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ELEMENTARY PHOTORECEPTOR
SIGNALING IN HUMAN VISION

KADY S. BRUCE
VISION SCIENCE GRADUATE PROGRAM

ABSTRACT

To perceive a spot of light at photopic threshold, a minimum number of photons
must be absorbed by cone photoreceptors. While many factors affecting psychophysical
threshold have been studied, few have been examined at the single-cone level. Here we
reveal how variation in synaptic weighting and signal integration among cones in the
human retina occurs in vivo. Using an adaptive optics scanning laser ophthalmoscope
(AOSLO) equipped with stimulation capabilities, we targeted cone-sized stimuli to single
cones. Perceptual increment thresholds were measured from individual cones and cone
pairs in 7 subjects using a Bayesian-based staircase method of threshold estimation. In 42
of 99 cone pairs, thresholds differed between cones (p < 0.05), and differences in
threshold as small as 14% were detectable. To determine if the observed variability was
real, we examined several factors that could lead to threshold differences. We found that
thresholds were consistent over multiple days, that cone reflectivity in AOSLO images
was unrelated to threshold (n = 494 tests; p = 0.19), and that stimulus delivery errors
were not a cause (average error = 0.2 arcmin; R? =8 x 107).

To investigate how cone signals combine, individual cones in pairs were
stimulated simultaneously and analyzed with respect to their signal summation. All pairs
exhibited summation, with 17/99 pairs manifesting linear summation, and 42/99
integrating signals according to a two-detector model. The nature of signal integration

was not correlated with eccentricity, but was related to inter-cone distance (most linear



pairs were located within 1.5 cone spacings of one another), suggesting bipolar cells as
the site of cone signal summation.

Using longitudinal imaging, we found that some cones were persistently poorly
reflective. To test if these were functional, 10 dark cones from 5 subjects were targeted
for threshold testing. All 10 dark cones had thresholds comparable with those from
normally reflective cones measured concurrently (p = 0.49), indicating that low cone
reflectivity is not a reliable indicator of cone sensitivity in normal retinas. These results
should be considered in the clinical setting, where microperimetry and AOSLO imaging

are used to assess visual function in patients with retinal disease.

Keywords: psychophysics, retina, optical imaging, summation, threshold, photoreceptors
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INTRODUCTION

In the absence of knowing how it functions at a cellular level, the eye was often
considered a wondrous organ. In the early 19" century, for instance, the eye was used as
an exemplar in theology to argue for nothing less than the existence of a divine creator.
William Paley, a clergyman, used the idea that complex natural organs must be made by
such a creator, in the same way that a complex mechanical device, like a watch or
telescope, must be made by a skilled designer. His rhetoric rings of the pulpit:

Were there no example in the world, of contrivance, except that of the eye,
it would alone be sufficient to support the conclusion which we draw from
it, as to the necessity of an intelligent Creator. It could never be got rid of;
because it could not be accounted for by any other supposition...Its coats
and humours, constructed, as the lenses of a telescope are constructed, for
the refraction of rays to a point, which forms the proper action of the
organ...these provisions compose altogether an apparatus, a system of
parts, a preparation of means, so manifest in their design, so exquisite in
their contrivance, so successful in their issue, so precious, and so infinitely
beneficial in their use, as, in my opinion, to bear down all doubt that can
be raised upon the subject. (Paley 1809, p. 75-76).

Fifty years later, Charles Darwin recognized the challenge that the eye offered in his
scientific argument for natural selection, although he necessarily hedged toward it being
conceivable that the eye can arise from evolutionary processes. In On the Origin of
Species, he wrote:

To suppose that the eye, with all its inimitable contrivances for adjusting
the focus to different distances, for admitting different amounts of light,
and for the correction of spherical and chromatic aberration, could have
been formed by natural selection, seems, I freely confess, absurd in the
highest degree. Yet reason tells me, that if numerous gradations from a
perfect and complex eye to one very imperfect and simple, each grade
being useful to its possessor, can be shown to exist; if further, the eye does
vary ever so slightly, and the variations be inherited, which is certainly the



case; and if any variation or modification in the organ be ever useful to an

animal under changing conditions of life, then the difficulty of believing

that a perfect and complex eye could be formed by natural selection,

though insuperable by our imagination, can hardly be considered real

(Darwin 1859, p. 186-187).

The reverence with which these authors regarded the harmony of the anatomy and
function of the eye is a feeling that I hope is also expressed in this dissertation. Since
those days, science has revealed many details of how the retina works, cell by cell, but
our knowledge about how the eye subserves vision is still incomplete.

The world around us is wildly diverse—full of sights, smells, sounds, tastes, and
textures. This circus of potential stimuli, infinitely large, is both detected and processed
by our sensory systems. As you sip a piping hot cup of fresh coffee, you all at once smell,
taste, feel, hear, and see; nothing exists in isolation. Even in the laboratory, few
opportunities arise to directly examine the harmony of perception. This is particularly
true at the cellular level. The human retina is comprised of millions of light-sensing cells,
each of which contribute some miniscule portion to how we see the world. We are
interested in one class of these photoreceptors, called cones, which are involved in
daylight vision. The response of just one of these cone photoreceptors is sufficient to
drive a downstream neuron in the retina to respond with an action potential. However, the
firing of one such action potential does not necessarily yield perception. Can a single
cone photoreceptor drive perception? This question was not reasonably approachable
until recently. Using a newly developed retinal microstimulator, which is equipped with
adaptive optics retinal imaging, real-time video stabilization, and multiwavelength

stimulus delivery channels, we are able to reliably and repeatedly deliver stimuli to a

single cone photoreceptor in the living eye.



The primary goal of this dissertation is to use cone-targeted stimulation to reveal
how cone photoreceptors integrate their signals. While the activity of a single cone may
be sufficient to drive perception, it is the synchronous stimulation of multiple cones
within the retinal mosaic that affords our unique, highly developed sense of sight. As
light enters the eye from the outside world, these cone cells generate signals that are then
combined and interpreted downstream, leading to perception. Yet how these signals
integrate has not been directly examined at the most basic level — within cone pairs.
Here, I describe the framework for the summation of cone signals arising from pairs of

cones in the human retina.

Functional anatomy of the primate retina

In the retina, biologically useful information is extracted from incoming
fluctuations in light as signals are propagated through the retina, optic tract, and into the
brain. How does the visual system determine what parts of the light signal are salient?
The answer to that question is different for each part of the visual pathway, and also
depends on what the animal itself is doing at any given moment. For the retina itself,
where the first step in vision takes place, the most salient information is variations in light
intensity. By comparing changes in light intensity, be they spatial, temporal, or
spatiotemporal, the retina can record and transmit changes in the images that are cast
upon it by the lens. This identification of differences in light intensity, or contrast, is a

major function of the retina, and it is unsurprising, therefore, that the retinal circuitry is



anatomically “wired” to extract contrast from the light patterns present in the outside
world (Figure 1). In this section I will briefly review the anatomy and physiology of the

cellular elements in the retina that ultimately provide the brain with signals about relative

light intensity.
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Photoreceptor function

The first and perhaps most critical step in vision is the transduction of light
energy, carried by photons, into chemical signals. This photon capture is accomplished
by photopigments, found within the outer segments of photoreceptors. One type of
photoreceptor, termed “rods” for the long, cylindrical appearance of their outer segments,
contains a photopigment called rhodopsin. Rods are extremely sensitive to light, and have
been shown to respond to single photons at both psychophysical and single-cell levels
(Hecht et al. 1942; Baylor et al. 1984). Rods, therefore, are ideal for transducing visual

signals in low light. A second type of photoreceptor, called “cones” for the conical

4



appearance of their outer segments, each contain one of three closely related
photopigments. The cones are classified by the specific type of photopigment, or opsin,
they express. The opsins are discriminated by the wavelength of light that each
photopigment maximally absorbs: long-wavelength (L) cones (~560 nm), middle-
wavelength (M) cones (~530 nm), and short-wavelength (S) cones (~430 nm) (Dartnall et
al. 1983; Baylor et al. 1987; Schnapf et al. 1987).

In either type of photoreceptor, rods or cones, photons entering the eye are
absorbed by photopigments, located in the outer segments of the photoreceptors. Upon
absorption, phototransduction ensues, through which the incoming light signal is
converted into a chemical signal (reviewed in Burns et al. 2005). First, the incoming
photon is absorbed by 11-cis-retinal. The absorbed energy causes isomerization of the
retinal to the trans form, which activates the opsin where the retinal is bound. This
process initiates an amplifying catalytic cascade involving the G-protein transducin and
phosphodiesterase, ultimately lowering the concentration of cyclic guanosine
monophosphate (¢cGMP). This cascade culminates in the closing of membrane-bound
cGMP-gated cation channels, which reduces the influx of Na'and Ca+2, thus
hyperpolarizing the membrane voltage. As the membrane hyperpolarizes, cyclic
nucleotide-gated channels begin to close, Ca™ entry is blocked, but continues to be
extruded by the Na™—K'—Ca"* exchanger, causing a drop in intracellular Ca™. Because
Ca' is necessary for vesicle transfusion at the photoreceptor pedicle, the decrease in
intracellular calcium causes a decrease in the release of the excitatory neurotransmitter
glutamate. This graded variation in neurotransmitter release, whereby an increasing the

amount of light would proportionally decrease the release of glutamate, represents the



basic photoreceptor response to an increase in light (von Gersdorff et al. 1994; Rieke et
al. 1996).

Of central importance to this thesis is how cones respond to very brief flashes of
light. Overall, cones are less sensitive to light than rods, needing on the order of 50
photons to be absorbed—i.e. ~50 photoisomerizations—before exhibiting a measurable
response in complete darkness (Schnapf et al. 1990; Koenig et al. 2011). In the presence
of a dark background, the intensity-response function rises exponentially and then
gradually approaches a maximum value, indicative of a saturating function (Figure 2).
Depending on the recording conditions, the intensity-response curve follows either a
Michaelis-Menten relation

/T = 1/(1 + Ihar)
or an exponential saturating function
/rp=1-e™

or sometimes a combined version of the two, where r is the peak response amplitude, rp,
the maximum response, i the photon density of the stimulus, ina the half-saturation
density, and k is a constant (Baylor et al. 1987; Schnapf et al. 1990; Schneeweis et al.

1999). Empirical data show that the operating range of cones is at least 3 orders of

Figure 2. Intensity-response function of a cone
photoreceptor.  Example intensity-response
function of a cone photoreceptor in the macaque
monkey in response to 10 msec flashes of light
delivered in the dark (black circles; adapted from
Baylor et al. 1987). Data are superimposed on two
;%’l‘fﬁ%ﬁ;ﬁigfn"ennal theoretical intensity response relationships: the
e Michaelis-Menton ~ relation (red) and an
exponential saturating function (gray).

0.5

Normalized peak photocurrent

10 10° 10t 10°
Flash photon density (photons/um?)



magnitude in light intensity, with a half-saturating value of ~700 photons/um? in humans

(Schnapf et al. 1987, also see Baylor 1987 for review).

The shape of the intensity-response function changes very little in the presence of

different background light intensities, as cones adapt to such ambient light after a short

period of time (Figure 3; in vivo: Valeton et al. 1983; in vitro: Schnapf et al. 1990). The

effect of this shift in the response function means that the cones can follow increments as

Total response, V (u V)

Log intensity, I (log td)

Figure 3. Intensity-response functions
of cones on different intensity
backgrounds. Family of intensity-
response curves recorded across the
outer segment layer in Vivo in response
to the presence of steps of incremental
and decremental steps of light against a
range of steady background
illuminations. The small horizontal line
in each curve represents the background
response level. Responses above these
lines are increment responses, below are
decrement responses. Note that the
shape of the curve is essentially constant
over 5 log units of background intensity
(reproduced with permission from
Valeton et al. 1983).

well as decrements in light intensity, with the response moving up or down from the half-

saturation point, accordingly. Within a 1 log unit range of light intensities from this point,

the intensity-response function is effectively linear. One main hypothesis examined in

Chapter 2 is whether brief stimuli of threshold intensity appear to combine linearly, as

might be predicted by small shifts along the intensity-response function near the half-

saturation value.

An additional factor that impacts the intensity-response function of cones is the

coupling of L and M cones to one another via electrical gap junctions (Hornstein et al.

2004). This cone to cone coupling may be beneficial in luminance detection tasks by



averaging out noise over a population of cones with correlated inputs, thereby increasing
the signal-to-noise ratio (Lamb et al. 1976; Tessier-Lavigne et al. 1988; DeVries et al.
2002). Using an electrical model of the cone network, it was predicted that the signal-to-
noise ratio in macaque cones will improve by ~35% for luminance stimuli equal to or
larger than the area of coupled cones (Hornstein et al. 2004). The magnitude of this
effect, however, is also dependent on several other factors such as optical blurring, cone
signal convergence, neural noise, and synaptic filtering. Still, cone to cone coupling may

produce an effect in the context of the experiments outlined in this dissertation.

Horizontal and bipolar cell function and connectivity

The first synapse conveying photopic visual information within the retina occurs
at the pedicle of the cone photoreceptors, where elaborate synapses are formed with
horizontal cells and bipolar cells. From this point on, I will solely be reviewing pathways
related to the cone photoreceptors, as the background illumination we employed is rod-
saturating (discussed in Chapter 2). Additionally, I will focus on pathways and cells
related to L and M cones, as the S cone (discussed later) has been shown to be 2.6 log
units less sensitive to the wavelength of our 543 nm stimulus. Each L or M cone
photoreceptor in the primate retina synapses onto at least eight different types of cone
bipolar cells, and at least one horizontal cell Boycott et al. 1991.

Horizontal cells are inhibitory interneurons that receive glutamatergic input from
photoreceptors and provide inhibitory feedback to both photoreceptors and bipolar cells

using gamma-aminobutyric acid (GABA) (Stell 1965). There are two types of horizontal



cells in primates, called H1 and H2 ((Boycott et al. 1969; Kolb et al. 1994); but see
Ahnelt et al. 1994 for a potential third type). Each horizontal cell has dendritic arbors that
scale in size, and number of synaptic contacts, with eccentricity; in the fovea, H1 cells
contact ~7 cones, while H2 cells contact ~11-14 cones each (Boycott et al. 1987; Wassle
et al. 1989; Ahnelt et al. 1994; Ahnelt et al. 1994). Both types of cells are thought to
anatomically contact all types of cones; however H1 cells synapse onto primarily L and
M cones, with only a few S cone contacts, while H2 cells synapse onto all cone pedicles
within reach, including S cones (Boycott et al. 1987; Ahnelt et al. 1994; Ahnelt et al.
1994; Dacey et al. 1996). When cone-isolating stimuli were used to probe the functional
strength of each cone type onto H1 and H2 cells, it was demonstrated that H1 cells
primarily respond when their L and M cones were stimulated, while S cones drove H2
cells as effectively as L and M cones (Dacey et al. 1996).

As a cone hyperpolarizes in response to light and decreases its release of
glutamate, the postsynaptic horizontal cell hyperpolarizes in kind (Dacheux et al. 1990;
Dacey et al. 1996). The intensity-response function of the horizontal cell is proportional
to the amount of input it receives, exhibiting a linear response to light intensity changes
over 3 orders of magnitude (see Dacheux et al. 1990, Figure 5a). As the horizontal cell
hyperpolarizes, it provides inhibitory feedback onto photoreceptors via a non-synaptic
pH-dependent mechanism that acts directly on the cone’s calcium current, shifting the
activation range (Verweij et al. 1996; Verweij et al. 2003; Crook et al. 2011). Because of
this inhibitory feedback from horizontal cells to cones, any stimulated cone will cause a
small depolarization among all of the cones that each horizontal cell is connected to. This

reduces the stimulated cone’s response to light, especially for prolonged stimuli



(reviewed in Thoreson et al. 2012). This inhibitory feedback on cone responses was first
demonstrated in turtle retina, where a single cone’s response decreased as a light stimulus
was increased in size to drive neighboring cones (Baylor et al. 1971). Through the
injection of current directly into a synaptically connected horizontal cell, horizontal cells
were identified as mediating this reduction in cone activity. So, in effect, horizontal cells
inhibit a single cone’s response to light when other, nearby cones are also receiving light
signal. For light falling on a single cone, this inhibition may not be of such importance, as
neighboring, unilluminated cones would only slightly depolarize. However, if stimuli
were to fall on multiple cones synapsing onto the same horizontal cell, the resulting
inhibitory feedback could influence any downstream response. This inhibitory action of
horizontal cells is one mechanism that could contribute to non-linear summation of cone
signals, as we will see in Chapter 2.

The third retinal cell class present at the first visual synapse is the bipolar cell,
which, like cones and horizontal cells, also exhibit graded polarization in response to
light (Werblin et al. 1969). As discussed previously, the cone response to light causes a
decrease in glutamate release at the cone pedicle. In addition to the horizontal cell, this
change in neurotransmitter release is also registered by two kinds of bipolar cells with
opposite reactions to glutamate. The first type of bipolar cell has ionotropic glutamate
receptors, which lead to membrane potential changes that have the same sign as the
photoreceptor’s polarization state. Because this type of cell hyperpolarizes in response to
an increase in luminance, thus decreasing its own neurotransmitter release, it is called an
OFF cone bipolar cell (reviewed in (Euler et al. 2014), (Wan et al. 2011)). OFF bipolar

cells make a distinct type of synapse with the cone, called a flat synapse (Kolb 1970;

10



Kolb 1979; Mariani 1981). The second type of bipolar cell has the opposite response,
hyperpolarizing in response to increased glutamate and depolarizing to decreased
glutamate, due to a sign-reversing metabotropic glutamate receptor. These cells are called
ON bipolar cells, as they increase neurotransmitter release in response to increasing
illumination. The ON bipolar cell forms invaginating synaptic contacts with cones,
encased within the cone pedicle (Kolb 1970; Kolb 1979; Mariani 1981). The presence of
ON and OFF bipolar cells establishes the distinct ON and OFF pathways from the

photoreceptors to the brain, responsible for signaling increases and decreases in light

Figure 4. Intensity-response function of an
ON bipolar cell. Original data taken from an
intact cat eyecup preparation (black circles;
adapted from Nelson et al. 1983, Figure 21b, red
traces). Data are plotted against the two best-
fitting intensity-response relationships: the
Michaelis-Menton relation (red) and linear
- function (gray). The range of intensities used in
— Michaelis-Menten  this experiment may not have been wide enough
¢ Nelon&folbdata 44 fully characterize the cell’s behavior; these fits
= e i o u A provided as a reference, since they did not

Intensity (quanta/um?/s) appear in the original paper.

0.5

Normalized peak photovoltage

intensity (Werblin et al. 1969; Boycott et al. 1991). Like cones, bipolar cells can exhibit a
range of 1 log unit of light intensity over which their responses appear linear (Figure 4).
The ON and OFF pathways contain several types of bipolar cells, each linked to
two major systems of retinal ganglion cells. The first of these systems is called the midget
system, named in reference to the small spread of dendritic arbors of the ganglion cells in
this class (Polyak et al. 1949; Boycott et al. 1969; Kolb et al. 1991; Calkins et al. 1994;
Kolb et al. 2003). Midget bipolar cells generally receive input from either L or M cones,
and can be ON or OFF. The midget system is unique because, in the central retina, each

midget bipolar cell makes dendritic contact with just one cone pedicle, and axonal contact
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with just one ganglion cell (Kolb et al. 1991; Dacey 1993; Calkins et al. 1994; Jusuf et al.
2006). The second major system of retinal ganglion cells is called the parasol system,
which are served by diffuse bipolar cells. Both cell types have larger dendritic arbors
(thus their names), and diffuse bipolar cells contact ~6 cones each regardless of
eccentricity (Polyak et al. 1949; Boycott et al. 1969; Boycott et al. 1991; Grunert et al.
1994). Like the midget system, diffuse bipolar cells can be either ON or OFF, and their
dendrites contact any cone in their vicinity. This makes the diffuse bipolar cells less
wavelength specific than the midget bipolar cells in the central retina. Within the ON and
OFF subtypes, there are three ON diffuse bipolar cells, and three OFF (Boycott et al.
1991). The subtypes are anatomically characterized by the level at which they terminate
within the inner plexiform layer (IPL), with the three ON bipolar cells stratifying in
sublayers 4-6 of the IPL, and the three OFF bipolar cells in sublayers 1-3 (primate bipolar
cells are reviewed in Dacey 1999). This arrangement means that the diffuse bipolar cells
could represent up to six parallel streams of information being transmitted from the cones
to the ganglion cells. The inner plexiform layer may represent an additional step (beyond
ON versus OFF) in functional divergence of information. In other words, even though the
diffuse bipolar cells may be communicating the same cone signaling information, they
connect to functionally distinct retinal ganglion cells which each ramify in a specific
layer of the IPL. While it is unknown exactly what is functionally different about the
subtypes of ON and OFF diffuse bipolar cells, amacrine and ganglion cells are known to
have distinct properties based on the anatomical location of their dendrites within the

IPL.
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Amacrine and ganglion cell function and connectivity

Amacrine cells represent the second type of lateral interaction present in the
retina. Unlike horizontal cells, amacrine cells are not known to be exclusively inhibitory.
In fact, these cells have been demonstrated to contain a variety of neurotransmitters, and
the precise mechanisms these cells use to provide feedback within the retinal circuitry is
incompletely understood (reviewed in Grimes 2012, Dacey 1999). Like horizontal cells,
many amacrine cells contain the inhibitory neurotransmitter GABA. However, some also
contain the inhibitory neurotransmitter glycine. The dominance of GABA and glycine in
the amacrine cells implies that they function similarly to horizontal cells—providing
local inhibitory feedback onto bipolar cells. At the bipolar-amacrine synapse in the IPL,
more than 90% of the synapses are inhibitory using GABA (Koontz et al. 1990).
Amacrine cells are thought to have direct inhibitory effects on ganglion cells as well,
though less is known about their postsynaptic processes.

While previously discussed cell types have been largely characterized by their
function, amacrine cells are mainly distinguished on the basis of their form (reviewed in
Kolb 1997). At present, there are over 30 different types of known amacrine cells types
classified on the basis of their anatomy. These cells vary greatly in size, ranging from
<100 um to >1,000 um (Kolb et al. 1981; Dacey 1990; MacNeil et al. 1998; MacNeil et
al. 1999). These size differences allow for estimation of the distance over which
amacrine cells can mediate interactions among cells. Furthermore, amacrine cells either
stratify in a single layer of the IPL, or they can bistratify into multiple layers. This raises

the possibility of interactions occurring between IPL layers, as well as within layers. The
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diversity of neurochemical properties found within amacrine cells, as well as their varied
morphology and stratifications, suggests that many functions can be found in this cell
type. One way to narrow in on the role that amacrine cells play in the vertical cone
pathway is to look ahead to ganglion cells, and analyze how signals change as they are
transmitted from ON cone bipolar cells to ON ganglion cells.

The last stage of retinal circuitry is represented by the ganglion cell. Ganglion
cells receive signals from bipolar and amacrine cells, and transmit those signals from the
eye to the brain. Most ganglion cells in the primate can be classified into either midget
(~90%) or parasol cells (~5%) (reviewed in Dacey 1994). The remaining numbers
include a diverse population of ganglion cells that are each relatively rare, often
exhibiting specialized functions still awaiting elucidation. In and around the fovea,
midget ganglion cells only contact one bipolar cell each, meaning that each midget
ganglion cell in this area is receiving direct signals from only one cone (Kolb et al. 1991;
reviewed in Dacey 1999). Like their bipolar cell counterparts, midget ganglion cells can
be either ON cells, stratifying in the inner IPL, or OFF cells, stratifying in the outer IPL.
The second major type of ganglion cell, parasol cells, receives input mainly from diffuse
bipolar cells. Parasol cells are named in reference to their extensive dendritic branching,
which looks like an umbrella being held over the cell body. As with the midget ganglion
cells, parasol cells also come in the ON and OFF varieties, stratifying in distinct layers of
the IPL (Famiglietti et al. 1977; Wassle et al. 1981; Rodieck 1998). Every class of
ganglion cell independently tiles the retina, decreasing in spatial density with distance

from the fovea.
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While the retinal ganglion cell types can be distinguished by their anatomy and
stratifications, they also vary in their patterns of excitation. Parasol ganglion cells have
transient response properties to a change in stimulus intensity. Midget ganglion cells, in
contrast, show a more sustained response to a stepped stimulus, although this typically
leads with a higher transient phase of firing at onset (Gouras 1968; De Monasterio et al.
1975; Schiller et al. 1977; de Monasterio 1978; de Monasterio 1978). For brief stimuli,
the transient responses of both cell types can be remarkably similar. This is likely due to
the direct transfer of graded potentials from photoreceptor to bipolar cell to ganglion cell
on light onset, a transfer of signal that can occur before modulatory influences can kick
in. The differences in sustained responses between parasol and midget ganglion cells is
theorized to come from amacrine cells, which have more numerous synaptic inputs onto
parasol ganglion cells (Jacoby et al. 1996) compared to midget ganglion cells (Kolb et al.
1991).

