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ABSTRACT 

Understanding the connection between neural circuit function and animal 

behavior (including human) is a fundamental goal in neuroscience. This is 

generally a daunting challenge due to the complexity of neural circuits and 

behaviors, and the difficulty of quantifying the relevant behavior. In this thesis, I 

tackle these challenges by studying vision in a highly simplified situation, near 

the absolute sensitivity limit, where only a limited number of retinal cell types—

the most sensitive ones—can contribute to seeing. The ability of the visual 

system to deal with sparse signals is remarkable. Rod photoreceptors can 

reliably detect single photons, and humans can detect just a handful of photons 

in darkness. Such visual sensitivity requires well-optimized signal and noise 

discrimination mechanisms in the neural circuits processing single-photon 

signals. The dimmest light signals traverse the retina through a well-known 

circuitry, the primary rod pathway. The output neurons of this circuitry—the 

most sensitive ON and OFF retinal ganglion cells—send the information to the 

brain encoded in patterns of discrete action potentials (spikes). ON ganglion cells 

respond to light with increases in spikes, OFF ganglion cells by decreasing their 

maintained spiking. The overall goal of my dissertation is to resolve end-to-end, 

from photons through retinal circuits to behavior, how the mammalian visual 

system detects the dimmest lights in darkness. In particular, I aim to understand 

the link between retinal outputs (i.e., retinal ganglion cells) and behavior using 

the mouse as my main model species. The thesis is comprised of three separate 

studies (papers I–III). 

First, we analyzed the how differences in signal transmission between the 

most sensitive ON and OFF retinal pathways affect visual computations at the 

dimmest light levels. The ON pathway, but not the OFF pathway, has a 

thresholding nonlinearity in the inner retina which reduces the neural noise in 

the ON ganglion cell. By analyzing spike responses and input currents of the most 

sensitive mouse and primate ON and OFF ganglion cells we show in paper I that 

the nonlinearity in the ON pathway comes with a cost, slightly reducing the 

sensitivity and delaying the signal transmission to ON ganglion cells. On the other 

hand, the ability to discriminate between dim light intensities was considerably 

better based on the most sensitive ON compared to OFF ganglion cell responses.  

Second, we studied the origin of intrinsic neural noise in the most sensitive 

ON ganglion cells at the lowest light levels, where signals traverse the retina 

solely via the primary rod pathway. Neural noise is highly relevant when it comes 

to detection of the dimmest lights, as sparse signals might be buried in the noise. 

It has been hypothesized that the detection is limited by spontaneous activations 

of the visual pigment (i.e., pigment noise) in rod photoreceptors. However, noise 

arises at all stages of the retinal circuitry, and how different sources of noise 

contribute to the total noise in retinal ganglion cells has not been rigorously 
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quantified. In paper II, we performed electrophysiological voltage-clamp 

recordings and quantified different sources of noise in the excitatory inputs of 

the most sensitive, and behaviorally relevant, mouse ON ganglion cell type (ON 

sustained alpha). We show that half of the total noise (integrated across all 

frequencies) reaching the most sensitive ON ganglion cells originates from the 

outer retina (photoreceptors and their synapses) and the other half from the 

inner retina (from and downstream of bipolar cells). However, only  2–3% of 

the total neural noise in ON ganglion cell inputs originated from pigment noise.  

Third, we established a behavioral paradigm that let us link visually guided 

behavior to the population spike code of well-defined retinal output neurons 

(paper III). We used electrophysiological methods to measure the absolute 

sensitivities of mouse rod photoreceptors and retinal ganglion cells. Our ganglion 

cell recordings showed that the ON sustained alpha (ON-S) and OFF sustained 

alpha (OFF-S) ganglion cell types are among the most sensitive ganglion cells in 

the mouse retina. We were able to separate the contributions of the ON-S and 

OFF-S ganglion cells by utilizing a transgenic mouse line with a clear difference 

in the sensitivities of these cells. We asked which of these retinal outputs 

underlies detection of the dimmest lights. The visual sensitivity of freely 

swimming mice in darkness was measured by a task where the mice had to locate 

a dimly lit window in one arm of a six-armed water maze. The search behavior 

was quantified by markerless head- and eye-tracking, and modeling was used to 

link behavior to the population spike codes of ON-S and OFF-S ganglion cells. Our 

results show that detection performance in this task gets remarkably close to a 

perfect readout of the responses of ON-S ganglion cells, which thanks to 

nonlinear filtering mechanisms provide a low-noise, high-fidelity readout of the 

light signal. Intriguingly, the more sensitive but less reliable responses of OFF-S 

ganglion cells appear not to be used for this task. This indicates that even for 

detecting the dimmest lights in darkness, the brain utilizes distinct decoding 

mechanisms relying on specific outputs rather than the total information across 

cell types. 
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SAMMANDRAG 

Ett centralt mål inom neurovetenskapen är att förstå hur djurens (inklusive 

människans) beteende bestäms av aktiviteten hos nätverk av nervceller. Att 

uppnå detta mål är i allmänhet en stor utmaning. Dels kan nervcellsnätverken 

vara mycket komplexa, dels är mångfalden av beteenden stor, och att finna 

relevanta kvantitativa mått för specifika beteenden är en utmaning i sig. I min 

doktorsavhandling antar jag dessa utmaningar genom att studera hur ett djurs 

(musens) förmåga att orientera enligt svaga ljussignaler i mörker, nära synens 

absoluta känslighetsgräns, beror på funktionen hos näthinnans nervnät. Detta 

förenklar situationen avsevärt, eftersom endast de känsligaste syncellerna och 

nervcellskretsarna i näthinnan då kan bidra till beteendet. Synsinnets förmåga 

att uppfatta svaga ljussignaler är otrolig. Fotoreceptorerna (stavcellerna) kan 

tillförlitligt reagera på enskilda ljuskvanta (fotoner), och människan kan uppfatta 

ljus som består av endast ett fåtal fotoner. Denna imponerande känslighet kräver 

neurala mekanismer som förmår urskilja ytterst svaga ljussignaler bland 

oundvikligt neuralt brus. De allra svagaste ljussignalerna behandlas i ett alldeles 

specifikt och väldefinierat nervcellsnätverk i däggdjurens näthinna, det s.k. 

primära stavcellsnätverket. Outputsignalen från detta nätverk kodas av de 

känsligaste ON- och OFF-gangliecellerna i mönster av elektriska impulser, s.k. 

aktionspotentialer, och skickas i den formen via synnerven från näthinnan till 

hjärnan. ON-gangliecellerna reagerar på ljus genom att öka mängden 

aktionspotentialer, medan OFF-gangliecellerna, som har hög elektrisk aktivitet i 

mörker, reagerar genom att minska på mängden av aktionspotentialer. Målet 

med min avhandling är att klarlägga de mekanismer som möjliggör urskiljandet 

av svaga signaler i näthinnans nervceller, samt att förstå hur hjärnan läser och 

tolkar de mönster av nervimpulser den får från näthinnan, så musen eller vi 

uppfattar svaga ljus. Avhandlingen är baserad på tre separata studier 

(artiklarna, ”papers”, I–III).  

I den första studien (”paper I”) granskade vi, hur en skillnad i förmedlingen 

av svaga ljussignaler till de känsligaste ON och OFF gangliecellerna tar sig uttryck 

i egenskaperna hos dessa cellers elektriska svar. Vi analyserade elektriska 

signaler mätta från de känsligaste ON och OFF cellerna hos möss och apor. På 

vägen till ON-gangliecellen finns i den inre näthinnan en tröskel (en icke-

linearitet) som filtrerar bort neuralt brus, men också de allra svagaste 

ljussignalerna. Motsvarande mekanism finns inte i signaleringsrutten till OFF-

gangliecellen.  Vi visade att denna mekanism ökar tillförlitligheten i ON-cellernas 

ljussvar på bekostnad av känslighet och snabbhet: ON-gangliecellerna var 

aningen mindre känsliga för ljus och reagerade långsammare på ljuset än OFF-

gangliecellerna. I stället var ON-gangliecellerna bättre på att skilja mellan olika 

svaga ljusintensiteter. 
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I den andra studien tog vi reda på varifrån det neurala brus som når de 

känsligaste ON-gangliecellerna härstammar. Vi undersökte detta under ljus-

förhållanden där endast det primära stavcellsnätverket är aktivt (i totalt mörker 

samt under mycket svagt bakgrundsljus). Neuralt brus är högst relevant då det 

gäller upptäckt av mycket svaga signaler, eftersom en svag signal lätt kan 

drunkna bruset. Man har länge ansett att den bruskomponent som uppkommer 

då synpigmentet i stavcellerna aktiveras spontant, det s.k. pigmentbruset, 

begränsar synkänsligheten. Brus uppkommer dock på alla nivåer i näthinnan och 

det finns ingen forskning som entydigt visar varifrån det brus som når 

gangliecellerna i dessa svaga ljusförhållanden huvudsakligen härstammar. I 

denna studie (”paper II”) mätte vi bruset i den excitatoriska input-strömmen i 

den känsligaste, och beteendemässigt relevanta, ON-gangliecelltypen (”ON 

sustained alpha”) i musens näthinna. Bruskomponenternas ursprung och styrka 

karakteriserades med hjälp av farmakologiska manipulationer och analys av 

frekvensspektra. Resultaten visar att hälften av det totala bruset (integrerat över 

alla frekvenser) härstammar från den yttre näthinnan (fotoreceptorerna och 

deras synapser), och att den andra hälften av bruset härstammar från den inre 

näthinnan (från och efter bipolärcellerna). Endast ca 2–3 % av det totala bruset i 

ON gangliecellerna härstammade från stavcellernas pigmentbrus. 

I den tredje studien etablerade vi en beteendeexperimentuppställning där 

den absoluta känsligheten hos musens synsystem kunde mätas kvantitativt och 

strikt relateras  till känsligheten hos väldefinierade ganglieceller (”paper III”). 

Våra gangliecellmätningar visade att de s.k. ”ON sustained alpha” (ON-S) 

och ”OFF sustained alpha” (OFF-S) ganglicelltyperna var bland de allra 

känsligaste gangliecellerna. För att särskilja dessa två celltypers bidrag till 

upptäckten av svaga ljus använde vi en genmodifierad musstam med tydlig 

skillnad i känsligheten mellan ON-S och OFF-S gangliecellerna. Beteende-

experimenten utfördes i en vattenlabyrint, där fritt simmande möss hade som 

uppgift att lokalisera ett svagt upplyst fönster i en av totalt sex korridorer. 

Sökbeteendet kvantifierades genom videotracking av musens huvud- och 

ögonrörelser. Därefter användes modellering för att förstå hur beteendet styrs 

av ganglicellernas elektriska signaler. Våra resultat visar att beteende-

prestationen kommer påfallande nära en perfekt tolkning av ON-S ganglie-

cellernas elektriska signaler – de signaler som tack vare det icke-lineära filtret 

förser hjärnan med mycket tillförlitlig information gällande svaga ljus. Slående 

nog verkade det som om signalerna från OFF-S gangliecellerna – de känsligare 

men även mindre tillförlitliga signalerna – inte utnyttjades för utförandet av 

denna uppgift. Detta tyder på att hjärnan inte ens då det gäller att upptäcka de 

svagaste ljussignalerna i mörker använder all den information den har tillgång 

till, utan avläser signaler endast från specifika celltyper.  
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1 INTRODUCTION 

The survival and reproduction of animals decisively depends on sensory 

information gathered from the surroundings. Sensory organs collect physical or 

chemical stimuli and translate them into electrical signals—the common 

language of the nervous system. These electrical signals are furthered processed 

by networks of neurons, i.e., neural circuits, to finally trigger a behavioral or 

physiological response. How do neural responses drive behavior and how are 

neural circuit mechanisms related to the behavior they support? Those are 

fundamental questions in neuroscience that have been extremely difficult to 

resolve.   

Why should we care about the connection of neural circuit function to 

behavior? The behavior and its underlying neural circuitry have not evolved 

independent of each other. Thus, in order to understand sensory functions on the 

circuit level it is necessary to understand how the circuit functions relate to the 

behavioral output. As expressed by Horace Barlow, “…it is foolish to investigate 

sensory mechanisms blindly—one must also look at the ways in which animals 

make use of their senses. It would be surprising if the use to which they are put was 

not reflected in the design of the sense organs and their nervous pathways—as 

surprising as it would be for a bird’s wing to be like a horse’s hoof ” (Barlow, 1961).  

The complexity of neural circuits and diversity of behaviors have made it 

difficult to unravel the connection between the two. In the mouse retina, more 

than 100 types of neurons form neural networks, carrying out complex 

computations (reviewed in Gollisch and Meister, 2010; see also 2.2.2 below). 

Information about a visual scene is carried from the mouse retina to the brain by 

neural responses from more than 40 different types of retinal ganglion cells (the 

output neurons of the retina), each encoding somewhat different features of the 

visual scene (Baden et al., 2016; Bae et al., 2018; Rheaume et al., 2018; Tran et al., 

2019; Goetz et al., 2021).  Thus, in order to connect circuit function to behavior, 

one needs to clearly define the task as well as the circuitry and ganglion cell types 

relevant for behavior. This thesis focuses on seeing at the sensitivity limit of 

vision—detection of the dimmest lights and contrasts.  

There are several advantages of studying visual processing at very low light 

intensities. The visual process is then simplified all the way from input to output: 

The stimulus is limited to small numbers of photons, the circuitry is constrained 

to the receptors and cells able to respond to this extremely dim light, and the 

behavioral task is simple light detection. The mammalian retinal circuitry dealing 

with the smallest signals of light is well known and several of its mechanisms too. 

Importantly, humans and many other species are able to detect extremely dim 

lights consisting of only a few photon absorptions. How is this incredible perfor-

mance even possible? Seeing extremely dim lights puts special requirements on 

the neural circuits dealing with these sparse signals. The main challenge is to 
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discriminate the sparse signal from unavoidable neural noise. What strategies of 

dealing with weak signals in noisy environments do the most sensitive retinal 

circuits employ? How does behavior depend on these circuits and their neuronal 

outputs?  

The main objective of this thesis is to resolve end-to-end, from photons 

through neural circuits to behavior, how the visual system enables detection of 

the dimmest lights. In particular, I aim to understand the link between visually 

guided behavior and the retinal output at the visual perception limit. 

 

I begin this thesis by providing a background about senses in general; their 

purpose, relevance, and design (chapter 2.1). I continue with discussing the 

visual environment and basic functional and organizational principles of the 

mammalian retina (chapter 2.2). Thereafter I dive into the dim light regime to 

review the mammalian retinal circuits dealing with the dimmest lights (2.3). The 

last chapter of the background and literature review goes through some of the 

classical literature on visually guided behavior at the sensitivity limit, and 

discusses challenges in linking circuit function to behavior in general (2.4). The 

results of this thesis are based on the work described in three papers. Two of the 

papers focus on the circuit mechanisms (paper I) and noise sources (paper II) of 

the retinal circuitry responsible for processing the dimmest light. The third paper 

(paper III) utilizes a novel approach to connect retinal outputs to behavior. 

Together the study connects behavior to neural responses and their underlying 

circuit mechanisms at the visual perception limit.  

 

Figure 1 Seeing by starlight. This thesis resolves how neural responses based on very few 
photons drive visually guided behavior. Focusing on this dim-light regime comes with 
many advantages (see main text). Image by iStock.com/lekcej 
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2 BACKGROUND AND LITERATURE 
REVIEW 

2.1 SENSES: PURPOSE, RELEVANCE AND DESIGN 

2.1.1 THE PURPOSE OF SENSES 

Senses allow animals to collect, process and respond to information from their 

environment. Everything an organism consciously or unconsciously knows about 

the external world is built on information that the senses have gathered from the 

surroundings. Without senses an organism would not be able to find food, avoid 

predators and other dangers, reproduce, communicate with conspecifics, adapt 

to the environment and navigate. Although not the main focus here, it is good to 

remember that the internal (proprioceptive) senses are of crucial importance for 

the organism. While external senses monitor the external world, the internal 

senses monitor internal states of the body and support movement and the 

maintenance of homeostasis (the milieu intérieur). To summarize the tasks of the 

senses, one can say that the purpose is to modify the behavior and physiology of 

the organism to increase the chances of survival and reproduction. 

Detection of sensory stimuli can in many cases be an immediate matter of life 

and death such as escaping a predator or catching prey. For example, visual 

detection of an approaching dark object, resembling a predator, elicits an 

immediate, perhaps life-saving defense response, escaping or freezing, in the 

mouse (Yilmaz and Meister, 2013). The hunting spider Cupiennius salei is able to 

make a precise jump and capture its prey, for example a blowfly, in the dark night 

by detecting changes in airflow with flow sensors on its legs (Klopsch et al., 

2013).  In other cases, sensory information helps to optimize vital functions over 

a longer time span. An example is the circadian clock which in mammals is 

synchronized by light detected by intrinsically photosensitive ganglion cells in 

the retina (Berson et al., 2002; Hattar et al., 2002). The rhythm of the circadian 

clock adjusts the sleep/wake cycle, which affects multiple organs and optimizes, 

for example, energy consumption and alertness (reviewed in Reppert and 

Weaver, 2002; Sollars and Pickard, 2015; Fernandez et al., 2018).  

The purpose of the senses is not to capture every aspect of the physical 

environment. Instead, the sensory systems have been adapted to convey such 

information that supports the lifestyle of a particular species (see chapter 2.1.3). 

Nevertheless, common principles for how a stimulus is turned into a behavioral 

or physiological response exist. This will be the topic of the next chapter. 
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2.1.2 BASIC SENSORY PRINCIPLES: FROM STIMULUS TO BEHAVIOR 

A sensory event, conscious or subconscious, starts with a stimulus (input) and 

ends with a change in behavior or physiology (output). The basic principles for 

how the stimulus input triggers a behavioral output are common for all sensory 

modalities. They all contain the following steps: a. stimulus capture, b. 

transduction, c. processing and decoding, and d. behavior (reviewed by Kandel et 

al., 2014) (Figure 2).  

In the first step, stimulus capture, special structures of the sense organs 

collect the stimulus for that particular modality and project it on receptor cells. 

Sensory receptor proteins, often membrane proteins, in the receptor cell 

undergo conformational changes in response to the stimulus that can be either 

electromagnetic, chemical, mechanical or thermal (some animals also have 

purely electric of magnetic senses). The sense organ itself, as well as the receptor 

cell, are structures specialized to collect a certain kind of stimuli efficiently. Also, 

the receptor proteins are highly specialized and selective, often tuned to a very 

specific kind of stimulus with certain energy, intensity and/or structure. For 

example, the photoreceptors in the eye contain specific receptor proteins that are 

activated only by electromagnetic radiation of specific energy or wavelength. 

And the chemoreceptors in the olfactory bulb contain receptor molecules 

responding to specific features of the odor molecules. 

In the second step, transduction, the stimulus is converted, or transduced, 

into an electrical signal. In this step, the activated receptor proteins will either 

directly or indirectly induce opening or closing of ion channels in the receptor 

cell, leading to a receptor potential (reviewed in Torre et al., 1995). Only 

electroreception in aquatic animals works by direct modulation of the input 

currents and thereby membrane potential of the sensory cells (for review see e.g., 

Crampton, 2019). In order to efficiently transfer the sensory message from the 

sensory organ to the central nervous system (CNS), the receptor potential is 

transformed into patterns of action potentials (spikes), which is an efficient way 

of communicating over longer distances. Depending on the sensory receptor, the 

action potentials can either be generated directly by the receptor cells them-

selves, or alternatively the receptor cell can stimulate higher-order neurons that 

in turn generate action potentials. Importantly, all neural information about the 

external world available to the CNS is encoded in these action potentials. The 

trains of action potentials travelling from the sensory organ to the CNS can 

therefore be thought of as the “neural code” (see e.g., Rieke et al., 1997). The basic 

interpretation of spike trains in the CNS depends on connectivity, as the signals 

from each sensory modality (and submodality) travel by different routes and end 

up in different primary brain areas. How the brain decodes these messages in 

different situations to drive behavior is a core question in neuroscience. This 

question can ideally be studied in experiments on systems where the stimulus 

input can be precisely controlled and the relevant spike code as well as 

behavioral outputs can be defined and quantified. 
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The electrical signals, whether action potentials or graded potentials, will in 

most cases be processed by whole networks of neurons, i.e., neural circuits, 

before a behavioral or physiological response is triggered (for retinal processing 

see Gollisch and Meister, 2010). Depending on the sensory system and species, 

this signal processing takes place to varying degrees in the peripheral sensory 

organ or first relay stations and more centrally. How the signal is transmitted and 

shaped is determined by the synaptic connections and their properties. Sensory 

processing has been shown to be highly dynamic and is modulated for example 

based on the behavioral state (reviewed in McGinley et al., 2015; Busse et al., 

2017; Cardin, 2019; McCormick et al., 2020).  

To summarize: detection of sensory stimuli starts with a specific stimulus 

activating specific sensory receptors, after which the stimulus is transduced into 

an electrical signal and eventually action potentials. All sensory information is 

encoded in these trains of action potentials—the neural code. The electrical sig-

nal is processed in neural circuits before and after action potentials are triggered. 

Together both sensory receptor and circuit function will determine how the 

external world is perceived by the animal. These basic principles are common for 

most species. There is still large inter-species variability and a diversity of 

solutions for the type of stimuli a particular species is able to detect and how the 

stimulus is shaped by neural circuits to drive behavior.  This variation originates 

from the fact that the sensory systems have been shaped through evolution to 

match the ecological needs of each particular species—the topic of the following 

chapter.   

 

Figure 2 Basic principles from stimulus to behavior. A sensory event starts with a stimulus 
(input) and ends with a change in behavior or physiology (output). The basic 
principles are common for all sensory modalities and involve the following steps:  The 
stimulus is first captured by sensory organs and detected by sensory receptor cells. 
The stimulus is in the receptor cell converted, or transduced, into an electrical 
signal—a receptor potential. This receptor potential might either directly trigger action 
potentials, spikes, that are send to the brain, or alternatively the electrical signal might 
first be processed (indicated with *), before spikes are triggered. The spike trains sent 
from the sensory organ to the central nervous system/the brain contains all sensory 
information available for the brain. This information is then decoded and processed 
by neural circuits in the central nervous system, to trigger a behavioral or 
physiological response.  
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2.1.3 THE BIOLOGICAL RELEVANCE OF SENSORY DESIGN 

In order to truly understand sensory systems, it is important to understand their 

biological relevance and factors which have impacted their design. Like all life 

functions, the sensory systems of the animal world have been shaped by natural 

selection for high fitness (survival and reproduction). This realization was 

described well by the famous words of Theodosius Dobzhansky: “Nothing in 

biology makes sense except in the light of evolution” (Dobzhansky, 1973). 

Importantly, the impact of evolution on the design of a sensory system happens 

only through the behavioral output of the system. Dobzhansky’s statement has 

thus been justifiably paraphrased as “nothing in neurobiology makes sense–except 

in the light of behavior” (Hirsch, 1986). Only behaviors that increase the fitness 

(or at least do not decrease it) will be favored. Since different environments and 

lifestyles put different demands on sensory systems, it is the species-specific 

habitat and ecology that determines what kind of behavior is favorable (Figure 

3).  

 

Figure 3 The design of sensory systems. To understand the function and mechanisms of a 
sensory system it is useful to understand the factors that have affected the design of 
the system. The main driving force is the selection for highest biological fitness, which 
only happens through the behavioral output of the system. Only behaviors that 
increase the fitness (or at least do not decrease it) will be favored. Different 
environments and lifestyles put different demands on sensory systems and the 
species-specific habitat and ecology therefore determine what kind of behavior is 
favorable. Moreover, different constraints, both biophysical (e.g., noise and metabolic 
costs) and evolutionary (i.e., building new structures by incorporating old ones), have 
set limits on the design.  

In addition, different constraints, both evolutionary and biophysical, have set 

limits on the design of sensory systems (Figure 3). The existing neural circuits 

and sensory systems have often been built by incorporating old neuronal types 

and structures into new ones, evolutionary “tinkering”. Consequently, nature is 

full of solutions that in our eyes might not seem optimal. In the eye of natural 

selection, whatever works is good enough, until something better is “invented”. 

Biophysical constraints including limitations set by physical laws and the 

physical nature of stimulus also impact the design. The physical nature of the 
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stimulus affects, for example, sensory organ morphology and receptor design. 

