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ABSTRACT
CHICK CHROMATIC AND LUMINANCE RESPONSE TO FLICKER ERG
Alexander R. Hentschel, OD

New England College of Optometry, 2021

Purpose: ERG has long been a valuable tool to study visual pathways and characterize the
chromatic and luminance processing of humans. ERG luminance responses have been studied in
chicks, however, little is known about the chromatic responses of the chick’s retina and the
contribution of the long- (L), middle- (M), and double- (DC) cones. In this study, we quantified
the chick’s temporal frequency response to chromatic flicker while minimizing luminance input

to show similarities between chick and human visual processing.

Methods: Full-field photopic flicker ERGs were recorded monocularly through a dilated pupil
from 2-week old White Leghorn chicks using a four primary, full-field, Ganzfeld stimulator
(Diagnosys, LLC). Luminance flicker ERGs were measured at a range of temporal frequencies to
find the frequency corresponding to the maximal (36 Hz) and minimal (12 Hz) response
amplitude. 36 Hz and 12 Hz were used as the high and low temporal frequencies respectively.
The chicks were then exposed to a stimulus of varying ratios of red and green sine-wave
luminances in counterphase with constant mean luminance for each LED (215 c¢d/m?). Red-green
(R/(R+QG)) ratios ranged from zero where the red LED was not modulated and the green was
maximally modulated, to one, where the red was maximally modulated and the green was held

constant. A similar experiment was performed with the DC silenced using silent substitution.



The minimum response amplitude from both experiments were then compared across a range of

temporal frequencies

Results: Our results showed that chicks have a minimum response amplitude at a R/(R+G) ratio
of 0.04. In terms of cone contrast, this was achieved with 7% L-cone contrast, 93% M-cone
contrast, and 40% DC contrast. When the DC was silenced (0% contrast), the minimum response
amplitude was achieved with L-cone contrast of 23% and M-cone contrast of 19%. Both of these
conditions showed similar low pass temporal frequency response amplitude, similar to the

human chromatic response.

Conclusions: With an active DC, the minimum response amplitude is strongly influenced by the
long-wavelength sensitive photopigment in the DC and L-cone. When the DC is silenced, the L-
and M-cone contribution to the chick chromatic flicker ERG is more balanced and more similar
to that found in humans. This indicates similarities in the chick and human visual processing. It
also shows the DC has minimal input to the temporal frequency response of the chromatic
system. This can be applied to future myopia control studies using chicks as a model for human
eye growth by testing chromatic content of a stimulus while limiting the response of the

luminance system.
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INTRODUCTION

Animal models have been instrumental in the study of myopia and the chick has provided
information critical for our understanding of emmetropization. This is the process with which the
eye will naturally increase or decrease the rate of growth to match the axial length to the eye’s
optical power so that the unaccommodated eye is in focus at optical infinity. Studies in chicks
have shown that emmetropization is a visually guided experience (Wallman, 1993) that takes
place at a retinal level (Wildsoet & Pettigrew, 1988). The chick’s eye is able to very quickly
determine the sign of defocus of a stimulus and modify its axial length to compensate.

There have been many studies of how various light conditions affect emmetropization but
how each visual cue is weighted by the visual system, as well as the underlying physiological
mechanisms that drive emmetropization, are still unknown. There are several theories of the
signals used by the chick to guide emmetropization.

One theory suggests chromatic signals are used by the retina as the sign of defocus. In
accordance with longitudinal chromatic aberration (LCA), the longer wavelength component of
the retinal image will be more or less in focus on the retina compared to the shorter wavelength
component, depending if the image is falling in front of or behind the retina. The eye can detect
the difference in focal plane of each wavelength giving instantaneous feedback on the sign of
defocus, which in turn might drive the emmetropization process. This wavelength defocus is one
method LCA is used as a signal for eye growth but it may also function as a chromatic signal.
The sign of defocus of the eye will affect the relative defocus of light, causing a change in the
color contrast of the retinal image: meaning the same light will have a different chromatic blur
on the retina of a myopic eye compared to a hyperopic eye (Rucker., 2013). This is likely only

part of the equation as studies have shown emmetropization occurs with monochromatic stimuli,



despite containing one wavelength with one focal plane (Liu et al., 2014). These monochromatic
tests indicate the eye may rely solely on changes in luminance contrast to guide emmetropization
(Rohrer et al., 1992; Rucker & Wallman, 2008; Schaeffel & Howland, 1991; Seidemann &
Schaeffel, 2002; Wildsoet et al., 1993). However, the improved accuracy of emmetropization in
white light compared to monochromatic light does show that although it is not essential, LCA
does provide cues beneficial for emmetropization (Wildsoet et al., 1993). Further cues for the
sign of defocus may be from comparisons of relative cone contrast across multiple receptors or
from a comparison of changes in luminance and color contrast (Rucker & Kruger., 2004).
Regardless of the type of stimulus and the luminance or chromatic content, high contrast
enhances the ability of the eye to pick up on cues needed to direct eye growth (Gottlieb et al.,
1987; Schwahn & Schaeffel, 1997; Rucker et al., 2015; Tran et al., 2008).

The structural and functional similarities that exist between chick and human vision
indicate that the chick is a reliable animal model for studying the emmetropization process, and
better characterization of the chick’s visual processing will increase the confidence with which
the chick can be used as a model for myopia. The current study hopes to increase the knowledge
of how the chick’s retina processes luminance and chromatic information, shown to play a role in
emmetropization, by utilizing flicker ERGs to assess postreceptoral retinal signals.

Electroretinogram or ERG is a device that records changes in electrical potentials in the
eye created in response to visual stimulation. It has been used to measure the activity and
specificity of photoreceptors and their postreceptoral pathways. The results are recorded in a
waveform and from that waveform we can extract information about the amplitude and timing
characteristics of the processing pathways. The amplitude refers to the difference in electrical

impulse elicited by the stimulus measured in microvolts and the phase is the timing characteristic



of when the impulse is elicited. Shifts in phase can indicate a change in the visual processing

mechanism responding to the stimulus.

Chick Anatomy / Physiology:

The organization of the chick visual system is very similar to that of humans. There are
functionally distinct layers beginning in the retina with the ganglion cell layer (GCL), inner and
outer nuclear layers (INL, ONL), retinal nerve fiber layer (RNFL), and inner and outer plexiform
layers (IPL, OPL). Visual information travels in vertical and horizontal pathways through these
layers beginning with photon absorption by the photoreceptors and then transmission via bipolar
cells to retinal ganglion cells while being modulated by horizontal and amacrine cells (Masland,
2001).