Another important physiological distinction is that parasol ganglion cells are able
to fire action potentials at much lower stimulus contrasts than midget ganglion cells
(Benardete et al. 1992; Lee et al. 1994), provided that the stimuli are optimized for
receptive field size. This suggests that parasol cells pool the signals from many cones to
increase their luminance sensitivity. However, it remains unknown if the synaptic
weighting of each cone onto the downstream ganglion cell varies by cell type. Thus, on a
cone-by-cone basis, it remains to be determined if sensitivity for the smallest luminance
increment is transmitted by only the parasol ganglion cell system. One aim of this

dissertation is to assess this question.
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The S cone pathway

Within the three types of cones, the S cones are unique in many ways. S cones are
common to all vertebrates, and consistently represent 6-10% of the total cone population
(Marc 1982; Hofer et al. 2005). In humans, they are sparsely scattered throughout the
retina, but are not present at all within the foveal center (Williams et al. 1981; Curcio et
al. 1991; Roorda et al. 1999). Functionally, visual signals arising from S cones have
lower temporal and spatial resolution than the other two cone systems (Stockman et al.
1991; Humanski et al. 1992). Anatomically, S cones have many morphological and
connectivity features that differentiate them from their L and M counterparts. First, S
cones are distinguishable from L and M cones based on their morphological features
(Ahnelt et al. 1987; Szel et al. 1988; Curcio et al. 1991; Ahnelt et al. 1994; Ahnelt et al.
1994; Kolb et al. 1997). Specifically, S cones have a longer inner segment and a narrower
circumference at the outer limiting membrane (Kolb et al. 1997). They also contain an
opsin that differs in its genetic structure from that of the L or M cone opsins, allowing for
S cone specific immunostaining (Nathans et al. 1986; Szel et al. 1988).

S cones contribute to a pathway that is functionally and anatomically separate
from L and M cones. Specific bipolar cells have synaptic input only from multiple S
cones, and terminate in the ON sublayer 5 of the IPL (Kouyama et al. 1992). Postsynaptic
to the S cone bipolar cell, there is also a distinct bistratified ganglion cell type within the
S cone circuitry. This retinal ganglion cell stratifies in both the ON and OFF layers of the
IPL, suggesting a bipartite cone input (Dacey 1993; Dacey et al. 1994). In the ON

sublaminae, the retinal ganglion cell connects only to S cone bipolar cells (Mariani 1984;
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Kouyama et al. 1992; Wassle et al. 1994), but in the OFF layers it receives excitation
from bipolar cells connected to both L and M cones (Boycott et al. 1991). So, together
with the S cone bipolar cell, these ganglion cells form the basis of a distinct pathway that
carries S cone signals from the retina to the brain.

S cones have also recently been shown to provide some input to both midget and
parasol ganglion cells. OFF midget cells frequently receive functional input from at least
one S cone, while ON midget and ON and OFF parasol cells do so much less frequently.
On average, S cones provided input to OFF midget cells ~60% of the time, ON midget
cells ~16%, ON parasol ~12%, and OFF parasol ~5% (Field et al. 2010, their Figure 4d).
Thus, while it is possible for any retinal ganglion cell class to be driven by an S cone, this
data from the peripheral retina suggests that they most often synapse onto OFF midget
ganglion cells specifically. In light of our cone-targeting microstimulation experiments,
we will need to consider the occasional encounter with an S cone, and how that might

impact summation.

Receptive fields

Once light signal reaches the photoreceptors, the signals created must be
combined in some way in order to be useful. The retinal circuits we have reviewed
constrain how these signals are combined and propagated to each neuron along the visual
pathway. A picture of how cone signals are combined begins with the idea of a receptive
field, a concept first envisioned by Sherrington to describe a patch of skin in a dog which,

when stimulated, would elicit a scratch reflex. Defined by Sherrington, a receptive field is
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“The whole area of skin from whose points the scratch-reflex can be elicited may be
conveniently termed the receptive field of that reflex” (Sherrington 1906, p. 27). Framing
this concept in the visual system, a receptive field is a volume of visual space in which
the presence of light will alter the firing rate of a particular neuron. However, given the
projection of visual space onto the retina by the eye’s optics, a receptive field can also be
defined retinotopically, with a patch of retina corresponding in location and extent to the
receptive field in visual space. If we consider the receptive field of a photoreceptor, it is
no more than the optical light-gathering capability of its inner/outer segments—an area
only a few microns wide on the retina. As multiple photoreceptor inputs converge onto
downstream neurons, the size of receptive fields for bipolar cells or ganglion cells
becomes correspondingly larger.

Traditionally, receptive fields can be “mapped” by recording a single neuron’s
response to a spot of light flashed ON or OFF at different locations in the visual field.
The receptive fields of mammalian retinal ganglion cells were first mapped this way in
the cat by Kuffler (1953). He found that specific locations on the retina elicited an ON
response to light, as a cell increased its firing when a light stimulus was presented. He
additionally noted that neighboring locations caused an OFF response, where the firing of
the retinal ganglion cell decreased in response to light. There was a clear spatial
organization of these responses: a center region dominated by either on ON or OFF
response, and a surrounding region dominated by the opposite response. Depending on
neuron type, these concentric receptive fields can be ON center + OFF surround, or OFF

center + ON surround. These retinal ganglion cells exhibited a maximum response when
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the center region alone was stimulated (regardless of polarity), and this center response
could be inhibited by simultaneous stimulation in the surround.

It is worth noting here that this antagonistic effect between center and surround in
not mediated by any interaction between the ON and OFF pathways just reviewed. In the
center region, the discharge pattern of an ON retinal ganglion cell is directly related to the
inputs of the ON bipolar cells. The surround inhibition is channeled directly through the
ON bipolar cells, without the participation of any OFF bipolar cells, primarily via a non-
GABAergic pathway involving horizontal cells (McMahon et al. 2004). This idea was
confirmed empirically using a pharmacological agent, 2-amino-4-phosphonobutyric acid,
to selectively block only the activity of ON bipolar cells (Shiells et al. 1981; Slaughter et
al. 1981; Shiells et al. 1990). Under these conditions, the center and surround responses
of ON centered cells were blocked, while the responses of OFF centered cells were
unchanged (Schiller 1982; Horton et al. 1984; Schiller 1984). These results indicate that
ON and OFF pathways are functionally separate in the retina, with the separation
maintained (to some extent) at the next step in the visual pathway, the lateral geniculate

nucleus (LGN) (Schiller 1992).

Summation

Up until now, we have mainly been discussing the visual system as individual cells
operating within a retinal circuit. Now we will step away from this cellular based

approach, and move into looking at the visual system as just that, a system. While each
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individual cell plays a crucial role in the relaying and transforming of visual signals along
the pathway, it is the pooling or some other combination of these signals at each
successive step in the system that leads to any percept more complicated than simply
light detection. This idea of signal summation has been explored at some length by many
investigators, both electrophysiologically and psychophysically. Stimuli may be summed
either temporally, where multiple stimuli delivered in rapid succession evoke a greater
response than a single stimulus, or spatially, where increasing the retinal area subtended
by a stimulus would produce a greater response. Spatial summation was first described
psychophysically by Riccd’s Law (Ricco 1877). This law seeks to establish the
relationship among stimulus area (A), stimulus intensity (I), and a constant threshold
value (C). Riccd’s Law, applicable for small spot stimuli, holds when reciprocal changes
in stimulus area or stimulus intensity leave threshold unaffected (A x | = C). The
experiments described in this dissertation utilize small-spot stimuli that are ~45 arcsec
(~3.6 um) in size, and would be considered well within the regime where Ricco’s Law
holds. In the upcoming sections, we will briefly review the literature on the subject of
spatial and temporal summation, and examine how different types of stimuli impact the

study of visual signal summation.

Single spot stimuli

The first types of stimuli we will explore are single spots of various diameters. In
psychophysics, and in early electrophysiological experiments, the size and location of the

circular stimulus plays an important role in the interpretation of potential summation. An
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ON center, OFF surround receptive field structure, for example, would have an optimal
response if an increment filled the center (Figure 5, center). Studying summation requires
a stimulus to elicit integration of signals from multiple receptors. When a stimulus is
smaller than the field center (Figure 5, left), the question becomes: Does the response
scale with the percentage of the field center that is stimulated? If the response does scale
this way, it follows Riccd’s Law and is considered linear. If the circular stimulus is
increased in size beyond the field center, the OFF surround may begin to suppress or
lessen the response (Figure 5, right). In the literature, this suppressive response is referred

to as “nonlinear”, because the linear relation is no longer being followed.
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Figure 5. Variations in single spot stimuli used to probe spatial
summation. Stimuli may be smaller in diameter than the field center, eliciting
a submaximal ON response (left). A stimulus the same size as the field center
will evoke a maximal ON response (middle). Stimuli larger than the center
will stimulate the center and surround, activating some inhibition and
producing a submaximal response from the cell (right).

This type of experiment is exemplified in an early paper on spatial summation
done in the frog retina (Barlow 1953). Here, circular spot stimuli of increasing diameters
were centered on the receptive field, while electrical responses were recorded from
ganglion cells. In Figure 6, summation for two different cells is represented graphically
as the size of the stimulus increases. Starting with very small spots, each cell becomes
more sensitive to light, meaning that the inclusion of additional receptors adds to the

response. Less incident light is necessary to produce a threshold response. Looking at the
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ON-OFF cell, summation was approximately linear until the radius of the stimulus
reached a critical size (in this case, ~0.25 mm, Figure 6). At this point, the cell becomes
less sensitive, and linearity fails. Similar findings of linear summation were found using
other methods, including psychophysics, in a variety of species (Barlow 1957;
Fankhauser et al. 1960; Wiesel 1960; Wiersma 1966; Cleland et al. 1968; Easter 1968;
Freund et al. 1969; Naka et al. 1970; Arnett 1972). It should be noted that these
designations, linear and nonlinear summation, are not always used to refer to the same
effect as the one just described, and this issue will be discussed in detail for each instance

of variation in the terms’ usage.
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Figure 6. Summation in single ganglion
004 —, —— 0012 cells of the frog retina. Arrows indicate the
sensitivity corresponding to a stimulus of
intensity equal to the background. Spot
radius on the abscissa is not clear and may
12f be mislabeled; text states where the spot
size departs from linearity (reproduced with
permission from Barlow 1953).
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In experiments of this kind, then, the stimuli being used were increased in size to
become sufficiently large to stimulate both the excitatory center and the inhibitory
surround of the retinal ganglion cell being recorded from, resulting in less effective signal
summation downstream. Similar experiments have been conducted psychophysically,
with the idea that, at threshold, the perceptual response is dictated by a single ganglion
cell. The area where the light signals are summed linearly across the receptive field

center—as we have mentioned—is Ricco’s area. This has been measured in both scotopic
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(Wald 1938; Barlow 1958; Baumgardt et al. 1961; Hallett et al. 1962; Schefrin et al.
1998) and phototopic conditions (Graham 1939; Brindley 1954; Barlow 1958; Glezer
1965; Wilson 1970; Dannheim et al. 1971; Scholtes et al. 1977; Johnson et al. 1978; Lie
1980; Inui et al. 1981; Johnson 1986). The photopic studies, most relevant to this
dissertation, employed varied experimental conditions, including variations in stimulus
duration, retinal eccentricity, background intensity, and spectral composition of the
stimulus. The variation in these parameters may likely have influenced the neural
mechanisms mediating spatial summation, and therefore, the size of Ricco’s area.
However, in experiments where stimulus duration and background intensities were held
constant over multiple retinal eccentricities, Ricco’s area was shown to increase in size
steadily with eccentricity, and was considered to roughly scale with retinal ganglion cell
dendritic fields (Wilson 1970; Dannheim et al. 1971; Lie 1980; Inui et al. 1981; Johnson
1986; Spillmann et al. 1987; Volbrecht et al. 2000). Though the experiments of this
dissertation are done over a relatively small range of eccentricities (~1-4°), we are
interested in finding out if Ricco’s Law would hold true in its most simple form—

combining signals from cone pairs.

Grating stimuli

A second type of stimulus commonly used to characterize spatial summation is a
sinusoidal grating, where stimulus contrast is modulated between 0 and 1 in the pattern of
a sine wave with adjustable spatial frequencies (Figure 7). Experiments of this kind,

exemplified by Enroth-Cugell et al. (1966), center the sinusoidal grating on the receptive
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field center. The spatial phase of the stimulus allows for characterization of receptive
field. In cat retinal ganglion cells, they found two distinct response patterns to phase
shifts of 90°. The first exhibited linear summation based on the exact location of the
stimulus on the receptive field center; these were called X cells. The second response
pattern, found in another type of ganglion cell called Y cells, exhibited a transient
response to changes in the stimulus and was insensitive to stimulus position. The cells
responded at stimulus onset and offset, violating linear summation. So while X cells
integrate the signals from different parts of their receptive field, proportional to the local
retinal illumination, Y cells transiently respond to any change in light distribution over
their field centers (Enroth-Cugell et al. 1966). This distinction between the two cell types
was found to be independent of background luminance levels, even extending into the
scotopic range (Linsenmeier et al. 1979). Furthermore, the distinct response properties of
X and Y cells were later found to be conserved within the respective X and Y cells of the
feline lateral geniculate nucleus (Shapley et al. 1975). In cat, therefore, these
characteristic response patterns in the two distinct cell types were found to be conserved

from retina to visual cortex.

Figure 7. Variations in grating stimuli used to probe spatial summation.
High frequency stimuli present equal amounts of light increments and
decrements, and if summation was linear, would yield no response (left). If the
frequency of the grating matches the size of the field center, a maximal
response will occur (center). Low frequency stimuli may stimulate center and
surround, evoking surround inhibition and a submaximal response (right).
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Although the linearity seen with grating stimuli is prevalent in macaque LGN, it
turns out that the homology with the cat X-Y system is imperfect. X-like linearity is
found in all parvocellular neurons, but is also present in 75% of magnocellular neurons
(Kaplan et al. 1982). The remaining magnocellular neurons have Y-like nonlinear
responses, forming a third functional group. So, while summation probed with gratings
can be used as a distinguishing characteristic between X and Y cells of the cat, the
primate visual system does not share this distinction. The important point here is that the
great majority of the cells in the primate retina and LGN seem to exhibit linear

summation, specifically when grating stimuli are used (Li et al. 2014).

Multi-spot stimuli

The experiments that most closely mirror the research described in this
dissertation use small spot stimuli that encompass two separate and distinct retinal areas
(Figure 8). In some studies they are referred to as “two spot experiments” (Barlow 1953;
Easter 1968), and other times they are called “multi-spot experiments” (Cleland et al.
1968). These experiments obtain a measured threshold for a single small spot stimulus, a
neighboring small spot stimulus, and both stimuli simultaneously. This experimental
paradigm is the same that will be used for the experiments described in Chapter 2, and
has previously yielded three main types of summation. First, some findings report
summation which exceeds linearity. In Easter (1968), two equally sensitive receptors
(within 0.1 log unit) were selected within the field centers of single goldfish ganglion

cells. When the relative sensitivities of the single receptors were compared to the
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measured sensitivity in the two-spot condition, it was found that summation was more
efficient when two areas were illuminated simultaneously. In other words, these cells
deviated from Riccd’s Law, and summed their signals in a supralinear fashion, increasing

downstream efficacy.

ONRNONRN®

Figure 8. Multispot stimuli configurations used to probe spatial summation.
Two stimuli presented in the field center will elicit a summing ON response
(left). If one increment stimulus is presented in the field center, and one is in the
surround, inhibition will lead to a submaximal will occur (center). An increment
stimulus presented to the field center, combined with a decrement stimulus
delivered to the surround, will combine produce an ON response greater than if
the center alone was stimulated (right).

The second outcome that multi-spot experiments have yielded is summation that
is less efficient than linearity. Stone et al. (1968), for example, found in cat that doubling
the stimulus by presenting a second, equiluminant spot increased ganglion cell firing by a
factor of ~1.5. Interestingly, when they doubled the stimulus by doubling the spot
intensity (using the equation A x | = C), the ganglion cell increased its firing by a factor
of only ~1.3 (Stone et al. 1968). An outcome such as this one suggests the presence of an
inhibitory mechanism presynaptic to the ganglion cell being recorded. In single-cell
recordings using multi-spot stimuli, both stimuli must be placed within the bounds of the
field center in order to observe complete summation within the ON pathway. Upon direct
examination, this particular type of nonlinearity was confirmed to be related to surround
inhibition by positioning one spot in the excitatory center and one spot in the inhibitory

surround (Stone et al. 1968).
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Finally, the third outcome reported in experiments using two-spot stimuli is linear
summation. Two-spot experiments afford the most precise measurement of Ricco’s Area,
particularly in the case where each spot is cone-sized. This is one of the main goals of
this dissertation: to use cone targeted microstimulation to essentially determine the
minimum possible area where cone signals will abide by Ricco’s Law and sum their
signals linearly. This outcome has been reported previously in experiments where the
stimuli are not cone-sized, but both spots fall into discrete areas of the receptive field
center (i.e. Cleland et al. 1968).

It is important to note that these instances of summation are occurring within the
retina, regardless of the type of signal integration. By recording from single optic nerve
fibers, or single ganglion cells, there can be no doubt that the measured activity
represents signals arising from a distinct and discreet area of the retina. In the
experiments of this dissertation, results are obtained psychophysically, and so a single
cell type cannot be definitively shown to mediate cone signal summation. However, it has
been extensively shown that cone signals integrate their signals within the retina;
something found even when single cones are targeted for microstimulation in vitro (Li et
al. 2014). Some of the experiments presented in Chapter 2 are designed to better
understand which retinal cell type is primarily mediating summation measured

psychophysically.
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Temporal summation

The early psychophysical work of Bloch (1885) showed that for stimuli of brief
duration, visual thresholds were determined by the number of quanta in the stimulus—a
product of the stimulus intensity and duration (L x time = constant, where L is threshold
luminance). The effects of each quantum are summed by the visual system and lead to
threshold detection, an interaction called temporal summation (Bloch 1885; Graham
1937; Barlow 1958). Such temporal summation has been shown to be linear
psychophysically, up to a certain duration which depends on other stimulus conditions.
For photopic background illuminances, single flashes lasting less than 100 msec follow
Bloch’s Law (Roufs 1973), as do briefer dual flashes occurring within ~50 msec of one
another (Blackwell 1963). This compares well with direct physiological measurements
of cones. Cone responses to 10 msec stimuli last ~100 msec (Baylor et al. 1987; Schnapf
et al. 1987). Should two dim (i.e. far from saturating) flashes of light be delivered within
the 100 msec, they have the opportunity to sum along the intensity response function of
the cone, assuming that neither flash alone generates a response approaching saturation.
Responses in bipolar cells are likely to reflect the photoreceptor’s response for stimuli
delivered closely in time (Ichinose et al. 2014). If we consider the case of multiple
stimuli delivered to multiple cones in near-simultaneous fashion, we also have to assume
that the graded responses in bipolar cells will sum as if being driven by a single cone. The
furthest apart in time that our stimuli were delivered was ~2 msec, making it probable
that temporal summation is occurring in a downstream retinal neuron that is synaptically

connected to the stimulated cones. This would allow the downstream neuron to
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potentially sum the cone signals as one, effectively mitigating any concern that a lack of

temporal summation could lead to nonlinear summation.

Spatial considerations with stimuli

Experiments of the kind described in this dissertation have many practical
constraints. Primarily, in order to interpret any results regarding spatial summation, it is
imperative to understand and account for several variables affecting stimulus delivery.
Fixational eye movements by the subject, intrinsic ocular chromatic dispersion, vascular
interference, and optical spread of the stimulus itself could all contribute to an unintended
spatial distribution of light. In this section I review how these factors impact the study of

spatial summation and address how they are controlled for in our experiments.

Fixational eye movements

The human eye is constantly in motion, with movements usually classified into
categories such as microsaccades, tremor, and drift (reviewed in Rolfs 2009). These
movements are present even when a subject is actively fixating on a target. With
traditional stimuli (typically subtending 0.25° or more), small eye movements can largely
be ignored during the course of visual testing. On a microscopic scale, however, small
eye movements during active fixation become substantial. A retinal movement of even a

few microns would cause a cone-sized stimulus to be smeared over many cones,
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effectively ameliorating the spatial discreteness of the stimulus. In a subject with good
fixation, for example, fixational eye motion had a mean shift of 0.36 arcmin every 30
msec (Figure 9A). If these shifts all went in the same direction, which often occurs for
brief episodes, this cumulative eye movement would move a stimulus from one cone to a
neighboring cone within ~100 msec (Sincich 2016).

Eye movements such as the ones presented here could be overcome in two ways.

First, stimuli targeted to the same cone could be delivered very rapidly, to mitigate most

5 arcmin
+——— Start/end of 5 sec scanpath —o o— Deleted microsaccades
Figure 9. Retinal motion in fixating subjects ranges over many cones. Each panel

shows the cone mosaic and the reconstructed motion path from a 5 sec stabilized adaptive
optics scanning laser ophthalmoscope (AOSLO) movie recorded during active fixation at 30
Hz. Scanpaths (red) have had microsaccades deleted (yellow endpoints). Some subjects, as in
(A), exhibit small frame-by-frame eye motion and rare microsaccades, while other subjects can
have larger drifts and more saccades (B). Subjects can also manifest persistent drift along one
axis, such as diagonal (C), with each drift canceled by a compensating microsaccade. As long
as eye motion remains less than about one-third of the frame width (5x larger than these
cropped images), video stabilization can track the position of cones targeted for stimulation.

eye motion (excluding microsaccades). This would necessitate stimulus trials being
delivered less than 10 msec apart, which, given the slow photocurrent response of cones,
would result in temporal summation, and the successive stimuli would appear as a single
stimulus (Schnapf et al. 1990; Cao et al. 2014). Within the context of our spatial
summation experiments, this effectively negates the utility of this method. The second
way to overcome fixational eye motion is to use an eye tracking method, which has been

employed for all the experiments in this dissertation. A video-based method was recently
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developed for use in adaptive optics-based systems, and is detailed further in Chapter 2:

Methods (Arathorn et al. 2007; Yang et al. 2010).

Chromatic dispersion

The lens and cornea of the normal human eye have high-order optical aberrations,
which, unlike the lower-order aberrations of defocus and astigmatism, cannot be
compensated for by standard corrective lenses (Liang et al. 1997; Hofer et al. 2001).
Adaptive optics ophthalmoscopy has allowed these high-order aberrations to be mostly
overcome, enabling the imaging of both rod and cone photoreceptors in vivo (Dubra et al.
2011). When imaging with just one wavelength, chromatic aberration is usually of little
concern. However, when the imaging and stimulus wavelengths differ, chromatic
dispersion must be accounted for. Essentially, as multiwavelength light is delivered to the
corneal surface, the lens and other ocular media will focus each wavelength differentially.
This phenomenon causes two distinct forms of optical chromatic aberrations: longitudinal
and transverse.

Longitudinal chromatic aberration (LCA) occurs because a lens will focus
different wavelengths of light at different axial depths. Because an 840 nm imaging beam
is used to visualize the photoreceptors, LCA would cause the 543 nm stimulus beam to be
at different depth of focus. It has been demonstrated that LCA in the human eye is
relatively consistent among individuals (Thibos et al. 1990; Atchison et al. 2005). In the
case of our imaging and stimulation wavelengths, for example, the focal difference is one

diopter. Because the relationship between wavelength and focal depth can be estimated
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(Equation 5a in Atchison et al. 2005), LCA can generally be compensated for by the
static positioning of optics within the ophthalmoscope. Proper alignment brings all
wavelengths into roughly equal focus on the retina (see Figure 1¢ from Harmening et al.
2012).

