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Summary

Melanopsin is expressed in distinct types of intrinsically photosensitive retinal ganglion cells
(ipRGCs), which drive behaviors from circadian photoentrainment to contrast detection. A major
unanswered question is how the same photopigment, melanopsin, influences such vastly different
functions. Here we show that melanopsin’s role in contrast detection begins in the retina, via direct
effects on M4 ipRGC (ON alpha RGC) signaling. This influence persists across an unexpectedly
wide range of environmental light levels ranging from starlight to sunlight, which considerably
expands the functional reach of melanopsin on visual processing. Moreover, melanopsin increases
the excitability of M4 ipRGCs via closure of potassium leak channels, a previously unidentified
target of the melanopsin phototransduction cascade. Strikingly, this mechanism is selective for
image-forming circuits, as M1 ipRGCs (involved in non-image forming behaviors), exhibit a
melanopsin-mediated decrease in excitability. Thus, melanopsin signaling is repurposed by ipRGC
subtypes to shape distinct visual behaviors.
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Introduction

Intrinsically photosensitive retinal ganglion cells (ipRGCs) respond directly to light because
they express the photopigment melanopsin (Berson et al., 2002; Hattar et al., 2002). There
are five subtypes of ipRGC, which mediate vastly different behaviors from non-image
forming functions such as circadian photoentrainment (M1 ipRGCs) to contrast sensitivity in
image formation (M2-M5 ipRGCs) (Guler et al., 2008; et al., 2008; Schmidt et al., 2014).
The intrinsic, melanopsin phototransduction cascade of ipRGCs encodes environmental light
levels over multiple seconds, while the canonical rod and cone photoreceptors relay rapid,
spatially discrete information about the visual scene to retinal ganglion cells with
millisecond precision. ipRGCs are unique among retinal ganglion cells in that they integrate
rod, cone, and melanopsin signals before relaying light information to downstream targets in
the brain (Schmidt and Kofuji, 2010; Wong et al., 2007; Zhao et al., 2014).
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The slow timescales over which melanopsin phototransduction occurs has led to the
widespread belief that this component of ipRGC signaling is mainly important for
subconscious, non-image forming behaviors (Berson et al., 2002; Gler et al., 2008; Hattar
et al., 2002; Lucas et al., 2003; Ruby et al., 2002; Schmidt et al., 2011). However, our recent
behavioral evidence points to a surprising, and critical, role for melanopsin
phototransduction in image-forming (pattern) vision, raising the question of how ipRGCs
integrate temporally and functionally distinct rod/cone and melanopsin-based signals to
influence this behavior (Schmidt et al., 2014; Sonoda and Schmidt, 2016). Complicating
interpretation of these findings is the fact that melanopsin phototransduction in the ipRGC
subtypes most likely involved in pattern vision, M2-M5 ipRGCs, has been reported to
activate a slow, small photocurrent only at bright, photopic light intensities (Ecker et al.,
2010; Estevez et al., 2012; Schmidt and Kofuji, 2009; Zhao et al., 2014). These reports call
into question the potential physiological relevance of melanopsin signaling in M2-M5
ipRGCs. This use of small M2-M5 melanopsin photocurrent amplitude as a proxy for its
functional significance relies on the assumption that melanopsin phototransduction acts on
identical intracellular targets in all ipRGC subtypes. However, melanopsin phototransduction
has only been well-studied in M1 (non-image forming) ipRGCs, where it has been shown to
activate a Gq cascade leading to depolarization via opening of transient receptor potential 6
and 7 (TRPC 6/7) channels (Graham et al., 2008; Hartwick et al., 2007; Perez-Leighton et
al., 2011; Warren et al., 2006; Xue et al., 2011). The diverse physiological properties, central
projections, and behavioral roles of individual ipRGC subtypes suggest that it may be
advantageous for melanopsin phototransduction to employ different mechanisms of action
across ipRGC subtypes (Ecker et al., 2010; Schmidt and Kofuji, 2009; 2011; et al., 2011,
Schmidt et al., 2014; Sonoda and Schmidt, 2016). This would allow for image-forming
ipRGC subtypes to modulate how rod and cone signals are integrated to influence pattern
vision in unexpected ways.

In this work, we directly address two outstanding questions in the field: What are the
physiological consequences of melanopsin phototransduction on visual signaling within
ipRGCs themselves? And, are the transduction targets of melanopsin identical across ipRGC
subtypes? We find that melanopsin phototransduction enhances the contrast sensitivity of
M4 ipRGCs (ON alpha RGCs, which are involved in pattern vision) (Schmidt et al., 2014)
across a surprisingly wide range of light intensities from bright, photopic (12 log
photons/cm?/s) to dim, scotopic light levels (9 log photons/cm?/s) where only rod
phototransduction was thought to drive vision. Melanopsin phototransduction achieves this
influence through increasing the excitability of M4 ipRGCs via a previously unidentified
modulation of potassium leak channels. These mechanisms are unique to image forming
visual circuits because melanopsin phototransduction differentially modulates the intrinsic
excitability of M1 ipRGCs, which are known to be involved in non-image forming,
subconscious visual behaviors. Collectively, our results show that melanopsin’s contribution
to vision arises from a direct effect on M4 ipRGC signaling within the retina, and
demonstrate that melanopsin phototransduction is repurposed in ipRGC subtypes to shape
distinct visual behaviors.
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Melanopsin enhances the contrast sensitivity of M4 cells

