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Gap-junctional coupling of mammalian rods and
its effect on visual detection thresholds

Peter H. L1

Abstract

In many non-mammalian vertebrate species, retinal rod photoreceptors have been found to
couple extensively to one another via gap junctions. Yet the functional role of coupling
remains enigmatic. Coupling could enhance night vision by circumventing saturation at
the rod output synapse, but it could also reduce absolute sensitivity by rendering the output
synapse less effective at separating photon signals from intrinsic rod noise. Recent results
suggest that rodent rods are also coupled, but rod circuitry differs significantly between
mammals and other vertebrates, so existing data on non-mammalian coupling may not
be applicable to understanding mammalian vision; the rod to rod-bipolar pathway is a
mammalian specialization, and mammalian rod networks appear distinctive in their limited
extent of coupling, and in the type of connexin proteins underlying the junctions.

Here, I show that primate rods are also coupled, suggesting a role for coupling in hu-
man vision. I then present more detailed data on rod coupling from guinea pig retina,
showing that guinea pig rod-rod junctional conductance is about 350 pS. By developing
a rod network model to analyze the combined primate and guinea pig results, I confirm
that the junctional conductance in guinea pig and primate is comparable. Finally, I model
the effects of coupling on human visual detection, focusing particularly on the interaction
between rod coupling and the nonlinear operations of the rod output synapse. Based on
primate data alone, the model confirms that coupling can have competing beneficial and
detrimental effects on vision depending on the strength of coupling and the parameters of
the rod output synapse, as well as the spatial configuration of the stimulus. Incorporating
the guinea pig data reveals that the strength of coupling in mammals is appropriate for mit-
igating detrimental effects on absolute detection while enhancing benefits for detection of
small spots.



Contents

1

3

General Introduction

1.1 Gapjunctional coupling . . . . . . . .. .. ... ...
1.1.  Background . . . . . .. ... ... ...
1.1.2 Resultspresentedhere . . . ... ... ... ... .. .......

1.2 Effect of rod coupling on psychophysical detection . . . . .. ... .. ..
1.2.1 Mammalian night vision circuitry . . . . . .. .. ... ... ...
1.2.2  Ganglioncell pathways . . . . . . ... .. .. ... .. ......
1.2.3  Psychophysicsof rod vision . . . . .. .. ... ..........
1.2.4 Resultspresentedhere . . . .. ... ... ... ... ...

Macaque photoreceptor coupling and absolute sensitivity

2.1 Abstract . . . . ..o

2.2 Introduction . . . . . . . ...

23 Methods . . . . . .
2.3.1 Retinal preparation . . . . . . . .. ...
2.3.2 Electrical recording and light stimulation . . . ... ... ... ..
233 Dataanalysis . . . . . . . ..
234 Networkmodeling . . ... ... ... ... ... ...,
2.3.5 Tracercoupling . . . . . . . . ...

24 Results. . . . . ..
2.4.1 Rod photoresponsesincones . . . . . . . . .. ... ... ...
242 Response variation . . . . . . ... .. e e e e
2.4.3 Electrical coupling betweenrods . . . . . .. ... ... ... ...
244 Detectionthreshold . . . . . ... ... ... oL
245 Rod-conetracercoupling . . . . . . . . .. .. ... ...
24.6 Rod-rodtracercoupling . ... ... ... ... ... .......
2.4.7 The effects of rod-rod coupling on detection . . . . . ... ... ..

2.5 DISCUSSION . . . . v v v vt e e e e e e e e e e
2.5.1 Temporal properties of rod-cone coupling . . . . .. ... .....
2.5.2 Patternof tracercoupling . . . . . . . ... ... ...
2.5.3 Importance of photoreceptor coupling for low-light detection . . . .

Mammalian rod coupling and its effect on visual detection thresholds
3.1 Abstract . . . . . .
3.2 Introduction . . . . . . ...

X1

15
15
16
17
17
18
19
21
22
24
24
26
28
30
32
35
37
41
41
41
42



33

3.4

3.5

3.6

Methods . . . . . . . . L
3.3.1 Retinal preparation . . . . . ... ... Lo
3.3.2 Electrical recording and light stimulation . . . ... ... ... ..
333 Tracercoupling . . . . . . . . . ... ...
334 Dataanalysis . . . . . . . ...
33,5 Networkmodeling . ... ... ... .. ..............
3.3.6  Psychophysical threshold detection modeling . . . . . .. ... ..
Results. . . . . . . . o
3.4.1 Guinea pig rod photoresponses . . . . . . . . . . .. ...
3.4.2 Gap junctional coupling conductance . . ... ... ... .....
343 Tracercoupling . . . . . . . . . ..
34.4 Varianceanalysis . . . . . . ... ..o
345 Networkmodel . . . ... ... ... ... ... .. ...
34.6 Primate network model . . . . . . . ... ..o oL
3.4.7 Psychophysicalmodel . . .. ... .. ... ............
Discussion . . . . . . . ..
3.5.1 Strengthofrodcoupling . . ... ... ... ... .. .......
3.5.2 Rodnetwork connectivity . . . . ... ..o
3.5.3 Psychophysical significance of coupling . . . . . .. ... ... ..
Supplemental material . . . . .. ... .. ...
3.6.1 Capacitativeeffects . . . . . . ... ... L oo
3.6.2 Indirect current paths in paired rod recordings . . . . . . . . .. ..
3.6.3 Ocular point-spread function . . . . . ... ... ... .......

4 General conclusions

Bibliography

A Code listings
Al cellnetm. . . . . . . .. e
A2 hexconnect.m . . . . . . . . e,

Xii



List of Tables

3.1 Photoreceptor network junctional conductances

Xiil



List of Figures

1.1

2.1
22
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10

3.1
3.2
33
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11

Rod pathways of mammalian outer retina . . . . . . ... ... ... ... 8
Rod signals measured incones androds . . . . ... ... ... ... ... 25
High-pass filtering of rod signalsincones . . . . . . ... ... ... ... 26
Response fluctuations indim light . . . . ... .. ... ... ... .... 27
Evidence of rod-rod signal coupling . . . .. ... ... .......... 29
Probability density distribution of response amplitudes . . . . . . .. ... 31
Detection thresholds of rodsandcones . . . . . . . ... ... ....... 33
Rod and cone coupling is blocked by carbenoxolone . . . ... ... ... 34
Correspondence of tracer coupling and receptive field . . . . . . .. .. .. 36
Tracer and signal coupling betweenrods . . . . . . . ... ... ...... 38
Effect of rod-rod coupling on psychophysical thresholds . . . . . ... .. 40
Guinea pig rod spectral sensitivity . . . . . . . ... ... 58
Paired rod gap-junctional conductance . . . . . .. ... ... 59
Voltage gating of rod junctions . . . . . . . . .. ... ... .. ... .. 61
Rod tracercoupling . . . . . . . ... .. ... o 63
Coupling reduces the variability of dim flash responses . . . . . . ... .. 64
Analysis of mean response and ensemble variance . . . . . . .. ... ... 65
Hexagonal network modeling . . . . . .. ... ... ... .. ... .... 67
Networks with full hexagonal connectivity . . . . . . . .. ... ... ... 69
The four rod cyclenetwork . . . . . . ... ... o oL, 71
Coupling effects on visual detection thresholds . . . . . .. ... ... .. 73
Indirect current pathexample . . . . . .. ... ... ... ... ... ... 84

X1V



Chapter 1

General Introduction

This dissertation describes studies of night vision in two mammalian species: macaque
monkeys and guinea pigs. In both studies, I focus on aspects of retinal circuitry underlying
night vision, particularly the direct electrical communication between rod photoreceptors
via gap junctions. In the macaque study, I also present data from recordings in cone pho-
toreceptors, which provide context for the rod results. The guinea pig work parallels the
results from macaque, but I present additional more detailed data on coupling, and then de-
velop a rod network model to consolidate the guinea pig data and to allow comparison with
the results from macaque. Both studies also present psychophysical modeling to clarify
how direct electrical communication between rods affects visual performance, particularly
detection near absolute threshold. Predicting the effect of coupling on detection thresholds
requires consideration of the rod circuitry downstream of the photoreceptor layer, from
the rods to the ganglion cell output layer of the retina, and on to the brain where ultimate

psychophysical detection takes place.



1.1 Gap junctional coupling

1.1.1 Background

The retinal circuit central to this dissertation is the communication between photoreceptors
via gap junctions, direct intercellular channels linking the cytoplasm of two adjacent cells.
Far from being simple, non-selective conduits, gap junctions are now recognized as having
many of the distinctive properties of other membrane channels, namely pharmacological
modulability, voltage gating, molecular selectivity, and some charge selectivity (although
small ions still pass freely) (reviewed: [71, 45]). Along with this new perspective has come
the recognition that the gap junction channel proteins are a genetically and functionally
diverse family [71, 45].

A gap junction is composed of two hemichannels (“connexons”), each bridging the
membrane of one cell. When two hemichannels come together, a continuous channel be-
tween neighboring cells is formed. Hemichannels are in turn hexamers composed of six
individual transmembrane protein subunits. In vertebrates, the primary hemichannel sub-
units are the connnexin (Cx) family of gap junction channel proteins, of which there are
roughly 20 major subtypes in the mammalian genome. These genetically distinct connex-
ins impart functional distinctions to the channels they constitute [71, 45]. Invertebrate
hemichannels are composed of subunits from the innexin protein family, which is function-
ally analogous to the connexin family although the two are not closely genetically related
[91, 45]. Recently, it was discovered that innexins are found in the vertebrate genome
alongside the vertebrate specific connexins, leading to the recommendation that the innex-
ins be renamed pannexins [9]. Research on pannexins in vertebrates is a relatively new
field, but it is already known that one subtype, Panx1, is expressed in the adult mammalian
retina [96, 43].

Gap junctions are generally abundant in retinal circuitry, with homogeneous laterally



coupled networks of single retinal cell types documented among photoreceptors, horizontal
cells, bipolar cells, amacrine cells, and ganglion cells [135, 29]. Gap junctions are also
found at heterologous electrical synapses, where they serve as feed-forward connections
from one cell type onto another. Two well-documented heterologous electrical synapses
in the retina are the AIl amacrine to On-cone bipolar cell junction critical for detection at
absolute threshold (see below), and the rod-cone coupling circuit important for extending
rod signaling into the twilight (“mesopic”) range [135, 29]. The retina thus provides
a useful model system for understanding direct electrical communication throughout the
nervous system [136]. In considering night vision, we are particularly interested in gap-
junctional coupling among rod photoreceptors, the input layer of the night circuitry.
Anatomical evidence for rod coupling has been found in a number of non-mammalian
vertebrates [34, 52, 153], as well as in rodents [130]. The anatomical evidence in primates
is less clear [132, 95, 27], with the implication that if primate rods are coupled, the cou-
pling may be weak or non-functional. Physiological studies of rod coupling have focused
almost exclusively on non-mammalian vertebrates [46, 112, 145, 154], as have modeling
efforts [72, 7, 126]. However, there is good reason to believe that coupling in mammals is
functionally distinct from other vertebrates. First, the molecular substrate for mammalian
rod coupling appears to be distinct; while salamander rods express Cx35 at their junctions
[153], in mammals the homologue, Cx36, is reported only in cones [74, 82, 35, 30] (al-
though see [37]). Second, the connectivity of the mammalian rod network appears to be
more sparse. While the salamander rod network forms an effectively continuous syncytium
of coupled cells [153], mammalian rods are connected in smaller, discrete pools [130].
Finally, as described below, the mammalian retina has evolved a specialized circuit for rod
vision, so that there is reason to expect that the effects of coupling on visual performance

may be significantly different in mammals, particularly near absolute threshold.



1.1.2 Results presented here

The first aspect of the present work is my extension to the mammalian retina of previ-
ous physiological studies of rod coupling in non-mammalian vertebrates. In the first study
(chapter 2, [62]), we used tracer injections and electrical recordings from individual pri-
mate rods to assess their coupling. Filling primate rods with the tracer neurobiotin, we
frequently observed spread of the tracer into neighboring rods, demonstrating that the cou-
pling of primate rods is more substantial than previous anatomical studies have suggested.
Although we did not measure rod gap-junctional conductance directly, we found functional
evidence for rod coupling in our electrical recordings, based on the statistical variability of
responses to dim flashes of light.

Chapter 2 also presents recordings from primate cones, providing important context for
the rod recordings. One finding is that rod signals can be recorded directly from cones,
due to rod-cone coupling, but the rod signal in a cone is small. This bears significantly
on the network modeling in chapter 3. Building further on this finding, it is shown that
although rod signals measured in cones are small, the low intrinsic noise of the cone makes
them relatively easy to detect. Although not directly relevant to visual performance at
absolute threshold, this finding is relevant for rod signaling through alternative pathways at
intermediate light levels ( [122], figure 1.1 below). Finally, the cone experiments provided
an opportunity to compare the amplitude of rod electrical signals in an individual cone
with the number of rods tracer coupled to the cone. The significant correlation found
between these two measures is an important validation of the tracer coupling technique in
the photoreceptor layer, in agreement with studies in other retinal regions [22] (but see
[21D.

In the second study presented here, chapter 3, we assessed rod coupling in the guinea

pig. Guinea pig tissue is more readily available than primate tissue, so using this system al-



lowed us to study rod coupling in more detail, including measuring coupling conductance
directly via simultaneous dual-electrode recording from neighboring rods. We also as-
sessed guinea pig coupling using tracer coupling and statistical analysis of light responses,
as in the primate work. By developing a mathematical and computational model for the
rod network, I was able to interrelate the three coupling measures from guinea pig and
found them to be consistent with the idea of discrete coupled pools [130]. Furthermore,
I compared the couping conductance measured in guinea pig rods to the tracer coupling
and statistical analysis from primate and found these measures also consistent, suggesting
that the conductance values measured in guinea pig could be a fairly general mammalian

feature.

1.2 Effect of rod coupling on psychophysical detection

The second part of my analyses was to consider the effect of rod coupling on human vi-
sual detection of light stimuli near absolute threshold. To understand how rod coupling
ultimately affects detection, we must consider the intervening layers of processing between
the rod input layer and the visual cortex, where psychophysical detection ultimately takes
place. Previous models of rod coupling have relied on data from non-mammalian verte-
brates, and have focused on effects within the coupled rod network itself [72, 7, 126].
However, the modeling I present here demonstrates that the implications of coupling for
mammalian visual detection depend not so much on effects within the rod network, but
more significantly on the interaction between rod coupling and the synaptic nonlinearities
at the rod output onto the rod bipolar cell. Indeed, considering the high degree of conver-
gence in the primary rod pathway, the predicted effects of rod coupling would be entirely
negligible were it not for these nonlinearities.

The degree of convergence in the night circuitry between the rod input layer and the



psychophysical detection stage is also an important factor in determining visual sensitivity.
We know that convergence in the rod pathways is great, with signals from on the order of
thousands of rods combining before reaching the ganglion cell layer. But unfortunately we
do not know enough about the night vision circuitry at the ganglion cell layer and beyond
to be able to estimate convergence from anatomy alone. Therefore, in my modeling of the
night circuit I rely on psychophysical data on spatial summation in visual detection tasks

to estimate convergence.

1.2.1 Mammalian night vision circuitry

The mammalian visual system is remarkable for its dynamic range and for its sensitivity.
Mammalian vision has evolved for a natural world in which it must operate effectively over
an extremely wide range of intensities, roughly 10 log units or 10 billion times difference
between the brightest and dimmest possible working conditions [122]. This dynamic range
is achieved in part by dividing duties between two major photoreceptor populations: cone
photoreceptors for daytime use and rods for night. In considering mammalian night vision
(“scotopic” vision), we are primarily concerned with the rod system, which is particularly
tuned for extreme sensitivity under the dimmest conditions.

The fact that rods can respond reliably to absorption of a single photon, the smallest
indivisible quantum of electromagnetic energy, was first deduced over 60 years ago, based
purely on observations of human behavioral performance (i.e. psychophysics) [58]. Even-
tually, this proposition was confirmed through physiological recordings, first in invertebrate
ommatidia [50, 23], and later in vertebrate retinas [46, 13], including in the primate [14].
In the meantime, it was also reported that rod absorption of a single photon (a “photoi-
somerization”, commonly denoted R*) could reliably induce ganglion cells at the output

layer of the retina to send 2—-3 extra nerve impulses to the brain [12]. These studies clearly



demonstrate that the retina’s night circuitry can operate effectively all the way up to the
biophysical limits of performance; detection at absolute threshold is ultimately limited by
the quantal nature of the light stimulus.

In a discussion of what it means to “understand” the retina, Sterling points out that
where physiological performance approaches “ideal” performance calculated from physi-
cal limits we have a unique opportunity to understand the requirements and compromises
that dictated the evolution of the physiological system [122]. The rod system at abso-
lute threshold is a prime example. While understanding the constraints on natural daytime
vision is an important goal, it requires controlling for myriad considerations such as selec-
tive attention, adaptational state, psychological influences on chromatic percepts, etc.. By
focusing on detection at absolute threshold, we can reduce the problem of vision to pure
physical constraints on retinal circuitry.

