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Abstract

Inherited retinal degenerations encompass a wide range of diseases that result in the death of rod
and cone photoreceptors eventually leading to irreversible blindness. Low vision survives at early
stages of degeneration, at which point it could rely on residual populations of rod/cone
photoreceptors as well as the inner retinal photoreceptor, melanopsin. To date, the impact of partial
retinal degeneration on visual responses in the primary visual thalamus (dorsal lateral geniculate
nucleus; dLGN) remains unknown, as does their relative reliance upon surviving rods and cone
photoreceptors versus melanopsin. To answer these questions, we record visually evoked responses
in the dLGN of anaesthetised rd”* mice using in-vivo electrophysiology at an age (3-5 weeks) at which
cones are partially degenerate and rods are absent. We found that excitatory (ON) responses to light
had lower amplitude and longer latency in rd* compared to age-matched visually intact controls;
however, contrast sensitivity and spatial receptive field size were largely unaffected at this early
stage of degeneration. Responses were retained when those wavelengths to which melanopsin is
most sensitive were depleted, indicating that they were driven primarily by surviving cones.
Inhibitory responses appeared absent in the rd” thalamus, as did light-evoked gamma oscillations in
firing. This description of fundamental features of the dLGN visual response at this intermediate
stage of retinal degeneration provide a context for emerging attempts to restore vision by

introducing ectopic photoreception to the degenerate retina.

Keywords: Retinal degeneration, dorsal Lateral Geniculate Nucleus (dLGN), Cone photoreceptor,

Melanopsin, spatial receptive field, receptor substitution.
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New and Noteworthy

This study provides new therapeutically relevant insights to visual responses in the dorsal Lateral
Geniculate Nucleus (dLGN) during progressive retinal degeneration. Using in-vivo electrophysiology,
we demonstrate that visual responses have lower amplitude and longer latency during
degeneration, but contrast sensitivity and spatial receptive fields remain unaffected. Such visual
responses are driven predominantly by surviving cones rather than melanopsin photoreceptors. The

functional integrity of this visual pathway is encouraging for emerging attempts at visual restoration.
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Introduction

Inherited retinal degenerations, such as retinitis pigmentosa, are the most common cause of
blindness in humans with an incidence of 1:4000. Irrespective of aetiology, most affect the outer
retina and lead to progressive and irreversible death of rod and cone photoreceptors at advanced
stages of the disease. In the rd® mouse model of retinitis pigmentosa, the retina undergoes well-
defined stages of cell death and re-organisation (Strettoi, Pignatelli et al. 2003, Jones and Marc
2005). Rod photoreceptors die rapidly to be lost by post-natal day 18 (P18) (Greferath, Goh et al.
2009) and this is followed by progressive degeneration of the cone photoreceptor population (Lin,
Masland et al. 2009) and remodelling of the inner retinal neurones (Strettoi and Pignatelli 2000,
Strettoi, Porciatti et al. 2002, Marc, Jones et al. 2003). However, isolated pockets of cones can
survive into the later stages of the disease (Carterdawson and Lavail 1979, Jimenez, GarciaFernandez

et al. 1996, Ogilvie, Tenkova et al. 1997) mirroring some human conditions.

The anatomical changes in the retina are mirrored by changes in the electrophysiological properties
of residual light-responses and the retinal network. During partial degeneration, residual light-
responses recorded from retinal ganglion cells already show a reduction in response amplitude and
slower signalling kinetics (Strettoi, Porciatti et al. 2002, Stasheff 2008, Gibson, Fletcher et al. 2013).
As a consequence of photoreceptor degeneration and remodelling, the remaining inner retinal
neurones exhibit robust rhythmic oscillations (Menzler and Zeck 2011, Choi, Zhang et al. 2014) and
an increase in baseline firing at rest (Stasheff 2008). A third source of light responses (the
photopigment melanopsin expressed in a specialised subset of retinal ganglion cells; RGCs) is less
impacted by degeneration. These cells survive retinal degeneration in adults with broadly normal
retinal anatomy (Vugler, Semo et al. 2008, Lin and Peng 2013) and drive excitatory responses to light
in various brain regions including the dorsal Lateral Geniculate Nucleus (dLGN) (Brown, Gias et al.

2010, Procyk, Eleftheriou et al. 2015).
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Little is known about central responses to visual stimuli in progressive retinal degeneration. In
advanced stages, responses in the visual thalamus originate solely from melanopsin and have
extremely poor spatio-temporal resolution (Brown, Gias et al. 2010, Procyk, Eleftheriou et al. 2015).
In this condition, spatial receptive fields for the melanopsin response of individual dLGN units can be
very large, and melanopsin-driven responses to simple light steps dissipate over tens of seconds
(Procyk, Eleftheriou et al. 2015). It remains unclear how disrupted visual responses are at earlier
stages of degeneration, nor the extent to which these responses rely upon melanopsin versus
surviving cones. Here we address this unknown by recording visual responses in the dLGN of juvenile
rd"* mice at an age at which significant numbers of cone photoreceptors survive but rods are absent.
We find a variety of light-responsive units throughout the dLGN of juvenile rd” mice that exhibit low
amplitude and enhanced latency (as previously reported for retinal responses in such animals).
Contrast sensitivity was however retained, and the spatial receptive fields of dLGN units in this
model were at least as fine as those of wild type mice. Application of the principles of silent
substitution to bias stimuli against stimulating melanopsin indicated that dLGN light responses were

driven primarily by surviving cones.
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Methods

Ethical Approval

The care and use of all mice in this study was carried out in strict accordance with UK Home Office
regulations, UK Animals (Scientific Procedures) Act of 1986 (revised in 2012) and approved by the
local Manchester Animal Welfare and Ethical Review Board (AWERB reference 50/02506). All in-vivo
surgical procedures were performed under terminal urethane anaesthesia and all efforts were made

to minimise suffering.

