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Light drives the developmental progression of outer
retinal function

Paul ). Bonezzi**@®, Matthew ). Tarchick™*@®, Brittney D. Moore'@®, and Jordan M. Renna'®

The complex nature of rod and cone photoreceptors and the light-evoked responsivity of bipolar cells in the mature rodent
retina have been well characterized. However, little is known about the emergent light-evoked response properties of the
mouse retina and the role light plays in shaping these emergent responses. We have previously demonstrated that the outer
retina is responsive to green light as early as postnatal day 8 (P8). Here, we characterize the progression of both
photoreceptors (rods and cones) and bipolar cell responses during development and into adulthood using ex vivo
electroretinogram recordings. Our data show that the majority of photoreceptor response at P8 originates from cones and
that these outputs drive second-order bipolar cell responses as early as P9. We find that the magnitude of the photoresponse
increases concurrently with each passing day of postnatal development and that many functional properties of these
responses, as well as the relative rod/cone contributions to the total light-evoked response, are age dependent. We compare
these responses at eye opening and maturity to age-matched animals raised in darkness and found that the absence of light
diminishes emergent and mature cone-to-bipolar cell signaling. Furthermore, we found cone-evoked responses to be
significantly slower in dark-reared retinas. Together, this work characterizes the developmental photoresponsivity of the
mouse retina while highlighting the importance of properly timed sensory input for the maturation of the first visual system

synapse.

Introduction

The establishment and subsequent refinement of early neural
networks are crucial for proper visual function in mature or-
ganisms. In the developing mammalian visual system, a myriad
of cues drives normal circuit formation, many of which depend
largely on sensory experience. Several seminal studies have
demonstrated the importance of light exposure during devel-
opmental critical periods on the formation of higher-order vi-
sual system circuitries (Hubel and Freeman, 1977; Hubel et al.,
1977; LeVay et al., 1980; Huberman et al., 2008). These down-
stream cortical pathways both pool and filter incoming infor-
mation from multiple levels of neuronal organization, making it
difficult to isolate the root cause of circuit alterations in such
cases of vast signaling interdependencies. Furthermore, light-
dependent remodeling is thought to not only affect the visual
cortex but has also been demonstrated to be required for in-
traretinal wiring. Numerous light-driven alterations occur in
the developing retina, such as synaptic refinement at both the
first retinal synapse in the outer plexiform layer (OPL; Dunn
et al., 2013) and at the second synapse in the inner plexiform
layer (IPL; Sosula and Glow, 1971; Fisher, 1979; Tian and
Copenhagen, 2003). Furthermore, at bipolar cell axon terminals,
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active zones store and release neurotransmitter vesicles for rapid
signaling. This activity alone shapes the normal patterns of syn-
aptic connectivity during postnatal development (Kerschensteiner
et al., 2009).

In mice, the visual system develops both pre- and postnatally,
with eye opening occurring between postnatal day 12 (P12) and
P14 and completing maturation around P30 (Olney, 1968; Fisher,
1979). Genetics and molecular cues drive much of the initial
layout of the retina, beginning with the inner retina during early
development and progressing outward to the photoreceptors
closer to the time of eye opening (LaVail, 1973; Fisher, 1979; Rich
et al., 1997; Sharma et al., 2003). Postnatal refinement of this
injtial layout, as well as the downstream, higher-order neuronal
mappings, requires spatially and temporally correlated patterns
of spontaneous activity across the inner retina, those of which
are known as retinal waves (Meister et al., 1991; Wong, 1999).
Cholinergic neurotransmission drives these waves from PO-P8,
whereas glutamatergic transmission does so from P8 onward
until eye opening when these waves disappear almost com-
pletely (Feller et al., 1996; Zhou and Zhao, 2000; Ford and Feller,
2012). Light input through intrinsically photosensitive ganglion
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cells (ipRGCs) can also modify and alter the temporal properties
of this wave activity (Renna et al., 2011). Finally, around P10, it is
likely that this spontaneous, inner retinal activity then inter-
mingles with light-driven input from the outer retinal rod and
cone photoreceptors (Tian et al., 2015).

Many studies have characterized the structural (LaVail, 1973;
Blanks et al., 1974; Carter-Dawson and LaVail, 1979a; Carter-
Dawson and LaVail, 1979b; Bodenstein and Sidman, 1987; Rich
et al.,, 1997; Sharma et al., 2003) and functional (Luo and Yau,
2005; Heikkinen et al., 2008; Heikkinen et al., 2011; Heikkinen
et al., 2012) development of these photoreceptors as the mouse
begins to navigate its surroundings. Such studies have con-
firmed that the light-evoked photoresponse matures over the
few weeks following eye opening and become stable by P30 (Luo
and Yau, 2005; Heikkinen et al., 2012). By eye opening, many of
the morphological features of the mouse retina, aside from the
rod outer segments (OS) and specific synaptic connectivity in
the OPL and IPL, are thought to parallel that of the mature ret-
ina. Indeed, much of the machinery required for cone photo-
transduction and synaptic signaling is present before P10 and
completes a significant portion of their connectivity with post-
synaptic partners by eye opening (Blanks et al., 1974; Rich et al.,
1997; Fei, 2003; Sharma et al., 2003; Kim et al., 2008; Regus-
Leidig et al., 2009; Aavani et al., 2017; Daum et al., 2017).

Synaptogenesis within the OPL between photoreceptors and
bipolar cells begins at P7. This forms the initial bridge in sig-
naling between the outer and inner retina. These connections
continue maturing until the third postnatal week (Fisher, 1979;
Johnson et al., 2003; Morgan et al., 2008). Even so, to our
knowledge, there is no published evidence directly character-
izing a single or populational bipolar cell response before eye
opening in the mouse retina. We previously reported outer
retinal photoresponsivity to bright (photopic) green light as
early as P8 (Bonezzi et al., 2018). Here, we build on this study
and characterize the developmental progression of populational
photoreceptor (rod and cone), as well as ON bipolar cell re-
sponsivities, in normal-reared and dark-reared retinas to de-
termine how developmental light input shapes responsivity
across multiple information channels of the retina.

Materials and methods

Ethical approval

Experiments were conducted according to the National In-
stitutes of Health guidelines. Animal use protocols were ap-
proved by the Institutional Animal Care and Use Committee at
the University of Akron.

Animals

All experiments were conducted with both male and female
C57BL/6R and Gnatl~/~ (Calvert et al., 2000) mice (with litter-
mate controls). We recorded from the retinas of mice at P8, P9,
P10, and P14, as well as mice spanning 30-60 d of age for adult
(mature) subjects. Normal-reared mice and Gnatl™/~ were raised
on a12/12 h dark/light cycle and dark-reared mice were raised in
24 h of darkness and cared for under dim red (630 + 20 nm) LED
light (Roithner LaserTechnik). Animals had ad lib access to food
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and water. Mice were dark-adapted for at least 6-12 h before
experiments. All experimental procedures were performed un-
der dim red LED light and conducted between 10 am and 10 pm
EST. Mice younger than P14 were sacrificed with 0.2 ml pen-
tobarbital sodium (Fatal plus; Vortech Pharmaceuticals) while
P14 and adult mice were sacrificed with CO, asphyxiation at the
rate of 1.4-5.3 lpm. Both primary sacrificial methods were fol-
lowed by cervical dislocation. Eyes were removed, placed on a
cotton ball in a petri dish containing Locke’s media supple-
mented with BaCl,, and bubbled with 95% O, and 5% CO,. Ret-
inas were isolated from the eye, separated from the retinal
pigmented epithelium layer (RPE), and prepared for recordings.

Electrophysiology

Transretinal, ex vivo ERGs were recorded from whole, intact
mouse retinas with methods described previously (Bonezzi
et al., 2020), using a recording chamber adapted from previ-
ous studies (Heikkinen et al., 2008; Vinberg and Kefalov, 2015).
Electrode pairs (2x Ag/AgCl pellets housed in a 3-D printed
component) provided signal detection. Locke’s media bubbled
with 95% O, and 5% CO, was preheated on a hot plate (VWR) and
gravity fed (2-3 ml/min) through an inline heater (SH-27B;
Sutter Instruments), and temperatures were monitored and
maintained at (35-37°C) near the tissue with a thermocouple
(TC-324C; Sutter Instruments). For a single experiment (n =
2 retinas), we first recorded ON bipolar cell-evoked b-waves in
Locke’s media supplemented with BaCl, (150 uM) to remove the
slow (P-III), Miiller cell component (Bolnick et al., 1979). We
then isolated photoreceptor-driven a-waves by adding two
glutamatergic agonists, L-AP4 (20 pM; Tocris) and L-aspartate
(2 mM), to block the ON bipolar cell contributions to the ERG
waveform (Murakami and Kaneko, 1966; Pepperberg et al.,
1978; Heikkinen et al., 2008). We also chose to perfuse reti-
nas with Locke’s media over artificial cerebrospinal fluid or
Ames’ media since the hyperpolarization-activated “nose com-
ponent” is typically more prominent this way, and assessing rod
saturation was vital to many of our experiments (Vinberg et al.,
2009; Heikkinen et al., 2012). All reagents were purchased from
Sigma-Aldrich unless stated otherwise.

