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SUMMARY

Image- and non-image-forming vision are essential for animal behavior. Here we use genetically
modified mouse lines to examine retinal circuits driving image- and non-image-functions. We
describe the outer retinal circuits underlying the pupillary light response (PLR) and circadian
photoentrainment, two non-image-forming behaviors. Rods and cones signal light increments and
decrements through the ON and OFF pathways, respectively. We find that the OFF pathway
drives image-forming vision but cannot drive circadian photoentrainment or the PLR. Cone light
responses drive image formation but fail to drive the PLR. At photopic levels, rods use the primary
and secondary rod pathways to drive the PLR, whereas at the scotopic and mesopic levels, rods
use the primary pathway to drive the PLR, and the secondary pathway is insufficient. Circuit
dynamics allow rod ON pathways to drive two non-image-forming behaviors across a wide range
of light intensities, whereas the OFF pathway is potentially restricted to image formation.
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Beier et al. show that light information diverges at the visual system’s first synapse to

control major visual functions: image formation and non-image behaviors, such as circadian
photoentrainment and pupil constriction. Like image formation, the non-image system depends on
the most sensitive retinal circuit under dim light conditions.

INTRODUCTION

Animals perceive their visual environment, consciously and subconsciously, when the retina
conveys light information to image-forming and non-image-forming brain regions. In the
mammalian retina, there are three types of photoreceptors, the outer retinal photoreceptors,
rods and cones, and intrinsically photosensitive retinal ganglion cells (ipRGCs). It has been
demonstrated that outer retinal photoreceptors and ipRGCs contribute to non-image-forming
behaviors, such as the pupillary light response (PLR) and circadian photoentrainment
(Allen et al., 2011; Altimus et al., 2010; Butler and Silver, 2011; Dkhissi-Benyahya et

al., 2007; Hattar et al., 2003; Kostic et al., 2016; Lall et al., 2010; Lucas et al., 2001,

2003; Mrosovsky and Hattar, 2003; Panda et al., 2002, 2003; van Oosterhout et al., 2012).
The contribution of melanopsin, the photopigment behind the intrinsic light response in
ipRGCs, to pupil constriction is limited to high light intensity (Keenan et al., 2016; Lucas
et al., 2003). Similarly, melanopsin alone is sufficient to photoentrain animals to bright
photoperiods but insufficient in dim photoperiods (Altimus et al., 2010). The rod versus
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cone contribution to pupil constriction and circadian photoentrainment is still controversial,
but more recent research suggests that rods are the predominant driver of the PLR and
circadian photoentrainment (Altimus et al., 2010; Keenan et al., 2016). Surprisingly, even
elemental aspects of the outer retinal circuits conveying rod and cone signals to drive
non-image-forming behaviors are still unexplored.

For image-forming vision, there are two well-documented parallel pathways, ON and OFF,
which respond to the onset and offset of light, respectively (Demb and Singer, 2015;
Masland, 2012). This split in information begins at the first synapse in the retina, where
cone photoreceptors connect with ON and OFF cone bipolar cells (CBCs). In darkness,
photoreceptors release glutamate from their synaptic terminals onto bipolar cell dendrites.
ON CBC:s are hyperpolarized in response to this release through a transduction pathway
that involves metabotropic glutamate receptor 6 (mGIuR6) (Masu et al., 1995; Nakajima et
al., 1993; Nomura et al., 1994). OFF CBCs, which express ion-otropic glutamate receptors,
depolarize in response to glutamate release from photoreceptors. In addition to the ON

and OFF cone pathways, there are three rod pathways that are known to contribute to
image-forming vision: primary, secondary, and tertiary (Figure 1A; Demb and Singer, 2012;
Grimes et al., 2018a; Volgyi et al., 2004). In the primary rod pathway, the most sensitive
pathway (Dacheux and Raviola, 1986; Grimes et al., 2018b; Ke et al., 2014), rods synapse
with rod bipolar cells (RBCs), which are ON-type cells that also express mGIuR6 (Figure
1A, green; Dacheux and Raviola, 1986). In the secondary pathway, rod signals are routed
to cones via rod-cone gap junctions and then conveyed to ON and OFF CBCs (Figure 1A,
purple; Asteriti et al., 2014; Dacheux and Raviola, 1982; DeVries and Baylor, 1995; Jin

et al., 2020; Nelson, 1977). In the tertiary pathway, rods are thought to synapse directly
with OFF CBCs (Figure 1A, cyan; Li et al., 2004). Although these pathways have been
examined in the context of image-forming vision, it remains unknown whether and how
non-image-forming visual behaviors rely on these same pathways.

In this study, we used a multitude of genetically modified mice to systematically dissect the
rod and cone pathways in the retina to compare their contributions to non-image-forming
behaviors and image-forming vision. We show, using single-cell electrophysiological
recordings, that the genetic mutant mouse lines we used silence specific rod and cone
circuits. This provides us with the ability to investigate the contribution of distinct rod

and cone circuits to the PLR, circadian photoentrainment, and an image-forming visually
guided behavioral task. We find that the ON pathway is required for photoreceptor-mediated
circadian photoentrainment and normal PLR, whereas the OFF pathway cannot drive these
behaviors. In contrast, we show that the OFF pathway is sufficient to drive image-forming
vision. This study comprehensively describes the outer retinal circuits driving the PLR
across scotopic, mesopic, and photopic light intensities. We show that a non-image-forming
visual behavior, the PLR, requires the most sensitive retinal pathway, the primary rod
pathway, for normal function. This study reveals similarities and differences in outer retinal
circuit contributions to image- and non-image-forming vision.
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The OFF pathway cannot drive the PLR

To investigate the outer retinal pathway contributions to non-image-forming vision, we used
the PLR because this behavior is quantitative and shows dynamic responses across time. At
the first synapse in the retina, light information from rods and cones is sent to ON and OFF
bipolar cells (BCs). Rods and cones reduce their glutamate release in response to light onset,
which causes ON and OFF BCs to depolarize and hyperpolarize, respectively (Ashmore and
Copenhagen, 1980; Euler and Masland, 2000). To isolate the OFF pathway, we silenced the
ON pathway using mGIuR6 knockout (KO) animals (Maddox et al., 2008). In these animals,
the RBCs and ON CBCs should be unresponsive to light, whereas the OFF pathways remain
functional (Figure 1B).

We performed whole-cell patch-clamp recordings from dark-adapted retinal slices to
demonstrate retinal pathway silencing. For all mutant mouse lines we use in this study, we
recorded from the outer retinal cells to show that the non-silenced pathways remain grossly
functional. However, it is known that genetically silencing circuit pathways can result in
off-target changes that affect parallel circuits and/or will change crosstalk circuit dynamics,
and we have not attempted to characterize those changes here because they should not
contribute to our conclusions.

