influx 
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acts as the sink of a circulating ‘dark current’, whose source is located in the inner segment. 
The light-induced reduction in cGMP concentration leads to closure of CNG channels and 
a decrease in the dark current. Figure 2A illustrates the change of the current recorded 
from a rod photoreceptor in response to light flashes of increasing strength. Due to the 
change in the dark current, rod photoreceptor membrane becomes hyperpolarized and the 
information of arriving photons has been transformed into an electrophysiological signal. 
Phototransduction process includes two signal amplification steps: rhodopsin isomeriza-
tion leads to the generation of several activated transducins, and the activated PDE enzyme 
hydrolyzes many cGMP molecules. In addition, the number of open CNG channels is pro-
portional to the cube of the cGMP concentration, contributing to the amplification of the 
signal (Arshavsky and Burns, 2014). 

In order to prevent photoreceptor saturation and enable the signaling of subsequent pho-
tons, phototransduction proteins are inactivated by regulatory enzymes causing recovery 
from the light response (see e.g. Burns and Pugh, 2010, and Pugh and Lamb, 2000, for 
reviews). The activated rhodopsin is phosphorylated by rhodopsin kinase, and the inacti-
vation is completed by the binding of an arrestin molecule. The transducin-PDE becomes 
inactivated when the transducin-bound GTP is hydrolyzed to GDP, catalyzed by a ‘GAP-
complex’ consisting of three proteins. The dark level of cGMP is restored by the action of 
guanylate cyclases. The inactivation steps are enhanced by Ca2+-mediated feedback (Chen 
et al., 1995; Koch and Stryer, 1988; Makino et al., 2004; Mendez et al., 2001).  

Signal transmission to bipolar cells 
The light-induced hyperpolarization of the rod outer segment proceeds to the synaptic ter-
minal, where it triggers signal transmission to a rod bipolar cell (see e.g. Bloomfield and 
Dacheux, 2001, for a review on synaptic function and e.g. Euler et al., 2014, on bipolar 
cells). Rod bipolar cells are ON-type i.e. their membrane potential depolarizes in response 
to light and their input synapses are sign-inverting. A single rod bipolar cell has multiple 
input synapses from rods, approximately 20 in mouse retina (Tsukamoto et al., 2001).  

Like photoreceptors, the bipolar cells do not generate action potentials but signal with 
graded potentials and their function involves a G-protein-mediated biochemical cascade 
(reviewed e.g. in Schneider et al., 2015). In darkness, calcium entry through voltage-gated 
calcium channels in the rod cell terminal triggers a sustained release of glutamate to the 
synaptic cleft. The binding of glutamate to the metabotropic glutamate receptor mGluR6 
in the postsynaptic membrane activates G-protein GO, which closes the non-selective cat-
ion channel TRPM1. In response to light, presynaptic Ca2+ level decreases and the rate of 
glutamate release is reduced. This brings about the opening of TRPM1 channels and the 
depolarization of bipolar cell membrane. Figure 2B illustrates the current responses of a 
bipolar cell to increasing flashes of light. The details and the regulation of the bipolar cell 
cascade have recently been under active research (e.g. Cao et al., 2012; Gregg et al., 2014; 
Morgans et al., 2009; Schneider et al., 2015). Additional participating molecules and 
mechanisms are still likely to be discovered. 
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Figure 2. Current responses of the mouse retina. A) Rod photocurrent responses to brief flashes of light 
of increasing strength. The responses have been recorded with suction electrode method from mouse 
rod. Photocurrent refers to the change in the dark current due to light stimulus. B) Rod bipolar cell 
current responses to brief flashes of light of increasing strength. The responses have been recorded 
with patch clamp method with the membrane potential of the bipolar cell held at -60 mV. Adapted 
from Pahlberg et al. (2018) with permission. 

2.2 Electroretinography 

The electrical activity introduces current sources and sinks in the retinal cells. Due to the 
layered structure of the retina, similar radial extracellular currents generated by parallel 
retinal cells sum up causing prominent potential differences as a function of retinal depth. 
Electroretinography records the changes in these resistive field potentials induced by light 
stimuli. Various methods applying ERG recording for studying retinal function have been 
developed for different purposes. This chapter focuses on the classical ERG photore-
sponses induced by full-field flash stimuli in the rod pathway.  

 The corneal ERG response of a vertebrate retina elicited by a moderate or bright flash of 
light consists of a-wave, b-wave, c-wave and the oscillatory potentials (Figure 3). These 
waves are a superposition of underlying components that can be assigned with retinal 
functions. The components have been named PI-III by Granit (1933).  

Figure 3. A representative scotopic full-field flash response recorded from a mouse with the corneal 
ERG method. Both figures illustrate the same response but with different time scales. A) The charac-
teristic waveform includes the a-wave, the b-wave and the c-wave. B) Shorter time-scale reveals the 
oscillatory potentials. Stimulus strength 1000 R* rod-1.  
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The a-wave is the corneal-negative leading edge of the response with peak time of ~8-20 
ms1. The a-wave is primarily generated by the underlying component ‘fast PIII’ that reflects 
photoreceptor function (reviewed e.g. in Pugh et al., 1998). Figure 4A illustrates the dark 
current of rod photoreceptors, with sinks in the CNG-channels of the outer segment and 
sources in the cation conductances downstream the rod. This current decreases due to light 
stimulus as the CNG-channels close. As a result, the extracellular potential of the proximal 
retina becomes negative relative to its preflash value, observed in the ERG flash response 
as a negative-polarity component. However, it is important to notice that the a-wave is not 
purely shaped by the changes in the dark current. A few milliseconds after the stimulus, 
the next component originating in the ON-bipolar cells starts to intrude, affecting the later 
parts and the peak of the a-wave (e.g. Robson and Frishman, 1998). In addition to the dark 
current, other parts of photoreceptors (inner segment, soma, axon) produce ionic and/or 
capacitive currents affecting the transretinal potential with strong flashes (Arden, 1976; 
Robson and Frishman, 2014; Turunen and Koskelainen, 2017; Vinberg et al., 2009). 

The b-wave, peaking around 60-100 ms1, primarily reflects the depolarizing activity in 
the ON-bipolar cells, causing a positive-polarity component ‘PII’ (Stockton and Slaughter, 
1989; Xu and Karwoski, 1994). Light-stimulus triggers the opening of cation channels in 
the postsynaptic bipolar cell membrane (see Chapter 2.1). The resulting extracellular radial 
current causes a change in the extracellular potential, as illustrated in Figure 4B, and ob-
served in the ERG as a positive-polarity component. The b-wave is more sensitive to light 
than the a-wave, arising with very weak stimuli when a-wave is not yet visible. This is at-
tributed to the convergence of signals from many rods to a single bipolar cell (Pugh et al., 
1998; Tsukamoto et al., 2001). In addition to the PII, also other concurrent components 
affect the apparent shape of the b-wave, namely the fast PIII from rod function, as well as 
the slow PIII and the oscillations introduced below. 

Figure 4. A) The dark current of the photoreceptor layer and the extracellular electric potential in dark-
ness. B) The light-induced current in the bipolar cell layer and the corresponding extracellular potential 
graph. Adapted from Pugh et al. (1998) with permission. 
 
 
 
 

                                                           
1 Time-to-peak depends on species, light adaptation level, temperature, stimulus strength, and signal filtering. 
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The c-wave is a positive slow potential generated mainly by the ‘PI’ component, caused 
by hyperpolarization of the pigment epithelium apical membrane in response to the light-
induced decrease in K+ concentration in the subretinal space (Oakley and Green, 1976; 
Steinberg et al., 1970; Wu et al., 2004). Especially in clinical ERG, high-pass filtering is 
often applied, which may eliminate the c-wave, occurring slowly over several seconds. The 
slow PIII is a negative-polarity component following the fast PIII, not directly observable 
in the response but concurrent with the b- and c-waves. It arises from the potassium buff-
ering currents by Müller glial cells, responding to the light-evoked decrease in extracellular 
K+ concentration due to photoreceptor hyperpolarization (Dick et al., 1985; Kofuji et al., 
2000; Witkovsky et al., 1975). The oscillatory potentials consist of 4-6 high-frequency 
waves superimposed mainly on the rising phase and peak of the b-wave. The origin of the 
oscillations is in the inner retina and they have been suggested to be generated by interac-
tions of third-order neurons in the ON-pathway (Dong et al., 2004; Wachtmeister, 1998). 

The most common parameters determined from a flash electroretinogram both in basic 
and clinical research include: 

- a-wave amplitude: amplitude from the baseline to the peak of the a-wave 
- b-wave amplitude: amplitude from the peak of the a-wave to the peak of the b-wave 
- a-wave and b-wave time-to-peaks: time interval from the flash stimulus to the peak 

of the wave, alternative terms: time-to-maximum, peak time, implicit time 
When analyzing these parameters, it is important to take into account their mutual de-
pendence and relation to the underlying components. For example, a decrease in a-wave 
time-to-peak might not be directly attributed to acceleration in photoreceptor function. 
Similar effect can be caused by earlier onset and/or increased amplitude of the PII compo-
nent.  

The retinal function is commonly characterized by introducing stimuli with varying 
strengths to map the ‘operation’ or ‘functional’ range of the retina. The resulting stimulus-
response graphs are dependent on species and the retinal pathway under investigation. 
Figure 5 shows exemplary stimulus-response behaviors expressed with the parameters in-
troduced above.  

Response behavior can be considered linear, if the amplitudes increase linearly as a func-
tion of stimulus strength and the kinetics do not change. This kind of behavior has been 
observed with weak stimulus strengths for the dark current (Baylor et al., 1984, monkey; 
Lamb et al., 1981, toad), for the first milliseconds of the a-wave leading edge (fast PIII, 
Hood and Birch, 1990, human; Robson and Frishman, 1998, cat), and for the isolated bi-
polar cell component (PII, Hood and Birch, 1996, human; Robson et al., 2004, mouse; 
Robson and Frishman, 1995, cat). At the photoreceptor level, this can be considered as a 
situation where the number of arriving photons is low and the responses to subsequent 
photons do not interact. At the bipolar cell level, this can be intrepreted in a similar manner 
with bipolar cell layer linearly summing discrete signals from rods. Taking into account 
the convergence from rods to bipolar cells, the linear range of bipolar cells is located at 
much dimmer stimuli than that of the rods. Considering the visible components of the ERG 
flash response, the linearity of the b-wave is partially disrupted with the dimmest stimuli 
by a scotopic threshold response component originating in the inner retina (see the lower 
panel of Figure 5B). The peak of the a-wave behaves nonlinearly due to e.g. the nonlinearity 
of the intrusive PII component.  



 

21 

Around the stimulus range where a-wave starts to develop, b-wave amplitude shows a 
plateau-like behavior and a secondary rise as a function of stimulus strength (see the upper 
panels of Figures 5A and 5B). The plateau has been proposed to be caused by the destruc-
tive interference with the timely overlapping a-wave (Peachey et al., 1989). The secondary 
rise may have contributions from the increasing cone b-wave (Weymouth and Vingrys, 
2008) and from the capacitive component of the a-wave (Robson and Frishman, 2014). 

The majority of the ERG flash responses employed in this thesis are generated in the rod 
pathway. In mouse retina, rods constitute about 97% of photoreceptors (Carter‐Dawson 
and Lavail, 1979; Ortiń-Martínez et al., 2014). When stimulating the retina in dark-
adapted (scotopic) condition with flashes of dim or moderate brightness, the expected con-
tribution from the cone pathway, with weaker light sensitivity, is low. With bright flashes, 
cone responses emerge, leading to a combined rod-cone response. In order to record the 
ERG responses of the cone pathway, the rod contribution needs to be suppressed for ex-
ample by applying a constant background light or by applying a bright pre-flash before the 
cone-stimulating flash (e.g. Heikkinen et al., 2008; Pinto et al., 2007; Vinberg et al., 2014).  

In this thesis, Paper I focuses on studying the a-wave of the dark-adapted flash response 
trace, and the underlying rod component (fast PIII). Papers II and III apply the amplitude 
and kinetics parameters determined from the a- and b-waves of scotopic flash responses 
of the rod pathway. Paper IV compares the flash response parameters of both rod and cone 
pathway recorded from wild-type and disease mouse models. 

Figure 5. Stimulus-response graphs of scotopic ERG flash responses. A) Stimulus-response graphs of 
human ERG on a semi-log scale showing both the a-wave and the b-wave. Upper panel: amplitudes, 
Lower panel: time-to-peaks. Adapted from Perlman (n.d.) with permission. B) Stimulus-response 
graphs of the b-wave amplitude recorded from rat cornea. The upper panel is plotted on semi-log scale, 
highlighting the plateau behavior and the secondary rise of the amplitude. The lower panel presents 
the same data on log-log scale emphasizing the scotopic threshold response with the dimmest stimuli. 
Adapted from Weymouth and Vingrys (2008) with permission. 
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Corneal electroretinography 
In darkness, the dark current causes a permanent potential difference in the retina. The 
vitreal side of the retina is at a more positive potential than the scleral side. The potential 
gives rise to another current loop traveling outside the retina - through cornea, extraocular 
tissues, and the RPE. This alternative current path enables the recording of the ERG non-
invasively with a corneal electrode and a reference electrode. Figure 6 shows a schematic 
illustration of the electrical circuit of these current paths and an exemplary electrode place-
ment. In response to a light stimulus, the current in the extraretinal path follows the 
changes of the summed transretinal extracellular current. This causes corneal-negative 
and corneal-positive potential deflections. 

The corneal setup is the most common way for recording electroretinogram signal. It 
provides non-invasive assessment of retinal function with the retina in its physiological 
environment. The approach is applicable with various species, including the human and 
the mouse. The recording can be performed routinely from awake human subjects, ena-
bling also clinical diagnostic examinations. For recordings with research animals, general 
anesthesia is commonly used.  

In addition to various advantages, corneal recordings are prone to disturbances caused 
by e.g. eye movements and blinks (primarily in humans), and respiratory movements (pri-
marily in mice). Experiments performed under anesthesia suffer from adverse effects that 
may influence the results. Anesthesia has been observed to induce e.g. hyperglycemia 
(Brown et al., 2005; Saha et al., 2005), hypercapnia and respiratory depression (Cesarovic 
et al., 2010; Erhardt et al., 1984; Tsukamoto et al., 2014), and acidosis (Cesarovic et al., 
2010; Sjöblom and Nylander, 2007; Szczęsny et al., 2004; Zuurbier et al., 2002) in rodents. 
Furthermore, studies have shown rodent ERG signal to be affected by the selection of the 
anesthetic (Nair et al., 2011; Woodward et al., 2007).  

Figure 6. The electrical principle of ERG recording. The current source ( ) on the left hand side of the 
figure represents an exemplary source and sink for an extracellular current generated in the retina in 
response to a light stimulus. The local current ( ) flows between A and B through the retina along the 
short pathway. The remote current ( ) flows between A and B through vitreous, lens, cornea, extra-
ocular tissues, sclera, choroid, and the RPE. The ex vivo ERG is recorded from an isolated retina with 
electrodes placed at A and B: A – B = . The remote pathway enables the noninvasive recording 
of the ERG with corneal and reference electrodes placed at C and D: C – D = (R2 + R3 + R5 
+ R6). Adapted from Rodieck (1973) and Perlman (n.d.) with permission. 



 

23 

Ex vivo electroretinography 
Ex vivo electroretinography is an invasive recording technique applied to isolated tissue. 
It is less common and more basic research-oriented method than the corneal ERG, and the 
recording setups are more varying. Ex vivo ERG has been recorded from the isolated eye 
(e.g. Cringle et al., 1986; Niemeyer, 1975; Tazawa and Seaman, 1972), the eyecup (e.g. 
Crevier and Meister, 1998; Miller and Dowling, 1970), and the isolated retina (e.g. Donner 
et al., 1988, frog; Haldin et al., 2009, toad; Heikkinen et al., 2008, mouse cone; 
Koskelainen et al., 1994a, salamander; Nymark et al., 2005, rat; Vinberg et al., 2015a, 
mouse rod). In this thesis, ‘ex vivo ERG’ refers to recording with isolated and perfused 
neural retina. Compared to the corneal recording scheme, ex vivo ERG directly registers 
the potential difference caused by extracellular currents with electrodes placed on the 
proximal and distal sides of the retina. During retinal dissection, the pigment epithelium 
is removed. Consequently, the recorded flash responses do not contain the PI component, 
mainly responsible for the c-wave. 

Ex vivo ERG provides high signal-to-noise ratio and stable, long-lasting recordings. 
Moreover, it offers diverse possibilities for manipulating the retinal environment e.g. by 
introducing pharmacological substances into the perfusion solution or adjusting the tem-
perature. Compared to single-cell experimental methods, in ex vivo ERG, the connections 
of retinal neurons are preserved. However, the dissection of the retina, placing in the spec-
imen holder, and the usage of artificial perfusion solutions may lead to decline in tissue 
viability as well as unreliability and variation in the results
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3. Photoresponses and temperature 

Temperature influences all biological and physiological processes. In this chapter, a liter-
ature review is provided about the temperature-induced changes in the rod photore-
sponses as well as in the ERG photoresponses recorded across the whole retina, together 
with a brief introduction to the temperature dependencies in biological processes in gen-
eral. In the end of the chapter, background information is given about the intended appli-
cation field of the retinal temperature monitoring – the retinal heating treatments. 

