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Abstract 

Background:  The On–Off, or long flash, full field electroretinogram (ERG) separates retinal responses to flash onset 
and offset. Depending on degree of dark-adaptation and stimulus strength the On and Off ERG can be shaped by rod 
and cone photoreceptors and postreceptoral cells, including ON and OFF bipolar cells. Interspecies differences have 
been shown, with predominantly positive Off-response in humans and other primates and a negative Off-response 
in rodents and dogs. However, the rod signaling pathways that contribute to these differential responses have not 
been characterized. In this study, we designed a long flash protocol in the dog that varied in background luminance 
and stimulus strength allowing for some rod components to be present to better characterize how rod pathways vary 
from scotopic to mesopic conditions.

Results:  With low background light the rod a-wave remains while the b-wave is significantly reduced resulting in 
a predominantly negative waveform in mesopic conditions. Through modeling and subtraction of the rod-driven 
response, we show that rod bipolar cells saturate with dimmer backgrounds than rod photoreceptors, resulting in rod 
hyperpolarization contributing to a large underlying negativity with mesopic backgrounds.

Conclusions:  Reduction in rod bipolar cell responses in mesopic conditions prior to suppression of rod photorecep‑
tor responses may reflect the changes in signaling pathway of rod-driven responses needed to extend the range of 
lighting conditions over which the retina functions.
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Background
The mammalian retina is uniquely equipped to process 
visual signals across a substantial range of luminances. In 
the dark, photoreceptors in the outer retina maintain a 
relatively depolarized state, with passive and active trans-
port of cations in the outer segments causing an electri-
cal current to flow along the length of the photoreceptor. 
In rods, this is known as the dark current [1–3]. In the 
dark-adapted retina, both rods and cones can respond 

to light stimulus; with weak light stimuli, the response is 
rod-driven – with stronger flashes, there is a mixed rod-
cone response. Progressive increases in background light 
desensitize and suppress the rod response, such that the 
light-adapted retinal response is cone-driven [4–7].

The visual signal is shaped by complex retinal process-
ing that divides into two parallel pathways – ON and 
OFF. The separation of these pathways begins with ON 
and OFF bipolar cells, second order neurons in the retina 
that synapse with rod and cone photoreceptors [8–10]. 
Bipolar cells are classified based on their response to 
light stimulus of the photoreceptors – ON bipolar cells, 
including rod bipolar cells (RBCs), depolarize, whereas 
OFF bipolar cells hyperpolarize, in response to a light 
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stimulus driven decrease in glutamate release from pho-
toreceptor synaptic terminals [11, 12]. The bipolar cell 
response is further shaped by photoreceptor pathways; 
cones synapse with both ON and OFF cone bipolar 
cells, whereas rods primarily interact with RBCs when 
responding to weak stimuli, but have additionally been 
shown to signal via gap junctions with cone photorecep-
tors as well as by direct connections with OFF cone bipo-
lar cells [13–17]. The alternative rod pathways are more 
prominent in mesopic conditions as well as in response 
to higher frequency flickering light stimuli [18–20]. Hori-
zontal cells are also involved in processing the visual sig-
nal but because of their orientation in the retina do not 
make a significant contribution to the electroretinogram 
as recorded on the corneal surface.