Rods in mGIuR6 KO and their littermate control mice showed robust light-evoked responses
(Figures 1F and 1G; Table 1; Pahlberg et al., 2017). After confirming that rods were
functional, we recorded light responses from the immediate downstream neurons, the BCs
(Figure 1A). In littermate control mice, RBCs and ON CBCs show robust depolarizing light
responses, as expected (Figures 1K-1P; Cao et al., 2012; Field and Rieke, 2002; Okawa

et al., 2010). In mGIluR6 KO mice, the light response in RBCs and ON CBCs was absent
(Figures 1L and 1Q; Xu et al., 2012). In control and mGIuR6 KO mice, OFF CBCs had
robust hyperpolarizing responses with similar sensitivity (Figures 1U and 1V; Table 1;

half maximal flash strength (11/2) was comparable across all genotypes, ANOVA post hoc
Tukey’s method, p > 0.52). These results confirm that the ON pathway is silenced in our
mutant mice, whereas the OFF pathway remains functional (Figures 1B-1V).

We used mGIluR6 KO mice to study the dark-adapted transient PLR to overhead light
(STAR Methods). At photopic levels (100 lux, 73,000 R*/rod/s), mGIuR6 KO mice showed
impaired pupil constriction (Figures 2A and 2B). These animals exhibited a delayed
response (Figures 2A-2C) with a deficit in constriction immediately after light onset
compared with controls (Figure 2C; ANOVA post hoc Dunnett’s test, p = 0.002). We
quantified this by measuring the time to half-minimum pupil constriction and found that
mGIuR6 KO mice were delayed compared with controls (controls 1.5 £ 0.2 s and mGIuR6
KO 4.9 + 1.2 s to half constriction; ANOVA post hoc Dunnett’s test, p = 0.004). The delay
we observed in the PLR resembles the response seen in animals where ipRGCs are the only
functioning photoreceptor (Keenan et al., 2016; Lucas et al., 2001). To determine whether
the remaining response in mGIuR6 KO animals is entirely due to melanopsin (Opn4)
phototransduction in ipRGCs and to isolate any remaining photoreceptor-mediated PLR, we
tested mGIuR6; Opn4 double KO (dKO) animals. The PLR is abolished in mGIuR6; Opn4
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dKO mice (Figures 2A and 2B). The PLR in Opn4 KO is not significantly different from
littermate controls (Keenan et al., 2016; Lucas et al., 2003; data not shown). Therefore, at
photopic light levels, the ON pathway and melanopsin together drive the PLR. The OFF
pathway cannot drive the photopic PLR.

The OFF pathway cannot drive circadian photoentrainment

The OFF pathway cannot drive the PLR, but this behavior is predicated on detecting light
onset. Can the OFF pathway drive non-image-forming visual behavior that tracks light
offsets? To investigate this, we examined circadian photoentrainment, where mice confine
their activity to nighttime immediately after light offset. It has been well established that
outer retina photoreceptors, especially rods, are sufficient for circadian photoentrainment,
but it is unknown whether circadian photoentrainment, which tracks sunrise and sunset,
relies on visual information from the ON or OFF pathways in the retina.

We found that mGIuR6; Opn4 dKO mice do not synchronize their circadian rhythms (free
run) to 12 h light-12 h dark (12:12 LD) cycles (Figures 2E and 2F). Littermate control
mice in 12:12 LD photoentrained to 24-h cycles as their period lengths become exactly

24 h (Figures 2D-2F). The period lengths of mGIuR6; Opn4 dKO mice were largely
unchanged in darkness (DD) and were comparable with controls (Figures 2F and S1).
mGIuR6 KO mice, which retain melanopsin expression, photoentrained to 12:12 LD cycles
(Iwakabel et al., 1997; Figure S2), which is in agreement with findings showing that the
intrinsic response of ipRGCs because of their expression of melanopsin is sufficient to drive
circadian photoentrainment (Hattar et al., 2003; Panda et al., 2003). These results indicate
that photoreceptor-mediated circadian photoentrainment requires a functional ON pathway
and that the OFF pathway cannot drive this visually dependent behavior.

These results show that the ON pathway is required for photoreceptor contributions to at
least two non-image-forming visual behaviors. This shows that the OFF pathway cannot
compensate for the loss of the ON pathway to drive circadian photoentrainment or the PLR.

The OFF pathway drives an image-forming, visually guided behavioral task

The OFF pathway is thought to be capable of driving aspects of image-forming vision
(lwakabel et al., 1997; Morgans et al., 2009). However, mice in previous investigations of
OFF pathway contributions to image-forming vision retained melanopsin, which is itself
sufficient to drive some image-formation-dependent behaviors (Ecker et al., 2010). We set
out to test whether our mGIluR6; Opn4 dKO mice, which could not photoentrain and had
no PLR, were functionally blind. We trained mice in an image-forming, visually guided
behavioral task. Mice were trained to mark the presence of a photopic light stimulus (28,000
R*/rod/s) in one of two holes (Figure 2G). Littermate control mice, after training, complete
this task correctly ~90% of the time (Figure 2H, blue circles). We find that mGIuRS6;

Opn4 dKO mice complete this task comparable with control mice (Figure 2H, dark red
circles). Therefore, at photopic light levels, the OFF pathway is sufficient for the animal to
complete an image-forming, visually guided task, but the OFF pathway cannot drive two
non-image-forming visual behaviors, the PLR and circadian photoentrainment.
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The primary and secondary rod pathways drive the normal photopic PLR

After determining that only the ON pathway drives photoreceptor-mediated, non-image-
forming vision, we investigated the precise contributions of rod and cone circuit pathways to
the PLR using a different set of genetically modified mutant mouse lines. We first silenced
the primary rod pathway by knocking out the presynaptic cell adhesion molecule EIfn1,
which specifically prevents formation of the rod to RBC synapses (Figure 1C; Cao et al.,
2015). Rod light responses in ElIfn1 KO and littermate control mice were normal (Figure
1H). However, RBCs in Elfn1 KO mice did not respond to light flashes, indicating a lack of
synaptic contact and signaling from rods to RBCs (Figure 1M; Cao et al., 2015). In contrast,
ON and OFF CBC light responses in EIfn1 KO mice were normal (Figures 1R and 1W).
Therefore, the EIfnl mutation specifically silences signaling in the primary rod pathway
(Cao et al., 2015). Using photopic light intensities, we observed that EIfn1 KO mice had no
PLR deficits (Figures 3A and 3B), indicating that the primary rod pathway is dispensable for
the normal photopic PLR.