Animals

Mice were bred at the University of Manchester and housed under a 12:12 light/dark cycle, with
food and water available ad libitum. As we aimed to use the method of receptor silent substitution
to separate cone from melanopsin evoked responses we undertook experiments on OpnImw” mice
(Stock Number: 008619; Jackson Laboratories) in which a coding sequence for the human long
wavelength sensitive cone opsin is knocked into the medium wavelength sensitive cone opsin locus.
These animals have a fully functional visual system but have enhanced divergence in spectral
sensitivity between cones and melanopsin allowing for the use of carefully designed stimuli to
dissect the contribution of individual photoreceptors to the light-response. Our colony of OpniImw®
mice has been backcrossed to the C57BL/6) mouse line for >9 generations. Opnimw" mice
homozygous for the rd’ mutation (PDE66"“/"“) were created in house by crossing this established
colony of OpnImw” mice with commercially available C57 rd* mice (Stock Number: 004766; Jackson
Laboratories). Note that OpnImw” refers to the transgenic allele originally generated by (Smallwood,

Olveczky et al. 2003), and termed simply ‘R’ by them. For all electrophysiological experiments,

Opnimw® and rd* Opnimw” were used between 3 - 5 weeks of age.
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In-vivo electrophysiology

Six juvenile C57 rd/rd Opnimw" mice and eight juvenile OpnImw”® were administered with 20%
Urethane (1.6mg/kg; i.p.). Once anaesthetised, mice were mounted onto a bespoke stereotaxic
frame (SG-4N-S, Narishige, Japan) which was fixed onto a ‘lazy Susan’ (RBB12A; Thorlabs, Germany).
Core body temperature was maintained at 37°C with a homeothermic blanket (Harvard Apparatus;
Kent, UK). An incision to expose the skull surface was made and a small hole (~1 mm diameter) was
drilled 2.2 mm posterior and 2.2 mm lateral to the bregma, targeting the dorsal LGN. A recording
probe (A4X8-5 mm-50-200-413; Neuronexus, MI, USA) consisting of four shanks (spaced 200um
apart), each with eight recordings sites (spaced 50um apart), was then positioned centrally on the
exposed surface in the coronal plane, and lowered to a depth of 2.5 - 3.3mm to target the dorsal
LGN using a fluid filled micromanipulator (MO-10; Narishige, Japan). Once the recording probe was
in position, mice were dark adapted for 30 minutes in order to allow neuronal activity to stabilise
following probe insertion. Stimuli were presented to the eye contralateral to the craniotomy, which
was treated with topical atropine sulphate (1% w/v; Sigma- Aldrich, UK) to dilate the pupil and
mineral oil to keep the cornea moist. The ipsilateral eye remained covered with blackout material
throughout the entire experiment. In some experiments, following recording in one location the
probe was moved 200um caudal and a second set of responses recorded. Neural signals were
acquired using a Recorder64 system (Plexon Inc; TX, USA). Signals were amplified x3000, high-pass
filtered at 300 Hz and digitized at 40 kHz. Multiunit activity (spikes with amplitudes >50uV) were

saved as time-stamped waveforms and analysed offline (see data analysis).

Presentation of visual stimuli

Light stimuli were generated in MATLAB (The Mathworks Inc.; MA, USA) and controlled by a laptop

running PsychoPy V2.6 (Peirce 2008). Light stimuli were presented via a commercially available
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projection system which had been modified so that each of the Red, Green and Blue channels was a
combination of up to five independently controlled wavelengths (A.x = 405, 455, 525, 561, 630nm)
as previously described (Allen, Storchi et al. 2017). This allowed us to present patterned stimuli that
only present spatial/temporal contrast for particular photopigments in our Opnimw” and rd"
Opnimw® mice (Figure 1A). As such we designed three multispectral stimuli allowing the
contribution of cone opsin and melanopsin to the rd” light response to be defined using receptor
silent substitution (Figure 1B). Transition from spectrum 1 (green trace) to spectrum 3 (orange trace)
was designed to provide a positive contrast for all photoreceptors in the Opnimw” retina (‘All
photoreceptor’ stimulus S-Cone: 51%; L-Cone: 47%; Rod: 34% and Melanopsin: 51%). This was
matched with a ‘mel-less’ stimulus (transition from spectrum 2 (pink trace) to Spectrum 3 (orange
trace)) providing equivalent contrast for S-Cones (50%), L-Cone (49%) and Rods (30%), but very low
contrast for melanopsin (< 5%). A full table of the effective irradiance change and Michelson contrast
for each photopigment during spectral transitions is shown in Figure 1C. All light measurements
were measured using a calibrated spectroradiometer (SpectroCal; Cambridge Research Instruments,
UK). Effective photon flux for each photopigment was determined using the calculated spectra and
visual pigment template described by (Govardovskii, Fyhrquist et al. 2000). The projector screen was
positioned in the centre of the visual field relative to the eye contralateral to the recording probe so
that the horizontal and vertical meridians of the stimulus display subtended 72° in azimuth and 57°
in elevation, respectively. To confirm these calibrated stimuli indeed had the expected
photopigment selectivity, we presented 50 repeats of full field “all photoreceptor” and “mel-less”
flashes at the beginning of each recording at a frequency of 4Hz. As expected, visual responses to
“all photoreceptor” and “mel-less” stimuli were equivalent under these conditions in both visually
intact (Figure 1D) and degenerate mice (Figure 1E). We characterised the responses of these units to
our “all photoreceptor” and “mel-less” conditions by quantifying (F) the peak response amplitude

and (G) the latency to peak response in both Opnimw” and rd* Opnimw” mice. We found there to
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be no significant differences between the two stimulus conditions for amplitude (Opnimw®; p = 0.09

and rd* Opnimw®; p = 0.79) or latency (Opnimw®; p = 0.97 and rd* Opnimw®; p = 0.27).

Visual Stimuli

Dark-adapted responses: At the beginning of each experiment we presented 200ms full field flashes
(irradiance = 2.50x10" photons cm™ s™) from darkness with a 1 second inter-stimulus interval (ISI)
for 50 repeats. We additionally presented 10s light-steps from darkness to the same irradiance with
an ISI of 50 second over 20 repeats to identify those units which possessed a sustained component

to the light-response.

Contrast sensitivity: Full field 1s light-steps, with a 5 second inter stimulus interval, were presented
at eight increasing cone contrasts (1%, 2%, 5%, 16%, 20%, 30%, 40% and 50%) from a light adapted
background (irradiance = 2.64x10™ photons cm™ s™). Each sequence was repeated 20 times in an

interleaved manner using the “all-photoreceptor” stimulus settings described above.