Data acquisition

ERGs were recorded with the positive terminal leads plugged
into the bottom chamber (ganglion cell side) to prevent the need
for response inversion during analysis. Because ERGs detect
extracellular, transretinal voltages, conventional photoreceptor-
evoked light responses appear positive-going when the positive
terminal (recording) electrode is positioned contiguous with the
photoreceptor side of the retina due to the hyperpolarizing na-
ture of the rod and cone photoresponse. Before recordings,
voltage offsets and resistances between the electrode pairs were
measured to assure optimal recording conditions. DC signals
were amplified x1,000 (Multiclamp 700B; Molecular Devices),
low-pass filtered (8-pole Bessel) at 300 Hz, digitized (Digidata
1550B; Molecular Devices) at 10 kHz, and stored on the computer
(7620; Dell Precision). Both recording and light stimulus proto-
cols were set within acquisition software (Clampex 10.0; Mo-
lecular Devices).
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Light sources, calibrations, and tissue stimulation

The 4x microscope objective (BX51WI; Olympus) provided short,
full-field (1-10 ms) flashes to the photoreceptor side of the retina
from an LED (X-Cite 120 LED; Lumen Dynamics) driven by TTL
signals configured by a computer. Dichroic filter cubes (ET-DAPI
HYB and C170479; Chroma) and neutral density filters (22000;
Edmund Optics) placed in the light path controlled the incident
photon density and initial wavelength. Because the spectral
sensitivities of m-opsin and s-opsin overlap by a considerable
degree, we used a bandpass filter (520 + 23 nm; 86984; Edmund
Optics) to primarily drive m-opsin cone pigment. The overlap in
spectral sensitivities of m-opsin with that of s-opsin (~20% Aax;
Govardovskii et al., 2000) means that a given response may have
contained both s-opsin- and m-opsin-driven activity, which is
unavoidable aside from separating and recording from each half
of the retina individually. However, we recorded from intact
retinas with hopes of maximizing response robustness from
immature tissue, and thereby avoided attempts to separate
m/s-opsin-driven responses by using specific portions of the
retina (Lyubarsky et al., 1999; Applebury et al., 2000; Nikonov
et al., 2006). Microscope apertures were adjusted so that a 10-
mm @ light spot stimulated both retinas simultaneously. For
separation of rod and cone light responses, digitizer signals
configured within acquisition software (Clampex 10.0; Molecu-
lar Devices) drove monochromatic (505 + 10 nm) LEDs (B5-433-
B505; Roithner LaserTechnik) housed in a 3-D-printed objective
adapter (Bonezzi et al., 2020), providing steady background light
to saturate the rods.

Light sources were calibrated with an optometer (S470
flexOptometer, Gamma Scientific) and a photodiode probe
(260M/7K001; Gamma Scientific) measuring W cm=2 which
were then converted to photons per cm?. Estimations of flash-
evoked photoisomerizations per rod or cone cell were achieved
considering the following: the light sources’ emission spec-
trum, the photoreceptors’ OS dimensions (LaVail, 1973; Carter-
Dawson and LaVail, 1979a; Nunn et al., 1984), the absorption
spectrum of the cells’ opsin(s) (rhodopsin, rod-dominant opsin,
Amax = 498 nm; s-opsin, s-cone dominant opsin, Ap,x = 361 nm;
m-opsin, m-cone dominant opsin, Ay, = 508 nm; Lyubarsky
et al., 1999; Applebury et al., 2000; Govardovskii et al., 2000;
Yokoyama, 2000), and a particular stimulation geometry
(Heikkinen et al., 2008; Heikkinen et al., 2011; Vinberg et al.,
2014). Collectively, these provided an estimate of a single
photoreceptor’s collecting area (a; pm™2) and permitted cal-
culations of photoisomerizations from the flash intensity I
(photons um=2) with the following equation:

¢ = Ih,,.ac. (1)

For adult animals (=30 d), calculations of a. were based on
known dimensions of mature rod and cone photoreceptors
(Carter-Dawson and LaVail, 1979a). For developmental animals
(P8-P14), rod and cone outer segment dimensions were obtained
from previous morphological analyses (LaVail, 1973; Obata and
Usukura, 1992; Daum et al., 2017) and used for estimations of a,,
taking into consideration the dimensions (length x diameter) of
the emerging OS of cones (P8; 3 x 1.4 um) and rods (P8; 0.5 x 0.8
pm), of which cones reach near-mature OS volume by eye
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opening (P14; 13.4 x 1.4 um) and rods between P21 and P22 (P30;
24 x 1.4 pm). With these dimensions, we were able to calculate
the a, using the following equation as seen in Baylor et al. (1984):

2
a=f % [1-1072@1]y, (2)

where f is the factor that accounts for light funneling by the
inner segment, y is the quantum efficiency of photoisomerization,
and d and | are the diameter and length of the outer segments,
respectively. Because we stimulated tissue from the photore-
ceptor side of the retina, the funneling effect from the rod’s
inner segments is negligible (f = 1). AD(}) is the specific density
of the outer segment at wavelength A. The specific density of
the outer segments at A, the value for AD(}) = 0.016 (Nymark
et al., 2005) and y = 2/3. From the pigment template, we get
AD(520 nm) = 0.86 AD(Aqx) for the mouse rods (A, = 498 nm;
Lyubarsky et al., 1999), and we arrive at a,,;,q(520 nm) = 0.55
pm~2 for adult rods with our stimulus wavelength. This same
calculation was performed for rods and cones at younger
postnatal ages considering the OS dimensions.

Therefore, estimated total a. (rods + cones) under mesopic
flashes for P8-P10 retinas are as follows for 520 nm flashes: P8 =
0.036 pm? P9 = 0.066 pm?; and P10 = 0.088 pm?2. Due to un-
certainties in these estimations, as well as the abnormally high
(A) values when calculated in terms of (P*), we report light
stimulus values as photons per pm? and amplification constants
(A) in terms of both photoisomerizations rod-! s~! (P*) as well as
photons per pm? (Table 1).

Separation of rod and cone responses

To isolate cone responses, we used two different methods. We
took advantage of a rod’s high sensitivity to photons compared
with that of cones (see Ingram et al, 2016). This method could be
reliably used on animals at ages P10 and P14. However, because
of the lower light sensitivity of photoreceptors at P8, we instead
utilized Gnatl~/~ animals. To accomplish background saturation,
we superimposed mesopic-photopic flashes (1-10 ms) over a
rod-saturating background (Fig. 1). This background elicited a
substantial nose component indicative of rod saturation
(Heikkinen et al., 2008; Vinberg et al., 2009; Vinberg et al.,
2014) while minimally driving cones (Nikonov et al., 2006;
Heikkinen et al., 2012). We avoided prolonged background light
to prevent excessive pigment bleaching and alterations of re-
sponsivity through gap junctional coupling (Hornstein et al.,
2005; Heikkinen et al., 2011; Asteriti et al., 2014; Ingram
et al., 2019). The interstimulus interval was 500 ms for mea-
suring a-waves and 1-1.5 s when measuring b-waves; this en-
sured that the initial rod-dominant b-wave reached a steady
state before recording cone-evoked events (Heikkinen et al.,
2008; Heikkinen et al., 2012; Kolesnikov and Kefalov, 2012;
Vinberg et al., 2017). The inter-recording interval was 30 s for
dim flashes and 90 s for saturating flashes in rod studies and
30 s for cones as their responses recovered rapidly even after
bright flashes. We considered the possibility that the angled
nature (15.2°) of this background could result in incomplete
suppression of rod-circulating current (Stiles and Crawford,
1933; Matsumoto et al., 2012). However, this background was
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Figure 1. Cone-driven flash responses isolated with ex vivo ERGs.
Ex vivo ERG recordings from a WT adult mouse retina demonstrate the
use of background light for isolating cone-evoked responses from the rod-
dominated ERG. Constant (3 s) 505 nm light steps of increasing intensity
(square steps) were delivered between 98 (maroon trace) and 150,526
photons pm=2 571 (brown trace). The background light step delivering 24,278
photons um=2 s (cyan trace) most effectively suppressed rod-evoked ac-
tivity while minimizing response run-down and light adaptation between
trials (inter-recording interval = 60 s). The extended time scale illustrates
the slowed response recovery to the offset of background steps of in-
creasing intensity. Arrow indicates the nose component and subsequent
steady-state response reflecting prolonged rod response suppression (see
Materials and methods). Inset: Cone-mediated photovoltages isolated by
superimposed flashes (1-8 ms) of 520 nm light over steady background il-
lumination (interstimulus interval = 500 ms). This stimulus protocol was
used for measuring all cone-driven responses throughout this study aside
from those collected from Gnat1~/~ retinas.

considerably stronger than those used in previous studies
(24,278 photons pm™2 s~! compared with 15,000-20,000 pho-
tons um~2 s7!), making it unlikely that a significant portion of
the rod’s dark current remained as responses routinely ex-
hibited a nose component, indicative of saturation (Fig. 1;
Heikkinen et al., 2008; Vinberg et al., 2009; Heikkinen et al.,
2011; Heikkinen et al., 2012).