To investigate whether the secondary rod pathway is required at photopic light levels for
normal PLR, we used conditional cone-specific Cx36 KO (Cone-Cx36 KO) mice (Jin et al.,
2020). Cx36 gap junctions are required to pass rod signals to cones (Figure 1D; Deans et al.,
2002; Guldenagel et al., 2001). When recording from Cone-Cx36 KO mice, we found that
rods show robust normal responses (Figure 11). RBC responses in these mice were normal
(Figure 1N). In agreement with the Cone-Cx36 mutation, at scotopic light levels, ON CBCs
do not show responses, whereas OFF CBCs show responses with normal sensitivity (Figures
1S-1X; Asteriti et al., 2017; Deans et al., 2002; Glldenagel et al., 2001). Cone-Cx36 KO
mice show a normal photopic PLR with the same kinetics as control mice (Figures 3A and
3B).

To silence the primary and secondary rod pathways, we generated Elfn1; Cx36 dKO mice
(Figure 1E). Importantly, the cone pathways are unaffected in these mice (see blue circuit
outlines in Figures 1E and 3G-3l). Rod light responses are normal in Elfn1; Cx36 dKO
mice (Figure 1J). As predicted, light-evoked responses in RBCs and ON CBCs were absent
(Figures 10 and 1T) at scotopic light levels. We recorded OFF CBC light responses in
these mice, directly revealing the isolated tertiary rod pathway light response, without any
input from the primary or secondary rod pathways (Figure 1Y; Table 1; Pang et al., 2012;
Tsukamoto et al., 2001).

Remarkably, the PLR of Elfn1; Cx36 dKO mice is delayed with respect to light onset
(Figures 3A-3C; ANOVA post hoc Dunnett’s test, p = 0.04), in addition to a small

pupil constriction deficit (Figure 3B). We quantified the delay by measuring the time to
half-minimum pupil constriction. We find that EIfn1; Cx36 dKO mice show a delayed PLR
compared with littermate controls (controls 2.6 £ 0.5 s and Elfn1; Cx36 dKO 5.9 + 2.0

s to half constriction, ANOVA post hoc Dunnett’s test, p = 0.03). Our data indicate that
cone photoreceptor pathways, which are functional in the Elfn1; Cx36 dKO mouse (Figures
3G-3l), cannot drive the normal photopic PLR. The delayed response (Figure 3C) resembles
the melanopsin-dependent PLR we observe in our mGIluR6 KO animals (Figure 2C). The
primary and secondary rod pathways can compensate for one another to drive a normal
photopic PLR, but loss of both pathways results in PLR deficiencies.
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Cone light responses cannot drive normal PLR but can drive image-forming vision

Our results in ElIfnl; Cx36 dKO mice showing a PLR deficit indicate that functional cones
(Figure 3G) cannot drive the normal photopic PLR even though we find that the secondary
rod pathway, which routes rod light response signals through cone pathways, does drive the
normal PLR. To understand why rod light responses, instead of cone light responses, are
critical to a normal photopic PLR, we recorded from cone photoreceptors in retinal slices of
Cone-Cx36 KO and their littermate control mice. Cone responses to photopic light flashes
in control mice have a fast transient peak that decays into a smaller amplitude sustained
response (Figure 3D, arrow). In Cone-Cx36 KO mice, the transient fast cone response is still
present, but because cones are electrically isolated from rods, this response quickly decays
to baseline (Figure 3E, arrow). Next we applied a background light of 332 R*/rod/s, which
has been shown to suppress 80%-90% of the dark current in rods (Grimes et al., 2018b). We
find that, in these light-adapted control mice, the cone response (Figure 3F, yellow trace) is
comparable with the dark-adapted cone response in Cone-Cx36 KO mice (Figure 3F, cyan
trace), showing that the sustained response in dark-adapted control cones (Figure 3F, blue
trace) originates from rods. Thus, our data indicate that the rod-dependent sustained portion
of the cone light response is necessary to drive a normal photopic PLR through the rod
secondary pathway.

We find that cone pathways without rod input are unable to drive non-image-forming
behavior, but we expect that cones can still drive aspects of image-forming vision. We
examined this directly by adding a rod-suppressing background light (3,500 R*/rod/s) to the
image-forming visual testing chamber to silence rod-dependent light responses (Figure 3J).
Control mice were able to complete this behavioral task, indicating that cone light responses
alone can drive this behavior (Figure 3K). To eliminate the potential for crosstalk in the
outer retina photoreceptors, we used Cone-Cx36 KO mice to genetically uncouple rods and
cones. Cone-Cx36 KO mice subjected to a rod-suppressing background light completed the
task comparable with littermate control mice (Figure 3K). To genetically isolate the cone
pathways from rods, we used Cx36 KO mice and Elfn1; Cx36 dKO mice. Cx36 KO mice
and Elfn1; Cx36 dKO mice complete the visually guided behavioral task comparable with
control mice (Figure 3K). These data indicate that cone light responses, without rod input,
are sufficient to drive this image-forming, visually guided behavior, in direct contrast to our
findings with the PLR.

Rod OFF pathways drive scotopic image-formation but do not drive the scotopic PLR

We next investigated how outer retinal circuits contribute to the PLR at dimmer light
intensities. To study the contribution of the OFF pathway to the scotopic PLR, we measured
the pupil constriction of mGIuR6; Opn4 dKO mice in dim light (1 lux, 475 R*/rod/s).
mGIuR6; Opn4 dKO mice have no scotopic PLR (Figures 4A and 4B; one-way Student’s

t test from dilation, p = 0.2). These results demonstrate that the rod tertiary pathway and

rod secondary OFF pathway cannot drive the scotopic PLR. We find, however, that rod
OFF pathways can drive image-forming vision. Dark-adapted mGIuR6; Opn4 dKO mice
were able to detect a dim light stimulus (~280 R*) in complete darkness and completed

the visually guided behavioral task comparable with control mice (Figures 4C and 4D).
Therefore, the rod secondary OFF or tertiary pathway can drive image formation.
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The primary rod pathway is necessary and sufficient for the scotopic PLR

We then examined the rod pathway contributions to the scotopic PLR. In low light (1 lux,
475 R*/rod/s), we find a weak PLR with a large deficit in the EIfn1 KO mouse (Figures

5A and 5B). To investigate the role of the secondary rod pathway to the PLR in low light,
we examined pupil constriction in Cone-Cx36 KO mice (Jin et al., 2020). Cone-Cx36 KO
mice had indistinguishable pupil constriction at 1 lux compared with controls (Figures 5A
and 5B). These results suggest that the secondary rod pathway is not required for the PLR
at scotopic light levels. To determine whether the remaining pupil constriction in Elfn1 KO
mice is due to the secondary pathway, we examined the scotopic PLR in Elfn1l; Cx36 dKO
mice. Silencing the primary and secondary rod pathways completely abolishes the scotopic
PLR (Figures 5A and 5B). Therefore, although dispensable at photopic light levels, we find
that the primary rod pathway is necessary for a normal PLR at scotopic light levels and that
the secondary rod pathway cannot compensate for its loss.

