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The sensitivity of retinal cells is altered in background light to optimize the detection of contrast. For scotopic (rod) vision,
substantial adaptation occurs in the first two cells, the rods and rod bipolar cells (RBCs), through sensitivity adjustments in
rods and postsynaptic modulation of the transduction cascade in RBCs. To study the mechanisms mediating these compo-
nents of adaptation, we made whole-cell, voltage-clamp recordings from retinal slices of mice from both sexes. Adaptation
was assessed by fitting the Hill equation to response-intensity relationships with the parameters of half-maximal response
(I1/2), Hill coefficient (n), and maximum response amplitude (Rmax). We show that rod sensitivity decreases in backgrounds
according to the Weber–Fechner relation with an I1/2 of ;50 Rp s21. The sensitivity of RBCs follows a near-identical func-
tion, indicating that changes in RBC sensitivity in backgrounds bright enough to adapt the rods are mostly derived from the
rods themselves. Backgrounds too dim to adapt the rods can however alter n, relieving a synaptic nonlinearity likely through
entry of Ca21 into the RBCs. There is also a surprising decrease of Rmax, indicating that a step in RBC synaptic transduction
is desensitized or that the transduction channels became reluctant to open. This effect is greatly reduced after dialysis of
BAPTA at a membrane potential of 150mV to impede Ca21 entry. Thus the effects of background illumination in RBCs are
in part the result of processes intrinsic to the photoreceptors and in part derive from additional Ca21-dependent processes at
the first synapse of vision.
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Significance Statement

Light adaptation adjusts the sensitivity of vision as ambient illumination changes. Adaptation for scotopic (rod) vision is
known to occur partly in the rods and partly in the rest of the retina from presynaptic and postsynaptic mechanisms. We
recorded light responses of rods and rod bipolar cells to identify different components of adaptation and study their mecha-
nisms. We show that bipolar-cell sensitivity largely follows adaptation of the rods but that light too dim to adapt the rods pro-
duces a linearization of the bipolar-cell response and a surprising decrease in maximum response amplitude, both mediated
by a change in intracellular Ca21. These findings provide a new understanding of how the retina responds to changing
illumination.

Introduction
The visual system can encode light over an immense range of
illumination. We see stimuli producing single-photon responses
in a minority of the rod photoreceptors (Hecht et al., 1941; van
der Velden, 1946; Baylor et al., 1979), but as light intensity
increases, adaptation within the rods and in circuits that carry

rod signals extends the dynamic range of rod vision to at least
seven orders of magnitude (Dunn et al., 2006; Tikidji-Hamburyan
et al., 2015; Frederiksen et al., 2021).

Rod bipolar cells (RBCs) are depolarizing (ON center) bipolar
cells, which are the first point of pooling of rod signals in the
mammalian retina. They allow convergence of up to 100 rods
(Tsukamoto et al., 2001). The responses of RBCs are produced
by a signal transduction mechanism that influences the gating of
the transient receptor potential melastatin channel 1 (TRPM1),
through action of a metabotropic glutamate receptor, mGluR6
(Morgans et al., 2009). The light-dependent opening of TRPM1
channels requires the deactivation of Gao (Nawy, 1999; Dhingra
et al., 2000; Okawa et al., 2010b), a process that is accelerated by
the regulator of G-protein-signaling proteins RGS7 and RGS11
(Cao et al., 2012). All these steps in the mGluR6 cascade are
potential points of modulation during light adaptation. The
light-dependent TRPM1 inward currents have been shown to be

Received Mar. 10, 2023; revised Apr. 7, 2023; accepted May 2, 2023.
Author contributions: K.G.G., F.R., and A.P.S. designed research; K.G.G., K.E.F., and A.P.S. performed

research; K.G.G. analyzed data; K.G.G., F.R., and A.P.S. wrote the paper.
This work was supported by National Institutes of Health–National Eye Institute Grants EY17606 (A.P.S.),

EY29817 (A.P.S.), and EY0331 and NEI Core Grant EY00331 (UCLA), and Research to Prevent Blindness
Unrestricted Funds to the University of California, Los Angeles Department of Ophthalmology. We thank Prof.
Gordon L Fain for help with manuscript preparation.
The authors declare no competing financial interests.
Correspondence should be addressed to Alapakkam P. Sampath at asampath@jsei.ucla.edu.
https://doi.org/10.1523/JNEUROSCI.0444-23.2023

Copyright © 2023 the authors

The Journal of Neuroscience, June 14, 2023 • 43(24):4379–4389 • 4379

https://orcid.org/0000-0002-1052-2609
https://orcid.org/0000-0002-0785-9577
mailto:asampath@jsei.ucla.edu


affected by changes in internal calcium (Ca21) concentration
(Shiells and Falk, 1999; Berntson et al., 2004; Nawy, 2004; Kaur
and Nawy, 2012), although the mechanism of Ca21 action and
its role in setting the sensitivity of RBC responses with back-
ground light remain unclear.

To elucidate the processes responsible for adaptation of sco-
topic vision, we used whole-cell patch recordings in dark-
adapted slices from rod photoreceptors and RBCs in darkness
and in background light. Background intensities bright enough
to adapt the rod photoreceptors caused changes in the sensitivity
of RBCs that are mostly derived directly from rod adaptation.
Light intensities too weak to produce significant adaptation in
the rods can also altered the RBC response by mechanisms
intrinsic to the bipolar cell. Dim backgrounds changed the sensi-
tivity of the response to small differences in light intensity by lin-
earizing the slope of the response-intensity curve, an effect likely
mediated by entry of Ca21. Low background intensities also pro-
duce an additional novel form of adaptation that reduced the
RBC maximum response amplitude (Rmax), apparently by desen-
sitizing some step in the RBC synaptic transduction cascade or
by changing the conformation of the TRPM1 channels so that
they become reluctant to open. This effect was also facilitated by
calcium entry. These experiments provide new insight into the
effects of exposure to background illumination on responses of
retinal cells and the mechanisms of adaptation of scotopic vision.

Materials and Methods
Animals and animal care. This study was conducted in accordance

with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and the
Association for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research. The ani-
mal use protocol was approved by the University of California, Los
Angeles, Animal Research Committee (Protocol ARC-2014–005).
The primary method of killing was cervical dislocation. C57BL/6J
mice (Mus musculus) were purchased from The Jackson Laboratory
and were not screened for the absence of the rd8 mutation (Chang
et al., 2002). All mice used in this study were between 2 and
6months of age from approximately equal numbers of both sexes
and were reared under a 12 h dark/light cycle.

