
Metabolic transcriptomics dictate responses of cone 
photoreceptors to retinitis pigmentosa

Sang Joon Lee1,4,8, Douglas Emery1,8, Eric Vukmanic1,8, Yekai Wang5,8, Xiaoqin Lu1, Wei 
Wang2, Enzo Fortuny3, Robert James3,7, Henry J. Kaplan6, Yongqing Liu1, Jianhai Du5,*, 
Douglas C. Dean1,9,*

1Department of Medicine, Brown Cancer Center, University of Louisville Health Sciences Center, 
Louisville, KY 40202, USA

2Department of Ophthalmology and Visual Sciences, University of Louisville Health Sciences 
Center, Louisville, KY 40202, USA

3Department of Neurosurgery, University of Louisville Health Sciences Center, Louisville, KY 
40202, USA

4Department of Ophthalmology, Kosin University College of Medicine, #262 Gamcheon-ro, Seo-
gu, Busan 49267, Korea

5Departments of Ophthalmology and Visual Sciences and Biochemistry and Molecular Medicine, 
West Virginia University, Morgantown, WV 26506, USA

6Department of Ophthalmology, St. Louis University School of Medicine, St. Louis MO 63110, 
USA

7Present address: Department of Neurosurgery, University of Indiana School of Medicine, 
Bloomington, IN 46202, USA

8These authors contributed equally

9Lead contact

SUMMARY

Most mutations in retinitis pigmentosa (RP) arise in rod photoreceptors, but cone photoreceptors, 

responsible for high-resolution daylight and color vision, are subsequently affected, causing 

the most debilitating features of the disease. We used mass spectroscopy to follow 13C 

metabolites delivered to the outer retina and single-cell RNA sequencing to assess photoreceptor 
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transcriptomes. The S cone metabolic transcriptome suggests engagement of the TCA cycle and 

ongoing response to ROS characteristic of oxidative phosphorylation, which we link to their 

histone modification transcriptome. Tumor necrosis factor (TNF) and its downstream effector 

RIP3, which drive ROS generation via mitochondrial dysfunction, are induced and activated as 

S cones undergo early apoptosis in RP. The long/medium-wavelength (L/M) cone transcriptome 

shows enhanced glycolytic capacity, which maintains their function as RP progresses. Then, as 

extracellular glucose eventually diminishes, L/M cones are sustained in long-term dormancy by 

lactate metabolism.

Graphical abstract

In brief

Lee et al. utilize in vivo transport of 13C metabolites to the choroid and single-cell RNA 

sequencing of photoreceptors to characterize unique photoreceptor metabolomes that drive S cone 

vulnerability and L/M cone survival during progression of retinitis pigmentosa.

INTRODUCTION

Retinitis pigmentosa (RP) is a hereditary blinding disease affecting as many as 1 in 3,000 

individuals.1 It initiates with loss of rod photoreceptor-dependent peripheral vision and dark 

adaptation. Accordingly, most RP mutations arise in genes expressed in rods, with the 

most common targeting the opsin gene RHO. Further complicating RP, cone photoreceptors 
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progressively lose their function,2–5 which is critical for high-resolution daylight and color 

vision.

As with other neurons, photoreceptors depend on glucose,6 which is transported from the 

choroidal circulation via the retinal pigment epithelium (RPE).5,7 Phosphatidylserine (PS) is 

externalized on extending outer segment (OS) tips, where it forms complexes with integrins 

and Tam-family receptor Mertk on the RPE apical surface.8 Cross-signaling between these 

receptors leads to activation of Akt, which initiates glucose transport through the RPE 

to photoreceptors by promoting translocation of the glucose transporter Glut1 to the RPE 

apical surface.9 Subretinal injection of OS tip mimetics displaying PS re-activates this Akt/

Glut1 pathway in the RPE in RP, restoring glucose transport to the photoreceptors and 

renewing cone OS synthesis and function in RP after rods are lost. Together, these findings 

suggest that diminished cone function in RP results from faulty glucose transport because of 

shortening of abundant rod OS.

We followed cone activity, morphology, and survival in mouse and pig models of RP; in 

the latter, cones are concentrated in a visual streak functionally resembling the macula.5,10 

As glucose transport to photoreceptors diminishes in RP, we show rapid loss of short-

wavelength S cones; however, long/medium-wavelength (L/M) cones survive but gradually 

lose function. We used mass spectroscopy (spec) to follow 13C metabolites delivered to the 

outer retina via the choroid circulation, import and export of metabolites to and from the 

choroid circulation, and single-cell RNA sequencing (scRNA-seq) to compare photoreceptor 

transcriptomes.

RESULTS

S cones show rapid loss of OS and apoptosis in RP

Rod OS number and length were lost shortly after birth in P23H RHO mutant pigs (RP), 

and rod cell bodies began to diminish by post-natal day 30 (P30).5,9,11 As with rods, 

immunostaining for S opsin showed a similar S cone number and OS length in wild-type 

(WT) and RP pig littermates before birth (Figure 1A), but most S cone OS were lost 

by P3, and those persisting were significantly shortened (Figure 1B). We then performed 

TUNEL staining to follow photoreceptor apoptosis. In the pig, the first two outer nuclear 

layer (ONL) rows of photoreceptors are cones (Figure 1C).5,9,12 A low level of apoptosis 

was evident in rods from P1–P14, but there was a burst of apoptosis on P3 in cones 

(Figures 1D and 1E). Immunostaining for S and L/M opsins showed that S cone cell bodies 

were diminished by P14, whereas L/M cone numbers did not decrease, demonstrating that 

apoptosis of S cones was leading selectively to their early loss (Figure 1F). L/M cone OS 

did not begin to shorten until after P90 (see Figures 6A–6F below), and most L/M cone cell 

bodies persisted for more than 5 years in RP pigs.5,9

Onset of S cone OS loss and apoptosis coincides with diminished glucose transport from 

the RPE to the outer retina, which initiates in RP with shortening of rod OS by as little as 

50%5,9 (Figure S1). Studies were performed in WT and P23H Rho RP mice by following 

fluorescently labeled 2-deoxyglucose injected into the tail vein. When purified OS or OS 

mimetics, consisting of liposomes enriched in PS, are injected subretinally in RP, glucose 

Lee et al. Page 3

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transport from the RPE to photoreceptors is restored (Figure S1), as described previously.9 

Notably, in these experiments, most “glucose” in the retina accumulates in photoreceptor 

inner segments of the outer retina, with less evident in the inner retina, consistent with 

photoreceptors as the major sites of retinal glucose metabolism. Taken together, these results 

are consistent with S cones being more sensitive than L/M cones to diminishing levels of 

glucose in RP.

An S cone electroretinography (ERG) response diminishes in RP before an L/M cone 
response

We compared the photopic ERG response in WT and RP pigs. WT and RP pigs were tested 

with an International Society for Clinical Electrophysiology of Vision (ISCEV) protocol 

examining cone response to a brief white light flash under photopic conditions (STAR 

Methods). A similar positive peak arising from L/M cones and initiating at 20 ms was 

observed in WT and RP out to 3 months of age (Figure 1G), but this L/M cone ERG signal 

subsequently diminishes in RP.5,9 An ISCEV protocol has been designed to examine the S 

cone ERG.13,14 In this protocol (STAR Methods), L/M cones are first saturated, and then 

S cone responses to a blue flash stimulus ranging from 0.002–0.06 cd s/m2 are collected. 

As reported previously using these conditions,13,14 we observed a later-arising broad peak 

at 40–50 ms attributed to S cones (Figure 1G). This peak increased in amplitude with 

blue flash intensity, and importantly, it was significantly diminished in RP, consistent with 

decreased S cone number/function (Figure 1G).

scRNA-seq separates human retinal cells into functional clusters

Yan et al.15 generated 86,253 single-cell transcriptomes from retinas of seven human donors 

ranging in age from 53–78. We accessed their data deposited in GEO: GSE148077 and 

from the Single Cell Broad Institute Portal (https://singlecell.broadinstitute.org/single_cell). 

Based on RNA expression, the cells formed the following clusters in T-distributed stochastic 

neighbor embeding (tSNE) plots: 3 photoreceptors, 2 horizontal cells, 12 bipolar cells, 

25 amacrine cells, 12 retinal ganglion cells (RGCs), as well as non-neural Müller glia, 

astrocytes, microglia, and endothelial cells15 (Figure S2). Of these clusters, 49 contained 

cells from at least six of the seven donors. Expression of the visual pigment genes RHO, 
OPN1SW, and OPN1LW highlighted independently clustering rods (6,073 cells), S cones 

(58 cells), and L/M cones (1,938 cells), respectively (Figures 2A and S2). As a control 

for scRNA-seq in rods, L/M cones, and S cones, we compared RNA levels of 41 genes 

identified as a regulatory signature of neurons generally in the photoreceptors (Figure S3). 