Using Gnat1~/~ to separate rods and cones

A standard method to separate the contribution of cone re-
sponses from rod responses in ERGs is to use high background
illumination to saturate the rod responses, leaving only a cone
response intact. However, as rods develop, saturation of the rod
photoresponse occurs at increasingly high intensities, such that,
at particular developmental time points, a residual rod contri-
bution may contaminate the ERG signal, i.e., some rods may not
saturate (Tikidji-Hamburyan et al., 2017). To better isolate cone
responses at different developmental time points, we take ad-
vantage of the fact that the rods and cone utilize different
transducin isoforms. Transducin a-1 (Gnatl) is expressed in rods
and transducin a-2 (Gnat2) is expressed in cones (Ingram et al.
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2016). Genetic knockouts of the rod transducin, Gnatl/~ dem-
onstrates a shift in intensity response function consistent with
the presence of only intact cone function. Rods in the Gnatl~/~
animals were not responsive to light in suction electrode ex-
periments. The Gnatl™/~ also is ideal for experiments that ex-
amine developmental changes in cone photosensitivity because
the early morphology of the retina is not altered in the Gnatl~/~
as it can be in other rod-silencing mutations (Calvert et al.,
2000). Because of the lower light sensitivity of photoreceptors
at early developmental ages, we utilized Gnatl~/~ animals to
exclude the possible contribution of rod photoreceptors at the
early time points.

Data analysis

All analyses were performed before digital filtering. Represen-
tative response traces were digitally filtered at 40 Hz. Peak
analyses were performed in Clampfit 10.0. The a-wave ampli-
tudes for both rods and cones recorded with no pharmacological
blockers were measured as the negative-going local minimum
after light stimulus onset (time = 0 s). In the presence of phar-
macological blockers, a-wave amplitudes were measured from
the negative-going, saturated response plateau after the sharp
nose component, for rod recordings, and simply as the peak
amplitude from cone recordings. To determine retinal sensi-
tivity, half-saturation and cooperativity parameters (I, and n)
were derived from best-fitting intensity response relationships
of both a- and b-waves with the Hill-type fitting equation:

R n
R am) (3)

(I + 1)

where R is the response at flash intensity (I), Rmax is the satu-
rated response for a single retina elicited by a flash intensity (1),
I,/ is the flash intensity required to elicit half of R,,,,, and n is
the cooperativity parameter determined by the fitting function.
For rod b-waves, Ry, was determined as the amplitude prior to
the onset of the secondary linear growth phase in the fit after the
sigmoidal behavior. The tye (time-to-peak) for both rods and
cones was calculated as the time (in ms) of the local minimum
after stimulus onset of the dim flash response (Rgim = 20-30%
Rinax)- The ti,; (integration time; ms) for both rods and cones was
determined as the integral of the dim flash response (uV.ms)
divided by the dim flash response amplitude (Rgim; #V). The
recovery time constant (t..) was determined by normalizing
Raim OF 70-80% Ry0x to their peak and then fitting the response
recovery (peak to V,,) with a single exponential:

R = V,exp~. (4)

To determine the dominant time constant (tp) of rod re-
sponse recovery, we applied a Pepperberg analysis (Pepperberg
et al., 1992). We first plotted the time required (in s) for 40%
recovery from Ry, (quantified as the flattest point in the sat-
urated plateau region following the nose component) against the
log of stimulus intensities (photons um-2). We then applied a
linear fit to the first three saturated responses to obtain the
dominant time constant. For determination of phototransduction
activation rates, amplification constant A (s72) from the first
three to five most dim, averaged, and normalized traces,
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were fit to the first one-third to one-half of the rising phase
with a modified version of the LP model of phototransduction
(Lamb and Pugh, 1992; Pugh and Lamb, 1993) given by the
equation:

R _ (1 _ ealtt)’) ) (5)

Rmax

where t g represents a short delay (effective time delay) between
the stimulus onset and response onset. The parameter, (a), was
then multiplied by 2 and divided by the effective photons used
in that trial for the determination of (A) in terms of effective
photons per pm?. For the determination of (A), in terms of
activated pigment molecules (P*), (a) was instead divided by
the collecting area of rods and/or cones depending on the
experiment (a,).

To determine how effectively photoreceptors drive second-
order bipolar cells across the photoreceptors’ dynamic range, we
calculated ratios of b-waves and a-waves at given flash inten-
sities. Ratios of b-wave and a-wave amplitudes were calculated
by dividing the b-wave by the a-wave in single traces treated
with BaCl,, in the absence of b-wave blockers, and subsequently
averaged across identical flash intensities. For this measure-
ment, b-wave amplitudes were calculated from the baseline to
the positive-going peak while a-waves were measured from
baseline to the negative-going trough.

Furthermore, to determine the sensitivity of bipolar cells to
photoreceptor output in a stimulus-intensity agnostic manner,
we then generated the synaptic transfer function for individual
retinas. To obtain the a-wave amplitude required to half-
maximally drive the b-wave, the synaptic transfer function
was fit with a Hill-type function using the equation:

Ry R"

= (6)

Rmaxz k" +R}’

where Rj is the response of the b-wave and Rmax; is the highest
b-wave response in a single retina elicited by an a-wave (Ry).
The semi-saturation constant (k) is the a-wave response re-
quired to elicit half of the Rmaxz and (n) is the cooperativity
parameter determined by the fitting function.

Fitting, statistics, and custom Julia code

All fitting was performed in Originlabs 2020 (OriginLab). Data
are presented as mean + SEM. A Student’s t test was used for
unpaired data, and two-way ANOVA was used to compare re-
sponse parameters across all conditions (postnatal age and
rearing condition). Statistical significance was set at P < 0.05
(Graphpad-Prism). A/B-wave ratios and synaptic transfer func-
tions were fit using custom-written Julia software available at
https://github.com/mattarl3/ElectroPhysiology.jl.

Results

Previous studies from mouse retina have described the physio-
logical function of rods, cones, and bipolar cells at the time of,
or after eye opening. Although these studies have laid the
groundwork for understanding the complex nature of mature
photoreceptor and bipolar cell function, little is known about
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the light-evoked response properties of such cells across early
postnatal development of the mouse retina. We have previously
demonstrated that the outer retina is responsive to green light
(561 nm) as early as P8 (Bonezzi et al., 2018). Here, we build on
these original findings by first starting from the earliest time
point in postnatal development in which we were able to detect
light responses. Furthermore, because little was known about
how environmental light exposure drives normal cellular ac-
tivities and functional wiring in the outer retina, we compare
these responses at eye opening and maturity to age-matched
animals raised in darkness.

The progression of retinal photoresponsivity from threshold
to maturation

To probe the photoresponsivity of the mouse retina across early
postnatal development, we began by conducting transretinal,
ex vivo ERGs from P8-P10 animals (Fig. 2 A). In the absence of
rod-suppressing background light, saturated a-wave amplitudes
(Rmax) increased proportionally with age in both WT and
Gnatl/- animals (Fig. 2 and Table 1), paralleling the increased
sensitivity at each age (Fig. 2 B). Considering the already-low
sensitivity of the retina at P8 and P9, we were incapable of
isolating cone-dominated responses in the presence of a rod-
saturating background until P10 (Fig. 2 A, inset). Because of
this challenge, and the uncertainty of the effectiveness of the use
of background light on developing retinas, early postnatal re-
cordings were also made from Gnatl~/~ retinas (Fig. 2 A).

A few key factors indicate that rod and cone functions exhibit
distinct developmental time scales. We detected similarly sized
a-waves at P8 (Fig. 2 A) from WT and Gnatl/~ animals, indi-
cating this time point represents the developmental onset of
cone-driven activity. Compared with other ages, responses at P8
exhibited lower sensitivity and quickly reached saturation after
only a 2-log unit increase in light intensity (Fig. 2 B), therefore,
exhibiting an extremely compact dynamic range. Subsequently,
in P9 WT retinas, a small nose component became evident in-
dicating the emergence of rod-driven activity (Fig. 2 A, black
arrow; Vinberg et al., 2009; Robson and Frishman, 2014; Van
Hook et al., 2019). Lastly, sensitivity was a full log unit greater at
P10 than at P9 between WT and Gnatl~/~ (Fig. 2 B). From P8 to
P10, WT responses roughly doubled in amplitude after each day
of development while concurrently increasing in sensitivity by
1log unit (Fig. 2 B). However, for Gnatl™/~ retinas, the sensitivity
and Rp.x also increased with age but reached relatively larger
amplitudes earlier in development than WT retinas (Table 1).
Collectively, these results highlight key aspects of outer retinal
sensitivity before eye opening: cone responses emerge at P8, the
dynamic range of the retina is compact (~2 log units of photons
pm-2) from P8-P9, rod-driven activity emerges at P9, and both
rods and cones contribute similar proportions to the ERG at P10.