Rod signals pass through numerous consecutive layers of processing, via several par-
allel pathways, before reaching the ganglion cell output layer of the retina. Mammals,
in particular, have evolved a special pathway to enhance night sensitivity [122]. In non-
mammalian vertebrates, both rods and cones synapse onto a largely shared population of
retinal bipolar cells. In mammals, in contrast, rods synapse onto a specialized rod bipolar
cell, which then synapses onto a specialized AIl amacrine cell. Although the mammalian
outer retina is believed to employ two additional parallel rod circuits (fig. 1.1), I will focus
on the primary pathway via rod bipolar and AIl amacrine cells because it underlies highest
sensitivity vision [143, 122].

The primary rod pathway is highly convergent, with signals from 10-20 rods converging
onto each rod bipolar cell, hundreds of rods converging onto AIl amacrines, and numbers
into the thousands of rods converging onto the ganglion cell layer [123]. Considering this
convergence (as well as the substantial gap-junctional coupling among Alls themselves

[125, 20]) it would seem that for detection at absolute threshold, rod coupling is somewhat
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Figure 1.1: Rod pathways of mammalian outer retina

The mammalian outer retina features three putative rod signaling pathways [122]. All three even-
tually recombine with cone pathways, thus co-opting cone circuitry. The classic, high sensitivity
rod pathway (blue background) relies on the specialized rod bipolar cell (RBC), which synapses
onto the AIl amacrine. The AIl amacrine then signals on to both On- and Off-retinal ganglion cells
(GCs) via electrical (red dot) and inhibitory chemical (blue circle) synapses at the axon terminals of
cone bipolar cells (CBCs). Alls also appear to contact some GCs directly, particularly the Off-GCs
[85]. A second well-documented pathway (red background) relies on direct electrical coupling (red
dot) between rod terminals and cone pedicles ( [108, 40, 62], chapter 2). Finally, a third recently re-
ported [118, 130] putative pathway relies on direct rod synapses onto a subset of Off-CBCs (green
background). Even more recently, tentative evidence has emerged suggesting that rods may also
directly contact On-CBCs (green background with diagonal hatching) [129]. Of these three, the
classic RBC pathway is the most sensitive [143, 122]. Direct synapses from rods onto CBCs have
so far only been found in rodents, while the other two pathways are well-established in primate and
other mammals such as rabbit and cat.



superfluous; if the converging signals from rods were summed linearly, signal spreading
between neighboring coupled rods at the input layer would be obviated by downstream
signal mixing. However, rod signals in the primary rod pathway are not summed linearly;
the output synapse from rods onto rod bipolar cells features two important nonlinearities.

The first is a cutoff nonlinearity that selectively passes larger signals while attenuating
smaller ones [48]. Through convergence, optimal filtering, and selective amplification of
rod signals, the human visual system reaches an absolute sensitivity for detection of around
1 photoisomerization per 1000 rods [113]. At 0.001 R* / rod, this performance is 1000
times better than the absolute physical limit of 1 R* required for detection in an individual
rod. A fundamental problem is understanding how this system can reliably transmit its
very sparse photon signals. Rods are intrinsically noisy, and although the amplitude of a
rod photoresponse to 1 R* is several times larger than typical rod noise, with only 0.001 R*
/ rod at psychophysical threshold, the vast majority of the rods in the detection pool do not
absorb a photon. If the output of all the rods in the detection pool were summed linearly,
the noise would completely wash out the sparse signal [14]. The cutoff nonlinearity at the
rod output synapse is the mammalian retina’s solution to this problem [14, 134]. Using
this nonlinearity, the rod selectively passes larger amplitude photoresponses while rejecting
the lower amplitude intrinsic rod noise, thus preventing the convergence of noisy detectors
from washing out the sparse signal. However, this specialization seems at odds with the
effects of rod coupling. By spreading signals among neighboring rods before the rod output
synapse can filter out intrinsic noise, rod coupling in effect short circuits the noise filtering
of the cutoff nonlinearity. Thus we would expect coupling to confer some disadvantage to
detection at absolute threshold.

The second important nonlinearity at the rod output synapse is saturation. Because
rods performing at absolute threshold must make the largest possible signal in response to

the very sparse R* delivered to the detection pool, the rod output synapse saturates with



absorption of only 1-2 photons [16]. Thus, although the rod is capable of graded signaling
up to about 100 R*, its output when adapted for absolute threshold is truncated at only 1-2
R*. This effect leads to one possible advantage of rod coupling in the detection of small,
concentrated spots of light: the ability to spread larger photoresponses into neighboring

rods and thus circumvent output saturation [5].

1.2.2 Ganglion cell pathways

Downstream of the AIl amacrine cell, details of the night circuitry are not well understood.
Alls appear to directly contact some ganglion cells, particularly via inhibitory synapses
onto Off-ganglion cells [85]. Alls can also signal to ganglion cells indirectly via synapses
onto the axon terminals of On- and Off-cone bipolar cells, which then synapse onto their
respective ganglion cell types. However, neither the direct nor the indirect pathways have
been worked out sufficiently to clarify the specific subset of cone bipolar cells or reti-
nal ganglion cells involved in night vision. There is currently only limited anatomical
[81, 83, 56, 65] and physiological [139] data on contacts between Alls and specific cone
bipolar cell types. Ganglion cell studies have focused almost exclusively on the midget
and parasol ganglion cell classes, the most numerous ganglion cell populations in primate
retina. Anatomical [56], physiological [73], and psychophysical [75, 84] evidence sug-
gests that rods do input to midget cells, while physiological recordings [73] suggest greater
rod input to parasols. However, the physiological evidence is confusing; within a specific
morphological class of ganglion cells, only a fraction of the cells appear to receive rod
input, suggesting possible additional subtleties in ganglion cell classification beyond the
morphological categories. In any case, to understand the role of ganglion cell pathways in
night vision it is probably inadequate to consider only midget and parasol cells.

Retinal ganglion cells come in many types, allowing for parallel streams of processed
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visual information in the retinal output. In mammals, about 20 morphologically distinct
ganglion cell types are recognized (21 to date in cat, for example [67], and 17 in primate
[47]). The most studied primate ganglion cell types are the midget and parasol cells (both
On and Off subtypes), primarily because they are the most numerous. The midget and
parasol cells are also known to project to the primary visual areas of the brain (the lateral
geniculate thalamus and visual cortex), rather than to more accessory areas. However, many
of the less well characterized ganglion cell types are now also known to project to the lateral
geniculate, particularly its magnocellular and koniocellular layers [59, 47]. Furthermore, it
is important to recognize that although midget cells dominate macaque and human retinas,
they are only a recent adaptation.

The midget system arose recently within the primate lineage as a parallel pathway spe-
cialized for high acuity vision, particularly cone-driven daytime vision in the fovea. The
comparative anatomical evidence suggests that this system augments the primate retina,
without substantially displacing preexisting ganglion cell pathways [80]. The development
of the midget system was accompanied by a huge increase in the total number of ganglion
cells: roughly 1,500,000 in macaque compared to 400,000 in rabbit. Of the 1,500,000
macaque ganglion cells, roughly 70% are midgets. Thus the total number of non-midget
cells is actually little different between macaque and rabbit. Furthermore, the diversity of
bipolar and amacrine cell types is largely conserved between macaques and other mam-
mals [80]. The implication is that despite the major evolutionary shift towards high acuity
daytime vision in macaque and human retinas, the preexisting low acuity, high sensitivity
night vision pathways inherited from our nocturnal mammalian ancestors rely on conserved
non-midget populations. Thus non-midget cells are likely more relevant to understanding
vision at absolute threshold, even though some of these cell types may comprise less than

1% of the total human or macaque ganglion cell complement.
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1.2.3 Psychophysics of rod vision

Despite the uncertainty as to the specific circuitry of the ganglion cell layer, having some
estimate of the convergence of the highest sensitivity rod pathways in humans is useful
for modeling psychophysical detection. To estimate convergence, I therefore rely on psy-
chophysical evidence for areas of “complete spatial summation” in detection at absolute
threshold [155]. The classic statement of the spatial summation effect is “Ricco’s Law”
[98]: for spot stimuli up to some critical diameter, the threshold for visual detection is inde-
pendent of the area of the stimulus, and depends only on the number of photons delivered
within that area. This suggests that, up to the critical diameter, all the rods in the stimu-
lus area are converging to the same psychophysical detection unit and contribute equally
to detection. The corollary is that rods outside the critical area must converge to different
detection units, so that photons delivered outside the critical diameter do not contribute
equally to detection, and for stimuli larger than the critical diameter the threshold number
of photons required for detection increases with spot size.

Although it is generally recognized that Ricco’s Law is a simplified, approximate model
of actual visual detection [53], it still provides a useful empirical estimate of rod conver-
gence to the psychophysical detection stage for absolute threshold. Interestingly, the crit-
ical diameter for spatial summation does vary gradually with retinal eccentricity [155],
but does not follow reported variations in human ganglion cell densities [31] or the conse-
quent expected variation in ganglion cell receptive field sizes. In general, psychophysical
critical area ranges from about 1 to 2 degrees diameter [155], while midget receptive field
sizes are roughly 100 times smaller, and parasols 10 times smaller. This suggests that ei-
ther detection at absolute threshold relies on a ganglion cell class that is sparser and has
larger receptive fields than parasols, or else ganglion cell outputs must further converge

downstream prior to the detection stage.
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Using the critical area of about 1 degree diameter as an estimate of rod convergence
at 10 degrees eccentricity [155], this corresponds to a critical diameter of about 300 um

[147], or a critical area of about 0.07 mm?>

. Given reported human rod densities at this
eccentricity [32], this corresponds to about 10* rods converging to the detection stage. As
described above, absolute human psychophysical threshold is about 10 R* for brief flashes

[113], so in my modeling I use a value of 10 R* delivered to a detection pool of 10* rods,

or 0.001 R* / rod, as a baseline estimate of threshold intensity.

1.2.4 Results presented here

Chapters 2 and 3 both include modeling of the effect of rod coupling on psychophysical
detection. In chapter 2, I introduce a model of visual detection that specifically accounts
for the interaction between rod coupling and the nonlinearities at the rod output synapse.
Since we did not measure macaque rod coupling conductance directly, I use a simplified
coupling model, finding as predicted above that coupling is actually detrimental to visual
performance due to its mixing of signals among neighboring rods before the output synapse
can filter out intrinsic noise. This suggests that there must be some other purpose for
rod coupling that outweighs the negative effects for detection at absolute threshold. One
possibility explored, as discussed above, is that coupling enhances detection of small spots.

The guinea pig study, chapter 3, provides direct measurements of rod coupling conduc-
tance, and a network model indicating that this conductance is applicable to the primate
case as well. Therefore, I extend the visual detection model from chapter 2, now using
the network model to compute the spread of phototransduction currents through the cou-
pled network. With this more accurate model, the performance of the coupled network
is revealed to be significantly improved for all conditions; detriments to detection of full-

field stimuli are much reduced, while the benefit for detection of small spots is enhanced,
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strengthening the argument that this trade-off could be part of the functional purpose of rod

coupling.
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Chapter 2

Gap-junctional coupling and absolute
sensitivity of photoreceptors in macaque
retina

2.1 Abstract

We investigated gap-junctional coupling of rods and cones in macaque retina. Cone volt-
age responses evoked by light absorption in neighboring rods were briefer and smaller than
responses recorded in the rods themselves. Rod detection thresholds, calculated from noise
and response amplitude histograms, closely matched the threshold for an ideal detector
limited by quantal fluctuations in the stimulus. Surprisingly, cone thresholds were only
approximately two times higher. Amplitude fluctuations in cones could be explained by a
Poisson distribution of photoisomerizations within a pool of seven or more coupled rods.
Neurobiotin coupling between rods and cones was consistent with our electrical recordings,
with approximately six rods labeled per injected cone. The spatial distribution of tracer
coupled rods matched the light-evoked cone receptive field. The gap junction inhibitor car-
benoxolone abolished both electrical and tracer coupling. Amplitude fluctuations in most
rods were accounted for by the expected rate of light absorption in their outer segments.
The fluctuations in some rods, however, were consistent with a summation pool of up to six

rods. When single rods were injected with Neurobiotin, up to 10 rods were labeled. Rod-
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rod and rod-cone electrical coupling is expected to extend the range of scotopic vision by
circumventing saturation at the rod to rod-bipolar cell synapse; however, because coupling
also renders the rod synapse less effective at separating out photon signals from dark noise,

coupling is expected to elevate the absolute threshold of dark-adapted observers.

2.2 Introduction

The light-evoked signals of rod photoreceptors in mammalian retina are transmitted via
chemical synapses to bipolar cells and via gap junctions to cone photoreceptors [86, 108,
19, 130]. Gap junctions have been observed at the tips of telodendria projecting from cone
synaptic terminals to both rod and cone synaptic terminals [95, 128]. In rodent but not
primate retina, gap junctions have also been observed between rods [130]. A portion of the
light response in a cone can be attributed to photon absorption in coupled rods, as evidenced
by its temporal, spectral, and adaptational properties [108, 109]. The importance of rod-
cone coupling for vision remains uncertain. Human psychophysical studies suggest that
rod signals are processed by two distinct neural pathways [28, 114, 124]. The slower more
sensitive pathway was postulated to involve the transmission of rod signals to rod-bipolar
cells, and the faster less sensitive pathway was postulated to involve transmission of rod
signals through coupled cones to cone-bipolar cells. One goal of this study was to compare
in rods and cones the noise, kinetics, and sensitivity of rod photon signals. We found that
rod signals are high-pass filtered in cones and that rod and cone detection thresholds are
surprisingly similar.

Photon signals in primate rods stand out clearly above the electrical noise in the dark;
when “optimally filtered,” the peak amplitude of the response to a single photoisomeriza-
tion is approximately five times larger than the standard deviation (s.d.) of the dark noise

[14, 110]. The human visual system, however, integrates signals across a pool of ~10%
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rods [54]. With linear summation, the size of a single photon response relative to the
pooled dark noise is expected to be 100 times smaller than the signal-to-noise ratio of a
single rod. Thus it is remarkable that human observers can detect stimuli evoking only
10 photoisomerizations [113]; the signal-to-noise ratio for this stimulus would be only
~0.5. Considering the problem of rod summation, Baylor et al. [14] proposed that the rod
synapse filters out low-amplitude dark fluctuations and preferentially transmits the larger
photon responses. The existence of such a nonlinear filter at the synapse between rods and
rod-bipolar cells has been confirmed by electrical recordings in mouse retina [48, 103].
We were surprised, therefore, to discover that macaque rods are electrically coupled to
one another by gap junctions; coupling will render synaptic thresholding less effective at
separating out signals from noise. We used computer simulation to explore the effects of

gap-junctional coupling on visual detection in human observers.

2.3 Methods

2.3.1 Retinal preparation

Membrane voltage was recorded from rod and cone photoreceptors from 11 cynomolgus
monkeys (Macaca fascicularis) and 4 rhesus monkeys (Macaca mulatta). No differences
were found in the physiology of the two species. Monkeys were housed and cared for ac-
cording to guidelines established by the National Institutes of Health. All procedures were
approved by the University of California San Francisco Committee on Animal Research,
which has approved assurance from the Office of Protection from Research Risks at the
National Institutes of Health.

Enucleation was performed under general anesthesia. The eye was hemisected just an-

terior to the ora serrata. The vitreous was removed, and the eyecup was placed within
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a light-tight container in 36 °C bicarbonate-buffered Ames solution (Sigma, St. Louis,
MO) equilibrated with 95% 0,/5% CO,. The retina was dark adapted for a minimum of
1 hour. All subsequent procedures were performed under infrared illumination with the
aid of infrared image converters. A 4x4 mm piece of retina was isolated and placed pho-
toreceptor side up in the recording chamber. Photoreceptors were visualized with infrared
Nomarski optics through an upright microscope and a 40x water immersion objective.
To give recording electrodes clean access to photoreceptor plasma membranes, the retina
was incubated for 3—15 minutes in Ames solution containing the following enzymes (in
U/ml): 80 collagenase, 300 hyaluronidase, 500 deoxyribonuclease, and 0.2 chondroitin
ABC lyase. The enzymes collagenase CLSPA, hyaluronidase HSEP, and deoxyribonucle-
ase I DPFF were obtained from Worthington Biochemical (Lakewood, NJ). Chondroitin
ABC lyase 190334 was obtained from ICN Biochemicals (Aurora, OH). After enzyme
treatment, the retina was superfused with bicarbonate-buffered Ames medium. The bath

temperature was maintained at 36 °C (Cell Micro Controls, Norfolk, VA).

2.3.2 Electrical recording and light stimulation

Membrane potentials of rods and cones were measured with the whole-cell perforated-
patch method [61, 108] at retinal eccentricities of 1 cm from the fovea. The electrode
solution contained (in mM): 130 K-gluconate, 10 KCI, 4 MgCl,, 10 HEPES, 3 ATP-Na,, 1
GTP-Naj3, and 0.12 amphotericin B, and was titrated to pH 7.25 with KOH. The chemicals
were obtained from Sigma.

