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SUMMARY

Light responses are initiated in photoreceptors, pro-
cessed by interneurons, and synaptically transmitted
to retinal ganglion cells (RGCs), which send informa-
tion to the brain. Retinitis pigmentosa (RP) is a blind-
ing disease caused by photoreceptor degeneration,
depriving downstream neurons of light-sensitive
input. Photoreceptor degeneration also triggers
hyperactive firing of RGCs, obscuring light re-
sponses initiated by surviving photoreceptors. Here
we show that retinoic acid (RA), signaling through
its receptor (RAR), is the trigger for hyperactivity.
A genetically encoded reporter shows elevated
RAR signaling in degenerated retinas from murine
RP models. Enhancing RAR signaling in healthy ret-
inas mimics the pathophysiology of degenerating
retinas. Drug inhibition of RAR reduces hyperactivity
in degenerating retinas and unmasks light responses
in RGCs. Gene therapy inhibition of RAR increases
innate and learned light-elicited behaviors in vision-
impaired mice. Identification of RAR as the trigger
for hyperactivity presents a degeneration-dependent
therapeutic target for enhancing low vision in RP and
other blinding disorders.

INTRODUCTION

Retinitis pigmentosa (RP) is an inherited blinding disease caused

by the loss of rod and cone photoreceptors. RP progresses

slowly, with retinal light responses and visual acuity declining

over years or decades after the initial diagnosis. Retinal ganglion

cells (RGCs) maintain synaptic connectivity with the brain (Maz-

zoni et al., 2008; Medeiros and Curcio, 2001), making them a po-

tential substrate for artificial vision restoration by optoelectronics

(Humayun et al., 2012), optogenetics (Bi et al., 2006), or opto-

pharmacology (Polosukhina et al., 2012; Tochitsky et al., 2014).

However, because these technologies supplant light responses
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initiated by any residual rods and cones, they are only appro-

priate for end-stage degenerative disease. Hence, there is an un-

met need for treatment strategies that enhance, rather than

replace, retinal light responses.

Even though downstream retinal neurons survive, their physi-

ology and morphology gradually change (Marc and Jones, 2003;

Marc et al., 2003). Months after the photoreceptors die, new den-

dritic branches appear in several types of retinal neurons, and

even later, cell body position begins to change in mouse, rat,

and rabbit models of RP, mirroring events that occur over years

in advanced human RP (Anderson et al., 2016; Jones et al.,

2016; O’Brien et al., 2014; Phillips et al., 2010). A critical part of

this process is that RGCs become hyperactive. Because visual

stimuli are encoded by the spike patterns of RGCs, increased

background firing reduces information transfer to the brain, de-

grading visual sensitivity. RGC hyperactivity has been attributed

to increased excitatory synaptic drive (Margolis et al., 2008; Sta-

sheff, 2008), but a large component remains after blocking chem-

ical synaptic transmission (Borowska et al., 2011; Sekirnjak et al.,

2011; Trenholm et al., 2012; Yee et al., 2012). Therefore, hyperac-

tivity of RGCs must be the result of a change in voltage-gated

channels intrinsic to RGCs (Tochitsky et al., 2014, 2016) and/or

increased electrical coupling between inner retinal neurons and

RGCs (Choi et al., 2014; Ivanovaetal., 2016;Toychievet al., 2013).

Stereotypical pathophysiological events occur across

mammalian species (Humphries et al., 1997; Jones et al.,

2016; Marc and Jones, 2003), but the signal that tells down-

stream neurons that the photoreceptors are degenerating is un-

known. Our goal in this study was to identify this signal and ask

whether blocking it can reverse pathophysiological changes,

thereby improving visual sensitivity. In principle, several types

of signals might induce remodeling. Perhaps death of photore-

ceptors leads to a decrease in a light-dependent synaptic signal,

such as glutamate-induced Ca+2 influx, which might act as a

suppressor of remodeling in the healthy retina (Marc et al.,

2003). Inconsistent with this idea, mice with mutations that elim-

inate phototransduction without causing degeneration have

RGCs that do not exhibit pathophysiology (Tochitsky et al.,

2014). Perhaps photoreceptor death increases an inducer of re-

modeling. Retinoic acid (RA) has been implicated in triggering

new dendritic growth in the outer retina after light-induced
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Figure 1. Retinal Degeneration Induces Hyperactivity
(A) MEA recordings of retinal light responses of rd10 mice at ages P14, P28, and P60.

(B) Quantification of peak light responses and spontaneous activity in the dark as a function of age in rd10mouse ex vivo retinal pieces. Values are mean ± SEM,

measured in 7–10 retinal pieces at each age (P14–P60).

(C) MEA recordings of spontaneous activity of synaptically isolated RGCs in the dark in a P60 rd1 retina and in a normal WT counterpart. See also Figure S1.

(D) Spontaneous firing in normal saline (black) and after adding synaptic blockers (red). To eliminate rod-mediated light responses, we promoted bleaching

adaptation by exposing the isolated retinas to room light for 30 min before recording. In all three strains, synaptic blockade caused no change in spontaneous

firing (n.s., non-significant; WT: n = 9, p = 0.99; rd1: n = 6, p = 0.28; rd10: n = 4, p = 0.76; paired t test). Spontaneous firing in rd1 and rd10 remained significantly

higher than in the WT, even after synaptic blockade. Values are mean ± SEM. For the full dataset, see Table S1.
damage (Innocenti et al., 2004; Lin et al., 2012), leading us to ask

whether it might also serve as the trigger for pathophysiological

remodeling in RP.

RA is a transcriptional regulator that plays crucial roles in early

embryonic development and differentiation (Conlon and Ros-

sant, 1992; Duester, 2008; Kam et al., 2012). RA can also serve

as a neural signal in adulthood, mediating synaptic plasticity in

the cortex and hippocampus (Chen et al., 2014; McCaffery

et al., 2006;MeyandMcCaffery, 2004). RA is derived from retinal-

dehyde (RAL), the chromophore for opsins. The loss of outer seg-

ments eliminates most opsin from the retina, perhaps allowing

increased biosynthesis of RA. If RA is the trigger for RGC hyper-

activity, then treatments that interfere with RA synthesis or signal

transduction should prevent or reverse remodeling, confirming

that RA is necessary. Treatments that enhance RA signaling

should mimic pathophysiological changes, confirming that RA

is sufficient. A reporter of RA-induced transcription should reveal

whether RA signal transduction is heightened during retinal
degeneration. Finally, interventions that prevent RA signaling

should reverse hyperactivity, thereby improving impaired vision.

RESULTS

Photoreceptor Degeneration Leads to RGC
Hyperactivity
As a starting point, we measured spontaneous RGC firing in

healthy retinas from wild-type (WT) mice and degenerated

retinas from slowly degenerating rd10mice and rapidly degener-

ating rd1 mice. Multielectrode array (MEA) recordings from iso-

lated rd10 retinas show that the rise of spontaneous RGC activity

correlates with the loss of light responses (Figures 1A and 1B), as

shown previously (Stasheff et al., 2011). Before the onset of

photoreceptor degeneration (post-natal day 14 [P14]), sponta-

neous activity in darkness was low (<1 Hz), and light-elicited

firing was robust. Partway through the progression of degenera-

tion (P28), spontaneous activity increased to 3 Hz, whereas light
Neuron 102, 574–586, May 8, 2019 575



responses were reduced by �50%. After degeneration was

complete (P60), spontaneous activity increased by 6-fold,

whereas light responses were undetectable. In the rd1 mouse,

photoreceptor death occurs early (P10–P14), and RGCs become

hyperactive compared with the WT (Figure 1C). By P60, rd1-

RGCs fire at �6 Hz (Figure 1D), similar to rd10 RGCs, but

6-fold-faster than WT-RGCs. Based on these results, all of

the following experiments using rd1 mice were conducted at

P60–P120 (i.e., at 2–4 months of age, after PR degeneration is

complete), and experiments using rd10 mice were conducted

at P30–P60 (i.e., 1–2 months of age, the midpoint of PR

degeneration). In all cases, WT mice used for controls were

age-matched (STAR Methods).

Toassess thecomponent of hyperactivity that is independent of

chemical synaptic input, we blocked synaptic transmission with a

mixture of neurotransmitter receptor blockers (STAR Methods).