3.1 Temperature dependencies of biological processes  

The approach developed by van’t Hoff and Arrhenius provides a theoretical model for de-
scribing how temperature affects simple chemical and enzymatic reactions. The tempera-
ture dependence of the reaction rate coefficient, k, can be described with Arrhenius equa-
tion 

  (1) 

 
where Ea is the activation energy of the reaction, R is the gas constant and T is the absolute 
temperature. A is the pre-exponential factor describing the frequency of reactant molecules 
colliding in correct orientation2.  gives the probability of a collision resulting in 

the reaction, determined by the fraction of reactant molecules having high enough thermal 
energy to overcome the energy barrier Ea according to Boltzmann statistics. Taking the 
natural logarithm of Equation 1 yields 
 

  (2) 

 
Plotting ln k against 1/T gives an Arrhenius plot, which enables the determination of acti-
vation energy Ea of the reaction based on the slope. In addition to this theoretical frame-
work, temperature behaviors of different processes can be described with empirical mod-
els, two examples introduced below (Cossins and Bowler, 1987). 
Linear relationship – the rate of a process is directly proportional to temperature 
 

  (3) 
 
                                                           
2 The factor A is usually rather independent on temperature, but with some reaction types, its temperature depend-
ence becomes significant. 
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where v is the rate of a process, T is temperature and a is a constant (Figure 7A). 
Semi-logarithmic relationship – the rate of a process is directly proportional to the tem-
perature in the exponential, i.e. the logarithm of the rate is directly proportional to tem-
perature 

  (4) 
 
where a and b are constants (Figure 7B).  

The semi-logarithmic rate-temperature relationship has been the most widely used in 
biology. With this relationship, the ratio of rates over a given temperature interval is con-
stant, and a common method for expressing the temperature dependence of a process is 
the ratio of rates for 10 °C interval 

 
  (5) 

 
A temperature insensitive process has Q10 of 1, while Q10 of 2 indicates doubling of the 
process rate with a temperature increase of 10 °C. Physical processes, such as diffusion, 
are generally considered to have Q10 values in the range of 1.0 – 1.5, whereas chemical 
reactions are usually more sensitive to temperature with Q10 values around 1.8 - 4 (Rome 
et al., 1992). Biological processes have high level of complexity consisting of several under-
lying components with physical phenomena and chemical reactions interacting. Therefore, 
biological processes bear varying temperature dependencies, and while one rate-tempera-
ture relationship of biological process can be described with a certain formula, it usually 
does not hold for others (Cossins and Bowler, 1987). 

Both the activation energy Ea and the Q10 of a biological process often decrease towards 
high temperatures, especially when broad temperature intervals are examined (Cossins 
and Bowler, 1987). This kind of temperature behaviour is called non-Arrhenius, as the Ar-
rhenius-plot is nonlinear. In that case, Ea and Q10 can be defined piecewise for discrete 
temperature intervals (e.g. Ea(T = 25-35 °C)). 

Figure 7. Empirical models for describing the temperature dependencies of the rates of biological pro-
cesses. A) Equation 3: The rate is directly proportional to temperature. B) Equation 4: The rate is direct-
ly proportional to the temperature in the exponential (left panel), i.e. the logarithm of the rate is direct-
ly proportional to temperature (right panel). Exemplary plots are given for the Q10 values of 1, 2, and 3 
(see Equation 5). Adapted from (Cossins and Bowler, 1987), with permission. 
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A typical rate-temperature curve for a biological process (Figure 8) consists of an in-
crease in rate up to a maximal level that may show a range of relative thermal independ-
ence. Ultimately, debilitating effects start to take place and the rate declines rapidly. The 
functional properties of biological macromolecules, such as enzymes, depend upon their 
tertiary and quartenary structures, formed by low-energy noncovalent bonds. These weak 
bonds break with relatively low thermal energies, and with rising temperature, the propor-
tion of destructed weak bonds increases, leading to the structural disruption of proteins, 
nucleic acids, and lipid membranes. Destructive processes, such as the denaturation of an 
enzyme, typically show very high temperature dependence with Q10 around 30-100 
(Cossins and Bowler, 1987; Rome et al., 1992). 

Figure 8. Hypothetical rate-temperature curve of a biological process illustrating the rate-enhancing 
and destructive effects. ‘Optimal’ refers to the temperature at which the process proceeds with maxi-
mal rate. Adapted from Cossins and Bowler (1987) with permission. 

3.2 Temperature-induced changes in photoresponses 

This chapter introduces preceding research on the effects of temperature on retinal pho-
toresponses that has inspired the investigations in Papers II and III. Several studies con-
centrate on the photoreceptors of poikilothermic animals conducting basic research on 
their adaptation to wide range of temperatures. Also mammalian photoreceptors have 
been investigated at varying temperatures. The photoreceptor mechanisms are rather sim-
ilar in mammals and poikilotherms (Pugh and Lamb, 2000). A study by Nymark et al. 
(2005) demonstrated that the differences in poikilothermic and mammalian rod photore-
sponses are due to distinct experimental temperatures and cell dimensions, and no major 
functional differences are required for explanation.  

The temperature dependencies of the ERG flash response a-wave and b-wave arise from 
the temperature-induced changes in the function of the whole distal retina (with possible 
minor effects from the proximal retina e.g. through Müller cell component and oscilla-
tions). The underlying temperature-sensitive phenomena include e.g. ionic conductances, 
membrane viscosity, the functions of ionic channels and pumps, the kinetics of the bio-
chemical reactions of phototransduction activation and inactivation, the synaptic trans-
duction, and the activation and inactivation reactions of the bipolar cell.  
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Photoreceptor sensitivity and kinetics 
The temperature dependence of the initiation of the retinal light response in the outer seg-
ment of a photoreceptor can be studied by recording the changes in the circulating dark 
current from a single cell. Alternatively, the photoreceptoral light response can be assessed 
by recording ex vivo ERG by blocking the synaptic transmission to higher order neurons 
with pharmacological agents. Photoreceptor sensitivity refers to the magnitude of the re-
sponse initiated by light and it can be described by different parameters: by absolute flash 
sensitivity (amplitude of a linear range response per stimulus strength unit), by fractional 
flash sensitivity (fractional reduction in dark current per stimulus strength unit), and by 
half-saturating intensity (the stimulus strength needed to generate a half-saturated re-
sponse, smaller value indicating higher fractional sensitivity). Saturation refers to the am-
plitude of a response to a strong stimulus completely suppressing the dark current. 

In the recordings by Baylor et al. (1983) with toad rods, the absolute flash sensitivity 
reduced (Q10(20°C-25…30°C) = 1.6) and the saturation amplitude increased (Q10(15°C-25°C) = 1.8) 
with rising temperature. Thus, warming reduced the fractional sensitivity, the increase in 
half-saturating intensity having Q10(20°C-25°C) of 1.9. More detailed investigation with toad 
rods in wider temperature range showed the absolute flash sensitivity to initially increase 
with temperature but begin to decrease above 22 °C. Saturation amplitude increased with 
temperature (Q10(15°C-25°C) = 2.1, non-Arrhenius with a wider range of 5-30 °C). The half-
saturating intensity increased indicating decrease in fractional sensitivity when rising the 
temperature from approximately 5 °C to 30 °C (Q10 not reported). The sensitivity peak 
around 22 °C may correspond quite closely to the body temperature of this nocturnal ani-
mal of tropical environments (Lamb, 1984). In ex vivo ERG rod response recordings with 
frogs living in cooler environment, absolute sensitivity had a maximum at around 17 °C, 
decreasing to both directions of temperature. The saturation amplitude increased approx-
imately linearly until curving downwards at ~18 °C (Donner et al., 1988). For frog long-
wavelength cones, reduction in fractional sensitivity with rising temperature was reported 
with Q10(15°C-25°C) as high as 4.0 (Heikkinen et al., 2009). 

Single cell recordings from mammalian (rat) rod showed increase in the absolute sensi-
tivity when changing from room temperature to normal body temperature. The saturation 
amplitude also increased (Q10(17-40 °C) = 2.5), and the fractional sensitivity, expressed with 
half-saturating intensity, decreased (Q10(20-38 °C) = 1.7) with rising temperature (Robinson 
et al., 1993). Later, rat rods were studied also with ex vivo ERG by Nymark et al. (2005). 
Raising temperature from 12 to 28 °C increased the saturation amplitude, in line with the 
previous observations. Dim flash response amplitudes (i.e. absolute flash sensitivity) grew 
relatively less and the fractional sensitivity decreased (Q10(12-28 °C) = 2.2). This decrease was 
confirmed to be monotonic up to the normal mammalian body temperature. Neither of the 
publications with rat rods reported observations above the normal mammalian body tem-
perature.  As a summary, both poikilothermic and mammalian rods showed maximum of 
absolute flash sensitivity approximately at their normal body temperature. The fractional 
sensitivity decreased towards higher temperatures. 

The kinetics of a photoresponse has usually been quantified by time-to-peak. Because 
the time-to-peak is dependent on stimulus strength, commonly the linear range responses 
are used, offering constant kinetics at constant temperature. In the toad experiments per-
formed by Baylor et al. (1983), time-to-peak of linear range responses showed strong ac-
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celeration with Q10(15-25 °C) of 2.7 towards increasing temperatures. According to their re-
sults, the shape of the response did not change, i.e. the responses recorded at different 
temperatures could be superimposed by just scaling the time (and the amplitude), indicat-
ing similar temperature dependencies for activation and inactivation reactions of rods. In 
his toad recordings, Lamb (1984) observed a decrease in time-to-peak of linear range re-
sponses with increasing temperature with Q10(15-25 °C) of 2.2 or 2.0 depending on the solu-
tion type. He also reported constant shape of linear range responses at different tempera-
tures except in the few rods recorded below 10 °C. In both toad publications, only one low 
and one high temperature was reported. Therefore, the linearity of the Arrhenius plot was 
not resolved. Ex vivo ERG with frog rods by Donner et al. (1988) introduced series of re-
cordings in temperatures ranging from 6 to 26 °C. The time-to-peaks of linear range re-
sponses accelerated towards higher temperatures with Q10(10-20 °C) = 2.1 and a linear Arrhe-
nius plot. Frog long-wavelength cones, in turn, were shown by Heikkinen et al. (2009) to 
accelerate towards higher temperatures with Q10(2-25 °C) = 2.4 and a linear Arrhenius plot. 

In the suction pipette recordings with rat rods, Robinson et al. (1993) did not directly 
report the temperature dependence of time-to-peak. However, the falling phase of dim 
flash responses was accelerated by warming more than the rising phase, contrary to the 
previous results with the rods of poikilothermic animals. The comparison was done be-
tween responses recorded at 23 and 37 °C. Nymark et al. (2005) performed time-to-peak 
analysis both with toad and rat ERG, mapping a broad range of temperatures. For rat, the 
behavior of time-to-peak could be described with the following partial Q10 values: Q10(6-16 

°C) = 5.4, Q10(16-26 °C) = 4.1, and Q10(26-36 °C) = 2.6. Toad rods showed surprisingly similar ki-
netics than rat rods when compared at corresponding temperatures. The responses rec-
orded from toad rods showed just slightly slower kinetics, and the overall Q10 across the 
temperature range of 6…26 °C was 3-4. For rat rods, Nymark et al. reported that the dim 
flash responses retained their shape from 36 °C to ca 20 °C, but at cooler temperatures, 
the falling phase was accelerated more strongly with temperature increase than the rising 
phase. To summarize, the kinetics of photoreceptor responses show monotonically de-
creasing time-to-peak with increasing temperature. The previous studies suggest that the 
general shape of a dim flash response remains similar despite of changes in temperature, 
except at low temperatures. 

Long-wavelength relative sensitivity 
The peak of mouse rod photoreceptor absorption spectrum is at λmax = 500 nm  (Imai et 
al., 2007; Yokoyama and Yokoyama, 2000). The excitation of the visual pigment by light 
is a photochemical reaction, and in order to occur, it requires a photon with high enough 
energy (short enough wavelength). The visual pigments can also be activated spontane-
ously by thermal energy (Baylor et al., 1980). Furthermore, it has been discovered that in 
the long-wavelength end of the rod absorption spectrum, when the energy of a photon be-
comes insufficient to excite the pigment, thermal energy can supplement photon energy. 
If the sum of these energies is greater than the critical value needed for excitation, the 
pigment may become activated. This phenomenon has been observed psychophysically (de 
Vries, 1948) as well as electrophysiologically (e.g. Denton and Pirenne, 1954, xenopus) and 
theoretically studied by Lewis (1955) and Stiles (1948) and later e.g. by Ala-Laurila et al. 
(2004a) and Koskelainen et al. (2000). This phenomenon causes the sensitivity of photo-
receptor towards long-wavelength photons to become temperature-dependent (Figure 9). 
In an experimental setup recording photoreceptoral light responses, this manifests as a 
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temperature-induced increase in the relation of the sensitivity to long-wavelength photons 
compared to shorter-wavelength photons and it is directly observable by comparing the 
amplitudes of non-saturated responses (e.g. Lamb, 1984).  

In mouse rods, the temperature-dependent effect starts to arise at wavelengths above 
595 nm (Luo et al., 2011) and becomes stronger as the wavelength or temperature in-
creases. According to the model developed by Lewis (1955), the difference in the sensitiv-
ity, S, towards long wavelengths caused by a a change in temperature, T, can be estimated 
with the formula 

 
 

 (6) 

 
where λ is the examined wavelength, and the subscript letters L and H refer to lower and 
higher temperature, respectively. λ0 is the critical wavelength where the photon energy cor-
responds to pigment photoactivation energy, m+1 is the number of vibrational modes of 
the pigment, h is Planck constant, c is the speed of light, e is the base of natural logarithm, 
and kB is Boltzmann constant. According to this model, a mouse rod cell in 40 °C hyper-
thermia would have ~5% higher sensitivity towards red 700 nm light stimulus compared 
to normal body temperature. For this estimation, parameter value m = 6 was used (approx-
imately the midpoint of the range presented in Luo, 2011, Fig. 4A, corresponding to m = 5 
in their notation). This model is based on the theory of unimolecular reaction rates 
(Hinshelwood, 1933), detailed background being outside the scope of this thesis. 

Figure 9. Temperature dependence of long-wavelength relative sensitivity. A) Photons with energy 
(Ephoton) less than the activation energy of the pigment (Ea) can excite the pigment if supported by a 
sufficient amount of thermal energy (Ethermal). B) Logarithmic visual pigment sensitivity (log S) as a func-
tion of the wavenumber (λ-1). The slope of the long-wavelength limb decreases as temperature in-
creases (red line) corresponding to an increase in the sensitivity towards long wavelengths. The effect 
derives from the increase in the proportion of rhodopsin molecules with enough thermal energy to 
enable pigment activation. The effect starts at the critical wavelength (λ0) where the photon energy is 
equal to Ea. Adapted from Ala-Laurila et al. (2004b) with permission. 

ERG temperature dependencies 
Temperature-induced changes in the photoreceptoral light responses have been examined 
as they have been relevant in understanding the principles of photoreceptor and visual 
pigment functions. Studies investigating the temperature behavior of the light responses 
of the entire retina, recorded by ERG, involve more diverse objectives and approaches. The 
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characteristic waves of the ERG responses arise as a superposition of several components 
of different cellular origin and from even larger number of underlying temperature-de-
pendent processes, complicating low-level mechanistic deductions. Yet, the temperature 
dependencies of ERG responses have been studied for the general characterization of ERG 
response behavior for basic research purposes applying different animal species and/or 
novel experimental methods (e.g. Adolph, 1985; Armington and Adolph, 1984; Beddaoui 
et al., 2012; Lachapelle et al., 1996; Lützow and Bornschein, 1966; Niemeyer, 1975; 
Schellart et al., 1974; Tazawa and Seaman, 1972; Winkler, 1972). Furthermore, some stud-
ies have focused on emphasizing the importance of accurate temperature control in exper-
imental work by showing the variation in the ERG responses caused by fluctuating tem-
peratures (Kong and Gouras, 2003; Mizota and Adachi-Usami, 2002).  

