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Experientially, our ability to visually perceive the world seems extraordinary, yet we keep
asking ourselves: “could perception be better?” This dissertation centers around this
question, exploring how the biophysics of photoreceptors impose constraints on the
visual system and dictate certain aspects of perception. The first chapter explores the
sources of noise in cone phototransduction and identifies open-close transitions of the
cGMP-gated channels as a dominant source of noise. This noise source also escapes
the light-adaptation mechanisms that control gain, establishing a particular scenario that
determines the shape of threshold-vs.-intensity curves in single cones and ultimately in
humans. The second chapter investigates how cones adapt during eye movements,
uncovering that adaptation has at least two different time scales that influence the
encoding of mean luminance and modulation around the mean luminance separately.
This will lead to the construction of a biophysical model that only when endowed with
two separate light-adaptation mechanisms is able to reproduce responses to a wide
array of stimuli. It is my hope that this model can be used as a tool to explore the
constraints imposed by cone signals on the rest of the retinal circuitry and that it can

help clarify how computations are implemented in downstream neural circuits.
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Chapter 1
INTRODUCTION

One of the basic goals of sensory physiology is to understand how physical
stimuli from our environment are turned into perception and used to guide behavior. In
the case of vision, our everyday experience tells us that our sensory system is
extraordinary: we are able to differentiate millions of colors, to discern the finest details
in scenes and images, to detect events that occur in just fractions of a second, or to
navigate the world under moonlight or in a clear sunny day. In a broad sense, this
dissertation centers around how such sensitivity is achieved and how it is maintained as
lighting conditions rapidly change. | will specifically tackle this question in primate cone
photoreceptors, striving to elucidate how quantitative properties of the
phototransduction process, like absolute sensitivity or light adaptation, impose
constraints on visual processing. | propose that the results presented here establish a
fair and biological basis to make comparisons with perception, and for some particular

issues give clues on why our seemingly extraordinary daylight vision is not better.

1.1 Photoreceptors as a bottleneck for transmission of information

The history of modern vision science begins with the investigations into the
physical basis of light, where a key finding was made by Newton in some of his earliest
experiments on the subject. By dispersing light through prisms and recombining
“‘individual rays”, Newton revealed that a single hue could be recreated by the
combination of very different subsets of narrow band lights (Shevell, 2003). Newton was
convinced that this was a property of light itself, as during the XVIIth century, it was
thought that rays of light fed directly into the optic nerve. But in fact, this is actually a
property of our sensory system: in the very first stage of vision, three types of cone
photoreceptors (figure 1.1a and b) detect light and produce signals that are relayed to
the rest of the system. Each cone type has a wide and unique sensitivity to different
wavelengths of light (figure 1.1c) (Baylor et al., 1987) and can be classified as an L, M
or S cone for being maximally sensitive to either long, middle or short wavelengths. The

signals arising from the different cone types are then combined and compared in



particular ways by the visual system to create our perception of color (Shevell, 2003).
The perception of a single hue can then be recreated with very different physical lights
as long as photon absorptions are matched at the level of the three different types of
cones. For this reason, the perception of color in humans can be described with a set of
three axes (corresponding to photon absorptions in the L, M and S cones), a property
known as trichromacy. Trichromacy is an example of a constraint imposed by
photoreceptors themselves, that is then inherited by the rest of the system. Similarly, it
is important to consider two additional constraints photoreceptors impose. First, noise
that arises in photoreceptors sets a fundamental limit to our ability to sense changes in
the visual world, as information that is lost early in the system is impossible to recover
downstream. Second, photoreceptors can signal only over a limited range of inputs, a
constraint that is mitigated by adaptational mechanisms that adjust gain to match the
ambient lighting conditions.

From moonlight to clear summer days, ambient illumination spans a range of
more that 8 log units, far surpassing the limited biological range of a single neuron: for
example, retinal ganglion cells, which convey all visual information from the retina to the
central nervous system by the transmission of action potentials, can modulate their
firing rate by a factor of ~100. Thus, to maintain sensitivity and encode information,
there is a need to adapt, and the visual system has set diverse physiological adaptation
mechanisms throughout the visual system to be able to remain effective under the
various challenges imposed by the environment (Rieke and Rudd, 2009). Adaptational
mechanisms are first found in photoreceptors; like other neurons, photoreceptors have
a limited range of signaling and adapt to avoid saturation while still maintaining high
sensitivity to small stimulus deviations, so that the rest of the system receives
meaningful inputs. Psychophysical studies have tried isolating the impact of adaptation
in the detection of colored stimuli (for example, Stiles, 1953) and have found that over a
wide variety of experimental conditions, the magnitude of adaptation depends linearly
on the background illumination (known as Weber’s law); this endows vision with
constant responses to equal contrast, independently of the background illumination (a

property known as ‘contrast constancy’) (Graham and Hood, 1992, Rovamo et al.,



1999). It is thought that the decreases in gain due light-adaptation in cone
photoreceptors directly contribute to Weber adaptation and thus to contrast constancy.

In addition to the ability to accommodate a large range of inputs, visual sensitivity
to subtle changes in inputs is quantitatively impressive. For example, humans and other
primates are able to detect less than 5 nm changes in the wavelength of light (De Valois
and Jacobs, 1968, Pokorny and Smith, 1970) even though the spectral sensitivities of
cones themselves are wide (the half-width of cone spectral sensitivities ranges is
approximately 100 nm) (figure 1C). Humans are also able to detect displacements in
bars of light of just 1 minute of arc (about 1/20t the width of a single cone
photoreceptor) (Klein and Levi, 1985), or perceive flashes of light that elicit merely ~5
photon absorptions per cone (or R*, as in ‘receptor activations’) in a pool of just ~10
cones (Donner, 1992, Koenig and Hofer, 2011) or even only 5 to 7 R* distributed across
a pool of 500 rods (Donner, 1992). The main issue about these claims is that they are
not grounded in a reliable base of comparison: detection is a task that depends on the
signal-to-noise ratio and, without the presence of noise, even small spectral or spatial
shifts should be able to be detected; for this reason, the detection of such stimuli is
limited by the amount of noise in the system and not by the width of spectral sensitivities
or the size of photoreceptors. In this specific context, the work | present here is a

quantitative exploration of biophysical factors that may limit visual performance.

1.2 The physical limits of vision

Before considering the constraints imposed by neural processing, extrinsic
factors have to be taken into account. Since the retina lines the back of the eye and
photoreceptors are the outermost layer of the retina, light has to travel through several
layers of optic media, including including the cornea, the lens, the vitreous humor, the
macular pigment and the retina itself, before reaching photoreceptors. These optical
elements are imperfect causing blur of images (Westheimer, 1977) and chromatic
aberrations that significantly attenuate short wavelengths over long wavelengths (Stiles
and Wyszecki, 1974, Sharpe et al., 1998). After taking these into account, the number of
photoreceptors involved in particular tasks can be calculated based on estimates of

photoreceptor densities (Curcio and Sloan, 1992). Additionally, the quantal nature of



light imposes random Poisson fluctuations in photon absorptions, constituting an
irreducible source of extrinsic noise capable of degrading the encoding of information.
The impact of these and other constraints can be assessed under the framework of
ideal observer analysis: “an ideal observer is a hypothetical device that performs a
given task at the optimal level possible, given the available information and any
specified constraints” (Geisler, 2011). Ideal observers provide a direct and quantitative
measure of the relevance of each constraint and how these constraints interact with
each other, and allow direct comparisons to the performance of real observers: a good
match would suggest that real observers, and the neural circuits involved in this task,
are using the available information in a near optimal way; discrepancies would suggest
inefficiencies in processing.

Ideal observer analysis has been successfully used to relate physiological
findings in individual rod photoreceptors to perception. In dark-adapted conditions,
primate rods are extremely sensitive: their high gain produces significant responses to
the absorption of a single photon (figure 1.2a) that are easily distinguished from the
baseline electrical noise (figure 1.2b). Nevertheless, rhodopsin, the protein that absorbs
photons and initiates the phototransduction process (see below), can spontaneously
activate in darkness, creating discrete events (figure 1.2c) that are indistinguishable
from a single photon response (figure 1.2e) at a mean rate of 0.0034 + 0.008 R*/rod/s
(Field and Rieke, personal communication). Given that macaque rods are about half the
size of human rods, this rate is expected to be ~0.007 R*/rod/s in human rods. The
detection of dim-flashes in dark-adapted humans is a noise limited task (Barlow, 1956)
and the total amount of noise, quantified as an equivalent background illumination (and
called ‘dark-light’), reaches a rate of ~0.011 R*/rod/s (Donner, 1992). The close
agreement between these rates implies not only that noise in individual rod
photoreceptors is the main limiting noise source for this task, but also that the
downstream circuit is extremely efficient and adds very little extra noise. On the other
hand, because of their high sensitivity, rods are particularly susceptible to extrinsic noise
caused by quantal fluctuations, which becomes the dominant source of noise under a
wide range of background illuminations, and dictates the signal-to-noise ratio of

individual rods (Schneeweis and Schnapf, 2000); for this reason, when measured



across a range of background illuminations, thresholds follow a “square-root law” (i.e.,
due to Poisson statistics, the signal-to-noise ratio is proportional to the square root of
the background illumination). The same square-root law (also known as “Rose-DeVries
law”) is found when thresholds are measured perceptually for scotopic vision as a
function of background illumination under various conditions (Stiles, 1953).

To apply ideal observer analysis to tasks with spatial information, an additional
factor that is not part of neural processing per se has to be considered: the spacing
between photoreceptors. In primates, a specialized region of the retina, called the
fovea, has tightly packed cone photoreceptors in a hexagonal lattice; the density of
cones then drops towards the periphery, as the space between cones is filled with rod
photoreceptors (figure 1.1a) (Curcio and Sloan, 1992). The cone density directly
determines spatial acuity, which is maximal at the fovea and progressively drops
towards the periphery. For this reason, primates have developed complex and tightly
regulated eye movements in order to direct the fovea to regions of interest, where
spatial details can then be better assessed (Harris and Wolpert, 2006, Najemnik and
Geisler, 2009, Kuang et al., 2012). Furthermore, not all cone types have the same
distribution across the retina. S-cones follow a different pattern from L and M cones,
with their lowest density at the center of the fovea and representing only ~8-10% of the
total number of cones in the peripheral retina (Curcio and Sloan, 1992) (figure 1.1a).

However, ideal observers based on models that include all the constraints
previously mentioned find that photopic vision is not limited by these pre-retinal factors.
For example, foveal spatial acuity in humans is on average 20-fold worse than it should
be given photoreceptor spacing and pre-retinal factors (Banks et al., 1987); wavelength
discrimination is at least 10-fold worse (Zhaoping et al., 2011). This suggests that these
tasks are then limited by neural processing, raising the possibility that signaling and
noise in cones act as bottlenecks for the transmission of information. Past work,
however, has not provided a sufficiently complete characterization of cone noise to

allow a reliable comparison to behavioral sensitivity.

1.3 A primer on the cone phototransduction cascade



In vertebrates vision starts by the transformation of light into neural signals, in a
process called phototransduction, that takes place in the outer segment of rod and cone
photoreceptors (figure 1.1b) (and in a subset of retinal ganglion cells which are not the
subject of this dissertation).

Phototransduction is a G-protein cascade of biochemical reactions that amplifies
the events triggered by the absorption of photons, resulting in an electrical signal. In
darkness, photoreceptors continuously synthesize cyclic-GMP (cGMP) through a
guanylate cyclase (GC) (figure 1.3a). The cGMP gates channels in the outer segment
membrane, producing a standing inward current (called the dark-current). Upon
activation by light, the opsin molecules change conformation and activate transducin
molecules (which are G-proteins, and are noted as Gt). The a-subunit of transducin is
then able to relieve inhibition from a phosphodiesterase (PDE). Activated PDE degrades
cGMP and decreases its concentration. This leads to the closing of a fraction of the
cGMP-gated channels (figure 1.3b) and thus to a decrease in the inward current (figure
1.3c). With regard to the membrane voltage, the dark current maintains photoreceptors
in a depolarized state, and the light-induced reduction in current produces a
hyperpolarization; subsequently, changes in voltage are translated into changes in the
release of glutamate at the synapses located in pedicles of the photoreceptor inner
segments, that are then detected by downstream neurons. In principle, any of these
processes could introduce noise, resulting in a loss of information.

Strikingly, rods and cones have the same phototransduction scheme, but show
very different behaviors (figure 1.4): (1) cones are less sensitive due to both lower gain
and higher noise, (2) light-responses are significantly faster in cones, (3) spontaneous
activation of opsin molecules is not a dominant source of noise in cones (Schneeweis
and Schnapf, 1999). These differences have to arise from quantitative differences in the
phototransduction cascade (absolute and relative concentrations of components,
affinities, reaction kinetics, expression of regulatory proteins, etc.), and indeed some of
these differences (like calcium metabolism) have been elucidated in cones from other
species, mainly fish cones (Korenbrot and Rebrik, 2002, Kawamura and Tachibanaki,

2008), but others still remain a mystery (reviewed by Korenbrot, 2012).



1.4 Exploring the limits of vision through photoreceptors

Unlike neurons that are embedded in complex and multilayered circuits, it is
simple to describe the specific task that primary receptors like cones perform: cones
convert light information into electrical and chemical signals that can then be relayed to
the downstream retinal circuitry. Nevertheless, the details on how this transformation is
performed are important, as information lost in this stage is impossible to recover
afterwards. A simple example of this stems again from color vision. As mentioned
previously, humans are trichromats, but mutations that interfere with the expression of a
single type of opsin from cones produce dichromacy (commonly known as color
blindness) (Neitz and Neitz, 2011).

Fortunately, phototransduction is the most studied G-protein coupled cascades
and we know with high accuracy details of its intricate workings, most of the
components involved and how they interact with each other. On the other end of the
spectrum, psychophysicists have been studying the perceptual limits of vision for
several centuries, establishing insightful models to infer the inner working of the
underlying neural circuits. Given the solid bridges that have been built between rod
phototransduction and perception, and the solid pillars of models and ideal observers
that include all pre-retinal factors, | propose that the study of cone photoreceptors in
primates is an advantageous setting to again establish connections between neural

elements and perception.

In the following chapters, | will strive to relate how the biophysics of
photoreceptors impose constraints on perception. The first chapter explores the sources
of noise in cone phototransduction and identifies open-close transitions of the cGMP-
gated channels as a dominant source of noise. This noise source also escapes the
light-adaptation mechanisms that control gain, establishing a particular scenario that
determines the shape of threshold-vs.-intensity curves in single cones and ultimately in
humans. The second chapter investigates how cones adapt during eye movements,
uncovering that adaptation has at least two different time scales that influence the
encoding of mean luminance and modulation around the mean luminance separately.