Receptive field mapping: Vertical bars (occupying ~13° of the visual field; irradiance = 1.04x10"
photons cm™ s™) from a background (irradiance = 1.55x10" photons cm? s™) were used to map
receptive fields of dLGN neurons using the “all photoreceptor” stimulus condition. Vertical bars were
presented for 250ms in a pseudorandom order in 13 (overlapping) spatial locations (4.5° separation
in bar position; ISl = 1.25 seconds). The spectra used for these spatial stimuli did not elicit significant
responses in the rd” population. However, as these mice do not possess functional rods, we were
able to generate a new spectral transition which allowed us to present bars with a larger calculated
Michaelson contrast for both S- and L-cone opsins. Spatial receptive fields for rd’ mice were mapped

under these new settings.
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Silent Substitution Steps: We initially presented full field transitions (4Hz) between our two pairs of
silent substitution stimuli: “all-photoreceptor” and “mel-less”. The stimulus spectra were adjusted
every 50 repeats in order to validate the stimulus conditions. Following this, full field 10s light steps
from a light adapted background were presented 20 times with a 50 second inter-stimulus interval
under the “all-photoreceptor” and “mel-less” stimulus conditions. Stimuli were presented in a
pseudorandom order in order to determine the contribution of activating both cones and

melanopsin together and cones in isolation.

Data Analysis & Statistics

Offline, neural waveforms were processed using Offline Sorter (version 2.8.8; Plexon Inc. USA).
Cross-channel artefacts were identified and removed, and then each channel analysed separately.
For each channel, single-unit spikes were detected and categorised based on the spike waveform via
a principal component analysis, whereby distinct clusters of spikes were readily identifiable and
showed a clear refractory period in their interspike interval distribution (>1ms). Single unit data
were subsequently sent to NeuroExplorer (version 4.032; Nex Technologies, MA, USA) and MATLAB
R2010a (The Mathworks Inc.) to further analyse changes in firing rate of single units in response to
the different visual stimuli presented. Statistical analysis and figure generation were conducted in

Graphpad Prism 7 and Corel Draw, respectively.

Identification of light responses: In the dark-adapted state, single units were classed as light
responsive if the firing rate during stimulus presentation exceeded 2 standard deviations of the
mean baseline firing rate prior to light exposure. Presentation or the 10s light-step under the dark-
adapted state allowed us to qualitatively categorise cells based on their light-response profile.
Accordingly, single units were defined as Transient ON if they demonstrated significant change in

firing rate after light onset which quickly returned to baseline during the light pulse. Transient ON-
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OFF cells also showed an initial increase in firing rate at light onset before quickly returning to
baseline, however showed a second significant increase in firing immediately after light-offset.
Sustained-ON and Sustained-OFF cells were categorised if a significant increase or decrease in firing
rate was maintained for more than 5 seconds of a 10 second light-step, respectively. Under light-

“«

adapted conditions, single units were categorised based on their response to the “all-

photoreceptor” condition.

Contrast Sensitivity Analysis: Single units were filtered to ensure that the firing rate at the maximum
cone contrast (50%) demonstrated a significant change in firing rate which was >2 standard
deviations above the pre-stimulus baseline. If this criterion was met, the response of that unit at the
seven lower contrasts was used for analysis regardless of whether it crossed the confidence interval.
Contrast sensitivity curves were calculated by subtracting the pre-stimulus baseline from the
average firing rate over the first 500ms of the 1 second light step. Sensitivity curves were compared
with an F-test in Graphpad Prism 7 (GraphPad software Inc.), to test whether the sensitivity of visual
responses in each genotype were best fit with a single, or two individual, curves. For population
data, we fitted a normalised dose-response function to individual units from Opnlmw' and rd*
Opnlmw' mice and compared the cone contrast at half maximum response (for units with an R*>0.6)

using an unpaired t-test.

Spatial Receptive field analysis: To qualify for inclusion in our assessment of receptive field size,
single units had to show a significant change in firing rate (>2SD above baseline) to at least one bar
position over 90 repeats of the stimulus sequence. The spatial receptive field size for single units
meeting this criterion was estimated by fitting a 2-Dimensional Gaussian fit (R> > 0.7) to the
relationship between response amplitude and bar position in Graphpad Prism 7 (GraphPad software
Inc.). The receptive field size for individual cells was described as 1 standard deviation of the best-fit

Gaussian.
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Silent Substitution Analysis: Single units were first classified as sustained or transient based on their
response to a 10s light-step under the “all photoreceptor” condition. Single units were classified as
sustained if they maintained their change in firing rate greater than two standard deviations above
baseline for more than 5s over the course of the 10s light step. Comparisons between the total
number of spikes (calculated by integrating under the PSTH from 2-10s during light-exposure) in the
“all photoreceptor” and “mel-less” conditions in both genotypes was used to determine the
contribution of melanopsin signalling to the dLGN and were analysed using 2-Way ANOVA (with post

hoc Bonferroni correction) in Graphpad Prism 7 (GraphPad software Inc.).

Tissue Preparation

Following electrophysiological recordings, mice were transcardially perfused with 0.9% saline
followed by cold 4% methanol-free paraformaldehyde (Sigma Aldrich; UK). The brain was removed
and post-fixed overnight in 4% paraformaldehyde, prior to cryoprotection for 24 hours in 30%
sucrose in 0.1M PBS. 100um coronal sections were cut using a sledge microtome, mounted onto
glass slides and cover slips were applied using Vectashield (Vector Laboratories, Inc.). Electrode
placement in the dLGN was confirmed by visualisation of a fluorescence dye (Cell Tracker CM-Dil;
Invitrogen Ltd. Paisley, UK) applied to the probe prior to recording and compared to the stereotaxic
mouse atlas. Images were collected on an Olympus BX51 upright microscope using a 4x/ 0.30 Plan
FIn, and captured using a Coolsnap ES camera (Photometrics) through MetaVue Software (Molecular
Devices). Specific band pass filters set for DAPI, FITC and Texas red prevented bleed through of

channels.
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Results

We set out to describe the impact of partial retinal degeneration on dLGN visual responses using
young rd" in which loss of cones is incomplete. In order to facilitate attempts to determine whether
surviving responses originated with cones or the inner retinal photoreceptor, melanopsin, we used
animals further manipulated to shift the spectral sensitivity of cones expressing medium wavelength
sensitive opsin to longer wavelengths far from those favoured by melanopsin (Opnimw’;
(Smallwood, Olveczky et al. 2003)). We first presented full field 200ms flashes (2.50x10** photons
cm™?s™?) from darkness to eight OpnImw” and six rd* Opn1mw® mice (3-5 weeks of age) and recorded
responses in the dLGN using extracellular multi-channel recording electrodes. Light-evoked changes
in activity were recorded across the anatomical extent of the dLGN in rd* OpnImw” mice (shown for
a representative individual in Figures 2A&B). Although we could detect visual responses in all
animals, we found the number of light-responsive units per electrode placement to be negatively
correlated with age in the rd* OpnImw® (black crosses; linear regression slope = -1.35; p = 0.003) but

not visually intact animals (green crosses; linear regression slope = 0.67; p>0.05; Figure 2C).