Some of the studies have been performed in vivo, but controlling and monitoring the 
retinal temperature of an intact animal accurately is often challenging. Therefore, the de-
pendence of the ERG signal on temperature has also been studied by techniques applying 
ex vivo preparates (eye, eyecup or retina) enabling easier temperature control. Studies 
have been conducted both with poikilotherms and homeotherms and by using various 
methods, including photopic and scotopic ERG, flash and flicker stimuli, and full-field or 
uneven stimulus intensity profiles. The results have been presented in different ways, ei-
ther by showing the response traces at different temperatures or accompanied with quan-
titative analysis (Adolph, 1985; Armington and Adolph, 1984; Beddaoui et al., 2012; Kong 
and Gouras, 2003; Lachapelle et al., 1996; Lützow and Bornschein, 1966; Mizota and 
Adachi-Usami, 2002; Niemeyer, 1975; Schellart et al., 1974; Tazawa and Seaman, 1972; 
Winkler, 1972).  

When responses to brief flashes have been investigated, the common observation with 
decreasing temperature has been the reduction in the amplitude of both a-wave and b-
wave. In some papers, the b-wave was reported to be more strongly affected than the a-
wave (Adolph, 1985; Armington and Adolph, 1984; Kong and Gouras, 2003; Tazawa and 
Seaman, 1972; Weymouth and Vingrys, 2008), and in some papers, a-wave or b-wave am-
plitude was found to have a maximum, decreasing also towards higher temperatures 
(Armington and Adolph, 1984; Lützow and Bornschein, 1966; Mizota and Adachi-Usami, 
2002). The general observation has been the monotonic deceleration of all investigated 
ERG components with decreasing temperatures.  

Few investigations have concentrated on the temperature dependencies of flash electro-
retinograms of mammals (the entire retina, with ex vivo or in vivo approach). Below, the 
results from four such studies are briefly introduced. All numerical values given in percents 
refer to the change in the parameter value compared to that measured at normal mamma-
lian body temperature. These have been approximated from the figures or calculated from 
the absolute values presented in the publications.  

Niemeyer (1975) recorded dark adapted ERG flash responses from isolated and perfused 
cat eyes placing electrodes on the cornea and on the sclera. The temperature was modified 
by gradually cooling the perfusate entering the eye from 39 °C to 26 °C. A single flash in-
tensity was used, evoking a b-wave response (no clear a-wave visible). B-wave amplitude 
showed almost linear decrease of ~9.7 % °C-1 with decreasing temperature, except for the 
lowest temperatures. The same applied for the time-to-peak, whose behavior could be de-
fined by ~4.7 % °C-1 increase in the time-to-peak for the most of the temperature range. To 
include the coldest temperatures, an exponential fit would perform better.  
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Lachapelle et al. (1996) conducted invasive in vivo experiments with rabbits under anes-
thesia, coiling a thin plastic tube around the eye from the limbus to the optic nerve and 
reducing the temperature of the retina by guiding 15 °C water through the tubing. Photopic 
flash responses to a single flash intensity were recorded with a subdermal electrode placed 
in the anterior chamber. Recordings were performed at two stable temperatures: before 
the cooling, and after the stabilization to around 15 °C measured between the sclera and 
the tubing. The initial temperature was not stated and the linearity of the change in the 
parameters could not be defined (due to only two temperature points). If the initial tem-
perature is assumed to be at 37 °C and the parameters would change linearly, the decrease 
in the amplitude was 1.6 % °C-1 for the a-wave and 0.4 % °C-1 for the b-wave. If assuming 
linear behavior for the kinetics as well, the increase in time-to-peak was 1.6 % °C-1 for both 
the a-wave and the b-wave with decreasing temperature.  

Two studies have been conducted with mice, concentrating on the effect of body temper-
ature changes on the scotopic flash-evoked ERG signal recorded corneally in vivo under 
anesthesia. In both of the studies, the whole body temperature was manipulated by reduc-
ing the temperature of the environment and monitored from the rectum. No assumptions 
were presented about the temperature prevalent in the retina. In the investigation by Kong 
and Gouras (2003), bright flashes were applied with constant intensity, producing both 
clear a-wave and the b-wave. The body temperature was gradually reduced from 37 °C to 
30 °C and photoresponse recordings were performed at 1 °C temperature interval. Inside 
the temperature range studied, both a-wave and b-wave amplitude decreased rather line-
arly, approximately 9-10 % °C-1 with decreasing temperature. The time-to-peak of the b-
wave increased ~7 % °C-1 over the whole temperature interval and slightly less, ~3 % °C-1, 
close to the normal mammalian body temperature. A-wave time-to-peak showed an in-
crease of ~3 % °C-1 over the whole temperature range and negligible changes close to the 
normal body temperature.  

The other work with mouse corneal ERG, published by Mizota and Adachi-Usami 
(2002), analyzed flash responses recorded at 5 °C body temperature intervals from 38 °C 
down to 18 °C. They investigated the behavior of a-wave and b-wave amplitudes with a set 
of 13 different stimulus strengths mapping the entire operation range of the responses. 
According to their results, a-wave amplitude decreased with declining temperature, and 
became undetectable at 23 °C. The b-wave amplitudes decreased when the body tempera-
ture was cooled, except for the responses to dim and moderate flashes that showed maxi-
mal amplitudes at 33 °C, decreasing to both directions of this temperature. The linearity 
or the magnitude of the temperature-induced changes in the amplitudes were not directly 
examined, but the general overview based on their figures indicates that the linearity de-
pends on flash intensity, which could not be demonstrated by the previous studies applying 
only a single flash strength. Mizota et al. also reported general deceleration in the kinetics 
with decreasing temperature but no quantitative results were presented.  

To summarize, the mammalian studies presented above, investigating temperature-in-
duced changes in the flash ERG responses show generally the same behavior. A-wave and 
b-wave amplitudes decrease with declining temperature. The linearity and magnitude of 
these changes has not been studied in great detail. In two studies performed in scotopic 
conditions, the magnitude was ~10 % °C-1 and approximately linear within a few degrees 
below the normal body temperature. One study in photopic conditions showed roughly 1 
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% °C-1. A-wave and b-wave kinetics showed general deceleration with decreasing temper-
ature. Based on two studies in scotopic conditions, the magnitude of the time-to-peak in-
crease was 0-7 % °C-1 and approximately linear within a few degrees below the normal body 
temperature. One study in photopic conditions reported roughly 2 % °C-1.  

With this background knowledge, we started to explore the possibility to apply the tem-
perature dependencies of ERG photoresponses for retinal temperature estimation. In or-
der to address this research question, more detailed and accurate information on the tem-
perature dependencies was needed. Special attention was paid to the temperature range a 
few degrees above the normal mammalian body temperature, which is relevant regarding 
the retinal heating treatments (see Chapter 3.3). This temperature range has not, to our 
knowledge, been studied before, the mammalian studies introduced above applying only 
temperature cooling. 

3.3 Retinal temperature and heating 

This chapter presents a brief overview of the eye structure, retinal temperature, and fundus 
heating, providing background information on the intended application field of the retinal 
temperature estimation method in heating treatments. Both mouse and human are con-
sidered, representing the animal model of this thesis and the patients of clinical heating 
treatments, respectively.  

Human and mouse eyes consist of similar structural components as shown in Figure 10A. 
Light arrives in the eye through the cornea and travels through aqueous, lens, and vitreous 
before entering the retina. Figure 10B shows the cross-section of the fundus tissues receiv-
ing the transpupillary light. Mouse and human retinas have similar thicknesses, 200 – 250 
μm (Ferguson et al., 2013; Grover et al., 2010; Han and Jaffe, 2009; Li et al., 2001; 
Schmucker and Schaeffel, 2004), including the monolayer of retinal pigment epithelium 
(RPE) cells with a thickness of ~15 μm (Demirkaya et al., 2013; Ferguson et al., 2013).  

The high metabolic needs of the retina are met with intense blood circulation of the cho-
roid behind the RPE. The choroid is considered to have the highest perfusion in the body 
per unit tissue weight (Alm and Bill, 1973; Nickla and Wallman, 2010). The choroidal blood 
flow has significant effect on the retinal temperature. It has been suggested that one of its 
physiological functions is to maintain retinal tissue temperature near body temperature 
and to prevent RPE overheating due to light exposure (Parver, 1991; Parver et al., 1980). 

The retina can be heated transpupillarily with a powerful light source (laser) through the 
same route as the natural light arrives to the retina. The tissues anterior to the retina have 
a high transmittance for the wavelengths 500 – 900 nm (visible and near-IR), continuing 
up to 1300 nm in other tissues except the vitreous (van den Berg and Spekreijse, 1997). In 
addition to the transmittance of these tissues, the light power per area reaching the fundus 
is also affected by light scattering and reflection in the eye tissues as well as possible opac-
ities in the ocular media. In the retina and choroid, visible and near-IR light encounter 
strong absorbers (see Figure 10C), the melanin of the RPE having the highest absorption 
coefficient. Photon energy absorbed in the melanin and other pigments converts to heat, 
increasing local temperature of the tissue. The heat spreads to surrounding tissues by ther-
mal conduction and convection. The resulting temperature distribution of the fundus is a 
function of laser power distribution, wavelength, exposure duration, tissue pigmentation, 
choroidal (and retinal) blood flow, ocular media transparency, and time. 
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Figure 10. A) Human and mouse eyes comprise of similar structural components. The most prominent 
differencies are the overall size of the eye and the relative size of the lens compared to the eye. The 
axial length of the mouse eye is 3 mm (Schmucker and Schaeffel, 2004), and that of the human eye 
is 24 mm (Gordon and Donzis, 1985). Adapted from Veleri et al. (2015) with permission. B)  Histology 
of the human retina and its underlying tissues. Neural retina extends from the nerve fiber layer (NFL) 
to the outer segment layer of the photoreceptors (OS). The highly pigmented monolayer of RPE cells 
is located next to the outer segments. Choriocapillaris of the choroid (CC) provide blood supply to the 
(outer) retina. Adapted from Forrester et al. (2016) with permission. C) Absorption coefficients of hu-
man RPE (melanin RPE), choroid (melanin CH, hemoglobin Hb, oxygenated hemoglobin HbO2), and 
macula (xanthophylls, located mainly in the outer and inner plexiform layers of the macular retina). 
Adapted from Vogel and Birngruber (1992) with permission. 
 

In this thesis, the term ‘retinal heating treatment’ is used to describe fundus heating pro-
tocols that aim at increasing the temperature of the retinal pigment epithelium. In recent 
years, multiple studies have focused on developing treatments that produce only a moder-
ate temperature rise in the RPE cells and neural retina without tissue damage. This kind 
of approaches have been investigated in the treatment of, for example, age-related macular 
degeneration, central serous chorioretinopathy, diabetic macular edema, and retinal vein 
occlusion (Gawęcki, 2019; Lavinsky et al., 2016; Luttrull et al., 2015; Scholz et al., 2017; 
Sivaprasad et al., 2010; Söderberg et al., 2012; Sramek et al., 2011; Tode et al., 2018).  

The induction of heat shock response has been proposed as the source of therapeutic 
benefit in the non-damaging heating treatments (Inagaki et al., 2015; Kern et al., 2018; 
Lavinsky et al., 2016; Mackanos and Contag, 2011; Mainster and Reichel, 2000; Sramek et 
al., 2011). Under heat shock, the expression of heat shock proteins (HSPs) is upregulated 
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in the exposed cells. Numerous important functions of HSPs have been identified, includ-
ing assisting the correct folding of synthetized proteins and promoting the refolding of 
misfolded proteins. Moreover, HSPs can inhibit the formation of toxic aggregates, solubil-
ize aggregated proteins, and they are involved in the mechanisms trafficking denaturated 
proteins for degradation. Furthermore, HSPs suppress apoptotic signaling pathways and 
have anti-inflammatory properties (see Lanneau et al., 2008; Mayer and Bukau, 2005; 
Penke et al., 2018; Richter et al., 2010; Yenari et al., 2005 for reviews on HSP functions). 
These protective mechanisms can be beneficial, for example, in age-related macular de-
generation (AMD) (Kaarniranta et al., 2009), a neurodegenerative disease constituting a 
major cause for irreversible visual loss in the elderly (Lim et al., 2012). In the dry form of 
AMD, multicomponent protein-rich aggregates accumulate in the distal retina (Holz et al., 
2014; Wang et al., 2010) and the tissues have weakened ability to maintain proteostasis 
due to aging (Penke et al., 2018; Söti and Csermely, 2002). Beside the heat shock response, 
also leukocyte recruitment activation, downregulation of neovascular cytokines and up-
regulation of angiogenic inhibitors have been suggested as possible therapeutic benefits of 
non-damaging heating treatments (Caballero et al., 2017; Gawęcki, 2019; Li et al., 2015; 
Midena et al., 2020; Moore and Chao, 2019). 

In non-damaging retinal heating treatments, heating power control is considered the 
main challenge hindering the development of safe and reproducible treatments for the de-
sired clinical outcome (Lavinsky et al., 2016; Scholz et al., 2017; Sivaprasad et al., 2010). 
The heating power should be precisely controlled to be high enough for therapeutic effect 
but low enough to avoid lethal consequences for the cells. The temperature dependence of 
thermal damage is steep (Chapter 3.1) and the therapeutic window for heating treatments 
is considered narrow (e.g. Kuo et al., 2008; Wang et al., 2017). The temperature elevation 
in the retina and RPE is dependent on the fundus pigmentation level and ocular media 
clarity of each individual as well as the amount of pigmentation and choroidal blood flow 
at the location of the heated area (Connolly et al., 2003; Ibarra et al., 2004; Parver, 1991; 
Pollack et al., 1998; Schule et al., 2004). Therefore, applying equivalent heating power 
leads to varying levels of temperature rise, both in preclinical setups with animal models 
as well as in clinical treatments of patients. 
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4. Objectives 

This thesis applies the combination of the complementary ERG methods: corneal and ex 
vivo ERG. The goal is i) to characterize retinal functions in varying temperatures and ex-
tracellular circumstances and ii) to investigate the possibility to employ the temperature 
dependent properties of ERG photoresponses in retinal temperature estimation. The spe-
cific research questions of the studies are: 

 
1. How well is the photoreceptor function preserved in the ERG recordings 

from the isolated retina?  
A large body of studies addressing photoreceptor function are based on the record-
ings from single photoreceptor cells. Compared to single cell methods, the applica-
tion of the entire isolated retina provides advantages enabling the investigation of 
photoreceptors in more physiological environment with their neural connections 
preserved, with higher signal quality and longer lasting experiments. Thus, in addi-
tion to single cell methods, also ex vivo ERG has been applied for studying photore-
ceptor function. This thesis addresses the applicability and reliability of ex vivo ERG 
in studying photoreceptor function and phototransduction. The corneal ERG, 
providing recordings of the intact retina in vivo, is used as a benchmark. The preser-
vation of rod function is studied by determining rod activation efficiency as well as 
sensitivity and kinetics and comparing them to the corresponding observations from 
the corneal recordings. Additionally, an easily accessible method for isolating the rod 
ERG component by pharmacological manipulations in the ex vivo setup is assessed 
by comparing it to the corresponding response isolated by the paired flash protocol. 

 
2. What are the temperature dependencies of mouse scotopic ERG flash re-

sponse parameters? 
The amplitude and kinetics of ERG flash responses are known to be affected by reti-
nal temperature. In addition, photoreceptor’s relative sensitivity to long-wavelengths 
is a temperature-dependent phenomenon affecting the retinal photoresponses. This 
thesis addresses the changes observed in scotopic ERG flash responses induced by 
temperature manipulations. The magnitudes of these changes are quantified as a 
function of temperature by both ex vivo and corneal ERG. The ex vivo setup enables 
accurate and fast retinal temperature manipulations. The corneal recordings, on the 
other hand, provide verification of the obtained temperature dependencies in the 
physiological environment of the retina. This research question was motivated by the 
possibility to utilize the temperature-induced changes of ERG in retinal temperature 
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monitoring during fundus heating treatments. Therefore, the investigations are con-
ducted near the normal mammalian body temperatures and a few degrees above.  
 

3. What is the estimated accuracy that can be obtained by scotopic ERG-
based retinal temperature determination with mice?  
In order to assess the feasibility of an ERG-based retinal temperature monitoring 
method, responses recorded by ex vivo and corneal ERG at varying temperatures are 
utilized to create temperature estimation models. The models are applied to show a 
proof of concept how the features extracted from the scotopic ERG flash responses 
can be used to determine the temperature of the retina and to estimate the accuracy 
of the method. This is done first in the ex vivo setup, to determine the temperature 
estimation capability of the method when high-SNR responses are available. There-
after, a model applying corneally recorded ERG responses is developed, to assess the 
performance of the method in in vivo circumstances. 