This will lead to the construction of a biophysical model that only when endowed with



two separate light-adaptation mechanisms is able to reproduce responses to a wide
array of stimuli. It is my hope that this model can be used as a tool to explore the
constraints imposed by cone signals on the rest of the retinal circuitry and that it can

help clarify how computations are implemented in downstream neural circuits.
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Figure 1.1 - Photoreceptors in the primate retina.

a. Rod and cone photoreceptors are intermingled in the peripheral primate retina.
Cones cell bodies are easy to identify by their bigger size (~8 um in diameter) compared
to the rod cell bodies and outer segments (~2 um) that surround them. Cone outer
segments can be identified towards the top left corner of the image. S-cones have been
identified previously and are marked with the blue arrows; the remaining 59 cones
correspond to either L or M cones.

b. Diagram of cone and rod photoreceptor morphologies.

c. Primate cones can be classified based on their spectral sensitivities. (Upper panel)
The cone spectral sensitivities {Baylor, 1987} have been reproduced and fitted with the
Govadorvskii nomogram {Govardovskii, 2001}. L, M and S cones can be distinguished
by the differences in wavelength of maximal sensitivity, but all cone types are sensitive
to a wide range of wavelengths. (Lower panel) The rod spectral sensitivity {Baylor,
1984} has also been reproduced and fit with the Govadorvskii nomogram for

comparison.
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Figure 1.2 - Primate rods are extremely sensitive due to a high gain and low

noise.

a. Estimated single photon current response in a primate rod (obtained by dividing the

average response to a dim flash by the flash intensity) in darkness

b. Corresponding current dark noise.

c. The spontaneous activation of rhodopsin produces discrete noise events that are

indistinguishable from a single photon response.

d. Example of discrete noise event in a different primate rod and overlay with the

estimated single photon response.
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Figure 1.3. Phototransduction cascade in primate rods and cones.

a. In darkness, unstimulated photoreceptors maintain an inward dark-current through
cGMP-gated channels that are maintained open by continual production of cGMP by a
guanylate cyclase (GC).

b. Upon light-stimulation, opsin molecules are activated through the absorption of
photons and activate the G-protein transducin (Gt), which in turns activates a
phosphodiesterase (PDE), leading to a reduction in cGMP concentration and closure of
channels in the membrane.

c. Example of cone response to a brief flash. Recording from a single-cone under
voltage-clamp, shows a dark-current of ~148 pA, which is transiently reduced by

stimulation with a brief (10 ms) flash of light.
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Figure 1.4 - Primate cones have a lower gain, higher noise and faster kinetics
than primate rods.

a. Estimated single photon response in darkness in a primate L-cone.

b. Corresponding current dark noise. Notice the 100-fold difference in scales between
(a) and (b).

c. Single photon responses from example cone in (a) (red trace) and from example rod
(Figure 1.2) (black trace) have been overlaid to highlight the differences in gain
evidenced by the differences in peak amplitude.

d. The same single photon responses have been normalized to highlight the faster

kinetics in cones.
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Chapter 2

Origin and Impact of Phototransduction Noise in Primate Cone Photoreceptors

2.1 Summary

Noise in the responses of cone photoreceptors sets a fundamental limit to visual
sensitivity, yet the origin of noise in mammalian cones and its relation to behavioral
sensitivity are poorly understood. Our work here on primate cones improves
understanding of these issues in three ways. First, we find that, unlike the noise in rod
photoreceptors, cone noise is not dominated by spontaneous photopigment activation
or by quantal fluctuations in photon absorption but instead by other sources, namely
channel noise and fluctuations in cGMP. Second, we find that adaptation in cones,
unlike that in rods, affects the photosignal and the noise differently. This difference helps
explain why thresholds for rod- and cone-mediated signals have different dependencies
on background light level. Third, past estimates of noise in mammalian cones are too
high to explain behavioral sensitivity. Our measurements indicate a lower level of cone
noise, and thus help reconcile physiological and behavioral estimates of cone noise and

sensitivity.

2.2 Introduction

Daylight vision relies on high sensitivity to subtle changes in the spatial pattern,
contrast and chromaticity of light inputs. Noise in the responses of cone photoreceptors
sets a fundamental limit to such sensitivity. Our goal here was to improve understanding
of the magnitude, origin and properties of noise in the responses of primate cones,
particularly with regard to the implications of cone noise for visual function.

Rods and rod vision provide a useful point of comparison. In darkness, noise in
rods consists of occasional photon-like events originating from the spontaneous
activation of the photopigment rhodopsin and continuous fluctuations originating from
spontaneous activity of other components of the phototransduction cascade (Baylor et
al., 1980, Baylor et al., 1984, Rieke and Baylor, 1996). The low level of rod noise
permits detection of single absorbed photons (Fu and Yau, 2007). Dark-adapted

behavioral sensitivity approaches limits set by rod noise and statistical fluctuations
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associated with the division of light into discrete quanta (Donner, 1992, Field et al.,
2005). The similarity of rod and behavioral noise requires that the retinal readout of rod
responses operate efficiently, a constraint that has guided investigation of the
underlying circuitry (Field et al., 2005). In the presence of dim backgrounds, quantal
fluctuations dominate rod noise. As a consequence, the detection sensitivity of rod
responses scales with the square root of the background light level (Schneeweis and
Schnapf, 2000); this scaling is in close agreement with the classic Rose-DeVries region
of behavioral threshold-versus-intensity curves (Rieke and Rudd, 2009).

The situation is much less clear for cones and cone-mediated vision. While the
rate of spontaneous activation of cone photopigments is much higher than that of
rhodopsin (Rieke and Baylor, 2000, Fu et al., 2008), the kinetics of noise in primate
cones suggests that most noise originates downstream of the photopigment
(Schneeweis and Schnapf, 1999). However, measured noise in primate cones is too
high to account for behavioral sensitivity, suggesting that one or both estimates are in
error (Donner, 1992). Thus the impact of cone noise remains unclear. Further, over a
wide range of backgrounds, behavioral thresholds for cone-mediated vision increase
linearly with background (the classic Weber region), a property important for coding
contrast independently of background light level (Fechner, 1860). It is unclear, however,
how the Weber region relates to the background dependence of cone signal and noise.

Here we characterize signal and noise in primate cone photoreceptors and their
dependence on background light level. Our measures of cone noise and detection
thresholds are considerably lower than past estimates, helping reconcile cone
physiology with behavioral measures of the sensitivity of cone vision. Further, we find
that adaptation affects cone signal and cone noise very differently, providing a natural

explanation for the Weber region of behavioral threshold-versus-intensity curves.

2.3 Methods
2.3.1 Tissue, cells and solutions

We made electrophysiological recordings from primate retinas (Macaca
fascicularis, nemestrina and mulatta of either sex, ages 3 — 19 yrs) in accordance with

the Institutional Animal Care and Use Committee at the University of Washington. We
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obtained retina through the Tissue Distribution Program of the Regional Primate
Research Center. We performed most enucleations under pentobarbital anesthesia.
After enucleation, we rapidly separated the retina-pigment epithelium-sclera complex (<
5 min) from the anterior segment, drained the vitreous humour, and dark-adapted the
retina for 1h in warm (32° C) Ames medium bubbled with a mixture of 95% CO: - 5%
O2. We performed all subsequent procedures under infrared (> 900 nm) light. For
recording, we separated a small piece of retina (~4mm?2) from the pigment epithelium
and mounted it photoreceptor side up on a poly-lysine coated coverslip (BD
Biosciences) forming the floor of a recording chamber. We continually superfused
retinas with warm (~31° - 33° C) oxygenated Ames medium. Treatment with DNase |
(Sigma-Aldrich) (30 units in ~250 uL of Ames for 4 min) facilitated access to the
photoreceptor outer segments. For rod suction recordings, we shredded small pieces of
retina with bent needles and transferred them to a recording chamber (Field and Rieke,
2002).

2.3.2 Recordings

We measured cone signals using whole-cell voltage-clamp recordings (holding
potential =70 mV) with an internal solution containing (in mM): 133 potassium aspartate,
10 KCI, 10 HEPES, 1 MgCl, 4 ATP, 0.5 GTP; pH was adjusted to 7.2 with NMG-OH and
osmolarity was ~280 mOSM. The internal solution did not contain any calcium buffer (or
calcium), as even low concentrations of calcium buffer caused the light response to
become increasingly biphasic during the course of a recording (not shown). We
recorded rod photocurrents using suction electrodes as described previously (Field and
Rieke, 2002). Holding potentials have been corrected for a —10 mV liquid junction
potential.

In experiments with 8’-bromo-cyclic-GMP (8'Br-cGMP) we used modified internal
solutions lacking ATP and GTP and supplemented with various concentrations of 8'Br-
cGMP (from 0 uM to 200 uM). We added IBMX (final concentration of 1 mM) dissolved
in DMSO (final DMSO concentration was less than 0.1%) to HEPES-buffered Ames and
included it in a puffer pipette. For control experiments we used the same solution
without IBMX.
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We acquired data using Axoclamp 200B or Multiclamp 700B amplifiers. We low-
pass filtered recorded currents at 3 kHz and digitized the data at 20 kHz. We analyzed
recorded data through custom routines in Matlab (The Mathworks); we calculated power
spectra using built-in fast Fourier transformations and represented them as two-sided
power spectral densities (in pA%2/Hz). We excluded from analysis cones that showed
unusually rapid run-down of light responses, low sensitivity or short-lived recordings.
Sensitive cones had holding currents of at least 150 pA (up to 400 pA), and peak

responses to bright flashes of similar magnitude.

2.3.3 Light Stimulation

We delivered light stimuli from blue, green and red LEDs (peak wavelengths 470,
510 and 640 nm), which permitted quick identification of cone types. The stimuli
illuminated a ~150 um diameter area centered and focused on the recorded cone. We
converted photon densities (photons/um?2) to R*/photoreceptor using a collecting area of
0.6 um (Baylor et al., 1984), previously measured cone spectral sensitivities (Baylor et
al., 1984) and the LED spectra.

2.3.4 Two-electrode technique

We performed two-electrode recordings by sealing simultaneously onto a single
cone cell body with both a recording electrode and a drug delivery electrode. After
breaking into the cell with the first electrode, we obtained a baseline recording to assess
noise and light response in less than 30 s (in voltage-clamp mode). Then we obtained
access with the drug delivery electrode (in current clamp with no holding current) while

maintaining the original recording.

2.3.5 Fitting of cone noise

The fits to the noise power spectra presented in Figure 2.1 correspond to
empirical fits (and are not unique) constructed as the sum of the power spectrum of the
estimated single-photon response and two separate Lorentzian functions. In Fourier-

space, a single Lorentzian function had the following form:
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(2.1)
where w. corresponds to the corner frequency (frequency at which the power has
dropped by half) and a is a scaling constant. We obtained fits on a logarithmic scale
through built-in Matlab routines (nlinfit and Isqcurvefit) and we assessed the fits through
the coefficient of determination (R2). The fit to the average noise from L and M cones at
a background illumination of 5000 R*/s (n=6) did not depart from the measured data by
more than 1 SEM, and the R2 value for the fit was 0.90, with 5 fitting parameters (Figure
2.1d). The same observation holds for the average noise from L and M foveal cones
recorded in darkness (n=7) with an R2value for the fit of 0.99 (Figure 2.1e).

2.3.6 Pharmacology

We determined significance in pharmacological experiments through two-tailed,
Student’s t-tests with a < 0.05, by integrating the average power ratios across the
specified frequency ranges. We did not perform a sample size calculation prior to
experiments. We chose sample sizes to either establish statistical significance of the
effects measured (Figures 2.3 and 2.4) or to provide relative tight confidence intervals
on key parameters. Also, we did not have a sufficient number of samples to test whether
the data used in t-tests were indeed normally distributed.

For the experiments involving 8’Br-cGMP (Figure 2.3) we compared each
concentration to the experiments lacking 8'Br-cGMP (Figure 2.2f-j) across the 10 — 600
Hz frequency range and found significant differences for all concentrations (18 pM: n =
10, p = 0.0009, df = 14; 27 uM: n =4, p = 0.022, df = 8; 100 uM: n = 3, p = 0.00002, df =
7;200 uM: n =2, p = 0.001, df = 6; retinas were derived from 12 different animals).

For the experiments involving IBMX (n = 10) (Figure 2.4) we compared the
changes in noise to those produced by a vehicle solution lacking IBMX (n = 4) and
found significant differences for both the 10 — 50 Hz (p = 0.0004, df = 12) and the 100 —
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600 Hz frequency range (p = 0.0068, df = 12; retinas were derived from 2 different

animals).

2.3.7 Signal and noise adaptation

We restricted analysis of signal and noise adaptation to cones that passed
several criteria: stability of the holding current, good and stable access resistance,
minimal run-down of the light response and high sensitivity to flashes in darkness. We
assume that the most sensitive cones we record from are most representative of cone
responses in vivo. We estimated single-photon responses by delivering non-saturating
flashes at a given background, then averaging the resulting responses and scaling by
the nominal flash intensity; this procedure provides a linear estimation of the gain of the
light response. We then fitted these estimated single-photon responses with the

following equation (modified from Baylor, Nunn and Schanpf, 1984):

— (Tfr’fse )4 _<Td ’ ) 27t
f(t) - @ 1 —|— ( t )4 X e e X COS(Tosc+W)

(2.2)

We obtained the best-fit values through automatic fitting routines in Matlab (nlinfit
and /sqfit). The changes in signal gain were virtually the same whether fits or directly
estimated single-photon responses were used, but the fits eliminated uncertainty due to
limited data, especially on mid- to high- frequencies (50 — 600 Hz). The changes in
signal gain were also near identical when using the response integral or peak amplitude
rather than relying on power spectra.

The fits for the changes in signal gain and noise had only a few parameters,
which made them suitable for maximum likelihood estimation; the fit values reported are
then the most likely values, bounded by values for which the likelihood of the fit dropped
to 2.5% of the maximum, i.e. the 95% confidence intervals (95% CI). The fitting of the
changes in cone noise (Figure 2.5¢,d) did not include the highest background, where

isolation of the remaining noise from noise in saturating light was difficult and unreliable.
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The changes in high-frequency cone noise were described by a modified Weber-
Fechner function, with an additional free exponent (n) that would accommodate a
different slope:

OB 1

oD IB

(2.3)
Here oscorresponds to the standard deviation of the noise at a given background (in
pA), op to the standard deviation of the noise in darkness (also in pA), Izis the intensity
of the background (in R*/s), and lpis the background illumination that halves the noise.
The best fits for the data in Figure 2.5g were I, = 17,500 R*/s (95% CI: 15,600 - 19,400
R*/s) and n = 0.29 (95% CI: 0.28 - 0.31).

2.3.8 Threshold-versus-Intensity Curves

We obtained threshold versus intensity curves shown in Figure 2.7 by first
calculating the spectrum of the signal-to-noise ratio (SNR) for each background, using
the corresponding power spectra of the signal and of the noise and assuming a 200 ms
integration time. We then integrated the square root of this SNR spectrum between 0.4
and 8 Hz for rods and between 3 and 600 Hz for cones. The inverse of this integral
corresponds to the flash response that matches the noise at a given background,

expressed in R*, or in other words, the just-detectable flash or detection threshold.

2.4 Results

The results below are divided into four parts. First, we describe empirical
properties of noise in primate cone photoreceptors. Second, we manipulate the cone
phototransduction cascade to identify where noise originates. Third, we determine how
light-adaptation affects the signal and noise of primate rod and cone responses. Fourth,
we explore how detection thresholds for rod and cone responses depend on

background light level.
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2.4.1 Cone noise exhibits several distinct temporal components

We started by characterizing the amplitude and kinetics of noise in the responses
of primate cones. Past work indicates that cones are noisy, with most noise originating
downstream of the photopigment in the transduction cascade (Schneeweis and
Schnapf, 1999). We felt it was important to begin with similar experiments given that
past measures of cone noise exceed the noise inferred from behavior (Donner, 1992)
and the properties of cone noise are a foundation for the remainder of the work here.

We recorded the current responses of voltage clamped long- (L) or middle- (M)
wavelength sensitive cones to brief 100% contrast flashes (producing ~50 opsin
isomerizations or R* per cone) in the presence of a moderate background (Figure 2.1a).
Individual responses to such flashes are difficult to distinguish from baseline noise, but
the response can be uncovered by averaging multiple trials (Figure 2.1a). The recorded
current fluctuations include noise arising in the outer segment, noise arising from
conductances in the inner segment, and noise produced by the recording itself
(instrumental noise). Exposing cones to a near-saturating light step closed most of the
cGMP-gated channels in the cone outer segment, decreasing the recorded current and
markedly decreasing the current fluctuations (Figure 2.1a,b). Instrumental noise and
noise from (voltage-clamped) inner segment conductances should not be light
dependent; these sources account for the most of the noise remaining in bright light.