Solutions. Retinal slices were made in HEPES-buffered Ames’ me-
dium (Sigma-Aldrich) containing 2.38 g L�1 HEPES balanced with
0.875 g L�1 NaOH to give an osmolarity of 2846 1 mOsm at pH 7.356
0.05. This Ames-HEPES was kept on ice and bubbled continuously with
100% O2. Bicarbonate-buffered Ames’ medium (hereafter, referred to as
buffered Ames’ medium) was made from Ames’ medium supplemented
with 1.9 g L�1 NaHCO3 and equilibrated with 95% O2/5% CO2, pH 7.4.
The electrode internal solution contained the following (in mM): 125
K-aspartate, 10 KCl, 10 HEPES, 5 N-methyl-glucamine-HEDTA, 0.5
CaCl2, 0.5 MgCl2, 1 ATP-Mg, 0.2 GTP-Tris, 2.5 NADPH; pH was
adjusted to ;7.3 with N-methyl-glucamine-OH, and the osmolarity
was adjusted to ;280 mOsm. For experiments investigating effects
of calcium buffering on RBC adaptation, the internal solution addi-
tionally contained 10 mM BAPTA (catalog #A4926, Sigma-Aldrich).
All other constituents were identical to those of the normal internal
solution.

Dissection and slice preparation. Mice were dark adapted for 12–
20 h before the start of the experiment. All experiments began in the
morning as defined by the vivarium dark/light cycle. Dissections were
performed under infrared illumination (l � 900 nm) with infrared
image converters, either head mounted (ITT Industries) or dissecting-
microscope mounted (B.E. Meyers). Following euthanasia, eyes from
mice were enucleated, the anterior portion of the eye was cut, and the
lens and cornea were removed. Eyecups were stored at 32°C in buf-
fered Ames’ medium in a light-tight container. Eyecups were bisected
through the optic nerve head with a number 10 scalpel under the

infrared-equipped dissection microscope (Carl Zeiss), and the retina
was carefully removed from the retinal pigment epithelium with fine for-
ceps. The isolated piece of retina was embedded in a low-temperature
gelling agarose (3%; Sigma-Aldrich) in HEPES-buffered Ames’medium.
Vertical retinal slices (200mm in thickness) were cut in chilled, oxygen-
ated Ames-HEPES with a vibrating microtome (VT-1000 S, Leica) and
transferred either to a recording chamber or to the storage container for
use later in the experiment. During recordings, the retinal slice was stabi-
lized with a custom-made anchor of stainless steel (420 grade, polished),
which was fastened to the recording chamber with a small amount of pe-
troleum jelly. The slice was superfused with buffered Ames’ medium at
;4 ml min�1. The bath temperature was held at 366 1°C by a tempera-
ture controller with feedback (catalog #TC-324B; Warner Instruments).

Physiologic recordings from rod photoreceptors and rod bipolar cells.
Recordings from individual cells were made by whole-cell patch clamp
from dark-adapted retinal slices as described previously (Arman and
Sampath, 2010). Rods were visualized with illumination from an infrared
light-emitting diode (LED; l = 940 nm; Cairn Research) attached to the
transmitted light path of the physiology microscope (Eclipse FN1,
Nikon). Rod somata were identified by morphology and location in the
outer nuclear layer (ONL), and RBC somata by morphology and loca-
tion in the outermost portion of the inner nuclear layer as well as by
their characteristic response to a flash. Some RBCs were filled with a flu-
orescent dye (100 mM; Alexa Fluor 750, lmax = ;750nm; Thermo
Fisher Scientific) loaded in the recording pipette. Dye-filled cells were
imaged following the recording with a Hamamatsu ORCAflash4.0LT1
(model C11440, Hamamatsu Photonics).

Filamented borosilicate-glass capillaries (BF120-69–10; Sutter
Instruments) were pulled on the day of the experiment with a P-97
Flaming/Brown micropipette puller (Sutter Instruments) to a tip
resistance in the bath medium of 15–19 MX for rods and 13–16
MX for RBCs. Cells were voltage clamped at holding potentials of
�40mV for rods and �60mV or 150mV for RBCs with an AxoPatch
200B patch-clamp amplifier (Molecular Devices). Series resistance of
the recording pipette was compensated at 75–80% to prevent error in
clamping potentials, and pipette capacitance was neutralized before
break-in (Sherman et al., 1999). The patch seal was assessed after
break-in, and recordings were terminated if the seal resistance was
below;1 GX, or the access resistance exceeded ;60 MX. All reported
values of membrane potential have been corrected for liquid-junction
potentials (Neher, 1992), which were estimated to be ;10mV for our
recording solutions (Ingram et al., 2019).

Recordings were low-pass filtered at 5 kHz by the patch-clamp am-
plifier and digitized at 10 kHz with a 16-bit A/D converter (ITC18/
USB18, HEKA Elektronik). Data were collected in MATLAB (R2018b,
MathWorks) with the open-source software package Symphony Data
Acquisition System (https://symphony-das.github.io). All off-line data
visualization and analysis was performed with custom scripts and the
Iris DVA framework for MATLAB (Khris Griffis, https://github.com/
sampath-lab-ucla/IrisDVA). Further zero-phase shift digital filtering
was performed off-line with a seventh-order Butterworth filter and the
MATLAB FilterM C Mex package. Typical filtering bandwidths were
0–30Hz, and any deviations from this value for specific experiments
are listed in the corresponding figure legends and below in Results.

Light stimulation. Stimuli were delivered with a dual OptoLED
light stimulation system (Cairn Research) through a custom-built op-
tical pathway that feeds into the transmitted light path of the physiol-
ogy microscope. The stimulus and background LEDs had peak
wavelengths of 505 6 5 nm and 405 6 5 nm. Light sources were atte-
nuated by absorptive neutral-density filters (Thorlabs). At the begin-
ning of each experiment, the microscope field-stop aperture was
focused at the level of the slice to provide uniform illumination and
was reduced to limit the stimulation region to a spot ;200 mm in
diameter.

The intensities of the LEDs were measured with a calibrated photo-
diode (Gamma Scientific) through a photodiode amplifier (PDA200C,
Thorlabs). Light intensities were calibrated as effective photons per
square micrometer and adjusted for the absorption spectrum of rhodop-
sin (Govardovskii et al., 2000; Nymark et al., 2012). Stimulus intensities
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were then converted to light-activated rhodopsins per rod (Rp) by
accounting for the effective collecting area of a rod outer segment.