Other physical laws, such as diffusion rates, constrain for example cell size, and 

the stochastic nature of channels and other proteins induce noise that further 

impacts the design. Since energy supply is limited, sensory design can also be 

affected by a need to limit metabolic costs. Neurons are especially metabolically 

expensive due to maintenance of the resting membrane potentials that requires 

constant supply of ATP, and the metabolically expensive propagating action 

potentials (Attwell and Laughlin, 2001). High information rates and fast signaling 

requires thicker axons and more energy (Laughlin et al., 1998; Niven et al., 2007; 

Sterling and Laughlin, 2015). The benefits of high performance of sensory 

systems should therefore be in balance with the metabolic costs and wiring costs. 

The balance of benefits and costs directly affects fitness.   

There have been efforts to understand the design of sensory system from the 

viewpoint of a need to minimize cost and maximize performance. An example of 

this is the efficient coding theory (Attneave, 1954; Barlow, 1961) that has been 

used to predict how sensory systems should be designed to transmit natural 

stimuli efficiently given some inner constraints such as metabolic costs. The 

efficient coding theory has indeed been successful in predicting several 

arrangements seen in sensory systems, such as receptive field arrangement in 

the retina (Atick and Redlich, 1990; Roy et al., 2021). However, the theory has 

also been criticized for the assumption that sensory systems should encode all 

information in a natural scene as efficiently as possible, rather than only the 

biologically relevant information. In particular, the features that are statistically 

common in a natural environment might not be the ones that are behaviorally 

relevant (Machens et al., 2005). 

An alternative approach to understanding how metabolic constraints have 

been met in sensory design is from the viewpoint of animal ecology and 

biologically relevant stimuli (see e.g., Baden et al., 2020). A world with an almost 

infinite stimulus space but finite energy budget has driven animals to allocate 

resources selectively only to the most relevant stimuli. Consequently, the senses 

of an animal also miss a lot of information that would be available in nature (e.g., 

we humans lack sensory systems capable of processing stimuli such as the 

magnetic field of the earth, differences in light polarization, or ultrasounds). 

Living in habitats that lack certain stimuli has led to deterioration of organs and 

receptors collecting that stimulus, indicating that there indeed are costs 

associated with the maintenance of sensory systems. Examples of this are the 

mammals living in dark underground environments, such as mole rats (e.g., 

Tachyoryctes and Spalax). Their visual systems have been reduced due to lack of 

evolutionary pressure to maintain good vision in combination with the costs 

associated with the maintenance of such structures (reviewed in Nevo, 1979).  

Allocating resources to certain stimuli is not only a matter of rejecting or 

accepting certain kinds of stimuli, but more broadly a question of tuning whole 

sensory systems (sensory organs, receptors and neural circuit mechanisms) to a 

specific task. This concept was coined as “matched filters” by Rüdiger Wehner in 
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a landmark paper in 1987 (Wehner, 1987) where he writes, “Of course, perceiving 

the world through such a 'matched filter' severely limits the amount of information 

the brain can pick up from the outside world, but it frees the brain from the need to 

perform more intricate computations to extract the information finally needed for 

fulfilling a particular task”. How is this kind of tuning concretely seen in the 

design of sensory systems today? It starts already from the placement of sensory 

organs. Frontal placement of the eyes in predators, for example, support 

stereovision. Prey animals, on the other hand, tend to have laterally placed eyes, 

which expands the field of view and makes it easier to detect the predator (see 

Baden et al., 2020).  Another example is the nocturnal owls, such as the barn owl 

(Tyto alba), with asymmetrically set ear openings supporting directional hearing 

and location of the prey (Payne, 1971; Knudsen and Konishi, 1979). With regard 

to primary sensory receptors, the sensitivity and specificity are tuned to the 

needs of the animal, as for example human olfactory receptors that are more 

likely to respond to key food odors rather than to other odors (Dunkel et al., 

2014). The distribution of different types of photoreceptors (Szel et al., 1992; 

Applebury et al., 2000) over the mouse retina has recently been shown to match 

natural scene statistics in a way that supports aerial predator detection (Qiu et 

al., 2021). Tuning is seen also on the level of both peripheral and central neural 

circuits. An example is the auditory system of crickets, where a neural circuit of 

female field crickets is precisely tuned to discern the song of the conspecific 

males from songs of other males in a noisy habitat (Schöneich et al., 2015; 

reviewed in Römer, 2016). A remarkable example of matched filtering is found 

in the male blowflies in which a large part of the whole visual system, all the way 

from eye morphology and photoreceptors to central processing, is devoted to a 

single ecological task; spotting a flying female blowfly (reviewed in Warrant, 

2016). 

Summary 

These examples show that the environment, ecological needs, and lifestyle, in 

combination with constraints such as a limited energy budget, together have 

impacted the design of sensory systems. Studying their design without 

connection to the biological relevance of the system, and in particular biologically 

relevant behavior, can be misleading. Since both stimulus space and the 

behavioral repertoire are large, there is a need to define and restrict the task 

clearly in any experimental study aiming to unravel the neural mechanisms 

underlying sensory performance (see also chapter 2.4.2). In this work, the task is 

constrained to visual detection of very weak stimuli, near the absolute sensitivity 

limit of the system.  

2.1.4  SENSORY PROCESSING AT THE PERCEPTION LIMIT 

In order to understand sensory function on the circuit level it is necessary to 

understand the behavior driven by the circuitry. However, the complexity of both 
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circuits and behavior poses a challenge. The stimulus space is close to infinite, 

the behavioral space is large, and the neural circuits are complex. Working near 

the perception limits simplifies the situation dramatically. There, the system can, 

at least in theory, be well constrained all the way from input to output. The 

stimulus space is limited to the smallest or sparsest signals, the circuitry is 

constrained to the receptors and cells able to process the smallest input signals, 

and behavior is constrained to some simple response telling if the stimulus has 

been detected or not. This simplifies the linking of input stimuli to relevant neural 

responses and behavioral output.  

One way to approach sensory systems is to evaluate how good they are at 

their task and try to figure out for example, whether a circuit is optimal or not.  

The challenge is to define optimality, what is good circuit performance and what 

is bad. At the perception limit, the advantage is that physical limits, arising from 

the weakness of the physical stimuli (e.g., the sparseness of photons in vision), 

actually exist. The performance of sensory systems can then be compared to 

these physical limits. This also implies that one can evaluate whether there has 

been an evolutionary drive to push a sensory system close to these physical 

limits. Or as Peter Sterling (Sterling, 2004) puts it: “In short, where actual 

performance approaches ‘ideal’ performance calculated from physical limits, there 

is a genuine opportunity to address the ‘why’ of a design.” The “why” here refers to 

the computational purpose of a brain region or neural circuit.  In environments 

where stimulus signals are sparse, such as very dim environments, it is likely that 

evolution has favored the ability to detect very weak signals. Indeed, across 

several sensory modalities, performance in the detection of weak signals 

approaches the physical limit at the level of the primary sensory receptors 

(Figure 4). Rod photoreceptors can detect single photons (Baylor et al., 1979b, 

1984), hair cells of the cochlea can detect displacements of atomic dimensions 

(Crawford and Fettiplace, 1985; Hudspeth, 1989), and the vomeronasal 

receptors can respond to single pheromone molecules (Leinders-Zufall et al., 

2000). With this exquisite sensory receptor performance, it is tempting to 

proceed to the question “how”: What mechanisms contribute to this high 

sensitivity? Furthermore, one might ask what these sparse signals are used for: 

How do they link to behavioral performance? And how does that performance 

depend on the processing by downstream neural circuits?  In this thesis, I use the 

mouse visual system working near the quantal limit of visual detection to link 

retinal input (rod responses) and output (ganglion cell responses) to behavioral 

performance. The next chapter (2.2) will describe the stimulus and the mouse 

retina and visual pathways in general, after which the focus will be on retinal 

circuits processing the weakest signals of light (chapter 2.3). The final chapter 

discusses behavior and the question of how to link circuit function to behavior 

(chapter 2.4). 
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Figure 4 Examples of sensitive sensory receptors. The sensitivity of many sensory 
receptors is remarkable. Rod photoreceptors can detect single photons (Baylor et al., 
1979b, 1984), hair cells of the cochlea can detect displacements of atomic 
dimensions (Crawford and Fettiplace, 1985; Hudspeth, 1989), and the vomeronasal 
receptors can respond to single odorant molecules (Leinders-Zufall et al., 2000). 
Figure created with BioRender.com 

2.2 THE VISUAL ENVIRONMENT, MAMMALIAN RETINA 
AND BEYOND 

The visual system and the retina offer several advantages when it comes to 

studying neural circuit function and its connection to behavior. Compared to 

other peripheral sensory organs, the vertebrate retina is unique in being part of 

the brain. The relatively advanced neural circuits of the retina perform 

substantial processing of the visual input before the signal is sent to the rest of 

the brain (reviewed in Gollisch and Meister, 2010). Yet, the circuits are accessible 

since they reside in a separate neural sheet with clear layers and well-defined 

cell types. The usage of light as the natural input, which can be precisely 

controlled in space and time, adds on to the list of advantages. This chapter will 

focus on the visual environment, general retinal functions and visual pathways 

in the brain before going into details about the retinal cells and circuitries 

responsible for processing and transmitting light signals at the perception limit 

(chapter 2.3). The mammalian visual system (especially mouse and primate) is 

in focus.  

2.2.1 PROPERTIES OF THE TERRESTRIAL VISUAL ENVIRONMENT 

As discussed in previous chapters, sensory systems have been adapted to their 

environments. This chapter will briefly describe terrestrial light environments 

with a special focus on dim environments, starting by looking at the basic 

properties of the stimulus—light.  

Pheromone receptorsAuditory hair cellsPhotoreceptors
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2.2.1.1 Light 

Light can be described either as a propagating electromagnetic wave or as a flux 

of discrete "energy packages” or quanta called photons (reviewed in Nelson, 

2017). Described as a wave, a beam of monochromatic light has three basic 

properties: 1) wavelength or frequency, 2) intensity, and 3) polarization. I will 

ignore the third property, since mammals are not known to use polarization as a 

visual cue.  

Frequency () is the number of oscillations of the wave per unit time, wave-

length () is the distance travelled over one oscillation. Of all electromagnetic 

radiation, visible light comprises a very small range of the wavelength spectrum 

(ca 400–700 nm in vacuum or air) (Figure 5), limited by the absorbance 

properties of the light-catching receptor molecules, the visual pigments (see 

chapter 2.3.1.1).  Light travels with a speed c of ca 3.0 × 108 m/s in vacuum. A 

wave oscillating at frequency  (1/s) travels the distance  (m) in the time (wave 

period) 1/ (s), and hence the relationship between the wavelength, speed and 

frequency of light is: 

 

 = 𝑐 ∙  (1/).   (1)   

 

Wavelength is traditionally defined for vacuum. The speed of light in vacuum is 

still very close to the speed of light in air. Importantly, the frequency does not 

depend on the medium. 

 

Figure 5 The spectrum of light.  Electromagnetic radiation exists in a large range of 
frequencies, part of which are shown in this figure. Wavelength is inversely related to 
frequency according to equation 1 (see above), and depends on the speed of light in 
a certain medium, traditionally vacuum. Visible light comprises only a very small part 
of the wavelength spectrum (ca 400–700 nm). 
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Alternatively, light can be described as discrete quanta called photons. A 

single photon contains a certain amount of energy. The relationship between 

energy (𝐸)  and frequency () is:  

 

𝐸 = ℎ ∙  ,   (2) 

 

where ℎ is Planck’s constant. This means that energy is directly proportional to 

frequency, but inversely proportional to wavelength. Thus, a photon with high 

energy has, relatively speaking, high frequency but short wavelength. 

Importantly, the photoreceptor molecules (visual pigments) are tuned to absorb 

photons within specific energy bands: photons of a certain wavelength have 

higher probability of activating a certain visual pigment than photons of other 

wavelength (see e.g., Govardovskii et al., 2000). Furthermore, the wavelength 

preference of the visual pigment goes hand in hand with its thermal stability: 

Receptors tuned to longer wavelengths (lower energies; “red light”) are in 

general less stable than receptors tuned to shorter wavelengths (higher energies; 

“green” or “blue” light) (Barlow, 1957a; Ala-Laurila et al., 2004; Luo et al., 2011; 

reviewed in Donner, 2020). As we shall see, dim light detection generally benefits 

from stable receptors, as they cause less thermal noise (see chapter 2.3.2.3).  

The second property of light, intensity, is most conveniently defined in 

photon-space, since the receptor molecules also work as “photon counters”. The 

effect of every absorbed photon is independent of its energy. The light intensity 

is then defined as directly proportional to the rate of (emitted or incident) 

photons. Under this definition, increasing the intensity of a light source will not 

change the frequency (or energy or wavelength) of the photons, only the mean 

rate of photon arrivals. Interestingly the arrival of photons, originating from 

natural or classical light sources, is a random process that follows Poisson 

statistics (reviewed in Nelson, 2017). This is especially important considering 

dim light vision, since the random fluctuations in photon arrivals will impose an 

ultimate constraint on dim light detection (see chapter 2.3.2.2). 

2.2.1.2 How dark does it get? 

Light in nature comes from celestial sources such as the sun, the stars (other than 

our sun), the moon (that reflects sun light), and from bioluminescence generated 

by the organisms themselves. In polar regions there may be auroras (“northern 

lights”) due to charged particles trapped in Earth’s magnetic field. The animals 

on land experience large variations in the mean light intensities due to time of 

the day, weather (e.g., cloudiness) and habitat.  The difference in illumination be-

tween a clear sunny day and a clear moonless night can be up 100 million-fold 

(108) (Spitschan et al., 2016).  Clouds can decrease the downwelling illumination 

even further by ca 10-fold, and closed terrestrial habitats, such as dense forests 

also by ca 10-fold (Martin, 1990). 
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The main sources of light during a moonless night are red dwarfs (stars too 

dim for humans to see), other stars (although the contribution of stars visible to 

humans to the total illumination is comparatively small), zodiacal light (sunlight 

reflected from dust) and airglow (light emitted when atmospheric molecules are 

recombined after being split by the sun during the day) (see e.g., Warrant et al., 

2020). Due to the red dwarfs and airglow, the starlight spectrum is slightly red 

shifted (Johnsen et al., 2006) (Figure 6). The total irradiance of starlight in an 

open cloud-free night (with minimum light pollution), calculated based on the 

starlight spectra in Johnsen et al. (2006) (spectra kindly provided by Dr. Sönke 

Johnsen) and weighted with a typical rhodopsin absorption spectrum (max = 500 

nm) is ca 3.3 photons/μm2/s. In the mouse retina this photon flux corresponds 

to each rod photoreceptor seeing on average 1.5 photons each second. These 

lights, and dimmer ones, are coded by the most sensitive rod pathway of the 

mammalian retina—the primary rod pathway (Soucy et al., 1998; Grimes et al., 

2014b, 2018; see chapters 2.3.1.2 and 2.3.2.1 below). In a dense habitat on an 

overcast night, the total amount of photons hitting the mouse eye might be even 

100-fold lower (see above).  Deep sea habitats are even dimmer. It is thus clear 

that nature offers some extremely dark environments. Using vision in these could 

be an evolutionary advantage but would require pushing the whole visual system 

towards the physical limits.  

 

Figure 6 The properties of starlight in relation to other light. A) The irradiance spectra of 
starlight (red line) determined for a moonless and clear night, moonlight (gray line) 
and light pollution (gray dotted line) measured in an urban environment on a 
moonless night. The spectra of sunlight are shown for after sunset (sun 10.6° below 
horizon), at sunset (sun at horizon) and before sunset (sun at 11.4° above horizon). 
B) A picture of a starry sky taken with a 62-second exposure (Nikon D700, Nikon 20 
mm f2.8 lens, f/2.8, ISO 6400) on a moonless night in Death Valley National Park, 
California. Panel A reproduced from Johnsen et al. (2006) with permission from the 
Journal of Experimental Biology/The Company of Biologists. Spectral data was kindly 
provided by Dr. Sönke Johnsen. Panel B reprinted from Warrant and Johnsen (2013) 
with permission from Elsevier. 

The current design of a sensory system is not only related to the environment 

animals live in today, but perhaps even more to the environment of their 

evolutionary past (as discussed in chapter 2.1.3). Vertebrate ancestors living in 

deep-sea environments with minimal downwelling light could have benefitted 
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from high-sensitive vision (Lamb, 2016). Although we do not understand the 

behavioral sensitivity of vertebrate ancestors, it has indeed been shown that 

jawless fish, proxies for early vertebrate ancestors, have highly sensitive 

photoreceptors (Morshedian and Fain, 2015). Interestingly, it has been 

suggested that mammals during the dinosaur era adopted a predominantly 

nocturnal lifestyle in order to avoid the day-active dinosaurs (Hall et al., 2012; 

Maor et al., 2017; Sohn, 2019), although some argue that this rather concerns the 

ancestors of the mammals (Angielczyk and Schmitz, 2014; see also Sohn, 2019). 

Nevertheless, this so called “nocturnal bottleneck” could have entailed selection 

for high visual sensitivity. Indeed, many extant mammals have a visual system 

supporting dim light vision (see chapter 2.3.2), and the retinal circuits processing 

small amounts of photons are well conserved among mammals (see chapter 

2.3.2.1). And on the other hand, all mammals lost the ancestral tri- or even 

tetrachromatic color vision most useful in daylight (some primates including 

humans, however, redeveloped trichromacy later). 

2.2.2 THE MAMMALIAN RETINA AND BEYOND: ORGANIZATION AND 

FUNCTION  

2.2.2.1 Organization of the mammalian retina and visual pathways 

The retina 

Vertebrate vision starts by photons travelling through the eye and being 

absorbed by light-sensitive cells in the retina (photoreceptors and intrinsically 

light-sensitive ganglion cell types, ipRGCs) in the back of the eye. The vertebrate 

retina is ca 200 m thick tissue sheet (Remtulla and Hallett, 1985) that develops 

from the neuroectoderm, the epithelial cells of the neural tube (Pei and Rhodin, 

1970). The retina is thus part of the brain in spite of its peripheral location. 

The neurons in the retina can be divided into five main classes: photorecep-

tors, horizontal cells, bipolar cells, amacrine cells and ganglion cells (Cajal, 1892) 

(Figure 7A). In addition, the retina contains macroglial cells (Müller glia and 

astrocytes), microglial cells and vascular structures (Kolb, 2016). The five main 

neuronal classes can further be divided into multiple types based on morphology, 

function and molecular expression (Figure 7B). Recently, a new retinal interneu-

ron (a “Campana cell”) was discovered (Young et al., 2021). This cell did not fit 

into any of the five main classes and could thus constitute an unconventional 

neuronal class in the retina. The mouse retina includes more than 40 ganglion 

cell types (Baden et al., 2016; Bae et al., 2018; Rheaume et al., 2018; Tran et al., 

2019; Goetz et al., 2021), up to 15 bipolar cell types (Helmstaedter et al., 2013; 

Kim et al., 2014; Greene et al., 2016; Shekhar et al., 2016; Tsukamoto and Omi, 

2017), more than 60 amacrine cell types (Yan et al., 2020), 1 rod type, 2 cone 

types and 1 horizontal cell type (Peichl and González-Soriano, 1994; He et al., 
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2000). Together these sum up to more than 100 types of cells. A bit less, 60–70 

types, have been found in the primate retina (Peng et al., 2019): 1 rod, 3 cones, 2 

horizontal cells, ca 12 bipolar cells more than 30 amacrine cells (Peng et al., 

2019), and ca 20 ganglion cell types (Masri et al., 2019; Peng et al., 2019).  

 

Figure 7 Organization of the mammalian retina: cell types and layers. A) The retina, a thin 
layer of tissue in the back of the eye, has five main classes of neurons 
(photoreceptors; rods and cones, horizontal cells, bipolar cells, amacrine cells and 
ganglion cells). The axons of the ganglion cells (RGC) together form the optic nerve, 
which exits the retina to provide input to different parts of the brain. The main layers 
of the retina are: The retinal pigment epithelium (RPE), the outer nuclear layer (ONL), 
the outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform layer 
(IPL), and the retinal ganglion cell layer (RGC layer). B) A schematic illustration 
showing the diversity of cell types within each main neuronal class. Only a subset of 
amacrine and ganglion cell types are shown. Panel A created partly with 
BioRender.com. Panel B inspired by Masland (2001) and adapted from 
Kerschensteiner (2020) with permission from Elsevier. 

The retinal morphology follows a clearly layered structure where each 

neuronal class is located in a specific layer (Berson, 2020) (Figure 7A), with a few 

exceptions. There are three nuclear layers; the outer nuclear layer (ONL), the 

inner nuclear layer (INL) and the retinal ganglion cell layer (RGC layer). In 

between the nuclear layers lie the inner plexiform layer (IPL) and outer 

plexiform layer (OPL) that contain neural processes and synapses. The ONL 

contains the somata of the photoreceptor cells, rods and cones, and outside these 

(and partly interleaved with them) resides the retinal pigment epithelium (RPE), 

which performs many functions vital for the retina (reviewed in Strauss, 2005). 

The somata of bipolar cells, horizontal cells and amacrine cells mainly lie in the 

INL together with some displaced RGCs. The RGC layer is comprised of ganglion 

cells and some displaced amacrine cells. The RGC layer also contains  intrinsically 

photosensitive ganglion cells (ipRGCs), which just like rods and cones are able to 

absorb and transduce light into electrical responses (Berson et al., 2002; Berson, 

2003; Warren et al., 2003). The ipRGCs can therefore be classified as the “third 
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photoreceptor”, using a visual pigment and transduction machinery typical of 

invertebrate photoreceptors. The ipRGCs project, for example, to the 

suprachiasmatic nucleus (SCN) (Hattar et al., 2002) where they are involved in 

controlling the circadian rhythm among other things (reviewed in Berson, 2003; 

Hirota and Fukada, 2004). 

Visual pathways 

The RGCs of the retina project to many areas of the brain. In mouse, more than 

50 such areas have been found (Martersteck et al., 2017). These include areas 

within the lateral geniculate nucleus (LGN), the superior colliculus (SC), the 

suprachiasmatic nucleus (SCN), the pretectum and the accessory optic system 

(AOS) (for review see Berson, 2008). The visual pathways can broadly be divided 

into image-forming (conscious) and non-image-forming (unconscious) path-

ways, where the image-forming pathways are the ones that project to the visual 

cortex. The main image-forming pathway is the so called retino-geniculo-striate 

pathway (also known as the thalamo-cortical pathway or the primary visual 

pathway). In this pathway RGC axons target the dorsal lateral geniculate nucleus 

(dLGN) within the thalamus that convey retinal information to the primary visual 

cortex (V1). In mouse, also the SC which is involved in directing head and eye 

movements based on visual and other sensory input, can indirectly, via dLGN or 

lateral posterior/pulvinar nucleus (LP) provide input to the visual cortex 

(reviewed in Seabrook et al., 2017). The non-image-forming areas include for 

example the SCN, the ventral lateral geniculate nucleus (vLGN), the AOS and 

several nuclei of the pretectum. They are involved in functions such as 

maintaining the circadian rhythm, retinal image stabilization and optokinetic and 

pupillary light reflexes (Berson, 2008).  

Primate dLGN has a clearly laminated structure where the RGCs target a 

specific layer depending on cell type (belonging to the magno-, parvo-, or 

koniocellular group) and eye of origin (ipsi-, or contralateral) (Usrey and Alitto, 

2015). The dLGN structure in mouse is not as clear. However, cell-type-specific 

regions (shell and core) as well as eye-specific regions exist (Kerschensteiner and 

Guido, 2017). Due to the laterally positioned eyes in the mouse, the binocular 

field of view is small compared to that of primates, and most mouse RGCs (ca 

95%) project contralaterally (Dräger and Olsen, 1980; reviewed in Seabrook et 

al., 2017). Common across species is the retinotopic mapping where neighboring 

RGCs sampling neighboring points in the visual field project to neighboring 

locations in the dLGN (Reese, 1988; Malpeli et al., 1996; Pfeiffenberger et al., 

2006; Piscopo et al., 2013). In the mouse, the majority (75%) of all RGC types 

target the dLGN (Román Rosón et al., 2019) and almost all RGC types (90%) 

target the SC (Ellis et al., 2016). Interestingly, all RGC types that target the dLGN 

also innervate the SC but not the other way around. In primates, on the other 

hand, only ca 10% of the RGC types target the SC (Perry and Cowey, 1984). 
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2.2.2.2 Functional principles of the mammalian retina  

The retina follows the basic principles of stimulus encoding presented in chapter 

2.1.2. Light is absorbed and transduced in the rod and cone photoreceptors 

providing the input to the retina. The electrical signal proceeds from the outer 

retina towards the inner retina while being processed by circuits consisting of 

horizontal cells, bipolar cells and amacrine cells. The signals finally converge on 

RGCs where they are integrated and translated into trains of action potentials, or 

spikes.  All visual information is encoded in these spike trains, the retinal output. 