We next presented 10s full field pulses from darkness (irradiance = 2.50x10* photons cm™ s™) and
could categorise light-responsive units into four qualitatively distinct groups: transient ON, transient
ON-OFF, sustained ON and sustained OFF. Transient-ON units show an initial increase in firing rate at
light onset but quickly return to baseline (Figure 2D; top row). Transient ON-OFF units show a
transient increase in firing at both light onset and offset (Figure 2D; second row). Sustained ON units
demonstrate an initial increase in firing rate at light onset and firing remained elevated above
baseline throughout the duration of the light stimulus (Figure 2D; third row). Conversely, sustained
OFF units show a reduction in firing rate maintained over the duration of the light stimulus (Figure
2D; bottom row). In visually intact OpnImw” mice of equivalent age 24% of light-responsive units

were transient-ON; 23% transient ON-OFF; 45% sustained-ON; and 8% sustained-OFF. Light-
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responses in rd> OpnImw® mice were more transient in nature, with 65% of light-responsive units
having a transient ON; 15% a transient ON-OFF; and only 20% a sustained ON response. We did not

find a single example of a sustained OFF responses in the rd’ Opn1mw” population.

We then set out to characterise the transient ON component of these visual responses. We found
that there was a significant difference in the peak response amplitude of light responses when
comparing transient units in OpnImw” mice and rd’ Opnimw” (Figure 2E; mean+SEM AFR = 9.07 +
0.44 Spikes/s and 6.21 + 0.53 Spikes/s, respectively; p = 0.026; 2-way ANOVA with post hoc
Bonferroni correction). Sustained units in OpnImw” mice also exhibited larger amplitude responses
compared to transient units in rd” OpnImw”® mice (mean+SEM AFR = 10.45 + 0.9 Spikes/s and 6.21 +
0.53 Spikes/s, respectively; p = 0.0002; 2-way ANOVA with post hoc Bonferroni correction).
Sustained units in the rd’ OpnImw® mice (mean+SEM AFR = 9.70 + 1.56 Spikes/s) were not
significantly different to transient units (p>0.99) or sustained units (p>0.99) in Opnimw" mice.
Response latency was also significantly increased for units in rd* Opnimw”® mice compared to
Opnimw” mice (Figure 2F; p = <0.0001). Latency was calculated for transient and sustained
populations separately and showed that the time to peak response was significantly increased for
transient units in rd’ OpnImw” mice compared to OpnImw” mice (mean+SEM = 208.6 + 5.25ms and
153.6 + 6.27ms, respectively; p = <0.0001; 2-way ANOVA with post hoc Bonferroni correction) but
not for sustained units (mean+SEM = 168.2 + 10.50ms and 202.4 + 9.21ms, respectively; p = 0.20; 2-
way ANOVA with post hoc Bonferroni correction). Sustained units in OpnImw® mice also showed
significantly faster responses (mean+SEM = 168.2 + 10.50ms) compared to transient units in rd"
Opnimw” mice (mean+SEM = 208.6 + 5.25ms; p = 0.0009; 2-way ANOVA with post hoc Bonferroni
correction). Turning our attention to the sustained component of visual responses, we calculated the
strength of the sustained response in both OpnImw” and rd* Opnimw”® mice by integrating under
the PSTH from the end of the transient increase in firing to the end of the light pulse (0.25s-10s).

Here we found that the total number of spikes was significantly greater for sustained units in the
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Opnimw® dLGN (mean*SEM Total Spikes = 112.1 #+ 14.52 Spikes) compared to the rd* Opnimw”
dLGN (mean+SEM Total Spikes 20.36 + 3.28 Spikes; Figure 2G; p = 0.0028; unpaired T-test).
Irradiance steps induce narrow band oscillations in the mouse dLGN (Saleem, Lien et al. 2017,
Storchi, Bedford et al. 2017). Power spectrum density analysis of firing rates upon presentation of
these 10s light steps revealed such behaviour (a robust oscillation at 31.3 £ 0.39Hz; Figure 2H) in

Opn1mw® mice (green trace) but not in rd* OpnImw” mice (black trace).

We next sought to characterise the sensory capabilities of juvenile rd’ OpnImw” mice in more detail.
For this purpose, we used the approach of receptor silent substitution to separately interrogate
responses driven by cones vs. melanopsin under light-adapted conditions (see Figure 1 in methods
for stimuli descriptions). Concentrating first on cone-driven responses, we presented 1 second light
steps from a light-adapted background (irradiance = 2.64x10" photons cm™ s!) with cone contrasts
ranging from 1 - 50%, but with minimal predicted melanopsin contrast. We identified 61 units that
showed a significant change in firing rate following light onset at the highest contrast in the
Opn1mw” population and 54 units from the rd* Opnimw” population. The mean+SEM PSTH at each
contrast for the OpnImw” (green trace) and rd" Opnimw” (black trace) are shown in Figure 3A.
Plotting the average change in firing rate over the first 500ms after light onset at each cone contrast
demonstrated that the rd® OpnImw” mice had a significantly reduced change in firing rate across
this contrast range compared to OpnImw”® mice and is best fit by two individual curves (Figure 3B; p
< 0.0001; F = 44.41). Normalising these changes in firing rate to the maximum response amplitude in
each genotype demonstrated that these cells retain contrast sensitivity similar to that of visually
intact controls, as both populations are best fit by the same dose-response curve (Figure 3C; R =
0.94; p = 0.34, F-test). We confirmed this by plotting the normalised dose-response function for
individual units in visually intact and degenerate mice which showed there to be no significant

difference in the cone contrast at half maximum response between Opnlmw' mice (Mean+SEM =
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15.39 + 1.21) and rd" Opnlmw' mice (Mean+SEM = 15.41 + 0.97; unpaired t-test; p = 0.988; Figure

3D).