Light responses in RGCs and spontaneous excitatory postsyn-

aptic currents (Figures S1A and S1B) were eliminated in this solu-

tion. However, the spontaneous firing of RGCs was unaffected in

all three strains (Figure 1D; Table S1) and remained 5- to 6-fold

faster in rd1 and rd10 compared with the WT, indicating that

none of the hyperactivity is a consequence of chemical synaptic

transmission (Borowska et al., 2011; Sekirnjak et al., 2011; Tren-

holm et al., 2012; Yee et al., 2012). We found that photoreceptor

degeneration leads to an increase in the activity of excitatory ion

channels intrinsic to RGCs (Tochitsky et al., 2014). Degeneration

leads to activation of gap-junctional proteins that couple RGCs

to amacrine cells (Choi et al., 2014; Ivanova et al., 2016; Toychiev

et al., 2013). Gap junction uncoupling reduces but does not elim-

inate hyperactivity (Barrett et al., 2015; Eleftheriou et al., 2017;

Toychiev et al., 2013). Hence, RGC hyperactivity is a collective

property of the electrically coupled network of neurons in the inner

retina, but what initiates the hyperactivity is unknown.

Detecting Heightened RA-Induced Signaling in the
Degenerated Retina with a RAR Reporter
RA signaling is mediated by nuclear retinoic acid receptors

(RARs). Three different RAR isoforms exist (a, b, and g); all of

them are expressed in themammalian retina (Balmer andBlomh-

off, 2002; Benbrook et al., 2014; Janssen et al., 1999; Mori et al.,

2001). Upon RA binding, activated RAR binds the DNA at RA

response element (RARE) sequences, driving transcription of

downstream target genes (de Thé et al., 1990). If RGCs are

exposed to increased levels of RA in the degenerated retina,

then RAR-dependent transcription should be increased. To

test this, we developed a genetically encoded double-fluores-

cent RAR reporter for measurement of RAR-dependent tran-

scription (Figure 2A). Multiple RARE sequences were inserted

upstream of the SV40 weak promoter, driving GFP expression,

whereas cytomegalovirus (CMV) was used to drive the expres-

sion of red fluorescent protein (RFP) (viral infection control). In

HEK293 cells, transfected cells expressed RFP but very little

GFP (Figure 2B). Treatment with all-trans retinoic acid (ATRA)

induced GFP expression. The increase in GFP-to-RFP ratio

was dose- and time-dependent (Figures S2A and S2B).

Using an adeno-associated virus (AAV) viral vector, we in-

jected the RAR reporter into the vitreous of rd1 or WT mice. Ret-

inas were isolated 45–90 days later for imaging-based single-cell
576 Neuron 102, 574–586, May 8, 2019
RFP and GFP fluorescence quantification in the ganglion cell

layer (GCL). We compared the distribution of GFP fluorescence

values across all RFP-expressing cells from WT and rd1 retinas

(Figure 2C). Median and mean GFP fluorescence values in rd1

retinas were �4-fold higher than in the WT (p < 0.001, Mann-

Whitney test; Table S1). We also employed the RAR reporter in

s334ter transgenic rats, in which photoreceptor death is caused

by a rhodopsin mutation identical to a subtype of human RP

(Green et al., 2000) and in WT Long-Evans rats with healthy ret-

inas. As inmice, RAR signalingwas higher in degenerated rat ret-

inas than in WT retinas (Figure 2D). The median and mean GFP

fluorescence values in s334ter RGCs were �3-fold higher than

the WT values (p < 0.001, Mann-Whitney test; Table S1).

These results indicate that RA-induced gene transcription is

enhanced in rodent models of RP. Is RA signaling also enhanced

in human RP? We compared published human transcriptome

data (Mullins et al., 2012) from a sample of an RP retina with a

sample of a non-diseased retina (Figure S3). Of all genes repre-

sented in the retinal transcriptome dataset, 120 sequences were

validated to be fromRA-responsive genes, as categorized by the

NIH Gene Ontology database (Harris et al., 2004). For each of

these, we calculated the relative expression between the RP

sample and the non-diseased sample (RP/control). Transcript

levels probed by the 120 RA-responsive sequences were more

than twice as abundant as the transcript levels probed by entire

population of 31,108 sequences (RP/control RA-responsive

genes = 3.03 ± 0.71; RP/control for the entire population =

1.44 ± 0.014; p = 0.0136, Mann-Whitney test), consistent with

increased RAR transcription in human RP.

RA Increases Dye Permeability of RGCs
In healthy retinas, RGCs are impermeant to organic cations.

In degenerated retinas, RGCs, identified by their possession of a

unitary axon in the GCL, show increased membrane permeation

and cytoplasmic accumulation of large molecules, including

cationicfluorescentdyesandchargedazobenzenephotoswitches

(Tochitsky et al., 2016), as a result of upregulation and activation of

P2X receptors (Browne et al., 2013; Virginio et al., 1999). To test

whether RA triggers hyperpermeability, we used Yo-Pro-1, a

P2X-permeant fluorescent nuclear dye. As shown previously (To-

chitsky et al., 2016), Yo-Pro-1 labels amuch greater percentage of

rd1RGCs thanWTRGCs (Figures 3A and 3B; Table S1). However,

intravitreal injection of ATRA in WT retinas significantly increased

the fraction of cells incorporating Yo-Pro-1 (Figure 3C). Liarozole,

an inhibitor of Cyp26 (cytochrome P450 for RA degradation), had

no effect by itself but potentiated the action of ATRA (ATRA versus

ATRA+Liarozole, p < 0.05; see Table S1).

Retinaldehyde dehydrogenase (RALDH) converts RAL into RA

(Fischer et al., 1999; Harper et al., 2015; McCaffery et al., 1992).

RALDH is expressed in retinal pigmented epithelium (RPE) and

retinal neurons. Injecting RAL into WT retinas induced hyperper-

meability, significantly increasing Yo-Pro-1 labeling above

baseline and by the same amount as ATRA (Figure 3D; Table

S1). Injection with the RALDH inhibitor diaethylaminobenzalde-

hyde (DEAB) or co-injection of RAL and DEAB caused no

change in Yo-Pro-1 labeling in the WT (RAL versus RAL+DEAB,

p < 0.001; see Table S1), indicating that the hyperpermeability of

RGCs is dependent on enzymatic synthesis of RA.
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Figure 2. A Genetically Encoded RAR

Reporter Shows Increased RAR Signaling

In Vivo

(A) Schematic representation of the reporter

construct. Red fluorescent protein (RFP) is under

control of the cytomegalovirus promoter (CMV)

resulting in constitutive expression. GFP is under the

control of a triple repeat of the retinoic acid response

element (RARE) upstream of a weak SV40 promoter,

resulting in RA-regulated expression.

(B) Left: fluorescence images of HEK293 cells ex-

pressing theRAR reporter.Cellswere Lipofectamine-

transfected, and 48 h later, either vehicle alone (0.1%

DMSO in PBS) or with 1 mM all-trans retinoic acid

(ATRA) was added to the culture medium for an

additional 48 h. Images show strong RFP expression

after either vehicle orATRA treatmentbuta significant

increase in GFP expression only following ATRA

treatment. Right: quantification of RFP and GFP

fluorescence normalized to mean RFP fluorescence

values in vehicle-treated cells. Values are shown as

mean ± SEM. Three separate experiments were

conducted in duplicate wells of HEK cells grown in

serum-free medium. ***p < 0.001, 2-tailed t test. See

also Figure S2.

(C and D) The RAR reporter shows RA signaling

in the ganglion cell layer (GCL) from WT and de-

generated mouse retinas (rd1, C), and WT and de-

generated rat retinas (s334ter, D). RA-dependent

signaling was quantified in individual cells by

measuring GFP fluorescence in RFP-expressing

cells (mean gray value in a.u.). Histograms show the

distribution of GFP fluorescence in RFP-positive

cells. Data for individual cell values were pooled

from 8–10 retinas in 4–5 animals per strain. Each

retina was divided into 3–4 pieces, and 4–6 fields of

view were imaged and analyzed for each piece.

Images correspond to 2D projections of z stacks

from a spinning-disk confocal microscope. A blue

vertical line indicates the median value of GFP

fluorescence for each distribution. Animals were

injected intravitreally at P30–P45 with the AAV2-

RAR reporter and analyzed �60–90 days later. See

also Figure S3.

