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A Modified Arrestin1 Increases Lactate Production in the Retina
and Slows Retinal Degeneration
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Department of Ophthalmology, University of Florida, Gainesville, Florida, USA.

Glucose metabolism in the retina is carefully orchestrated, with glucose being delivered to photoreceptors from the
choroidal circulation through the retinal pigmented epithelium (RPE). In photoreceptors, glucose is processed principally
by aerobic glycolysis, from which the lactate byproduct is provided to the RPE and Müller glia for their energetic needs.
In this study, we utilize a modified arrestin1 protein to enhance the glycolytic output of lactate from rod photoreceptors
through disinhibition of enolase1 activity with the goal being to use this increased lactate production as a gene-agnostic
approach to slowing retinal degeneration. Mouse arrestin1 with E362G/D363G amino acid substitutions (referred to
as ‘‘ArrGG’’) was packaged into AAV and tested for safety and for efficacy in increasing retinal lactate production.
Overexpression of ArrGG in C57BL/6J mice did not result in any detectable changes in either electroretinogram (ERG)
function or photoreceptor survival as measured by outer nuclear layer (ONL) thickness. However, mouse retinas ex-
pressing ArrGG showed a *25% increase in the rate of lactate secretion.

Therefore, AAV-ArrGG was delivered intravitreally to heterozygous P23H rhodopsin knockin mice (RhoP23H/+) to
determine if enhancing glycolysis in photoreceptors can slow retinal degeneration in this animal model of retinitis
pigmentosa. We found that the expression of ArrGG in these mice slowed the decline of both scotopic and photopic ERG
function. Correspondingly, there was significant preservation of ONL thickness in RhoP23H/+ mice treated with ArrGG
compared with controls. In conclusion, our studies show that expressing ArrGG in C57BL/6J mouse retina results in an
increase in lactate production, consistent with an upregulation of glycolysis. In the P23H rhodopsin model of retinitis
pigmentosa, the expression of ArrGG led to significant preservation of photoreceptor function and slowing of retinal
degeneration. These findings suggest that enhancing glycolysis by targeting increased enolase1 activity with a modified
arrestin1 in photoreceptors may offer a therapeutic approach to slowing retinal degeneration.

Keywords: gene therapy, metabolism, glycolysis, photoreceptors, enolase

INTRODUCTION
INHERITED RETINAL DISEASES (IRDs) are a world-wide health

problem, affecting more than two million people.1–3 IRDs are

genotypically and phenotypically diverse, with more than 270

genes identified to date that cause retinal degeneration, many

of which have multiple causative mutations within each gene

(RetNet, https://sph.uth.edu/RetNet/).4 This genetic and

phenotypic diversity presents a challenge for treating IRDs

with traditional gene therapy approaches that target the spe-

cific underlying genetic defect, such as the use of voretigene

neparvovec (Luxturna�) to target the RPE65 defect in Le-

ber’s congenital amaurosis-2.5,6 This treatment for an IRD,

while groundbreaking, is limited by the genetic diversity of

IRDs and the cost of developing precision genetic therapies.7

This limitation of gene-specific strategies has provided

the impetus for a variety of approaches that seek to slow
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or halt the progression of vision loss without specifi-

cally targeting the genetic defect, such as electronic reti-

nal implants,8,9 optogenetic approaches to provide light

sensitivity to second- and third-order retinal neurons,10 and

transplant therapies using induced pluripotent stem cells.11

Another approach to slowing vision loss capitalizes on

the fact that the neural retina is one of the most energetically

demanding tissues in the body.12 The therapeutic idea is that

enhancing metabolism in this highly active tissue will make

the retina resistant to the underlying genetic insult, slowing

the progression of vision loss, which may not become evi-

dent until the later decades of life in many IRDs. These

metabolism-targeting approaches include the use of neu-

rotrophic factors,13 targeting mitochondrial biogenesis,14

enhancing photoreceptor use of lactate,15,16 and upregula-

tion of glycolytic enzyme expression.17,18

Targeting photoreceptors as a mechanism to selectively

improve metabolism has a unique appeal from both a con-

sumer and producer perspective. First, photoreceptors are

enormous energy consumers, using on the order of 105

ATP $ s-1 for each rod and cone,19 making them one of

the most metabolically active cells in the entire body.20,21

Surprisingly, this metabolic demand is met largely through

aerobic glycolysis of glucose, despite the relatively low en-

ergy output from glycolysis compared with oxidative

phosphorylation. However, it is this use of glycolysis that

also makes photoreceptors important producers for the retina

since the lactate byproduct of glycolysis is secreted by the

photoreceptors to the surrounding Müller glia and retinal

pigmented epithelium (RPE) for use by these cells as their

primary energy supply.21

In this study, our goal was to take advantage of the

central role that photoreceptors play in the metabolic

health of the retina and specifically enhance their gly-

colytic output by modulating enolase1 activity, one of

the central enzymes in glycolysis. To accomplish this

goal, we turned to a previous observation we made in

which we noted that the enzymatic activity of enolase1

was diminished by an interaction with arrestin1.22 Our

recent study showed the mechanism of this effect,

demonstrating that two amino acids of arrestin1 are lar-

gely responsible for sterically inhibiting access of

2-phosphoglycerate (2-PGA) substrate to enolase1.23

Importantly, we showed that substituting the relatively

large side chains of Glu-361 and Asp-362 with glycine

residues completely removed the inhibitory effect of bo-

vine arrestin1 on enolase1 catalysis.

Our hypothesis in this study is that we could potenti-

ally increase the glycolytic rate in photoreceptors by using

an arrestin1 that was modified to include these two glycine

residues to competitively disinhibit the effect of arrestin1

on enolase1. Increasing glycolysis will provide more

ATP to photoreceptors and additional metabolic support

to the surrounding cells in the form of secreted lactate.