 
4. What are the characteristics of the retinal functions of P4h-tm-/- mice? 

The family of prolyl-4-hydroxylases includes several enzymes acting as oxygen sen-
sors regulating oxygen homeostasis in mammalian cells through hypoxia inducible 
factor-mediated mechanism. (Bruick and McKnight, 2001) Also the transmembrane 
member of the family, P4H-TM, is known to be induced by hypoxia and its detailed 
functions have been under investigation in recent years (e.g. Koivunen et al., 2007; 
Laitala et al., 2012). P4h-tm has high expression level in mouse RPE (Paper IV) and 
a previous study has shown the knockdown of P4h-tm causing impairment of eye 
development in zebrafish (Hyvärinen et al., 2010). This thesis addresses whether the 
deficiency in P4H-TM enzyme leads to changes in retinal functions of mice. Investi-
gations are initially conducted with corneal ERG recordings by comparing the wild-
type and P4h-tm-/- mice. However, anesthesia with isoflurane as well as with other 
general anesthetics is known to affect the hypoxia-induced regulation in mouse 
(Tanaka et al., 2011). As the function of the enzyme is related to the oxygenation level 
of tissues, the question arises whether the observations regarding P4h-tm-/- mouse 
ERG flash responses are caused by functional changes in retinal cells or possibly by 
some secondary mechanism related to anesthetized state. Therefore, the observa-
tions are confirmed by comparing the wild-type and P4h-tm-/- mouse retinas in the 
controlled environment of ex vivo ERG with stable oxygen level.
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5. Methods 

This chapter gives an overview of the experimental techniques applied and data analysis 
performed for this thesis. The detailed explanations of the methods are given in the origi-
nal publications.  

5.1 Corneal ERG recording 

Anesthesia and medication 
In Paper I, the mice were anesthetized with intraperitoneal injection of ketamine and 
xylazine. Maintenance doses were administered subcutaneously at approximately 30-40 
min intervals. Anesthesia level was monitored by visual inspection of ERG baseline behav-
ior. For Paper III, inhalation anesthesia with isoflurane was introduced, and anesthesia 
monitoring was improved to guide isoflurane concentration adjustments and to supervise 
mouse status during major body temperature changes by recording the respiration rate 
with a piezoelectric sensor placed under the mouse. In all experiments, the corneas of both 
eyes were locally anesthetized with oxybuprocaine, and the pupil of the eye receiving the 
light stimulus was dilated with atropine sulphate and phenylephrine hydrochloride. Mice 
were euthanized under anesthesia in the end of the experiments. 

With isoflurane, the level of anesthesia can be easily controlled by minor concentration 
adjustments. Therefore, more stable anesthesia can be reached compared to injection 
method, where the initial and maintenance doses lead to fluctuation in anesthesia level 
and possible changes in the ERG signal. However, previous studies have revealed that with 
isoflurane anesthesia, the recorded ERG responses have lower amplitudes than those rec-
orded in ketamine/xylazine anesthesia (Nair et al., 2011; Woodward et al., 2007). In addi-
tion, the nose cone required for isoflurane administration complicates the placement of 
the electrodes and the full-field stimulator. 

Electrodes 
The recordings were performed with three electrodes – active, reference and the ground. 
The active electrode was placed on the cornea of the eye receiving the light stimulus and 
the reference electrode was placed on the other eye. The ground electrode was placed in 
the mouth. This recording scheme differs from the simple example given in Chapter 2.2. 
The reference electrode placed on the inactive eye facilitates the elimination of artifacts 
common to both corneal electrodes by subtraction of the reference signal from the active 
signal.  

All electrodes were custom made from Ag/AgCl pellets or chlorided Ag wire, providing 
stable DC-ERG recordings. The corneal electrodes consisted of an acrylic corneal lens with 
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the pellet attached to the edge, the tip towards the peripheral cornea. The lens on the active 
eye was transparent and the lens on the reference eye was covered with black paint. An 
alternative reference electrode construction was developed during the experiments of Pa-
per III, applying a 1 ml syringe with the pellet inside. This kind of construction is easy to 
place on the eye and prevents drying of the cornea but it is not applicable for the eye re-
ceiving the light stimulus. The ground electrode was either a loop of wire placed around 
the incisor teeth or a pellet attached to the mouse platform contacting the palate. The con-
tact between all electrodes and the tissue was obtained with a solution prepared from 
methylcellulose and physiological saline.  

Temperature control 
The normal body temperature of a laboratory mouse (strain C57BL) varies between 36.5 – 
38.0 °C (Connolly and Lynch, 1983). General anesthesia inhibits the function of ther-
moregulation by e.g. decreasing the vasoconstriction threshold, reducing the ability to per-
form thermogenesis, and inhibition of the afferent transmission of thermal information 
(Sessler, 1993, human). Thermoregulation is known to be compromised also in anesthe-
tized mice, and due to their high surface-area-mass-ratio, they will quickly become hypo-
thermic without an external heat source (Brown et al., 2005; Caro et al., 2013). In the ex-
periments of this thesis, the body temperature was continuously monitored with a small 
rectal thermistor and carefully controlled with custom made external heat sources.  

In Paper I, the mouse was placed inside a u-shaped heating element opening to the side, 
equipped with internal temperature-controlled water circulation. The body temperature 
was maintained between 37.4 – 38.0 °C throughout the experiment. In Paper III, temper-
ature control was of high importance. In order to be able to determine temperature de-
pendencies of ERG photoresponses of an intact animal, information of the actual retinal 
temperature should be acquired. One possible way to determine the retinal temperature 
would be to directly measure it with a temperature probe inserted into the retina. We con-
sidered this kind of method too invasive and unreliable. The correct placement of the probe 
in the retina inside the small eye of a mouse would be very challenging and the measure-
ment itself would affect the local temperature. Therefore, we decided to utilize the ability 
of intensive choroidal perfusion to effectively control the retinal temperature (see Chapter 
3.3) and designed our experimental setup to support this phenomenon. The interpretation 
of the results is based on the assumption that the temperature of the distal retina closely 
coincides with the core body temperature at stable temperature readings after some stabi-
lization time. In our setup, the mouse was placed in a tilted bath with water up to ear level. 
Mouse’s inability for thermoregulation was utilized to control its body temperature by ma-
nipulating the temperature of the water circulated in the bath. Also the air temperature 
around the mouse was heated to around 30 °C to minimize temperature gradient through 
the eye. The aim of this setup was 1) to provide a homogeneous temperature environment 
around the mouse to ensure that the temperature of the retina would closely correspond 
to the core body temperature and 2) to enable fast temperature changes and reduce fur’s 
thermal insulation by using the water bath equipped with water circulation. The thermis-
tors used in Papers II – III were calibrated against the same accurate and calibrated refer-
ence thermometer. 
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Light stimulation 
All experiments were conducted in darkness with mice dark-adapted overnight or at least 
for 3 hours. Dim red light was used in the beginning of experiments to enable mouse han-
dling, followed by 12-30 minutes of dark adaptation before the ERG recordings started. In 
Paper I, a spherical full-field stimulator was constructed to deliver flashes to a single eye. 
It was equipped with a 12 mm aperture for the eye and four cyan LEDs. In Paper III, a 
cylindrical stimulator was developed, the tip of which was placed around the eye. This 
smaller-sized light stimulator was necessary due to the physical constraints set by the wa-
ter bath and the isoflurane nose cone. The light arrived both directly through the optical 
cable attached inside the cylinder, and indirectly by reflecting from the inner walls of the 
cylinder tip. The stimulator provided light from all directions, mimicking full-field stimu-
lus, but the intensity of the reflected light was approximately 50% lower than that of the 
direct light, measured at ~45° angle in relation to the cylinder wall. Near-IR and green 
laser diodes (780 nm and 520 nm) were used as light sources, and the lights were guided 
through a branching optical cable.  

In both Papers, impulse-like flash stimuli were used with the maximum duration of 2 ms. 
For Paper I, stimulus strengths were adjusted by controlling LED current. Absolute inten-
sity measurements were performed to be able to calculate estimations for the number of 
excited visual pigments per flash (see the original publication for details), and to facilitate 
the comparison to the light stimuli performed in the ex vivo experiments of the same pa-
per. In Paper III, the stimulus strengths were adjusted by manipulating flash duration. 
Stimulus strengths were selected based on the set of responses obtained from each indi-
vidual mouse (biological calibration), and no absolute intensity measurements were re-
quired. 

A specific light stimulation paradigm called paired-flash protocol (reviewed in 
Pepperberg et al., 2000) was used in Paper I, both in corneal and ex vivo ERG experiments. 
The purpose of this protocol is to reveal the time course of the rod photoresponse, which 
normally becomes superimposed by the components from the post-receptoral neurons and 
Müller cells. The response of the rods to an arbitrary test flash, in this case to an approxi-
mately half-saturating stimulus, is mapped by introducing a subsequent intense probe 
flash, which completely suppresses the dark current and saturates the rods. Assuming that 
a linear relationship holds between the a-wave and circulating dark current, the a-wave 
amplitude of the probe flash response provides a measure of the remaining dark current 
at the time of its delivery. By repeating the test flash-probe flash pairs with different time 
intervals, the trace of the test flash response can be constructed point-by-point. The 
method is very time-consuming – several repetitions of the flash pairs are needed with a 
long periods of dark adaptation in between to produce a single response trace. 

In Paper IV, in addition to scotopic rod response families, the function of cone pathway 
was studied. The recording of cone photoresponses requires the suppression of rod signal-
ing, achievable with background light or a strong pre-flash (see e.g. Heikkinen et al., 2008; 
Koskelainen et al., 1994b; Weymouth and Vingrys, 2008, for details). Both means were 
applied in the corneal recordings, and the double flash method was implemented ex vivo. 
The corneal recordings of Paper IV were conducted with the ERG setup of the Department 
of Neurobiology, University of Eastern Finland. For the equipment and protocol-related 
details, the reader is referred to the original publication. 
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Experiment protocol 
For Paper I, each experiment was designated either for recording ordinary scotopic flash 
responses or for revealing the response trace of the rods by the paired flash protocol. In 
the former alternative, a set of photoresponses were recorded with varying stimulus 
strengths covering the whole functional range of the rods. In the latter alternative, pairs of 
test and probe flash were delivered with varying interstimulus intervals. When the experi-
ment was completed, the mouse was euthanized and an ex vivo experiment was immedi-
ately initiated with the same retina that received the light stimulus in the corneal ERG 
experiment. In Paper III, the mouse on the platform was slid inside the tilted water bath. 
A small set of scotopic flash responses was recorded to map the functional range and to 
select dim (530 and 780 nm) and bright (530 nm) flash strengths for the experiment, as 
explained in Chapter 6.2. Thereafter, responses to the selected stimuli were recorded at 
the reference body temperature 37.5 °C and at modified body temperatures between 35.5 
– 42.6 °C to investigate the temperature dependencies of the responses. After one to three 
different modified body temperatures, the reference level was ‘recalibrated’ by recording 
the responses again at 37.5 C. At each temperature, the recordings were performed after 2 
minutes of stabilization time. 

5.2 Ex vivo ERG recording 

Specimen holder 
The retina was detached from the anterior eye, sclera, and the RPE, and placed in a speci-
men holder providing perfusion with physiological saline essential for cell function. The 
specimen holder used in Paper I provided perfusion on top of the photoreceptors. For Pa-
per II, an updated version of the holder was developed, illustrated in Figure 11. The new 
holder was optimized for fast and accurate temperature adjustments by minimizing its 
size, placing miniature thermistors close to the retina and equipping the perfusion flow 
with resistive heating elements. The perfusion was provided also below the filter paper 
under the retina, aiming at improving the viability of the inner retina. The new specimen 
holder was used also in Paper IV. Both specimen holders were developed based on the 
original design introduced by Donner et al. (1988).  

The ERG signal was recorded directly as a potential difference between two Ag/AgCl pel-
let electrodes placed on both sides of the retina with electrical contact through the perfu-
sion. Two different types of perfusion solutions were used (‘Normal Ringer’ and ‘Ames’), 
containing e.g. ions, glucose, amino acids, and bicarbonate, bubbled with carbogen for pH 
control. The ingredients of the solutions are described in the original publications.  

Figure 11. A diagram of the specimen holder developed for Paper II. A) Upper perfusion channel B) 
Lower perfusion channel C) Resistive heating wires D) Specimen holder body E) Retina, photoreceptors 
upwards F) Light stimulus G) Thermistors H) Ag/AgCl pellet electrodes (placed inside channels perpen-
dicular to the cross-sectional plane) 
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Temperature control 
In Papers I and IV, the specimen holder and the entering perfusion solution were heated 
with temperature-controlled water circulation underneath the holder. The temperature 
was monitored with a thermistor placed in the perfusion channel, and the aim was to main-
tain stable 37 °C temperature. In Paper II, fast temperature changes were achieved by 
changing the temperature of the upper perfusion solution with resistive heating wire coiled 
around the perfusion tube. The lower solution was kept at 37 °C. The temperature was 
monitored with miniature thermistors placed close to the retina inside the upper and lower 
perfusion channels as shown in Figure 11. The temperature of the distal retina was as-
sumed to coincide with the temperature of the upper solution at stable temperatures after 
at least 1.5 minutes of stabilization. 

Light stimulation 
Light stimuli were introduced to the retina with a 532 nm laser. In addition, a 544 nm laser 
was applied in Paper I, 780 nm in Paper II, and 633 nm in Paper IV. 2 ms flashes were 
generated with shutters. The stimulus light with homogeneous intensity profile was di-
rected to the retina with mirrors and lenses, and the intensity was controlled with neutral 
density filters and wedges. The light arrived through the transparent lid of the sample 
holder on the photoreceptor side of the retina. Absolute intensity measurements were per-
formed to estimate the number of excited visual pigments per flash. 

Experiment protocol 
In the beginning of the experiments, the retina was dark-adapted and scotopic flash re-
sponses were recorded with long time intervals to monitor when the responses had reached 
a stable state. For Paper I, each experiment typically contained both the recording of a 
representative set of scotopic flash responses and the implementation of the paired-flash 
paradigm. Thereafter, two pharmacological agents were introduced in the perfusion solu-
tion. DL-APB, which blocks the synaptic transmission from rods to rod bipolar cells 
(Slaughter and Miller, 1981), and BaCl2, which inhibits the Müller cell K+ currents (Bolnick 
et al., 1979; Newman, 1989). The resulting response is mainly generated by the rod photo-
receptors, enabling comparison between the pharmacologically isolated and paired-flash 
protocol generated rod flash responses. In Paper II, the progression of the experiment re-
sembled that with corneal ERG in Paper III. A small set of responses was recorded with 
varying stimulus strengths to map the functional range and to select the dim (532 and 780 
nm) and bright (532 nm) flashes to be employed in the experiment, as described in Chapter 
6.2. Thereafter, responses were recorded at the reference temperature 37.0 °C and at var-
ying elevated or lowered temperatures between 35.0 °C and 44.0 °C to examine the tem-
perature-dependent changes in the responses. Approximately 15 modified retinal temper-
atures were mapped with a single retina, and the reference responses at 37 °C were moni-
tored every ~20 minutes. At each temperature, the recordings were performed after 1.5 – 
2.5 minutes of stabilization time, depending on the magnitude of the temperature change. 
In Paper IV, a family of scotopic flash responses was recorded, followed by the introduction 
of double flash stimuli consisting of a rod-saturating pre-flash and another strong flash to 
stimulate the cones. 
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5.3 Data analysis 

Preprocessing 
The zero-level of the recorded responses was set to the average signal level preceding the 
light stimulus in all ex vivo recordings and the corneal recordings of Paper I. In the double 
flash responses of Paper IV, the response to the pre-flash alone was subtracted from the 
double flash responses to define the baseline-level for the second flash response. In Paper 
III, an autoregressive model was constructed based on approximately two seconds of cor-
neal ERG baseline signal preceding the light stimulus. With autoregressive model, the pe-
riodical artifacts due to e.g. breathing can be estimated at the time of the ERG response. 
Subtracting the estimated baseline from the response suppresses the effect of the artifacts.  

In Paper I, both ex vivo and corneal recordings were low-pass filtered (fc = 1 kHz, 8-pole 
Bessel) before digitizing, and no further filtering was performed. In Papers II - III, addi-
tional FIR-filtering was done afterwards, together with feature extraction (see the next 
Subchapter). A few alternative filter parameters were tested for each feature and those giv-
ing the lowest relationship between the RMS deviation of the linear fit and the slope of the 
fit in ex vivo recordings were selected. More detailed information about the filtering is 
given in the original publications. In the compilation part (Chapter 6.3), all features are 
presented with uniform filtering method (FIR fc = 100 Hz, n = 50) to enable the compari-
son of the temperature dependence slopes. The averaging of responses was done in all pa-
pers according to the information given in the Results and the original publications. 

