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Rod Photoresponse Kinetics Limit Temporal Contrast
Sensitivity in Mesopic Vision
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The mammalian visual system operates over an extended range of ambient light levels by switching between rod and cone photorecep-
tors. Rod-driven vision is sluggish, highly sensitive, and operates in dim or scotopic lights, whereas cone-driven vision is brisk, less
sensitive, and operates in bright or photopic lights. At intermediate or mesopic lights, vision transitions seamlessly from rod-driven to
cone-driven, despite the profound differences in rod and cone response dynamics. The neural mechanisms underlying such a smooth
handoff are not understood. Using an operant behavior assay, electrophysiological recordings, and mathematical modeling we examined
the neural underpinnings of the mesopic visual transition in mice of either sex. We found that rods, but not cones, drive visual sensitivity
to temporal light variations over much of the mesopic range. Surprisingly, speeding up rod photoresponse recovery kinetics in transgenic
mice improved visual sensitivity to slow temporal variations, in the range where perceptual sensitivity is governed by Weber’s law of
sensation. In contrast, physiological processes acting downstream from phototransduction limit sensitivity to high frequencies and
temporal resolution. We traced the paradoxical control of visual temporal sensitivity to rod photoresponses themselves. A scenario
emerges where perceptual sensitivity is limited by: (1) the kinetics of neural processes acting downstream from phototransduction in
scotopic lights, (2) rod response kinetics in mesopic lights, and (3) cone response kinetics as light levels rise into the photopic range.
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Introduction
Under bright ambient conditions, human cone-driven (or pho-
topic) vision can detect flicker at higher temporal frequencies
than rod-driven vision under dim ambient conditions (de Lange

Dzn, 1954; Kelly, 1961; Hess and Nordby, 1986). Despite the
differences in the intrinsic response properties of rod and cone
photoreceptors (Lamb, 2013), as light levels rise, the visual sys-
tem transitions seamlessly from scotopic to photopic vision by
way of mechanisms that are not understood (Stockman and
Sharpe, 2006; Zele and Cao, 2014). The transition occurs in the
mesopic light range, where both rod and cone photoreceptors
actively respond to light and their signals are relayed along con-
verging postsynaptic circuitry (MacLeod, 1972; van den Berg and
Spekreijse, 1977; Völgyi et al., 2004; Cao et al., 2010).

The neural mechanisms that control the sensitivity of the vi-
sual system to temporal variations in light [also known as tem-
poral contrast sensitivity (TCS)] reside largely in the retina
(Dowling, 1967; Donner et al., 1990; Purpura et al., 1990;
Tranchina et al., 1991; Seiple et al., 1992; Dunn et al., 2006, 2007;
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Significance Statement

Our ability to detect flickering lights is constrained by the dynamics of the slowest step in the visual pathway. Cone photoresponse
kinetics limit visual temporal sensitivity in bright (photopic) lights, whereas mechanisms in the inner retina limit sensitivity in
dim (scotopic) lights. The neural mechanisms underlying the transition between scotopic and photopic vision in mesopic lights,
when both rods are cones are active, are unknown. This study provides a missing link in this mechanism by establishing that rod
photoresponse kinetics limit temporal sensitivity during the mesopic transition. Surprisingly, this range is where Weber’s Law of
Sensation governs temporal contrast sensitivity in mouse. Our results will help guide future studies of complex and dynamic
interactions between rod– cone signals in the mesopic retina.
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Smith et al., 2008; Jackman et al., 2009; Jarsky et al., 2011; Oesch
and Diamond, 2011; Ke et al., 2014). The photoreceptor fre-
quency response has been suggested to shape TCS in photopic
lights (Tyler, 1985; Watson, 1986; Sharpe et al., 1989; Graham
and Hood, 1992; Rovamo et al., 1999; Jarvis et al., 2003). In
support of this view, a close link has recently been established
between cone response kinetics and foveal/peripheral differences
in sensitivity to fast flicker (Sinha et al., 2017). Thus cone photo-
response kinetics likely limit TCS in photopic conditions.

In contrast, behavioral observations in mice suggest that rod
photoresponse kinetics do not limit TCS in dim scotopic condi-
tions (0.4 photo-isomerizations/rod/s; Umino et al. 2012). Under
these conditions, rods act as photon counters and process(es)
downstream of phototransduction respond to the early rising
phase of the photoresponse (Robson and Frishman, 1995; Field
and Rieke, 2002; Sampath et al., 2005; Dunn et al., 2006; Okawa et
al., 2010; Stockman et al., 2010). Rod photoresponse kinetics also
do not limit TCS at the top of the scotopic range (50 photo-
isomerizations/rod/s; Peinado Allina et al. 2017). At this level
rods integrate the response to multiple photo-isomerizations and
govern the response kinetics of postsynaptic neurons (Forten-
bach et al., 2015).

Here, we show that the kinetics of rod recovery determine
visual (behavioral) TCS in mesopic but not in scotopic lighting.
To perform these studies, we combined a forced-choice operant
behavior assay and electrophysiology in mouse. We have previ-
ously established that mouse vision matches fundamental prop-
erties of human TCS using the operant assay (Umino et al., 2018).
We compared TCS in control (WT) and mice overexpressing
R9AP in their rods (line R9AP95; Chen et al., 2010, 2012). The
expression level of R9AP sets the cellular levels of the GAP com-
plex (RGS9�G�5�R9AP) as R9AP overexpression results in an in-
crease in RGS9 and G�5-L levels (Krispel et al., 2006). RGS9 is a
GTPase activating protein responsible for the rapid inactivation
of the phototransduction G-protein, transducin (He et al., 1998).
Overexpression of R9AP in rods speeds up their photoresponse
recovery rates (Krispel et al., 2006; Chen et al., 2010, 2012; Pei-
nado Allina et al., 2017). Our data show that fast rod inactivation
kinetics differentially improves contrast sensitivity to low tempo-
ral frequency flicker in the mesopic range, where mouse vision
operates in the Weber adaptation regime (Umino et al., 2018).
Our electrophysiological recordings and mathematical modeling
provide new insights to the complexity of rod– cone dynamics at
mesopic light levels (Walraven et al., 1990; Stockman and Sharpe,
2006; Zele and Cao, 2014).

Materials and Methods
Mouse genotype and husbandry
Animal strains. We used heterozygous mice of the R9AP95 mouse line
(Chen et al., 2010, 2012). In the remainder of this manuscript we refer to
the R9AP95 line as R9OE (R9AP overexpressing). To selectively analyze
rod-mediated responses under mesopic conditions we eliminated cone-
driven responses in mesopic lights by breeding R9AP95 lines onto the
“black” GNAT2 cpfl3 background (Chang et al., 2006). GNAT2 cpfl3 mice
(referred to as G2 in the text) carry a spontaneous point mutation in the
GNAT2 gene that reduces cone phototransduction efficacy (Chang et al.,
2006; Nusinowitz et al., 2007). As a result, mice have normal rod re-
sponses and desensitized cone responses that can be detected with in-
tense flashes. Our R9OE and G2 lines were bred over seven generations
into the C57BL6J background. Cones in black G2 mice are unresponsive
in mesopic lights, and can be used to study rod vision in mesopic lights
(Nathan et al., 2006; Naarendorp et al., 2010; Brown et al., 2011; Wang et
al., 2011).

Animals of either sex, 3– 6 month of age, were tested with an operant
behavioral assay and flicker ERG recordings. Mice were maintained on a
14/10 h light/dark cycle, and tested during the subjective day. All proce-
dures in this study were approved by the SUNY Upstate Medical Univer-
sity Institutional Animal Care and Use Committee (IACUC #297) and
were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Academy of Sciences, Washington, DC)
and in compliance with the Association for Research in Vision and Oph-
thalmology Statement for the Use of Animals in Ophthalmic and Vision
Research. All efforts were made to minimize animal suffering.

Operant conditioning assay to determine TCS in mice
In our forced-choice operant studies, mice are trained to detect and
respond to flickering lights, using a control and conditioning system
(Lafayette Instruments) as described previously (Umino et al., 2018).
Briefly, each mouse is maintained on a food-restriction schedule suffi-
cient to provide necessary motivation to learn and perform the behav-
ioral task (food is restricted to achieve 80 – 85% of expected body weight)
and trained to perform a forced-choice visual task: discriminate presence
or absence of flicker in the overhead LED-based test light (505 nm central
emission). A brief (20 ms), high-frequency tone is presented to alert the
mice that they can initiate a trial. Trials are initiated when the mouse
visits the reward tray. Following trial initiation, the light stimulus is
presented concurrent with a cueing tone, both of which terminate when
the animal responds, or in the absence of a response, after 12 s. A re-
sponse is computed as a visit to the reward tray following a visit to the left
(flicker) or right (non-flicker) nose-poke ports. Correct responses (hits
and correct rejections) are rewarded with a small amount of commer-
cially available Ensure Nutrition Drink (�5–10 �l) on a schedule that
rewards 100% of the hits and 100% of the correct rejections.