We have previously reported that melanopsin null (Opn4~") animals exhibit reduced
behavioral contrast sensitivity (Schmidt et al., 2014). However, where in the visual pathway
these deficits originate is unknown. We therefore first investigated whether Opn4~'~ ipRGCs
have reduced contrast sensitivity. We chose to focus on M4 cells (which are ON alpha
RGCs) because they are highly sensitive to contrast and are one of the three major ipRGC
subtypes (along with M2 and M5 cells) projecting to the dorsal lateral geniculate nucleus of
the thalamus (ALGN) (Ecker et al., 2010; Estevez et al., 2012; Grimes et al., 2014; Stabio et
al., 2018; Zaghloul et al., 2003). We measured the contrast sensitivity of M4 cells in WT and
Opn4~/~ animals to drifting sine-wave gratings of an empirically determined optimum
spatial frequency (0.04 c/d, Figure S1A-B) from bright, photopic (12 log quanta/cm?/s) to
dim, scotopic mean light intensities (9 log quanta/cm?/s) 100-fold lower than the lowest
reported threshold for melanopsin signaling in M4 cells (Figure 1A) (Schmidt et al., 2014).
Surprisingly, Opn4™~ M4 cells exhibited reduced contrast sensitivity even at the lowest light
intensity tested, as evidenced by a significantly increased Cg at all light levels (Figure 1B-
C). Moreover, the contrast gain was significantly reduced in Opn4~~ M4 cells at the two
highest light intensities tested (Figure 1C). We also measured the contrast sensitivity of M4
cells to drifting gratings with a spatial frequency of 0.089 c/d, which is the spatial frequency
at which we previously reported behavioral deficits in contrast sensitivity using the visual
cortex-dependent visual water task (Prusky and Douglas, 2004; Schmidt et al., 2014). At this
spatial frequency, we also saw significantly reduced contrast sensitivity of Opnd™~ M4 cells
at bright light levels (12 log quanta/cm?/s) (Figure 1D-E). These findings indicate that
contrast sensitivity deficits in melanopsin null animals are first detectable within ipRGCs.

Activation of Gq signaling rescues contrast sensitivity deficits in Opn4™~ M4 cells

Germline knockout of melanopsin was previously shown to affect retinal development (Rao
et al., 2013). This raises the possibility that germline knockout of melanopsin could affect
retinal circuit formation or function, causing the contrast sensitivity deficits in Opn4~'~ M4
cells. To address this possibility, we designed an experiment to selectively and acutely
restore Gq signaling (the pathway endogenously activated by melanopsin (Graham et al.,
2008)) in ipRGCs using Gq-DREADDs. We used adeno-associated viral vectors to express
Gg-DREADD:s in ipRGCs in Opn4Cr®/Cre (melanopsin null) retinas via intravitreal injection
(Figure 2A). We then acutely applied 10 nM clozapine-N-oxide (CNO), which activated the
Gq cascade in Opn4Cre/Cre M4 cells to levels that matched melanopsin-mediated Gq
activation in WT M4 cells under bright light conditions, allowing us to compare
chemogenetic versus melanopsin activation of the Gq pathway (Figure 2B-C).
Chemogenetic activation of the Gq pathway restored contrast sensitivity of Opn4Cre/Cre pm4
cells to WT levels (Figure 2D-E). To further demonstrate that retinal circuitry is normal in
Opn4~/~ retinas, we measured the contrast sensitivity of a non-melanopsin expressing RGC
type (OFF alpha RGCs), and found no differences between WT and Opn4~'~ (Figure S1G-
H). Additionally, WT and Opn4~~ M4 cell morphology, spatial frequency tuning, and
excitatory synaptic inputs were identical (Figure S1A-F). Collectively, these data indicate
that the contrast sensitivity deficits observed in Opn4~~ M4 cells do not arise from circuit
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rewiring due to germline knockout of melanopsin, but rather from direct action of the
intracellular melanopsin phototransduction cascade on M4 cell signaling.

Melanopsin phototransduction modulates the membrane potential and resting spike rate
of M4 cells at scotopic light intensities

How can melanopsin phototransduction, which has previously been reported to be activated
at only bright, photopic light intensities, influence contrast sensitivity at dim light intensities
where rod signaling is thought to predominate? Previous measurements of melanopsin
phototransduction thresholds in M4 cells were made using relatively brief stimuli in light
adapted or melanopsin heterozygous retinas (Schmidt et al., 2014; Estevez et al., 2012; Zhao
et al., 2014). However, melanopsin phototransduction is capable of integrating light
information over minutes and hours (Do and Yau, 2013; Schmidt et al., 2014; Wong, 2012).
We reasoned that the slow integration time, and sustained nature of melanopsin
phototransduction may actually depolarize and increase the resting spike rate of M4 cells
during more physiological conditions of tonic exposure to even dim background light. These
effects could, in turn, enhance the M4 cell response to rod and cone inputs relayed near
contrast threshold to enhance contrast sensitivity. We therefore measured the steady-state
firing rate and resting membrane potential (V) of M4 cells in constant background light
from 9 to 12 log quanta/cm?/s. WT M4 cells showed significantly elevated spike rates and
V,, compared to Opnd~'~ M4 cells, even at the lowest light intensity tested (Figures 3A-D
and S2). This elevated Vp, was also observed when action potentials were blocked via
inclusion of the voltage-gated sodium channel blocker QX-314 in the internal solution
(Figure 3D). We then pharmacologically isolated the intrinsic, melanopsin-based response of
M4 cells with a cocktail of synaptic blockers and found that melanopsin phototransduction
alone significantly depolarized the membrane potential of M4 cells in ten minutes of
background light from 10 to 12 log quanta/cm?/s (Figure 4A-C). However, at 9 log
quanta/cm?/s we did not see a significant depolarization from baseline in the absence of
synaptic input.

We next attempted to detect melanopsin-dependent depolarization in the nucleated patch
configuration in response to a dim, 9 log quanta/cm?/s light stimulus. In this configuration
we were able to detect a small, but consistent, melanopsin-based depolarization even at 9 log
quanta/cm?/s (3.39 + 0.50 mV, n = 5 cells), likely due to the small membrane compartment
and consequent higher input resistance of a nucleated patch (Figure 4D). These findings
allow us to rule out any possibility that the dim light, melanopsin-mediated response of M4
cells is a result of electrical coupling. Collectively, these data show that melanopsin
phototransduction is active and sets M4 cell V,, and spike rate across the full range of light
intensities over which we observed cellular contrast sensitivity deficits in Opn4™~ M4 cells.