To further characterize the developmental progression of
retinal photoresponses, we made recordings at two additional
age points, eye opening (P14) and adulthood (>P30; Fig. 2, C and
D). In mature WT retinas, maximal b-wave amplitudes increased
from those at eye opening by about 50% (adult: n = 10; P14: n =12,
P = 0.0008) and retinal sensitivity also increased significantly
(adult: n = 10; P14: n = 12, P = 0.008). Likewise, maximal a-waves
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Figure 2. Rod and cone contributions to the ERG depend on postnatal age. The developmental progression of the mouse ERG. (A) Both WT and Gnat1/~
photoreceptor responses emerge at P8 and increase rapidly in amplitude thereafter. Photoreceptor-driven a-waves at P8, P9, and P10 evoked by green (520
nm) flashes of increasing intensity (delivering 0.19-13,280 photons pum~2) presented at t = O (green arrow). Cone responses obtained from GnatI~/~ animals
were evoked by the light of increasing intensity (delivering 379-83,835 photons um~2) without background saturation. The rod-driven nose component
emerges at P9 (black arrow) and becomes more robust at P10. Inset: Cone-evoked responses at P10 isolated under the stimulus protocol from Fig. 1. (B) In
emergent time points, the dynamic range of the retina is compact at P8. This remains consistent until adulthood. The sensitivity, however, increases by ~1 log
unit with each passing day in development. Population averaged a-wave amplitudes plotted as a function of flash intensity, from P10 (triangle, n = 12), P9
(circle, n = 8), and P8 (square, n = 10) retinas. (C) Outer retinal signaling increases at a slower rate between eye opening and maturity. Response families to the
same stimuli used in A from P14 (left) and adult (right) retinas. Insets represent Gnat1~~ a-waves at corresponding time points without background saturation.
Retinas were initially perfused with Locke’s media containing BaCl, to observe both the negative-going photoreceptor component and the positive-going
bipolar cell-driven components, then subsequently with additional blockers (see Materials and methods) to isolate the photoreceptor-driven a-wave (red
traces). (D) Retinal sensitivity increases at a slower rate (50-60%) between eye opening and adulthood. Population averaged b-wave (top) and a-wave
(bottom) amplitudes plotted as a function of flash intensity in P14 (inverted triangle, n = 12 and 16) and adult (diamond, n = 10) retinas. Black fit lines = best fit
of Eq. 2. Resultant Iy, values are listed in Table 1. Error bars = mean + SEM.

increased by 65% (adult: n = 14; P14: n = 12, P < 0.0001). The
increase in a-waves indicates a much slower growth rate when
compared on a day-by-day basis with of those a-waves recorded
from retinas before eye opening. To characterize cone-mediated
activity at these two ages, we then isolated a-waves from
Gnatl~/~ retinas (Fig. 2 C, insets), finding that the cone-driven
a-wave grows by ~40%, similar to that of the rod-driven a-wave
in WT mice (adult: n = 7; P14: n = 11).

Compared with all ages, adult WT retinas were most sensi-
tive, and it was at this point in development that sensitivity
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stabilized for both ON bipolar cells and photoreceptors (Fig. 2 D).
Despite the increasing sensitivity, the dynamic range was still
maintained at ~2 log units of photon intensity in both a- and
b-waves. As flash stimuli were within the scotopic-mesopic
range and presented in the absence of background light, we
presume the WT adult responses to be predominately rod-
driven. In agreement with previous ERG studies, both P14 and
adult WT rod-driven a-waves exhibited a strong nose compo-
nent upon saturation while those of Gnatl™/~ retinas did not
(Fig. 2 C). Overall, these data are consistent with previous
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Figure 3. Scotopic responses and bipolar
cell-mediated activity emerge at P9. Emergent
bipolar cell activity shapes the ERG waveform at
P9 and P10. (A and C) Normalized a-waves from
P9 (A) and P10 (C) retinas to short (1-10 ms)
green flashes presented at t = O s. Flashes de-
livering 0.19-117 photons pm=2 elicited scotopic
responses (first row), 234-495 photons pm-2
elicited mesopic responses (second row), and
those flashes delivering 13,280 photons pum=2
elicited photopic responses (bottom row). Syn-
aptic blockers (see Materials and methods) were
then perfused to eliminate any bipolar cell con-
tribution, and subsequent recordings were re-
peated in the same retinas using identical flashes
(red traces). Arrows in A represent a positive
going pull on the waveform. (B and D) A Pep-
perberg analysis (see Materials and methods) on
P9 (B) and P10 (D) data reveal the effect of bi-
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reports of mature rod photoresponses measured with ERGs
(Heikkinen et al., 2008; Heikkinen et al., 2012; Vinberg and
Kefalov, 2015).

Bipolar cell-mediated activity and scotopic threshold emerges
at P9

To gain insight into the emergence of bipolar cell-driven activ-
ity, we conducted additional recordings on WT P9 and P10 ret-
inas in the absence, and subsequently in the presence of synaptic
blockers, like recordings seen in Fig. 2 C.

At P9, dim flashes elicited photoreceptor-mediated a-waves,
marking the onset of detectable scotopic activity (Fig. 3 A, black
trace). Interestingly, when comparing the P9 responses without
b-wave blockers to those with blockers, we noticed that, de-
pending on the flash intensity, responses exhibited a shift to
their activation phase and/or their recovery phase. In response
to scotopic-mesopic flashes, a positive-going “pull” on the
waveform delayed the activation phase and shortened the re-
covery phase of the response (Fig. 3 A, arrows). However, at
photopic intensities, the activation phase was no longer delayed,
while the recovery phase was affected by the same pull. Al-
though an unconventional use case, we performed a Pepperberg
analysis (see Matrials and methods) to determine if this pull
reduced the dominant time constant.

It was determined that the dominant time constant (tp) of the
saturated response recovery was shorter in the absence of
blockers compared to that with blockers (n = 5 and 6, P = 2.6789
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o

164 <0.001.

Intensity (photons pm-2)

x 1075, Tpoblock = 144 * 23; Tpjoek = 311 + 36 ms; Fig. 3 B), indicating
that this pull in the waveform was in fact sufficient to shorten
the apparent time under saturation. This phenomenon was also
present at P10 (n = 10 and 9, P = 7.0149 x 107", T gpjock = 115 + 4
MS; Thlock = 324 * 61 ms; Fig. 3 D). Furthermore, in the presence
of blockers, responses at P10 were slower to recover, suggesting
an increasing rod contribution to the total photovoltage further
into development. We presume this pulling effect to be an
emergent, ON bipolar cell-driven activity, shaping what we have
termed the “b-wave threshold response” (BTR). However, it
remains unclear to what degree this b-wave is rod- or cone-
mediated. This tendency unveils a competing nature of photo-
receptor and ON bipolar cell contributions to the immature
waveform. However, at P10, the scotopic responses were more
robust, generating a b-wave with a traditional positive-going
component that out-measured the negative-going a-wave as it
crossed baseline (Fig. 3 C). In summary, both scotopic (rod)
threshold and bipolar cell-mediated activity emerge 1 d after
cone responses appear.

Functional properties of photoreceptor responses are

age dependent

Next, to further characterize the nuances of photoreceptor-
evoked activity we begin by plotting the normalized (R/Ryay)
dim flash responses from isolated a-waves across development
(Fig. 4 A). From these dim flash responses, we measured several
metrics of waveform kinetics including time-to-peak (tpeak;
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Figure 4. Response kinetics of the rod-dominated ERG are age-dependent. Rod-dominant a-wave properties of P8, P9, P10, P14, and adult retinas in
response to dim flashes. (A) Representative a-wave traces normalized to their peaks illustrate an age-dependent shift in waveform kinetics. (B-D) Dim flash
response properties of individual retinas (green circles; n = 1) plotted across postnatal age. After P9, tpeak (B) decreases significantly with decreasing postnatal
age when compared with adult (adult: n = 14, 237 + 16 ms; P14: n = 12, P = 0.1617 [n.s.], 177 + 20 ms; P10: n = 12, P = 6.832 x 10~ [***], 147 + 17 ms; P9:
n=8P=471x105[***], 115 + 24 ms; P8: n = 10, P = 4.11 x 10"1 [***], 59 + 6.8 ms). (C) When compared with adult animals, only P8 retinas displayed a
longer recovery time constant (T,ec; see Eq. 3) compared with all other ages (adult: n = 14, 269 + 31 ms; P14:n = 12, P = 0.999 [n.s.], 183 + 20 ms; P10:
n=12,P=0.999 [n.s.], 206 + 26 ms; P9: n = 8, P = 0.999 [n.s.], 271 + 14 ms; P8: n = 10, P = 0.0163 [*], 751 + 145 ms). (D) Conversely, integration time
(tint) was exclusively extended at maturity compared to all other ages (adult: n = 14, 269 + 31 ms; P14: n = 12, P = 0.00011, 183 + 20 ms; P10: n = 12, P = 0.0015,
206 + 26 ms; P9:n = 8, P = 1.3407 x 1073, 271 + 43 ms; P8: n = 10, P = 3.1630 x 1075, 195 + 15 ms). Black bars represent the population means. Single, double,

and triple asterisks indicate a P value of <0.05, <0.01, and <0.001, respectively.