In the mouse, most cones expressing S opsin co-express M opsin, which is quantified in 

Nadal-Nicolás et al.16 However, L and M opsin RNA expression was low/not detected in 

the human S opsin cluster, and when examining all single photoreceptor cells, we failed to 

identify cells with overlapping S and L/M opsin expression (Figure S3). Thus, as opposed to 

the mouse, S opsin-only cones appear to predominate in humans.
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The L/M cone transcriptome shows enhanced capacity for glucose uptake and glycolysis 
compared with S cones and rods by expression of RNAs for RdCVF (NXNL1), glycolytic 
pathways genes, and glycolytic regulators

We compared the metabolic transcriptome aimed at glucose transport and glycolysis in 

photoreceptor populations. The glucose transporter SLC2A1 (GLUT1) was elevated in L/M 

cones vs. rods, but it was low in S cones (Figure 2B). However, S cones expressed another 

glucose transporter, SLC2A3 (GLUT3), which was low in rods and L/M cones. Surprisingly, 

we found that rod-derived cone viability factor (RdCVF) (NXNL1) RNA, which is thought 

to be expressed in rods, where the protein is secreted and, in turn, taken up by cones,2 was 

expressed in L/M cones but low or not detected in rods, S cones, other retinal neuronal 

or non-neural cells, or RPE (Figures 2B, S5, and S5A). NXNL1 interacts with glucose 

transporters to promote glucose entry into cells, allowing cells to maintain glucose uptake as 

extracellular levels diminish.2 Notably, L/M cones also expressed elevated levels of RNAs 

for glycolytic enzymes compared with S cones and rods (Figure 2B). Additionally, HK2, 

which enhances the initial rate-limiting step in glycolysis, was high in L/M cones, and it 

was also evident at a lower level in S cones but not in rods. This low level of HK2 in 

human rods was surprising because it is expressed in rodent rods, where it contributes to 

essential glycolysis in cells.3,17 A scatterplot comparing NXNL1 and HK2 RNA expression 

in photoreceptors illustrates their enrichment in L/M cones (Figure 2B). Likewise, PFKFB3 

RNA, whose product is an allosteric enhancer of PFK and, thus, glycolysis, is elevated in 

S and L/M cones but not detected in rods. Taken together, these results suggest enhanced 

capacity for glucose import and glycolysis in L/M cones compared with S cones, with 

rods showing the lowest glycolytic capacity. Comparing rod vs. cone expression in the 

Human Protein Atlas Proteome provides support for glycolytic capacity differences in this 

independent dataset (Figure S5B). Nevertheless, a block in glycolysis in vivo leads to 

rapid rod death,11 demonstrating their dependence upon glycolysis and implying that their 

seeming low capacity might be a factor in their sensitivity.

Metabolic transcriptomes suggest that rods are restricted to aerobic glycolysis, L/M cones 
show potential for aerobic glycolysis and oxidative phosphorylation, and S cones rely on 
oxidative phosphorylation

Consistent with previous findings, RNA for LDHA, which preferentially catalyzes lactate 

generation from pyruvate, was evident in L/M cones and rods (Figure 2B), suggesting 

capacity for aerobic glycolysis terminating in lactate production in these photoreceptors. 

Consistent results were seen when comparing rods and cones in the Human Protein Atlas 

Proteome (Figure S5B). By contrast, LDHA RNA was low in S cones (Figure 2B), 

suggesting limited capacity for aerobic glycolysis.

Even though the rod transcriptome suggests a lower capacity for glucose import and 

glycolysis compared with cones, RNAs for PDHA, which catalyzes the first step of 

mitochondrial pyruvate metabolism in the tricarboxylic acid cycle (TCA) cycle, and 

MPC1/2, which transport pyruvate from the cytosol to mitochondria (Figure 3), were low 

in rods compared with cones, consistent with rod dependence on aerobic glycolysis. By 

contrast, S and L/M cones expressed RNAs for PDHA as well as MPC1/2, consistent with 

engagement of the TCA cycle. Despite the transcriptome of rods showing a low level of 
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MPC1/2 expression and pointing to aerobic glycolysis (Figure 3), mutation of Mpc1 in mice 

led to loss of functional rods as well as cones.18 Notably, this conditional mutation of Mpc1 
was driven by Six3-Cre, and Six3 is expressed early in proliferating retinal progenitors, 

before they give rise to a common S cone precursor, which, in turn, produces rods and 

L/M cones.18,19 Because Mpc1 mutant retinal progenitors pass through this common S cone 

precursor on their path to generation of rods and L/M cones, it is conceivable that TCA 

cycle engagement is critical at this developmental stage for proper functional photoreceptor 

differentiation from S cone precursors.

Low expression of RNA for LDHA together with high expression of MPC1/2 and PDHA 

RNAs in S cones suggests that pyruvate from glycolysis is being diverted into the TCA cycle 

in these cells (Figure 2B). Expression of RNAs for LDHA along with PDHA and MPC1/2 

in L/M cones suggests a capacity both aerobic glycolysis and oxidative phosphorylation via 

the TCA cycle. Consistent with mitochondrial engagement of the TCA cycle and oxidative 

phosphorylation, expression of nuclear genes for TCA cycle enzymes and those involved in 

electron transport, as well as ADP/ATP mitochondrial transport and mitochondrial calcium 

transport, critical for mitochondrial function, are high in cones compared with rods (Figure 

3). Additionally, mitochondrial genes (MT) encode key components of electron transport 

complexes I, III, IV, and V, and these genes are also expressed in S cones and, to a lesser 

degree, in L/M cones, but expression is low in rods (Figure 3). This low level of expression 

of genes driving the TCA cycle/electron transport and mitochondrial function suggests that 

rods rely on glycolysis. Consistent with rod utilization of aerobic glycolysis, more than 90% 

of glucose taken up by photoreceptors in the rod-rich retina appears to be used for aerobic 

glycolysis, which drives ongoing OS synthesis.4,20 Notably, beyond their traditional role in 

energy production, mitochondria in the ellipsoid of photoreceptors have been shown to act as 

lenses critical for focusing light on adjacent, visual pigment-rich OS.21

The S cone transcriptome shows induction of genes in the fatty acid oxidation pathway 
and capacity for transcriptionally activating histone methylation that targets these genes

Beyond the capacity for diversion of pyruvate from glycolysis into acetyl-coenzyme A 

(CoA) in the mitochondrial TCA cycle, the S cone transcriptome selectively shows elevated 

expression of RNAs for enzymes in the fatty acid oxidation pathway (Figure 3), which 

also generates acetyl-CoA feeding the TCA cycle. Histone H3K4 trimethylation (me3) is 

a transcriptional activating mark that is important in driving expression of genes in the 

fatty acid oxidation pathway.22,23 Indeed, each of the fatty acid oxidation pathway genes 

elevated in S cones is a target of H3K4me3 in chromatin immunoprecipitation sequencing 

datasets (Figure 3)24 (https://maayanlab.cloud/Harmonizome). KMT enzymes transfer 

methyl-regulatory groups to histones,25 and RNAs for family members catalyzing H3K4me3 

are selectively expressed in S cones (Figure 4A). Classically, abundant α-ketoglutarate 

produced by extensive turning of the TCA cycle (e.g., in cones) is an essential co-factor for 

the KDM family of histone demethylases that erase these histone methylations.26 However, 

expression of RNAs for KDM-family enzymes was low/not detected in S cones (Figure 

4A), suggesting that the cells lack the capacity to erase histone methylation, thereby shifting 

equilibrium toward H3K4me3, consistent with activation of fatty acid oxidation. RNAs 

for KMTs catalyzing histone methylations at H3K9, H3K27, and H3K79 were low/not 
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detected in photoreceptors, as were those for DMNTs and TET enzymes that catalyze DNA 

methylation/demethylation (Figure 4B).

S-adenosylmethionine (SAM) serves as the methyl donor for KMT-catalyzed histone 

methylation.25 It is synthesized from methionine in a reaction catalyzed by MAT2, and 

consistent with the capacity to generate SAM specifically in S cones, we found that RNA 

for MAT2B is selectively induced in S cones (Figure 5E). SAM can also be synthesized 

from phosphatidylethanolamine in a reaction catalyzed by PEMT, but PEMT transcripts 

were not detected in photoreceptors. Methionine can be synthesized from serine, and it can 

be regenerated after methyl transfer from SAM in cells via a reaction with betaine, whose 

source can be dietary. A previous study examining metabolites in the pig circulation showed 

similar metabolite levels in various arterial sites, whereas altered levels in veins draining 

an organ compared with the arterial circulation reflected organ-specific metabolism.27 

The ciliary artery feeds the choroid circulation, bringing metabolites and oxygen to 

photoreceptors in the outer retina, and vortex veins drain quadrants of the choroid.28 We 

performed experiments comparing levels of metabolites involved in SAM metabolism in 

the arterial circulation entering the choroid with levels in the four vortex veins (Figures 

5A–5D). We found similar levels of metabolites in arterial blood from the ciliary artery, ear 

artery, and femoral artery, consistent with previous findings in the pig.27 Methionine was 

exported into the choroid circulation, consistent with excess production in the tissue (Figures 

5E and S6). RNAs for enzymes catalyzing synthesis of the methionine precursor serine via 

glycolysis were low in photoreceptors, and accordingly, 13C from glucose was not efficiently 

incorporated into serine in the outer retina 30 min after injection (Figure 6H). Serine 

is essential for numerous retinal functions, but retinal serine in the WT mouse appears 

to be derived primarily from glucose metabolism in the liver. However, under hypoxic 

conditions in retinopathy of prematurity, serine synthesis in the retina can be induced by 

Hif1a, which reprograms glycolysis.29 Accordingly, we observed that serine was imported 

from the choroid circulation (Figures 5E and S6), with its source possibly synthesis in the 

liver, as in the mouse. Consistent with ongoing regeneration of methionine following methyl 

transfer from SAM, betaine was imported from the choroid circulation (Figures 5E and 

S6). Taken together, these results show that the capacity for SAM synthesis/regeneration 

from methionine and its utilization in histone methylation is a feature of S cones. We 

then examined RP pigs on P60, after S cones are diminished, and found that export of 

methionine was down and that serine and betaine were no longer imported (Figures 5E 

and S6), consistent with methionine synthesis/regeneration being a property of S cones, as 

suggested by their transcriptome.

