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Abstract

Photoreceptor loss results in vision loss in many blinding diseases, and metabolic dysfunction
underlies photoreceptor degeneration. So, exploiting photoreceptor metabolism is an
attractive strategy to prevent vision loss. Yet, the metabolic pathways that maintain
photoreceptor health remain largely unknown. Here, we investigated the dependence of
photoreceptors on Gln catabolism. Gln is converted to glutamate via glutaminase (GLS), so
mice lacking GLS in rod photoreceptors were generated to inhibit GIn catabolism. Loss of GLS
produced rapid rod photoreceptor degeneration. In vivo metabolomic methodologies and
metabolic supplementation identified GIn catabolism as critical for glutamate and aspartate
biosynthesis. Concordant with this amino acid deprivation, the integrated stress response
(ISR) was activated with protein synthesis attenuation, and inhibiting the ISR delayed
photoreceptor loss. Furthermore, supplementing asparagine, which is synthesized from
aspartate, delayed photoreceptor degeneration. Hence, Gln catabolism is integral to
photoreceptor health, and these data reveal a novel metabolic axis in these metabolically-
demanding neurons.

Impact statement

For the first time, this work reveals the metabolic dependency of photoreceptors on
glutamine catabolism in vivo and further demonstrates the flexibility of photoreceptors to
utilize fuel sources beyond glucose.
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Goswami and colleagues used rod-specific Gls1 (the gene encoding glutaminase 1)
knockout mice to investigate the role of GLS1 in photoreceptor health when GLS1 was
deleted from developing or adult photoreceptor cells. This study is important as it
shows the critical role of glutamine catabolism in photoreceptor cell health using in
vivo model systems. The evidence supporting the authors' claims is convincing. The
current manuscript would further benefit from validating the evidence with
additional supporting data from IND-cKO with tamoxifen induction at adult age,
testing GLS1 activity to provide glutamate for synaptic transmission, and examining
metabolic crosstalk between RPE and neural retinas.

https://doi.org/10.7554/eLife.100747.1.sa4

Introduction

Photoreceptor (PR) death is the cause of vision loss in many retinal diseases. A paucity of effective
therapies exist that prevent PR death, so there is an unmet need for therapeutics that improve or
prolong PR survival. The retina has a significant energetic demand, driven in large part by PRs
(Pan et al., 2021 Z). The prodigious bioenergetic requirements of photoreceptors (PRs) are due to
the need to conduct phototransduction and neurotransmission as well as manufacture the lipid-
and protein-rich outer segment, which is shed daily and phagocytosed by the retinal pigment
epithelium (RPE) (Ng et al., 2015; Young, 1967 (3). PRs have little reserve capacity to generate
adenosine triphosphate (ATP) and as a result, are adversely affected by small changes in energy
homeostasis. As such, metabolic dysfunction has been shown to underlie PR cell death (Bow
al., 20063; Du et al., 2015 ; Hartong et al., 2008 3; Kooragayala et al., 2015 ; Pan et al.,
and exploiting PR metabolism to make these cells more robust to stress is an attractive
neuroprotective strategy (Pan 2). Yet, beyond glucose, the metabolic pathways integral
to PR health remain largely unknown. This is a critical knowledge gap as identification of these
pathways is likely to reveal new strategies for therapeutic intervention (Duncan et al., 2018 ).

Glucose is central to PR metabolism as these cells utilize aerobic glycolysis, or the conversion of
glucose to lactate despite the presence of oxygen, for the production of both energy and anabolic
building blocks, similar to cancer cells (Ait-Ali et al., 20153 ; Chinchore et al., 2017 ; Kanow et al.,
2017 3; Petit et al., 201872 ; Swarup et al., 2019). Previous studies have shown that genetic
knockdown of enzymes key to aerobic glycolysis leads to PR dysfunction and death (Chinchore et
al., 20173; Petit et al., 2018 2 ; Rajala, 2020 &% ; Weh et al., 2020%; Wubben et al., 2017 3).
However, like other metabolically-demanding cells, recent work has demonstrated that PRs have

the flexibility to utilize fuel sources beyond glucose to meet their metabolic needs (Adler et al.,

Glutamine (Gln) is the most abundant amino acid found in the body and circulating within the
blood (Yang et al., 2017 @), and many rapidly dividing cells, including cancer cells, which utilize
aerobic glycolysis, depend on Gln for their survival and proliferation (Yang et al., 2017%). GIn can
serve as a substrate for multiple pathways, providing a carbon and nitrogen source for
biosynthesis, energetics, and cellular reactive oxygen species (ROS) homeostasis (Adler et al.,
20142; Xu et al., 2020 % ; Yang et al., 2017 ). These features potentially make Gln an ideal
alternative fuel source for PRs, whose bioenergetic demand rivals that of cancer cells despite

being terminally differentiated (Ng et al., 2015 ). To this end, over half of the GIn in the retina is

Moloy T Goswami et al., 2024 eLife. https://doi.org/10.7554/eLife.100747.1 2 of 59


https://doi.org/10.7554/eLife.100747.1
https://doi.org/10.7554/eLife.100747.1.sa4

7 eLife

found in the outer retina, which is primarily composed of PRs (Du, Cleghorn, Contreras, Linton, et
al., 2013). Ex vivo experiments have shown that GIn can be a source of carbons for TCA cycle
intermediates in the retina and contribute to amino acid biosynthesis (Du, Cleghorn, Contreras,
Linton, et al., 2013; Grenell et al., 2019 ; Tsantilas et al., 2021 2; Xu et al., 2020 &@). Additionally,
Gln was demonstrated to support nicotinamide adenine dinucleotide phosphate (NADPH)
generation in the absence of glucose in vitro in isolated PRs (Adler et al., 2014(®). Finally, in a
genetically altered mouse model that disrupts glucose transport to the PRs, both Gln and its
transporter were upregulated in the retina, implying that metabolism of this amino acid may be
supporting PR survival when glucose is limiting (Swarup et al., 2019).