We continued to ask whether the spatial resolution of cone-driven dLGN responses were impacted
by retinal degeneration by mapping receptive fields (RFs) using a vertical bar minimally visible to
melanopsin but with ~50% cone contrast in for OpnImw” mice (Figure 4A) and ~70% cone contrast
for rd* Opn1mw” mice (Figure 4B). We identified 38 single units from OpnImw” mice and 48 single
units from rd” OpnImw” mice responsive to this stimulus. The response of two representative units
is shown in Figure 4C. For all single units we defined RF by a best fit Gaussian to the relationship
between bar position and response amplitude (Figure 4D; R® > 0.7; mean = 0.87 for both rd"
Opnimw” and Opnimw” mice). RF diameter was significantly smaller in rd® OpnImw” mice than
Opn1mw” mice (Figure 4E; mean+SEM = 9.96°+0.3 and 12.17°+0.5, respectively; p = 0.0005 Unpaired
T-test). Similar to the dark-adapted condition, we found the amplitude of these responses to be
significantly reduced in rd’ OpnImw® mice (7.02 + 0.8 Spikes/s) compared to OpnImw” mice (10.1 +
1.2 Spikes/s; unpaired T-test = 0.03), even when using stimuli with a higher effective cone contrast in
the degenerate mice (Figure 4F). rd* OpnImw” mice also demonstrated a significantly slower time to
peak response (177.9ms + 5.4) compared to Opnimw” mice (112.3ms + 4.46; unpaired T-test: p

<0.0001) for cells which we could record a spatial receptive field (Figure 4G).

We finally turned our attention to whether light responses were driven disproportionately by
melanopsin at this stage of retinal degeneration. We used the silent substitution approach to
present longer (10s full field) steps using our “all photoreceptor” stimulus (which is known to
activate melanopsin in the adult wildtype retina (Allen, Storchi et al. 2017)), compared to our “mel-
less” stimulus which has an equivalent contrast for cones but minimal contrast for melanopsin. We
found 11 units with a sustained OFF phenotype in the OpnImw” population but none in the rd"

Opnimw” population and as such these units were excluded from any further analysis. Of units
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excited by the stimuli, 16/76 in Opnimw®, and 14/68 in rd’ Opnimw” population showed a
‘sustained’ response with maintained firing throughout the light step (Figure 5 A&B), and the
remaining ‘transient’ units excited only at the start and/or end of the light step (Figures 5 D&E).
Overall, the response profiles of each population to ‘all photoreceptor’ and ‘mel-less’ stimuli were
comparable (Figure 5 A&B and D&E). Based upon published work (Brown, Tsujimura et al. 2012,
Allen, Storchi et al. 2017) we expect any melanopsin contribution to be apparent in the maintained
response of sustained units. Although we found there to be a trend for the magnitude of the “all
photoreceptor” sustained response to be larger than the “mel-less” response in both genotypes, we
found no significant difference in the total number of spikes throughout the sustained component of
the light step (2-10s) of the sustained population in the “all photoreceptor” and “mel-less”
conditions in either the OpnImw” mice (Figure 5A; mean+SEM Total Spikes = 18.30 + 3.0 Spikes and
13.67 * 3.10 Spikes, respectively; p = 0.50; 2-way ANOVA with post hoc Bonferroni correction) or rd"
Opn1mw” mice (Figure 5B; Total Spikes = 17.58 + 3.25 Spikes and 10.05 + 2.08 Spikes respectively; p
=0.17; 2-way ANOVA with post hoc Bonferroni correction). As expected, the transient population in
showed no significant difference in their response between the “all photoreceptor” and “mel-less”
condition over the same duration (Figure 5D; mean+SEM Total Spikes = 1.19 + 0.59 Spikes and 0.47 +
0.59 Spikes, respectively; p = 0.84; 2-way ANOVA with post hoc Bonferroni correction) or rd”
Opn1mw” mice (Figure SE; Total Spikes = 3.89 + 0.78 Spikes and 3.28 + 0.71 Spikes respectively; p
>0.99; 2-way ANOVA with post hoc Bonferroni correction). The lack of a detectable melanopsin
contribution to the sustained population in either genotype was surprising in view of previous
description of melanopsin signals in the adult wildtype dLGN (Brown, Tsujimura et al. 2012, Davis,
Eleftheriou et al. 2015, Allen, Storchi et al. 2017) and could be an effect of this particular
developmental stage or simply a limitation in the statistical power of these experiments. In either
event, these findings confirm that melanopsin does not make a disproportionate contribution to

dLGN light responses at this stage of degeneration in rd’ mice.



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

Discussion

To date, much of our understanding of the progress of retinal degeneration has come from
anatomical studies (Carterdawson, Lavail et al. 1978, Strettoi, Porciatti et al. 2002, Jones and Marc
2005), and more recent electrophysiological recordings (Stasheff 2008, Stasheff, Shankar et al. 2011,
Gibson, Fletcher et al. 2013) from the degenerate retina. Few studies have investigated what quality
of information these residual light responses support in downstream visual centres in the brain
(Drager and Hubel 1978, Chen, Wang et al. 2016) and none have recorded from the dLGN, the major
retinorecipient of visual information in mammals (Grubb and Thompson 2003, Huberman and Niell
2011). Addressing this deficit is important for understand disease progression and how central vision
changes as a function of retinal degeneration. Characterising the residual light responses in this
nucleus also provides a context for attempts to restore vision by re-photosensitising the retina (Bi,
Cui et al. 2006, Lagali, Balya et al. 2008, Cehajic-Kapetanovic, Eleftheriou et al. 2015, De Silva,
Barnard et al. 2017, Mandai, Fujii et al. 2017, McLelland, Lin et al. 2018, Tochitsky, Kienzler et al.
2018). If central remodelling processes substantially degrades the visual response in the dLGN, this
might provide an additional barrier to success in these approaches. Alternatively, if response
properties are largely intact, that would suggest that the early visual system, at least up until the
level of the dLGN, remains capable of taking advantage of such interventions to restore not only
sensitivity to light, but also the ability to resolve spatial patterns at realistic levels of contrast. The
retention of spatial receptive fields in the rd" retina in this study is especially encouraging, as it
indicates that remodelling has not fundamentally degraded the early visual system’s potential for
spatial acuity. An important question for future work will be whether receptive fields are similarly
retained at later stages in degeneration at which there has been more scope for remodelling. That
would inform whether therapeutic interventions should be applied early in degeneration in the hope