We estimated the effective collecting area of individual rods from the
trial-to-trial variability in the responses to a fixed stimulus. Under the
assumption that photon absorption obeys Poisson statistics, the mean
number of photoisomerizations produced by the flash, �h , can be estimated
by dividing the squared mean response by its variance, �h ¼ �I2=s 2

I , where
�I2 is the average response and s2 is the variance produced by the flash
(Field and Rieke, 2002). We calculated �h from 4–6 flash intensities for 15
rods, and the collecting area was determined as the slope of the line relating
�h to the flash intensity. The average and 95% bias-corrected and acceler-
ated (BCa) confidence interval (see Experimental design and statistical anal-
yses) of the collecting area was estimated to be 0.26 (0.14, 0.35) mm2.

Response-intensity relationships. To calculate the normalized ampli-
tude of the photoresponse to a given stimulus intensity, we correlated
each response with a template generated from the average response
across all flash intensities. We then took the amplitude relative to a base-
line measured in the 200ms before flash delivery (Sampath and Rieke,
2004). The amplitudes were scaled by the maximal response to the
brightest flashes. This template-scaling procedure produced consistent
estimates of the more variable dim-flash responses than measuring
peak-current deflections. Response amplitudes were then related to flash
intensities, U , with a Hill equation as follows:

R
Rmax

¼ 1

11
I1=2
U

� �n ; (1)

where R is the response in pA, Rmax is the maximum or saturating value
of R to bright flashes, I1/2 is the value of the stimulus intensity producing
a half-maximal response, and n is the Hill coefficient.

To determine the effects of background light on maximum response
amplitudes (Rmax), responses to saturating flash intensities were recorded
in the presence of a variety of background light intensities. These
responses were bracketed by saturating flash responses recorded in dark-
ness. A line was fit with respect to time between the peaks of the flashes in
darkness, and the predicted maximal response, R̂max, was estimated to be
the solution to the fit at the time of the peak measured in the presence of a
background light. To measure the amount of suppression of the maximal
response amplitude, the peak of the saturated response during the presen-
tation of background light was divided by the predicted maximal response,
Rmax/R̂max. The predicted fractional response values were then related to
background intensities, U B, with an inverse Hill function. Parameters
were estimated for initial offset, R0; background intensity of half-maximal
attenuation, I1/2

B, and the Hill exponent, n, as follows:

Rmax

R̂max

¼ R0 � DRU n
B

I B
1=2

� �n
1U n

B

: (2)

In this equation, DR = R0 � Rs, and Rs is the settling point of the
maximal attenuation. DR can then be taken as a metric for the
maximal suppression of Rmax by background light exposure (see
Fig. 6).

Calculation of rod sensitivity. Rod sensitivity was measured from
current responses to dim flashes of 505 nm light in whole-cell voltage
clamp at a holding potential of �40mV. Sensitivity (in pA Rp�1) was
calculated in darkness and in the presence of background light as the
peak amplitude of the response divided by the flash intensity for two to
three flash intensities in the linear range of the rod photoreceptor. Mean
sensitivities were scaled by those in darkness to give SF=SDF , which was fit
with the Weber–Fechner relation as follows:

SF
SDF

¼ I0
I0 1 IB

; (3)

where IB is the background intensity and I0 a constant sometimes called
the dark light, which is the intensity of the background light required to
reduce sensitivity by half.

Experimental design and statistical analyses. All uncertainties were
calculated by Monte Carlo simulations (bootstrap) with 10,000
replicates except for time-series data, which instead used 2000 sim-
ulations in the interest of reducing computation time. Uncertainty
is expressed as 95% confidence intervals about the mean. To
increase accuracy and mitigate errors arising from the nonpara-
metric situation, confidence intervals were estimated by the BCa

method (Efron, 1987).
In cases where fitting procedures were used, data were binned

by logarithmic-spaced intervals, and fits were performed with a
total least-squares method, also known as orthogonal regression,
by the Total Least Squares Approach to Modeling Toolbox for
MATLAB (Petráš and Bednárová, 2010). The fitting procedure was
bootstrapped by resampling from the residuals of individual cells
(Freedman, 1981; Efron and Tibshirani, 1986). The data were
resampled, binned, and fit for 10,000 repetitions generating sam-
pling distributions of model parameters. Uncertainty regions of
the fitting parameters are presented as BCa 95% confidence inter-
vals. Uncertainty regions of the regression lines are the 95% confi-
dence intervals generated from each bootstrapped fit over an
interpolating region and they were displayed as a shaded region
surrounding the fit traces. Statistical significance of fitting param-
eters, where applicable, was determined from the BCa 95% confi-
dence regions, which corresponds to a 5% a level (p , 0.05) (Efron
and Tibshirani, 1986).

Statistical comparisons between BAPTA and control conditions
for Rmax experiments were made by first assessing a one-way
repeated-measures ANOVA by a custom bootstrap approach for
unbalanced design in MATLAB. This custom algorithm is equiva-
lent to the standard linear mixed-effects model, except that boot-
strap replicates are calculated from the residuals as the fixed-
effects estimator (Freedman, 1981). Post hoc analysis proceeded if
the results of ANOVA indicated a significant effect, that is, p ,
0.05. Pairwise testing was performed on all pairs by a custom boot-
strap algorithm of Welch’s t test for unequal variances (Welch,
1938, 1947). To account for multiple testing errors, all p values
were adjusted for false discovery rate (Benjamini and Hochberg,
1995). Sample sizes, N, are provided in Table 1 or in the Figure
legends of corresponding experiments.

Results
Photoreceptor flash sensitivity is dependent on background
light levels
Rod photoreceptors can detect single photons (Baylor et al., 1979),
and rod-mediated vision operates over approximately seven
orders of magnitude of light intensity. This requires substantial ad-
aptation in rods and postrod retinal circuits. To identify rod pho-
toreceptor contributions to adaptation under our experimental
conditions, we used patch electrodes to record current responses
to brief flashes of light that elicited no more than 20% of the maxi-
mal response in darkness and with increasing background light in-
tensity (Fig. 1A, left). To measure flash sensitivities, the peak
amplitudes of the current responses were divided by flash inten-
sities (Fig. 1A, right). Sensitivity in background light was divided
by sensitivity in darkness, and the resulting ratio was plotted as a
function of background intensity (Fig. 1B). These changes in sensi-
tivity agree with previous reports of background dependence of
sensitivity in rod photoreceptors (Mendez et al., 2001; Makino et
al., 2004; Woodruff et al., 2008; Chen et al., 2010; Morshedian and
Fain, 2017), and we found a similar fit to the Weber–Fechner rela-
tion (Eq. 3). Our value of I0 = 53 (40, 120) Rp s�1 agrees with
previous measurements (Morshedian et al., 2018), although
somewhat higher than reported by Mendez et al. (2001) or
Dunn et al. (2006). Our data confirm a component of rod-
pathway adaptation in the rods themselves that may be propa-
gated through downstream circuitry.
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Background light reduces nonlinearity of the rod bipolar
light response
To characterize RBC adaptation, we measured current responses
to brief flashes of light in slice preparations of dark-adapted reti-
nas (Fig. 2). We identified RBC somata visually first by their
location at the boundary of the inner nuclear layer and the outer
plexiform layer, then by their characteristically large and rapid
flash responses, and finally in a few experiments by filling cells
with Alexa Fluor 750 added to the recording solution for mor-
phologic verification at the end of the experiment (Fig. 2A).
Response families to increasing flash intensities were recorded in
a series of background intensities, and responses were averaged
at each flash intensity and background (Fig. 2B, top to bottom).
Flash intensity ranges used for each background are listed in
Table 1.