Glutaminolysis is the process by which Gln is metabolized into TCA cycle intermediates for critical
biosynthetic precursors. This process is initiated by the catabolism of GIn to glutamate (Glu) via
one of two glutaminase enzymes: kidney-type glutaminase (GLS) or liver-type glutaminase (GLS2)
(Yang et al., 2017(®). Single-cell RNA sequencing data has demonstrated that GLS is the
predominant isoform in the retina and PRs (Voigt et al., 2020(%). Additionally, it has been shown
that glutaminase activity is at least two-fold higher in mitochondria-rich PR inner segments. Since
the inner segments of PRs are responsible for supporting the majority of energy production and
metabolism, GLS activity is likely critical for metabolic functions in PRs.

2016(Z; Yang et al., 2017(2), and a variety of data show the similarities between cancer cell
metabolism and retinal metabolism, and specifically, metabolism of the PRs in the outer retina
(Chinchore et al., 2017#; Du, Cleghorn, Contreras, Linton, et al., 2013; Ng et al., 2015 ; Rajala,

2020%). Therefore, we hypothesized that GLS-initiated Gln catabolism may also be essential to PR

have provided a foundation for this governing hypothesis, but none have examined the role of Gln
catabolism specifically in PRs in vivo. In this study, we generated a rod photoreceptor-specific
knockout of GLS to comprehensively study the importance of GLS-driven Gln catabolism in PRs.

Results

Generation of a rod photoreceptor-specific, GIs knockout mouse
Single-cell RNA sequencing data has demonstrated that Gls is expressed throughout the human
and mouse retina and to a much greater degree than GIs2 (Voigt et al., 2020). To confirm these
findings, we conducted real-time reverse transcription PCR (qRT-PCR) with primers specific for
either Gls or Gls2 (Supplementary File 1). These data show that Gls expression is 14 times greater
than that of Gls2 in the mouse retina (Figure 1 - figure supplement 1A @), indicating that GLS is
indeed the predominant isoform in murine retina. Furthermore, retinal sections stained for GLS
using immunofluorescence showed that GLS is expressed throughout the retina with enrichment
in the PR inner segments (Figure 1 - figure supplement 1B2). It has been shown that GLS
activity is at least two-fold higher in the PR inner segments, which are rich in mitochondria and
support energy production and metabolism, than any other layer in the retina.(Ross et al., 1987 %)
In accordance with previous studies (Campos-Sandoval et al., 2015 @), GLS segregated to the
mitochondrial-enriched fraction more than the cytosolic fraction in the retina (Figure 1 - figure
supplement 1C32).

Moloy T Goswami et al., 2024 eLife. https://doi.org/10.7554/eLife.100747.1 3 of 59


https://doi.org/10.7554/eLife.100747.1

ZveLife

A WT cKO
GLS| W = - = -

dek

15|

-
o

o
(4]

Fold Change

= = ~le5KD
HSP90[ = = == == == == — |90 kD

D

0.25 . ; i g‘rs\-*:\- b
5 £020 ek &
CV
5 5018 Al S
§ £0.10 ®
© £0.05{° WT
= 0 © cKO

b B 5
TP PE NS &
Age (post natal day)

ED.OB

g & dkk Rhkh HRE gk dRE e

500617 & 8 B o o g

§004 o WT

[=]

s o cKO

:002 S‘b@amg}

% 0l T T T T : %
AN D D o
QP FE IS &

Age (post natal day)

o
o
»

Tk L ek KRR Rk

2ses®¥

T

E

©0.04

g & oWT

é—’ooz % o 0 cKO

%) %@Q"W

C 0 : : .?

2] SRR
TP P R

Age (post natal day)

e b tond PRL]

H Fedede *kk I J
150 7 - — Wt KO
o Cwr ° 15 Kk
© L 83 DCKO
g ,—.100 - Op g 12—
o E ° o 8 =
% b o 8 ® DO_ o
o O
z< 507 D 6
o
0 T T Iﬁ D'\_? 3_
P14 P21 P42 )
Age (Postnatal day) 0
K
g12—**
? ** Apop. Nec. Aut. Ferrop.
(]
é 94 © [wTt
w [CJekO
<
Z
ha
£
o
2
5
[}]
14

Moloy T Goswami et al., 2024 eLife. https://doi.org/10.7554/eLife.100747.1 4 of 59


https://doi.org/10.7554/eLife.100747.1

v eLife
Figure 1.

Rod photoreceptor-specific knockout of glutaminase (GLS) displays
rapid retinal degeneration and increased markers of cell death.

(A) Western blot analysis showing decreased GLS protein levels in the retina of WT and cKO mice at post-natal day 14
(P14). Quantitation of Western blot results for N=3-4 animals per group. (B) Representative images for
immunofluorescence of P14 mouse retinas (N=3 animals per group) stained for GLS (red), cone opsin (green) and
nuclei (DAPI, blue) in WT and cKO mice. White arrows indicate remaining GLS expression in cone photoreceptors. Left
and middle panel scale bars are 40 pm. Right image scale bar is 20 pm. (C) OCT images detailing outer retinal
changes in cKO mice over time compared to WT. Retinal structures are comparable to WT mice at P14 but rapidly thin
with age. (D) Total retinal thickness, (E) ONL thickness and (F) IS/OS thickness as determined by OCT in WT and cKO
mice over time. N=4-9 eyes per group. (G) Representative hematoxylin and eosin stained retinal sections from rod
photoreceptor-specific Gls conditional knockout (cKO) mice compared to wild-type (WT) mice at P14, P21 and P42.
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (H) ONL cell counts as a percent of WT
retinas at P14, P21 and P42. N=5-10 eyes per group. Scale bars are 40 pm. (I) Representative images of WT and cKO
retinas stained to detect TUNEL-positive cells (green) at P21. Scale bar is 40 pm. N=3-5 animals per group. (J)
Quantitation of percent TUNEL-positive cells at P21 showing an increase in TUNEL-positive cells in cKO animals. N=3-6
animals per group. (K) qRT-PCR of genes related to cell death pathways including apoptosis (Apop.), necroptosis
(Nec.), autophagy (Aut.) and ferroptosis (Ferrop) in WT and cKO mice at P14. N=6 animals per group. Statistical
differences in (A), (D), (E), (F), (H), () and (K) are based on an unpaired two-tailed Student's t-test where *P <0.05,
**P<0.01 and ***P<0.001. Data are presented as mean + standard error of the mean. OCT: optical coherence
tomography, OS: outer segment, IS: inner segment, ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion

cell layer, TUNEL: terminal deoxynucleotidyl transferase dUTP nick and labeling.