We test daily the ability of mice to detect flickering from non-
flickering lights. Animals are dark-adapted for 1–2 h before the experi-
mental session. Each session consists of 400 trials following a “warm up”
session of 300 corrective trials. The duration of each session is �2–3 h.
During the sessions mice are continuously exposed to a fixed adapting
light; the flicker test is a sinusoidally varying full-field illumination su-
perimposed on the steady adapting light. The amplitude of the sinusoid
increases gradually over a 1 s interval to reduce the generation of spillover
frequencies. The level of the non-flicker test light is matched to the adapt-
ing light.

To determine temporal contrast sensitivity in mice we first measured their
psychometric functions. Psychometric functions (PFs) are plots of the dis-
criminability index, d�, in response to different contrast levels. For the esti-
mation of the discriminability factor d�, we applied the following (Green
and Swets, 1988; Macmillan and Creelman, 2005):

d� � z�Hit� � z�FA�, (1)

where z(�) represents the z-score of the probability of hits or false alarms
at a given contrast. The (empirical) contrast threshold, which depends on
the relative shift of the PF along the contrast axis, was arbitrarily defined
as the contrast necessary to elicit a d� � 1, which by the theory of signal
detection (TSD) produces 76% correct responses in alternative forced-
choice tasks and is bias free. TCS is the inverse of the threshold.

Full PFs were determined in single, daily sessions consisting of 400
trials, where the magnitude of the contrast applied at each trial was vari-
able and selected randomly from an array of five to six possible Rayleigh
(or Michelson) contrast values (separated by 5% contrast intervals).
Stimulus variables defined by the experimenter are mean light intensity
(Io), and temporal frequency (ft). We applied linear regression to deter-
mine the empirical contrast threshold at the intersection of the regression
line with d� � 1. To reduce the uncertainty associated with day-to-day
variability we measured and averaged PFs repeatedly until the regression
coefficient R 2 for the cumulative average was 0.70 or higher, a process
that requires averaging two to three PFs.

Determination of retinal irradiance in freely behaving mice
Levels of retinal irradiance were determined as described previously
(Umino et al., 2018). Briefly, corneal irradiance (in Watts/area) was mea-
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sured with an M370 Optometer (Graseby Optronics) and converted into
scotopic illuminance units (s lux) using established formulas (Wyszecki
and Stiles, 2000). Pupil areas of WT, R9OE, G2, and G2::R9OE mice
behaving freely in the behavioral chamber were measured as a function of
corneal illuminance using a custom-built portable device as described
previously (Bushnell et al., 2016). Using pupil area and corneal illumi-
nance information (Fig. 1) we applied the equations derived by Lyubar-
sky et al. (2004) to determine the levels of retinal irradiance at each
experimental condition. Note that we express retinal irradiance in terms
of photon flux at the retina ( ph/s/�m 2) and not in the conventional form
(R*/rod/s, where R* are photo-isomerizations) because rod effective col-
lecting area values are likely to change following prolonged bleaching
(2–3 h) at the high irradiance levels used in our behavioral experiments
(Lyubarsky et al., 2004).

Flicker ERG recordings
ERGs were recorded using the Espion E2 system and a ColorDome gan-
zfeld stimulator (Diagnosys) as described by Umino et al. (2012). Briefly,
mice were dark-adapted overnight and prepared for recordings using
dim red lights and infrared goggles. Mice were initially anesthetized by
intraperitoneal injection of a ketamine/xylazine mixture (90 and 9 mg/
kg, respectively). To maintain the animal under anesthesia over the 3 h
experiments, booster applications at a lower dosage (30 and 3 mg/kg)
were applied approximately every 40 min via a wing infusion set placed
subcutaneously in the flank of the animal. Pupils were dilated with 1%
tropicamide and 2.5% phenylephrine hydrochloride. A drop of Gonak
solution (2.5%, Akorn) was applied on each cornea before the record-
ings. Recordings were performed with a conducting thread electrode
placed in contact with the cornea and covered with a transparent contact
lens to minimize cataract development. The reference electrode was
placed in the mouth and a subcutaneous ground electrode positioned
near the tail. Mouse body temperature was maintained at 37°C using an
electric warming pad.

To isolate photoreceptor responses we injected intravitreally 1.5 �l of
a mixture containing 57 mM of L-(�)-2-amino-4-phosphonobutyric
acid (L-AP4; catalog #0103, Tocris Bioscience) and 86 mM of 2,3 cis-
piperidine dicarboxylic acid (PDA; ab120038, Abcam) in saline solution
as described by Shirato et al. (2008) and Saszik et al. (2002). Briefly, the
intravitreal injection was performed under a dissecting microscope and
IR illumination. A 30 gauge needle was used to punch a hole just behind
the limbus. An alumina glass pipette with a tip diameter of 25 �m was
inserted through the hole and 1.5 �l mixture of the L-AP4 and PDA
mixture was injected with a Hamilton microsyringe. We assume a mouse

vitreal volume of �20 �l, resulting in estimated vitreal concentrations of
4 and 6 mM for L-AP4 and PDA, respectively. At the end of each experi-
ment we tested for the appearance of the b-wave or the “positive intru-
sion” in the response to a brief flash superimposed on background
illumination as described by Shirato et al. (2008). Presence of a b-wave or
positive intrusion indicated washout (or bad injection) of the blocking
mixture and the experiment was voided.

Flicker ERGs were evoked by sinusoidally modulated monochromatic
light stimulus (530 nm) at various levels of mean retinal illuminance (40,
80, 200, 400, 800, 1600, 3200, and 6400 photons/s/�m 2), contrast (75%),
and temporal frequencies (3, 6, and 12 Hz). After electrode placement the
animals were light-adapted for 1 h at a background level delivering �40
photons/s/�m 2 at the retina. The goal of the prolonged light adaptation
period was to replicate the extended light adaptation conditions that the
animals experience during the behavioral studies. Following the adapta-
tion period, the background luminance was increased to a new level every
12 min. The flicker stimulation sequence started 3 min after the transi-
tion to the new background level. Each sequence started with the presen-
tation of flicker with 0% contrast to determine noise levels, followed by
flicker stimulation of 3, 6, and 12 Hz, each at 75% contrast. The sequence
ended with a brief saturating flash from a Xenon lamp delivering 1778 cd
s/m 2 to determine the fraction of dark current suppression at each back-
ground. Each flicker trial was 4 s in duration for 3 Hz flicker and 2 s for 6
and 12 Hz. The response is the average of 30 trials. ERG responses were
analyzed by fast Fourier transformation using MATLAB software (Math-
Works) and the magnitude of the fundamental plotted as a function of
retinal irradiance. The initial transient of the flicker response (5 s) was
not recorded.