We saw a clear reduction in maximal response amplitude
with increasing background intensity, which was accompanied
by an apparent acceleration of response decay. Further, we
observed that the steepness of the relationship between flash in-
tensity and response amplitude was reduced in dim backgrounds
(Fig. 2C). It should be noted that unlike photoreceptors whose
response decay can be adequately described by a first-order decay
exponential (Chen et al., 2000), the decay of RBC flash responses
is nonuniform across flash intensities and often displayed an os-
cillatory component. For this reason, we did not quantify a
time constant of decay. Instead, we focused on the parameters
of the relationship between response amplitude and flash in-
tensity as measures of the effects of background light on RBC
flash responses.

To characterize the properties of the RBC flash response, we
fit a two-parameter Hill equation (Eq. 1) to normalized response
amplitudes as a function of stimulus intensity. Response ampli-
tudes for each cell were calculated from two to five repetitions of
flash-intensity families that covered the dynamic range of the
RBC response at every background light intensity (Table 1).

Maximal responses decreased with increasing background light,
falling from �320 (�410, �260) pA in darkness to �18 (�26,
�11) pA in a steady background light of 600 Rp s�1. To normal-
ize response amplitudes to the range 0–1, amplitudes were scaled
by the maximal response amplitude, Rmax, on a cell-to-cell basis
(Fig. 2C). We generated response-intensity curves from fitted pa-
rameters (Fig. 2C, smooth lines) and 95% confidence intervals
(shaded regions) and show them for a selection of background
intensities in Figure 2C. In dim backgrounds (producing fewer
than ;2 Rp s�1; Fig. 2C, blue curve), we observed a flattening of
the response-intensity curve accompanied by almost no shift in
the I1/2 parameter (Fig. 2C, compare black and blue curves).
When the background intensity was increased to 50 Rp s�1 (Fig.
2C, orange curve), a level at which rod sensitivity is reduced by
half (Fig. 1B), the response-intensity curve was shifted to brighter
intensities by about twofold while not appearing to flatten any
further. In the brightest background intensities tested (600 Rp s�1,
Fig. 2C, green curve), the response-intensity curve shifted further
to brighter intensities, reflecting an ;10-fold decrease in sensitiv-
ity. Fitting parameters from all the backgrounds tested are given in
Table 1.

The nonlinearity in the RBC response-intensity curve can be
quantified by the Hill coefficient n (Sampath and Rieke, 2004).
For rods, the response-intensity curve was best fit by Equation 1
with a Hill coefficient of one. For RBCs, the Hill coefficient was
much larger in darkness. Fitting Equation 1 to the RBC
responses in darkness yielded estimates of n = 1.7 (1.6, 1.9) and
I1/2 = 1.3 (1.2, 1.4) Rp. Increases in background intensities that
were too dim to desensitize rods, that is, producing fewer than
;3 Rp s�1, markedly flattened the response-intensity curve,
reducing n to 1.0 (0.89, 1.3) for a 2.8 Rp s�1 background (p ,
0.05 by 95% CI comparison). Note that over the same back-
ground regime, the dimmest flashes on average elicited a greater
fractional response, and responses to near-saturating flashes
were slightly compressed (Fig. 2C, compare blue to black plots).
For visual comparison, n parameter fits are plotted against back-
ground intensities in Figure 3A. These results show that relief of
nonlinearity occurs at background intensities too dim to elicit
changes in rod sensitivity (Fig. 1B).

To estimate changes in RBC flash sensitivity apart from the
change in nonlinearity, we took the inverse of the I1/2 parameter
as a measure of sensitivity. We then scaled this value by the value
of I1/2 in darkness and took this ratio as an estimate of Sf =SDf for
the bipolar cell. These values were averaged and plotted as a
function of background intensity in Figure 3B. RBC sensitivity
declined with increases in background intensity in the same re-
gime as rod sensitivity (Fig. 1B). To compare changes in RBC
flash sensitivity to sensitivity in rod photoreceptors, we overlaid
the Weber–Fechner relationship from the rod experiments (Fig.
3B, red curve; with I0 = 53 Rp s�1). The decline in RBC flash sen-
sitivity remarkably paralleled the change in rod sensitivity
observed during rod adaptation. These data indicate that rod ad-
aptation has a direct influence on the flash sensitivity of RBCs
during rod-bipolar adaptation.

This rod adaptational influence appears at backgrounds
brighter than those that produce the relief in nonlinearity.
These observations support the hypothesis that the response-
intensity nonlinearity is postsynaptic in origin (Sampath and
Rieke, 2004; Okawa et al., 2010a) and that RBC sensitivity may
be imparted by rods at brighter background light intensities.
Together, our results suggest a mechanism of adaptation sep-
arate of rod adaptation that is intrinsic to RBCs (see below,
Discussion).

Table 1. Response-intensity properties for RBCs

Background A I1/2 n

R*sec�1rod�1 R*rod�1 R*rod�1

Dark [46] 0.015!120 1.3 1.7
(1.2, 1.4) (1.5, 1.9)

0.22 [3] 0.011!21 1.2 1.5
(0.17, 0.26) (1.0, 1.6) (1.2, 2.2)
0.5 [5] 0.03!71 1.3 1.3
(0.36, 0.62) (1.0, 1.7) (1.0, 2.5)
1.4 [4] 0.044!95 1.4 1.2
(1.2, 1.6) (1.0, 1.9) (0.89, 2.0)
2.8 [5] 0.022!84 1.5 1.0
(2.5, 3.1) (1.2, 2.0) (0.85, 1.3)
7.2 [5] 0.09!94 1.5 0.99
(5.1, 8.9) (1.3, 1.9) (0.85, 1.2)
18 [7] 0.051!220 1.8 1.1
(14, 23) (1.5, 2.2) (0.95, 1.5)
44 [5] 0.16 ! 830 3.8 1.1
(36, 51) (3.2, 4.7) (0.92, 1.5)
110 [4] 0.058!420 4.0 1.1
(76, 130) (3.4, 5.0) (0.88, 1.4)
360 [5] 0.26!1000 7.8 1.0
(280, 430) (6.4, 9.5) (0.89, 1.2)
600 [3] 1.5!330 12 1.1
(600, 600) (10, 13) (0.92, 1.4)