We characterized noise by calculating average power spectra from stretches of
data without flashes (see Methods). Assuming that outer segment and inner segment/
instrumental noise are independent, we isolated outer segment noise by subtracting the
spectrum in bright light from that in moderate light (Figure 2.1c). This process
underestimates the total outer segment noise since bright light did not fully suppress the
current; such errors were small, however, as the subtracted noise was 20 — 100-fold
smaller than that measured in darkness or in the presence of moderate steady light
(Figure 2.1b). In the remainder of this chapter, outer segment cone noise has been
isolated similarly.

Both noise generated within the cone phototransduction cascade (intrinsic noise)
and noise generated by quantal fluctuations in photon absorption (extrinsic noise)

contribute to outer segment noise; extrinsic noise follows Poisson statistics and is
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absent in complete darkness (see below). Assuming linearity of the cone response, both
extrinsic noise and noise from spontaneous pigment activation should have a power
spectrum similar to that of the cell’s dim flash response (Figure 2.1c). As has been
described previously (Schneeweis and Schnapf, 1999), cone noise instead extended to
much higher frequencies, indicating a substantial contribution from events with faster
kinetics than the single photon response. By recording noise in voltage clamp, we
characterized outer segment noise up to high temporal frequencies (600 Hz); noise
spectra had three clear components and were fit empirically as the sum of a low
frequency component with the shape of the dim flash response, and two Lorentzian
functions with distinct corner frequencies (equation 2.1). Adequate fits were obtained on
a single-cell basis (Figure 2.1c), or by averaging over a population of L and M cones
recorded with the same background illumination (5,000 R*/s; Figure 2.1d). Based on
these fits, the lowest frequency component accounted for ~30% of the total variance,
which corresponds to the maximal fraction of noise that could be attributed to both
spontaneous and background opsin activation.

To separate phototransduction noise from extrinsic noise, we repeated these
experiments in complete darkness, targeting foveal cones to eliminate possible
contributions from rod photoreceptors coupled to cones via gap junctions (Hornstein et
al., 2005). The average noise showed less power at low frequencies (Figure 2.1e), such
that at most ~10% of the total current variance could be attributed to spontaneous opsin
activation. L and M cones exhibited similar noise, and in particular did not show the ~50-
fold difference that would be expected from the scaling of spontaneous opsin activation
rates with wavelength (Luo et al., 2011).

Although most low-frequency noise is not associated with spontaneous pigment
activation, we can still define a rate of pigment activation that would produce an
equivalent level of noise. Experiments described below indicate that this equivalent dark
noise is ~600 R*/s, substantially lower than previous estimates (Schneeweis and
Schnapf, 1999). First, however, we describe experiments identifying the sources of

noise within the transduction cascade.

2.4.2 Two dominant sources of noise: pharmacology
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Rod and cone photoreceptors share the same basic phototransduction scheme,
yet their light responses differ considerably in sensitivity and kinetics. Does noise in
rods and cones also differ in origin? Rod noise is dominated by early events in
phototransduction - namely spontaneous activation of rhodopsin and
phosphodiesterase (PDE) (Baylor et al., 1980, Baylor et al., 1984, Rieke and Baylor,
1996). As shown below, cone noise is instead dominated by open/close transitions in
the cyclic-GMP-gated channels and fluctuations in the cyclic-GMP (cGMP)
concentration.

Because the low- and mid-frequency noise components we identified overlap
spectrally (Figure 2.1), we focused on a frequency range (up to 20 Hz) that includes
contributions mainly from both low- and mid-frequency components, and a range (100 —
600 Hz) that is dominated by the high-frequency component. To maximize sensitivity to
pharmacological manipulations that produced modest changes in the phototransduction
cascade, we used two approaches to compare noise before and after drug application
in single cells: (1) We delivered membrane-impermeable drugs (specifically 8‘-bromo-
cyclic-GMP or 8'Br-cGMP) using a two-electrode recording technique in which both a
recording electrode and a drug-delivery electrode were sealed onto a single cone cell
body. After attaining whole-cell mode with the recording electrode and getting baseline
measurements of noise and light response (in under 30 s), we achieved access with the
drug-delivery electrode and monitored noise and signal as the drug was introduced into
the cytoplasm. (2) We delivered membrane-permeable drugs (specifically 3’-isobutyl-1’-
methylxanthine or IBMX) using a puffer pipette located near the cone outer segment

after recording baseline noise and light response.

2.4.2.1 Control experiments for two-electrode recordings

Because the two-electrode technique has not been used previously in cones, we
started by checking for artifactual changes in noise. We first used a normal internal
solution in both electrodes, keeping the phototransduction cascade as intact as possible
(Figure 2.2a). Rupturing the membrane occluding the tip of the second electrode did not
significantly change the holding current (Figure 2.2b) or the kinetics or amplitude of the

light response (Figure 2.2c); some alterations in noise were apparent (Figure 2.2c,d).
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We summarized the results across cells by computing the ratio, at each temporal
frequency, of the noise spectra before and after rupturing the membrane at the tip of the
second electrode (Figure 2.2e); only pharmacological manipulations that produced
changes in this ratio larger than the control case were deemed significant.

Next, we tried to eliminate all outer segment noise pharmacologically. Since all
phototransduction noise sources ultimately cause fluctuations in the current flowing
through the cGMP-gated channels, one way to eliminate noise is to promote depletion
of the internal cGMP, which will in turn cause the cGMP-gated channels to close (Figure
2.2f). Cyclic-GMP is produced from GTP by the guanylate cyclase (GC); thus we
omitted GTP from the electrode solution. We also omitted ATP since transfer of its high-
energy phosphate can produce GTP (Swarup and Garbers, 1983). Hydrolysis of cGMP
by phosphodiesterase (PDE) via activation of the G-protein transducin (Gt) requires
considerably lower concentrations of GTP than cGMP-synthesis (Rieke and Baylor,
1996, Rieke and Baylor, 1998), and hence will contribute to reducing the cGMP
concentration. As expected, currents steadily decreased (i.e. cGMP-gated channels
closed) in two-electrode recordings using internal solutions lacking both ATP and GTP
(Figure 2.29); this was accompanied by a loss in the light response and a marked
attenuation of the current fluctuations (Figure 2.2h). The decrease in noise spanned all
relevant frequencies (Figure 2.2i,j) and had the same spectral characteristics as the
decrease in noise seen during exposure to near-saturating light steps, which also close
the cGMP-gated channels (compare to Figure 2.1a,b). We obtained similar results in
recordings with single electrodes filled with a solution lacking ATP and GTP (n = 3, data
not shown).

This pharmacological manipulation served several purposes: (1) it confirms that
most of the noise in our recordings originates in the cone outer segment; (2) it shows
that manipulation of the electrode solutions can affect the phototransduction cascade;
and, (3) the current changes provide a basis for evaluating experiments in the next

section, where a synthetic agonist will be used to open the cGMP-gated channels.

2.4.2.2 Channel noise
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The two-electrode experiments described in this section, isolated noise produced
by cGMP-gated channels. Changes in cGMP were again suppressed by omitting ATP
and GTP from the internal solution, and cGMP channels were activated with 8'Br-cGMP,
a potent agonist of the cGMP-gated channels (Figure 2.3a). Because 8'Br-cGMP is also
poorly hydrolyzed by PDE, it suppresses activity within the PDE arm of the
phototransduction cascade. Introduction of 8’ Br-cGMP through the second electrode
would ideally occur only after the internal cGMP has been depleted, but this process
can take up to 5 min (Figure 2.2g), and long recordings with two electrodes are
technically difficult. Instead, we relied on shorter experiments in which we compared
different concentrations of 8'Br-cGMP with the case where 8'Br-cGMP is absent (Figure
2.2)).

We empirically determined appropriate concentrations of 8’'Br-cGMP and found
that modest concentrations (27 uM) ‘rescued’ (and even overshot) the loss in holding
current (Figure 2.3b) and noise (Figure 2.3c) produced by the omission of GTP and
ATP alone (compare to Figure 2.2g-i). Under these conditions, measured currents and
noise were dominated by channels opened by the added 8‘Br’cGMP. Higher
concentrations produced a further increase in holding current (Figure 2.3d) and noise
(Figure 2.3e) compared to baseline.

The concentration of 8'Br-cGMP in the outer segment slowly approaches a
steady level for two reasons: (1) the 8'Br-cGMP is delivered in the inner segment, and
has to diffuse to the outer segment; (2) PDE can still hydrolyze 8’Br-cGMP at a slow
rate. Together, these issues cause a slow drift in holding current and artifactual
increases in noise below 10 Hz, making changes in noise in that frequency range
uninterpretable. Thus, we focus on changes in noise between 10 and 600 Hz (Figure
2.3c,e).

With activity of the transduction cascade suppressed, activation of the cGMP-
gated channels produced fluctuations in current extending from low frequencies to at
least 600 Hz. The increase in noise scaled with the concentration of 8'Br-cGMP (Figure
2.3f). High frequency noise was similar under control conditions (without 8’'Br-cGMP)
and with a concentration of 8’Br-cGMP that matched the initial dark current (Figure

2.3b,c). These results indicate that the component of cone noise that extends from low
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to high temporal frequencies originates from gating transitions in the cGMP-gated

channels.

2.4.2.3 Noise due to fluctuations in cGMP

The experiments described above indicate that channel fluctuations produce
noise extending from low to high temporal frequencies. To test for other sources of low-
to mid-frequency noise, we puffed the membrane-permeable PDE inhibitor IBMX onto
the outer segments of voltage-clamped cones. IBMX has two effects: (1) it decreases
baseline hydrolysis of cGMP, leading to an increase in [cGMP] and further opening of
cGMP-gated channels; and, (2) it decreases the fluctuations in [cGMP] produced by
dark activation of any of the transduction components upstream of (and including) PDE
(Figure 2.4a). We performed recordings in darkness to avoid extrinsic noise and again
focused on frequencies above 10 Hz to avoid artifacts induced by current drift.

Inhibition of PDE, as expected, reversibly increased the holding current (Figure
2.4b) and slowed the light response (not shown). This was accompanied by an increase
in high-frequency noise, consistent with an increase in channel noise; additionally, noise
in the low- to mid- frequency range (10-50 Hz) decreased (Figure 2.4c,d). These
changes in noise were significantly different from those elicited by puffing a vehicle
solution lacking IBMX (Figure 2.4e€) in the two relevant frequency ranges.

This experiment serves several purposes. First, it corroborates the 8’Br-cGMP
experiments, showing that the opening of extra cGMP-gated channels leads to an
increase in high-frequency channel noise. Second, it unveils a noise source that is
suppressed when PDE is inhibited and that, therefore, normally causes fluctuations in
the cGMP concentration. Notably, this noise source has significant power in the 10-50
Hz range, where opsin noise makes little or no contribution (see Figure 2.1c-e). This
noise component resembles continuous noise in rods (Rieke and Baylor, 1996) and fish

cones (Holcman and Korenbrot, 2005) (see Discussion).
2.4.3 Impact of adaptation on photoreceptor signal and noise
The impact of adaptation on detection of light stimuli depends on how it alters

both signal and noise. For example, over a substantial range of backgrounds rod signal
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and noise are equally affected by adaptation, such that the signal-to-noise ratio is
independent of adaptation (Schneeweis and Schnapf, 2000). As a consequence, the
detection threshold for such backgrounds is limited by the Poisson statistics of photon
absorption. This provides a simple explanation for the Rose-DeVries regime of
behavioral threshold-versus-intensity curves, since the standard deviation of a Poisson
process scales as the square root of the mean (Rieke and Rudd, 2009). Since much of
cone noise originates late in the transduction cascade, it may be less affected by
adaptation than cone signals. Thus, the relationship between photoreceptor adaptation
and behavioral threshold-versus-intensity curves may be fundamentally different for
rods and cones. The experiments described in the next two sections show that this is

indeed the case.

2.4.3.1 Rods

We begin by characterizing the dependence of rod signal and rod noise on
background. While our overall conclusions are consistent with previous studies
(Schneeweis and Schnapf, 2000), we felt that inclusion of the rod data was important to
provide a direct comparison with the cone results described below.

We measured rod flash responses and noise across a range of backgrounds
using suction electrodes (Field and Rieke, 2002). Background light abbreviated and
decreased the amplitude of the estimated single-photon response (Figure 2.5a);
adaptation was pronounced for backgrounds exceeding 8 R*/s. To facilitate direct
comparison, we quantified both signal and noise adaptation using spectral analysis. We
integrated the power spectra of fits to the single-photon response at each background
(Figure 2.5a) between 0.5 and 4 Hz (Figure 2.5b) and quantified changes in gain as the
square root of this integral, normalized by the value in darkness (Figure 2.5¢). Gain

changes were well described by a Weber-Fechner function:
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where ygcorresponds to the gain at a given background (in pA/R*), yp to the gain in
darkness (in pA/R*), Is to the intensity of the background illumination (in R*/s) and Ipto
the background illumination that halves the gain. The best fit for lp was 7.1 R*/s (95%
confidence interval (Cl) 6.0 — 8.2 R*/s).

We estimated rod noise at the same backgrounds. Noise in darkness was low
and composed of continuous noise and rare discrete events (not present in the example
trace) (Figure 2.5d). Noise increased in dim backgrounds due to current fluctuations
produced by random photon absorptions (Figure 2.5d,e), peaking at ~8 R*/s with an
almost 5-fold increase relative to darkness; higher backgrounds produced a subsequent
decrease in noise (Figure 2.5f).

These changes in noise can be predicted based on two assumptions: (1) intrinsic
phototransduction noise and extrinsic noise are independent and additive; and, (2)
extrinsic and intrinsic noise are subject to the same light adaptation mechanism that
affects the rod signals. These assumptions are summarized in the following equation, in
which the first term represents the decrease in noise produced by adaptation and the
second term corresponds to the increase in noise produced by quantal fluctuations in

photon arrival:

oRB 1 IB
= X 14+ —
oD Ip Ip

(2.5)

Here oscorresponds to the standard deviation of the noise at a given background (in
pA), op to the standard deviation of the noise in darkness (also in pA), Izis the intensity
of the background (in R*/s), Ip represents the intrinsic noise expressed as an equivalent
“dark light” (in R*/s; see Donner, 1992), and the half-desensitizing background, lp= 7.1
R*/s, was fixed from fits to the background-dependence of signal gain (Figure 2.5¢ and
equation 2.4). The best fit was found for a dark light Ip of 0.062 R*/s (95% CI: 0.055 -
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0.070 R*/s), which is within 30% of previously published values (Schneeweis and
Schnapf, 2000). The success of this simple model indicates that, in agreement with
previous work (Schneeweis and Schnapf, 2000), rod signals and noise are subject to
the same adaptational mechanisms. This in turn is simply explained if rods are

dominated by extrinsic noise across a wide range of backgrounds.

2.4.3.2 Cones

Adaptation affected cones quite differently, as a substantial component of cone
noise evaded adaptation. To quantify signal adaptation in cones we estimated and fit
single-photon responses (Figure 2.6a) and calculated their power spectra (Figure 2.6b);
gain was estimated as the square root of the integrated power between 1 and 10 Hz
across a range of backgrounds (Figure 2.6c). Changes in gain were also well described
by a Weber-Fechner function (equation 2.4); the best fit was found for a half-
desensitizing background of lp= 4,500 R*/s (95% CI: 3,900 - 5,200 R*/s), consistent with
previous work1°.