With the understanding that Gls is the predominant glutaminase enzyme in the murine retina and
PRs, similar to humans, a rod PR-specific, Gls conditional knockout mouse was created to
determine the role of GLS activity in PR survival and function. Animals homozygous for a floxed
Gls allele and expressing a Cre-recombinase under the control of the rhodopsin promoter
(Glsﬂ/ﬂ;Rho—Cre*, cKO) as well as animals expressing only the Cre-recombinase (GlsWt/ WL.Rho-Cre®,
WT) were generated. Total retinal lysate was collected from cKO and WT animals at postnatal day
14 (P14) and GLS expression was measured (Figure 1A(2). These data show that cKO animals have
significantly less GLS expression compared to WT animals. Whole eyes were collected at P14 and
stained for GLS using immunofluorescence. Figure 1B shows significant loss of GLS expression
in PR inner segments of cKO animals compared to WT animals. The remaining GLS in the inner
segment layer is found within cone PRs, as shown in Figure 1B (arrows), confirming the
knockout is specific to rod PRs. A lack of compensatory upregulation of GIs2 in the retina was
confirmed via qRT-PCR and in PRs using immunofluorescence (Figure 1 - figure supplement 1D-
EX®).

Loss of GLS causes rapid PR degeneration

These data clearly show that GLS is significantly downregulated in cKO animals. To determine if
loss of GLS effects PR survival, optical coherence tomography (OCT) was used to measure the in
vivo thickness of each retinal layer at various timepoints in cKO and WT animals (Figure 1C3). At
P14, cKO and WT animals are indistinguishable in total retinal and outer nuclear layer (ONL)
thickness (Figures 1D and 1E2). However, by P21 a significant loss in total retinal, ONL, and
IS/OS thickness is observed (Figures 1D 2 -1F 2) and cKO animals continue to experience loss of
retinal, ONL and IS/OS thickness out to P84. Considering mice open their eyes around P14, we
assessed if light exposure was contributing to PR degeneration. cKO mice were reared in the dark,
but no change in the rate of ONL degeneration was observed when comparing dark-reared mice to
those reared in 12-hour light/12-hour dark cyclic lighting conditions (Figure 1 - figure
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Figure 1 - figure supplement 1.

GLS is the predominant isoform in the mouse retina and the rod
photoreceptor-specific GIs conditional knockout mouse does not
demonstrate compensatory upregulation of the G/s2 isoform.

(A) gRT-PCR analysis of GIs and GIs2 in P14 mouse retina. Relative expression was analyzed by comparative threshold cycle
(27-AACT) method. Expression values were represented as fold change over Gfs after normalization with B-actin. N=9 animals
per group. (B) Representative GLS immunofluorescence in P21 WT animals. Scale bar is 40 ym. (C) Western blot analysis and
quantitation of GLS in fractionated wild-type (WT) mouse retinas. TIM23 was used as a mitochondrial fraction marker and
HSP90 as a cytosolic fraction marker. WR whole retina extract; C, cytosolic fraction; M, mitochondrial fraction. N=3 animals.
(D) gRT-PCR analysis of G/s2 mRNA expression in the retina demonstrates no change between the rod photoreceptor-specific
GIs conditional knockout mouse (cKO) and the wild-type (WT) mouse where both Gis alleles are present. Data are normalized
to B-actin. N=5-6 animals per group. (E) Representative GLS2 immunofluorescence (red) images in cKO mice at P21 shows no
increase in the expression of GLS2 as compared WT mice. Scale bar is 40 um. Statistical differences in (A), (B) and (D) are
based on an unpaired two-tailed Student’s t-test where **P<0.01 and ***P<0.001. Data are presented as mean * standard
error of the mean.
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Figure 1 - figure supplement 2.

Gls conditional knockout mouse demonstrates similar
degeneration under cyclic- and dark-reared conditions.

(A) Representative OCT images from the rod photoreceptor-specific G/s conditional knockout (cKO) mouse compared to wild-
type (WT) mice at P21 and P28 housed with 12-hour light/12-hour dark cycles (cyclic-reared) or dark-reared. The white vertical
bar represents the thickness of the outer nuclear layer (ONL). (B) Quantitation of ONL thickness as determined by OCT in cKO
mice compared to WT mice at P21 and P28 under the different housing conditions. N=4-6 animals per group. Statistical
differences in (B) are based on a One-way ANOVA with Tukey’s post hoc test for multiple comparisons where *** P<0.001.
Data are presented as mean + standard error of the mean.
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Figure 1 - figure supplement 3.
Histology confirms increased Miiller glial cell activation in
rod photoreceptor-specific G/s conditional knockout mice.

Representative images from GFAP staining indicate increased Muller glial cell activation in cKO compared to WT mice at P21.

Scale bars are 40 pm.
P14 P21 P42

cKO WT cKO WT cKO
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Figure 1 - figure supplement 4.

Rod photoreceptor-specific G/s conditional knockout mice have shorter outer segments.

(A) Representative immunofluorescence images of rhodopsin (RHO) staining (green) in rod photoreceptor-specific Gis
conditional knockout (cKO) mice compared to wild-type (WT) mice at P21. N=3 animals per group. Scale bar is 40 pm. (B)
Representative transmission electron microscopy (TEM) images of retinal sections from cKO mice compared to WT mice at
P21. Images taken at 250X magnification and scale bars are 5 ym. (C) TEM images of retinal sections from cKO mice
compared to WT mice at P21 taken at 500X magnification and scale bars are 3 pm.
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Figure 1 - figure supplement 5.