The spike trains are transmitted onwards by RGC axons, which form the optic 

nerve that exits the retina at the optic disc and projects to different parts of the 

brain (see chapter 2.2.2.1 above). Interestingly, it has also been shown that some 

bipolar cells and amacrine cells can use spikes in the intraretinal processing of 

signals (see e.g., Baden et al., 2013; Puthussery et al., 2013; Van Hook et al., 2019).  

Each cell in the retina samples information from a distinct part of the visual 

space. The area in the visual space generating a response in a retinal cell has 

classically been called the spatial receptive field (Hartline, 1938). The earliest 

and most fundamental description of spatial receptive fields is the center-

surround organization, where the center and surround regions of the receptive 

field generate mutually antagonistic signals (Barlow, 1953; Kuffler, 1953). The 

center surround receptive field can be modelled as a difference of two gaussians 

with opposite polarity (Rodieck and Stone, 1965). Later, the receptive field 

models have advanced to provide a more complete description of how the output 

of a neuron (such as spikes of the RGC) depend on the input, both in space (spatial 

receptive field) and time (temporal receptive field) (for review see Wienbar and 

Schwartz, 2018). These receptive field models are often referred to as spatial and 

temporal filters providing a conversion from stimulus input to neural output. 

Importantly, the retina is highly dynamic and receptive field properties such as 

the receptive field size, center-surround ratio, and even polarity have been 

shown to change with for example mean illumination (for review see Rivlin-

Etzion et al., 2018; Wienbar and Schwartz, 2018). In addition, it is good to keep 

in mind that the behavioral state, such as the state of arousal, is able modulate  

retinal inputs to other parts of the brain (Liang et al., 2020; Schröder et al., 2020).  

Feature detection 

The cells in the retina form numerous interconnected circuits able to perform 

complex signal processing. A prominent feature of retinal signal processing is the 

division into multiple parallel processing streams. Each stream performs 

different spatiotemporal operations on the same visual scene, which implies that 

each stream extracts different, more or less specific “features” of the visual space 

(Lettvin et al., 1959; Boycott and Wässle, 1999; Roska and Werblin, 2001; da 

Silveira and Roska, 2011; Masland, 2012). This parallel processing begins at the 

first synapse, where photoreceptor signals feed into multiple bipolar cell types, 

of which all can be classified either as an ON type or OFF type (see below) 

(Werblin and Dowling, 1969; Kaneko, 1970; for review see: da Silveira and Roska, 
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2011; Masland, 2012; Euler et al., 2014; Demb and Singer, 2015). The bipolar cell 

types with their distinct receptors, ion channels, morphology and intracellular 

signaling pathways all extract a certain component of the photoreceptor signal 

(Masland, 2012; Euler et al., 2014). In addition, the bipolar cells receive 

inhibitory input from horizontal cells and amacrine cells, which further shapes 

the bipolar cell responses  (reviewed in Euler et al., 2014; Demb and Singer, 

2015). The selectivity gets even more advanced at the ganglion cell level. Each 

ganglion cell type collects inputs from a distinct set of one or more bipolar cell 

types. Together this bipolar cell input, as well as input from different amacrine 

cells, and the intrinsic properties of the ganglion cell, give rise to the distinct 

response properties of each ganglion cell type (Masland, 2012). All effects of 

intraretinal processing are in principle reflected in the responses of RGCs, hence 

even the horizontal cell feedback at the first synapse contributes to the shaping 

of RGC responses (Drinnenberg et al., 2018). Selectivity for features such as 

direction, orientation, contrast suppression and motion, have been identified in 

different species (reviewed in Schwartz and Swygart, 2020). 

It has been suggested that each RGC type represent a unique stream of 

information (Lettvin et al., 1959; reviewed in Schwartz and Swygart, 2020). This 

idea comes from the fact that each ganglion cell is regularly spaced with respect 

to cells of the same type and together they tile the whole retina (Wässle and 

Riemann, 1978; Wässle et al., 1981a, 1981b; Devries and Baylor, 1997; Gauthier 

et al., 2009; Masland, 2012), although the density might change depending on 

retinal location (Bleckert et al., 2014). In this way each RGC type forms a 

complete mosaic on the retina and thus samples the whole visual space (Wässle 

and Riemann, 1978; Wässle et al., 1981a, 1981b; Devries and Baylor, 1997; 

Gauthier et al., 2009; Masland, 2012). This tiling of the visual space seems to 

make sense only if the information carried by each RGC type is somewhat 

different. However, each RGC type can still encode multiple features, and the 

same feature might be carried by different RGC types (reviewed in Wienbar and 

Schwartz, 2018; Schwartz and Swygart, 2020). Nonetheless, the mosaic 

arrangement of RGC types also impose costs; every RGC type increases the 

thickness of the retina, potentially decreasing photon transmission through the 

retina, and increases the size of the optic nerve. Thus, we can assume that only 

features relevant for a particular species are extracted in the retina, and that 

there has been some evolutionary advantage of extracting these particular 

features already in the retina. Related to the efficient coding hypothesis 

(Attneave, 1954; Barlow, 1961) it has also been suggested that early feature 

detection makes encoding more efficient by keeping firing rates low (Sterling, 

2013).  

Parallel ON and OFF pathways  

Many RGC types come in ON-OFF pairs that encode the same feature but with 

different polarities; an ON type that is excited (increased probability of spiking) 

by increments and OFF type that is excited by decrements (reviewed in e.g., 
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Schiller, 2010). Likewise, light increments will be encoded in two different ways: 

by decreased spiking in OFF cells and increased spiking in ON cells, and vice versa 

for light decrements. This dichotomy arises already at the bipolar cell level where 

the cone bipolar cells are classified as either ON or OFF types (Werblin and 

Dowling, 1969; Kaneko, 1970; for review see da Silveira and Roska, 2011; 

Masland, 2012). The rod bipolar cell, however, exists only as an ON type, and the 

ON/OFF split in the rod bipolar pathway (i.e., the primary rod pathway) happens 

at a later stage (see chapter 2.3.2.1).  The polarity of the bipolar cell types 

depends on their receptors for the neurotransmitter of the photoreceptor cells, 

glutamate.  ON types depolarize in response to light onset (photoreceptor 

hyperpolarization, decrease in glutamate release) due to expression of 

metabotropic mGluR6 receptors, while the OFF types depolarize in response to 

light offset (photoreceptor depolarization, increase in glutamate release) due to 

expression of ionotopic AMPA and kainate type receptors (reviewed in Nelson 

and Connaughton, 2007). A recent study (Ellis et al., 2020) found ON and OFF 

pathways in the lamprey retina, suggesting that the ON-OFF dichotomy in the 

vertebrate retina is evolutionarily old, dating back to over 500 million years.  

The dendrites of ON and OFF RGCs stratify in different parts of the IPL, 

matching the stratification of ON and OFF bipolar cells. ON RGCs dendrites are 

confined to the inner part of the IPL, while the dendrites of the OFF RGCs lie in 

the outer part of the IPL (Nelson et al., 1978; Peichl et al., 1981). In primate, rabbit 

and cat LGN, OFF center - ON surround receptive fields stay intact under 

pharmacological blockage of retinal ON pathways, indicating that the center-

surround receptive fields do not arise from interactions between ON and OFF 

pathways and that ON and OFF pathways stay segregated at least to some extent 

in the LGN (Schiller, 1982; Knapp and Mistler, 1983; Horton and Sherk, 1984). In 

mouse, at least part of the LGN neurons collect input from only single RGC type 

(Liang et al., 2018). 

This ON-OFF dichotomy is not exclusive to the visual system but has also been 

observed in other sensory systems such as audition (Scholl et al., 2010), 

chemosensation (Chalasani et al., 2007) and thermosensation (Gallio et al., 

2011). There thus seems to be some evolutionary benefits driving an ON-OFF 

split. What are the benefits? At least three different benefits have been presented. 

First, the split doubles the dynamic range for signaling contrast (Sterling, 2004). 

This is useful since the maximum spike rate has an upper bound set by the 

refractory period and spike duration. Second, the ON-OFF split allows the RGCs 

to have a lower baseline firing rate which is metabolically efficient. If, instead the 

retina would use only ON cells to encode both increments and decrements, with 

increases and decreases in firing respectively, the cells would need to have a 

relatively high baseline firing rate. Since spikes are energetically expensive and 

the energy depends supralinearly on the spike rate (Attwell and Laughlin, 2001; 

Koch et al., 2006; Perge et al., 2009; reviewed in Sterling and Laughlin, 2015), it 

makes sense to aim for a low baseline firing rate. Even though information 

capacity (in bits/s) increases with increased spike rate, the dependence is 
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sublinear meaning that bits/spike decreases with increasing firing rate (Koch et 

al., 2006). A low firing rate afforded by the ON-OFF split will therefore increase 

the efficiency. This was supported by a study that used modeling to show that an 

ON-OFF system can transmit the same information with fewer spikes compared 

to an ON-ON system (Gjorgjieva et al., 2014). Third, the ON-OFF split offers a 

possibility to process increments and decrements in different ways to match the 

ecological needs of the animal (Ratliff et al., 2010).  

Despite a lot of interest in the functional consequences of the ON-OFF split, 

there is not much direct evidence on how behavior depends on the information 

from these two fundamentally different channels. A behavioral study on primates 

done at photopic light levels showed that behavioral discrimination of light 

increments, but not decrements, was impaired under pharmacological blockade 

of retinal ON pathways, suggesting that the ON pathway would be important for 

seeing increments (Schiller et al., 1986; Schiller, 2010). However, several types 

of RGCs contribute to seeing at photopic light levels (Baden et al., 2016; Bae et al., 

2018; Rheaume et al., 2018; Tran et al., 2019; Goetz et al., 2021), making it 

difficult to link cell-type-specific responses to behavior.  

Summary 

The retina offers a unique opportunity to study neural circuit function. It has a 

clear and well-known structure with well-defined cell types. However, the 

different cell types are connected in a large number of complex circuits, each with 

distinct properties. Thus, in order to connect circuit function to behavior, one 

needs to clearly define the task and the circuitry. This thesis focuses on the task 

of detecting the dimmest light. Next, I will describe retinal cells, circuits and 

mechanisms operating near the visual perception limit.  

2.3 RETINAL CIRCUITS FOR VISION IN DIM LIGHT 

Detecting the dimmest lights requires sensitive photon detectors and circuits 

that reliably transmit sparse signals. The dimmest flash of light a human can see 

is so weak that the probability that a single photoreceptor cell absorbs more than 

one photon is extremely small (Hecht et al., 1942). Thus, the circuitry driving 

vision at the sensitivity limit must reliably signal absorptions of single photons 

in several photoreceptors. These circuitries are driven by rods—the most 

sensitive photoreceptor type that produces detectable responses to single 

photons (Baylor et al., 1979b, 1984). In the following chapters I will discuss the 

retinal cells and circuits operating at the dimmest light levels, as well as factors 

that limit and enhance sensitivity.   
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2.3.1 ROD-MEDIATED RETINAL SIGNALING 

2.3.1.1 Photon detection and phototransduction in rods 

Vision at the lowest light levels starts by rod photoreceptors producing a 

detectable electrical response to a single photon. This process, 

phototransduction, begins when a photon is absorbed by the visual pigment in 

the rod outer segment (Figure 8). The photon absorption sets off a biochemical 

signaling cascade resulting in hyperpolarization of the rod. Rod hyper-

polarization, in turn, decreases neurotransmitter (glutamate) release from the 

rod synaptic terminal which can be recognized by bipolar (and horizontal) cells.   

Rod cells are elongated structures consisting of an outer segment, inner 

segment, nucleus and synaptic terminal—the rod spherule. The outer segment 

houses the visual pigment molecules and the transduction machinery. The inner 

segment contains different housekeeping organelles including plenty of 

mitochondria important for meeting the high energy demand of the outer 

segment.  

In order to understand the changes occurring in the rod upon photon 

absorption it is necessary to consider the state in darkness. In darkness, an influx 

of mainly Na+ but also Ca2+ through cGMP-gated channels in the outer segment is 

balanced by an outflux of K+ through K+-selective channels in the inner segments 

(for review see Yau, 1994). This creates a “dark” current (Hagins et al., 1970) of 

ca 10–90 pA (for review see Wensel, 2020), depending on species, and keeps the 

cell in a relatively depolarized state of ca –40 mV (Schneeweis and Schnapf, 

1995).  The concentration gradients for Na+ and K+ are maintained by an energy-

dependent Na+/K+ ATPase pump in the inner segment pumping Na+ ions out and 

K+ ions in in the ratio 3:2. An important regulator for the Ca2+ concentration is the 

Na+/Ca2+, K+ -exchanger in the outer segment (Cervetto et al., 1989; Schnetkamp 

et al., 1989; for review see Yau, 1994). This exchanger uses the driving force for 

sodium and potassium to extrude calcium; 4Na+ in for 1K+ and 1Ca2+ out.  

Photon absorption 

The outer segment is fully packed with membrane discs containing the visual 

pigment. The visual pigment consists of two parts: the opsin protein rhodopsin, 

and the covalently bound chromophore 11-cis retinal (reviewed in e.g., Pulagam 

and Palczewski, 2010). Rhodopsin is a membrane protein that belongs to the 

family of G-protein coupled receptors (Palczewski et al., 2000). It surrounds the 

chromophore which is the actual photon-absorbing part. Upon absorption the 

photon energy isomerizes the chromophore from the 11-cis to the all-trans 

configuration (Wald, 1968). The isomerization triggers fast conformation 

changes of the opsin, which thereby becomes enzymatically active and initiates a 

G-protein signaling cascade, the transduction cascade (for review see e.g., Burns 

and Lamb, 2004; Fu and Yau, 2007; Wensel, 2020) (Figure 8). 
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The surrounding opsin is important for the light absorbing properties of the 

chromophore. Without opsin, isomerization of the retinal would require light of 

higher energy (the absorption maximum of free 11-cis retinal lies in the UV 

region (Horwitz and Heller, 1973). Binding to the opsin lowers the energy needed 

to isomerize the chromophore, shifting the absorption maximum towards longer 

wavelengths. To exactly what wavelength the absorption maxima is shifted 

depends on the amino acid sequence of the opsin (reviewed in Yokoyama and 

Yokoyama, 2000). The absorption maximum for most rod rhodopsins is around 

500 nm (Govardovskii et al., 2000; Yokoyama and Yokoyama, 2000).  

The transduction cascade 

Transduction starts when the enzymatically activated form of rhodopsin, R* (the 

relatively long-lived metarhodopsin II, which has arisen after the sequence of 

very fast conformational changes triggered by the photon absorption), activates 

the G-protein transducin (for review see e.g., Burns and Lamb, 2004; Fu and Yau, 

2007; Wensel, 2020) (Figure 8). Transducin consists of three subunits: ,  and 

.  Inactive transducin has GDP bound to its -subunit. Enzymatically active 

rhodopsin catalyzes the loss of GDP after which transducin can bind GTP to get 

activated. Binding GTP causes the -subunit to dissociate from the - and -

subunits.  The -subunit now activates a phosphodiesterase (PDE), which in turn 

hydrolyzes the cytoplasmic messenger cyclic guanosine monophosphate (cGMP) 

to 5’-GMP. This decreases the concentration of free cGMP in the cytoplasm and 

leads to closure of cGMP-gated cation channels on the rod outer segment plasma 

membrane (Fesenko et al., 1985; Yau, 1994). Due to the reduction of cation influx 

(Na+ and Ca2+), the dark current drops and the membrane hyperpolarizes 

(Tomita, 1970; Baylor et al., 1979a; Schneeweis and Schnapf, 1995). The 

hyperpolarization leads to a reduction in glutamate release at the synaptic 

terminal (reviewed in Okawa and Sampath, 2007; Thoreson, 2021). The 

transduction cascade, especially in a dark-adapted rod, entails substantial 

molecular amplification, which is important for producing a detectable single-

photon response (see chapter 2.3.2.3).   
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Figure 8 Phototransduction in the rod outer segment. Phototransduction converts visual 
stimuli, photons, to electrical signals. The rod phototransduction starts when the 
chromophore, surrounded by a rhodopsin protein in the membrane disc, absorbs a 
photon. This can trigger a conformational change (i.e., an isomerization) of the 
chromophore from 11-cis to all-trans retinal, which activates rhodopsin.  Activated 
rhodopsin (Rhodopsin*) is able to activate G-protein transducin by catalyzing the loss 

of GDP and binding of GTP to the -subunit of transducin. Binding of GTP also 

causes the -subunit to dissociate from the - and -subunits of transducin.  The 

activated -subunit now activates cGMP phosphodiesterase (PDE), which in turn 
hydrolyzes the messenger cyclic guanosine monophosphate (cGMP) to 5’-GMP 
(denoted “GMP” in the figure). This decreases the concentration of free cGMP in the 
cytoplasm which closes cGMP-gated cation channels on the plasma membrane. The 
membrane hyperpolarizes due to reduction of cation influx (Na+ and Ca2+) through 
the cGMP-gated channels. This leads to reduction in neurotransmitter (glutamate) 
release at the synaptic terminal (not shown). Figure created partly with 
BioRender.com. 

Termination 

All molecules activated in the transduction cascade need to be inactivated in 

order to terminate the light response and make the transduction machinery 

ready for new photon absorptions. This recovery to the dark state occurs in 

multiple steps that are facilitated by different enzymes. Inactivation of rhodopsin 

itself occurs in steps, starting by multiple phosphorylations by the G-protein-

coupled receptor kinase 1 (GRK1) (Kühn and Wilden, 1987). These phosphoryla-

tions increase the affinity of activated rhodopsin to arrestin-1, a protein that 

finally caps the activity of rhodopsin by making it lose its affinity for transducin 

(Kühn and Wilden, 1987). Transducin is inactivated when the -subunit-bound 

GTP is hydrolyzed to GDP. The -subunit of transducin now dissociates from the 

PDE whereupon the PDE gets inactivated. Hydrolyzation of the -subunit-bound 

GTP is greatly enhanced by a GTPase accelerating (GAP) complex (Angleson and 

Wensel, 1993, 1994). Without GAP, the photon response would be considerably 

longer (Chen et al., 2000). Restoration of cGMP levels are facilitated by the drop 
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in intracellular Ca2+ that happens during the light response when entry of Ca2+ is 

decreased due to cGMP-gated channel closure, while Ca2+ extrusion by the 

exchanger is still active and even more effective than in the dark state. The 

decreased calcium concentration will through guanylyl cyclase-activating 

proteins (GCAPs) activate guanylyl cyclase (Palczewski et al., 1994; Howes et al., 

2002), the enzyme responsible for synthesis of cGMP. As the concentration of 

cGMP increases, cGMP-gated channels open and the rod current and membrane 

potential is restored to its dark state. The balance between activated and 

inactivated molecules in the transduction cascade determines the kinetics of the 

single-photon response, which in a dark-adapted mouse rod peaks at around 200 

ms (Nikonov et al., 2006, paper III). 

In addition to the protein inactivation steps described above, the 

chromophore has to be reconverted from all-trans retinal to 11-cis retinal to be 

able to absorb a new photon. For rods this happens through a process usually 

referred to as the “visual cycle” and involves the RPE, as well as several enzymes 

and transporters (reviewed in McBee et al., 2001; Palczewski and Kiser, 2020). 

Briefly, all-trans retinal is released from the activated opsin first to the inner 

space of the disc, after which it is transported to the rod cytoplasm. The 

chromophore exits the rod photoreceptor in the form of all-trans retinol bound 

to the interphotoreceptor retinoid binding protein (IRBP), and is transported to 

the RPE (e.g., Bunt-Milam and Saari, 1983; Okajima et al., 1989; Ala-Laurila et al., 

2006). All-trans retinol is converted to 11-cis retinal via some enzymatically 

catalyzed reactions in the RPE. Bound to the IRBP, 11-cis retinal is then 

transported back to the rod and can now enter an empty opsin, making 

rhodopsin ready to absorb a new photon. 

Change in membrane voltage and neurotransmitter (glutamate) release  

The mouse rod synapse is a ribbon type synapse with one ribbon per spherule 

(De Robertis and Franchi, 1956; Thoreson, 2021). The vesicles containing 

glutamate are located along the ribbon; in the readily releasable pool (RRP) and 

in the ribbon reserve pool, as well as in the cytoplasm. The vesicles are, in 

general, only released from the ribbon to the synaptic cleft (reviewed in 

Thoreson, 2021), but in mouse rods vesicles can also be released from non-

ribbon sites (Chen et al., 2014). Vesicle release, exocytosis, is dependent on 

calcium that enters the cell via voltage gated Ca2+-channels of type Cav1.4 

(Morgans, 2001).  The Cav1.4 channels are open in darkness due to 

depolarization of the membrane, which is associated with a constant release of 

vesicles containing the neurotransmitter glutamate. A large fraction of the 

release in darkness happens through so called multivesicular release (MVR) 

where ca 10–20 vesicles are released in one burst (Hays et al., 2020). As a photon 

is absorbed and the membrane hyperpolarizes, calcium influx decreases, and the 

release of glutamate is halted (reviewed in Thoreson, 2021). The release 

statistics at this synapse have recently been studied and seems to contain 
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features important for reliable signal transfer from rods to rod bipolar cells (Hays 

et al., 2021) (see chapter 2.3.2.3). 

2.3.1.2 Rod pathways 

Rod signals travel across the mouse retina through at least three different 

pathways the primary (I), secondary (II) and tertiary (III) rod pathways 

(reviewed in Bloomfield and Dacheux, 2001; Field et al., 2005) (Figure 9). In the 

primary rod pathway, also called the rod bipolar pathway, rod signals are first 

transmitted to the rod bipolar cell. Contrary to many of the cone bipolar cells, the 

rod bipolar cell does not transmit the signal to RGCs directly in this pathway 

(Kolb and Famiglietti, 1974; Kolb, 1979). Instead, the rod bipolar cell provides 

input to the AII amacrine cell, which in turn transmits the signal to ON and OFF 

retinal ganglion cells via ON and OFF cone bipolar cells respectively.  The AII 

amacrine cell also provides direct input to OFF RGCs. Light increments trigger 

increased spiking in ON RGCs, while OFF RGCs decrease their spiking in response 

to light. The primary rod pathway is unique in the sense that the split into ON and 

OFF channels happens only after the AII amacrine cell, contrary to the cone 

pathways where the split happens already in the cone-bipolar synapse. This late 

split permits extensive pooling of rod signals, which is important for high visual 

sensitivity (see chapter 2.3.2.3). 

In the secondary pathway, rod signals travel via gap junctions to cones 

(DeVries and Baylor, 1995). The signal then proceeds through ON and OFF cone 

bipolar cells to ON and OFF RGCs. In the tertiary pathway, rod signals are 

transmitted directly to the OFF cone bipolar cell, which in turn relays the signal 

to OFF RGCs (Soucy et al., 1998). 

Notably, all rod signaling utilizes the cone pathways to some extent. 

Connecting back to the early chapters of this thesis, this kind of “design” most 

likely reflects the particular evolutionary history of the rod system in mammals 

(see chapter 2.1.3): it suggests that the “newer” rod signaling simply utilized pre-

existing cone pathways, (Okano et al., 1992; Lamb, 2009). The primary pathway, 

the rod bipolar – AII amacrine cell route, seems to be well-conserved across 

mammals. It exists at least in primate, cat, mouse and other rodents. It has even 

been found in the marsupial mammal South American opossum Monodelphis 

domestica (Lutz et al., 2018). This suggests that the origin of the rod bipolar 

pathway dates back at least 160 million years, the time point when the 

marsupials diverged from placental mammals (Graves and Renfree, 2013). This 

evolutionarily ancient pathway therefore provides an opportunity to bridge 

findings between many different species.  
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Figure 9 Rod pathways in the mammalian retina. A) In the primary pathway (dark gray 
cells), rod signals are first conveyed to rod bipolar cells, which in turn provide input 
to AII amacrine cells. The signal is then split to an OFF pathway and an ON pathway. 
The AII amacrine cell contacts OFF cone bipolar cells with inhibitory glycinergic 
synapses and ON cone bipolar cells with gap junctions. The cone bipolar cells 
transmit the signal to ON and OFF ganglion cells. OFF ganglion cells also receive 
direct inhibitory input from AII amacrine cells. Absorption of photons in the rods 
causes a gap in spiking in the OFF ganglion cells and increases in spiking in ON 
ganglion cells (traces). See text (chapter 2.3.2.1 below) for details.  B) In the 
secondary pathway (dark gray cells), rod signals travel via gap junctions to cones. 
The signal then proceeds through ON and OFF cone bipolar cells to ON and OFF 
ganglion cells. C) In the tertiary pathway (dark gray cells), rod signals are transmitted 
directly to the OFF cone bipolar cell, which in turn relays the signal to OFF ganglion 
cells. Plus and minus signs denote sign-conserving and sign-inverting synapses, 
respectively. (In the case of the AII amacrine cell in A, the minus signs denote 
glycinergic inhibition.) The traces below the ganglion cells exemplify ON and OFF 
sustained alpha ganglion cell spike responses to 500-ms long steps of light from 
darkness. Figure layout inspired by Grimes et al. (2018) and adapted from Koskela 
(2020) with permission from the author.  