Features, parameters and analysis protocols 
Several different parameters and features were extracted from the recorded ERG re-
sponses to perform analysis and facilitate deductions based on the obtained results. In Pa-
per I, the sets of scotopic flash responses were quantitatively analyzed by rod photore-
sponse activation model. The aim was to compare ex vivo and corneal photoresponse ini-
tial phases to analyze the similarity of rod activation in these two setups. The activation 
model developed by Lamb and Pugh (1992) provides widely applied means for describing 
the activation phase of photoreceptoral light response. The model involves visual pigment 
diffusion and the reaction steps of phototransduction and it can be applied by fitting the 
equation 

 
  (7) 

 
to the leading edges of the photoresponses. In this model, R(t) is the waveform of the pho-
toresponse as  pigment molecules are activated by the light stimulus, and there is a short 
delay td associated with pigment activation, subsequent quick reaction steps and the re-
cording equipment. Rsat is the saturated level of response amplitude, i.e. the level at which 
all CNG-channels transmitting the dark current are closed. Fitting will yield a value for the 
remaining parameter called activation or amplification factor, A. The factor is a product of 
the gain steps in phototransduction: the rate of PDE activation by a single activated rho-
dopsin, , the catalytic efficiency of PDE, , and the co-operativity of the CNG channel 
opening, n,  

 
  (8) 
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As the model describes the activation of phototransduction, it is supposed to be fitted only 
to the initial phase of the responses before phototransduction inactivation or PII-compo-
nent starts to affect. Furthermore, the model is not applicable with high stimulus intensi-
ties due to, for example, the limited availability of PDE for activation and the capacitive 
component shaping the leading edge of the response (Pugh and Lamb, 2000; Robson and 
Frishman, 2014). 

The paired-flash data were processed to give an estimate of the underlying rod photore-
sponse trace in the following manner: 1) The response to the test stimulus alone was sub-
tracted from the combined test/probe flash response to isolate the response to the probe 
flash. 2) The a-wave amplitude was determined from the obtained probe flash response 
(representing the remaining dark current). 3) This amplitude was subtracted from the cor-
responding probe flash response a-wave amplitude obtained in darkness. The resulting 
value is expected to represent the fractional rod response amplitude to the test flash at the 
time point corresponding to the test/probe flash interval. The a-wave amplitudes of the 
corneal responses were determined near the peak, approximately 7 ms after the light flash. 
In the ex vivo responses, the a-wave peaked somewhat later, and the results were analyzed 
by two different approaches: quantifying a-wave amplitude at a fixed time point of 8 ms 
(corresponding to corneal response analysis), and closer to the the actual peak at 13 – 14 
ms after the stimulus. It is not straightforward to specify the ‘correct’ method for the a-
wave amplitude determination, because the peak amplitude is, to an unknown extent, af-
fected by the contribution of the b-wave and inner segment currents. The two different 
methods were applied here to consider the uncertainty in amplitude determination. 

In Papers II and III, different features were extracted from the flash responses and their 
temperature dependencies were investigated. The features represented mainly the kinetics 
of bright flash response a-wave and dim flash response b-wave. The time-to-peak served 
as a starting point, as several resembling features were determined from the leading edge 
of the a-wave and the leading and trailing edges of the b-wave, characterizing time-to-X% 
of the response, with X between 10 and 90 % of the peak amplitude. Other kinetics-related 
features included integration time of the b-wave, time to inflection point of the a-wave and 
the stretch feature. The integration time was defined as the area under the response curve 
divided by the amplitude. The inflection point was determined based on a fit to the a-wave 
leading edge. The stretch feature reflects the compression or expansion needed to match 
the response traces recorded at the reference and at the elevated or lowered temperature. 
Also a-wave and b-wave amplitudes were included in the analysis.  

Rod sensitivity to long-wavelengths in relation to short wavelengths increases with tem-
perature, as explained in Chapter 3.2. The phenomenon originates in the rhodopsin pig-
ments and the increased sensitivity manifests as an increase in the amplitude of rod pho-
toresponse. As the amplitudes of rod photoresponses are monotonically conveyed to the 
graded potentials in rod bipolar cells, the phenomenon can be observed also in the b-wave 
amplitudes. However, the relationship that emerges in b-wave amplitudes may not be ex-
actly the same as the relationship of rhodopsin sensitivities (defined by equation 6), e.g. 
due to the nonlinearity of the rod-rod bipolar cell synapse at the lowest stimulus levels 
(Field and Rieke, 2002) and due to the nonlinearity of rod’s or bipolar cell’s intrinsic stim-
ulus-response behavior at higher stimulus levels (see Fig. 5). The long-wavelength relative 
sensitivity was parametrized in this study as the relationship of b-wave amplitudes to ~530 
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nm and 780 nm dim flash stimuli. The detailed explanation how all the features were de-
termined with Matlab is given in Papers II and III.  

For defining the temperature dependencies of the features in a consistent manner, all 
features were normalized with their values at the reference temperature close to normal 
body temperature. The normalized values were calculated according to 

 
   (9) 

 
 

,  (10) 

 
where  and  are the feature values in the elevated/lowered temperature and at 
the reference temperature, respectively. To account for gradual changes in the ERG re-
sponses during long-lasting experiments, the recordings at the reference temperature were 
repeated a few times in each experiment as explained previously. This was important es-
pecially in the ex vivo setup, where the b-wave is prone to some gradual decay. In Paper II, 
the reference feature values to be applied in feature normalization were determined by 
linear interpolation between the actual reference recordings. In Paper III, normalization 
was done with the most recent reference recording. The temperatures were denoted as di-
rect retinal temperatures (°C) in Paper II and as differences compared to the reference 
temperature (°C) in Paper III, the latter method applied in this compilation part.  

The determinations of temperature dependencies were performed based on a training 
dataset consisting of approximately two thirds of the experiments. The rest of the obtained 
data were utilized for temperature estimation model validation as described in the next 
Subchapter. Linear relationships between feature values and the temperature (resembling 
Equation 3) were defined by least squares fitting. The temperature dependencies obtained 
were expressed as the change in feature value per one Celsius degree change in the tem-
perature, measured in percents compared to the feature value in the reference temperature 
(% °C-1). This notation was selected to give an easily perceivable and comparable measure 
for the strength of the temperature dependence of the feature, the reference temperature 
being the normal body temperature and the expected initial temperature in any experi-
ment. It should not be confused with the exponential relationship, which could also be 
defined as the change in percents per a degree of Celsius. Slightly different feature sets and 
response averaging numbers were applied in Papers II and III, but a consolidated analysis 
is presented in this compilation part. 

In Paper IV, the aim of the analysis was to compare wild-type and disease model mouse 
photoresponses obtained from the rod and cone pathways. The analysis was based on the 
determination of a-wave and b-wave amplitudes and time-to-peaks. 

Temperature estimation model  
In papers II and III, retinal temperature determination based on ERG photoresponses was 
simulated by constructing a model between the ERG photoresponse features and the tem-
perature. The model was applied for estimating the feasibility and accuracy of the method. 
After the temperature dependencies were found out to be linear (for nearly all of the fea-
tures) in the temperature range examined, a multivariable linear regression model could 
be applied. For selecting a set of features that gives the highest temperature estimation 
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accuracy according to the obtained training dataset, linear regression models consisting of 
different combinations of features were generated by fitting the equation  

 
  (11) 
 

where c is the vector of temperatures, X is the matrix of the features, β is the matrix of 
regression coefficients and ε contains the error terms.  

In the compilation part of this thesis, two models were selected for closer analysis, one 
based on the bright flash responses and another one based on dim flash responses. All 
possible combinations with up to 5 features were considered as candidate models in the 
compilation part (slightly different approaches used in the original publications). For each 
candidate model, the temperature estimation error in the training dataset was determined 
by leave-one-out cross validation. In model development, adding more features to the 
model often leads to a better fit, but the additional features begin to represent random 
variation in the data, causing overfitting and weaker generalizability of the model. In order 
to avoid this, model selection among a set of candidate models can be performed with an 
information criterion, which introduces a penalty term, increasing as more features are 
added to the model. Here, the models for further analysis were selected by calculating the 
Bayesian information criterion, , according to the equation 
 

  (12) 

   
where n is the sum of observations (ERG-response – temperature pairs) in the training 
dataset, SSE is the sum of squared temperature estimation errors in the cross validation, 
and p is the number of estimated parameters (regression coefficients) in the model.  

The retinal temperature estimation accuracy of the method was validated by defining the 
RMS temperature estimation errors demonstrated by the selected models in the leave-one-
out cross validation with the training dataset. Furthermore, the generalizability of the 
method was assessed by determining the RMS temperature estimation errors of the se-
lected models in a separate test dataset. A visualization of model performance was pro-
vided by showing the estimated vs. measured temperatures graph when applied to the test 
dataset. 
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6. Results 

This chapter summarizes the results of the experimental work conducted for the thesis, 
including the observations presented in Papers I-IV as well as some unpublished remarks. 

6.1 Corneal and ex vivo ERG responses   

Comparison of the scotopic flash responses 
Figure 12 shows sets of scotopic flash responses recorded with corneal and ex vivo tech-
niques from the same retina in two representative cases. The response amplitudes are 
scaled to match the a-wave leading edges of the response to the strongest stimulus trig-
gered with approximately the same intensity (R* rod-1) in both recording setups. The re-
sponses are qualitatively very similar. The absolute amplitudes are of the same order of 
magnitude and after the matching of the a-wave leading edges, the b-wave amplitudes are 
more prominent ex vivo with the first retina and in vivo with the second retina. With closer 
examination, the oscillatory potentials can be observed to be attenuated and the kinetics 
of the b-wave decelerated ex vivo. Another difference, not visible in the time window plot-
ted here, is the lack of the c-wave from the ex vivo responses due to the detachment of the 
RPE.    

To provide a general overview of the most common parameters, Figure 13 plots the a-
wave and b-wave absolute amplitudes and time-to-peaks as a function of flash strength 
determined from several retinas. Also in this figure, the general agreement between the 
flash response amplitudes recorded ex vivo and corneally is evident. The ex vivo responses 
are on average only slightly smaller and there is more variation in the amplitudes between 
the retinas. The comparison of the kinetics reveals that the time-to-peaks of both the a-
wave and the b-wave were somewhat longer ex vivo. The increased a-wave time-to-peak 
ex vivo may be attributed to the delayed b-wave. The leading edge of the a-wave is investi-
gated in more detail in the next subchapter, and the decelerated b-wave is addressed in 
Discussion. 
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Figure 12. Sets of scotopic flash responses recorded with corneal (red) and ex vivo (blue) ERG from the 
same retina in two representative cases. The flash strengths were selected to produce approximately 
equal amounts of rhodopsin activations in the two setups, ranging from 100 to 100 000 R* rod-1. The 
y-axes have been scaled to match the rising edges of the a-waves recorded in response to the strongest 
stimulus. 

 

Figure 13. Scotopic flash response parameters determined corneally (n = 10, red) and from isolated 
retina (n = 9, blue) with varying flash strengths ranging over the functional range. Five of the retinas 
are the same, recorded with both setups. A) A-wave amplitude on log-log scale. B) B-wave amplitude 
on log-log scale. C) A-wave time-to-peak on semi-log scale. D) B-wave time-to-peak on semi-log scale. 
Two experiments with two-sided perfusion ex vivo are indicated with light blue stars (see Discussion). 
All ex vivo experiments have been conducted with the ’normal Ringer’ solution. 
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The leading edge of the a-wave 
Fitting the phototransduction activation model (Equation 7) to the initial rise of the lead-
ing edge was used to quantitatively estimate phototransduction activation kinetics of rod 
photoreceptors (Figure 14). The peak amplitude of the response to the strongest flash 
(~100 000 R* rod-1) was defined as the saturated response level, and the model was fitted 
to the initial rises of a-waves elicited with flash strengths approximately 20 – 40 000 R* 
rod-1. The average activation factor from 18 retinas did not show statistical difference be-
tween the ex vivo (10.6 ±1.0 s-2) and corneal setup (11.9 ±0.7 s-2), indicating that rod acti-
vation is well conserved in the ex vivo setup (paired t-test p = 0.24).  

Figure 14. Fitting of the activation model to the initial phases of the a-waves of corneal (red) and ex 
vivo (blue) responses. The corneal data has been averaged from six retinas. The ex vivo data is from a 
single retina. The activation factors obtained from the fits shown in this figure were 10.1 and 9.5 s-2, 
respectively. 

Rod photoresponses constructed by the paired flash method  
Except for the earliest part of the leading edge, the rod photoresponse in the ERG is 
masked under the components arising from other retinal cells. The response traces of rods 
were derived here using the paired flash protocol first corneally and then from the same, 
isolated retinas. Figure 15 illustrates the result from a set of three retinas. The red circles 
indicate the average trace from corneal recordings and the black and cyan symbols the 
traces from each individual retina ex vivo. The inset provides averaged responses also for 
ex vivo. To examine the variation in the resulting response trace by changing the determi-
nation time point of the probe flash a-wave amplitude, two alternative times were tested 
(black = 8 ms, cyan = 13-14 ms, see Methods). The y-axis expresses the amplitude relative 
to the probe flash a-wave in darkness, estimating the saturated level of the response. The 
flashes producing approximately a half-saturated response in vivo were estimated to de-
liver 20 R* rod-1, while the isolated retina required approximately 20 – 50 R* rod-1 for 
corresponding responses. This suggests that the rods have somewhat lower fractional sen-
sitivity in the recording with isolated retina. The comparison of response kinetics reveals 
slight deceleration of the rod response with isolated retina. The time-to-peak values, esti-
mated based on the fitting of an empirical response model (dashed trace) to the derived 
rod responses, were 85 ms for the corneal recording, and 109 or 113 ms for the ex vivo 
recording (for the determination points of 8 ms and 13-14 ms, respectively). 
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Figure 15. Rod photoresponses derived by the paired flash protocol. The red circles denote the corneal 
response averaged from three retinas. The black and cyan symbols show the ex vivo responses from 
the same three retinas separately, with amplitude determined 8 ms and 13-14 ms after the probe flash 
stimulus, respectively. The inset provides the same data with ex vivo results averaged. 

Pharmacological isolation of the rod photoresponses ex vivo 
The ex vivo recording technique enables the administration of pharmacological agents to 
the retina via the perfusion solution. This opens up a possibility for another method for 
isolating the rod photoresponse, much less laborious than the paired flash method. By in-
hibiting the Müller cell potassium currents by BaCl2 and blocking the signal transmission 
from rods to rod bipolar cells by DL-APB, the slow PIII and PII components can be re-
moved, and the rod photoresponses can be recorded directly across the isolated retina. In 
order to investigate whether these two rod photoresponse isolation methods yield similar 
responses, they were tested subsequently with the same retina. Figure 16 provides two ex-
emplary recordings isolating the rod response to a ~40 R* rod-1 stimulus. The comparison 
reveals excellent correspondence between the two isolation methods in the activation 
phase. The response recovery is somewhat rounded and delayed in the pharmacologically 
derived rod response. 

Figure 16. Comparison of the pharmacologically isolated rod photoresponse (black trace, 50 μM DL-
APB, 70 μM BaCl2) to the rod photoresponse extracted by the paired flash method (green circles) rec-
orded from two exemplary isolated retinas. The blue trace shows the response to the same test flash 
with PII and slow PIII components present. The left panel responses have been acquired in the ‘normal 
Ringer’ solution, and the right panel responses in the ‘Ames’ solution. 
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Characterization of the retinal functions of a mouse model by corneal and ex vivo ERG 
To characterize the retinal functions of prolyl-4-hydroxylase deficient (P4h-tm-/-) model, 
ERG experiments were performed with anesthetized mice, and thereafter with the retinas 
isolated from a subset of the same mice. The rod pathway functions were investigated by 
recording dark-adapted ERG flash responses with varying stimulus strengths. The re-
sponses were analyzed by determining the amplitudes and time-to-peaks of the a-wave and 
b-wave. Figure 17 summarizes the population averaged parameter values of the dark-
adapted responses for both P4h-tm-/- and wild-type mice. The parameter values for the two 
groups of mice were similar and no statistically significant differences were present. Thus, 
the rod pathway function seems to be preserved in P4h-tm-/- mice, as demonstrated by 
both corneal and ex vivo ERG.  

Figure 18 presents cone pathway recordings from the same groups of mice. A single cone-
stimulating flash strength was applied in two alternative rod-suppressing conditions, dou-
ble flash or background light (see Methods). The corneal recordings revealed that the cone 
pathway responses of P4h-tm-/- mice had both reduced amplitudes (Fig. 18C) and slower 
kinetics (Fig. 18E) compared to the responses of wild-type mice. This observation applies 
to both the a-wave and the b-wave but the differences were more significant for the b-wave. 
The experiments with isolated retinas showed similar results with reduced amplitudes 
(Fig. 18D) and longer time-to-peaks (Fig. 18F). The decrease in b-wave amplitude was sta-
tistically significant. 