The separation of flash On- and Off-responses with the 
full-field ERG provides a useful tool for the characteriza-
tion of postreceptoral responses. The flash On- and Off 
‘-responses’ are separate from ON and OFF pathways. 
The On-response is the retinal response to flash onset, 
beginning with photoreceptor hyperpolarization (gener-
ating the major portion of the a-wave) and leading to the 
depolarization of ON bipolar cells (which is the driver of 
the positive b-wave) as well as hyperpolarization of OFF 
bipolar cells (which has contributions to both the shape 
and amplitude of the a- and b-waves, particularly the 
early portion of the light-adapted a-wave in primates) 
[3, 15, 21–24]. In contrast, the Off-response is the reti-
nal response to stimulus offset, and is generated by sev-
eral components – in humans, an initial rapid positive 
deflection (the d-wave) is generated primarily by OFF 
bipolar cells, but there are additional contributions from 
photoreceptors (which return to a relatively depolar-
ized state resulting in a slow cornea-positive response) 
and ON bipolar cells (hyperpolarize, resulting in a fast 
cornea-negative response) [25–29]. With short-duration 
flashes these responses are merged in the ERG, and the 
recorded waveform reflects the combined contribution 
of these components. Additionally, short-duration flash 
cone responses exhibit a ‘photopic hill’ effect whereby 
with increasing stimulus strength the cone-driven b-wave 
reach a maximal amplitude and then decreases with wid-
ening of the b-wave and lengthening of the peak time. 
This occurs as the Off pathway response slows and sep-
arates from that of the On pathway meaning the two 
responses are temporally separated rather than being 
superimposed [13–15].

The component waveforms of the ERG are shaped by 
‘processes’ with contributions from different retinal cells 
(named PI/PII/PIII by Granit based on the order of dis-
appearance under anesthesia) [30]. A major focus of 
this paper are the changes in response of PIII, which is 
driven by photoreceptors and is the primary contributor 

to the cornea-negative a-wave, and PII, driven mainly by 
ON bipolar cells (but additionally shaped by OFF bipolar 
cells) that heavily influences the cornea-positive b-wave. 
Note that PIII is present for the duration of a sustained 
flash and returns to baseline at flash offset, whereas PII 
differs at flash onset or offset based on the relative contri-
butions of the ON and OFF pathways [11, 12, 31]. These 
processes have been shown to further differ in humans 
and rats based on background luminance, with a greater 
decline in the amplitude of PII relative to the rod-driven 
PIII with increasing background luminance [23, 32].

There are interspecies differences in the ERG Off-
response (at flash offset). Two broadly different types 
of flash Off-responses have been identified in mammals 
as first described by Granit and Therman in 1935—the 
E-type retina in species such as the rat and mouse, and 
I-type retina of humans and other primates [25, 27, 33]. 
The I-type retina has a primarily positive d-wave at ter-
mination of the stimulus (Off response) coupled with a 
relatively large photopic a-wave amplitude at stimulus 
onset. In contrast, the E type retina has a primarily nega-
tive response at the termination of the stimulus and a 
relatively small a-wave as part of the On-response. Isola-
tion of the receptor response (PIII) by administration of 
aspartate shows that there is the PIII waveform is main-
tained during stimulation with a gradual return to base-
line, in response to sustained flashes, and thus current 
generated by photoreceptors are unlikely to explain this 
difference in the Off-response [34–37].

Few studies have addressed canine responses to the 
On–Off ERG, although the technique has been used in 
the study of some canine inherited retinal degenerations. 
The dog has emerging importance as a model for devel-
opment of translational therapy for human conditions. 
Inherited retinal disease models are more common in 
dogs than cats—therefore there is a need to fully under-
stand the components of the dog ERG with conditions 
such as CSNB being recognized in the dog [38–44]. The 
dog exhibits a predominantly negative Off-response of 
the E-type retina [45]. The purpose of this study was to 
determine baseline features of the On- and Off-response 
in phenotypically normal dogs as well as to assess pos-
treceptoral pathways and changes with increasing back-
ground luminance in the canine retina.

Results
Characterization of the canine On–Off ERG
Our protocol was designed to examine rod-only, cone-
only, and mixed rod-cone contributions to the On–Off 
ERG using increasing background luminance. Represent-
ative tracings of a series of 5 stimulus strengths (250 ms 
stimuli of 2.5, 25, 180, 500 and 1250  cd/m2) superim-
posed on 4 background white light luminances (no light, 
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0.01, 0.1, 1, 10 and 42 cd/m2) are shown in Fig. 1. In the 
presence of none or low background light levels the ERG 
response was predominantly rod-driven – with increas-
ing background luminance the rod contribution was 
sequentially decreased. We consider the response on 
a background luminance of 42  cd/m2 to be a cone only 
response (typically 30  cd/m2 is considered to be a rod-
suppressing background). Although preceded by a small 
positive deflection, the Off-response in the dog was 
predominantly negative in all stimulus and background 
conditions.