Melanopsin enhances the intrinsic excitability of M4 cells

Melanopsin phototransduction increases the resting spike rate of M4 cells at 9 log
quanta/cm?/s, a light intensity at which melanopsin phototransduction alone is not sufficient
to depolarize Vyy in intact cells (Figures 3 and 4). This suggests that melanopsin
phototransduction has additional influences on M4 cell physiology beyond directly
depolarizing V. The Gq cascade has been reported to alter intrinsic excitability of cells in
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systems outside of the retina, and therefore could potentially exert similar effects in M4 cells
(Brown and Passmore, 2009; Feliciangeli et al., 2015; Greene and Hoshi, 2017; Mathie,
2007). To test this, we assessed the intrinsic excitability of M4 cells by measuring evoked
firing in darkness versus background light. WT M4 cells were held at a subthreshold
membrane potential of approximately =75 mV in current clamp mode and bathed in a
cocktail of synaptic blockers to isolate melanopsin-mediated effects on intrinsic excitability.
We then injected positive current and measured spike output to each current injection in
darkness and then in background light from 9 to 12 log quanta/cm?/s. We found that
background light enhanced the intrinsic excitability of M4 cells at all intensities tested
(Figure 5A-C). This increase in excitability was melanopsin-dependent because background
light did not increase the excitability of Opn4~'~ M4 cells (Figure S3A-B). Background light
also failed to alter the excitability of non-melanopsin expressing, OFF alpha RGCs (Figure
S3C-D).

To test whether acute activation of the Gq pathway in melanopsin null (Opn4Cre/Cre) M4
cells was sufficient to enhance intrinsic excitability, we measured the excitability of Gg-
DREADD infected Opn4C¢/Cre M4 cells in darkness before and after acute bath application
of 10 nM CNO to mimic the Gq activation by melanopsin phototransduction in bright light
(see Figure 2B-C). Gq activation alone was sufficient to enhance M4 cell excitability to
levels similar to those seen in background light in WT M4 cells (Figure 5E-F). We next
sought to determine whether it was possible to enhance cellular excitability via acute
activation of the Gq cascade at levels that do not directly depolarize M4 cell V,, mimicking
the effects of melanopsin phototransduction in dim light. We identified 100 pM CNO as a
concentration where we observed no change in the V,,, of Opn4C¢/Cre M4 cells expressing
Gg-DREADDs, similar to the lack of direct melanopsin-dependent depolarization in dim
light (9 log quanta/cm?/s) (Figure 5D). We found that application of 100 pM CNO in
darkness in the presence of synaptic blockers resulted in identical increases in the intrinsic
excitability of Gg-DREADD-expressing Opn4C¢/Cre M4 cells to that seen in 10 nM CNO
(Figure 5E-F). Collectively, these data show that activation of endogenous Gg-coupled
pathways by melanopsin increases intrinsic excitability. Moreover, our data using 100 pM
CNO suggest that even a small amount of Gq activation can result in major changes in M4
cell excitability.

We next asked what physiological changes underlie melanopsin-dependent changes in M4
cell excitability. To test for the contribution of fast conductances, we compared action
potential threshold, half-width, afterdepolarization (ADP) amplitude as well as rate of
decline in instantaneous firing rate and found no changes when M4 cells were exposed to
background light compared to darkness (Figure S4A-D). These data suggest that modulation
of fast conductances (e.g. Nav, BK, SK, Kv1, Kv3, Kv4, Kv7) does not account for
melanopsin-mediated increases in M4 cell excitability.

We next tested the possibility that melanopsin phototransduction causes an increase of input
resistance (Rinp) through a decrease in leak conductance in M4 cells. To test this, we
measured Rjnp 0f M4 cells in darkness and bright background light and found that the Rjnp
increased by ~20% (Figure S4G). Since the current-firing rate relationship of M4 cells is the
same in dim and bright background light, we would expect Rj,p increases to be the same in
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dim light. In support of this, when we measured Rjnp of M4 cells in darkness compared to
dim background light, we found a similar ~20% increase in Rjnp (Figure S4G). In support of
this, injection of both hyperpolarizing and depolarizing current steps in M4 cells in bright
background light in the presence of synaptic blockers and TTX resulted in larger changes in
Vy,, compared to darkness pointing to a melanopsin-dependent decrease in a leak
conductance (Figure S4E-F). Collectively, these results show that background light increases
Rinp in M4 cells, which leads to increased intrinsic excitability.

Melanopsin phototransduction has previously been shown in M1 cells to activate a Gg-
coupled pathway that results in the opening of TRPC 6/7 channels, which would lead to a
decrease in Rjnp. Therefore, the effects of background light on M4 cell physiology are
inconsistent with the phototransduction cascade identified in M1 cells. This led us to
question whether melanopsin phototransduction has differential effects on the intrinsic
excitability of other ipRGC subtypes specialized for different behaviors again using evoked
firing as a measure of intrinsic excitability. We tested this in M1 cells, which are involved in
subconscious visual behaviors such as circadian photoentrainment and the pupillary light
reflex, but are not required for pattern vision (Gtiler et al., 2008; Schmidt et al., 2014). We
targeted M1 cells in Opn4-GFP mice for current clamp recording under two-photon
excitation. We found that, unlike M4 cells, the intrinsic excitability of M1 cells decreased in
background light (Figure 6A-C). This effect was consistent across M1 cells despite large
biophysical diversity in the M1 cell population (Emanuel et al., 2017; Milner and Do, 2017).
This decrease in intrinsic excitability was melanopsin-dependent because it was absent in
Opn4~/~ M1 cells (Figure 6B-C).

Potassium leak channels are the major target of the melanopsin phototransduction
cascade in M4 cells

The differential effects on M1 versus M4 cell intrinsic excitability suggest that melanopsin
targets distinct conductances in M1 and M4 ipRGCs. If this is the case, then melanopsin-
mediated currents in M1 and M4 cells should have distinct current-voltage (1-V)
relationships. We therefore measured the I-V relationship of the light response of M1 and
M4 cells (Figure 7A-D). As expected, the maximum melanopsin-mediated current in M1
cells reversed near 0 mV, indicating that melanopsin activates a non-specific cationic
conductance (Perez-Leighton et al., 2011; Warren et al., 2003; Xue et al., 2011) (Figure 7A-
B). This current was abolished in Trpc3™~; Trpc6~/~; Trpc7~/~ (TRPC 3/6/7 KO) retinas
(Figure 7A-B), which is consistent with previous reports demonstrating that TRPC 6 and 7
channels are necessary for a melanopsin-dependent light response in M1 cells (Perez-
Leighton et al., 2011; Xue et al., 2011).

