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ARTICLE

Rods progressively escape saturation to drive visual
responses in daylight conditions
Alexandra Tikidji-Hamburyan1,2,7, Katja Reinhard1,2,8, Riccardo Storchi3, Johannes Dietter4,

Hartwig Seitter 1,2,9, Katherine E. Davis3, Saad Idrees1,2, Marion Mutter1,2, Lauren Walmsley3,

Robert A. Bedford3,10, Marius Uef� ng4, Petri Ala-Laurila5,6, Timothy M. Brown3,

Robert J. Lucas3 & Thomas A. Münch 1,4

Rod and cone photoreceptors support vision across large light intensity ranges. Rods, active

under dim illumination, are thought to saturate at higher (photopic) irradiances. The extent of

rod saturation is not well de� ned; some studies report rod activity well into the photopic

range. Using electrophysiological recordings from retina and dorsal lateral geniculate nucleus

of cone-de� cient and visually intact mice, we describe stimulus and physiological factors that

in� uence photopic rod-driven responses. We� nd that rod contrast sensitivity is initially

strongly reduced at high irradiances, but progressively recovers to allow responses to

moderate contrast stimuli. Surprisingly, rods recover faster at higher light levels. A model of

rod phototransduction suggests that phototransduction gain adjustments and bleaching

adaptation underlie rod recovery. Consistently, exogenous chromophore reduces rod

responses at bright background. Thus, bleaching adaptation renders mouse rods responsive

to modest contrast at any irradiance. Paradoxically, raising irradiance across the photopic

range increases the robustness of rod responses.
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Vision functions over about a dozen decades of light
intensity1, 2 thanks in part to the use of two different
photoreceptor classes (rods and cones). Rods are specia-

lized for high-� delity signaling at low-light levels, whereas cones
mediate fast signaling at higher light levels. Based on this division
of labor, light intensities are called scotopic (only rods are active,
starlight vision), mesopic (both rods and cones are active), or
photopic (rods are saturated, and only cones are active, daylight
vision).

The distinction between mesopic and photopic conditions is,
by de� nition, determined by the background irradiance at which
rods saturate. However, rod saturation is not as absolute as
commonly presented. Rod saturation becomes apparent as a
reduction in contrast sensitivity at higher irradiances3–5 (seen as
deviation from Weber–Fechner law). As a result, larger contrasts
still elicit responses from rods, but moderate contrast stimuli only
trigger cone responses. At higher irradiances, this“incremental
saturation” could progress suf� ciently to produce a state of
effective“absolute saturation”, in which rods are unresponsive to
any physiological contrast. However, whether rods do indeed
reach absolute saturation and, if so, at what irradiance this occurs,
remain uncertain. Phenomena interpreted as rod saturation have
been reported in ex vivo recordings at irradiances ranging from
102 to 105 rhodopsin isomerizations per rod per second (R* rod–1

s–1)4, 6–8. However, other studies reveal that rod responses can be
recorded across these light intensities9, 10, and recent behavioral
studies11, 12 provided evidence for functional rod vision at up to
105 R* rod–1 s–1. Presumably, these discrepancies re� ect metho-
dological differences, e.g., species studied, end point measured, or
experimental conditions5, 13–15. Overall, however, the capacity of

rods to contribute to visual responses at higher irradiances
remains incompletely understood.

We set out to explicitly de� ne the limits of rod vision in mice
by recording rod responses over a wide range of irradiances, using
ex vivo and in vivo electrophysiological recordings. Surprisingly,
we do not� nd a simple relationship between rod saturation and
irradiance. While rod contrast sensitivity is impaired upon step-
ping to backgrounds of 104 R* rod–1 s–1 and brighter, contrast
sensitivity recovers over time under all backgrounds. In fact, we
see rod responses to moderate contrast stimuli even at 107 R*
rod–1 s–1, the brightest background we tested. Moreover, contrast
sensitivity recovers faster at higher irradiance, such that, contrary
to conventional wisdom, raising the background light intensity
within the “photopic” range does not reduce, but increase rod
contribution to visual responses.

Results
Irradiance-dependent changes in rod contrast sensitivity. To
characterize rod activity in response to different contrast stimuli
over a large irradiance range, we� rst used ex vivo retinas (iso-
lated from RPE) fromCnga3–/– mice lacking cone photorecep-
tion16. With electroretinography (ex vivo ERG, Fig.1), we
recorded the isolated rod response by applying pharmacological
agents to inhibit second-order responses in the retina (Methods).
During each experiment, we repeatedly presented a set of 50 ms
light � ashes of four different contrasts (Fig.1a), while increasing
irradiance at 10-fold increments every 30 min. This yielded seven
light levels spanning a range from 1 R* rod–1 s–1 (2 × 108 rod-
effective photons cm–2 s–1) to 106 R* rod–1 s–1 (2 × 1014 rod-
effective photons cm–2 s–1, Fig.1a). As a measure of response, we
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