The shape and amplitudes of the waveforms differed 
considerably with both stimulus strength and back-
ground luminance. Under none or low background light 
the b-wave was prominent as was the a-wave in response 
to stronger stimuli. In response to weaker stimuli the 
downslope following b-wave peak was prolonged, but 
this became faster with increasing stimuli. With dimmer 
background light levels there was minimal change in the 
waveform at stimulus cessation (the Off-response). With 
increasing background light levels the b-wave amplitude 
was reduced, for example, in the presence of a 1  cd/m2 
background light the waveform had an initial negative 
component with a small positive b-wave component 
(indicated by arrows in Fig.  1B) superimposed on the 
down slope. With stronger stimuli and increasing back-
ground luminance an Off-response became more promi-
nent. The Off-response had a small positive component 
(which was most apparent for the three strongest flash 

stimuli in the 10 and 42  cd/m2 background recordings 
likely reflecting predominance of the cone-driven contri-
butions) followed by a larger negative component. With 
increasing stimulus strength there was less of a negative 
post b-wave component.

A-wave amplitudes increased with increasing stimulus 
strength showing semi-saturation kinetics and declined 
with increasing background luminance (Fig. 2A). In con-
trast, the b-wave amplitudes were relatively constant with 
increasing stimulus strength (Fig. 2B). The b-wave ampli-
tudes showed a substantially greater decline with increas-
ing background luminance compared to the a-wave – this 
led to large decreases in the b:a ratio between 0 and 1 cd/
m2 background luminance (Fig.  2C). This suggests that 
the postreceptoral components of the rod On pathway 
are suppressed at dimmer background luminances than 
the negative waveform (PIII response which originates 
directly from rod photoreceptors).

There was a similar phenomenon with change in the 
underlying negativity to the waveform. We measured 
the ‘drift’ amplitude, which we defined as the absolute 
change between the peak of the b-wave and amplitude 
at flash cessation prior to the d-wave (see Fig.  3A). The 
increase in drift amplitudes coupled with a decline in 
b-wave amplitudes resulted in an increase in the drift:b-
wave ratio between 0 and 1 cd/m2 background luminance 
(Figs.  3B-C & 4). There was also a striking difference 
between the drift:b-wave ratio between two brightest 
background luminances (Fig.  3C; 10  cd/m2 background 

Fig. 1  Representative On–Off series ERG tracings with a range of background luminances. In each instance responses to 2.5, 25, 180, 500 and 
1,250 cd/m2 stimuli presented for 250 ms are shown (red line above tracing indicates duration of stimulus). A responses with 0 (no background) 
and 0.01 cd/m2 background. B responses with 0.1 and 1 cd/m2 background. The small b-wave superimposed on a longer negative deflection is 
denoted by arrows in the 1 cd/m2 background. C responses to 10 and 42 cd/m2 background. Note the amplitude scale difference between the 
three panels
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Fig. 2  Variation in mean (± standard deviation) On-response amplitudes with stimulus strength and background luminance. A Mean a-wave 
amplitude. B Mean b-wave amplitude. C Ratio of B:A-wave amplitudes. Different colors and symbols are used to denote the different background 
luminances
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in yellow and 42 cd/m2 background in cyan), which may 
indicate continued rod contributions to the 10  cd/m2 
background ERG. Furthermore, the drift:b ratio peaked 
between 1 and 10 cd/m2 background luminance, depend-
ing on stimulus strength, and declined with the strongest 
background luminance (Fig. 4).