Following the fixed compensation of LCA, the second chromatic effect,
transverse chromatic aberration (TCA) must still be accounted for. This correction is
more challenging than LCA, because it depends on the position of the imaging beam
relative to both the pupil and the achromatic axis of the eye (Simonet et al. 1990; Thibos
et al. 1990; Harmening et al. 2012). This means that for each experiment, pupil position
and direction of gaze must be taken into account when correcting for TCA. Once the
LCA has been corrected, TCA would cause the foci for each wavelength to be shifted
relative to the optical axis of the eye (Figure 10A). Along this axis, TCA is zero by
definition. While aligning all of the imaging beams to the achromatic axis would
effectively eliminate TCA, finding the axis in each individual is difficult in practice. The
position of the achromatic axis relative to the pupil varies person by person, so TCA
correction by co-aligning all wavelengths would have to be done empirically for each
subject (Rynders et al. 1995; Marcos et al. 2001; Harmening et al. 2012).

Instead of trying to find the achromatic axis of each subject and aligning the
beams to it for each subject, a novel method of correcting TCA has been developed
(Harmening et al. 2012). In this method, TCA and beam misalignment offsets are
measured in the adaptive optics scanning laser ophthalmoscope (AOSLO) images
directly. This method is possible because, independent of beam paths and the placement

of the imaging detectors, TCA offsets are actually displayed on the retina, and therefore
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they are preserved as spatial information within the resultant AOSLO images. When
compared to a standard chromatic eye model, TCA offsets measured from retinal images
fit well (Figure 10B). Since TCA is dependent on pupil position and gaze, it can be
demonstrated during small gaze shifts on a frame-by-frame basis within a recorded video
(Figure 10C). In this particular example, the stimulation wavelength (543 nm) was offset
by about two cone diameters from the imaging wavelength (840 nm). Without this TCA
correction, multiwavelength delivery of light onto single cones with high spatial fidelity

would be impossible.

a
A
A!
Infrared Red Green
Image formed
b o
E 3 'g of ta =
s 2 = L
£ Z-05} IR
g 1 ] RAR
§ i E Al G/IR
[ | =t
E « RIR @"'5" -
S 2 *GR E
£ 3 Model & i ;
T
W‘ g li) ‘\ 'OLE C: UJS J'I T‘.E 2
Be:cnr:rg;zlta.‘gea:}s':;mm Horizontal TCA offset (arcmin)
Figure 10. Longitudinal and transverse chromatic dispersion in multiwavelength

retinal imaging. (A) Schematic of how longitudinal dispersion is corrected in an AOSLO,
by setting different focal distances for each wavelength channel (represented by the
separated “E”s. The focal distances were computed according to (Atchison et al. 2005).
This leaves transverse image offsets on the retina (superimposed “E”s) that must be
measured and compensated. (B) Transverse chromatic offset measurements made from
retinal imaging during horizontal pupil displacements (dots, means of 20 measurements)
are compared to offsets computed from a standard chromatic eye model (lines) (Thibos et
al. 1992). Pupil displacements of 0.25 mm produce offsets in the green channel that are
more than twice the size of typical foveal cones (~0.4 arcmin). (C) Frame-by-frame
measurements of transverse offsets (relative to an infrared channel, IR, at zero) during
sequential fixation on four corners of a 1° square. Background circles represent 5 pm
diameter cones. Adapted from Sincich 2016.
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Vascular interference

Retinal blood vessels and capillaries lying in front of the photoreceptors could, in
principle, interfere with stimulation light being delivered to the cones or disrupt the light
reflecting from the cones. Anatomically, these vascular networks can cover more than
half of the retinal surface, except at the foveal avascular zone (Snodderly et al. 1992).
Because the photoreceptors are located behind the retinal vessels, one way the vessels can
interfere with imaging and stimulation light is simply by casting shadows. This has been
demonstrated to directly contribute to raising threshold by at least a factor of 2 using
vessel-targeted microperimetry (Tuten et al. 2012).

While shadowing is one form of interference arising from retinal vessels, light
path distortion can also cause light being targeted for delivery to a single cone to be
spatially displaced. Light path distortion arises from both the clear cylindrical vessel
walls, and from the blood cells passing through the narrow vessel lumen (Sincich 2016).
While shadowing may affect large swathes of cones within the retinal image, light path
distortions are more likely to operate at the level of individual cones. For example, it has
been noted by several groups that the reflectivity of single cones is transiently altered
when a leukocyte passes over them (Nishiwaki et al. 1996; Tam et al. 2011; Uji et al.
2012; Sincich 2016). The irregular shape of leukocytes, and their passage through narrow
capillaries, makes their light path distortion unpredictable, and the resulting changes in
cone reflectivity can be variable. The most notable change when incoming light is
distorted, or when the retina is being shadowed, is that cones appear darker (see Chapter

3: Figure 1C). These temporal changes in reflectivity have been used to identify the
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location of the vessels themselves, allowing the vasculature to be mapped in locations of
interest (Martin et al. 2005; Martin et al. 2009; Tam et al. 2010; Bruce et al. 2015). When
cone reflectivity is compared to the overlying vasculature map, it is revealed that many of
the darkest cones lie underneath the vessel lumens. However, some of the darker cones
also lie where the wall of the blood vessel, which cannot be visualized in the vasculature
maps, may be diverting light away from the imaging detection path (see Chapter 3:
Figure 1D). Given this information, vasculature interference could influence
psychophysical testing of individual cones, especially when threshold measurements are
of interest. However, any interference effects can largely be mitigated by using a
vasculature map, compiled at the retinal location being tested, to position any cone-

targeted stimuli to areas free of overlying retinal vessels.

Characterization of delivered stimuli

Here I will touch on the geometry of the stimulus itself, as it can be delivered to
the retina using an AOSLO microscope. As with any optical device, the size of any
stimuli delivered in using this system will be limited by diffraction. While the retinal
images obtained through the use of an AOSLO are comprised of pixels, individual pixels
do not actually represent the light intensity profile of the beam landing on the retina.
Because an AOSLO is a confocal system for imaging, out of focus and scattered light is
blocked during image formation. When the light stimulus is delivered to the retina, the

“unwanted” light is still present in the stimulus itself. To get a true idea of the spatial
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distribution of the stimulus, therefore, the point spread function (PSF) of the optical
system needs to be considered.

Within the typical imaging field used in our psychophysical experiments (1.28°,
equaling 0.725 um/deg), each cone is ~7-11 pixels in diameter, depending on retinal
eccentricity (Figure 11). In order to confine a stimulus within the visible margins of a
single cone (“‘cone-sized”), the stimulus defined in image pixels must be smaller than the
cone within the retinal image (Figure 11A, E). Once defined in image pixels, an estimate
of the actual stimulus geometry can be made by convolving the PSF of the optical system
with the stimulus, defined in pixels. In a diffraction-limited system, the incident beam
aperture (5.75 mm used for the calculations in Figure 11) yields a PSF with Airy disc

diameter of 24 arcsec, with a stimulation wavelength of 543 nm (Mahajan 2011).
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Figure 11. Calculated light distribution of delivered stimulus without and with
AOSLO correction. Top row contains theoretical distributions of light energy from a square
stimulus (A) delivered to the retina without any optical corrections (B), with just defocus
corrected but retaining high-order aberrations (C), and with all optical corrections (D). Bottom
row shows the above distributions as corresponding intensity contours (E-H) superimposed on a
cone mosaic at 3.5° eccentricity. Aberration data were measured with the AOSLO from one of
the subjects used in our experiments.
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Expressed in image space, this equates to a diameter of 2.6 pixels, or ~1.9 um on the
retina (Sincich 2016). Left optically uncorrected, the aberrations present in the eye would
cause the light from a 5 x 5 pixel stimulus to be delivered over a retinal area of 460 pm’
at the 1% intensity contour, containing only 48% of the light energy (Figure 11B, F; all
not shown in panel F). This diffuse area never exceeds 5% of the light intensity anywhere
and is much larger than that of an individual cone. Upon correction of defocus aberration
only, the light becomes more concentrated, but ~70% of the light still falls outside of the
targeted cone diameter (Figure 11C, G). Finally, with all aberrations corrected using
AOSLO, the 5% intensity contour covers 33 um?” on the retina and contains 88% of light
energy (Figure 11D, H), with the remainder spread out over a very wide area, as expected
from a PSF. With full AOSLO correction, cone-targeted microstimulation becomes
possible.

In theory, therefore, the spatial distribution of the stimulus on the retina places
most of the light over a single cone. However, repeated stimulation of the same cone is
also necessary. Consequently, the stimulus geometry must also be characterized with
respect to spatial delivery errors that occur during the course of each set of stimulus trials.
These errors can occur even after fixational eye movements have been accounted for by
real-time eye tracking and video stabilization software. In order to deliver a targeted
stimulus to a retina that is in motion, the software reads the incoming video raster in real-
time, and compares select portions of the raster to a predefined reference frame. Then, as
the raster approaches the retinal location where stimuli are to be delivered, the software
predicts the motion of the eye just prior to stimulus delivery. In the current AOSLO

system, the stimulus delivery positional error has a standard deviation of about 0.15
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arcmin (Arathorn et al. 2007; Yang et al. 2010; Sincich 2016). These delivery errors are
accounted for in our experiments in Chapters 2 and 3.

As further evidence of high spatial fidelity in stimulus delivery in an AOSLO
system, threshold experiments were performed in which one stimulus targeted cone and a
second stimulus targeted an adjacent gap between cones. Perceptual thresholds were
~50% higher when the microstimuli were delivered between cones (Harmening et al.
2014). This finding was largely explained by a simple model of the geometry of cone
light capture, where photoreceptor waveguiding would predict that coupling efficiency
will be maximal at the cone center, and decrease with increasing distance from the center
(see Figure 8 from Harmening et al. 2014). This effect has also been seen physiologically
in the primate retina (Field et al. 2010), and in the primate lateral geniculate nucleus—the
main neural target of retinal projections (Sincich et al. 2009). These experiments
demonstrate how exquisitely sensitive the visual system is to the exact spatial position of

stimuli, even down to the micron scale.

Psychophysical testing and variability

Using the real-time retinal eye tracking, vasculature mapping, chromatic
aberration correction, and stimulus delivery accuracy described above, we are poised to
determine how robust psychophysical threshold functions can be obtained using cone-
sized stimuli. Threshold has been measured in this system using two methods of
threshold estimation: a classic method of constant stimuli or an adaptive Bayesian

staircase method. These threshold estimations have been obtained for single cones out to
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about 5° eccentricity, with threshold rising consistently as eccentricity is increased
(Harmening et al. 2014). Beyond 5°, multiple cones need to be stimulated simultaneously
for a perceptual threshold to be measured. While this finding is only valid for a
luminance increment threshold task operating within the range of light intensity that we
can deliver, this increase in threshold with retinal eccentricity is consistent with prior
studies using a constantly sized stimulus (Wilson 1970; Lie 1980; Inui et al. 1981). For
threshold to be measured at the perceptual level beyond 5° eccentricity, summation of
input across multiple cones is generally necessary (Anderson et al. 1991; Volbrecht et al.
2000; Drasdo et al. 2007).

While increment threshold measurements can be obtained from cone-sized
stimuli, many forms of variability, such as stimulus delivery error, system noise, and
subject inconsistency can impact psychophysical performance. Much of this variability
can be traced back to errors in stimulus delivery and system noise; however, it is
important to consider the possibility that human subjects may have some intrinsic
inconsistency when performing threshold tasks repeatedly. Any of these errors may
manifest as variability in threshold, where a measured threshold is not consistent
throughout the course of the experiment. This type of variability needs to be
distinguished from physiological variability, where the functional weighting of cones
may not all be identical. As previously discussed, each retinal ganglion cell in the
peripheral retina samples from a number of cone photoreceptors. When the functional
connectivity between cones and ganglion cells was measured in explant macaque retina,
each of the cones within the stimulated receptive field expressed a different synaptic

weight (Field et al. 2010; Li et al. 2014). Similar results were found using an AOSLO
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system while recording from macaque LGN in vivo (Sincich et al. 2009). These findings
raise the possibility that differential cone weighting in the retina could be detectable at
the perceptual level. One of the key experiments in this dissertation is to examine that
possibility.

A final piece of evidence demonstrating the efficacy of microstimulation through
AOSLO to generate cone-specific response comes from the likely occasional encounter
with an S cone. The stimulus wavelength band used in these experiments was 543 + 11
nm, a range that is equally absorbed by L and M cone opsins. To produce an equivalent
response with this wavelength of stimulation, an S cone would need ~400 times more
light than would an L or M cone (Stockman et al. 2000). This would exceed the range of
light that is deliverable with our AOLSO. If an S cone was targeted for stimulation under
these experimental conditions, the subject would likely respond “not seen” to every trial.
Given the relative sparsity of S cones in the human retina (Curcio et al. 1991; Roorda et
al. 1999) this scenario was not anticipated to be encountered often. However, as we will
see in Chapter 2, it is likely that we did encounter an occasional S cone, where no
measurable threshold could be obtained, even though an adjacent cone readily produced
thresholds. Such data provide additional evidence that positional delivery accuracy is
high enough to probe functional responses on the cellular scale.

With all of the discussed issues taken into account, we are now ready to probe
further into the functional responses arising from targeted cone-sized stimuli. Our
experiments seek to understand two things: (1) perceptual response to an increase in light
delivered to a single photoreceptor at threshold, and (2) perceptual change to an increase

in light delivered to two photoreceptors at the same time. Because cone signals flow
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through other cells in an ON pathway, intensity response curves from cone
photoreceptors alone can only be one component in understanding the psychophysical
response. The intensity response curves of ON cone bipolar cells and ON midget and

parasol retinal ganglion cells must also be contributing to the perceptual sensation.
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ABSTRACT

While many factors affecting human psychophysical threshold have been studied,
variation in cone functional weighting and cone signal integration have not been directly
examined in vivo. Using an adaptive optics scanning laser ophthalmoscope (AOSLO)
equipped with multiwavelength imaging and stimulation capabilities, we delivered cone-
sized stimuli to individual photoreceptors in human subjects (n = 7). Perceptual
increment thresholds were measured from single cones and cone pairs using a Bayesian-
based staircase method of threshold estimation. In 42 of 99 pairs, individual thresholds
differed between cones (p < 0.05), and differences in threshold as small as 14% were
detectable. To address the source of observed variability in cone threshold, we examined
several factors that could lead to differences in thresholds. We found that cone thresholds
were consistent when measured over multiple testing days, that there is no relationship
between cone reflectivity in AOSLO images and perceptual threshold (n = 494 tests; p =
0.19), and that systematic stimulus delivery errors did not explain variation (average error
= 0.2 arcmin; R* = 8 x 107). Individual cones in pairs were stimulated simultaneously
and analyzed with respect to their signal summation. Lower thresholds were always
observed, with 17 of 99 pairs manifesting linear summation, and 42 pairs integrating
signals according to a two-detector model. The nature of signal integration was not
correlated with the eccentricity of the tested cones, but was related to inter-cone distance
(9 of 11 linear pairs were located within 1.5 cone spacings of one another), suggesting

bipolar cells as mediating cone signal summation.
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INTRODUCTION

Because cone photoreceptors are the neurons that give us our primary experience
of the visual world, they have been characterized extensively in terms of one unique
trait—responsiveness to light (Baylor 1987). Much of the seminal physiological work has
been demonstrated in vitro, where single photoreceptors can be isolated and studied
under precise experimental conditions. To understand how photoreceptors function in
concert, however, techniques must be developed by which retinal circuitry remains intact
and photoreceptors can be stimulated and analyzed simultaneously. Recently, this has
been accomplished in two ways: multi-electrode recordings and photoreceptor-targeted
psychophysics.

Upon stimulation of a single cone photoreceptor, a series of biochemical events
occur by which the incoming light signal is transmitted to downstream horizontal,
bipolar, amacrine, and ganglion cells (Dacey 1999; Field ef al. 2007; Lee et al. 2010). In
vitro electrical recordings made from retinal ganglion cells lying atop a multi-electrode
array have provided hints as to how signals arising from a single photoreceptor may be
combined and integrated downstream (Sekirnjak ez al. 2006; Field ef al. 2010; Ala-
Laurila et al. 2011; Greschner ef al. 2011; Li et al. 2014). Signals from a single
stimulated cone diverge into parallel retinal circuits, activating every major type of retinal
ganglion cell (Wassle 2004; Field et al. 2007; Field et al. 2010; Ala-Laurila et al. 2011;
Li et al. 2014). It has also been shown that single cone activation can drive neurons in the
lateral geniculate nucleus (LGN) (Sincich ef al. 2009), indicating that signals arising from

one photoreceptor may be enough to drive perception (Koenig ef al. 2011; Harmening et
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al. 2014; Bruce et al. 2015; Sincich 2016). What remains less clear is how signals arising
from multiple cones may sum their signals within the visual pathway, as this is likely to
recruit unknown numbers of cells in the retina, as well as the central nervous system.
Both physiologically and psychophysically, it is well established that the visual
system summates input signals spatially and temporally (Bloch 1885; Graham 1937;
Wald 1938; Graham 1939; Barlow 1953; Brindley 1954; Barlow 1957; Barlow 1958;
Fankhauser et al. 1960; Wiesel 1960; Baumgardt et al. 1961; Hallett et al. 1962;
Blackwell 1963; Glezer 1965; Enroth-Cugell ef al. 1966; Wiersma 1966; Cleland et al.
1968; Easter 1968; Stone et al. 1968; Freund et al. 1969; Naka et al. 1970; Wilson 1970;
Dannheim et al. 1971; Arnett 1972; Roufs 1972; Scholtes et al. 1977; Johnson et al.
1978; Lie 1980; Inui et al. 1981; Johnson 1986; Spillmann et al. 1987; Schefrin et al.
1998; Volbrecht et al. 2000), with a typical outcome of thresholds lowering as additional
photoreceptors contribute to the visual signal. Riccd’s Law, a psychophysical description
of this phenomenon, states that signals arising from groups of receptors will sum
according to probability when the system is operating at perceptual threshold (Ricco
1877). The size of Ricco’s Area, over which signals sum linearly, has been shown to
increase in size with retinal eccentricity, and is thought to correlate with the increasing
size of ganglion cell receptive fields (Wilson 1970; Dannheim et al. 1971; Lie 1980; Inui
et al. 1981; Johnson 1986; Volbrecht e al. 2000). One alternative to linear summation is
the filtering of visual signals through a nonlinear operation, as might be expected when
cells are transmitting signals along with noise independently (Rashbass 1970; Drongelen
2007). While both linear and nonlinear spatial summation have been demonstrated in the

primate retina, it is unknown which type of signal summation holds true when stimuli are
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precisely targeted at just two cones—the most simple application of spatial summation in
the retina.

Combining precise delivery of microstimuli to cones with traditional
psychophysical methodologies represents a technical challenge. Here, we use an adaptive
optics scanning laser ophthalmoscope (AOSLO), which allows for simultaneous retinal
imaging and psychophysics to be conducted in the intact human eye at a resolution
approaching the diffraction limit (Roorda ef al. 2002; Yang et al. 2010; Harmening et al.
2014). Combined with high-speed, real-time retinal tracking to compensate for eye
motion (Yang et al. 2010), we sought to characterize how light delivery largely confined
to individual and paired cones generates specific types of signals that lead to visual

perception.

METHODS

Experiments on human volunteers (n = 7; 6 males, 1 female; aged 21-53) were conducted
under a protocol approved by the Institutional Review Board at the University of
Alabama Birmingham, in accordance with the Declaration of Helsinki. Written, informed
consent was required of all subjects in order to participate in the research. All participants
had 20/20 or better best corrected visual acuity, clear optics, and normal color vision

(assessed using Hardy-Rand-Rittler plates and a Nagel anomaloscope).
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AOSLO imaging

The retinal cone mosaic was imaged using a multiwavelength AOSLO using
methods described in detail previously (Roorda et al. 2002; Tuten et al. 2012; Harmening
et al. 2014). Briefly, the light source for the AOSLO was a supercontinuum laser
(SuperK Extreme; NKT Photonics; Birkered, Denmark) bandpass filtered to provide an
infrared (IR) imaging light (842 + 25 nm; ranging from 120-250 pW) and a visible green
stimulation light (543 = 11 nm). Filters were from Semrock Inc., Rochester, New York.
The stimulation wavelength was chosen because it minimized the sensitivity difference
between long and medium wavelength sensitive cones (Baylor ef al. 1987). To image
cone photoreceptors, a focused spot of IR light was raster scanned across a patch of retina
via horizontal and vertical scanning mirrors. The IR imaging light reflected back through
the optical system was sampled using a Shack-Hartmann wavefront sensor to measure
wavefront aberrations. The aberrated wavefront was then compensated for using a 140-
actuator, 5.5 um stroke micro-electromechanical systems (MEMS) deformable mirror
(Boston Micromachines, Cambridge, MA, USA) operating in a closed loop at 16 Hz.
Positional signals from the scanning mirrors were combined with the voltage output of a
photomultipler tube to create a 512 x 512 pixel imaging video at 30 frames per second.
For all retinal imaging and psychophysical testing, a 5.6 mm beam diameter and 1.28°

imaging field were used (~400 image pixels per degree of visual angle).
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Microstimulation with AOSLO

Acousto-optic modulators (AOMs) operating at 50 MHz allowed for independent
10-bit modulation of light in the imaging and stimulation channels. Switching of the
AOMs at 20 MHz allowed a stimulus to be delivered at the pixel scale which composed
the retinal image. To compensate for the retinal eye motion present during active fixation,
real-time video stabilization software was used (Arathorn et al. 2007; Yang et al. 2010).
This allowed for targeted stimulus delivery to preselected retinal locations, with
cumulative delivery errors averaging less than a cone diameter (Harmening et al. 2014).
By placing a digital marker in the retinal imaging video at the specific pixel location
corresponding to the time of the AOM-triggered stimulus delivery, the actual location of
the stimulus on the retina could be recorded for each trial.

For the present experiments, a 5 x 5 pixel square stimulus (45 arcsec, ~3.6 um) of
543 nm light was flashed for a duration of ~130 psec onto a constant background of ~4.3
cd/m” during each trial. In a diffraction-limited system, the incident beam aperture (5.75
mm) yields a PSF with Airy disc diameter of 24 arcsec, when calculated using the
stimulation wavelength (543 nm) (Mahajan 2011). Expressed in image space, this equates
to a diameter of 2.6 pixels, or ~1.9 um on the retina (Sincich 2016). After accounting for
the point spread function of the corrected optics under these imaging conditions and
positional scatter in stimulus delivery, this stimulus subtended less than 8 pm on the
retina (at the 5% intensity contour), roughly corresponding to the diameters of cone inner

segments over 1.4 - 4.7°—the range of eccentricities studied here (Curcio et al. 1992;
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Scoles et al. 2014). Microstimuli like these targeted to cones more eccentric than ~5°
were generally not seen by our subjects.

Because our experiments used two wavelengths, one for imaging and one for
stimulation, we addressed chromatic dispersion in each subject. The methods for doing so
have been extensively described elsewhere (Harmening et al. 2012). Briefly, longitudinal
chromatic aberration (LCA) arises when aligned beams of different wavelengths are
focused in different axial planes. LCA is relatively consistent among individuals
(Atchison et al. 2005), and was corrected by adjusting the relative vergences of the fiber
optic point sources as they entered the optical path. Transverse chromatic aberration
(TCA) causes beams of differing wavelength to be focused at different locations in the
transverse plane of the retina, and is more idiosyncratic than LCA. TCA depends in part
on the position of the imaging and stimulation beams relative to the eye’s entrance pupil,
making it difficult to infer micron-scale chromatic offsets solely from the pupil position
of each subject. To measure such offsets, we employed an objective measurement of
TCA from recorded retinal videos both before and after each experiment, in order to
assess whether any lateral shift in the stimulus occurred during the course of testing
(Harmening et al. 2012). Maximum correctable TCA offsets ranged up to 16 pixels in the
image, corresponding to shifts of up to 2.4 arcmin (~11.5 pm) if left uncorrected. If
measured offsets drifted during the experiment by more than one half cone width at the
eccentricity being examined, the data were discarded.