What roles do these different rod pathways play in transmitting scotopic 

signals through the retina? And importantly for this work; which pathway is the 

most sensitive one? It has been postulated that the choice of pathway in the 

rodent retina would depend on mean light levels (Völgyi et al., 2004). Most 

studies agree that the primary rod pathway is the most sensitive retinal pathway. 

The primary rod pathway has been shown to be solely responsible for signal 

transmission in mouse at light levels up to 0.5–1R*/rod/s (Soucy et al., 1998; 

Grimes et al., 2014b, 2018), and dominates signal transmission even up to 2.5 

R*/rod/s (Murphy and Rieke, 2006).  The secondary pathway in mouse has been 

shown to start contributing at light levels higher than 1 R*/rod/s (Grimes et al., 

2018), in line with earlier anatomical and theoretical studies on the rod-cone 
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gap-junction coupling in cat (Smith et al., 1986). The tertiary pathway is believed 

to start conveying light signals around 10 R*/rod/s (Soucy et al., 1998). 

The division of labor between these different pathways in the mouse, 

however, is not strict. Substantial overlap, especially between the primary and 

secondary pathways, exist at mesopic light levels (Völgyi et al., 2004; Grimes et 

al., 2014b; Ke et al., 2014; Grimes et al., 2018) and the primary pathway can 

contribute to signaling up to even tens of isomerizations per rod per second 

(Grimes et al., 2014b). Interestingly, negative contrasts (decrements) seem to be 

mediated primarily by the primary rod pathway at backgrounds up to 300 

R*/rod/s in the mouse retina (Ke et al., 2014). 

While the three rod pathways work in parallel over a wide range of light 

intensities in the mouse retina, the roles of these pathways seem to be very 

different in primates. Rod signals in primates are processed almost exclusively in 

the primary rod pathway up to light levels where the rods start to saturate (ca 

300 R*/rod/s)  (Grimes et al., 2018). 

Summary 

Rod signals are transmitted through three different pathways. Primates rely 

heavily on the, well-conserved rod bipolar (i.e., primary) pathway. The choice of 

pathway in the mouse depends on mean light level, and there is substantial 

overlap between the pathways. The most sensitive of these is the primary rod 

pathway, which is therefore the best candidate for transmitting signals at the 

dimmest light levels both in primate and mouse. The following chapters will thus 

concentrate on signaling within the primary rod pathway of the mouse retina. 

How exactly is this circuitry built? What mechanisms enable the high sensitivity 

and what are the limiting factors? 

2.3.2 SINGLE-PHOTON PROCESSING IN THE PRIMARY ROD 

PATHWAY 

2.3.2.1  The primary rod pathway: cells and synapses 

From rods to rod bipolar cells  

At the first synapse in the primary rod pathway a single rod contacts one to two 

rod bipolar cells, and one rod bipolar cell contacts about 20–40 rods  (Tsukamoto 

and Omi, 2013; Behrens et al., 2016). Glutamate released from rods in darkness 

bind to metabotropic glutamate receptors of type 6 (mGluR6) on the rod bipolar 

dendrites (rat: Nomura et al., 1994). This triggers a G-protein mediated signaling 

cascade that in the end closes “transient receptor potential melastatin 1” 

(TRPM1) cation channels (Morgans et al., 2009; Shen et al., 2009; Koike et al., 

2010), keeping the rod bipolar cell hyperpolarized in the absence of light. When 

a photon is absorbed and glutamate release from the rod spherule is decreased, 
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mGluR6 receptors deactivate. This leads to opening of TRPM1 channels 

whereupon the rod bipolar cell is depolarized. The rod-to-rod-bipolar (rod–RB) 

synapse is therefore a sign-inverting synapse; photon-triggered hyperpolariza-

tion in the rod leads to depolarization of the rod bipolar cell. 

From rod bipolar to AII amacrine  

The rod bipolar signal is conveyed to AII amacrine cells via ribbon synapses. A 

single rod bipolar cell has over 50 ribbon synapses which contact four to five AII 

amacrine cells in total (Tsukamoto and Omi, 2013; Mehta et al., 2014). This 

means that one rod bipolar cell makes multiple synaptic contacts to the same AII 

amacrine cell (Tsukamoto and Omi, 2013). Depolarization of the rod bipolar cell 

triggers multivesicular release (MVR) of glutamate-containing vesicles at the 

ribbon synapses (rat: Singer et al., 2004). This release is highly synchronized 

across the different synaptic sites in darkness (Grimes et al., 2014a), a 

phenomenon called cross-synaptic synchrony (CSS). Accompanying the AII 

amacrine cell at the ribbon synapse, together forming a dyad synapse, is the A17 

(also called AI) amacrine cell (cat: Kolb and Famiglietti, 1974; rabbit: Raviola and 

Dacheux, 1987) that provides GABAergic inhibitory feedback back to the rod 

bipolar terminal (rat: Hartveit, 1999; rabbit: Zhang et al., 2002; rat: Singer and 

Diamond, 2003; rat: Grimes et al., 2010). The AII amacrine cell has ionotropic 

Ca2+- permeable AMPA receptors with fast kinetics, eliciting calcium currents in 

response to binding glutamate, which depolarizes the cell (Ghosh et al., 2001; 

Mørkve et al., 2002; Veruki et al., 2003). The rod bipolar to AII amacrine synapse 

is therefore a sign-conserving synapse. 

From AII amacrine to ON and OFF RGCs 

After the AII amacrine cell the signal is split into ON and OFF pathways. Rod 

bipolar mediated depolarization of the AII amacrine cell results in three events 

(see Figure 9A). First, the AII depolarization is conveyed by electrical gap 

junctions to the ON cone bipolar cell, which in turn mediates the signal via sign-

conserving glutamate-releasing ribbon synapses to ON RGCs (rabbit: Strettoi et 

al., 1992; Demb and Singer, 2012; Tsukamoto and Omi, 2017).  Depolarization of 

the ON RGCs increases their probability for spiking. Second, depolarization of the 

AII amacrine increases glycinergic inhibitory input to the OFF cone bipolar cell 

(Strettoi et al., 1992; Demb and Singer, 2012; Tsukamoto and Omi, 2017).  This 

inhibition decreases the glutamatergic excitatory input to OFF RGCs mediated via 

ribbon synapses from the OFF cone bipolar cell (reviewed in e.g., Demb and 

Singer, 2012). Third, AII amacrine depolarization increases glycine release onto 

OFF RGCs causing direct inhibition of OFF RGCs. This direct inhibition seems to 

be dominating at light levels close to absolute threshold in mouse (Murphy and 

Rieke, 2006, 2008; Arman and Sampath, 2012), resulting in decreased spiking of 

the OFF cell. Maintained spiking of the mouse OFF RGC in the absence of 

modulated light has been shown to be driven by intrinsic properties of the 
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neuron and not by synaptic input (Margolis and Detwiler, 2007). Whether this is 

the case also in scotopic conditions and darkness is not known.  

Summary 

Hyperpolarization of rods upon photon absorption leads to depolarization of the 

rod bipolar and AII amacrine cells. From here the signal reaches both ON and OFF 

RGCs. ON RGCs are excited and OFF RGCs inhibited, increasing and decreasing 

their probability for spiking respectively. The dimmest light signals are thus 

transmitted through a well-defined retinal circuitry—the primary rod path-

way—and encoded as both increases and decreases in the spiking of retinal 

output neurons. 

2.3.2.2 Noise in the primary rod pathway 

Noise arises from stochastic processes in all neural systems and threatens to 

obscure signals, especially weak signals such as those mediated through the 

primary rod circuitry in dim illumination. In this chapter, I shall discuss the noise 

sources relevant for the primary rod circuitry.   

Variability in the signal itself 

At low light levels, light is best described as a stream of discrete quanta, photons 

(see chapter 2.2.1.1). The arrival of photons is a random process that follows 

Poisson statistics where the variance (𝜎2) of the photon count is equal to the 

mean count () (reviewed in Nelson, 2017). Thus, the signal-to-noise ratio (/𝜎, 

which for a Poisson process reduces to /√), decreases dramatically for very 

dim lights (with low mean photon count) compared to bright ones (with high 

mean photon count) (Figure 10). Hence, the variability of the signal itself sets a 

statistical limit on the reliability of detecting weak signals. This means that even 

in a totally noiseless retinal circuit, with perfect photon capture and transmission 

of photon signals, the detection of light would still be limited by the Poisson 

variability in photon arrivals.  In practice, this absolute performance limit cannot 

necessarily be reached because of intrinsic noise and imperfect photon capture.  
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Figure 10 Poisson variations in photon absorption. The effect of Poisson variability in 
photon absorptions is exemplified in three images representing three mean photon 
counts (A-C) in an array of rods where each pixel represents a single rod. Histograms 
show photon counts across rod/pixels. A) The effect of Poisson variability on image 
quality is negligible when the mean photon count is high. B-C) As the mean photon 
count is decreased, the relative variability becomes higher, and the images appear 
more degraded. Reprinted from Kiani et al. (2020) with permission from Elsevier. (It 
may be noted that, at these illumination levels, the pupil of the cat seen in the picture 
would not be a narrow slit, but essentially circular, filling the whole eye.) 

Rod noise and downstream noise 

Rods constantly release synaptic vesicles of glutamate in darkness. Any event 

that cause random fluctuations in the release introduce noise that might impact 

downstream processing. At least four sources of rod-related noise have been 

identified: 1. Discrete noise events, 2. Continuous noise, 3. Synaptic noise such as 

variability in glutamate vesicle release, and 4. Variability in the single-photon 

response kinetics and amplitude (Figure 11).   

Baylor and colleagues recorded the current of toad rods in darkness with the 

suction pipette technique (Baylor et al., 1980). They noticed that the rod was not 

“silent” in darkness but the current contained random fluctuations. They showed 

that this transduction-related dark noise consists of two components: a 

continuous component and a discrete component (Baylor et al., 1980). The 

continuous component differed in amplitude and frequency from the discrete 

component and was later shown to originate mainly from spontaneous 

activations of PDE in the transduction cascade (Rieke and Baylor, 1996). The 

discrete component consisted of events of larger amplitude that were identical 

to the single-photon responses and appeared to arise from spontaneous 

activations of the visual pigment itself (Baylor et al., 1980; Luo et al., 2011).  

However, in mouse and primate rods the amplitudes of the discrete and 

continuous components are less clearly distinguishable (Baylor et al., 1984; Field 

and Rieke, 2002b). Thirdly, fluctuations in the vesicle release system could 

introduce synaptic noise that interferes with the signal. A recent paper (Hays et 

al., 2021) characterizes the vesicle release statistics of rods. They show that rods 
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at membrane potentials similar to those in darkness (–40 mV) have both unitary 

release events that follow Poisson statistics but importantly also a high fraction 

of MVR events that are more regular than a Poisson process. The MVR events 

occur at a rate of ca 2 Hz at –40 mV (Hays et al., 2021). Fourthly, variability in 

single-photon response kinetics and amplitude represents an additional source 

of noise.  

 

 

Figure 11 Rod noise. A) Fluctuations in the membrane current of mouse rod outer segments 
recorded with the suction pipette technique. Discrete noise (pigment noise, 
highlighted in red, left panel) arises from spontaneous activations of the visual 
pigment. Continuous noise arises (highlighted in blue, right panel) mainly from 
spontaneous activations of PDE in the transduction cascade. B) Fluctuations in the 
vesicle release can induce synaptic noise. Example of rod measurement 
representing synaptic vesicle release events from mouse rods in darkness (rods 
clamped at –40 mV), and amplitude histograms of the events. Vesicle release in 
darkness consists of unitary events that follow Poisson statistics and multiquantal 
events (i.e., multivesicular release events, MVR) that are more regular than a Poisson 
process and occur at a rate of ca 2 Hz. C) Superpositioned mouse single-photon 
responses exemplify the variability in amplitude and kinetics.  Panels A and C 
reprinted from Kiani et al. (2020) with permission from Elsevier. Panel B reprinted 
from Hays et al. (2021) licensed under CC BY. 4.0. Rod schematic created with 
BioRender.com. 

Noise downstream of rod photoreceptors also contributes to the total amount 

of noise in the primary rod circuitry (Dunn et al., 2006; Ala-Laurila and Rieke, 

2014). This downstream noise has not been studied to the same extent as rod-

related noise. We can still assume that at least every cell and synapse (rod bipolar 

– AII – cone bipolar – RGC) have the potential to inject noise before the signal 

arrives to the RGCs.  
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Impact of noise 

Together rod and downstream noise might interfere with the sparse signals 

detected in the rods. It is not clear to what extent and how different noise sources 

affect different aspects of the signal and its readout. Both human and animal 

behavioral experiments (Barlow, 1956, 1957b; Aho et al., 1988), as well as 

recordings from retinal ganglion cells (Barlow et al., 1971; Mastronarde, 1983) 

have argued that the discrete noise might limit detection sensitivity.  However, 

the interpretation of those results is not unique and other noise sources, such as 

the rod continuous noise, synaptic and downstream noise, might affect RGC and 

behavioral detection significantly (for review see Field et al., 2005). 

A recent study (Field et al., 2019) used a generative model based on predicted 

rod signals and noise to show that detection sensitivity for nonlinearly pooled 

rod signals improve slightly when the discrete rod event rate is reduced, 

suggesting that discrete noise might in fact limit detection. The same study 

showed that both temporal and detection sensitivity were sensitive to increases 

in continuous noise, and that the variability in single-photon responses limited 

temporal sensitivity when signals and noise were pooled nonlinearly. However, 

how downstream noise interacts with rod related noise to affect RGC and 

behavioral sensitivity is not clear. At cone light levels, the majority of noise in 

primate midget and parasol RGCs has been shown to originate from cones, and 

particularly from fluctuations in cGMP concentration and channel activity (Ala-

Laurila et al., 2011; Angueyra and Rieke, 2013). In darkness however, only a 

fraction of the total noise reaching mouse ON sustained alpha RGCs has been 

shown to originate from rods (Dunn et al. 2006). RGC recordings and modeling 

by Dunn et al. (2006) suggest that a substantial amount of noise in the mouse 

retina in darkness arise both at the rod–RB synapse and in the downstream 

circuitry.   

Noise is likely to impact the design and function of a circuitry that has been 

optimized for detection of sparse signals. In the interest of reliable detection, it 

might be expected to employ mechanisms commonly used in signal processing 

to reduce the impact of noise—filtering, averaging (pooling) and thresholding. As 

we shall see in the next chapter, these kinds of mechanisms have indeed been 

implemented in the primary rod circuitry. 

2.3.2.3  Retinal mechanisms for processing single-photon responses 

In a system optimized for detection of sparse signals, we might expect to see 

mechanisms trying to reduce the noise and enhance the signal to increase the 

signal-to-noise ratio (SNR). These kinds of mechanisms exist in the primary rod 

pathway both at the rod input and in the downstream circuitry (summarized in 

Figure 12). 
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Enhancing the SNR in rods 

Several properties of rod single-photon detection and transduction contribute to 

increased reliability and sensitivity across the whole circuitry:  1) photons are 

efficiently detected 2) the photon signal is amplified 3) noise is kept low 4) 

variability between signals is low.  

First, the probability of absorbing photons is maximized by stacking the rod 

outer segments full of membrane discs which are densely packed with photon-

absorbing visual pigment. A single mouse rod contains thousands of discs and ca 

70 million (7 × 107) pigment molecules (see Palczewski, 2006). In addition, the 

chromophores are oriented orthogonally to the direction of light incidence, 

which maximizes their probability of absorbing photons (Harosi, 1975; Wensel, 

2020).  These physical properties together with fairly good photon absorption 

properties of the chromophore, gives a 500 nm photon entering the mouse rod 

outer segment a ca 60% chance of being absorbed (Lyubarsky et al., 2004).  An 

absorbed photon has an almost 70% probability of causing an isomerization 

event (called quantum efficiency) (Dartnall, 1968; Kim et al., 2001). This is 

remarkably high taking into account that quantum efficiency in typical 

photochemical reactions is less than 10% (see Wensel, 2020).   

Second, the signaling cascade triggered by the photoisomerization event 

operates efficiently in darkness with high molecular amplification allowing a 

single isomerization event to cause a robust change in vesicle release.  The 

following events contribute to this high gain in dark-adapted rods: The signal is 

amplified already in the transduction cascade where a single isomerized 

rhodopsin (R*) activates 12–14 transducins (Yue et al., 2019). PDE has very high 

catalytic efficiency (kcat/Km = 4.4 × 108 M-1 s-1; Leskov et al., 2000) and operates 

in fact close to the diffusion-controlled rate limit (kcat/Km = 109 M-1 s-1; 

Reingruber et al., 2013), reducing the cGMP concentration with an exponential 

time course (reviewed in Gross et al., 2015). The relatively low concentration of 

free cGMP in darkness (ca 4 M, amphibian; Pugh and Lamb, 1990) contributes 

to this rapid decrease in cGMP by letting PDE operate far from saturation 

(reviewed in Wensel, 2020). Cooperative binding of cGMP to its channels in 

combination with a low (< 15%) local decrease in cGMP concentration during the 

peak of the single-photon response contribute to maximizing the gain at this step 

in the signaling cascade (Gross et al., 2012). The result of all amplification until 

this point is that a single isomerization event is able to cause a ca 5% decrease in 

the dark current (e.g., Field and Rieke, 2002a). This is enough to cause a ca 3.4 

mV change in membrane voltage in mouse (Cangiano et al., 2012). The calcium 

channels, controlling exocytosis at the rod spherule, are very sensitive to small 

changes in membrane potential when the rod is at its dark resting membrane 

potential (–40 mV). This ensures a large change in vesicle release in response to 

small changes in membrane potential (reviewed in Thoreson, 2021). 

Remarkably, a 3.4 mV change in membrane voltage leads to a complete pause in 

MVR at the rod spherule (Hays et al., 2021). 
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Third, even though the rod produces noise in darkness, it is kept remarkably 

low. The spontaneous isomerization rate is 0.012 events/rod/s in mice (Burns et 

al., 2002) and ca 0.006 events/rod/s in primates (Baylor et al., 1984), although a 

recent study provided an even lower estimate of ca 0.0035 spontaneous 

events/rod/s in primates (Field et al., 2019). Since a rod contains ca 7 × 107 

pigment molecules, a single pigment molecule undergoes spontaneous 

isomerization only once every few hundred years.  The rod pigment is thus very 

stable. Fluctuations in membrane voltage due to random cGMP-channel opening 

and closing is kept low because of low cGMP single-channel conductance (Yau 

and Baylor, 1989).  

 

Figure 12 Mechanisms enhancing the signal-to-noise ratio in the primary rod pathway. 
Noise threatens to obscure detection of sparse signals such as those mediated 
through the primary rod circuitry near the absolute sensitivity limit. Key mechanisms 
both at the rod inputs and in the downstream circuitry contributing to enhanced signal-
to-noise ratio (SNR) in the retinal outputs are highlighted in the figure. Figure created 
partly with BioRender.com. 

Fourth, the variability between single-photon responses is remarkably low in 

vertebrates (Baylor et al., 1979a; Rieke and Baylor, 1998) supporting reliable 

transmission of these responses. Mechanistically this low variability has been 

achieved mainly by multi-step shutoff of the photoactivation (Field and Rieke, 

2002a; Doan et al., 2006). The rising phase is extremely similar between single-

photon responses and most variability is confined to the falling phase of the 

response (Field and Rieke, 2002a). This is functionally significant, since it is 

mainly the rising phase that is read by downstream neurons. The difference in 
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kinetics between the rod current response and rod bipolar cell response 

supports this (Sampath et al., 2005). Particularly, the rod bipolar response starts 

to recover even before the rod current response has reached its peak. Thus, it 

seems like the least variable part of the single-photon response, the rising phase, 

is selectively being transferred downstream.  

Synaptic release statistics 

Randomness in synaptic vesicle release can be a significant source of noise. By 

tuning release statistics, the synapses of the primary pathway have been able to 

reduce this randomness.  At the rod–RB cell synapse the MVR events in darkness 

have recently been shown to occur in a semi-regular fashion with less variability 

than a Poisson process (Hays et al., 2021). This regularity increases the 

predictability of vesicle release in darkness which makes it easier for 

downstream neurons to discriminate pauses in release associated with single-

photon responses from random pauses. In contrast, the vesicular release in light 

adapted states (ca –70 mV) occurs at more random intervals and is univesicular 

(Hays et al., 2020, 2021).  

At rod bipolar to AII amacrine (RB–AII amacrine) synapses, where a single 

rod bipolar cell makes multiple synaptic contacts onto a single AII amacrine cell 

(Tsukamoto and Omi, 2013), random fluctuations in transmitter release is 

reduced by synchronizing MVR across different synaptic sites. This so-called 

cross-synaptic synchrony (CSS) minimizes synaptic noise and allows small 

photoreceptor signals to be transmitted to the AII amacrine cell efficiently 

(Grimes et al., 2014a). Inhibitory reciprocal feedback by the A17 amacrine cell 

onto the rod bipolar cell has been shown to enhance sensitivity by improving the 

SNR of dim-flash responses in AII amacrine cells recorded in darkness (Grimes et 

al., 2015). 

Pooling and thresholding  

When only a few rods in the whole retina contain a signal, the sensitivity in 

downstream neurons can be improved by spatial pooling. The receptive field 

surround is weak or even absent in RGCs of dark-adapted retinas (Barlow et al., 

1957) enhancing absolute sensitivity.  In the primary rod circuitry, a single RGC 

collects the signal from a pool of up to 10 000 rods in darkness (Sterling et al., 

1988; Tsukamoto et al., 2001).  The convergence increases successively through 

the circuitry:  20–40  rods provide input to a single rod bipolar cell (Tsukamoto 

and Omi, 2013; Behrens et al., 2016), and ca 500 rods provide inputs to a single 

AII amacrine cell (Sterling et al., 1988; Tsukamoto et al., 2001). As discussed, the 

AII amacrine cells are also electrically connected to each other, which contributes 

to the convergence (Dunn et al., 2006). 

Large convergence is essential for detection of weak signals, but it also comes 

with a challenge. At threshold, only a few rods among 10 000 contain a signal 

while the rest produce noise. Linear summing of all input would easily bury the 

sparse signal in the noise. To overcome this problem, the mammalian primary 
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circuitry has been equipped with thresholding nonlinearities rejecting part of the 

noise. The first thresholding mechanism operates at the rod–RB synapse (van 

Rossum and Smith, 1998; Field and Rieke, 2002b), rejecting continuous noise as 

well as low-amplitude single-photon responses or discrete noise events. 

Although some single-photon responses will thus be discarded, the SNR is highly 

improved in the rod bipolar cell (Field and Rieke, 2002b). Importantly, the 

nonlinearity operates at each single rod–RB synaptic contact before multiple rod 

signals converge to the same rod bipolar cells. Mechanistically, the nonlinearity 

arises from saturation of the G-protein signaling cascade in the rod bipolar 

dendrites (Sampath and Rieke, 2004) due to the constant high glutamate release 

in darkness. Sufficiently large decreases in glutamate release relieve the 

saturation and allow opening of the cation channels in the rod bipolar membrane. 

Some thresholding mechanisms could also be useful at the RB–AII amacrine cell 

synapse. The coordinated MVR observed at this synapse (Singer et al., 2004) 

provides a mechanism by which such a threshold could be achieved. However, 

such a nonlinearity has not been discovered so far. 