Fig. 4 B), recovery time constant (T.e.; Fig. 4 C), and integra-
tion time (t;,; Fig. 4 D). Additionally, to gain insight into any
age-dependent requirements on the activation phase of pho-
totransduction, we approximate amplification rates from the
rising phase of the a-wave across several light intensities. The
values associated with these response properties are also lis-
ted in Table 1.

First, aside from P14 responses, the t,.. was notably shorter
in younger animals (adult: n = 14, 237 + 16 ms; P14: n = 12, P =
0.1617 [n.s.], 177 + 20 ms; P10: n = 12, P = 6.832 x 1074 [***],147 + 17
ms; P9:n=8,P=4.71x1075 [**],115 + 24 ms; P8: n =10, P = 4.11 x
1071 [***], 59 + 6.8 ms; Fig. 4 B). Notably, the tpea. at P8 (59 £ 6.8
ms) reflected that of previously published cone-driven ERGs
(Heikkinen et al., 2008; Heikkinen et al., 2012). We also esti-
mated amplification constants (A) at each age and noticed a
similar trend as the tpe.x values. In the absence of background
light, the amplification rate of phototransduction reflected more
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closely to that of rods than that of cones in recordings from
mature tissue. However, as rod amplification constants calcu-
lated in terms of photoisomerizations rod~! (P*), seemed con-
siderably higher than normal, we also present these values in
terms of effective incident photons (photons um=2). The recov-
ery time constant (t,.) did not differ significantly from adult-
hood at any other age than P8 (adult: n = 14, 269 + 31 ms; P14: n =
12,P = 0.999 [n.s.], 183 + 20 ms; P10: n = 12, P = 0.999 [n.s.], 206 +
26 ms; P9: n =8, P = 0.999 [n.s.], 271 + 14 ms; P8: n = 10, P =
0.0163 [*], 751 + 145 ms; Fig. 4 C). Lastly, the integration time
(tiny) Was significantly longer in adulthood compared with any
other age (adult: n =14, 269 + 31 ms; P14:n =12, P = 0.00011, 183 +
20 ms; P10: n =12, P = 0.0015, 206 + 26 ms; P9: n =8, P = 1.3407 x
1075, 271 + 43 ms; P8: n = 10, P = 3.1630 x 1075, 195 + 15 ms;
Fig. 4 D). Considering these analyses, it appears that before P10,
the mouse ERG contains both cone and rod-driven contributions
and becomes increasingly rod-dominated into adulthood.
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Normal photoreceptor signaling requires visual experience
before eye opening

To gain insight into the role that visual experience plays in the
normal function of both rod and cone circuits, we recorded rod-
dominant and cone-dominant ERGs from WT mice raised in
normal, cyclic lighting conditions (12-h light/12-h dark) and
from mice deprived of light (24-h dark) up to P14 and into
adulthood (=P30). A summary of the properties of rod-
dominated, cone-dominated, and their downstream ON bipolar
cell responses across all conditions are listed in Table 1. Here, we
generated intensity-response relations from both a- and b-wave
amplitudes, quantified synaptic transfer functions, measured
amplification constants from the a-wave, and measured the time
photoreceptors spent in saturation to determine if dark-rearing
imposed any functional consequences on retinal sensitivity,
phototransduction activation, and phototransduction deactiva-
tion, respectively.

At P14, rod responses from normal-reared and dark-reared
retinas exhibited similar characteristics in both their a- and
b-wave properties. Overall, dark rearing did not significantly
alter the rod-driven sensitivity of a- or b-waves nor did dark
rearing alter amplification rates taken from rod-driven a-waves
at P14 or in adulthood (Figs. 5 and 6). However, it cannot be
ignored that these same rod-dominated a-waves exhibited a
significantly longer time under saturation in P14 dark-reared
retinas when compared with normal-reared retinas (n = 12,
P < 0.001; Fig. 5 E). To gain deeper insight into how dark rearing
may affect the rod signaling pathway, we next quantified
b-wave:a-wave ratios and the synaptic transfer function, both of
which provide a measure of information transfer from rods to
their second-order rod bipolar cells. We found that at dim light
intensities, dark-reared retinas exhibited a reduced b-wave:a-
wave ratio at P14 compared to normal-reared retinas (Fig. 5 C).
However, dark rearing did not significantly alter the synaptic
transfer function (k,, = 18.8 uV; kq, = 17.4 uV; Fig. 5 F). Fur-
thermore, in adult retinas, dark rearing did not alter the rod-
driven b-wave:a-wave ratio (Fig. 6 C) or the synaptic transfer
function (ky, = 5.9 WV; kq, = 4.3 uV; Fig. 6 F).

Next, to determine if dark-rearing alters photopic signal-
ing, we conducted similar studies as those discussed above, but
this time with brighter flashes of light superimposed over a
rod-saturating background for isolation of cone responses. In
contrast to the negligible effects on rod signaling, dark rearing
significantly altered cone signaling, most notably at trans-
mission from cones to their bipolar cells. At P14, dark-rearing
had already dampened cone-evoked b-waves in response to the
brightest flashes (Fig. 7, A and B). Similarly, sensitivity also fell
significantly, but primarily at the brightest intensities (n = 12
and 11, P = 1.1452 x 10~% Fig. 7 B). However, dark rearing did
not alter cone-mediated a-wave amplitudes, sensitivities
(Fig. 7, D and E), or activation rates (Fig. 7 D, insets). To further
probe the functional reduction to signal transmission from
cones to cone bipolar cells, we next quantified b-wave:a-wave
ratios and the synaptic transfer function. We found that at P14,
dark-rearing did reduce the b-wave:a-wave ratio and the sen-
sitivity of the cone bipolar cells (k,, = 26.4 pV; ky, = 18.8 pV;
Fig. 7, C and F).
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Interestingly, the diminishing effect on b-wave amplitudes in
dark-reared retinas became increasingly prominent into adult-
hood. At maturity, cone-dominated responses exhibited a sig-
nificantly reduced b-wave across all but the dimmest intensity in
dark-reared retinas compared with their normal-reared coun-
terparts (n = 14 and 7, P = 2.6421 x 107'°; Fig. 8, A and B). However,
this reduction of the cone-mediated b-wave in dark-reared reti-
nas was not accompanied by any alterations to phototransduction
amplification (Fig. 8 D, insets) or a-wave sensitivity (Fig. 8 E).
However, dark-reared retinas did in fact exhibit inconsistent
reductions in their a-wave amplitudes (Fig. 8 E, open circles).
Most notably, in adult retinas, dark rearing significantly re-
duced the cone bipolar cell sensitivity to these photoreceptor
inputs (k,, = 11.4 uV; kg, = 33.1 pV; Fig. 8 F).

The underlying cause of this inconsistent reduction to the
a-wave is unclear, but it is evident that dark rearing does affect
either postsynaptic component(s) or a presynaptic compo-
nent(s) outside of the activation of the phototransduction cas-
cade, resulting in altered transmission and a reduced b-wave
that manifests by P14 and becomes more evident into maturity.

Sensory deprivation alters specific functional properties

of photoreceptors

To further probe the effects of dark-rearing on the nuances of
photoreceptor function, we next focus our analysis on the dim
flash-evoked a-waves from both rods and cones (Fig. 9 A). From
these responses, we quantified several aspects of response ki-
netics including time-to-peak (tpear), recovery time constant
(Trec), and integration time (ting; Fig. 9, B-D). A summary of these
results is also listed in Table 1.

As expected, in normal-reared adult retinas, rod-evoked
a-waves exhibited slower dim flash activation kinetics than
cones (tpeak, rods: 237 + 16 MS; tpeal, cones: 64 + 2 ms; Fig. 9, A and
B). Similarly, rods both recovered slower and integrated their
responses over a much longer duration than cones (351 + 30 ms
and 314 + 29 vs. 94 + 14 ms; Fig. 9 D). There were only two no-
table changes that dark rearing imposed directly on the func-
tional properties of photoreceptor responses. First, as mentioned
earlier, there was a substantial increase in the dominant time
constant of rod-evoked responses from dark-reared retinas at
eye opening (Fig. 5 D), and this sluggish recovery did not persist
into adulthood and this effect was not reflected in any other
metric of dim-flash rod recovery in dark-reared retinas (Fig. 9,
A, C,and D). On the other hand, cone-driven a-waves did exhibit
a slower tpeqx at maturity in dark-reared retinas (n = 10 and 16,
P = 0.0025, 64 + 2 ms and 90 + 8 ms; Fig. 9, A and B). The
sluggish nature of the cone a-waves in dark-reared retinas may
reflect molecular alterations to the photoreceptors themselves,
which is likely due to changes in the phototransduction shutoff
mechanism or, alternatively, to a component downstream of
phototransduction considering that the amplification rates
were not significantly altered.