Values are reported as means (95% BCa confidence interval) where applicable. The parameters I1/2 and n were
estimated from fitting Equation 1 with normalized response amplitudes that were elicited from specified stimulus
intensity ranges, U , during constant illumination with the corresponding background intensity. Number of animals
used are shown in brackets following the corresponding background mean intensity (left column).
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Calciummodulates RBC nonlinearity
To study the effects of calcium on RBC adaptation, we filled
the recording pipette with a solution containing 10 mM of the
fast calcium chelator BAPTA (see above, Materials and
Methods). BAPTA buffering has been shown to reduce tran-
sient peaks of the RBC light response and increase nonlinear-
ity of the response-intensity curve (Berntson et al., 2004).
We recorded flash response families from RBCs in darkness
(Fig. 4A) and generated a response-intensity curve from nine
cells (Fig. 4B). Confirming prior reports, we found a slight
increase in sensitivity, that is, a reduction in I1/2 [I1/2 = 0.9
(0.79, 1.1) Rp, p , 0.05 by 95% CI comparison], and a strong
increase in nonlinearity [n = 2.3 (1.9, 2.4) Rp, p , 0.05 by
95% CI comparison]. In contrast to previous reports with
application of 10 mM BAPTA, we did not observe a signifi-
cant difference in averaged maximal responses in darkness
[�330 (�480, �230) pA] compared with control conditions

[Rmax = �320 (�400,�260) pA]. This discrepancy may result
from differences in recording solutions. Because Ca21 entry
during the light response is facilitated by TRPM1 channels in
the RBC dendrite (Nawy, 2000), these results suggest that Ca21

entry plays a role in adjusting the linearity of the response.

Background light decreases the RBCmaximal response
In the whole-cell patch configuration, RBC flash responses
decrease in amplitude over a time span of 1–2min following
break-in. The reason for this rundown is unknown. We
found that by decreasing the size of the recording electrode
to resistance values of ;16 MX, we could extend the duration
of responsiveness by more than a minute. We characterized
the rundown in our slice preparations in preliminary experi-
ments, where we repeatedly delivered saturating flashes in
darkness. We found that the maximal response amplitude
slowly decreased in a linear trend over time, in agreement

Figure 1. Dim flash responses are sped and reduced in amplitude by background light. A, Representative patch-clamp current records (Vm =�40mV) from dark-adapted C57BL/6J rods in
darkness (0 R* s�1), and background intensities of 1.1, 130, and 510 R* s�1. Flashes of fixed intensity were delivered as indicated by the arrowheads. Time scale bar is 200ms, gray horizontal
lines indicate 2pA. Left, Averaged gain from two to three flash intensities corresponding to the background intensities in A. B, Sensitivity decreases as a function of background intensity. The
reduction in sensitivity follows a Weber–Fechner relationship (Eq. 3), which describes a background intensity, 53 (40, 120) R* s�1, where sensitivity is decreased by half.

Figure 2. RBC responses in background light. A, Rod bipolar cells (filled with Alexa 750 dye, red) were recorded from retinal slices using whole-cell patch configuration in voltage-clamp
mode (Vm = �60mV). B, RBC current responses to brief flashes of light delivered as indicated by the green arrowhead (from top to bottom) in darkness [Rmax = �320 (�400,�260) pA]
and in the following background illuminations: 18 R* s�1 [Rmax = �81 (�120, �48) pA], 40 R* s�1 [Rmax = �43 (�57, �30) pA], and 300 R* s�1 [Rmax = �25 (�31, �20) pA]. Filter
bandwidth, 0–50 Hz. Rmax values are given as mean (95% BCa confidence intervals). C, Normalized response amplitudes as a function of flash intensity in darkness (black) and background illu-
minations of 1.4 R* s�1 (blue), 51 R* s�1 (orange), and 600 R* s�1 (green). Normalized response amplitudes were fit with a Hill equation (Eq. 1; smooth lines). A selection of all background
intensities recorded from are shown (Table 1, complete list). As background light intensity increased, first, a flattening of the response-intensity curve was observed (blue), which corresponded
to a decrease in the n parameter from 1.6, in darkness to ;1 by 10 R* s�1 (Fig. 3). Then a rightward shift in the I1/2 parameter from 1.3 (1.2, 1.4) R* in darkness (black arrow) to 3.8 (3.2,
4.7) R* in a background light of 44 (36, 51) R* s�1 (orange arrow), and 12 (10, 13) R* in a 600 R* s�1 background light (green arrow). IS, Inner segment; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; v., vitreous.
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with similar measurements made in dogfish ON bipolar cells
(Shiells and Falk, 1999) and tiger salamander RBCs (Nawy,
2004), albeit on a faster time course. From these results, we
devised a protocol to study maximal response amplitudes in
mouse RBCs that mitigated the effects of rundown.

The experiment was conducted as shown in Figure 5A. To
verify that Rmax amplitude attenuation was because of back-
ground light and not rundown, we recorded maximal responses
in darkness and in background light from the same cell. A satu-
rating flash was delivered in darkness (intensity 1), and the cell
was allowed to recover to baseline. A background light was then
turned on and held constant for 8–10 s before a second saturat-
ing flash was delivered (intensity 2); the brightness of the second
flash was determined from response-intensity curves like those
in Figure 2 and Table 1. The background light was turned off,
and the cell was allowed another 8–10 s to adapt to darkness. A
final saturating flash was then given (intensity 1) before termi-
nating the experiment. Assuming a linear decrease of the maxi-
mal response, we fit a line to the peaks in the bracketing dark
responses with respect to time (Fig. 5, dashed lines). Using the

parameters of these linear fits, we calculated the expected maxi-
mal response peak at the time of the measured peak of the
response in background light.

As the background light level was increased, the maximal
response peak was smaller than predicted (compare peaks at
stimulus 2 to corresponding dashed lines). This effect is espe-
cially evident for the brightest background of 300 R* s�1, where
the initial response to the background light corresponded closely
to the predicted maximum given by the dashed line, but the
response in the presence of the background to a saturating flash
fell far short of this prediction. A full flash series at this 300 R*
s�1 background level is given in Figure 2B, where it is evident
that the response saturates at a much smaller value of Rmax than
in the absence of a background. The RBC in background light
behaves as if steady illumination modulates a step in the RBC
transduction cascade so that the number of Gao available to be
deactivated or the proportion of TRPM1 channels available to
open decreases.