To better characterize photoreceptor contributions to 
the On-response, we fit an equation described by Birch 
& Hood to the leading edge of the rod a-wave for back-
ground luminances of no background, 0.01, 0.1 and 1 cd/
m2. For these calculations, the model first subtracted the 
response at 42 cd/m2 to remove cone components (essen-
tially the same photopic subtraction used when modeling 
the a-wave of the short flash ERG). Model parameters 
are also included from short-flash ERGs for compari-
son in Fig.  5. The model demonstrated similar changes 
in the receptor maximum response, Rmax (Fig.  5 – first 
row) and sensitivity, S (Fig. 5 – second row) parameters 
with increasing background luminance, up to 0.1 cd/m2 
although there was a reduction in Rmax in the 1  cd/m2 
background. Rmax and S parameters of the short flash and 
On–Off scotopic ERGs were similar. However, we did 
find a substantial difference in the time delay parameter, 
(td) which was higher for the On–Off compared to short 
flash ERG (Fig. 5 – third row). This suggests that there is 
a part of the flash-offset response that contributes to the 
a-wave that is not present with the longer flash duration.

We further analyzed the differences in a-wave model 
parameters using a repeated-measures ANOVA to com-
pare across the different luminance conditions. Between 
group comparisons for all three parameters (Rmax, S, and 
td) were significantly different (at a p < 1 × 10–4 level). 
We then performed a post-hoc Tukey HSD test on each 
parameter. For the Rmax parameter, the amplitude of the 
1 cd/m2 luminance was significantly lower than the other 
four luminance conditions (p < 0.05). For the S param-
eter, the sensitivity of both the 0.1 and 1 cd/m2 luminance 
were significantly lower than the other three luminance 
conditions (p < 0.05). For the td parameter, the time of 
the short flash condition was significantly faster than 
the other four luminance conditions (p < 0.05). To fur-
ther interrogate postreceptoral rod pathways, particu-
larly the large negative response seen most obviously in 
the responses with a 1 cd/m2 background, we isolated the 
PII response by subtracting the modeled PIII process (as 
shown in Fig. 6A). With increasing background the iso-
lated PII response decreased (Figs.  6B-F). This demon-
strated that the negative shape to the waveform with the 

1 cd/m2 background luminance (which was also present 
to a lesser extent with the 0.1  cd/m2 background) was 
mainly attributable to the rod-driven PIII component. 
Furthermore, the negative ‘drift’ (as defined above) pre-
sent at all backgrounds was essentially eliminated in the 
isolated PII response, which further supports that the 
negativity present with sustained flash (as compared to 
short flash stimuli) is driven by sustained rod activation.

Examination of the isolated PII component revealed 
further differences with increases in both stimulus 
strength and background luminance. Although the peak 
amplitude of both the 0 (no background) and 0.01  cd/
m2 background recordings were similar across all tested 
stimuli, there was an evident shift to a shorter peak time 
with the brighter background. This was also apparent in 
the 0.1 and 1  cd/m2 background recordings in addition 
to substantial declines in amplitude. We also observed 
a narrowing (time between the beginning of the leading 
slope and return to baseline) of the isolated PII response 
with increasing background luminance, which may 
reflect a shift in rod signaling pathways.

Discussion
The light-adapted Off-response in the dog has a small 
positive component (d-wave) but is predominantly nega-
tive. The amplitude of this response scales with stimulus 
strength and background luminance (see Fig.  1). This 
shape of Off response is similar to that of the rat and in 
contrast to that of primates where a more prominent 
positive d-wave is present. This difference is probably due 
to differences between the species in the relative contri-
butions of ON and OFF pathways. The cessation of ON 
bipolar cell driven responses as they hyperpolarize with 
cessation of the light stimulus to the photoreceptors 
probably drives the negative Off-response in the On–
Off ERG. The relatively small positive d-wave in the dog 
Off-response suggests that the OFF bipolar cell contribu-
tions towards shaping the waveform are relatively small 
in this species. When extrapolated to the On-response 
it also seems likely that OFF bipolar cells make less of a 
contribution to the photopic a-wave of the dog than they 
do in primates [29]. These findings are further supported 
by a previously characterized canine model of com-
plete CSNB, wherein the light-adapted On–Off ERG in 
affected dogs demonstrated a substantially more positive 
Off-response compared to control dogs (thus indicating 
a relatively greater role of the ON pathway in the normal 
canine retina) [46].