Discussion
This study presents the first comprehensive characterization of
light-evoked responses from first-order photoreceptors and
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Figure 5. Dark rearing slows rod response recovery at eye opening. Rod-dominated ERGs from normal-reared and dark-reared retinas at P14.
(A and B) Dark rearing does not alter the rod-dominated b-wave amplitude or sensitivity. Initial stimuli provided short (1-8 ms) flashes of 520 nm
light (delivering 0.19-13,280 photons um=2). (B) Population averaged b-wave amplitudes from normal-reared (nr, closed circles; n = 12 retinas) and dark-
reared (dr, open circles; n = 12 retinas) mice plotted against flash intensities. (C) Dark-rearing reduces the b-wave:a-wave ratio at dim light intensities. Ratios
were averaged from normal-reared (nr, closed circles; n = 12 retinas) and dark-reared animals (dr, open circles; n = 12 retinas) and plotted as a function of
light intensity. (D) Dark-rearing slows the recovery phase of the rod-dominated a-wave but does not alter the phototransduction amplification rates.
Blockers were perfused, and the 10 strongest flashes from A elicited a-waves (red traces). Insets: Activation phase of the a-waves taken from the region
indicated by the black bracket on an expanded time scale (t = 0-100 ms). These a-waves were normalized to R,y after the nose component and fit
(superimposed gray traces) with the activation model of phototransduction (Eq. 4) to obtain amplification constants (4; s~2). The dashed horizontal indicates
response saturation (Rma,) after the nose component. (E) Dark-rearing slows the recovery phase of the rod-dominated a-wave but does not alter sensitivity.
Population averaged a-wave amplitudes, along with their recovery times from saturation, in normal-reared (closed symbols; n = 12 retinas) and dark-reared
(open symbols; n = 12 retinas) retinas plotted against flash intensities. Intensity-response relationships were best-fit with Eq. 2 and appear as follows: nr
(solid green), dr (dashed green). Vertical lines = half-saturating intensities (I1/,). Average time constants (tp) were then obtained from a Pepperberg analysis
and compared linear fit values (black line) giving the following values: (P14: n = 12, P = 0.0049, T,,, = 121 + 38 ms, T4, = 239 + 90 ms). (F) Dark rearing does not
alter the synaptic transfer function. Representative synaptic transfer functions from a single normal-reared and dark-reared retina were fit with Eq. 6 and
appear as follows: nr (solid green), dr (dashed green). Vertical lines = half-saturating a-wave values (solid line: k,,, = 18.8 uV; dashed line: kg, = 17.4 pV). Error

bars represent mean + SEM. Single and double asterisks indicate P values of <0.05 and <0.01, respectively.

second-order bipolar cells across postnatal development of the
mouse retina. With ex vivo ERGs, we demonstrate that cones
respond to light at P8, photoreceptor outputs drive bipolar cell
responses by P9, and the relative contributions of rods and cones
to the ERG, as well as their response properties depend on
postnatal age. Furthermore, we provide physiological evidence
for the requirement of light exposure in the developing mouse
retina and discovered that the normal function of cone-to-bi-
polar cell transmission requires early postnatal light exposure
while rods do not. We then quantify several response properties
highlighting any nuanced light-driven dependencies on the de-
velopment of photoreceptor and ON bipolar cell response ki-
netics. We found that dark-rearing slows the cone response
when compared with normal-reared animals. Overall, our
findings lay out the development of photoresponsivity of the
mouse retina and subsequently unveil activity-dependent re-
quirements of the outer retina that have not been described
previously.

Bonezzi et al.
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The use of ex vivo ERGs and isolation of

cone-evoked responses

Although similar measurements can be made with various re-
cording techniques, there are three primary reasons we chose
ex vivo ERGs for this study. First, photocurrent recordings from
photoreceptor outer segments (0S) with the suction electrode
technique are impractical as the OS is minute before P10 (LaVail,
1973; Carter-Dawson and LaVail, 1979a; Fei, 2003). Second,
whole-cell patch-clamp recordings are ideal but technically de-
manding, since cones represent only ~3% of the photoreceptors
in the mouse retina (Applebury et al., 2000) and are “lost”
amongst the rods (Carter-Dawson and LaVail, 1979a; Carter-
Dawson and LaVail, 1979b). However, it is possible to identify
cones with a fluorescent reporter (Nikonov et al., 2005; Nikonov
et al., 2006), but the light required to do so would strongly de-
sensitize the immature photoreceptors. Moreover, it was only
recently demonstrated how to perform such recordings from
unlabeled cones (Ingram et al., 2019). Lastly, in vivo ERGs
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Figure 6. Dark rearing into maturity does not alter rod-driven responses. Rod-dominated ERGs from normal-reared and dark-reared adult retinas. (A and
B) Dark rearing into adulthood does not alter rod-driven b-wave properties. Identical stimulus series from Fig. 5 A elicited b-waves. (B) Population averaged
b-wave amplitudes from normal-reared (nr, closed circles; n = 10 retinas) and dark-reared (dr, open circles; n = 14 retinas) retinas plotted against flash in-
tensities. (C) Dark rearing into maturity does not alter the b-wave:a-wave ratio. Response ratios represent averages from normal-reared (nr, closed circles; n =
11 retinas) and dark-reared (dr, open circles; n = 11 retinas) animals plotted as a function of light intensity. (D) Dark rearing into adulthood does not alter rod-
driven a-wave properties. Blockers were perfused, and the 10 strongest flashes from A elicited a-waves. Insets utilize the same method as Fig. 5 C to obtain the
amplification constant (A; s=2). (E) Dark-rearing does not alter rod-driven a-wave sensitivity and response recovery returns to normal. Population averaged
a-wave amplitudes from normal-reared (closed circles; n = 12) and dark-reared (open circles; n = 12) retinas plotted against flash intensity. Intensity-response
relationships were best-fit with Eq. 2 and appear as follows: nr (solid green), dr (dashed green). Vertical lines = half-saturating intensities (I1/,). Lower right:
Average time constants (tp) from a Pepperberg analysis and resultant linear fit values (black line) are reported as follows: adult: n = 14 and 10, ns, T,,, = 255 + 4
ms, Tar = 336 + 84 ms. (F) Dark rearing does not alter the synaptic transfer function. Representative synaptic transfer functions from a single normal-reared and
dark-reared retina were fit with Eq. 6 and appear as follows: nr (solid green), dr (dashed green). Vertical lines = half-saturating a-wave values (solid line: k,, =

5.9 uV; dashed line: kg, = 4.3 pV). Plot values represent mean + SEM.

generally exhibit both a lower sensitivity and signal-to-noise ratio
(SNR), making ex vivo ERGs most suited for detecting smaller,
near-threshold responses from developing retinas (Kolesnikov
and Kefalov, 2012; Sakurai et al., 2016; Bonezzi et al., 2018).
Therefore, ERGs provide several benefits over other recording
techniques when considering the objectives of the current study.
However, one major limitation remains: it is difficult to extract
mechanistic conclusions from extracellular changes in voltage
from populations of retinal neurons compared with recordings of
intracellular currents from single cells.

The nature of the ERG provides that both rod and cone signals
may contribute to the waveform under certain conditions i.e., at
mesopic-photopic stimulus intensities. It must be stated that
due to the uncertainty of rod sensitivity at early developmental
time points, we were unable to use a rod-saturating background
on P8 and P9 retinas as illustrated in an adult retina (Fig. 1). We
conducted several experiments testing the use of such a back-
ground light at these ages (data not shown) but were unable to
determine the optimal background that would both suppress rod
contributions to the waveform while simultaneously permitting
viable cone responses. On the other hand, in P14 and adult
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retinas, it became much easier to determine the optimal rod-
saturating background to use. The rod-mediated nose compo-
nent and the rod “arm” of the intensity response curve are
strong indicators of rod saturation. These were more robust
further into development and permitted a good estimation of rod
response suppression, although, it must be noted that rods can
escape such saturation in certain cases (Tikidji-Hamburyan
et al., 2017). However, considering the brightness of the back-
ground steps used here, it remains unlikely that rods were able
to escape saturation and likely contributed negligibly to the ERG.
To further support this notion, the cone-evoked response
threshold emerged under mesopic intensities and continued far
into the photopic range, with initial responses evoked at 563
photons per pum? and with saturation occurring at 233,733
photons per um? (I,/, = 11,495 + 130 photons per um?), which is
consistent with cone function in brightly lit conditions.