The electrical signals were recorded with an Axopatch 2D amplifier (Molecular De-
vices, Union City, CA). Signals were low-pass filtered by the Axopatch four-pole Bessel
analog filter with a cutoff frequency of 2 kHz and by an eight-pole Bessel analog filter

(Frequency Devices, Haverhill, MA) with a cutoff frequency of 250 Hz. Additional digital
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filtering of signals shown in the figures is indicated in the figure legends. Phase shifts result-
ing from the filtering were corrected. Membrane voltage was corrected for the electrode
junction potential. Data acquisition, analysis, and stimulus presentation were performed
with a Macintosh G4 computer, an ITC-18 interface (Instrutech, Port Washington, NY),
and the program Igor Pro Carbon 4.0 (Wavemetrics, Lake Oswego, OR). Signals were dig-
itized at 2 or 5 kHz.

Photoreceptors were stimulated with unpolarized light incident perpendicular to the
retinal surface. Unless indicated otherwise, light flashes were 500 nm and 10 ms in du-
ration. Light intensity was calibrated before each experiment with a radiometer (model
350; UDT Instruments, Baltimore, MD). The expected number of photoisomerizations
(R*) evoked per rod was estimated from the product of the measured photon density (7)
and an assumed collecting area of photon capture (A¢) of 1.0 um? [108].

Cones were distinguished from rods by their faster light responses (see fig. 2.1) and
larger cell bodies as visualized with Nomarski optics (see figs. 2.7-2.9). Photoreceptor
types were further distinguished by their relative sensitivities to flashes of 500 and 660 nm

light [14, 15].

2.3.3 Data analysis

The amplitude and kinetics of rod photon signals in rods and cones were determined from
the ensemble mean response to 50 or more flashes in the linear range. Results were av-
eraged across cells by scaling the ensemble mean responses of individual cells to a nor-
malized peak amplitude and peak time and then averaging across the population of rods
or cones. The population average was then rescaled to reflect the average peak amplitude
and peak time. The amplitude distributions of the temporal frequency components of the

photon responses were characterized from the fast Fourier transform of rod and cone pop-
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ulation averages.

A matched filtering method was used to determine the distribution of response ampli-
tudes to dim flashes [13]. In brief, responses to 50-150 flashes of a fixed intensity were
recorded, and the ensemble mean response was calculated. The ensemble mean was fit
with the impulse response of a third-order low-pass filter to create a response template. The
peak amplitude of an individual response r was taken as the peak amplitude of the response
template, scaled to minimize the squared differences between the individual response and
the template. Response linearity and stability were verified by interleaving flashes of two
intensities in blocks of ~50 responses.

For a given flash photon density i, two amplitude histograms were constructed: a signal
histogram pg (r) obtained from flash-evoked responses, and a dark noise histogram py (r)
obtained from recordings in intervening dark periods. The fit to the mean flash response
was used as the scaling template for both the flash-evoked and dark histograms. The dark
histograms were fit to Gaussian distributions with s.d. ©p. The signal histograms were
fit to a theoretical function fg(r), which assumed that the number of photoisomerizations
was Poisson distributed within an electrical coupling pool of N rods and that the response
amplitudes were dispersed by baseline dark noise and variability in the size of the single

photon response. The equation, modified from Baylor et al. [13] is as follows:
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where a is the average peak amplitude of a single photon response, oy is the s.d. of the
dark noise, and o7 is the s.d. in the peak amplitude of a single photon response. The value
for op was taken from the fit of py (r) to a Gaussian distribution. For the rod histograms,
o1 was adjusted to minimize the squared differences between the measured and theoretical

functions. For cone histograms, o7 was fixed to 0 because empirically 67 < 6p. On the
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assumption that the ensemble variance is dominated by variability in the number of pho-
toisomerizations, the values of @ and N were determined from the peak amplitudes g and
G]% of the light-evoked ensemble mean and variance, respectively, from a = 61% /ug and
N = H}% / (Acicg) [108]. These calculations make the simplifying assumption that electri-
cal coupling is “perfect,” i.e., photon responses are equivalent in all coupled rods. To the
extent that a varies within the coupling pool, the value of N can be viewed as the effective
pool size, and a can be viewed as the equivalent photon response amplitude.

The probability P that the amplitude of the response to a flash exceeded the amplitude

measured in the dark was calculated as follows:

o0

r
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Detection threshold, defined as the value of i where P = 0.73, was calculated by linear

interpolation from the measured values of Pr close to 0.73.

2.3.4 Network modeling

Rod amplitude histograms were used to model the effects of rod-rod coupling on the ab-
solute sensitivity of dark-adapted human observers. The signal and noise amplitude distri-
butions of coupled and uncoupled rods were simulated from equation 2.1 at varying flash
strengths (R*/ rod = iA¢) and pool sizes (N). Assuming perfect coupling, we took the con-
stants in equation 2.1 to be as follows: a=1/N mV, 6o =0.4/v/N mV, and 61 = 0.4/N mV.
The effects of spontaneous photopigment isomerizations were included, with an assumed
rate of 0.0063 R* /rod /s [14]. We assumed that spontaneous isomerizations occurring
within the rod integration time (400 ms) were indistinguishable from flash-evoked isomer-
izations. The integration time was obtained from the time integral of the normalized flash

response. Given that the rod synapse preferentially transmits photon signals while selec-
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tively filtering out the lower amplitude dark noise [48], the dark and light histograms were
modified by a nonlinear operation like that described in mouse rod synapses (Field and
Rieke [48], their eq. 1).

The rod to rod-bipolar cell synapse saturates with stimuli evoking more than ~1 R*
/ rod [102, 16]. Saturation is insignificant, however, for dark-adapted thresholds when
retinal illumination is uniform, because the probability of two or more R* occurring in one
rod at the threshold intensity is very small. For spatially restricted stimuli, however, the
photon density of the threshold stimulus increases with decreasing stimulus diameter, so
saturation needed to be included. To account for saturation, response amplitudes > 2 mV
were set to 2 mV.

We assumed that after these nonlinearities, signals were summed linearly across 104
rods [54]. The pooled histograms of the 10* rod detection pool were derived as sums of
Monte-Carlo-simulated data generated from single rod histograms by the transformation
method [93]. Equation 2.2 was used to calculate Pc of the pool. For comparison with a
human psychophysical two-alternative forced-choice task with a criterion of 73% correct
[113], we calculated the total number of flash-evoked R* within the detection pool required

to achieve a Po of 0.73.

2.3.5 Tracer coupling

The tracer coupling of rods and cones in macaque retina was examined by including Neu-
robiotin (Vector Laboratories, Burlingame, CA) and Lucifer yellow (Sigma) in the patch
electrode. Lucifer yellow, which does not diffuse across photoreceptor gap junctions [63],
was used to identify the recorded cell. The patch solution contained (in mM): 127 K-
gluconate, 4 MgCl,, 10 HEPES, 3 ATP-Naj, 1 GTP-Naj3, 12.4 Neurobiotin chloride, and

0.58 Lucifer yellow dipotassium. Solutions were titrated to pH 7.25 with KOH. The tracer
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was loaded into photoreceptors by recording from cells in whole-cell mode for ~5-10 min-
utes. Whole-cell recording allowed the tracer to diffuse readily from the electrode solution
into a photoreceptor, but it did not support the maintenance of normal cell function much
beyond 10 min. This duration was sufficient to allow us to determine the spectral type of
the tracer-injected cell, the magnitude of rod input in cones, and the receptive field shape.
Determination of the detection threshold and coupling pool size N required longer record-
ing times; consequently, these values were obtained with the perforated-patch method in a
population of cells separate from those labeled by tracer injection.

Twenty minutes to 1.5 hours after tracer loading, the retina was placed in 4% paraformalde-
hyde in sodium phosphate buffer (0.1 M) for 0.5-2 hours. The retina was then rinsed
in phosphate buffer and incubated overnight in a 1:200 dilution of streptavidin/cyanine 3
(Jackson ImmunoResearch, West Grove, PA) and 0.3% Triton X-100 in phosphate buffer.
Finally, the retina was rinsed in phosphate buffer and coverslipped with Vectashield (Vec-
tor Laboratories). Cells were imaged with an LSM 5 Pascal confocal microscope (Zeiss,
Oberkochen, Germany) or an RT Spot camera (Diagnostic Instruments, Sterling Heights,
MI) mounted on a Zeiss Axioskop microscope. Serial reconstructions of rods and cones
were made from z-stacks of confocal images with the isosurface routine in MatLab 6.5
(MathWorks, Natick, MA). Neurobiotin was also injected into rods from a single squirrel
monkey, Saimiri sciureus. The resulting pattern of tracer coupling was indistinguishable

from that found with macaque rod injections.
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2.4 Results

2.4.1 Rod photoresponses in cones

Rod and cone voltage responses were measured as a function of flash intensity (fig. 2.1A-2.1B).
The cone photovoltage is composed of two kinetically distinct components: a fast compo-
nent with peak amplitudes that can exceed 25 mV and a slow component with peak am-
plitudes of up to 6 mV, but more typically 1-2 mV (fig. 2.1B). The fast component arises
primarily from phototransduction in cone outer segments [108, 109]. The slow component
arises from phototransduction in rods that are coupled to the cone through gap junctions
[108, 109] and is the subject of this study. Rod signals were evident in 90% of the red and
green cones recorded (n = 144), with no observed differences between the two cone types.
Rod input was not seen in the two recorded blue cones.

The rod component of the cone response was smaller in amplitude but kinetically sim-
ilar to the photovoltages recorded directly in rods. To compare rod and cone responses in
detail, we recorded photovoltages in response to flashes of 500 nm light that evoked on
average between 0.25 and 2.0 R* / rod. At these low light levels, the contribution of cone
phototransduction to the cone photovoltage is negligible [109]. In part, the trial-to-trial
variability in response amplitude reflects fluctuations in the number of photons absorbed
[13, 108]. Response variability was smaller in cones than in rods (fig. 2.1C-2.1D), pre-
sumably because cones averaged signals within the pool of coupled rods and because the
voltage evoked by a rod photoisomerization was smaller in cones than in rods.

In a population of 13 cones and 7 rods from 10 animals, the peak amplitude of the rod
photon response recorded in cones was approximately eight times smaller than the response
recorded directly in rods: 0.11 + 0.10 mV rod / R* (mean =+ s.d.) in cones and 0.86 4 0.35
mV rod / R* in rods (fig. 2.2A). Differences in response amplitude were accompanied by a

twofold difference in the time to the peak of the response: 112 + 25 ms in cones and 215 +
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Figure 2.1: Rod signals measured in cones and rods
A, B: Photovoltage responses in a rod (A) or cone (B) to flashes of increasing flash strength ranging
from 0.3 to 803 photons / um? in A and 2.0 to 3874 photons / um? in B. Traces are averages of
one to four responses. A, Bandwidth, DC-20 Hz. B, Bandwidth, DC-50 Hz. C, D: Response
fluctuations to dim flashes in a rod (C) or cone (D). The smooth curves through the noisy measured
responses are the scaled response templates from matched filtering. Flash photon densities are 1.0
photon / um? (C) and 2.0 photons / um? (D); bandwidth, DC—5 Hz.
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Figure 2.2: High-pass filtering of rod signals in cones
A: Dim flash responses averaged across 7 rods (dashed trace) and 13 cones (solid trace) and nor-
malized by photoisomerizations per rod. See methods for averaging procedure. Bandwidth, DC—10
Hz. B: Same responses as in A on an expanded time scale, with cone response rescaled to match
rod response peak. C: Amplitude density of the Fourier components of the flash responses in A.

31 msinrods (fig. 2.2B). The smaller and faster cone responses indicate high-pass filtering
within the rod-cone coupling network. To characterize these filtering properties, the tem-
poral frequency components of the responses were calculated from the Fourier transform
of the averages (fig. 2.2C). At the lowest temporal frequencies, the cone response was at-
tenuated by a factor of ~10 compared with the rod response, whereas at higher frequencies
the rod and cone functions converged. Highpass filtering has been described previously for
electrically coupled rods in salamander, turtle, and frog retinas [39, 6, 127], where it was

attributed to voltage-dependent conductances.

2.4.2 Response variation

If responses to single photons were all stereotypic in shape, then the waveform of the
ensemble variance would be proportional to the square of the waveform of the ensemble
mean. Instead, for both rods and cones, the variance was somewhat longer lasting than the
squared mean (fig. 2.3). These differences in waveform might reflect trial-to-trial variation
in the duration of light-activated rhodopsin in individual rod outer segments [108, 99, 146].

Alternatively, light responses generated by photon absorption in rods that are distant from
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Figure 2.3: Response fluctuations in dim light
Ensemble variance (solid line) and square of ensemble mean (dashed line) recorded in a rod (A)
and cone (B) from 100-147 flashes. Flashes = 0.5 photons / pum? (A) and 2.0 photons / um? (B).
Bandwidth, DC-5 Hz.

the recorded cell could have kinetics that are different from those generated in the impaled
rod [39]. The positional dependence of the response waveform was not evaluated in this
study.

Assuming that the number of photoisomerizations evoked by a flash of fixed intensity
is Poisson distributed, the peak amplitude a of the average single photon response can be
estimated from G]% /UE, the ratio of the peak amplitudes of the ensemble variance and mean.
In 9 of 13 cones, the light-evoked variance was too small to resolve. For the remaining four
cones in which the variance was large enough to measure, a was 0.051 4+ 0.022 mV. In the
same population of four cones, the effective number of rods coupled to a cone, calculated
from N = ué / (Acio]%), was 2.2 + 1.1. Because we were constrained to analyze cones

with variances that were atypically large, these estimates are biased toward large values of
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a and small values of V.

2.4.3 Electrical coupling between rods

The value of a calculated in 10 rods was 0.64 £ 0.48 mV. In eight of these rods, N was
close to 1 (1.4 £ 0.9; mean =+ s.d.), as would be expected for rods that are uncoupled
from neighboring rods [108, 130]. Unexpectedly, however, N was considerably larger
for two rods: 5.2 and 5.9. The estimate of N was independent of stimulus intensity. As
expected for a Poisson process, both the mean and variance increased linearly with flash
strength (fig. 2.4); however, the relative slopes of these two functions were inconsistent
with photon capture in a single rod outer segment. For an uncoupled rod, the slope of
the variance function (G% /Aci) should be equal to the square of the slope of the mean
function (g /Aci)®. Instead, for the cell in figure 2.4, (62 /Aci) was 5.2 times smaller
than (ug /Ac i)z, consistent with responses generated by the summation of signals in a pool
of approximately five rods.

The calculation of N depends critically on estimates of the photon capture rate and
hence on the assumed value of A¢ (1.0 /.Lmz). As an alternative to rod-rod coupling, the
unusual intensity dependence of these rods could be explained by an atypically large col-
lecting area. If that were the case, however, flash sensitivity (Sg) would also be five times
larger, and the incident photon density that evoked a half-maximal response (i1/,) would be
five times smaller. Instead, the mean values from these two rods (S = 1.2 mV photon_1
um?; i, /» = 23 photons / um?) were close to average values of the five rods in which N
was estimated to be < 2 (Sp = 0.83 mV photon™! pum?; i1, = 19 photons um=2). Al-
though we cannot rule out the possibility that some rods have both larger collecting areas
and correspondingly smaller photon responses, the simplest explanation of the results, also

consistent with tracer coupling experiments described below (in rod-rod tracer coupling),
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Figure 2.4: Evidence of rod-rod signal coupling

A: Average rod response at three flash strengths. Bandwidth, DC—5 Hz; 142-147 responses per
average. B: Circles plot peak amplitude of mean responses in A as a function of flash strength. The
line is the least squares fit of the data points to a line intersecting the origin (slope, 1.17 mV per R*
/ rod). C: Ensemble variance of the same responses as in A. D: Circles plot peak amplitude of the
variance in C as a function of flash strength. The solid line is the best linear fit through the origin
(slope, 0.265 mV? per R* / rod). Dashed line indicates the expected function of an uncoupled rod.
From the slopes in B and D, a = 0.23 mV and N = 5.2 rods.
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is that some rods are coupled by gap junctions to other rods.

2.4.4 Detection threshold

Reliable detection of dim light is limited both by variations in the number of photons ab-
sorbed and by neural noise [36, 104, 10, 11]. Detection limitations in 10 rods and 16 cones
were evaluated from dark and flash-evoked amplitude histograms. The cone responses
evoked by the dim 500 nm flashes were generated by their rod inputs. Response ampli-
tudes were measured by using a matched-filter technique (see methods), on the basis of
the idea that photoreceptor outputs are “optimally” filtered by the visual system to extract
photon signals from the underlying noise [13, 106, 17]. The histograms measured in the
dark were well fit by Gaussian distributions with s.d. of 0.46 + 0.14 mV (rods) (fig. 2.5A)
and 0.14 4+ 0.08 mV (cones) (fig. 2.5B). The larger dark noise in rods is caused in part by
the larger input impedance of rods (1.2 GQ) as compared with cones (0.1 GQ).

In some rods, the flash-evoked histograms were multimodal [108], reflecting the quan-
tal nature of photon absorption of uncoupled rods [13]; however, in other rods and all
cones (fig. 2.5C-2.5D), multiple peaks in the flash histograms were not evident. These
histograms could be accounted for by a Poisson distribution of photoisomerizations in a
pool of coupled rods (equation 2.1).