that they can co-opt and maintain functional circuits or can still be applied in late degeneration.
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In many aspects we found our electrophysiological recordings in the dLGN were consistent with
previous reports of visual responses in the degenerate retina. Light-responses could be readily
elicited up to approximately four weeks of age in the rd* dLGN; however there was a rapid decline in
the frequency of encountering light-responsive cells between P18 and P33, consistent with previous
anatomical (Carterdawson, Lavail et al. 1978, Jimenez, GarciaFernandez et al. 1996, LaVail, Matthes
et al. 1997, Lin, Masland et al. 2009) and electrophysiological (Drager and Hubel 1978, Stasheff 2008,
Gibson, Fletcher et al. 2013) descriptions of the progression of cone photoreceptor death in this
animal. The variety of the identified light responses in the rd* dLGN (Transient ON, Transient ON-
OFF, Sustained-ON) were also qualitatively similar to those previously described in the juvenile
degenerate retina (Stasheff 2008), although we did find a proportional shift towards responses being
more transient in the rd’ dLGN. This indicates that visual information can cross the retino-geniculate
synapse at these early stages of degeneration. To interrogate this circuitry in more detail, we
recorded spatial receptive fields from dLGN neurones and found these to have a mean diameter of
9.96° + 0.3° which is at least as small as in our parallel recordings from age-matched visually intact
mice and in agreement with previous recordings from the tectum of young rd" mice (11.5°) (Drager
and Hubel 1978). It is also within the range previously reported in the dLGN of visually intact adult
mice (2-10°) (Grubb and Thompson 2003). One caveat to the interpretation of this data is that we
only use vertical bars to map spatial receptive fields in the dLGN. As some dLGN neurones in the
mouse exhibit orientation selectivity (Piscopo, El-Danaf et al. 2013, Scholl, Tan et al. 2013, Zhao,
Chen et al. 2013), our recordings may in fact underestimate the total number of units for which we
could record a spatial receptive field. Nonetheless, our ability to record significant responses to
complex spatial stimuli under light-adapted conditions in the rd’ dLGN indicates that, not only is the
retinal circuitry linking remaining cones, horizontal cells and bipolar cells at least superficially intact
for those dLGN neurones for which we could record spatial receptive fields, but that there is no
detectable gross change in the number of retinal ganglion cells converging to an individual dLGN

neurone at these early stages of degeneration.
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While many fundamental aspects of thalamic vision were thus substantially intact at early stages of
degeneration there was, of course, a marked effect of retinal degeneration. The most notable
impact was on response amplitude and latency. We found that the magnitude (change in firing) of
responses to simple light pulses from darkness and contrast steps were significantly reduced in rd’
mice, while latency was significantly increased. These observations are in agreement with previous
ERG recordings demonstrating that both a-waves and b-waves of rd* mice are significantly reduced
and delayed as early as at P14 (Strettoi, Porciatti et al. 2002, Gibson, Fletcher et al. 2013) and multi-
electrode array recordings from P15 rd” retinas (Stasheff 2008). They likely reflect not only the loss
of the rod population, but also the poor state of surviving cones, which progressively lose their outer
segments (LaVail, Matthes et al. 1997, Jones, Watt et al. 2003, Lin, Masland et al. 2009) and have the
opsin protein redistributed to be expressed in the plasma membrane of the inner segment (Nir,
Agarwal et al. 1989), indicating a loss of efficient photo-transduction. Importantly, the changes in
response amplitude we observe under light-adapted conditions did not significantly alter contrast
sensitivity (which was similar in the intact and rd’ dLGN) indicating that it need not have a simple

consequence for vision under natural light-adapted conditions.

A second substantial abnormality of the dLGN light response in rd* mice was that we failed to
identify a single sustained-OFF response. The origin of this deficit is unclear. Whilst anatomical
remodelling occurs much later in disease progression (Marc, Jones et al. 2003), neurochemical
remodelling, most notably of glutamatergic receptors, has been reported in a number of degenerate
strains during the early stages of retinal degeneration (Chua, Fletcher et al. 2009, Puthussery, Gayet-
Primo et al. 2009). These include the down regulation of both metabotropic and ionotropic
glutamate receptors (Strettoi, Porciatti et al. 2002, Marc, Jones et al. 2007) and the aberrant
expression of ionotropic glutamate receptors on ON Cone bipolar cells (Chua, Fletcher et al. 2009).
The cone OFF pathway employs ionotropic glutamate receptors on the dendrites of OFF cone bipolar

cells (Thoreson and Witkovsky 1999). However, the sustained component of the OFF responses



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

derive from cross over inhibition with ON cone bipolar cells via GABA-ergic Amacrine cells (Rosa,
Ruehle et al. 2016). These GABA-ergic Amacrine cells also exhibit abnormal receptor expression at
early stages of degeneration (Chua, Fletcher et al. 2009, Srivastava, Sinha-Mahapatra et al. 2015)
and as such could result in the creation of corrupted circuitry that fails to faithfully transmit this
visual response. Furthermore, it is possible that the segregation of ON and OFF retinogeniculate
synapses never fully matures in rd* mice. In visually intact animals, the correlated spike timing of pre
and post-synaptic neurones is crucial to this segregation and happens within a narrow time window
during development (Wong and Oakley 1996, Myhr, Lukasiewicz et al. 2001, Lee, Eglen et al. 2002).
However, in rd" mice, retinal waves show significant abnormalities in their mean firing rate and
inter-burst interval before photoreceptor death in addition to exhibiting sustained hyperactivity and
rhythmic oscillations in their firing rate (Stasheff 2008) which could affect the normal refinement of

ON-OFF segregation in the dLGN.

Although spatial receptive fields were substantially intact in the rd’ dLGN, our side-by-side
comparison with age-matched visually intact OpnImw” mice reveals them to be significantly reduced
in diameter (by approximately 3°). One simple potential origin for this effect is the reduced response
amplitude, which would make it harder to detect relatively small responses to stimuli located on
receptive field margins. This may explain our findings, but we found no correlation between
response-amplitude and receptive field diameter between degenerate or visually intact mice (data
not shown). A second possibility is that although the retinal mosaic of horizontal cells develops
normally in degenerate mice, their synaptic connections with photoreceptors never completely
mature (Rossi et al., 2003), and therefore modestly alter the spatial receptive field structure of

individual retinal ganglion cells.