For full datasets, see Table S1.
If the hyperpermeability induced by RA is a consequence of

RAR-mediatedupregulation ofP2X receptors, thenpharmacolog-

ical blockadeof RARshould reduceYo-Pro-1 labeling.Consistent

with this, co-injecting ATRA with BMS 493, an inhibitor of all RAR

isoforms, eliminated theeffectofATRAonRGCpermeability inWT

retinas (Figure 3C; Table S1). Blockage of P2X receptors with

its antagonist trinitrophenyl (TNP)-ATP also prevented ATRA-

induced hyperpermeability. We considered the possibility that

ATRAmight indirectly causeRGChyperpermeability (for example,

by killing photoreceptors), which, in principle might lead to RGC

hyperpermeability through an RA-independent mechanism. A

cytotoxic effect of ATRA on photoreceptors would be irreversible,

but we find that the hyperpermeability induced by ATRA peaks

within 3–7 days after injection and then disappears completely

within42days (FigureS4A).Moreover, theTUNELassay, a reliable

test for cytotoxicity, showed no heightened cell death resulting

from ATRA intravitreal injection (Figures S4B and S4C).
Having shown that RGC hyperpermeability can be mimicked

in the WT with treatments that elevate RA and activate RAR,

we next asked whether hyperpermeability can be blocked in

rd1 RGCs with treatments that interfere with RA synthesis or

block RAR (Figure 3E). Intravitreal injection of DEAB or citral,

both RALDH inhibitors, significantly reduced the percentage of

rd1 RGCs labeled with Yo-Pro-1 compared with vehicle

injection. Injection of BMS 493 reduced Yo-Pro-1 labeling in

rd1 to WT levels (Table S1). These results indicate that blocking

RAR is more effective than blocking RA synthesis, which would

spare signaling by RA that was present before drug treatment.

We also used genetic manipulations to confirm the critical

role of RAR in inducing RGC hyperpermeability. We cloned into

viral vectors a dominant-positive form of RARa (RARDP, pAAV-

hSyn1-VP16-RAR-RFP-WPRE) that cannot be repressed (Nov-

itch et al., 2003) and a truncated dominant-negative form of

RARa (RARDN, pAAV-hSyn1-RAR403-RFP-WPRE) that cannot
Neuron 102, 574–586, May 8, 2019 577
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Figure 3. RARActivation Induces Hyperper-

meability of Degenerated Retinas through

P2X Receptors

(A) Images of Yo-Pro-1 (green) labeling of cell

nuclei in the GCL of WT retinas injected with

vehicle or ATRA and in rd1 retinas injected with

vehicle or the RAR inhibitor BMS 493. Scale bar,

20 mm. Images are a 2D projection of a z stack.

(B) Quantification of the fraction of cells labeled

with Yo-Pro-1 for vehicle-injected (1 mL intra-

vitreously, 1% DMSO in PBS, 3–7 days prior to the

dye loading assay) in WT and rd1 retinal pieces

(blue and red, respectively). Data are shown as

the percentage of Yo-Pro-1-positive cells in a field

of view (counterstained with Nuclear I.D., data not

shown).

(C) Quantification as in (B). All experiments were

conducted in WT retinas. Intravitreal injections

included 0.1 mM ATRA, 100 mM liarozole (a Cyp26

inhibitor), and 0.5 mMBMS 493 (a pan-RAR inverse

agonist). 100 mM TNP-ATP (a P2X antagonist) was

bath-loaded. Black asterisks indicate comparison

with the WT baseline (B, dotted blue line).

(D) Quantification as in (B). All experiments were

conducted in WT retinas. Intravitreal injections

included 0.5 mM retinaldehyde (RAL) and 20 mM

N,N-diethylaminobenzaldehyde (DEAB, a RALDH

inhibitor). Black asterisks indicate comparison

with the WT baseline (B, blue dotted line).

(E) Quantification as in (B). All experiments were

conducted in rd1 retinas. Intravitreal injections

included 20 mM DEAB, 50 mM citral (a RALDH

inhibitor), and 0.5 mM BMS 493. Black asterisks

indicate comparison with the rd1 baseline (B, red

dotted line).

(F) Images of Yo-Pro-1 labeling in the GCL after

viral gene therapy to express RARDP in WT retinas

(left) and after viral gene therapy to express RARDN

in rd1 (right). Virally infected neurons also express

RFP, a co-expression marker. White arrows indi-

cate pericytes in the vasculature. Scale bar, 50 mm.

(G) Quantification of (F) as the fraction of RFP-ex-

pressing cells that were positively labeled with Yo-

Pro-1. 100 mM TNP-ATP (a P2X antagonist) was

bath-applied.

(B–E and G) Values are shown as mean ± SEM.

***p < 0.001, t test and Mann-Whitney test.

See also Figures S4–S6. For full datasets, see

Table S1.
be released from repression (Damm et al., 1993; Novitch et al.,

2003). Both constructs employed the synapsin promoter, which

drives expression exclusively in neurons. Virus-mediated gene

expression began slowly (>2 weeks), but by 60 days after injec-

tion, 85% of cells in the GCL expressed RFP, a co-expression

marker of viral transduction (Figure S5).

Viral expression of RARDP inWT retinas dramatically increased

the fraction of cells loading Yo-Pro-1 (Figure 3F), constituting
578 Neuron 102, 574–586, May 8, 2019
80.4% ± 5.8% of RFP-positive cells (Fig-

ure 3G) compared with 7.2%± 0.4% of all

GCL cells in vehicle-injected WT control

retinas without RARDP treatment. The
increased dye permeability was prevented by blocking of P2X

receptors with TNP-ATP. Conversely, expressing RARDN in rd1

retinas led to a dramatic decrease in Yo-Pro-1 dye labeling (Fig-

ure 3F), with only 5.9% ± 1.1% of RFP-expressing cells loading

Yo-Pro-1 compared with 26.7% ± 1.7% of cells in vehicle-in-

jected rd1 control retinas without RARDP treatment. It should

be noted that Yo-Pro-1 labeled some non-neuronal cells, partic-

ularly vascular pericytes, whose nuclei could be identified by



their small size, oblong shape, and position along blood vessels.

These cells were excluded from our quantification (STAR

Methods). However, glial cells in the GCL did not exhibit RAR-

induced dye labeling. Experiments utilizing a fixable analog of

Yo-Pro-1 (‘‘NucFix’’) and an antibody targeted against an astro-

cytic marker glial fibrillary acidic protein (GFAP) revealed that

none of the NucFix-labeled cells were astrocytes (Figure S6).

Taken together, these results show that RA is both necessary

and sufficient for inducing hyperpermeability. Increasing RA

synthesis or preventing degradation in WT retinas was suffi-

cient to induce hyperpermeability through P2X receptors,

similar to that observed in rd1 mice. Blocking RA synthesis or

RAR signal transduction in rd1 retinas reduced permeability

to a level comparable with that in WT-RGCs, demonstrating

that RA and RAR activation are necessary for pathophysiolog-

ical hyperpermeability.

RA Signaling Enables Chemical Photosensitization
of RGCs
Azobenzene photoswitches are synthetic photoisomerizablemol-

ecules that can bestow light sensitivity on neurons that express no

native photoreceptor proteins and ordinarily have no intrinsic light

response (Mourot et al., 2011, 2012). Remarkably, photoswitch

compounds affect RGCs from blind retinas but have no effect on

RGCs fromhealthy retinas (Tochitsky et al., 2014) acrossmamma-

lian species, suggesting a common mechanism. We found that

photoswitches, like Yo-Pro-1, enter RGCs through upregulated

P2X receptors (Tochitsky et al., 2016). If RA is the initiator of

both processes, then increasing or decreasing RA signaling

should have effects on photoswitching that parallel dye labeling.

To test this, we carried out intravitreal injections with drugs

that alter RA signaling and, 3-7 days later, measured light

responses imparted by quaternary ammonium-azobenzene-

quaternary ammonium (QAQ), a photoswitch that acts on

voltage-gated Na+, K+, and Ca2+ channels found in all neurons.

Light-dependent firing was quantified by calculating the photo-

switch index (PI) (Polosukhina et al., 2012). We first asked

whether increasing RA signaling in WT RGCs could mimic the

degeneration-dependent photosensitization observed in rd1

RGCs. Injection of WT retinas with ATRA plus liarozole enabled

QAQ to elicit light-dependent firing (Figures 4A and 4B), signifi-

cantly higher than its control (Figure 4C; Table S1) and similar

to rd1 retinas. Neither ATRA nor liarozole alone enabled signifi-

cant QAQ photosensitization. The effect of ATRA plus liarozole

was blocked by TNP-ATP andwore off within 6weeks after injec-

tion, consistent with reversible enhancement of RA signaling.