In contrast, the melanopsin photocurrent in M4 cells exhibited a negative slope I-V
relationship that reversed near —90 mV, (Figure 7C-D), which is very close to the
equilibrium potential of potassium (Ey) in our preparation (-91.4 mV). The melanopsin-
mediated current in M4 cells exhibited slow deactivation kinetics which took over 10
minutes to return to baseline after light offset (Figure S5). These data, combined with the
light-dependent increase in Rjnp, point to a melanopsin-mediated closure of potassium leak
channels in M4 cells. In support of this, when we record from M4 cells in TRPC 3/6/7 KO
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retinas, we find that the I-V relationship still reversed near —90 mV, though it became more
linear (Figure 7C-D). Taken together, these data suggest that potassium leak channels are the
major target of melanopsin phototransduction in M4 cells.

If the major conductance modulated by melanopsin is potassium, then increasing the
extracellular potassium concentration to 18 mM should shift the reversal of the melanopsin-
mediated current to the more positive, predicted Ey of =50 mV. Indeed, under these
conditions, the melanopsin-mediated current in TRPC 3/6/7 KO M4 cells reversed at the
predicted Ey of =50 mV (Figure 7D), further confirming that this current is mediated by
potassium channels. We then performed the same experiments in a nucleated patch
configuration to mitigate any space clamp concerns (Figure 7E). In this configuration, we
found that the 1-V relationship of the photocurrent in nucleated M4 cells from TRPC 3/6/7
KO retinas was identical to that of intact cells (Figure 7E-F). These experiments further
demonstrate that the major melanopsin-mediated current in M4 cells is carried by potassium.

In order to account for the possibility that current amplitude measured at different voltages
in individual cells could reflect cell to cell variability, we performed a set of experiments
where we first held a cell at a test voltage from —110 mV to 0 mV, exposed the cell to 100ms
of bright (1012 photons/cm?/s) light in the presence of synaptic blockers and TTX, and then
recorded the melanopsin photocurrent (liegt) (Figure S6A). After allowing the cell to return
to baseline (5-7 minutes), we then held the cell at a control voltage of —80 mV and recorded
the melanopsin photocurrent legniro) in response to the same 100ms stimulus, which served
for normalization (Figure S6A). We found that the latency to maximum was identical across
holding potentials (Figure S6D), and that the I-V relationship of both the raw lieqt and of the
normalized photocurrents showed a negative slope and reversed near Ey (Figure S6B-C).
These data indicate that 1-V relationships reported here are not a reflection of intercellular
variability.

We next wanted to determine the pharmacological properties of the potassium leak channels
closed by melanopsin. To do this, we recorded from M4 cells in TRPC 3/6/7 KO retinas in
order to isolate the potassium current modulated by melanopsin phototransduction. Because
the I-V relationship of the current was linear in the voltage ranges tested, we ruled out
voltage-gated potassium channels and inward rectifying potassium channels (Kj;). We
reasoned that the most likely candidates were the two-pore domain (K2P) family of
potassium channels, which are known to be modulated by the Gq pathway and important for
modulating cellular excitability (Chemin et al., 2003; Mathie, 2007; Talley et al., 2000). K2P
channels are insensitive to extracellular application of the broad spectrum potassium channel
blocker tetraethylammonium (TEA) (Patel and Honoré, 2001). Consistent with modulation
of K2P channels, when we bath applied 1 mM TEA, we found that intrinsic light response of
nucleated M4 cells was unaffected (Figure 7G-H).

K2P channels are composed of six subfamilies and only two of these subfamilies (TASK and
TREK) are inhibited by the Gq pathway (Mathie, 2007). We therefore performed
pharmacological manipulations to exploit differences in the pharmacological properties of
TASK and TREK channels to identify which was the most likely target of melanopsin
phototransduction. Under physiological K* concentrations, TASK channels can be blocked
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by millimolar concentrations of extracellular Ba2*, while TREK channels are relatively
resistant (Patel and Honoré, 2001). When we bath applied 2 mM Ba?™, the intrinsic light
response of nucleated M4 cells was abolished (Figure 7G-H), consistent with the properties
of TASK K2P channels. Additionally, arachidonic acid and chloroform have been reported
to strongly activate TREK channels but weakly inhibit or have no effect on TASK channels
(Kim, 2005; Lesage, 2003; Lotshaw, 2007). Again consistent with the properties of TASK
channels, bath application of 10 uM arachidonic acid or 5 mM chloroform had no effect on
the melanopsin-mediated current or holding current of M4 cells (Figure S7A-D). Bath
application of the selective TASK 1/3 channel blocker ML 365 (Zou et al., 2013) resulted in
significant increases in holding current and significant decreases in the melanopsin-mediated
current (Figure S7E-F). Taken together, these data suggest that melanopsin
phototransduction targets the TASK subfamily of K2P channels in M4 cells.

Melanopsin phototransduction acts through Gg and PLC

Our data so far indicate that activation of the Gq cascade through Gq-DREADDSs in Opn4~/~
M4 cells is sufficient to recapitulate melanopsin-dependent effects on cellular contrast
sensitivity, membrane depolarization, and intrinsic excitability (Figures 2 and 5). To test
whether Gq signaling is in fact necessary for the melanopsin-mediated light response, we
recorded light-evoked currents to bright (12.5 log quanta/cm?/s) light from intact M4 cells in
WT retinas in the presence of the Gq inhibitor YM-254890 (Takasaki et al., 2004). We found
that the light response was completely abolished in the presence of YM-254890 (Figure
SB8A). We next tested whether PLC activation is necessary for melanopsin phototransduction
in M4 cells. We first performed experiments in the presence of the PLC inhibitor U73122
(Bleasdale et al., 1989). In intact M4 cells, we found that bath application of U73122 led to a
significant, but incomplete reduction in the melanopsin-mediated current (Figure S8B).
Because U73122 has previously been reported show incomplete blockade of
phototransduction in intact M1 cells (Graham et al. 2008), we next performed current clamp
recordings of nucleated patches from WT M4 cells. In this configuration, we observed a
complete blockade of the melanopsin-dependent light response in the presence of the PLC
inhibitor U73122 (Figure S8C). These data indicate that melanopsin phototransduction acts
through a Gg-coupled pathway to activate PLC, similar to the initial steps of the transduction
cascade described in M1 cells (Graham et al., 2008; Xue et al., 2011).