Conversion from luminance to rate of rhodopsin excitation was per-
formed by assuming that 1 (scot) cd/m 2 generates 800 R*/rod/s and the
pupil area was 4 mm 2 (Umino et al., 2012). As noted above in reference
to the behavioral studies, rod effective collecting area values are likely to
change following prolonged bleaching at the high irradiance levels used
in our ERG experiments (Lyubarsky et al., 2004). Therefore, we express
retinal irradiance for the ERGs in terms of photon flux at the retina
(ph/s/�m 2) and not in the conventional form (R*/rod/s, where R* are
photo-isomerizations). To convert rhodopsin excitation rates into reti-
nal irradiance levels we divided the conversion factor by the end-on
collecting area of mouse rods which is estimated at �0.87 �m 2 (Lyubar-
sky et al., 2004; Naarendorp et al., 2010). For practical purposes we
assigned it a value of 1 �m 2.
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Figure 1. Pupil areas of freely behaving mice plotted as a function of scotopic illuminance. A, Pupil areas plotted as a function of scotopic illuminance for wild-type (n � 8) and R9OE (n � 10)
mice; individual (gray circles and triangles, respectively) and average (WT, black; R9OE, red) responses. Pupil areas of WT and R9OE mice decreased gradually with illumination. There is no statistical
difference in the pupil areas of WT and R9OE mice [two-way RM ANOVA; Holm–Sidak post hoc test revealed no difference across genotypes ( p � 0.35) or genotype � illuminance ( p � 0.22)]. Gray
line is the response estimated by pooling the pupil areas of WT and R9OE mice which was subsequently used for the calculation of their retinal irradiance levels. The pupil areas of R9OE and WT match
closely at low illuminance levels consistent with the notion that postsynaptic circuitry responds primarily to the rising phase of the rod photoresponse in dim lights (Robson and Frishman, 1995;
Sampath et al., 2005), when rods act as single-photon counters. B, Pupil areas for G2 (n � 5) and G2::R9OE mice (n � 6) individual (grey circles and triangles, respectively) and average (G2, green;
G2::R9OE, blue ) responses. Pupil areas of G2 and G2::R9OE mice also decrease gradually with illumination, however a clear “pedestal” is observed in response to 0 –2 log (s) lux, which we speculate
reflects the contribution of different retinal mechanisms to the pupillary reflex (Lall et al., 2010; Keenan et al., 2016). We did not observe significant differences between genotype ( p � 0.12) or
genotype � irradiance ( p � 0.07; two-way ANOVA). As a result, we pooled the pupil areas of G2 and G2::R9OE mice (gray line) and used the pooled values to estimate retinal irradiance levels.
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Experimental design and statistical analysis
For the temporal contrast sensitivity functions involving both WT and
R9OE mice, a two-way repeated-measures (RM) ANOVA was used with
the nominal factors being genotype and frequency. Holm–Sidak’s pro-
cedure for pairwise multiple comparisons was performed to test the hy-
pothesis that mean measurements obtained from R9OE mice were not
different from WT mice. A similar analysis was applied to comparisons
between R9OE::G2 and G2 mice. When necessary, logarithmic transfor-
mations of contrast sensitivity data were performed before statistical
analysis to fulfill normality and equal variance requirements for the
ANOVA. In the case of the contrast sensitivity versus retinal irradiance
functions (behavior) or magnitude versus retinal irradiance (ERG data),
two-way RM ANOVA was performed independently at each temporal
frequency. Data analysis was performed with SigmaStat software (Systat
Software). Plots display mean 	 SEM. Numbers of mice and p values are
indicated in the text or figure legends.

Model equations
Linear stage. For a sinusoidally modulated flicker input given by the
following:

I�t� � Io
1 � C sin(wt�], (2)

where C is the modulation contrast, Io the mean irradiance, w � 2�fo, is
the flicker in radians per second, and fo is the flicker frequency in Hertz.
The response is given by the convolution of the flicker input and the
impulse response of the “transfer function” as follows:

x�t� � I�t� � h�t�. (3)

The impulse response of a first-order integrating stage is defined as fol-
lows:

h�t� � hoe
�t/� � hoe

�at, (4)

where ho is the amplitude of the “impulse” response, � is the time con-
stant of the exponential response, and the rate of the reaction is a � � �1.
The area under the exponential function ( A) is given by the product of
the time constant by the amplitude such that: A � � ho.

Solution of Equation 3 results in the following:

x�t� �
hoIo

a
�1 � e�at� �

hoIoC

a2 � w2� �a2 � w2 sin�wt � 	� � we�at�,

(5)

where

	 � tan�1��
w

a�, (6)

is the phase of the response. After a sufficiently long time:

t �� 1/a � �, (7)

the initial transient of the response decays and Equation 5 simplifies to
the steady response of the linear model:

xss�t� �
hoIo

a
�

hoIoC

�a2 � w2
sin(wt � 	). (8)

Linear–nonlinear model. Assuming that the nonlinearity is defined by
the Hill equation, the output is given by the following:

y�t� � K
h�t� � I�t�

h�t� � I�t� � EC50
, (9)

where K is a calibration constant and EC50 indicates the irradiance level
that produces 50% of the maximal output. Substituting terms in Equa-
tion 9 we obtain the following:

y�t� � K
hoe

�at � Io
1 � C sin(wt�]

hoe
�at � Io
1 � C sin(wt�] � EC50

. (10)

Which can be solved for the steady state (t �� 1/a � �, condition 7) and
expressed as follows:

yss�t� � K

hoIo

a
�

hoIoC

�a2 � w2
sin(wt � 	)

hoIo

a
�

hoIoC

�a2 � w2
sin(wt � 	) � EC50

. (11)

To simplify the notation we define the inverse of the exponential integra-
tion area as:


 �
a

ho
�

1

�ho
(12)

and the attenuation factor of the linear filter as:

� �
aC

�a2 � w2
(13)

Where � has units of time (seconds), the factor ho has units of seconds�1,
and both Io and EC50 have units of irradiance (ph/s/�m 2).

Hence we rewrite Equation 11 as follows:

yss�t� � K
Io � �Iosin(wt � 	)

Io � �Iosin(wt � 	) � 
EC50
. (14)

From Equation 14, we readily derive the magnitude of the response in
steady state as follows:


yss �
K
�I0EC50

�1 � �2�
2I0
2 � 2
I0EC50 � EC50

2 , (15)

and estimate the peak response as a function of the attenuation factor �:


̂yss �
K

2

�

1 � �1 � �2
, (16)

at an irradiance value of the following:

Io�Max �

EC50

�1 � �2
. (17)

We note that when the attenuation factor � 2 �� 1, then:


̂yss �
K

4

aC

w
�

K

4

C

�w
, (18)

Io�Max �
EC50

�ho
. (19)

In other words, the model predicts that both the peak of the response 
̂yss

and the irradiance at the peak Io�max are inversely related to the value of
the time constant (�). In addition the peak response 
̂yss is also inversely
related to the frequency of the flicker stimulation w, which is consistent
with results shown in Figure 4.

Results
Rod inactivation kinetics limit temporal contrast sensitivity
to low temporal frequencies
We applied an operant behavior assay to determine TCS func-
tions (TCSFs) in mice using a yes-no (one-forced choice) para-
digm (see Materials and Methods for details). TCSFs are plots of
TCS measured at multiple background illumination levels and
temporal frequencies. We have previously shown that TCSFs in
mice share many key features with TCSFs in humans (Umino et
al., 2018). Here we test the hypothesis that rod inactivation kinet-
ics shapes TCSFs in mice. We compared TCSFs in control (WT)
and R9AP95 mice overexpressing R9AP in rods (in the text we

3044 • J. Neurosci., April 17, 2019 • 39(16):3041–3056 Umino et al. • Rod Kinetics Limit Temporal Contrast Sensitivity



refer to this line of mice as R9OE) measured with the operant
behavior assay. Overexpression of R9AP in rods speeds up their
photoresponse recovery rates (Krispel et al., 2006; Chen et al.,
2010; Peinado Allina et al., 2017) and increases the amplitude of
their responses to flicker stimulation (Fortenbach et al., 2015).
We found that much like WT mice, TCS functions of R9OE mice
exhibit the classic low to bandpass transformation as background
light levels rise (Fig. 2), as observed in humans, however, with
important light-and frequency-dependent differences relative to
WT mice.

In dim lights (10 ph/s/�m 2 at the retina; see Materials and
Methods for estimation of irradiance values), R9OE and WT
mice had similar low-pass TCS functions (Fig. 2A). A small in-
crease in average sensitivities to 3 and 4.5 Hz in R9OE mice was
not statistically significant (no significant interaction between
genotype and frequency (p � 0.6) and no significant difference in
genotype (p � 0.1); two-way RM ANOVA). At these dim light
levels rods integrate single-photon responses and begin to acti-
vate their adaptation mechanisms (Dunn et al., 2006). These re-
sults are in line with those reported previously by Peinado Allina
et al. (2017) using a wheel-running visual behavioral apparatus.

At intermediate light levels (440 ph/s/�m 2 at the retina),
R9OE mice exhibited a frequency-dependent increase in sensitiv-
ity relative to WT mice (Fig. 2B). TCSFs of both R9OE and WT
mice exhibited the trademark bandpass shape as seen in human
(de Lange Dzn, 1958; Kelly, 1961; Watson, 1986; Umino et al.,
2018), however, R9OE mice were more sensitive than WT mice to
flicker frequencies �15 Hz, although their sensitivity to frequen-
cies �15 Hz remained normal (significant interaction between
genotype and frequency; p � 0.002, power � 0.9; two-way RM
ANOVA).

At bright light levels near the upper end of the mesopic range
(8200 ph/s/�m 2 at the retina), the sensitivity of R9OE mice was
higher than that of WT mice (Fig. 2C) at all stimulus frequencies
(no significant interaction between genotype and frequency; p �
0.27; but significant difference in genotype; p � 0.027; two-way
RM ANOVA). Scaling the TCSFs of WT mice by a constant factor
(in this case 1.25) closely fit the TCS function of R9OE mice.
Together, comparisons of the TCS functions (Fig. 2A–C) suggest
that TCS is limited by R9AP expression in rods in a complex way
that depends both on temporal frequency and light levels.