For image-forming vision, the smallest photon capture events are thought to be conveyed

by the primary rod pathway, which is more sensitive than the secondary and tertiary

rod pathways (Table 1; Grimes et al., 2014; Ke et al., 2014). To investigate whether this
difference in pathway contribution holds true for non-image-forming vision, we examined
the PLR of Elfn1 KO mice and Cone-Cx36 KO mice at even lower light levels (0.1 lux, 73
R*/rod/s and 0.01 lux, 7 R*/rod/s). At 0.1 lux, EIfn1 KO mice have almost no PLR and show
deficits compared with control mice (ANOVA, Dunnett, p = 0.008), whereas Cone-Cx36 KO
mice show normal pupil constriction (ANOVA, Dunnett, p = 0.98) (Figures 5C and 5D).

We observed a similar trend in the pupil constriction data at 0.01 lux (7 R*/rod/s), where
Elfn1 KO animals show almost no pupil constriction (Figure 6B), but the constriction was
not significantly different from controls, likely because of the limited constriction we see

in controls at this dim light level. These results indicate that the primary rod pathway is

the main driver behind the PLR at very low light levels. This demonstrates that, similar to
image-forming vision, non-image-forming visual behavior requires the most sensitive retinal
pathway for normal function.

DISCUSSION

Here we show that outer retinal circuit pathway contributions to non-image-forming and
image-forming vision are distinct in surprising ways. We show that the outer retinal OFF
pathway cannot drive circadian photoentrainment and the PLR, two non-image-forming,
visually dependent behaviors, but is sufficient for driving image-forming, visually guided
behaviors. We use a quantitative behavior, the PLR, to comprehensively define the outer
retinal circuits driving non-image-forming vision over a wide range of light intensities. We
find that the primary and secondary rod pathways drive the photopic PLR. Although the
secondary pathway requires cone cells, the cone light responses, without rod input, are not
able to drive non-image-forming vision despite driving image-forming vision. We find that
the primary rod pathway is the only circuit necessary for the scotopic and mesopic PLR. Our
results uncover vast differences between image-forming and non-image-forming vision in
their OFF and photopic light responses. However, we also find similarities because the rod
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primary pathway at scotopic light levels is the major circuit contributor to image-forming
and non-image-forming vision.

The OFF pathway drives image-forming vision but not non-image-forming vision

We investigated the role of the OFF pathway in non-image-forming vision using mGIuR®;
Opn4 dKO mice. Circadian photoentrainment is a behavior that can encode light increments,
decrements, or both. We find that the ON pathway is necessary for photoreceptor-mediated
circadian photoentrainment. Remarkably, animals with a functional OFF pathway free

run (lacking any circadian photoentrainment) even under light/dark conditions, similar to
animals maintained under constant conditions. It has been shown previously, using mGIuR6
KO mice, that the OFF pathway drives the PLR, a non-image-forming visual behavior,
(lwakabel et al., 1997). However, we showed in this study that the OFF pathway cannot
drive the PLR and that the PLR is dependent on the outer retinal ON pathways for normal
function. We showed that the remaining pupil constriction in mGIluR6 KO mice is due to
melanopsin because, in mGIuR6; Opn4 dKO mice, all pupil constriction disappears. This is
remarkable because we find that the OFF pathway is capable of driving an image-forming,
visually guided behavioral task, indicating that the ON and OFF pathways do not play the
same role in non-image-forming vision compared with image formation.

At this time, we can only speculate why and where in the circuitry this separation of

the OFF pathway to the PLR and circadian photoentrainment occurs. It is also unknown
whether this pathway separation is generalizable to other non-image-forming behaviors.
Most non-image-forming visual behaviors, including the PLR, circadian photoentrainment,
and the direct influence of light on sleep and mood, are thought to depend on M1 ipRGCs
for normal function (Chen et al., 2011; Fernandez et al., 2018; Giler et al., 2008; Zhang
etal., 2021), so it is tempting to conclude that the OFF pathway separation occurs in

the retina. However, this conclusion ignores the fact that it is unknown whether other
non-M1 ipRGCs and non-ipRGCs drive or modulate non-image-forming behaviors. Brain
regions that play a central role in non-image-forming vision receive diverse ipRGC and
non-ipRGC innervation (Baver et al., 2008; Beier et al., 2020; Quattrochi et al., 2019). The
makeup of RGC innervation to non-image-forming brain regions will ultimately influence
behavior; for example, genetically ablating the M1 ipRGC abolishes an animal’s ability to
photoentrain, but some PLR remains (Giiler et al., 2008). Therefore, it is likely that there
is some, but not complete, overlap in outer retinal circuit contributions that drive different
non-image-forming visual behaviors. The diversity of ipRGC and non-ipRGC innervation
to the olivary pretectal nucleus suggests that at least some OFF pathway separation from
driving the PLR behavior occurs at the level of the thalamus rather than in the retina itself.

The rod-isolated cone light response is unable to drive a normal PLR

One of the controversies in the PLR field is whether the cone phototransduction pathway
contributes to the PLR (Allen et al., 2011; Butler and Silver, 2011; Dkhissi-Benyahya et al.,
2007; Hayter and Brown, 2018; Kostic et al., 2016; Lall et al., 2010). To isolate the cone
light response, we used Elfn1l; Cx36 dKO mice. Remarkably, these mice show a delay in
their photopic PLR kinetics even though their cones are completely functional. The PLR in
the Elfn1; Cx36 dKO mice resembles the PLR we observed in mGluR6 KO mice, which was
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entirely due to melanopsin. Therefore, the fast kinetics of the PLR in single-pathway KO
mice (EIfn1 KO and Cone-Cx36 KO) mice can only be attributed to rods (Cao et al., 2015;
Deans et al., 2002; Keenan et al., 2016). This shows that the cone light response alone plays
little to no role in driving the normal PLR.

In contrast, cone light responses drive image-forming vision. Mice with cones electrically
isolated from rods (Cone-Cx36 KO) and subjected to a background rod-suppressing light
were readily able to detect photopic light flashes. Therefore, cone light responses can drive
image-forming vision but do not drive non-image-forming vision.

The primary and secondary rod pathways drive the photopic PLR

Our results show that the OFF pathway and rod-isolated cone light response are incapable
of driving the PLR. The primary and secondary ON rod pathways drive the photoreceptor-
mediated photopic PLR. Mice lacking the primary rod pathway (Elfn1 KO) retain a normal
photopic PLR, indicating that the secondary ON rod pathway is sufficient to drive normal
photopic pupil constriction (Figure 3B). When the secondary pathway is silenced (Cone-
Cx36 KO), the PLR is also normal. Therefore, the rod to RBC synapse is sufficient for the
fast photoreceptor-mediated photopic PLR (Figure 6A).