To characterize the relationship between background inten-
sity and attenuation of the maximal response, we took the ratio
of the recorded response peaks in background light, Rmax, as a
fraction of the predicted maximum, R̂max. The fractional maxi-
mum responses, Rmax/R̂max, are plotted in Figure 6 as the black
symbols and have been fitted with an inverse Hill function (Eq.
2, Fig. 6C, black line). We found consistent and large decreases
in Rmax/R̂max at background intensities below 10 R* s�1; Rmax/
R̂max at these dim intensities was significantly .1.0 at p = 3 �
10�5 (ANOVA). A background producing only 2.5 R* s�1

decreased the maximum response relative to that in darkness by
10%, corresponding to a response peak of �280 (�420, �190)
pA. Decreases in Rmax/R̂max at these background intensities could
not have been produced by adaptation in the rods, which is

Figure 3. Hill fit parameters for RBC response-intensity relationships. A, Hill coefficients as
a function of background intensity. Points indicate means, and lines indicate BCa 95% confi-
dence intervals. Dashed line at n = 1 represents complete relief of nonlinearity. B, RBC sensi-
tivity scaled by sensitivity in darkness as a function of background intensity. Sensitivity was
taken as the inverse of the I1/2 parameter. The dashed line in B indicates sensitivity in dark-
ness of 1/(1.7 R*). For comparisons, we show in red the Weber relation from the reduction in
rod photoreceptor gain with I0 = 53 (40, 120) R*s�1 (Fig. 1B, smooth line). RBC sensitivity
appears to have a similar background dependence as that of rod gain.

Figure 4. Dialysis of 10 mM BAPTA increases nonlinearity in darkness. A, Representative
RBC responses with 10 mM BAPTA loaded in the recording pipette. Current responses, in volt-
age clamp (Vm = �60mV), to 10ms flashes of the following intensities: 0.064, 0.13, 0.37,
0.84, 1.8, 3.7, 7.7 and 16 R*. B, Normalized response amplitudes for nine cells (black points)
fit with Equation 1 (black curve) compared with the Hill fit from control cells (red curve). Hill
fit parameters for BAPTA-loaded cells were I1/2 = 0.9 (0.79, 1.1) R* and n = 2.3 (1.9, 2.4).
Averaged maximal responses (Rmax) in darkness were�330 (�480,�230) pA. Uncertainties are
expressed as means with BCa 95% confidence intervals in parentheses.
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negligible at these light intensities (Fig. 1B; Dunn et al., 2006;
Morshedian et al., 2018).

In brighter backgrounds, attenuation rapidly increased before
tapering off around Rmax/R̂max = 0.61 (0.56, 0. 67) [DR = 0.31
(0.26, 0.31)]. In the brightest background we tested (400 Rp s�1),
the attenuation reached below 0.5, which corresponded to a peak
amplitude of �18 (�37, �11) pA. The inflection point of the
model, that is, the background level producing half-maximal
attenuation calculated from Equation 2, was IB1=2 = 6.0 (2.9, 7.9)
R* s�1, which is well below the I0 of 53 R* s

�1 for rods (the back-
ground intensity decreasing rod sensitivity by a factor of two;
Fig. 1B).

The decrease in Rmax in dim backgrounds requires Ca21

entry
Because the decrease in Rmax could occur at backgrounds too
dim to elicit significant adaptation of the rods (Fig. 1B), the pro-
cess producing this effect must be occurring within the bipolar
cells. To test for an effect of Ca21 on the decrease in Rmax, we
therefore recorded responses to saturating flashes in darkness
and in backgrounds with the membrane potential clamped to
150mV (Nawy, 1999) and with 10 mM BAPTA in the recording
pipette (Fig. 5B). This combination minimizes changes in intra-
cellular Ca21 by decreasing Ca21 entry and increasing intracellu-
lar buffering. Current deflections are outward oriented because
the holding potential was near the reversal potential of Na1

(Nernst potential of 156mV for our solu-
tions). The outward current was probably
carried predominantly by K1 efflux.

Using the same protocol and analysis as
described earlier (Fig. 5A), we found that the
average of peak responses met or slightly
exceeded predicted maxima in background
levels less than ;10 Rp s�1 (Fig. 5B), indicat-
ing that Rmax was unaffected at these dim
background intensities (p = 0.29). Consistent
with previous reports (Berntson et al., 2004),
we found that inclusion of BAPTA in the re-
cording pipette together with a holding
potential of 150mV nearly abolished the
rapid transient decay at the onset of the
background step. Brighter backgrounds
still elicited a slower component of decay
that reached a plateau of 45 (35, 56)% of
the maximal response peak in darkness. In
control conditions at a background inten-
sity producing ;300 Rp s�1, the plateau
reached 27 (21, 35)% of the maximal response
peak in darkness. Hence, BAPTA significantly
decreased the decay of the step response (p =
0.049).

To compare the effects of Ca21 on the
suppression of Rmax, we calculated Rmax/R̂max

as a function of background intensities but in
experiments with Vm = 150mV and with
BAPTA in the pipette (Fig. 6, red symbols
and line). The background intensity was again
related to the fractional suppression of
Rmax by fitting with an inverse Hill equa-
tion. From these fits, we found that IB1=2
shifted significantly to brighter light inten-
sities compared with control conditions
[IB1=2= 33 (16, 50) Rp s�1; p , 0.05 by 95%

CI comparison]. Concomitantly, the initial offset parameter
R0 in Equation 2 was significantly higher in the Ca21-buf-
fered condition [R0 = 1.0 (0.99, 1.1) vs R0 = 0.92 (0.88, 0.95)
in control condition, p , 0.05 by 95% CI comparison]. The
value of R0 can be visualized to the left in Figure 6 as the
apparent plateau of the red and black curves at the dimmest
intensities. The black curve seems to intercept the y-axis at a
lower value of Rmax, although there is no true intercept
because intensities are plotted on a log scale, and Rmax/R̂max

is one when the background intensity is zero (by definition).
To confirm this difference in R0, we performed a repeated-
measures ANOVA on the fractional Rmax suppression meas-
urements over the lowest six background levels and found a
significant effect of Ca21 buffering (p = 0.00,015), as well as a
significant interaction between background level and Ca21

buffering (p = 0.0002). That R0 is less in the control condi-
tion indicates that there is some effect of Ca21 on Rmax at the
dimmest background intensities we used in our experiments
and perhaps even in dimmer light.