The chick retina contains six different photoreceptors, four single cones (L-, M-, S-, and
UV-), one double cone (DC), and rods (R-). Each of the single cones contains a different opsin
(Bowmaker, 2008; Hart, 2001; Okano et al., 1992; Yokoyama, 2008, 2002) while the DC
contains two cells which both express the same opsin as the L-cone (Smith et al., 1985). Each
cone type also contains an oil droplet that alters sensitivity. The UV- cone contains an
unpigmented oil droplet while the other single cones as well as the DC contain a carotenoid
pigmented oil droplet that acts as a long pass filter to attenuate the spectral sensitivity of the
cone.(Stavenga & Wilts, 2014; Wilby et al., 2015; Wilby & Roberts, 2017). The spectral
sensitivity of chick cones is a function of both the absorption of the opsin and the transmission of
the carotenoid pigment oil droplets. Despite the DC and the L-cone containing the same opsin,
the different carotenoid pigments in their oil droplets causes a difference in spectral sensitivity.
The DCs have a much broader spectral sensitivity than any other single cone type and it overlaps

with the sensitivity of the L-, S-, UV-, and M- cones (Figure 1).



The function of the DC has been studied through operant studies focused on the function
of cone types in pattern texture recognition. Chicks were able to distinguish line orientation
when the stimulus contained luminance contrast but were unable to distinguish the orientation
when the stimulus was isoluminant for the DC (Jones & Osorio, 2004). This implies that
orientation selective mechanisms of the chick rely on luminance input and supports the theory
that the DC is responsible for that luminance input. Another study using isodipole textures found
that chicks can discriminate textures displaying an achromatic contrast but not when the texture
is equiluminant for the DC and only displays chromatic contrast to the L- and M- cones (Osorio
& Miklosi, et al., 1999). These studies do not rule out the possibility that a summed output from
L- and M-cones could be contributing to the chick luminance signal but the prevailing theory
states the chick single cones function only in color vision (Osorio, Vorobyev, & Jones, 1999).
Previous studies suggest chicks encode color using at least 3 separate opponency mechanisms
L/M, S/UV, and a combination L+M / S. These studies have not ruled out the possibility of
opponency from other combinations of cone types or some chromatic input from the DC but with
achromatic encoding mechanisms it does support the theory chicks possess tetrachromatic color
vision with sensitivity to wavelengths of light between 370-700nm (Kelber, 2019; Olsson et al.,
2015; Osorio et al., 1999).

The chick retina also contains rods that use rhodopsin as their visual pigment (Okano et
al., 1992; Bruhn et al., 1996) and can be found in relatively uniform density across the chick
retina in a cone to rod ratio of 6:1 (Morris et al., 1970). The rods exhibit diurnal activation and

are endogenously turned off during the day (Schaeffel et al., 1991).
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The chick photoreceptors span several retinal layers with somata in the ONL, outer segments that
interdigitate with apical processes in the retinal pigment epithelium, and segments that synapse
with horizontal and bipolar cells in the OPL. The photoreceptors project to one of the three strata
of the OPL (Wahlin et al., 2010). Here horizontal cells provide feedback and lateral inhibition
between photoreceptors and bipolar cells. The input from photoreceptors and horizontal cells are
summed by the bipolar cells and transmitted to ganglion cells in the IPL with lateral inhibition
via amacrine cells. There are as many as 15 different types of bipolar cells and most are either bi-
or tri- stratified which leads to complex connections within the plexiform layers. (Quesada et al.,
1988, Gunther et al., 2022). There are likely 4 types of ganglion cells (Fischer et al., 2007; Sun &
Crossland, 2000; Wahlin et al., 2010) that receive input from the bipolar cells and create axons
that form the optic nerve. The relative density of retinal ganglion cells (RGCs) in the chick retina
is high compared to other vertebrates and the size of their receptive field varies with retinal
eccentricity (Naito & Chen, 2004b). The smallest receptive fields correspond to the area
centralis, the retinal area with the highest density of RGCs and cone photoreceptors that is free
from rods (da Silva & Cepko, 2017; Morris, 1970; Weller et al., 2009). There is also a second

area of increased receptor density in the dorsal retina which corresponds to the visual field used



to view the ground in front of the bird, crucial to ground-foraging for food (Evans & Evans,
1999).

Postreceptoral pathways are not as clearly defined in the chick but several studies have
looked at retinal processing. Operant condition techniques have been used to study photopic
flicker sensitivity in chicks. The temporal resolution of chicks has been well documented as
many studies have focused on the chick critical flicker frequency (CFF) due to ethical concerns
of housing domestic poultry in fluorescent light with a flicker rate between 100-120Hz. The
temporal resolution is dependent on the intensity and wavelength of light that comprises the
stimulus as well as the age and breed of the chick and even the time of day to account for diurnal
activation of chick rods. Many studies fail to account for all of these factors and as a result, there
are varying descriptions of chick temporal resolution with average CFFs between 75-87
Hz (Jarvis et al., 2002; Lisney et al., 2011; Prescott et al., 2003; Railton et al., 2009; Rubene et
al., 2010). Linsey et. al, (2011) and Linsey et. al, (2012) found CFF using both psychophysical
methods and ERGs and came to the conclusion that chicks are able to consciously perceive
flicker till approximately 90 Hz but ERG responses indicate a higher maximum flicker detection
above 100 Hz. Ultimately the curve of photopic flicker sensitivity shows a bandpass curve with
high and low frequency drop off and a peak around 15 Hz. This is comparable to other
mammals, which is likely due to the similarities in lateral inhibition mechanisms (Jarvis et al.,
2002).

Pattern ERG (pERG) has been used to quantify the spatial frequency response curve of
the chick. This showed a bandpass filter with a peak spatial resolution of approximately 2.2
cycles/degree (Ostrin et al., 2016). Previous psychophysical studies using optokinetic nystagmus

estimated the chick visual acuity to be between 7.7-8.6 cycles/degree (Schmid & Wildsoet,



1998). The same study also found chicks with transected optic nerves were able to form pERG
responses indicating that RGCs do not meaningfully contribute to pERGs. The origin of the
pERG signals is still unknown but likely differs from mammals where the surgical transection of
the optic nerve decreases or eliminates the pERG response (Harrison et al., 1987; Miura et al.,

2009; Berardi et al., 1990).