Glucose is imported to the outer retina at the onset of circadian rod OS tip synthesis, and 
lactate is exported as synthesis is completed

As noted, RPE adjacent to photoreceptors in the outer retina serves as the choroidal 

circulation outer retinal barrier. In WT pigs, we detected little or no 13C from 13C glucose 

incorporation into glycolysis or the TCA cycle in the RPE 30 min after injection into 

the ciliary artery, but incorporation was evident under these condition in the outer retina9 

(Figure 6H). Together, these results suggest that RPE in the WT, under these conditions, 

is serving primarily to transport glucose from the choroid circulation to photoreceptors. 
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Additionally, we detected little or no LDHA RNA in the RPE (Figures 2 and S4), also 

suggesting that they are not a source of lactate generation from pyruvate. RPE expresses 

high levels of glucose and lactate transporters (Figure 2), allowing it to control extracellular 

levels of the metabolites in the outer retina via import from and export to the choroid 

circulation. Notably, however, we found that, in RP, as glucose accumulated in the RPE with 

transport failure, glycolysis was initiated in the cells, leading into the TCA cycle.9 Thus, the 

RPE can switch to glucose metabolism in RP.

To follow metabolite export into and import from the choroid circulation, we again 

compared arterial metabolite levels entering the choroidal circulation to venous levels in 

the four vortex veins that drain quadrants of the choroid. In a 12-h on/12-h off light cycle, 

rod OS tip phagocytosis peaks approximately 2 h after onset of light in the morning, with 

new OS synthesis commencing soon after.30 We exposed pigs to such a 12-h light cycle 

with the “on” cycle initiating at 6:00 a.m., and we evaluated metabolite transport in the 

morning (8:00 a.m.), at the peak of rod OS tip phagocytosis, and afternoon (3:00 p.m.), 

designed to approximate completion of new rod OS synthesis. We found that glucose 

was imported from the choroid circulation in the morning (Figure 5F). As noted, we 

showed previously that glycolytic metabolites and other metabolites indicative of glucose 

metabolism are not detected in the RPE, providing evidence showing that un-metabolized 

glucose is largely being transported from the choroid circulation through the RPE to the 

outer retina, where it is metabolized.9 Because glucose transport and subsequent metabolism 

via aerobic glycolysis are necessary for ongoing OS synthesis,4,31 we reasoned that its 

transport from the choroid would diminish as new rod OS synthesis is being completed in 

the afternoon, and indeed, glucose transport was significantly reduced but still evident in 

the afternoon (Figure 5F). As a measure of aerobic glucose metabolism in the outer retina 

during the period of new rod OS synthesis, lactate was transported via the RPE into the 

choroid circulation in the afternoon, as new rod OS synthesis was being completed (Figure 

5F).

L/M cones initially shift toward aerobic glycolysis in RP, and then glycolysis subsides as 
the cells transition to dormancy

We examined glucose metabolism in the outer retina as RP progressed. Two ages were 

examined: 3 months, when rods and S cones were lost but L/M cones and their OS were 

still evident (early RP) and the photopic ERG was still similar to the WT (Figure 1G), and 

12 months, when L/M cone cell numbers were still similar, but OS were lost and photopic 

ERG had diminished in transition to dormancy (late RP) (Figures 6A–6F).9 We performed 

experiments injecting 13C glucose into the ciliary artery with the purpose of aiming it via the 

choroid circulation to the RPE and, in turn, the outer retina (Figures 5A–5C and 6G). After 

30 min, 13C incorporation into the outer retina was evaluated. Under these conditions, 13C 

glucose is rapidly diluted as it exits the choroid, and as evidence it is not incorporated into 

the retina of the contralateral eye. Such dilution after exiting the eye prevents secondary 13C 

glucose metabolites from other tissues contributing to retinal metabolism. As anticipated, 

and reflecting uptake of glucose from the choroid circulation, 13C was incorporated into 

glycolytic intermediates in the outer retina, but not, as we showed previously, in the RPE 

under these conditions (Figure 6H).9 These findings are consistent with photoreceptor 
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metabolic transcriptomes showing capacity for glycolysis in each cell type, but they are a 

reflection primarily of metabolism in abundant rods in the WT. Beyond glycolysis, 13C was 

also incorporated into TCA cycle intermediates (Figure 6H). Because the rod transcriptome 

suggests that the cells are focused on aerobic glycolysis, we concluded that incorporation of 
13C from glucose into TCA cycle intermediates reflects cone metabolism, particularly more 

abundant L/M cones.

With diminished rods and S cones, 13C incorporation into glycolytic intermediates and 

lactate was still evident in the outer retina in early RP (Figure 6H). Indeed, 13C 

incorporation into glycolytic intermediates was significantly higher than in the WT (Figure 

6H). In this regard, the transcriptome of L/M cones shows enhanced glycolytic capacity 

compared with rods (Figure 2B), and rods are the predominant photoreceptors in the WT, 

but L/M comes are the remaining photoreceptor population at 3 months of age in early 

RP. In contrast to glycolysis, 13C labeling of TCA cycle intermediates was significantly 

diminished in early RP but still evident, suggesting that L/M cones had transitioned toward 

aerobic glycolysis terminating in lactate production (Figure 6H). By 12 months of age, we 

detected little or no 13C incorporation into glycolytic or TCA intermediates in dormant 

L/M cones (Figure 6H). Taken together, these results suggest that surviving L/M cones first 

shift toward aerobic glycolysis in RP, and then glycolysis ultimately diminishes as the cells 

transition to a dormant state, reflected by loss of OS and ERG (Figure 6I).

TCA intermediates can be exported out of mitochondria via SLC25A transporters, where 

they have key roles in biologic processes such as fatty acid and lipid synthesis as well as 

regulation of histone modifications in gene expression.32 As these intermediates build up 

in the cytoplasm, they can be exported from cells, and an example of such export from the 

outer retina is succinate, which can be oxidized and taken up and utilized by the RPE to 

uncouple electron transport from ATP synthesis.33,34 We noted induction of SLC25A RNA 

in cones vs. rods (Figure 6J), and as a measure of TCA cycling, we compared export of 

TCA intermediates from the outer retina to the choroid circulation in WT and early RP. 

Consistent with diminished turning of the TCA cycle in early RP, we found a decrease in 

TCA intermediates exported to the choroid circulation (Figure 6K).

Cone transcriptomes show capacity for lactate import and metabolism

Despite reduced LDHA RNA, S cones express LDHB RNA (Figure 2), which preferentially 

has higher affinity for lactate vs. pyruvate than LDHA and is required to catalyze the reverse 

reaction, generating pyruvate from lactate in cancer.35 Expression of LDHB RNA in S cones 

suggests their potential to utilize extracellular lactate in addition to glycolysis and fatty 

acids to further fuel the TCA cycle. Consistent with their potential to import extracellular 

lactate, S cones express RNAs for bidirectional lactate transporters (Figure 2). Like S cones, 

L/M cones also express RNAs for LDHB and lactate transporters (Figure 2), and their 

expression of PDHA and TCA/electron transport transcripts suggests that L/M cones can 

divert pyruvate not only from glycolysis but also potentially from lactate metabolism into 

oxidative phosphorylation.
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Lactate is imported from the choroid circulation during the period of new cone OS 
synthesis

The cone OS tip phagocytosis/new OS synthesis cycle is thought to be approximately 12 h 

out of phase with that in rods in this diurnal process, with phagocytosis peaking in the early 

evening, approximately 4 h after the afternoon time point at 3:00 p.m., and new OS synthesis 

initiating thereafter.36 Thus, as rod OS tip phagocytosis is peaking in the morning, new cone 

OS synthesis is ongoing. Notably, as opposed to the afternoon, we found that lactate was 

imported from the choroid circulation in the morning (Figure 5F). This finding confirms 

the RPE as a circadian bidirectional transporter of lactate in vivo, and this lactate uptake 

during the period of cone OS synthesis is consistent with cone transcriptomes that point 

toward usage of lactate as a fuel source. Because of the phasic difference in rod and cone OS 

tip phagocytosis/new OS synthesis, extracellular lactate generated from aerobic glycolysis 

during the period of new rod OS synthesis, which we show is exported into the choroid 

circulation at 3:00 p.m., would seemingly not be available to cones as they initiate synthesis 

of new OS after their peak of phagocytosis in the evening.

13C from circulating lactate is not detected in metabolites in the RPE, but it is incorporated 
into TCA cycle intermediates in the outer retina at similar levels in the WT and RP

We performed similar experiments injecting 13C lactate and found little or no 13C 

incorporation in TCA cycle intermediates in the RPE in either the WT or RP (Figure 6L), 

suggesting that the cells are primarily transporting lactate between the choroid circulation 

and outer retina under these experimental conditions. By contrast, 13C from lactate was 

incorporated into TCA cycle intermediates in the outer retina (Figure 6M), consistent 

with its metabolism by photoreceptors. Because we found low LDHB transcripts in rods 

(Figure 2B), we concluded that cones are likely responsible for this lactate metabolism. 

Indeed, 13C incorporation from lactate into the outer retina was not significantly different 

in RP after rods were lost (Figure 6M), suggesting that, unlike glucose, its transport from 

the choroid circulation via the RPE is not compromised in RP. We concluded that, with 

glycolysis diminished in RP, L/M cones continue to utilize lactate imported from the choroid 

circulation as fuel.