We estimated cone noise at the same backgrounds by integrating power spectra
across a low (1 — 10 Hz) and a high (100 — 600 Hz) frequency range (Figure 2.6d,e) and
calculated the square root of these integrals across backgrounds (Figure 2.6f). The
background dependence of low- and high-frequency noise differed. Like rod noise, low-
frequency cone noise initially increased and then began to fall with further increases in
background (Figure 2.6f). This initial increase was modest (compare to the rod noise in
Figure 2.5f) and apparent only for backgrounds exceeding 1,000 R*/s. The dependence
of low-frequency noise on background could be fit with equation 2.5, using the half-
desensitizing background for the signal gain (/o) derived above (4,500 R*/s) and a best-
fit value for an equivalent dark light of Ip= 620 R*/s (95% CI: 480 - 835 R*/s). Thus, low-
frequency cone noise can also be described as the sum of intrinsic and extrinsic noise,
both subject to the same adaptational mechanism as the cone signals. High-frequency
cone noise, however, was little affected by dim backgrounds and began to decline only
at much higher backgrounds (Figure 2.6f). Furthermore, this decline in high frequency
noise was shallow and not proportional to the inverse of the background. Changes in

noise at intermediate frequencies (20 — 100 Hz) showed a mixed behavior.
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The background dependence of rod and cone signals and noise differed in two
important ways. First, rod dark noise is ~100 times smaller than the backgrounds
required for substantial adaptation, whereas in cones this ratio is less than a factor of
10. Second, the majority of noise in rods is affected by adaptation, whereas a large
component of noise in cones evades adaptation. Taken together, these factors mean
that extrinsic noise contributes significantly to total cone noise only over a narrow range
of backgrounds (~1,000 — 5,000 R*/sec). At lower backgrounds, cone noise is
dominated by intrinsic noise from both cGMP fluctuations and cGMP channels, whereas

at higher backgrounds the relative contribution of noise from cGMP channels increases.

2.4.4 Threshold vs. background behavior of rod and cone responses

The differences in the effect of adaptation on signal and noise in rods and cones
predicts differences in the background-dependence of detection threshold. This in turn
relates to how adaptation in the photoreceptors could contribute to behavioral threshold-
versus-intensity curves.

We calculated detection thresholds, defined as the flash strength (in R*) required
to match the noise in a 200 ms integration time at a given background, from the power
spectra exemplified in Figure 2.5 and 2.6. First, we calculated the signal-to-noise ratio
(SNR) as a function of frequency by dividing the signal power spectrum by the noise
power spectrum; this SNR spectrum has very little power at high frequencies, and such
frequencies contribute negligibly to detection. We integrated the SNR spectrum
between 0.4 and 8 Hz for rods and 3 and 600 Hz for cones; the inverse of the square
root of this integral corresponds to the detection threshold.

Rod and cone detection thresholds have a different dependence on the intensity
of the background illumination (Figure 2.7), as the shape of these curves is determined
by how both signal and noise adapt. Given that rod noise and signal adapt identically,

the rod thresholds follow (derived from equations 2.4 and 2.5):

1
Thresholdg = 1+ I_B x T hresholdp
D
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(2.6)
with Ip=0.062 R*/s (derived from the noise adaptation in Figure 2.5f). This curve closely
follows the Poisson statistics of the background illumination for backgrounds exceeding
the dark noise.

Cone threshold increased more steeply with background. The lack of
dependence of threshold on backgrounds < 1000 R*/s reflects the relatively high cone
dark noise, which obscures extrinsic noise. Once signal gain is reduced by adaptation
(le> 4,500 R*/sec), cone channel noise, which is relatively unaffected by adaptation,
becomes dominant and hence the increase in threshold directly reflects the decreased

signal gain. Thus, the curve is well fit with a Weber-like function:

1
Thresholdg = | 1+ I_B x Thresholdp
0

(2.7)
with a best fit for the threshold-doubling background of /o= 11,700 R*/s (95% CI: 7,700 -
24,400 R*/s). The dark threshold was Thresholdp = 10.9 R*/cone (95% CI: 6.8 - 14.9
R*/cone).

Rod and cone threshold vs. intensity curves differed in at least three ways. First,
as expected, the absolute threshold was higher in cones due to noise sources that
preclude detecting absorption of single photons. Second, higher backgrounds were
required to produce changes in cone threshold compared to rod threshold. Third, cone
thresholds scaled linearly with background (i.e. Weber behavior), whereas rod

thresholds scaled with the square root of the background (i.e. Rose-DeVries behavior).

2.5 Discussion

Our aim was to improve understanding of the origin and functional impact of
noise in the responses of primate cone photoreceptors. Our experiments support three
main conclusions: (1) most cone noise originates downstream of the photopigment, with
a sizable component from gating transitions in cGMP-gated channels; (2) cone noise

and detection threshold are consistent with those inferred from behavior; and, (3) much
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of cone noise evades adaptation, helping provide a simple explanation for how the
classic Weber region of behavioral threshold-versus-intensity curves could originate. We

discuss these points below.

2.5.1 Oirigin of cone noise

We identified two primary sources of noise in the responses of primate cones:
gating transitions in the cGMP-gated channels produce noise that extends from low to
high temporal frequencies (up to 600 Hz), and fluctuations in the concentration of
cGMP produce noise restricted to low to mid temporal frequencies (below 50 Hz).

Several observations indicate that most of the noise from cGMP fluctuations is
not generated by dark activation of the cone opsin: (1) the dim flash response, which
reflects the activity directly caused by opsin activation, lacks significant power at
frequencies above 10 Hz (Figure 2.1c-e), whereas noise due to cGMP fluctuations
extends well beyond 10 Hz (Figure 2.4c¢); (2) the spontaneous isomerization rate of the
L-cone opsin, estimated by its expression in mouse rods (Fu et al., 2008), is ~10 R*/s ,
a factor of ~60 less than the rate needed to match the cone dark noise measured here;
and, (3) preliminary recordings in S cones (where opsin noise should be almost
negligible since short-wavelength sensitive opsins are very stable in comparison to
middle- and long-wavelength sensitive opsins) (Rieke and Baylor, 2000, Luo et al.,
2011) show very similar dark noise to that reported here for L and M cones. Thus,
fluctuations in the cGMP concentration originate from another source - such as activity
of the non-isomerized photopigment due to chromophore dissociation (Kefalov et al.,
2005), spontaneous transducin activation, or spontaneous PDE activation. Spontaneous
PDE activation accounts for substantial noise in the responses of rods (Rieke and
Baylor, 1996), salamander S cones (Rieke and Baylor, 2000), and fish cones (Holcman

and Korenbrot, 2005) and thus is a likely culprit here.

2.5.2 Impact of cone noise on retinal signals
In the guinea-pig retina, sensitivity has been assessed by measuring thresholds
for the detection of contrast modulation at cone light-levels. Comparison of the

sensitivity of the cone-mediated signals at several retinal locations indicates that most
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noise originates early in the retinal circuitry (Borghuis et al., 2009). Specifically, a
substantial loss of sensitivity was observed between photon capture in the cones and
the responses of horizontal cells, consistent with noise intrinsic to the cones or their
output synapse. Smaller, but still substantial, losses in sensitivity were observed
between horizontal and ganglion cells, consistent with a source of additional noise
within the retinal circuitry. Recordings from primate midget and parasol ganglion cells
indicate that most noise in their synaptic inputs at cone light levels originates from the
cones and has more rapid kinetics than the cone light response (Ala-Laurila et al.,
2011). These past studies highlight the importance of noise intrinsic to cones or their
output synapses. Our results, particularly the high level and rapid kinetics of the cone
noise, suggest that much of the noise limiting the sensitivity of the cone-mediated output

signals from primate retina originates in the cone transduction cascade itself.

2.5.3 Bridging physiological and behavioral estimates of cone noise and sensitivity

How close does cone vision come to limits imposed by cone noise? The answer
to this question is an important constraint on the retinal and cortical circuits that read out
the cone signals. However, noise estimates derived from behavioral sensitivity are
substantially lower than past measures of noise in primate cones (Donner, 1992); this
discrepancy has hindered our understanding of the relationship between retinal
mechanisms and the sensitivity of cone-mediated behavior.

Recent behavioral work provides the lowest estimates of threshold and dark
noise for cone vision (Koenig and Hofer, 2011), indicating that humans can detect ~200
photons delivered at the cornea or equivalently ~2 — 5 R*/cone in a region containing
~10 cones. Assuming that cone signals are pooled linearly, sensitivity should improve as
the square root of the number of cones conveying the signal; thus the inferred single-
cone threshold estimate in darkness would be 6 — 15 R*, agreeing well with our single
cone dark thresholds (7 — 15 R*) (Figure 2.7).

Dark-noise estimates require additional assumptions about spatial pooling and
integration time of the visual system. Assuming spatial pooling across the entire area of
the flash and an integration time equal to the flash duration (34 ms), behavioral

sensitivity indicates a dark noise of 180 — 550 R*/s (Koenig and Hofer, 2011).
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Uncertainties in foveal cone density could further extend this range. This is again
consistent with our estimate of ~600 R*/s. Thus, our measures of cone sensitivity and
dark noise are consistent with behavior, providing a potential resolution to a long-
standing discrepancy. Assuming the most sensitive cones we recorded from (Figure 2.6
and 2.7) are similar to those in vivo, our results leave little room for noise or

inefficiencies introduced by the circuits reading out the cone signals.

2.5.4 Impact of adaptation on threshold vs. intensity curves

The impact of adaptation on the detection of sensory signals depends on how it
affects both signal and noise. This is a key issue for how adaptational mechanisms
relate to the rich history of measurements of the dependence of behavioral threshold on
background light level (Donner, 1992, Schneeweis and Schnapf, 2000, Field et al.,
2005, Rieke and Rudd, 2009).

Consistent with past work (Schneeweis and Schnapf, 2000), we found that
adaptation equally affected rod signal and noise. This observation, along with the low
level of intrinsic noise in rods, caused the detection threshold to be limited by extrinsic
noise from quantal fluctuations in photon arrival across a wide range of backgrounds.
Since quantal fluctuations follow Poisson statistics, the noise they contribute increases
as the square root of the background intensity, consistent with the psychophysical
Rose-deVries region of rod vision (Barlow, 1956). It has been difficult to explain why
cone vision does not similarly exhibit a clear Rose-deVries region; our results here
suggest that the lack of a prominent Rose-deVries region occurs because extrinsic
noise makes a relatively small contribution to cone noise except in a narrow range of
backgrounds.

Classic work shows that cone-mediated behavioral thresholds across a wide
range of backgrounds increase linearly with increases in background intensity (Weber-
law behavior) (Fechner, 1860). The mechanistic basis of this behavior, however, is
unclear. The gain of cone signals decreases proportionally with backgrounds (Tranchina
et al., 1984, Schnapf et al., 1990, Burkhardt, 1994, Schneeweis and Schnapf, 1999).
This decrease in gain, together with a post-adaptation, background-independent source

of noise, could explain Weber-law behavior (Donner et al., 1990). Here, we find that
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channel noise in cones accounts for a substantial fraction of cone dark noise;
furthermore, channel noise is little affected by adaptation and thus becomes the
dominant source of cone noise across a broad range of backgrounds. The weak
dependence of channel noise on background and the decrease in gain of cone signals
proportional to the background gives rise to an extended region over which the cone
detection threshold follows Weber behavior. If noise downstream of the cones is small
relative to cone noise, adaptational mechanisms in the retinal circuitry (Demb, 2008,
Rieke and Rudd, 2009) would equally affect signal and noise. In this case, human
threshold-vs.-intensity curves could be dominated by the signal and noise adaptation
properties of individual photoreceptors. A complete explanation of human threshold
versus intensity curves will require understanding where gain controls operate relative

to key sources of noise in the circuit.
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Figure 2.1 - Temporal components of cone outer segment noise
a. Cone current responses to 10 ms flashes producing ~50 opsin activations (R*)

delivered on a 5,000 R*/s background (black traces). The mean of ~50 responses is at
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the bottom, fitted (red) with equation 2.2 with the following parameters: a = 0.1993, Trise
=20.2 mMS, Tdecay = 75.6 MS, Tosc = 397.1 ms and ¢ = -79.5 degrees. Current recorded in
bright light is at the top (gray trace).

b. Power spectra of noise in constant and bright light from cone in (a).

c. Power spectrum of the outer segment cone noise (black circles, noise in background
minus that in saturating light from b) and fit (red trace) obtained by summing a scaled
version of the power spectrum of the fitted average dim flash response and two
Lorentzian functions (equation 2.1) with distinct corner frequencies (18 Hz and 170 Hz)
(black lines).

d. Average outer segment cone noise measured at 5,000 R*/s (n = 6, black circles,
mean + SEM) and fit as in (c) (red trace). Corner frequencies of Lorentzian functions are
24 Hz and 200 Hz.

e. Average outer segment cone noise measured in darkness from foveal cones (n =7,
black circles, mean + SEM) and fit as in (c) (red trace). Corner frequencies of Lorentzian

functions are 10 Hz and 150 Hz.
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Figure 2.2 - Two-electrode recordings allow pharmacological manipulation of
cone phototransduction

a. Phototransduction cascade. Light-activated Opsin activates transducin (Gt), which
then activates phosphodiesterase (PDE). Active PDE reduces the cyclic-GMP (cGMP)
concentration, closing membrane channels. Cyclic-GMP is restored by guanylate

cyclase (GC).
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b. Changes in holding current before (black) and after (gray) introduction of a second
electrode; both electrodes contained control internal solution. Filled black and gray
circles represent 500 ms stretches of noise used to calculate the spectra in (d).

c. Light responses and noise before (black) and after (gray) introduction of the second
electrode (time points noted in (b)). Upper left shows expanded examples of noise used
to calculate the power spectra in (d).

d. Power spectra before (black circles) and after (gray circles) the introduction of the
second electrode.

e. Average (+ SEM, n = 16) ratio between power spectra calculated before and after
introduction of the second electrode.

f. Omission of both ATP and GTP from the internal solution shuts down the
phototransduction cascade, causing cGMP-gated channels to close.

g. Changes in holding current during a two-electrode recording in which both electrodes
contained a solution lacking ATP and GTP. Filled black and purple circles represent 500
ms stretches of noise used to calculate the spectra in (i).

h. Examples of light responses and noise recorded before (black) and after (purple) the
introduction of a second electrode (time points noted in (g)).

i. Power spectra before (black) and after (purple) the introduction of the second
electrode.

j- Average (= SEM, n = 6) ratio of power spectra before and after the introduction of the

second electrode. Conditions as in (g).
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Figure 2.3 - High frequency noise arises from open/close transitions in the cGMP-
gated channels

a. Channel noise was separated from sources causing fluctuations in [cGMP] by
suppressing cGMP synthesis by omitting ATP and GTP from the internal solutions in a
two-electrode recording. Different concentrations of the cGMP-channel agonist 8’-
bromo-cyclic-GMP (8’Br-cGMP) were added to the second electrode.

b. Changes in holding current before (black) and after (green) the introduction of a
second electrode containing 27 uM 8’Br-cGMP. The filled black and green circles
represent 500ms stretches of noise used to calculate the spectra in (c).

c. Average noise power spectra for the cone in (B) before (black) and after (green) the
introduction of a second electrode containing 27 uM 8’Br-cGMP. Insets show example
noise traces in each condition corresponding to (1) and (2) in (b).

d and e. Same as in (b) and (c) for an 8'Br-cGMP concentration of 100 uM.
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f. Average (+ SEM) ratio of power spectra before and after introduction of 8’Br-cGMP.