Human Anatomy/Physiology:

By comparison, the structure of the human retina differs slightly with four
photoreceptors; long- (L), middle- (M), and short- (S) wavelength sensitive cones and rods-(R).
The human visual process is also better defined with separate pathways for chromatic and
luminance processing. The parvocellular system is the main substrate for red-green color vision,
the koniocellular pathway is responsible for blue yellow color signals, and the magnocellular is
responsible for an achromatic luminance response (Merigan & Maunsell 1993; Shapley &
Perry, 1986). These postreceptoral afferent pathways begin with retinal ganglion cells; but their
functional differentiation begins at the level of the bipolar cells (Kaplan & Shapley, 1990). At
the cone level, the response generated by the photoreceptors is undifferentiated and is used as
input for all three pathways. The koniocellular pathway is less of a focus in this study but uses
bistratified ganglion cells while L- and M- cones connect selectively with midget bipolar cells
which input to midget ganglion cells of the parvocellular pathway. This creates an opponent
response with low-pass temporal frequency characteristics (Hicks et al. 1983; Derrington et al.
1984; Derrington & Lennie, 1984; Lee et al. 1987, 1989c; Schiller et al. 1990). L- and M- cones
synapse non-selectively with diffuse bipolar cells, which input to parasol ganglion cells of the

magnocellular pathway. This is an additive input and it forms the substrate for a non-opponent



response with bandpass temporal characteristics (De Monasterio & Gouras, 1975; Dreher et al.,

1976; Derrington et al., 1984; Kaplan et al., 1986; Shapley et al., 1986; Lee et al., 1990; Dacey,

2000; Valberg et al., 1992; Penn & Hagins, 1969). The visual information processed by both

pathways is segregated through the visual pathway and integrated in the primary visual cortex

(Livingston & Hubel, 1988).

Differences between Chick and Human:

There are some differences between chick and human vision:

Both humans and chicks possess a central retinal area with high cone densities and no rods
which corresponds to central vision, however chicks area centralis contains 20,000
cones/mm? while human fovea contain closer to 200,000 cones/mm? (da Silva and Cepko,
2017; Morris, 1970; Weller et al., 2009;Bueno et al., 2011; Chui et al., 2008; Kram et al.,
2010, JB Jonas et al., 1995).

Despite having a significantly smaller retina, the chick has a much higher density of retinal
ganglion cells; more than double what is found in the human eye. This results in the chick
having higher degree of stratification through the plexiform layers of the retina but does not
translate to better visual acuity as there are no chick retinal ganglion cells analogous to the
human midget ganglion cell with connectivity to a single bipolar cell (Seifert et al., 2020).
The structure and number of chick photoreceptors differ from humans where humans are
limited to three cone types and have trichromatic color vision with chromatic processing
mechanisms in red-green and blue-yellow cone opponency (Jameson & Hurvich, 1955;

Wyszecki & Stiles, 1982; Lennie & D’Zmura, 1988).



The chick lacks a human-like visual cortex dominated by orientation selective neurons and
the higher order processing of spatial frequency is more scattered (Wang & Frost, 1991). The
function of the DC seems analogous to the human luminance signal in its role in motion
detection which may indicate convergent evolution in the separate processing of luminance
and chromatic information (Mollon, 1989; Osorio & Miklosi, et al., 1999).

The physiological differences in the chick retina can be seen as a benefit to their color vision
and the pigmented oil droplet found in the photoreceptors causes an attenuation to the
spectral sensitivity but color discrimination and constancy are enhanced (M. Vorobyev,
2003). This gives chicks comparable color discrimination to humans (A. Kelber & D. Osorio,
2010).

Chick visual acuity was estimated to be between 2.2 and 8.6 cycles/degree depending on

which techniques was used to measure. (Schmid & Wildsoet, 1998).

The chick temporal frequency sensitivity curve as measured by psychophysics is similar in
shape to human but with a lower response at every frequency and a peak sensitivity shifted to
a slightly higher temporal frequency (15 Hz), but showing a bandpass filter with low
frequency fall off, and slightly higher critical flicker fusion values.

CFF in chicks was estimated to be between 87-105 Hz by psychophysiology and ERGs
(Lindsey et al., 2011,2012) and in humans, between 53 and 87 Hz as measured with ERGs
(Bowles & Kraft, 2012). This suggests a similar underlying visual mechanism.

A model for human flicker sensitivity applied to the chick data indicates the chick visual
system has faster signal processing compared to humans (Jarvis, 2002). This was also seen in
a study of pupil dynamics with chicks demonstrating response latency roughly 4x shorter

than humans (Barbur et al., 2001).
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Rationale:

The activity of human photoreceptors and their postreceptoral pathways have been quantified
extensively using ERGs. Initial studies focused on the spectral sensitivities of human cone types
and their distribution within the retina (Jacobs & Neitz, 1993; Usui et al., 1998; Kremers &
Meierkord, 1999; Murray et al., 2004). As knowledge and technology advanced, ERGs were also
used to determine the function of the inner layers of the retina as well as the individual cell types
that make up these layers and form the basis for postreceptoral visual processing pathways (Bush
& Sieving, 1996; Nassi & Callaway 2009; Wassle, 2004). However, there is limited information
regarding the postreceptoral processing when it comes to the chick retina. For this study, we used
ERG techniques that have been successfully used to characterize the human retina, in chicks to

better understand the postreceptoral luminance and chromatic processing.

METHODS

To characterize the chicks chromatic and luminance pathways we followed a method
used by Kremers et. al., (2010). Below we briefly describe their methods that we used for our
experiments.

Kremers & Link (2008) attempted to find visual processes represented in the ERG
waveform to increase the practical use of ERG in the diagnosis of ocular disease. They used
several flickering red and green stimuli that activated L- and M-cones either selectively or
simultaneously at high (30 Hz) and low (12 Hz) temporal frequencies. Their results showed the

ERG response could not be explained solely by photoreceptor activity, indicating postreceptoral
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pathways must be involved and second: an increase in phase difference with decreasing temporal
frequency, signifying different post- receptoral mechanisms were driving the ERG response at
high and low temporal frequencies.