Figure 17. Dark-adapted (scotopic) flash response parameters describing rod pathway functions of P4h-
tm-/- (grey) and wild type (black) mice at the age of 5-7 months. The parameters are given for both the 
a-wave and the b-wave on log-log scale, averaged from n = 10-11 (in vivo) or n = 7 (ex vivo) mice for 
both genotypes. A) Amplitudes from corneal in vivo recordings. B) Time-to-peaks from corneal in vivo 
recordings. C) Amplitudes from ex vivo recordings. D) Time-to-peaks from ex vivo recordings. 
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Figure 18. Flash responses describing cone pathway functions of P4h-tm-/- (grey) and wild-type (black) 
mice at the age of 5-7 months. The data has been averaged from n = 10-11 (in vivo) or n = 7 (ex vivo) 
mice for both genotypes. Patterned bars: photopic background method. Solid bars: double flash 
method. A) Population-averaged photopic flash response waveforms on a rod-suppressing background 
recorded in vivo. B) Population-averaged scotopic flash response waveforms after a rod-suppressing 
pre-flash recorded ex vivo. C) Amplitudes from in vivo recordings. D) Amplitudes from ex vivo record-
ings. E) Time-to-peaks from in vivo recordings. F) Time-to-peaks from ex vivo recordings. All data are 
presented as mean ± SEM, ** p < 0.01, * p < 0.05. 

6.2 Temperature dependencies of ERG flash responses 

Selecting flash strengths 
The scotopic ERG flash response consists of several components of different cellular origin 
(see Chapter 2.2). These components may have different temperature dependencies, and 
the contribution of each component to the apparent waveform is dependent on the stimu-
lus strength and the point of time under investigation. Considering an ERG-based method 
for retinal temperature estimation, the stimulus strength and protocol should be selected 
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in a controlled and reproducible manner for the ERG response temperature dependencies 
to correspond to those determined in the calibration of the method. In the most optimal 
case, the temperature dependencies could be determined for numerous flash strengths 
covering the whole functional range of the retina. However, this kind of examination would 
be laborious and challenging, since maintaining high temperatures (and low temperatures 
in vivo) for long time periods in order to record a comprehensive set of ERG responses is 
detrimental for the isolated retina and for the anesthetized animal. Therefore, the first aim 
of this subproject was to develop a method that enables flash stimulus strengths to be se-
lected in a reproducible manner between individual mice as well as between the ex vivo 
and in vivo recording setups. 

As a solution, we chose to define the flash strengths according to the stimulus-response 
graph of each individual retina or mouse, denoted here as ‘biological calibration’. This ap-
proach enables the stimuli to be selected in a similar manner regardless of the differences 
in ERG recording setups, light stimulators, or in the photometric unit used for light cali-
bration. Additionally, in comparison to using a constant stimulation intensity for all reti-
nas, biological calibration takes into account and compensates for the differences in ocular 
media transparency and photoreceptor sensitivity of each individual retina or mouse.  

Figure 19 illustrates exemplary stimulus-response graphs of scotopic flash response a-
waves and b-waves recorded ex vivo and corneally. The shapes of these graphs are quali-
tatively similar in both recording setups, and they correspond to those shown in Figure 5. 
With increasing stimuli, as the a-wave starts to develop, the amplitude of the b-wave shows 
a plateau-like behavior, and the b-wave amplitude measured from signal baseline level 
starts to decrease. This characteristic shape was used as a benchmark to select the stimulus 
strengths. The b-wave reference amplitude, ‘b-ref-amp’ (black dashed lines), was defined 
as the amplitude from the a-wave peak to the b-wave peak of a response with a small 
emerging a-wave. The plateau-like shape of the b-wave stimulus-response graph around 
this area reduces the sensitivity of the b-ref-amp determination to variations in the stimu-
lus strength.  

This thesis concentrates on two types of responses: a bright flash response that enables 
the examination of a-wave leading edge, and a dim flash response that shows only the b-
wave. The dim flash stimulus was selected to elicit a small response with b-wave amplitude 
of a certain percentage of the b-ref-amp. In the ex vivo examination, dim flash responses 
were ~15%  of the b-ref-amp, and in the in vivo study, different relative responses were 
tested, 20%, 30% and 40% of the b-ref-amp (orange dashed lines). In ex vivo recordings, 
the bright flash stimulus was selected from a small range of absolute stimulus strengths 
(light blue panel in Fig. 19A). In in vivo recordings, the selection of bright flash was con-
verted to a biological calibration-based technique, multiplying the flash strength used to 
elicit the 20% response by 1000 (light blue dashed lines in Fig. 19B). Figure 20 illustrates 
representative single dim and bright flash responses recorded ex vivo and corneally. 
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Figure 19. Selecting flash strengths based on biological calibration. Stimulus strengths for the dim 
flashes (orange dashed lines) and the bright flashes (light blue components) are determined based on 
the level of the b-wave reference amplitude (black dashed line). A) Representative stimulus-response 
graph from a corneal recording. B) Representative stimulus-response graph from an ex vivo recording. 
The x-axis is expressed in flash strength (R* rod-1) for ex vivo and in flash length (ms) for corneal pa-
rameters. 

Figure 20. Exemplary scotopic dim (left) and bright (right) flash responses recorded ex vivo (blue traces) 
and corneally (red traces). The responses are single recordings without additional filtering after the 
experiment.  

Temperature dependencies of time-to-peak and amplitude 
The temperature-related changes of the most common parameters used to describe sco-
topic flash responses, the amplitudes and time-to-peaks of the a-wave and b-wave, are in-
troduced here. The a-wave parameters are determined from the bright flash response and 
the b-wave parameters describe the behavior of the dim flash response.  

As explained in Chapter 3.1, biological processes often show nonlinear relationship with 
temperature. However, when examining a narrow temperature range, the temperature de-
pendence may be considered linear. Dim flash b-wave time-to-peak accelerated linearly 
towards higher temperatures both ex vivo and in vivo, and the temperature-slopes had 
close agreement, 3.5 % °C-1 ex vivo and 3.6 % °C-1 in vivo (Figure 21A-B). The a-wave time-
to-peak did not accelerate ex vivo as much as would be expected by linear relationship at 
high temperatures (over +4.5 °C, see Fig. 21C). Similar nonlinearity was not observed in 
the in vivo recordings, where the a-wave time-to-peak accelerated 3.4 % °C-1 (Fig. 21D). 
Linear fitting to Figure 21C only up to +4.5 °C yielded temperature slope of 3.1% °C-1. All 
of the obtained temperature dependence values for time-to-peaks were close to each other. 
In addition, they corresponded to the value roughly approximated from Kong and Gouras 
(2003) for mouse a-wave and b-wave time-to-peak (~3% °C-1, in their Fig. 4) by the reduc-
tion of body temperature a couple of °C below the normal level.  

Figure 22 presents a summary combining the rat rod scotopic flash response time-to-
peak recorded by ex vivo ERG (Nymark et al., 2005) and the observations obtained here, 
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corneal a-wave used as a representative example. Q10 describing the temperature depend-
ence at each temperature interval is indicated in the graph. The value obtained for mouse 
corneal a-wave time-to-peak was Q10 = 1.4.  

The amplitude-temperature relationships obtained from the ex vivo experiments are 
plotted in Figures 23A,C. The temperature dependencies can be regarded as linear with 
slopes 4.0 % °C-1 for the a-wave and 6.3 % °C-1 for the b-wave. The variance in relative 
amplitudes is higher compared to that in relative time-to-peaks in Figure 21. Compared to 
previous studies conducted with mammalian ERG (see Chapter 3.2), where the a-wave and 
b-wave increased towards higher temperatures, the relationship obtained here was the op-
posite. The previous ERG studies were done below normal body temperature. It seems that 
the ERG a-wave and b-wave amplitudes may behave in corresponding manner as photo-
receptor absolute sensitivity, showing maximum around the normal body temperature of 
the animal and reducing towards both temperature directions. We were unable to verify 
the temperature-induced changes in the amplitudes with the in vivo method (Figure 
23B,D). The determined values showed high variance and negligible temperature depend-
ence. The possible reasons for the obtained result are addressed in the Discussion. 

Figure 21. Temperature dependencies of time-to-peak (TTP). Each data point represents the responses 
recorded at one elevated or lowered temperature. The dashed line represents a least squares fit, the 
slope of the fit given below the data in % °C-1. A) Ex vivo dim flash response b-wave, n = 8 retinas. Each 
data point averaged from 8 responses without additional filtering. B) Corneal dim flash response b-
wave, n = 14 mice. Each data point averaged from 5-20 responses without additional filtering. C) Ex 
vivo bright flash response a-wave, n = 8 retinas. No averaging. Minor offline filtering (FIR fc = 100, n = 
50). C) Corneal bright flash response a-wave, n = 8 retinas. No averaging. Minor offline filtering (FIR fc 
= 100, n = 50). 
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Figure 22. Mouse corneal a-wave time-to-peak (Fig. 21D) together with rat rod response time-to-peak 
on Arrhenius coordinates. The latter data has been obtained from (Nymark et al., 2005), recorded in a 
wide temperature range by ex vivo ERG with pharmacological rod response isolation. Both datasets 
have been normalized to the TTP value at 36 °C that was the highest temperature investigated with rat 
retinas. Q10 values have been calculated for each temperature interval. Q10 reduces towards higher 
temperatures, a behavior often observed in wide temperature intervals (see Chapter 3.1).  

Figure 23. Temperature dependencies of amplitudes. Each data point represents the responses rec-
orded at one elevated or lowered temperature. The dashed line represents a least squares fit, the slope 
of the fit given below the data in % °C-1. The y-axes have different scales compared to Fig 21. A) Ex vivo 
dim flash response b-wave, n = 8 retinas. Each data point averaged from 8 responses without additional 
filtering. B) Corneal dim flash response b-wave, n = 14 mice. Each data point averaged from 5-20 re-
sponses without additional filtering. C) Ex vivo bright flash response a-wave, n = 8 retinas. No averaging. 
Minor offline filtering (FIR fc = 100, n = 50). C) Corneal bright flash response a-wave, n = 8 retinas. No 
averaging. Minor offline filtering (FIR fc = 100, n = 50).  
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Temperature dependence of long-wavelength relative sensitivity 
The increase in rod sensitivity to long wavelength photons compared to shorter ones with 
rising temperature was introduced in Chapter 3.2. In this study, the phenomenon was 
quantified by comparing the dim flash response b-wave amplitudes triggered by two dif-
ferent wavelengths (~530 nm/780 nm), costituting a parameter called long-wavelength 
relative sensitivity, LRS. The LRS feature was investigated because its incorporation in the 
retinal temperature estimation method could be beneficial supplementing the other fea-
tures, as it arises from a completely distinct temperature-dependent phenomenon.  

Figure 24A shows the behaviour of the LRS feature as a function of temperature from the 
ex vivo recordings. The obtained temperature dependence could be approximated linear 
with a slope of 3.2 % °C-1. The variance in the feature values was greater compared to e.g. 
time-to-peak determined from the same responses (Fig 21A), but low enough to be consid-
ered as a promising feature for retinal temperature estimation. With Equation 6, the the-
oretical change in mouse rod sensitivity can be calculated for 780 nm and expressed in the 
form corresponding to the LRS feature. The calculated change in the relative rod sensitivity 
is 3.7% per °C in the temperature range 35 °C … 43 °C, which rather closely corresponds 
to that observed experimentally. The relative rod sensitivities to be directly reflected to b-
wave amplitudes would require the system to behave linearly, thus, the significance of the 
comparison to the theoretical value is somewhat ambiguous (see Chapter 5.3). We were 
unable to obtain comparable results with the in vivo method. The determined LRS values 
showed high variance and weak temperature dependence. This observation is addressed 
in Discussion. 

Figure 24. Temperature dependence of the LRS-feature. Each data point represents the responses rec-
orded at one elevated or lowered temperature. The dashed line represents a least squares fit, the slope 
of the fit given below the data in % °C-1. The y-axes have different scales compared to Figs 21 and 23. 
A) Ex vivo dim flash response b-wave, n = 8 retinas. Each data point averaged from 8 responses without 
additional filtering. B) Corneal dim flash response b-wave, n = 11 mice. Each data point averaged from 
10-40 responses without additional filtering.  

6.3 Retinal temperature estimation method 

Kinetics-related features for retinal temperature estimation 
Figure 25 visualizes the magnitude of the changes occurring in the kinetics of scotopic flash 
responses with temperature alterations of 1.3 – 3.7 °C. To quantify the changes, different 
features representing the kinetics were extracted from the responses to be applied in the 
development of a retinal temperature estimation method. The features cover the entire 
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trace of the dim flash response b-wave and the leading edge of the bright flash response a-
wave. This kind of analysis was performed 1) to find out whether there exists differencies 
in the temperature dependencies of different parts of the response (e.g. b-wave leading 
edge vs. trailing edge), and 2) to provide a comprehensive set of candidate features among 
which a subset for the retinal temperature estimation model could be selected. All features 
extracted are listed in the original publications, and a general overview is provided here, 
in Figure 26 and Table 1. The LRS feature and the amplitudes were not included in this 
analysis. 

Figures 26A-B illustrate the temperature dependencies of bright flash example features 
and Figures 26C-F show dim flash response example features. The graphs combine the 
results of ex vivo and in vivo experiments to facilitate comparison, and linear fittings per-
formed separately for the two recording modalities reflect the temperature dependencies. 
Generally, the data points determined in vivo are more dispersed, which is caused by the 
lower signal-to-noise ratio of corneal ERG recordings. The a-wave time-to-40% in Fig 
22.2a elucidates this clearly, the determination being very inaccurate in vivo. With some 
other features, a level of variation comparable to ex vivo was achieved. The feature-tem-
perature relationships could be represented with linear fittings for all features, except the 
bright flash response a-wave time-to-peak and time-to-X% close to the peak ex vivo (see 
Chapter 6.2 and Discussion).  

Table 1 columns E-F list the temperature dependence slopes of example features. The 
temperature dependencies of a-wave kinetics features were in the range of 2.3 – 3.7 % °C-

1 and those determined from the b-wave were in the range of 3.1 – 4.4 % °C-1. Thus, the 
temperature dependencies of b-wave kinetics were slightly steeper. Overall, the tempera-
ture dependencies were remarkably similar in both recording geometries. Steep tempera-
ture dependence and low variation are beneficial properties for a feature when considering 
its applicability for retinal temperature estimation. Columns G-H in Table 1 list the rela-
tionship of the fitting residuals and the temperature dependence slope of the feature, low 
values being desirable. 

Figure 25. Demonstration of the magnitudes of temperature-induced changes in dim and bright flash 
response kinetics. Solid traces represent the reference temperature and dashed traces the elevated or 
lowered temperature. Blue traces: ex vivo, red traces: corneal. The responses are single filtered record-
ings (FIR fc = 100, n = 50) normalized to the a-wave peak (left panel) or to the b-wave peak (right panel). 
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Figure 26. Temperature dependencies of example kinetics features. The features are named according 
to the abbreviations given in Table 1. Ex vivo: blue circles, n = 8 retinas. Corneal: red squares, n = 14 
mice. The number of averaged responses has been unified between ex vivo and corneal data to facili-
tate the comparison of the variation in the feature values. The a-wave features are determined from a 
single response and the b-wave features from eight averaged responses. However, it should be noticed 
that the ex vivo dim flash responses have lower fractional amplitude compared to b-ref-amp than the 
corneal dim flash responses. The responses have been filtered according to the information given Pa-
pers II-III, i.e. the filtering parameters vary between features but are the same for corneal and ex vivo. 
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Table 1. A list containing most of the temperature-dependent kinetics features extracted from the re-
sponses for retinal temperature estimation model.  
A: Feature number in Paper III 
E-F: The slope of the linear fit to the feature data points. The slopes have been determined from re-
sponses filtered in corresponding manner (minor filtering, FIR fc = 100, n = 50) to minimize the reduc-
tion in the slope values due to filtering and to facilitate the comparison of the temperature dependen-
cies between the features. 
G-H: The RMS deviation between the data points and the linear fit, divided by the absolute value of 
the slope. The responses have been filtered according to the information given in Papers II-III and the 
RMSD determination is based on either a single response (a-wave features) or eight averaged re-
sponses (b-wave features). 