The decrease in Rmax is not produced by a change in single-
channel conductance
One possible explanation of the effect of background light is a
change in the single-channel conductance of the TRPM1 chan-
nel. To determine whether TRPM1 conductance is affected by
background light, we estimated single-channel currents with

Figure 5. RBC maximal response is attenuated in background light. A, Representative current responses of RBCs were
recorded in voltage clamp (Vm = �60mV) to saturating flashes of light that were delivered during the presentation of a
background light (2, red), bracketed by saturating flashes in darkness (1, red). Top, The stimulus monitor. To account for cel-
lular rundown, a linear trend was computed from the maximal response peaks in darkness (dashed line), and the maximal
response amplitudes during background illumination were calculated relative to their expected maximum (indicated by red
right-facing arrowheads). Intensities of flashes in darkness (1, red) were 20–30 R*. Flashes delivered during background illu-
mination (2, red) were 20–1000 R* and were scaled with the background intensity to ensure a saturated response (Table 1,
intensity ranges). Increased background light resulted in larger decreases of the saturating-light response. B, Representative
current responses from RBCs as in A, with the addition of 10 mM BAPTA to the recording pipette and at a holding potential
of Vm =150mV. Under these conditions, dim and moderate background illumination had little effect on the saturating-
light response. Responses in A and B were scaled by the peak of the first response of each trace.
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nonstationary noise analysis (Sampath and Rieke, 2004; Hartveit
and Veruki, 2007) in darkness and in background light (Fig. 7A).
We found no differences in single-channel currents at the back-
grounds tested (levels below 35 Rp s�1, ANOVA p = 0.56).
Single-channel currents were estimated to be 0.27 (0.24, 0.34) pA
in darkness and between 0.10 and 0.52 pA across all backgrounds
tested (Fig. 7B). These values agree with previous reports in dark-
ness (0.27 pA in Sampath and Rieke, 2004). From parabolic fits
(Hartveit and Veruki, 2007); we estimated the log-fold change in
the number of open channels from the steady state before the
flash and from the falling phase of the maximal response (Fig.
7C). We found that background light produced a significant
reduction of log-fold change in open channels [�2.6 (�3.3,
�1.8) in 24 Rp s�1 compared with darkness; p = 0.0001]. Thus,
brighter background light likely leads to a reduction in the num-
ber of channels that are available to open but does not affect the
single-channel conductance.

Discussion
We have studied mechanisms of adaptation in mouse retina by
making patch-clamp recordings from rods and RBCs in retinal
slices in darkness and in background illumination. We character-
ized changes in RBC responses from the three parameters of the
Hill equation, that is, flash sensitivity from I1/2 (intensity at half-
maximal response), response-intensity nonlinearity from n, and
maximal response amplitude from Rmax. Our experiments indi-
cate three separate effects of background light on RBCs, namely,
a decrease in sensitivity reflected in the increase of I1/2 (Fig. 3B),
a reduction in the slope of the response-intensity curve reflected
by a decrease in n (Fig. 2C), and a surprising decrease in the
maximum amplitude of response Rmax. These three effects are
likely to be at least in part independent. The decrease in RBC
sensitivity in background light occurs only in light bright enough
to adapt the rods and is derived directly from the decrease in rod
sensitivity (Fig. 3B). The change in the slope of the response-in-
tensity curve occurs at intensities too dim to produce adaptation

in rods and is already complete in a background intensity of;2-
5 Rh* rod�1 s�1 (Fig. 3A). The decrease in Rmax also occurs at
intensities too dim to produce adaptation in the rods but contin-
ues to be significant in a range of light intensities brighter than
those responsible for the change in n (Figs. 5, 6). The effect on
Rmax indicates that sustained illumination desensitizes the
RBC transduction cascade or produces a change in the confor-
mation of the TRPM1 channels so that they somehow become
reluctant to open (Bean, 1989) without a change in their uni-
tary conductance (Fig. 7). Modulation of n and Rmax are both
likely to be produced by regulation of some step in the RBC
transduction cascade by Ca21 as both are affected by holding
the membrane potential at a positive value and/or dialysis of
BAPTA (Figs. 4, 5).

Modulation of I1/2
The sensitivity of RBCs could not be measured as for rods from
small-amplitude responses because this method assumes linear-
ity—true for rods but not for dark-adapted RBCs or in dim back-
ground light (Figs. 2C, 3A). On the assumption that the inverse
of I1/2 is a measure of the sensitivity of the cell (Sf), we compared
the change in relative sensitivity in background light for rods and
RBCs and show that these relationships are indistinguishable
(Fig. 3B). Although RBCs pool rod signals and are more sensitive
than single rods, the relative changes in sensitivity produced by
background light are practically the same. We conclude that the
adaptation of RBC sensitivity is derived directly from adaptation
of sensitivity in rods without further synaptic modulation. Our
finding for rods agrees with previous measurements of Dunn et
al. (2007) for cones, who demonstrated a similar relationship
between cones and cone bipolar cells.

Modulation of n
Previous experiments have shown that the response-intensity
curve for dark-adapted RBCs is nonlinear, with a Hill coeffi-
cient of 1.4–1.7 (Field and Rieke, 2002; Berntson et al., 2004;
Sampath and Rieke, 2004). This steepness of the response-in-
tensity curve in darkness allows the synapse to distinguish
more easily between small responses that are probably noise
from larger responses that are more likely to be driven by
light (Van Rossum and Smith, 1998). In the presence of
background light, this nonlinearity disappears (Figs. 2C, 3A;
Sampath and Rieke, 2004). In brighter illumination, it may
be less important to distinguish small-amplitude signals and
more useful to preserve a greater range of responsiveness
across a larger range of stimuli.

The nonlinearity in dark-adapted RBCs cannot derive from
the signals of rods as rod response amplitude increases linearly
with stimulus intensity (Field and Rieke, 2002); the Hill coeffi-
cient n for rods is close to 1.0. The nonlinearity in dark-adapted
RBCs must therefore arise from some feature of synaptic trans-
mission. Our experiments demonstrate that the nonlinearity
decreases in background light but becomes even steeper when
the solution of the recording pipette contains the Ca21 buffer
BAPTA (Fig. 4; Berntson et al., 2004), suggesting the following
hypothesis. In dark-adapted RBCs, glutamate release from rods
activates the RBC signal-transduction cascade holding TRPM1
channels mostly closed (Sampath and Rieke, 2004). TRPM1
channels are nonselective cationic and permeable to Ca21