These features, including synergy between ATRA and liarozole,

block by P2X receptor antagonists, and reversibility weeks after

injection, mirror the effects of RA signaling on Yo-Pro-1 labeling,

consistent with a common mechanism. Consistent with this,

inhibition of RAR in rd1 mice injected intravitreally with BMS

493 prevented QAQ photosensitization and reduced the PI to a

value similar to that observed in the WT (Figures 4D and 4E).

RAR Inhibitors Reduce Hyperactivity and Enhance Light
Sensitivity in Degenerating Retinas
Our results indicate that RA signal transduction is necessary

and sufficient for inducing degeneration-dependent hyperper-
meability of RGCs, which allows otherwise impermeable dyes

and photoswitches to access RGCs. However, the effects of

RA could potentially expand to all other cell types in the surviv-

ing inner retina of blindmice. If RA is necessary and sufficient for

inducing enhanced spontaneous activity in the inner retina, then

blocking RA signaling should reduce pathologically enhanced

spontaneous firing in the degenerated retina. To test this, we

obtained MEA recordings in saline (Figure 5A) from isolated

rd1 retinas injected either with BMS 493 or with pAAV2-RARDN.

Spontaneous firing rates were significantly lower in BMS 493-

and RARDN-treated retinas compared with controls (Figure 5B).

Hence, RAR activity is necessary for hyperactivity in the inner

retina.

In human RP, photoreceptors gradually degenerate. The

death of cones is secondary to the death of rods, and the

cell bodies of some cones can persist for years, particularly

in the fovea (Milam et al., 1998). Remnant cones can

generate light responses that are reduced in sensitivity and

amplitude but not completely eliminated (Busskamp et al.,

2010). However, high background firing of RGCs obscures

light responses, particularly to low-intensity stimuli. Blockers

of RA signaling might augment light responses and enhance

visual performance. To test this idea, we used rd10 mice at

6 weeks of age, when their retinas were incompletely degen-

erated. We injected one eye with BMS 493 and the other with

vehicle and evaluated retinal sensitivity with light flashes of

varying intensity. BMS 493-treated retinas showed a transient

increase in RGC firing in response to a brief flash (50 ms) of

dim light, whereas vehicle-treated retinas showed no RGC

response to the same flash (Figures 6A and 6B; Kruskal-

Wallis ANOVA, Dunn’s post hoc p = 0.0263). The emergence

of the light response was associated with a decrease in the

background firing rate in darkness. BMS 493 enhanced the

light response in all mice tested (Figure 6C). Measuring

over a variety of intensities revealed a shift in the intensity-

response curve (Figure 6D), reflecting an increase in sensi-

tivity and peak response to light. The response threshold

was lower for BMS 493-injected than for vehicle-injected

eyes (0.15 mW versus 0.85 mW). Hence, inhibiting RA

signaling dramatically boosts the light response of RGCs in

partially degenerated retinas.

Inhibiting RAR with Gene Therapy Enhances Behavioral
Light Sensitivity in Vision-Impaired Mice
We next asked whether the increase in light sensitivity be-

stowed by RAR inhibition translates into increased behavioral

sensitivity to light in vivo (Figure 7). We injected neonatal rd10

mice with RARDN (Figure 5; Figure S5; STAR Methods) with

the goal of inhibiting RAR before degeneration is complete so

that visual function is impaired but not entirely lost. Because

intraocular injections may damage the eye in neonates, we

used the AAV9 serotype, which can be injected into the vascu-

lature to efficiently transduce retinal neurons early in postnatal

life (Byrne et al., 2015). Light-elicited behavior was evaluated

at P30–P40, when degeneration is advanced but not yet

complete.

First, we tested innate light aversion with a forced-choice light

or dark two-chamber box (Figure 7A; STAR Methods), and
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Figure 4. Pharmacological Activation of

RAR Is Necessary and Sufficient for Degen-

eration-Dependent Chemical Photosensiti-

zation

(A and B) MEA recordings from QAQ-treated WT

retinas without (A) or with (B) prior intravitreal in-

jection of ATRA plus liarozole. Photoswitching

was elicited by alternating between 380 nm

(purple) and 500 nm (green) light. 300 mM QAQ

was applied onto the isolated retina for 30 min and

then washed away.

(C) Quantification of (A and B). Photosensitivity

(photoswitch index, PI) induced by QAQ was

measured in WT retinas (blue). Recordings were

obtained 3–7 days after�1 mL intravitreal injection,

including 1% DMSO in PBS (vehicle control [Ctrl.],

dotted line in blue), 0.1 mM ATRA, and 100 mM

liarozole (a Cyp26 inhibitor). Recordings were

also obtained 6 weeks after injection of ATRA +

liarozole. 100 mM TNP-ATP (a P2X antagonist)

was bath-loaded. **, Ctrl. versus ATRA + liarozole;

*, ATRA + liarozole versus ATRA + liarozole +

TNP-ATP.

(D) Blocking RAR reduces QAQ photosensitization

in rd1 retinas. Retinas were obtained from eyes

without (left) or with (right) BMS 493 (0.1 mM), in-

jected into the vitreous 3–7 days prior to retina

isolation and recording.

(E) Quantification of (D) in rd1 retinas (red). Ctrl.

(non-injected eyes) were compared with rd1 eyes

injected with 0.1 mM BMS 493 3–7 days prior to

recordings.

(C and E) Values are shown as mean ± SEM.

*p < 0.05, **p < 0.01, Kruskal-Wallis and t test. For

full datasets, see Table S1.
quantified the time spent in each side. In darkness, mice had no

preference. Illuminating one side with dim light had no effect on

untreated rd10 mice, but rd10-RARDN mice preferred the

dark side significantly more. In 10-fold-brighter light, both

treated and untreated mice preferred the dark chamber. Hence,

RARDN increased the light sensitivity of innate behavior in vision-

impaired mice.

We next examined the effect of RAR inhibition on learned light

aversion. We conditioned mice to associate a light flash with

electric shock. One day after training, mice were exposed to a

test flash without the shock. In WT mice, the test flash triggers

cessation of locomotion (freezing behavior), whereas completely

blind rd1 mice do not freeze (Tochitsky et al., 2014). Vision-

impaired rd10mice responded to the flash but spent significantly

less time freezing than WT mice. Gene therapy with RARDN

increased the light-elicited response of rd10 mice to values

similar to WT, at all intensities tested (Figures 7B and 7C). Since

mice are immobile for some percentage of time even in dark-

ness, we set a criterion for freezing as greater than 2 standard
580 Neuron 102, 574–586, May 8, 2019
deviations from mean freezing rate in

darkness (Figure 7D). Gene therapy with

RARDN, increased the percentage of

rd10 mice freezing to the dimmest flash

tested (250 mW/cm2) from 56% to 73%,

as compared to 89% in WT.
The same mice were used for PCR confirmation of RAR

signaling manipulation by RARDN. At P40, mice were sacrificed,

and mRNA was extracted and purified from their retinas

(Figure 7E). A semiquantitative reverse transcriptase assay

showed no change associated with RARDN in the transcription

of rhodopsin and b-actin. RARa expression was significantly

increased in rd10-RARDN, reflecting overexpression of the virus,

and RFP (mStrawberry) expression was detected only in treated

retinas. RARDN significantly reduced the expression of RAR-

regulated genes, such as RARb and Cyp26, demonstrating an

effective downregulation of RAR signaling.

Taking together the results in Figures 5, 6, and 7, we demon-

strate that inhibition of RAR activation effectively reduces path-

ophysiological hyperactivity in degenerating retinas, rescuing

electrophysiological light responses ex vivo and behavioral light

responses in vivo. These results open the possibility of using

RAR as a drug and gene therapy target for improving light re-

sponses in patients suffering from slow-progressing degenera-

tive blindness.
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Figure 5. Pharmacological or Genetic Inhibition of RAR Reduces Hyperactivity in the Degenerated rd1 Retina

(A) MEA recordings of spontaneous activity in the dark in a naive rd1 retina (left) and in a BMS 493-injected rd1 retina (right), both in saline.