How do RBCs convey the signal to downstream circuitry to drive the photopic PLR?
Although this is beyond the scope of this study, we speculated regarding the potential circuit
pathways that might allow rods to drive M1 ipRGCs, the main light relays for the PLR and
circadian photoentrainment (Guler et al., 2008; Lee et al., 2019; Weng et al., 2013; Zhao et
al., 2014). There are at least three possibilities: (1) RBCs synapse directly onto M1 ipRGCs
(Qstergaard et al., 2007); (2) RBC signals are routed to M1 ipRGCs via the All amacrine
cell inhibitory glycinergic synapse, likely via another amacrine cell (Graydon et al., 2018;
Newkirk et al., 2013; Pérez-Fernandez et al., 2019; Reifler et al., 2015; Roy and Field, 2019;
Sabbah et al., 2017, 2018; Tsukamoto and Omi, 2017); or (3) RBC signals are routed to M1
ipRGCs via the All amacrine cell gap junction with Type 6 ON CBCs (Tsukamoto and Omi,
2017). Type 6 ON CBCs are the primary BC partner to M1 ipRGCs, making this a potential
inner retinal circuit driving the PLR (Dumitrescu et al., 2009; Sabbah et al., 2018).

Non-image-forming vision requires the most sensitive retinal pathway for normal function

Electrophysiological evidence has suggested that ipRGCs receive light information from the
primary rod pathway, but it has remained unknown whether this connection is behaviorally
relevant (Weng et al., 2013). It has been shown more recently that the intrinsic melanopsin-
dependent response is sensitive to scotopic light stimulation ex vivo (Lee et al., 2019),

but the melanopsin contribution to the scotopic PLR is small (Keenan et al., 2016).

We tested the behavioral relevance of the primary pathway directly by using Elfn1 KO
mice and showed a clear pupil constriction deficit at low light levels (Figure 5D). Mice
lacking the secondary rod pathway have no pupil constriction deficits at low light when

the primary pathway is fully intact (Figure 5D). This shows that the primary rod pathway
fully compensates for the secondary pathway at scotopic and mesopic light levels. The
secondary pathway does not fully compensate for loss of the primary pathway (Figure 6B).
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Our results show that the primary rod pathway is the predominate contributor to the scotopic
and mesopic PLR (Figure 6A).

Limitations of the study

In this study, we used genetically modified mouse lines to dissect the retinal circuits driving
visual behaviors /n vivo. As in any study that uses mouse mutant lines, the possibility of
unexpected changes that occur cannot be completely eliminated. For example, it is well
known that retinal circuit pathways are highly interconnected; silencing one pathway can
cause changes in another off-target pathway. Specifically, the ElIfn1; Cx36 dKO mouse will
also eliminate the gap junction in All amacrine cells, which are key components of the rod
primary pathway and important for network crosstalk (Deans et al., 2002). However, in our
study, we carried out extensive electrophysiological recordings from all the mouse lines and
showed that the major remaining components of each line are functional and can drive some
aspects of vision.

Here, we investigated defined examples of divergent outer retinal circuitry driving three
visually dependent behaviors (the PLR, circadian photoentrainment, and a visually guided
behavioral task), but it is important to acknowledge the limits of generalizing our findings

to all image- and non-image-forming visual behaviors. It is also important to clarify that

the mGIuR6; Opn4 dKO mice and Cx36 mutation mice we tested in the image-forming,
visually guided behavioral task do not have completely normal vision. We use the visual task
here to demonstrate that the remaining unsilenced retinal pathways in these mutant mice are
functional at the image-formation behavioral level.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Johan Pahlberg
(johan.pahlberg@nih.gov).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead
contact upon request. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mice were handled in accordance with guidelines of the Animal Care and Use
Committees of the National Institute of Mental Health (NIMH). Male and female mice,
aged 2 to 6 months, were used in experiments. mGIuR6 KO were obtained from The
Jackson Laboratory (Stock number 016883) (Maddox et al., 2008) and crossed with Opn4
knockout mice (Ecker et al., 2010) to obtain control mice (mGluR6+/-; Opn4 +/-) and
double knockout mice (MGIuR6—/—; Opn4 —/-), in addition to mGIuR6 KO littermates
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(mGIuR6-/-; Opn4 +/-). EIfn1 KO mice (Cao et al., 2015) were crossed with Cx36 KO
mice (a gift from the Dr. Jeffrey Diamond laboratory) (Deans et al., 2001) to generate
control mice (Elfnl +/+; Cx36 +/+), EIfn1 KO mice (Elfn1 —/-; Cx36 +/+), and Elfn1;

Cx36 double knockout mice (Elfnl —/—; Cx36 —/-). Cone-Cx36 KO mice (Cx36 fl/fl, HRGP
Cre/+) are described in (Jin et al., 2020). Both Cx36 fl/fl; HRGP +/+ and Cx36 +/+; HRGP
Cre/+ were used as littermate control mice. Mice were group housed in a temperature and
humidity controlled room under a 12 h light-dark cycle with light intensity near 100 lux.
Food and water were available ad /ibitum.

METHOD DETAILS

Single-cell electrophysiological recordings—L.ight-evoked responses were made
from dark-adapted retinal slices as previously described (Pahlberg et al., 2017). Briefly,
mice were dark adapted overnight and euthanized according to protocols and guidelines
approved by NIH. Their eyes were enucleated and hemisected under infrared light. Retinas
were extracted from the eye cups, embedded in low density agar gel (3%) and cut with a
vibratome to obtain 200 um thick slices. Retina slices were perfused with Ames’ medium
with an 8 mL/min flow rate (equilibrated with 5% CO,/ 95% O,), maintained at 35-37°C,
and visualized in the infrared. The pipette internal solution for whole-cell patch clamp
recordings contained (in mM): 125 K-aspartate, 10 KCI, 10 HEPES, 5 N-methyl glucamine-
HEDTA, 0.5 CaCl2, 1 ATP-Mg and 0.2 GTP-Mg; pH was adjusted to 7.4 with NMG-OH.
Light responses were generated delivering 20 ms flashes from a blue-green light emitting
diode (Amax ~ 505 nm). Flash strengths were varied from a just-measurable response to
those that produced a maximal response, increasing in factors of two. Membrane currents
were filtered at 300 Hz and sampled at 10 kHz. Light sensitivity for each cell type was
estimated from the half-maximal flash strength from the best Hill fit, for each genotype.