Consequently, this approach is expected to make the retina

more resistant to damage, such as that caused by inherited

genetic defects, and slow retinal degeneration without tar-

geting the specific defect.

METHODS
Animals

This study was conducted under the approval of the

University of Florida’s Institutional Animal Care and Use

Committee and in accordance with the Association for

Research in Vision an Ophthalmology’s statement for the

Use of Animals in Ophthalmic and Vision Research.

Strains
Arrestin1 knockout mice (Sagtm1Jnc)24 and rhodopsin

P23H knockin mice (RhoP23H/P23H)25 were obtained from

Jackson Laboratories (Bar Harbor, ME) and maintained

as in-house breeding colonies with genotypes confirmed

by PCR.25 P23H+/- (i.e., RhoP23H/WT) were obtained by

breeding with C57BL/6J wild-type mice and tested for the

lack of Rd1 and Rd8 mutations. The arrestin1 knockout

mice used in experiments were reared in dim red lighting

to avoid retinal degeneration that can be caused by expo-

sure to bright light.24 Mice heterozygous for both P23H

and for arrestin1 (i.e., RhoP23H/WT Arr1WT/-) were obtained

by breeding RhoP23H/P23H with Arr1-/- mice.

Lactate secretion assays
Retinal lactate secretion was measured using retinas

obtained from mice that were dark adapted overnight.

Under dim red light, mice were euthanized by isoflurane

overdose followed by cervical dislocation. The retina was

isolated from the eye through a slit in the cornea and

separated from the RPE and lens. The retina was placed

in Dulbecco’s modified Eagle’s medium (DMEM) pre-

warmed to 37�C and maintained on a 37�C heating block.

The DMEM contained 4.5 g/L glucose and no additional

glycolytic fuels. Aliquots of the media were removed at

1-min intervals. All procedures to this point were conducted

under dim red lighting.

The concentration of lactate in the collected media

samples was determined in triplicate using the Lactate-Glo

Luciferase Assay (Promega #J5021). The rate of lactate

secretion was derived by linear regression analysis of the

determined lactate concentrations collected over the time

interval, comparing lactate rates between groups by one-

way analysis of variance (ANOVA) with Tukey’s post hoc

comparison (GraphPad Prism, v9.2.0).

Glucose uptake assays
Retinal glucose uptake was measured similar to the

lactate secretion assay above, except that the dark-adapted

retinas were placed in DMEM containing only 1 mM glu-

cose. Glucose levels were collected at 1-min intervals

under dim red lighting. Glucose concentrations were de-

termined using the Glucose-Glo luciferase assay (Promega
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#J6021). The rate of glucose uptake was derived by lin-

ear regression analysis of the determined glucose con-

centrations collected over the time interval, comparing

glucose rates between groups by parametric unpaired t-test,

(GraphPad Prism, v9.2.0).

Arrestin1-enolase1 retinal concentration
To determine the concentration of arrestin1 in the

mouse retina relative to enolase1, retinal extracts were pre-

pared from C57BL/6J mice using three retinas from three

different mice. Isolated retinas were placed in Laemmli’s

sample buffer26 and sonicated to disrupt the tissue. A two-

fold serial dilution of each extract was electrophoresed

in duplicate on 12% SDS-polyacrylamide gels and trans-

ferred to polyvinylidene fluoride membrane, loading a

serial dilution of known arrestin1 quantities on one gel,

and a serial dilution of enolase1 quantities on the other.

Purified murine arrestin1 and murine enolase1 were obtai-

ned by heterologous expression and purification of His(6)-

tagged proteins in Pichia pastoris as previously described.22

Quantitation of the protein standards, purified to

>95% homogeneity, was determined spectrophotometri-

cally, using extinction coefficients for arrestin1 (22,330 M-1)

and enolase1 (32,430 M-1). Blots were probed with 1 lg/mL

C10C10 monoclonal anti-arrestin1 antibody,27 and 1 lg/mL

Enol2–53 monoclonal antibody, which is specific for the

enolase1 isoform.22 Antibody binding was detected with

anti-mouse conjugated to infrared fluorophore IRDye

680RD (Li-Cor #926-68070) then imaged and quantified

with an Odyssey CLX (Li-Cor).

Lactate dehydrogenase concentrations
Relative levels of lactate dehydrogenase A (LDHA) were

assessed in retinas used in the lactate secretion assays by

immunoblotting. For these samples, retinas were recovered

from the media after the final time point was collected, and

homogenized in 250 lL phosphate-buffered saline with

0.1% dodecyltrimethylammonium bromide. After centrifu-

gation (5 min; 18,000 g), the soluble sample was removed.

Protein concentrations of the retinal extracts were de-

termined by BCA assay (Thermo Fisher #23235). Since

the protein content of all retinal extracts were within 10%

of each other, 10 lL of each retinal extract was used

without further adjustment. All samples were mixed with

Laemmli’s sample buffer and immunoblotted as descri-

bed above. Duplicate blots were probed with either anti-

LDHA (1:1,000; Cell Signaling Technology #2102) or

anti-b-tubulin (1 lg/mL Santa Cruz #SC-5274).