Diminished TCA cycle in RP impedes cone glutamate synthesis

Glutamate is the neurotransmitter released by all photoreceptors.37 Its level in 

photoreceptors can be maintained by reabsorption of secreted/extracellular glutamate38 or 

by de novo synthesis from glutamine or TCA cycle intermediates.39 Rods show diminished 

capacity for the TCA cycle compared with cones, and they express little or no RNAs for 

GOT1/2 in generating glutamate from TCA cycle oxaloacetate via aspartic acid or RNAs for 

GLUD1/2 for its synthesis from α-ketoglutarate (Figure 2B). Further, rods showed little or 

no expression of RNAs for GLS or SLC38-family GLN transporters (Figure 2B), suggesting 

limited capacity to synthesize glutamate from glutamine. Accordingly, injection of 13C 

glutamine into the choroid circulation, as shown in Figure 6G, led to little detectable 13C 

incorporation into glutamate in the WT outer retina, where rods predominate (Figure 6N). 

Evaluating glutamate uptake from and export into the choroid circulation in the morning 

and afternoon, as shown in Figure 5F, showed that it was exported into the circulation in 
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the afternoon, consistent with an excess of glutamate in the outer retina (Figure S6). By 

contrast, glutamate was imported from the choroid circulation in the morning (Figure S6), as 

rods take up glutamate with the onset of light. This uptake of glutamate in the morning was 

dependent on rods and was lost in RP (Figure S6). Together, these results are consistent with 

rods utilizing imported glutamate from the choroid circulation in response to light onset in 

the morning.

By contrast, cones express RNAs for GOT1/2 (Figure 3) and thus have the capacity to 

synthesize glutamate from aspartic acid arising from the TCA cycle via the malate-aspartate 

shuttle, which moves aspartate and glutamate between the mitochondria and cytoplasm. 

However, S cones and most L/M cones express little RNA for GLUD1/2, which catalyze 

synthesis of glutamate from α-ketoglutarate. Consistently, we found that 13C from glucose 

was efficiently incorporated into aspartic acid and glutamate in the WT outer retina (Figure 

6H). Because rods have reduced expression of RNAs for enzymes catalyzing this synthesis, 

we concluded that this 13C incorporation is likely occurring in cones. We then injected 
13C glutamine in early RP, where L/M cones are the remaining photoreceptors. Despite 

expression of GLS and glutamine transporters in cones from the WT (Figure 3), we 

failed to detect 13C from injected 13C glutamine in glutamate in early RP (Figure 6N), 

suggesting that glutamate synthesis from glucose via aspartic acid in the malate-aspartate 

shuttle is an important source of glutamate in cones. Notably, the malate-aspartate shuttle 

acts to transfer reducing equivalents from NADH in the cytosol to the mitochondria 

because the mitochondrial membrane is impermeable to NADH and NAD+. This transfer of 

reducing equivalents is essential for maintaining the favorable NAD+/NADH ratio required 

for mitochondrial oxidative metabolism of glucose.40 Further, the malate-aspartate shuttle 

is essential for glutamate synthesis in CNS neurons, where it is necessary to maintain 

functional neurotransmitter levels at the synaptogenic membrane.41 Notably, 13C from 

glucose incorporation into aspartic acid and glutamate diminished in early RP, coincident 

with a decrease in TCA intermediates, and in late RP, persisting L/M cones had lost 

the capacity to synthesize glutamate from glucose (Figure 6H). We then concluded, with 

reduced TCA cycling in cones in early RP, that the malate-aspartate shuttle diminishes, 

limiting their ability to synthesize glutamate from glucose, which is further diminished in 

late RP.

The S cone transcriptome shows induction of pentose phosphate pathway (PPP) and 
oxidative stress response genes linked to a MAT2A-H3K36 methylation loop

As discussed above, the S cone transcriptome suggests that glycolysis, fatty acid oxidation, 

and lactate feed into the TCA cycle in these cells (Figures 2B and 3). Beyond ROS 

generation from extensive utilization of the electron transport chain, the mitochondrial fatty 

acid oxidation pathway also generates ROS.42 The PPP is a first-line defense against reactive 

oxygen species (ROS).43 The oxidative arm of the PPP catalyzes reactions that lead to 

increased NADPH for the antioxidant capacity to reduce ROS species, and RNAs for PPP 

enzymes are elevated in S and L/M cones (Figure 7A). Additionally, products catalyzed by 

TALDO1 in the non-oxidative arm can feed into the oxidative arm for NADPH generation. 

In a similar fashion, RNAs for genes sensing and mounting the cellular response to ROS are 
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induced (Figure 7A). Together, these findings point to an ongoing response to ROS that is 

most evident in S cones and also seen in L/M cones but not rods.

Like H3K4me3, H3K36me3 is an epigenetic mark that promotes gene transcription.44 

Notably, H3K36me3 is important in transcription of genes responding to ROS.45,46 As with 

H3K4, RNAs for KMT writers of H3K36 methylation are selectively induced in S cones, 

and KDM-family erasers of this methylation are low/not detected (Figure 4A), suggesting a 

balance tipped toward H3K36me3 in the cells. Consistently, several key genes in the PPP, as 

well as most ROS sensors/responders induced in S cones, are targets of H3K36me3 (Figures 

2B and 7A)24 (https://maayanlab.cloud/Harmonizome). Similarly, the gene for MAT2A, 

which catalyzes synthesis of the histone methyl donor SAM and whose RNA we show is 

expressed selectively in S cones, is also a target of H3K36me3 (Figure 7B), suggesting a 

positive MAT2A-H3K36me3 loop. Because SAM is a general histone methylation donor, 

such a MAT2A-H3K36me3 loop might be consequential for KMT-catalyzed methylation of 

other histone amino acids, including H3K4.

As noted above, methionine can be regenerated from S-adenosyl-homocysteine (SAH) after 

SAM methyl transfer to histones (Figure 5E). However, accumulating SAH from ongoing 

methyl transfer can also generate cystathionine, cysteine, and, ultimately, GSH and taurine 

for ROS protection (Figure 7B), linking ongoing SAM methyl transfer to ROS protection. 

Consistent with generation of cystathionine, cysteine and taurine, we found each of these 

metabolites is exported to the choroid circulation (Figures 7B and S9). We then examined 

levels of GSH and oxidized GSH (GSSG) arising from ROS neutralization using mass spec. 

Glutathione synthetase (GSS) RNA is enriched in S cones, and, like MAT2A, it is a target 

of H3K36me3. The ratio of GSSG to GSH in the retina increased from 2:1 in the WT to 

5:1 in RP (where rods and S cones are lost), coincident with diminished levels of the PPP 

marker ribulose-5 phosphate (RPIA) (Figure 7C). As noted above, NADPH generated from 

the PPP is utilized for reduction of GSSG to regenerate GSH. Together, these results suggest 

that ROS oxidation of GSH to GSSG increases in the retina as the PPP diminishes in RP. 

Because accumulating ROS leads to inhibition of TCA cycle enzymes,47 such an increase in 

ROS, as evidenced by the diminished GSH:GSSG ratio and diminished PPP marker, likely 

accounts for the decrease in TCA cycle intermediates in L/M cones as RP progresses (Figure 

6H). Notably, GSSG in RPE increased in RP, as did RPIA (Figure 7C), consistent with onset 

of a PPP response to initiation of ROS production in these cells in RP.

S cones show increased capacity for alternative RNA splicing

Beyond initiating a gene expression response to ROS, H3K36me3 classically drives 

expression of genes regulating alternative RNA splicing.44,48 Notably, neurons display one 

of the highest levels of alternative splicing, and this is particularly evident in splicing 

of micro-exons (≤27 nt), which frequently include sites of protein activity-regulating 

modifications such as phosphorylation.49–51 We examined expression of RNAs known to 

be alternatively spliced in neurons, including several involved in ciliogenesis, and found 

that they are generally enriched in S cones (Figure S7). However, none of these genes are 

targets of H3K36me3 (Figure S7) (https://maayanlab.cloud/Harmonizome),24 indicating that 

their preferential expression in S cones is not driven by H3K36me3. As with RNAs targeted 
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for alternative splicing, we found that splicing regulatory factors that drive this alternative 

splicing are selectively induced in S cones, but in contrast to RNAs targeted for alternative 

splicing, most of these splicing regulator factor genes are targets of H3K36me3 (Figure 

S7). Interestingly, a previous study in mice of splicing and splicing factor expression during 

photoreceptor development found that the MSI family (MSI1/2) appears to specifically 

regulate alternative splicing as photoreceptor progenitors become post-mitotic in their 

transition to S cone precursors, which, in turn, give rise to rods and L/M cones.52,53 We 

found, in adult human photoreceptors, that MSI2 RNA is selectively expressed in S cones 

along with other splicing factors, including the micro-exon splicing regulators SRRM3/4 

(Figure S8), critical for alternative splicing and cilium generation in cones.54 Taken together, 

these finding suggest that the enhanced splicing capacity evident in S cone precursors is 

retained in mature S cones but diminished with rod and L/M cone differentiation.