(Oancea and Wicks, 2011), but as they are closed in darkness,
the free-Ca21 concentration in RBC dendrites should be low. In
background light as the channels start to open, the free-Ca21

concentration would rise, and this increase in Ca21 may reduce

Figure 6. Calcium entry during light exposure modulates the maximal response ampli-
tude. Relative change in Rmax from darkness as a function of background intensity for control
conditions (black; Vm = �60mV; normal internal) and Ca21-buffered conditions (red;
Vm = 150mV; 10 mM BAPTA internal). Peak responses, R̂max , from experiments described
in Figure 5 were scaled by the predicted maximal response, R̂max . Dim background levels
(less than ;10 R* s�1) yielded responses that were sometimes larger than predicted
(dashed line) in the Ca21-buffered condition. The relationship of fractional change versus
background intensity for the Ca21-buffered condition appeared shifted upward and right-
ward, with significant changes in two fitted parameters, R0 = 1.0 (0.99,1.1; p , 0.05) and
IB1=2= 33 (16, 50) R* s�1 (p , 0.05), compared with R0 = 0.92 (0.88, 0.95) and IB1=2= 6.0
(2.9, 7.8) R* s�1 (p, 0.05) for control conditions. Other fitted parameters were as follows:
DR = 0.31 (0.26, 0.31) and n = 2.7 (1.4, 3.0) for control and DR = 0.36 (0.22, 0.42) and
n = 1.2 (0.65, 1.7) for Ca21-buffered conditions.
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nonlinearity of the response-intensity relationship. If RBCs are
dialyzed with the nanomolar-affinity Ca21 chelator BAPTA
from the recording pipette, the buffering of Ca21 in the RBC
may further reduce the effective concentration of Ca21 in the vi-
cinity of the synapse, and the nonlinearity could then increase
(Fig. 4). Although BAPTA would not alter the steady-state con-
centration of Ca21 throughout the RBC, it could alter local and
time-dependent changes in concentration. We hypothesize that
Ca21 has some effect on the synaptic transduction cascade of the
RBC, perhaps near the site of Ca21 entry in the vicinity of the
TRPM1 channels.

Ultimately the dark glutamate release rate sets the extent of
RBC nonlinearity. Although postsynaptic mGluR6 receptors are
not saturated in darkness (Sampath and Rieke, 2004), their rela-
tive occupancy may play a critical role in saturation of the signal-
ing cascade. Previous work has shown that mGluR dimers
display a nonlinear increase in transduction efficiency when both
subunits bind glutamate (Levitz et al., 2016). A possible explana-
tion for RBC nonlinearity is that in darkness synaptic glutamate
rests at a level where the mGluR6 dimers are straddling the singly
and doubly liganded state. This interpretation is supported by
the linearization of the rod bipolar-cell response-intensity rela-
tionship by weak background light (Fig. 3) or by application of a
low concentration of a high-affinity antagonist of the mGluR6
receptors (Sampath and Rieke, 2004).

Modulation of Rmax

We show that Rmax, the maximum amplitude of the RBC flash
response, is markedly decreased by background light even at
intensities too dim to produce adaptation in rods. Moreover, this
effect is greatly reduced when the Ca21 concentration is pre-
vented from changing by a combination of infusion of BAPTA
and a holding potential of150mV. An increase in Ca21 in RBC
dendrites appears to be producing some change in the transduc-
tion cascade or in the TRPM1 channels so that the channels are
prevented from opening to their maximal extent but without
changing their single-channel conductance (Fig. 7). There could
be a Ca21-dependent effect on Gao that prevents it from deacti-
vating as much as in a dark-adapted cell or an alteration of the
rate of production or destruction of the second messenger of
the cascade, whose identity is presently unknown. Alternatively,
the TRPM1 channels could transiently enter a conformational
state in which they are reluctant to open, much as Bean (1989)
showed for neuronal Ca21 channels modulated by Gbg .

As in previous reports, we also found that RBC responses to
bright light had a characteristic transient peak followed by a
rapid sag toward a plateau, which was also eliminated by imped-
ing Ca21 entry (Fig. 5; Berntson et al., 2004). This effect seems to
be produced by Ca21, perhaps by binding to the TRPM1 chan-
nels (Berntson et al., 2004). Ca21 entering the RBC during pre-
sentation of steady illumination could first inhibit opening of the

Figure 7. Nonstationary noise analysis of single-channel currents. A, Representative current responses, variance, and nonstationary noise fits in darkness, 1.2, 4.9, and 23 R* s�1. Responses
were binned into 10ms windows 20–50 ms following the peak of the response, and the mean (I, top) and variance (s 2, middle) were calculated for each bin. The analysis region of the var-
iance was plotted as a function of the absolute value of the mean bins below. To estimate the single-channel current Is and the number of open channels at the peak of the response N, the
data were fit with the following equation (red trace): s 2ðj�IjÞ ¼ Isj�Ij � j�Ij2=N1s 2

0, where s
2
0 is the baseline variance. B, Single-channel current estimates. C, Log-fold change in the esti-

mated number of channels open at the peak (N) relative to the steady-state point 200 ms before the flash delivery as calculated as log10ðN� s 2
0=I

2
s Þ=s 2

0=I
2
s .
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TRPM1 channels as Berntson et al. (2004) suggested, then cause
the channels to move slowly into a conformational state that pre-
vents them from opening to their fullest extent. If so, the entry
and departure from this state must occur rapidly to explain the
time course of the changes we have observed (Fig. 5A). Such
effects might occur with a Ca21-binding site near the channel
pore, as has been observed with other members of the TRPM
family (Winkler et al., 2017). Further studies of this effect may
give additional details about its mechanism and its relationship
to the production of the transient peak and rapid decay of the
response.

Adaptation to background light in rod bipolar cells
Adaptation is known to operate on many time scales to provide a
robust scaling of sensitivity with changing background light.
Adaptational effects studied here were characterized on fast time
scales following the delivery of background light, but additional
mechanisms may contribute to adaptation on longer time scales
of 101 min. These include potential sensitizing effects of cGMP
through protein kinase G (Snellman and Nawy, 2004) but also
desensitizing effects independent of cGMP by Ca21/calmodulin-
dependent protein kinase II (Walters et al., 1998; Shiells and
Falk, 2000) and the Ca21-dependent phosphatase calcineurin
(Snellman and Nawy, 2002). How these mechanisms collectively
operate to provide a seamless representation of light intensity as
luminance increases remains an open question.

Our experiments provide a comprehensive investigation of
the fast effects of background light on mammalian RBCs. These
cells synapse onto AII amacrine cells, which convey the rod sig-
nals to cone bipolar cells and then to ganglion cells (Fain and
Sampath, 2018). It seems likely that rod signals undergo further
adaptation downstream in the retina because adaptation of sco-
topic vision can occur at light intensities even dimmer than those
we have used in our experiments (Rushton, 1965), probably in
cells pooling an even larger number of rod responses (Dunn and
Rieke, 2008). Our work on RBCs should provide the basis of fur-
ther investigation at more proximal sites in the retina, to discover
how adaptation proceeds for rod signals over the whole range of
illumination of scotopic vision.
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