In psychophysical testing, repeated stimulation under constant conditions is
necessary. Consequently, the stimulus geometry must also be characterized with respect

to spatial delivery errors that occur during the course of each set of stimulus trials. These
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errors can occur even after fixational eye movements have been accounted for by real-
time eye tracking and video stabilization software. In the current AOSLO system, the
stimulus delivery positional error has a standard deviation of about 0.15 arcmin (Arathorn
et al. 2007; Yang et al. 2010; Sincich 2016). To account for potential positional errors in
delivery, the actual light delivery of the stimulus was summed over all trials (~100 trials
per condition, per experiment) and integrated with the PSF-convolved nominal stimulus
definition. The resulting light delivery distribution represents the final estimation of

actual light distribution across a single experiment.

Psychophysical procedures

Subjects were practiced at the psychophysical task and AOSLO-based
microstimulation before any data collection began. Mydriasis was achieved using 1%
tropicamide. Bite bars custom fitted for each subject were used to minimize pupil motion.
Retinal locations being imaged were selected by having the subject fixate on am amber-
colored light-emitting diode (LED) positioned outside of the 1.28° imaging field.
Following TCA measurement and dark adaptation of at least 15 minutes, the experiment
trials began. Retinal stimulation sites were chosen on an approximately horizontal
meridian within the retina. Six subjects had testing sites located temporal to the fovea,
and 1 subject had a nasally located site. Eccentricity was determined using a large
montage of scaled AOSLO images that included the fovea, calibrated using a grid of
known dimensions imaged within a model eye. Eccentricity was anchored at the subject’s

preferred fixational locus, determined using a 5 sec video of fixation upon a flashing 1
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arcmin target. At each test site, vasculature maps were made in order to avoid potential
light disruption arising from the overlying retinal blood vessels and capillaries (Tam et al.
2011; Harmening et al. 2014; Bruce et al. 2015). If a tested cone was found to lie
underneath retinal vasculature as determined by the vessel map, the data were discarded.

Visual sensitivity was measured using a Bayesian staircase method of increment
threshold estimation (King-Smith et al. 1994). Subjects reporting seeing or not seeing a
small green stimulus square flashed during a single video frame. Stimulus delivery was
accompanied by an audible cue. All trials were self-paced. There were 3 stimulus
conditions, each containing 20 trials: stimulation of one cone, of a nearby second cone, or
of both cones simultaneously. All trials were randomly interleaved, and thresholds were
measured 4-6 times per cone (240-360 total trials) per experiment.

Throughout the study, threshold values are expressed in arbitrary units (a.u.)
ranging from 0 to 1, where 0 corresponds to a stimulus condition containing only the
constant 1.28° background field. A value of 1 represents the background field plus the
maximum deliverable light intensity of the 5 x 5 pixel test stimulus on the retina. In
radiometric terms, this value of 1 was typically ~15 nW incident at the cornea for the
1.28° imaging field, equaling ~4.72 log quanta for a single frame containing the stimulus.
The background light level, a product of residual light leak through the green channel
AOM, was ~4.3 cd/m” (in photopic units), equaling ~4,100 rhodopsin isomerizations per
second per rod (Geller et al. 1993). This effectively eliminated any rod contribution to the
visual response (Aguilar 1954; Alpern et al. 1970; Tamura et al. 1991). The background
light produced ~2.74 log quanta incident on the cornea for an area comparable to the size

and duration of the stimulus. Using these estimates, if a threshold was measured to be 0.5
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a.u., the stimulus contained ~17 times more photons than the background field over the
same stimulus area. Occasionally, subjects reporting never seeing the stimulus (possibly
due to targeting an S cone); if this occurred when the experiment required a response

from a cone, a new cone was selected that did yield a measurable response.

Inter-cone distance experiments

In one set of experiments, the distance between targeted cones was intentionally
varied at several retinal sites in 5 subjects. To measure the effect of cone spacing on
summation at threshold, one anchor cone was common to each tested pair, while the
second cone was selected by systematically varying the inter-cone distance. In 4 of the
subjects, this procedure was repeated at 2 retinal eccentricities. In order to quantify cone
spacing values across eccentricities where cone diameter and spacing increase with
distance from the fovea, mean cone spacing values were obtained by measuring the inter-
cone distance of 500 cones, centered over the area of testing. The inter-cone distance of
each tested cone pair, measured in pixels from the AOSLO image, was normalized by the
mean cone spacing value at each testing site; thus the metric was converted to number of

cones between a pair rather than absolute distance.

Cone weighting and summation calculations

Cone photoreceptors have been demonstrated to exhibit variable synaptic

weighting onto downstream ganglion cells (Field ef al. 2010; Li ef al. 2014). In order to
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adequately consider variable cone thresholds, we used a weighted formula to compute
two types of summation: linear summation according to a probability model and
nonlinear summation according to a two-detector model. This weighting function
accounts for, in cases where cones have different thresholds, the cone with the lower
threshold dominating the response when the pair are stimulated simultaneously. Cone
weights were thus computed as follows:
wr=1-(0;/(6;+6>))
wr=1-(6:/(6;+ 6>))

where w; = functional weight of cone i and 9; = threshold obtained for cone i. For linear
summation, the predicted threshold for the 2-cone condition was estimated from the
weighted average of the individual cone thresholds:

Ore2=wW; 0+ w305 /2
This type of summation implies that the signals to be added each contain negligible noise,
and that the detector itself is the main source of noise in the threshold measurement. For
nonlinear summation, the predicted threshold for the 2-cone condition was estimated as
follows:

O1+2= (w1 0+ w2 62) /2
This formula is derived from the idea that the detection of summed signals from
independent detectors—each carrying independent noise—would improve as a function
of the square root of the number of detectors (Drongelen 2007, p. 41). Because we
generally examined cone pairs in our experiments, we refer to this type of nonlinear

summation as a two-detector model.
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In order to classify the style of summation, threshold data from each pair had to
pass two statistical tests. For a pair to be classified as linear, for example, the 6, , values
had to be significantly no different from the linear prediction (p > 0.05) and significantly
different from the two-detector prediction (p < 0.05), all based on the Wilcoxon rank-sum
test because the data were not normally distributed (as determined by a Lilliefors

test). The 6., statistics had to be reversed in the case of two-detector summation.

Cone reflectance quantification

To determine if cone reflectivity had any impact on threshold, we measured the
reflectivity of tested cones with a method described previously (Bruce et al. 2015).
Briefly, during the course of a psychophysical experiment, a 1 sec retinally stabilized
infrared video of 30 frames is recorded for each trial. These 30 frames were averaged into
a single image, after eliminating any blank frames or those with uncorrected eye-motion
artifacts that are readily detected by automated image analysis. Averaged images
stemming from all individual trials were then summed into one image and normalized to
the brightest value, representing the cone reflectivity during the course of the experiment.
Reflectivity of the targeted cones was then measured by centering a 3 x 3 pixel square
onto a manual estimation of the pixel that was most centered within the cone (this was
not necessarily the brightest pixel) (Pallikaris et al. 2003). The mean pixel value within
the 3 x 3 pixel square was then compared to the mean pixel value of a 100 x 100 pixel
square centered on the same location, and cone reflectance was quantified in standard

deviations (SDs) from the field mean.
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RESULTS

In each subject, a reference montage was created of the cone mosaic covering the
fovea and areas surrounding sites that were selected for testing (Figure 1A, B). The
montages were used to identify testing locations near the horizontal meridian of the
retina, where retinal vessels are smallest and present the least potential interference for
stimuli. Cones were resolved at subcellular resolution up to within ~0.25° of the fovea,
and showed typical variation in reflectivity profiles—a characteristic which has been
shown to change on a frame-by-frame basis during imaging (Roorda et al. 2002;
Pallikaris et al. 2003; Rha et al. 2006; Putnam et al. 2010; Bruce et al. 2015).

While the fundus photograph and the AOSLO images allow for visualization of
the larger blood vessels overlying the photoreceptor layer (as they create dark shadows),
the IR images alone do not provide a full representation of the existing capillaries within
any retinal area being studied (Snodderly ef al. 1992). To ensure that our tested cone
pairs did not lie beneath capillaries, which may distort the incoming stimulus light, we
generated vascular maps for each tested retinal location (Figure 1C, D). All tested cone

pairs were located in retinal areas free from vascular interference.

Threshold variability for microstimuli delivered to single cones

It has been previously demonstrated in vitro that cone inputs to downstream
retinal ganglion cells can carry unequal synaptic weights in the transduction of equivalent

visual stimuli (Field ez al. 2010; Li et al. 2014). Using a psychophysical approach, we
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hypothesized that unequal synaptic weighting of cones may be observable in a threshold
measurement if a stimulus could be reliably delivered to the same cone. Variability in
increment threshold for cones tested with identical stimuli and experimental conditions
has been noted before (Harmening et al. 2014; Bruce et al. 2015), but never characterized
in detail. With optimal adaptive optics (AO) wavefront correction, a 5 x 5 pixel stimulus
(the size used here) convolved with the PSF will produce a light intensity profile where
the 5% intensity contour encompasses an area of ~33 pm?” on the retina, containing 88%
of all light energy (Figure 2A, C, left panels). While the stimulus defined in image pixels
is smaller than the cone in the AO image, once convolved with the PSF it roughly
matches the diameter of imaged cones at 2.7° eccentricity. This suggests that most of the
delivered light was constrained to a retinal area the size of a single cone, although there
still remains a small amount of uncontrollable light scatter, spread over a large area—
given the PSF.

It is important to realize that testing one cone each day would not necessarily
yield consistent thresholds, as many factors such as variation in light levels in the
instrument and subject performance day-to-day can readily alter threshold. Thus, to allow
a more controlled measurement of threshold, we studied two nearby cones in each
experiment and examined relative increment thresholds. Three cones were tested as pairs
on separate days in Subject 1. On one day, increment thresholds for the neighboring
cones were significantly different by the end of the trials (Figure 2B; cone 1: 0.52 £ 0.13,
cone 2: 0.29 + 0.01, p = 0.008, Wilcoxon rank-sum test). On another day, we conducted a
second experiment in Subject 1 where one targeted cone was the same as in the previous

experiment, and the second cone was a different neighbor. Here, the cones exhibited
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increment thresholds that were similar (Figure 2D; cone 1: 0.40 + 0.02, cone 2: 0.43 +
0.08, p = 0.80, Wilcoxon rank-sum test). These results suggest that perceptual thresholds
can be cone specific, varying from one cone to the next, even for adjacent cones.

To assess the prevalence of nearby cones exhibiting different thresholds, we
looked at the distribution of threshold variability throughout the population of tested cone
pairs (n = 99; Figure 3). Over these cone pairs, 57 had thresholds that were statistically
similar to one another, while 42 had cones with different thresholds (Figure 3A, black
circles; p < 0.05, Wilcoxon rank-sum test). The frequency distribution of the pair-wise
cone threshold differences compiled into a population histogram showed that differences
in threshold as small as 14% can be detected psychophysically. These results indicate that
threshold variability among cone pairs is common, detectable among nearly half of the
cones tested using psychophysical methods.

In any perceptual testing, it is important to consider the possibility that human
subjects will have some degree of intrinsic inconsistency when performing threshold
tasks repeatedly. To examine the possibility that differences in cone thresholds were
caused by subject performance inconsistency, we conducted a set of experiments where
the same set of cones were returned to over multiple days (Figure 4). Here, we
specifically targeted triplets of cones in two subjects, tested in the same way as described
previously. The threshold of each cone was measured 3-5 times during each day’s
experiment. To control for small day-to-day changes in stimulus light levels, thresholds
were normalized to the mean of the triplet. Figure 4A shows a cone triplet in Subject 2
that demonstrated similar relative thresholds, and this similarity was consistent over 3

experiments spanning 5 days. In the triplet tested in Subject 3, two cones had consistently
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similar thresholds and one cone had a consistently higher threshold (Figure 4B). The
high-threshold cone needed about 40% more light in the stimulus in order to be detected.
In a third triplet, one cone was encountered in Subject 2 that consistently had a threshold
that was beyond the range of deliverable light (Figure 4C). Given that the other two cones
had reliably measured thresholds across two days, this result suggests that the cone with
the unreachable threshold was an S type. Given the 543 nm wavelength of the stimulus,
an S cone would need ~400 times more light than would an L or M cone to reach a
comparable threshold (Stockman et al. 2000). This would exceed the range of light
deliverable with our AOLSO. If an S cone was targeted for stimulation under these
experimental conditions, the subject would likely respond “not seen” to every trial. Given
the relative sparsity of S cones in the human retina (Curcio et al. 1991; Roorda et al.
1999) this scenario was not anticipated to be encountered often.

Taken together, the results shown in Figure 4 indicate that the variation in cone
functional weighting can be tapped psychophysically, and can be reliably assessed using
the present technology. However, other factors may be introducing variability in these
experiments. As noted previously, cone reflectivity varies on a cone-by-cone basis, and
can change rapidly over time (Roorda ef al. 2002; Harmening et al. 2014; Bruce et al.
2015). Could it be possible that the reflectivity of a cone is correlated with perceptual
threshold, given the waveguiding properties of cones? To investigate this question, we
measured the reflectivity of each cone in a tested pair for each set of trials. Because
reflectivity varies from moment-to-moment and day-to-day, single cone reflectivity and
threshold were normalized to the mean values of each tested pair (Figure 5A). In the

population of tested cone pairs, the mean threshold was 1.6% higher in cones with less
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versus more reflectivity, but this difference was not significant (p = 0.19, two-tailed #-
test). Although this data had an increased n over our previously reported subset (Bruce et
al. 2015), significance was still not reached. It is clear from this scatterplot that
reflectivity cannot account for the wide threshold variation seen psychophysically.

A second factor may have led artificially to a wide variation in threshold. In cone
pairs where the threshold differed, a systematic offset in the delivery of light to one of the
cones in a pair could have resulted in a higher threshold. This is a distinct possibility
because directing light intentionally away from the cone center leads to increased
thresholds (Harmening et al. 2014). To see if a repeated error in stimulus delivery was
responsible for the observed variation in cone thresholds, we examined where the
centroid of the summed light delivery fell relative to each cone center for the 42 cone
pairs that exhibited different thresholds (Figure 6). On average, the stimuli fell within 1.3
pixels (0.2 arcmin) of the cone centers, and showed no relationship between threshold
and distance from cone center (R* = 8 x 107). This analysis provides additional support
that the consistent and repeatable differences in threshold between neighboring cones

appears to arise from the transmission of the cone signal itself.

Two-cone signal summation

For each cone pair represented in the data presented above, there was third trial
condition—stimulation of both cones. This condition was included to directly examine
how increasing the number of stimulated detectors in the visual system might affect

threshold. In the population of cone pairs tested, the increment perceptual threshold
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measured in the 2-cone condition was always lower than that of the single cone
conditions, and also showed considerable variation.

To further characterize the nature of cone signal summation, we examined each
pair with respect to two possible ways the signal could theoretically combine
downstream. The first outcome, linearity, would occur if the signals from both stimulated
cones summed directly onto one downstream detector. Linearity would dictate that only
1/2 as much light needs to be delivered to each of the two cones as is necessary for a
single cone to reach threshold. One example of such linear summation is shown in Figure
7A, B. The second possible outcome, two-detector summation, would occur if each cone
signal was passed to different downstream detectors, which would independently
introduce noise into the summed signal. Here, two-cone threshold would be reached with
1/72 the amount of light required for single cone thresholds (Drongelen 2007). This
outcome was found in the pair shown in Figure 7C, D. Notably, cone 1 in Figure 6
manifested different summation strategies depending on which cone it was paired with,
suggesting that downstream connectivity differences in the retina can be detected
psychophysically. Across the population, one of the two types of summation could be
measured in 60% of the pairs (linearity = 17/99 cone pairs; two-detector = 42/99 cone
pairs).

Receptive field sizes increase steadily as a function of eccentricity in most retinal
cell types, including ganglion cells (Watanabe 1986; Rodieck 1998; Dacey 1999). This
increase in field size is accompanied by more cones converging onto a single receptive
field. If ganglion cells are acting as the detector in summation, the idea of increased

convergence with eccentricity led us to hypothesize that linear summation would be more
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prevalent at greater eccentricities, because the likelihood of two cones sending signals to
separate ganglion cells would be lower. To see if this was true, we plotted the summation
data as a function of eccentricity (Figure 8). There did not appear to be any correlation
between the nature of summation and increased distance from the fovea.

The lack of an eccentricity effect with respect to summation style suggests that
the cell class at which summation is occurring is one that does not scale with receptive
field size as distance from the fovea increases. To probe this idea more directly, we
designed a set of experiments to systematically vary the distance between targeted cones
at different eccentricities. In 5 subjects, a single anchor cone was selected to be common
in each cone pair tested (n = 56 of the 99 total cone pairs). The second cone was then
varied systematically to increase inter-cone distance (Figure 9). In order to compare data
across eccentricities, where cone diameter and spacing both get larger as distance from
the fovea increases, a mean cone spacing value was computed at each site (described in
Methods). This allowed us to normalize the distance between targeted cones in terms of
cone spacing. When the ratio of the two-cone threshold and the mean weighted single
cone thresholds was plotted with respect to inter-cone cone distance, 9 of the 11 linear
pairs tested using an anchor cone were located within 1.5 cone spacings of one another
(Figure 10), corresponding to a range of ~5-7.5 um on the retina. In contrast, two-
detector summation was found throughout the range of intercone distances. The
clustering of linearity amongst just neighboring cones suggests that the mechanisms of
summation leading to detection are occurring at a cell type with receptive fields smaller

than ganglion cells—very possibly bipolar cells.
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DISCUSSION

The signals originating from single cones have been demonstrated elsewhere to be
sufficient for the activation of multiple cell types, namely bipolar cells, ganglion cells,
and cells in the lateral geniculate nucleus (LGN) (Baylor et al. 1977; Hofer et al. 2005;
Sincich et al. 2009; Field et al. 2010; Ala-Laurila et al. 2011; Soo et al. 2011; Li et al.
2014). If each downstream cell type has multiple cones contributing to its receptive field,
the strength of input in single cones can be analyzed against one another with respect to
the downstream cell’s response. In this way, variable functional weighting from single
cones has been shown in ganglion cells (Field ez al. 2010; Li et al. 2014) and in LGN
neurons (Sincich et al. 2009), but has never been directly examined psychophysically.
Variability in functional weight among the cone population could manifest
psychophysically as variability in threshold, if neural signals passing from the LGN
through cortex to perception are not wholly diluted by other signals. For the detection
task we used, our results on threshold variability suggest that such signal preservation
along the visual pathway is indeed operating. Variation in cone weights, abiding by the
principle of univariance, means that an equivalent response—from a ganglion cell or at
the perceptual level—can be generated if the input strength of each cone is taken into
account. Because we were testing at threshold, the input strength of a cone is simply
mirrored by the relative threshold level. The range of variability we found was within the
range found in vitro (where differences as large as 75% from the pair-wise mean can be
estimated for single cones from Figure 1 in Li ef al. 2014), supporting the idea that both

types of experiments tapped into the same cone weighting phenomenon.
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It is possible that some of the variation in cone weight is due to a factor yet
unexamined, arising from the waveguiding nature of cones. A cone’s ability to funnel
light through the inner segment and into the outer segment is dependent, in part, on the
size and shape of the photoreceptor (Roorda et al. 2002; Lakshminarayanan 2010). Could
local variation in inner segment dimensions account for the variation we observed in
threshold? To examine this, the diameter and isotropy of inner segments were measured
from human retinal wholemount histological material and used to estimate light coupling
efficiency in outer segments with an optical model (Defenderfer et al. 2016). For groups
of neighboring cones, light coupling varied by a factor of 10 less than the variation
observed psychophysically. Because shape differences yielded such a minor variation in
light coupling among cones, these results suggest that synaptic weighting is likely to
account for most of the variation in perceptual thresholds. This idea is supported by the
data presented here, which eliminates other confounds that could have produced variable
thresholds: day-to-day inconsistency, inter-subject differences, cone reflectivity, and
stimulus delivery errors.

The possibility remains that the variation in increment thresholds measured here
are not arising from the photoreceptors at all, but are instead a product of downstream
retinal neurons. While there is good evidence that functional weights vary between cones
and ganglion cells (Chichilnisky et al. 1999; Field et al. 2010; Li et al. 2014), it is still
unclear at which synapse this is occurring. There may be differential synaptic weighting
at cone-bipolar cell synapses as well as at bipolar-ganglion cell synapses. Since we
always examined relative thresholds, the variation could arise from cones with the same

weights passing their signals along two different retinal circuits, either separate bipolar
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cells or separate ganglion cells, or some combination. /n vitro experiments would be
required to reconcile these possibilities definitively. At present, it is worth noting that in
the complete cone maps produced to date, cones near the edges of the receptive field
centers do not always have the lowest cone weights (Field ef al. 2010; Li ef al. 2014), as
might be expected from synapses formed at the distal tips of ganglion cell dendrites. This
observation makes it more likely that threshold variation originates at the cone-bipolar
cell synapse.

Assuming that differential weighting does originate with each cone, long-held
ideas about the two-dimensional profiles of receptive fields may need modification—
particularly near the fovea. Thinking of an ON center ganglion cell as an example, the
field center is usually depicted as a perfectly smooth Gaussian profile of sensitivity.
Instead, this two-dimensional sensitivity profile should mirror the variability seen in
individual cones, which would create a “bumpy” profile, likely still with a central peak.
The smoothness seen historically is partly due to uncorrected high order aberrations in
earlier physiological experiments; as AOSLO-based physiology moves forward, the
receptive fields of visual neurons will reveal much more sensitivity texture than
previously realized (Sincich et al. 2009). Clinically, cone threshold variability may also
need to be taken into account. Microperimetry is often used as a test of cone function,
most recently in conjunction with AOSLO imaging (Tuten ef al. 2012). Traditionally,
there are three test spot sizes, called Goldman I, I1, and III (Midena 2007). At 4°, the
Goldman I test spot covers ~4-5 cones. Cone threshold variability would increase the
noise in such measurements of retinal function, increasingly so as the test moves away

from the fovea, potentially confounding proper assessment of visual function.
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The summation experiments were performed to examine how signals from two
cones add together. We found that pairs of cones always sum their signals when
stimulated simultaneously, leading to a lower threshold than when they were targeted
individually. Notably, the summation was not always linear, which suggests that at least
two detection mechanisms are available. We first pursue the idea that the summation is
occurring in the retina.

In the linear case, the interpretation is straightforward: the signals from each cone
contain a relatively low degree of noise and are added together by one detector operating
in a linear regime against the background light intensity. Is the detector a bipolar cell, or a
ganglion cell? The answer rests on what type of ganglion cell is likely to be mediating
the summed signal. Because the experiments utilized a briefly flashed low contrast
stimulus, it seems likely that any perceptual effect is occurring through parasol retinal
ganglion cells, which in turn suggests that diffuse bipolar cells are the site of summation.
Over a wide range of eccentricities, ON diffuse bipolar cells uniformly contact about 6
cones (Boycott et al. 1969; Kolb 1970; Boycott ef al. 1991; Kolb ef al. 1993). For any
pair of randomly selected adjacent cones, there is a good chance that they would be
connected to the same diffuse bipolar cell, and because they respond with graded
membrane potentials, linear summation is likely to occur here, followed by transmission
to a single parasol ganglion cell. This circuit also explains the two-detector summation
cases. With diffuse bipolars contacting just 6 cones, the chance that any two neighboring
cones contacted different bipolars is also reasonably high. Because two bipolars may act

like uncorrelated sources of noise, their summation at a single ganglion cell will follow
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the two-detector model, as the noise will cancel but more signal will be required from
each cone to reach threshold.

The experiments where inter-cone distance was intentionally varied were
designed to hone in on the cell type mediating summation. Our data indicated that linear
summation generally occurred when cones were within 1.5 cone spacings of one
another—regardless of eccentricity. In these instances, summation is probably occurring
at the bipolar cell level, since ganglion cells (of all types) increase in size with
eccentricity, which would have predicted no correlation between the prevalence of linear
summation and the distance between cones. By contrast, two-detector summation was
prevalent at all inter-cone distances, which accords with summation at the ganglion cell,
since two bipolar cells were likely to be channeling the signals (Figure 11). Summation
style, in other words, may be able to pick out different sites in the retinal circuit that
mediate perceptual threshold.