Construction of AAV vectors
Murine arrestin1 (ArrWT) cDNA was obtained by

polymerase chain reaction amplification from reverse-

transcribed poly(A)-RNA isolated from C57BL/6J mouse

retinas (the QuickPrep Micro mRNA Kit#27-9255-01

and First-Strand cDNA synthesis Kit#27-9261-01; GE

Healthcare) using primers specific for the murine arrestin1

open-reading frame, and incorporating a myc-tag imme-

diately before the stop codon. PCR products were cloned

into the EcoRI and NotI sites of pDsRed2-N1 by Gibson

assembly (the NEBuilder Gibson Assembly Cloning Kit;

New England Biolabs #E5510).28 This ArrWT plasmid

was then used to introduce the E362G/D363G dou-

ble glycine mutations (ArrGG) into the same backbone

with the QuikChange II Site-Directed Mutagenesis Kit

(Agilent, #200521).

The ArrWT and ArrGG cDNAs were transferred to the

NotI site of pTR-hOp181opt, placing the arrestin1 cDNA

under the control of a 181 bp human opsin promoter with

optimized Crx-binding sites. In this promoter, the first and

third Crx-binding sites were changed from CAATTAGG

and GAGCTTAG to CTAAGCCC and CTAATCCC, re-

spectively, driving high-level expression of the transgene

selectively in rod photoreceptors.29

These pTR-hOp181opt-ArrWT-myc and pTR-

hOp181opt-ArrGG-myc plasmids were used to generate

AAV vectors using a triple-plasmid transfection method

in human embryonic kidney cells (HEK-293T). In each

case, the transgene was packaged into an AAV2-based

vector containing four tyrosine-to-phenylalanine (Y272,

444, 500, 730F) plus one threonine-to-valine substitution

(T491V) in the capsid, which has been shown to have

excellent penetration of the murine retina and transduction

of photoreceptors when delivered intravitreally.30,31 AAV

vectors were packaged, purified, endotoxin cleaned, and

titered by the Ocular Gene Therapy Core at the University

of Florida as previously described.32

In vitro competitive disinhibition of enolase1
Enolase1 catalytic activity was measured in vitro using a

reconstitution assay as previously described.23 Briefly, the

increase in absorbance at 240 nm from the catalytic pro-

cessing of 2-PGA to phosphoenolpyruvate was monitored as

a measure of enolase1 catalytic activity. In this assay, 1 mM

2-PGA was mixed with 50 nM murine enolase1 with and

without 100 nM murine arrestin1 (ArrWT). To this mixture,

increasing amounts of ArrGG (0–200 nM) was added and

the enzymatic turnover number calculated using an extinc-

tion coefficient of 1,520 M-1 for phosphoenolpyruvate.

Rates of turnover were derived by linear regression analysis

(GraphPad Prism, v9.2.0).

Intravitreal injections
Before injections and immediately before applying

anesthetic, each mouse had their eyes dilated with 0.25%

phenylephrine HCL and 1% tropicamide applied topically

to the eye. A single intraperitoneal injection of xylazine

(5–10 mg/kg) and ketamine (70–100 mg/kg) in sterile

saline solution was given for anesthesia. Using a 33 G

needle, a small scleral puncture, 2 mm from limbus, was

made under an operating microscope, followed by injection
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of 1.0 lL of virus (3.0 · 109 vg/lL) or 1 lL of buffer de-

livered to the intravitreal space in one eye and the contra-

lateral eye, respectively. Application of 0.3% GenTeal gel

(Novartis) to the corneal surface aided in visualizing

needle insertion into the vitreous cavity without pene-

trating the lens or the retina.

Upon recovery from anesthesia, the mice were returned

to the vivarium where they were maintained on a 12-h

light–12-h dark cycle.

Electroretinographic analysis
Electroretinograms (ERG) were recorded at approxi-

mately monthly intervals postinjection using the Celeris�
ERG system (Diagnosis LLC). All ERGs were recorded

using Espion V6.0.52 software. Mice were dark adapted

overnight, providing food and water ad libitum. Before

recording, mice eyes were dilated and anesthetized as

described above. Anesthetized mice were maintained at

37�C throughout the ERG. The electrodes were placed

in gentle contact with both eyes, with reference electrodes

placed subcutaneously into the head and tail. Scotopic

ERGs were recorded at 0.01, 1.0, and 3.0 cd$s$m-2. Each

intensity included five light flashes with 20 s between each

flash. Following a 2-min light adaptation at 30 cd$s$m-2,

photopic ERGs were recorded at 2.0, 10.0, and 30.0 cd$
s$m-2 with 25 flickers at each intensity.

The amplitude of the a-wave was calculated as the peak

of decrease of the waveform within 15 ms of the flash, and

b-wave amplitude was calculated as the potential between

the a-wave minimum and b-wave maximum within 100 ms

of the flash. Amplitudes of a-waves and b-waves under

scotopic and photopic conditions were compared by para-

metric paired t-test, comparing the AAV-treated eye with

the contralateral buffer eye (GraphPad Prism, v9.2.0).

Optical coherence tomography
At approximately monthly intervals postinjection,

optical coherence tomography (OCT) was performed to

analyze retinal structure. OCT was performed using the

HRA+OCT Spectralis (Heidelberg Engineering), dilating

and anesthetizing as described above. The outer nuclear

layer (ONL) thickness was measured at 300 lm inter-

vals from the optic nerve in the temporal–nasal plane us-

ing the Heidelberg software with calibrated calipers. ONL

thickness between groups was compared by one-way

ANOVA with Tukey’s post hoc comparison (GraphPad

Prism, v9.2.0).

Immunohistochemistry and microscopy
Whole mouse eyes were dissected from the orbit and

placed in buffered 4% paraformaldehyde for 1 h. The

sclera was then punctured with a tuberculin needle and

returned to the fixative overnight at 4�C. Eyes were

embedded in paraffin and sectioned. Deparaffinized slides

were stained for arrestin1 with 10 lg/mL C10C10 mouse

monoclonal antibody,27 and for myc-antigen with 1:250

71D10 rabbit monoclonal antibody (Cell Signaling #2278).