A picture of how such an H3K36me3-driven alternative splicing program might be 

linked to photoreceptor differentiation and particularly S cone function is still lacking, 

but such alternative splicing programs are central to CNS development and IPS cell 

reprograming.55,56

Tumor necrosis factor (TNF) and activated RIP3 highlight apoptotic S cones in RP

TNF can initiate apoptosis, and it has been shown to be the first protein induced in 

dying photoreceptors following light damage and retinal detachment.57–59 Notably, TNF 

is induced in response to glucose starvation, and it is responsible for subsequent cell death.60 

Although TNF was not detected in the WT or RP retina before birth, it was induced 

specifically in S cones undergoing apoptosis shortly after birth in RP, and it diminished as 

S cones were lost (Figures 7D–7F). TNF causes a reversal of electron transport through 

complex I, leading to ROS production.61 RIP3 is activated by phosphorylation of S227 

downstream of TNF to mediate this ROS production by targeting the activity of enzymes in 

the TCA cycle. Accordingly, S227 phospho-RIP3 was induced along with TNF in S cones 

(Figures 7G–G″). Further, TNF and RIP3 RNAs were also induced in the RP retina in a 

similar time course (Figures 7H and 7I). In a feedback loop, TNF-RIP3 also induces KDM 

enzymes to erase H3K36me3, leading to loss of the protective PPP response to ROS.62 We 

concluded that TNF-RIP3 expression in S cones in response to diminishing glucose in RP is 

likely responsible for mitochondrial dysfunction leading to a burst of ROS production while 

diminishing the capacity of the cells to respond to ROS via the PPP (Figure 7J). Given their 

ongoing battle against ROS, TNF-RIP3 induction in S cones likely tips their balance toward 

early death (Figure 7J). Although we did not observe TNF-RIP3 expression in rods in this 

early stage of RP, it is easy to see how it might impact the cells later as ER stress begins 

to accumulate in response to RHO mutation. However, our findings suggest that rods do not 

appear to engage the TCA cycle; thus, any negative effects of TNF in rods would appear to 

be independent of the reversal of electron transport through complex I to generate ROS.

DISCUSSION

Glucose transport from the choroid via the RPE to photoreceptors in the outer retina 

becomes more restricted as RP progresses. Glucose is important in cones not only for 
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new OS synthesis but, as we show here, for synthesis of the key neurotransmitter glutamate 

and mounting a response to ROS via the PPP. S and L/M cones respond differently to 

diminishing glucose levels as RP progresses. S cones rapidly lose OS and undergo apoptosis. 

Although L/M cones eventually lose their OS and function, they survive in a dormant state, 

where function can be restored by reestablishing extracellular glucose.

The S cone metabolic transcriptome suggests that three pathways converge on the TCA 

cycle: glycolysis, lactate metabolism, and fatty acid oxidation. The resulting high level 

of oxidative phosphorylation via extensive usage of the electron transport chain would be 

expected to generate ROS, and beyond driving ROS production via electron transport, lactate 

can also interact with iron non-enzymatically to generate ROS.63 Left unchecked, ROS 

triggers apoptosis. Consistent with a response to ongoing ROS generation in S cones, the 

cells show induction of key PPP genes as well as sensors of and responders to ROS.

H3K36me3 is important for induction of ROS sensors/responder genes, and we show that 

key PPP genes as well as ROS sensor/responder genes induced in S cones are H3K36me3 

targets. KMT enzymes utilize methyl groups from SAM to catalyze histone methylation, 

and we show that induction of MAT2, which catalyzes SAM synthesis from methionine, 

and enzymes that catalyze H3K36me3 are specifically expressed in S cones. In a positive 

loop, genes catalyzing SAM and GSH synthesis are targets of H3K36me3. Together, 

this metabolome allows S cones to manage ROS produced from extensive oxidative 

phosphorylation. However, with glucose deprivation and the resulting TNF-RIP3, which 

reverses electron transport through complex I to generate a burst of ROS and induces KDMs 

to demethylate H3K36, the balance rapidly shifts toward S cone apoptosis early in RP.

The L/M cone metabolic transcriptome shows enhanced capacity for glucose transport and 

glycolysis, which, we contend, allows it to continue glycolysis and function for some time 

as extracellular glucose diminishes in RP. Even though L/M cones eventually transition to a 

dormant state lacking glycolysis and OS, our results suggest that they continue to metabolize 

lactate, which, we suggest, allows their long-term survival and, thus, potential for restoration 

of function when extracellular glucose is re-established. Although the rod transcriptome 

suggests lack of capacity to metabolize lactate, loss of lactate transporters on rods or RPE 

nevertheless inhibits rod function.64 Taken together, these results suggest that export of 

lactate generated by aerobic glycolysis from rods and its transport via the RPE to the choroid 

circulation is important to maintain rod function.

Although S cones are a minor population of photoreceptors in the adult, as noted above, 

during photoreceptor development, a population of S cone precursors forms, which, in 

turn, gives rise to rods and L/M cones.19,65 Thus, the S cone transcriptome might reflect a 

precursor baseline whose changes in rods and L/M cones reflect pathways mediating their 

differentiation. Indeed, H3K4 methylation, reflected by the S cone transcriptome, must be 

diminished for transition of S cone precursors to rods,66 whose transcriptome, we show, 

lacks H3K4 methylation capacity.
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Limitations of the study

Our results focus on photoreceptor and RPE transcriptomes and mechanisms leading to 

sequential loss of S and M cone function in P23H RHO RP. It will be important to extend 

these findings to other RP mutations and other retinal diseases. Multiple studies point to 

regulation of glucose metabolism as a key feature in RP progression. Our studies here 

suggest importance of lactate as a fuel for cones in end-stage RP as glycolysis diminishes, 

indicating that pathways linking these metabolites might be important therapeutic targets.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact and materials availability—Further information and requests for 

resources and reagents should be directed to and will be fulfilled by the lead contact, 

Douglas C. Dean (douglas.dean@louisville.edu).

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

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental design—We used mass spec to follow metabolism of 13C metabolites 

delivered to the outer retina via the choroid circulation and import and export of metabolites 

from and into the choroid circulation in WT and RP pigs. Immunostaining for cone 

opsins and TUNEL staining were used to follow cone number and morphology during RP 

progression. Cone electrophysiology was followed by ERG. Number and ages of animals are 

shown in legends.

Randomization—Littermates were divided into WT and RP groups for experiments. We 

did not detect differences in female vs. male RP mice or pigs in measurements described 

above, thus males and females were randomly included into study groups.

Humans—86,253 cells were collected from retinas of seven human donors ranging in 

age from 53 to 78. All donors were confirmed to have no history or clinical evidence 

of ocular disease or intraocular surgery. Briefly, eyes were collected 3–14 h postmortem 

through the Rapid Autopsy Program, Massachusetts General Hospital. The anterior segment 

was removed followed by further dissection and cell dissociation. Single cell suspensions 

were diluted to 500–1800 cells/μL in 0.04% BSA/Ame for loading into 10X Chromium 

Single Cell v2 or v3 Chips. Following collection, cDNA libraries were prepared and 

sequenced on an Illumina HiSeq 2500. Acquisition and use of postmortem human tissue 

samples was approved by the Human Study Subject Committees of Harvard Medical School 
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(DFCI Protocol Number: 13–416 and MEE – NHSR Protocol Number 18–034 H) and 

in compliance with the National Human Genome Research Institute (NHGRI) policies. 

Informed consent was obtained from participants if they were enrolled antemortem or their 

legal guardians if postmortem.

Mice—All methods regarding mice were approved by the University of Louisville 

Institutional Animal Care and Use Committee and adhered to the ARVO Statement for 

Use of Animals in Ophthalmic and Vision Research. WT and P23H Rho mutant mice67 

https://www.jax.org/strain/017628 littermates were compared in the studies. Ages are stated 

in figure legends. In previous studies we did not detect any difference in assays utilized 

here based on gender. So, male and female mice were assigned to control and experimental 

groups without regard to gender.

Pigs—All methods regarding pigs were approved by the University of Louisville 

Institutional Animal Care and Use Committee and adhered to the ARVO Statement for 

Use of Animals in Ophthalmic and Vision Research. WT and P23H RHO mutant pigs5,10 

littermates were compared in the studies. Ages are stated in figure legends. In previous 

studies we did not detect any difference in assays utilized here based on gender. So, male 

and female pigs were assigned to control and experimental groups without regard to gender.

METHOD DETAILS

Retina histology and RNA analysis—Pigs were euthanized by ear vein injection of 

beuthanasia (a mixture of sodium pentobarbital sodium and sodium phenytoin, 0.1mL/lb) 

through an ear vein catheter after sedation with Ketamine/Dexmedetomidine/Atropine. 

Embryos were delivered by caesarian section from the euthanized pregnant sows. Both 

eyes from at least three pigs were used for each time point. Eyes were enucleated and 

immediately immersed in the CO2-independent media on ice. The anterior segment was 

removed and the eye cup for cryosection was fixed in 4% (w/v) paraformaldehyde in 0.1 M 

phosphate buffer for 20 min followed by three washes with 0.1 M phosphate buffer. Tissues 

were then cryoprotected through 30% sucrose for overnight. Each retina was bisected 

along the horizontal plane through the dorsal margin of the optic disc and vertically cut 

through the optic disc. Each of the four pieces was notched on its dorsal edge to preserve 

orientation. For frozen sections, retinas were embedded with polyvinyl alcohol, polyethylene 

glycol-based Optimal Cutting Temperature cutting reagent (OCT):20% sucrose (2:1). Serial 

sectioning was performed at 12 μm on a cryostat and tissues were mounted on Super-Frost 

glass slides. Retinas for paraffin sections were fixed with 10% formalin for 48 h. The retinas 

were then imbedded with 3% agar gel in 5% formalin and reoriented transversely, then 

dehydrated in 70% ethanol for paraffin embedding. The tissues were cut at 5μm and H&E 

staining were performed every fifth slide. For immunostaining, frozen sections of swine 

retina were dried at 37°C for 20 min followed by a rinse through phosphate buffered saline 