The noise and signal histograms were used to calculate the fraction of trials in which the
amplitude of the response to a flash exceeded the amplitude in the dark (equation 2.2). This
fraction Pc is equivalent to the probability of making a correct choice in a two alternative
forced-choice psychophysical detection paradigm [55]. For a given cell, P¢ increased with
increasing flash strength in a manner expected from the Poisson distribution of response
amplitudes (equations 2.1-2.2). Detection threshold was defined as the flash strength (in

R* / rod) at which Pc = 0.73. Surprisingly, despite the eightfold difference in rod and
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Figure 2.5: Probability density distribution of response amplitudes

Dark noise histograms py (A, B) and signal histograms pg (C, D), obtained from matched filtering,
are plotted by the bars. Number of trials = 675-805 (A, B) and 143-149 (C, D). Flash strength = 1.0
photons / um?. Smooth curves drawn through noise histograms are Gaussian distributions with s.d.
op =0.43 mV (A) and 0.12 mV (B). Smooth curves through signal histograms are from equation
2.1, with the constants in C and D, respectively: i = 1.0, 1.0 photons / pm?; a = 0.23, 0.049 mV;
N =5.2,3.1rods; op =0.43,0.12 mV; and 61 = 0.03, 0 mV. Pc = 0.95 (A, C), and Pc = 0.82 (B,
D).
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cone flash sensitivities, the distribution of rod and cone thresholds largely overlapped (fig.
2.6A). The average thresholds in 10 rods (0.62 4= 0.25 R* / rod) and 16 cones (1.36 + 0.69
R* /rod) differed by only a factor of ~2.

The detection limitation imposed on cones by their lower flash sensitivity was partially
offset both by lower cone dark noise and by signal averaging across multiple rods. The
expected threshold at a criterion of Pc = 0.73 for an ideal noiseless detector (limited only by
the Poisson statistics of light) is —[In(0.54)] N “IR*/rod. A comparison of the estimated
values of threshold and N are roughly consistent with this relationship (fig. 2.6B). That
most of the points lie above the ideal line is expected from the added variability associated

with the phototransduction noise and dark noise of “nonideal” photoreceptors.

2.4.5 Rod-cone tracer coupling

Tracer-coupling between rods and cones was assessed by injecting single cones with Neu-
robiotin. Neurobiotin was detected in the injected cone as well as in neighboring rods and
cones (fig. 2.7A, 2.7D). Of the 33 cone injections, 3 cones were found to be tracer coupled
to both rods and cones, 18 to rods only, and 2 to cones only; 10 were uncoupled. The num-
ber of labeled rods per injected cone varied from O to 28, with a mean of 5.7 + 6.7. The
size of the maximal rod response in an injected cone correlated with the number of rods
to which the cone was tracer coupled, with a Spearman rank-order correlation coefficient
[152] of 0.59 £ 0.20 (p < 0.0015 by permutation test; n = 28).

To test whether the spread of Neurobiotin into neighboring photoreceptors was me-
diated by gap junctions, cones were injected with Neurobiotin in the presence of the gap
junction inhibitor carbenoxolone (100 M). Under these conditions, only the recorded cone
was labeled (fig. 2.7B) (n = 4). Carbenoxolone also abolished the rod component of the

cone light response (fig. 2.7C) (n = 4). The abolition of the rod component further supports
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Figure 2.6: Detection thresholds of rods and cones
A: Frequency distribution of thresholds (at P = 0.73) from 10 rods (striped bars) and 16 cones
(shaded bars). B: Electrical coupling reduces detection threshold. Thresholds versus rod pool size
N in 10 rods (F) and 4 cones (E). N was obtained from variance and means analysis (see methods).
Smooth curve is for an ideal (noiseless) detector, given by —[In(0.54)] N ~I'R* / rod.
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Control 100 uM Carbenoxolone

| |

Figure 2.7: Rod and cone coupling is blocked by carbenoxolone

A, B: Combined confocal and Nomarski contrast images of the outer nuclear layer after cone injec-
tion of Neurobiotin (green). The cone in A, injected in control solution, is coupled to neighboring
rods. The cone in B, injected in the presence of 100 uM carbenoxolone, was not tracer coupled to
other cells. C: Rod responses measured in a cone in control solution (left) and again after applica-
tion of 100 uM carbenoxolone (right). Flashes = 28 photons / um?. Traces are averages of four to
six responses. Bandwidth, DC—5 Hz. D: Three-dimensional reconstruction of Neurobiotin-labeled
rods and cones after injection in a cone. OS, Outer segment; ONL, outer nuclear layer; OPL, outer
plexiform layer. Scale bars: A, B, D, 10 um. Results in A—-D were obtained from four separate cone
recordings.
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the tracer-coupling result, although a direct inhibitory effect of carbenoxolone on rod pho-
totransduction [140] or other photoreceptor conductances [148, 142] has not been ruled
out.

Close contacts between colabeled rods and cones (fig. 2.7D) were observed at their
synaptic terminals, the location of rod-cone gap junctions described previously from elec-
tronmicroscopic studies in primate retina [95, 128]. Unexpectedly, the pattern of labeled
rods was often not symmetrical around the recorded cone. Instead, the pattern tended to
be skewed toward one side of the cone (figs. 2.7A, 2.8A). By means of hemicircular light
stimuli to map out the spatial distribution of rod inputs in the cone, the skewed distribution
of tracer coupling was found to match the skewed receptive field (fig. 2.8B) (n = 4). The
anatomical basis of the spatial distribution is unclear. There was no relationship between
the orientation of the skew and retinal eccentricity, the direction of the fovea, or left versus
right eye. There was a tendency for tracer-filled rods to lie in the direction of the recording
electrode; that is, labeled rods were found preferentially on the electrode side of the cone
in 54% of cone injections, on the side opposite the electrode in 23% of injections, and
on both sides in the remaining 23%. This observation suggests that the electrode might
alter the coupling efficiency of the rod-cone junctions by mechanical disturbance. What-
ever the mechanism responsible for the skewed field, it appears not to involve tracer uptake
via an extracellular route, as evidenced by the correspondence in the patterns of tracer and

electrical coupling and the suppression of tracer coupling by carbenoxolone.

2.4.6 Rod-rod tracer coupling

Of the 35 rods injected with Neurobiotin, 11 (31%) were not tracer coupled to neighboring
photoreceptors (fig. 2.9A). The remaining 69% were coupled to one or more additional

rods (fig. 2.9B). Sites of close contact between colabeled rods were often found in regions
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Figure 2.8: Correspondence of tracer coupling and receptive field
A: Neurobiotin labeling (green) of rods coupled to injected cone (asterisk). Scale bar, 10 um. B:
Rod responses in the cone shown in A to flashes of light covering a hemifield rotated around the
recorded cone. Traces are averages of 6—12 responses to flashes of 16 photons / um?. Bandwidth,
DC-5 Hz. Cone membrane potential was recorded in whole-cell mode. Symbols to left of traces
denote orientation of the stimulus hemifield relative to the recorded cone.



containing rod cell bodies, inner segments, and passing rod axons (fig. 2.9C), the region
described in mouse retina where rod-rod gap junctions are located [130]. Some labeled
rods had no apparent sites of physical contact with labeled neighboring rods (fig. 2.9C),
although the occasional presence of faintly labeled “ghost” cells suggests that intervening
labeled cells may have been lost during tissue processing.

The total number of rods labeled with rod injection of Neurobiotin ranged from 1 to 10,
with an average of 3.4 + 2.6 (n = 35). The distribution in the number of tracer-coupled
rods overlapped with the distribution of N, the effective number of electrically coupled
rods calculated from the mean and variance analysis (fig. 2.9D). The spread of Neurobiotin
from rods to cones was rare. Rod-cone tracer coupling was observed in only 2 (6%) of 35

rod injections as compared with 64% of cone injections.

2.4.7 The effects of rod-rod coupling on detection

The rod to rod-bipolar cell synapse is highly nonlinear, transmitting signals over a narrow
range of rod membrane potentials. The synapse attenuates fluctuations in membrane po-
tential close to the dark potential, and it saturates with light-evoked hyperpolarizations of
only a few millivolts [102, 48, 16]. Thus the synapse effectively transmits single photon
responses at high gain and attenuates both dark noise and multiple photoisomerizations
within single rods. Electrical coupling of rods will affect photon signaling at both ends of
the transmission range. Coupling will reduce the size of the single photon response relative
to the dark noise in a single rod, thus rendering the rod synapse less effective at separating
dark noise from single photon responses [116, 48]. At the same time, the spread of photon
signals within the pool of coupled rods reduces the effects of synaptic saturation [126]. To
investigate the effects of rod-rod coupling on the detection of dim light, the sensitivity of

dark-adapted observers was modeled from the signal and noise histograms of single rods
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Figure 2.9: Tracer and signal coupling between rods
A, B: Combined confocal and Nomarski contrast images after Neurobiotin injection of single rods.
Only the injected rod is labeled in A; four rods were labeled in B. C: Three-dimensional reconstruc-
tion of rods in B. OS, Outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale
bars: A-C, 10 um. D: Frequency distribution of rod pool size (). Tracer coupling is indicated by
green bars. Signal coupling, determined from mean and variance analysis of dim flash responses, is
indicated by striped bars. N = 1 indicates an uncoupled rod.
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and a theoretical detection pool of 10* rods (see methods). For uniform illumination of a
detection pool of uncoupled rods, the model estimated a threshold (at P = 0.73) of 9 R*,
a value nearly identical to the 10 R* estimated in human psychophysical tests at a criterion
of 73% correct [113]. Electrical coupling of rods increased threshold. For an assumed
coupling pool size of two rods, close to our measured average of N, threshold increased to
15 R*. With more extensive coupling, the threshold continued to increase, asymptotically
approaching 35 R* (fig. 2.10A), the threshold expected for uncoupled rods that lack a dark
noise synaptic filter.

Including synaptic saturation in the model did not affect thresholds for uniform illu-
mination because the likelihood of two or more R* occurring in the same rod at the dark-
adapted threshold intensity was minuscule. Saturation became a significant factor, how-
ever, as the stimulus diameter was reduced and photon density increased. Consequently,
although detection thresholds for diffuse light were elevated by electrical coupling, thresh-
olds for small-diameter stimuli were actually reduced by electrical coupling (fig. 2.10B).
For an assumed saturation level of 2 mV and a pool size of two rods, electrical coupling
lowered dark-adapted thresholds relative to that of uncoupled rods for stimulus diameters <
0.066 ° visual angle. This critical diameter was largely insensitive to the assumed degree of
coupling (N) but depended on the assumed level of saturation. With lower saturation levels,
electrical coupling became beneficial with larger stimulus diameters. The critical diameter
also increases with background illumination (data not shown) because backgrounds elevate
the threshold intensity of the test flash and hence increase the likelihood of multiple R* /

rod.
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Figure 2.10: Effect of rod-rod coupling on psychophysical thresholds

A: Psychophysical threshold (R*) in a two-alternative forced-choice experiment, calculated
from model simulations, as a function of rod pool size N (for details of the model, see
methods). The shaded region represents the range of experimentally determined electrical
pool sizes of macaque rods (N =1-6). The dashed line indicates the expected threshold
in the absence of synaptic nonlinearities. B: Psychophysical threshold intensity of coupled
rods (Rc*) relative to uncoupled rods (Ry*) as a function of stimulus diameter, with N = 2.
Coupling lowered threshold (R¢* / Ry* < 1) for stimulus diameters < 0.066 ° (arrow).
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2.5 Discussion

2.5.1 Temporal properties of rod-cone coupling

By using dim flashes to assess the temporal properties of coupling, we found that rod sig-
nals were high-pass filtered in cones: the low-frequency components of the signals were
preferentially attenuated. Because the energy of the dim flash response is limited to fre-
quencies < 10 Hz, the transfer of higher-frequency signals could not be assessed by this
method. A previous study in macaque retina showed that higher frequency signals (> 10
Hz) were also attenuated [109]. Together, these results indicate that the rod-cone coupling
network in primates, like the cone-cone network [63], is bandpass in character. These tem-
poral properties are reminiscent of the bandpass characteristics of the so-called 7, mecha-
nism of human vision [115], a psychophysically defined rod signaling mechanism thought

to depend on rod-cone coupling.

2.5.2 Pattern of tracer coupling

Rod-cone tracer coupling was observed 10 times more frequently in Neurobiotin injections
of cones as compared with rods. An asymmetry of tracer spread across gap junctions has
been described previously in other heterologously coupled cells [49, 101, 151] in which it
was speculated to reflect an asymmetry in the free-energy barrier for permeation [49]. An
asymmetric barrier between rods and cones can arise if the rod and cone hemichannels are
composed of different connexins. Consistent with this idea, immunohistochemical studies
in guinea pig and mouse retina [74, 35] showed that connexin Cx36 was expressed in
cones but not rods. Alternatively, the observed asymmetry in rod-cone tracer flux might be
caused by differences in the convergence of rod and cone contacts. In mouse retina, each

rod makes gap-junctional contacts with only approximately one cone, whereas each cone
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contacts 30 rods [130].

The distributions of pool sizes for rod-rod tracer and electrical coupling were similar
to one another (fig. 2.9D); however, if coupling forms a continuous network of rods across
the retina, the precise meaning of these two measures of pool size is unclear. If, on the
other hand, rods were coupled into small local syncytia as was observed in mouse retina
[130], then the correspondence of tracer and electrical coupling is more straightforward.
The pattern and number of tracer-coupled rods observed here is reminiscent of the radial
clusters of labeled rods in rat retina derived from common progenitor cells during late
retinal development [131]. This similarity suggests the possibility that the clusters of
tracer-coupled rods observed here may reflect discrete pools of rods of common clonal

lineage.

2.5.3 Importance of photoreceptor coupling for low-light detection

Light responses of primate rods increase in amplitude with increasing stimulus intensity
up to ~100 R* / rod [14, 69, 108]; however, the response in rod-bipolar cells reaches
maximal size with only one or a few R* /rod [102, 48, 16]. Thus, in the range of ~2—100
R* / rod where the rod-bipolar synapses are saturated and phototransduction within cone
outer segments is minimal [107, 108], intensity encoding within the retina depends on the
transmission of rod signals via pathways other than rod-bipolar cells.

Two alternative pathways have been described. One alternative is the rod-cone coupling
pathway studied here. Measurements in cat and primate cones [86, 109] show that rods
transmit signals to coupled cones up to rod-saturating intensities. Our results show that in
the dark-adapted retina, lights evoking fewer than two R* / rod can be reliably detected
in the cone membrane potential. On the basis of theoretical considerations, Smith et al.

[116] proposed that rod-cone gap junctions are closed in dark-adapted retina. Our present

42



measurements conflict with this hypothesis.

The second alternative pathway for rod signaling described in mouse retina [118, 130]
uses a chemical synapse to connect rods to cone Off-bipolar cells. If this connection is also
present in primates, the relative contributions of this pathway and the rod-cone coupling
pathway for signaling in the mesopic range need to be examined.

Applying our measurements of rod photon signals and noise to a simplified model of
coupled rods, we calculated that rod-rod coupling could raise human detection thresholds
for large-diameter stimuli by as much as a factor of 3.5. The deleterious impact of coupling
on detection is expected to diminish with decreasing stimulus diameter, and, in fact, cou-
pling would actually lower the detection threshold for very small stimuli. Our model yields
only an approximate account of the impact of coupling on signal detection. A more com-
plete model would include further evaluation of the temporal requirements for detection,
the falloff of signal and noise amplitude with distance across of the rod network [126], the
effects of rod-cone coupling, and additional noise contributions such as the quantal noise
of synaptic transmission. The development of a more realistic model of signals and noise
within a distributed network of coupled rods and cones will first require direct measure-
ments of rod-rod and rod-cone coupling conductances. The effects of light adaptation and

circadian rhythm on coupling strength also need to be examined further.
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Chapter 3

Gap-junctional coupling of mammalian
rods and its effect on visual detection
thresholds

3.1 Abstract

Confirmation of gap-junctional coupling between rods in primate retina suggests a role for
coupling in human vision (chapter 2). But although coupling is known to reduce the vari-
ability of light responses within the rod network, downstream effects on visual performance
are not well understood. Here, we assess rod coupling in the guinea pig retina using three
techniques: 1) direct measurement of junctional conductance between neighboring rods,
2) measurement of tracer coupling between Neurobiotin-filled rods and neighbors, and 3)
statistical analysis of the variability of dim flash responses. We then present a framework
for modeling coupled rod networks as resistive circuits, and use this network model to
consolidate our three different coupling measurements. Together, the data suggest a retina
composed of discrete, local networks of from 1 to 20 hexagonally packed rods, with junc-
tional conductances of about 350 pS. Furthermore, we find that the junctional conductance
measured here in guinea pig is consistent with tracer coupling and dim flash variability
measured previously in primate. Consequently, we incorporate this junctional conductance

into a model of human psychophysical detection. Under this analysis, we find that the ben-
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efits of coupling for detection of small spots of light are greater than previously supposed,
while detrimental effects are mitigated. Our analysis thus clarifies the interactions between

rod coupling and the psychophysical trade-offs governing mammalian night vision.