Rod photoreceptor-specific GIs knockout does not alter synaptic
connectivity between photoreceptors and second-order neurons.

(A) Representative retinal sections stained with wheat germ agglutinin (WGA) to label photoreceptor synaptic membranes
and non-synaptic membranes in the rod photoreceptor-specific G/s conditional knockout (cKO) mice compared to wild-type
(WT) mice at P14. OPL, outer plexiform layer; IPL, inner plexiform layer. N=3 animals per group. Scale bar is 40 pm. (B)
Representative retinal sections stained with an antibody against Bassoon to label ribbon synapses of rods and cones in the
OPL in cKO and WT mice at P14. N=3 animals per group. Scale bar is 40 uym. (C) Representative retinal sections from WT and
cKO animals at P14, P21 and P42 are immunostained with antibodies against major cell-type specific markers (red): calretinin
(amacrine cells), BRN3A (ganglion cells), CHX10 (bipolar cells). ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. N=3 animals per group. Scale bars are 40 um. (D) Inner retinal area as a percent of WT retinas at P14, P21
and P42. N=5-10 eyes per group. Statistical differences in (D) are based on an unpaired two-tailed Student’s t-test where
*%%P<0.001. Data are presented as mean + standard error of the mean.
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supplement 2(@). Histology at P14, P21, and P42 confirmed loss of PR cell bodies (Figures 1G @
and 1H ). As has been seen in other models of PR degeneration, glial fibrillary acidic protein
(GFAP), which is a marker of stress-induced Miiller glial cell activation, was increased in the retina
of the cKO mouse at P21 (Figure 1 - figure supplement 3(@) (Grenell et al., 2019®).

Next, to assess the cell death pathways contributing to PR degeneration in the cKO mouse, retinal
sections from P21 animals were stained for TUNEL (Figure 11(2). At P21, there is a significant
increase in TUNEL positive outer retinal cells in cKO mice compared to WT mice (Figure 1) @).
gRT-PCR analysis of cell death-related gene expression at P14 (Figure 1K) demonstrated an
increase in genes involved in apoptosis, necroptosis, and ferroptosis. These data coincide with the
thought that apoptosis is the predominant mechanism of PR death in many retinal diseases,
considering Casp8 showed the greatest increase in expression in the cKO retina, but also that other
cell death mechanisms can contribute to PR cell death (Wubben et al., 2016 &2).

Retinas were stained for RHO expression using immunofluorescence, which indicated rod OSs
were shorter after Gls knockout (Figure 1 - figure supplement 4A (7). Because cKO mice
demonstrated shorter OSs, transmission electron microscopy (TEM) was used to investigate the
ultrastructure of cKO rod OSs (Figures 1 - figure supplement 4B-C (2). The rod OSs in the cKO
mouse appeared largely normal with well-organized, stacked disc membranes that maintained
interdigitation with the RPE similar to the WT mouse, just shorter than WT rod OSs.

A deficiency in GLS activity could lead to a significant decrease in Glu, the main neurotransmitter
used by PRs. To evaluate the synaptic connectivity between PRs and the inner retina, retinal
sections from cKO and WT mice at P14 were labeled with wheat germ agglutinin (WGA), a plant
lectin that binds N-acetylglucosamine and sialic acid residues, to highlight PR synaptic membranes
and non-synaptic membranes (McLaughlin et al., 1980 2 ). Retinal sections from P14 WT and cKO
mice stained with WGA did not demonstrate significant differences in the labeling of PR synaptic
membranes in the outer plexiform layer (OPL) (Figure 1 - figure supplement 5A(%). Staining of
P14 retinal sections from WT and cKO mice with an antibody against Bassoon, which labels the
ribbon synapses of rods and cones in the OPL (Kutsyr et al., 2021 @), did not demonstrate
differences in the synaptic connectivity between PRs and second-order neurons (Figure 1 - figure
supplement 5B (). Additionally, retinal sections at P14, P21, and P42 were stained with antibodies
against major cell-types in the inner retina, such as amacrine, ganglion, and bipolar cells, and no

significant alterations in immunofluorescent patterns to suggest an inner retinal developmental
abnormality were observed between cKO and WT animals (Figure 1 - figure supplement 5C%2).
Accordingly, inner retinal thinning was not observed until P42 (Figure 1 - figure supplement

5D (@), when approximately 25% of cells remained in the ONL (Figure 1H®). This thinning of the
inner retinal area is likely secondary to the primary PR degeneration similar to that seen in other
mouse models of retinal degeneration (Ueta et al., 2012 (@).

Loss of GIs in rod photoreceptors impairs retinal function

Loss of IS/OS thickness, shorter OSs, and loss of PR cell bodies can result in functional loss. Thus,
electroretinography (ERG) analysis was performed on cKO and WT animals at P21 and P42 (Figure
2([@). As expected, cKO animals show a significant loss in rod-driven scotopic a- and b-wave
amplitudes at P21, which are further decreased by P42 (Figure 2A(Z-2C (). Interestingly, a
significant loss in photopic b-wave amplitude was also found at P42, suggesting a cone PR defect
(Figure 2D @). Immunofluorescent staining found that cone outer segments shorten as rod
degeneration progresses from P14 to P42 (Figure 2E (@) supporting secondary cone degeneration,
which is a common phenotype associated with rod-mediated retinal degeneration (Caruso et al.,
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Figure 2.

Loss of GIs in rod photoreceptors impairs retinal function.