(PBS) for 5 min. The samples were then blocked with 2% bovine serum albumin (BSA), 5% 

serum and 0.1% Triton X-100 at 25°C for 1 h, then incubated with primary antibody at 4°C 

overnight. After primary antibodies had been removed and the samples washed, secondary 

antibodies were applied for 1 h at 25°C. Images of stained retina sections were captured 

with a Zeiss confocal microscope, and the images adjusted for contrast and brightness with 
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Adobe Photoshop v9.0.2. As a negative control, no immunostaining was evident in the 

absence of primary antibodies. Primary antibodies: Rabbit TNFa abcam 183218; Rabbit 

RIP3 S227 activation 209384 abcam; rabbit anti-L/M opsins (Millipore, 1:400) Cat#: AB 

5405; rabbit anti-S opsin (Millipore, 1:400) Cat#: AB5407; rabbit anti-NRL (gift from 

Anand Swaroop, National Eye Institute, Bethesda, MD, 1:1000); chicken anti-JH492 and JH 

455 (gifts from Jeremy Nathans, Johns Hopkins Medicine, Baltimore, MD, 1:5000). Bound 

antibodies were visualized with either Alexa fluor 488- (Invitrogen, 1:500) or Alexa Fluor 

568- (Invitrogen, 1:500) conjugated secondary antibodies. Nuclei were counterstained with 

4’,6-diamidino-2-phenylindole (DAPI). The number of cones (S and L/M) and TUNEL+ 

cells was counted following immunostaining in six different locations through the visual 

streak in sections cut through the optic nerve superior to inferior. n = 3. For TUNEL 

staining, we used a commercially available fluorescent TUNEL kit (DeadEnd Fluorometric 

TUNEL System, G3250; Promega, USA) according to the manufacturer’s instructions. The 

cell nuclei were counterstained with DAPI.

RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). cDNA was synthesized using 

the Invitrogen RT Kit according to the manufacturer’s protocol (Invitrogen). Real-time 

quantitative PCR was performed using the Mx3000P Real-Time PCR System (Stratagene, 

Cedar Creek, TX) according to the manufacturer’s instructions.

Blood collection—Where indicated, WT and RP pigs were maintained on a 12 h 

on/12 h off light cycle initiating at 6:00 a.m. for 14 days prior to experiments. Groups 

were fasted for 18 h before blood or tissue collection. Anesthesia was initiated with a 

combination of telazol, ketamine, and xylazine (1.25–2.5 mg/kg of each agent in a single 

injection) followed by intubation and maintenance of surgical plane of anesthesia with 

inhaled isoflurane (1.0%–5.0%). Sterile hypromellose ophthalmic demulcent solution was 

applied to both eyes and the eyes taped shut to maintain lubrication while under anesthesia. 

Arterial blood collection is described under “femoral artery catheterization.” To collect 

blood from the vortex veins, a lateral canthotomy was performed for greater exposure of the 

posterior of the eye. The conjunctiva was removed with hemostasis achieved by applying 

pressure to the areas of bleeding with a sterile cotton-tipped swab. The superior and inferior 

rectus muscles were then isolated and tied off with sutures for manipulation of the eye to 

access each of the four vortex veins. A vortex vein is located and punctured by a sterile 

needle with blood collected into a heparinized capillary tube to eliminate clotting. Pressure 

to the vortex vein was applied using sterile cotton-tipped swab to achieve hemostasis. 

The eye is also kept constantly moist with the application of balanced saline solution 

between subsequent collection sites. Typically, the vortex veins were collected in order by 

superonasal, inferonasal, inferotemporal, and superotemporal. The animal was turned to the 

other side for access to the contralateral eye and the blood collection process repeated. After 

the completion of the blood sampling, the eyes were enucleated for further processing and 

the animal euthanized. Blood samples were centrifuged for 10 min at 1,000–2,000 × g with 

the resulting plasma transferred to a sterile collection tube.

ERG measurements—WT and RP pigs were held in a steady plane of isoflurane-

induced anesthesia (Wang et al., 2019; Wang et al., 2016; Ross et al., 2012), and an 
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electrophysiology system equipped with a Veris Ganzfeld V2 Stimulator driven by Veris 

software (Electrodiagnostic, Inc.) was used. ERG-JET corneal electrodes (fabrinal; supplied 

by LKC Technologies) were placed on the corneal surface to capture full-field ERG 

responses of light-adapted swine under photopic conditions. Swine were light-adapted to 

the standard ISCEV background of 30 cd/m2 for 10 min prior to data acquisition. This 

adaptation period is designed to minimize contributions of rods to the photopic flash ERG. 

After the initial 10-min adaptation period, photopic cone-mediated ERG waveforms arising 

primarily from L/M cones were recorded in response to ISCEV standard flashes of 3 cd 

s/m2. Pigs were then analyzed using an ISCEV-based protocol for isolation of an S cone 

response.13 Under photopic conditions, pigs were acclimated to an LED stimulus ranging at 

570 or 627nm (with similar results) at 233 cd/m2 stimulus for 5 min prior to presentation 

of blue flash stimuli (LED: 455nm) ranging from 0.002–0.06 cd s/m2. ERG responses were 

collected in stepwise manner beginning with the lowest flash intensity.

Femoral artery catheterization—Animals were fasted for 12 h. Then, ciliary artery 

catheterization was performed with pigs under general anesthesia, positioned on a 

radiolucent table in the fluoroscopy suite, as described in detail previously.68 Briefly, 

femoral artery access in the inguinal area was obtained using the modified Seldinger 

technique and a 5 French Stiff Micropuncture Access Set (Cook Medical; G48008 or 

G35551), which was exchanged for a standard 5 Fr 10 cm length femoral sheath. A 

5-Fr diagnostic angiography catheter (with a Vert, Berenstein, Simmons-2, or Cobra) was 

advanced over a 0.35″ guidewire in retrograde fashion along the abdominal and then 

thoracic aorta, over the aortic arch, prior to engaging the origin of the brachiocephalic/

common carotid artery. The catheter was then advanced over the guide wire into the internal 

carotid artery and positioned just proximal to the petrous portion of the artery. The guide 

wire was removed and digital subtraction angiography was used to identify the ophthalmic 

artery on the ipsilateral side. A standard 0.014″ microwire was placed within a 0.17″ 
inner diameter microcatheter and the combined microcatheter/microwire system advanced 

under live fluoroscopy with the microwire leading and accessing the ophthalmic artery. 

The microwire was then pinned in position and the microcatheter was advanced over the 

microwire to selectively catheterize the ophthalmic artery of interest. The microwire was 

removed, digital subtraction angiography used to confirm that the microcatheter tip was 

within the ophthalmic artery, in place for serum collection and infusion of 13C metabolites. 

At the conclusion of the procedure, all catheters, wires and the femoral sheath were removed 

and hemostasis was achieved by manual compression of the femoral puncture. Standard 

radiation safety procedures with optimized shielding were followed to protect researchers 

and staff from direct and scatter radiation.

40% 13C glucose or 20% lactate or glutamine in 2 mL was delivered in 30 min via ciliary 

artery-placed microcatheter and 13C incorporation into metabolites in the retina and RPE 

of WT and RP was analyzed 30 min later. Notably, 13C incorporation into metabolites 

in the contralateral eye was not detected, demonstrating that 13C metabolites are diluted 

as they leave the eye and thus metabolites from other tissues are not contributing to 

retinal metabolism under these conditions. At 1 h following injection, we began to detect 
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metabolites indicative of multiple turns of the TCA cycle, thus we chose the 3o min time 

point for retinal and RPE collection and analysis.

LC/MS/MS—Mouse and pig retinas and RPE from WT and RP animals were extracted 

for metabolites.18,69,70 Extracts were loaded into Biocrates MxP Quant 500 96 well 

plates designed for analysis of up to 630 metabolites, as described in the user manual 

(Biocrates.com). These plates included zero, blank and loading controls as well as 

metabolite concentration calibration standards, and results were analyzed using MetIDQ 

software. MetIDQ includes a target normalization procedure based on quality controls for 

batch-to-batch and plate-to-plate correction. Analysis was done using Shimadzu LC Nexera 

X2 UHPLC coupled with a QTRAP 5500 LC MS/MS (AB Sciex). The mobile phase was 

(A) water with 0.2% formic acid and (B) acetonitrile 0.2% formic acid (All solvents were 

LC–MS Optima grade from Fisher Scientific, formic acid was purchased from Honeywell 

Fluka). A MxP Quant 500 kit column system was used for chromatographic separation. 

Samples were run into this column system in positive (LC1) and negative (LC2) polarity. 

The gradient elution for LC1 is 0.8 mL/min of 0% B, going from 0 to 12% B at 0.25 to 

1.5 min, 12%–17.5% B at 2.7 min, 17.5–50% B at 4 min, 50–100% at 4.5min, flow rate 

increasing to 1 mL/min at 4.7min and 5 min, 100-0% B at 5.1 min, and flow rate decreasing 

to 0.8 mL/min at 5.8min. The source and collision gas was N2. The ion source conditions in 

LC1 were: curtain gas (CUR) = 45 psi, collision gas (CAD) = high, ion spray voltage (IS) 

= 5500 V, temperature (TEM) = 500°C, ion source gas 1 (GS1) = 60 psi, and ion source 

gas 2 (GS2) = 70 psi. The gradient elution for LC2 is 0.8 mL/min of 0% B, going from 

0 to 25% B at 0.25 to 0.5 min, 25%–50% B at 2 min, 50–75% B at 3 min, 75–100% at 

3.5min, flow rate increasing to 1 mL/min at 4.7min and 5 min, 100-0% B at 5.1 min, and 

flow rate decreasing to 0.8 mL/min at 5.8min. The source and collision gas was N2. The ion 

source conditions in LC1 were: curtain gas (CUR) = 20 psi, collision gas (CAD) = high, ion 

spray voltage (IS) = −4500 V, temperature (TEM) = 650°C, ion source gas 1 (GS1) = 40 psi, 

and ion source gas 2 (GS2) = 40 psi. No column was used for FIA injections. The gradient 

elution for FIA1 (positive) and FIA2 is 0.03 mL/min of 100% B, holding this condition to 

1.6 min, then increasing flow rate to 0.2 mL/min at 2.4min, holding this condition until 2.8 

min, then decreasing the flow to 0.03 min at 3min. The source and collision gas was N2. The 

ion source conditions in FIA1 and FIA2 mode were: curtain gas (CUR) = 30 psi, collision 

gas (CAD) = high, ion spray voltage (IS) = 5500 V, temperature (TEM) = 200/350°C, ion 

source gas 1 (GS1) = 40/30 psi, and ion source gas 2 (GS2) = 50/80 psi (FIA1/FIA2).