The color scale corresponds to the concentration of 8'Br-cGMP (18 uM: n = 10; 27 uM:
n=4; 100 uM: n = 3; 200 uM: n = 2). Changes in noise below 10 Hz are unreliable due
to slow drift in the measured current and are displayed as open circles. The increase at

high frequencies (100 Hz — 600 Hz) is significant across all concentrations.
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Figure 2.4 - An additional noise source with power in the low to mid frequency
range causes fluctuations in cGMP

a. The membrane-permeable and fast acting PDE inhibitor IBMX increases the cGMP
concentration and therefore the number of open channels and inhibits any noise source
upstream of (and including) PDE.

b. Changes in holding current in the absence (black) and presence (gray) of IBMX. The
filled black and gray circles represent 500 ms stretches of noise used to calculate the
spectra in (c). Recordings were performed in complete darkness to avoid extrinsic
noise.

c. Corresponding power spectra in the absence (black circles) and presence (gray
circles) of IBMX. Insets show example noise traces in each condition corresponding to
(1) and (2) in (b). Changes in noise below 10 Hz (open circles) are unreliable due to
slow drift in the measured current.

d. Average (= SEM) ratio of power spectra in the presence and in the absence of IBMX
(n = 10) showing a decrease in noise in the 10 to 50 Hz range and an increase in noise
at high frequencies (100 to 600 Hz)

e. Average (+ SEM) ratio of power spectra before and after puffing a vehicle solution
lacking IBMX (n = 4). The increase in noise at the high frequencies (100 — 600 Hz) and
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the decrease at low frequencies (10 — 30 Hz) seen with IBMX were significantly different

than the changes with vehicle.
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Figure 2.5 - Adaptation similarly affects rod signal and noise.
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a. Linear estimates of the rod single photon responses for a range of backgrounds.
Increasing backgrounds resulted in faster and smaller responses. Fits were obtained
using equation 2.2. Correspondence between light levels and color scale is maintained
throughout the figure.

b. Power spectra of the fitted single photon responses in (a). Dashed lines show
integration limits.

c. Square root of the integrated signal power (0.5 Hz — 4 Hz) normalized by that in
darkness for the example rod in (a) and (b) (colored circles) and for a population of rods
(gray circles). The population data (black circles, mean + SEM, n = 5) was fit with
equation 2.4 with lp=7.1 R*/s.

d. Examples of noise traces for the same rod and backgrounds as in (a).

e. Power spectra of the noise traces in (d). Dashed lines show integration limits.

f. Square root of the power spectrum integral (0.5 Hz — 4 Hz) of the noise normalized by
darkness for the example rod in (a) and (d) (colored circles) and for a population of rods
(gray circles). The population (black circles, mean + SEM, n = 5) was fit with equation
2.4 with Ip = 0.062 R*/s.
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Figure 2.6 - Adaptation affects cone signal and noise differently.
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a. Estimated cone single photon responses for a range of backgrounds, fit with equation
2.2. Color scale is maintained throughout the figure.

b. Power spectra of the fitted single photon responses in (a). Dashed lines show
integration limits.

c. Square root of the integrated signal power (2 — 10 Hz) normalized by that in darkness
for the example cone in (a) and (b) (colored triangles) and for a population of cones
(gray triangles). Population data (black triangles, mean + SEM, n = 6) was fit with
equation 2.4 with lp= 4,500 R*/s.

d. Example noise traces for the same cone and backgrounds as (a).

e. Example noise power spectra for the same cone as (a).

f. Top, Square root of the integrated noise power at low frequencies (2 — 10 Hz)
normalized by that in darkness for the example cone in (a) (colored triangles) and for a
population of cones (gray triangles). Dashed line shows signal gain curve from (c).
Noise below 10 Hz at the highest backgrounds (black open triangles) was unreliable
and was excluded from fitting. Population (black triangles, mean + SEM, n = 6) was fit
with equation 2.5 with Ip = 620 R*/s. Bottom, Square root of the integrated noise power
at high frequencies (50 Hz to 600 Hz) as in top panel. The population data was fit with
equation 2.3 with /,=17,500 R*/s and n = 0.29. Open grey triangles show noise from
cones in which signal adaptation was not assessed (n = 6); fit to low frequency noise
used Ip= 1,200 R*/s and lp= 9,950*/s and fit to high frequency noise used /,= 13,360
R*/s and n = 0.34.
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Figure 2.7 - Background dependence of rod and cone detection thresholds.
Detection thresholds were derived for both photoreceptor types from the data shown in
Figure 2.5 and 6 (see Methods). Colored symbols correspond to thresholds for the
example rods and cones from Figure 2.5 and 6, while gray symbols correspond to
population data (5 rods, 6 cones). The rod thresholds (black circles show mean + SEM)
were well described by equation 2.6, with a dark threshold < 1 R*/rod. The cone
thresholds (black triangles show mean + SEM) were well described by a Weber-like
function (equation 2.7) with a dark threshold of 10.9 R*/cone, and a threshold-doubling
background, o = 11,700 R*/s. The fit to the rod thresholds was extended to higher
backgrounds to directly compare the slopes; in this log-log plot, the slope for rods is 0.5
corresponding to a “square-root” behavior while the slope for cones is 1, corresponding

to a Weber behavior.
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Chapter 3
Fast light adaptation in primate cone photoreceptors permits encoding of

information during eye movements

3.1 Summary

The visual exploration of natural scenes in primates relies on sophisticated eye
movements that point the fovea to relevant regions. The wide and fast changes in inputs
during visual exploration pose a challenge for the encoding of information requiring fast
and local adaptation to the input statistics. The work presented here explores how
cones adapt and encode information during eye movements. First, we find that
responses in cones to naturalistic stimuli are highly nonlinear due to light adaptation.
Second, we show that these responses can be captured with biophysical models of the
phototransduction cascade. Third, we show how light adaptation shapes the encoding
of information in cones during eye movements, finding differences in the encoding of
mean luminance compared to the encoding of temporal contrast. The findings and
model presented here are crucial to explore encoding during eye movements in the rest

of the visual system.

3.2 Introduction

Most of our everyday visual activities, like reading or exploring details in a visual
scene, start with signaling in the fovea, a small and specialized patch of the retina
where cone photoreceptors are most densely packed and spatial acuity is best (Curcio
and Sloan, 1992). Visual cues detected in the periphery, where spatial acuity and cone
density are lower, cause ballistic eye movements, or saccades, to direct and fixate the
fovea to the region of interest. During free visual exploration of natural scenes, humans
make two to six saccades every second that can span several degrees of visual angle
(Harris et al., 1988). On the spatial scale of saccades, natural scenes can exhibit
thousand-fold differences in both local luminance (measured as the mean light intensity
in patches of <1 min of arc) and local spatial contrast (measured as the root mean

square of light intensities in the same patches) (Frazor and Geisler, 2006).
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Reliable encoding of visual information during the fixations occurring between
saccades imposes several challenges on the visual system: first, given that the dynamic
range of neural signals is small compared to the range of inputs encountered during
exploration of a scene, the visual system has to be able to adjust its gain to match the
inputs; second, given that fixations last about 200 to 600 ms, adaptation mechanisms
must operate quickly; third, given the weak correlations between local luminance and
local spatial contrast in natural images (Mante et al., 2005, Frazor and Geisler, 2006),
adaptation to these two input properties should be independent.

The need to adapt to local statistics of an ever changing environment is general
across sensory systems. For example, adaptation allows bacteria to follow molecular
gradients across a >10,000-fold range of concentrations (Bialek and Setayeshgar, 2005,
Neumann et al., 2014), and the kinetics of adaptation govern the ability to follow these
gradients (Segall et al., 1986). Similar challenges arise in the tracking of odor plumes in
insects, where turbulent flow creates enormous variations in odorant concentrations
(Carde and Willis, 2008) or in the auditory system, where signals are embedded in
highly variable levels of background noise. In these two latter systems, adaptation at the
primary receptor (odorant receptor neurons and hair cells) is fundamental to maintain
sensitivity (Fettiplace and Ricci, 2003, Kelliher et al., 2003).

Vision also relies on adaptation in the primary receptors - the rod and cone
photoreceptors. Indeed, for typical daytime light levels, most of the adaptation in the
retinal output to changes in luminance occurs in the cones themselves (Dunn et al.,
2007). Adaptation operates by light-dependent changes in internal calcium
concentration, which affect both the gain and kinetics with which light inputs are
converted to electrical signals (Krizaj and Copenhagen, 2002). Here we explore how
adaptation allows primate cones to encode information during eye movements. We find:
(1) cone responses to inputs such as those encountered during eye movements are
highly non-linear due to adaptation within the phototransduction cascade; (2) cone
responses to simulated eye movements can be captured by a biophysical model of the
cone phototransduction cascade; and (3) adaptation differentially affects the encoding of

mean luminance and of temporal contrast.
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3.3 Methods
3.3.1 Animals, tissue and solutions

We made electrophysiological recordings from primate retinas (Macaca
fascicularis, nemestrina and mulatta of either sex, ages 3 — 19 yrs) in accordance with
the Institutional Animal Care and Use Committee at the University of Washington. We
obtained retina through the Tissue Distribution Program of the Regional Primate
Research Center. We performed most enucleations under pentobarbital anesthesia.
After enucleation, we rapidly separated the retina-pigment epithelium-sclera complex (<
5 min) from the anterior segment, drained the vitreous humor, and dark-adapted the
retina for 1h in warm (32° C) Ames medium bubbled with a mixture of 95% COs2 - 5%
O2. In some young animals, we drained the vitreous after incubation in plasmin (~ ???g/
mL in ~6mL of solution for 15 to 30 min). We performed all subsequent procedures
under infrared (> 900 nm) light. For recording, we separated a small piece of retina
(~4mm?2) from the pigment epithelium and mounted it photoreceptor side up on a poly-
lysine coated coverslip (BD Biosciences) forming the floor of a recording chamber. We
continually superfused retinas with warm (~31° - 33° C) oxygenated Ames medium.
Treatment with DNase | (Sigma-Aldrich) (30 units in ~250 pL of Ames for 4 min)

facilitated access to the photoreceptor inner segments.

3.3.2 Recordings and light-stimulation

For whole-cell voltage-clamp recordings (holding potential =70 mV) we measured
cone signals with an internal solution containing (in mM): 133 potassium aspartate, 10
KCI, 10 HEPES, 1 MgClz, 4 Mg-ATP, 0.5 Tris-GTP; pH was adjusted to 7.2 with NMG-
OH and osmolarity was ~280 mOSM. The internal solution did not contain any calcium
buffer (or calcium), as even low concentrations of calcium buffer caused the light
response to become increasingly biphasic during the course of a recording. For current-
clamp recordings (without any current-injection) under perforated patch, we used an
internal solution with 30 yg/mL gramicidin and with EGTA buffering to be able to detect
inadvertent whole-cell access; it contained (in mM): 125 potassium aspartate, 10 KCl,
10 HEPES, 5 EGTA, 1MgCly, 0.5 CaClz, 4 Mg-ATP, 0.5 Tris-GTP; pH was adjusted to
7.2 with NMG-OH and osmolarity was ~280 mOSM.
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We delivered light stimuli from blue, green and red LEDs (peak wavelengths 405,
510 and 640 nm), which permitted quick identification of cone types. The stimuli
illuminated a ~150 um diameter area centered and focused on the recorded cone. We
converted photon densities (photons/um?2) to R*/photoreceptor using a collecting area of
0.6 um2 (Schneeweis and Schnapf, 1999), previously measured cone spectral
sensitivities (Baylor et al., 1984) and the LED spectra.

We acquired data using Multiclamp 700B amplifiers. We low-pass filtered
recorded currents at 3 kHz and digitized the data at 20 kHz. We analyzed recorded data
through custom routines in Matlab (The Mathworks). We excluded from analysis cones
that showed unusually rapid run-down of light responses, low sensitivity or short-lived
recordings. All cones presented here were either L or M cones. The best fit values for
models and empirical descriptions were obtained through automatic fitting routines
(Matlab’s nlinfit, fmincon and Isqcurvefit). The quality of model fits were evaluated as the
ration between the sum of squared errors of the model to the data and the sum of

squared errors of the model to the mean response.

3.3.3 Model of fixation duration and saccades

The model to generate naturalistic stimuli was based on a statistical
approximation from measurements of eye movements made in humans (Harris et al.,
1988). In this model, fixation times follow an exponential distribution with a refractory

period, such that the probability, of two saccades following each other is given by:

1 —(t—a) .
—xXe P if t > «

0 ift < «

(3.1)
where a = 100 ms is the refractory period (Harris et al., 1988); the time constant of the
exponential distribution ( = 200 ms) was elected to generate on average 3 saccades

every second (range: 2 to 5). This model did not include any fixational eye movements.
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Saccades where then inserted between fixations, with a duration (Ds), proportional to a

random amplitude (As), and dictated by:

(3.2)
where the velocity, vs, was drawn from a uniform distribution between 0.4 and 0.6°/ms,
as = 10° and ds = 40 ms (Rucci et al., 2000). This generated saccades that lasted ~15
ms. At each fixation the luminance was drawn from distributions constructed from
individual natural images taken from the van Hateren database (van Hateren and van

der Schaaf, 1998). During saccades, the transitions between luminances were linear.

3.3.4 Linear and linear-nonlinear model

To construct a linear filter, we recorded cone photocurrent responses to dim
flashes in darkness and divided them by the strength of the flash, to obtain a linear
estimation of the single photon response. The single-photon responses were then fitted

with the following equation (Baylor et al., 1987, Angueyra and Rieke, 2013):

_ <7—rfse )4 _<Td ¢ ) 27t
f(t) =« 1 _|_ ( t )4 X € ceay X COS(Tosc+W)

(3.3)
The parameters obtained for the example cell in figure 3.1c are: a = 831, Trise = 28.1 ms,
Tdecay = 24.3 MS, Tosc = 2x103s and w = 89.97°.

The linear filter was then convolved directly with the light stimulus to obtain a
linear estimate of the responses. Given that the linear filter was obtained in darkness,
where gain is maximal, we allowed rescaling of the linear model by a single factor. The
rescaling factor was chosen to match the current at the end of the highest fixation, and
had a value of 0.01 for the example cone presented in figure 3.1.

The relationship of real and linear model currents were fitted with the following

function:
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tdata = aC [b<ilin.model) -+ d] te

(3.4)
where C[ ] is the cumulative density of a normal function with zero mean and standard
deviation of 1 (Chichilnisky, 2001). The parameters for the fit shown in figure 3.1d were
a=1217.62,b =0.0284, d = 1.7405 and e =-1174.08.

3.3.5 Biophysical model with a single feedback mechanism

The biophysical model of the phototransduction cascade briefly presented here
(figure 3.6) follows a model of phototransduction for toad rods (Rieke and Baylor, 1996,
Rieke and Baylor, 1998), but is largely equivalent to other biophysical models
successfully used in the past in rods and cones from other species (Pugh and Lamb,
1993, Nikonov et al., 1998, Endeman and Kamermans, 2010), and as the first
component of a primate horizontal cell model (van Hateren, 2005).

In the first step of the model, the activity of light-activated opsin molecules (R)

decays with a time constant o:

(3.5)
Active opsin molecules activate phosphodiesterase (PDE) molecules through
transducin (a delay we assume is negligible) (Pugh and Lamb, 1993), so that the activity
of PDE (P) follows:
dP(t)

7:03@) —¢P(t) +n

where ¢ is the decay time constant of PDE and n is the PDE dark activity.
The concentration of cGMP in the outer segment (G) depends on the PDE-

mediated hydrolysis and the rate of synthesis (y) by the guanylate cyclase (GC) :
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(3.7)
The outer segment current carried by the cGMP-gated channels depends on G

approximated by:

(3.8)
where K is the product of the maximal current and the channel affinity for cGMP (fixed to
10-3 pA/uM) and h is the apparent cooperativity (Rieke and Baylor, 1996).