To identify RBCs, ON CBCs, and OFF CBCs the shape and morphology of the cells, the
time course, the amplitude and the polarity of their light responses were considered. As a
control, the electrode internal solution for some experiments contained Alexa 750 (100 pM),
which allowed visualization of the cells in the far red without significantly bleaching the
visual pigment (see Figure S3). The subtypes of ON and OFF CBCs were not characterized.
All recordings were performed between circadian time 4 and 12. Multiple cell types were
recorded from the same slice, typically no more than 50 um apart from each other. In
Figure 3, the capacitance for cones was 8 + 0.5 pF (n = 5) in control and 8.6 + 1.1 pF for
Cone-Cx36 KO mice (n = 4), the rod capacitance was 3.5 £ 0.2 pF (n = 5) for control and
4.6 = 0.4 pF (n = 8) for Cone-Cx36 KO mice.

Pupillometry—The pupillary light response (PLR) experiments were performed as
previously described (Keenan et al., 2016). Briefly, mice were handled prior to PLR
experiment days to habituate animals to handling. On the day of the experiment, mice were
dark adapted for at least 1 h before being scruffed and placed in front of a fixed-focus video
camera (Sony 4K HD Camcorder FDRAX3) under infrared light (ICAMI IR Illuminators,
A =850 nm). The dark-adapted pupils were recorded for at least 5 s before turning the
stimulus light on. The stimulus light bulb (Sunlite 6500K A19/LED/10W) was placed
directly above the mouse such that the stimulus provided 100 lux light as measured by a lux
meter (EXTECH Foot Candle/Lux Light Meter, 401025). For experiments under scotopic
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conditions, neutral density filters were placed over the light to achieve 1, 0.1 and 0.01 lux
stimuli. Light levels were converted to R*/rod/sec by measuring the spectrum of the light
source with different ND filters in place and converted as described in these references
(Jacobs and Williams, 2007; Lyubarsky et al., 2004; Pasquale et al., 2020). Pupils were
recorded for at least 30 s following light onset. All recordings were performed between
Zeitgeber times 4 and 12.

A semi-automated custom script was used to measure the pupil area in every video frame
(30 frames/second) and binned every 2 s to generate the pupil traces over time. For each
mouse, all measurements were normalized to the average dark-adapted pupil size across

the 5 s immediately prior to light onset. The minimum pupil diameter measurement is the
minimum pupil area averaged over 10 frames for each mouse. Dark-adapted pupil areas did
not differ between mutant and control mice (ANOVA post hoc Dunnett’s method, p > 0.5
between mutant mouse lines and controls, Figure S4). Minimum pupil area (maximum pupil
constriction) was taken from pupil measurements between t = 0 to 30 s after light onset.

Wheel-running activity—Mice were housed individually in cages with a 4.5 inch wheel
and their activity was measured by wheel rotations collected in 5-min bins with VitalView
software (MiniMitter; Respironics). Mice were placed in 12 h light — 12 h dark (12:12 LD)
cycles at ~700 lux for at least 2 weeks, followed by darkness (DD) for 2—-3 weeks, and
placed in 12:12 LD again for 2 weeks. Custom MATLAB scripts were used to generate
actograms and measure activity onset to calculate period lengths. The wheel running activity
of mice exposed to changing light paradigms is recorded in 5-min bins double plotted.

Two Alternative Forced Choice Paradigm—YVisually guided behavior was tested using
a novel Two Alternative Forced Choice Paradigm. The mice were trained to react to a light
stimulus in one of two nose-poke holes in a modified 9-hole behavioral box (Humby et al.,
2005). Mice were handled and weighed for two days prior to training to habituate, after
which they were put on food restriction and maintained at 80% or greater bodyweight. Each
training session was 60 min or 30 correct trials long, whichever came first.

In the first phase of training, mice were taught to associate the food-hopper with reward
pellets. The food-hopper was initially baited with 4 pellets (2 pellets on day 2, 1 pellet on
day 3), and every 40 s (60 s on day 2, 60 s on day 3). Reward pellets were automatically
dispensed.

Next, mice were trained to associate a 505 nm light stimulus with the reward. First, both
holes were baited with an 8% sucrose solution and crushed pellets, and a stimulus tone
preceded both holes lighting up. The mouse was required to poke either hole to trigger the
reward tone and pellet. Next, the light stimulus was restricted to one hole, staying on until
the mouse poked the correct hole. The mice had to cross an infrared beam in front of the
holes to trigger the beginning of a trial and reach 80% accuracy for two consecutive days to
advance to the testing phase.

In the testing phase the light stimulus illuminated only one hole for 1-16 s. If at the end of
a stimulus there was no response by the mouse, the trial was counted as an omission. The

Cell Rep. Author manuscript; available in PMC 2022 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beier et al. Page 14

accuracy for the different strains (Fractional Correct) was calculated by dividing the correct
trials by the total number of trials in the session (correct, incorrect, premature, omissions).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are listed in the text and Figure legends. Number of animals (n) used are
indicated in the Figures, Figure legends and Table 1. Figures display values for individual
animals and error bars that indicate the standard error of the mean (SEM). The statistical
analyses used throughout the paper include ANOVA and the Student’s t test and assume

the measurement distributions are normal. All analyses were done in Microsoft Excel and
MATLAB using built in functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The OFF pathway drives image-forming vision but not non-image-forming
vision
Non-image-forming vision requires the most sensitive retinal pathway

The primary rod pathway is necessary and sufficient for the pupillary light
response

The primary and secondary rod pathways drive the photopic pupillary light
response

Cell Rep. Author manuscript; available in PMC 2022 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Beier et al.

A

F
B
[+

K

5
2
23

p

238
22
058
u
23
S5
w8
Os5

:\- )
RBC

Response amplitude (pA) Response amplitude (pA) Response amplitude (pA) Response amplitude (pA) ,

o

e
s

S

o

=y
3

Page 20

B mGIluR6 KO Elfn1 KO D Cone-Cx36 KO E Elfn1; Cx36 dKO

TR T 990 ? TR T

adk

Control

00 02 02 06 08 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08
Time (s) Time (s) Time (s) Time (s)

Figure 1. Rod and cone circuit pathways in control and mutant mice
(A) A schematic of the three rod pathways in the mammalian outer retina. In the primary rod

pathway (green), the rod signal is passed from rods to rod BCs (RBCs). In the secondary rod
pathway (purple), the rod signal is passed from rods to cones via a gap junction connection
and then from cones to ON and OFF cone BCs (CBCs). In the tertiary rod pathway (blue),
the rod signal is passed from rods to OFF CBCs.

(B) A retinal circuit schematic of the mGIuR6 knockout (KO) mouse showing functional and
non-functional pathways. RBCs and ON CBCs cannot receive glutamate signals because

of loss of metabotropic glutamate receptor 6 (MGIuR6) at their dendrites (red). The
downstream rod ON pathways no longer receive rod input (gray).