For LC/MS/MS runs that did not utilize Biocrates plates, an ACQUITY UPLC UPLC BEH 

Amide analytic column (2.1 × 50 mm, 1.7 μm, Waters) was used for chromatographic 

separation. The mobile phase was (A) water with 10 mM ammonium acetate (pH 8.9) and 

(B) acetonitrile/water (95/5) with 10 mM ammonium acetate (pH 8.2) (All solvents were 

LC–MS Optima grade from Fisher Scientific). The total run time was 11 min with a flow 

rate of 0.5 mL/min with an injection volume of 5 μL. The gradient elution is 95–61% B in 

6 min, 61–44% B at 8 min, 61–27% B at 8.2 min, and 27–95% B at 9 min. The column 

was equilibrated with 95% B at the end of each run. The source and collision gas was 

N2. The ion source conditions in positive and negative mode were: curtain gas (CUR) = 

25 psi, collision gas (CAD) = high, ion spray voltage (IS) = 3800/- 3800 V, temperature 
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(TEM) = 500°C, ion source gas 1 (GS1) = 50 psi, and ion source gas 2 (GS2) = 40 psi. 

Each metabolite was tuned with standards for optimal transitions, and 13C-nicotinamide D4 

(Toronto Research Chemicals) was used as the internal standard and extracted MRM peaks 

were integrated using MultiQuant 3.0.2 software (AB Sciex) and corrected for 13C-nicotinic 

acid.

GC/MS—Metabolites were derivatized by methoxyamine hydrochloride followed by 

N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide (TBDMS) as described.18,69,70 An 

Agilent 7890B/5977 B GC/MS system with an Agilent DB-5MS column (30 m × 0.25 mm × 

0.25 μm film) was used for GC separation and analysis of metabolites (5). Ultra–high-purity 

helium was the carrier gas at a constant flow rate of 1 mL/min. The temperature gradient 

started at 95°C with a hold time of 2 min and then increased at a rate of 10°C/min to 

300°C, where it was held for 6 min. The temperatures were set as follows: inlet 250°C, 

transfer line 280°C, ion source 230°C, and quadrupole 150°C. Mass spectra were collected 

from 80 to 600 m/z under selective ion monitoring mode. The data was analyzed by 

Agilent MassHunter Quantitative Analysis Software and natural abundance was corrected by 

ISOCOR software. Metabolite concentrations were determined from standard curves.

Bioinformatics—Collection and analysis of scRNASeq reads has been described in 

detail.15 Briefly, reads were demultiplexed and aligned to a human transcriptomic reference 

(GRCh38) with Cell Ranger software. The resulting digital gene expression matrices 

representing the transcript counts for each gene in each cell were combined for all samples 

and analyzed using R statistical language methods.71 A threshold of 600 detected genes per 

cell was applied to filter out low quality cells or debris, and the median number of genes 

and transcripts detected per cell was 1314 and 2577, respectively. t-distributed stochastic 

neighbor embedding (t-SNE) was used to visualize cell clusters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Blinding—Researchers evaluating ERG, immunostaining, and mass spec were blinded as 

to genotype.

Sample size—Based on standard deviations derived from our previous extensive studies 

of ERG, photoreceptor numbers in WT and RP animals,5,9 we calculated three samples 

would be sufficient to detect a 30% change with a confidence of 0.95 in each of these 

measurements. Note that all changes (e.g., WT vs. RP) exceed 30% and n was 3 or greater. 

For mass spec analysis, the number of animals and independent samples is presented in 

figure legends and exceeds the number we found previously would be sufficient to observe a 

30% change with a confidence of 0.95.9

Data inclusion/exclusion—See data analysis for outlier exclusion criteria in metabolite 

import from and export into the choroid circulation.

Replicates—Each experiment was repeated at least three time. The number of animals 

evaluated is shown in the figure legends. For ERGs, 30 replicates were averaged for each 

eye.
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Significance—Significance was calculated by Student’s t-test. Error bars in figures show 

standard deviations or errors of the mean as indicated.

Metabolite data analysis—All raw data were organized by metabolites into rows and 

animal collection sites into columns. Correction was performed to the control (Myristic 

Acid-D27 for GC/MS and Nicotinamide D4 for LC/MS). Artery averages in a pig were 

subtracted from the four vortex veins. n = 6, with three independent blood collections. 

Results are presented using the four vortex veins independently and as an average of the 

four veins. Data points were entered into GraphPad Prism 9 as columns of data for each 

metabolite. Outliers were detected and removed using Prism’s ROUT method. This method 

identifies outliers using nonlinear regression based on the false discovery rate and a robust 

mean. This method detects any number of outliers (up to 30% of the sample size). The 

false discovery rate and its statistical value, Q, is the chance of falsely identifying one or 

more outliers. Q was set to the value of Q = 0.2%. At Q = 0.2%, no more than 2% of 

the identified outliers were false and at least 98% to be actual, true outliers. After outliers 

were detected and removed, ordinary one-way ANOVA analysis was used to determine 

the statistical difference of means between the four vortex veins (IN, IT, SN, ST) with 

the assumptions that the data represents a Gaussian distribution and consists of equal 

standard deviations with no matching, pairing, or repeated measures of datasets. To find 

the statistical differences of the veins, the mean of each column was compared to all other 

columns, showing statistical differences. Correction for the family errors brought about 

by the multiple comparisons was performed using the Tukey post hoc test based on a 

family-wise alpha of 0.05 (95% confidence interval). p values are shown on graphs for 

comparisons meeting the threshold of p < 0.05. The analyzed p value is shown on the 

line corresponding to the statistical difference presented. No residuals were analyzed for 

diagnostics (heteroscedasticity or Gaussian distribution).

For the AM-to-PM groups, all group-corrected and artery-subtracted data points for the 

morning animals and all data points for the afternoon animals were entered as separate 

columns for analysis. Outlier detection was performed as above. With outliers removed, 

Prism’s built-in unpaired student t-test was performed assuming a Gaussian distribution and 

equal standard deviations. Calculations are based on two-tailed analysis using a confidence 

level of 95% and definition of statistical difference as p < 0.05. Statistical differences 

between the AM and PM groups are shown with lines denoting differences of p < 0.05 only. 

No diagnostics of residuals were performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A Metabolic switch protects cone photoreceptors in retinitis pigmentosa 

progression

• Distinct metabolomes highlight the different photoreceptor types

• S cones show early vulnerability in retinitis pigmentosa
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Figure 1. S cones show rapid loss of OS and apoptosis in RP, consistent with diminished activity
(A) WT and RP pig retinal sections on embryonic day 105 (E105; gestation is 113 days) 

were immunostained for S opsin. Boxed areas are shown at higher power on the right.

(B) The fraction of S opsin+ cones containing an OS in 200-μm lengths through the visual 

streak at P3. n = 6.S opsin immunostaining illustrates S cones with OS and those with only 

an inner segment (IS). Shown is the average length of OS in WT and RP (only S cones 

containing an OS) on P3.

(C) On the left, immunostaining for L/M opsin (Opsin) identifies cone OS (COS), and NRL 

marks rods. TUNEL staining identifies apoptotic cells at the indicated ages.

(D) Results from (C) were quantified by counting TUNEL+ cones in 500-μm lengths 

through the visual streak of RP pigs at the indicated ages. n = 6.

(E) Immunostaining for S and L/M opsins on P14 in WT and RP retinas as in (C).
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(F) The number of S and L/M cones in WT and RP pigs at the indicated ages was quantified 

in 200-μm lengths through the visual streak. S opsin+ cell bodies were counted without 

regard to OS status. n = 6. Scale bars: 50 μm; 25 μm in (B).

(G) WT and RP pigs between P75 and P100 were light adapted to the standard ISCEV 

background of 30 cd/m2 for 10 min, and photopic cone-mediated ERG waveforms 

(primarily from L/M cones) were recorded in response to ISCEV standard flashes of 3 

cd s/m2. Representative ERGs are shown along with quantification of b-wave amplitudes at 

~20 ms (arrow).

(H) L/M cones were saturated before presentation of blue flash stimuli (LED: 455 nm) 

ranging from 0.002–0.06 cd s/m2 in an S cone ISCEV protocol13 (STAR Methods). 

Cone-mediated ERG responses were collected in WT and RP pigs as in (H), beginning 

with the lowest flash intensity. The S cone response is centered around 45 ms13 (arrow). 

Representative ERG tracings are shown with blue flash stimuli at 0.002, 0.005, and 0.007 cd 

s/m2, along with quantification of amplitudes at 0.005 cd s/m2.