Photoreceptor response kinetics control TCS during
Weber’s adaptation
To better understand how light adaptation properties differ in
R9OE and WT mice we measured TCS to low (6 Hz) and high (21
Hz) flicker stimulation using small (0.6 log unit) increments in
mean irradiance. TCS of WT mice to 6 Hz flicker remained con-
stant over a 3.5 log range in retinal illumination (10 –3000 ph/s/
�m 2 at the retina), consistent with Weber’s law (Fig. 2D; no
significant differences were observed, see statistics at the end of
the paragraph). On the other hand, TCS of R9OE mice followed a
non-monotonic relation with background light levels: TCS was
normal at low light levels (�110 ph/s/�m 2 at the retina), but
grew gradually with higher light intensities, reaching maximal
sensitivities for irradiance values ranging from 440 to 1700 ph/s/
�m 2 (Fig. 2D; significant interaction between genotype and fre-
quency; p � 0.001 and power � 0.9; comparisons of WT
responses within irradiance were not significantly different; p �
0.35; two-way RM ANOVA). TCS of R9OE mice decreased with
irradiance levels �1700 ph/s/�m 2.
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Figure 2. Rod response kinetics limit TCS to low temporal frequencies when mouse vision operates in Weber’s adaptation regime. A–C, Temporal contrast sensitivity functions of WT (black circles)
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Unlike the responses to 6 Hz flicker, TCS to 21 Hz flicker did
not adapt to background light levels and TCS to 21 Hz flicker is
independent of the level of R9AP expression (Fig. 2E). Responses
to 21 Hz were first observed in background lights delivering 110
ph/s/�m 2 at the retina. Thereafter, TCS of both WT and R9OE
mice rose gradually with irradiance [Fig. 2E; nonsignificant dif-
ference in genotype (p � 0.43), or interaction between genotype
and frequency (p � 0.18); two-way RM ANOVA]. Activation at
high irradiance levels and lack of adaptation in response to high
temporal frequencies (e.g., 21 Hz flicker) is also a feature of hu-
man TCS (Shapley and Enroth-Cugell, 1984).

High TCS in R9OE mice does not arise from differential rod
PDE activation
As a result of their faster response kinetics, rods with higher levels
of transducin GAP have shorter integration times than control
rods (Krispel et al., 2006; Chen et al., 2010), leading to smaller
steady-state responses to steps of light and a relative shift of their
response-intensity relationship to the right by 0.3 log units (two-
fold; Fortenbach et al., 2015). Hence, at equal steady irradiance
levels, WT and R9OE rod photoreceptors rods are differentially
activated via phosphodiesterase (PDE)- and calcium-dependent
adaptation mechanisms (Yau and Nakatani, 1985; Matthews et
al., 1988; Nikonov et al., 2000). To determine whether differential
rod activation may explain the higher TCS to 6 Hz flicker that we
observe in R9OE versus WT mice, we matched the levels of dark
current suppression (steady rod activation) at each irradiance
level as per Fortenbach et al. (2015). This was accomplished by
shifting the TCS curve for R9OE mice to the left by 0.3 log units
(Figs. 2D, red open triangles). We find that even with the leftward

shift, TCS to 6 Hz flicker of R9OE mice remains significantly
higher than that of WT mice. Indeed, our results suggest that TCS
in R9OE mice is better explained by a vertical rather than a hor-
izontal shift of the TCS of WT mice. Hence, we conclude that
differential steady-state activation of R9OE rods cannot fully ex-
plain the increase in TCS to 6 Hz.

High TCS in R9OE mice does not arise from
rod– cone interactions
TCS is subject to phase differences in rod–rod (Stockman et al.,
1991), and rod– cone signal interactions (MacLeod, 1972; van
den Berg and Spekreijse, 1977; Zele and Cao, 2014). Given that
fast inactivation kinetics of R9OE rods (Krispel et al., 2006; Chen
et al., 2010) alter the phase of their responses to sinusoidal stim-
ulation (see results in the next section), we examined whether
abnormal rod– cone interactions underlie the changes in TCS of
R9OE mice (Fig. 3). Our approach was to selectively isolate rod-
mediated vision in animals that have attenuated cone responses
because of a missense mutation in the cone-specific transducin
�-subunit gene (Gnat2, “G2”; GNAT2 cpfl3; Chang et al. (2006);
Nusinowitz et al. (2007)). Behavioral and ERG controls per-
formed in our lab confirm that G2 mice have no cone responses at
the “mesopic” retinal irradiance levels used in this study (100 –
4000 ph/s/�m 2). At 6 Hz, TCS of WT and G2 mice match closely
at retinal irradiance levels ranging from 10 to �4000 ph/s/�m 2

(no interactions between genotype and illuminance, p � 0.38;
two-way RM ANOVA; Fig. 3A). TCS to 21 Hz did not differ in G2
and WT mice [Fig. 3B; no differences between genotype (p �
0.54), or interactions between genotype and illumination (p �
0.12); two-way RM ANOVA]. Altogether these results are consis-
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Figure 3. High TCS in R9OE mice does not arise from rod– cone interactions. A, B, Temporal contrast sensitivity of WT (black circles, same as in Fig. 2 A, B; n � 4) and G2 (green squares; n � 5)
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tent with the notion that rods and not cones drive TCS at retinal
irradiance levels �4000 ph/s/�m 2. Such an extended range of
rod-driven behavior is unexpected given that the threshold for
cone-driven responses to incremental flashes is in the order of
100 R*/rod/s (Naarendorp et al., 2010). These results highlight
the dynamic nature of rod- versus cone-driven sensitivities in the
mesopic range.

Next we tested TCS in G2 mice with fast rod kinetics. We
found that mice with fast rod responses and no (mesopic) cone
responses (G2::R9OE double mutant mice) exhibited enhanced
TCS to low frequencies relative to their G2 control counterparts
(Fig. 3C). G2::R9OE and G2 mice have similar TCS at 6 Hz for
retinal irradiance levels at or �40 ph/s/�m 2. However, TCS of
G2::R9OE mice was significantly higher than that of G2 mice at 6
Hz for retinal irradiance levels ranging from �100 to 4000 ph/s/
�m 2 (genotype � intensity interactions, p � 0.001; two-way RM
ANOVA; individual interactions indicated in Fig. 3D). Indeed,
TCS of G2::R9OE mice remained relatively constant at irradiance
levels ranging from 150 to 2400 ph/s/�m 2 consistent with the
notion of a shift in the Weber adaptation regime to higher TCS
values (�3). A similar trend was observed with R9OE mice (Fig.
2D), although over a reduced irradiance range that extends from
440 to 1700 ph/s/�m 2. No significant differences in TCS to 21 Hz
were detected in G2::R9OE and G2 mice (Fig. 3E; no differences
between genotype, p � 0.15, or genotype � intensity interac-
tions, p � 0.21; two-way RM ANOVA). Altogether, these results
confirm that, for retinal irradiance levels ranging from �100 to
4000 ph/s/�m 2, the increase in TCS to low frequencies in R9OE
mice does not arise from rod– cone interactions.

Pharmacologically-isolated ERG responses of WT and R9OE
mice are consistent with behavioral sensitivity
To understand how rod photoresponse kinetics limits TCS to low
frequencies we assessed the responses of WT and R9OE rods
electroretinographically to the same stimulus conditions applied
in the operant behavior trials. We performed these measure-
ments in vivo because: (1) photoreceptor kinetics are strongly
dependent on the cellular environment (Azevedo and Rieke,
2011; Vinberg et al., 2014; Peinado Allina et al., 2017); and (2)
conditions of our behavioral experiments require that we assess
rod responses during prolonged exposure to background lights
(�1 h), as well as in the presence of a working visual cycle. Thus,
we examined the influence of accelerated transducin deactivation
and background illumination on the frequency response of pho-
toreceptors using in vivo flicker ERGs (see Materials and Methods
for details). Photoreceptor contributions to the ERG were iso-
lated pharmacologically with an intravitreal mixture containing
glutamate receptor agonists and antagonists (Kondo and Sieving,
2001; Shirato et al., 2008). The isolated ERG reflects contribu-
tions of photoreceptors as well as a slow negative going slow PIII
component (Shirato et al., 2008; see Discussion). Contrast level
was set at 75%, which is slightly higher than the TCS thresholds of
WT mice determined with the behavioral assay. Lower contrast
levels did not produce measureable responses to 6 Hz flicker in
WT mice.