3.2 Introduction

Gap junctions are direct intercellular channels that allow electrical currents and small
molecules to pass between coupled cells. In the retinal photoreceptor layer, electrical
coupling of rods has been confirmed by rod recordings in several cold-blooded vertebrate
species [46, 112, 145, 154] and is predicted in other species based on electron micrograph
(EM) evidence. In mammals, there appear to be two possible sites for rod gap-junctional
connection. Most attention has been focused at the rod synaptic level, where rod spherules,
ellipsoids, and passing axons form gap junctions in mouse and guinea pig [130], and per-
haps also in primate [95]. Two EM studies have also reported apparent gap junctions in
primate and human retina at the rod inner segment level [132, 27], where rod junctions are
generally found in cold-blooded vertebrates [34, 52, 153].

In chapter 2, we confirmed the presence of rod coupling in primate using the tracer
Neurobiotin; in a majority of cases, tracer spread from a single filled rod into a discrete
pool of neighbors. In the same preparation, we also recorded rod voltage responses to dim
light flashes. Statistical analysis of these recordings further confirmed functional coupling
of primate rods by demonstrating the effect of coupling to reduce the variability of dim
flash responses due to signal averaging within the coupled network.

Although this effect on response variability within the rod layer is well established
[46, 112], downstream effects of coupling on visual performance are not well understood.
Previous efforts to model rod coupling [72, 7, 126] have focused on effects within the

rod layer, and have focused on cold-blooded vertebrates, whose post-receptoral circuitry
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is quite different from that in mammals. The mammalian retina features a specialized rod
bipolar cell pathway optimized for detection at absolute threshold [122].

In chapter 2, we endeavored to model the effect of rod coupling on psychophysical de-
tection through this pathway. Because there was no previous measurement of mammalian
rod-rod junctional conductance, we based our model on the simplifying assumption of per-
fect coupling, i.e. that rods were coupled with zero junctional resistance so that two coupled
rods acted essentially as a single receptor with twice the normal rod collecting area and half
the normal input resistance. Under this analysis, we found coupling to be detrimental to
detection of full-field stimuli (~50% increase in detection threshold), but beneficial (~30%
reduction in threshold) for detection of very small spots of light. However, the perfect
coupling assumption is known to underestimate the signal:noise ratio within the rod layer
[126], so we expected that the model might likewise be underestimating the benefits of
coupling for downstream processing and psychophysical detection.

Here, we present results from guinea pig retina, where we were able to measure rod-rod
junctional conductance directly, a first for mammalian retina. We develop a computational
method for analyzing rod networks as resistive circuits and use this network model to com-
pare the present results with previous assessments of mammalian rod coupling. Finally, we
update the psychophysical model, replacing the perfect coupling assumption with a more
realistic coupling conductance based on our measurements. The updated model yields new

insights into the effect of coupling on visual detection thresholds.
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3.3 Methods

3.3.1 Retinal preparation

Recordings were made from rod photoreceptors in isolated retinal preparations from pig-
mented guinea pigs (Cavia porcellus, Elm Hill, Chelmsford, MA) aged between 4 and 30
weeks. Guinea pigs were housed and cared for according to guidelines established by the
National Institutes of Health. All procedures were approved by the University of Califor-
nia San Francisco Committee on Animal Research, which has approved assurance from the
Office of Protection from Research Risks at the National Institutes of Health.

In most cases, the guinea pig was dark adapted for one hour before euthanasia, after
which euthanasia and dissection proceeded in darkness, assisted by infrared goggles (Lit-
ton Electro-Optical Systems, Tempe, AZ). Following euthanasia and enucleation, the front
of the eye was removed just anterior to the ora serrata, the vitreous was removed, and
the eyecup was placed within a light-tight container in 36 °C bicarbonate-buffered Ames
medium (Sigma, St. Louis, MO) equilibrated with 95% O, / 5% CO,. If the guinea pig was
not dark adapted prior to euthanasia, then at this stage the eyecup was left to dark adapt in
Ames for 1 hour. Otherwise mounting of retina proceeded directly with a 6 x 6 mm piece of
retina isolated and mounted photoreceptor side up in the recording chamber on a coverslip
coated with poly-L-lysine (2 mg / mL, 150-300 kDa, Sigma).

Photoreceptors were visualized with an upright microscope (Zeiss, Oberkochen, Ger-
many) with infrared Nomarski optics through a 40x water immersion objective. To give
recording electrodes clean access to photoreceptor plasma membranes, the retina was incu-
bated for 3—15 min in Ames solution containing the following enzymes (in U/ml): 80 col-
lagenase, 300 hyaluronidase, 500 deoxyribonuclease, and 0.2 chondroitin ABC lyase. The
enzymes collagenase CLSPA, hyaluronidase HSEP, and deoxyribonuclease I DPFF were

obtained from Worthington Biochemical (Lakewood, NJ). Chondroitin ABC lyase 190334
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was obtained from ICN Biochemicals (Aurora, OH). In some cases, the enzyme treatment
was simplified to 3—5 minutes in 2500 Deoxyribonuclease 1 (Sigma) with comparable re-
sults. After enzyme treatment, the retina was superfused with bicarbonate-buffered Ames

medium with bath temperature maintained at 36 °C (Cell Micro Controls, Norfolk, VA).

3.3.2 Electrical recording and light stimulation

Rod membrane voltages and currents were recorded using the whole-cell or perforated-
patch method [108]. In dual-electrode experiments, which focused on the electrical prop-
erties of intercellular coupling, whole-cell was used exclusively. Glass electrodes were
pulled on a P-87 micropipette puller (Sutter Instruments, Novato, California). The elec-
trode solution contained (in mM): 130 K-gluconate, 10 KCl, 4 MgCl,, 10 HEPES, 3 ATP-
Na,, 1 GTP-Na,, and was titrated to pH 7.25 with KOH (all chemicals from Sigma). With
this internal solution and Ames external, electrode resistances were between 4 and 12 MQ.
In recordings from single rods focusing on robust characterization of light responses, an
additional 0.12 amphotericin B (Sigma) was added to allow perforated-patch recording.
Electrical signals were recorded with an Axopatch 1D amplifier (Molecular Devices,
Union City, CA). Signals were low-pass filtered by the Axopatch four-pole Bessel analog
filter and by an eight-pole Bessel analog filter (Frequency Devices, Haverhill, MA). For
recording photoresponses in current clamp mode, filter low-pass cutoff frequencies were
200 Hz and 500 Hz respectively. For voltage step protocols, cutoffs were 2000 Hz and 5000
Hz. Any additional digital filtering of signal is indicated in the figure legends. Group delays
resulting from the filtering were corrected. Stimulus presentation and data acquisition were
performed by a Macintosh computer, an ITC-18 interface (Instrutech, Port Washington,
NY), and the program Igor Pro (Wavemetrics, Lake Oswego, OR). Signals were digitized

at 1-5 kHz.
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Photoreceptors were stimulated with unpolarized, monochromatic (wavelength half-
width ~10 nm, interference filters) light incident perpendicular to the retinal surface. The
light intensity was calibrated before each experiment with a radiometer (model 350; UDT
Instruments, Baltimore, MD). Stimulus intensity was controlled using a set of calibrated
ND filters. The expected number of photoisomerizations (R*) evoked per rod was calcu-
lated as the product of: the calculated photon density (i), a scaling factor to account for
relative spectral sensitivity, and the effective collecting area of photon capture (A.). Based
on estimated guinea pig rod dimensions [150], and pigment density [90], A, was taken
to be 1 um? at the wavelength of maximum sensitivity (~500 nm; figure 3.1). Unless

otherwise indicated, light flashes had a wavelength of 500 nm and were 10 ms in duration.

3.3.3 Tracer coupling

The tracer coupling of rods and cones in macaque retina was examined by including Neu-
robiotin (Vector Laboratories, Burlingame, CA) in whole-cell patch electrodes. The patch
solution contained (in mM): 127 K-gluconate, 4 MgCl,, 10 HEPES, 3 ATP-Na,, 1 GTP-
Naj3, 12.4 Neurobiotin chloride. Solutions were titrated to pH 7.25 with KOH. The tracer
was loaded into photoreceptors by recording in whole-cell mode for 5-10 min.

20-90 minutes after tracer loading, the retina was placed in 4% paraformaldehyde in
sodium phosphate buffer (0.1 M) for 45-60 min. The retina was then rinsed in phosphate
buffer and incubated overnight in a 1:200 dilution of streptavidin/cyanine 3 (Jackson Im-
munoResearch,West Grove, PA) and 0.3% Triton X-100 in phosphate buffer. Finally, the
retina was rinsed in phosphate buffer and coverslipped with Vectashield (Vector Laborato-
ries). Cells were imaged with an LSM 5 Pascal confocal microscope (Zeiss, Oberkochen,

Germany).
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3.3.4 Data analysis

Whole-cell junctional currents and voltages were corrected for series resistance and mem-
brane leak errors [133, 137]. In perforated patch experiments, voltage responses to S0—100
flashes of a fixed intensity were recorded, and the mean and ensemble variance were cal-
culated. On the assumption that the ensemble variance is dominated by Poisson variability
in the number of photoisomerizations, the peak of the ensemble mean and variance for an

1solated rod should follow the relation:

E(V)=am
Var (V) = a’m

where a is the average single photon voltage response peak amplitude and m is the mean
number of R* / rod / flash.

Coupling lowers ensemble variance relative to the mean [46, 112, 62]. In order to
quantify this reduction in variance, it is useful to make the simplifying assumption that
coupling is perfect, i.e. that the gap junctions have zero resistance, so that two coupled rods
act together as a single photoreceptor with twice the collecting area and half the membrane
resistance. Coupling can thus be quantified in terms of the number of perfectly coupled
rods that would yield the observed variance reduction. This effective number of perfectly
coupled rods, Negr, was calculated from the measured mean and ensemble variance at given

flash intensities:

E(V) = Nifmeeff —am 3.1)
a 2 a2m
Var (V) = (Neff) mNogr = Ner (3.2)
_[EW)/mP
Negr = Var (V) /m (3.3)
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3.3.5 Network modeling

The pool of coupled photoreceptors was modeled as a resistive circuit network. Photorecep-
tors were modeled as nodes with resistances to ground, R,,. Gap junctions were modeled as
resistances, R, between a subset of geometrically neighboring nodes. Phototransduction
in the resistive network was modeled as an independent current source at each photorecep-
tor node. Capacitative effects were found to be negligible (see supplemental material), so
membrane capacitances were excluded from further modeling.

For a pure resistive network, the voltage at any node, r, under a given combination of
current inputs, i, is simply the superposition of the voltages that would be generated by

each current input treated independently:

Vo= isvy (3.4)

sEB

where B is the set of all nodes in the network (including r) and v,|; denotes the current-
voltage transfer ratio. This transfer ratio incorporates both the membrane resistance at
r, and a scaling factor accounting for the proportion of current input at s that eventually
crosses the membrane resistance at r. Therefore, although dimensionally a resistance, v,
can be thought of as equivalent to the voltage that would be generated independently at
node r given unit current injected at node s. In addition to v, it is useful to define a
voltage-voltage transfer ratio, w,;, equivalent to the voltage generated at r by any current
input at s, normalized to the voltage that would have been generated at s in the uncoupled
case:
v,‘ s

For both v and w, the nodes r and s are interchangeable, i.e. v,; = vy, and w,; = wy),.
Analytic solutions for the transfer ratios v and w are possible for trivial networks, as well

as a few relevant special cases [72], but in practice these values were obtained computa-
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tionally. Circuit simulation software, such as the Gnu Circuit Analysis Package (GnuCAP,
http://www.gnucap.org/), provided the most flexible method for computing transfer ratios.
GnuCAP netlists representing arbitrarily large geometric networks of rods were generated
algorithmically via a context-sensitive L-system [77] [5S1] implemented in Perl. However,
for most networks modeled here, R, and R; were assumed to be uniform throughout the
network, and a more direct computation was used as follows.

For networks with fixed R,, and R}, circuit analysis shows that at each node r,

B+lc)) ™ (3.6)

V= [BirRm+ (Z Vn>

neC,

where B = Rj/R,, , C, is the set of all nodes directly connected to r (not including r itself),
and |C,| denotes the number of elements in C,. To calculate v,|s for every s, we assume
unit current input at » and calculate the resulting voltage throughout the network. For this
situation, the voltage at r is:

B+IC)! 3.7)

Vi = Vrlr =

BR, + ( ) Vn>

neC,

while for every other node it is simply:

Vs = Vslr = Vrls = (Z V") (B+|CSD717 SFET (3.8)

neCs

For any given network of connectivity C and connection strength 8, equations 3.7 and 3.8
define a system of simultaneous linear equations in v. A parallel system of equations is
defined in w:

B+lc)) ™ (3.9)

Wr|r =

B + ( Z Wr|n>
neC,

Wrs = (Z Wr|n> BHIC) ", s#r (3.10)

neCy
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The systems of equations defined by equations 3.7-3.10 can be easily solved with a variety
of software (e.g. see cellnet.m), once the matrices representing the systems are specified.
Connectivity matrices representing simple rod networks were generated by hand, while
more complicated network representations were generated algorithmically (see hexcon-
nect.m).

To compare the network model to the results from dim flash variance analysis experi-
ments, the current associated with a single photoisomerization was defined as j and each
photoreceptor node was assigned an input current jX, where X was Poisson distributed
with average m. Over many iterations, the voltage at node r has expected value:

E(V,) = jmzvr|s
sEB

and variance:

Var (V,) = jzmz <vf‘s>

sEB

For Ne¢r as defined in the dim flash variance analysis above, the network model yields Negt

at node r:

2 2
e () (2) o
T Nar(V)/m o n I |

In their rod network modeling, Tessier-Lavigne and Attwell [126] also present a num-

ber of effectively coupled rods, which is not, however, equal to our Neg. Their N is

defined as the network resistance measured from node r, divided by the membrane resis-

tance Ry, 1.e. Néff = 1/w,|,. The precise relationship between our Negr and their Néff depends

on the network connectivity, although the two quantities both generally increase with lower
B or greater connectivity |C]|.

Arbitrarily large geometric networks of cells were used as approximate representations

of infinite networks. In practice, for a hexagonally connected network with B = 2 (see

results) and 4 concentric layers of cells (61 cells total), the N calculated (9.1) did not
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change significantly (< 0.25%) with additional layers (figure 3.8). Lamb and Simon [72]

give an analytic solution for the value wy; of every node in an infinite square network:

2
Wyls = % (%) K ([%} ) (3.12)
where K (x) is the complete elliptical integral of the first kind. Using equations 3.9-3.10 to
model moderate sized finite square networks effectively approximates the results of equa-
tion 3.12. For a square network with B = 2 and only 13 cells total, the percent difference

between the computed w,,. for central node r and the value given by equation 3.12 for an

infinite network is already < 0.5%.

3.3.6 Psychophysical threshold detection modeling

Psychophysical detection threshold was modeled as described in chapter 2, but expanded to
replace the simplified perfect coupling model with the resistive network model described
above. Following the treatment of Baylor et al. [13], the probability distribution of re-
sponse amplitudes in an isolated rod, p(A), was modeled as Poisson distributed photovolt-
ages, overlaid with Gaussian spread representing continuous photoreceptor noise (s.d. 0p)

and noise associated with phototransduction (s.d. o7):

= e Mk 1 (A — ka)?
pa)=Yy &2 exp (-—) (3.13)
X 27 (2 + ko?) 2(0f +kat)

where m is the average R* / rod for the stimulus delivered. In the dark condition, m = 0,
equation 3.13 reduces to a Gaussian distribution centered around zero with s.d. ¢y. The
parameters 6y = 0.4 mV, o1 = 0.4 mV, a = 1 mV were chosen according to the values
estimated and used previously in chapter 2.

Equation 3.13 describes the distribution of responses that would occur in an isolated
rod, s. If s is coupled to its neighbors, its responses will leak through the resistive net-

work; as the responses travel from node s to node r their amplitudes will be systematically
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attenuated:

Pris (A-wy5) = p(A) (3.14)
where p,(A) is the distribution of voltages obtained in r due to phototransduction in s. The
responses in s itself are also attenuated, by a factor wy, due to the leak of signal through
the network.

The total voltage distribution for node r can be calculated by convolving the p, for
every s € B together. However, the resulting distributions, p,, for each node are then no
longer statistically independent. Although this issue is easily overcome in the case of lin-
early summed rod outputs, it becomes problematic once nonlinearities are assumed at the
rod output synapse (see below). Determining the voltage distribution for the output of the
entire rod network then becomes a problem of determining the distribution of a sum of de-
pendent random variables. Theoretically this can be computed (e.g. [44]), using the joint
probability distribution for the |B| random variables. For networks of size |B| greater than
a few nodes, however, specifying the |B|-dimensional joint distribution with any resolution
is impractical even on a powerful computer. Therefore, determining the distributions of
summed voltages for entire coupled networks required Monte Carlo simulation.

Voltages for rods within a coupled network were simulated by first generating a pho-
totransduction voltage for each rod (equation 3.13), then linearly transferring the voltages
between rods according to the network voltage-voltage transfer ratios, w. The resulting
simulated rod voltages were then passed through two nonlinear stages representing the rod
output synapse. The first stage was a cutoff nonlinearity that selectively attenuated low-
amplitude noise while passing higher-amplitude signal [48]. The shape of the input-output
relation for the cutoff stage was modeled as a cumulative Gaussian distribution function
whose mean and s.d. were optimized by fitting to Field and Rieke’s equation 1 [48]. The
mean and s.d. for the cutoff were recalculated for different rods, so that the nonlinearity

was optimized for each possible coupling condition. In all cases, the cutoff was assumed
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to be optimized for discriminating between a stimulus of intensity m = 0.001 R* / rod and
the dark condition. This intensity was chosen because 10 R* delivered to the pool of 10%
rods is the psychophysically reported absolute detection threshold [113].