A B C D E F G H 

# Feature Response type Abbr. Slope % °C-1 

ex vivo  
Slope % °C-1 
corneal  

RMSD/|Slope|   
ex vivo 

RMSD/|Slope|   
corneal 

2 Time to 20 % 
of the peak 

bright flash  
a-wave a20 2.5 3.0 0.8 5.9 

4 Time to 40 % 
of the peak 

bright flash  
a-wave a40 2.4 3.0 1.0 3.2 

6 Time to 60 % 
of the peak 

bright flash  
a-wave a60 2.3 3.0 1.2 2.0 

8 Time to 80 % 
of the peak 

bright flash  
a-wave a80 2.3 3.1 1.4 1.2 

10 Time to peak bright flash  
a-wave a100 2.3 3.4 1.5 0.8 

11 Time to inflec-
tion point 

bright flash  
a-wave aip 2.4 3.5 1.2 1.9 

12 Stretch bright flash  
a-wave ast 2.3 3.7 1.4 1.5 

14 Time to 20 % 
of the peak 

dim flash b-wave 
leading edge b20L 3.4 3.7 1.2 1.9 

16 Time to 40 % 
of the peak 

dim flash b-wave 
leading edge b40L 3.2 3.8 1.0 0.8 

18 Time to 60 % 
of the peak 

dim flash b-wave 
leading edge b60L 3.1 3.8 0.9 0.7 

20 Time to 80 % 
of the peak 

dim flash b-wave 
leading edge b80L 3.1 3.7 0.8 0.7 

22 Time to peak dim flash  
b-wave b100 3.4 3.5 0.6 0.7 

24 Time to 80 % 
of the peak 

dim flash b-wave 
trailing edge b80T 3.7 3.8 0.5 0.8 

26 Time to 60 % 
of the peak 

dim flash b-wave 
trailing edge b60T 3.8 3.6 0.5 0.9 

28 Time to 40 % 
of the peak 

dim flash b-wave 
trailing edge b40T 3.8 3.7 0.5 1.0 

30 Time to 20 % 
of the peak 

dim flash b-wave 
trailing edge b20T 3.8 3.4 0.7 1.6 

32 Integration 
time 

dim flash  
b-wave bit 4.4 3.6 0.9 1.8 

33 Stretch dim flash  
b-wave bst 3.7 3.8 0.8 0.8 
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Regression models and temperature estimation accuracy 
In order to assess the retinal temperature estimation accuracy that could be reached by the 
features listed above, linear regression models were fitted between the temperature and 
the features. Slightly different protocols for constructing the models were applied in Papers 
II and III, but a uniform method was used in this compilation part, leading to one model 
for the bright flash a-wave features and another model for the dim flash response b-wave 
features. Distinct models were created for ex vivo and in vivo datasets.  

Table 2 summarizes the obtained RMS temperature estimation errors when comparing 
the temperature estimates given by the model to the actual measured temperatures. The 
errors are listed both for cross validation within the training dataset, that was used for 
model development, as well as for a separate test dataset, evaluating the generalizability of 
the model to new data. The performances with external datasets were approximately as 
good as within the training datasets. To visualize the accuracy of the models and enable 
their comparison, the agreement between the estimated and measured tempeatures and 
the histograms illustrating the error distribution have been presented in Figures 27 and 
28, for a-wave and b-wave, respectively. 
 
Table 2. Temperature estimation accuracies obtained with linear regression models. *based on a single 
response °based on 8 averaged responses. 

 

RMSE in 
training 
dataset 

RMSE in 
test         
dataset 

Model equation 

Bright, a-wave *    

1. ex vivo 0.69 °C 0.77 °C -16.79·a10 -38.78·a30 +19.14·a50 + 73.52 

2. corneal 0.82 °C 0.82 °C -27.25·a100 

Dim, b-wave °    

3. ex vivo 0.43 °C 0.47 °C 9.399·b80L +50.19·b90T -94.89·b80T + 7.448·bit + 64.92 

4. corneal 0.63 °C 0.68 °C -37.66·b100 +25.59·b60T – 13.43·bst 
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Figure 27. Model validation for dim flash responses. The upper panels show the relationship between 
estimated and measured temperatures when applying the developed model on new data. The lower 
panels present histograms of temperature estimation errors. The results are based on eight averaged 
responses.  

Figure 28. Model validation for bright flash responses. The upper panels show the relationship between 
estimated and measured temperatures when applying the developed model on new data. The lower 
panels present histograms of temperature estimation errors. The results are based on a single re-
sponse. 
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The effect of flash strength 
In a set of 16 in vivo experiments, dim flash responses representing three different ampli-
tudes, 20%, 30% and 40% of the b-ref-amp, were recorded. The time-to-peak was used as 
a representative feature to compare the similarity of the temperature dependencies when 
the same feature was determined from responses with different fractional amplitudes. Fig-
ure 29A shows the time-to-peak-temperature relationship together with linear fittings 
done separately for the three amplitude groups. The temperature dependence slopes ob-
tained from the fits were 3.65, 3.60 and 3.60 % °C-1, respectively. No systematical differ-
ence between the feature values or the temperature dependence slopes could be observed. 
Consequently, all the responses with amplitudes 20–40% of the b-ref-amp were combined 
and used together in the dim flash response analyses of Chapters 6.2-6.3. Based on this 
test, a temperature determination method utilizing dim flash responses is not expected to 
be remarkably sensitive to small variations in the fractional response amplitude.  

In a set of four ex vivo experiments, bright flash responses were recorded with the normal 
stimulus strength as well as with doubled strength. Figure 29B includes the time-to-40% 
feature determined from the responses recorded with these two stimuli. The feature values 
determined from the responses to the stronger stimulus show slightly less variance (due to 
higher amplitude of the a-wave leading to better SNR). The temperature slopes were sim-
ilar, 2.37 % °C-1 for the normal stimulus and 2.29 % °C-1 for the stronger stimulus. Based 
on this test, also the strong flash response temperature dependencies are not expected to 
be remarkably sensitive to small variations in stimulus strength. 

Figure 29. A) The effect of response fractional amplitude on the temperature dependence of b-wave 
time-to-peak in corneal recordings. The investigated responses represented fractional amplitudes of 
20%, 30%, and 40% in relation to the b-ref-amp. The plot includes those experiments from the training 
dataset, in which all three response types were recorded. B) The effect of bright flash strength on the 
temperature dependence of a-wave time-to-40% feature in ex vivo recordings. The flash strengths 
were 140 R* rod-1 (normal) and 280 R* rod-1 (doubled). 

Stimulus interval 
The retinal temperature determination method developed here applies mouse scotopic 
flash responses. In order to keep the retina under a dark-adapted state while continuously 
delivering light stimuli for temperature monitoring, the interval between light flashes 
needs to be long enough. Too short interval leads to light adaptation that affects response 
kinetics and confounds temperature determination. On the other hand, with short flash 
intervals, better temporal resolution can be achieved in ERG-based retinal temperature 
monitoring.  
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Suitable stimulus intervals were investigated here for both dim and bright flashes in in 
vivo ERG recording. With dim flash stimulus, sequences of four responses were recorded 
with time intervals ranging from 0.5 s to 4.3 s. Time-to-peak of the b-wave was used as a 
measure of the recovery to dark adapted state, stable time-to-peak indicating long enough 
time interval. According to the results obtained in Figure 30A, dim flash interval of 3-4 s 
is sufficient for maintaining the scotopic state. Responses with 40% amplitude of the b-
ref-amp were applied here to find out a safe interval that is applicable also with weaker 
stimuli.  The sufficient interval for bright flashes was examined by applying a single bright 
flash to the retina and monitoring the time-to-peak of the following very dim flash re-
sponses ( 10% of b-ref-amp). Figure 30B presents the behavior of time-to-peak after the 
bright flash and an exponential fitted to averaged data. This test implies that it takes ap-
proximately 20 s for the time-to-peak to reach a stable level after a bright flash. 

Considering the application of flash stimuli for retinal temperature determination, there 
is a tradeoff between the temporal resolution and the temperature estimation accuracy. 
Responses to dimmer flashes can be recorded with higher frequency but larger number of 
responses need to be averaged to reach the same accuracy compared to higher-amplitude 
responses obtained with stronger stimuli. Theoretically, the signal-to-noise ratio is im-
proved by a factor of  as  responses are averaged. Thus, to further investigate this 
topic, suitable stimulus intervals should be examined with several different stimulus 
strengths. If one would like to utilize the autoregressive model for determining response 
baseline and suppressing the artifacts caused by breathing, a ’sample’ baseline needs to be 
recorded between the responses including some example artifacts, setting a minimum time 
interval for the flashes. Figure 30C presents an example on how the retinal temperature 
estimation error would behave as a function of time, if the responses were recorded with 
3.5 s interval at stable retinal temperature. 

Figure 30. Examination of stimulus intervals for continuous temperature monitoring. A) Four dim flash 
responses were recorded in the corneal setup with varying time intervals. The time-to-peak of the b-
wave is presented here as a measure of response kinetics. TTP values have been normalized to the first 
TTP of the series. Each stimulus interval category was tested with 3-6 mice and the number of repeti-
tions for each stimulus interval was 10 – 46. B) After a single bright flash, series of very dim flashes 
were recorded to map the recovery from the bright flash. The time-to-peak of the b-wave is presented 
here, normalized to the plateau level of the exponential fit. The recording protocol was repeated 3-5 
times with three mice. All results in A) and B) are presented as mean ± SEM and both investigations 
were conducted at 37.5 °C. C) The RMS error of retinal temperature estimation as a function of time 
based on the obtained corneal data. The RMS error values were determined by applying the in vivo 
dim flash response model to the test dataset and increasing the number of averaged responses. The 
time scale is based on a flash delivery interval of 3.5 seconds.  
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7. Discussion 

7.1 Application of ex vivo ERG 

Photoreceptor research with ex vivo ERG 
In recent years, ex vivo electroretinography has been implemented in various research 
projects focusing on photoreceptor functions. Some examples of these include investigat-
ing fast light adaptation mechanisms of rod photoreceptors (Vinberg et al., 2015a), the 
properties of PDE-6, the cGMP-hydrolyzing protein complex in rod phototransduction 
(Turunen and Koskelainen, 2018), the modulation of cone photransduction (Sakurai et al., 
2016), the preservation of rod function in bright levels of light (Pahlberg et al., 2017) as 
well as the photoreceptors of disease model mice (Sundermeier et al., 2014; Vinberg et al., 
2015b, Paper IV). ERG recorded across the isolated retina completes the repertoire of ex-
perimental tools for addressing retinal and photoreceptor physiology, serving as an inter-
mediate technique between single cell recordings and studies from living animals. A recent 
publication by Turunen and Koskelainen (2017) explores the relationship between the 
ERG signals recorded across the outer segment layer and across the whole retina, the for-
mer expected to linearly reflect the changes in the circulating dark current. Paper I together 
with Turunen and Koskelainen (2017) give insight on how to interpret transretinal ex vivo 
ERG recordings in relation to the studies performed with single cell methods and with cor-
neal ERG. 

According to the results obtained in Paper I, ex vivo ERG provides a useful tool for stud-
ying photoreceptors as the rod function is well conserved in the isolated retina. This is 
shown by comparing the obtained responses to the in vivo recordings with the retina in its 
physiological environment. Rod activation efficiency, tested by fitting the activation 
model, did not show statistical difference when comparing the photoresponses between ex 
vivo and corneal recordings. Rod photoresponse traces were compared between the two 
modalities by the paired flash method. Photoreceptor fractional sensitivity to light stimu-
lus was slightly reduced ex vivo compared to in vivo. Rod photoresponse kinetics ex vivo 
settled between the levels observed in single cell experiments and in living mice (Azevedo 
and Rieke, 2011; Hetling and Pepperberg, 1999). The deceleration in rod response kinetics 
with increasing ‘invasiveness’ of the recording setup has been reported also in a later pub-
lication comparing the kinetics of pharmacologically isolated rod responses ex vivo and in 
vivo and the literature values for single rod recordings (Vinberg et al., 2014). Paper I also 
demonstrated that the pharmacologically isolated and the paired flash-derived rod re-
sponse traces have high correspondence ex vivo, especially in the leading edge. The recov-
ery phase of the pharmacologically isolated response is slightly delayed. The application of 
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pharmacological isolation provides straightforward means for studying rod photoresponse 
with the ex vivo recording technique. 

In both recording methods, ex vivo and in vivo, the light intensity stimulating the pho-
toreceptor is converted to photoisomerizations per rod (R* rod-1) based on rod dimensions, 
the specific absorbance of rods for the wavelength applied, and the quantum efficiency of 
photoisomerization (see Heikkinen et al., 2008 for more details). In transpupillary light 
stimulation, additional assumptions are needed regarding the light transmittance and be-
havior in the ocular tissues in front of the photoreceptors, as described in Lyubarsky et al. 
(2004). The differences in the determination of stimulus strengths between the two re-
cording modalities cause some uncertainty to the comparison of the activation factor, 
which depends on the estimated stimulus strength (see Equation 7). In addition, the con-
clusions about the fractional sensitivity, defined in Fig. 15 as the fractional amplitude of 
the response to a certain stimulus strength R* rod-1, are subject to some inaccuracy due to 
the same reason.  

Photoreceptoral light responses recorded by single cell methods saturate with strong 
stimuli as the CNG channels close and the dark current is completely suppressed. The ap-
parent response saturation amplitude enables the determination of fractional photore-
sponses. Also the ex vivo rod photoresponses isolated by the pharmacological method do 
show a plateau that can be regarded as the saturation level. This level might be somewhat 
biased by inner segment currents but the effect is likely to be minor (Turunen and 
Koskelainen, 2017). In the ERG flash responses of the whole retina, which were mainly 
applied in this thesis, such saturation level is not visible. The fitting of the activation model 
(Equation 7) requires the determination of the saturation level, which was in Paper I esti-
mated to the a-wave peak of the strongest response. This causes some uncertainty to the 
absolute value of the activation factor. However, no significant bias is expected when com-
paring ex vivo and in vivo activation factors determined in similar manner. Moreover, the 
paired flash protocol uses the a-wave amplitude as an estimate of the saturation level. The 
inaccuracy caused by this approximation is expected to be minimized as the amplitude is 
determined in the same manner for the probe flash response recorded after the test flash. 
Overall, the paired flash protocol is subject to some uncertainties regarding the influence 
of the probe flash response b-wave and the test flash response on the determined probe 
flash response a-wave amplitude. These are discussed in the literature e.g. in Pepperberg 
et al. (2000), Friedburg et al. (2001), and Derwent et al. (2007).   

Experimental considerations of the ex vivo recording 
The ex vivo ERG recording provides scotopic photoresponses with mostly similar qualita-
tive characteristics as the corneal ERG. The most notable differences are the lack of c-wave, 
less pronounced oscillations, slightly weaker b-wave, and somewhat increased variation in 
the determined response parameters between experiments (Figs. 12-13). The observed 
characteristics of ex vivo photoresponses can be considered partly as inevitable conse-
quences of the extraction of the neural retinal tissue. Moreover, some of them can be at-
tributed to experimental conditions. 

In the experiments of Paper II, the temperature dependence of a-wave time-to-peak ap-
peared nonlinear at high temperatures (> +4.5 °C above the reference temperature, Fig. 
21C). The highest temperatures were not examined in vivo, which might explain why the 
nonlinearity was not observed there. A more plausible explanation is that the nonlinear 



 

69 

behavior ex vivo is an artifact not reflecting ‘real’ physiological function. Especially to-
wards the end of ex vivo experiments, after several exposures to elevated temperatures, 
the b-waves suffered from gradual decay. Closer inspection of the responses that caused 
the temperature behavior to appear nonlinear reveals reduced b-wave amplitudes. This 
suggests that the inability of the a-wave time-to-peak to accelerate as much as expected 
may be caused by the reduction in b-wave amplitude and the resulting delay in a-wave 
peak formation. 

The ‘weaker’ b-wave ex vivo refers here to somewhat delayed kinetics in Fig. 12, as well 
as slower a-wave and b-wave time-to-peaks in Fig. 13C-D. In addition, it refers to the de-
crease in b-wave amplitude that occurs especially in lengthy ex vivo experiments. These 
observations indicate that the ex vivo recording environment is not able to fully sustain 
the function of the bipolar cells. The signal transmission in the ribbon synapses of photo-
receptors is potentially also slightly impaired. Thus, it can be hypothesized that the cellular 
environment becomes less physiological in the outer plexiform layer and in the inner nu-
clear layer compared to in vivo. The perfusion may be unable to support these layers well 
enough in long experiments. Several previous studies have demonstrated that hypoxic con-
ditions lead to decrease or disappearance of the PII component/b-wave (e.g. Granit, 1933; 
Niemeyer, 1975; Stensløkken et al., 2008). The retina is considered one of the highest ox-
ygen consuming tissues in vertebrates and its metabolic needs are high (Ames et al., 1992; 
Törnquist and Alm, 1979; Wong-Riley, 2010). Therefore, it is not surprising that perfusion 
containing oxygen, nutrients, pH stabilization and high enough flow rate is essential for 
the viability of the retina. The majority of the ex vivo recordings summarized in Figure 13 
were performed by applying the specimen holder with perfusion available only on the dis-
tal side of the retina. This specimen holder was optimized for studying photoreceptor func-
tion, which was the main objective in Paper I. In Paper II, a new specimen holder was 
applied equipped with perfusion also below the retina. Two of the ex vivo experiments 
included in Fig. 13, indicated with light blue stars, were examined with the new specimen 
holder. These retinas showed b-wave time-to-peaks corresponding to those usually ob-
tained in corneal ERG. This observation suggests that the two-sided perfusion might be 
beneficial in the ex vivo recordings when studying the b-wave. The application of two-sided 
perfusion might also lead to stronger oscillatory components resulting from strengthened 
inner retinal function. Further investigations are needed to make conclusions on this sub-
ject. 