We tested the pharmacologically-isolated ERG responses of
WT and R9OE mice to sinusoidal flicker stimulation (3 Hz) of
constant contrast (75%) presented at three different mean retinal
irradiance levels (Fig. 4A). At low irradiance levels (40 ph/s/
�m 2), the flicker ERG responses of R9OE and WT mice were
small and overlapped closely, suggesting that R9AP-overexpression
does not influence rod responses at dim irradiance levels. The
amplitude of the responses grew differentially at intermediate

irradiance levels (800 ph/s/�m 2) such that R9OE mice had mark-
edly higher amplitudes and faster responses (as inferred from the
relative phase advance of the waveforms) than WT mice. At high
irradiance levels (6400 ph/s/�m 2) the amplitude of the responses
decreased in both genotypes relative to that at intermediate irra-
diance levels; however, the response amplitudes remained higher
in R9OE mice compared with WT mice. A similar trend but
scaled down in amplitude was present in response to 6 Hz flicker
(Fig. 4A, right).

To quantify the amplitude of the responses, we computed the
Fast Fourier Transform of the response traces and plotted the
magnitude of the fundamental frequency (Fo) as a function of
mean retinal irradiance (Fig. 4B). In response to 3 Hz flicker the
plots follow non-monotonic relations that peak slightly �400
ph/s/�m 2 for WT and 800 ph/s/�m 2 for R9OE mice. Maximal
response magnitudes of R9OE mice are significantly larger than
those of WT mice (significant genotype � irradiance interaction;
p � 0.005 and power � 0.8; two-way RM ANOVA; individual
interaction levels are shown in Fig. 4B, middle). A similar re-
sponse pattern was observed in response to 6 Hz flicker, where the
non-monotonic relations again peak at �400 and 800 ph/s/�m 2

for WT mice and R9OE mice, respectively, and the response mag-
nitudes of R9OE mice are significantly larger than those of WT
mice (significant genotype � irradiance interaction; p � 0.005
and power � 0.8; two-way RM ANOVA; individual interaction
levels are shown in Fig. 4B, bottom). Interestingly, the isolated
ERG responses of R9OE mice to 6 Hz flicker peak at approxi-
mately the same retinal irradiance levels (800 ph/s/�m 2) as their
behavioral contrast sensitivities (compare Fig. 2D), whereas the
isolated ERG responses of WT mice to 6 Hz remain relatively flat,
much the same as their corresponding behavioral responses. We
further investigate the relation between ERG magnitudes and
behavioral responses below.

We determined the phase of the responses by fitting the time
course of the individual responses with sine wave functions. Plots
of phase versus irradiance (Fig. 4C) show that the phase of WT
responses to 3 Hz remained relatively constant across the range
(40 – 6400 ph/s/�m 2), however, the phase of R9OE mice re-
sponses increased �0.4 radians before leveling off at irradiance
levels �400 ph/s/�m 2 [statistical difference between genotypes
(p � 0.04) but no significant interactions between genotype and
irradiance (p � 0.25); two-way RM ANOVA]. The phase advance
in the response of R9OE mice is consistent with their faster re-
sponse kinetics (see next section), whereas the gradual increase in
phase with low irradiance levels can be attributed to light adap-
tation mechanisms that speed up photoreceptor response kinet-
ics (Tranchina et al., 1984; Smith et al., 2001). The phase of the
responses to 6 Hz are relatively constant within the irradiance
range of interest; however, the difference in phase is reduced to
0.1– 0.2 radians. We note that, in response to 6 Hz, the fits to
individual traces had R 2 � 0.7; hence, we averaged the response
traces of all mice (Fig. 4A) which considerably improved the sine
wave fits (R 2 � 0.8). The pharmacologically-isolated flicker
ERGs of WT and R9OE mice have the same magnitude and phase
as the isolated ERGs of G2 and G2::R9OE mice suggesting that,
within the stimuli range of interest, the isolated ERG signal is
driven primarily by rods and not cones (Fig. 4D).

The horizontal separation between the peaks of the WT and
R9OE ERG responses (0.3 log units) agrees with the separation
between the steady response curves of WT and R9OE rods (Fig.
4B, top) as recorded by Fortenbach et al. (2015). This suggests
that the non-monotonic shape of the magnitude versus irradi-
ance relations can be attributed to the compressive nonlinearity
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inherent to rod photoreceptor responses (Shapley and Enroth-
Cugell, 1984). However, this notion does not explain the higher
ERG response amplitudes in R9OE versus WT mice in relation to
their respective rod response kinetics. We turned to a mathemat-
ical model to gain insights into the underlying mechanisms.

The photoresponse recovery time-constant controls the
magnitude and phase of the pharmacologically isolated ERG
flicker responses
We considered whether a simple model consisting of a single
integrating stage characterized by an exponential decay function
followed by a saturating nonlinearity (Fig. 5A) can explain our
ERG data in Figure 4. We tentatively assign the linear integrating
stage to the rod phototransduction cascade while the nonlinear
function relates the suppression of the steady dark current with
retinal irradiance (see Discussion). Although more sophisticated
and realistic models of phototransduction (Hamer, 2000; Astak-
hova et al., 2015) and ERGs (Robson and Frishman, 2014) have

been developed, different versions of linear-nonlinear (LNL)
models have been used in the past to investigate the responses of
retinal neurons to flicker and noise stimulation in electrophysi-
ology (Tranchina et al., 1984; Rieke, 2001; Smith et al., 2001;
Wang et al., 2011; Sinha et al., 2017) and psychophysics (Kelly,
1971; Watson, 1986; Stockman et al., 2006).

The model has three parameters defined as the time constant
of the first order integrating reaction (Tau), the gain of the inte-
grating stage (ho) and the mean irradiance at half maximum of
the saturating nonlinearity (EC50; Fig. 5). Solution to the equa-
tions describing the LNL model (see Materials and Methods; Eq.
14) reveals that the frequency response depends strongly on irra-
diance levels (Fig. 5). At low light levels (Fig. 5Ai) the family of
response functions behaves as predicted by a linear model (see
figure legend for details); however, as irradiance levels increase,
the order of the curves reverses, such that the response curve
corresponding to the shortest time constant yields the highest
response amplitude (Fig. 5Aii). Furthermore, the magnitude of
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Figure 4. Higher isolated flicker ERG responses in R9OE than in WT mice. A, Averages of the isolated ERG responses of WT (black line, n � 6) and R9OE (red line, n � 6) mice to 3 Hz (left) and 6
Hz (right) sinusoidal flicker stimulation of constant contrast (75%) after intravitreal injection of glutamate receptor analogues. Flicker was presented at low (40 ph/s/�m 2), intermediate (800
ph/s/�m 2), and bright (6400 ph/s/�m 2) retinal irradiance levels. B, Magnitude of the response to 3 Hz (middle plot) and 6 Hz (bottom plot) flicker plotted as a function of retinal irradiance for WT
(black circles; n � 6) and R9OE (red triangles; n � 6) mice. Individual responses are indicated with gray symbols. Continuous lines represent model predictions estimated with a linear-nonlinear
model described in Figure 5. The steady-state suppression of the rod dark currents for WT and R9OE mice (top plot) is adapted from Fortenbach et al. (2015). Note that the lateral displacement of the
curves corresponds to the separation between the peaks of the magnitude plots (3 and 6 Hz; vertical arrows). Statistical analysis: two-way RM ANOVA, genotype � irradiance interactions, #p �
0.05, *p � 0.001, all other interactions p � 0.05. See text for details. C, Phase of the responses to 3 and 6 Hz flicker plotted as a function of retinal irradiance for WT (black symbols; n � 6) and R9OE
(red triangles; n � 6) mice. For clarity purposes the phase values have been displaced vertically but the relative separation between the phase values of WT and R9OE was maintained. Continuous
lines indicate the predicted phase values estimated from the model presented in Figure 5. Open symbols represent individual responses. Phase responses to 6 Hz were estimated from fits to average
traces in A. D, Average response magnitudes for G2 (green symbols, n � 6) and G2::R9OE (blue symbols, n � 6) mice to 3 (top) and 6 Hz (middle) flicker with 75% contrast plotted as a function of
retinal irradiance. Data for WT and R9OE mice are the same as in B. There is no statistical difference between WT and G2 to 3 Hz (two-way RM ANOVA, p � 0.6) or 6 Hz flicker (two-way RM ANOVA,
p � 0.6) or between R9OE and G2::R9OE mice to 3 Hz (two-way RM ANOVA, p � 0.27) or 6 Hz (two-way RM ANOVA, p � 0.86). Red and black continuous lines represent fit of WT and R9OE
magnitudes with the four-parameter LNL model (same as Fig. 4B). Bottom, Phase of the responses to 3 and 6 Hz flicker plotted as a function of retinal irradiance. Phase of R9OE and G2::R9OE mice
match closely. Continuous lines indicate the predicted phase values as in C. All symbols represent mean 	 SEM.
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the response to flicker follows a non-monotonic relation with
mean irradiance (Fig. 5Aiii), where both the magnitude and po-
sition of the peak response are inversely related to the time con-
stant (see Materials and Methods; Eqs. 18 and 19). Note that the
position of the peak response along the abscissa corresponds to
the mean irradiance level producing a 50% (steady-state) sup-
pression of the steady potential (Fig. 5Aiv), whereas the position
of the compressive nonlinearity itself is inversely related to the
area under the exponential function (Eq. 14). In this scenario the
response time constant plays two distinct roles (1) sets the cutoff
frequency (or bandwidth) of the linear filter that shapes the sinu-
soidal signal, and (2) controls the location along the irradiance

axis of the compressive nonlinearity that determines the magni-
tude of the response to flicker.