Physiological properties of light-evoked activity before

eye opening

The nature of the ERG from mice before eye opening was gen-
erally dissimilar in waveform and kinetics to that of retinas from
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Figure 7. Dark rearing reduces cone transmission at eye opening. Cone-dominated ERGs from normal-reared and dark-reared P14 retinas. (A and B) Dark-
rearing reduces the cone-driven b-wave at the brightest light intensities. Stimulus families provided short (1-8 ms) photopic flashes of 520 nm light (delivering
495-239,594 photons um=2). Responses were isolated using the protocol in Fig. 1. (B) Population averaged b-wave amplitudes plotted as a function of flash
intensities from normal-reared (nr, closed circles; n = 12 retinas) and dark-reared (dr, open circles; n = 13 retinas) mice. (C) Dark-rearing does not significantly
alter the b-wave:a-wave ratio. Response ratios represent averages from normal-reared (nr, closed circles; n = 10 retinas) and dark-reared (dr, open circles; n =
10 retinas) animals plotted as a function of light intensity. (D) Dark-rearing does not alter cone-driven a-wave properties. Blockers were perfused and the same
stimulus families from A elicited a-waves (red traces). Insets: Rising phase of the a-wave (black bracket) on an expanded time scale, normalized to R, and fit
(superimposed gray traces) with Eq. 4 to obtain the amplification constant (4; s~2). Dashed horizontal = response saturation (Ray). (E) Population averaged
a-wave amplitudes plotted as a function of flash intensity from normal-reared (nr, closed circles; n = 12 retinas) and dark-reared (dr, open circles; n = 10 retinas)
mice. Intensity-response relationships were best-fit with Eq. 2 and fit lines appear as follows: normal reared (solid green) and dark reared (dashed green).
Vertical lines = half-saturating intensities (I1,). (F) Dark rearing does not alter the synaptic transfer function. Representative synaptic transfer functions from a
single normal-reared (closed circles) and dark-reared (open circles) retina fit with Eq. 6 and appear as follows: nr (solid green), dr (dashed green). Vertical lines
= half-saturating a-wave values (solid lines: k., = 26.4 uV; dashed lines: kq, = 18.8 uV). Error bars represent mean + SEM. Single, double, and triple asterisks

indicate P values of <0.05, <0.01, and <0.001, respectively.

mature mice (Fig. 2). Below, we discuss a few primary factors
which may contribute to the uniqueness of these photo-
responses obtained from photoreceptors and bipolar cells and
may also complicate the interpretation of these results.

First, the photoreceptor OS emerges at P8 and elongates
linearly with age reaching adult length around P30. For exam-
ple, arod OS at P8 is less than a micron in length compared with
that at P30 (~20 um; Obata and Usukura, 1992). The OS mem-
brane surface area, and therefore, the collecting area (a.) of an
immature rod or cone is dramatically reduced compared with
those of mature photoreceptors. However, this applies more to
rods, as the cone OS is shorter and therefore reaches adult
lengths much earlier in development. As a result, an immature
rod has a proportionally smaller dark current, and it should be
expected that rods will generate an equivalently smaller a-wave.
However, it should be stated that it remains uncertain what the
exact a. of these developing photoreceptors was; therefore, we
limit any mechanistic conclusions from data collected from
P8-P10 retinas. Because the retina is detached from the RPE for
ex vivo ERGs, RPE-mediated pigment regeneration is ab-
sent when compared with in vivo or eyecup preparations
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(Pepperberg et al., 1978; Vinberg et al., 2014). Miiller cells
can aid in some pigment regeneration (Wang and Kefalov,
2011; Frederiksen et al, 2021). However, it is unknown to what
extent developing retinas are capable of pigment regeneration
arising from the RPE versus from Miiller cells. Due to a rela-
tively immature visual cycle before P14, rods at this age contain
high amounts of free opsin, which lacks the light-sensitive
chromophore, resulting in seemingly desensitized rods com-
pared to cones (Luo and Yau, 2005).

Keeping these factors in mind, several characteristics of these
responses indicate that both rod and cone-driven activities to-
gether generate the ERG waveform before eye opening. First, the
mesopic-photopic threshold for light responses as well as the
cone-like t,e values observed at P8 suggests cone-driven ac-
tivity while the sluggish response recovery reflects a rod-like
response. In the case that it is a “purely” cone-evoked response,
the sluggish recovery indicates that a component of the photo-
transduction machinery may be insufficiently expressed. Fur-
ther support of this notion arises from Fig. 2 A, where we
demonstrate that P8 Gnatl~/~ retinas exhibit similarly sized re-
sponses compared with P8 WT retinas. Certain genes coding for
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Figure 8. Sensory deprivation into maturity further diminishes the cone-mediated b-wave. Cone-dominated ERGs from normal-reared and dark-reared
adult retinas under identical stimulus conditions from Fig. 7. (A and B) Dark rearing into adulthood nearly eliminates transmission from cones to their bipolar
cells across all light intensities. (B) Population-averaged cone-driven b-wave amplitudes plotted against flash intensity from normal-reared (nr, closed circles;
n = 7) and dark-reared (dr, open circles; n = 14) retinas. (C) Dark rearing does not alter the b-wave:a-wave ratio. Response ratios represent averages from
normal-reared (nr, closed circles; n = 10 retinas) and dark-reared (dr, open circles; n = 10 retinas) animals plotted as a function of light intensity. (D) Dark
rearing alters cone-driven a-waves. Blockers were perfused and the same stimulus families used in A elicited a-waves (red traces). Insets utilize the same
method as Fig. 7 C to obtain amplification constants (4; s~2). The dashed horizontal indicates response saturation (Rmay). (E) Cone-driven a-wave amplitudes
are reduced at most light intensities while their sensitivity remains normal. Intensity-response relationships were best-fit with Eq. 2 and appear as follows: nr
(solid green), dr (dashed green). Half-saturating intensities (I/,) = vertical lines. (F) Dark rearing reduces the sensitivity of synaptic transmission. Repre-
sentative synaptic transfer functions from a single normal-reared (closed circles) and dark-reared (open circles) retina. The synaptic transfer function was fit
with Eq. 6 and appear as follows: nr (solid green), dr (dashed green). Vertical lines = half-saturating a-wave values (solid lines: k, = 11.4 uV; dashed lines: kg, =
33.1uV). Average half-saturating a-waves from all retinas (k. = 15.7 uV, kg, = 33.3 uV; P = 0.02). Error bars represent mean + SEM. Single, double, and triple

asterisks indicate P values of <0.05, <0.01, and <0.001, respectively.

proteins involved in phototransduction are expressed at low
levels during this point in development (Blackshaw et al., 2001;
Blackshaw et al., 2004; Aavani et al., 2017), making it possible
that the sluggish response recovery results from the insufficient
expression of a component intricately linked to response shutoff
such as guanylate cyclase-activating proteins (GCAPs; Howes
et al., 2002). The relative brightness of the flashes used at P8
(see Materials and methods) may have also contributed to this
slow recovery considering that brighter light will inherently bleach
more pigment molecules, resulting in a slower recovery time. All
things considered, it is much more likely that cones drive the P10
responses evoked under background light as these responses ex-
hibited faster activation and deactivation kinetics compared with
recordings from single rods at P12 (Table I; tpeak; cones = 43 * 4.5 ms
and tin; cones = 146 + 29 MS VS. theal; rods ~200 mMS and tigg; rods ~290
ms; Luo and Yau, 2005; Fig. 3 C). On the other hand, in the absence
of background light, P10 response kinetics were much slower
and compare more closely to those previously published results
(Table 1; tpeak; rods/cones = 147 + 17 ms and ting; rods/cones = 234 * 20
ms). Additionally, the sensitivity of our P10 responses under
background light was over two orders of magnitude lower than
those in the presence of background light (12,711 + 1,835
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compared to 27 + 12 photons um~2) and these responses did not
display a prominent nose component as the rod-dominated traces
did (Fig. 2 A). To further support this and validate the effective-
ness of our use of background light, data collected from Gnatl™/~
mice at P10 exhibited similar response amplitudes to WT (Table 1;
P10 Gnatl™”~ Rpax; cones 13-9 4.7 Raim; cones 4.1 = 1.5). However,
their time to peak was much slower (Table 1; P10 tpeak; cones =
332.3 + 45.7 ms and tiyg cones = 302.1 = 21.5 ms). Previous
findings agree with this, where the time to peak and Gnatl~/~
mouse cones are slower than cones in the WT animal (Calvert
et al., 2000; Ingram et al., 2019). This potentially is explained
by crosstalk between rod and cone photoreceptors via gap
junctions. We speculate that at the level of the ERG, this
slowdown manifests in a much slower time to peak than
would be expected for cones. A potential avenue of further
study is to utilize a Gnatl/~ and connexion-36 (Cx367/;
Asteriti et al., 2017)