Antibody binding was detected with 8 lg/mL anti-mouse-

AlexaFluor488 (Invitrogen #A11029) and 8 lg/mL anti-

rabbit-AlexaFluor594 (Invitrogen #A11037) with 10 lg/mL

DAPI (Invitrogen #D1306) used for nuclear staining.

Sections were imaged with a Leica SP8 confocal micro-

scope, collecting Z-stack images at 0.5 lm intervals and

then creating a maximum projection of the Z-stack.

RESULTS
Expression of ArrGG in wild-type mice

Enhancing glycolysis in photoreceptors has the poten-

tial to broadly improve the overall metabolic health of

the retina. Our hypothesis is that introducing a modi-

fied arrestin1 that disinhibits enolase1 catalysis should

increase glycolytic output by competing with endogenous

arrestin1. To determine if this hypothesis has any basis, we

first examined the rate of lactate production in mice

expressing reduced amounts of arrestin1. Our logic was

that if arrestin1 is functionally suppressing glycolytic

output, then this effect should be revealed by reducing

expression of endogenous arrestin1.

For this experiment, we took advantage of the arrestin1

knockout mouse (Sagtm1Jnc)24, which expresses *50%

of the arrestin1 content in heterozygous animals (Arr1+/-).

Retinas of dark-adapted mice were excised and placed in

DMEM culture media and the time course of lactate se-

cretion into the media was determined as a measure of

glycolytic output (Fig. 1A, B). Mice with reduced levels of

arrestin1 showed a significant increase in the rate of lactate

secretion, with lactate production rates increased by 21%

in Arr1+/- and 38% in Arr1-/- mice compared with their

wild-type littermates (Arr1+/+).

This increase in lactate secretion from the retina is

consistent with the concept that decreasing the expression

level of arrestin1 reduces the inhibition of arrestin1 on

enolase1. To further test this idea, we also examined the

rate of glucose uptake from the media by Arr1+/- and

Arr1+/+ retinas (Fig. 1C). Consistent with the lactate

production results, there was enhanced consumption of

glucose by the Arr1+/- mice compared with Arr1+/+ mice.

One alternative explanation for the difference in lactate

secretion and glucose uptake is that lactate dehydrogenase

levels are different between the genotypes. To assess this

idea, we prepared extracts from the retinas used in the

lactate secretion assays and performed immunoblotting

for LDHA, the most abundant LDH isoenzyme found in

photoreceptors.33,34 Across all three genotypes, there was no

evidence of change in LDHA expression levels (Fig. 1D).

A second consideration before advancing with the idea

of arrestin1 disinhibition of enolase1 to increase glycolytic

output in photoreceptors is to consider the relative molar

ratio of arrestin1 and enolase1. If the concentration of
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arrestin1 greatly exceeds that of enolase1, then a strategy

to compete for arrestin1 binding to enolase1 with a mod-

ified arrestin1 is likely to be ineffectual.

Therefore, we performed quantitative western blot

analysis to determine the molar concentration of arrestin1

relative to enolase1 in whole mouse retina, comparing the

endogenous levels of arrestin1 and enolase1 to a series of

known arrestin1 and enolase1 quantities (Fig. 1E). From

this analysis, the amount of arrestin1 and enolase1 in a

whole mouse retina was determined to be 788 pmoles/

retina (–47.2, n = 3) and 393 pmoles/retina (–24.5, n = 3),

respectively, in adult C57BL/6J mice, with a molar ratio of

2:1 arrestin1 to enolase1 (Fig. 1F).

This value for arrestin1 concentration in retinas is in good

agreement with the 584 pmoles/retina value determined in

previous quantitative studies,35 assuming there are *6.4

million rods per retina.36 Thus, the concentration of arrest-

in1 is well within an order of magnitude of enolase1

(Fig. 1F), suggesting that overexpression of a modified ar-

restin1 could be an effective competitor for native arrestin1.

We have previously shown that arrestin1 binds eno-

lase1 along the surface that is opposite the side where

arrestin1 binds photoactivated rhodopsin.23 In this inter-

action, two charged residues of arrestin1 (Glu-361 and

Asp-362 in bovine arrestin1) sterically interfere with one

of the catalytic centers of the enolase1 dimer. In tissue

culture, changing these amino acids to glycine comple-

tely removes the inhibitory effect of arrestin1.23

Before advancing to in vivo studies, we assessed whether

the modified arrestin1 could be used to competitively disin-

hibit the effect of wild-type arrestin1 on enolase1 catalysis.

To make this assessment, homologous substitutions were

made in murine arrestin1 (i.e., E362G/D363G; hereafter re-

ferred to as ArrGG for the two glycine substitutions) and

heterologously expressed for an enolase activity assay. In this

assay, the rate of 2-PGA catalysis to PEP by murine enolase1

was monitored with and without inhibition by wild-type

murine arrestin1 (ArrWT). As expected, addition of ArrWT

causes a decrease in enolase1 catalytic rate (Fig. 1G). The

inclusion of increasing concentrations of ArrGG results in

increasing enolase1 activity, indicating effective competitive

disinhibition of ArrWT on enolase catalysis by ArrGG.