(B) Quantification of spontaneous activity in rd1Ctrl retinas (non-injected eyes), in rd1 retinas injected with 0.1 mMBMS 493 3–7 days prior to the experiment, and

in rd1 retinas from P90mice injected at P30 with AAV2-RARDN. Values represent the mean firing rate (hertz) ± SEM. *p < 0.05, **p < 0.01, one-way ANOVA. For full

datasets, see Table S1.
DISCUSSION

RA Is the Photoreceptor Degeneration-Dependent
Trigger for Pathophysiological Remodeling
Our evidence shows that RA is necessary and sufficient for

inducing pathophysiological remodeling of the retina during the

progression of photoreceptor degenerative disease. The P2X re-

ceptor-dependent hyperpermeability of RGCs, characteristic of

the degenerated retina, is greatly reduced with drugs that block

RALDH and eliminated with a drug that inhibits RAR. Likewise,

pathophysiological changes can be induced in WT retinas with

agents that either directly or indirectly increase RA. Providing

the retina with RA itself or with excess RAL induces hyperperme-

ability, mimicking the pathophysiological state. Further sup-

porting the hypothesis that RA is the trigger, our RAR reporter

detected enhanced RA signaling in mouse and rat degenerated

retinas. RA has also been implicated in morphological remodel-

ing of dendrites in the outer retina in a light-induced model

of blindness (Lin et al., 2012). These results suggest that both

fast functional changes and slower structural remodeling are

triggered by RA.

The loss of photoreceptors in RP deprives downstream retinal

neurons of sensory information. Sensory deprivation leads to

homeostatic plasticity in neural circuits in the brain, including

changes in excitatory and inhibitory synaptic strengths and

in the intrinsic membrane properties of postsynaptic neurons

(Turrigiano, 1999). In principle, homeostatic plasticity could

contribute to degeneration-dependent RGC hyperactivity. How-

ever, studies on blind mice that have dysfunctional but intact

photoreceptors indicate that loss of light-dependent synaptic

signaling alone is insufficient to trigger remodeling (Tochitsky

et al., 2014); physical loss of photoreceptors is required.

Photoreceptor death in RP, Usher’s syndrome, retinal detach-

ment, and age-related mascular degeneration (AMD) trigger

similar remodeling events (Coblentz et al., 2003; Marc et al.,

2003), consistent with a common triggering mechanism,

perhaps involving RA.
Source and Mechanism of Action of RA in the
Degenerating Retina
RA is synthesized from RAL by RALDH, which is expressed ubiq-

uitously in the retina (Fischer et al., 1999; Harper et al., 2015;

McCaffery et al., 1992). RAL is produced by isoforms of retinol de-

hydrogenase (RDH) that are expressed only in cells exposed to

the subretinal space, including photoreceptors, RPE, and Muller

glial cells (Parker and Crouch, 2010). Delivering excess RAL to

WT retinas induced the same changes as observed in WT retinas

treated with ATRA or in untreated rd1 (Figures 3 and 4). The effect

of RALwas blockedwith anRALDH inhibitor, confirming that con-

version to RA is required. These results suggest that availability of

RAL is limiting for the initiation of subsequent pathophysiological

events. The retina contains millions of photoreceptors, each with

millions of opsins. Loss of photoreceptors removes an enormous

molecular sink for RAL. We speculate that photoreceptor death

also causes a breach in the outer limitingmembrane and compro-

mises the compartmentalization of RAL to the subretinal space.

Several cell types in the degenerated retina could convert some

of the excess RAL into RA. Our RAR reporter shows that RA-

induced transcription is heightened in RGCs, demonstrating

that RA reaches RGCs and activates gene transcription.

RA can signal through activation of nuclear RARs that regulate

gene transcription (Balmer and Blomhoff, 2002; Benbrook et al.,

2014). Alternatively, RA can signal through a non-canonical

mechanism that is RAR-independent, in which RA directly binds

to protein kinases and phosphatases (Aggarwal et al., 2006).

However, we found that blocking the activity of RAR with

BMS 493 or RARDN was sufficient to reduce hyperactivity and

hyperpermeability in degenerated retinas. Previously, we impli-

cated upregulation and activation of P2X7 receptors in hyperper-

meability and upregulation of hyperpolarization-activated cyclic

nucleotide-gate (HCN) channels in hyperactivity (Tochitsky et al.,

2014, 2016). The genes encoding P2X7 andHCN isoforms do not

possess the RARE sequence in their promoter. However, RAR

often operates through transcriptional cascades, leading to indi-

rect activation of genes without RARE (Balmer and Blomhoff,
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D

C Figure 6. Inhibition of RAR Activation Re-

duces Hyperactivity of RGCs and Boosts

LightResponses in rd10Vision-ImpairedMice

(A) In partially degenerated retinas from P41–P43

rd10 mice, response to a single dim light flash

(white light, 50 ms, 0.2 mW) in normal saline, re-

corded with the MEA. Note the high spontaneous

firing rate and lack of a light response in the retina

isolated from the vehicle-injected eye and the

lower spontaneous firing rate and transient light

response in the retina from the BMS 493-injected

eye. Top: raster plots of individual RGC activities.

Bottom: average firing rate from all cells.

(B) The average of 9 light flashes, showing

reduced spontaneous activity and robust light

response in the BMS 493-injected eye.

(C) Responses from 5 mice, comparing the light-

elicited change in firing in the vehicle-injected

(1%DMSO inPBS)andBMS493-injectedeye.Data

are shown as mean ± SEM; *p < 0.05, paired t test.

(D) Intensity-response curves from retinas of

vehicle-injected and BMS 493-injected eyes.

The solid line is a basis-spline fit to the data.

Data are represented as the mean ratio of

firing rate in the light/dark ± SEM. For the full

dataset, see Table S1.
2002). RAR can also signal post-transcriptionally (for example,

by binding to RNA granules), regulating local dendritic protein

synthesis in neurons (Chen et al., 2014; Maghsoodi et al., 2008).

RGCs can be categorized by their light response properties

and dendritic stratification pattern into ON, OFF, or ON-OFF

types. Only OFF RGCs exhibit hyperpermeability (Tochitsky

et al., 2016) and hyperactivity (Margolis et al., 2008; Sekirnjak

et al., 2011) as a consequence of photoreceptor degeneration. If

RA is the trigger for remodeling, then OFF RGCs must either be

exposed to higher RA or they respond more vigorously to RA.

The dendrites of OFF RGCs ramify in the sublamina of the inner

plexiform layer that is closest to the outer retina, which includes

the degenerating photoreceptors, providing a possible basis

for selective-exposureRA.Alternatively,OFFRGCsmaybeselec-

tively responsive to RA by expressing a transcriptional program

that is absent or different than other RGCs. Bipolar and amacrine

cells also show physiological and morphological remodeling after

photoreceptor degeneration. Bipolar cells sprout new dendritic
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branches in response to elevated RA (Lin

et al., 2012). A-II amacrine cells show

increased phosphorylation of connexin-

36 during degeneration (Ivanova et al.,

2016), enhancing electrical coupling

behind spontaneous oscillations. The

trigger for remodeling in these cells might

also be RA, but this has not yet been

investigated.

Improving Low-Level Vision by
Blocking RA Signal Transduction
Retinal remodeling in RP is preserved

across mammalian species, with stereo-
typical changes in physiology and morphology (Humphries

et al., 1997; Jones et al., 2016; Marc and Jones, 2003; Marc

et al., 2003). The fundamental defect in RP is loss of photorecep-

tors, but downstream retinal remodeling might greatly exacer-

bate vision impairment during disease progression. Hyperactive

firing of RGCs masks light-elicited signals initiated by surviving

photoreceptors, potentially corrupting visual information sent

to the brain. An analogous situation occurs with tinnitus in hear-

ing loss, where degeneration of cochlear hair cells leads to hy-

peractivity of auditory neurons (Middleton et al., 2011), inter-

fering with the remaining sound-elicited neural signals.

Separating the component of the visual deficit resulting directly

from photoreceptor death from the component imposed by

RGC hyperactivity is not straightforward in humans. Although

non-invasive recording methods such as pattern electroretino-

grams can detect changes in RGC firing with rapidly changing

visual stimuli (Porciatti, 2015), spontaneous RGC firing in the

absence of visual stimuli cannot be detected. Unfortunately,
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Figure 7. In Vivo Blockade of RAR Increases Innate and Learned Visual Responses

(A) Quantification of innate aversion to light in naive rd10mice (black bars) comparedwith rd10mice injected at P2–P3with RARDN (red bars). All mice were tested

at P37–P39. The graph shows the percentage of time spent by themouse in the dark side of the chamber as a function of light intensity (darkness,�250 mW/cm2,

2,500 mW/cm2). Values are mean ± SEM, *p < 0.05, c2 test.

(B) Individual traces for light responses (percentage of time spent freezing) to darkness (0) and four different intensities of light (240, 550, 1,400, and

2,500 mW/cm2), using the learned light aversion behavioral paradigm. Untreated WT (blue traces) and rd10 mice (black traces) were compared with rd10 mice

injected at P2–P3 with RARDN (red traces). All mice were tested at P33–P35.