TRPC channels contribute to M4 cell depolarization at bright light intensities

While the maximum light-evoked current of M4 cells was largely unchanged in TPRC 3/6/7
KO retinas (Figure 7C-D), the more linear I-V relationship of M4 cells in these retinas
points to a minor role for TRPC channels in the M4 cell light response. We therefore wanted
to test directly whether TRPC channels contributed to the M4 cell light response at dim (9
log quanta/cm?/s) and bright (12 log quanta/cm?/s) light intensities. Because we could not
detect a melanopsin-dependent depolarization to dim light in intact M4 cells (Figure 4), we
first chose to measure melanopsin-dependent changes in Rjnp in M4 cells in dim background
light in WT versus TRPC 3/6/7 KO retinas in the presence of synaptic blockers and TTX.
Both WT and TRPC 3/6/7 KO M4 cells showed similar Rjpp in darkness, as well as an
identical increase in Rijnp in dim background light, which suggests that TRPC channels do
not open in dim light (Figure 8A-D). Interestingly, TRPC 3/6/7 KO M4 cells showed a

Neuron. Author manuscript; available in PMC 2019 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sonoda et al.

Page 10

significantly larger increase in Rjnp in bright background light compared to WT (Figure 8A-
D). These data suggest that TRPC channels open in response to melanopsin
phototransduction only at brighter light intensities and offset the additional potassium
channel closure and increases in Rjnp that might be expected with more melanopsin
activation. The identical Rjnp in bright and dim background light in WT M4 cells likely
accounts for the identical melanopsin-dependent changes in excitability observed across
light levels from 9-12 log quanta/cm?/s (Figure 5B-C).

Based on the contribution of TRPC 3/6/7 channels to setting Ry, in bright light, we would
predict that TRPC 3/6/7 channels enhance the melanopsin-dependent depolarization of M4
cells in response to bright light. In support of our prediction, we find that TRPC 3/6/7 KO
M4 cells show a small, but consistent decrease in light-evoked depolarization to 2 minutes of
bright light compared to WT (Figure 8E-F). These data demonstrate that TRPC 3/6/7
channels make a minor contribution to setting Rj,, and enhancing melanopsin-dependent
depolarization at brighter light levels.

Melanopsin-dependent increases in Rj,p are enhanced in bright light when rod/cone inputs

are intact

Our initial measurements of melanopsin-dependent increases in Rj,, were made in the
absence of rod and cone input. We therefore next asked whether these melanopsin-dependent
increases in Rjpp were detectable in the presence of functional rod and cone input. To test
this, we measured the Rj,, of M4 cells in dim and bright background light with synaptic
blockers omitted from the extracellular solution. We found that both dim and bright
background light significantly increased the Rjy, of WT compared to Opnd~'~ M4 cells
(Figure S9A-B). Therefore, melanopsin phototransduction is capable of producing
measurable increases in Rjnp in M4 cells when synaptic input is intact, which could
significantly enhance their ability to respond to small synaptic inputs at low contrast.
Moreover, in WT M4 cells, we observed significantly larger increases in Rjnp in bright
background light (~30%) compared to dim background light (~15%), which is consistent
with the larger deficits in Csg and contrast gain of Opn4d~'~ M4 cells in bright versus dim
background light (Figure 1B-C).

Discussion

The present results challenge two widely held assumptions in the field: 1) That the
melanopsin phototransduction cascade acts through identical mechanisms in different
ipRGC subtypes and 2) That the properties of melanopsin phototransduction in image-
forming ipRGC subtypes preclude a physiologically relevant role in vision. Our data
demonstrate a crucial role for melanopsin in modulating visual processing in the retina, and
show that melanopsin acts through distinct pathways in ipRGC subtypes to exert profound
influences on the visual signals relayed for image and non-image forming behaviors. In
particular, our results point to melanopsin as a major intracellular modulator of how rod and
cone signals are processed.
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Melanopsin acts through a novel transduction channel in M4 cells

Melanopsin phototransduction has been reported to activate a Gq cascade that results in the
opening of TRPC 6/7 channels in M1 cells (Graham et al., 2008; Hartwick et al., 2007;
Perez-Leighton et al., 2011; Warren et al., 2006; Xue et al., 2011). Though melanopsin
phototransduction has been primarily examined in M1 cells and heterologous systems, it has
been widely assumed that the melanopsin phototransduction cascade would activate similar
downstream targets in all ipRGC subtypes. This assumption was rooted in the observation
that melanopsin phototransduction in M1 cells resembled rhabdomeric phototransduction
cascades (Graham et al., 2008; Melyan et al., 2005; Panda et al., 2005; Perez-Leighton et al.,
2011; Qiu et al., 2005; Xue et al., 2011), which are highly conserved and couple to the Gq
class of G-proteins, activate PLC, and open TRPC channels (Berson, 2007; Hardie and
Raghu, 2001; Lamb, 2013; Plachetzki et al., 2010). Melanopsin phototransduction also, like
TRPC channels, elicits depolarizing responses in all other ipRGC subtypes (Schmidt and
Kofuji, 2009; Ecker et al., 2010; Estevez et al., 2012; Hu et al., 2013; Zhao et al., 2014). Our
data indicate that the initial steps of the melanopsin phototransduction cascade in M4 cells
are similar to those reported previously, with activation of Gg and PLC by melanopsin
(Figure 8G-H).

Our results demonstrate that melanopsin phototransduction results in a closure of potassium
leak channels in M4 cells, which represent a novel target of the melanopsin transduction
cascade (Figure 8G-H). The melanopsin-dependent decrease in potassium conductance and
resulting increase in excitability in M4 cells is consistent with previous reports in non-retinal
tissues that closure of potassium channels by the Gq pathway increases cellular excitability
(Bista et al., 2014; Peters et al., 2005; Soh et al., 2014). Our data are consistent with
modulation of K2P channels because the melanopsin-mediated current in M4 cells exhibits a
linear 1-V relationship and we observed a melanopsin-dependent increase in Rjpp in
background light. Additionally, we find that the melanopsin-mediated current in M4 cells is
TEA insensitive, which is also broadly consistent with the pharmacological properties of
K2P channels (Kim, 2005; Patel and Honoré, 2001). The sensitivity to extracellular Ba2*
and ML 365 and insensitivity to arachidonic acid and chloroform is consistent with a
specific modulation of the TASK subfamily of K2P channels, which is one of two K2P
subfamilies that are closed by Gq activation (Mathie 2007). TASK K2P channels have
previously been shown to be expressed in the ganglion cell layer of the retina, which
combined with our pharmacological data, makes them a likely candidate for melanopsin
modulation (Hughes et al., 2017).