The second stage of the rod output synapse was a saturating nonlinearity, such that all
amplitudes > 2 mV were set back to 2 mV [102, 16]. For full-field flashes at absolute
threshold (m =~ 0.001) the photon delivery is very sparse and the likelihood of amplitudes
> 2 mV in individual rods is very small, so that the effect of the saturating nonlinearity is
negligible. However, for more concentrated spots of light delivered to a subregion of the
entire detection pool (see results), the saturating nonlinearity can affect detection threshold.
Recent evidence suggests that the amplitude at which the rod output synapse saturates is
modulable (see discussion), but we assume that both cutoff and saturating nonlinearities
are stationary for the illumination regime modeled, i.e. near absolute threshold.

Downstream of coupling and the rod output synapse nonlinearities, signals across a
pool of 10* rods [155] were summed linearly to model the detection stage. Distributions
of summed voltages from independent discrete coupling networks were convolved via fre-
quency space multiplication to arrive at the distribution of summed voltages for the entire
detection pool. Psychophysical detection was modeled as a two alternative forced choice
test. In this test, a subject is presented with two test epochs, one containing a flash and
one without, and must identify which epoch contained the flash. The test was modeled by
creating one amplitude distribution for the entire detection pool under the flash condition,
pr (A), and one for the dark, pp (A). It was assumed that the subject always picks the epoch
with the larger amplitude as the flash epoch, so that the subject picks correctly as long as

the flash amplitude is in fact the larger. Therefore, percent correct performance, Pc, was
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calculated as the probability that an amplitude from pr (A) will exceed one from pp (A):

oo

A
Pc= /pF(A) Q/p,) (A")dA" | dA (3.15)

Detection threshold was defined as the value of m where Pc = 0.73, as calculated by in-
terpolating between modeled values of m that yielded Pr close to 0.73. The value 0.73
was chosen to match the 73% correct criterion level typically used in two alternative forced
choice tests [113].

To account for dark thermal isomerization events, we assumed an effective illumination

for the dark condition:

m=T:Ip (3.16)

where 7; = 400 ms is the integration time of the rod [62], and Ip = 0.0063 R* /rod / s is

the dark event rate [14].

3.4 Results

3.4.1 Guinea pig rod photoresponses

We recorded from dark adapted guinea pig rods, targeting them based on their smaller inner
segment diameter relative to cones [150], and confirming our identification functionally by
measuring their spectral sensitivities (fig. 3.1). Responses to 430, 500, 570, and 660 nm
wavelength stimuli was tested in 9 guinea pig rods, and relative sensitivity was calculated
as the inverse of the intensity evoking a half-saturating response amplitude. The mean
log sensitivity points were fit with a standard Baylor nomogram [15], taking into account
self-screening with an assumed axial optical density of 0.168 calculated from estimates

of transverse optical density [90] and rod dimensions [150]. The best fit nomogram for
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Figure 3.1: Guinea pig rod spectral sensitivity
Mean sensitivity of 9 rods (error bars = s.d.) for 430, 500, 570, and 660 nm wavelength stimuli.
The dotted line is the calculated fit with a standard Baylor nomogram [15] through the mean points,
peak 496 nm.

the mean sensitivity points peaked at 496 nm, in agreement with previous results from
microspectrophotometry [64] as well as estimates derived from recordings in downstream
retinal cells [150]. The average single photon response amplitude measured from 12 rods

in perforated patch configuration was 0.61 £ 0.16 mV (mean =+ s.d.).

3.4.2 Gap junctional coupling conductance

To measure gap-junctional coupling conductance, we made paired whole-cell voltage-
clamp recordings from neighboring rods. Holding one rod at constant voltage, we mea-
sured changes in its membrane current due to a series of brief voltage steps applied to its
neighbor (fig. 3.2A). Plotting the change in membrane current in the first rod versus the
voltage change applied to its neighbor we find a linear relationship (fig. 3.2B), reflecting
the ohmic behavior of the gap junction for brief steps. The slope of the current-voltage

relationship gives the junctional conductance. Of 22 paired rod recordings, 11 showed
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Figure 3.2: Paired rod gap-junctional conductance
A: Change in junctional current (/;) in one voltage clamped rod in response to voltage steps (V)
applied to its neighbor. Bandwidth, DC-10 Hz. B: The average I; from A, plotted (o) against
V;. The solid line is a linear fit whose slope gives the conductance of the junction. C: Junctional
conductances measured in 22 rod pairs.
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negligible junctional conductance (< 100 pS). The remaining 11 rod pairs had junctional
conductances ranging from 195-580 pS, and averaging 386 £ 112 pS (mean =+ s.d., fig.
3.20).

Junctional conductances were symmetric (< 10% difference in conductance when step-
ping rod 1 compared to stepping rod 2), as expected for junctions between homologous cell
types. Unfortunately dual rod recordings were not generally stable enough for more exten-
sive analysis of junctional properties such as pharmacological modulation. One property
we considered was the voltage dependent gating of the junction. While instantaneous cur-
rents through gap junctions are ohmic, longer voltage steps can evoke a slow gating closed
of a portion of the junctional conductance [119]. Thus, the conductance at the end of a
long voltage step is typically less than the conductance at the beginning of the step (fig-
ures 3.3A-3.3B). This effect is also voltage dependent, with larger voltage steps usually
evoking greater reductions in conductance. Voltage gating effects can be summarized by
plotting the conductance at steady-state, normalized to the initial, maximal conductance,
as a function of voltage step amplitude (figure 3.3C) and fitting the data to a Boltzmann
relation [119].

Interestingly, connexin 35/36, the junctional channel protein localized to rods in am-
phibians [153] is one of the least voltage dependent of the connexin family. Expressed in
mammalian cell lines, Cx36 was found to have a half-maximal reduction in conductance at
transjunctional voltages of 75 mV [121], compared to 15 mV for the connexins in amphib-
ian blastomere junctions [119]. To test the voltage gating of putative Cx35/36 junctions
in an intact vertebrate system, we recorded from pairs of salamander rods and applied long
voltage steps to determine steady-state conductances (fig. 3.3A). The Boltzmann plot (fig.
3.3C red circles) confirms a low voltage dependence with half-maximal reduction at 72
mV. In contrast, we found that for a guinea pig rod junction, half-maximal reduction in

conductance occurred at 21 mV (fig. 3.3B, fig. 3.3C black circles), consistent with the
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Figure 3.3: Voltage gating of rod junctions

A: Transjunctional currents (/;) evoked by transjunctional voltage steps (V;) 1 second in length, in
paired salamander rods. The initial currents reflect roughly ohmic conductance, but the currents
relax over the course of the step, approaching a reduced steady-state current that reflects a gating
closed of some of the junctional conductance. B: /; and V; for paired guinea pig rods. C: Data from
A (o, red) and B (o, black), plotted as steady-state conductance normalized to initial, maximal con-
ductance as a function of V;. The solid lines are Boltzmann fits [119]. The low voltage dependence
of the salamander junction, with a half-maximal reduction in conductance (V) ) only at high Vj, is
characteristic of the Cx35/36 protein putatively constituting those junctions [121, 153]. The guinea
pig rod junction, in contrast, is much more strongly voltage dependent than is typical for Cx35/36.
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anatomical evidence that mammalian rod junctions are not composed of Cx36 [74, 30].

3.4.3 Tracer coupling

We also assessed the spatial extent of coupling by including the tracer Neurobiotin in one
recording electrode and observing any tracer spread from the recorded rod into neighbors.
Out of 26 rods thus tracer filled, 4 (15%) showed no tracer coupling (e.g. fig. 3.4A) while
the remaining 85% were coupled to one or more neighbors (e.g. fig. 3.4B). The total
number of rods in a tracer coupled pool ranged from 1-15, averaging 5.2 + 4.2 (mean +
s.d., fig. 3.4C).

In general, we could not discern specifically where tracer coupled rods contacted each
other; many pairs made multiple apparent contacts. Sites of apparent contact included
spherules, cell bodies, and passing axons, as well as at the inner segments. Consistent with
our previous finding in primate, we rarely observed tracer flow from guinea pig rods into
cones. Out of 29 rods filled, only 3 showed tracer coupling to cones. As we were primarily
interested in tracer flow directly between rods, we excluded these three cases from further

analysis.

3.4.4 Variance analysis

By averaging the membrane voltages among neighboring rods, coupling reduces the vari-
ability of photoresponses [46, 112, 62]. We studied this effect in guinea pig by recording
rod voltage responses to brief, dim flashes (~ 0.5-4 R* / rod / flash) in perforated patch
mode. For an isolated rod, the dim flash responses exhibited Poisson variability due to
quantal variation in the number of photons caught per flash (fig. 3.5A). Coupling averages
out this quantal variability, resulting in more uniform responses in a putatively coupled rod

(fig. 3.5B). However, coupling is not expected to alter the mean single photon response
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Figure 3.4: Rod tracer coupling
A: Example of a filled rod with no tracer coupling to neighbors. B: Three neighboring tracer coupled
rods, imaged at the inner segment level. Scale bars: A-B, 10 um. C: Tracer coupled pool sizes in
26 filled rods.
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B

Figure 3.5: Coupling reduces the variability of dim flash responses
A: Rod voltage responses to a series of dim flashes (~ 1 R* / rod / flash). Tick marks indicate flash
times. Bandwidth, DC-5 Hz. Scale bars, 0.5 mV, 500 ms. B: Another rod, similar conditions as
in A, but in this rod the quantal variability of the flashes has been averaged out due to putative
coupling. Bandwidth, DC-10 Hz.

amplitude over many iterations (equation 3.1).

To further analyze the effect of coupling on response variability, we calculated the
ensemble variance and mean response over 50—100 flashes at several intensities (figs.
3.6A-3.6B). We quantified the degree of coupling (Nefr) by comparing the peak of the mean
response to the peak of the ensemble variance, both divided by the flash intensity (equation
3.3). Graphically, this is equivalent to plotting the peak mean and variance versus the flash
intensity and comparing the slopes (figs. 3.6C-3.6D).

For an isolated rod (Negr = 1), the variance versus intensity should equal the square
of the mean versus intensity, as indicated by the dashed line in fig. 3.6D. The putatively
isolated rod from fig. 3.5A, matches this prediction well, while the rod from fig. 3.5B
shows reduced variance, which we interpret as being due to the averaging of voltages within
a network of coupled rods. Based on this analysis, we can determine the magnitude of the

averaging effect for the recorded rod, but we cannot determine the size of the rod network
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Figure 3.6: Analysis of mean response and ensemble variance

A: Mean voltage response to 50—100 flashes at two intensities. Same rod as figure 3.5A. Bandwidth,
DC-10 Hz. B: The ensemble variance from the same set of flashes as A. C: The peaks of the mean
responses plotted (o) versus flash intensity. Peaks from mean responses in A are in black. In red are
the peaks from the mean responses (not shown) for the coupled rod in figure 3.5B. D: The peaks of
the ensemble variances plotted (o) versus flash intensity. Again, peaks from B are in black, and in
red are peaks from ensemble variances (not shown) for the rod in figure 3.5B. The dashed line is the
prediction for an uncoupled rod based on the mean responses in C.
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responsible for the averaging without making assumptions about the connectivity of the
network and the junctional conductance (see below). Therefore, we use N as a simplified
quantification of the degree of coupling: it equals the number of perfectly coupled rods
(i.e. rods coupled with zero junctional resistance) that would yield a reduction in variance
equivalent to the effect we observed. We analyzed response variance in 14 rods and found

Negr ranging from 0.7-11.6, with an average of 4.8 + 4.5 (fig. 3.6E).

3.4.5 Network model

Having assessed coupling in the rod network via the three methods described above, we
constructed a resistive circuit model of the rod network to consolidate the three data sets
and to allow further psychophysical modeling. We began by assuming a hexagonal pack-
ing of rods across the retina, reflecting the roughly hexagonal packing of the rod inner
and outer segment layers (fig. 3.7A). For the purposes of modeling, we ignored rod-cone
coupling under the assumption that it would contribute negligibly to rod network behavior
(see discussion). As described in the methods, we modeled rods as nodes with membrane
resistances to ground and current sources representing phototransduction. We connected
some of the rods with lateral junctional resistances to represent coupling (fig. 3.7B). The
electrical behavior of such a network depends on three parameters: the connectivity of the
network, the membrane resistance, R;,, and the junctional resistance, R; (equation 3.6).
For R,,, we chose a value of 1.5 GQ based on input resistances measured in our whole
cell recordings. The input resistance measured in a coupled rod would be lower than the
true individual rod membrane resistance due to leak through coupled neighbors, so we
based R, on the higher end of our measured input resistances. For comparison, previously
reported R,, measured in dark adapted primate rods averaged 1.2 GQ [108]. Previously

reported R,, for guinea pig rods under bright light conditions averaged 2.5 GQ [38].
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Figure 3.7: Hexagonal network modeling
A: Differential interference contrast photomicrograph illustrating the roughly hexagonal packing of
the guinea pig rod mosaic. B: Schematic of the rod network model: hexagonally packed rods subdi-
vided into several coupled networks with different connectivities. A few of the rods are uncoupled.
The membrane resistance for each rod (Ry,) is shown in black. The junctional resistance (R;) in red
connects rods into separate networks.
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We based the value for R; on our dual electrode results (fig. 3.2), where we found an
average junctional conductance of 386 pS. We take this value as an upper limit because
the junctional conductance measured in paired rod recordings may not be entirely due to
direct coupling; if the rods in the pair are mutually coupled to additional neighbors, some
of the conductance measured between the pair will be due to indirect current flow through
these additional paths. However, circuit analysis shows for a hexagonal network that even
in a highly coupled case the majority of the conductance measured between a rod pair is
due to direct coupling (see supplemental material). Therefore in our modeling we used the
somewhat conservative value of 3 GQ for R}, equivalent to a conductance of 333 pS.

In our circuit analysis of the resistive network, we found that for a given network con-
nectivity, the signal averaging behavior of the network depends only on the ratio 8 = Rj/R,,
(equations 3.9-3.10), which for the resistances chosen above gives B = 2. Knowing this
value, we can calculate signal transfer ratios, and thus the predicted N.g, for any given
network connectivity (equations 3.7-3.11).

Since gap-junctional coupling requires close membrane apposition, and rods are not
thought to send processes out to form distant contacts, we assumed that hexagonal packing
limits rod network connectivity to a maximum of each rod contacting at most six neigh-
bors. To determine the signal averaging effect expected for this maximal connectivity, we
computed the signal transfer for an infinite rod network with full hexagonal connectivity
and B = 2, yielding a predicted Nygr = 9.1. This value agrees well with the maximal Ngt
we measured in our variance analysis experiments. However, given the limited extent of
observed tracer coupling (< 15 rods coupled), we believe smaller, discrete networks to be
more physiological. In fact, for a hexagonally connected network with § = 2, the great
majority of signal transfer comes from just the first two layers of surrounding rods, so
that modeling only two surrounding layers (19 rods total) already yields, for the central

rod, Negr = 8.2. Figure 3.8 shows the N¢ calculated for hexagonal networks with different
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1 7 54
2 19 8.239
3 37 8.943
4 61 9.070
5 91 9.091
6 127 9.094
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Figure 3.8: Networks with full hexagonal connectivity
A: A fully connected hexagonal network: every rod coupled to all 6 immediate neighbors. One
surrounding layer is shown, with additional layers implied. B: N calculated for fully connected
hexagonal networks with B = 2 and different numbers of surrounding layers.

numbers of surrounding layers.

Overall, the modeling indicates that for a network with 8 = 2, as derived from our dual-
electrode measurements, the maximal signal averaging observed in our variance analysis
experiments is consistent with hexagonal packing, and roughly consistent with the maximal
number of rods observed to be tracer coupled. We conclude that our observed values of Negy,
from ~1-10, can be explained as resulting from small, discrete networks of rods coupled
with junctional resistance 3 GQ, with the total number of rods in a coupling pool ranging
from single isolated rods to about 20, and with each rod connected to between 1 and 6

neighbors.

3.4.6 Primate network model

In chapter 2, we modeled the effect of rod coupling on human psychophysical detection
based on the signal averaging (i.e. measurements of N.g) observed in primate rod record-

ings. Because we were not able to measure R; directly for primate rods, we based the
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psychophysical modeling on the simplifying assumption of perfect coupling, i.e. R; = 0.
However, it is known that the perfect coupling assumption tends to underestimate the sig-
nal:noise ratio within the rod network [126]. With the aim of improving the psychophys-
ical model, we considered whether an R; like what we measured in guinea pig could be
consistent with the tracer coupling and signal averaging found in primate.

Primate rods have average R, = 1.2 GQ [108]. Assuming R; = 3 G as in guinea pig,
we thus determined 8 = 2.5. In our primate study, we found Neg ranging from 1-5.9, and
tracer pool sizes ranging from 1-10 rods. Using the network model as described above,
we find that for a hexagonally connected network of 10 rods with B = 2.5, the predicted
Negr = 5.6. Thus, in primate as well as in guinea pig, given R; = 3 G2, and assuming that
each rod connects to between one and six neighbors, we can successfully use the tracer

coupling data to account for the observed range of signal averaging.