(C) Quantification of (B). The graph shows the percentage of time spent freezing as a function of light intensity. Values aremean ± SEM; ***p < 0.001, t test (WT and

rd10-RARDN versus rd10).

(D) Probability of a mouse displaying a response above threshold for the first light flash using the dimmest intensity (�240 mW/cm2) in each strain, including WT

(blue bar), rd10 (black bar), and rd10-RARDN (red bar). For each individual trace in (B), the slope of the response was measured, and the threshold was set as a

slope that is +0.05 or more.

(E) Gel electrophoresis (left) and quantification (right) of a semiquantitative RT-PCR assay carried out on RNA extracted from retinas of rd10-RARDN and naive

rd10mice. All mice were P40 on the day of dissection and RNA purification. ntc, non-template control;Rho, rhodopsin;RARa, retinoic acid receptor alpha;RARb,

retinoic acid receptor beta; Cyp26, cytochrome P450 26A1. b-Actin was used as a housekeeping gene. Quantification of relative transcript levels for gene

expression was normalized to b-actin. rd10 is shown in black and rd10-RARDN in red. Values are mean ± SEM; *p < 0.05, **p < 0.001, t test.

(A–C and E) For the full dataset, see Table S1.
there are no models of inherited retinal degeneration in non-

human primates. However, positron emission tomography scans

show increased glucosemetabolism in the visual cortex of early-

blind patients, attributed to elevated spontaneous neural activity

(De Volder et al., 1997). Human subjects with RP have a height-

ened threshold for electrically induced phosphenes, consistent

with interference by spontaneous retinal activity (Delbeke

et al., 2001). Directly linking human RP with enhanced RA-

induced transcription is limited by the availability of retinal tissue

samples with non-degradedmRNA, but the very limited data that

have been collected suggest an increase in RA-responsive gene

transcription (Figure S3; Mullins et al., 2012).

We have shown that inhibition of RAR reduces retinal hyperac-

tivity, increases light sensitivity, and boosts behavioral light
responses in vision-impaired mice. Meclofenamic acid, an un-

coupler of gap junctions, also augments RGC light responses

by reducing hyperactivity (Ivanova et al., 2016; Toychiev et al.,

2013), but micromolar concentrations are required and gap junc-

tions are essential for normal retinal functioning. In contrast, RAR

inhibitors act at nanomolar concentrations, and they interfere

with RA-dependent transcription, a process that is largely absent

in RGCs in the healthy retina. Thus, RAR inhibitory drugs should

be efficacious in degenerating retinal tissue while havingminimal

effects on healthy retinal tissue. Our findings open the door to the

possible use of pharmacological inhibitors of RARs as a first-

in-class vision-enhancing drug. A rich pharmacopoeia of RAR

inhibitors has already been developed (Germain et al., 2006,

2009). In this study, we used BMS 493, a pan-RAR inverse
Neuron 102, 574–586, May 8, 2019 583



agonist, but RAR antagonists are also available, either with

broad or narrow subunit specificity. Our findings also suggest

a gene therapy approach, utilizing AAV to deliver RARDN. By

selecting a specific AAV serotype, a specific promoter, or a

combination of both, a particular type of retinal neuron may be

targeted for blockade of RA signal transduction (Martin et al.,

2002; Trapani and Auricchio, 2018).

Even after all photoreceptors have degenerated and light

perception is absent, reducing RGC hyperactivity could still be

beneficial in blind patients. Responses evoked by optoelectric

(Dagnelie et al., 2017; Stronks and Dagnelie, 2014), optogenetic

(Barrett et al., 2015; Bi et al., 2006), or optopharmacological

(Tochitsky et al., 2018) stimulation of the degenerated retina

are superimposed on the heightened background activity of

RGCs, curtailing the encoding of visual images. The combination

of a light-sensitive actuator with an RAR inhibitor could have

a synergistic effect, boosting neural signals to more effectively

restore visual function to blind patients.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFAP Monoclonal Antibody (GA5), Alexa

Fluor 488

Invitrogen Cat# 53-9892-82; RRID: AB_10598515

Bacterial and Virus Strains

RAR-reporter: pAAV-CMV-RFP-polyA-

RARE-SV40-GFP

Hoffman et al., 2006 pGL3-RARE-luciferase Addgene Cat# 13458

Dominant-negative RAR: pAAV-hSyn1-

RARalpha403-RFP-WPRE

Novitch et al., 2003 pCIG-RARa-403-myc [TJ#344] Addgene Cat# 16286

Dominant-positive RAR: pAAV-hSyn1-

VP16-RARalpha-RFP-WPRE

Novitch et al., 2003 pCIG-VP16 RARa [TJ#389] Addgene Cat# 16287

Chemicals, Peptides, and Recombinant Proteins

Yo-Pro-1 Life Technologies Cat# Y3603

NucFix Biotium Cat# 32004

All-trans retinoic-acid Tocris Cat# 0695

BMS 493 Tocris Cat# 3509

Citral Sigma Cat# C83007

Retinaldehyde Sigma Cat# R2500

DEAB Sigma Cat# D86256

TNP-ATP Tocris Cat# 2464

Critical Commercial Assays

TUNEL assay, In Situ Cell Death Detection Kit Roche Cat# 12156792910

Experimental Models: Cell Lines

HEK293T UC Berkeley - Cell Culture Facility N/A

Experimental Models: Organisms/Strains

C57/Black Jackson Labs Cat# 000664

rd1 Jackson Labs Cat# 000659

rd10 Jackson Labs Cat# 004297

Long Evans rats Charles River Labs Cat# 006

s334ter rats Matthew LaVail, UCSF Cat# Line 3

Oligonucleotides

Primers for mouse RARalpha Primer Bank, Harvard University Cat# 293336060c1

Primers for mouse RARbeta Primer Bank, Harvard University Cat # 45593123c1

Primers for mouse Cyp26 Primer Bank, Harvard University Cat # 178057350c1

Primers for mouse beta-Actin Primer Bank, Harvard University Cat # 6671509a1

Primers for mouse Rhodopsin Primer Bank, Harvard University Cat # 21717805a1

Software and Algorithms

MetaMorph Advanced 7.8 Olympus https://www.moleculardevices.com/products/

cellular-imaging-systems/acquisition-and-

analysis-software/metamorph-microscopy#gref

Zen Zeiss https://www.zeiss.com/microscopy/us/products/

microscope-software/zen-lite.html

Graphic State 4 Coulbourn Instruments https://www.coulbourn.com/category_s/363.htm

FreezeFrame 4 Coulbourn Instruments https://www.coulbourn.com/product_p/act-

100a.htm

MC_Rack 4.6 Multi Channel Systems https://www.multichannelsystems.com/software/

mc-rack

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MC_DataTool 2.6. Multi Channel Systems https://www.multichannelsystems.com/software/

mc-datatool

Fiji - ImageJ NIH https://fiji.sc/

Office Excel 365 Microsoft https://www.office.com/

SigmaPlot 12.0 Systat http://www.sigmaplot.co.uk/products/sigmaplot/

sigmaplot-details.php

OriginPro8 OriginLab https://www.originlab.com/

MATLAB R2107b Mathworks https://www.mathworks.com/products/matlab.html
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Richard

H. Kramer, rhkramer@berkeley.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Animals used included WT mice (C57BL/6J strain, Jackson Laboratory or Charles River), homozygous rd1 mice (CH3/Hej) (Jackson

Laboratory stock #000659, RRID:IMSR_JAX:000659), homozygous rd10 mice (B6.CXB1-Pde6brd10/J) (Jackson Laboratory stock

#004297, RRID:IMSR_JAX:004297), WT rats (Long Evans strain, Charles River Laboratories) and s334-ter rats (line #3, Matthew

LaVail, UCSF). Male and female rats and mice were used alike. Unless stated otherwise in the results or figure legends, all mice

used were 1-4 months old and all rats were 2-6 months old. Neonate rd10 mice were used for AAV9 tail-vein injection, and tested

for behavior and ex-vivo recordings at ages P30-P90. Animals were housed in a 12-hour light/dark cycle and provided with standard

chow and water ad-libitum. No more than 6 mice were housed in one cage, and no more than 2 rats were housed in one cage. All

animal use procedures were approved by the UC Berkeley Institutional Animal Care and Use Committee.