Fig. 3  Variation in drift with stimulus strength. A Demonstration of the measurement of ‘drift’—change in amplitude between the peak of the 
b-wave and amplitude at flash cessation, immediately prior to the Off-response component. See the inset for another example with a stronger 
background luminance condition. B Mean (± standard deviation) of drift amplitude. C Mean (± standard deviation) drift:b-wave ratio. Different 
colors and symbols are used to denote the different background luminances

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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The amplitude and shape of the On–Off ERG changes 
with increases in background luminance. When mov-
ing from dark-adapted to partial light adaptation the 
photoreceptor-driven a-wave has a significantly slower 
decline in amplitude compared to the postreceptoral 
b-wave of the On-response. This disparity results in a 
‘negative type’ ERG appearance (a negative ERG being 
one where the b-wave is smaller than the a-wave). Simi-
lar findings have been reported in human studies of 
the short-flash ERG and have been posited to reflect 
a mechanism for maintenance of retinal sensitivity 
across a wide range of luminance [47–50]. The findings 

reported here suggest that there is a similar occurrence 
in dogs.

We applied the Birch & Hood model of the rod-driven 
a-wave to parameterize the PIII response in the no back-
ground and low luminance backgrounds. The most sig-
nificant difference in model parameters compared to the 
regular flash ERG was seen in the ‘time delay’ parameter 
td which was greater in the On–Off ERG. There were 
smaller decreases in the amplitude parameter Rmax that 
mirrored the changes in a-wave amplitude with increas-
ing background luminance. As the dog ERG has relatively 
small photopic amplitudes (compared to humans), our 

Fig. 4  Variation in drift with background luminance for stimulus luminances of 25 and 1,250 cd/m2. A Mean (± standard deviation) drift amplitude. 
B Mean (± standard deviation) drift:b-wave ratio. Different colors and symbols are used to denote stimulus strength
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Fig. 5  Changes in a-wave model parameters for short flash and On–Off response to no background (dark-adapted) and 0.01, 0.1 and 1 cd/m2 
background luminance. A Mean (± standard deviation) Rmax. B Mean (± standard deviation) sensitivity (S). C Mean (± standard deviation) time 
delay (td). ‘SF’ and ‘LF’ are used as abbreviations for short flash and long (On–Off ) flash, respectively, and the corresponding background luminance is 
provided after these. Parameters are derived using the Birch and Hood formula following subtraction of fully light-adapted responses to reveal the 
rod response
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Fig. 6  Isolating the PII response. A The rod modeled PIII response (black dashed line) is subtracted from the rod response (following subtraction of 
the cone (photopic) response) (black line) to give the PII response (shown in A for the 180 cd/m2 flash stimulus on the 0 cd/m2 background). The 
method is applied to the ERG at 0 (no background) 0.01, 0.1, 1 cd/m2 backgrounds with stimuli strengths of B 2.5 cd/m2. C 25 cd/m2. D 180 cd/m2. 
E 500 cd/m2. F 1,250 cd/m2. Representative results are shown, and background luminance is denoted by different colors and line styles as indicated 
in the legend in B
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results support the conclusion that the responses are pri-
marily rod-driven and a reduction in rod responses leads 
to a commensurate decrease in a-wave amplitudes. Addi-
tionally, the time delay parameter is effectively the time 
from flash onset to beginning of the a-wave – so while 
there is likely some component of the Off-response that 
drives the initial slope of the a-wave, it appears to have 
relatively small contributions to the amplitude of this 
response.