3.4.7 Psychophysical model

We extended the model of psychophysical detection from chapter 2 by including the junc-
tional resistance R; = 3 GL, based on our guinea pig dual electrode measurements and
the indication from network modeling that this resistance is also consistent with coupling
measurements in primate. Given a particular intensity and spatial pattern of rod illumina-
tion, the psychophysical model computes 1) Poisson statistics of photon catch and resulting
phototransduction in individual rods, 2) the spread of voltage from phototransducing rods
into neighbors due to a given coupling connectivity, 3) the output from the rods onto rod-
bipolar cells, accounting for nonlinearities at the rod output synapse, and 4) psychophysical
detection performance, assuming that detection depends on comparing the linearly summed
output of many rod bipolar cells for a flash condition to the output of the same pool in the

dark (see methods).
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Figure 3.9: The four rod cycle network
Schematic of the four rod cycle network used in psychophysical modeling. The voltage transfer
ratios relative to rod 1 are listed, thus of the phototransduction voltage generated in outer segment
1, only 62.4% remains in rod 1, while the rest leaks into the other rods. 15.4% of phototransduction
voltage generated in outer segment 1 leaks into rod 2, and vice versa. Etc.

In primate rods, we found an average N of 2.3. To model this under the perfect cou-
pling assumption, we would assume networks of exactly two rods coupled together with
zero resistance, corresponding to voltage transfer ratios: wyj; = wyjp = woj; = wyp = 0.5.
To replace the perfect coupling assumption with the more physiological junctional resis-
tance of 3 GQ2, we postulated an arrangement of four rods linked in a cycle (fig. 3.9). With
B = 2.5, this network yields Neg = 2.3, precisely the average value found experimentally.
The four-rod network is also a better match for the primate tracer coupling data, where we
found an average coupled pool size of 3.4 rods.

Consistent with our previous modeling, we found here that a detection pool of 10,000
uncoupled rods yields a detection threshold of 9.7 R* delivered to the pool, very close to
the psychophysically measured threshold of about 10 R* [113]. Under the perfect coupling
assumption, the detection pool is divided into 5000 pairs of perfectly coupled rods, result-
ing in an increase in detection threshold to 15.2 R* (44% difference). However, assuming a
detection pool divided into 2500 discrete four-rod networks with realistic junctional resis-

tance (fig. 3.9), the detection threshold is calculated to be 11.0 R*, only a 13% difference
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from the uncoupled case. Thus, replacing the perfect coupling assumption with a more
physiological junctional resistance mitigates most of coupling’s detrimental effect on de-
tection.

Furthermore, replacing perfect coupling with resistive coupling enhances the benefits
for detection of small spots of light (fig. 3.10). As illumination area shrinks, detection
threshold improves for all three modeled conditions, due to improved performance of the
noise filtering cutoff nonlinearity at the rod output synapse (see methods and [48]). How-
ever, performance improves more sharply for the coupled conditions than the uncoupled
one, reflecting the additional advantage of coupling for circumventing the competing effect
of rod output synapse saturation.

As expected, the improvement with shrinking spots is most pronounced for the perfectly
coupled network. However, resistive coupling performs better than perfect coupling for ev-
ery spot size, and surpasses the performance of the uncoupled model for spots smaller than
0.11 retinal degrees diameter, while perfect coupling only surpasses the uncoupled model
for spots smaller than 0.06 degrees. At the smallest spot sizes modeled, the perfect cou-
pling model yields a detection threshold of 5.1 R*, or a 30% difference improvement over
the uncoupled case. The resitively coupled model performs better still, with a threshold of

3.9 R*.

3.5 Discussion

3.5.1 Strength of rod coupling

The results presented here are the first report of directly measured rod junctional conduc-
tance in mammals. Furthermore, network modeling indicated that the measured conduc-

tance is consistent not only with other coupling measures in guinea pig, but also with
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Figure 3.10: Coupling effects on visual detection thresholds

Threshold illumination (in photoisomerizations within the illuminated pool) necessary to reach 73%
correct detection performance, plotted versus size of the illuminated pool. Uncoupled model: A,
red. Perfectly coupled model: >, green. Resistively coupled four rod cycle model: o, blue. When
the entire summation pool is lit (1 retinal degree diameter stimulus or 10* rods illuminated), the
uncoupled model performs best. With only a subregion of the total pool lit, performance improves.
At about 0.11 degrees diameter (120 rods illuminated) the resistively coupled model surpasses the
uncoupled performance. Solid lines are empirical smooth fit functions composed of a baseline
offset, an exponential, and a log-linear element.
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coupling measures from primate (chapter 2), suggesting the possibility that a conductance
on this order could be a general feature of mammalian retinas. As noted above, and further
discussed in the supplemental material, it is possible that some fraction of the conductance
we measured between neighboring rods was actually due to indirect current flow through
additional coupled neighbors. However, for a network whose maximum connectivity is
hexagonal, even in the worst case the majority of the measured conductance is still direct.
In fact, we only expect the network to approach full hexagonal connectivity in the most
highly coupled cases, while in general there would be significantly fewer indirect paths
between the recorded rods.

It is also worth considering whether some of the apparent junctional resistance we mea-
sured could derive not from the gap junction channel itself, but from the cellular structures
in between the recording site and the junction. We recorded from the rod inner segment,
which connects to the spherule via a narrow axon process. Assuming that junctions occur
at the spherule (although see below), we would like to know how much signal is lost be-
tween the inner segment, where we recorded, and the junction. In a cable analysis based
on the anatomical dimensions of the rod, Smith et al. [116] found that the voltage loss be-
tween the inner segment and the spherule is only about 10%. Therefore we conclude that,
irrespective of where the junctions reside, our measurements are not seriously impacted by
intervening cellular architecture.

The roughly 350 pS conductance between guinea pig rods is towards the low end of re-
ported gap junction conductances. For comparison, guinea pig cardiac cells, whose strong
coupling is critical for synchronization of heart rhythms, can have junctional conductances
approaching 4 uS [66], more than 4 orders of magnitude greater than reported here. With
B ~ 0.14, the cardiac network behaves very much like a perfectly coupled syncytium. Even
in retina, some junctions, such as between fish horizontal cells, have conductances reach-

ing 10-100 nS [94, 78], 2 to 3 orders of magnitude greater than found here. However, as
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’ System Average coupling conductance (pS) \ Reference ‘

Guinea pig rods 386 here
Primate cones 631 [63]
Ground squirrel cones 320 [41]
Ground squirrel cones 217 [76]
Salamander rods 500 [154]

Table 3.1: Photoreceptor network junctional conductances

shown by our circuit analysis, the relatively high membrane resistance of rods means that
significant signal transfer occurs even for coupling of only 350 pS. Indeed, the psychophys-
ical modeling indicates that stronger coupling would actually be undesirable for purposes
of absolute detection. The bias towards weaker coupling seems to be a general feature of
photoreceptor networks (table 3.1).

The relatively weak coupling of mammalian rods is also roughly consistent with their
junctional anatomy. In EM of rod junctions, at both the synaptic and inner segment levels,
the junctional areas are some of the smallest reported, about 0.01 um? [132, 95, 27, 130].
We do not know other parameters of the rod junction, but if we assume channel density of
1000—5000 pm~2, open probability of 0.5-0.8, and single channel conductance of 15-100
pS [88], then we would expect junctional conductances ranging from 75-4000 pS. The
open probability, single channel conductance, and other properties of gap junction chan-
nels depend on the molecular subunits constituting the junctions. Vertebrate connexin gap
junction channel proteins are a diverse family, with about 20 different connexin subtypes
identified so far. Unfortunately, no connexin has yet been associated with mammalian
rods. In cold-blooded vertebrates the rod-rod junction appears to include Cx35/36 [153].
Cx35/36 is also localized to contacts between rods and cones in mammal, but it appears to

reside only on the cone side of these junctions [74, 82, 35, 30].
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3.5.2 Rod network connectivity

We concluded from our network modeling that the values calculated for Negr in both guinea
pig and primate are generally consistent with the observed tracer coupled pool sizes, given
the junctional conductance measured in guinea pig. However, to account for the highest Negs
values, we had to assume that the network was coupled with full hexagonal connectivity,
i.e. that every rod in the network, excepting those at the outer border, contacted all 6
immediate neighbors. There is some question as to whether this degree of connectivity is
realistic. In EM serial reconstructions from mouse retina, Tsukamoto et al. [130] traced
rod junctions within the synaptic layer. This revealed discrete rod networks of from 1-11
coupled rods with an average pool size of 3, somewhat less than our result here of tracer
coupled pools ranging from 1-15 rods with average 5.2. More strikingly, the networks
found in mouse EM were connected much more sparsely than would be required for full
hexagonal connectivity.

Mouse and guinea pig rod networks may simply have different connectivities. However,
considering other explanations for the inconsistency brings up several interesting possibil-
ities. Most straightforward, Tsukamoto et al. could have missed some junctions in their re-
construction of the synaptic layer. As noted above, the rod-rod junctional area is only about
0.01 um?, and as Smith et al. [116] remark of rod-cone junctions in cat (also about 0.01
um?), “gap junctions of this size could easily be missed,” and therefore “present counts
must be considered a minimum estimate”. More intriguing is the possibility that rods are
coupled not only in the synaptic region reconstructed by Tsukamoto et al., but also more
distally, at their inner segments. In fact, junctions are found at the inner segment level in
cold-blooded vertebrates [34, 52, 153], and in macaques [27] and humans [132, 27]. Un-
fortunately, we were not able to definitively localize the sites of rod contact that mediated

the guinea pig tracer coupling we observed. Because the gap junction proteins mediating
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mammalian rod coupling have not been identified, antibody studies also have not much
clarified this issue, although it does seem suggestive that the mammalian cone gap junction
protein Cx36 forms puncta at the inner segment level in ground squirrel, a rodent whose
cone mosaic is dense enough for cones to contact each other at that level [30]. Recently,
the pannexin family of proteins, usually thought of as an invertebrate gap junction family
[9], have also been found in the mammalian retina [96, 43]. Intriguingly, one study [96]
has localized Panx1 to the “outer border of the outer nuclear layer”, in other words: es-
sentially at the base of the inner segments, precisely where primate rod gap junctions were
found [132, 27]. Additional EM and histochemical scrutiny at the inner segment level of
mammalian retina seems desirable.

We also considered whether we could have overestimated rod connectivity. In our mod-
eling we assumed that the contribution of the rod-cone coupling pathway to the signal av-
eraging of the rod network is negligible. If rods did influence each other significantly via
intervening cones, this would increase the measured N.¢ and could cause us to overestimate
rod connectivity. Although we do not have complete data on rod-cone coupling, the avail-
able data lead us to reject this possibility. From a purely theoretical perspective, it has been
argued [116] that rod-cone coupling should be maximal under mesopic conditions, and
minimal under complete dark adaptation. There does seem to be some indirect physiologi-
cal support for this idea ( [149, 70], reviewed in [135], but see [97]). More significantly,
our own recordings from dark adapted primate and guinea pig retina confirm that rod-cone
coupling is weak. In primate (chapter 2), we recorded rod single photon responses whose
average peak amplitude was 0.86 mV. Due to rod-cone coupling, we could also record rod
signals from cones. However, the average rod-derived single photon response measured
in the cone had a peak amplitude of only 0.11 mV, almost an order of magnitude smaller
than in the rod itself. Similar experiments in blue cones [141] have yielded rod in cone

amplitudes averaging 0.1 mV (unpublished). Similarly, in guinea pig the average rod sin-
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gle photon response amplitude was 0.61 mV, while in two guinea pig cones the rod signal
was only 0.06 mV. GnuCAP network simulation confirmed that with rod signals already
attenuated by an order of magnitude upon reaching the cones, any signaling from rod to

rod via the cone would be negligible.

3.5.3 Psychophysical significance of coupling

We modeled the effects of coupling from an electrophysiological and psychophysical per-
spective to address how coupling could affect the performance of retinal circuits and thus
ultimately affect visual performance. It remains a possibility that mammalian rod coupling
serves other non-electrical purposes, such as conduction of metabolites or intercellular ad-
hesion, or that it plays some role in visual detection under brighter conditions than consid-
ered here. From this perspective, the most important finding of the present study would be
that, for the junctional conductances measured, modeling indicates at worst only modest
detriments to visual performance at absolute threshold due to coupling. The proximal effect
of coupling is to average voltages in neighboring rods before the rod output synapse can
selectively filter out noise, which increases threshold for full-field stimuli by about 10%.
However, our modeling further suggests that rod coupling can serve to circumvent the
saturation of the rod output synapse, thus proving beneficial for detection of small, concen-
trated spot stimuli. For the conditions we modeled, 73% detection at absolute threshold,
coupling was beneficial for spots smaller than 0.11 retinal degrees diameter. Estimates of
the optical quality of the human preretinal visual apparatus indicate that even for a point
source stimulus, the retinal image has a half maximal diameter of 0.03—0.08 retinal degrees
(see supplemental material). A cursory conclusion would therefore be that coupling is only
slightly beneficial even for point light sources. However, we should further consider the

effect of coupling for other detection paradigms.
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We modeled 73% detection accuracy because this is a standard detection threshold used
in psychophysical experiments. However, we expect that detection at higher levels of ac-
curacy would also be behaviorally relevant. If detection threshold is set to 90% accuracy,
the threshold stimulus for large spots increases from 11.0 R* to 24.7 R*. With this brighter
stimulus, the relative benefit of coupling occurs at larger spot sizes, starting at about 0.15
degrees diameter. An even more general extension of the model would consider the ef-
fects of coupling on increment thresholds for detection of a stimulus against an ambient
background illumination as would happen, for example, on a moonlit night with bright
skyshine. With an ambient background, the rods could be imagined to sit at a resting po-
tential closer to the saturation point of the output synapse, so that the benefits of coupling
for circumventing saturation would arise for even larger spot sizes. However, in consid-
ering conditions including background illumination we must then be concerned with the
possibility of dynamic modulation of the visual circuitry.

At the rod output synapse, the parameters for both the noise filtering cutoff nonlinearity
and output saturation could be dynamically modulated to optimize for different ambient
light conditions. In fact, the history of measurements of the noise filtering cutoff [48, 103]
and the saturation point [102, 48, 16, 2] show considerable spread, suggesting that these
processes can indeed be modulated, although no mechanism for modulation has yet been
determined. In our modeling, we used static parameters under the assumption that at a
given ambient light level (in our case, near absolute darkness) the parameters would not
change. This reflects the idea that behaviorally the visual system must be able to detect
large and small stimuli simultaneously at a given ambient illumination, so that we do not
consider instantaneous optimization for every possible stimulus realistic. However, we do
not expect that these parameters necessarily remain static under different ambient light
levels.

Modulation of coupling itself is also a possible complication. In general, macroscopic
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gap-junctional conductances are known to be modulable, either through changes in single
channel conductance, channel open probability, or the number of channels at the junction.
Modulation of rod-cone coupling in response to changes in ambient illumination has been
documented in cold-blooded vertebrates [149, 144, 97], with some recent evidence that
this also occurs in mammals [97]. However, in physiological studies of homologous cone-
cone and rod-rod networks, modulation has been looked for but no effects have yet been
reported [8, 41, 76]. In one study, dopaminergic drugs were found to selectively modulate
rod-cone coupling without appearing to affect rod-rod coupling [70]. As with the rod
output synapse parameters, coupling conductance in our modeling was constant, under the
assumption that, even if modulation of rod coupling occurs, it would not occur at a constant
low level of ambient background illumination.

According to our model, rod coupling leads to a system whose absolute performance is
better for small spots than for large ones. In figure 3.10, we show that detection threshold
decreases steadily with shrinking spot sizes in the coupled case, while in the uncoupled
case the threshold stays much more constant. Psychophysical studies of spatial summation
suggest that both conditions may exist in the same retina, but at different eccentricities. The
classic result on spatial summation is that there is a maximal spot size past which added
light no longer adds linearly into the detection threshold [111]. This reflects the total area
of summation into the visual detection stage, i.e. the ~10,000 rod detection pool. More
recent results [155] indicate that at different retinal eccentricities, summation within the
detection pool is either fairly flat for different spot sizes (as predicted by our modeling for
uncoupled rods) or detection threshold continues to decrease for smaller spots (as predicted
for coupled rod networks). Unfortunately, psychophysical experiments have not produced
many clear data specifically at the smallest spot sizes considered here, where the differences
between the uncoupled and coupled predictions are most pronounced.