To determine if this in vitro observation of competi-

tive disinhibition could be translated in vivo in the murine

retina, the ArrGG was packaged in AAV to deliver the

modified arrestin1 to the mouse retina. For this AAV

Figure 1. Rate of lactate production in retinas from mice expressing reduced levels of arrestin1. (A) Example of time course of lactate secretion from excised, dark-
adapted retinas placed in DMEM from Arr1+/+, Arr1+/-, and Arr1-/- mice; inset shows anti-arrestin1 immunoblot of retinal extracts from the three Arr1 genotypes,
demonstrating that arrestin1 expression in Arr1+/- is *50% of wild-type levels, and is not detectable in Arr1-/- (extracts of retinas from the indicated genotype were
probed with C10C10 anti-arrestin1 antibody). (B) Average rates of lactate secretion derived from retinas from (A); mean – SD (n = 10 retinas, 5 mice). (C) Average rates
of glucose consumption of retinas from Arr1+/+ and Arr1+/- mice; mean – SEM (n = 4 retinas). (D) Lactate dehydrogenase levels in different Arr1 genotypes are
unchanged; extracts from three retinas used in (B) for each Arr1 genotype (Arr1+/+, Arr1+/-, and Arr1-/-) were immunoblotted and probed with anti-LDHA (upper blot) or
anti-b-tubulin (lower blot). (E) Quantitation of arrestin1 and enolase1 expression in whole retinal extracts of C57BL/6J mice. An example of enolase1 immunoblotting
(Eno1) and arrestin1 immunoblotting (Arr1) are shown comparing three different volumes (in lL) of retinal extract with known quantities of purified enolase1 and
arrestin1 (in pmoles). (F) Quantitation of multiple blots as in (E), showing the average concentration of arrestin1 and enolase1 and molar ratios in each retina (bars
show mean – SEM; n = 3 retinas). (G) Inhibition of enolase1 catalysis by arrestin1 (ArrWT) is competitively reduced by addition of ArrGG; the rate of turnover of 2-PGA
was monitored in the presence of 50 nM enolase1 without ArrWT (green dashed line) or with 100 nM ArrWT (red dashed line). Addition of the indicated concentration of
ArrGG reduced the suppression of enolase1 catalysis caused by ArrWT (points show mean – SEM; n = 3). 2-PGA, 2-phosphoglycerate; DMEM, Dulbecco’s modified
Eagle’s medium; LDHA, lactate dehydrogenase A; SD, standard deviation; SEM, standard error of the mean. Color images are available online.
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vector, ArrGG was cloned into the pTR-AAV backbone

behind a modified opsin promoter (Fig. 2A), introducing a

C-terminal myc-tag (EQKLISEEDL) to allow for detec-

tion of the AAV-delivered arrestin1. This modified

arrestin1 was then packaged into AAV2-quadY-F +T-V31

and injected intravitreally into C57BL/6J mice in one eye,

with the contralateral eye receiving an intravitreal injec-

tion of the saline excipient.

Mice receiving ArrGG were evaluated for ERG func-

tion 60 days postinjection. The individual wave form ki-

netics and scotopic intensity response function were

indistinguishable in mice injected with ArrGG compared

with mice receiving buffer injections for both the a-wave

and b-wave responses (Fig. 2B).

A similar lack of effect was seen for the light-adapted

photopic b-wave responses. In OCT, mice injected with

Figure 2. Safety and efficacy of ArrGG overexpression in adult C57BL/6J mouse retina. (A) Design of AAV vectors with myc-tagged modified arrestin1
(ArrGG) and wild-type arrestin1 (ArrWT) transgene expression driven by a human rod-specific opsin promoter (hOp181opt). The expression cassette is flanked
by ITR of AAV serotype 2. (B) ERG responses at 60 days postinjection; example raw scotopic and photopic responses from an animal injected with ArrGG
(green) compared with one injected with buffer (gray) are shown above; flash intensity response curves for scotopic and photopic amplitudes were not
significantly different in eyes injected with ArrGG (n = 8) compared with eyes injected with just buffer (n = 4); points represent mean – SEM. (C) Example of ONL
thickness measured by OCT in mouse injected with buffer (left image) or ArrGG (right image; scale bars, 50 lm); spider gram plot of ONL thickness measured in
eyes treated with ArrGG (green curves; n = 8) shows no significant different compared with eyes receiving buffer only (black curves; n = 4); points represent
mean – SEM. (D) Lactate secretion rates in retinal explants from mice treated with ArrGG (green; n = 8) and mice receiving buffer only (gray; n = 4); bars show
mean – SEM, asterisk indicates statistically significant difference in parametric paired t-test (q < 0.05). (E) Immunoblot quantitation of ArrGG expression
relative to endogenous arrestin1; blots of soluble extracts of retinas used in (D) from seven eyes injected with AAV-ArrGG and two eyes injected with buffer
(indicated below blot) were probed with anti-arrestin1 antibody, which identifies the higher molecular mass ArrGG (with a myc-tag) and the native arrestin1;
values above each lane indicate the amount of ArrGG expressed as a percentage of the native arrestin1. (F) Immunohistochemistry of representative mouse
retinal sections; paraffin sections of eyes injected with AAV-ArrGG or buffer were stained for arrestin1 (green) or for myc antigen (red), and nuclei stained with
DAPI (blue). Scale bars, 10 lm. ERG, electroretinograms; GCL, ganglion cell layer; INL, inner nuclear layer; IS/OS, inner segment/outer segment layers; OCT,
optical coherence tomography; ONL, outer nuclear layer; RPE, retinal pigmented epithelium. Color images are available online.
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ArrGG showed no indications of inflammatory response,

with good stratification of retinal layers (Fig. 2C). Mea-

surement of ONL thickness as a proxy for photoreceptor

survival in these OCT images showed no statistically

significant difference in mice expressing ArrGG compared

with eyes injected with buffer (Fig. 2C).

Following OCT and ERG measurements, the retinas

were extracted and the rate of glycolysis was assessed by

measuring the rate of lactate secretion from retinas placed

ex vivo in DMEM containing excess glucose as described

above. In these retinas, the mice that received ArrGG

showed a significantly increased rate of lactate production

compared with retinas from buffer-injected mice (ArrGG:

8.3 – 0.42 nmoles$min-1; Buffer: 6.3 – 0.55 nmoles$min-1;

q = 0.020) (Fig. 2D).