A follow up paper by Kremers et. al., (2010) expanded this research, again testing the
hypothesis that ERG responses would reflect the activity of the luminance channel when
measured at high temporal frequencies (36 Hz) and the chromatic channel when measured at low
temporal frequencies (12 Hz). This time an LED stimulator was used capable of generating a
larger range of wavelengths with higher luminances than the CRT screens used previously, and
control experiments were included to rule out photoreceptor-driven responses. The experimental
setup involved conducting ERGs on five trichromatic human subjects using a stimulus that
alternated from red to green. Each stimulus had varying luminance contrast and constant
chromatic contrast (the total contrast arising from the sum of the red and green remained
constant) that varied in the amount of red or green modulation. The ratio of red to green
(R/(G+R) in the stimulus ranged from 0 to 1 with a red-green ratio of 0 being maximal green
modulation and no red, and a red-green ratio of 1 being maximal red modulation with no green.
The red-green stimulus was tested at seven temporal frequencies ranging from a low temporal
frequency of 12 Hz to a high temporal frequency of 36 Hz. A control experiment was included
using a deuteranopic subject who lacked M-cones and therefore lacked a normal physiological
red-green postreceptoral channel. The difference between this subject and the healthy
trichromats showed the low temporal frequency responses were governed by the chromatic
channel. A second control experiment was also conducted using a stimulus with the same ratios

of L- and M-cone contrasts but with the activity of the rods and S-cones silenced by silent
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substitution. The response between the control and the main experiment showed similar behavior
indicating little to no input from the rods and S-cones during normal testing.

Below is a figure (Figure 2) adapted from Kremers et. al., (2010). It shows the amplitude
of the fundamental harmonic components (at 12 and 36 Hz) of the ERG response after Fourier
Transform. This represents the ideal response from a healthy human trichromat to the modulating
red and green stimulus. The amplitude of the ERG is shown in the graph on the left and the phase
of the ERG is shown on the graph on the right. These graphs show the response amplitude at 36
Hz reaches a minimum at a red green ratio of 0.50 which is accompanied by a 180-degree phase
shift. This reflects a model of luminance activity, which is what is expected at high temporal
frequency with a stimulus of constant chromatic contrast. The 12 Hz response amplitude is
overall lower with a flat slope and no phase shift. This reflects the activity of the chromatic
system in response to the constant chromatic contrast without luminance interference. These
results suggest that the ERG response to a stimulus with mixed luminance and chromatic content
is dependent on the temporal frequency, with the sensitivity to chromatic contrast dominating at
low frequencies and the sensitivity to luminance contrast dominating high temporal frequencies.

The minimum response amplitude achieved with the 36 Hz stimulus represents a range of
stimuli where the visual system perceives the modulating stimulus as changing only in chromatic
contrast but not luminance contrast. At the higher temporal frequency, the ERG response reflects
the activity of the luminance channel, receiving non-opponent input from both L- and M- cones,
and at the lower temporal frequency, the ERG response reflects the activity of the chromatic
channel, with an opponent input from L- and M-cones. When the luminance of the red and green

stimulus is equated on the retina, the cones will produce a minimal response. The minimum



13

amplitude of the first harmonic also corresponds with a 180-degree change in the phase, which
reflects the change in dominance from chromatic to luminance signal.

For healthy human trichromats, the red-green chromatic pathway is balanced close to a
R/(R+QG) ratio of 0.50. This can differ slightly among subjects due to varying numbers of L- and
M- cones. It is not uncommon for some trichromats with otherwise normal color vision to have a
higher proportion of L-cones. This shifts the minimum response amplitude towards shorter
wavelength light and requires a higher component of green in the stimulus or lower R/(R+G)

ratio to achieve a balance within the visual system (Brainard et al., 2000; Kremers et al., 2000).

Figure 2: Amplitude (Top) and phase
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Animal Protocol:

The chicks used in these experiments were White Leghorn chicks (Gallus gallus
domesticus, Cornell K strain; Cornell University, Ithaca, NY, USA). Before inclusion in the
study, chicks were raised in 12-hour cycles of light and dark, with food and water supplied ad
libitum. Illumination in the chicks’ housing ranged from 50 to 350 lux depending on the chick’s
proximity to the light source. Care and use of the animals adhered to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and was approved by the CCNY

Institutional Animal Care and Use Committee.
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The chicks, ages 2-3 weeks, were randomly selected for testing. All recordings were done
through the right eye with a pupil dilated with Img/mL vecuronium bromide. 5 drops were
instilled at 2 minute intervals in the eye 1 hour before testing with another 5 drops added 30
minutes before testing. The chicks were sedated approximately 15 minutes before testing using
intramuscular injections of 100mg/kg ketamine and Smg/kg xylazine. Anesthetized birds were
kept on a heated pad. The lid of the right eye was held open with a speculum and an electrode
was placed in contact with cornea. Position of the speculum and level of sedation allowed for the
continued action of the nictitating membrane and a small amount of Celluvisc was added to the
eye to prevent corneal surface drying and unnecessary irritation. The reference electrode was
placed subcutaneously along the top of the bird’s head and the ground electrode was placed

subcutaneously in the right thigh.

ERG Recording Protocols:

Full field photopic flicker ERGs were recorded monocularly in each chick using the
ColorDome (Diagnosys LLC, Lowell, MA) four primary Ganzfeld stimulator with blue (454
nm), green (524 nm), amber (596 nm), and red (636 nm) LEDs. The spectral characteristics,
chromaticities, and luminances of each class of LED were measured and calibrated using a
spectrophotometer (PhotoResearch SpectraScan PR-670, USA). Protocols for ERG use were
adapted from the guidelines of the International Society for clinical Electrophysiology of Vision
(Bach et al., 2013; McCulloch et al., 2015). Data was collected, interpolated, and submitted to

Fourier Transform using MatLab to extract the amplitude and phase of the first fundamental.
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Experiment 1: Luminance flicker ERGs in chick:

To find the temporal frequency at which the eye showed maximum sensitivity to
luminance flicker, six birds were tested using a sine-wave modulated white light stimulus at
temporal frequencies ranging from 2Hz to 20Hz in steps of 2Hz, from 20 Hz to 60 Hz in steps of
5Hz, and from 60 to 100Hz in steps of 10Hz. We used a contrast of 80% and a mean luminance

level of 350 cd/m?.

Experiment 2: Flicker ERGs with varying R/(R+QG) ratio:

A counter-phase, sinusoidally modulated, red and green stimulus was used, while mean
luminance of both the red and the green LED were kept constant. Testing was done at two
frequencies, 12 Hz and 36 Hz. The 36 Hz high-frequency stimulus corresponds to the peak ERG
amplitude as determined in Experiment 1. 12 Hz was the low frequency used by Kremers et. al.,
(2010), but also, and it was selected because it was shown to stimulate the red / green chromatic
pathway in humans. However, 12 Hz is also close to the temporal frequency for which the
luminance ERGs recorded in Experiment 1 show a minimum amplitude.