Both the time-to-peak and amplitude values of the a-wave and b-wave (Fig. 13) have 
more variation between experiments ex vivo than in the corneal recordings. This might be 
associated with the varying degrees of disturbance or damage caused to the retinal cells in 
the process of isolation and possible variations in the mechanical state of the tissue (e.g. 
stretch or compression) when placed in the specimen holder. In this regard, the state of 
the retinal tissue in vivo can be assumed to be more homogeneous between experiments. 
However, the parameters determined from the photoresponses of a single experiment have 
less mutual variation due to the higher SNR of ex vivo recordings, as indicated for example 
by some of the normalized parameters in Fig. 26. 
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Verification of corneal ERG observations with ex vivo experiments 
The experiments with 5-7 months old P4h-tm-/- and wild-type mice did not reveal statisti-
cal differences in the scotopic ERG flash response parameters. However, the flash re-
sponses originating mainly in the cone pathway showed delayed kinetics and reduced am-
plitudes of the a-wave and the b-wave for P4H-TM deficient mice. There were more statis-
tically significant differences in the b-wave than in the a-wave. The results were similar 
both in corneal and ex vivo ERG, affirming that the observed changes in P4h-tm-/- pho-
toresponses reflect a functional defect in the retina. The reduced b-wave indicates that the 
defect affects the function of the cone bipolar cells or the signal transmission from cones 
to bipolar cells. However, a reduction only in the b-wave (or PII component) should lead 
to an increase in a-wave amplitude. Instead, the a-wave amplitudes were also slightly de-
creased, suggesting that the functional deficiency may already originate in the cone pho-
toreceptors. 

7.2 Photoresponses at varying temperatures 

Temperature dependencies of ERG kinetics 
In papers II-III, temperature dependencies were determined for several features extracted 
from the a-waves and b-waves of bright and dim flash responses, respectively. Majority of 
the kinetics-related features had temperature dependence slopes between 2.3 – 3.8 % °C-1 
(Table 1). The temperature dependencies of the b-wave kinetics were slightly steeper than 
those of the a-wave. The nonlinear behaviour close to a-wave peak, discussed above, com-
plicated the comparison of the a-wave features between corneal and ex vivo modalities. 
Nonetheless, the temperature dependencies were overall remarkably similar in both re-
cording geometries. The different features determined from the same responses had simi-
lar temperature dependencies indicating that the response traces stretch and compress 
with temperature without major changes in response shape. With the isolated retina, how-
ever, the dim flash response leading edge kinetics had slightly gentler temperature depend-
ence than the trailing edge kinetics.   

The Q10 values of kinetics features were rather low, between 1.3 and 1.5. One way to in-
terpret this is that the processes determining or limiting response kinetics are relatively 
insensitive to temperature. When comparing these results to the higher Q10 values of pho-
toreceptoral responses introduced in Chapter 3.2, it is important to note the difference in 
the temperature ranges investigated. Figure 22 summarized the Arrhenius plots of rat rod 
flash response time-to-peak (Nymark et al 2005) and the a-wave time-to-peaks from Paper 
III. Together, these form a continuum of decreasing Q10 values common for biological pro-
cesses when observed over a broad temperature range (see Chapter 3.1). The temperatures 
examined in this thesis are relatively high, around the mammalian body temperature and 
above. Thus, the result can be interpreted to reflect the weak temperature dependence 
common to biological processes close to the ‘optimal temperature’ in Figure 8. If the tem-
perature was further increased, photoresponse kinetics can be predicted to start deceler-
ating along with the destructive thermal effects in the macromolecules and cells. In mam-
malian cells, cell death begins to occur around the temperature of 41 °C with exposure 
times exceeding several hours (Goldstein et al., 2003). 
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Considerations on the amplitude-based features 
The expected change in the long-wavelength relative sensitivity at elevated temperatures 
was not observed with the in vivo ERG setup (Figure 24). The phenomenon should mani-
fest as an increase in near-infrared flash response amplitude compared to green flash re-
sponse amplitude. In addition, the a-wave and b-wave amplitudes showed high variance 
and low temperature dependence compared to the corresponding features in ex vivo con-
ditions (Figure 23). The following factors have likely impacted the obtained results. Firstly, 
in in vivo ERG, the determination of amplitudes is less accurate compared to ex vivo ERG 
due to weaker signal-to-noise ratio. As a result, both the amplitude feature and the LRS 
feature values are prone to variation. Secondly, changes in mouse body temperature were 
rather slow. This causes fluctuations in amplitude as a function of time due to other factors 
than the temperature, for example, the physiological condition of the eye or the animal, 
the electrode connection or the depth of anesthesia. This may further increase the variation 
in amplitude values and distort the temperature slope. Thirdly, under anesthesia, reversi-
ble lens opacity develops to mouse eyes (Calderone et al., 1986; Ridder et al., 2002) in-
creasing the scattering of light. Despite of careful moisturizing of the cornea, varying 
amounts of lens opacity was observable when the electrodes were removed in the end of 
the experiments. The increased backscattering in the lens leads to a decrease in light stim-
ulus intensity reaching the retina and affects the amplitudes of the ERG responses. 
Weymouth and Vingrys (2008) estimated that the anesthesia-induced opacity may reduce 
the light available to the retina as much as 0.3-0.4 log units in rats. Furthermore, the 
amount of scattering is wavelength-dependent and the amount of lens opacity changes as 
a function of time, and possibly also the temperature. As a result, the relationship of 780 
nm and 530 nm stimulus strengths experienced at the level of the retina may not stay con-
stant and the amplitudes elicited by these two stimuli no more reflect the LRS phenome-
non.  

If faster temperature manipulation was possible, the effect of the second and third factors 
listed above would be reduced and the temperature behaviors of amplitude-based features 
in vivo might be clarified. However, even if the temperature slopes of the amplitudes could 
be determined, for example by relying on the result obtained ex vivo, the first factor would 
remain: the amplitude determinations are prone to variation. This applies both to the am-
plitudes of corneal ERG responses having higher variation compared to those determined 
ex vivo (Figure 23), and the amplitudes in general having higher variation compared to the 
time-to-peaks determined from the same responses (Figure 23 vs. Figure 21). In Chapter 
6.3, the amplitude-based features were omitted and the retinal temperature estimation 
models were based on the more robust kinetics-related features. 

The amplitude results shown in Figure 23 and discussed above can alternatively be in-
terpreted by assuming that the actual temperature dependencies of the amplitudes are 
mild and therefore not visible in the corneal recordings. The temperature dependencies of 
the amplitudes ex vivo would appear steep due to the suboptimal conditions of the isolated 
retina. Such situation could be caused by the perfusion not being able to sustain the accel-
erated retinal metabolism at high temperatures, which would lead to decrease in ampli-
tudes. 
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Reliability of the ERG thermal dependencies determined by whole body temperature 
manipulation 
The determination of the temperature dependencies of the photoresponse features in the 
in vivo setup relies on the assumption that, with steady temperatures, retinal temperature 
closely coincides with the core body temperature of the mouse. This assumption is sup-
ported by the following: i) Intensive choroidal circulation, located immediately behind the 
retina and the monolayer of RPE cells, effectively controls the temperature of the outer 
retina (Chapter 3.3). ii) The majority of the animal is under water, creating a constant tem-
perature environment around the body. iii) The air around the mouse’s head is heated to 
reduce the temperature gradient across the eye.  

The credibility of this assumption, and thus, the reliability of the presented temperature 
dependencies can be assessed by comparing the corneal results to those obtained from 
isolated retinas, which enabled fast and precise temperature adjustments. The tempera-
ture slope of the time-to-peak of the b-wave in vivo was 3.6% °C-1, which corresponds to 
3.5% °C-1 observed ex vivo. The comparison of a-wave time-to-peak is more complicated 
due to the decay of the b-wave ex vivo (discussed in Chapter 7.1). However, when compar-
ing the temperature dependencies of a-wave time-to-peak only in the range of -2.0 … +4.5 
°C around the reference temperature, the slopes are similar, at 3.1 and 3.3 % °C-1, respec-
tively. Based on the comparison of the a-wave and b-wave time-to-peak temperature de-
pendencies, the experimental setup applying whole body temperature manipulation is ex-
pected to provide reliable results for the determination of the temperature slopes of ERG 
response kinetics. 

7.3 Application of ERG for retinal temperature estimation 

Although the observed temperature slopes of the extracted kinetics features of the ERG 
flash responses were relatively gentle, Chapter 6.3 demonstrated a proof of concept for the 
application of these features for retinal temperature estimation. The RMS error of the tem-
perature estimation was < 0.7 °C with dim flash responses recorded in a time interval of 
20 seconds in the corneal ERG setup. This level of accuracy can be considered high enough 
to enable the control of the heating power in non-damaging retinal treatments that aim at 
increasing retinal temperature by a few degrees.  

An ERG-based retinal temperature estimation method could be applied in a retinal heat-
ing treatment in the following manner. Before the beginning of the heating, ERG flash re-
sponses are registered at a reference (normal) body temperature to determine the initial 
values of the chosen temperature-dependent features. Thereafter, the same flashes are 
continuously applied with certain time intervals to detect the relative changes in feature 
values. This enables measuring the temperature change in °C compared to the initial tem-
perature to guide the adjustment of the heating power.  

An ERG-based temperature monitoring method such as described in the present work 
provides an estimate of the temperature of the distal retina. This information can be ap-
plied to prevent the damage in the neural retina. In transpupillary heating, the similarity 
of the temperatures in the RPE and in the distal retina increases as a function of heating 
duration, as the heat dissipates further from the RPE. In addition, negligible vasculature 
in the distal retina and the resulting lack of strong temperature gradients favor the simi-
larity of the temperatures of these tissues. Therefore, in long heating treatments, the 
method can provide an approximation of the temperature of the RPE layer.  
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In the experiments of this thesis, two alternative ERG response types were addressed. 
According to the presented tests, after each bright flash response, approximately 20-sec-
ond interval was needed for the recovery of photoresponse mechanisms. In the corre-
sponding time period, five repetitions of dim flash responses could be recorded. This pro-
vides higher accuracy (lower RMS error) and better temporal resolution for temperature 
estimation (Figure 30). From these two alternative response types, the results recommend 
using dim flash responses for mouse retinal temperature monitoring.  

Application for mice 
The temperature estimation method developed in this thesis is, in principle, applicable for 
monitoring the temperature of the retina and the RPE of an anesthetized mouse. When 
applying the method in practice, some factors and limitations should, however, be consid-
ered. 

Several temperature-dependent features were extracted from the ERG photoresponses. 
Many of these were rather alike and approximately equally suitable for temperature esti-
mation. From these features, subsets were selected for temperature estimation models 
based on their performance in temperature estimation with an empirical dataset. Despite 
applying Bayesian information criterion for simplifying the models, some of them included 
several features. The presented models (Table 2) are mainly intended for proof of concept 
use. For practical use, simpler and more robust models could be employed. 

The method was developed using full-field flash stimulus for the dark-adapted mouse 
retina. Full-field is the conventional method for ERG stimulation, and the dark-adaptation 
provides a stable state for the retina that is easy to maintain. The application of the method 
as such would require the retinal heating to be performed with a wavelength that does not 
excite the visual pigments to preserve the scotopic state. Further, the heating light should 
be directed to the entire retina, together with the stimulus light, with the intention of ho-
mogeneous heating of the retina.  

In clinical heating treatments, the heating light is focused to a local area of the retina. 
Studying these kind of treatments in mice with retinal temperature monitoring would re-
quire the stimulus light to be directed to the area receiving the treatment. In principle, the 
retinal temperature estimation models presented could be functional also in this kind of 
setup. Yet, the optical constraints and the anesthesia and ERG-related issues present chal-
lenges for their successful application. Firstly, the amplitude of the obtained ERG photore-
sponse is proportional to the number of stimulated photoreceptors (Sandberg et al., 1996, 
human), and thus, the stimulated retinal area. Therefore, by diminishing the light stimulus 
spot size, the ERG signal decreases and signal-to-noise ratio declines. Secondly, the tiny 
size of the mouse eye and the scattering and reflection of stimulus light in ocular tissues 
pose optical challenges for the recording of ERG from a limited retinal area (focal ERG). 
The scattered and reflected stray light ends up outside the intended spot. Even a dim light, 
when directed to a broad retinal area with a large number of dark-adapted rods, causes a 
prominent ERG response merging with the ERG signal originating in the small stimulated 
area of interest (see Binns and Margrain, 2006; Sandberg et al., 1996, for the description 
of the phenomenon in human ERG and Nusinowitz et al., 1999, in mice). Thirdly, the lens 
of the mouse eye is prone to the development of lens opacities during anesthesia, which 
further promotes light scattering in the eye (Calderone et al., 1986; Ridder et al., 2002). 
Fourthly, eye movements during anesthesia have been reported in literature for several 
different anesthetics (Nair et al., 2011, rat). The movement of the eye complicates local 
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heating and stimulation, however, pharmacological substances may be administered to 
suppress eye movements. Alternatively, an advanced light delivery system able to compen-
sate for the movements can be employed.  

As a summary, due to these four aspects, retinal temperature estimation from a local 
retinal area with dark-adapted mouse is very challenging. Instead of a mouse, another an-
imal model with larger eye size could be used to make the experimental setup more ap-
proachable. In this thesis, the ERG responses recorded from isolated retinas and in vivo 
showed similar temperature dependencies. This indicates that in the future studies, the 
ERG recordings for calibrating the temperature estimation model could possibly be per-
formed only with isolated retinas, as the whole body temperature modulation with larger 
animals is impractical. However, the same four issues complicating the local temperature 
estimation would mostly remain, as other animal species also develop cataracts, have eye 
movements under anesthesia, and suffer from the stray light effect in focal ERG.  

Recording cone pathway responses from the light-adapted retina offers a possibility for 
obtaining ERG from a limited retinal area. In this method, the signal from the surrounding 
photoreceptors induced by stray light is suppressed by applying background light together 
with the focal stimulus (e.g. Errico et al., 1990; Miyake et al., 1989; Seiple et al., 1986, 
human). To our knowledge, there exists no previous reports on the application of this kind 
of method with mice. 

Future directions of retinal temperature estimation 
The studies conducted for this thesis represent the earliest steps of a research project to-
wards preclinically and clinically applicable ERG-based retinal temperature monitoring 
method. The long-term goal of the project is the development of the method for human 
retina. With humans, the method could be based on the photoresponses of the cone path-
way recorded from the light-adapted retina. This gives more freedom for selecting the heat-
ing wavelength and the possibility to apply the method in illuminated environment. The 
stimulus can be focused to the retinal area receiving the heating treatment with a back-
ground light suppressing the stray-light-induced ERG signal as described in the previous 
subchapter. The cone responses with fast kinetics can be recorded by flickering stimulus 
light. These responses are remarkably smaller by their amplitude compared to the scotopic 
full-field responses recorded in this thesis from the mouse retina. The responses can, how-
ever, be acquired with much higher frequency which partially compensates for the lower 
signal to noise ratio of a single response when considering the application of the method 
for continuous retinal temperature monitoring. The accuracy of the retinal temperature 
estimation achievable with the human cone method remains to be investigated. Further-
more, the current knowledge of human ERG temperature dependencies is limited. In order 
to eventually adapt this method for the human retina, the thermal dependencies of the 
ERG photoresponses need to be determined.
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8. Conclusions 

1. Photoreceptor function in the isolated retina was characterized by determining rod 
sensitivity, activation factor and the response kinetics by ex vivo ERG. The obtained 
results were compared to the corresponding corneal recordings that provided a ref-
erence with the retina in its physiological environment. Photoreceptor function was 
shown to be well preserved after the isolation of the retina. Therefore, ex vivo ERG is 
considered applicable for conducting research on rod function and phototransduc-
tion. 

 
2. Dark-adapted flash responses were recorded by ERG at varying temperatures close 

to mammalian body temperature. This enabled the determination of the temperature 
dependencies of ERG response parameters. The ex vivo method provided accurate 
retinal temperature adjustments while the corneal recordings verified the validity of 
the results in in vivo circumstances.  Thus, the work demonstrated the application of 
complementary ex vivo and corneal ERG methods together for addressing retinal 
functions. The observed thermal dependencies of ERG response kinetics were mainly 
similar between these two recording modalities. 

 
3. The temperature-dependent changes in ERG responses were applied to demonstrate 

a proof of concept for ERG-based retinal temperature estimation. The RMS errors 
for temperature estimation with the developed models were less than 1 °C. This error 
level was obtained by recording mouse full-field scotopic flash responses for 20 sec-
onds. The obtained level of accuracy can be considered high enough to enable the 
control of the heating power in non-damaging retinal treatments. 

 
4. The retinal function of P4h-tm-/- mice was studied by recording corneal ERG re-

sponses and comparing them to the corresponding reference recordings from wild-
type mice. The P4h-tm-/- retinas preserved normal function in the rod pathway. How-
ever, the ERG responses originating mainly in the cone pathway indicated functional 
impairment. The ERG results were similar in the ex vivo setup with controlled retinal 
environment. This affirms that the observed changes reflect a cone pathway-medi-
ated deficiency per se, not a secondary mechanism related to anesthetized state. The 
work demonstrates the application of combined ex vivo and corneal ERG for the 
characterization of retinal function.
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