(C) A retinal circuit schematic of the Elfn1 KO mouse. Because of loss of the presynaptic
protein EIfn1, the synapse between rods and RBCs is non-functional (red). The primary
pathway no longer receives rod input (gray).
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(D) A retinal circuit schematic of the Cone-Cx36 KO mouse. Because of loss of connexin 36
(Cx36) in cones, no gap junctions are formed between rods and cones (red). The secondary
pathway no longer receives direct rod input (gray); indirect input from the primary rod
pathway via the All amacrine cell (not pictured) is still functional (white synapses). Cone
pathways, indicated by blue outlines, are functional.

(E) A retinal circuit schematic of the Elfn1; Cx36 double KO (dKO) mouse. The synapse
between the rod and RBC is non-functional, and there is lack of rod-to-cone gap-junctional
coupling (red). The primary and secondary rod pathways no longer receive rod input (gray).
Cone pathways, indicated by blue outlines, are functional.

(F-J) Physiological recordings of rod photocurrents in retinal slices from control, mGIluR6
KO, Elfn1 KO, Cone-Cx36 KO, and Elfn1; Cx36 dKO mice, respectively. Recordings were
made in whole-cell patch-clamp mode (V, = =40 mV). 20-ms light flashes were given at
time 0 s. Flash strength ranged from 2.5-156 R*/rod. Recordings are representative of data
collected across several cells (Table 1).

(K-0) Physiological recordings of light-evoked RBC responses. Recordings were made in
the same slices as the rod recordings and as before, with some differences (V, = -60

mV and flash strength from 0.2-16 R*/rod). RBC light responses were never observed in
mGIuR6 KO, Elfnl KO, or Elfn1; Cx36 dKO mice (Table 1; Figure S3).

(P-T) ON CBC responses as described for RBCs. Flash strength spanned a range expected
to activate the primary and secondary rod pathways. ON CBC light responses were never
observed in mGIluR6 KO, Cone-Cx36 KO, or Elfn1; Cx36 dKO mice (Table 1; Figure S3).
(U-Y) OFF CBCs responses as described for ON CBCs. Flash strength spanned a range
expected to activate the primary, secondary, and tertiary rod pathways.
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Figure 2. The OFF pathway cannot drive the PLR or circadian photoentrainment but does drive
image-forming vision

(A) The average pupil constriction over time in response to 100-lux light (73,000 R*/rod/s)
beginning at t = 0 s for control (blue, n = 6), mGIuR6 KO (orange, n = 9), and mGIuRS6;
Opn4 dKO (dark red, n = 6) mice. Shaded outlines represent SEM. All pupil sizes are
normalized to the dark-adapted pupil size (before t = 0).

(B) The minimum normalized pupil area (maximal constriction) in response to 100-lux light
fromt=0tot =30 s. Individuals are shown as circles. Error bars show SEM. Significance
from the littermate control group is as follows: mGIuR6 KO, p = 3E-5; mGIuR6; Opn4
dKO, p = 3E-6 (ANOVA post hoc Dunnett’s method).

(C) PLR delay seen in (A). mGIluR6 KO mice (orange) have a pupil constriction deficit
immediately after light onset (ANOVA post hoc Dunnett’s method, p = 0.002). The mGIuR6
mutation silences the cone ON pathway in these mice, as indicated by the circuit diagram.
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(D) Littermate control mice confine their activity to the dark portions of the 12-h light —
12-h dark (12:12 LD) cycle (n = 5). Light and dark exposure is indicated by white and gray
shading.

(E) mGIluR6; Opn4 dKO mice do not confine their activity to the dark portions of the day
and instead free run in 12:12 LD (n = 10).

(F) Quantification of period lengths from all animals (points indicate individual animals,
error bars show SEM). Littermate control mice (blue) photoentrain to the light-dark cycle, as
indicated by their period lengths equaling exactly 24 h. mGIuR6; Opn4 dKO mice (red) free
runin 12:12 LD, as indicated by their period lengths being similar in DD to LD. Littermate
control and mGIuR6; Opn4 dKO mice have comparable period lengths in DD (Student’s t
test, p = 0.90). In 12:12 LD, the mean period lengths of mGIuR6; Opn4 dKO mice do not
equal 24 h (Student’s one-way t test, p = 0.02). See also Figures S1 and S2.

(G) Schematic depicting the visually guided behavioral task. Mice were trained in the two
alternative forced choice paradigm to detect a light stimulus in one of two holes (STAR
Methods). The testing chamber was kept dark except for the stimulus presented at photopic
levels (28,000 R*/rod/s).

(H) Littermate control mice (blue, n = 5) correctly detect the light stimulus in the visually
guided task (G) in ~90% of the trials. mGIluR6; Opn4 dKO mice (dark red, n = 4) correctly
detect the light stimulus comparable with control mice (Student’s t test, p = 0.59). Error bars
indicate SEM.
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Figure 3. The primary and secondary rod pathways, not cone light responses, drive the photopic

PLR

(A) The average pupil constriction over time in response to 100-lux light (73,000 R*/rod/s)
beginning at t = 0 s (dashed line) for control (blue, n = 9), EIfnl KO (magenta, n = 11),
Cone-Cx36 KO (cyan, n = 5), and Elfn1; Cx36 dKO (red, n = 5) mice. Shaded outlines
represent SEM. All pupil sizes are normalized to the dark-adapted pupil size (before t = 0).
(B) The minimum pupil area (maximal constriction) in response to 100-lux light from t
=0tot=230s. Individuals and SEM are shown. Significance from the control group is
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as follows: Elfnl KO, p = 0.58; Cone-Cx36 KO, p = 0.89; Elfn1; Cx36 dKO, p = 0.003
(ANOVA post hoc Dunnett’s method).

(C) The PLR delay seen in (A). Elfn1; Cx36 dKO mice (red) have a pupil constriction deficit
immediately after light onset compared with control mice (ANOVA post hoc Dunnett’s
method, p = 0.04). Cone pathways are functional in these mice, as indicated by the circuit
diagram.

(D-F) Physiological recordings of cone photocurrents in retinal slices from littermate
control and Cone-Cx36 KO mice. Recordings were made in whole-cell patch-clamp mode
(Vm = -40 mV). 20-ms light flashes were given at time O s. Flash strength ranged from
3.1-203.4 R*/rod.

(D) In recordings from cones in control mice, a fast transient peak is followed by a slower
sustained rod-dependent (arrow) response.

(E) In recordings from cones in Cone-Cx36 KO mice, the fast transient peak remains, but the
slower sustained response is missing (arrow).