The R/(R+G) ratios were sampled from 0 to 1 in steps of .1 with finer steps of .02 near
the minimum ERG response amplitude. In total 14 conditions were used for the 36 Hz testing.
The low temporal frequency 12 Hz testing only required 10 conditions from 0 to 1 using steps of
0.1. Both the red and the green LEDs had an average luminance of 215 c¢d/m? as measured by a

spectrophotometer (PhotoResearch SpectraScan PR-670, USA).
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Experiment 3: 36 Hz flicker ERG without DC modulation:

To control for the effect of the DC in the chick flicker ERG, stimuli were developed that
produced no DC modulation (n=20 chicks). This was done using the silent substitution method,
which uses three stimuli of different wavelengths and intensity to excite a single cone type by the
same extent, so that there is no change in cone excitation over time (Estevez & Spekreijse, 1974,
1982; Sawusch et al., 1987). In this case, the DC will have constant excitation and zero contrast,
while the stimuli that modulate the L- and M-cones are presented in counter phase. This method
allows an isolated ERG response to be obtained from the other cone classes without the
interference of the DC. The photoreceptor excitations were calculated by multiplying the
emission spectra of the LEDs by the spectral sensitivity of the cones and then integrated. This
information was used to find the spectral and intensity combinations that produced no changes in

net excitation for the DCs. To repeat Experiment 2 (in general terms), but without DC
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stimulation, eight stimuli were created with different ratios of L- and M-cone contrast, ranging
from 30% L-cone and 5% M-cone contrast to 5% L-cone and 30% M-cone contrast. The DC
contrast was always kept below 1%.

Stimuli were represented on a Polar plot with 100 degrees representing 5% L-cone and
30% M-cone contrast, and 170 degrees representing 5% M-cone and 30% L-cone contrast. These
conditions are described in terms of both degrees and cone contrast in Table 1. We were unable
to create stimuli with higher contrast levels because of the limitations of stimulator and
constraints required to keep the DC contrast at zero. Stimuli were created at 10 degrees interval
from 100 degrees to 170 degrees, and with 2 degrees interval between 130 degrees and 140
degrees. The mean light level for each individual LED had to be modified to create the stimuli
but the sum of combined sources was approximately constant at 4000 cd/m? for all the different

angles tested.

L/(L+M) Cone L/M Cone L- Cone M- Cone

Degrees | Ratios Ratios Contrast Contrast
170 0.8571 5.6713 0.2954 0.0521
160 0.7419 2.7475 0.2819 0.1026
150 0.6341 1.7321 0.2598 0.1500
148 0.6100 1.6634 0.2590 0.1557
146 0.5900 1.5322 0.2529 0.1650
144 0.5800 1.4156 0.2464 0.1741
142 0.5600 1.3110 0.2397 0.1828
140 0.5472 1.2042 0.2298 0.1908
138 0.5260 1.1301 0.2255 0.1995
136 0.5100 1.0510 0.2180 0.2074
134 0.4900 0.9779 0.2103 0.2151
132 0.4700 0.9101 0.2024 0.2224
130 0.4591 0.8391 0.1928 0.2298
120 0.3659 0.5774 0.1500 0.2598
110 0.2632 0.3640 0.1026 0.2819
100 0.1429 0.1763 0.0521 0.2954

Table 1: The stimulus conditions for Experiment 3 expressed in degrees, L/(L+M) cone ratio,

L/M cone ratio, as well as L- and M- cone contrast.
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Experiment 4: Flicker ERGs of the chick chromatic system with varying temporal frequency:

In Experiments 2 and 3, the point at which the flicker ERG amplitude is minimized was found
both with the DC being stimulated (experiment 2) and with the DC silenced (experiment 3). In
order to determine how the DC might affect the ERG responses in experiment 2, we recorded
ERGs for both the R/(R+G) = 0.04 and the 142-degree angle conditions for a range of temporal

frequencies from 2-30 Hz.

RESULTS

Experiment 1: Luminance flicker ERGs in chick:

Figure 4 shows two representative ERG waveforms recorded from the chick’s eye using a 12 Hz
and 36 Hz luminance temporal modulation, as described in the methods. The waveforms were

analyzed using a fast Fourier transform to extract the amplitude and phase of the responses.

12 Hz Luminance Flicker ERG 36 Hz Luminance Flicker ERG
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Figure 4. A 12 Hz (left) and 36 Hz (right) luminance ERG waveforms were recorded from one

chick’s eye.
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Figure 5 (left) depicts the results of the luminance ERGs as a function of temporal frequency
from 2 Hz to 100 Hz. We can see from the amplitude results that the chick’s retina responds
maximally to flickering light at intermediate frequencies approximately between 30 and 40 Hz,
with a peak ERG amplitude at 36 Hz. On either side of this peak, the ERG amplitude decreases;
however, a local minimum is formed at approximately 10-12 Hz since the ERG amplitude
increases for lower temporal frequencies.

The phase results of the luminance ERG (Figure 5, right) show a polyphasic function,
with phase changing abruptly for ERGs below and above ~10 Hz, and then for ERGs above 20

Hz until there is another sudden change in phase for ERGs above 70 Hz.
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Figure 5. The ERG amplitude (left) and phase (right) of the luminance ERG. The error bars

depict £1 Standard Error (SE).

Experiment 2: Flicker ERGs with varying R/(R+QG) ratio:

The 36 Hz temporal frequency is selected to use in the R/(R+G) ratio experiment as it
corresponds to the maximal luminance response of the chick’s retina. The 12 Hz temporal

frequency was used for this experiment because the luminance response function as measured
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with flicker ERGs in experiment 1 is minimized at approximately this temporal frequency.
Figure 6 shows the raw data recorded from one chick with 36 Hz (left) and 12 Hz (right)
stimulation for different R/(R+QG) ratios (see figure legend).

Figure 7 shows the average ERG amplitude and phase to R/(R+G) ratio testing at 36 Hz
and 12 Hz. A V-shaped function forms for the 36 Hz amplitude data. The minimum ERG
amplitude is formed at the R/(R+G) ratio of 0.04, meaning that at that ratio, the luminance
response of the chick’s retina is minimized. The shift in phase is gradual and close to a 130-
degrees change. Note the logarithmic scale used for the amplitude data to better visualize the V-
shape but also to highlight the significant increase in amplitude found with increasing R/(R+G)

ratio (i.e., with increasing R).
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Figure 6. Raw ERG data as recorded from one chick for the 36 Hz (left) stimulation for R/(R+G)
ratios of 0 (top), 0.04 (middle), and 1 (bottom), and for the 12 Hz (right) stimulation for R/(R+G)
ratios of 0 (top), 0.5 (middle), and 1 (bottom). The dashed vertical lines are plotted to highlight

the changes (or not) in phase.