Could two-cone summation not be computed in the retina, but somewhere further
downstream such as the LGN? This seems unlikely for several reasons. One is that it
would require signals from separate ganglion cells to arrive at LGN neurons and be
summed in two distinct ways. It has been shown that LGN neurons in the cat and in
primate generally have one predominant input from one ganglion cell, which can be
optimally driven by a small stimulus (Cleland et al. 1971; Mastronarde 1987,
Mastronarde 1987; Usrey ef al. 1999; Sincich et al. 2007). For many of our cone pairs,
threshold was about equal. This would require that two cones made segregated
connections with two ganglion cells, which in turn have equal synaptic weighting at a

single LGN neuron, but this is not supported by physiological evidence. Second, it is
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unclear how LGN neurons could distinguish between ganglion cells carrying inputs from
neighboring cones and produce two styles of summation as a function of eccentricity.
Future physiology experiments replicating the stimulus paradigm used here should be
able to provide firmer evidence about the nature of cone summation beyond the retina.

It remains to examine how our findings relate to other psychophysical studies of
spatial summation. The most relevant of these centers on Ricco’s Law, wherein the
product of stimulus intensity and area is a constant up to a certain size, beyond which
summation is no longer linear (Ricco 1877). Many studies have found that Ricco’s area
increases in size steadily with eccentricity, and roughly scales with retinal ganglion cell
dendritic fields (Wilson 1970; Dannheim et al. 1971; Lie 1980; Inui ef al. 1981; Johnson
1986; Volbrecht et al. 2000). In an experiment designed to probe L cone summation at
threshold, the authors concluded that parasol ganglion cells appear to set the size of
Riccd’s area (Volbrecht ef al. 2000). In their data, the diameter over which a stimulus
would be summed linearly was ~11 arcmin at 2° eccentricity, an area that would
encompass dozens of cones. How can this be reconciled with the prevalence of nonlinear
summation among adjacent cones we found here? In the experiments cited above, the
stimuli spanned many cones, were many milliseconds in duration, and could not have
been projected onto the same cones for each trial. Under these conditions, horizontal cells
would have been strongly engaged, and different ganglion cells would have been tested
over the complete set of trials, with the perceptual outcome reflecting their average
behavior as a population. Because so many additional neural circuits must be activated in
these experimental conditions, the summation result is not readily comparable to our

cone-targeted experiments. To bridge that comparison, it would be useful to examine
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cone summation with an AOSLO approach over a large range of cone numbers, to see
how threshold is affected by each additional cone being stimulated. It is likely that
inhibitory effects from horizontal cells would be revealed (Thoreson ef al. 2012), which
would greatly alter the function relating threshold to stimulus size. Until then, it appears
that classical Ricco’s area experiments and cone-targeted microstimulation experiments

probe different features of the retinal circuit.
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Figure 1. Retinal areas targeted for microstimulation are chosen to avoid
vasculature. (A) Fundus photograph of the right eye of Subject 1. Outlined area shown
magnified in (B), where AOSLO images are montaged to determine the eccentricity of
testing locations relative to fixational locus (red dot). Outlined area shown magnified in
panel C, where cone photoreceptors appear as bright spots within an AOSLO image
(eccentricity = 2.7°). (D) Vasculature map covering the same retinal area as in C.
Cones chosen for targeted microstimulation are free from overlying vasculature (red
circles). Outlined area in panels C and D are magnified further in Figures 2 and 7.
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Figure 2. Example cone pairs with similar and different thresholds. (A) Green
contour in left panel shows stimulus with optimal AOSLO wavefront correction,
representing the 5% intensity contour that contains 88% of all light energy. When the
PSF convolved stimulus is integrated over all the delivery locations for each stimulus
condition, the light delivery contours show that most of the light fell within the diameter
of the imaged cone (middle and right panels, taken from outlined area in Figure 1C). (B)
Staircases for increment threshold estimation from a single experimental run are shown
for cones 1 and 2. Threshold means are at right for each cone, demonstrating a difference
in threshold (cone 1 mean = 0.52 £ (.13, cone 2 mean = 0.29 + 0.01, p = 0.008; Wilcoxon
rank-sum test). (C) On a separate day, cones 1 and 3 were tested as a pair, with light
delivery contours calculated as in A. (D) Staircase threshold estimations exhibiting
similar thresholds (cone 1 mean = 0.40 + 0.02, cone 3 mean = 0.43 + 0.08; p = 0.8;
Wilcoxon rank-sum test).
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Figure 3. Individual cones exhibit variation in perceptual threshold. (A) Mean
experimental individual cone thresholds are shown, normalized to the pair-wise
mean (= 1 SD). Data are rank-ordered by relative threshold difference between
cones in the pair. Of 99 cone pairs tested, 57 exhibited statistically indistinguishable
thresholds (gray), while 42 had different thresholds (black; p < 0.05). (B)
Population histograms of pair-wise cone threshold differences, indicating that
differences as low as 14% can be detected psychophysically.
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Figure 4. Cone thresholds are consistent over time. AOSLO images of identical cone
triplets in Subject 2 (A, C) and Subject 3 (B) studied over 2-3 days. Cones targeted for
stimulation are circled in each image, and the thresholds from each are coded by color.
Data are grouped by test day and were normalized to the mean threshold of the triplet.
Each cone was tested 3-5 times per experiment (small dots). Mean single-cone
thresholds (= 1 SD) across all days are shown on the right within each panel. In A all
cones had similar increment thresholds, while in B the cone circled in red had a
consistently higher threshold than the other two cones in its triplet. In C the cone
circled in blue had thresholds beyond the range of deliverable light (indicated by blue
shading), which suggests it is an S cone, given the stimulus conditions.

100



° o © Darker cone in the pair

06t O Brighter cone in the pair
(0]
S 04
v i
[Tl
£ &
5 @ 02t

e ®

s =
o
£ 0 OF -
=
| -
= £ 02|
Q&
D e
E -04 }
©
o

-0.6 |

-3 -2 -1 0 1 2 3
Pairwise cone reflectance difference (SD)

Figure 5. Cone reflectance is unrelated to threshold. For cone pairs, reflectance
values for each cone during each staircase were normalized to the mean of the pair
(indicated by connecting gray lines), expressed in SDs from the pairwise mean. Darker
shading represents the less reflective cone in each pair (n = 494 experiments). Cone
thresholds from individual experimental runs were normalized to the mean of each cone
pair, and plotted as a factor from the pairwise mean. The mean threshold difference
between dark and bright cones in a pair was 1.6%, a value below significance (p = 0.19;
two-tailed z-test). Red line is a linear regression through the data.
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Figure 6. Threshold differences do not arise from systematic errors in stimulus
delivery. (A) The center of each cone was identified and compared to the centroid of
the summed light delivery in order to determine the relative offset of stimulus delivery
onto targeted cones (here, the cone pair from Figure 2A). Red lines connect the cone
center and stimulus centroid (B) For the 42 cone pairs (red circles connected by a gray
line) that exhibited different thresholds (see Figure 3), stimuli fell within 1.3 pixels (0.2
arcmin) of the cone centers on average. No relationship between threshold and distance
from cone center was observed (R*= 8 x 107).
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Figure 7. Cone pairs can exhibit two styles of signal summation. Neighboring cones
in Subject 1 were tested simultaneously to assess the nature of cone signal summation
(see single-cone examples from these cone pairs in Figure 2). Light delivery contours
with two 5 x 5 pixel stimuli are shown in (A, C). (B) Staircases for increment threshold
estimation from Figure 2B incorporating the two-cone condition, demonstrating signal
integration consistent with a linear model of summation (cone 1+2 mean = 0.21 £ 0.03).
(D) Staircases from Figure 2D adding the two-cone condition, here fitting a two-
detector model of summation (cone 1+3 mean = 0.26 £ 0.04).
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Figure 8. Style of cone signal summation does not vary with eccentricity. Individual
points represent the threshold ratio of the 2-cone threshold to the mean weighted single-
cone thresholds (n = 99 cone pairs). Red circles represent cone pairs that exhibited
signal integration consistent with a model of two-detector summation (n = 42). Blue
circles denote pairs where the signal integration fit a linear model of summation (n =
17). White circles indicate pairs whose signal integration was not attributable to either
model (rn = 40). Dashed lines indicate model predictions.
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Figure 9. Summation style depends on distance between cones. (Top) At each site
tested, an anchor cone was selected. The second cone in each tested pair was chosen at
different distances from the anchor cone. Type of summation is color-coded according
to legend. Data from Subject 4 at different eccentricities: 1.4° at left, 3.4° at right. Scale
bar applies to both panels. (Bottom) Because tested eccentricities varied, it was
necessary to obtain an average cone spacing value at each site to normalize for inter-
cone distance. This was done by identifying the centers of 500 cones at each site (black
dots, subsample shown), centered on the tested cone pairs, to create a metric of cone
spacing rather than absolute distance.
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Figure 10. Linear summation occurs with closely spaced cones. Individual points
represent the ratio of the two-cone threshold to the mean weighted single-cone
thresholds for a single experiment (+ 1 SD; n = 56 cone pairs tested with an anchor
cone). Red circles represent pairs with signal integration that adhered to the two-
detector model of summation (n = 29). Blue circles indicate cone pairs with signal
integration that fit a linear model of summation (r» = 11). White circles were pairs with
signal summation not attributable to either model (» = 16). Dashed lines represent the
model predictions.
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(red). Two-detector summation could occur when cones are nearest neighbors, if
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Abstract

Purpose: To determine the light sensitivity of poorly reflective cones observed in retinas
of normal subjects, and to establish a relationship between cone reflectivity and
perceptual threshold.

Methods: Five subjects (4 male, 1 female) with normal vision were imaged
longitudinally (7-26 imaging sessions, representing 82-896 days) using adaptive optics
scanning laser ophthalmoscopy (AOSLO) to monitor cone reflectance. Ten cones with
unusually low reflectivity, as well as ten normally reflective cones serving as controls,
were targeted for perceptual testing. Cone-sized stimuli were delivered to the targeted
cones and luminance increment thresholds were quantified. Thresholds were measured
3-5 times per session for each cone in the 10 pairs, all located 2.2-3.3° from the center of
gaze.

Results: Compared to other cones in the same retinal area, 3 of 10 monitored dark cones
were persistently poorly reflective, while 7 occasionally manifested normal reflectance.
Tested psychophysically, all 10 dark cones had thresholds comparable to those from
normally reflecting cones measured concurrently (p = 0.49). The variation observed in
dark cone thresholds also matched the wide variation seen in a large population (n = 56
cone pairs, 6 subjects) of normal cones; in the latter, no correlation was found between
cone reflectivity and threshold (p = 0.0502).

Conclusions: Low cone reflectance cannot be used as a reliable indicator of cone
sensitivity to light in normal retinas. To improve assessment of early retinal pathology,
other diagnostic criteria should be employed along with imaging and cone-based

microperimetry.
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Introduction

Adaptive optics scanning laser ophthalmoscopy (AOSLO) has provided valuable
insight about retinal structure at the cellular level in many diseases. Consequently,
clinical interest in using AOSLO imaging to examine disease is likely to continue
growing (Carroll, Kay et al. 2013). Although AOSLO has been employed to image
numerous retinal structures, it is most commonly used to visualize cone photoreceptors
because of their intrinsic ability to reflect incoming light (Williams 2011). In retinal
disease, cones may be dysmorphic, atrophied, or missing from the mosaic. These factors
will contribute to poor reflectance and possibly increased cone spacing in AOSLO
images, both of which are metrics commonly used to gauge disease progression. For
instance, patients with type 1 diabetes, glaucoma, and Stargardt disease all showed a
decrease of cone density (Chen, Ratnam et al. 2011, Choi, Zawadzki et al. 2011,
Lombardo, Parravano et al. 2014) , while patients with acute macular retinopathy and
severe head trauma showed a reduction in cone reflectivity (Stepien, Martinez et al. 2012,
Hansen, Cooper et al. 2013). These retinopathies represent a small sample of the
potential diseases that may cause cone photoreceptors to appear abnormal in adaptive
optics imaging (Carroll, Neitz et al. 2004, Choi, Doble et al. 2006, Makous, Carroll et al.
2006, Wolfing, Chung et al. 2006, Duncan, Zhang et al. 2007, Roorda, Zhang et al. 2007,
Choi, Zawadzki et al. 2008, Carroll, Rossi et al. 2010, Merino, Duncan et al. 2011,
Talcott, Ratnam et al. 2011, Ratnam, Vastinsalo et al. 2013, Syed, Sundquist et al. 2013,
Dubis, Cooper et al. 2014). Consequently, it is important to establish how cone

reflectivity is related to functional light sensitivity.
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The intrinsic waveguiding properties of cones are well established
(Lakshminarayanan 2010), and depend upon the normally cylindrical shape of the inner
and outer segments. If retinal diseases cause either of the segments to become atrophic or
dysmorphic, the cones are likely to appear dark within an AOSLO image. However, in
normal retinas it has been reported that there are occasional cones that exhibit unusually
low reflectance (Liang, Williams et al. 1997, Pallikaris, Williams et al. 2003, Genead,
Fishman et al. 2011). These cones appear as a dark space within an otherwise regular
mosaic, much in the same way that a diseased cone might. It is important to realize that
in all subjects imaged with AOSLO, regardless of disease state, cone reflectivity in
AOSLO images varies considerably from moment-to-moment, as well as from day-to-
day. This variation in reflectivity is not completely understood and may arise from
multiple factors, including natural morphological variation within cells, refractive index
changes associated with photocurrent dynamics, and the coherence properties of the
imaging light (Roorda, Romero-Borja et al. 2002, Pallikaris, Williams et al. 2003, Jonnal,
Rha et al. 2007, Bedggood and Metha 2013). Consistent with the earlier reports, we have
observed cones within AOSLO images that exhibit low reflectivity in the perifoveal
region. Given that these poorly reflective cones exist in pathological and non-
pathological states, this raises the question of whether persistently dark cones in normal
subjects represent dysfunctional photoreceptors. If so, dark cones may serve as a useful
harbinger of retinal disease at the earliest stages.

Here we sought to determine the light sensitivity of persistently dark cones found
in the retinas of normal subjects. To do so, selected dark cones were first imaged

longitudinally using an AOSLO system in a laboratory setting, in order to see how the
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reflectivity of the cones changed over time scales longer than a single imaging session.
Second, the dark cones were targeted for psychophysical testing, where a cone-sized
stimulus was delivered to selected cones in the retinal mosaic and increment thresholds
were determined (Harmening, Tuten et al. 2014). Finally, we examined whether there
was any relationship between cone reflectivity and the perceptual thresholds measured

with such microstimulation.

Methods

Our multi-site, experimental cohort study was approved prospectively by the Institutional
Review Boards of the University of Alabama at Birmingham and the University of
California, Berkeley, and conformed to the tenets of the Declaration of Helsinki.
Written, informed consent was required by all subjects to participate in the research. All
participating subjects had 20/20 or better best corrected visual acuity, clear optics, and
had normal color vision. Exclusion criteria included highly irregular corneal shape and
visual acuity that could not be optically compensated; however, no prospective subjects

were excluded.

Retinal imaging

Cones were imaged using multiwavelength AOSLOs (UAB and UCB) with
infrared light (842 £ 25 nm). In each system, the light source was a supercontinuum laser
(SuperK Extreme; NKT Photonics) bandpass filtered to provide the infrared imaging
light and the visible stimulation light (543 £ 11 nm) in separate imaging channels. The
rationale for choosing 543 nm for the stimulation wavelength was to minimize the

sensitivity differences between the long and medium wavelength sensitive cones. For
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imaging, specific details pertaining to AOSLO systems have been described elsewhere
(Roorda, Romero-Borja et al. 2002, Zhang, Poonja et al. 2006, Harmening, Tiruveedhula
et al. 2012) . Briefly, light in both channels was projected into the eye via vertical and
horizontal scanning mirrors. Infrared light reflected back through the optical system was
sampled by a Shack-Hartmann wavefront sensor for measurement of wavefront
aberrations. The aberrated wavefront in both light channels was then compensated using
a MEMs deformable mirror (Boston Micromachines, Cambridge MA), with the

wavefront being continuously corrected in a closed loop operating at 16 Hz.

Single cone microstimulation with AOSLO

Microstimulation involves delivering a cone-sized stimulus onto a single targeted
cone. Comprehensive methods have been recently described elsewhere (Harmening,
Tuten et al. 2014). For the present experiments, we used a 5 x 5 pixel square (35 arcsec,
~3.6 um) of 543 nm light, flashed for a duration of ~130 ps on a constant background of
~4.3 cd/m2. Taking into account the point spread function of the eye’s optics under these
imaging conditions, and the small scatter in stimulus delivery (Harmening, Tuten et al.
2014), this stimulus size (at the 5% intensity contour) subtended less than 8 um on the
retina (less than 2 arcmin for a typical human eye assuming 290 um/deg (WyszecKi
1982)), closely matching the inner segment diameter of the cones at the eccentricities
studied (2.2-3.3°) (Curcio, Sloan et al. 1990). This eccentricity range is optimal for
microstimulation because the cone spacing is large enough to be minimally affected by
positional delivery errors, yet the sites were within the ~5° limit where such stimuli

presented through this system can be seen (Harmening, Tuten et al. 2014). Because the
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imaging and stimulation were performed with different wavelengths, transverse
chromatic aberrations were both measured and corrected in each subject (Harmening,
Tiruveedhula et al. 2012). This measurement was made before and after each
experiment, to assess whether any lateral shift in the stimulus occurred during the
experiment. If measured offsets drifted by more than one half cone width, the data were
discarded. Fixational eye movements present in all subjects was compensated for using
real-time eye tracking (Yang, Arathorn et al. 2010), allowing retinally stabilized stimulus
delivery with cumulative delivery errors of less than a cone diameter (Harmening, Tuten

et al. 2014).

Psychophysical experiments

Pupils were dilated with 1% tropicamide. Bite bars custom fitted for each subject
were used to minimize pupil motion. Retinal locations being imaged were selected by
having the subject fixate on a light-emitting diode positioned outside of a 1.2° imaging
field. Following transverse chromatic aberration measurement and 15 minute dark
adaptation, the psychophysical experiments commenced self-paced. Subjects used a
keyboard to initiate each trial and to provide a response. Five subjects (4 male, 1 female)
were participants in the experiments testing dark cones explicitly, and 1 additional male
subject was included in the normal cone psychophysical testing. All subjects (aged 22-
51) had normal color vision (assessed by Hardy, Rand & Rittler plates and a Nagel
anomaloscope) and no known retinal pathology based on comprehensive optometric eye
exams. Luminance increment thresholds for the flashed microstimuli were measured

using a Bayesian staircase method of threshold estimation (King-Smith, Grigsby et al.
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1994). Increment threshold was chosen as the test for light sensitivity because, at
threshold, the stimulus is necessarily the least amount of light required to be perceived.
Light levels representing threshold were converted to arbitrary units, ranging from 0 to 1,
in order to control for day-to-day variations in stimulus intensity and allow comparisons
between experiments. To provide a sense of the stimulus intensity in radiometric terms,
we calculate that a typical 5 x 5 pixel stimulus (lasting ~240 psec) included ~12 log
quanta at maximum intensity, presented on a background of ~8 log quanta incident at the
cornea (Harmening, Tuten et al. 2014). Two cones, one dark and a neighboring one with
normal reflectivity to serve as a control, were targeted for stimulus delivery. All trials
were randomly interleaved between each cone in a tested pair, and threshold was
measured 3-5 times for each cone location (60-100 total trials) per experiment. Because
of stimulus light level fluctuations, and also because threshold rises steeply with
eccentricity, we analyzed the data with respect to relative threshold (between the two
targeted cones) rather than raw threshold. Before any psychophysical data were used for
analysis, subjects had practiced the task to the point where reasonably consistent
thresholds were obtained upon repeated measurements.

Ten cone pairs (one normally reflective and one poorly reflective) were monitored
for both longitudinal imaging and psychophysical testing (n = 5 subjects). Six of these
pairs were studied in one subject (age 23), with the remaining pairs in one subject each.
Dark cones were initially selected as a cone-sized dark space within an otherwise normal
cone mosaic. In 3 cases, the dark cone never increased appreciably in brightness. In 7
cases the cone occasionally reflected enough light to be visible; in these cases, the

selected center was chosen based upon the cone’s location on such imaging days. In
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cases where the dark cone was never visible, cone locations were estimated by choosing a
point in the center of the cone-sized gap among neighboring cones. The 10 poorly
reflective cones tracked longitudinally were tested only when they were darker than the
field mean in the AOSLO image; this was required because some of these monitored
cones occasionally exhibited normal reflectivity.

To validate the results obtained from the psychophysical testing of the
dark/normal cone pairs, a larger population of normal cone pairs was also tested
psychophysically. In these pairs, each of the cones in the pair exhibited normal
reflectivity (n=56 cone pairs, 6 subjects). These normal/normal cone pairs were tested in

the same manner as described above.

Identification of retinal vessels

Retinal blood vessels and capillaries lying in front of the photoreceptors could, in
principle, disrupt the light reflecting from the cones or interfere with stimulation light
being delivered to the cones. In order to avoid these artifacts, vasculature maps were
made for each targeted retinal location (Tam, Martin et al. 2010). These maps were
compiled using video processing tools to extract blood motion contrast cues from 30
second AOSLO videos taken with 710 or 840 nm light. By examining the vasculature
maps that corresponded to the cone images at each site, we could select dark or normally
reflective cones that were not associated with light path interference caused by retinal

vessels.

116



Reflectance quantification and longitudinal imaging

To obtain the AOSLO images used for reflectance quantification, two methods
were used. First, for the majority of the cases, reflectivity data was obtained from images
acquired during unrelated psychophysical experiments performed in the areas of interest.
During each trial of a psychophysical experiment, a 1 second retinally-stabilized infrared
video of 30 frames was recorded (Arathorn, Yang et al. 2007). These frames were
averaged, after eliminating any blank frames or those with patent uncorrected eye-motion
artifacts which are readily detected by automated image analysis. All single-trial average
frames were then summed into one image, normalized to the brightest value, representing
the cone reflectivity during one experiment. From these normalized images we
quantified reflectivity for cones of interest. Second, if there were no prior
psychophysical experiments performed in a selected retinal location, a 5 second retinally-
stabilized infrared video was taken (150 frames). These frames were also averaged to
obtain a brightest-value normalized image (after manually removing frames with motion
artifacts). Beyond the difference in total number of averaged frames, all cone reflectivity
measurements were done in the same manner.

For the longitudinally monitored cone pairs, cone reflectance was quantified by
first calculating the average pixel value for a 3 x 3 pixel square centered on each cone
(Pallikaris, Williams et al. 2003). Dark cone locations were identified manually by
choosing a point in the center of the cone-sized gap among neighboring cones (for
persistently dark cones), or in the cone center if the cone was visible (for intermittently
dark cones). For normally reflective cones, the center of the cone was chosen based on

manual estimation of the pixel which was most centered within the cone (occasionally,
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this was not the brightest pixel). Because the mean reflectance value of an AOSLO
image varies over time, we compared the mean pixel value of each cone to the mean
pixel value of a 101 x 101 pixel field also centered on the cone. Reflectance was
measured in standard deviations (SDs) from the field mean, to control for variations in
image quality, laser power, and photomultiplier gain. Finally, for each of the 10 targeted
dark/normal cone pairs, the same area of retina in each subject was repeatedly imaged
over time to quantify cone reflectivity longitudinally (7-26 imaging sessions, representing
82-896 days).

To identify multiple cones within large fields, custom image processing was
performed on normalized images using a custom local peak-finding routine in Matlab
(Mathworks, Natick, MA). As this procedure did not always identify every cone
correctly, especially those darker than the field mean, the processed images were
surveyed manually and misidentified locations were corrected. In instances where cones
were darkened due to interference by blood vessels and no peak was detected, cone
locations were estimated based on local spacing. Individual cone reflectance was then

quantified as described above.