The above discussion suggests several important areas for future attention: 1) continued
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search for the protein underlying mammalian rod junctions including consideration of the
recently discovered pannexin gene family, 2) EM investigation of possible mammalian rod
inner segment junctions 3) investigation of possible modulation of the rod output synapse
behavior, 4) further investigation of adaptational or circadian modulation of photoreceptor
coupling and 5) consideration of possible variations in coupling over different topographi-
cal areas of the retina. The current results yield new insights into the strength of mammalian
rod coupling, the electrical behavior of the coupled rod network, the interaction between
coupling and downstream synaptic nonlinearities, and the effects of coupling on visual
detection near absolute threshold. The apparent trade-off between detection of full-field
stimuli versus small spots suggests one functional reason for rod coupling. The results
also have more general relevance; imperfect resistive lateral coupling among roughly ho-
mogeneous networks of similar cell types is a common feature of retinal circuits, as well
as neural circuitry more generally [60, 117]. And the ultimate task of the rod system at
absolute threshold, to detect sparse signals among a convergent network of noisy units,
is likewise relevant for processing elsewhere in the retina, in pathways underlying other

sensory modalities, and in other areas of the nervous system generally [48, 105, 25].
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3.6 Supplemental material

3.6.1 Capacitative effects

When rods were modeled with a capacitance, C,,, in parallel with the membrane resistance,
capacitative effects on network voltages were found to be negligible. Considering a simple
case of two such rods coupled to each other through resistance R;, the time constant to

charge C,, of one rod from a current source in the other is:

_ CuRuR;
~ Ru+tR;

and the transfer function for voltage in one rod to voltage in the other as a function of

angular frequency, s is:

1

H(s) =
(s) R;Cus+Rj/Rn+1

(3.17)

In our whole cell recordings, rod capacitances ranged from 5-10 pF. Taking C,, as the upper
limit of 10 pF, and assuming R,, = 1.5 GQ and R; = 3 G2 (see results), gives 7 = 10 ms.
Rod photovoltages for dim flashes are slow, with > 99% of their spectral power at or below
5 Hz. Therefore it can be seen intuitively that a membrane capacitance charging with a 10
ms time constant will have negligible effect on the photoresponse.

More rigorously, photovoltages can be fit with a standard two- or three-stage lowpass
RC impulse response function [62] and the resulting fit then digitally filtered according
to equation 3.17. Comparing the filtered response for C,, = 10 pF to the pure resistive
voltage transfer with C,,, = 0 the capacitance is found to reduce the peak response amplitude
by about 0.1%. The capacitance also introduces a time delay to peak of about 5 ms, so
that if the filtered and unfiltered responses are averaged together to simulate the averaging

of photovoltages between neighboring rods, the additional reduction in peak amplitude is
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about 0.02%. The cumulative effect of capacitance on peak response amplitude is thus
a negligible 0.12%. More complicated hexagonal networks were simulated in GnuCAP,
yielding maximal capacitative effects only about double those for the two rod case, i.e.
still negligible. In general, the capacitative effect on voltage transfer amplitude exceeds
1% only for rods separated by 4 intervening neighbors. At this point, however, network
resistances alone have attenuated transferred voltage by > 99%, so that the overall voltage
transfer effect is completely dominated by resistance.

Finally, for the purposes of the psychophysical modeling, noise is assumed to be rele-
vant only insofar as it has the same temporal characteristics as the photoresponse, so that

signal and noise will in any case be affected equally by capacitative filtering.

3.6.2 Indirect current paths in paired rod recordings

When recording current passing between two neighboring rods, we generally assumed that
the only current path was a junction directly between the recorded rods. In a rod network,
however, current could also flow between recorded rods via indirect paths through addi-
tional intervening rods. Considering the simple case of two recorded rods connected both
directly and indirectly via one intervening neighbor (figure 3.11), if one rod voltage is held
and the other stepped, circuit analysis indicates that the indirect current /; will be a fraction

of the direct current /;:

I; 1

—-—=— 3.18
24P G189
Thus, for B = 2 the indirect current is one quarter the magnitude of the direct. If we
assume hexagonal rod packing, there can be at most two such indirect paths with only one

intervening rod. Each will carry current according to equation 3.18, resulting in 67% of the

total measured current being direct and 33% being indirect.
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Figure 3.11: Indirect current path example
In this simple scenario, rods 1 and 2 are patch clamped. The voltage of rod 2 is held and rod 1 is
stepped. The current measured at 2 is then a combination of direct flow (I;) from 1 to 2 and indirect
flow (I;) from 1 to 2 via 3.

If we consider an infinite, fully connected hexagonal network, for any two recorded
neighboring rods there are then an infinite number of indirect current paths, with varying
numbers of intervening rods. It might appear that this would result in a greater proportion
of the measured current being indirect rather than direct. However, in a fully connected
network, the proliferation of current paths to ground makes every indirect path more leaky,
such that the overall proportion of indirect current, as confirmed by GnuCAP simulation, is

no greater than in the simple case of only two indirect paths each with one intervening rod.

3.6.3 Ocular point-spread function

The ocular point-spread function (PSF) describes the blurring of the external image as it
passes through the eye before reaching the retina. Formally, it is the two-dimensional inten-
sity profile of the image formed at the retina when the preretinal visual apparatus attempts
to resolve an external point source of unit intensity. We assume here that the PSF is cen-
tered and radially symmetric, so that it can be described as a one-dimensional function that

peaks at zero and falls off with radial distance. How quickly the PSF falls off depends on
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the diameter of the viewing pupil. For very small pupils, the PSF is essentially diffraction
limited, while for larger pupils the optical quality of the lens becomes the primary deter-
mining factor [24]. In practice, the PSF is difficult to obtain directly, so other measures
are generally taken, such as the line-spread function or the modulation transfer transfer
(MTF), from which the PSF can then be calculated. The MTF describes the preretinal
eye’s retention of contrast as a function of spatial frequency; it is the Fourier transform of
the PSF.

For our analysis of the benefits of coupling for small spot stimuli, the PSF diameter at
half-max gives us an estimate of the smallest practical retinal image. Since we are interested
in the PSF for the dark-adapted human eye, we assume large pupil diameters of 6—-8 mm
[120]. Two studies have published analytical expressions for the human MTF at various
pupil sizes [4, 57], both describing the MTF as a weighted sum of two exponentials. Given
that the MTF is defined between 0 and o cycles / degree, its inverse Fourier transform, i.e.
the PSF, then has a direct analytical solution: a weighted sum of two Lorentzians.

Artal and Navarro [4] explicitly warn against deriving analytical PSFs from their ana-
lytical MTF expression, citing concerns that the analytical expression never reaches zero for
high spatial frequencies, whereas the true MTF must eventually reach zero at the diffraction
cutoff frequency. However, we find that this error is negligible for large pupil diameters. If
we compute the MTF from their analytical expression for a large pupil and then set it to zero
for frequencies above 50 cycles / degree, well below the true diffraction cutoff, we find that
the numerically computed inverse Fourier transform is practically indistinguishable from
that of the analytically calculated PSF.

Artal and Navarro [4] give MTF expressions for 6 mm and 8 mm pupils, from which
we calculated PSF half-max diameters of 0.038 retinal degrees and 0.077 retinal degrees
respectively. The largest pupil diameter considered by Guirao et al. [57] was 6 mm,

from whose MTF we calculate a PSF half-max diameter of 0.028 retinal degrees. Thus
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we conclude that for the dark-adapted human eye, the PSF ranges from about 0.03 to 0.08
degrees diameter. Interestingly, the situation in rodents appears similar. The rodent eye is
of generally poorer optical quality, but the maximal pupil size is only about 2 mm, so that

the dark adapted PSF has similar half-max diameter to a human’s [3].
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Chapter 4

General conclusions

In the preceding chapters, I have presented results on mammalian rod coupling and its
effects on visual detection thresholds. In the primate retina, we showed that rods are tracer
coupled, and that they share their electrical signals within small local networks. This is the
first definitive evidence for rod coupling in primates, indicating that rod coupling could be
relevant for understanding human vision. In the guinea pig retina, our recordings represent
the first direct measurement of rod-rod coupling conductance in a mammalian retina. The
rod network model I developed, by treating the voltages of coupled rods as the solution to
a system of simultaneous linear equations, provides a simpler, more flexible approach than
previous methods for determining the electrical behavior of these networks [126]. Many
recent studies of coupled networks (e.g. [138, 63, 76, 154]) could benefit from network
modeling along these lines, whether to confirm that different coupling data are mutually
consistent, to extend predictions based on the existing data to situations where data are
not yet available, or to enable further analysis of the greater implications of the observed
coupling.

I developed a model of psychophysical detection to consider the implications of rod

coupling for human vision, focusing on interactions between coupling and nonlinearities at
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the rod output synapse. I also considered the total convergence of rod signals to the psy-
chophysical detection stage, which is important for estimating sensitivity. Any subtleties of
the circuitry between the rod bipolar cell layer and the ultimate psychophysical detection
stage, however, were ignored in the model. This could be improved upon as our under-
standing of signaling between rod bipolar cells, AIl amacrines, the ganglion cell layer,
and the visual cortex improves. However, by focusing on the specific psychophysical task
of detection of brief flashes near absolute threshold, the model is able to generate useful
insights despite the missing information. It seems fair to assert that in the capacity of detec-
tion near absolute threshold, the interaction between coupling and rod output nonlinearities
is most critical; effects depending on downstream circuitry would tend to be obviated by
other interactions at these later stages, including convergence, All coupling, and lateral
interneuron signaling.

Given the finding that coupling can enhance detection of small spots, is there any ex-
planation for why this would be particularly adaptive? One intriguing possibility is that the
selective enhancement of small spot detection is important because it improves detection of
stars. For nocturnal mammals, aerial predation risk is greatest on brightly lit nights. There-
fore, many nocturnal mammals concentrate their foraging activities on the darkest nights of
the lunar month, on and around new moon [26]. Aerial predation is still a major risk even
under these dark conditions however [42, 68], and without the moon to provide general
sky-shine, detection of predatory flyovers could depend critically on silhouetting of aerial
predators against the star-field. Thus, improved detection of small points of light could be
critical for visual detection of an overflying predator. Although speculative, this idea gen-
erates several intriguing hypotheses. If detection of stars is really a reason for rod coupling,
for example, we would expect coupling to be more prevalent in ventral retina than dorsally.
Several rodent and lagomorph retinas are known to have distinctly different complements

of cones in ventral versus dorsal retina, possibly to enhance detection of objects against the
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different background of the daytime sky versus the ground [150]. Primate retinas also show
differences in rod densities in ventral versus dorsal areas [89, 32]. Another corollary of
the star detection hypothesis is that coupling might be modulated according to lunar cycle,
in addition to the previously mentioned possibility of circadian modulation. Endogenous
lunar rhythms have not been much studied in mammals (but see [92]), although they are
well known in other vertebrates [1].

Another suggested benefit of mammalian rod coupling is in signaling at brighter sco-
topic levels, when the recently discovered synapses from rods directly onto cone bipolar
cells are active [130, 129]. Only about 20% of the rods appear to contact cone bipolar cells
directly, so it is hypothesized that rod coupling allows the remaining majority of the rods
to send indirect signals through this pathway. So far the direct rod to cone bipolar circuit
has been observed only in rodents, so it would have to be established in primate before it
could be offered as an explanation for the primate rod coupling demonstrated here in chap-
ter 2. Not much is known about the relative sensitivity and dynamic range of this circuit,
but the network modeling and conductance measurements presented here in chapter 3 offer
a ready means to calculate the relative contribution of rod coupling to this pathway once its
operating parameters are better understood.

As these alternative proposed justifications for rod coupling demonstrate, there are in
fact many possible benefits and detriments for rod coupling, including electrophysiologi-
cal effects at various light levels and for diverse possible stimuli, as well as non-electrical
effects such as benefits of coupling for metabolic signaling or intercellular adhesion. A
significant detrimental effect that is currently being explored is the possibility that pho-
toreceptor coupling could be instrumental in the spreading degradation common in clinical
cases of retinal degenerative disease [100, 33]. Clearly there is much left to learn, and
many of the outstanding questions, such as potential circadian modulation of coupling or

variation in coupling over different topographical areas of the retina, will probably benefit
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from new high-throughput methods such as biolistic dye labeling [18], single-cell elec-
troporation [87], and photofilling [79]. Still, it is striking that in considering only our
electrophysiological data and issues of detection at absolute threshold, we can already see
the possibility for a dynamic tension between coupling’s putative benefits and detriments.
Ultimately, while the psychophysical modeling presented in chapter 2 laid a groundwork
for considering competing effects inherent to rod coupling, it was only with the additional
data and refined modeling in chapter 3 that it became clear that, within the context of
absolute detection threshold, the level of coupling present in mammals could effectively
minimize coupling’s negative consequences while maintaining and even improving on its
benefits. The importance here of considering interactions between coupling and immedi-
ately downstream synaptic nonlinearities may prove instructive for understanding the role
of coupling generally within convergent pathways. The work presented in this dissertation
provides new insights into rod coupling in the mammalian retina, an enigma whose im-
plications may stretch to many other areas in the neurosciences and in the study of signal

processing.
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Appendix A

Code listings

A.1 cellnet.m

function W = cellnet(C, beta)

%CELLNET

W = cellnet(C, beta)

Solves for the normalized voltage transfer matrix for a network of N
cells. Each cell has a membrane resistance to ground Rm and a
resistance to neighboring cells Rj. These parameters are captured in
the function parameter BETA = Rj / Rm. The connectivity of the
network is captured in the connectivity matrix C, which is an NxN
symmetric matrix with ones where cells are connected and zeroes where
they aren’t. C should be specified with zeros on the diagonal; a cell
is not considered to be connected to itself.

For example, a four cell cycle:
1-2
| |
3-4
would be represented with connectivity matrix:
[

0® 0° 0° o° ° A° 0% o° O° O° o O° O° O° of O° o° o° of

oORHMHO
N oNo N}
N oNo N}
OO

1
error(nargchk(2, 2, nargin));

if (numel(size(C)) ~=2 || size(C, 1) ~= size(C, 2) ||
~all(all(C == C')) || any(diag(C)))
error([’'C should be a symmetric square matrix with zeros’
' along the diagonal’]);
end

% Calculate the number of other cells each cell is connected to
NumC = sum(C);

Form matrices for system of equations
diag(-(NumC + beta));
C + D;

wn O o°

We want to solve the system of equations defined by S * w = B with a
series of different answer column vectors, B. So instead make B a
matrix of all the answer columns lined up.

= diag(ones(1l, size(C, 1)) .* -beta);

W o° o° of

=

=S\ B;

102



o e Y R R R S

A.2 hexconnect.m

function C = hexconnect(1l)

SHEXCONNECT

C = hexconnect (1)

Generates a connectivity matrix representing a hexagonal network of
connected nodes with L surrounding layers. A network L =1 has 7
nodes, one in the center and 6 surrounding it. For a network with N
nodes, C will be an NxN symmetric square matrix with ones to indicate
where two nodes are connected and zeros everywhere else.

HEXCONNECT generates networks with full hexagonal connectivity, but
note that it would be trivial to include stochasticity into the
connection forming step to represent a stochastically connected,
hexagonally packed array of nodes.

0® 0% 0° o° o° o o° o° o° o o°

error(nargchk(1l, 1, nargin));

if 1 <0
error(’'L must be >= 0');
end

Calculate the number of nodes in a hexagonal network of L layers
Each layer X has X x 6 nodes, except for layer 0 which has 1 node.
We can calculate N using the triangular number formula.

o o° o°

n=1+6=x*1/2 % (L +1);
% Initiate the connectivity matrix as an NxN sparse matrix of zeros
C = sparse(n, n);

Now iteratively go through the layers, adding ones to the connectivity
matrix to indicate connections between nodes.
prevL = [1]; % Start with layer 0, containing only node 1.
for i = 1:1,
% Sanity check
if(numel(size(C)) ~=2 || size(C, 1) ~= size(C, 2) ||
~all(all(C == C')) || any(diag(C)))
error([’'C should be a symmetric square matrix with zeros’
' along the diagonal’]);

o o°

end

numconnections = sum(C); % Num connections for each node so far
numnewL = i*6; % Num nodes in the new layer

% For each node in the previous outer layer, connect to appropriate
% nodes in the new outer layer.

lastnewnode = 1;

for j = prevL,

% How many new nodes must be connected to this previous layer node

“©
% to bring the previous layer node to 6 connections total?
newconnections = 6 - numconnections(j);

Name the new layer nodes attached to this previous layer node
This should be a sequence of node numbers e.g. [1 2 3]. If the

connected to nodes [3 4 5]; i.e. there is 1 node overlap in new
layer nodes connecting to previous layer nodes.
newnodes = lastnewnode:newconnections+lastnewnode-1;
lastnewnode = newnodes(end);

o o° o° o° o°

% Wrap around the new node numbers; if there are 12 nodes in the
% new layer, then node 13 is really node 1.
newnodes = mod(newnodes-1, numnewlL)+1;

Add the connections to the connectivity matrix. The new node

d° o° o°

step them up by PREVL(END) to get their numbering in agreement
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last node was connected to nodes [1 2 3] then this node should be

numbers are relative to their own new layer, e.g. 1:12. We must



66
67

69
70
71
72
73
74
75
76
71
78
79
80
81
82

84 end

% with the numbering for the whole network as used in C.
for k = newnodes + prevlL(end),
C(j, k) =1;
C(k,j) = 1;
end
end

% For each new node, connect it to its neighbors in the new
ewL = (1l:numnewlL) + prevL(end);

n
for j = newL(1l:end-1),
k=3j+1;
C(j,k) =1;
C(k,j) = 1;
end
C(newL(end), newlL(1l)) = 1;
C(newL (1), newL(end)) = 1;

prevL = newL;
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