(A) Representative scotopic and photopic electroretinography (ERG) tracings for the rod photoreceptor-specific Gls
conditional knockout mice (cKO) compared wild-type (WT) mice at P21 and P42. (B) ERG scotopic a-wave and (C) b-wave
amplitudes in cKO mice compared to WT mice at P21 and P42. A flash intensity of 32 cd*s/m? was utilized. N=3-6 animals per
group. (D) ERG photopic b-wave amplitudes in cKO mice compared to WT mice at P21 and P42. A flash intensity of 100
cd*s/m? was used. N=3-6 animals per group. (E) Representative images from co-staining of GLS (red), the cone-specific
marker peanut agglutinin (PNA, green) and nuclei (DAPI, blue) in retinal sections from cKO mice compared to WT mice at P14,
P21 and P42. Statistical differences in (B), (C) and (D) are based on an unpaired two-tailed Student’s t-test where *P <0.05,
**pP<0.01 and ***P<0.001. Data are presented as mean + standard error of the mean. ONL, outer nuclear layer; IS, inner
segments; OS, outer segments. N=3 per group. Scale bar is 20 pm.
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GLS is necessary for maintenance of mature photoreceptors

In mice expressing a Cre-recombinase under the control of the rhodopsin promoter, Cre-mediated
excision of floxed genomic DNA has been observed as early as P7 (Li et al., 2005%). To ensure the
function of GLS is not restricted to this early phase of PR development and maturation and that it
is critical to fully developed PRs as well, mice homozygous for a floxed Gls allele (61" and
expressing an inducible Cre-recombinase under the control of the Pde6g promoter (Glsﬂ/ﬂ;Pde6g-
CrefRT2) (Koch et al., 201503) as well as animals expressing only the inducible Cre-recombinase
(GIsWY Wt;Pdeb‘g—CreERTZ) were generated. This allowed for induction of cre-recombinase activity in
fully-mature PRs, specifically, by the administration of tamoxifen (TAM). Animals heterozygous for
Pde6g—CreERT2 and homozygous for either the WT or floxed Gls allele (IND-cKO) were generated,
and TAM was administered intraperitoneally for 5 consecutive days starting at P22 (Figure 3(2) as
retinal development is typically considered complete by P21 (Zhou et al., 2021 ). Significant
reduction of GLS in the retina of IND-cKO mice after TAM induction was confirmed via Western
blot and in PRs with immunofluorescence analysis (Figures 3A© and 3B(®). Ten days after TAM
induction, IND-cKO mice began to show a thinning of the IS/0OS layer that preceded and then
paralleled the rapid ONL degeneration observed on longitudinal OCT and histology (Figures
3C®-3G@). Hence, GLS is also critical for the survival of fully developed PRs.

GLS knockout does not alter nucleotide metabolism

Gln, and its breakdown product, Glu, have several fates in cellular metabolism (Figure 4A @),
which may underly the rapid and significant PR degeneration observed when GLS is knocked out
of rod PRs. Beyond its use in protein synthesis, Gln has been shown to maintain mitochondrial
function by supplying TCA cycle intermediates, generating antioxidants to maintain redox
balance, synthesizing other nonessential amino acids (NEAAs), and contributing to nucleotide
biosynthesis (Yang et al., 2017 &). With regards to the latter, PRs require nucleotides to support
phototransduction as well as transcriptional efforts for the continued synthesis of OSs. The
catabolism of GIn to Glu by GLS produces an ammonium ion that can be used for the synthesis of

to inhibit pyrimidine and purine biosynthesis (Alkan et al., 2018 3; Okazaki et al., 2017 2). To
explore the role of GLS-initiated GIn catabolism in nucleotide metabolism, in vivo targeted liquid
chromatography-tandem mass spectrometry (LC-MS/MS) metabolomics were performed on P14
retina from WT and cKO animals (Supplementary File 2). No differences in key purine or
pyrimidine metabolism intermediates, such as ribose 5-phosphate (R5P), inosine monophosphate
(IMP), and uridine monophosphate (UMP), were observed between the WT and cKO retina (Figure
4B (@), suggesting that GLS-mediated catabolism of Gln is not a critical pathway for nucleotide
synthesis in rod PRs.

Redox balance is altered upon

knockout of GLS in rod photoreceptors

GIn can also be used for the generation of the antioxidant molecule glutathione as well as in a non-
canonical NADPH generating pathway (Son et al., 2013 ; Yoo et al., 2020%). Glutathione is a
tripeptide of glutamate, glycine, and cysteine. Glutamate is a product of the GLS reaction, and
previous studies have demonstrated that inhibiting GLS reduces glutathione levels and increases
reactive oxygen species (Li et al., 2015(3). As such, the NADP*/NADPH ratio was statistically
significantly increased by 16% in the P14 cKO retina as compared to WT (Figure 4C @), and the
relative abundance of oxidized glutathione (GSSG) was decreased in the P14 cKO retina as
compared to WT (Figure 4D (%3). While an increased NADP*/NADPH ratio in the cKO retina may
imply that the abundance of GSSG should be increased in the cKO retina since reduced glutathione
can be recovered from the oxidized form by the conversion of NADPH to NADP®, the levels of GSSG
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Figure 3.

Rod photoreceptors require GLS for maintenance and maturation.

GIs"M mice carrying a tamoxifen (TAM)-inducible Cre-recombinase (IND-cKO) under the control of Pde6g ( (GIs: ;Pdebg-
CrefRT2) compared to mice expressing only the inducible Cre-recombinase (GlsWt/Wt,Pde6g-CreERTZ, WT). Both IND-cKO and WT
were administered tamoxifen for 5 days starting at P22. (A) Quantitation of Western blot results showing decreased GLS
protein levels in the retina of IND-cKO animals at 10 days after tamoxifen induction compared to WT mice. HSP90 was used as
a loading control. N=3-4 animals per group. (B) Representative GLS immunofluorescence (red) in IND-cKO mice compared to
the wild-type (WT) mouse 10 days after tamoxifen induction. N=3 animals per group. Scale bars are 40 um. (C) OCT images
detailing outer retinal changes in WT and IND-cKO animals over time. Total retinal thickness (D), outer nuclear layer (ONL)
thickness (E) and inner segment/outer segment (IS/OS) thickness (F) as determined by OCT for 38 days post tamoxifen. N= 5-
10 eyes per group. (G) Representative hematoxylin and eosin-stained retinal sections from IND-cKO mice compared to WT
mice at 10 and 38 days after tamoxifen induction. N=3 animals per group. Scale bars are 40 pm. ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer. Statistical differences in (A), (D), (E) and (F) are based on an unpaired two-tailed
Student’s t-test where *P<0.05, **P<0.01 and ***P<0.001. Data are presented as mean + standard error of the mean.
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Figure 4.