Using the calculated a-wave model parameters, we sub-
tracted the PIII component from the waveform to isolate 
the PII component for the no background, 0.01, 0.1, 1 
and 10 cd/m2 backgrounds. The PII component predomi-
nantly results from activity in the ON pathway. This cal-
culation eliminated the large negativity of the waveform 
in mesopic background conditions. This suggests that 
the decline in amplitude of the isolated PII component 
(which was relatively much greater than the decline in 
PIII amplitude) is likely attributable at least in part to 
saturation kinetics to maintain retinal sensitivity across 
increasing background luminance (as discussed above). 
However, both the waveform narrowing and move to 
earlier peak times suggest changes in rod signaling path-
ways with shifts from scotopic to mesopic luminance 
conditions. The changes in the isolated PII response 
may indicate rod-driven contributions to the ‘push–pull’ 
mechanism describing the factors that affect the b-wave 
(in scotopic and mesopic conditions, mainly driven by 
ON bipolar cell responses but with influences to the 
amplitude and shape by OFF bipolar cell responses) [15, 
21]. The reduction in activity in the rod BC pathway 
while there is still a robust rod PIII response may also 
represent the switching of rod signaling from rod bipolar 
cells to direct contact with cones or cone bipolar cells in 
mesopic light levels. This process is thought to be impor-
tant to prevent saturation of inner retinal pathways by 
rod responses thus expanding the range of luminances 
the retina can respond to [18–20].

Although not performed here, drug dissection stud-
ies could be used to further assess the contributions 
from different pathways to the On–Off ERG in the dog, 
particularly in determining the generators of the drift 
component. Evidence from drug dissection studies of 
the On–Off ERG in primates suggests that the positive 
b-wave is mainly driven by ON bipolar cells whereas the 
positive d-wave is driven predominantly by the cessation 
of OFF bipolar cell activity (using L-2-amino-4-phospho-
nobutyric acid and cis-2,3-piperidine  dicarboxylic acid 
(PDA) to block the activity of the ON and OFF bipolar 
cells, respectively) [21]. From a comparison of primate 
and rodent drug dissection studies, it is plausible that the 
difference in the shape of the Off-response between the 
species is due to differences in the relative contributions 

of the ON and OFF pathways. In fact, the On-response 
appears to be largely similar in both monkey and rat 
(albeit with some difference in the response shape), 
whereas the PDA-sensitive component appears to drive 
the difference between the ERGs of these species, with 
a very strong corneal-negative component at flash onset 
and corneal positive component at flash offset in the pri-
mate that is not seen in the rodent [27].

Conclusion
In this study, we designed a protocol with increasing 
background luminance using long-duration flashes to 
characterize changes in rod contributions to the On-
response of the canine ERG. We showed that the positive 
PII response saturates at dimmer background luminance 
than the rod-driven PIII, this may be needed to maintain 
retinal sensitivity with shifts from scotopic to mesopic 
lighting. Furthermore, we demonstrated that the rod-
driven PIII is responsible for the large negativity present 
in the On–Off ERG waveforms recorded with mesopic 
background conditions. This suggests that the shape of 
the isolated PII indicates potential changes in rod sign-
aling pathways with increasing background luminance. 
Overall, this study suggests a significant role, and pos-
sible changes in signaling, of rod pathways in retinal 
responses in mesopic background conditions that merit 
future investigation in dogs and other species.

Methods
Animals
Phenotypically normal adults (between 8  months to 
2  years of age) that were laboratory beagle crossbreeds 
from a colony of dogs maintained at Michigan State 
University were used in this study. The 6 animals (2 
males, 4 females) were from a breeding colony used 
in other unrelated studies. They  were housed under 
12  h:12  h  light:dark  cycles. The dogs were tested on a 
single occasion and subsequently returned to the breed-
ing colony for other unrelated studies. No dogs were 
excluded from the study.