We compared the time course of the responses to flicker of our
LNL model with a slow integration time (Tau � 0.15 s) with those
of a model with fast integration time (Tau � 0.05 s). These values
were chosen as an approximation to the dominant time constant
values, 0.128 and 0.05 s, that characterize the response kinetics of
WT and R9OE rods, respectively (Peinado Allina et al., 2017; see
Discussion). The predicted responses (Fig. 5B, left) capture sev-
eral features we observed in the ERG responses to flicker stimu-
lation of constant contrast (Fig. 4A): (1) at low irradiance levels
(40 ph/s/�m 2, within the linear range) the two models exhibited
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Figure 5. The photoresponse time-constant plays two distinct roles in the control of flicker responses. A, Family of responses to flicker of the LNL model (see Materials and Methods; Eq. 14) plotted
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controls the location of the compressive nonlinearity (Aiv), such that as time constant increases, the compressive nonlinearity shifts along the axis, and determines the magnitude of the response
to flicker (Aiii). The vertical arrows indicate the relationship between the irradiance values eliciting 50% suppression of the steady potentials and the peak response magnitudes. See text for details.
Model parameters were ho � 8 s �1, EC50 � 220 ph/s/�m 2, K � 480 �V. B, Comparison of response time course to 3 Hz flicker, 75% contrast, of LNL models with slow (0.15 s; black traces) and
fast (0.05 s; red traces) time constants as a function of irradiance (left) and after matching irradiance levels to elicit equal steady state (right).
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responses of similar amplitude, (2) as irradiance levels rise (400
ph/s/�m 2) the amplitude of the response of the fast model
(Tau � 0.05 s) was consistently higher than that of the slow
model (Tau � 0.15 s), (3) at high irradiance levels (4000 ph/s/
�m 2) the amplitude of the responses decreases as expected from
compressive saturation, (4) a phase advance as inferred from the
temporal shift in the response of the fast versus the slow models
(Eq. 6). The predicted responses of the fast model remain larger
than those of the slow model after adjusting the background
levels (by a factor of 3) to elicit equal steady states (Fig. 5B, right).
The position of the nonlinearity along the irradiance axis is in-
versely proportional to the time constant (Eqs. 12 and 14), hence,
the factor of 3 follows from the threefold ratio in Tau values used
for illustration of the model predictions.

Next we applied maximum likelihood estimation (Millar,
2011) to evaluate how well the LNL model (Eq.14) captures the
major features of the data in Figure 4. We considered four different
nested models, each with an increasing number of constraints, to
identify the parameters that account for the differences in the mag-
nitude of the response between WT and R9OE mice (Fig. 6A–D).
Our analysis indicates that a model with four independent pa-
rameters is sufficient to explain the data (Fig. 6E–G) as is illus-
trated by the model predictions in Figure 4, B (magnitude) and C
(phase). In this case, WT and R9OE share the same values for ho
(ho-WT � ho-R9OE � 3.46 	 0.41 s�1) and EC50 (EC50-WT �
EC50-R9OE � 190.8 	 21.1 ph/s/�m�2) but differ in the value of
Tau (Tau-WT � 0.181 	 0.005 s, Tau-R9OE � 0.070 	 0.003 s).
Note that these tau values are in line with the dominant time
constants of WT and R9OE rods (see Discussion). We conclude
that the differences in the values of the time constants (Tau)
account, to a large degree, for the differences in the magnitude of
the response of WT and R9OE mice.

The linear stage of the model predicts that the bandwidth of
the response will increase as the time constant decreases (Fig. 5A).
However, we could not empirically test this prediction because
signal-to-noise limitations in our ERGs prevented us from reli-
ably recording responses to flicker frequencies �6 Hz. In its place
we analyzed the relative changes in response phase which is di-
rectly linked to the cutoff frequency (bandwidth) via the activa-
tion rates (or time constants) of a first-order integration function
(see Eq. 6; Oppenheim et al., 1983). We found that the four-
parameter model can also account reasonably well for the phase
advance between the sinusoidal responses of WT and R9OE mice
(Fig. 4C), particularly at irradiance levels �100 ph/s/�m 2, which
is in line with the prediction that the flicker ERG responses of
R9OE mice have a wider bandwidth than those of WT mice.

Similar isolated-ERG responses to 6 Hz flicker in R9OE and
WT mice at behaviorally-determined contrast thresholds
We demonstrated that R9OE mice exhibit higher TCS to 6 Hz
flicker than WT mice (Fig. 2) and also that the pharmacologically-
isolated ERG response to 75% contrast flicker is larger in R9OE
than in WT mice (Fig. 4). Next we investigated the correspon-
dence between the ERG response and TCS in WT and R9OE mice
(Frishman and Robson, 1999; Naarendorp et al., 2001). The goal
was to determine whether the different contrasts required to
reach behavioral thresholds (same sensory experience) produce
the same isolated ERG response (neural encoding) in WT and
R9OE mice (Parker and Newsome, 1998; Carandini and Church-
land, 2013).

We measured and compared the pharmacologically-isolated
ERG responses of WT and R9OE mice to flicker contrast set at the
level of their respective behavioral thresholds (Fig. 7A). Contrast

thresholds were computed as the inverse of the TCS values in
Figure 2D (see Materials and Methods). The behavioral contrast
thresholds of WT mice remained relatively constant (50 – 60%)
with background irradiance. Contrast thresholds of R9OE were
significantly lower than those of WT mice for irradiance values
�40 ph/s/�m 2 (significant interaction between genotype and
irradiance, p � 0.001, power � 0.9; two-way RM ANOVA). Note
that all comparisons of WT responses within irradiance were not
significantly different (p � 0.35), consistent with Weber adapta-
tion in WT mice.

The ERG responses of WT and R9OE mice to flicker set at the
corresponding contrast thresholds matched closely over the en-
tire irradiance range (Fig. 7B). The magnitude of the fundamen-
tal flicker ERG responses in WT and R9OE mice increased
approximately linearly with irradiance up to 800 ph/s/�m 2 (Fig.
7C), and decreased monotonically thereafter, most likely the re-
sult of response compression (Figs. 4, 5). The close overlap of the
flicker response magnitudes [no significant interaction between
genotype and frequency (p � 0.075) or difference among the two
genotypes (p � 0.34); two-way RM ANOVA] indicates that the
isolated ERG responses (neural encoding) in WT and R9OE mice
are similar at their respective behavioral contrast thresholds
(same sensory experience).

R9AP overexpression in rods increases whole ERG responses
to both low and high temporal frequencies
The amplitude of the pharmacologically-isolated ERGs declines
sharply with temporal frequency, limiting the recording range to
6 Hz. To investigate the retinal responses to higher frequencies we
recorded the flicker ERG responses in eyes that were not injected
with pharmacological blockers (full ERG). This signal reflects the
activity of second-order bipolar cells (Shirato et al., 2008). Using
this approach, we reliably recorded ERG responses to flicker fre-
quencies ranging from 3 to 24 Hz at increasing irradiance levels
(Fig. 8A). WT and R9OE mice had similar ERG magnitudes at
mean retinal irradiances ranging from 10 to �100 –200 ph/s/
�m 2. At irradiance levels �200 ph/s/�m 2 the responses of R9OE
mice were significantly higher than those of WT mice across the
entire frequency range tested, including the response to 24 Hz
flicker (for details of the statistical analysis, see Fig. 8).