The 12 Hz data in Figure 7 (bottom) do not follow a V-shape, like with the 36 Hz data, but show

a gradual increase in the response amplitude as the amount of red in the stimulus increased but
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several orders of magnitude lower than what was seen with the 36 Hz testing. The 12 Hz phase

data show no shift and are nearly flat.
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Figure 7: Average amplitude (left) and phase (right) of the first harmonic of the Fourier
transform of the ERG response to sinusoidal modulation of stimuli with R/(R+G) ranging from 0

to 1 measured at 36 (top) and 12 Hz (bottom) respectively. The error bars show +1 SE.

Experiment 3: 36 Hz flicker ERG without DC modulation:

The data recorded in experiment 2 contain responses from all cone types, mainly the L-, M- and
DC with minimal modulation of the S- and UV-cones. In order to isolate the L-, M-cone
responses from the responses of the DC, we recorded ERGs with stimuli that elicited no DC
modulation but only L-, and M-cone modulation (the S-cone contrast was less than 1%).

Figure 8 shows the raw data recorded from one chick with 36 Hz stimulation for different

L- and M-cone contrasts (100, 142, and 170 degrees).
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WMW Figure 8. Raw ERG data for 36 Hz stimulation for

three different L- and M-cone contrast ratios, 100
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Figure 9 plots the ERG amplitude and phase for the DC-isolating ERGs using 36 Hz flicker. The
data show that there is a minimum in the ERG amplitude for an angle of 142 degrees, with the
amplitude increasing on either side of that minimum. The minimum point is another stimulation
for which the luminance ERG response of the chick retina is minimized (similar to the R/(R+G)
ratio). The phase data show again a change in phase at the minimum point. Note that the ERG

amplitude is significantly lower compared to experiments 1 and 2.
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Figure 9: Average amplitude (left) and phase (right) of the first harmonic of the Fourier
transform of the ERG response to sinusoidal 36 Hz stimulus with the DC silenced. The error bars

show +1 SE.

Experiment 4: Flicker ERGs of the chick chromatic system with varying temporal frequency:

The minimum luminance ERG response determined in Experiment 2, with the DC active, is at
R/(R+G) ratio of 0.04, while for experiment 3, the minimum luminance response was recorded at
142 degrees. To test whether these two conditions are probing the same mechanism we tested the

temporal response function as measured using ERGs, with and without DC stimulation.
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Figure 10: Average amplitude (left) and phase (right) of the first harmonic of the Fourier
transform of the ERG response as a function of temporal frequencies measured for R/(R+G) =
0.04 (filled circles) and DC angle of 142 degrees (filled squares). For comparison we also

include the data from experiment 1 (filled diamonds). The error bars show £1 SE.
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Figure 10 shows the ERG amplitude (left) and phase (right) for the two conditions that minimize
the luminance response of the chick’s retina as a function of temporal frequency. It can be seen
that the temporal response function for the two conditions (R/(R+G) and DC silenced) is
qualitatively the same, albeit the absolute amplitude values differ. We can see that there is an
increase in the ERG amplitude for frequencies below approximately 10 Hz for both conditions,
Beyond 10 Hz, the ERG amplitude for the R/(R+G) condition remains relatively stable while it
decreases for the DC-silenced condition. The decrease in the DC condition amplitude is
manifested with an increase in phase, while the phase for the R/(R+G) condition remains
relatively stable (with the exception of the three last data points). Due to the low amplitude of the
DC condition, the signal to noise ratio was calculated for each temporal frequency. Despite the
low amplitude, the ratio is greater than 1 for the majority. There are also error bars depicting +1

SE for both the amplitude and phase although these error bars are generally too small to see.

Frequency (Hz) Signal to Noise Ratio

2 0.704333173

4 1.131040107

6 0.773293798

8 2.327565451
10 2.048564699
12 3.208465959
14 1.809312381
16 2.229135698
18 2.225624547
20 2.062489322
22 2.464364546
24 2.908466313
26 3.697253679
28 3.419356071
30 3.91491204

Table 2: Signal to noise ratio for each temporal frequency for the DC condition.
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DISCUSSION

In this study, we used flicker ERGs to measure the chick’s luminance and chromatic
ERG response as a function of temporal frequencies using stimuli of varying chromatic content
with and without DC activation via silent substitution. The results indicate a minimal role for the
DC in chromatic processing of red-green flicker in conditions that limit luminance input,
supporting the predominant theory for the function of the DC and suggesting similarities

between human and chick postreceptoral pathways.

Luminance Flicker ERGs in Chicks:

We recorded the chick ERG response to luminance flicker at a range of temporal frequencies.
Figure 5 shows the flicker ERG response amplitude (left) reached a maximum at a temporal
frequency of approximately 36 Hz with the ERG amplitude decreasing on either side of the peak
sensitivity and forming a second maximum between 2-4Hz. A minimum trough formed between
the two peaks at approximately 10-12 Hz and a second minimum formed in the higher frequency
range above 80Hz. The peak amplitude at 36 Hz indicates the temporal modulation which primes
the chick visual system to maximally respond to luminance stimulation. Temporal frequencies on
either side of this peak resulted in lower response amplitudes and we have chosen to use 12 Hz
as the low temporal frequency in subsequent experiments for achieving a minimum luminance
response. Figure 5 shows the phase of the luminance ERG (right) forming a polyphasic function
with a steep drop off at 20Hz and a steep increase at 60Hz. The initial phase shift of roughly 180
degrees corresponds with a slight decrease in the slope of the response amplitude. The second
180-degree shift in phase corresponds with another slight decrease in the response amplitude

slope. This may indicate points where the different cone types are responding differently to the
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stimuli. Further study would be needed to see the response to luminance flicker of each cone
type.

These results are in agreement with previous testing in humans and primates where
flicker ERG resulted in minimums between temporal frequencies of 10-20Hz (Odom et al., 1992;
Viswanathan et al., 2002). The chick ERG response to luminance flicker as a function of
temporal frequency shows similar bandpass characteristics to human flicker ERG responses. A
study by Jarvis et. al., (2000) measured the photopic flicker sensitivity of the chick. Their study
used psychophysical methods and found the peak chick sensitivity to photopic flicker was
around 15Hz. Measuring over a range of luminance levels, the chick flicker sensitivity was
considerably lower than humans except at high temporal frequencies. Though the psychophysical
peak was shifted to around 15 Hz in chicks, and the amplitude reduced, the shape of the chick
temporal frequency sensitivity to luminance flicker function was found to be similar to humans.
This study design relies on the chick’s perception of the stimuli before making a forced choice
between two options and this limits the sensitivity. While the psychophysical task is not directly
comparable to the ERG results we found, it does reinforce the underlying similarities between
chick and human luminance processing. The shape of the luminance flicker sensitivity curve is
dictated by a low pass and high pass filter and is the result of photoreceptor processing and
inhibition from horizontal and amacrine cells (Kelly, 1971a; Rovamo, Raninen, Lukkarinen, &
Donner, 1996; Rovamo, Raninen, & Donner, 1999). Similar photoreceptors and lateral inhibitory
feedback networks exist in the chick retina (Walls, 1942) and both species share similar

bandpass temporal response characteristics (Jarvis et al., 2002).
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Previous studies have also analyzed the phase change resulting from flicker ERG. This
could provide further information about the underlying mechanism responsible for processing
luminance flicker. We would expect a change in the timing characteristics of the ERG response

between high and low temporal frequencies probably indicating different processing pathways.