We also performed immunoblotting of extracts from

these retinas to determine the levels of transgene expres-

sion. Samples of the same retinas used in Fig. 2D show that

the myc-tagged ArrGG is expressed on average at 78% of

endogenous arrestin1 levels (range 53–106%) (Fig. 2E).

Injected eyes were also examined by immunohistochem-

istry for localization of ArrGG expression.

Staining of sections from eyes injected with the myc-

tagged ArrGG showed that expression of the ArrGG trans-

gene is detected in the photoreceptor layers (ONL, inner

segments, and outer segments), coinciding with the locali-

zation of arrestin1 (Fig. 2F). These representative images

reflect the largely uniform expression of the ArrGG transgene

that is achieved with intravitreal delivery of the AAV. As

expected, myc-reactivity is not detected in buffer-injected

controls. These sections reveal a healthy appearance of the

retina, with well-organized retinal layers.

These findings show that overexpression of ArrGG did

not have a measurable impact on either ERG function

or photoreceptor cell survival as monitored by ONL

thickness and histological sectioning. However, retinas

from eyes that received ArrGG showed a 22% higher rate

of lactate production, consistent with an increased rate of

glycolytic activity.

Expression of ArrGG in Rho-P23H mice
Our results prompted us to further examine whether this

targeted improvement in lactate production could poten-

tially be used therapeutically to slow photoreceptor loss

in a model of retinal degeneration. For this experiment,

we selected the P23H heterozygous knockin mouse model

(RhoP23H/+, Jackson Stock No: 017628).25 This mouse

expresses one copy of the P23H mutation in the rhodopsin

gene and shows a moderate rate of retinal degeneration,

losing nearly all photoreceptors by P12025,37–41 (for ease

of notation, we hereafter refer to this heterozygous mouse

line as P23H+/-).

In our study, P23H+/- mice were injected at P30, before

significant loss of photoreceptors is evident,25 and then

followed out to P130, at which point the photoreceptor loss

is significantly advanced. Mice were injected intravitreally

in one eye with either ArrGG or ArrWT, with the con-

tralateral eye receiving an equivalent injection of buffered

saline solution.

OCT assessment of ONL thickness at approximately

monthly intervals showed a rapid thinning of the ONL in

P23H+/- eyes that received buffer (Fig. 3A, black curve),

consistent with previous reports.25 Similarly, mice injec-

ted with ArrWT showed a comparable decline in ONL

thickness (Fig. 3A, red curve). In contrast, eyes that were

injected with ArrGG showed significantly thicker ONL

(Fig. 3A, green curve). This difference was noted as early

as 30 days postinjection and persisted out to P130 when

the mice were sacrificed. Note that the typical ONL thick-

ness in a nondegenerating retina is *60 lm.

Paraffin sections of these P23H+/- eyes were stained and

showed comparable results. Mice that were injected with

ArrGG showed significantly more rows of ONL nuclei (6–

7 rows; Fig. 3B) than P23H+/- eyes that were injected with

either wild-type arrestin1 (Fig. 3C) or buffer (Fig. 3D). In

these latter two groups, only 2–3 rows of nuclei were

present at P130. The photoreceptor inner/outer segment

layer was also thicker in the ArrGG-injected eyes com-

pared with either the ArrWT- or buffer-treated animals.

To assess whether the slowed ONL thinning observed

in OCT imaging was reflected in preservation of photo-

receptor electrical response, the treated mice were also

assessed for ERG function. Example traces from an

ArrGG-treated P23H+/- mouse show that at each intensity

of light, the eye injected with ArrGG showed a higher

response amplitude than the contralateral untreated eye

(Fig. 4A). In contrast, an example P23H+/- mouse receiv-

ing injections of ArrWT showed no increase in response

amplitude compared with the buffer-treated contralateral

eye (Fig. 4C).

These observations in individual animals were recapitu-

lated across the cohort, in which animals treated with ArrGG

show a statistically significant preservation of both a-wave

and b-wave amplitudes compared with the buffer-injected

control eyes (Fig. 4B). This preservation of ERG function is

absent in mice that were injected with ArrWT (Fig. 4D).

Although our AAV vector is targeted for selective

expression of the transgene in rod photoreceptors through

the human rod opsin promoter, there is the possibility of

achieving a bystander effect in cones. To assess whether

cone function was preserved, we also measured ERGs

under photopic conditions. The results show a significant

preservation of the photopic b-wave function in eyes that

were injected with ArrGG compared with buffer-injected

control eyes (Fig. 4E). In contrast, delivery of ArrWT

provided no preservation of ERG function.

We also measured the rate of lactate secretion from

P23H+/- retinas to assess glycolytic potential in eyes

treated with ArrGG compared with either injection with

wild-type arrestin1 or buffer (Fig. 5). These results showed
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a nearly threefold improvement in lactate secretion rates in

the eyes that were treated with ArrGG compared with eyes

that received either ArrWT or buffer sham injections. This

rate of lactate secretion is significantly higher than the 25%

increase that would be achieved by complete disinhibition of

enolase1 and likely reflects the significant preservation of

photoreceptors that is seen in the ArrGG-treated eyes.

Finally, these observations of preserved photoreceptor

function in P23H+/- mice suggest that if our approach of

overexpression of ArrGG is functioning through enhanced

lactate production, then a similar protective effect should

be seen by reducing arrestin1 expression such as was seen

in the Arr1+/- mice with 50% expression of arrestin1

(Fig. 1). To test this idea, P23H-/- mice were crossed with

Arr1-/- to generate mice that were heterozygous at both

genes (i.e., P23H+/- Arr1+/-).