GLS cKO mice maintain levels of nucleotide, glycolytic and TCA cycle metabolites
and mitochondrial function but demonstrate altered redox balance.

(A) Schematic summarizing the biosynthetic and bioenergetic roles of glutamine. (B) Relative abundance of key intermediates
in nucleotide metabolism in the retina of WT and cKO mice at P14 as determined by targeted metabolomics. N=6-7 animals
per group. Relative abundance is the ion intensity normalized to the WT. (C) The NADP*/NADPH ratio, as determined by
bioluminescence assay, is significantly increased in the cKO as compared to WT retina at P14. N=5-6 animals per group. (D)
Relative abundance of GSSG in the retina of WT and cKO mice at P14, prior to PR degeneration, as determined by targeted
metabolomics. N=6-7 animals per group. (E) gRT-PCR of genes related to redox homeostasis are significantly altered in ckO
compared to WT mice. N=6 animals per group. (F) Relative abundance of metabolites in glycolysis and the TCA cycle in WT
and cKO retina at P14. N=6-7 animals per group. (G) Mitochondrial stress test carried out on isolated WT and cKO retina at
P14 using the BaroFuse. The baseline was established by perifusing the tissue for 90 min and then oligomycin, FCCP, and KCN
were injected into the perifusate sequentially as indicated. (H) Comparison of the effects of oligomycin and FCCP on OCR in
P14 WT and cKO retina. N=6-8 animals per group. (I) Western blot analysis and quantitation of the mitochondrial electron
transport chain complexes show no differences between WT and cKO retina. N=3-4 animals per group. Fold change is in
relation to WT. Statistical differences in (B-F), (H) and (I) are based on an unpaired two-tailed Student'’s t-test where *P<0.05.
Data are presented as mean + standard error of the mean. R5P: ribose 5-phosphate, IMP: inosine monophosphate, UMP:
uridine monophosphate, GSSG: glutathione disulfide, F6P: fructose 6-phosphate, DHAP: dihydroxyacetone phosphate, 2PG: 2-
phospho-D-glycerate, PEP: phosphoenolpyruvate, Pyr: pyruvate, Lac: lactate, Cit: citrate, a-KG: alpha-ketoglutarate, Suc:
succinate, Mal: malate, Oligo: oligomycin, FCCP: carbonyl cyanide p-trifluoromethoxyphenylhydrazone, KCN: potassium
cyanide, CI-NDUFB8: complex 1, NADH:ubiquinone oxidoreductase subunit B8, CII-SDHB: complex 2, succinate
dehydrogenase complex iron sulfur subunit B, CIII-UQCRC2: complex 3, ubiquinol-cytochrome c reductase core protein 2, CV-
ATP5A: complex 5, ATP synthase F1 subunit alpha, HSP90: heat shock protein 90.
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Figure 4 - figure supplement 1.

Loss of GIs in rod photoreceptors alters the expression of metabolism-related genes.

gRT-PCR analysis of genes related to (A) glycolysis and pyruvate metabolism as well as (B) the TCA cycle in rod photoreceptor-
specific GIs conditional knockout mice (cKO) compared wild-type (WT) mice at P14. Expression values were represented as
fold change over WT after normalization with B- actin. N=6 animals per group. Statistical differences in (A) and (B) are based
on an unpaired two-tailed Student’s t-test where *P<0.05, **P<0.01 and ***P<0.001. Data are presented as mean + standard
error of the mean.
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have been seen to be reduced in other models where GLS is pharmacologically inhibited or
genetically knocked down (Daemen et al., 2018 ). The lower levels of GSSG may signal an overall
reduction in the biosynthesis of glutathione considering the product of the GLS reaction,
glutamate, is directly necessary for its synthesis as well as indirectly responsible for cysteine via
the SLC7A11 (xCT) cystine/glutamate antiporter (Yoo et al., 2020 2). The expression of Slc7a11 was
reduced in the P14 cKO retina (Figure 4E @). Hence, the biosynthesis of glutathione in rod PRs
may be affected directly and indirectly when GLS is knocked out. In accordance with the
antioxidants NADPH and glutathione potentially being reduced, the expression of the antioxidant
enzymes Sod! and Sod2, which detoxify superoxide radicals, were increased in the P14 cKO retina
(Figure 4E(?). These data suggest that GLS-mediated GIn catabolism regulates redox balance in
rod PRs, and the altered redox balance that is a consequence of its knockout may be one factor
contributing to PR degeneration in the GLS cKO mouse.

Relative abundance of TCA cycle intermediates and

mitochondrial function mostly unchanged in G/s cKO retina

While the changes in certain redox elements were statistically significant, they were modest
alterations and may not account in full for the significant and rapid PR degeneration noted in the
GLS cKO mouse. Many cancer cells that utilize aerobic glycolysis rely on GIn to replenish TCA cycle
intermediates, which maintain oxidative metabolism and provide biosynthetic precursors.
Glutaminolysis is the process by which GIn is metabolized into TCA cycle intermediates, and GLS
initiates this process (Yang et al., 2017 ). Considering PRs utilize aerobic glycolysis, similar to
cancer cells, and have significant bioenergetic demands secondary to the need to conduct
phototransduction and neurotransmission as well as constantly manufacture OSs, we next sought
to determine if rod PRs also depend on GLS-initiated glutaminolysis for TCA cycle metabolites and
oxidative metabolism. Interestingly, LC-MS/MS-based targeted metabolomics demonstrated very
few changes in the relative pool sizes of TCA cycle metabolites in the cKO compared to WT retina
at P14 with only malate showing a statistically significant decrease (Figure 4F 2). Since GLS is
enriched in the PR mitochondria (Figure 1 - figure supplement 1B%) and previous studies
demonstrated that inhibiting GLS in certain cell lines reduces mitochondrial function (Alkan et al.,

loss, using the BaroFuse (Kamat et al., 2023%). The basal oxygen consumption rate (OCR) as well
as the changes in OCR in response to oligomycin or carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP) were not statistically significantly different between
WT and cKO retina (Figures 4G and 4H @). The expression of complexes involved in oxidative
phosphorylation were also unchanged between the WT and cKO retina at P14 (Figure 41(2).