Flicker ERGs with varying R/(R+QG) ratio:

We created a sinusoidal stimulus with varying ratios of red and green light and recorded chick
ERG responses at temporal frequencies of 12 and 36 Hz. This was modeled after the technique
used by Kremers et. al., (2010). The 36 Hz results in Figure 7 (top) showed a minimum ERG
amplitude (i.e., no or minimal luminance modulation) accompanied by a corresponding phase
shift at a R/(R+G) ratio of 0.04. The 12 Hz ERG in Figure 7 (bottom) showed relatively constant
amplitude and phase across the range of R/(R+G) ratios. Figure 6 shows the raw data recorded
from a single chick. The 36 Hz data (left) visually shows the change in amplitude across three
R/(R+QG) ratios but also the change in phase between the 0, 0.04 and 1. The 12 Hz (right) shows
stable amplitude and phase throughout.

When compared to the human results, the minimum amplitude in the 36 Hz testing
formed at a lower R/(R+G) ratio, shifted to the left, indicating that increased green
contrast/higher M- cone stimulation was required to achieve a minimum luminance response.
There is also a steady increase in amplitude with increasing R/(R+G) indicating a small increase
in the red content of the stimulus causes large increases in the ERG amplitude. Comparing the
response amplitude at a R/(R+G) ratio of 0 where the stimulus is comprised of only green light
and a R/(R+QG) ratio of 1 where the stimulus is only red, the response to red light is ~10x greater

than it is to the green. In contrast, Figure 2 shows the human ERG amplitudes at R/(R+G) ratios
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of 0 and 1 are relatively equal reflecting a balanced input from the L and M- cones to
postreceptoral mechanisms (Kremers et al., 2010). The minimum found at 0.04 R/(R+G) can be
expressed in terms of the L- and M-cone contrast as 7% and 93%, respectively, while the DC-
contrast is ~40%. We could speculate, therefore, that the chick retina has a strong long-
wavelength bias that might be due to the presence of the DCs (with a sensitivity skewed towards
longer wavelengths) in addition to the L-cones.

There are several theories for the function of the DC but previous studies suggest the DC
plays a role in achromatic vision with input to luminance pathways and contributing to motion
detection (Jones and Osorio, 2004; Sun and Frost, 1997; Campenhausen and Kirschfeld, 1998;
Olsson et al. 2015). It has also been shown that chicks are able to discriminate visual textures
based on luminance contrast but not when these patterns are isoluminant to the DCs (Jones &
Osorio., 2004). This implies that only the single cones are responsible for chromatic vision
(Osorio, Vorobyev, & Jones, 1999; Vorobyev & Osorio, 1998). While this is widely believed,
the DC is not ubiquitous for all avian species and raptors do not have DCs which suggests they
use single cones for luminance vision (Potier et al., 2018). In a study of spatial contrast
sensitivity in budgerigars (Melopsittacus undulatus), gratings with both luminance and chromatic
contrast are detected with a higher frequency compared to stimuli with either luminance or
chromatic contrast alone. This implies that the single and DC pathways are not completely
separated (Lind et al., 2012).

The shift to a lower R/(R+G) ratio could also be due to an increased number of L- cones,
or increased L-cone sensitivity. It is also possible that chicks use single L- and M-cone inputs for
their chromatic vision but when it comes to luminance changes they only rely on the DC

excitation. In the Kremers et. al., (2010) study, ERG testing was performed on trichromatic and
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deuteranopic subjects. The disparity in ERG responses between the trichromatic and dichromatic
subjects served as a control to prove ERG responses were from L- and M-cone driven chromatic
and luminance channel activity, with minimal input from S-cones and rods. The deuteranopic 36
Hz ERG amplitude shares a similar V-shape function with the minimal shifted to lower R/(R+G)
ratio as we saw in the chick’s 36 Hz ERG responses. This indicates that increased green LED
contrast was needed to compensate for the lack of M-cones (in deuteranopes) or for the long-
wavelength sensitivity bias (in chicks) in order to achieve a balanced response from both cone
types.

Another possible explanation for the differences seen between humans and chicks could
be the luminance levels measured in units of cd/m? based on the human luminosity function.
When measuring across 14 varying lighting conditions, the average chicken lumens were 37%
higher than human lumens (Saunders et al., 2008). This may explain the significant bias towards
longer wavelength light seen in the chick. Previous studies have also shown that retinal
illuminance in chicks can be 10x greater than that of humans (Jarvis et al., 2003). These
differences are evident in the spectral sensitivity curve for the chick which has much higher and
broader peaks when compared to human. The S- and UV- cones of chick contribute to a more
robust sensitivity to shorter wavelength light compared to humans. While our results show an
overwhelming bias towards longer wavelength, it would be more thorough to include
experiments to control for the input from S- and UV- cones as well.

It would also have been beneficial to observe the 2nd order harmonic amplitude and
phase as it is likely there are higher order processing affecting the ERG response as indicated by
the double peaks seen in the 12Hz raw data in figure 4c. A higher harmonic nonlinear component

is a well-documented part of the human flicker ERG. (Odom et al 1992). The graph of the 2"
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order harmonic amplitude and phase of the 12Hz data are shown below (Figure 11). This shows
a minimum at a R/(R+G) ratio of .7 with a corresponding shift in phase. This supports the theory

that there is higher order processing of another visual mechanism at the lower temporal

frequency.
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Figure 11. Average amplitude (left) and phase (right) of the first and second harmonics of the
Fourier transform of the ERG response to sinusoidal modulation of stimuli with R/(R+G)

ranging from 0 to 1 measured at 12 Hz respectively. The error bars show +1 SE.