Another nonlinearity operates at the synapse between the ON cone bipolar 

cell and the ON RGC (Ala-Laurila and Rieke, 2014). In primates, this threshold 

works as a coincidence detector that requires a minimum of two single-photon 

events (or discrete noise events) in the receptive field of an ON cone bipolar cell 

(ca 1000 rods) within a time window of ca 50 ms for the signal to pass (Ala-

Laurila and Rieke, 2014). Consequently, noise and part of the single-photon 

responses are rejected, which increases the reliability of ON RGC signals at 

threshold. Importantly, no such nonlinearity has been found at the synapse to the 

OFF RGC. Thus, signaling to the most sensitive ON and OFF RGCs is asymmetric. 

What implications this asymmetry has for the ON and OFF readouts is studied in 

this work (paper I, paper III, see Results). 

2.3.3 RETINAL OUTPUTS OF THE PRIMARY ROD PATHWAY 

The primary rod pathway mediates the information about the weakest light, as 

discussed in the previous chapters. But which of all 40 or more RGC types is 

responsible for the most sensitive output? It has been shown that some RGCs are 

more sensitive that others (Deans et al., 2002; Völgyi et al., 2004; Pan et al., 2016). 

However, the absolute sensitivities of all RGC types have not been characterized 

systematically. The connectivity can still provide some clues: The most sensitive 

RGCs should get input from the AII amacrine cell of the primary rod pathway. 

This input could either be direct or indirect via cone bipolar cells. So, what is 

known about the connectivity? 

Most cone bipolar cell types in mouse receive input from the AII amacrine 

cells (Tsukamoto and Omi, 2017). An anatomical study on mouse retina showed 

that five of six OFF cone bipolar cells and seven of eight ON cone bipolar cells are 

connected to AII amacrine cells (Tsukamoto and Omi, 2017). However, different 

cone bipolar types showed different synaptic access to the AII amacrine cell 



Background and Literature Review 

 37 

quantified as percentage of conventional synapses (OFF cell) and percentage of 

gap junctional area (ON cell). The type 2 OFF bipolar (Tsukamoto and Omi, 2017; 

Graydon et al., 2018; Gamlin et al., 2020) and type 6 ON bipolar cells (Tsukamoto 

and Omi, 2017) had the highest access. These cone bipolar cells therefore have 

the potential to be very sensitive to rod signals. Indeed, it has been shown that 

the type 2 OFF cone bipolar cell is among the most sensitive ones (Arman and 

Sampath, 2012).  

It has been shown that the type 6 ON bipolar cell provides most of the input 

to ON sustained alpha (ON-S) RGCs (Schwartz et al., 2012), while most of the type 

2 OFF bipolar cell outputs go to the OFF sustained alpha (OFF-S) RGC (Neumann 

et al., 2016; Yu et al., 2018) and to another type of OFF RGC, a densely branched 

B-type cell (Neumann et al., 2016). As described earlier, OFF RGCs can also get 

direct inhibitory input from the AII amacrine cell (Manookin et al., 2008; Murphy 

and Rieke, 2008; Münch et al., 2009; Grimes et al., 2022; for a review see Demb 

and Singer, 2012). In mouse, direct AII amacrine inhibitory input is provided to 

at least the OFF transient alpha (OFF-T) and OFF-S RGCs (Murphy and Rieke, 

2008; Münch et al., 2009; Arman and Sampath, 2012; Grimes et al., 2022) as well 

as the Suppressed-by-Contrast (SbC) cell (Jacoby et al., 2015). The direct AII 

input, rather than the indirect input via OFF bipolar cells, has in fact been shown 

to set the threshold of OFF-S and OFF-T  RGCs in mouse (Murphy and Rieke, 2006, 

2008; Arman and Sampath, 2012).  

The anatomical studies presented above suggest that the alpha RGCs in the 

mouse are good candidates for being among the most sensitive types. Alpha-like 

cells were first described in cat based on morphology (Boycott and Wässle, 1974) 

and most likely correspond to the “Y” cell type  as defined based on response 

properties  (Enroth-Cugell and Robson, 1966; reviewed in Field et al., 2005). 

Alpha-like cells have since then been found in multiple mammalian species. In 

primates, the closest homologues of alpha-like RGCs are the ON and OFF parasols 

(reviewed in Martin, 2014). In line with the anatomical studies, the alpha cells of 

mouse and parasols of primates have been shown to respond to low scotopic light 

(Murphy and Rieke, 2011; Ala-Laurila and Rieke, 2014). Although anatomical and 

functional studies suggest that alpha-like cells could provide a very sensitive 

retinal readout, the possibility that other RGC types might be equally sensitive 

cannot be ruled out. Importantly, the anatomical evidence alone is not sufficient 

to predict sensitivity, since synaptic strength also depends on other factors than 

just the number of synapses (or synaptic area). Surprisingly, in a fairly recent 

study relying on multielectrode recordings, alpha RGCs were characterized as 

one of the least sensitive RGCs (Pan et al., 2016).   The absolute sensitivity of 

alpha RGCs recorded by Pan et al. were, however, more than 10-fold less sensitive 

compared with previous recordings by Murphy and Rieke 2011 (see also 

chapters 5.1 and 5.3 below). Further functional characterization of the synaptic 

strengths and RGC sensitivities is therefore still needed.  
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2.4 FROM CIRCUIT FUNCTION TO BEHAVIOR  

2.4.1 VISUALLY GUIDED BEHAVIOR NEAR THE ABSOLUTE 

SENSITIVE LIMIT 

Previous chapters discussed the function of retinal cells and circuits responsible 

for processing responses to the weakest light. Now it is time to take a look at the 

behavioral output, the final functional output of neural circuit computations. In 

this chapter, I shall discuss some of the classical behavioral detection 

experiments on humans and other animals at visual threshold, and what we have 

learned about the underlying cell and circuit functions.  

2.4.1.1 Human psychophysics 

Classical human psychophysics studies in the 1940s (Hecht et al., 1942; van der 

Velden, 1946) used frequency-of-seeing (FOS) experiments to measure human 

absolute visual sensitivity and factors limiting the sensitivity. In the experiments, 

dark adapted human observers were shown extremely dim flashes of light, close 

to the detection limit, and were asked to report whether they saw a flash or not. 

The fraction of trials reported “seen” was then presented as a function of the 

number of photons at the cornea. It was concluded that, to be reliably seen, a flash 

should deliver 50–150 photons at the cornea (Hecht et al., 1942). Hecht and 

coworkers made fits to this frequency of seeing data assuming that a) Poisson 

variability in photon absorptions can account for all variability in the data, b) a 

certain number of photons are needed for seeing (i.e., a fixed threshold), and c) 

only a fraction of photons at the cornea contribute to seeing (total quantum 

efficiency). Based on the fits it was concluded that the threshold for seeing was 

only 5–7 absorbed photons. Since the flash covered a retinal area containing ca 

500 rods, the chances that one rod would absorb more than 2 photons was very 

low (ca 4% for a flash eliciting 7 photoisomerizations in total) and required that 

single rods need to signal single-photon absorptions reliably to the downstream 

circuitry. As already discussed, it was later confirmed by suction pipette 

recordings that rods indeed are able to detect single photons (Baylor et al., 

1979a, 1984).  

Barlow (1956) and Sakitt (1972) later performed similar experiments with 

the difference that the human observers were allowed to report “seen” flashes 

with different certainties. By these means, different rates of false positives were 

also allowed. The results showed that that threshold depends on the certainty 

criterion and cannot be as unambiguously determined as the previous 

experiments (Hecht et al., 1942; van der Velden, 1946) had intended. 

Furthermore, it was concluded that internal noise could explain differences in 

the steepness of frequency-of-seeing functions and the false positive rate, and 

therefore not photon noise alone, but rather photon noise and intrinsic noise 
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together limited detection. Expressing this additional noise as noise-equivalent 

rates of discrete dark events allowed quantification of noise rate based on the 

FOS curves, given a specific quantum efficiency. These should be interpreted as 

upper limits for total noise allowed in the system all the way from receptor to 

decision. Higher noise levels would preclude the performance observed 

psychophysically. Barlow conducted another study to estimate the “dark light” 

(Barlow, 1957b) where he measured human detection threshold in the presence 

of background light. He argued that the total noise of the system could be 

quantitatively determined as the background light where the human detection 

performance starts to deviate from the performance in total darkness. Given a 

quantum efficiency of 0.17, estimates of dark light from FOS experiments and 

background experiments converge on a value of 0.011 events/rod/s (Donner, 

1992). The close agreement of this estimate with the estimate for rod pigment 

noise in monkeys (0.0063 R*/rod/s; Baylor et al., 1984) corrected for the 2-times 

larger volume of human rod outer segment compared to monkey, led to the 

conclusion that rod pigment noise can account for most of the total noise. The 

interpretation of the origin of the performance-limiting noise must be 

reconsidered, however, in the light of the remarkably noise-free retinal readout 

provided by primate ON parasol cells in darkness (Kilpeläinen et al., in 

preparation; Ala-Laurila and Rieke, 2014).  

These human psychophysics studies are great examples of how behavioral 

studies can be used to understand requirements of underlying cell and circuit 

functions. However, several uncertainties can affect the validity of the 

conclusions drawn (reviewed in Field et al., 2005; Kiani et al., 2020). In particular, 

the fits to the frequency of seeing curves (used to determine the rate of internal 

noise, threshold number of photons and quantum efficiency), are not unique 

(Field et al., 2005; Kiani et al., 2020). The large uncertainty in estimates for 

quantum efficiency (Donner, 1992) leads to large uncertainty in estimates of 

“dark light”. Recent estimates of monkey rod pigment noise (0.0035 R*/rod/s; 

Field et al., 2019) are also lower than previous estimates (0.0063 R*/rod/s; 

Baylor et al., 1984), leading to a 2-fold discrepancy between estimates of dark 

light and rod pigment noise in humans. These ambiguities highlight the need to 

experimentally constrain neural circuit properties and mechanisms that may 

affect the behavioral outcome.  

2.4.1.2 Animal behavior  

Behavioral limits of visual detection have also been determined in other animal 

species. Aho and coworkers utilized innate behaviors of frogs and toads, such as 

prey capture and the escape reflex, to study absolute sensitivity and noise (Aho 

et al., 1988, 1993). Frogs were placed in a dark box and “reported” seeing light 

by jumping towards an illuminated field above them, a natural phototactic escape 

behavior (Aho et al., 1993) (Figure 13B). A similar setup was recently used to 

study color discrimination at visual threshold (Yovanovich et al., 2017). In 
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another type of experiments, toads “reported” seeing by snapping their tongue 

towards an illuminated worm dummy, a prey capture behavior (Figure 13A). In 

both experiments by Aho and colleagues, the frequency-of-seeing could be 

measured by monitoring the performance while varying the target intensity. At 

15–16C 0.009–0.015 isomerizations per rod per second were needed to see the 

target. A relationship between temperature and noise had earlier been measured 

in isolated toad rods (Baylor et al., 1980). As amphibians are poikilotherms, the 

effect of temperature on behavioral sensitivity could now be studied. Both 

behavioral threshold (Aho et al., 1988) and rate of pigment noise (Baylor et al., 

1980) rose with temperature. According to the authors, this correlation was 

consistent with the idea that pigment noise sets the ultimate limit of behavioral 

detection sensitivity (Aho et al., 1988). However, a later study showed that even 

though the effect of temperature on amphibian behavioral threshold originated 

in the retina, it could not be fully explained by pigment noise, but was rather a 

combination of several factors (Aho et al., 1993).  

Several behavioral assays for testing absolute visual sensitivity of mice have 

been developed since the time they became a popular model species (Huberman 

and Niell, 2011). Naarendorp et al. (2010) mapped the absolute sensitivity of 

mice using a running wheel experiment where mice were trained to interrupt 

their running, to get a reward, when seeing a brief flash of light (Figure 13C). The 

mice were able to detect a flash of light containing as few as ca 30 photons at the 

cornea covering a retinal area containing 2000 rods. In line with Hecht’s conclu-

sion for human vision (Hecht et al., 1942) Naarendorp’s study indicated that 

single-photon responses in mouse rods can be reliably signaled to downstream 

neurons to cause behavioral responses. In addition, sensitivities of rod- and cone-

driven pathways were mapped separately using mice with nonfunctional cones 

and nonfunctional rods, respectively. The sensitivities of both rod- and cone-

driven vision were close to that of human peripheral vision. The same study also 

estimated the dark light in a similar way as Barlow (1957b) by measuring 

sensitivity as a function of background light. Since the estimate for behavioral 

dark light (0.012 R*/rod/s) matched estimates for rod pigment noise rate (0.012 

R*/rod/s; Burns et al., 2002), the authors concluded that rod pigment noise is the 

main noise source relevant for absolute visual sensitivity in behaving mice.  
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Figure 13 Classical behavioral experiments for assessing absolute sensitivity. A) The 
experimental setup used in Aho et al. (1988) to study the absolute sensitivity of toad 
vision. Toads “reported” seeing by snapping their tongue towards a white worm 
dummy (innate prey capture behavior) in the dimly lit black arena. B) The 
experimental setup used in Aho et al. (1993) to study the absolute sensitivity of frog 
vision. Frogs were placed in a dark box and “reported” seeing light by jumping 
towards an illuminated window above them, a natural phototactic escape behavior in 
frogs. C) A running wheel task for determining absolute sensitivity in mice was used 
by Naarendorp et al. (2010). Mice were trained to stop their running to get a reward 
when detecting a light stimulus emitted from the LED light source.  D) Decrement 
detection in mice was studied by Hayes and Balkema (1993) by training mice to 
associate a dark wall in the illuminated water maze with escape from the water. Panel 
A: Reprinted from Aho et al. (1988) with permission from Springer Nature. Panel B: 
Reprinted from Aho et al. (1993) with permission from John Wiley and Sons. Panel 
C: Readapted from Huberman and Niell (2011) and originally from Naarendorp et al. 
(2010) with permission from Elsevier and the Journal of Neuroscience. Panel D: 
Reprinted from Hayes and Balkema (1993) with permission from Springer Nature.  

Other behavioral experiments studying limits of detection have also been 

conducted: In a study by Herreros de Tejeda and coworkers  (1997) the mice 

were trained to press a bar when seeing a flash of light. In a study by Hayes and 

Balkema (1993) decrement detection was studied by training mice to swim 

towards a dark wall in an illuminated water maze (Figure 13D). The thresholds 

reported in these studies were still ca 20-fold higher than that measured by 

Naarendorp et al. (2010). A similar setup to the one used by Hayes & Balkema 

(1993), but for increment detection, has been used in the present work (paper 

III) as well as in a study by Koskela et al. (2020).  Koskela et al. (2020) used the 

water maze to show that mice have better visual sensitivity during the night than 

during the day, an effect that did not originate in the retina, but rather was linked 
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to the behavioral search strategy. In addition to assays for testing the absolute 

sensitivity of mice, a large repertoire of behavioral assays testing other aspects 

of mouse vision have been developed. These include behavioral tests on spatial 

acuity (Gianfranceschi et al., 1999; Prusky et al., 2000, 2004; Schmucker et al., 

2005; Umino et al., 2008; Histed et al., 2012), temporal acuity (Nathan et al., 

2006; Umino et al., 2008), contrast sensitivity (Umino et al., 2008; van Alphen et 

al., 2009; Busse et al., 2011; Histed et al., 2012) and orientation sensitivity 

(Andermann et al., 2010), most of which have been conducted only in photopic 

conditions far from starlight illumination levels.  

Summary and open questions 

The focus of behavioral work at the lowest light levels has been on detection 

limits and on noise limiting detection. Other computations near absolute 

threshold, such as motion detection, have mostly been ignored and it is not clear 

what role these types of computations play at the dimmest light levels. The 

behavioral work on pure detection and its limits has still taught us a lot. 

Foremost, it has helped us to understand the exquisite performance expected 

from the circuitries underlying the behavior and inspired researchers to study 

the physiological mechanisms. True links between circuit functions and behavior 

are still to large extent lacking. The reasons for this and potential solutions will 

be discussed in the next chapter.  

2.4.2 LINKING CIRCUIT FUNCTION TO BEHAVIOR: CHALLENGES 

AND SOLUTIONS 

Understanding how neural responses relate to behavior is both a goal and a big 

challenge in the whole field of neuroscience. Questions such as “What kind of 

neural computations drive specific behavior?”, “How are neural signals decoded 

in the brain to drive behavior?”, and “How do the functions of a neural circuit 

relate to the relevant behavioral response?”, are still to a large extent 

unanswered. With regard to the non-retinal mammalian brain, we currently 

know only roughly what area of the brain is associated with a specific behavioral 

output. How behavior is driven by specific neuronal computations is to a large 

extent unknown. Why? To name at least some reasons: First, specific cell types 

and circuits relevant for a particular behavior are not well defined. Second, we 

lack understanding of what is driving the circuits (input) and the outcome of their 

computations (the output). Third, cells and circuits deep in the brain can be hard 

to access.  A big advantage of studying this question in the sensory systems is that 

the inputs and outputs are easier to define.  The same natural stimulus can be 

used to stimulate both neurons and behavior. Furthermore, many cell types of 

sensory systems have been well-characterized, especially in the retina. In 

addition, sensory cells and circuits of peripheral sensory organs are accessible.  

Still, the encoding of sensory stimuli by neurons, and the behavioral responses, 

have to a large extent been studied separately. Thus, understanding the 
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connection between neural responses and behavior is still a challenge even in the 

sensory systems.  

Plenty of resources have been devoted to unravelling the neural connectomes 

as well as developing techniques for manipulating and measuring neural 

response properties. But even perfect knowledge of neuronal connections and 

responses alone cannot help us to understand how they drive behavior, 

especially since the same neural circuits can drive different behaviors and the 

same behavior may be generated by different circuits (Carandini, 2012; Krakauer 

et al., 2017). Marr (1982) expressed this challenge as:“…trying to understand 

perception by understanding neurons is like trying to understand a bird’s flight by 

studying only feathers. It just cannot be done”. An example of this is the nematode 

C. elegans whose behavior cannot be predicted even though its neural 

connectome has been characterized  (White et al., 1986; Bargmann, 1998; 

Bargmann and Marder, 2013). One solution, as suggested by Krakauer et al. 

(2017) and Niv (2021), is to change this bottom-up approach (where circuits are 

studied in detail and behavior is implemented as an after-thought) to a 

behaviorally driven top-down approach with carefully designed hypothesis-

based behavioral experiments in focus.  

It is thus clear that 1) sensory systems provide a great advantage for studying 

the connection between neural computations and behavior, and 2) a top-down 

approach with well-quantified behavior is needed. However, sensory stimuli 

both drive a large repertoire of behaviors and stimulate a large variety of 

neurons., i.e., both the behavioral space and the neural substrate space are large.  

How should then behavior be connected to the underlying neural computations 

in the sensory systems? The key is to find the intersection between the neural 

substrate and behavioral space, that is the neural responses and computations 

that encode a specific stimulus and the behavior that is driven by these same 

neural responses and computations (Panzeri et al., 2017). In other words, it is 

not enough to characterize the neural responses and behavior to the same 

stimulus but importantly, one should also understand which of the neural 

computations that encode a specific stimulus are relevant for behavior driven by 

the same stimulus. In order to achieve this goal, the following challenges should 

be addressed: 1) Characterize and quantify relevant behavior and its stimulus. 2) 

Identify and measure responses of relevant neuronal cell types to certain stimuli 

and understand their computations. 3) Establish a causal link between the 

relevant neural computations and behavior. In the following chapters I shall 

address these three challenges one by one. 

2.4.2.1 Characterizing and quantifying relevant behavior  

Understanding a behavior has been argued to be a prerequisite for 

understanding the neural processes underlying the behavior (Krakauer et al., 

2017). But designing informative behavioral paradigms, where the behavior is 

clearly defined, characterized and quantified, can be challenging. What is 
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behavior and how can it be characterized? A single definition of behavior does not 

exist, but scientists seem to converge on the following: “behaviour is the internally 

coordinated responses (actions or inactions) of whole living organisms (individuals 

or groups) to internal and/or external stimuli, excluding responses more easily 

understood as developmental changes” (Levitis et al., 2009). The relevant parts 

here are “responses (actions or inactions)” and “internal and/or external 

stimuli”. Characterizing behavior therefore implies that one needs to understand 

both the responses and the stimuli triggering the responses. 

Measured behavior can be either innate or trained. Innate behaviors 

(ethological behavior) are natural responses to certain stimuli that do not need 

any kind of training. Trained behavior relies on operant conditioning where the 

animal is trained through reinforcement to “report” a certain stimulus. The tasks 

usually include detection or discrimination of a certain sensory stimulus. Innate 

and trained behaviors come with partly different challenges. The behavioral 

repertoire of freely moving animals is large. The same is true for the stimulus 

space, especially when the animal is behaving in natural conditions. For innate 

behaviors the challenge is therefore to identify both the response and the 

stimulus the animal responds to. Successful cases in mouse visual neuroscience 

are for example the analyses of the defense response to an approaching dark 

stimulus (looming stimulus) (Yilmaz and Meister, 2013) and visually driven prey 

capture behavior (Hoy et al., 2016), both of which were studied in laboratory 

environments. With trained behaviors, the stimulus and response are in general 

well defined since they are controlled by the investigator. The challenge, 

however, is to ensure high face validity. In other words, that the measured 

behavioral response is triggered by the defined stimulus and not by other 

possible cues. 

A common challenge for any kind of behavioral paradigm is quantification. 

Being able to quantify animal movements precisely both in time and space, 

including movements of body parts in relation to the stimulus, can be absolutely 

crucial for linking neural responses to behavior. This precision is close to 

impossible to achieve by manual human observations, especially in freely moving 

animals. It is slow, subjective, imprecise and has low dimensionality, to name a 

few drawbacks (for review see Anderson and Perona, 2014; Pereira et al., 2020). 

Automated tools, such as video tracking that have been developed over past 

years have offered a solution to this challenge (see e.g., Turunen et al., in 

preparation; Mathis et al., 2018; Storchi et al., 2019; Koskela et al., 2020; Storchi 

et al., 2020; paper III; for review: Anderson and Perona, 2014; Mathis and Mathis, 

2020; Pereira et al., 2020). Automated tracking allows extracting features of 

animal behavior that would be very hard to identify by human eye. By tracking 

the location of sensory organs in space and time one can predict how the sensory 

world “looks” from the perspective of the animal and how the animal receives 

sensory stimuli. In a visual detection task for example, tracking body, head and 

eye movements can provide parameters needed for estimating how a visual 

stimulus travels over the retina; how many retinal cells the stimulus hits and for 
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how long it stimulates a single cell. The same stimulus parameters can then be 

used for designing experiments measuring the neural activity of these cells 

(unless it can be done simultaneously during behavior), as well as for 

constructing models linking neural responses to behavior (see next chapter).  

There are several examples of how automated tracking can benefit the study. 

Koskela et al. (2020) used automated video tracking to quantify differences in 

mouse behavioral search strategy (for finding a visual stimulus) at day vs. night. 

Turunen et al. (in preparation) and paper III in my thesis developed a paradigm 

for behavioral analysis relying on body, head and eye tracking while the mice 

were performing a visually guided task in a water maze. This allowed precise 

spatial and temporal mapping of the visual stimulus to the retina (paper III, see 

methods). Strochi et al. (2020) brought the characterization of mouse defensive 

behaviors such as freezing and escaping a looming stimulus as described above 

to a new level. Based on video tracking with multiple cameras, mouse movements 

could be reconstructed in 3D. The authors were then able to identify stimulus-

specific poses and body movements and could show that the defense behavior 

consists of a much richer behavioral repertoire than simple changes in 

locomotion (escaping or freezing). 

In summary: carefully designed behavioral paradigms where a) behavior can 

be well-quantified and b) the link between a specific stimulus and a behavioral 

response can be understood, are important first steps for unravelling the link 

between neural responses and behavior. Parameters extracted from the behavior 

can help us to understand the relevant neural responses. This is the topic of the 

next chapter. 

2.4.2.2 Finding and measuring the relevant neural substrate and 

understanding the neural computations 

Finding and measuring the relevant neural substrate and understanding the 

relevant neural computations is the second challenge to tackle. The neural 

substrate space (the neuron types and their responses potentially involved) is 

often large, and the task is to constrain this as much as possible. The relevant 

subspace consists of neural responses that encode the specific sensory stimulus 

and have the potential to drive relevant behavioral responses to the same 

stimulus. At this point it is worth pointing out that relevant neural response 

variables can be both different features of responses (e.g., spike timing and total 

spike count) and the neuron types involved. Here I mainly consider the latter for 

simplicity.  