Plots of response magnitude as a function of frequency were
low-pass in shape, without the characteristic low-frequency roll-
off that is observed in the full ERGs when mice are exposed to
significantly higher, photopic light levels (Krishna et al., 2002;
Shirato et al., 2008). The bandwidth and magnitude of the plots
depended on genotype, flicker contrast, and mean irradiance
level (Fig. 8B) as reported by Fortenbach et al. (2015). At 80
ph/s/�m 2 the magnitude plots of WT and R9OE mice overlapped
closely, whereas at a higher irradiance delivering 1600 ph/s/�m 2

at the retina, the responses of R9OE were �2.2-fold higher than
those of WT mice. The larger magnitude of the full ERG re-
sponses probably reflects the larger responses of ON and OFF
bipolar cells in R9OE relative to WT mice (Fortenbach et al.,
2015). Similar results were observed both with 75 and 25% con-
trast flickers. We conclude that R9AP-overexpression in rods en-
hances the magnitude of the full ERG responses across the
temporal frequency range (up to 36 Hz) for retinal irradiance
levels �100 –200 ph/s/�m 2.

The similarity of the full ERG response magnitudes at the
lower irradiance levels �100 –200 ph/s/�m 2 for R9OE and WT
mice (Fig. 8) follows the similarity for their isolated ERG magni-
tudes (Fig. 4B, bottom) and their behavioral sensitivities (Fig.
2D). However, with retinal irradiance levels �100 –200 ph/s/
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�m 2, a more complex, frequency-dependent scenario emerges
between R9OE mice responses relative to those of WT mice. In
response to low frequencies (e.g., 6 Hz), we observe a significant
increase in the full ERG (Fig. 8A), as in the isolated ERG (Fig. 4,
bottom), and the behavioral contrast sensitivity (Fig. 2D). In re-
sponse to high frequencies (e.g., 21–24 Hz), the magnitude of the
full ERG response in R9OE mice is also larger than that of WT

mice (Fig. 8A) but this enhanced response does not translate
into a corresponding increase in their temporal contrast sen-
sitivities (Fig. 2E). In summary, the results indicate that both
low and high-frequency flicker responses are enhanced in
R9OE retinas, but only low-frequency flicker results in a
higher temporal contrast sensitivity. Furthermore, these re-
sults suggest that the frequency-dependent differences in the
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Figure 6. Differences in the values of the time constants (Tau) accounts for the differences in the magnitude of the isolated ERG response of WT versus R9OE mice. A, Nested model with six
parameters under the assumption that the values of Tau, ho, and EC50 are different in WT and R9OE ERG responses (parameters: Tau-WT, Tau-R9OE, ho-WT, ho-R9OE, EC50-WT, and EC50-R9OE). B,
Nested model with five parameters tests the likelihood that EC50 is the same in WT and R9OE mice (parameters: Tau-WT, Tau-R9OE, ho-WT, ho-R9OE, and EC50-WT). C, Nested model with four
parameters tests the likelihood that both EC50 and ho are the same in WT and R9OE mice (parameters: Tau-WT, Tau-R9OE, ho-WT, and EC50-WT). D, Nested model with three parameters has the
additional constraint that the time constants are the same in WT and R9OE mice (parameters: Tau-WT, ho-WT, and EC50-WT). E, Maximum likelihood estimation of Tau, ho, and EC50 using the
different nested models. Values were optimized by simultaneously fitting the data in Figure 4B for R9OE (n � 6) and WT (n � 6) responses to two frequencies (3 and 6 Hz) over the entire irradiance
range tested (8 irradiance levels). Parametric bootstrapping was applied to determine the variability in the parameter estimates. Error bars represent 95% confidence intervals. The values of the
parameters in the nested models did not change significantly from those in the unrestricted model (6 parameters), as can be readily inferred from the overlap of their respective confidence intervals.
All calculations were performed with MATLAB (MathWorks). Black and red lines represent the dominant time constant values for WT and R9OE rods, respectively, as determined by Chen et al. (2010)
and by Peinado Allina et al. (2017). F, Log Likehood (top) and Akaike information coefficient (AIC; bottom) for the nested models. The log likelihood indicates the probability that the data were
generated by the nested models, while the AIC was used to compare the different models by taking into consideration the number of free parameters. As can be inferred from the plot, nested models
with six, five, and four parameters had similar AIC values, suggesting equally good fits of the data. However, the nested model with three parameters resulted in a much higher AIC value indicating
a poor fit to the data relative to that provided by the other models and consistent with the notion that the data could not arise from WT and R9OE mice with similar rod response kinetics. G, Residuals
following fit to 3 Hz (top) and 6 Hz (bottom) data in Figure 4 with nested models. Visual inspection of the residuals for the fitted models reveals that models with six (R 2 � 0.57, RMSE � 26.7 �V)
and four (R 2 � 0.57, RMSE � 25.6 �V) parameters provide a closer fit to the data than the model with three parameters (R 2 ��0.75, RMSE � 51.4 �V). The residuals also indicate that nested
models with six, five (data not shown), and four parameters produced similar fits with a small but systematic overestimation of the responses to 3 Hz flicker and an underestimation of the responses
to 6 Hz. Such systematic departure of the residuals from baseline suggests that the models fall short of accounting for all the possible variables (e.g., the effects of light adaptation on response kinetics
have not been considered). Despite these shortcomings, we can conclude that differences in the values of the time constants (tau) in the nested model with four parameters sufficiently accounts for
the differences in the magnitude of the response of WT versus R9OE mice. H, Values of 
EC50 for WT and R9OE mice estimated with the different nested models (Eq. 14). The scaling factor 

represents the lateral shift (along the irradiance axis) of the static nonlinearity and is proportional to the inverse of the exponential integration area (Eq. 12). Also shown are the EC50 values for the
nonlinear suppression of the steady dark current measured from isolated WT (184 R*/rod/s; black line) and R9AP overexpressing rods (480 R*/rod/s; red line; Fortenbach et al., 2015). Error bars are
the respective 95% confidence intervals. Note that to express the 
EC50 values in terms of photo-isomerizations we scaled the retinal irradiance values by 0.85– 0.87 �m 2, the end-on rod collecting
areas (Lyubarsky et al., 2004; Naarendorp et al., 2010).
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processing of temporal flicker may arise downstream of the
bipolar cells, where the full ERG signals arise (see Discussion
for candidate mechanisms).

Discussion
In this study we applied an operant behavior assay, electrophys-
iological recordings, and mathematical modeling to investigate
the retinal underpinnings of TCS in mesopic lights. We have
determined that photoresponse rate recovery in rods is critical in
setting TCS to low but not high, temporal frequencies. These
results have important implications in our understanding of the
retinal mechanisms that limit temporal sensitivity at different
light levels and provide an unexpected, novel mechanistic per-
spective on Weber’s law.

Rod photoresponse recovery kinetics limit TCS in the
Weber regime
We have previously shown that R9AP KO transgenic mice with
slow rod and cone photoresponse recovery kinetics exhibit a re-
duction in the bandwidth of their optomotor response at
mesopic light levels (1600 R*/rod/s) relative to control WT mice
(Umino et al., 2012). Our previous results are similar to those
observed in the human condition, bradyopsia, in which humans
respond slowly to changes in light levels. However, those results
do not demonstrate that rod kinetics are the rate-limiting stage in
mesopic lights. Specifically, a non-limiting stage in a serial system
can be slowed down to the point where it becomes the rate-
limiting element of the system. In contrast, a stage is considered
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as being rate limiting if speeding up its kinetics results in faster
responses (and implicitly an extended bandwidth) of the system,
as in the context of the phototransduction pathway (Krispel et al.,
2006). In our previous study (Umino et al., 2012), we did not
examine optomotor response sensitivities of mice with fast pho-
toresponse kinetics at mesopic light levels.

Here, our first major finding is that overexpression of the
transducin GAP complex in rods of R9OE mice increased behav-
ioral TCS to low (6 Hz) but not high (21 Hz) temporal frequen-
cies at retinal irradiance levels ranging from 100 to 4000 ph/s/
�m 2. These light levels correspond to the mesopic range in
mouse vision (Nathan et al., 2006; Naarendorp et al., 2010). This
is also the range where mouse TCS exhibits rod-driven Weber
adaptation in response to flickering lights (Figs. 2, 3). In the con-
text of TCS functions in human observers, Weber adaptation is
apparent in the low-frequency asymptote, where TCS remains
approximately constant as retinal irradiance values rise (de Lange
Dzn, 1958; Kelly, 1961; Conner, 1982). Weber behavior depends
on the spatial configuration of the stimulating pattern (Kelly,
1972) and is thought to reflect the inhibitory influences of feed-
back mechanisms acting in the inner and outer retinas (Kelly,
1971; Shapley and Enroth-Cugell, 1984; Tranchina et al., 1984;
Purpura et al., 1990; Seiple et al., 1992; Dunn et al., 2007).