36 Hz flicker ERG without DC modulation:

The chicks have an extra DC that should contribute to a certain extent to the ERG responses we
described above. In order to investigate the DC’s contribution to the flicker ERG response, we
created a new stimulus using the silent substitution method, so as to record ERG responses
without (or minimal) input from the DCs.

The chick ERG response to the stimulus that elicits no DC modulation is seen in Figure
9. The response amplitude (left) forms a distinct V-shape with the highest maxima occurring
initially at an angle of 100 degrees before decreasing to a minimum at an angle of 142 degrees

with a corresponding 180-degree shift in the phase of the first harmonic (right). The shift in
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phase is also visible in Figure 8 where the dashed line shows the change in phase after the
minimum amplitude is reached at 142 degrees.

This result is most easily compared to the previous Flicker ERG testing in terms of cone
contrast. With the DC silenced, the minimum response amplitude is reached when the L-cone
contrast is 24%, and the M-cone contrast is 18%. With the DC active, the data indicates that
chicks have minimum response at an R/(R+QG) ratio of 0.04 which corresponds to 7% L-cone
contrast, 93% M-cone contrast, and 40% DC contrast. From this result, we can infer that without
input from the DC, the chick’s L- and M-cone input to the ERG responses is more balanced,
even though slightly biased towards the M-cones since a slightly higher L-cone contrast is
required in this case. This is a stark difference compared to the previous testing which required
93% M-cone contrast to balance the L. and DC input.

As the amount of red in the stimulus increased at a higher angle, the response amplitudes
did not increase as dramatically as was seen with the R/(R+G) experiment. Overall, the DC-
silenced ERG amplitudes were significantly lower than the ERG amplitudes recorded with the
DC active. This difference in the amplitude, most likely is due to the contribution of the DC
(stimulated at 40% contrast) in the second experiment, while its contrast is 0% in the third
experiment. The DC is the most populous photoreceptor in the chick retina and new studies have
shown that of the 15 types of bipolar cells in the chick retina, 13 receive input from DCs with all
bipolar cells bistratified or multistratified. This indicates the outer plexiform layer of the chick
forms a more multifaceted network than previously thought (Gunther et al., 2022). The DC
dominance in both density and connectivity may explain the significant changes in amplitude

seen between the two testing conditions both with and without input from the DCs. Further
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studies should be conducted that silence L/M- cone activity and isolate the activity of the DC, to

further characterize the DC’s contribution in the ERG signal.

Flicker ERGs of the chick chromatic system with varying temporal frequency:

The two minimum response amplitudes from experiment 2 and 3 were used to measure ERG
responses along a range of temporal frequencies to compare the temporal frequency response
function when the DC is active or silenced, respectively (Figure 10 left). Both results show
maximum response amplitude at lower temporal frequencies while the amplitude decreases with
increasing temporal frequency. We again see an amplitude difference between the two functions,
most likely due to the excitation or not of the DC. Overall, both temporal response functions
appear to be low-pass, consistent with the properties of a chromatic system, suggesting that both
conditions tapped the same visual processing pathway. Figure 10 also shows the luminance
flicker ERG response amplitude and phase from experiment 1. Comparing the three data sets
next to each other gives a sense of the function of both the luminance and chromatic systems.
There is a change in the slope of the amplitude of all three conditions around 8-10Hz from
negative to positive, if only briefly for the R/(R+G) and DC conditions. The R/(R+G) condition
does show a slightly prolonged increase in slope with increasing temporal frequency in a similar
fashion to the luminance response which may indicate some activity of the double cone creating
a luminance response in our R/(R+G) condition. The change in slope at 10Hz is also reflected in
the phase data of the luminance and R/(R+G) conditions with a phase shift occurring for both. A
second larger phase shift occurs for the luminance condition at 20Hz.

Parry et al. (2012) used the isoluminant point to record human ERG responses across a

range of temporal frequencies. They showed a separation of magno- and parvocellular ERG
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responses with a single red-green isoluminant stimulus of which the first harmonic component
reflected a low pass temporal frequency response function consistent with the expected response
of midget bipolar cells of the parvocellular pathway. Our results are very similar in appearance
and we could infer that the underlying mechanism is the chick’s equivalent to the human
parvocellular pathway. This is surprising given the anatomical differences between the human
and chick retina where chicks have significantly fewer “midget-like” bipolar cells with single
cone connectivity and no anatomical equivalent for the midget RGC, which comprises 80-90%
of all RGCs in humans (Seifert et al., 2020). The anatomical basis for the chick magnocellular
equivalent is more robust with extensive multi-stratified/diffuse RGCs with dendritic branches
throughout the IPL (Seifert et al., 2020).

Based on the similarity of the two temporal response functions, we could infer that the
excitation, or not, of the DC, does not alter significantly the temporal characteristics of the
chromatic system, as long as the L- and M-cones are balanced so as to minimize a luminance
contribution.

Very little is known about the temporal characteristics of the chick luminance or
chromatic system. The vast majority of studies using the chick have focused on eye growth and
emmetropization using a cause and effect model, treating the visual processing of the chick as a
black box where a visual stimulus is used and the effect on eye growth is measured with no
speculation as to the underlying process causing the effect. It has been shown the mechanism
underlying emmetropization is more sensitive to achromatic stimulation than chromatic at high
temporal frequencies (Cottaris and De Valois, 1998; Petrova et al., 2013a), and high temporal
frequency stimulation has been shown to decrease eye growth (Rohrer et al., 1995; Gawne et al.,

2014). There is significant evidence in the chick and other similar animal models that the inverse
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is true with lower temporal frequency flicker acting as a signal to increase eye growth leading to
more myopic refractions (Crewther et al., 2016). These characteristics could indicate an
underlying neural mechanism where the chromatic system is dictating eye growth at lower
temporal frequencies and the luminance system is dominant at higher temporal frequencies. This
is supported by our study where the response amplitude was highest at low temporal frequency
without input from the luminance pathway and gradually decreased with increasing temporal

frequency as the chromatic input weakened.

CONCLUSIONS

Using flicker ERGs we have demonstrated a luminance and a chromatic pathway in chicks. The
ERG response to red and green flicker in chicks was complicated by the presence of a DC with a
broad spectral sensitivity. With an active DC, the chick ERG response is strongly influenced by
the long-wavelength sensitive photopigment present in both double- and L-cones. When the DC
is silenced, the L- and M-cone contribution to the ERG response is more balanced and similar to
that found in humans. Therefore, it appears that the DC adds additional long-wavelength bias in
the chick’s visual system that detects luminance contrast. The minimum response amplitude to
red green flicker, where the luminance response is minimized, can be used in studies of eye

growth to determine the effects of chromatic contrast on eye growth.
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