A fraction of the outer segment current (q) is carried by calcium, and therefore
calcium concentration (Ca) decreases upon exposure to light; calcium extrusion, mainly
through the Na+/K+, Ca2+ exchanger. We simplify this process as a single exponential

process with time constant f3:

dCal(t)
——=ql(t) — fCal(?)
dt
(3.9)
The calcium concentration then regulates y (the rate of cGMP synthesis)
following a Hill-curve such that:
’Yma:c
v(t) =
Ca(t)
Kge
(3.10)

where Ymax is the maximum synthesis rate, and Kec and m are the affinity and cooperativity
constants respectively.
We independently fit this model to the data in figure 3.1 and figure 3.2. The best fit

parameters are summarized in Table 3.1.
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3.3.6 Biophysical model with two separate feedback mechanisms
For this model (figure 3.7), we added a second calcium-dependent feedback
(with slower kinetics than the feedback to the cyclase) that decays with a time constant

Bsiow following:

dCaslow (t)
dt

= Bstow (Caslow (t) - Ca(t))

(3.11)
with Bsiow < B, and acting directly on the cGMP-gated channels such that equation (3.8)

becomes:

kG(t)"
4 Ca'slow (t)
Cadark:

I(t) =

(3.12)
We also independently fit this model to the data in figure 3.1 and figure 3.2. The best fit

parameters are summarized in Table 1.

3.4 Results

The results are divided into three sections. First, we show that accounting for the
responses of primate cones to stimuli that emulate saccades and fixations requires
models incorporating time-dependent (e.g. adaptive) non-linearities. Second, we
develop a biophysical model with two kinetically-distinct feedback mechanisms that is
able to account for cone responses to the wide array of stimuli presented here. Third,
we show how two distinct adaptational mechanisms separately govern the time scale of

luminance and contrast discrimination during eye movements.
3.4.1 Primate cone responses to naturalistic stimuli

3.4.1.1 A simplified model of luminance changes during saccadic eye movements
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To explore how cones behave during eye movements, we generated stimuli that
approximated the luminance changes during free viewing for single cones (figure 3.1a).
We ignored fixational eye movements (microsaccades, tremor and drift), and modeled
the duration of fixations as an exponential distribution with a minimum intersaccade
interval (Harris et al., 1988); the exponential time constant was chosen to produce ~3
saccades every second. The light intensity for each simulated fixation was determined
by randomly sampling from an intensity distribution taken from natural images (van
Hateren and van der Schaaf, 1998). Saccades lasted ~15 ms, during which the intensity
changed linearly (see methods for details). The resulting stimuli captured the wide, rapid
and variable changes in light-intensity characteristic of cone inputs under free-viewing

conditions (figure 3.1b).

3.4.1.2 Cone responses to naturalistic stimuli

Cone current responses to naturalistic stimuli showed several complex behaviors
(figure 3.1d). First, responses following increases or decreases in luminance exhibited
kinetic changes on several time scales, but the responses were not antisymmetric as
would be expected for a linear system. Second, gain was not constant; instead, high
intensities produced considerable response compression; for example, the difference in
responses to the two highest intensities (closed arrows in figure 3.1d) were similar to
those produced by >10-fold smaller intensity changes (open arrows). Third, responses
depended on the previous intensities; for example, identical luminances with different
preceding luminances elicited responses that differed in both peak amplitude and

kinetics (figure 3.1d, asterisks and figure 3.1c).

3.4.1.3 Cone responses can’t be captured by linear models nor linear-nonlinear
models

How well do simple models capture the cone responses to naturalistic stimuli?
We started by using the average response to dim flashes in darkness (figure 3.1e) to
construct a linear prediction of the response. Because the gain in darkness is high, we
imposed a single scaling factor (~1/100) that matched the linear prediction to the mean

current at the end of the fixation for the brightest luminance. The resulting prediction
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failed to capture the peak or final currents during other fixations and did not match the
pronounced dynamical changes during each fixation (figure 3.1f). These shortcomings,
particularly the transient current changes at the start of each simulated fixation, cannot
be corrected by other choices of the scale factor for the linear prediction. The quality of
the model fit to the data was evaluated by comparing the sum of squared errors
between the model and the individual responses to the stimulus with the sum of
squared errors between the mean response and the individual responses; a ratio (R) of
these errors close to 1 would mean that the model captures the data as well as the
mean. For the linear model Riinear = 2.39 - i.e. measured as squared error, the linear
model was 2.39-fold worse than the mean at capturing the data.

We next tested whether a time-independent nonlinearity could improve the
predicted response. We constructed such nonlinearity by fitting the relationship between
the linearly predicted and measured currents at the end of each fixation (figure 3.1g).
The resulting linear-nonlinear model (LN model) largely resolved the discrepancies in
currents obtained at the end of fixations (which is not surprising since it was fitted
directly to them) and significantly improved the quality of fit (Rinmodel = 1.70) but was still
not able to capture either the history-dependence of the currents (e.g. two fixations
marked by asterisks in figure 3.1d) or the transient current changes at the start of a
fixation.

Linear and linear-nonlinear models lack a time-dependent nonlinearity like light
adaptation, which is known to be pronounced in cones from many species (such as
salamander (Soo et al., 2008) and bass (Korenbrot, 2012)) including primate (Schnapf
et al., 1990, Angueyra and Rieke, 2013, Cao et al., 2014). Thus, we sought to quantify
the magnitude and time course of light adaptation to understand how it shapes the

encoding of luminance changes encountered during eye movements.

3.4.2 Speed of information encoding in primate cones is governed by the kinetics of

light adaptation

3.4.2.1 Light adaptation produces fast and asymmetric changes in gain
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To determine the speed of adaptation, we probed gain as a function of time
following an increase or decrease in mean light-level. To achieve this, we recorded cone
photocurrents in response to a combination of five brief flashes and a step of light.
Three of the probing flashes were kept fixed in time across trials (before the step, during
but late after the step onset and late after the step offset), while the other two were
delivered with variable intervals near step onset and near step offset; to counteract the
decreases in gain produced by light-adaptation, flashes during the step were brighter
than the ones delivered from darkness (figure 3.2a). Subtracting the response to the
step alone (gray trace in figure 3.2b) isolated responses to the individual flashes (figure
3.2¢c).

The fixed flashes before the step and late after step offset elicited near-identical
responses, corresponding to unadapted flash responses; the fixed flash during but late
after step onset produced a completely light-adapted response, characterized by lower
amplitude and faster kinetics. The responses to the flashes delivered near step onset or
offset corresponded to transitional states between the unadapted and the light-adapted
responses (figure 3.2c).

The response gain or sensitivity (in units of pA/R*) was estimated by dividing the
isolated flash responses by the flash strength (in R*). Changes in gain had reached
steady state by 200 ms but with striking asymmetries, being faster at step onset than at
step offset (figure 3.2d and e). An approximate time constant was extracted by fitting the
gain changes with single exponential functions (gray lines in figure 3.2d and e). Across
a population of cells (n = 15) and light intensities of the step (ranging from 1,500 to
100,000 R*/s), the extracted time constants of gain changes at step onset were on
average 3 to 4 times faster than at step offset (mean + sem: Tonset = 23 + 2 MS; Toffset =
94 + 5 ms) (figure 3.2f). We did not find strong correlations between the time constants
and the intensity of the step (data not shown). Since the time to peak of the response to
the step alone is ~40ms, most of the gain changes occurred during the rising phase of
the step response. Changes in the mean current (gray trace in figure 3.2b) were much
slower than changes in gain. This dissociation between gain and mean current was less

pronounced at step offset.
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These marked asymmetries suggest that the dynamical changes in the cone
responses arise from differences in kinetics associated with the engagement and

disengagement of light adaptation.

3.4.2.2 Rapid light-adaptation causes On/Off asymmetries in primate cones

The asymmetries in the kinetics of adaptation following increases and decreases
in mean light level suggests that responses to increments and decrements in light-level
could also be asymmetric (Endeman and Kamermans, 2010). This is an important issue
because increment-decrement asymmetries observed in downstream cells are often
attributed to differential processing in On and Off circuits rather than asymmetric cone
inputs (see discussion). To test for such asymmetries in cones, we delivered positive
and negative steps of equal Weber contrast relative to a mean light level, while
recording cone photocurrent (figure 3.3a), cone voltage (figure 3.3c) or horizontal cell
voltage (figure 3.3D). Responses to Weber contrasts < 25% were near-linear, but for
higher contrasts responses to decrements were consistently larger than to
corresponding increments. We quantified the increment/decrement asymmetry from the
ratio of mean currents at the end of the steps at 100% contrast. The ratio of decrement
to increment responses exceeded one across all light levels probed (figure 3.3e). At the
lowest luminances (< 5,000 R*/s) the asymmetry was less pronounced; at higher
luminances, where light-adaptation is more pronounced, this asymmetry was more
robust and easier to detect (compare figure 3.3a and 3b).

The experiments described so far have shown that cone responses are highly
dynamic, with fast gain changes and asymmetric responses produced by light
adaptation. Linear and LN models, lacking any time-dependent nonlinearities, fail to
reproduce these responses (figure 3.1). For this reason, we turned our attention to

biophysical models able to incorporate dynamical light adaptation.

3.4.3 A biophysical model of cone responses

3.4.3.1 A model with only fast gain changes does not capture responses to naturalistic

stimuli
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Biophysical models have been successful in capturing rod responses in
amphibians and mammals (Rieke and Baylor, 1996, Younger et al., 1996, Nikonov et al.,
2000), responses in fish cones (Endeman and Kamermans, 2010, Korenbrot, 2012) and
responses from primate horizontal cells (van Hateren, 2005). Despite small
implementation nuances, these models follow the same basic structure; for this reason
we decided to specifically follow the implementation used in rod photoreceptors in toad
(Rieke and Baylor, 1996) to try to account for the outer segment current responses of
primate cone photoreceptors (figure 3.4a). In this biophysical model the different
biochemical reactions that compose the phototransduction cascade are represented as
a nonlinear set of first-order differential equations, and adaptation is largely
implemented through calcium feedback to the guanylate cyclase (Nikonov et al., 2000,
van Hateren, 2005) (see methods for a detailed explanation). This model has ten
parameters, which include the time constants of the different reactions, affinities,
cooperativity and concentration of different components; we fixed the values of four of
these parameters and varied the remaining six to fit different data sets (summarized in
Table 1).

We first fit this model to the responses to the combined steps and flashes (figure
3.4b). The model exhibited fast gain changes similar to the real data (figure 3.4c), that
also were slower at step offset that at step onset (blue triangle in figure 3.2d). However,
the model failed to capture the slow kinetics to the step response itself, produced flash
responses with slow recovery kinetics and did not entirely match the degree of
adaptation seen in the data (figure 3.4b and c).

When used to fit cone responses directly to naturalistic stimuli, the best-fit model
was a significant improvement over the linear and LN models(Rbiophys.modei=1.65) (for
example, this model does show some history-dependence); nevertheless, the model
was unable to capture the final current of every fixation and the dynamic changes in
current produced by each transition in luminance simultaneously (figure 3.4d). The
inability of the model to fit these data is not surprising: the model lacks a slow
adaptational mechanism that could account for the slow changes in mean current

following a change in luminance.
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3.4.3.2 A biophysical model with fast changes in gain and slower changes in current
captures responses to naturalistic stimuli

We added to the model presented above a slow feedback mechanism that
regulated the activity of cGMP-gated channels directly; we chose to implement this
feedback as a calcium dependent mechanism (Korenbrot, 2012, Rebrik et al., 2012,
Korenbrot et al., 2013) (see discussion), but similar models with different mechanistic
implications would yield similar results (figure 3.5a). This model includes the additional
reaction time constant of this calcium feedback, for a total of 11 parameters, 4 fixed and
7 free. The best fits of the model to the different data sets were not unique, but small
changes in parameters (up to 5%) did not significantly alter the quality of the fit,
suggesting the model is robust to modest changes in parameters.

This model provided good fits to the responses to combined steps and flashes,
capturing both the slow dynamics of the step response and the fast gain changes
probed by the flashes (figure 3.5b), with a good match to the kinetics (figure 3.5¢ and
red point in figure 3.2d). We also obtained good fits to responses to naturalistic stimuli,
getting good matches to the dynamic changes in current and to the final current at the
end of all fixations (figure 3.5d), with a closer agreement to the data (Rbiophys.modei2=1.12)
(see table 1 for the different set of parameters obtained for each data set).

When presented with the other stimuli presented in previous sections, the model
continued to respond similarly to real cones. These responses included: (1) the
asymmetric responses to contrast increments and decrements; (2) the voltage
responses to luminance steps (model included a linear current to voltage conversion,
see methods); and, (3) the voltage responses to sinusoidal modulation superimposed to
luminance steps (data not shown).

In summary, while linear or LN models fail to capture the full range of cone
responses, models that incorporate two distinct dynamical light-adaptation mechanisms
that differ in kinetics and sensitivity have the ability to capture the responses to the wide
array of stimuli presented here, suggesting that these light-adaptation mechanisms are
the main contributors shaping these responses. This led us to explore how this two
separate feedback mechanisms shape the encoding of information during eye

movements.
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3.4.4 Luminance and contrast encoding during eye movements follow different time-
courses and have different sensitivities

During eye movements, saccades produce changes in the mean luminance
experienced by individual cones; once a saccade has been completed, fixational eye
movements combined with fine spatial structure in a natural scene (spatial contrast), will
produce a temporal modulation of luminance in individual cones, which we will refer as
temporal contrast (Frazor and Geisler, 2006). How do the kinetics of adaptation in cones
limit or allow the discrimination of differences in luminance, or the detection of temporal
contrast, immediately after a saccade? Below we describe a set of experiments that
show that the discrimination of mean luminance is relatively sluggish and follows the
slow changes in mean current, while the detection of temporal contrast immediately
after a change in mean luminance follows a faster time course that tracks the fast gain
changes characterized in figure 3.2.

We constructed stimuli designed to probe luminance discrimination and temporal-
contrast detection independently. In the first set of experiments, we emulated changes
in mean luminance when a saccade is made from a bright region of a natural scene to a
darker region and then back to the same bright region (figure 3.6a, left and 6b). In the
second set of experiments, we emulated temporal contrast produced by fixational eye
movements under these same changes in mean luminance by superimposing a
sinusoidal modulation (figure 3.6a, left and 6¢). On the third and fourth set of
experiments, we followed the same logic, but emulating changes in mean luminance
(figure 3.7b) and temporal contrast (figure 3.7c) when saccades are made from a dark
region of a natural scene to a bright region and back to the same dark region (figure
3.7a). The experiments presented in this section required longer and more stable
recordings; for this reason, we used perforated-patch current-clamp recordings to

measure the membrane potential from single cones.

3.4.5 Luminance discrimination and temporal-contrast detection follow different time

courses
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The kinetics of mean-luminance discrimination were first tested by recording
voltage responses to steps from a single high light intensity (~18,000 R*/s) to one of
four lower light intensities (~350 R*/s, ~700 R*/s, ~1,400 R*/s, or ~2,800 R*/s) (figure
3.6b). To isolate the dependence of the voltage trajectory on light intensity, we
subtracted the response to the 2,800 R*/s step from the others. Following a decrease in
light intensity, the responses initially follow a similar trajectory, diverge after ~50 ms, and
reach a maximal difference after ~200 ms. The differences in response were graded
with the value of the low light intensity. The return to the high light intensity produced
clear differences between responses that depended on the past low luminance and that
decayed over ~200 ms (figure 3.6¢).