As stated earlier, a Cre-recombinase under the control of the rhodopsin has been shown to be
activated as early as P7 (Li et al., 2005(%). To circumvent this early knockout of GLS, rod PRs may
rewire their metabolism, as has been seen in other conditional knockout mouse models with this
Cre-recombinase system (Subramanya et al., 2023 3; Wubben et al., 2017 @), to utilize different
fuel sources for the maintenance of the TCA cycle and mitochondrial function. To this end, the
expression of genes involved in glycolysis, pyruvate metabolism, and the TCA cycle were
examined in the P14 cKO and WT retina before PR degeneration. Numerous genes were
significantly altered in the cKO retina across the metabolic pathways (Figure 4 - figure
supplement 12). The expression of multiple genes in glycolysis and pyruvate metabolism were
increased (Figure 4 - figure supplement 1A®), possibly suggesting that rod PRs are stimulating
glucose oxidation to maintain the TCA cycle and mitochondrial function similar to that seen in
certain cancer cells when GLS is inhibited (Okazaki et al., 2017 ). However, targeted
metabolomics demonstrated only a minor change in glycolytic intermediates between the cKO and
WT retina at P14 (Figure 4F(@). As targeted metabolomics at the P14 timepoint provides only a
snapshot of the pool size, additional analyses with stable isotope tracing metabolomics are
necessary to assess nutrient utilization, in this case glucose. Uniformly-labeled, 13CG-glucose was
intraperitoneally injected in P14 WT and cKO mice, and the retina harvested 45 minutes later for
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metabolomic analysis via LC-MS/MS (Yuan et al., 2019 ). No change in the fractional labeling of
glycolytic intermediates was observed between the WT and cKO retina, and more so, an increase
in the fractional labeling of TCA cycle intermediates was not observed in the cKO retina (Figures
5A, 5B and Figure 5 - figure supplement 1 ). Hence, it is unlikely rod PRs are increasing
glucose oxidation to maintain the levels of TCA cycle intermediates and mitochondrial function.
PRs may have the flexibility to use other fuel sources, such as fatty acids (Joyal et al., 2016 @), to
supplement the TCA cycle. Regardless of the fuel source being utilized to maintain the levels of
TCA cycle metabolites, it is not circumventing the significant and rapid PR degeneration observed
in the GLS cKO retina.

Gls cKO in rod photoreceptors decreases

the utilization of GIn in the TCA cycle

We initially anticipated that GLS knockout in rod PRs would significantly alter the relative TCA
cycle metabolite pools in the cKO retina, similar to what is seen in GIn-dependent cancer cells
(Daemen et al., 2018(%; Yang et al., 2017 %), as PRs and cancer cells having common metabolic
relationships (Du, Cleghorn, Contreras, Linton, et al., 2013; Ng et al., 2015 2; Rajala, 2020(%), and
previous ex vivo studies demonstrated GIn can supplement the TCA cycle in the retina (Grenell et
al., 20193; Tsantilas et al., 2021 (%). However, as observed in Figure 4F @, very few changes were
observed in the relative pool sizes of TCA cycle metabolites in the cKO compared to WT retina. To
delineate how Gln is metabolized, we used LC-MS/MS to trace the metabolic fate of uniformly-
labeled 13C5-GIn in the WT and cKO retina in vivo at P14. Uniformly-labeled 13C5-Gln was
intraperitoneally injected into the mice and the retina harvested 45 minutes later. In accordance
with GLS being the enzyme that initiates glutaminolysis, or the process by which cells convert Gln
into TCA cycle intermediates (Yang et al., 2017 (%), the fractional labeling of glutamate, TCA cycle
intermediates, and pyruvate was decreased in the P14 cKO retina as compared to WT (Figures 5C,
5D @ and Figure 5 - figure supplement 2(%). Previous ex vivo studies have also observed that
isotopically labeled 13C5-Gln can contribute to m+3 pyruvate in the retina possibly via the
decarboxylation of m+4 malate by malic enzyme (Grenell et al., 2019 @). A more recent ex vivo
study postulated that PRs can utilize different metabolic cycles, such as the Cahill cycle or mini-
Krebs cycle, to uncouple glycolysis from oxidative phosphorylation (Chen et al., 2024 ). These
cycles are fueled by Gln and require phosphoenolpyruvate carboxykinase (PEPCK) to replenish
pyruvate from oxaloacetate (OAA). So, m+4 OAA can be converted to m+3 pyruvate by PEPCK.
While the lack of m+4 citrate in both the P14 WT and cKO retina and decrease in m+2 citrate in the
cKO retina (Figure 5 - figure supplement 22 ) may further support the existence of these
previously postulated metabolic cycles, which avoid the citrate synthase step of the TCA cycle as
well as others, further studies are needed to confirm the activity of these pathways in the retina
and specifically, the PRs.

a-ketoglutarate (a-KG) is the main entry point for Gln into the TCA cycle (Figure 5C %) and has
been shown to be a key metabolite in GIn metabolism (Yang et al., 2017 @). In vivo stable isotope
tracing demonstrated decreased incorporation of Gln carbons into a-KG in the cKO retina
compared to the WT (Figure 5D (@). Furthermore, supplementation with a-KG has been shown to
improve PR survival in mouse models of inherited retinal disease (Wert et al., 2020 ). So, we
attempted to rescue the PR degeneration phenotype in the GLS cKO mouse by supplementing cKO
animals with 10 mg/mL of a-KG in the drinking water starting at P4 (Rowe et al., 2021 % ; Wert et
al., 20202). A small, but significant increase in ONL thickness was identified in o-KG-treated

animals at P22 using OCT (Figure 5E (@). These data further suggest that GIn’s role in supporting
the TCA cycle is not the major mechanism by which PRs utilize GIn to suppress PR apoptosis.
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Figure 5.