The task to find the relevant neural responses comes with two requirements. 

First, the cell types that might encode a stimulus should be known. And second, 

one should be able to measure the responses of these cell types to sensory stimuli 

at single-cell resolution. In the ideal case, all cell types are known and their 

responses can be measured. To this date we are far from this ideal in most brain 

areas, but the retina is exceptional. All information that may drive visually guided 
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behavior is present in the spiking responses of retinal ganglion cells. The retinal 

cell types are well-characterized, and many cell types in the retina can be 

targeted with (or sometimes without) genetic markers and studied 

electrophysiologically in the intact, isolated retina at single-cell resolution. 

The next step is to constrain the neural substrate space further to the relevant 

cell types and relevant responses. There are at least two strategies to do this, and 

preferably both should be used in combination. The first strategy is to constrain 

the stimulus space as much as possible, and then, by measuring the neural 

responses of all possible cell types, sort out which ones are able to encode the 

specific stimulus. Obviously, the stimuli to use depend on the choice of behavioral 

model. When focusing on the retina, one needs a behavior driven by sensory 

stimuli whose trigger features are encoded by particular RGC types carrying out 

specific computations.  An impressive example is provided by a recent study 

(Johnson et al., 2021, reviewed in Berson, 2021) that based on 3D tracking of 

mouse prey hunting behavior could extract the behaviorally relevant stimuli. 

These stimuli were then used in RGC recordings to understand which particular 

RGC types could support this kind of behavior. In the present work, the stimulus 

space was restricted to the weakest flashes of light and thereby the retinal 

circuits and neural responses could be constrained to those that are able to 

encode this kind of stimulus, i.e., the most sensitive RGCs and their preceding 

circuit.  

This might still leave many putative cell types and responses. The second 

strategy is to apply theoretical “ideal observer” models to assess the performance 

that the different recorded neural responses to a specific stimulus can in 

principle support, and compare this to the observed behavioral performance 

quantified for the same stimulus (reviewed in Nirenberg 2012). Importantly, 

these models must be constrained with parameters well matched to the real 

animal and behavior (e.g., with respect to sampling time and numbers of 

contributing cells). As discussed in the previous chapter this is not trivial 

especially for freely moving animals, but can be achieved for example by 

automated tracking of animals performing a sensory task. A class of neural 

responses that, based on an ideal observer model, can support behavioral 

performance at least as good as that observed, can in theory drive that particular 

behavior (Nirenberg 2012). Conversely, any class of neural responses for which 

the ideal observer model performance falls short of the real behavioral 

performance can be ruled out. However, even though a model is able to account 

for the behavior in principle, it does not mean that those neural responses are 

actually used to drive the behavior. To create this causal link, interventional tools 

are needed, the topic of the next chapter. 
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2.4.2.3 Linking relevant neural computations to relevant behavior with 

interventional tools  

While the theoretical models described in the previous chapter show which 

specific neural population responses carry enough information to drive a certain 

behavior, they do not always alone tell us whether those responses are actually 

used to drive the behavior. In addition, several different neural populations all 

carrying specific stimulus information might enable the behavioral response 

equally well. In order to create a causal link between neural activity and behavior, 

some kind manipulation (e.g., inactivation or activation) of neural responses and 

circuitries is often needed (see Krakauer et al., 2017; Panzeri et al., 2017).  

Several techniques for manipulating circuit function and neural activity have 

been developed over recent years. These include for example electrical 

microstimulation  (Tehovnik et al., 2006), transcranial direct current stimulation 

and transcranial magnetic stimulation (Woods et al., 2016), optogenetics (Yizhar 

et al., 2011; Lerner et al., 2016), chemogenetics (Sternson and Roth, 2014) as well 

as traditional control of gene expression (gm-techniques) such as knockouts, 

knock-ins and transgenic mouse lines, as well as cell ablation techniques (Liu et 

al., 2019). The optimal manipulation would be cell and tissue specific, precise and 

as subtle as possible to avoid unwanted side-effects. There are also clear benefits 

from being able to temporally control the manipulation in behaving animals (in 

vivo). The techniques mentioned above have clear differences between their 

spatial and temporal control properties. While transcranial techniques (e.g., 

transcranial direct current stimulation and transcranial magnetic stimulation) as 

well as invasive electrical microstimulation provide fine temporal control, the 

spatial control is too poor to target specific neuronal types (see e.g., Gore et al., 

2015).  Genetic techniques, on the other hand, have provided tools to modify 

neural activity with high spatial control targeting specific neuronal cell types. 

These techniques vary in the degree of temporal control from no temporal 

control (e.g., non-inducible knockouts, knock-ins, transgenes and cell ablations) 

to days, hours and even millisecond control. The fastest control is achieved with 

optogenetics, where light can modify the activity of selected neurons with 

temporal resolution less than 1 ms (Shemesh et al., 2017). Chemogenetics—e.g., 

with Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)—

offers temporal control on the timescale of hours, although recent improvement 

has allowed even finer temporal control (up to tens of seconds) (Rao et al., 2019).  

Several studies have successfully used interventional tools to study the causal 

link between neural activity and behavior. The previously discussed examples of 

cricket hunt and looming detection are good examples. Hoy et al. (2019) used 

chemogenetic manipulation targeted to specific neural cell types in the 

superficial superior colliculus (sSC) to show how different cell types in sSC 

contribute to prey capturing behavior in mice. Johnson et al., (2021) relied on 

both monocular enucleation and targeted cell ablation to show that mice rely on 

binocular vision to capture prey. Kim and colleagues (Kim et al., 2020) used 
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induced type-specific cell deletion to causally show how the activity of specific 

retinal neurons drive the behavioral response to a looming stimulus in mice.  

Summary 

Interventional techniques are useful for providing a causal link between specific 

neuronal activity and behavior. However, manipulating neuronal activity 

“blindly” without good understanding of the relationships between both stimulus 

and behavior, as well as stimulus and neuronal activity, is not useful. Finding the 

link between neuronal activity, circuit function and behavior therefore requires 

a combination of well quantified behavior, well characterized neuronal cell types 

and interventional techniques.   
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3 AIMS 

The overall goal of my dissertation is to resolve end-to-end, from photons 

through neural circuits to behavior, how the visual system detects the dimmest 

lights. In particular, I aim to understand the link between retinal outputs (RGCs) 

and behavior at the lowest light levels. 

The dimmest light signals traverse the mammalian retina over a well-known 

circuitry, the primary rod pathway, which is split into two outputs: ON and OFF 

RGCs. The main focus in this work is on the way sparse signals and noise are 

processed in this particular circuitry, and the connection between circuit 

mechanisms, neural responses and visually guided behavior.  

 

The specific aims of my dissertation are: 

 

1. To analyze how the differences between the ON and OFF pathways affect 

visual computations at low light levels. I specifically ask how the differences 

affect the sensitivity, speed and discrimination of dim light responses. 

 

2. To quantify the origin of noise in ganglion cell input currents in darkness 

and very dim illumination. 

 

3. To link the behavioral performance of freely swimming mice to specific 

ganglion cell outputs in a dim light detection task. I specifically ask:  

a. Which RGC types provide the most sensitive retinal output? 

b. How close to an optimal readout of RGC signals does the light-guided 

behavior get at the sensitivity limit?  

c. Which retinal pathway (ON vs. OFF) drives behavioral detection of the 

dimmest light increments in darkness?  
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4 MATERIALS AND METHODS 

I have often had cause to feel that my hands are cleverer than my head. That 
is a crude way of characterizing the dialectics of experimentation. When it 
is going well, it is like a quiet conversation with Nature. One asks a question 
and gets an answer; then one asks the next question, and gets the next 
answer. An experiment is a device to make Nature speak intelligibly. After 
that one has only to listen. 

(Wald, 1968)  

This section provides an overview of the materials and methods. A more detailed 

description can be found in the original publications. Roman numbers indicate in 

which paper (see original publications on p. x) each method was used. Data on 

mice (papers I–III) have been recorded in the laboratory of Dr. Petri Ala-Laurila 

(University of Helsinki), and data on primates (paper I) have been recorded in 

the laboratory of Dr. Fred Rieke (University of Washington). Paper I is based on 

datasets that have also in part been reported in other publications, but different 

aspects of the data were analyzed in those publications (mice data; Koskela et al., 

2020, primate data; Ala-Laurila and Rieke, 2014). 

The methods include electrophysiological recordings from rods and RGCs, 

histology of the retina, methods for studying mouse behavior including 

automated tracking of body, head and eye movements, and theoretical modeling 

linking neural responses to behavior (Figure 14, Table 1 and 2).  

 

Figure 14 Overview of the animals and methods used in the thesis. The methods used in 
this study include electrophysiological recordings from rods (suction pipette 
technique, paper III) and RGCs (cell-attached and whole-cell patch clamp 
techniques, papers I–III), histology of the retina (paper III), behavioral methods 
(increment detection task in a 6-armed water maze) including automated tracking of 
body, head and eye movements, and theoretical modeling linking neural responses 
to behavior. Data was collected from both wild type and transgenic mice (papers I-
III). In addition, some analyses were done based on recordings from primate retina 
(paper I). The water maze, video tracking images, and the retinal sphere are reprinted 
from paper III. The retinal circuitry was created partly with BioRender.com. 
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Table 1.  List of key methods used in the thesis. 

Method Paper 

Histology III 

Rod recordings III 

Ganglion cell recordings I, II, III 

Behavioral experiments  III 

Markerless body and head tracking III 

Pupil measurements  III 

Eye movement recordings III 

Theoretical modeling III 

 

4.1 ANIMALS (I, II, III) 

The wild type mouse strain CBA/CaJ (Jackson Laboratory, Bar Harbor, ME, USA) 

was used in papers I and II. Transgenic mice expressing human red cone opsin 

(OPN1LW) under the rhodopsin promotor (Rho) (Rho::OPN1LW; Fu et al., 2008), 

referred to as OPN, were used together with their wild type controls (WT; 

derived from crossing of OPN and C57BL/6J) in paper III. The mice were housed 

in 12/12 light/dark cycle and were provided food and water ad libitum. All 

experiments on mice were done in accordance with protocols approved by the 

Regional State Administration Agency of Southern Finland.  

Primate retina (Macaca nemestrina and fascicularis), used in paper I, was 

obtained through the Tissue Distribution Programme of the Regional Primate 

Center at the University of Washington. Primate recordings were performed at 

the laboratory of Dr. Fred Rieke (University of Washington) in accordance with 

guidelines for the care and use of animals at the University of Washington.  

 

 

Table 2. Animal species and strains used in the thesis. 

Animal Paper 

Mouse: CBA/CaJ I, II 

Mouse: Rho::OPN1LW (Fu et al., 2008) (transgene and control) III 

Primate: Macaca sp. I 
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4.2 HISTOLOGY (III) 

Retinas of WT and OPN mice (the same mice as had been used in the behavioral 

experiments in paper III) were stained with hematoxylin (a marker for cell 

nuclei) and eosin (a marker for cytoplasm and extracellular matrix) to check for 

the quality of overall retinal morphology in paper III.  Eyes of euthanized mice 

were fixed in Bouin and further processed in ethanol, butanol and paraffin. The 

eyes were embedded in paraffin, sagittal sections (ca 5 m thick) were stained 

with hematoxylin and eosin, and the stained sections were imaged. The protocol 

is explained in detail in paper III.  

4.3 ELECTROPHYSIOLOGY (I, II, III) 

Electrophysiological recordings were performed on mouse rods (paper III), 

mouse ganglion cells (paper I–III) and primate ganglion cells (paper I).  Mice 

were dark adapted overnight and sacrificed by cervical dislocation. The eyes 

were enucleated, hemisected and stored in oxygenated (95% O2, 5% CO2) Ames 

solution (Sigma A-1420; osmolarity 280   mOsm/kg) at 32  1 C. Before rod 

recordings in paper III, the retina was chopped into small pieces in oxygenated 

Ames (see paper III for details). Before ganglion cell recordings in papers I–III, 

pieces of the retina were flattened on coverslips coated with poly-D-lysine (12-

mm; VWRm Corning) with photoreceptor layer down (see paper III for details). 

All procedures were done under infrared illumination (> 900 nm).  

Primate retinal tissue was obtained through the Tissue Distribution Program 

of the Regional Primate Research Center at the University of Washington. Tissue 

preparation was done as previously described (Dunn et al., 2006; Field et al., 

2007; Trong and Rieke, 2008). The retinas were dark adapted for at least 1h in 

oxygenated Ames solution (32 C) before flat mounts were prepared for 

recordings in a similar manner as for mice.  Only retinal tissue with excellent 

attachment to the pigment epithelium was used for recordings to ensure 

sensitive cells (see Ala-Laurila and Rieke, 2014).  

All electrophysiological recordings were done in total darkness unless 

otherwise mentioned. The tissue was visualized using infrared light (> 900 nm, 

turned off during the recordings) and infrared sensitive cameras attached to the 

microscopes. Mouse data was collected using custom-written, open source, 

MATLAB-based acquisition software Symphony (http://symphony-

das.github.io). Primate data was collected using custom made acquisition 

software written in IGOR Pro (WaveMetrics Inc). 

4.3.1 ROD RECORDINGS (III) 

The rod outer-segment membrane current was measured in paper III with the 

suction pipette technique (see Baylor et al., 1979a; Azevedo et al., 2015). 

http://symphony-das.github.io/
http://symphony-das.github.io/
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Previously described protocols were used to measure a) the single-photon 

response amplitude (Rieke, 2000), b) the spectral sensitivity (Ala-Laurila et al., 

2007) in order to determine L-opsin pigment content in transgenic OPN rods, and 

c) the detection performance in a two-alternative forced-choice task (Ala-Laurila 

and Rieke, 2014; Azevedo et al., 2015). Detailed description of the recordings can 

be found in paper III. Briefly: A glass pipette (inner diameter ca 1.5 m, ca 3–4 

M) was fire-polished and filled with Ames. The outer segment of a rod was 

drawn into the pipette. Only morphologically intact rods with dark current > ca 

8 pA were chosen for recordings. The signals were amplified and low-pass 

filtered at 5 kHz (Axopatch 200B, 4-pole Bessel, Molecular Devices) followed by 

50 Hz low-pass filtering (8-pole Bessel, Frequency Devices). Data were sampled 

at 10 kHz (ITC 18, HEKA). Rods were stimulated with 20-ms flashes delivered by 

a LED with peak at 590 nm forming a spatially uniform spot (ca 580 m in 

diameter) focused on the cell plane by a microscope condenser. The spectral 

sensitivity was characterized using three spectrally different LEDs (peaks at 590 

nm, 660 nm and 740 nm). The tissue was perfused with oxygenated Ames 

(2ml/min, 32  1 C) during the recordings.  

4.3.2 GANGLION CELL RECORDINGS (I, II, III) 

Spikes and input currents of retinal ganglion cells were recorded in cell-attached 

(loose patch) and whole-cell (voltage clamp) configuration, respectively. Mouse 

ON and OFF sustained alpha ganglion cells (hereafter referred to as ON-S and 

OFF-S RGCs) were specifically targeted in papers I and III. A subset of the 

recordings in paper III were aimed to target all non-alpha RGC types in order to 

compare the sensitivity of all other types to the ON-S and OFF-S RGCs (see paper 

III for details). In paper II, all recordings were done on ON-S RGCs. The ON-S and 

OFF-S RGCs were identified based on their large somas and characteristic 

responses to steps of light (500 ms, 1–2 R*/rod/s) (Murphy and Rieke, 2006; Van 

Wyk et al., 2009; Wark et al., 2009). Primate ON and OFF parasol RGCs from the 

peripheral retina (eccentricity >30 ) were targeted in paper I.  All signals were 

amplified with MultiClamp 700B (mouse and primate) or Axoclamp 200B 

(primate) (Molecular Devices), low-pass filtered at 3 kHz, and sampled at 10 kHz 

(ITC 18, HEKA). The tissue was perfused with oxygenated Ames during all 

recordings (8ml/min, 32  1 C). 

4.3.2.1 Cell-attached spike recordings (I, III) 

Spike responses of mouse (papers I and III) and primate (paper I) retinal 

ganglion cells were recorded with the cell-attached patch clamp technique (loose 

patch). Detailed description of the recordings can be found in paper III (mouse) 

and in Ala-Laurila and Rieke (2014) (primate). The goal was to quantify the 

absolute sensitivity (papers I and III) as well as response speed and ability to 



Materials and Methods 

54 

discriminate between different intensities (paper I) by stimulating the cells with 

brief (10–20 ms) flashes of light. The stimulus consisted of a spatially uniform 

circular spot (560–580 m in diameter) centered on the target cell. The stimulus 

was delivered using blue/green LEDs with peak powers at 470 nm (papers I–III, 

mouse), or 460 nm and 510 nm (paper I, primate). In paper III, we also 

characterized the spatial and temporal receptive fields of ON-S and OFF-S RGCs 

for the construction of a linear-nonlinear Poisson model (LNP model; see chapter 

4.6.4). This data was recorded using stimuli of various spot sizes (200–600 m) 

and durations (17–300 ms). Validation data for the model was also recorded with 

moving spot stimuli (speed 2000 m/s, spot size 200 m in diameter). To create 

these moving spot stimuli a DLP projector (912  1140 pixels; 1.8 m/pixel on 

the retinal surface; 60 Hz frame rate; blue LED spectral peak ca 450 nm; Texas 

Instruments, LightCrafter 4500) was used. All stimuli used in the papers were 

focused on the photoreceptor plane by a microscope condenser. The RGCs were 

stimulated from the photoreceptor side. Spikes were recorded with pipettes 

(mouse: 2–4 M , primate: 3–5 M) filled with Ames solution.  

4.3.2.2 Whole-cell input current recordings (I, II) 

Excitatory input currents were recorded by clamping cells at the estimated 

reversal potential for inhibitory currents –60 mV (mouse ON-S, paper II) and ca 

–70 mV (primate ON parasol, paper I). Recording pipettes (3–5 M) were filled 

with internal solution containing:  105 mM CsCH3SO3, 10 mM TEA-Cl, 20 mM 

HEPES, 10 mM EGTA, 5 mM Mg-ATP, 0.5 mM Tris-GTP, 2 mM QX-314 (275–280 

mOsm/kg; pH ca 7.3 with CsOH).  Series resistance (5–15 M, mouse; 6–10 M, 

primate) were compensated for 50%.  

Current responses to brief flashes of light in darkness and under background 

light (0.01–100 R*/rod/s), as well as noise in total darkness and in the presence 

of dim background light (0.01–0.5 R*/rod/s) were recorded in paper II (mouse 

ON-S RGCs). Current responses to flashes of light in darkness and in the presence 

of a dim background light (0.008 R*/rod/s) were recorded in paper I (primate 

ON parasol). The LED stimuli were the same as those used in the cell-attached 

recordings (see above). A subset of the noise recordings in paper II were done in 

the presence of metabotropic glutamate receptor agonist APB (2-amino-4-

phosphonobutyrate, also called L-AP4; Tocris) and antagonist LY (2S-2-amino-2-

(1S,2S-2-carboxy-cyclopropyl-1-yl)-3-(xanth-9-yl) propanoic acid, LY341495; 

Tocris). The concentrations of APB and LY (typically APB 4–7 M, LY 0.7–2 M) 

were adjusted during the recording to match the holding current with that in 

control conditions (see details in paper II). The purpose of this pharmacological 

manipulation was to isolate noise originating from photoreceptors and their 

synapses (outer retinal noise) from noise originating from and downstream of 

rod bipolar cells (inner retinal noise), while keeping the rest of the retinal 

circuitry at the same mean level of synaptic activity (as estimated by matching 

the holding current before and after the application of the APB/LY cocktail). APB 
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10 M added to the perfusion solution was used to characterize instrumental 

noise (see paper II for details).  

4.4 BEHAVIORAL EXPERIMENTS (III) 

4.4.1 WATER MAZE EXPERIMENTS 

The visual sensitivity of freely moving mice was determined behaviorally by 

quantifying their ability to find a dim light spot in a six-armed water maze in 

darkness (for details see paper III). The stimulus consisted of a circular 

plexiglass-diffuser window (40 mm in diameter) that could be lit in the end of 

each of the six corridors in a water maze. During a trial, only one of the windows 

was continuously illuminated by a green LED (515 nm peak, spectrum narrowed 

with an interference filter [512 nm peak, FWHM ca 10 nm]). The mice were first 

trained to associate a transparent underwater escape ramp with a bright (ca 

200 000 R*/rod/s) stimulus. Each mouse repeated four trials per day. The 

location of the stimulus (and thereby the escape ramp as well) was randomized. 

The ramp was rinsed with water, and the water in the maze was mixed between 

the trials to avoid olfactory cues. The choice was defined as correct if the mouse 

entered the stimulus corridor before swimming into any other corridor. The mice 

were considered fully trained when they consistently reached at least 80% 

correct choices, and the experiment period could begin. In the experiment, the 

intensity was gradually lowered (from 200 000 to 0.0014 R*/rod/s), testing one 

intensity per experiment day, until the performance approached chance level 

(1/6 = ca 17% correct). The mice were dark adapted for 2–3 hours prior to 

testing. The trials were monitored under infrared light using a CCD camera (WT-

902H2 ultimate, Watec; equipped with a 12VM412SIR lens, Tamron) and 

recorded using open-source video capture software (VirtualDub 1.10.4). Mouse 

body and head positions were quantified using a novel fully automated video 

tracking system (see below, and Turunen et al., in preparation).  

4.4.2 PUPIL MEASUREMENTS  

Pupil sizes were measured to enable the conversion of photon fluxes incident on 

the eye to isomerization rates in rods (see chapter 4.5). The pupil sizes of awake 

mice were determined in the dark (infrared illumination only), in identical 

conditions to the behavioral experiments. The mouse was gently held by its tail 

in a dry water maze while monitored with an infrared-sensitive camera (WAT-

902H2, Watec) equipped with a macro lens (MLH-10X, Computar). The pupil 

areas were measured from single video frames of the same individuals that were 

used in the behavioral experiments (paper III).  



Materials and Methods 

56 

4.4.3 MARKERLESS BODY AND HEAD TRACKING  

A novel automated markerless video tracking system was developed for tracking 

the body and head movements of mouse performing the water maze task. Precise 

quantification of head and body movements (together with eye movements, see 

below) enabled the estimation of stimulus location and movements on the retina 

(see chapter 4.6.3) and the construction of an ideal observer model linking RGC 

and behavioral performance (see chapters 4.6.4, 4.6.5). Paper III describes the 

tracking technology in more detail, and a technical paper describing this 

behavioral tracking system and its wide potential in details, is under preparation 

(Turunen et al., in preparation). Briefly: First, the mouse body was tracked using 

a probabilistic data association filter (PDAF; Bar-Shalom et al., 2009) in order to 

the constrain the region of interest to the position of mouse. Then the head 

position and head orientation of the mouse was tracked using a shallow 

convolutional neural network and Kalman filters. Video tracking was 

implemented using the Python programming language (Python Software 

Foundation) and TensorFlow (Google Brain Team).  

4.4.4 EYE MOVEMENT RECORDINGS 

The eye movements of fully-trained mice performing the water maze task were 

recorded with a high-speed scientific CMOS camera (Andor Zyla 4.2+ sCMOS, 100 

frames/s) at a stimulus intensity corresponding to ca 40% correct choices.  As 

fully dilated pupils were hard to discern in the video recordings, pilocarpine eye 

drops (Novartis, Isopto Carpine 20 mg/ml) were applied to the mouse eyes 30 

min prior each eye movement experiment. This contracted the pupil areas to 60–

70% of those in darkness.  

Eye corners, pupil positions and head orientation were determined in a semi-

automatic manner within each frame as described in paper III. Previously 

described approaches (Meyer et al., 2018) were then used to compute angular 

velocities for head and eye movements based on the extracted eye, pupil and 

head positions from frame sequences that contained head rotations over 50–250 

ms with an average angular speed of at least 15/s. The head velocity was 

computed as the change in the orientation angles between frames, whereas the 

eye velocities were computed based on relative changes in the distances between 

pupil and eye corners (see paper III for details).  

4.5 PHOTOISOMERIZATIONS (I, II, III) 

Light intensities are reported as photoisomerizations per rod per second 

(R*/rod/s) or photoisomerizations per rod per flash (R*/rod) in all papers. The 

intensity and spectra of all stimuli were carefully calibrated. The conversion from 

calibrated photon fluxes to isomerization rates were in rod and RGC recordings 

based on measured light spectra, rod absorption spectra (Govardovskii et al., 
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2000) (primate max: 501 nm, mouse max: 497nm) and collecting area (primate: 

1 m2 [Schneeweis and Schnapf, 1995], mouse OPN: 0.41 m2, mouse all WT 

strains: 0.63 m2 [see paper III]).  