Noise in the responses was, at most, weakly stimulus dependent (figure 3.6d).
Hence, the discriminability of the different low light intensities (measured in terms of
d’ [d prime], a signal-to-noise ratio measurement obtained by taking the absolute
difference between the step responses and dividing it by the mean of the noise in both
responses) follows the same time course as the response differences: at luminance
decrease, discriminability is maximal after ~200 ms; upon return to a high luminance,
the loss of discriminability (i.e. the loss of history-dependence) slowly decays (figure
3.6e). The time course of the differences in response was consistent across cells (n = 4)
(figure 3.4f).

To probe the kinetics of detection of temporal contrast under the same mean-
luminance changes, we superimposed a 5 Hz sinusoidal modulation to the light intensity
steps (figure 3.6a, middle). To elicit comparable responses, sine contrast was 100%-
Weber contrast at the low light intensity and 30%-Weber contrast at the high light
intensity. Sinusoidal modulation of the cone voltage was isolated by subtracting the
corresponding response to the luminance steps alone (figure 3.4g). Subtracting the sine
responses at 2,800 R*/s from the rest of the sine responses revealed that the responses
to temporal contrast were smaller at the lowest light intensities (figure 3.4h). Upon
return to the high light intensity, however, sinusoids elicited indistinguishable responses
(figure 3.4i). Specifically, the return to the high light intensity did not elicit responses to
temporal contrast that showed history dependence. Noise across responses, like that

for steps alone, did not show strong stimulus dependence (figure 3.4j).
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We calculated the detectability of the isolated sine responses using the peak
responses to four different sinusoid phases (raw data shown previously only contains
one phase) (figure 3.4j). At the low light intensities, only the earliest peak response
showed a reduced amplitude, with steady state already reached rapidly, by the second
half cycle (figure 3.4g and j). At the high luminance, maximum detection was reached
even faster, and already possible at the time of the first peak response (figure 3.4j).
These observations were consistent across cells (figure 3.4k), suggesting that, in cones,
the detection of temporal contrast follows a separate time scale than the discrimination

of mean luminance

3.4.6 Luminance discrimination and temporal-contrast detection have different
sensitivities

We also stimulated cones with abrupt changes from a low light intensity (~750
R*/s) to one of three high light intensities (~18,500 R*/s, ~21,000 R*/s or ~24,000 R*/s)
and back (figure 3.7a) and tested the discriminability of the responses to such stimuli.
Although in absolute terms the three high light-intensity values were quite different (14%
to 29%), the mean responses differed very little (figure 3.7b). Differences between
responses and therefore discriminability was marked only transiently, at the peak of the
response (figure 3.7c,d and e). The sinusoidal modulation at the high light intensities
again produced responses that settled quickly (steady state reached by the first peak)
(figure 3.7g) and were indistinguishable across light intensities, even though in absolute
terms the sinusoids themselves differed also by 14% to 29% in intensity (figure 3.7h); in
other words, at the high light intensities, cones showed responses that are constant with
respect to contrast (and independent of the mean light level). These observations were
also consistent across cells, with small differences in steady-state mean current to 29%
differences in luminance (figure 3.7f) but robust and indistinguishable responses to 30%
contrast modulation at the high light intensities(figure 3.7k), suggesting that the
detection of temporal contrast is more sensitive than the discrimination of luminance.

Taken together, these results suggest that, during the changes in inputs
experienced during eye movements, adaptation in primate cones follows at least two

different time scales and has two different sensitivities. A fast adaptational mechanism
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rapidly controls gain (figure 3.2) and allows fast encoding of temporal contrast (figure
3.6g-k), while a slower and less sensitive mechanism adjusts the steady-state response
to the mean luminance more gradually, producing lingering effects that impair the speed
of luminance encoding (figure 3.6b-f). Interestingly, at transitions to high light intensities,
luminance discrimination is less sensitive than the detection of temporal contrast (which
shows signs of contrast constancy expected from Weber behavior) (figure 3.7)
(Angueyra and Rieke, 2013). At transitions to low luminances, where gain changes are
less than Weber, luminance discrimination is more reliable (albeit slow) but responses

are not contrast-constant (figure 3.6).

3.5 Discussion

The need to adapt to the statistics of the natural environment is common among
sensory systems and especially crucial for the visual system, since it has to support
behavior in ambient light levels that can span a range of more than 9 log units. Some of
these adaptation mechanisms are tuned to integrate information slowly, tuning circuits
and controlling sensitivity in the course of hours (e.g.circadian regulation of retinal gap
junctions (Bloomfield and Volgyi, 2009)) to minutes or seconds (e.g. pupillary reflex).
Nevertheless, during free viewing, cones experience light changes that are fast and
widely dissimilar even within different regions of the same scene. To be able to make
use of small patches of retina efficiently, there is a paramount necessity for fast and
local adaptation to the local statistics of inputs, capable of balancing high sensitivity with
the risk of saturation (Abrams et al., 2007). The magnitude of this challenge, and the
high cost of poor tuning, is made especially apparent when trying to take pictures with
current digital cameras: the selection of a single exposure feels far too slow, requires
several tries and ends up being very far from optimal to capture more than one region of
a scene. The results presented in this work suggest that the visual system deals with a
significant fraction of these challenges upfront, by imposing fast local adaptation at

every “pixel” or photoreceptor.

3.5.1 Information encoding during eye movements
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We find here that the light-adaptation mechanisms in cones are well set to deal
with the main challenges imposed by eye movements. First, as light falling on a cone
transitions from bright to dim or vice versa, cones show fast changes in gain that occur
within a single fixation, helping to preventing saturation of cone responses. Second,
these gain changes cause responses to follow Weber’s Law (Angueyra and Rieke,
2013), so that at moderate to high mean luminances, responses encode contrast rather
than absolute luminance; such encoding is a key aspect of visual perception, allowing
us, for example, to see text on a piece of paper as black on white under a huge range of
lighting conditions. Third, the rapid gain control is distinct from the slower control of
changes in mean current. These slower adaptational changes govern the discrimination
of luminances and are important in preserving the biological dynamic range.

Because local luminance and local contrast are near-independent in natural
images, luminance and contrast adaptation should ideally operate independently
(Frazor and Geisler, 2006). To our knowledge, this is the first time that independent
mechanisms of this type have been described in photoreceptors, the first stage of the
visual system. Additionally, we have provided evidence that, given the different time
scales of the adaptation mechanisms, information about temporal contrast may be
available sooner than information about the mean luminance, suggesting that this could

be present in downstream neurons and potentially in perception.

3.5.2 Origin of increment/decrement asymmetries

Asymmetries to contrast increments and decrements could arise within the
circuitry or directly from light-adaptation in photoreceptors. Psychophysically, threshold
for rapid contrast decrements (thought to isolate the Off-pathway) are lower than those
for rapid contrast increments (thought to isolate the On pathway) (Bowen et al., 1989).
Given that detection of this stimulus requires just a few percent contrast (where cone
responses are near linear), the difference in sensitivity has to arise in the circuitry. At
higher contrasts, V1 responses in humans and monkeys are still larger for decrements
than increments (Kremkow et al., 2014) and detection of 100% contrast decrements
embedded in binary noise is better than for 100% contrast increments (Komban et al.,

2014); both studies suggest the existence of a nonlinearity early in the visual pathway to
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explain these results, which parallels the cone On/Off asymmetries we have shown
here. Similarly, asymmetries in cone responses may contribute to other observations
made downstream neurons, including the fast gain control (Yeh et al., 1996) and kinetic
differences to On and Off contrast (Chichilnisky and Kalmar, 2002) found in primate

retinal ganglion cells.

3.56.3 Past evidence for complex nonlinear responses in the primate outer retina

Primate horizontal cells exhibit complex nonlinear responses that include
asymmetric responses to symmetric positive and negative contrast and fast gain
changes to abrupt changes in luminance (Smith et al., 2001, Lee et al., 2003). Yet, the
location and mechanism of such richness was not explored, and it was unclear if these
nonlinearities arise from horizontal cell feedback, properties of the cones synapse or
membrane, or in phototransduction itself.

A biophysical model developed to capture horizontal cell responses included
three sequential dynamic components (van Hateren, 2005): cone outer segment
current, cone inner segment current to voltage conversion, and horizontal cell feedback.
The cone outer segment current component of this model included a single feedback
mechanism with fast kinetics and is almost identical to the first biophysical model
presented above (figure 3.6); this model alone fails to capture the cone current
response to naturalistic stimuli. Thus, even though the full model is able to capture most
of the characteristics of horizontal cell responses to light steps, flashes and sinusoids,
its components are mechanistically misplaced. This hinders the model’s ability to infer
the relative and specific contributions of each component, especially the transformation

performed by horizontal cells.

3.5.4 Mechanistical implications of a second feedback mechanism

Incorporating a slow feedback into a biophysical model for cone transduction
allowed us to capture cone responses to steps, flashes and naturalistic stimuli. This
slow light-adaptation mechanism likely corresponds to calcium-mediated feedback
directly to the cGMP-gated channels for several reasons. First, we have previously

shown that in primate cones, the gain changes of the light response caused by light
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adaptation do not affect the activity of the cGMP-gated channels. Instead, the
modulation of channel activity is relatively weak and requires higher light intensities
(Angueyra and Rieke, 2013), suggesting a mechanism that acts directly on the cGMP-
gated channels. Second, to recapitulate the cone responses shown here, models need
to include a fast and more sensitive adaptation mechanism located upstream of a
slower and less sensitive one; models that do not follow this pattern are unable to match
the data. Third, and more importantly, em/-1, a calcium-dependent protein capable of
directly modulating cGMP-channel activity has been recently described in bass cones
(Rebrik et al., 2012) and genetically identified in zebrafish cones (Korenbrot et al.,
2013), providing a compelling mechanistic basis for such feedback. Preliminary
experiments suggest that the expression of eml-1 in primate cones is restricted to the

outer segments.

3.5.5 Limits and relevance of the model

Our model does not include any feedback to the opsin or activity of bleached
pigment, which are probably not dominant features of the responses shown here.
Attempts to include these mechanisms in biophysical models have been described
before (Lamb and Pugh, 2004, van Hateren and Lamb, 2006) and are probably
important to capture response at higher light levels, where bleaching may be an issue.
Nevertheless, the model provided here captures well the characteristics of responses
and light adaptation within the range of luminances we tested (up to ~100,000 R*/s for
short periods of time).

During the last 15 years, several laboratories have made great efforts to
understand what information retinal ganglion cells provide to central targets; among
other things, better models of ganglion cell coding could lead to improved retinal
prosthetics (Nirenberg and Pandarinath, 2012). Current models can capture RGC
responses to specific stimuli well, but fail to generalize, especially to naturalistic stimuli
(Lorach et al., 2013). Such models lack dynamic adaptation in individual cones, which
we have shown to be important to shape photoreceptor responses. In this context,
irrespective of the mechanistical basis of feedback or match between fitted parameters

and real parameters, we propose that the model we presented here could help improve
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such models, and clarify how computations are implemented by the downstream

circuitry.
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Table 3.1. Summary of biophysical model parameters and best fit values
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Figure 3.1. The complex responses of primate cones to naturalistic stimuli are not
well captured by linear or linear-nonlinear (LN) models

a. Schematic of eye movements (blue line) and fixations (blue circles) during free-
viewing of a natural scene.

b. Stimulus that emulates the rapid and frequent changes in mean light intensity
experienced by single cones during free-viewing.

c. Responses to same light intensity (asterisks in (a)) were aligned to evidence the
differences in peak response and kinetics that depend on the previous light-intensity
(history dependence).

d. Photocurrent recording of single cone photoreceptor stimulated with the naturalistic
stimulus shown in (a). Responses to such stimuli are highly dynamic and with continual
changes in the dynamic range, as shown by the difference in response to the two
highest light intensities (solid black arrows) being almost identical to differences in
responses to 10-fold dimmer light intensities (open white arrows). Also, responses
showed signs of history dependence (asterisks).

e. Linear filter constructed by fitting the estimated single-photon response for cone in (a)
with a smooth function (see methods) and used to build a linear model.

f. The linear model (green trace) was rescaled to match the final current at the highest
light intensity, but did not match the currents at the rest of light-intensities and did not
capture the dynamics of the cone response.

g. Time-independent non-linearity constructed by fitting the relation between the
currents at the end of fixations for the measured currents and for the linear model.

h. The nonlinearity in (g) was used to build an LN model (pink trace), which resolves
most of the discrepancies of the currents at the end of fixations but does not capture the

peak responses nor the dynamics of the cone response.
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Figure 3.2. Gain changes during light-adaptation are fast and well-tuned to the
duration of fixations

a. Stimulus used to probe the kinetics of gain changes during light adaptation,
consisting of an adapting step of light (gray trace) and five flashes (black trace); the
three flashes delivered before, during and after the light step were fixed in time, while
the two other flashes were delivered with variable delays from step onset and offset.

Flashes during the step were 2-fold brighter to counteract light-adaptation.
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b. Example of mean responses to the adapting step alone (gray trace) or in combination
with the five flashes (black trace) with a 40 ms delay for the variable flashes (Ntiais = 6).
c. Flash responses were isolated by subtracting the response to the step alone and
subsequently transformed into gain measurements, by dividing by the flash intensity.
The flash before and late after the step produced unadapted responses, while the flash
during the step produced a light-adapted response, with lower amplitude and faster
kinetics. The flashes near step onset and near step offset produced responses that
were in transition between the two states.

d. Gain changes at step onset follow very fast kinetics. Gain measurements were
normalized to the gain in darkness; gray traces correspond to gain in darkness (leftmost
trace) and steady-state adapted gain (rightmost trace). Colored traces correspond to the
gain obtained by delivering flashes with a variable delay from the step onset. The speed
of the gain changes was tracked by identifying the peaks and approximating their time
course with an exponential function. The time constant of best fit was T = 14 ms (gray
smooth line).

e. Gain changes at step offset are slower and more gradual. Gray traces correspond to
steady state adapted gain (leftmost trace) and gain in darkness (rightmost trace).
Colored traces correspond to the gain obtained by delivering flashes with a variable
delay from the step offset. The time constant of best fit to an exponential function was T
= 86 ms (gray smooth line).

f. Time constants at step onset were 3 to 4-fold faster than at step offset over a
population of cells (n = 15). Mean and SEM are shown as black circle and error bars,
individual cells are shown as gray open circles and example cell in (a-d) is shown as
gray open triangle. All cells lie above the unity line (blacked dashed line). Notice that
both onset and offset time constants are shorter the average duration of fixations during
free-viewing (200 to 600 ms). The corresponding time constants for the biophysical
models (figures 3.4 and 3.5) are shown as solid triangles (blue triangle for model with 1

adaptation mechanism, red triangle for model with 2 adaptation mechanisms).
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Figure 3.3. Cones exhibit On/Off asymmetries that arise within the

phototransduction cascade and are transmitted downstream

a. Cone photocurrent recording at a background light intensity of 17,000 R*/s, with

larger responses to luminance decrements compared to symmetric luminance

increments, for Weber contrasts above 25%.

b. Same cone as in (a) but at a background light intensity of 60,000 R*/s. The

asymmetry in responses gets larger as background light intensity (and light-adaptation)

increases.

c. Cone voltage recording at a background light intensity of 50,000 R*/s also shows

asymmetric responses with similar characteristics.

d. Voltage recording of horizontal cell at a background light intensity of 20,000 R*/s,

shows that the asymmetries in cone responses are transmitted to downstream neurons.

e. Ratio of steady-state responses to 100% contrast for cone currents (circles), cone

voltages (triangles) or horizontal cell voltage (diamonds) over a wide range of

background light intensities. All cells showed larger responses to contrast decrements