At a physiological level, Weber adaptation is observed in pho-
toreceptor (Matthews et al., 1988), synaptic (Oesch and Dia-
mond, 2011), and postsynaptic responses (Barlow, 1965; Dunn et
al., 2006). However, it remains unclear as to how the different
retinal components and circuits combine to produce Weber-like
behavior. Here we have established that rod photoresponse kinet-
ics limit TCS in the Weber regime: faster rod photoresponse ki-
netics in R9OE mice resulted in an increase in TCS (Figs. 2, 3) and
flicker ERG responses (Fig. 4) relative to WT mice. Our results
may appear counterintuitive at first glance, because faster re-
sponse kinetics in rate-limiting reactions is associated with a re-
duction of the integration times and smaller responses (Fig. 5).
However, the higher contrast sensitivity in the responses of R9OE
versus WT mice can be explained in terms of a shift in a compres-
sive nonlinearity that we tentatively assign to the steady-state
activation of the cGMP-gated channels in rods (see below).

We established that behavioral thresholds elicit similar
pharmacologically-isolated ERG responses in WT and R9OE
mice to 6 Hz flicker (Fig. 7) suggesting a close correspondence
between the neural retinal signal and the behavioral response.
However, the isolated ERG response reflects both the contribu-
tions of the photoreceptor response as well as contributions of the
slow PIII (and perhaps a c-waveform) originating from the flow
of potassium currents in Muller (and RPE) cells (Shirato et al.,
2008; Robson and Frishman, 2014). Surprisingly, the estimated
parameters in the model are in close agreement with physiologi-
cally measured values in rod photocurrents. The model time con-
stants for WT and R9OE ERGs were slightly slower but in line
with the values of the dominant time constants of WT (0.128 s;
Fig. 6E, black line) and the two different lines of mice overex-
pressing R9AP in rods (Chen et al., 2010; Peinado Allina et al.,
2017; 0.058 s; Fig. 6E, red line). Similarly, the values of the prod-
uct 
EC50, representing the shift of the static nonlinearity along
the irradiance axis for WT and R9OE rods (Fig. 6H; Eq. 14), are
well within range of the EC50 values of the steady circulating
currents measured in isolated WT (184 R*/rod/s) and R9AP
overexpressing rods (480 R*/rod/s; Fortenbach et al., 2015).
Hence, we tentatively assign the linear integrating stage of the
model to the rod phototransduction cascade while the nonlinear

function relates the suppression of the steady dark current with
retinal irradiance. Future studies are needed to precisely deter-
mine the relative contribution and kinetics of photoreceptors,
Muller and RPE cells to the isolated ERG, with particular interest
in the individual contributions at different light levels and tem-
poral frequencies.

An important outcome of our studies is the similarity in the
behavioral TCS in R9OE and WT mice at weak irradiance levels
that seems to follow what occurs in the isolated and full ERG
magnitudes. We applied our mathematical model to gain new
insights into why photoreceptor response kinetics do not seem to
influence TCS at dim, scotopic light levels (40 –100 ph/s/�m 2,
when rods integrate the response of successive photo-isomeri-
zations) as observed here (Figs. 2–4, 8) as well as by Peinado
Allina et al. (2017) using a different operant (running wheel)
assay. Inspection of Figure 5Ai shows that the simulated re-
sponses to 3 and 6 Hz flicker of WT (Tau � 0.150 s) and R9OE
(Tau � 0.05 s) photoreceptors share the same asymptote, result-
ing in similar response magnitudes at retinal irradiance levels of
24 ph/s/�m 2 (at these irradiance levels the model predicts a rel-
atively linear response in the temporal frequency domain). These
predictions seem to bear out in the isolated ERG responses to 6
Hz flicker and approximately in the case of 3 Hz (Fig. 4), suggest-
ing that the behavioral and full ERG phenotype can be attributed
to the photoreceptor responses. Our argument is based on the
premise that rods integrate the responses of multiple photo-
isomerizations at these light levels, as can be inferred from the
recordings by Fortenbach et al. (2015), which show rod dark
current suppression levels of �20% in WT and �10% in R9OE
rods at 40 R*/rod/s. We note however, that these results do not
rule out the possibility that elements downstream from the reti-
nal bipolar cells may limit the rate of the responses as proposed by
Peinado Allina et al. (2017).

Rod photoresponse recovery kinetics do not limit
temporal resolution
Our second major finding in this study is that TCS to high fre-
quencies (21 Hz) was not affected when speeding up rod photo-
response kinetics (Figs. 2, 3). Interestingly Weber adaptation
does not apply to the sharp, high-frequency asymptote of the
TCSFs (Kelly, 1972; Shapley and Enroth-Cugell, 1984; Watson,
1986). To this day it remains unknown why and how the visual
system processes flicker information differentially in the low
(Weber) and high (linear) frequency regions of the TCSFs. It may
be argued that the faster kinetics of R9OE rods are low-pass fil-
tered at the rod– bipolar cell synapses and not transmitted to the
inner retina. However, results from our full ERGs recordings
oppose this view. The magnitude of the full ERGs responses to
flicker presented at irradiance levels �100 –200 ph/s/�m 2 was
significantly larger in R9OE than in WT mice for temporal fre-
quencies ranging from 1.5 to �36 Hz (Fig. 8). Given that the
magnitude of the full ERGs is related to the response of bipolar
cells (Shirato et al., 2008), our results are consistent with the
notion that the fast, larger signals in R9OE rod photoreceptors
are being transmitted postsynaptically to the inner retina. Our
results are also consistent with earlier observations showing that
the full ERGs and rod bipolar cell flicker responses are larger in
R9OE than in WT retinas but disagree with the irradiance range
(�100 R*/rod/s), where Fortenbach et al. (2015) report the in-
crease in the responses of R9OE versus WT mice. This difference
may arise as a consequence of the different light adaptation con-
ditions applied in the two studies. The measurements performed
by Fortenbach et al. (2015) were performed following short (in
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the order of seconds) steady light exposures, whereas our studies
were performed following prolonged exposures (�40 min in du-
ration, aimed at replicating our behavioral experimental condi-
tions) that may alter rod photoresponse properties through a
number of light-dependent mechanisms such as pigment bleach-
ing (Lyubarsky et al., 2004), prolonged adaptation effects
(Calvert et al., 2002; Krispel et al., 2003), and/or translocation of
key phototransduction components at the strongest intensities of
our study (Sokolov et al., 2002; Lobanova et al., 2007).

Our next observation is that the larger response to low and
high temporal frequencies at the level of the inner retina (as re-
flected by the full ERG) is differentially transmitted downstream
in R9OE versus WT mice. As described above, the larger magni-
tudes in the isolated ERG and full ERG responses to low flicker
frequencies (6 Hz) correspond to an increase in contrast sensitiv-
ity at the behavioral level of R9OE versus WT mice. However, the
larger response magnitudes to high temporal frequencies (e.g., 21
Hz) did not correspond to increased behavioral contrast sensitiv-
ity and/or temporal resolution. This suggests that: (1) neural
mechanism(s) located downstream from the bipolar cells differ-
entially control TCS to high (e.g., 24 Hz) flicker frequencies (Ab-
bott et al., 1997; Carandini et al., 2002; Chung et al., 2002), or (2)
the relatively small differences in the retinal response of R9OE
versus WT mice to 24 Hz flicker (Fig. 8A) are below intrinsic
(central) visual noise levels and cannot be detected perceptually
(Pelli and Farell, 1999; Rovamo et al., 1999). In either case, it will
be important to identify and characterize the retinal pathways
that relay these fast signals. In scotopic conditions, rod signals are
transmitted largely to rod bipolar cells along the primary pathway
(Dunn et al., 2006). The primary pathway in mouse remains
active as light levels rise into the mesopic range (250 R*/rod/s),
however, with a limited temporal frequency range (Ke et al.,
2014). Secondary (via rod– cone coupling) and tertiary pathways
(via direct rod to cone bipolar cell contacts) are posited to relay
fast signals in mesopic lights (for review, see Sharpe and Stock-
man, 1999; Grimes et al., 2018a; Rivlin-Etzion et al., 2018) al-
though a recent study shows that the primary rod (or dominant)
pathway in primates can perform this duty across the mesopic
range (Grimes et al., 2018b).

In conclusion, our results establish clear differences between
the scotopic and mesopic vision in mouse. Much like in primate
vision, a pattern is beginning to emerge where the control of TCS
shifts from the inner retina in dim lights (Robson and Frishman,
1995; Sampath et al., 2005; Stockman et al., 2010; Umino et al.,
2012) to the rod kinetics in mesopic lights (Grimes et al., 2018b;
results of this study). Future studies will tell whether photopic
TCS in mouse relates to the temporal response properties of
cones as is observed in primates (Sinha et al., 2017).
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