Conversion to isomerization rates in the behavioral experiments (paper III) 

followed the same principles and were calculated from measured intensities in 

the center of the maze. These intensities were converted into isomerization rates 

based on the projected stimulus spot on the retina (ca 170 m in diameter, 22700 

m2 in area) and the total photon flux reaching the retina. These calculations 

followed previously described procedures (Lyubarsky et al., 2004; Naarendorp 

et al., 2010) and relied on optical parameters of the mouse eye (Remtulla and 

Hallett, 1985; Henriksson et al., 2010) and measured pupil sizes (see chapter 

4.4.2). A detailed description of the calculations can be found in paper III. 

4.6 ANALYSIS AND MODELING (I, III) 

4.6.1 ESTIMATION OF ROD SINGLE-PHOTON RESPONSE 

AMPLITUDE AND COLLECTING AREA (III) 

Estimating the single-photon response from recordings of rod responses to dim 

flashes is challenging primarily because of unavoidable statistical variation in the 

number of photons actually absorbed. If other sources of variability (intrinsic 

noise) can be neglected, the problem can be solved by variance analysis, relying 

on the fact that photon absorption follows Poisson statistics, where the variance 

is equal to the mean (see e.g., Rieke, 2000 and paper III).  A series of rod 

responses to brief dim flashes of a fixed nominal intensity was recorded. The 

measured mean dim-flash response, 𝑟(𝑡), can be described as: 

 

𝑟(𝑡) = 𝑛 ∙ 𝑠(𝑡),                     (3) 

 

where 𝑛 is the (unknown) mean number of photoisomerizations per flash 

(R*/flash), 𝑠(𝑡) is the (unknown) single-photon response and 𝑡 is time. Assuming 

that the variability in response amplitudes arises primarily from variability in the 

(Poisson-distributed) number of photoisomerizations per flash, the square of the 

mean response,  𝑟2(𝑡),  will be proportional to the ensemble variance, 𝜎2(𝑡), 

according to: 

 

  𝑟2(𝑡) = 𝑛 ∙  𝜎2(𝑡).    (4) 

 

The values of 𝑟2(𝑡) and 𝜎2(𝑡) were determined from the recorded data, and the 

value of 𝑛 was estimated independent of light calibrations by scaling 𝜎2(𝑡) to 

match 𝑟2(𝑡). The estimated value of 𝑛 was then used to estimate the single- 

photon response according to: 
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𝑠(𝑡) = 𝑟(𝑡)/𝑛.                         (5) 

 

The rod collecting area (in m2) is a measure to convert incident photons into 

photoisomerizations. Several factors (e.g., concentration of rhodopsin, rod outer 

segment dimensions, probability that an absorbed photon triggers an 

isomerization event, cross-section of rhodopsin) affect the collecting area (see 

e.g., Rieke, 2000). The peak rod collecting area (for peak sensitivity at 500nm) 

was in paper III estimated by dividing 𝑛 (obtained according to the description 

above) by the measured photon flux (photons/m2/s) converted to mean 

number of equivalent photons at 500 nm. 

4.6.2 TWO-ALTERNATIVE FORCED CHOICE ANALYSIS (I, III) 

The sensitivity and absolute thresholds of rods (paper III) and ganglion cells 

(papers I, III) were defined with a two-alternative forced choice task (2AFC) (see 

Murphy and Rieke, 2011; Ala-Laurila and Rieke, 2014 and paper III for details). 

The analysis was based on rod and ganglion cell responses to brief (10–20 ms) 

flashes of different intensities. The task was to estimate whether a flash had 

occurred or not in each single trial. A discriminant was computed based on the 

average response across all trials and flash strengths (excluding the trial under 

examination) as described previously (Murphy and Rieke, 2011). Each trial was 

divided into two intervals (each 400–500 ms): one encompassing the activity 

preceding the flash and the other including the response following the flash. Each 

interval was correlated with the discriminant. Flash detection was classified as 

correct if the correlation with the interval following the flash was higher than 

with the interval preceding the flash. Equal correlation values for the two 

intervals were assigned as correct in half of the cases, and incorrect in the other 

half. The procedure was repeated for all trials and flash strengths, and the 

percentage (or fraction) correct was computed for each flash strength. The 

absolute threshold was defined as the intensity corresponding to 75% correct 

choices. 

4.6.3 ESTIMATION OF THE STIMULUS LOCATION ON THE RETINA IN 

THE WATER MAZE EXPERIMENTS (III) 

In order to understand how the behavioral performance in paper III (in the water 

maze task see chapter 4.4.1) depended on RGC responses, it was necessary to 

estimate how the stimulus landed on the RGC mosaics of the retina while the 

mouse was performing the task. Since the freely swimming mouse was 

constantly moving, the stimulus (essentially a sparse rain of photons) was also 

constantly moving on the retina. Estimation of the mouse position and stimulus 

location had to be done for each time bin across the full trial. This could be done 

based on tracked swimming trajectories, tracked head movements (chapter 
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4.4.3), eye optics, and measured stabilizing eye movements (chapter 4.4.4). This 

procedure is described in detail in paper III.  

4.6.4 MAPPING PHOTONS INTO GANGLION CELL RESPONSES (III) 

To understand how the population of RGCs responded during the water maze 

task, we mapped photon hits on the retina into ON-S and OFF-S RGC spike 

responses. This was done using a time-space separable linear-nonlinear Poisson 

(LNP) model with a fixed output nonlinearity (for details see paper III). The 

model was tightly constrained by RGC measurements. Temporal and spatial 

filters for the LNP model were obtained from recorded responses to brief flash 

stimuli (ON-S and OFF-S RGCs). The LNP model predictions for longer flash 

stimuli as well as moving light spots were validated against recorded data. The 

speed of the moving spots (2000 m/s) was the median speed of the stimulus 

projection on the retina derived from tracked data of the mice performing the 

behavioral task. The LNP model was then used to predict responses of a 

population of RGCs of a particular type across the whole swimming trajectory 

(see paper III for details). Briefly, in each time bin of the full swimming trajectory, 

part of the RGCs were being hit by the stimulus while the rest experienced only 

noise. The responses of RGCs hit by the stimulus were drawn from Poisson 

distributions with mean rates given by the predicted cell responses to the 

stimulus, whereas the responses of the RGCs that experienced only noise were 

drawn from a Poisson distribution with mean corresponding to the average 

baseline firing rate (i.e., the firing rate in the absence of stimulus constituting 

noise in the visual system).  

4.6.5 IDEAL OBSERVER MODEL (III) 

In paper III we constructed ideal observer models performing the behavioral 

detection task based on optimal readout of either ON-S or OFF-S population spike 

responses. The aim was to compare the real measured behavioral performance 

with ideal observer performance based either on ON-S or OFF-S responses for 

two different mouse strains (WT and OPN). Spike responses of the entire RGC 

population of a particular type during full swimming trajectories were modelled 

as described above (chapter 4.6.4) based on estimated stimulus locations on the 

retina (chapter 4.6.3). It was assumed that the ideal observers had access to the 

information from the full mosaic of either an ON-S or OFF-S RGC type, as well as 

the ability to link RGC spike codes to the visual world. The maze was divided into 

60 possible stimulus locations (maze circumference divided by stimulus 

diameter) (see Figure 15). Each possible stimulus location was projected onto 

five (the number of ON-S or OFF-S spatial Gaussian receptive fields partially 

covered by the stimulus, assuming the receptive field radius is one ) ON-S or 

OFF-S RGCs in each eye. The task of the ideal observer was to choose the most 
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likely stimulus location based on RGC responses across the whole swimming 

trajectory.  The decision was made by comparing the total spike count from all 

possible stimulus locations across time. The stimulus location associated with 

the highest (ON-S) or lowest (OFF-S) spike count in a population of RGCs was 

selected. Fraction of correct choices was then computed based on the selections. 

The ultimate ideal observer with perfect “memory” would be able to make 

decisions based on all RGC spikes across the entire swimming trajectory. Less 

ideal versions with shorter memory duration were also constructed and 

compared to the behavioral performance. The model is described in detail in 

paper III.  
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Figure 15 The ideal observer model. A) The ideal observer collects spikes from ganglion cells 
representing specific regions of the water maze’s circumference. The circumference 
was divided into 𝑛 regions. In paper III, 𝑛 = 60 was used, but the results were robust 

against variations in 𝑛. Each region represents a possible stimulus location (s𝑛). B) 

The mosaic of retinal ganglion cell receptive fields (gray circles, one   = 75 m). The 
green circle represents the stimulus on the retina. Filled grey circles are the ganglion 
cell receptive fields that each specific stimulus location projects onto throughout the 
swimming trajectory for different time bins (t1–ti). In paper III it was assumed that 5 

ganglion cell receptive fields are partially covered by the stimulus (𝑚 = 5), but the 
results were robust against variations in 𝑚. C) The spike counts, as predicted using 

the LNP model for each ganglion cell, were stored in region-specific matrixes (S𝑛). 
The ideal observer made a decision regarding the most likely stimulus location by 
comparing the total spike count from all possible stimulus locations across time. The 
stimulus location giving rise to the highest (ON-S) or lowest (OFF-S) firing of spikes 
in a population of ganglion cells was selected. Figure reprinted from paper III 
(supplement).  
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5 RESULTS 

This thesis provides five key results, each of which is presented in one of the 

following chapters (5.1–5.5). The major result of the whole thesis (presented in 

chapter 5.5) shows that behavioral detection of dim lights in darkness relies on 

the retinal ON pathway and the most sensitive ON retinal ganglion cell type (ON-

S RGC), even though the OFF pathway and the most sensitive OFF RGCs (OFF-S 

RGC) cells would have provided a more sensitive readout. To fully appreciate this 

result, I start by presenting results related to key differences between the ON and 

OFF pathways at the sensitivity limit of vision (chapter 5.1). I then analyze the 

contribution of different noise sources in the behaviorally relevant ON ganglion 

cell (ON-S RGC) inputs (chapter 5.2).  Next, I show which ganglion cell types are 

able to respond to the dimmest lights in darkness (chapter 5.3) and use a novel 

quantitative approach to go from photons to RGC responses to behavior (chapter 

5.4).  The breakthroughs explained in chapters 5.3 and 5.4 were the keys for 

linking RGC outputs to behavior (chapter 5.5). 

5.1 ON AND OFF RETINAL PATHWAYS: DIFFERENT 
PROCESSING STRATEGIES GIVE DIFFERENCES IN 
SENSITIVITY, SPEED AND INTENSITY 
DISCRIMINATION (I) 

The dimmest signals of light reach ON and OFF RGCs via the primary rod pathway 

(Soucy et al., 1998; Grimes et al., 2014b, 2018). A key difference between these 

two retinal outputs, in addition to polarity (ON RGCs respond to light with 

increases in spikes, OFF RGCs by decreasing their maintained spiking), is a 

thresholding nonlinearity that is present in the ON pathway but absent from the 

OFF pathway (Ala-Laurila and Rieke, 2014) (described in chapter 2.3.2.3).  In 

paper I, we analyzed how the different strategies in processing the dimmest 

lights affect a) the absolute sensitivity for light detection, b) the response speed 

and c) the intensity discrimination enabled by ON and OFF RGC readouts in 

mouse and primate. We focused on ON-S and OFF-S RGCs in mouse, and ON and 

OFF parasol RGCs in primate, since these cell types are likely to receive 

considerable input from the primary rod pathway (see chapter 2.3.3). As shown 

in paper III, the ON-S and OFF-S RGCs are indeed among the most sensitive RGC 

types in the mouse retina. The analyses were based on primate data (the same 

data set as published in Ala-Laurila & Rieke (2014) but with a different set of 

analysis for this paper), and mouse data from the CBA/CaJ wild type mouse strain 

(a subset of a data set that was later published as a more complete version in 

Koskela et al., 2020). Values reported in paper I are in line with those reported 

by Koskela et al. (2020).  
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We first reviewed fundamental differences in response properties between 

the most sensitive ON and OFF RGCs. The spontaneous activity in total darkness 

differed fundamentally between the ON and OFF cells. OFF RGCs were spiking 

spontaneously in darkness (OFF parasols in primates at 19.9  3.2 Hz, mean  

SEM, n = 7; OFF-S RGCs in CBA/CaJ mice at 74   1.9 Hz, mean  SEM, n = 61), 

whereas the ON RGCs were close to silent in both mice (ON-S CBA/CaJ: 2.1  0.5 

Hz, mean  SEM, n = 47) and primates (ON parasols: 0.48  0.09 Hz, n = 59) (Ala-

Laurila and Rieke, 2014; Koskela et al., 2020). The low spontaneous spiking of 

ON cells is in line with the thresholding nonlinearity (Ala-Laurila and Rieke, 

2014) eliminating noise including that due to spontaneous isomerizations of the 

visual pigment (pigment noise).  

We analyzed the absolute sensitivities of ON and OFF RGC spike responses to 

flashes of light with a two-alternative forced choice task (2AFC; see methods). 

The absolute thresholds (taken as the intensity corresponding to 75% correct in 

the 2AFC task) differed by a factor of two between primate ON and OFF parasol 

RGCs, with OFF being more sensitive (OFF parasol: 0.0004 R*/rod, mean, n = 5), 

ON parasol: 0.0008 R*/rod, mean, n = 6). This was consistent with the idea that 

some single-photon responses are lost due to the inner retinal thresholding in 

the ON pathway. A similar, ca 2-fold, difference was also seen between ON-S and 

OFF-S thresholds in the CBA/CaJ mouse (OFF-S: 0.003 R*/rod, mean, n = 46; ON-

S: 0.006 R*/rod, mean, n = 26), whilst the ON-OFF-difference was smaller in the 

WT mouse data set (WT control on C57BL/6J background) published in paper III 

(OFF-S: 0.0040 R*/rod, mean, n = 61; ON-S: 0.0047 R*/rod, mean, n = 82) (paper 

III: figure 3F).  Notably, threshold values for mouse were higher compared to 

those for primate. Assuming a convergence of 4000 rods per RGC in the primate 

(Goodchild et al., 1996) and 10 000 rods per RGC in the mouse (Sterling et al., 

1988; Tsukamoto et al., 2001), the thresholds correspond to approximately 3 

R*/ON parasol and 2 R*/OFF parasol in the primate, and 60 R*/ON-S and 30 

R*/OFF-S in the mouse.  

Next, we tested the hypothesis that the thresholding nonlinearity might slow 

the processing of sparse signals in the ON pathway. First, we compared the 

excitatory input current response of one ON parasol cell in darkness (nonlinear 

transmission) with the response of the same cell measured in weak background 

light (linear transmission), as it has been shown that weak background light 

relieves the nonlinearity (Ala-Laurila and Rieke, 2014). It took 16 ms longer for 

the input current response recorded in darkness (nonlinear transmission) to 

reach 30–70% of its peak value compared to the response recorded in 

background light (nonlinear transmission) (paper I: figure 2a). If the slow-down 

of the response was due to the nonlinearity, one would expect the OFF RGCs to 

respond faster to light onset compared to the ON RGCs. This was indeed the case. 

Mouse OFF-S RGCs reached 20% of maximum spike response to a weak flash on 

average 23 ms faster compared to ON-S RGCs (n = 12, ON–S and OFF-S RGCs) 

(paper I: figure 2b). Together, this indicates that the nonlinearity in the ON 
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pathway slows down signal transmission compared to that of the linear 

transmission in the OFF pathway. 

Finally, we analyzed the ability to discriminate between responses to 

different light intensities in ON and OFF cells. We compared the spike response 

distributions to different intensities, where the response was defined as the 

difference in spike counts before and after the flash. OFF cells showed a much 

larger overlap between the distributions of responses to different intensities 

compared to ON cells in both primate and mouse (paper I: figure 3). This 

indicates that the ON cells provide a better readout for intensity discrimination 

compared to OFF cells for light increments in darkness. 

In summary, we showed in paper I that nonlinear signal processing in the ON 

pathway at visual threshold comes with costs: First, more single-photon 

responses are lost in the ON pathways leading to slightly lower absolute 

sensitivity in ON cells compared to OFF cells. Second, the propagation of the 

signal is delayed in the ON pathway compared with the OFF pathway. On the 

other hand, the low noise readout of ON RGCs allows better intensity 

discrimination compared to that of OFF RGCs. 

5.2 HALF OF THE INPUT NOISE IN ON SUSTAINED 
GANGLION CELLS COMES FROM 
PHOTORECEPTORS AND THEIR SYNAPSES, BUT 
ONLY A SMALL FRACTION IS PIGMENT NOISE (II)  

Noise is present in all neural systems and threatens to obscure sparse signals 

such as those mediated through the primary rod circuitry at starlight 

illumination levels (discussed in background chapter 2.3.2.2). Synaptic and 

cellular mechanisms in the primary rod pathway increase the signal-to-noise 

ratio by reducing noise and enhancing the signal, as discussed in the background 

and literature review (chapter 2.3.2.3). For a long time, it has been speculated 

what kind of noise limits detection. It has been hypothesized that detection of the 

dimmest lights is limited by spontaneous isomerizations of rhodopsin, pigment 

noise (Barlow, 1956, 1957b; Donner, 1992; Naarendorp et al., 2010; for review 

see Field et al., 2005). Pigment noise has also been suggested to contribute to the 

spontaneous firing of cat RGCs (Barlow et al., 1971; Mastronarde, 1983). 

However, precise quantification of the contribution of pigment noise in the RGCs 

has not been done.  

In paper II we quantified the contribution of pigment noise and other noise in 

the inputs of mouse ON-S RGCs in darkness and dim background light (0.5 

R*/rod/s) where signals traverse the retina solely through the primary rod 

pathway (Soucy et al., 1998; Grimes et al., 2014b, 2018). We focused on ON-S 

RGCs as they, together with OFF-S RGCs, are among the most sensitive RGCs in 

the mouse retina (see below chapter 5.3). In paper III we also show that ON-S 

RGCs drive behavioral detection of the dimmest light increments (see below 
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chapter 5.5), which makes them the most interesting RGC type for this particular 

question. 

We recorded excitatory input currents of ON-S RGCs in flat mounted retinas. 

By using a pharmacological approach (paper II: figure 3), we could separate outer 

retinal noise (noise arising in photoreceptors and their synapses) from inner 

retinal noise (noise from and downstream of rod bipolar cells). Our results 

showed that about half of the noise in ON-S RGC inputs, in darkness and under a 

0.5 R*/rod/s background, originates from the outer retina, while the rest arises 

in the inner retina (paper II: figure 3F). However, only a very small fraction (ca 

2–3%) of the total noise was estimated to originate from fluctuations in rod 

pigment events (paper II: figure 3D).  

5.3 ON AND OFF SUSTAINED ALPHA GANGLION 
CELLS ARE AMONG THE MOST SENSITIVE 
GANGLION CELLS IN THE MOUSE RETINA (III) 

Visual information is carried by spike responses of more than 40 different RGC 

types in the mouse retina (Baden et al., 2016; Bae et al., 2018; Rheaume et al., 

2018; Tran et al., 2019; Goetz et al., 2021).  Alpha RGCs are good candidates for 

being among the most sensitive RGC types (see paper I and chapter 2.3.3 above). 

Surprisingly, some studies suggest that alphas belong to some of the least 

sensitive RGCs in the mouse retina (Pan et al., 2016). The absolute sensitivities 

of alpha RGCs recorded by Pan et al. were, however, more than 10-fold less 

sensitive compared to recordings by Murphy and Rieke (2011) and paper I in this 

study. Thus, it is still unclear which RGC types provide the most sensitive retinal 

readout. In paper III we revisited this question by quantifying RGC sensitivities 

in the mouse retina in similar recording conditions as those by Murphy and Rieke 

(2011).  We tested the hypothesis that ON-S and OFF-S RGCs provide the most 

sensitive retinal readouts.  

We targeted ON-S, OFF-S, and all other adjacent RGCs in the RGC mosaic of flat 

mounted retinal preparations (paper III: figure 2A). The particular types of RGCs 

other than alphas were not identified, but lumped as “others”. On the basis of RGC 

densities (Baden et al., 2016) we estimated that, by targeting a high number of 

“other” RGCs (ca 200) across preparations, we had targeted all RGC types or 

missed maximally one with 90% probability (paper III: figure 2C). The 

sensitivities were quantified with a 2AFC analysis (see methods chapter 4.6.2) 

for spike responses to brief flashes. The results showed that no other RGC type 

was more sensitive than the most sensitive ON-S and OFF-S RGCs (paper III: 

figure 2F and G, WT mouse). Furthermore, the ON-S and OFF-S RGCs were on 

average over 30-fold more sensitive than the average “other” RGC type (paper 

III: figure 2F and G). A few “other” cells got close to the sensitivities of ON-S and 

OFF-S cells. Of these, three out of four could be identified as OFF transient alpha 

cells, a type which earlier has been shown to have similar sensitivity as the OFF-
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S cell (Murphy and Rieke, 2011).  Altogether, this suggests that ON-S and OFF-S 

indeed are among the most sensitive RGCs in the mouse retina.  This knowledge 

could in the rest of paper III be used to study the dependence of visually guided 

behavior on the retinal readout at the sensitivity limit of vision (discussed in the 

following chapters).  

5.4 THE BEHAVIORAL PERFORMANCE IN A DIM LIGHT 
DETECTION TASK GETS CLOSE TO AN OPTIMAL 
READOUT OF THE GANGLION CELL SIGNALS (III) 

What is the ultimate limit of behavioral performance based on a perfect readout 

of the responses of RGCs, and how close to this ultimate limit does real behavioral 

performance get?  

We quantified mouse behavioral performance in a dim light detection task 

performed in darkness in a six-armed water maze (see methods, paper III). The 

task of the mouse was to choose which corridor out of six possible contained a 

dim light stimulus in the dark water maze (see paper III: figure 3A). A correct 

choice was defined as a trial where the mouse entered the stimulus corridor 

without entering any other corridor before that. The behavioral sensitivity was 

mapped by quantifying the performance (fraction of correct choices) for a range 

of dim stimulus intensities until performance reached chance level where choices 

were made randomly (fraction correct: 1/6). Swimming trajectories and head 

movements were quantified with novel automated video tracking technology 

(see methods chapter 4.4.3), and eye movements were quantified in a semi-

automated manner (see methods chapter 4.4.4, and paper III: figure 3D and E).  

Behavioral detection of the dimmest lights was analyzed in relation to the 

signaling of the ON-S or OFF-S RGCs, which had been shown to provide the most 

sensitive retinal readouts (see 5.3 above). The question was, how close to the 

ultimate limit based on perfect readout of ON-S or OFF-S spike trains does the 

real behavioral performance get. To answer this, we created two ideal observer 

models, one for each cell type, and mapped the performance of these ideal 

observers in the water maze task. The ideal observers were assumed to have 

access to the information from the full cell mosaic of either ON-S or OFF-S RGCs, 

as well as information on head and eye movements allowing them to link RGC 

spike responses to the visual world (see paper III: figure 4A). First, we predicted 

the stimulus movements on the retina across full swimming trajectories based 

on tracked body and head movements, eye optics, and measured eye movements. 

Second, we mapped photon hits on the retina into RGC spike trains (either ON-S 

or OFF-S) using a time-space separable linear-nonlinear Poisson (LNP) model 

(see methods 4.6.4) (paper III: figure 4A-G). This model was tightly constrained 

by, and validated against experimental RGC data. The model could accurately 

predict responses to moving spot stimuli (paper III: figure 4H-J). Third, we let the 

ideal observers select the most likely stimulus location by comparing the total 
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spike count from all possible stimulus locations across time. The ideal observers 

were given perfect “memory” allowing them to make the decisions based on 

information about spikes gathered across the full swimming trajectory (paper III: 

figure 4K dashed line). Comparing the performance of ON-S and OFF-S ideal 

observers revealed that the performance for these were very similar, which was 

in line with the very small sensitivity difference between ON-S and OFF-S RGCs 

(see WT mouse paper III: figure 2, and chapter 5.1). Finally, we compared the 

ideal observer performance to the real behavioral performance. We found that 

the real behavioral performance (paper III: figure 4K open symbols) got 

remarkably close to the ideal observer performance (paper III: figure 4K dashed 

line) based on the output of either mosaic, differing by only a factor of 3. This 

astonishing result suggests that the processing of these RGC spike trains in the 

brain, all the way from decoding to decision making and behavioral output, 

introduces very little noise. 