The final impact of degeneration on dLGN responses that we observed was in the temporal

distribution of spike firing. Irradiance steps induce narrow band oscillations in the dLGN of visually
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intact mice (Storchi, Bedford et al. 2017). We found similar light-induced narrow band oscillations at
a frequency of approximately 30Hz in visually intact juvenile mice, but no discernible peaks in the
power spectrum across a wide range of frequencies (0-50Hz) in the degenerate dLGN. Oscillations in
the dLGN, and those recorded from the visual cortex in visually intact mice (Saleem, Lien et al. 2017),
are believed to be at least in part inherited from network interactions in the retina (Storchi, Bedford
et al. 2017) and play a role in improving the signal:noise ratio of neighbouring neurones in the dLGN
network. Thus, the lack of any narrowband oscillations in the degenerate dLGN suggests the
impairment of some retinal networks at these early stages which may have significant implications
for visual processing (Koepsell, Wang et al. 2009), and is supported by the loss of ERG signals by P14
in rd" mice (Strettoi, Porciatti et al. 2002) and the appearance of correlated firing and spontaneous
hyperactivity recorded in retinal ganglion cells in these mice (Menzler and Zeck 2011, Stasheff,

Shankar et al. 2011, Goo, Park et al. 2016).

As the prospect of restoring photosensitivity to the degenerate retina increasingly becomes a reality,
it is important to turn attention to the central response to these new signals as abnormalities in the
functioning of downstream visual circuits may impose a significant constraint on the quality of
restored vision. Our data overall support an optimistic view of this problem for potential therapies.
Thus, while aspects of the dLGN light response are certainly abnormal in the juvenile rd* mice, they
are not obviously more disrupted than has been reported in the retina and key features, especially
contrast sensitivity and receptive field size, are retained. This implies that at least at the level of the
dLGN, central reorganisation or secondary degeneration need not pose a barrier to the efficacy of
restored photoreception. An important caveat to this conclusion, however, is that the rd’ mouse has
very rapid retinal degeneration which begins during visual system development it therefore may not
be the most suitable model to study more gradual changes in circuitry that could occur in humans

who would typically experience progressive degeneration over many years.
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Figure Legends

Figure 1: Design and validation of silent substitution stimuli. (A) The OpnlmWR retina expresses four spectrally distinct
opsins in the retina: S-cone opsin (Ay.x = 390; purple), Melanopsin (An.= 480nm; blue), Rod opsin (Anax = 498nm; black),
however the Human the L-cone opsin (A, = 556nm; green) is knocked into the genome in place of the native mouse green
cone opsin (Ay.x = 508nm). The rd’ Opnlme retina expresses three spectrally distinct and functional photoreceptors in the
retina: S-cones, L-Cones and melanopsin. Rod photoreceptors are rendered functionless from birth due to the rd" mutation
and rapidly degenerate by Post Natal Day 17. (B) The output of four LEDs (peak emissions = 405nm, 455nm, 525nm,
630nm) and a laser (peak emission = 561nm) were used to produce three spectra (1 = green trace, 2 = pink trace, and 3 =
orange trace). Transition from Spectrum 1 to 3 (“all photoreceptor” stimulus) presented a positive contrast for rod opsin,
cone opsins and melanopsin. Transition from Spectrum 2 to 3 (“mel-less”) provided the same contrast for rod and cone
photoreceptors as the “all photoreceptor” condition but had a minimal melanopsin contrast. (C; left) The effective photon
flux for each photopigment in the Opnlme retina (L-Cone opsin, S-Cone opsin, Rod opsin and melanopsin) when
presented with Spectra 1, 2 and 3. (C; right) Michaelson contrast calculated for L-Cone opsin, S-Cone opsin, rod opsin and
melanopsin for transitions in the “all photoreceptor” and “mel-less” conditions. Peristimulus time histograms (PSTH)
demonstrating the MeantSEM light-response of dLGN units from the (D) Opnlme population and (E) rd"* Opnlme
population in response to 50 presentations of the “all photoreceptor” (black trace) and “mel-less” (red trace) stimuli. Data
shown is baseline subtracted (time bin = 0.01s). (F) Peak response amplitude for single dLGN units was not significantly
different when comparing the “all photoreceptor” and “mel-less” conditions for Opnlme mice (meantSEM = 26.33 + 1.52
Spikes/s and 24.38 + 1.73 Spikes/s, respectively; p = 0.09) and rd" Opnlmemice (meantSEM = 20.25 * 1.73 Spikes/s and
19.58 + 1.84 Spikes/s, respectively; p = 0.79). (G) Latency to peak response for single dLGN units was also not significantly
different when comparing the “all photoreceptor” and “mel-less” conditions for Opnlme mice (meantSEM = 154.26 +
4.87ms and 156.55 * 4.68ms, respectively; p = 0.97) and rd* Opnlme mice (meanzSEM = 183.13 + 5.28ms and 174.93 ¢

6.63ms, respectively; p = 0.27).

Figure 2: Dark-adapted light-responses in the rd" Opnlme dLGN. (A) Representative image of Dil labelled electrode tract
(blue) superimposed with channels of the A4X8-5 mm-50-200-413 recording electrode (grey circles) in an rd” Opnlme
mouse confirming placement of recording electrode (Paxinos and Watson mouse atlas used to confirm placement of the
recording electrode in the dLGN and is outlined by a black dotted line). (B) Representative reconstruction of light-
responsive channels found in the rd" OpnlmedLGN recording from (A) in response to full field 200ms flashes (2.50x1014

photons em?s™) from darkness. (C) Plotting the number of light-responsive units per electrode placement as a function of
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age demonstrated a significant decrease in light-responsive units in the rd’ OpnlmWR population (green crosses; slope = -
1.35; p = 0.003) compared to Opnlmemice (black crosses; slope = 0.67; p = 0.06). (D) Single unit light-responses could be
categorised as transient or sustained in response to a 10s light-step (irradiance =2.50x10™ photons cm? s'l) from darkness
(n =135 light-responsive units from eight Opnlme mice & 90 light-responsive units from six rd" Opnlmemice. Transient
cells could be further subdivided in transient ON and transient ON-OFF responses to light whilst sustained cells
demonstrated a sustained ON or sustained OFF response to light (percentage of cells in each genotype with response type
shown top right). (E) Peak ON response amplitude was calculated for transient (transient ON, transient ON-OFF) and
sustained (sustained ON) units for both Opnlme (green data points) and rd’ Opnlme mice (black data points). There was
no significant difference between transient and sustained populations for Opnlme(p =0.83) and rd" Opnlmeunits(p =
0.15), but there was a significant difference when comparing transient units between Opnlmeand rd’ Opnlme(p =
0.026) and sustained units in the OpnlmedLGN and transient units in the rd"” Opnlme dLGN (p=0.0002; 2-Way ANOVA
with post hoc Bonferroni correction). (F) Time to peak response was significantly faster for OpnlmedLGN units. Transient
units in the OpnlmedLGN were significantly faster than transient (p <0.0001) and sustained units (p = 0.0085) in the rd*
Opnlme units. Sustained units in the Opnlme dLGN were also significantly faster than transient units in the rd"
Opnlme dLGN (p = 0.0009) but not significantly faster than sustained units (p = 0.20; 2-Way ANOVA with post hoc
Bonferroni correction). (G) The integrated PSTH of the sustained component of the light-response was significantly larger in
OpnlmWR units compared to rd’ Opnlmeunits (meantSEM Total Spikes = 112.1 + 14.52 Spikes and 20.36 + 3.28 Spikes,
respectively; p = 0.0028; unpaired T-test). (H) Normalised Power Spectrum Density (PSD) of light-responsive units during a
10s light pulse demonstrates that a robust peak can be identified in the Opnlme population (green trace; 31.3+0.39Hz)