Melanopsin enhances the visual signaling of an image-forming ipRGC subtype

M4 cells are synonymous with ON alpha RGCs, which are known to be highly sensitive to
contrast (Grimes et al., 2014; Schmidt et al., 2014; Zaghloul et al., 2003). Our results
demonstrate that melanopsin phototransduction is a critical component of this defining
feature of ON alpha RGCs and points to these cells as a major relay of melanopsin signals to
downstream visual areas. Moreover, melanopsin phototransduction enhances the contrast
sensitivity of M4 cells across a wide range of commonly encountered environmental light
levels ranging from dim, scotopic intensities where only rod phototransduction was thought
to be active, to bright, photopic light intensities where cone phototransduction predominates.
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Therefore, our results indicate that melanopsin’s potential to modulate visual processing
extends across a much wider, and more physiological, range of light intensities than
previously appreciated.

Our data provide a model by which melanopsin phototransduction could influence cellular
contrast sensitivity at dim and bright light levels (Figure 8G-H and S9C). In dim light,
closure of potassium leak channels increases Rijnp, Which leads to an increase in intrinsic
excitability. Our data also show that in dim background light, melanopsin phototransduction
does not directly depolarize intact M4 cells though we can detect melanopsin-mediated
depolarization at this light intensity in the nucleated patch configuration (Figure 4).
However, melanopsin phototransduction serves to maintain the V,, of M4 cells near that in
darkness and above that seen in Opn4™~ M4 cells when rod and cone pathways are intact
(Figures 3 and S2). This is significant because type 6 ON cone bipolar cells, which are the
dominant excitatory input onto M4 cells, hyperpolarize in tonic dim background light
relative to baseline Vy, in darkness (Grimes et al., 2014). Therefore, if melanopsin had no
effect on M4 cell Vy,, in dim light, we would expect these cells to also hyperpolarize like the
presynaptic type 6 bipolar cells, which is consistent with our observations in Opn4~~ M4
cells (Figures 3 and S2). It is also possible that melanopsin does not directly depolarize Vi,
of M4 cells in dim light when synaptic blockers are present because the cell rests at a
hyperpolarized V, where the driving force for potassium would be low (Figure 4). However,
with rod/cone inputs intact, M4 cells rest at a more depolarized Vy,, making it possible that
melanopsin phototransduction (perhaps in conjunction with rod/cone inputs) does contribute
to the depolarized Vy, of M4 cells in dim light (Figure 3). These data suggest that
melanopsin-mediated increases in Rjqp in dim background light amplify the tonic synaptic
input from cone bipolar cells, which prevents M4 cells from hyperpolarizing relative to their
dark V. Thus, by maintaining Vi, near spike threshold and increasing Rjnp, melanopsin
phototransduction enhances the small inputs relayed from rods under dim, scotopic
conditions, thereby enhancing the contrast sensitivity of the cell (Figure S9).

In bright background light, melanopsin phototransduction directly depolarizes M4 cell
resting Vyy, in addition to increasing Rijnp and intrinsic excitability. TRPC channels are also
opened at brighter light levels and contribute to a small enhancement of V, depolarization
(Figure 8A-F). By maintaining Vy, closer to/further above spike threshold andincreasing
Rinp, melanopsin phototransduction serves to increase the probability that a given signal
relayed from rod/cone photoreceptors will elicit a change in firing frequency in the M4 cell
and be relayed to the brain. This would be particularly important near contrast threshold,
where the signals relayed from the rods or cones would be smallest. The closure of
potassium channels as the major source of depolarizing current is significant because
exclusively opening TRPC channels would similarly depolarize V,, but would also lead to a
counterproductive decrease in Rjyp. Thus, the closure of potassium leak channels serves the
added function of amplifying the response of M4 cells to rod and cone inputs, thereby
enhancing contrast sensitivity. The fact that melanopsin-mediated changes in intrinsic
excitability are identical across light intensities and perfectly offset by a TRPC conductance
demonstrates the precise tuning of this response for proper M4 cell function (Figures 4 and
8). This simultaneous decrease of potassium leak conductance and increase of cationic
conductance to increase cellular excitability is a well-documented effect of neuromodulators
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in other systems (Fisher and Nistri, 1993; Hsiao et al., 1997; Larkman and Kelly, 1992; Shen
and Surprenant, 1993). Thus, while it is useful to study melanopsin phototransduction or rod
and cone inputs to ipRGCs in isolation, there are important interactions between these
systems that are required to modulate the visual responses of ipRGCs that will ultimately be
relayed to the brain.

In summary, our data clearly show that melanopsin drives distinct conductance changes in
ipRGC subtypes specialized for different visual functions. These divergent physiological
influences of melanopsin on ipRGCs specialized for image-forming (M4 cell) versus non-
image forming (M1 cell) visual behaviors serve to tune cellular function for the specific
functions of each subtype.

CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for reagents and resources should be directed to the Lead Contact, Tiffany Schmidt
(tiffany.schmidt@northwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures were approved by the Animal Care and Use Committee at Northwestern
University. All mice were between 1-3 months old and on a mixed B6/129 background. Both
male and female mice were used. For M4 cell recordings, WT, Opn4LacZ/LacZ (Hattar et al.,
2002) and Trpc3~/~ (Hartmann et al., 2008); Trpc6~/~ (Dietrich et al., 2005); Trpc7~/~
(Perez-Leighton et al., 2011) mice were used. For Gq-DREADD rescue experiments,
Opn4Cre/Cre (Ecker et al., 2010) mice were used instead of Opn4LacZ/LacZ For M1 cell
recordings, Opn4-GFP (Schmidt et al., 2008), Opn4lacZ/LacZ: Opn4-GFP and Trpc3™/—;
Trpc6~/~; Trpc7~/~; Opn4-GFP mice were used.