5.5 BEHAVIOR RELIES ON THE ON PATHWAY IN A DIM 
LIGHT DETECTION TASK (III) 

The spike trains of both the ON-S and OFF-S RGCs carry information about the 

weakest signals of light, single-photon absorptions, as shown in paper III and 

described above (chapter 5.4). Does behavior rely on the signals from the ON-S 

or OFF-S readouts for detection of the dimmest lights? We could for the first time 

tackle this question by doing water maze experiments as described above 

utilizing a transgenic mouse line with a clear difference in the sensitivities of ON-

S and OFF-S RGCs. The ON-OFF asymmetry was a serendipitous finding in the 

Rho::OPN1LW mouse line of Fu and colleagues (here termed OPN) (Fu et al., 

2008), which expresses a small fraction of human L-opsin pigment in the rods. 

We characterized the retinal inputs, outputs and behavior for this mouse and 

linked the behavioral performance to RGC readouts with ideal observer models. 

We first measured the rod single-photon response with the suction pipette 

technique (paper III: figure 1). The OPN rods had a ca 3-fold lower single-photon 

response amplitude compared to wild type controls (WT) (paper III: figure 1E). 

We hypothesized that this smaller single-photon response would cause an 

asymmetry between the ON-S and OFF-S outputs due to the thresholding 

nonlinearity in the ON pathway (Ala-Laurila and Rieke, 2014) which is absent 

from the OFF pathway. This was indeed the case, the OPN ON-S cells were 5-fold 

less sensitive than the OPN OFF-S cells (paper III: figure 2E-G). Importantly, the 

difference between WT ON-S and OPN ON-S was 10.6-fold, while the difference 

between WT OFF-S and OPN OFF-S sensitivity was only 2.5-fold (paper III: figure 

2H).  

 Next, we measured and quantified the behavioral sensitivity in the dim light 

detection task in darkness described above (chapter 5.4, see also methods 

chapter 4.4.1). We found that OPN mice learned the task equally well as the WT 
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mice (paper III: figure 3B), and that both strains performed the task equally well 

for a stimulus spot having a high light intensity (> 1000 R*/rod/s) (paper III: 

figure 3H). However, in the low intensity range (< 1 R*/rod/s), where signals 

travel solely through the primary rod pathway, the OPN mice performed worse 

compared to WT (paper III: figure 3H). At these low intensities the sensitivity of 

OPN mice was shifted ca 11-fold compared to WT.  

The 11-fold shift in behavioral performance was in close agreement with the 

10.6-fold shift in the ON-S RGC sensitivity, suggesting that behavior depends on 

the ON-S RGC. In other words, the difference in performance between OPN and 

WT should have been smaller if behavior would have utilized OFF-S RGCs. 

However, this way of comparing the RGC and behavioral performance has several 

complications: First, the behavior depends on a population of RGCs whereas the 

RGC sensitivity was characterized for single cells. Second, the RGC sensitivity was 

characterized for brief flashes, whereas the RGCs in the behaving mouse 

experience a moving spot stimulus consisting of a sparse rain of photons. 

Therefore, we decided to predict the behavioral performance based on perfect 

readout of either the WT ON-S, WT OFF-S, OPN ON-S or OPN OFF-S RGCs. These 

four ideal observers were constructed as explained above (chapter 5.4). In 

addition, the memory time of the models was restricted and locked for all four 

models to 320 ms, the time that provided the best match between the WT ON-S 

ideal observer prediction (WT OFF-S was similar) and WT behavior (paper III: 

figure 4K). The results showed that, as expected, WT behavior closely matched 

the model predictions for both WT ON-S and OFF-S cells (paper III: figure 4L). 

The ideal observer prediction based on OPN ON-S and OFF-S RGCs were in line 

with the difference between OPN ON-S and OFF-S RGC sensitivities (paper III: 

figure 2). Strikingly, the OPN behavior matched closely the model prediction for 

the ON-S RGCs even though the OFF-S RGCs would have provided a 4-fold higher 

sensitivity (paper III: figure 4L). This finding was robust against different 

changes in the model parameters (see paper III: figure 4L inset and figure S8).  

These results suggest that the behavioral detection of dim lights in darkness 

depends on increases in spiking from the ON-S cells even though decreases in 

spiking from the OFF-S cells would have provided a more sensitive behavioral 

output.  This implies that the brain utilizes a specific decoding strategy relying on 

information from specific cell types, instead of utilizing the total information 

contained in parallel information streams.  
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6 DISCUSSION 

The present thesis connects behavior to neural responses and their underlying 

circuit mechanisms at the sensitivity limit of seeing. The key achievement was 

establishing an approach (paper III) that let us successfully address the 

challenges related to linking neural circuits to behavior (discussed in chapter 

2.4.2). With this approach we could go from well-defined photon distributions to 

neural codes to behavioral decisions in a task that allowed end-to-end 

characterization of neural processing. We show that the ON-S and OFF-S cells are 

among the most sensitive RGCs in the mouse retina (paper III). The main finding 

suggests that mice rely on ON-S RGCs for detecting the weakest light increments 

in darkness, even though OFF-S RGCs would have provided a more sensitive 

readout of the light signal (paper III). Moreover, the behavior comes remarkably 

close to a perfect readout of the retinal signals (paper III). Seeing at the sensitivity 

limit requires circuit mechanism separating sparse signals from neural noise. 

Understanding what cells and circuits drive detection of the dimmest lights now 

finally lets us ask how these requirements are met in the design of retinal circuits 

underlying this particular behavior. Papers I and II together provide a deeper 

understanding of the signal and noise processing mechanism, as well as noise 

sources in the behaviorally relevant ON retinal circuitry. The analysis in paper I 

shows that the nonlinear processing strategy of the ON pathway provides a more 

reliable, but less sensitive and slower readout of weak light signals compared to 

the linear OFF pathway. Furthermore, we show that noise reaching ON-S RGCs 

originates from the outer (photoreceptors and their synapses) and the inner 

(from and downstream of bipolar cells) retina in a 1:1 ratio. However only a small 

fraction, ca 2–3%, of the total retinal noise reaching ON-S RGCs is rod pigment 

noise (paper II).  

6.1 LINKING BEHAVIOR TO RETINAL OUTPUTS AT THE 
SENSITIVITY LIMIT 

Our results suggest that behavior relies on ON-S RGCs for detection of the 

weakest light increments, and that the output originating from OFF-S RGCs is not 

utilized for that purpose even though it would have provided a more sensitive 

readout of the light stimulus. This suggests that the total information in the spike 

trains across cell types is not used for a particular kind of behavior. Instead, the 

brain seems to rely on information from distinct RGCs types even at the 

sensitivity limit of vision. Interestingly, these results are consistent with recent 

data sets comparing human visual perception with primate ON and OFF RGC 

outputs concluding that humans depend on ON RGCs for seeing the dimmest 

lights (Kilpeläinen et al., in preparation). As both mice and humans rely on the 
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well-conserved primary rod pathway at the lowest light levels, these results 

imply that both species utilize the same ON branch of this pathway for seeing the 

weakest light increments. It seems likely that it is a universal mammalian 

property.  

What is the role of OFF-S RGCs at the dimmest light conditions if not in 

detection of light increments? Considering the high costs of neurons (Attwell and 

Laughlin, 2001) and the high sensitivity of OFF-S RGCs, one would expect them 

to be utilized at the lowest light levels. Intriguingly, a recent study shows that the 

detection of light decrements (shadows or negative contrasts) by mice in very 

dim light relies on the most sensitive OFF-S RGCs but not on ON-S RGCs (Westö 

et al., 2021). Together, this suggests that the most sensitive ON and OFF RGCs 

have distinct roles for seeing at the lowest light levels: ON-S RGCs are used for 

increment detection and OFF-S RGCs for decrement detection. Similar 

conclusions have been drawn based on experiments on primates at higher 

photopic light levels (Schiller et al., 1986). However, over 40 different RGC types 

can contribute to vision at these light levels (Baden et al., 2016; Bae et al., 2018; 

Rheaume et al., 2018; Tran et al., 2019; Goetz et al., 2021). It remains to be seen 

whether a distinct division of labor between different ON and OFF RGC types also 

applies to various behavioral tasks at higher light levels.  

ON-S cells respond to light increments by increasing their spiking whereas 

OFF-S respond by decreasing their spiking. The responses to light decrements 

are the opposite (OFF-S respond with increased firing rate and ON-S with 

decreased firing rate).  Our results, together with recent results from studies on 

decrement detection in mice (Westö et al., 2021)  and increment detection in 

primates (Kilpeläinen et al., in preparation), imply that visually guided behavior 

at threshold relies on increases in spikes, and that information contained in 

decreases (gaps) in spiking is not used optimally. Could relying exclusively on the 

presence of spikes rather than the absence of spikes, be a universal strategy for 

decoding neural spike trains in general? Studying this question in other visual 

tasks and other sensory modalities, in both sensory organs and the rest of the 

brain, is an interesting task for future research. As discussed in paper I, there are 

challenges related to a “gap-code”, exemplified by OFF-S cells in dim light. In 

particular, the fluctuations in the baseline firing induce noise that could influence 

the reliability of the gap-response, making the gap-code of OFF-S RGCs 

considerably worse for intensity discrimination compared to the spike code of 

ON-S RGCs. 

The ON-OFF dichotomy is a common feature in vision, as well as in other 

sensory modalities. The evolutionary advantages of this kind of parallel 

processing have been discussed (see e.g., Sterling, 2004; Ratliff et al., 2010; 

Sterling, 2013; Gjorgjieva et al., 2014; discussed in chapter 2.2.2.2). One proposed 

advantage is that such a dichotomy would allow increments and decrements to 

be processed in different ways to optimally support the ecological needs of the 

animal (Ratliff et al., 2010). This resonates with our results, as we together with 

Westö et al. (2021) now for the first time show that behavioral detection of 
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increments and decrements indeed relies on ON and OFF circuits, respectively, 

at visual threshold. It has been suggested that encoding increments with the ON 

channel and decrements with the OFF channel would allow greater dynamic 

signaling range and metabolically more efficient processing (Sterling, 2013; 

Gjorgjieva et al., 2014; see chapter 2.2.2.2). However, taking into account the high 

metabolic costs of spiking, the high firing rate of OFF-S cells in the dark may be 

questioned, especially since the gaps in firing of the OFF-S cells does not seem to 

be utilized optimally. Several things could explain this controversy. For example: 

not all biological solutions seem optimal in our eyes although they are just good 

enough to support survival (see chapter 2.1.3). Along those lines, it is likely that 

the cost of one cell type out of more than 40 does not impose a big increase in the 

total cost of RGC spiking. Alternatively, the high maintained baseline firing might 

serve some purpose we still do not understand.  

6.2 RETINAL CIRCUIT DESIGN AND ITS BEHAVIORAL 
RELEVANCE  

The mechanisms of the sensitive primary rod circuit, including the ON-OFF split, 

have been extensively studied earlier (for review see e.g., Field et al., 2005; 

Pahlberg and Sampath, 2011; Field and Sampath, 2017; see also Ala-Laurila and 

Rieke, 2014) and are not novel to this work. However, the behavioral relevance 

of the circuit mechanisms has not been clear.  

What type of neural circuit design supports behavioral detection of the 

dimmest lights? At least two circuit mechanisms characterize the behaviorally 

relevant most sensitive ON pathway: 1) spatial pooling and 2) thresholding 

mechanisms eliminating neural noise, of which an inner-retina nonlinearity is 

exclusive for the ON pathway. What is the relevance of these mechanisms? The 

absolute sensitivity of ON-S and OFF-S RGCs determined in this work (papers I 

and III) implies that the ON-S and OFF-S RGCs are able to respond when less than 

1% of rods in the pool of 10 000 absorb photons, in line with sensitivities 

recorded by others (Murphy and Rieke, 2011). In the light of this extreme 

sensitivity, it is clear that large spatial pooling of rod signals is needed. The OFF 

pathway, relevant for decrement detection, shares the same need. This has led to 

a unique circuit design, where contrary to retinal circuits operating at higher 

light levels, the split into ON-OFF channels happens late, just before the RGCs. 

While this design increases the sensitivity of both ON and OFF cells, it also limits 

the extent to which processing in the ON and OFF pathways can be optimized 

differently for these two different pathways. 

 Noise together with large spatial pooling impose a significant constraint. At 

the absolute sensitivity limit, more than 99% of the rods from which signals are 

pooled, do not contribute with a signal but do cause noise. Reliable detection of 

sparse signals could not be achieved if signals and noise were pooled linearly. 

Indeed, a thresholding nonlinearity at the first synapse, common for both the ON 
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and OFF pathways, rejects at least part of the photoreceptor noise (Field and 

Rieke, 2002b).  At the same time a significant fraction of the single-photon 

responses and pigment noise are lost. Moreover, circuitry noise and 

consequently some single-photon responses are further rejected at the second 

nonlinearity in the ON-pathway. This kind of nonlinearity is not present in the 

OFF-pathway (Ala-Laurila and Rieke, 2014). As analyzed in paper I, the output of 

the OFF-pathway is therefore slightly more sensitive and faster, but also allows a 

higher rate of false positives (see also Ala-Laurila and Rieke, 2014). The output 

of the ON pathway takes a slight hit in sensitivity and speed, but has a very low 

noise and low rate of false positives, implying high reliability. Our results show 

that light detection in the behavioral task in darkness relies on the ON pathway, 

suggesting that reliability rather than high speed and sensitivity is prioritized 

when it comes to detection of the weakest light increments in darkness.  

Recently, there have been experimental studies aiming to determine whether 

humans and can detect single photons (Tinsley et al., 2016). However, 

considering the losses of single-photon responses due to the thresholding 

nonlinearities, it seems obvious that the design of the most sensitive retinal 

circuit mechanisms have not been optimized for detection of single photons 

(Tiihonen et al., in preparation). This does not of course diminish the importance 

of the ability of rods to be able to respond to single photons, as vision depends 

on rod single-photon responses not only at threshold (close to 0.001 R*/rod), but 

up to 1000-fold higher intensities (to 1 R*/rod). Thus, the capability of a single 

rod to encode a single photon supports more than 3 orders of magnitude of the 

dynamic range of vision. 

The design of neural circuits is an interplay between a drive to maximize 

biological fitness in a particular ecological context and the effect of different 

constraints (see chapter 2.1.3). The present work exemplifies how a balance 

between on one hand the drive for high sensitivity, on the other hand constraints 

(such as noise from different sources) is struck in the design of the retinal 

circuitry relevant for detection of the dimmest lights.   

6.3 VISUAL PROCESSING OF VERY DIM LIGHT AND 
THE IMPACT OF NOISE 

We found that behavioral detection of the dimmest light increments in darkness 

got remarkably close to the ultimate limits set by a perfect readout of the signals 

provided by the retinal ON pathway (paper III). This indicates that the brain 

utilizes information from the retina in an efficient way, and that processing of 

retinal signals by the brain, all the way from the output of the retina to behavioral 

decisions, introduces very little noise. Similar results have recently been 

obtained in a decrement detection task where behavior relied on the most 

sensitive OFF pathway (Westö et al., 2021).  
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What is then setting the sensitivity limits of the outputs in darkness and very 

dim background light? Both retinal noise and photon losses affect the sensitivity 

of retinal ganglion cells. In paper II we studied specifically the noise reaching the 

inputs of the behaviorally relevant ON-S RGC inputs. We found that half of the 

noise in ON-S RGC inputs originates in photoreceptors and their synapses (outer 

retinal circuitry), and the other half in bipolar cells and the inner retinal circuitry. 

Contrary to some classical studies (e.g., Barlow et al., 1971; Mastronarde, 1983), 

we found that only a very small fraction (ca 2–3%) of the total noise in the ON-S 

RGC inputs originates from spontaneous activations of the rhodopsin pigment, 

i.e., rod pigment noise. The low fraction of pigment noise is consistent with the 

very low spontaneous firing rate observed in ON cells (paper I; paper III; also: 

Ala-Laurila and Rieke, 2014; Koskela et al., 2020). This together with the low rate 

of pigment noise indicates that pigment noise has efficiently been filtered out 

before reaching the RGCs.  Thus, even though pigment noise did not reach the 

retinal outputs, it might still play a role in determining the sensitivity limits by 

forcing the design of retinal mechanisms to deal with it. Indeed, the analysis of 

the recent preprint (Westö et al., 2021) shows that both the losses of single 

photons in retinal processing and pigment noise together define ultimate limits 

for signal processing in the primary rod pathway. Furthermore, the inner retinal 

nonlinearity is positioned to efficiently eliminate retinal noise, including pigment 

noise, at least in primates (Ala-Laurila and Rieke, 2014). Earlier studies on cat 

(Barlow et al., 1971; Mastronarde, 1983), however, suggest that each photon 

event in the rods elicits a spike in the RGCs, and that pigment noise can be seen 

as spontaneous spiking of the RGC. This is clearly not the case in the mouse RGCs 

since pigment noise is hardly detected even in the input currents of the RGCs. 

Alternative interpretations for the previous results on the cat should also be 

considered. Perhaps, these contradicting results could be explained by species 

differences and/or different recording conditions (anesthetized cat in vivo vs. 

flat-mounted in vitro retinal preparations from mouse). These are interesting 

questions for the future and need to be answered by experiments performed on 

each species in matching conditions. 

Despite the low amount of pigment noise, our results show that half of the 

noise reaching ON-S RGCs still originated from the rods and their synapses. What 

does this outer retinal noise then consist of? Earlier results show that the 

thresholding nonlinearity at the synapse between rods and rod bipolar cells 

efficiently filters out continuous noise arising from the transduction machinery 

of the rods (Field and Rieke, 2002b). This, together with the low amount of 

pigment noise we observed, suggest that that the main part of the outer retinal 

noise reaching ON-S RGCs could be synaptic noise. Whether this is the case is an 

interesting question for future studies. 

How do these noise components affect and limit seeing the dimmest lights? 

Classical work has paid a lot of attention on specifically on pigment noise and its 

role in limiting detection (see e.g., Barlow, 1956, 1957b; Aho et al., 1988; Donner, 

1992). Now, when we have been able to separate the total noise reaching ON-S 
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RGCs into several components (paper II) one could in the future study the 

implications of these noise sources on sensitivity limits of seeing (see future 

studies below). As evident by the results in paper III (see above), light-guided 

behavioral performance gets close to the limits set by retinal mechanisms. 

Understanding the limits of the retinal readout is therefore not only interesting 

from the perspective of retinal signaling but also from the perspective of 

behavioral performance at the visual perception limit. 

Thus, the low fraction of pigment noise in the input and extremely low noise 

in the output of ON-S RGCs forces a reinterpretation of classical results on human 

detection of very dim light flashes. Ala-Laurila and Rieke (2014) found that 

primate ON-S RGCs in darkness responded as virtually noise-free detectors of the 

coincidence of (at least) two quantal events in the receptive field within a time 

window of up to ca 200 ms. On the other hand, Sakitt (1972) showed that human 

observers seeing dim flashes in darkness perform as signal/noise discriminators 

rather than detectors of any specific order of coincidence. In her experiments, 

observers rated the subjective certainty of seeing a flash on a scale from 0 (not 

seen) to 6 (seen as a very bright light). Each score allowed construction of a 

separate FOS-function. As analyzed by Donner (1992), the 50% detection 

thresholds according to the most sensitive (most uncertain) “seen” criterion was 

2, 3 and 5 R* for the three subjects, broadly consistent with the performance of 

primate ON-S RGCs (Ala-Laurila and Rieke, 2014; paper I). Nelson (2016) also 

reanalyzed Sakitt’s data and conclude that the psychometric functions are most 

consistent with a threshold of 2–3 R* rather than linear processing. Interestingly, 

the noise derived from response variability (including false positives), in Donner 

(1992), was the same across all criteria for seeing. The mean across subjects and 

criteria, translated into a noise-equivalent background light, was 0.027 R*/rod/s. 

In the light of the present results and those of Ala-Laurila and Rieke (2014), this 

now appears as largely reflecting brain noise and behavioral variability 

(Kilpeläinen et al., in preparation).  

6.4 FUTURE DIRECTIONS 

One of the major achievements of this study was the establishment of the 

paradigm for strictly quantitative study of visually guided performance at very 

low light levels. The results, together with recent results by Westö et al. (2021), 

show that this paradigm can be used to assess the functions of specific RGC types 

by quantitative correlation with behavioral measurements.  This unique ability 

to separately probe the functions of specific RGC types and their underlying 

circuitries could in the future be used understand how perturbations in the 

retinal cells and circuitries affect the functions of the ON and OFF pathways. This 

provides an opportunity to learn more about the behavioral dependence on 

specific retinal mechanisms, as well as how different retinal diseases affect the 

function of the ON and OFF pathways. Findings related to the dim-light regime 
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have even the possibility to be bridged from mouse to primate since the 

evolutionary ancient primary rod pathway is likely to be similar across 

mammals.  

Our results together with those of Westö et al. (2021) suggest that increases 

in spiking by the most sensitive ON and OFF cells are used to detect light 

increments and decrements at the dimmest conditions, respectively. It would be 

interesting to understand how robust these decoding principles are.  First, one 

could ask whether the information encoded as gaps in spiking could be utilized 

more efficiently in other visual tasks or in other parts of the brain.  Second, this 

study is limited to pure detection of sparse photons. Therefore, it would be 

interesting to study how the ON and OFF RGCs contribute to other visual tasks in 

the dim light regime, and what kind of tasks are even possible to perform at these 

extremely dim light levels. Finally, as it has been shown that cortical sensory 

processing is influenced by brain and behavioral states (reviewed in e.g., Cardin, 

2019; McCormick et al., 2020), and that arousal shapes the responses of retinal 

outputs to the thalamus and superior colliculus (Liang et al., 2020; Schröder et 

al., 2020), it would be intriguing to understand how context-dependent the 

decoding principles of the increment and decrement detection tasks are. 

In paper II we isolated different sources of noise reaching the ON-S RGCs. The 

next step would be to understand how these noise sources affect different 

aspects of seeing at starlight illumination levels. The effect of different rod noise 

sources on detection and temporal discrimination tasks has recently been 

studied by modeling (Field et al., 2019). A similar approach could be utilized to 

study the effect of the retinal noise components isolated in paper II on different 

visual tasks. Understanding how different sources of retinal noise affect the 

sensitivity of the retinal output is of particular interest as our results from paper 

III suggest behavior gets close to the limits set by retinal signal processing.  

Barlow (1961) proposed that the key to understanding the function of neural 

circuits is to understand their connection to behavior, in line with the phrase: 

“nothing in neurobiology makes sense–except in the light of behavior” (Hirsch, 

1986). This has recently been echoed by others (e.g., Krakauer et al., 2017; Niv, 

2021) suggesting that links between neural circuits and behavior has to be 

established through a behaviorally driven top-down approach with carefully 

designed, hypothesis-based, behavioral experiments. Now, this study is a 

successful example of the behaviorally driven approach, showing that by 

combining well-constrained and quantified behavior, well characterized 

neuronal cell types and interventional techniques (see background chapter 2.4.2) 

one can successfully answer fundamental questions in neuroscience.  
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7 CONCLUSIONS  

1. Nonlinear processing strategies of the ON pathway provide a more reliable, 

but less sensitive and slower readout of weak light signals compared to the 

more linear OFF pathway.  

 

2. About 50% of the noise reaching the most sensitive ON ganglion cell 

originates from photoreceptors and their synapses but only a small fraction 

of that is pigment noise. This challenges some of the earlier literature where 

a more dominant role of pigment noise in the retinal ganglion cells has been 

suggested.  

 

3. The ON and OFF sustained alpha retinal ganglion cells are among the most 

sensitive ganglion cells in the mouse retina. This result was crucial for being 

able to link retinal outputs to behavior near the absolute sensitivity limit 

(see below). 

 

4. Behavioral detection of the weakest light increments in darkness gets close 

to a perfect readout of the retinal ganglion cell signals. This suggests that 

the processing of these retinal signals by the rest of the brain is remarkably 

efficient.   

 

5. Mice rely on signals from the most sensitive ganglion cells of the ON 

pathway for detecting the weakest light increments, even though the OFF 

pathway would have provided an even more sensitive readout. This 

indicates that the brain utilizes distinct decoding mechanisms relying on 

specific outputs rather than utilizing the total information across cell types. 

It also suggests that nonlinear signal processing strategies which 

contribute to high reliability and low noise are preferred in this behavioral 

task, rather than linear mechanisms maximizing sensitivity and speed at 

the expense of reliability. 
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