Furthermore, we suspect that the minute nose component
observed at P9, which becomes more robust by P10 (Figs. 2 and
3), reflects the emergence of rod-driven activity. There is no
change in recovery as the retina matures from P9 to the adult
retina (Fig. 4 C). This is not surprising as the faster cone
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Figure 9. Light deprivation into adulthood slows cone-driven responses. Dim flash kinetics of rod and cone responses from normal-reared (nr) and dark-
reared (dr) retinas calculated from Ry, (see Materials and methods). (A) Normalized, representative rod- (left) and cone-driven (right) a-waves in response to
dim flashes illustrate waveform kinetics at P14 and maturity. (B-D) Individual retina response properties to dim flashes (closed = nr, open = dr) plotted across
postnatal age. (B) Exclusively, mature cone responses in dark-reared retinas exhibited a significant increase in tpeak (adult, cones: n =10 and 16, P = 0.0025, 64 +
2 ms and 90 + 8 ms). (C and D) Dark-rearing had little effect on the recovery time constant (t.e;; C) and integration times (t;; D) in both rod- and cone-driven
responses. The black bar represents the population mean. Double asterisks indicate a P value of <0.01.

recovery time would be masked behind the rod recovery time,
even if the a-wave were cone-dominated. This masking effect of
the rod recovery results in an increase in the integration time
which at first may seem counter-intuitive (Fig. 4 D). The am-
plitude difference between the adult WT and adult Gnat~/~ (adult
WT, n = 14, 368 + 23 uV; adult Gnat/~, n = 7, 37.2 + 4.5 uV) in-
dicates that the cone response only makes up about 10% of the
adult a-wave. Together, these data suggest that cones make up
an appreciable percentage of the total emerging a-wave response
(P8-P10), while in the mature retina, the a-wave is dominated
by rod responses.

Aside from photoreceptor-driven activity, the BTR also
shapes the scotopic waveform starting at P9. For mature tissue,
in which bipolar cells pool activity from 20 to 100 photo-
receptors (Okawa and Sampath, 2007), the resulting b-wave
typically dwarfs the a-wave. However, this immature b-wave
observed at P9 is comparatively much smaller, likely due to
sparse connectivity with second-order cells. Since ON bipolar
cells depolarize in the presence of light, it is likely that the
earliest bipolar cells to complete synaptogenesis (Blanks et al.,
1974; Sharma et al., 2003; Regus-Leidig et al., 2009) with their
presynaptic partners, generated this positive-going pull on the
waveform. As such, at P9, responses to scotopic intensities ex-
hibit a positive going amplitude that is approximately equal and
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opposite in amplitude to the photoreceptor-driven a-wave re-
sulting in an atypical b-wave which does not cross baseline as it
does at P10 (Fig. 3, A and C). Local ERG recordings have dem-
onstrated similarly shaped waveforms where one component of
the ERG out-drives the other (Turunen and Koskelainen, 2017).
Interestingly, the rising phase of the negative-going a-wave in
the absence of synaptic blockers compared to the a-wave in the
presence of blockers (Fig. 3 A, scotopic dark traces vs. scotopic
red traces) does not superimpose with one another as they do at
P10. The reason this pulling effect is not as evident at P10 (al-
though remains at scotopic intensities), is speculative, but it is
possible that as more rods become functional at P10, more rods
contribute to the a-wave. As such, this increasing shift toward a
rod-dominated ERG exhibits a slower tpeax (see Table 1; P9;o4s/cones:
116 + 24 s. P10.ds/cones: 147 * 17), making it such that the onset of
the a-wave and b-waves don’t coincide temporally as they do even
a day prior. Therefore, the immature b-wave at P10 does not have
as dramatic of an effect on the waveform at lower light intensities
on the a-wave as it did at P9.

The role of visual experience in the maturation of rod and
cone signaling

We found that rod- and cone-dominated responses in mature,
normal-reared retinas paralleled those of previous studies
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conducted under similar recording conditions (Heynen et al.,
1985; Ekesten et al., 2001; Heikkinen et al., 2008; Heikkinen
et al., 2012; Vinberg et al., 2014; Vinberg and Kefalov, 2015;
Sakurai et al., 2016; Turunen and Koskelainen, 2017).

In contrast, dark rearing altered this normal responsivity of
rod and cone signaling in both obvious and subtle ways. As
mentioned, rod signaling was minimally affected by dark rear-
ing overall; however, the time that rods spent under saturation
was significantly longer than those of normal-reared animals
(Fig. 5 E). This increase in time under saturation could reflect a
time-dependent window for light influence on photoreceptor
development or it could, more likely, reflect the increased dark-
adapted state of the dark-reared animals. Interestingly, we did
not find that the rod-dominated b-waves were reduced in ma-
ture animals (=P30) as they were in a previous study from dark-
reared animals at P30 (Vistamehr and Tian, 2004). It is likely
that because we did not confine these measurements to animals
that were precisely 30 d old, and we instead averaged responses
collected from animals aged anywhere from P30-P60 for our
mature subjects, we may have missed the time point for this
previously observed reduction to the b-wave.

More interestingly, the cone pathway suffered the utmost
detriment to second-order signaling, as dark rearing resulted in
dampened b-waves at P14 and diminished these b-waves to a
greater degree at maturity (Figs. 7 and 8). In agreement with this
data, dark-reared adult retinas exhibited a b-wave which was
significantly desensitized to cone inputs (Fig. 8 F). Together,
these findings support a similar dependency on visual experi-
ence for the normal development of mammalian cone signaling
as previous reports (Baxter and Rissen, 1961; He et al, 2011).
More specifically, these data support the hypothesis that prop-
erly timed photopic light-evoked activity, i.e., visual experience
before eye opening, is required for normal synaptogenesis be-
tween cones and certain postsynaptic partners (Dunn and Wong,
2012; Dunn et al., 2013). Moreover, the cone-specific reduction
to second-order signaling raises an interesting question: Why
does the developing retina require light-evoked input for the
refinement of certain intraretinal circuits but not for others
which hardwire earlier in development, seemingly unbothered
by light deprivation? One possibility is that constant neuro-
transmission in the dark yields the desensitization of postsyn-
aptic mGluR6 receptors, resulting in faulty wiring. Alternatively,
it may be that the developing retina is sensitive to changes in the
temporal properties of light-evoked activity of cones and the
associated glutamate release rates within the OPL. Therefore,
this preferential effect between developing rod and cone path-
ways could result from differing requirements of glutamatergic
signaling patterns, like the phenomena demonstrated in previ-
ous reports (Myhr et al., 2001; Kerschensteiner et al., 2009).

Furthermore, upstream alterations to photoreceptor compo-
nents that transform the photocurrent signal at the inner seg-
ment, and additionally near the terminal, could tune the
continuous release of glutamate from photoreceptors in dark-
ness (Fain and Sampath, 2021). However, few studies have
demonstrated a developmental requirement of light input for
normal photoreceptor function, although others have demon-
strated such experience-based requirements in first-order
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olfactory neurons (He et al., 2012). Our data loosely support such
a requirement, as both rod- and cone-driven a-waves in dark-
reared retinas exhibited some form of physiological detriment
(Fig. 5, D and E; Fig. 8 E; and Fig. 9 B).

However, the sluggish rod recovery seen (Fig. 5, D and E)
disappeared with maturation, indicating that there may be a
developmental window for such a light dependency. On the
other hand, cone-evoked dim flash responses in dark-reared
animals displayed slower t,e.i even into adulthood (Fig. 9, A
and B). Because cones are inherently less sensitive to incoming
photons, they operate primarily in bright light; therefore, the
proper development of their downstream circuitries may simi-
larly require activities driven by higher photic input. Although
unclear, the sluggish cone response may contribute to synaptic
plasticity which depends on cone output rates, as normal circuit
formation has been linked to requirements of specific neuro-
transmitter release rates in the inner retina (Kerschensteiner
et al., 2009; Soto et al., 2012). Therefore, a functional conse-
quence of altered photoreceptor output rates during this de-
velopmental window may underlie circuit alterations, thus
leading to the reduced ON bipolar cell gain seen here. Unfor-
tunately, it is difficult to make such conclusions from ERGs and
this may be better answered with whole-cell patch-clamp
recordings.

Overall, these findings describe the developmental progres-
sion of first- and second-order cellular responsivities in mouse
retina and supplement the existing knowledge base that de-
scribes the requirements of visual experience in the developing
mammalian visual system. Our data contradict the notion that
light-evoked activity of the outer retina is absent before P10
(Tian and Copenhagen, 2003; Luo and Yau, 2005) and provide
the first direct electrophysiological characterization of such ac-
tivity along with the subsequent developmental progression of
these responses. Therefore, it should be considered that light
shining through the closed eyelid of the postnatal mouse can
elicit near-threshold responses which drive specific rod/cone
output patterns that may play an integral role in transitioning
from cholinergic to glutamatergic retinal waves (Wong, 1999;
Zhou and Zhao, 2000), intraretinal circuit refinement, and ul-
timately, higher-order visual system development.

Data availability

The data underlying figures and tables in this manuscript are
openly available in G-Node GIN at https://gin.g-node.org/
Mattarl3/JGP_2023_BonezziTarchick.git.
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