These mice were examined by ERG and OCT at *3

months of age when photoreceptor loss is clearly evident

in P23H+/- and compared with mice that express the

normal amount of arrestin1 (i.e., P23H+/- Arr1+/+). Sco-

topic a-wave and b-wave ERG function in the P23H+/-

mice was significantly better when the P23H+/- mice were

on the Arr1+/- background than on the Arr1+/+ background

(Fig. 6A). This improvement in photoreceptor electrical

function was also reflected in a significant preservation of

photoreceptor ONL thickness when assessed by OCT for

P23H+/- mice on the Arr1+/- background (Fig. 6B).

DISCUSSION

Our previous studies of the arrestin1/enolase1 interac-

tion identified an inhibition of enolase1 activity by *25%

under in vitro reconstitution conditions,22 and was con-

firmed in tissue culture with HEK-293T cells.23 This

current study extends these findings to the retinal photo-

receptors, where arrestin1 and enolase1 colocalize. Our

in vivo study indicates that arrestin1 expression similarly

partially suppresses the production of lactate in the retina.

Figure 3. Photoreceptors are preserved in P23H +/- mice treated with ArrGG. (A) ONL thickness was measured in P23H+/- mice from OCT images collected at
approximately monthly intervals following injection of P23H+/- mice at PN30 with either AAV-ArrGG (green curves), AAV-ArrWT (red curves), or buffer only (black
curves); ONL measurements are shown at 1,200 lm from the optic nerve head in the temporal retina (ONL thickness is typically 60 lm in nondegenerating retinas).
Statistical comparison at each time point showed significantly thicker ONL in eyes treated with ArrGG, compared with eyes treated with either ArrWT or buffer (one-
way ANOVA; asterisk indicates q < 0.05); points show mean – SEM. (B) Example paraffin section of P23H +/- mouse retina injected with ArrGG at P30 and collected at
P130. (C) Example paraffin section of P23H+/- mouse retina injected with ArrWT at P30 and collected at P130. (D) Example paraffin section of P23H+/- mouse retina
injected with buffer at P30 and collected at P130. Sections stained with anti-arrestin1 (green), anti-myc (red), and DAPI (blue). Scale bars, 10 lm. ANOVA, analysis of
variance. Color images are available online.
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This conclusion is supported by two lines of evidence.

First, our analysis of lactate production in retinas from the

arrestin1 knockout mouse show that retinas with either

reduced arrestin1 in Arr1+/- heterozygous mice or with

completely absent arrestin1 (in Arr1-/-) display elevated

production of lactate. Second, we show that overexpres-

sion of the modified ArrGG, which functionally disin-

hibits enolase1 activity, results in increased lactate

production. These two observations suggest a direct in-

fluence of arrestin1 on glycolytic output through enolase1

inhibition.

This in vivo increase of glycolysis through manipula-

tion of arrestin1 interaction with enolase1 is somewhat

surprising since enolase is generally not thought to be a

rate-limiting enzyme in the glycolytic cascade. Instead,

the rate of glycolysis is typically considered to be under

allosteric control of phosphofructokinase.42–44 However,

two observations suggest a direct effect on glycolysis

through enolase1. First, in our previous study using HEK-

293T cells (which do not normally express arrestin1), it

is only the addition of wild-type arrestin1 that causes a

reduction in lactate production; addition of ArrGG causes

Figure 4. ERG responses in P23H +/- mice 100 days after injection with AAV-ArrGG or AAV-ArrWT. Mice were injected intravitreally with AAV in one eye, with
the contralateral eye receiving buffer. (A) Example of scotopic ERG waveforms elicited in response to increasing intensities of light flashes for a P23H +/-

mouse eye treated with ArrGG (green traces) compared with the contralateral eye injected with buffer (gray traces). (B) Summary quantitation of scotopic ERG
response amplitudes at three flash intensities of a cohort of P23H +/- mice treated with ArrGG (green bars, n = 4) or buffer (gray bars, n = 4). (C) Example
scotopic ERG response to increasing intensities of light flashes for a P23H +/- mouse eye treated with ArrWT (red traces) compared with the contralateral eye
injected with buffer (gray traces). (D) Summary quantitation of scotopic ERG response amplitudes at three flash intensities of a cohort of P23H +/- mice treated
with ArrWT (red bars, n = 4) or buffer (gray bars, n = 4). Bars represent mean – SEM, with statistical significance of parametric paired t-test comparisons
indicated with an asterisk (q < 0.05); ns, not significant. Average scotopic ERG amplitudes in a nondegenerating retina are -50 lV (0.01 cd), -140 lV (1.0 cd),
and -150 lV (3.0 cd) for the a-wave and 200 lV (0.01 cd), 300 lV (1.0 cd), and 350 lV (3.0 cd) for the b-wave. (E) Summary quantitation of photopic ERG
response amplitudes at three flash intensities of a cohort of P23H +/- mice treated with ArrGG in one eye (green bars, n = 4) and buffer in the contralateral eye
(gray bars, n = 4), or treated with ArrWT in one eye (red bars, n = 4) and buffer in the contralateral eye (gray bars, n = 4). Bars indicate mean – SEM, with
statistical significance of parametric paired t-tests indicated with an asterisk (q < 0.05). Average photopic ERG amplitudes in a nondegenerating retina are
40 lV (2.0 cd), 60 lV (10.0 cd), and 80 lV (30.0 cd) for the b-wave. Color images are available online.
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Figure 5. Rate of lactate secretion in excised P23H+/- retinas. Retinas were extracted 60 days postinjection and secreted lactate concentrations determined
as described. (A) Examples of lactate secretion curves from retinas obtained from P23H+/- eyes treated with AAV-ArrGG (green), AAV-ArrWT (red), or buffer
(gray). (B) Average lactate secretion rates in retinal explants from mice treated with ArrGG (green; n = 4), with ArrWT (red; n = 4), or buffer only (gray; n = 8);
bars show mean – SEM, asterisk indicates statistically significant difference in one-way ANOVA with Tukey’s post hoc comparison (q < 0.05). Color images are
available online.