METHOD DETAILS

Ex vivo Retina Preparation for Electrophysiology

Mice were dark-adapted overnight and sacrificed by CO» asphyxiation. Eyes were
enucleated and retinas were dissected under dim red light in carbogenated (95% O,-5%
COy) Ames’ medium (Sigma-Aldrich). Retinas were sliced in half and incubated in
carbogenated Ames’ medium at 26°C for at least 30 minutes prior to use. Before recording,
retinas were treated with collagenase/hyaluronidase (240 and 1000 U/mL, respectively)
solution in Ames’ medium for 1-2 minutes at room temperature. Retinas were mounted on a
glass-bottom recording chamber and anchored using a platinum ring with nylon mesh
(Warner Instruments). The chamber was placed on an electrophysiology rig and the tissue
was perfused with carbogenated Ames’ medium (25-26°C, which improved the stability of
recordings lasting more than ten minutes and undertaken in background illumination) at 7-9
mL/min for experiments without synaptic blocker cocktail and 2-4 mL/min for experiments
with synaptic blocker cocktail.
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Solutions for Electrophysiology

All recordings were made in Ames’ medium with 23 mM sodium bicarbonate unless noted
otherwise. For extracellular loose-patch recordings, pipettes were filled with Ames’ medium.
For experiments with synaptic blocker cocktail, 100 pM DNQX (Tocris), 10-20 uN L-AP4
(Tocris), 50 uN picrotoxin (Sigma), 20 uN strychnine (Sigma) were added to Ames’
medium. 500 nM tetrodotoxin (TTX) citrate (Tocris) was added for voltage-clamp
experiments. A potassium based internal solution was used for all whole-cell recordings
with the exception of experiments in which excitatory synaptic inputs were measured in
Figure S1C-D. The potassium based internal solution contained (in mM): 125 K-gluconate,
2 CaCly, 2 MgCl,. 10 EGTA, 10 HEPES, 2 Nay-ATP, 0.5 Na-GTP, and 0.3% Neurobiotin
(\Vector Laboratories). The equilibrium potential of potassium (Ek) using these solutions was
calculated to be —91.4 mV. For experiments measuring excitatory synaptic inputs (Figure
S1C-D), a cesium based internal solution was used which contained (in mM): 125 Cs-
methanesulfonate, 10 CsClI, 1 MgCly,, 5 EGTA, 10 Na-HEPES, 2 Na,-ATP, 0.5 Na-GTP, 10
Phosphocreatine, and 2 QX-314.

“18K solution” contained (in mM): 112 NaCl, 18 KCl, 1.25 NaH,PO3, 25 NaHCO3, 25
Glucose, 2 CaCl,, 1 MgCl,. Ey using the 18K solution and the potassium based internal
solution was —50 mV. QX-314 chloride (2 mM, Tocris) was added to the potassium based
internal solution in experiments indicating addition of QX-314. The Gq inhibitor,
YM-254890 (Wako Chemicals) was dissolved in DMSO at 10 mM and added to internal
solution (1:1000) for a final concentration of 10 uM. 0.1% DMSO was added to the internal
solution for the vehicle control. U73122 (Tocris) was dissolved in chloroform at 100 mM
and added to the extracellular solution (1:10000) for a final concentration of 10 uM. 0.01%
chloroform was added to the extracellular solution for the vehicle control. Arachidonic acid
(Tocris) was purchased dissolved in Tocrisolve 100 (Tocris). Therefore, Tocrisolve 100 was
added to the cocktail of synaptic blockers and TTX for the vehicle control. ML 365 (Tocris)
was dissolved in DMSO at 100 mM and added to the extracellular solution for a final
concentration of 20 uM. 0.2% DMSO was added to the extracellular solution for the vehicle
control. Pharmacological agents were always applied for less than 5 minutes to minimize
off-target effects.

Visual Stimuli

Visual stimuli were presented using a DLP Light Crafter 4500 projection device (Texas
Instruments, refresh rate 60Hz) and images were focused onto the photoreceptor layer of ex
vivo retinas through the microscope condenser. The blue LED (~480 nm) on the device was
used and photon flux was attenuated using neutral density filters (Thor Labs). Full-field
drifting sine-wave gratings were modulated at 2 cycles/second with a spatial frequency of
0.04 cycles/degree (750 um/cycle, Figure 1A-C) or 0.089 cycles/degree (340 um/cycle,
Figure 1D-E). Drifting-gratings were generated in MATLAB (Mathworks) using the
Psychophysics toolbox (Brainard, 1997).
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Electrophysiology

The ganglion cell layer of the retina was visualized using infrared differential interference
(IR-DIC) optics at 940 nm. M4 cells were identified in IR-DIC as cells with large somata
(>20 pm) and by characteristic ON-sustained responses to increments in light. Sustained-
OFF alpha RGCs were identified in IR-DIC as cells with large somata and by characteristic
sustained increases in firing to decrements in light (Pang et al., 2003). Alpha cell identity
was confirmed after all intracellular recordings by immunolabeling cells for SMI-32. In
experiments recording from Gg-DREADD infected retinas, M4 cells were visualized in
epifluorescence after electrophysiological recordings to determine whether they were
infected with Gq-DREADDs.

M1 cells were identified in the Opn4-GFP line using 2-photon excitation (940 nm). Alexa
594 hydrazide (10 uM, Thermo) was added to the internal solution for M1 cell recordings
and M1 cell identity was confirmed after recording by confirming dendrites stratified only in
the OFF-sublamina of the inner plexiform layer using epifluorescence (Laboissonniere et al.,
2017; Schmidt and Kofuji, 2009). For all experiments, 1 cell was recorded from each piece
of retina with the exception of voltage-clamp experiments measuring melanopsin-mediated
responses to 10s and 100ms light stimuli, where up to 3 cells were recorded from each piece.
For these experiments, the retina was dark adapted for at least 10 minutes before recording
from the next cell. Importantly, the size of the melanopsin-mediated current was quite
consistent across cells, in line with previous reports of low variability in ON alpha RGC
biophysical properties (Hu et al., 2013; O’Brien et al., 2002).

Recordings were made using fire-polished borosilicate pipettes (Sutter Instruments, 3-5 MQ
for M4 cells, 5-8 MQ for M1 cells). A Multiclamp 700B amplifier (Molecular devices) was
used with pClamp 10 acquisition software (Molecular devices). All reported voltages are
corrected for a —14 mV liquid junction potential calculated using Liquid Junction Potential
Calculator in pClamp. Cells were bridge balanced in all current clamp recordings that
required current injections.

For nucleated patch recordings, constant negative pressure was applied after gaining whole-
cell access. Then, the pipette was slowly retracted from the cell, which took 5-10 minutes on
average. The cell was discarded if the holding potential became unstable during the
retraction process or if the resting membrane potential of the nucleated patch was unstable
or significantly depolarized (>-40 mV). 20 uM L-AP4 and 500 nM TTX were added to
AMES’ medium to improve holding current stability. Current clamp recordings were utilized
for pharmacology experiments in the nucleated patch configuration because the currents
measured in voltage clamp were very small.