(F) A rod-suppressing background light (332 R*/rod/s) was applied to retinal slices in
littermate control mice. In recordings from cones after light adaptation, the fast transient
peak remains, but the slower sustained response is missing (yellow). Normalized responses
from dark-adapted cones in Cone-Cx36 KO (cyan) and littermate control (blue) mice are
shown for comparison.

(G-1) Physiological recordings of photopic light responses recorded in an Elfn1; Cx36 dKO
retina slice. Recordings were the same as in (D), except that flash strength ranged from
31-2,034 R*/rod. Recordings are representative of data collected across several cells.

(G) Cone responses in Elfn1; Cx36 dKO mice are missing the rod-dependent sustained
response.

(H) ON CBCs depolarize in response to a photopic light flash.

(I) OFF CBCs hyperpolarize in response to a photopic light flash.

(J) Schematic depicting the visually guided behavioral task with a rod-suppressing
background light (3,500 R*/rod/s) illuminating the testing chamber. The light stimulus was
presented at photopic levels (28,000 R*/rod/s).

(K) Quantification of the testing trials by control mice (blue, n = 5), Cone-Cx36 KO mice
(cyan, n = 4), Cx36 KO mice (purple, n = 3), and Elfn1; Cx36 dKO mice (red, n = 3)
under rod-suppressing background light. KO mice correctly detect the light stimulus with
an accuracy comparable with controls under light-adapted conditions (ANOVA post hoc
Dunnett’s method, KO mice from control mice, all p > 0.99). Error bars indicate SEM.
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Figure 4. Rod OFF pathways drive scotopic image formation but do not drive the scotopic PLR

(A) The average pupil constriction over time in response to 1-lux light (475 R*/rod/s)

beginning at t = 0 s (dashed line) for control (blue, n = 7) and mGIuR6; Opn4 dKO (dark

red, n = 7) mice. Shaded outlines represent SEM. All pupil sizes are normalized to the

dark-adapted pupil size (before t = 0).

(B) The minimum pupil area (maximal constriction) in response to 1-lux light fromt =0 to
t =30 s. Individuals and SEM are shown. Pupil constriction in littermate control mice and
mGIuR6; Opn4 dKO mice is significantly different (Student’s t test, p = 2E-5).
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(C) Schematic depicting the visually guided behavioral task. Mice were dark adapted for 3
h before experiments, and the testing chamber was kept dark except for the scotopic light
stimulus (200 R*/rod/s).

(D) Control mice (blue, n = 5) correctly detect the light stimulus in ~90% of the trials.
mGIuR6; Opn4 dKO mice (dark red, n = 5) correctly detect the light stimulus comparable
with control mice under scotopic conditions (Student’s t test, p = 0.51). Error bars indicate
SEM.
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Figure 5. The primary rod pathway is required for the scotopic PLR
(A) The average pupil constriction in response to 1-lux light (475 R*/rod/s) beginning at t

= 0 s for control (blue, n = 9), EIfn1 KO (magenta, n = 11), Cone-Cx36 KO (cyan, n = 5),
and Elfnl; Cx36 dKO (red, n = 6) mice. Shaded outlines represent SEM. All pupil sizes are
normalized to the dark-adapted pupil size (before t = 0).

(B) The minimum pupil area (maximal constriction) in response to 1-lux light fromt =0 to
t =30 s. Individuals and SEM are shown. Significance from the control group is as follows:
Elfnl KO, p = 1.3E-4; Cone-Cx36 KO, p = 1; Elfn1; Cx36 dKO, p = 2.7E-6 (ANOVA post
hoc Dunnett’s method).
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(C) The same as (A) but a 0.1-lux light (73 R*/rod/sec) stimulus was used.

(D) The minimum pupil area (maximal constriction) in response to 0.1-lux light fromt =0
to t = 30 s. Individuals and SEM are shown. Significance from the control group (blue, n =
16) is as follows: Elfnl KO (magenta, n = 12), p = 0.008; Cone-Cx36 KO (cyan,n=4),p =
0.98 (ANOVA post hoc Dunnett’s method).
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Figure 6. The outer retinal circuit pathways driving the PLR
(A) A schematic detailing the outer retinal circuit pathways that drive the photopic and

scotopic PLR. Left: the primary rod pathway is the predominant circuit driving the

scotopic PLR (bold green) and is required for normal pupil constriction. The secondary

ON rod pathway (purple) cannot completely compensate for the primary rod pathway. The
secondary OFF rod pathway and tertiary rod pathway cannot drive the scotopic PLR (gray).
Cones cannot compensate for rods at scotopic light levels (indicated by a dashed outline and
shaded gradient). Right: the primary rod pathway (green) and secondary ON rod pathway
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(purple) can drive the normal photopic PLR. The secondary OFF rod pathway and tertiary
pathway cannot drive the photopic PLR (gray). Cones cannot compensate for rods even
when the secondary rod pathway drives the photopic PLR (indicated by a dashed outline and
shaded gradient).

(B) Summary plot of control and mutant mouse pupil constriction across scotopic to
photopic light levels. Data shown are summarized from Figures 3 and 5. Elfn1 KO mice,

but not Cone-Cx36 KO mice, have deficits in their PLR under scotopic and mesopic light
regimens. Error bars indicate SEM. Significance from the control group at each light level is
as follows (ANOVA post hoc Dunnett’s method): at 100-lux, Elfn1 KO p = 0.58, Cone-Cx36
KO p = 0.89; at 1-lux, EIfn1 KO p = 1.3 x 107 Cone-Cx36 KO p = 1; at 0.1-lux, Elfn1 KO
p = 0.008, Cone-Cx36 KO p =0.98; at 0.01-lux, EIfn1 KO p = 0.33, Cone-Cx36 KO p =
0.99.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Ames Medium w/L-Glutamine

USBiological Life Sciences

Cat# A1372-25

Experimental models: Organisms/strains

Opn4 knockout mice Hattar Laboratory, (Ecker et al., 2010) N/A

mGIuR6 KO mice The Jackson Laboratory Stock number 016883
Elfn1 KO mice Martemyanov Laboratory, (Cao et al., 2015) N/A

Cx36 KO mice a gift from the Dr. Jeffrey Diamond laboratory, (Deans et al., 2001)  N/A

Cone-Cx36 KO mice Ribelayga Laboratory, (Jin et al., 2020) N/A

Software and algorithms

MATLAB MathWorks R2020b

Vital View STARR Life Sciences N/A

Igor Pro 8 WaveMetrics, Inc. Version 8.03

Fiji ImageJ Version 2.1.0/1.53c
Other

4K HD Camcorder Sony FDRAX3

IR Illuminators ICAMI 96pcs

6500K A19/LED Sunlite 10W E26

Foot Candle/Lux Light Meter EXTECH 401025
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