(all ratios are larger than 1).
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Figure 3.4. A biophysical model with a single feedback mechanism is unable to
capture cone responses

a. Schematic of phototransduction cascade and corresponding components of the
biophysical model: cyclic-GMP (cGMP) is constantly synthesized by guanylate cyclase
(GC), opening cGMP-gated channels in the membrane. Light-activated opsin (Opsin*)
activates the G-protein transducin (Gt*) which then is able to relieve inhibition from
phosphodiesterase (PDE*) and decreases the cGMP concentration, producing closing
of the cGMP-channels. Calcium ions (Ca2+) flow into the cone outer segment through
the cGMP-gated channels and are extruded through Na+/K+/Ca2+ exchangers in the
membrane. In this model, the main feedback mechanism (blue line) arises from Ca2+-
dependence in the rate of cGMP-synthesis through GC.

b. Model fit to responses to step and flashes shown in figure 3.2. Model was able to
produce similar gain changes but did not capture the slower kinetics of step response,

and the flash responses had slow recovery to baseline. See table 3.1 for fit parameters.
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c. Kinetics of model gain changes are well matched to the data. Kinetics of gain
changes estimated as in figure 3.2 had a time constant of 22 ms at step onset and of 80
ms at step offset.

d. Model fit to cone response to the saccade-like stimulus shown in figure 3.1, shows
improvement over the linear and LN models, but is still unable to capture the currents at
the end of fixations and has an oscillating light response to steps and flashes. See table

3.1 for fit parameters.
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Figure 3.5. A biophysical model with two distinct feedback mechanisms is able to
capture cone responses

a. Schematic of phototransduction cascade and corresponding components of the
biophysical model. The second and slower feedback mechanism (red line) is arises from
calcium feedback to the cGMP-gated channels.

b. Model fit to responses to step and flashes shown in figure 3.2. Model was able to
simultaneously replicate the step and flash responses and the gain changes. See table
3.1 for fit parameters.

c. Kinetics of model gain changes are also well matched to the data, with a time
constant of 17 ms at step onset and 100 ms at step offset.

d. Model fit to cone response to the saccade-like stimulus shown in figure 3.1. This
model is able to capture currents at all fixations, with correct dynamic changes and

history dependence. See table 3.1 for fit parameters.
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Figure 3.6. Discrimination of luminance and detection of temporal contrast during
eye movements follow different time courses

a. Schematic of experiment design: (left) During exploration of natural scenes,
saccades are frequently made from a bright region (blue circle) to darker regions (purple
and light blue circles), and back to a bright region, producing abrupt changes in the
mean luminance experienced by cones . (middle) We emulated the luminance changes
experienced in these conditions as steps that begin at a relatively high light intensity
(18,000 R*/s) and abruptly decrease to one of four lower light intensities (350 R*/s, 700
R*/s, 1,400 R*/s or 2,800 R*/s) and back to the high light intensity, and recorded cone
voltage responses to such stimuli (light colors). (right) During fixations at any of these
regions, fixational eye movements paired with the fine spatial structure of natural
images cause dynamic changes in contrast. (middle) This was emulated as a 5 Hz
sinusoidal modulation to the luminance changes; we tested 4 different sinusoid phases
(only 1 shown) and sinusoid contrast was 100% at the lower light intensities and 30% at
the high light intensity to produce similar responses (bright colors).

(b-f) Luminance discrimination

b. Mean cone voltage responses to the luminance steps in (a) (Ntias = 5). Abrupt
decreases to different low light-intensities produce responses that rise similarly in the
first ~50 ms and slowly diverge; upon return to the high light intensity, the peak
responses differ depending on the previous light intensity to then reach the same
steady-state value.

c. Each response was subtracted from the response to 2,800 R*/s, highlighting that the
larger differences between responses are reached after the voltage responses have
settled and that upon return to the high light intensity, the differences decay slowly, over
the course of ~200 ms.

d. Noise across the mean responses in (a) is flat with little stimulus-dependence and
equal magnitude at all light intensities.

e. The time course of discrimination across luminances (measured as d’ and taking the
response to 2,800 R*/s as reference) closely follows (c), with largest discrimination

across low luminances beyond 200 ms (when responses have reached steady-state).
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Upon return to the high light intensity, discriminability (i.e. hysteresis) also decays slowly
over the course of ~200 ms.

f. Mean response difference as in (c) for a population of cells (black line, n = 4).
Individual cells are shown in gray. All cells display a slow build-up at the low light
intensities and a slowly decaying difference upon return to the high light intensity.
(g-k) Temporal contrast detection

g. The response to the sinusoidal stimulation was isolated by subtracting the response
to the steps alone. At each low light intensity only the peak response to the first half
cycle differed from the rest, with a steady state response already reached by the peak
of the second half cycle (which occurred before 200 ms); upon return to the high light
intensity, steady state was even reached before the peak response to the first half-
cycle.

h. Each sinusoidal response was subtracted from the response to modulation at the
2,800 R*/s light intensity, showing that at the low light intensities, the amplitude of the
responses to 100% Weber-contrast sinusoidal modulation is directly related to light
intensity; upon return to the high light intensity, no differences across responses could
be found, even when there are clear differences in the underlying response to the
luminance steps (compare to (c)).

i. As in (d), noise across responses has little stimulus dependence.

j- The detection of temporal contrast (measured as d’ respect to the underlying step
response) was evaluated at the peak of the sine responses across 4 different phases
and showed the same time course as in (g). The most notable effect was that, upon
return to the high light intensity, detection was high even by the first peak of the sine
response irrespective of the previous low luminance (i.e. sine responses did not show
history-dependence).

k. Mean differences in sine responses (black trace) and individual cells (gray trace) as
in (g) for the same population of cells as in (f). No differences were found upon return to
the high light level, even though there was a robust response to the sinusoidal

modulation itself (red trace).
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Figure 3.7. Discrimination of luminance and detection of temporal contrast during
eye movements have different sensitivities

a. Schematic of experiment design: (left) During exploration of natural scenes,
saccades are frequently made from a dark region (blue circle) to brighter regions (purple
and light blue circles), and back to a dark region, producing abrupt changes in the
luminance experienced by cones . (middle) We emulated the luminance changes
experienced in these conditions as steps that begin at a low light intensity (700 R*/s)
and abruptly increase to one of three high light intensities (18,500 R*/s, 21,000 R*/s or
24,000 R*/s) and back to the low light intensity, and recorded cone voltage responses to
such stimuli (light colors). (right) During fixations at any of these regions, fixational eye
movements paired with the fine spatial structure of natural images cause dynamic
changes in contrast. (middle) We superimposed a 5 Hz sinusoidal modulation to the
luminance changes and tested 4 different sinusoid phases (only 1 shown); sinusoid
contrast was 100% at the low light intensity and 30% at the higher light intensities
(bright colors).

(b-f) Luminance discrimination

b. Mean cone voltage responses to the luminance steps in (a) (Ntias=5). Abrupt
increases to different high light-intensities produce very similar responses with
noticeable differences only at the response peak.

c. Each response was subtracted from the response to 24,000 R*/s, highlighting the
differences in peak response at light-intensity increase and the small differences in the
rest of the responses.

d. Noise across the mean responses in (a) has a brief increase at the peak of the
response then becomes flat and of equal magnitude at all light intensities.

e. Discrimination across luminances (measured as d’ and taking the response to 24,000
R*/s as reference) is only briefly noticeable at the peak of the response in the first 50
ms.

f. Mean response difference as in (c) for a population of cells (black line, n = 5).
Individual cells are shown in gray. All cells display clear differences only at the peak of
the response, suggesting that 29% differences in bright light-intensities are difficult to

discriminate.
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(g-k) Temporal contrast detection

g. The response to the sinusoidal stimulation was isolated by subtracting the response

to the luminance steps alone. At the high light intensities, the 30% contrast sinusoidal

modulation produced robust responses, with steady-state reached before the peak
response to the first half-cycle; at luminance decrease, the peak response to the first
half-cycle of the 100% contrast modulation was inhibited.

h. Each sinusoidal response was subtracted from the response to modulation at the

24,000 R*/s light intensity, showing negligible differences across luminances, even

though in absolute values, the sinusoidal modulation differed by 14% and 29% (in other

words, the sine responses were constant respect to contrast).

i. As in (d), noise across responses is flat except briefly at the step response peak..

j- The discrimination of contrast (measured as d’ respect to the underlying step

response) was evaluated at the peak of the sine responses across 4 different phases

and showed the same time course as in (g).

k. Mean differences in sine responses (black trace) and individual cells (gray trace) as
in (g) for the same population of cells as in (f), highlighting the contrast constancy of
the responses by the negligible differences across light intensities (red trace). At the
high light intensities, the 30% Weber-contrast sinusoidal modulation produced robust
responses while 29% modulation in mean luminance produced small differences in

mean response, suggesting that contrast discrimination has a higher sensitivity.
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Chapter 4

Concluding remarks

| consider the main strength of work presented in this dissertation stems from
rooting the study of phototransduction through the perspective of visual function. In
chapter 2, | estimated the dark noise in single cones, finding a close agreement with
behavioral estimates of dark noise. | also quantified how cone signals and cone noise
change as the background illumination increases and showed that the signal-to-noise
ratio in cones follows the same shape as the behavioral signal-to-noise ratio for the
detection of dim flashes. In chapter 3, | explored how cones respond to stimuli that
emulate the changes in input encountered during eye movements, uncovering the
relevance of two distinct adaptation mechanisms within the phototransduction cascade.
The different kinetics and sensitivities of these mechanisms impose specific constraints
on the encoding of information performed by cones; to help with the exploration of how
the downstream circuit is able to decode and recode this information, | provided a model

able to capture cone responses to a wide array of stimuli.

4.1 Filling a gap in our current understanding: sources of noise in primate cones
The fact that cone noise in primates is not dominated by spontaneous opsin
activation was shown more than a decade ago (Schneeweis and Schnapf, 1999), but
the issue was left untouched since then and has still not fully permeated the field for
several reasons. First, sources of noise in phototransduction have been extensively
studied in rods, where spontaneous rhodopsin activation is a dominant source of noise
(Baylor et al., 1980, Baylor et al., 1984) and traditionally cones have been considered
less sensitive rods. Second, M- and L-opsins are less stable and have higher predicted
rates of spontaneous activation (Barlow, 1956). And third, previous quantifications of
cone noise (Lamb and Simon, 1977, Schneeweis and Schnapf, 1999) exceed noise
measured behaviorally, detracting from the relevance of these physiological studies
(Donner, 1992, Koenig and Hofer, 2011). The work presented in chapter 2 was designed
to tackle these issues at their root, by first identifying mechanistically how noise arises

in cones, in the hope that this would lead to a resolution between the physiological and
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behavioral discrepancies. It is important to point out that the light responses presented
in this dissertation are quite different from previous publications, with major
improvements in sensitivity (the peak amplitude of estimated single-photon responses in
Schnapf et. al, 1990 is ~30fA/R* vs. ~150fA/R* for figure 1.4 in this dissertation) and a
decrease in the biphasic nature (compare with responses in Schnapf et. al, 1990). We
think these differences may arise from improvements in the dissection procedure, and
from changes in the storage and recording solutions and temperatures (Azevedo and
Rieke, 2011); similar results have also been obtained independently in other

laboratories (Cao et al., 2014).

4.2 Providing a tool for the retina and vision community: cone biophysical model

The work presented in chapter 3 started as a search for a model that would
capture the responses of cones to arbitrary stimuli. | considered this to be an important
endeavor as most of the current models used to describe the responses in retinal
ganglion cells treat photoreceptors as a simple linear filter and fail to generalize to
responses to naturalistic stimuli. Perhaps, some of these failures stem from an
inadequate treatment of cones and the subsequent lack of adaptation and other non-
linearities at small spatial scales, and may change the interpretations of computations
performed (or not) by the retinal circuitry.

In our first attempts, we built LN-models using stimulation with low-contrast
gaussian white noise (Chichilnisky, 2001) finding that a purely linear model was
accurate. Nevertheless, linear and LN-models proved insufficient at capturing
responses at high contrasts or any other condition capable of modulating the light-
adaptation mechanisms (Figure 3.1). It was this realization that led, not only to study
cone responses during eye movements, where light-adaptation would be modulated
strongly, but also to explore biophysical models. As demonstrated, the biophysical
model proposed in this dissertation is able to capture cone responses to our naturalistic
stimuli (Figure 3.5), but many issues are still unresolved. First, none of the parameters |
used for the model fitting have been directly measured in primate cones, and instead |
relied on measurements from either rod or cone photoreceptors from a variety of

species to constrain or fix the different parameters. Second, the fits of the biophysical
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model are not unique, such that very different sets of parameters are able to capture the
responses of cones. Third, it is difficult to find sets of model-parameters that generalize
well, as | have found significant variations in dark-current (compare figures 2.2, 2.3 and
2.4 for example) and sensitivity (measured by the peak amplitude of the estimated
single-photon response) across cells. The analysis and interpretations in this
dissertation have been restricted to cones with high-sensitivity and stable responses
during recording, hoping to mitigate some of the experimental variability, and to better
reflect the in vivo responses, which are still expected to contain real biological variability
(Harmening et al., 2014).

Several improvements can be made in this model. First, measurement of
parameters included in the model would provide better constraints and more importantly
more insights on the inner working of phototransduction in cones. Second, to address
biological variability and generalization of the model, it will be important to not only
measure single parameters but also provide a sense on their variability from cone to
cone. Third, although the stimuli presented above explore a wide range of light-
intensities, accumulation of bleached opsin is low (given maximal light-intensities of
~105R*/s, recording durations of less than 10 min and estimated concentration of opsin
of ~109%/cone, bleaching in our recording is less than 1%). It will be important to explore
how cone responses change at higher light-levels, where bleaching is an issue, and
include additional components of opsin regulation to the present model. Fourth, to
capture voltage responses in cones, we added a simple linear current-to-voltage
conversion, still obtaining good fits; nevertheless, nonlinearities in current-to-voltage
conversion have been described and modeled previously (Detwiler et al., 1980). Similar
measurements could be directly made in primate cones and subsequently implemented
in the model. In the future, extending our knowledge and modeling efforts into the cone

synapse and horizontal-cell feedback will be valuable.

4.3 Detection of mean luminance vs. detection of luminance modulation
One of the most interesting findings presented in this dissertation is the slower
speed in the discrimination of mean luminance compared to the detection of

modulations about this mean luminance (Chapter 3). It is possible that such dichotomy
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may be inherited by the downstream retinal circuitry and could be present even
behaviorally. Preliminary experiments in ganglion cells stimulated with the same
stimulus paradigm (luminance steps with or without sinusoidal modulation) show a
similar result in ON-midgets. Experiments to explore this psychophysically are currently

underway.

4.4 Insights provided by noise analysis

As a final concluding remark, | want to highlight how powerful noise analysis is.
Noise analysis in the past has provided deep insight into the gating of ion channels
(Conti et al., 1976, Neher and Stevens, 1977), into the underlying mechanism mediating
long-term potentiation in hippocampus (Andrasfalvy and Magee, 2004) and into the
coupling and noise sources of phototransduction at a time where its actual components
had not been discovered (Yau et al., 1979). With considerably more knowledge about
the phototransduction cascade, | was still able to use a similar approach to identify the
different sources of noise in cone phototransduction. Additionally, the independence of
channel noise to gain changes during light-adaptation was the first suggestion of the
relevance of a second light-adaptation mechanism in the phototransduction cascade.
For these reasons, | consider that a similar approach would be extremely helpful to
revolve some of the current controversies on the mechanism of horizontal-cell feedback:
(for example Wang et al., 2014 vs. Vroman et al., 2013 and Vroman et al., 2014) or,
similarly, to explore less well-known transduction cascades, such as the metabotropic

glutamate-receptor cascade in ON-bipolar cells.
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