Results
Imaging characteristics of poorly reflective cones

AOSLO images show considerable variation in reflectivity on a cone-by-cone
basis. Examining 5 imaged fields of retina from 5 normal subjects, cones ranged in
reflectance by a factor of 0.5-2.9 from the mean field reflectance (n = 4,377 cones from

~169,000 um2 of retina), a range that is consistent with previous reports (Roorda,
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Romero-Borja et al. 2002, Pallikaris, Williams et al. 2003, Rha, Jonnal et al. 2006,
Putnam, Hammer et al. 2010). Some of the variation at the dark end of this range is
likely to be associated with retinal blood vessels, which cover a substantial portion of the
retinal surface (Snodderly, Weinhaus et al. 1992). To estimate what percentage of cones
within an AOSLO image may be poorly reflective because of light path interference by
retinal vessels, we compared the cone field to its overlying vasculature (Figure 1). A
map of the cones which had gray scale values below the mean image gray level was
created (Figure 1C), and then compared against the vascular map made at the same
retinal location (Figure 1D). As expected, most of the poorly reflective cones were
associated with vessels. Of the 2,179 cones identified in the patch of retina shown in
Figure 1, 346 cones (16%) had gray levels which fell below the image mean (red dots),
while 1,833 had gray levels at or above the image mean (black dots). However, a small
number of these relatively dark cones were not obviously associated with vessels (blue
circles). Such dark cones not associated with blood vessels were found in every subject
(Figure 2), in nearly every 1.2° field examined. Given their poor reflectivity, this subset
of cones could represent either optical anomalies, present only at the time of imaging, or
indicate possibly dysfunctional cones.

To learn if these unoccluded cones were only spuriously dark, we examined a
longitudinal series of images to determine the persistence of the reflectivity. The
reflectivity of 10 cone pairs, one dark and one normally reflective (depicted in Figure 2D-
M), was measured on multiple days. For each cone pair, there was 7 to 26 individual
imaging sessions, over lengths of time spanning 82 to 896 days. Of these 10 dark cones,

3 never exhibited reflectivity that was higher than the mean image value (Figure 2D-F),
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and were considered persistently dark. Figure 3A shows data for one cone that remained
dark, despite neighboring cones that varied in brightness from day to day. The remaining
7 cases occasionally exhibited reflectance that was higher than the mean field reflectance,
thereby confirming the presence of a cone in these locations (often this required viewing

images on a logarithmic gray scale to reveal the dim signal, as in Figure 3). Data for one
such intermittently dark cone is shown in Figure 3B, highlighting the fact that on most

days the cone was darker than the mean image reflectivity.

Psychophysical testing of poorly reflective cones

Because a small number of cones persisted in having anomalously low
reflectance, we tested each of the 10 monitored dark cones psychophysically to determine
if they were functional, using a staircase method to measure increment thresholds. All
poorly reflective cones were tested for light sensitivity only when they were darker than
the field mean in the AOSLO image. For the persistently dark cones, the stimulus was
targeted at a manual estimate of where the cone center would be, given the position of
neighboring cones (Figure 4A). Testing one of the 3 persistently dark cases, the targeted
dark cone location showed an increment threshold that was similar to the increment
threshold obtained from its paired normally reflective cone (Figure 4B). Data from one
of the intermittently dark cones showed an increment threshold that was slightly lower
than that of a nearby normally reflective cone (Figure 4C). Because thresholds measured
with such microstimuli can vary between cones for a number of reasons (discussed in
(Harmening, Tuten et al. 2014)), we compared the thresholds from the 10 dark cones to

the 10 normally reflective cones as a population. To make this comparison, individual
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cone thresholds were normalized to the mean of each pairwise run of trials, to control for
the effects of inter-subject variability and visual field eccentricity on threshold. As a
population, the dark cones did not have higher thresholds than the normally reflective
cones that were tested at the same time (p = 0.49, Wilcoxon rank-sum test, Figure 4D).
Persistent and intermittently dark cones showed equivalent variation in threshold versus
their paired normal cones.

To confirm that these thresholds were genuinely no different from normally
reflective cones, we compared the dark/normal cone paired thresholds to a larger
population of normally reflective cone pairs (56 cone pairs, 6 subjects). Threshold data
were normalized as before; in addition, cone reflectivity was also normalized to the mean
of each tested pair (Figure 5). In this population of normally reflective cone pairs, the
mean threshold was 3.6% higher in cones with less versus more reflectivity, a difference
that was not significant (p = 0.0502, Wilcoxon rank-sum test). Had this correlation
between cone reflectivity and threshold attained significance, it would still have been
greatly outweighed by the ~80% variation in the thresholds observed in the normally
reflective cone pairs. The targeted dark/normal cone pairs (Figure 5, red points)
exhibited the same variability in threshold and followed the same trend as the normally
reflective cone pairs (Figure 5, gray points). To better illustrate this variability, we
modified Figure 5 to highlight measurements taken from 5 normally reflecting cone pairs,
each tested 5 times (Figure 6). These highlighted pairs vary greatly in measured
threshold, with little discernable tendency for the brighter cone to have the lower
threshold. Also, as a population, there was no appreciable difference in absolute light

levels for the dark/normal versus normal/normal pair thresholds, suggesting there was no
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local retinal effect on threshold (Figure 7). The range of reflectivity in these dark/normal
cone pairs is on the extremes of the normal/normal cone pairs, as expected, since the

inclusion of a dark cone increases the difference in reflectivity between cones in a pair.

Discussion

Our results suggest that cones which appear dark in AOSLO images and are not
occluded by blood vessels remain normally sensitive to light, specifically when measured
by luminance increment thresholds. One possible explanation for this is that residual
scattered light from our stimulus is being detected by cones that surround the targeted
cone. Light reaching these cones may arise from intraocular scatter or residual errors in
our optical correction. In the case of normal intraocular scatter, experimental results and
a model presented in Harmening et al. (2014) showed that this does not play a detectable
role in determining increment thresholds for cone-sized stimuli. Regarding imperfections
in optical correction, in the diffraction-limited case, the resultant point spread function
implies a very wide but very shallow intensity profile around the targeted cone. Less
than 1% of the delivered light falls onto each of the 6 surrounding cones while more than
80% of the light lands within the targeted cone’s inner segment profile (Harmening,
Tuten et al. 2014). Even if the optical correction was not completely diffraction-limited,
this would likely raise the light delivered to surrounding cones by only a few percent.
Thus, if the targeted dark cone was functionally compromised, and the neighboring cones
were responsible for detecting the stimulus light, the measured increment threshold
would still be greatly increased compared to the paired normally reflective control cone.

Instead, the dark cones and paired normally reflective cones exhibited no difference in
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their observed thresholds (Figure 4D), rendering it unlikely that neighboring cones could
account for the increment thresholds measured from poorly reflective cones.

In the cases where the cones remained persistently dark, it might be hypothesized
that the sites were actually small clusters of rod photoreceptors, which can occur
occasionally at the eccentricities studied (Curcio, Sloan et al. 1990). Our AOSLOs
cannot currently resolve rod photoreceptors, so they appear in the images as dark spaces
surrounding the cones (Zhang, Poonja et al. 2006, Merino, Duncan et al. 2011).
However, recent experiments have demonstrated that rod-filled gaps in the photoreceptor
mosaic would not respond to the stimuli used here in the same manner as a cone
photoreceptor would. On average, increment thresholds obtained from deliberately
targeting microstimuli to the rod-sized gaps between cones was 48% higher than
thresholds obtained when the stimuli were centered on a cone (Harmening, Tuten et al.
2014). This result was accounted for by the cones outlining the gap. Moreover, the
stimulus conditions here and in the gap-targeting experiments had background light
levels that were rod-saturating, making any rod-mediated contribution to the task
negligible. Therefore our results are not likely to arise from any rod-mediated
perception.

The question remains why a small set of cones with normal light sensitivity are
poorly reflective on most days. Several independent factors may come into play.
Waveguiding is one: small reflections that occur within the cone are efficiently directed
back out of the eye because of the anatomical shape of the photoreceptors. This
reflection is made more efficient because cones point toward the pupil due to

phototropism (Lakshminarayanan 2010). Either waveguiding or cone pointing may be
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disrupted for these unusual cones. Given their waveguiding nature, a scanned beam
directed at a cone may vary in reflection efficiency on short time scales because of
interference between reflections within the cone (Putnam, Hammer et al. 2010, Bedggood
and Metha 2013, Harmening, Tuten et al. 2014, Jonnal, Kocaoglu et al. 2014). This
effect is partially mitigated by flood-illuminated systems, though cone reflectance still
varies (Liang, Williams et al. 1997, Pallikaris, Williams et al. 2003, Cooper, Dubis et al.
2011). Because the cones we have examined are persistently dark, these interference
effects cannot readily account for any lasting state of poor reflectivity. Instead, the cause
is likely to be of anatomical origin. Several possibilities exist. First, waveguiding may
be inefficient because the cone may be dysmorphic. Without knowing more about the
geometry of an occasionally misshaped cone, it is difficult to predict whether entering
light will be proportional to reflected light, and therefore affect the relationship between
threshold and reflectance systematically. Second, the reflections within a properly
waveguiding cone may be reduced because the reflective interfaces within the cone
(either between inner and outer segments or at the posterior tips of the outer segments)
are permanently altered in some way. This anatomical anomaly would tend to separate
the efficiency of light collection from light reflection. Finally, these uncommon dark
cones may have aberrant orientations, pointing slightly away from the pupil rather than in
the tightly aligned orientation most cones have (Roorda and Williams 2002, Pallikaris,
Williams et al. 2003). All of these anatomical anomalies may persist over the time scales
we have examined, and may be present in combination.

Regardless of the origin of the diminished reflectivity, it is not necessarily the

case that a cone’s reflectivity should positively correlate with its sensitivity. A cone that
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is weakly reflecting solely due to aberrant orientation will suffer a corresponding loss in
light coupling and consequent sensitivity. However, there are factors working against
this correspondence. One of the primary sources of reflection arises from the inner/outer
segment junction (Pallikaris, Williams et al. 2003, Jonnal, Rha et al. 2007, Gao, Cense et
al. 2008), and this reflection is light which has never passed through the cone’s visual
pigment. Second, most of the light coupled into a cone is either transmitted or absorbed.
The portion that is reflected is on the order of 1% of what passes through the outer
segments (Berendschot, DeL.int et al. 2003), and so may not be representative of the light
that the cone detects. Considering all this, it is unsurprising that cone threshold is not
significantly influenced by large—and often short term—changes in cone reflectivity
(Figure 5).

As mentioned earlier, the presence of dark cones in AOSLO images of many
retinal diseases is not surprising, given the pathological changes that the tissue manifests.
In some instances, dark cones in diseased retinas may not indicate photoreceptor death
(Jacob, Paques et al. 2015, Wang, Tuten et al. 2015). The possibility remains that dark
cones in normal retinas cannot be considered homologues of dark cones in diseased
retinas, so extrapolating functional tests from normal to diseased populations should not
be done. In one study, a deuteranope with poorly reflective cones was found to have
sensitivity deficits that suggested the mutation-affected cones were not functional
(Makous, Carroll et al. 2006), whereas in another study examining a group of patients
with retinal degenerations, functional tests appeared normal despite cone losses (Ratnam,

Carroll et al. 2013). Thus more work is needed to understand how each type of visual
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test (e.g. acuity, microstimulation) can be used to adequately characterize both normal
and diseased retinas.

Because of its microscopic access to the photoreceptors, AOSLO imaging
nonetheless has promise for becoming a powerful tool for early detection of disease and
assessment of therapies. While many studies have examined the complex reflectance
properties of cones, only recently has it been possible to probe cone function at the same
microscopic scale. Cone-targeted microstimulation reveals that increment thresholds for
individual cones vary considerably, even for adjacent cones when all other factors such as
eccentricity and cone type are taken into account (Figure 5). Such psychophysical data
are consistent with the fact that the functional “weighting” of cones can vary when
measured more directly in physiological experiments (Sincich, Zhang et al. 2009, Field,
Gauthier et al. 2010, Li, Field et al. 2014). The use of microstimulation to assess
function in a clinical setting, therefore, will have to take into account the wide variation
in cone thresholds as well as cone reflectivity. The results shown here suggest that cones
with diminished visibility in an otherwise normal-appearing retina do not necessarily
indicate a sensitivity deficit. With a clearer functional picture of what a normal retina can
do with AOSLO-based microstimulation, it can now be appreciated that cone thresholds
vary widely. This variation will have to be taken into consideration when testing for

nascent disease in patients with suspected retinal disorders but no macroscopic pathology.
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Figure 1: Relationship between poorly reflective cones and retinal vasculature

(A) Fundus photograph of the right eye of one subject. Outlined area shown magnified
with AOSLO imaging in (B), where cone photoreceptors appear as bright spots
(eccentricity = 2.7°). (C) Same field of view as in (B), with gray levels represented
logarithmically to facilitate identification of poorly reflective cones. Cones brighter than
the mean image reflectivity are marked with black dots, and those with reflectivity below
the mean are indicated with red spots. (D) Vasculature map of same retinal area with
cone centers from (C) superimposed, showing that most dark cones are associated with

blood vessels. Blue circles mark dark cones that are not situated near blood vessels.
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W 0.03 deg

Figure 2: ldentifying dark cones for longitudinal imaging and functional testing. AOSLO
image (A) and vasculature map (B) from a second subject. Outlined area is magnified in (C),
showing a dark gap in the cone mosaic where a cone could ordinarily fit (dashed circle), yet not
situated under any blood vessels (eccentricity = 3.3°). (D-M) Images of 10 cone pairs on the day
they were selected for threshold testing in 5 subjects (white = normal cone, red = dark cone).
Persistently dark cones are shown in panels D-F, and intermittently dark cones in panels G-M.

All of these sites were confirmed to not reside under blood vessels.
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Figure 3: Poor cone reflectivity can be persistent or intermittent. (A) Longitudinal series of
AOSLO images from a persistently dark cone in one subject, from the site illustrated in Figure
2A-C, shown on 4 separate imaging days (left). Dashed circles outline the same set of cones
throughout (white = normal cone, red = dark cone), and indicate the locations where
microstimulation was targeted for psychophysical testing. The normal cone varied in reflectivity,
while the dark cone remained poorly reflective on all imaging days (right). (B) An intermittently
dark cone, from the retinal area in Figure 1, is shown during 4 imaging days (left). In this case,
the dark cone was intermittently visible (second panel from left), but did not vary as much as the
normally reflective cone (right). All images in this figure are on a log intensity scale, to facilitate
identification of relatively dark cones (note: this makes cone profiles appear larger; compare

Figure 2). Reflectance measurements were not taken at equal time intervals.
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Figure 4: Microstimulation increment thresholds show no difference in light sensitivity
between dark and normally reflective cones. (A) Schematic of the approximate size of the
microstimuli. Green contour contains 80% of the integrated light energy delivered on the retina
for a single stimulus flash. (B) Example staircase threshold estimates and mean values from
repeated experiments for the persistently dark/normal cone pair shown in panel A and Figure 3A.
Mean thresholds from 3 measurements (+1 SD) are indicated. (C) Example staircases for the
intermittently dark/normal cone pair of Figure 3B, with mean thresholds from 5 experiments.
Estimates in panels B-C are given in arbitrary units (au), spanning the range of deliverable light
intensity. The threshold estimates are computed from the trial history. (D) Population mean
threshold difference measured between 10 pairs of dark and normally reflective cones (filled data
points). To compare thresholds across sites, each single-cone threshold was normalized to the
mean of the cone pair thresholds for each run. Open data points represent the mean normalized
thresholds computed from individual experiments. Dark and normal cone thresholds across the

population did not differ significantly (p = 0.49; error bars = 1 SD).
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Figure 5: Comparison of single-cone reflectance and threshold. For both normal/normal (gray
scale) and dark/normal (red scale) cone pairs, reflectance values for each cone were normalized to
the mean reflectance of each pair during one experiment (indicated by connecting gray lines),
expressed in SDs of the field gray level from the pairwise mean. Darker shading (towards the left)
represents the less reflective cone in each pair. Cone thresholds were normalized to the mean of
each cone pair, and plotted in arbitrary units from the pairwise mean. Linear regression reveals a
3.6% difference in mean threshold between normal cones with less versus more reflectivity (blue
line, p = 0.0502, 284 paired threshold measurements). This trend was matched by dark/normal
cone pairs, but also did not reach significance (red line, p = 0.49, 41 paired threshold

measurements).
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APPENDIX

Three additional figures were generated in the process of responding to reviewer
comments, and were not included in the published version of this work. Figure A3 was
additionally used as part of a presentation at the annual meeting for the Association for

Research in Vision and Ophthalmology.
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Appendix Figure Al: Highlighting variability among normally reflective cone pairs. Data
from the normally reflective cone pairs shown in Figure 5 are duplicated here. Five individual

cone pairs (each tested 5 times) are coded by color.
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Appendix Figure A2: Distribution of raw threshold measurements. Frequency distribution of
raw threshold measurements for normally reflective cone pairs (white) and dark/normal cone
pairs (red). The two targeted populations exhibited little appreciable difference in the

distributions of threshold.
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Appendix Figure A3: Persistently dark cone remains dark over time. Persistently dark cone

from Figure 2F (red) is shown over multiple imaging sessions spanning 82 days. The cone

remains dark throughout.
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APPENDIX A

UNIVERSITY OF ALABAMA AT BIRMINGHAM INTERNAL REVIEW BOARD
APPROVALS AND PERMISSIONS
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L Human Subjects Protocol (HSP) m

Form Version: October 5, 2012

® You are applying for IRB review of the research described in this form.

® To avoid delay, respond to all items in order and include all required
approvals and documents.

® To complete the form, click the underlined areas and type or paste in your
text; double-click checkboxes to check/uncheck. For more tips, see
www.uab.edu/irb/forms .

® Mail or deliver all materials to AB 470, 701 20th Street South,
Birmingham, AL 35294-0104.

Indicate the type of review you are applying for:
[ ] convened (Full) IRB or

X] Expedited—See the Expedited Category Review Sheet, and
indicate the category(ies) here: [ |1 [ |2 [ 13 []4 []5 X6 X7

1. IRB Protocol Title:_Perception of visual microstimuli

2. Investigator, Contacts, Supervisors
a. Name of Principal Investigator:_Lawrence Sincich
Degree(s)/Title: Ph.D.  BlazerlD: sincich

Dept/Div: Vision SciencesMailing Address: WORB 638 UAB ZIP:4390

Phone:205-975-3446 Fax:205-934-5725 E-mail:Sincich@uab.edu
b. Name of Contact Person:None Title: Phone:
E-mail: Fax:

Mailing Address (if different from that of PI, above):

INVESTIGATOR ASSURANCE STATEMENT & SIGNATURE

By my signature as Principal Investigator, | acknowledge my responsibilities
for this Human Subjects Protocol, including:
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Signature of Investigator:

Date:

Certifying that I and any Co-Investigators or Other Investigators
comply with reporting requirements of the UAB Conflict of Interest
Review Board;

Certifying that the information, data, and/or specimens collected for
the research will be used, disclosed and maintained in accordance with
this protocol and UAB policies;

Following this protocol without modification unless (a) the IRB has
approved changes prior to implementation or (b) it is necessary to
eliminate an apparent, immediate hazard to a participant(s);

Verifying that all key personnel listed in the protocol and persons
obtaining informed consent have completed initial IRB training and will
complete continuing IRB training each year;

Verifying that all personnel are licensed/credentialed for the
procedures they will be performing, if applicable;

Certifying that | and all key personnel have read the UAB
Policy/Procedure to Ensure Prompt Reporting of Unanticipated
Problems Involving Risks to Subjects or Others to the IRB, Institutional
Officials, and Regulatory Agencies and understand the procedures for
reporting;

Applying for continuing review of the protocol at least annually unless
directed by the IRB to apply more frequently;

Conducting the protocol as represented here and in compliance with
IRB determinations and all applicable local, state, and federal law and
regulations; providing the IRB with all information necessary to review
the protocol; refraining from protocol activities until receipt of initial
and continuing formal IRB approval.
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c. List all staff who will be involved with the design, conduct, and
reporting of the research, their degree(s) and job title, and any
additional qualifications. Include individuals who will be involved in
the consent process. Repeat the table below for each individual.

Note. For studies involving investigational drugs, include all
investigators who will be listed on FDA Form 1572 and attach a copy, if
applicable. Send the IRB a copy of Form 1572 anytime you update the
form with the FDA.

Role: [X]Co- -OR- []Other —AND/OR- [X]
Consent Process

Full Name: Lawrence Sincich

Primary UAB Dept.: Vision Sciences
(Employer if not
UAB)

Degree(s) / Job Ph.D. / Assistant Professor
Title:

Additional 17 years of research on visual system

Qualifications
pertinent to the
study:

Role: | []Co- -OR- [X]Other —AND/OR- []
Consent Process

Full Name: | KadyS. Bruce

Primary UAB Dept.: | Vision Sciences
(Employer if not
UAB)

Degree(s) / Job | BA./ 2" year graduate student
Title:

Additional | Trained to run the instrument used in the study.

Qualifications
pertinent to the
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study:

Role: | []Co- -OR- [X]Other —AND/OR- []
Consent Process

Full Name: | John Laurent

Primary UAB Dept.: | Optometry
(Employer if not
UAB)

Degree(s) / Job | 9.D., Ph.D.
Title:

Additional | Clinical optometrist who will provide initial eye exams

Quialifications | for
pertinent to the
study:

potential participants.

d. Is the principal investigator a student, fellow, or resident? [_]Yes XINo

If Yes, complete items below and obtain signature of faculty advisor
or supervisor:

Supervisor's Name: ____
Degree(s) / Job Title: ____

Additional ___
Qualifications
pertinent to the
study:

Telephone: ____
E-Mail:

Signature:
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e. Describe the principal investigator's activities related to this protocol
and provisions made by the Pl to devote sufficient time to conduct the
protocol:

Pl will conduct the experiments, and supervise the student involvement. As the Pl is

presently the only person in the laboratory who is capable of running the instrument
used in the experiments, he will necessarily devote adequate time to the study to

ensure success.
f. Is medical supervision required for this research? &Yes |:|NO
If Yes, who will provide the supervision?

[ ] PI will provide -OR- Name: John Laurent OD PhD Telephone:205-
975-7783

If other than PI, obtain signature of person providing medical
supervision:

Signhature

g. Describe the process that ensures that all persons assisting with the
research are adequately informed about the protocol and their
research-related duties and functions:_Ms. Bruce will be trained to perform
the experiments after reading and understanding the protocol. The Pl will participate
in running the experiments initially, to ensure proper performance.

3. Funding
Is this study funded? DX]Yes [_INo

If No, specify that costs of the study will be covered by funds from
the UAB department or other source named:

If Yes, attach one copy of completed application or request for
funding sent to sponsor, and complete a-d.

a. Title of Grant or Contract:
b. Pl of Grant or Contract:

c. Office of Sponsored Programs Proposal Number:
(or enter "Pending" and provide upon receipt from OSP)

d. Sponsor, Funding Route (check and describe all that apply):
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[ ] Gov’'t Agency or Agencies—Agency name(s):

[ ] Department of Defense (DoD): Identify DoD
component:____

[ ] Department of Energy (DOE)
[] Department of Justice (DOJ)
[] Department of Education
[ ] NIH Coop. Group Trial—Group name:_____
[ ] Private Nonprofit (e.g., Foundation)—Name:___

[ ] Industry, investigator-initiated—Name: Describe the
funding arrangement:

Note. Western IRB reviews industry-sponsored protocols unless
the investigator initiated the research, or the study qualifies for
expedited review or involves gene therapy.

X] UAB Departmental/Division Funds—Specify: IMPACT fund

4. Conflict of Interest—Human subjects research involving a
disclosed financial interest is subject to IRB review following
review by the Conflict of Interest Review Board.

The following definitions are used for Item #4:

Immediate family means spouse or a dependent of the employee. Dependent is
any person, regardless of his or her legal residence or domicile, who receives
50% or more of his or her support from the public official or public employee or
his or her spouse or who resided with the public official or public employee for
more than 180 days during the reporting period.

Financial Interest Related to the Research means financial interest in the
sponsor, product or service being tested, or competitor of the sponsor.

For each investigator and staff member involved in the design, conduct and
reporting of the research (see Items 2.a. and 2.c.) answer the questions below:
(Repeat the section below for each individual)

Name: Lawrence Sincich

Do you or your immediate family have any of the following? (check all that
apply)
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[

An ownership interest, stock options, or other equity interest related to the
investigator’s responsibilities of any value.