Figure 6. Photoreceptors are preserved in P23H+/- mice with reduced levels of Arr1 expression. (A) Summary quantitation of scotopic a-wave and b-wave
ERG response amplitudes at three flash intensities of a cohort of P23H+/- mice (red bars, n = 9; PN85 days) compared with P23H+/- mice in the background of
Arr1+/- (green bars, n = 15; PN100 days). Bars represent mean – SD, with statistical significance of parametric, unpaired t-test comparisons indicated with an
asterisk (q < 0.05); ns, not significant. (B) ONL thickness was measured in P23H+/- mice (red bars, n = 9) from OCT images collected at PN92 days and
in P23H+/- Arr1+/- mice at PN107 days (green bars, n = 16); ONL measurements are shown at 1,200 lm from the optic nerve head in the temporal retina.
Statistical comparison at each time point showed significantly thicker ONL in eyes of P23H+/- mice in the Arr1+/- background compared with eyes from P23H+/-

mice in the Arr1+/+ background (bars represent mean – SD, with statistical significance of parametric, unpaired t-test comparisons indicated with an asterisk
(q < 0.05). Color images are available online.
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no change in lactate levels.23 This observation argues against

the idea that simply overexpressing any arrestin1 leads to

some mechanism that suppresses lactate production.

Second, in the retina, enhanced lactate production

is only measured when the ArrGG is overexpressed;

overexpression of wild-type arrestin1 does not lead to

increased lactate secretion. These opposite effects of the

two forms of arrestin1 suggest the logical conclusion that

the difference can be ascribed to the two amino acid

changes present in ArrGG, which have been demonstrated

to have a direct effect on enolase1 catalysis.

The possibility exists that the expression of the modified

arrestin1 could have some other unknown consequence that

leads to enhanced lactate production since arrestin1 is known

to have a variety of interacting partners. These interactions

include microtubules,45–47 kinases (such as mitogen-

activated protein kinase, extracellular-signal-related kinases

1 and 2, and c-Jun N-terminal kinase 3),45,48,49 ubiquitin

ligases,45,49–51 and N-ethylmaleimide-sensitive factor.52

Furthermore, a recent study by Xue et al. shows that

overexpression of one of the alpha-arrestins, thioredoxin-

interacting protein, can lead to enhanced lactate catabo-

lism.16 Currently, nothing is known about the structure of

arrestin1’s complexes with these binding partners, such

that it is impossible to predict whether the two glycine

substitutions in ArrGG would have any impact on arrest-

in1’s interaction with any of these other pathways.

However, our results showing that reducing arrestin1

expression (through heterozygous knockout of one Arr1

allele) also slows photoreceptor loss in the P23H+/- mice

offer strong evidence that the action of ArrGG is likely

through direct effect on enolase1 rather than one of the other

arrestin interaction partners. Nevertheless, additional stud-

ies are planned to more carefully measure glycolytic flux to

precisely define mechanisms of the modified arrestin1’s

impact and investigate any potential role contributed

through the other known arrestin1 interaction partners.

Regardless of the precise mechanism, it is clear that

expression of ArrGG in the rhodopsin P23H heterozygous

knock-in mouse model of retinitis pigmentosa has a pro-

tective effect that slows the rate of retinal degeneration.

This protective effect is evidenced by both a morphologic

preservation of photoreceptors and by a functional pres-

ervation of photoreceptor ERG response.

Interestingly, although we selectively targeted expres-

sion of ArrGG to rod photoreceptors specifically by using

a human rod opsin promoter, we also demonstrated pres-

ervation of cone-driven ERG responses in ArrGG-treated

eyes, suggesting a slowing of cone photoreceptor loss.

Since the P23H-rhodopsin mutation is rod specific, the

extension of cone survival likely reflects the well-

established benefit cones receive through various mecha-

nisms from delaying rod cell death, including rod-derived

cone viability factor, structural support, and metabolic

exchange.

In summary, our results show that although the application

of ArrGG slows both the loss of photoreceptors and the de-

cline of visual function compared with controls, there remains

an age-related loss of photoreceptors. This continuing decline

is not surprising since we are not targeting treatment of the

underlying defect of the P23H rhodopsin mutation. Instead,

we show that we can significantly alter the rate of photo-

receptor loss. This slowing of vision loss can be a strongly

positive outcome, particularly for IRDs where vision is not

lost until the later decades of life.

We hypothesize that the modified arrestin1 might work

in many examples of IRDs beyond those that involve mu-

tations in the rhodopsin gene. Even though arrestin1 targets

rhodopsin to quench phototransduction activation,53 the

therapeutic effect of ArrGG is mediated through its inter-

action with enolase1, involving the surface of arrestin1 that

is not part of its interaction with rhodopsin.23 Thus, this

approach of using a modified arrestin1 to increase lactate

production in photoreceptors offers a promising avenue for

additional exploration for slowing vision loss in IRDs in-

dependent of the underlying genetic cause of the retinal

degeneration. The idea of using this modified arrestin1 to

slow vision loss in other models of inherited retinal de-

generation beyond those caused by rhodopsin mutations

will be a focus of future investigations.
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