Viral Infection

Mice (P30-60) were anesthetized by intraperitoneal injection of 2,2,2-Tribromoethanol and
placed under a dissection microscope. A 30 gauge needle was used to puncture a hole
through the ora serrata. Each eye was then injected with 1 pL of AAV2/hSyn-DIO-
hM3D(Gq)-mCherry (4.6 x 1012 viral particles/mL, Roth Lab via UNC Vector Core) using a
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custom Hamilton syringe with a 33 gauge needle (Borghuis Instruments). Retinal recordings
were performed 1-2 weeks after infection and 10 nM clozapine N-oxide (CNO, Tocris) was
bath applied to activate DREADDs.10 nM was empirically determined as the concentration
of CNO that elicited the same amount of depolarization in M4 cells as the intrinsic
melanopsin response to bright (12 log quanta/cm?/s) background light (Figure 2).
Experiments using 100 pM CNO were performed with a new batch of AAV2/hSyn-DI0O-
hM3D(Gq)-mCherry (4 x 1012 viral particles/mL, Addgene viral prep #44361-AAV2).

Immunohistochemistry

After recording, retinas were fixed in 4% paraformaldehyde (Electron Microscopy Sciences)
in 1X PBS overnight at 4°C Retinas were then washed i n 1X PBS for 1 hour at room
temperature (RT) and transferred to blocking solution (2% donkey serum in 0.3% Triton
PBS) for at least 2 hours at RT. Retinas were then transferred to primary antibody solution
containing either goat anti-choline acetyl transferase (ChAT, 1:500, Millipore) or mouse
anti-SMI-32 (1:500, BioLegend) in blocking solution for 2-4 days at 4°C. Then, retinas were
washed in 1X PBS for 3x20 minutes and transferred to secondary antibody solution
containing, Streptavidin conjugated with Alexa 488 (1:500, Thermo) and Alexa 546 donkey
anti-goat (1:500, Thermo) or Alexa 647 donkey anti-mouse (1:500, Thermo) in blocking
solution for 3-4 hours at RT. Retinas were then washed in 1X PBS for at least 1 hour at RT
and mounted using Fluoromount aqueous mounting medium (Sigma).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed offline using custom scripts written in MATLAB (MathWorks).
Spike responses to drifting sine-wave gratings (2 cycles/second) were binned in 50ms bins.
A Fourier transform of these data were then taken and the fundamental (F1) amplitude was
converted to spikes/second. Then, F1 amplitude vs. contrast data were fit using a hyperbolic
function (Albrecht and Hamilton, 1982):

(contrastn)

Response(contrast) = Rma.

X n
(contrast "+ C n)
50

With ‘Rpyax being the maximum response and ‘Csp’ being the contrast that evoked 50%
maximal response. Contrast gain was calculated as the slope of this function at 20% of the
maximum response (Grubb and Thompson, 2003). Because the contrast response function
did not always saturate, the fit was constrained between 0 spikes/s and the maximum
response (Rmax) Of each cell to more accurately measure Csg and contrast gain over the
range of contrasts presented (Grubb and Thompson, 2003; Sarnaik et al., 2014).

Steady-state firing was measured in loose-patch recordings from M4 cells by calculating the
average firing rate 1 minute prior to presentation of drifting sine-wave gratings used to
measure contrast sensitivity. To measure resting membrane potential of cells at dim and
bright light levels, cells were first allowed to stabilize in the dark for approximately 3
minutes following break in. Then, cells were exposed to 5-10 minutes of background light.
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Cells reached a steady-state membrane potential within 5 minutes of exposure to
background light (Figure S2). To calculate resting membrane potentials in the dark, the
membrane potential of the cell was averaged 30s prior to the onset of background light. To
calculate resting membrane potentials in background light, the average membrane potential
was calculated over a 1 minute window after at least 5 minutes of background light
exposure.

In experiments measuring the intrinsic excitability of M1 and M4 cells, cells were held at a
subthreshold voltage of approximately =75 mV followed by a series of 1s depolarizing
current steps. The current required to hold M4 cells at =75 mV in synaptic blockers ranged
from —40 to +30 pA in darkness and from —150 to —80 pA in bright (12 log quanta/cm?/s)
background light. The total number of spikes in response to each current injection was
counted to construct a current-firing rate relationship.

For voltage clamp experiments measuring the maximum intrinsic response evoked by a 10s
light pulse, cells were voltage clamped between —120 and 40 mV (M4 cells) and —80 and 40
mV (M1 cells) and allowed to stabilize at these command voltages for 1-3 minutes prior to
light stimulation. Only a single cell was recorded per command potential because cells often
did not return to their baseline holding current after light offset. In cases where the holding
current returned to baseline, the recovery took more than 10 minutes (Figure S5). The
maximum change in current was calculated by averaging 50ms around the point with the
greatest change from baseline during the recording period. Values are reported in absolute
current (pA) because capacitance did not differ in WT M4 cells collected across different
voltages in Figure 7C-D and in nucleated TRPC 3/6/7 KO M4 cells in Figure 7E-F. The
capacitance of intact WT and TRPC 3/6/7 KO M4 cells was also similar (data not shown).

For experiments measuring single action potential waveforms, cells were held at ~~74 mV
and a series of 1ms current injections were made in 50 pA steps. The first evoked action
potential was used for analysis. Action potential half-width was measured by measuring the
width of the action potential at half-maximal amplitude (measured from baseline). Threshold
was calculated from the first derivative of the voltage trace and by measuring the point
which deviated 4 standard deviations above baseline. Afterdepolarization (ADP) amplitude
was measured relative to baseline.

For unpaired statistical comparisons, we used a non-parametric, two-tailed Mann-Whitney U
test with a Bonferroni correction. For paired statistical comparisons, we used a non-
parametric, two-tailed Wilcoxon matched-pairs signed rank test. Statistical comparisons
were made using Graphpad Prism 6. Significance was concluded when p < 0.05.

DATA AND SOFTWARE AVAILABLILITY

Requests for custom scripts and raw data can be directed to the Lead Contact, Tiffany
Schmidt (tiffany.schmidt@northwestern.edu).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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