but no discernible peak in the in the ra* Opnimw” population (black trace).

Figure 3: Contrast sensitivity in the rd* Opnlme dLGN (A) Mean * S.E.M. peristimulus time histograms (PSTH) of light
responsive units in the dLGN of Opnlme (green trace, n = 61 units) and rd’ Opnlme(bIack trace; n= 54 units) in response
to 20 repeats of a 1 second light-step at eight increasing cone contrasts (1%, 2%, 5%, 16%, 20%, 30%, 40% and 50%)
presented against a background of irradiance = 2.64x10™ photons em? st (time bin = 0.01s; inter stimulus interval = 5
seconds; Scale bar = 5 Spikes/s). (B) MeantS.E.M. change in firing rate over the first 500ms of the light-step plotted as a
function of cone contrast (mean of contrast for L-cone and S-cone). Opnlmemice (green trace) showed significantly larger
amplitude response than rd’ Opnlme mice (black trace) as both populations are best fit by two separate dose-response
curves (p < 0.001, F-test = 44.1; Opnlme R? = 0.95; rd" Opnlme R? = 0.97). (C) Normalising peak response amplitude of
the data in (B) to maximum response for that genotype allowed the data for Opnlme (green trace) and rd” Opnlme
mice (black trace) to be best fit by a single curve (F-test = 0.798; R? = 0.94). (D) Normalising peak response amplitude of the

data and fitting a dose-response curve for individual units (R2>O.G) showed there was no significant difference in the cone
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contrast at half maximum response between Opnlmw'mice (green trace; Mean+SEM = 15.39 + 1.21) and rd! Opnimw'

mice (black trace; Mean+SEM = 15.41 + 0.97; unpaired t-test; p = 0.988).

Figure 4: Spatial receptive fields in the rd’ Opnimw” dLGN (A&B) The effective photon flux of the background and bar
stimuli used for receptive field mapping in (A) Opnlme and (B) rd" Opnlmemice, with calculated Michaelson contrast,
for each photopigment. Note that rod contrast is not relevant for rd" mice as these animals lack rods at the age of
recording. (C) Heat map for representative single units from the dLGN of an Opnlme (top) and rd’ Opnlme (bottom)
mouse showing change in firing rate (spikes/s; scale to right) in response to appearance of vertical bars (250ms starting at
time 0; 13° width, at 4.5° resolution) as a function of location on azimuth of bar centre. (D) Peak response amplitude
(MeanS.E.M change in firing rate) as a function of bar position for the two units in (C) fit with a Gaussian function. (E) Box
and whisker plot showing that receptive field diameter for all light-responsive units was significantly larger in Opnlme
(MeanzS.E.M = 12.17° £ 0.5; n = 38 units; green bar) compared to rd’ Opnlmemice (9.96° £ 0.3; n = 48 units; black bar;
unpaired t-test: p= 0.0005) (box = interquartile range; line in box = median; cross = mean; whiskers = minimum to
maximum range). (F) Peak response amplitude was significantly larger in Opnlme(MeaniS.E.M change in firing 10.1 £ 1.2
spikes/s) than rd’ Opnlme mice (7.02 + 0.8 spikes/s; unpaired t-test = 0.03). (G) Response latency was significantly

increased in rd” Opnlme(MeantS.E.M 177.9ms + 5.4) than Opnlme mice (112.3ms + 4.46; unpaired t-test: p <0.0001).

Figure 5: Melanopsin signals are absent from the juvenile dLGN. PSTH (mean+SEM) change in firing rate of single units
with a sustained response phenotype from the dLGN of (A) OpnImw” (n = 16 single units from 8 mice) and (B) rd’
OpnlmWR (n = 14 single units from 6 mice) mice, associated with “all photoreceptor” and “mel-less” conditions (black and
red traces respectively A&B; stimulus onset at time = 0; duration 10s). (C) Total number of Spikes (integrated sum of spikes
between 2-10s during the light pulse) for the sustained population of cells showed no significant difference between “all
photoreceptor” and “mel-less” conditions for Opnlmemice (meantSEM Total Spikes = 18.3 * 3.0 Spikes and 13.67 £ 3.1
Spikes, respectively; p = 0.5; 2-way ANOVA with post hoc Bonferroni correction) or rd’ Opnlme mice (meantSEM Total
Spikes = 17.58 * 3.25 Spikes and 10.05 + 2.08 Spikes respectively; p = 0.17; 2-way ANOVA with post hoc Bonferroni
correction). Total number of Spikes for ‘transient’ units in (D) Opnlmemice (n = 60 units) and (E) rd" Opnlme mice (n =
50 units) associated with “all photoreceptor” and “mel-less” conditions (black and red traces respectively; stimulus onset at
time = 0; duration 10s). (F) Total number of Spikes (integrated sum of spikes between 2-10s during the light pulse) for the
transient population of cells showed no significant difference between “all photoreceptor” and “mel-less” conditions for
Opnlmemice (meantSEM Total Spikes = 1.19 + 0.59 Spikes and 0.47 + 0.59 Spikes, respectively; p = 0.84; 2-way ANOVA

with post hoc Bonferroni correction) or rd’ OpnlmWR mice (meantSEM Total Spikes = 3.89 + 0.78 Spikes and 3.28 + 0.71



774 Spikes, respectively; p > 0.99; 2-way ANOVA with post hoc Bonferroni correction). All graphs show baseline subtracted

775 firing rate in spikes/s (Mean+S.E.M.) in 0.25s time bins.
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