Error bars indicate standard error of the mean (STAR Methods). Significance was calculated 

by Student’s t test.
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Figure 2. Photoreceptor metabolic transcriptomes suggest that rods are restricted to aerobic 
glycolysis, L/M cones have potential for aerobic glycolysis and oxidative phosphorylation, and S 
cones rely on oxidative phosphorylation
(A) 86,253 single-cell transcriptomes from retinas of seven human donors were separated 

into clusters in tSNE plots (Figure S2). Expression of the visual pigment genes RHO, 
OPN1SW, and OPN1LW highlighted independently clustering rods (6,073 cells), S cones 

(58 cells), and L/M cones (1,938 cells). Dot plots quantify expression level by color and 

percentage of cells expressing opsin RNAs by diameter in photoreceptor cell clusters.

(B)Expression of genes linked to glucose uptake and transition through glycolysis in 

photoreceptors. The rod, L/M cone, S cone dot plot order in (A) is maintained. A scatterplot 

compares expression of NXNl1 and HK2 RNAs in photoreceptors. The blue arc illustrates 

the cell surface.
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Figure 3. Photoreceptor mitochondrial transcriptomes
(A and B) Dot plots quantify the level of RNA expression and percentage of cells expressing 

in clusters of rods (left), L/M cones (center), and S cones (right) as in Figure 2. OAA, 

oxaloacetate; Cit, citrate; Aco, aconitate; isocit, isocitrate; aKG, α-ketoglutarate; Suc-CoA, 

succinyl CoA; Suc, succinate; Fum, fumarate; Mal, malate.
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Figure 4. Photoreceptor histone modification transcriptomes
(A) Dot plots quantify RNA expression and percentage of cells expressing histone 

methylation writers and erasers, as in Figures 2 and 3. Black asterisks show a balance 

of writer vs. eraser RNAs favoring H3K4 and H3K36 methylation in S cones.

(B) RNAs regulating DNA methylation/demethylation are low/not detected in 

photoreceptors.
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Figure 5. Choroidal transport of metabolites linked to histone methylation and metabolism
(A)Angiogram of the pig ciliary artery (STAR Methods) used to investigate metabolite 

import from and export into the choroid circulation and deliver 13C metabolic fuels to the 

outer retina. Shown is a lateral view of the external maxillary artery (2), which branches 

from the external carotid artery (1) and gives rise to the intraorbital artery (3). The 

ophthalmic artery (4) branches off the infraorbital and gives rise to the ciliary artery (5) 

and central retinal artery (6).
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(B) Position of the microcatheter (yellow arrow) and the microwire being used to extend the 

microcatheter, shown with contrast medium.

(C) Magnified image of the intra-arterial microcatheter in the ophthalmic artery, which 

forms the main ciliary artery. Contrast medium produces the characteristic crescent-shaped 

choroidal/retinal flush (white arrows). The microcatheter was moved to the ciliary artery 

(green arrow) from the ophthalmic artery to deliver metabolites or collect blood.

(D) Illustration of the choroid circulation, showing arterial blood entering the circulation 

via the ciliary artery and exiting the choroid via vortex veins that drain quadrants of the 

choroid. Import of metabolites from the circulation and export into the circulation were 

determined by comparing levels in arterial blood entering the choroid and veins draining 

the choroid using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and gas 

chromatography (GC)-MS analysis (STAR Methods). The red arrow indicates a vortex vein 

exiting the choroid, and the green arrow indicates the ciliary artery entering the choroid. n = 

6. Three independent blood samples were collected and analyzed, and an average of the four 

vortex veins was used. See Figure S5 for the four veins independently.

(E) Metabolite import from and export to the choroid circulation was determined by 

comparing levels in the artery and veins. n = 6. Three independent samples were collected 

and analyzed. The red asterisk indicates that MAT2B is a target of H3K36me3 (see text). 

See Figure S6 for analysis of the four vortex veins independently. RP indicates early RP 

after rod loss and S cone loss but before loss of L/M COS and photopic ERG (Figures 1G 

and 6A–6F).

(F) Glucose and lactate levels in the arterial and venous components of the choroid 

circulation were determined by mass spec as in (E). Blood was collected at 8:00 a.m. or 

3:00 p.m. from pigs on a 12-h on/12-h off light cycle initiating at 6:00 a.m. n = 6. Three 

independent samples were collected and analyzed. On the left, an average of the four vortex 

veins is shown, and the veins are shown individually on the right.

Error bars are standard errors of the mean (STAR Methods). IN, inferior nasal vortex vein; 

IT, inferior temporal; SN, superior nasal; ST superior temporal. Significance was calculated 

by Student’s t test.
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Figure 6. L/M cones shift toward aerobic glycolysis in early RP, and then glycolysis subsides in 
late RP
Lactate is imported from the choroid circulation during the period of new COS synthesis, 

and 13C from lactate is incorporated into TCA cycle intermediates in the outer retina at 

similar levels in the WT and RP, but 13C from lactate was not detected in TCA cycle 

metabolites in the RPE. A diminished TCA cycle impedes cone glutamate synthesis in RP.

(A) H&E section showing that the ONL has diminished to 1–2 rows of cones by 3 months of 

age in RP pigs (early RP).

(B) Immunostaining for L/M opsin shows persisting cone OS at this age.

(C) Electron microscopy (EM) showing representative cone ISs (CISs) and COSs.

(D) H&E section showing 1–2 rows of cones in RP at 12 months of age, where cones are 

functionally dormant (late RP).9

(E) Immunostaining for cone opsin shows that cones in late RP have lost OS.

(F) EM showing cones lacking outer segments.

Scale bars: 50 μm (A, B, D, and E) and 5 mm (C and F).

(G) Illustration showing 13C metabolite injection into the ciliary artery, uptake by the RPE 

and outer retina, and dilution of 13C metabolites as they exit the choroid into the general 

circulation.

(H) 13C glucose was injected into the ciliary artery of WT and early and late RP pigs, and 

incorporation into the outer retina was analyzed by mass spec 30 min later (G; Figure 5; 

STAR Methods). n = 3. Error bars indicate standard deviation (STAR Methods).

(I) Summary of changes in glycolysis and the TCA cycle as RP progresses (see H).

(J) Dot plots showing induction of SLC25A in cones.

(K) Metabolite levels were measured by mass spec in the arterial circulation entering the 

choroid and in the four vortex veins draining quadrants of the choroid as in Figure 5 to 

follow export of TCA intermediates from the outer retina into the choroid circulation. An 

average of the four veins is shown. Results with individual veins are shown in Figure S6.
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(L) 13C lactate incorporation into TCA cycle intermediates in the outer retina is compared in 

the WT and RP.

(M) 13C lactate is not metabolized into TCA cycle intermediates in the RPE in the WT or 

late RP. n = 3. Error bars indicate standard deviation.

(N) 13C glutamine is not detected in glutamate in the WT or early RP outer retina. 

Significance was calculated by Student’s t test.
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Figure 7. The S cone transcriptome shows induction of PPP and ROS response genes linked to 
H3K36 histone methylation, GSH oxidation increases in RP, and TNF and RIP3 are induced in 
apoptotic S cones in RP
(A) As in Figure 5, metabolite levels in arterial circulation entering the choroid were 

compared with levels in an average of the four vortex veins draining the choroid to 

determine import from and export to the choroid circulation. See Figure S6 for analysis 

of vortex veins individually. n = 6. Three independent samples were analyzed.

(B) Dot plots quantifying RNA expression and percentage of photoreceptor cell types 

expressing as in Figures 2 and 3. Red asterisks indicate genes targeted by H3K36me3 (see 

text).

(C) Steady-state levels of GSH, GSSG, and ribulose-5-phosphate (Rib-5-P; RIPA) 

determined by mass spec in the retina and RPE in the WT and RP. n = 4. Error bars indicate 

standard deviation (STAR Methods).

(D–D″) Immunostaining showing overlap in TUNEL and TNF immunostaining in RP on 

P3. A higher-power view of the region denoted by an arrow is shown as an inset in (D″). 

Scale bars: 50 μm.
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(E and F) Immunostaining showing that TNF is not expressed in the RP retina on E105 

before birth or on P14 after the burst of apoptosis.

(G–G″) Immunostaining showing that, like TNF, activated RIP3 (S227 phosphorylation) is 

expressed in TUNEL+ cones in RP on P3.

(H and I) Real-time PCR showing that TNF and RIP3 RNAs are induced in RP retinas at P3. 

n = 3. Error bars indicate standard deviation (STAR Methods).

(J) Illustration showing loss of the PPP in S cones and induction of TNF-RIP3 causing early 

S cone death in RP. Significance was calculated by Student’s t test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TNFa abcam 183218; RRID:AB_2889388

RIP3S227 abcam 209384; RRID:AB_2714035

L/M opsins millipore 5405; RRID:AB_177456

S opsin Millipore Ab5407; RRID:AB_177457

nrl Anand Swaroop N/A

L opsin/JH492 Jeremy Nathans N/A

M opsin/JH455 Jeremy Nathans N/A

Critical commercial assays

TUNEL kit Promega G3250

MxP Quant 500 96 well plates Biocrates MxP® Quant 500

Experimental models: Organisms/strains

RP pigs National swine resource center https://nsrrc.missouri.edu/

RP mice Jackson laboratory https://www.jax.org/strain/017628

Software and algorithms

MetIDQ sortware Biocrates MetIDQ sortware

MultiQuant AB Sciex 3.0.2 software

MassHunter Quantitative Analysis Software Agilent MassHunter Software

ISOCOR software Agilent ISOCOR software

Cell ranger software 10X Genomics Cell ranger software

GraphPad Prism 9 GraphPad GraphPad Prism 9
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