Compensation related to the research unless it meets two tests:

e Less than $5,000 in the past year when aggregated for the immediate
family.

e Amount will not be affected by the outcome of the research.

Proprietary interest related to the research including, but not limited to, a

patent, trademark, copyright, or licensing agreement.

Board of executive relationship related to the research, regardless of
compensation.

Name: Kady S. Bruce

Do you or your immediate family have any of the following? (check all that

apply)

[ 1 An ownership interest, stock options, or other equity interest related to the
investigator’s responsibilities of any value.

[[] Compensation related to the research unless it meets two tests:
e Less than $5,000 in the past year when aggregated for the immediate

family.

¢ Amount will not be affected by the outcome of the research.

[] Proprietary interest related to the research including, but not limited to, a
patent, trademark, copyright, or licensing agreement.

[] Board of executive relationship related to the research, regardless of

compensation.

Name: John Laurent

Do you or your immediate family have any of the following? (check all that

apply)

[ ] An ownership interest, stock options, or other equity interest related to the
investigator’s responsibilities of any value.

[ Compensation related to the research unless it meets two tests:
e Less than $5,000 in the past year when aggregated for the immediate

family.

e Amount will not be affected by the outcome of the research.

[] Proprietary interest related to the research including, but not limited to, a
patent, trademark, copyright, or licensing agreement.

[] Board of executive relationship related to the research, regardless of
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compensation.

IT you checked any of the above, a financial interest disclosure has to be
submitted to or currently be on file with the CIRB. A completed CIRB
Evaluation has to be available before the IRB will conduct its review.

5. Locations Involved

a. Describe the facilities available for the conduct of the research.
For research on UAB campus, include building names and room
numbers: Research Support Building room 350B

b. Indicate all "performance sites" that will provide space, services,
facilities, potential or actual participants, or other support for this
protocol.

[ ] The Kirklin Clinic (TKC)

[ ] University of Alabama Hospital (UAHosp)

[] The Children's Hospital of Alabama (TCHA)

[] callahan Eye Foundation Hospital (CEFH)

[ ] UAB Highlands

[ ] Jefferson County Dept. of Health (JCDH)

[ ] Birmingham Veterans Affairs Medical Center (BVAMC)

[] General Clinical Research Center (GCRC)—inpatient

[ ] General Clinical Research Center (GCRC)—outpatient

[ ] General Clinical Research Center (GCRC) at The Kirklin Clinic (TKC)

X] Other (i.e., Any performance site not listed above, including those

covered by subcontracts related to this protocol)—Describe:
Research Support Building 350B

c. Is this study a clinical trial requiring clinical services at one of the
performance sites listed in Item b above? [ ]yes X]No

If Yes, Fiscal Approval Process (FAP)-designated units complete
a FAP submission and send to fap@uab.edu. For more on the UAB
FAP, see www.uab.edu/osp/clinical-billing-review.
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d. Is this a field study? [_]Yes [X|No

If Yes, describe the community and include information about
how the community will be involved in the design,
implementation and analysis of the research. This would include
focus groups, training local facilitators/community health
advisors:_____

e. Is the study to be undertaken within a school, business, or other
institution that does not have an institutional review board?

[ Jyes XINo

If Yes, attach a statement of any contacts with and approvals from
the appropriate institution officials.

Note. Documentation of all such approvals must be received by the
UAB OIRB before IRB approval will be issued.

f. Has this protocol or project been reviewed by another IRB, similar
review board, or departmental review committee(s) that authorizes
the use of its patient populations? [_]Yes XINo

If Yes, provide name of the review board(s): and for each
board listed, enter either the date of latest approval(s) or
“PENDING”: or reasons not approved: . If this protocol is

subsequently rejected or disapproved by another review board, the
UAB IRB must be notified promptly. Attach copies
approvals/disapprovals.

g. Will any of the participants be from the Birmingham Veterans Affairs
Medical Center? [ Jyes XINo

If Yes, attach VA IRB approval or notification from the VA Research
and Development Department that the study has been submitted to
the VA IRB for review.

h. Will the study be conducted at or recruit participants from the Jefferson
County Department of Public Health (JCDH)? [_]Yes XINo

If Yes, attach notification that the protocol has been approved by
JCDH or the Alabama Department of Public Health IRB.

6. Multi-Site Studies

a. Is the investigator the lead investigator of a multi-site study?
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[ Jyes XINo
b. Is UAB a coordinating site in a multi-site study? [_]Yes XINo

c. If you answered Yes to a or b, describe the management of
information obtained in multi-site research that might be relevant to
the protection of participants. Include, at a minimum, the following
items:

o IRB approvals from other sites

0 Unanticipated problems involving risks to participants or others.
(For example, if there is an unanticipated problem involving
risks to participants or others, which site is responsible for
reporting it?)

o Interim results.

o Protocol modifications.

7. Drugs: Will any drugs or supplements be used/studied in this
protocol? X]Yes [ INo

If Yes, attach the Drug Review Sheet.

8. Devices: Will any devices be studied in this protocol or used for a
purpose other than for which they were approved by the FDA?

[ JYes XINo

If Yes, attach the Device Review Sheet.

9. Special Approvals
a. Does this project involve the use of radioisotopes? [_]Yes XINo

If Yes, attach documentation of approval from the Radiation Safety
Division.
b. Does this project include patients with contagious infections (e.g.,

mumps, measles, chickenpox, TB, meningitis)? [_]Yes X]No

If Yes, attach documentation of approval from Chairman of the
Infection Control Committee of the appropriate facilities.

c. Does this project involve obtaining remnant biopsy or surgical material
from the Department of Pathology or any other source? [ lyes XINo

If Yes, attach documentation of approval from the entity or individual
providing the materials (e.g., the UAB Division of Anatomic Pathology
Release of Pathologic Materials).
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d. Does this project require obtaining any remnant clinical laboratory
specimens, body fluids, or microbiological isolates from the
Department of Pathology or any other source? [ ]Yes [X]No

If Yes, attach documentation of approval from the entity or individual
providing the materials (e.g., the UAB Division of Laboratory Medicine
Release of Pathologic Materials).

e. Does this project use stored (existing) specimens from a repository?

[ Jyes XINo

If Yes, attach documentation of approval for use of specimens, and
describe how existing specimens are labeled:

10. Use of Specimens

Does this project involve collecting specimens from participants and
storing them for future research? [_]Yes X]No

If Yes, complete a-h. If no, skip to Item 11

a. How will specimens be obtained, processed, distributed, and
stored?

b. How will specimens be labeled (e.g., unique identifier, medical
record number, Social Security number, name, date of birth)?

c. How will clinical data associated with the specimens be collected
and stored?

d. What participant-identifying information will be collected and linked
to the specimens?

e. What steps will be taken to maximize the confidentiality of linked
identifiers? For example, procedures could include using a
password-protected computer database to link identifiers, with
limited personnel knowledgeable of the password, or coded
identifiers released without the ability to link to clinical data (also
called "stripped” or "anonymized" specimens). __

f. Will specimens be shared with other investigators in the future?

[ Jyes [_INo

If Yes, what identifiers, clinical information and demographic
information will be shared; or will the specimens be stripped of
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identifiers (i.e., anonymized)? Also if yes, outline your procedure
for assuring IRB approval for release and use prior to release of
specimens.

Note. Investigators who receive and/or use these specimens
must document approval from the appropriate IRB(s) before the
specimens may be released.

g. Will biological samples be stored for future use?[_|Yes [ |No

If Yes, indicate whether they will be used for the disease under
study in this protocol or research on other diseases.

h. Is genetic testing planned? [_]Yes [_INo

If Yes, describe the planned testing here and see "DNA/Genetic
testing” in the Guidebook for consent requirements.

11. Gene Therapy

Does this project involve gene therapy or administering recombinant
materials to humans? [ ]JYes [X]No

If Yes, submit the Gene Therapy Project Review Panel Report —OR- If this
is a vaccine trial that is exempt from the NIH Guidelines For Research
Involving Recombinant DNA Molecules, submit the Protocol Oversight
Review Form For Clinical Vaccine Trials.

12. HIPAA Privacy and Security

Will the PI or others obtain, review, or make other use of participants'
"personal health information” (i.e., information, whether oral or recorded
in any form or medium that (a) is created or received by a health care
provider and (b) relates to past, present, or future physical or mental
health or condition of an individual; or provision of health care; or
payment for provision of heath care)? [X]Yes [ |No

If Yes, complete a-e as described.

a. Will the data/information be stored or managed electronically (on a
computer)?

Xyes [_INo
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b. Is the principal investigator requesting that the UAB IRB waive patient
HIPAA authorization from another institution or entity (e.g., insurance
company, collaborating institution). [ ]Yes X]No

If Yes, attach copy of privacy notices from institution/entity, and
provide the name of institution/entity:

c. Indicate which, if any, of the listed entities below would provide
information or maintain health information collected for this protocol
and/or where health information that been collected will be
stored/maintained.

[_] The Kirklin Clinic

[ ] University of Alabama Hospital

D The Children’s Hospital of Alabama

[] callahan Eye Foundation Hospital

[ ] UAB Highlands

[ ] Jefferson County Department of Health

[] School of Dentistry

[] School of Health Professions

[ ] School of Medicine

[ ] School of Nursing

X School of Optometry

[] University of Alabama Health Services Foundation

[ ] UAB Health Centers

[ ] Viva Health

[_] ophthalmology Services Foundation

[ ] valley Foundation

[ ] Medical West - UAB Health System Affiliate
Health System Information Systems:

[ ] HealthQuest
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[] Cerner Millennium (Lab, Radiology, UED, Surgery)
[ ] EMMI - Master Member Index

[] Horizon - IPV (IVR/CDA/CRIS)

[ ] careFlow Net

[ ] Eclipsys (PIN)

[ ] IMPACT

[ ] None—If None, skip to Item 13.

Indicate which of the listed identifiers would be associated/linked with
the protected health information (PHI) used for this protocol.

X] Names

[] Geographic subdivisions smaller than a State
[ ] Elements of dates (except year) related to an individual
X] Telephone numbers

[ ] Fax numbers

X] Email addresses

[] Social security numbers

D Medical record numbers

[ ] Health plan beneficiary numbers

[ ] Account numbers

D Certificate/license numbers

D Vehicle identifiers and serial numbers

[ ] Device identifiers and serial numbers

[ ] Biometric identifiers

[ ] Web universal resource locators (URLS)

D Internet protocol address numbers

[] Full-face photographic images
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[ ] Any other unique identifying number—Describe:

Note. Codes are not identifying as long as the researcher cannot
link the data to an individual

[ ] None—If None, skip to Item 13.

e. Choose one plan to describe your use of the personal health
information:

[ ] The data collected meet the specifications for a “limited data set”

—Attach Data Use Agreement or Business Associate Agreement

X] Research staff will obtain authorization from each patient to use the
information

—Attach Patient Authorization form, complete except for patient
name and IRB protocol number

[]P1 requests Waiver of Patient Authorization to use the information

—Attach Waiver of Authorization and Informed Consent form

PROPOSED RESEARCH

= The IRB will not accept grant applications and/or sponsor's protocols in lieu
of the items as outlined below.

» Do not separate responses from items. Instead, insert your response to
each item below the item, keeping the information in the order of this
form.

» Number each page of the Human Subjects Protocol (i.e., Page X of Y).

13. Purpose—in nontechnical, lay language

Summarize the purpose and objectives of this protocol, including any
related projects, in one short paragraph.

The purpose of our study is to characterize the detectability of small visual stimuli
delivered to the eye under conditions where ocular aberrations have been corrected.

14. Background—in nontechnical, lay language

Summarize in 2-3 paragraphs past experimental and/or clinical findings
leading to the formulation of this study. Include any relevant past or
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current research by the Principal Investigator. For drug and device
studies summarize the previous results (i.e., Phase I/11 or 111 studies).

During the last decade, it has become possible to image individual photoreceptors in
the human retina. This capability has allowed researchers to study the normal and
diseased retina at the cellular level for the first time. My collaborators and | were the
first to show, in an animal model, that visual stimulation of single photoreceptors
leads to detectable physiological responses in the brain. We would now like to

examine if humans can perceive similar stimuli. This work will allow us to study the

range of normal perception for these microstimuli. For example, we will learn how

many photoreceptors must be stimulated in order for a spot of light to be seen, and
what the minimum light levels must be for a single photoreceptor to be perceptually
activated. Once this normal perceptual range is understood, disease conditions can

then be studied usefully with our techniques. Our work will also allow us to
characterize the spectral class of each photoreceptor (that is, whether sensitive to red,

green, or blue light), which will be useful for understanding how perception is altered

in subjects with color vision deficits.

15. Participants (Screening and Selection)
a. How many participants are to be enrolled at UAB? 5-30
If multi-center study, total number at all centers:

b. Describe the characteristics of anticipated or planned
participants.

Sex: _Either
Race/Ethnicity:_Any
Age:19-65

Health status: Healthy and with visual acuity correctable to normal.

Note. If data from prior studies indicate differences between the
genders or among racial/ethnic groups in the proposed research or if
there are no data to support or to negate such differences, Phase 3
clinical trials will be required to include sufficient and appropriate entry
of gender and racial/ethnic subgroups so that trends detected in the
affected subgroups can be analyzed. If ethnic, racial, and gender
estimates are not included in the protocol, a clear rationale must be
provided for exclusion of this information. If prior evidence indicates
that the results will not show gender or racial differences, researchers
are not required to use gender or race/ethnicity as selection criteria for

158



study participants. They are, however, encouraged to include these
groups. See Section Il. Policy of the NIH POLICY AND GUIDELINES ON
THE INCLUSION OF WOMEN AND MINORITIES AS SUBJECTS IN
CLINICAL RESEARCH — Amended, October, 2001) for further details.

c. From what population(s) will the participants be derived?
Residents from the Birmingham area.

Describe your ability to obtain access to the proposed population that
will allow recruitment of the necessary number of participants:

Some subjects will be students in the Vision Sciences department; others will be
recruited by word of mouth.

Describe the inclusion/exclusion criteria:

The conditions for inclusion will be: (1) visual acuity correctable to 20/60 or better, (2)

clear cornea and lens media, (3) less than 8 diopters of myopia, (4) absence of obvious

visual system pathology that can be seen during a standard fundus exam, and (5)

ability to understand and sign the informed consent form and be willing to comply

with study-related instructions.

The conditions for exclusion will be: (1) pseudophakia (artificial lens implant), aphakia

(absence of the lens), cataract of any grade, corneal opacification, or lack of optical

clarity, (2) nystagmus (involuntary, rapid, oscillating movement of the eyes), (3)

greater than 8 diopters myopia, (4) sensitivity to tropicaminde, cyclopentolate, or

phenylephrine, and (5) subjects with prior history of any refractive surgery.

d. If participants will comprise more than one group or stratification,
describe each group (e.g., treatment/intervention, placebo, controls,
sham treatment) and provide the number of participants anticipated in
each group.

Subjects will not be grouped or stratified. As the study uses a survey approach, there
are no control groups.

e. Indicate which, if any, of the special populations listed below will be
involved in the protocol. Include the Special Populations Review Form
(SPRF) if indicated.

D Pregnant Women: Attach SPRF—Pregnant Women, Fetuses,
Neonates/Nonviable Neonates

D Fetuses: Attach SPRF—Pregnant Women, Fetuses,
Neonates/Nonviable Neonates
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[ ] Neonates/Nonviable Neonates: SPRF—Pregnant Women, Fetuses,
Neonates/Nonviable Neonates

D Prisoners: Attach SPRF—Prisoners

[ ] Minors (<19 years old): Attach SPRF—Minors

X Employees or students at institution where research conducted
[ ] Persons who are temporarily decisionally impaired

[ ] Persons who are permanently decisionally impaired (e.g., mentally
retarded)

[ ] Non-English Speakers

For each box checked, describe why the group is included and the
additional protections provided to protect the rights and welfare of
these participants who are vulnerable to coercion:_Students will be
included because they will be most aware of and interested in the outcome of the
study. All participants will sign a consent form indicating their understanding that
they are free to withdraw from the study at any time without any negative
consequences. The consent form details how refusing to or withdrawing from
participation will not affect their relationship with UAB in any way.

Some subjects may be graduate students or post-doctoral fellows recruited by
the graduate student (Ms. Bruce) helping to conduct the study; in these cases,
potential coercion should be minimal. However, subjects will often be members of
the PI’s laboratory, and they will participate because they are interested in answering
the scientific questions. As often happens in psychophysical research, the subjects
and the experimenters are the same group of people. Nonetheless, every effort will
be made (beyond those mentioned above), to ensure that their participation stems
only from their interest in the science rather than in retaining their employment.
Because the experiments are relatively demanding, only suitably motivated trainees
will be recruited to work in the PI's laboratory.

f. List any persons other than those directly involved in the study
who will be at risk. If none, enter "None": None

g. Describe the process (e.g., recruitment, chart review) that will be used
to seek potential participants (e.g., individuals, records, specimens).
Research recruitment by non-treating physicians/staff may require
completion of Partial Waiver of Authorization for
Recruitment/Screening. (See
http://main.uab.edu/show.asp?durki=61981.)
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Recruitment will be by word of mouth. Students will learn of the research through

Vision Science and Neurobiology Department brochures, the undergraduate

Neuroscience program, the PI’s laboratory website, or through other students already

participating in the research.

h. If you will use recruitment materials (e.g., advertisements, flyers,
letters) to reach potential participants, attach a copy of each item. If
not, identify the source (e.g., databases) from which you will recruit
participants.

Recruitment materials will not be used. Students interested in participating in the

research will be interviewed by the Pl, and they will be provided with copies of prior
publications that demonstrate the type of research to be conducted.

i. Describe the procedures for screening potential participants.

The subject will be given a copy of the consent form to read but not sign. Within a few
days, if the subject decides to participate in the study, the staff member conducting

the study will verbally review the consent form to ensure that the subject understands

the nature of the study and the purpose of consent. The subject will then be allowed

to voluntarily sign the consent form. The subject will then be tested for normal color

vision (Hardy-Rand-Rittler plates, Ishihara plates, and/or the Farnsworth D-15 or D-

100 test). Subjects with abnormal color vision may be used as controls for those with

normal color vision; however, we will not be explicitly recruiting such subjects.

Because pupil dilation agents must be used during the experiments, subjects will be

screened beforehand for risk of acute angle-closure glaucoma that may occurin a

small percentage of subjects as a result of these drugs. subjects who are susceptible to

this problem can be identified by an ophthalmic exam prior to administration of the

drug. Before beginning any retinal imaging, each subject will be given an ophthalmic
exam to ensure they are not susceptible to acute glaucoma. To assess the risk of

complications from the dilation agents, we will use the Van Herick test. The clinician

compares the width of the cornea to the width of the shadow of the anterior chamber
at the limbus. If the width of the shadow of the chamber angle is less than one

quarter of the corneal thickness, then the subject is deemed to be at risk and will be

excluded from participating further. If the results of the Van Herick test show that the

subject may be at risk for glaucoma, it will be recommended to them that they seek an

examination by an ophthalmologist for further assessment.

16. Protocol Procedures, Methods, and Duration of the Study—in
nontechnical language

a. Describe the study methodology that will affect the participants—
particularly in regard to any inconvenience, danger, or discomfort.
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Following consent, subjects will first receive a one-time ophthalmic exam by a clinician

(Dr. John Laurent) in the School of Optometry. Visual acuity and refractive error will
be measured, and risk of acute angle-closure glaucoma will be assessed as described
above in Question 15i. If the subject is not excluded from the study based on the
examination outcome and the exclusion criteria listed in Section 15c, the subject will
then be tested for normal color vision (Hardy-Rand-Rittler plates, Ishihara plates,
and/or the Farnsworth D-15 or D-100 test). All of these procedures are standard in
optometric practice, and will be conducted prior to any psychophysical testing, which
may be done later on the same day, or on subsequent days.

On the day of psychophysical testing, the subject will have one eye’s pupil dilated with
cyclopentolate hydrochloride (1%), or a combination of phenylephrine (2.5%) and

tropicamide (1%). This is required to optimize retinal imaging and to restrict
accommodation (focusing ability) of the subject's eye. Once dilation has occurred

(about 20 minutes), the subject will be positioned in front of an adaptive-optics

scanning laser ophthalmoscope (AOSLO). Depending on the stability demands of the

experiment, the subject’s head will be held within a head/chin rest, or, if more

stability is required, a bite-bar will be used to minimize head motion.

The AOSLO images the retina and is capable of delivering stimuli to retinal locations

selected by the experimenter. AOSLO imaging is non-invasive, and uses light levels at

least 10 times below the safety limit established by the American National Standard
for the Safe use of Lasers (ANSI Z136.1-2007). The subject has no direct contact with
the instrument.

A single psychophysical session is expected to last about 2 hours, although this varies
because the experiment is self-paced. At the beginning of the session, a multi-
wavelength image of the retina is taken with the AOSLO in order to measure

transverse chromatic aberration (TCA) at the retinal location where stimuli will be
delivered. TCA is the lateral offset on the retina that light of different wavelengths
will be displaced due to the eye’s optics (e.g. red light will be diffracted laterally more
than green light). This step is required to correctly target selected photoreceptors
with light of different wavelengths. Once TCA is measured, the subject dark-adapts

for a minimum of 15 minutes, as the light used in this step is perceptually bright.

After dark-adaptation, the subject will be engaged in detecting the presence or
absence of a briefly flashed small spot of light while a portion of the retina is being

imaged with the AOSLO. Typically, this will require the subject to fixate on an
externally presented fixation target (always on), while the subject signals for a test
flash to be delivered. The subject then reports their percept (seen or not seen) by
pressing a button on a keyboard. A computer program controls the sequence of

intensities that are delivered through the AOSLO during the trials. The subject can
voluntarily perform as many trials as they wish; typically this is about 400-500 trials
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for a practiced, motivated subject. The subject will perform the task until a threshold

criterion is reached (for one set of ~25 trials). This threshold measurement is then

repeated 3 or 4 times for one condition, and usually two conditions will be compared.
This leads to about 200-300 trials per session. The subject can sit out of the head rest
or bite bar at any time and for any reason (e.g. to rest, or to voluntarily end the

session). The experimenter monitors the subject’s performance, and can terminate

the session if performance degrades (e.g. subject appears to not be performing the

task). At the end of each session, TCA is measured once more, to assess accuracy of

stimulus delivery.

We note that the light levels are calibrated prior to any testing to be well below safety

levels (as described in Question 18), and this light level is what is passing through the

optical train to the eye. The custom software used to control this light is only capable

of making delivered light less intense, as it controls an optical switch which can only

dim the light. Thus, failure of any of the software that controls light delivery is

incapable of exposing a participant to more than permissible light levels.

The number of sessions that a subject will participate in will be determined by the

amount of data required to measure an effect, and to show consistency upon

repetition. To achieve this, the minimum number of sessions is 4 (including at least 1

practice session). More typically, the number of sessions needed for a single study

will be about 20. Ordinarily, sessions will be conducted only once per day, but the

number of days between sessions may vary. Thus, the total time commitment for a

single study is 1-3 months. Because subjects will most often be students (as well as

the Pl himself), this time commitment is simply part of their research work

b. What is the probable length of time required for the entire study (i.e.,
recruitment through data analysis to study closure)?

2 years

c. What is the total amount of time each participant will be
involved?

2 hours for ophthalmic exam and color testing (done once, typically on a separate
day), and 2 hours for each psychophysical session. Each psychophysical session
generally yields one data point (e.g. intensity threshold at one locus). Thus, multiple

sessions are required to complete any specific study, and it is not possible to predict
how many sessions in total are needed as it depends on subject performance and the

nature of the study (e.g. retinal topography survey, longitudinal effects, etc.).
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d. If different phases are involved, what is the duration of each
phase in which the participants will be involved? If no phases are
involved, enter "not applicable.™

Not applicable.

e. List the procedures, the length of time each will take, and the
frequency of repetition, and indicate whether each is done solely for
research or would already be performed for treatment or diagnostic
purposes (routine care) for the population. Insert additional table rows

as needed.
Procedure Length of Time Frequency Research
Required of Participants | of (Res) —
Repetition OR-
Routine
Care
Informed consent 30 minutes 1 XRes [ ]
R in
Ophthalmic exam 1 hour 1 outine
Color testing 1 hour 1 X Res
Retinal imaging and 2 hours/session As needed, X Res
psychophysical testing usually on X Res
separate days
from eye
exam and

color testing

f. Will an interview script or questionnaire be used? [ Jyes XINo

If Yes, attach a copy.

g. Will participants incur any costs as a result of their participation?