Cell Lines
HEK293T cells were routinely grown on polystyrene flasks (Nunc). Media used was Dulbecco’s Modified Eagle Medium (DMEM,

Thermo-Fisher), containing 10% Fetal Bovine Serum (Thermo-Fisher), 1% GlutaMAX (GIBCO) and 1% penicillin-streptomycin

(Sigma-Aldrich). Cells were purchased from and authenticated by the Cell Culture Facility at the Biosciences Divisional Services,

University of California, Berkeley.

METHOD DETAILS

Chemicals
Chemicals were obtained from Sigma-Aldrich, Tocris Bioscience, Life Technologies, Biotium, and Santa Cruz Biotech.

Viruses
Retinoic Acid Receptor reporter

A custom-designed and synthesized AAV vector (Vigene Biosci., Maryland, USA) included a cytomegalovirus promoter (CMV)

upstream to the coding sequence for the red fluorescent protein (RFP, ‘mStrawberry’), followed by poly-A tail and a stop sequence.

A fragment containing three repetitions of the retinoic acid response element (RARE) sequence followed by the weak promoter SV40

was sub-cloned frompGL3-RARE-luciferase (Addgene Plasmid #13458), a kind gift of theUnderhill Lab (Hoffman et al., 2006). Finally,

a green fluorescent protein (GFP) sequence was sub-cloned downstream to SV40, for a final construct of pAAV-CMV-RFP-stop-

RARE(x3)-SV40-GFP. The presence of inverted terminal repeat sequences was confirmed by enzymatic digestion. Final titer was

�1014 particles/ml.

RARDP and RARDN

The dominant-positive (pCIG-VP16-RARa; Addgene plasmid #16287) and dominant-negative (pCIG-RARa403-myc; Addgene

plasmid #16286) form of RARa (renamed in this study RARDP and RARDN, respectively) were a kind gift of the Jessell Lab (Novitch

et al., 2003). The coding region for each was sub-cloned into a pAAV backbone under the expression of human synapsin 1 (hSyn1).

The final constructs were pAAV-hSyn1-VP16-RARa-RFP-WPRE and pAAV-hSyn1-RARa403-myc-RFP-WPRE. The presence of

inverted terminal repeat sequences was confirmed by enzymatic digestion. Final titer was �1014 particles/ml.
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Serotype

Viruseswere produced either as AAV2 or AAV9 serotypes. AAV2 (Cehajic-Kapetanovic et al., 2011) was used for intravitreal injections

in adult mice and rats, while AAV9 (Byrne et al., 2015) was used for tail-vein injection of P2-3 mouse neonates.

Injections
Intravitreal injections

Adult mice and rats were intravitreally injected with drugs or viruses. Before injection, animals were anesthetized with isoflurane (2%)

and their pupils were dilated with tropicamide (1%) and phenylephrine (2.5%). Proparacaine (0.5%) was used as a topical analgesic.

Genteal was applied under a glass coverslip to keep the cornea lubricated. An incision was made through the sclera below the ora

serrata with a 30G needle. Solutions were injected into the vitreous with a blunt-ended 33GHamilton syringe. After injection, the anti-

biotic tobramycin (0.3%) was applied to the eye. Final drug concentrations (after 5-fold dilution in the vitreous) were: 0.1 mM all-trans

retinoic acid (ATRA), 100 mM liarozole (Van Wauwe et al., 1992), 20 mM diethylaminobenzaldehyde (DEAB) (Chute et al., 2006; Russo

et al., 1988), 50 mM citral, 0.1-0.5 mM BMS 493 (Germain et al., 2009), 1 mM retinaldehyde, and vehicle comprising of 1x phosphate

buffered saline (PBS) containing 1%dimethyl sulfoxide (DMSO). Intravitreal injections were performed using AAV2 serotype only. WT

and rd1micewere injectedwith the RAR-reporter virus or the RARDN virus, at age 1-1.5month-old. WT and s334ter rats were injected

with the RAR-reporter virus at age 3-4 month-old. Final volume of injections was 1-1.5 mL for mice and 5 mL for rats.

Tail vein injections

Neonatal mice were injected via one or both tail veins at ages P2-3 with an AAV9 (Byrne et al., 2015) virus to achieve expression of

the vector in the central retina. Prior to each injection, neonates were cryo-anesthetized on a latex glove placed on wet ice for 45-60 s

and immobilized. All tail vein injections were performed with a final volume of�7-10 ml. WT and rd1 mice were injected with the RAR-

reporter virus. rd10 mice were injected with the RARDN virus.

General considerations for experimental design
Replication

Unless stated otherwise, every MEA recording, dye loading, RAR-reporter imaging and behavioral experiment was conducted only

once on each individual animal, as all experiments were terminal for each individual mice.

Sample size estimation

Sample size was empirically determined in every case. As a general rule, every retina from every enucleated eyewas cut in 3-4 pieces

and the analysis was conducted in at least 2 pieces. If only 1 piece was available for analysis, that retina and its control were excluded

from the analysis. Statistical methods as well as exclusion criteria used were described in each related section and detailed in

‘‘Quantification and Statistical Analysis.’’

Blinding and randomization

In MEA and dye loading experiments performed following intravitreal injections with a pharmacological agent, one eye was injected

with the drug and the other with vehicle by a technician and noted as ‘‘R’’ or ‘‘L’’ in a log, alternating the order of injections between

mice, using ear clips or tail markings to identify each mouse. Researchers conducting MEA and dye-loading assays (5-7 days later)

were blind to the specific treatment in each eye, and performed their tests and analysis alternating between R and L retinal pieces.

The injection log and test results were compared post hoc. For behavioral experiments, blinding was conducted only between rd10

mice (WT controls were always known to the researcher). In every rd10 neonate litter used for either experiment, half of the neonates

were randomly selected to receive treatment (tail vein injection with RARDN) and returned to the cage with the rest of the littermates,

unmarked. As adults, all micewere first ear-clipped for individual identification and then subjected to one of two behavioral tests in no

specific order. At the end of the experiment mice were euthanized and their retinas were imaged for RFP fluorescence and tested for

viral-driven gene expression using RNA purification and RT-PCR to determine presence/absence of the virus in the retina.

Tissue preparation
Eyes were obtained from mice and rats immediately following euthanasia. Retinas were removed and kept in saline (artificial

cerebrospinal fluid) containing (in mM) 119 NaCl, 2.5 KCl, 1 KH 2 PO 4, 1.3 MgCl 2, 2.5 CaCl 2, 26.2 NaHCO 3, and 20 D-glucose,

aerated with 95% O2 / 5% CO2 and at room temperature until recording. For imaging (Yo-Pro-1, RAR-reporter), retinal pieces were

flat-mounted on filter papers with GCL side up.

Multi electrode array and patch-clamp recordings
Flat-mounted retina was placed ganglion cell layer down onto a 60-electrode Multi-Electrode Array (MEA 1060-2- BC, Multi-Channel

Systems). After mounting the retina was left to dark adapt for 20 minutes under constant perfusion with oxygenated saline at 34�C.
300 mM QAQ at was applied for 30 min, followed by a 5 min wash. A solution containing a mixture of neurotransmitter receptor

blockers isolated RGCs from synaptic inputs: (in mM) 10 AP4, 40 DNQX, 30 AP5, 10 SR-95531, 50 TPMPA, 10 strychnine, and

50 tubocurarine. In experiments where P2X channels were blocked, the retina in the MEA chamber, was pretreated with 100 mM

TNP-ATP (Virginio et al., 1998). Extracellular spikes were high-pass filtered at 200 Hz and digitized at 20 kHz and were counted

when exceeding 4 SD from the mean background voltage signal. Typically, each electrode recorded spikes from one to three

individual RGCs. Principal component analysis of the spike waveforms was used for sorting spikes generated by individual cells
Neuron 102, 574–586.e1–e5, May 8, 2019 e3



(Offline Sorter, Plexon). Stimulation light was generated from a 100 Wmercury arc lamp. Neutral density filters were used to alter the

light intensity of the 50 ms light flashes. Narrow band optical filters (Chroma) were used to deliver alternating intervals of 380 nm and

500 nm for stimulation of QAQ-treated as described previously (Polosukhina et al., 2012; Tochitsky et al., 2014). A typical MEA

protocol consisted of ten cycles of alternating 15 s light and dark intervals. Native light sensitivity was measured with ten cycles

of alternating 50 ms light and 15 s dark. Spontaneous firing rate in the dark was measured as the average firing of the dark intervals.