Methods
General anesthesia was induced by intravenous propo-
fol (4–6  mg/kg, PropoFlo,  Abbott Laboratories, North 
Chicago, IL, USA). The animals were intubated and 
subsequently maintained under anesthesia with  isoflu-
rane  (IsoFlo,  Abbott Laboratories, North Chicago, IL, 
USA) [between 2–3.5% in a 1-2L/min oxygen flow via 
a rebreathing circle system for dogs over 10 kg and via a 
Bain system for dogs under 10 kg].
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Electroretinography (ERG)
General procedures for ERGs were described previously 
[51]. Pupils were dilated with tropicamide (Tropicamide 
Ophthalmic Solution UPS 1%, Falcon Pharmaceuticals 
Ltd., Fort Worth, TX, USA). A monopolar gold-ringed 
electrode contact lens (ERG-Jet electrode, Fabrinal Eye 
Care, La Chaux-De-Fonds, CH) was used, and for ref-
erence and grounding platinum needle skin electrodes 
(Grass  Technologies, Warwick, RI, USA) were placed 
5 mm lateral to the lateral canthus and over the occiput, 
respectively. ERGs were recorded using an Espion E2 
Electrophysiology system with ColorDome Ganzfeld 
(Diagnosys LLC, Lowell, MA).

ERG protocol
The ERG protocol was designed prior to study onset. A 
constant flash duration of 250  ms was used with pro-
gressively stronger white light background luminance 
(0, or scotopic, 0.01, 0.1, 1, 10, and 42  cd/m2), with 5 
different white light stimuli tested at each background 
(2.5, 25, 180, 500, and 1,250  cd/m2) giving a total of 30 
steps. Each flash was presented at one second intervals 
on a dark background and repeated to generate an aver-
aged response detectable against background electrical 
noise. Dogs were dark adapted for 1 h prior to initiating 
the protocol, and for 5 min to each subsequent increase 
in background luminance. A standard short-duration 
flash (< 4  ms flashes) protocol was also performed on a 
separate day, with flash stimuli ranging from 0.0002 to 
23 cd.s/m2 for the dark-adapted ERG and 0.01 to 23 cd.s/
m2 for the light-adapted (42  cd/m2 white background 
light) ERG – dogs were dark-adapted for 1  h and light-
adapted for 10 min, respectively.

Rod‑driven a‑wave model
We calculated parameters for the rod-driven a-wave after 
subtracting photopically matched ERG waveforms [52]. 
We fit the following equation described by Birch & Hood 
to the leading edge of the rod a-wave [53, 54]:

The amplitude R is a function of the retinal luminance 
I and time t after the flash onset and td is a brief delay. S 
is a sensitivity factor and Rmax is the maximum amplitude 
of the response.

A-wave model parameters were analyzed using a 
repeated-measures ANOVA with a post-hoc Tukey 
HSD performed to determine significant between-group 
comparisons.

Curve fitting
We calculated parameters using the lmfit curve-fitting 
program in the Python 3.6 environment [55], using the 

R(I , t) = (1− exp[−I · S · (t − td)2]) · Rmax for t > td

Levenberg–Marquardt algorithm to calculate optimal 
parameter values via least squares minimization [56]:

where Ji is the gradient of f with respect to β. Succes-
sive calculation of the parameter δ that minimizes the 
sum of square of the residuals S is performed computa-
tionally until final model parameters are obtained [57, 
58].

We determined model goodness-of-fit with the least-
squares parameter, with values less than 0.25 considered 
a good fit [54]:

Isolating rod‑driven PII
The parameters calculated from the a-wave model were 
used to define the rod-driven PIII. This modeled response 
was then subtracted from the photopically subtracted 
waveforms described above to isolate the postreceptoral 
PII process for responses with a measurable a-wave (0, 
0.01, 0.1, and 1 cd/m2 background light levels).
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