[ Jves XINo

If Yes, describe the reason for and amount of each foreseeable cost.
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h. Will participants be compensated? [_]Yes XNo
If Yes, complete i-v:
i. Type: (e.g., cash, check, gift card, merchandise):___
ii. Amount or Value:___
iii. Method (e.g., mail, at visit): __
iv. Timing of Payments: (e.g., every visit, each month):_____
v. Maximum Amount of Payments per Participant:____

17. Describe the potential benefits of the research.

These experiments will lay the foundation for single photoreceptor methodologies

that will benefit ophthalmologists and physiologists studying normal and diseased
photoreceptor function, as well as those interested in the neural basis of color
processing in the cerebral cortex. It will be useful for probing, at a cellular level, the
physiological and perceptual changes associated with cone dystrophies and
colorblindness. It will also be useful for testing the effectiveness of gene therapies
being developed for retinal ciliopathies.

18. Risks

a. List the known risks—physical, psychological, social, economic,
and/or legal—that participants may encounter as a result of
procedures required in this protocol. Do not list risks resulting
from standard-of-care procedures. Note. Risks included in this
protocol document should be included in the written consent
document.

Pupil dilation is done with drugs routinely used in a clinical fundus exam; thus risks

associated with cycloplegia are no more than those present during a visit to an

optometrist’s clinic. There is mild irritation when the eyedrops are first introduced.

There may be some discomfort when bright light is shone in the eye during the
moment when the TCA measurement is made, because the measurement is

conducted in a darkened room and the sudden appearance of a small bright light can
seem uncomfortable to some subjects. A small proportion of the population can
develop an allergic conjunctivitis in response to topically applied eye drops. This is a

benign condition that is self-limited upon discontinuing the drops, and will either
spontaneously resolve in 1 to 3 days without treatment or can be treated with mild

anti-inflammatory medications, if needed. An optometrist at the School of Optometry
would supervise the care of an allergic condition, should it occur.
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Pupil dilation may lead to some discomfort once the subject is exposed to normal

daylight. The subject will be asked to bring their sunglasses to wear after testing; if

they do not have sunglasses; a temporary/disposable pair will be provided.

There may be fatigue and/or anxiety for subjects because of the requirement of sitting

still in front of the instrument for extended periods of time, or from participating in a
task where performance can be interpreted as “good” or “bad” by the subject.

Risk of excessive light exposure is eliminated by ensuring that the light beam present

at the cornea is always at least 10 times below the minimum acceptable exposure

level established by the American National Standard for the Safe use of Lasers (ANSI

Z136.1-2007).

The collected data are coded from the beginning to ensure anonymity. The code

linking the data to the subject is kept in a bound notebook in a locked drawer in the

PI's office. There is a very small chance that if unauthorized personnel obtain access

to this notebook, there may be a loss of confidentiality for the subject.

b. Estimate the frequency, severity, and reversibility of each risk
listed.

Cycloplegia-induced conjunctivitis: very unlikely, not severe, and fully reversible

especially with anti-inflammatory treatement (if indicated).

Fatigue/anxiety: uncommon, not severe, and reversible when session is completed.

Excessive light exposure: physical containment of light makes this essentially

impossible during normal operation.

Loss of confidentiality is extremely unlikely, and would only occur via unauthorized

access.
c. Is this a therapeutic study or intervention? [_]JYes [X]No
If Yes, complete the following items:

i. Describe the standard of care in the setting where the research will
be conducted:

ii. Describe any other alternative treatments or interventions:

iii. Describe any withholding of, delay in, or washout period for
standard of care or alternative treatment that participants may be
currently using:
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d. Do you foresee that participants might need additional medical or
psychological resources as a result of the research
procedures/interventions? X]Yes [ |No

If Yes, describe the provisions that have been made to make these
resources available.

If additional medical attention is warranted after the initial eye exam or after any

retinal imaging session, we will recommend that the participant seek medical
evaluation by their primary care physician or ophthalmologist.

e. Do the benefits or knowledge to be gained outweigh the risks to
participants? [X]Yes [_]No

ITf No, provide justification for performing the research:

19. Precautions/Minimization of Risks

a. Describe precautions that will be taken to avoid risks and the means
for monitoring to detect risks.

Pre-screening of subjects by an optometrist will minimize risks associated with pupil
dilation agents. If an enrolled subject complains of continued eye irritation or
discomfort beyond a few minutes after dilation agents are administered, the session
will be discontinued and the subject will be examined by the participating
optometrist.

Pupil dilation may lead to some discomfort once the subject is exposed to hormal

daylight. The subject will be asked to bring their sunglasses to wear after testing; if

they do not have sunglasses; a temporary/disposable pair will be provided.

Light levels are measured before every experimental session with a calibrated light
power meter.

To reduce the likelihood of confidentiality loss, the notebook linking data codes to the

respective subjects will be stored in different locations, moved on a random basis.

If study involves drugs or devices skip Items 19.b. and 19.c.,
go to Item 20, and complete the Drug or Device Review
Sheet, as applicable.

b. If hazards to an individual participant occur, describe (i) the criteria
that will be used to decide whether that participant should be removed
from the study; (ii) the procedure for removing such participants when
necessary to protect their rights and welfare; and (iii) any special
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procedures, precautions, or follow-up that will be used to ensure the
safety of other currently enrolled participants.

Individual hazards are limited to a reaction to the dilation agents. If the subject
reports eye irritation or discomfort beyond the first few minutes after drug
administration, the subject will not proceed to the psychophysical testing stages, and
will be examined by the participating optometrist for treatment.

c. If hazards occur that might make the risks of participation
outweigh the benefits for all participants, describe (i) the criteria
that will be used to stop or end the entire study and (ii) any
special procedures, precautions, or follow-up that will be used to
ensure the safety of currently enrolled participants.

If we find that most participants cannot perform the psychophysical tasks, we will
interview the subjects over their inability to perform as expected and modify the
experimental design to ameliorate the apparent difficulties.

20. Informed Consent
a. Do you plan to obtain informed consent for this protocol?
Xyes [ INo
If Yes, complete the items below.

If No, complete and include the Waiver of Informed Consent or Waiver
of Authorization and Informed Consent, as applicable.

b. Do you plan to document informed consent for this protocol?

Xyes [ INo

IT Yes, complete the items below.

IT No, complete the items below and include the Waiver of Informed
Consent Documentation.

c. How will consent be obtained? Subjects will be given a copy of the consent
form to read at least one day before participating in the study. The experimenter will
review the consent form with the subject, answer any questions the subject may have,
and then ask if they are interested in participating. This process will be conducted in

private.

d. Who will conduct the consent interview? Dr. Sincich, in conjunction with any
trainee.
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e. Who are the persons who will provide consent or permission? The
subjects.

f. What steps will be taken to minimize the possibility of coercion or
undue influence? Use of the consent form. In the case that the subject is a UAB
student, they will be assured that their participation and performance in the study will
have no effect on any of their coursework or their educational progress.

g. What language will the prospective participant or the legally authorized
representative understand? English

h. What language will be used to obtain consent? English

i. If any potential participants will be, or will have been, in a stressful,
painful, or drugged condition before or during the consent process,
describe the precautions proposed to overcome the effect of the
condition on the consent process. If not, enter "no such effect.”

No such effect.

J. If any project-specific instruments will be used in the consenting
process, such as flip charts or videos, describe the instrument(s) here,
and provide a copy of each. If not, enter "not used."

Not used.

k. How long will participants have between the time they are told about
the study and the time they must decide whether to enroll? If not 24
hours or more, describe the proposed time interval and why the 24-

hour minimum is neither feasible nor practical. No time limit, participation
is voluntary.

21. Procedures to Protect Privacy

Describe the provisions included in the research to protect the privacy
interests of participants (e.g., others will not overhear your conversation

with potential participants, individuals will not be publicly identified or
embarrassed).

Subjects are examined and tested privately. Personnel involved with subjects are
explicitly informed to not discuss subject data with others not involved in the study.

22. Procedures to Maintain Confidentiality
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23.

a. Describe the manner and method for storing research data and

maintaining confidentiality. If data will be stored electronically
anywhere other than a server maintained centrally by UAB, identify
the departmental and all computer systems used to store protocol-
related data, and describe how access to that data will be limited to
those with a need to know.

Digital research data will consist of retinal image movies and coded responses from
the subjects; both data sets are completely coded to ensure anonymity. Data are
stored on secure computers in a room which is only accessible electronically by lab
personnel. The list that relates subjects to their codes is kept in non-digital form, and
stored in the PI’s office in a locked drawer.

b. Will any information derived from this study be given to any person,

A

including the subject, or any group, including coordinating centers and
sponsors? [_]Yes XINo

If Yes, complete i-iii.
i. To whom will the information be given? _____
ii. What is the nature of the information? _____
iii. How will the information be identified, coded, etc.? _____
dditional Information

In the space below, provide any additional information that you believe
may help the IRB review the proposed research, or enter "None."

None.
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THE UNIVERSITY OF
ALABAMA AT BIRMINGHAM

Institutional Review Board for Human Use

MEMORANDUM

TO: Lawrence C, Sincich, PhD f

Principal Investigator i f:'f{

iy

FROM: Cari Oliver, CIP /f £ s

On behalf of IRB 01 [/ / L
DATE: January 22, 2016
RE: Fl2i12210d01

Perception of Visual Microstimuli

The IRE 01 met on January 20, 2016 and approved the protocol referenced above, The approval form and
IR B-stamped consent form dre anached. This approval will expire and no longer be valid on January 20,
20146,

Please note the following as related to this review:

¢ The IRE noted approval of this protocol expired on January 14, 2016. The [RB recommends
submitting renewal materials 4-6 weeks before the protoeol explration date o aveid a lapse in
appreval. Allowing IRB approval o lapse constitutes non-compliance. Any further instance of
nof-compliance may be considered sertous and/or continuing non-compliance, which must be
reported in accordance with POL0O24, UAB Policy on Reporting to Institutional Officials and
Regulatory Agencies.

COjde
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Protection of Human Subjects
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Terviéw 2nd apedowdl |o Ihe Deparkment or Agency in accardance with the Comman Aule,

|, Reqoest Type 2. Typee of Mochanisia 3. Marme of Federal Departmeant of Agency and, il krawn,
T ORIGINAL HEGRANT [] COMTRACT [] FELLOWSHIF Agpication or Prapasal Kentification Mo
[] CONTINUATICN | [] COOPERATIVE AGREEMENT
[]1 EXEMPTION [] OTHER:
4. Tile of Applicalion o Activity &, Mame of Principal Investgatar, Frogram Director, Fellow, or
Porcapion of Viswal Miceatinmdi Other
SINCICH, LAWRENCE C.

8. Assurance Status of this Praject (Sespond fo ane of fae folowing)

[¥) This Azsurance, on B with Department of Healh and Human Services, cavess this actvity:
Assurance kenlification Mo, _FWAODIOSBED the expirstion date__ 01242017 |RBE Registration Mo, _ IRBOD0ID 156

[ ] This Assurance, on fle with {agencyiept] covars this actwity,
Assurance Mo, i expiration date IRB Registretiontidentdication Mo, [Fappicebls)

[ ] Mo asswance has been filed for this institution. This instiisfion dectares that # wil pravide an Assurance and Gertification of IRE review and
approval upon request,

[ ] Exemption Status: Human sublacts are invoived, bul this ethety qualilies for exemplion under Secticn 101{b), paragraph

7. Cedification of IRE Review (Respond 1o one of fhe fallawing IF you have an Assurancs on file)

[4) Tris activity has been reviewed and approved by the IRE in accardance with the Commaon Aule and any ciher governing regukations
=8 H Full [RB Review oo (dase of IRB meziing) 120G ar [ ] Expediled Review on (dale)
[ 11r1ess than one year appeoval, provide expiration date

[ ] Triz activity cortains multiple projects, some of which hawe not bean reviawed. The IRE has granted appraval on conddtion thar &1 projects
coverad by the Comman Rule will be reviewed and approwad bedore thay ere mitisted and that appeogriabe funther canificason will be submimed.

8. Cammenis Title Fiz1zz1001
Protecal subject to Annual cantinuing review. Parcaption of Visual Mizrostimuli
IRB Aporoval lasuwed 1] '2-1,] (=} TRE Approval Mo Longes Vakd On: | i| 2,{:-1 VT

9. The allicial saning below cenfies that lhe mlormation provaded sboeve 18 |10, Mame and Acdiess of Inslitalion
correct and 1hat, a5 reguined, fulume naviews wil b pericemed undl study
closue ard cadificalion wil be provided. Univarsily of Alabarna al Biringham

TO1 20th Sirest South
11. Fhare No. (with 6red code)  (205) 934-3780 Himringham, AL 35254

12, Fax Mo, fwith area code) [205) 934-1301

13. Email: ifb§fluab sdu
14, Mame of Crificial 185, Title
Fardinand Uithaler, M.D, Chaérman, IRB
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Consent Form

Title of research: Perception of Visual Microstimuli
IRB Protocol: FI121221001
Investigator; Lawrence Sincich, Ph.D.
Sponsor; Mational Eve Institute

Purpose of the Research

Our research is aimed at studying how visual perception works at the cellular level. The
cells in your eye that are sensitive to light are called photoreceptors, and they are located in the
tissue lining the back of your eye called the retina. It is now possible o see these cells using a
special retinal microscope like the one used in our laboratory. By shining tiny spots of light ono
individual photoreceptors, we hope to learn how the signals they produce normally lead o visual
perception. With your participation in this kind of research, we may eventually improve our
understanding of how retinal diseases affect the [unction of these photoreceptors, To perform
the research we will be using FDA approved eve-drops, We expect to enrol]l 15 subjects for a
single study.

Explanation of Procedures
Our study will enroll adult participants with normal vision who will participate in tests
involving brielly flashed spots of light, T you decide to volunteer Tor the study, you will be
asked to perform the following procedures:

1. Eve exam and color vision testing: Prior to participating in our stedy, vou
will be examined by a UAB optometrist whe will determine (a) if yvour eyes
appear normal, (b) what your visual acuity and refractive errors are, and (¢) if you
appear to be at risk for side-effects of the drugs used to dilate your pupils. If the
examining optometrist concludes that you can be enrolled in the study, you will
perform a standard color vision test to determine if your color vision is normal.
The color tests are simple and may vary: they involve either verbally describing
what is seen in colored figures, or arranging color chips in a particular order, The
eye exam and color testing will last less than 2 hours, and will be conducted one
time only and may be done on a separate day from the perceptual testing
described belaw.,

2. Pupil dilation: Before any perceptual testing session, we will dilate the pupil
in one eye with commonly used eye-drops.

UAB IRB
| | -
Fage1af 5 Dadte of Approval A< |16
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3. Retinal imaging: While your pupil is dilated, we will image your retina with
a research instrument known as a scanning laser ophthalmoscope. You will be
asked to sit in front of the ophthalmoscope with your head placed in a chin rest. If
additional stability of your head is required, we may ask you to use a personally
fitted bite-bar to minimize head motion,

This ophthalmoscope uses light to create a movie of a small region on your
retina. In some instances, this light will momentarily appear bright and may
produce an after-image similar to the afler-image from a camera flash; these
afterimages will fade away afler a few minutes. The light source used will not
harm your eye. The researchers are careful to keep the light level at least 10 times
below the accepted safely standard for light exposure (developed by the American
Wational Standards Institute for ophthalmic instruments).

4. Perceptual testing: For these investigational tests, you will be instructed on
how to respond to briefly flashed spots of light by pressing keys on a standard
computer kevboard. Testing will be conducted in dimly lit room. The test will
consist of a series of trials that you control at your own pace. While vour retina is
being imaged, you will be told when vou can begin initiating trials. For each trial,
you will press one key o have the stimulus flashed, and then respond whether or
not you saw the stimulus by pressing assigned keys. You will also have the option
to press a third key to have the trial repeated. You can pause or rest between any
trial, or terminate the session voluntarily at any time for any reason.

The number of trials executed will be determined by you. Most participants
are comfortable performing several hundred trials per session once they have
become practiced at the task., The total time for one psychophysical testing
session will be about 2 hours, The total mumber of sessions is unpredictable
because it will vary with the experiment’s requirements and the performance of
the participant. However, a minimum of 4 sessions will be required to obtained
meaningful data (this includes | practice session to become familiar with the
testing conditions). For a single study, we expect about 20 sessions will be
required. Only one session will be conducted per day, and the number of days
between sessions can vary. We emphasize here that a participant can freely
discontinue testing at any time without any consequences.

Incidental Findings

We are imaging only for the research purposes described above, The imaging is nota
clinical technique intended for diagnostic or therapeutic purposes. Under no circumstance will
the research personnel interpret the images as normal or abnormal. They are unable to make any
medical comments about vour retinal images, nor will the images be looked at or read for any
healthcare treatment or diagnostic purpose. If vou want vour images to be reviewed by a
physician so that the physician can look for medical issues, you can request a copy. We will
provide an electronic copy at no charge.

Page 2 of 5
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Risks and Discomforts

The imaging done with the ophthalmoscope is non-contact and non-invasive, The light
exposure is strictly controlled and is at least 2 times less than the maximum permitted exposure
allowed by the American Wational Standard for the Safe use of Lasers (ANS] 2136.1-2014).
Consequently, participation in this study does not involve any serious risk due to light exposure,

However, participation in this study may involve some discomforts, which are similar to
those encountered in any comprehensive eyve examination. These discomforts may be associated
with dilation of your eye, bright lights shown into your eve temporarily, and fatigue or anxiety at
having to sit still for each of the tests and study procedures,

Pupil dilation may result in blurred near vision or sensitivity to bright light for a few
hours after administration of the eye drops. We recommend that you bring sunglasses to wear
after any testing; if you do not have sunglasses, we will provide a pair of disposable ones. The
dilating drugs may cause some transient irritation to vour eye; and there may be risks associated
with allergic reactions to these drugs.

The collected data are coded from the beginning to ensure anonymity. The code linking
the data to the subject is kept in a bound notebook in a locked drawer in the Dr. Sincich's office,
There is a very small chance that if unauthorized personnel obtain access to this notebook, there
may be a loss of confidentiality for the subject.

Benefits
You may not benefit directly from taking part in this study. Your participation will help
us to understand how photoreceptors normally work, and will provide insight into how to study
photoreceptors that are affected by retinal diseases,

Alternatives
Owur study is not considered medical treatment. Your only alternative is to not participate.

Confidentiality

Information obtained about you for this study will be kept confidential to the extent
allowed by law, However, research information that identifies you may be shared with the UAB
Institutional Review Board (IRB) and others who are responsible for ensuring compliance with
laws and regulations related to research, including the Office for Human Research Protections
{OHRP) and the UAB Department of Vision Sciences, The results of the study may be
published for scientific purposes. These results could include your test performance and/or
images of the inside of your eve; however, vour identity will not be associated with these results,

Voluntary Participation and Withdrawal

Whether you participate in this study is your choice. There will be no penalty of any kind
if you decide not to be in the study. If you decide not to be in the study, you will not lose any
benefits you are otherwise owed. You are free to withdraw from the study at any time. Your
choice to leave the study will not affect your relationship with the University of Alabama at
Birmingham (IJAB).

If you are a UAB student or employee, taking part in this research is nol a part of your
UAB class work or duties. You can refuse to enroll, or withdraw after enrolling at any time
before the study is over, with no effect on your class standing, prades, or job at UAB. You will
not be offered or receive any special consideration if you take part in this research.

Pagedof 5
Version Date: 07/ 20/ 2016

176



You may be removed from the study without your consent if the sponsor ends the study,
if the study personnel decide it is not in the best interest of your health, or if the acquired data are
considered compromised by the investigators,

Costs of and Payment for Participation
There will be no costs to you for teking part in this study, nor will you be paid for
participaling,
Payment for Research-Related Injuries
The Mational Eye Institute, UARB, and the Department of Vision Sciences do not provide
for any payment in the unlikely event that you are harmed as a result of taking part in this study.

If such harm occurs, treatment will be provided. However, this treatment will not be provided
free of charge.

Questions

If you have any questions, concemns, or complaints about the research or a research-
related injury ineluding available treatments, please contact Dr. Lawrence Sincich. He will be
available to answer any of vour questions, Dr. Sincich’s office phone 1s 205-975-3446,

If you have questions about your rights as a research participant, or concerns or
complaints about the research, you may contact the Office of the Institutional Review Board for
Human Use (OIRB) at (205) 934-3789 or 1-855-860-3789. Regular hours for the OIRB are §:00
a.m, to 5:00 p.m. CT, Monday through Friday. You may also call this number in the event the
research staff cannot be reached or if you wish to talk to someone not associated with laboratory
personnel,

Legal Rights
You are not waiving any of your legal rights by signing this informed consent document.

Signatures

Your signature below indicates that you agree to participate in the study outlined above. You will
receive a copy of this signed document,

Signature of Participant Date
Signature of Principal Investigator (or other person obtaining consent) Date
Signature of Witness Date
Page 4 of §
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University of Alabama at Birmingham
AUTHORIZATION FOR USE/DISCLOSURE OF
PROTECTED HEALTH INFORMATION (PHI) FOR RESEARCH

Participant Name: UAB IRB Protocol Number: F121221001
Research Protocol: Perception of Visual Microstimuli Principal Investigator: Lawrence Sincich, PhD

Sponsor: National Eve Institute

What is the purpose of this form? You are being asked to sign this form so that UAB may use and release vour protected health
infarmation for research. Participation in research is voluntary. If you choose to participate in the research, you must sign this
form so that your protected health Information may be used for the research.

Why do the researchers want my protected health information? The researchers want to use your protected health
Information as part of the research protocol listed above and as described to you in the informed consent.

What protected health information do the researchers want to use? All medical information, including but not Bmited to
information andfor records of any diagnosis or treatment of disease or condition, which may Include sexually transmitted
diseases (e.g, HIWV, etc) or communicable diseases, drugfalcohol dependency, etc; all personal identifiers, including but not
lirmited to your name, soclal security nurnber, medical record nurmber, date of birth, dates of service, etc.; any past, present, and
future history, examinations, laboratory results, imaging studies and reports and treatments of whatever kind, including but not
lirnited to drug/alcohol treatment, psychiatric/psychological treatment; financial Billing Informatlon, including but not limited to
copies of your medical bills, and any other information related to or collected for use in the research protocol, regardless of
whether the Informatlon was collected for research or non-research {e.g., treatment) purposes.

Who will disclose, use and/or receive my protected health information? All Individuals/entities listed in the Informed consent
documents, including but net limited to, the physicians, nurses and staff and others performing services related to the research
{whether at UAB or elsewhere); other operating units of UAB, H5F, UAB Highlands, Children's of Alabama, Eye Foundation
Hospital, and the Jeffersen County Department of Health, as necessary for their operations; the IRB and its staff; the sponsor of
the research and its ermployees and agents, including any CRO; and any outslde regulatory agencles, such as the Food and Drug
Administration, providing oversight or performing other legal andfor regulatory functions for which access to participant
infermation is required.

How will my protected health information be protected once it is given to others? Your protected health information that is
given to the study sponsor will remain private to the extent possible, even though the study sponsor s not required to follow
the federal privacy laws, Hewever, once your information is given to other organizations that are not reguired to fellow federal
privacy laws, we cannot assure that the infermation will remain protected.

How long will this Authorization last? Your authorization for the uses and disclosures described in this Authorization does not
have an expiration date.

Can | cancel this Authorization? You may cancel this Authorization at any time by notifying the Principal Investigator, in writing,
referencing the research protocol and IRB Protocol Mumber. If you cancel this Authorization, the study doctor and staff will not
use any new health information for research, However, researchers may continue to use the protected health information that
was provided before you cancelled your authorization.

Can | see my protected health information? You have a right to request to see your protected health information. However, to
ensure the sclentific integrity of the research, you will not be able to review the research information until after the research
protocol has been completed,

Signature of particlpant: Date:

or participant’s legally authorized representative: Date:

Printed Name of participant’s represantative:

Relationship to the participant:
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