The Photoswitch Index (PI) was established for individual retinas in 380 nm/500 nm. PI = (mean firing rate in 380 nm light - mean firing

rate in 500 nm light) / (mean firing rate in 380 nm light + mean firing rate in 500 nm light).

Patch-clamp recordings were made with a MultiClamp 700B amplifier (Molecular Devices). Cell-attached recordings were per-

formed under voltage clamp at �60 mV, and excitatory post-synaptic currents were recorded from RGCs, in saline and following

perfusion (10 minutes) with a solution containing a mixture of neurotransmitter receptor blockers, as mentioned above. Data were

acquired using pCLAMP 10.4 and analyzed with ClampFit 10.5 (Molecular Devices).

Dye loading assay and immunolabeling
Yo-Pro-1 loading in live tissue

After dissection, retinas were cut into thirds and flat-mounted on a windowed nitrocellulose filter paper. Retinas were treated with

200 nM Yo-Pro-1 (Life Technologies) in oxygenated saline for 15 minutes, followed by staining with nuclear ID (Enzo Life Sciences)

at a 1:500 dilution for 3 minutes. Saline was perfused continuously at 3 ml/min for a period of 5 minutes to wash away excess dye. In

experiments employing TNP-ATP (100 mM), the retinas were pretreatedwith the compound for 10minutes before beginning Yo-Pro-1

treatment.

NucFix loading and immunolabeling

NucFix (Biotium) was prepared at a 1:1000 dilution in physiological saline. NucFix labeling was carried out with the same procedure

as with Yo-Pro-1 labeling, in living tissue. For co-labeling with antibodies, NucFix-loaded retinal pieces were fixed in 4% paraformal-

dehyde, blocked using 3% bovine serum albumin and 1:1000 diluted goat anti-mouse IgG (Jackson ImmunoResearch). After rinsing

with saline, the tissue was then incubated overnight with monoclonal anti-GFAP-AF488 (GA5, #53-9892-82, Invitrogen) antibody,

washed and mounted on glass slides with DAPI-Fluoromount G (Southern Biotech). All procedures were carried out in the dark.

RAR-reporter virus assay
In vitro

HEK293T cells were grown on poly-lysine (Sigma)-coated glass coverslips in 24-well plates (Nunc), in serum-free media to avoid

vitamin A. When cultures reached �70% confluency, they were transfected with the RAR-reporter plasmid using Lipofectamine

2000 (Thermo Fisher). 48 hr post-transfection, cells were checked for RFP expression, and then treated with ATRA or vehicle

(1% DMSO) for 48 hr. Cells were then fixed using 4% paraformaldehyde and mounted on glass slides using DAPI-Fluoromont G

(Southern Biotech) for imaging.

In vivo

RAR-reporter injected mice and rats, were sacrificed and enucleated. Retinas were isolated as previously described. Whole retinas

were partially sectioned on their periphery, making cuts with a scalpel on four symmetrical sides radial to the optic nerve. Whole

retinas were flat-mounted onto transparent PDFA membranes (Millipore) and placed on a saline bath. During imaging, retinas

were continuously perfused with oxygenated saline.

TUNEL assay
TUNEL assay (In Situ Cell Death Detection Kit, Roche) was carried out in retinas collected 5-6 days following injection with vehicle,

ATRA, or ATRA and liarozole. Retinas were fixed inside the cup using 4% paraformaldehyde and embedded in tissue freezing

medium. The tissue was cut in 14 mm thick cross-sections using a Leica cryostat.

Imaging
Confocal microscopy

Yo-Pro-1 loading and RAR-reporter virus were imaged using a spinning disk confocal microscope (Olympus BX61WI). The excitation

source was a mercury lamp, and fluorescence was collected by a 40x water-immersion objective and standard GFP (488/519 nm)

and RFP (561/575 nm) filter cubes (Olympus, U-URA). 1.5 mm section Z stacks were acquired using a Hamamatsu ImageEM CCD

C9100-13.

Image analysis

Images were analyzed with ImageJ or Fiji software (NIH) (Schindelin et al., 2012; Schneider et al., 2012). For the Yo-Pro-1 loading

assay, we used nuclear-ID to reveal all nuclei within the GCL and selected regions of interest (ROIs) corresponding to individual

non-overlapping nuclei. Overlapping nuclei were excluded, as were those belonging to vascular pericytes, which were associated

with blood vessels and had an elongated aspect ratio (> 3:2). ROI selection was performed after computationally flattening the retina

by employing amaximumZ projection onto a single plane. Background was subtracted using a rolling radius of 50 pixels. A threshold

for Yo-Pro-1 loading was established by measuring the level of autofluorescence of untreated retinas in each fluorescence emission

channel and finding a baselinemean value and adding 2-standard deviations. Nuclear I.D. (Enzo Life Sciences) was used to count the
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total number of cells within a field of view. The percentage of cells above the threshold was then calculated for comparison. For anal-

ysis of RAR-reporter virus assay, ROIs were manually selected on the RFP channel first and then superimposed onto the GFP chan-

nel. Single cell values for both RFP and GFP were filtered by using a RFP minimum threshold established in naive unlabeled retinas.

Behavioral assays
Innate light aversion

Innate light aversion was tested using a light/dark box (Harvard Apparatus, Coulbourn Instruments, H10-24). For the first two days,

mice were habituated in the dark to the test room for 2 hr/day, and on the third day they were habituated in the dark to the box for

�20 minutes. The day of the test, mice were dark adapted for at least 1 hour, then placed in the box in the dark and their activity

recorded for 10 minutes. Light was delivered to one side of the box using a single blue LED lamp. Aversion to light was tested at

an intensity of �250 mW/cm2 for 10 minutes, and �2500 mW/cm2 for another 10 minutes (intensity measured �25 cm from light

source). Automated data were generated by infrared sensors on both chambers, recorded and analyzed using Graphic State

software (Coulbourn Instruments). The test box was thoroughly cleaned in between mice using 10% bleach.

Learned light aversion

Learned light aversion was tested using a shock-box (Harvard Apparatus, Habitest), containing a shock-delivery grid, a recording

camera, and a custom-built panel of three individual LED white lamps coupled to a manual dimmer. Two days prior to the test,

light-adaptedmice were individually habituated to the box for 10minutes. A day before the test, mice were introduced into the cham-

ber for 10 minutes, and were exposed to three consecutive conditioning stimuli, each of them consisting of a 10 s-long light pulse

(�6000 mW/cm2) coupledwith a 2 s-long electric shock (0.5-0.8mA). The third day,micewere placed in the box for 11minutes, during

which they were exposed to 4 light stimuli, each 30 s-long interspaced by 2 minutes of darkness. The light intensity was incremented

between each stimulus. Recordings and analysis was performed by FreezeFrame (Coulbourn Instruments).

Semiquantitative RT-PCR
Semiquantitative reverse transcription PCR was employed to assess relative transcription of target genes. Retinas were dissected

and immediately homogenized (for each mouse, both retinas were pulled together). RNA was extracted and purified using RNAeasy

Kit (QIAGEN). cDNA was obtained by reverse transcribing 500 ng of RNA, using SuperScript III Kit (Thermo-Fisher). Semiquantitative

PCR reactions were carried out using AccuPower PCR Pre-Mix tubes (Bioneer), including 0.5 mM primer mix. Analysis of gene

expression was conducted using ImageJ to determine mean gray value of gel bands (densitometry).

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, the central tendency is shown as the mean. Variability was calculated as standard error of the mean (SEM).

Unless otherwise specified, error bars represent SEM. In all cases, measurements were taken from distinct samples. The Thompson-

Tau method was employed for the detection of outliers. If found, outliers were excluded from measurement and statistical analysis.

For every comparison between two datasets, a normality Shapiro-Wilk test and, when needed, an Equal Variance test was per-

formed. The specific statistical test for significance performed for each experiment is stated in its corresponding result description

and figure legend. If not specified otherwise, Student’s t tests and ANOVA tests were 1-tailed. Pairwise comparisons for non-para-

metric data employed the Wilcoxon Rank Sum Test. In the case where ANOVA was employed, bootstrapping was used to account

for unequal group sizes, a Tukey HSD test was employed as a post hoc test to define which comparisons and interactions

produced statistically significant changes. Results with p < 0.05 were considered significant. Symbols for p values were used

as follows: * < 0.05, ** < 0.01, *** < 0.001. See Table S1 for full datasets, sample sizes, statistical tests employed and p values for

all comparisons.

DATA AND SOFTWARE AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon request. Table S1 includes full data-

sets included in the present study.
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