Loss of GLS in rod photoreceptors has significant effects on TCA cycle
metabolism with only partial rescue upon a-KG supplementation.

(A) Schematic summarizing 13Ce-glucose labeling in glycolytic and TCA cycle intermediates. (B) Fractional labeling of glycolytic
and TCA cycle metabolites in the retina following intraperitoneal injection of 13C6-g|ucose in WT and cKO mice at P14. N=5-6
animals per group. (C) Schematic summarizing 13C5-G|n labelling in the TCA cycle. (D) Fractional labeling of TCA cycle
metabolites in the retina following intraperitoneal injection of 13CS—GIn in WT and cKO mice at P14. N=6-11 animals per group.
(E) ONL thickness in cKO mice at P22 as assessed by OCT following a-KG supplementation (10 mg/mL) or vehicle (water) in
the drinking water from P4-P22. N=5 animals per group. Statistical differences in (B), (D) and (E) are based on an unpaired
two-tailed Student’s t-test where *P <0.05, **P<0.01 and ***P<0.001. Data are presented as mean + standard error of the
mean. F6P: fructose 6-phosphate, FBP: fructose 1,6-bisphosphate, DHAP: dihydroxyacetone phosphate, 2PG: 2-
phosphoglycolate, PEP: phosphoenolpyruvate, Pyr: pyruvate, Lac: lactate, GIn: glutamine, Glu: glutamate, a-KG: alpha-
ketoglutarate, Suc: succinate, Fum: fumarate, Mal: malate, OAA: oxaloacetate, Cit: citrate, Asp: aspartate.
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Figure 5 - figure supplement 1.
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Mass isotopologue distribution of 13Cﬁ-glucose in glycolysis and TCA cycle intermediates in rod
photoreceptor-specific GIs conditional knockout (cKO) mice compared to wild-type (WT) mice.

Fractional labeling of glycolytic and TCA cycle intermediates with uniformly-labeled, 13C6-glucose in retina from rod
photoreceptor-specific G/s cKO mice compared to WT mice at P14. Statistical differences are based on an unpaired two-tailed
Student’s t-test where *P<0.05 and **P<0.01. Data are presented as mean * standard error of the mean.
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Mass isotopologue distribution of13C5-GIn in TCA cycle intermediates in rod photoreceptor-
specific GIs conditional knockout mice (cKO) compared to wild-type (WT) mice.

Fractional labeling of TCA cycle intermediates with uniformly-labeled, 13C5-Gln in retina from rod photoreceptor-specific Gls
cKO mice compared to WT mice at P14. Statistical differences are based on an unpaired two-tailed Student’s t-test where
*P<0.05, **P<0.01 and ***P<0.001. Data are presented as mean + standard error of the mean.

Moloy T Goswami et al., 2024 eLife. https://doi.org/10.7554/eLife.100747.1

20 of 59


https://doi.org/10.7554/eLife.100747.1
https://doi.org/10.7554/eLife.100747.1

7 eLife

GIs cKO retina has reduced NEAA levels and

an upregulated integrated stress response
Gln and GLS-derived Glu play a central role in the biosynthesis of several NEAAs (Yoo et al.,

available NEAAs for biomass production. To this end, targeted metabolomics on the cKO retina at
P14 showed a significant increase in the substrate of GLS, GIn, and a significant decrease in its
NEAA product Glu, further illustrating loss of GLS function (Figures 6A @ and 6B (). The NEAA
Asp was also significantly reduced (Figure 6A (2), which is consistent with previous studies that
inhibited GLS in cancer cells (Alkan et al., 2018 @ ; Okazaki et al., 2017®).

Deprivation of amino acids can activate the integrated stress response (ISR), which responds to an
array of stressors to maintain cellular homeostasis and particularly, protein homeostasis. Acutely,
ISR activation can protect cells by temporarily halting protein synthesis. However, chronic ISR
activation and global protein synthesis inhibition can trigger apoptosis (Pakos-Zebrucka et al.,

initiation factor 2 (eIF2a), which reduces global protein synthesis while preferentially allowing for
the translation of activating transcription factor 4 (ATF4) (Pakos-Zebrucka et al., 2016 (2).
Considering the reduced levels of NEAAs Glu and Asp, retinas from P14 GLS cKO animals were
assayed for these ISR components using Western blotting (Figures 6C% and 6D @), which
demonstrated increased levels of both phosphorylated elF2a and total ATF4, suggesting ISR
activation. To determine if global protein synthesis was affected in GLS cKO retinas, we applied
the SUnSET (SUrface SEnsing of Translation) method to quantify protein synthesis in WT and cKO
retinas at P14 (Fort et al., 2022 2). These data show a significant decrease of puromycin
incorporation into nascent polypeptide chains, indicating a decrease in global protein synthesis
consistent with ISR activation (Figures 6E 2 and 6F (). To determine if PR degeneration could be
rescued by inhibiting the ISR, ISRIB (2.5 mg/kg) was administered systemically daily starting at P5.
At P21, ISRIB treatment significantly increased ONL thickness compared to vehicle using OCT
(Figure 6G @). These results suggest that ISR activation is downstream of Gln catabolism and
contributes to PR degeneration in the cKO mouse retina.

Previous work has demonstrated that when certain cancer cell lines are faced with GIn
deprivation, a-KG alone does not restore cell proliferation (Pavlova et al., 2018 %; Son et al.,
2013 %). Rather, NEAA supplementation is necessary to restore proliferation in these reports.

Similarly, a-KG supplementation had an incomplete survival impact on PR survival, showing
approximately 10% increase in ONL thickness in cKO animals (Figure 5E(2). Since systemic or

permeability (Sullivan et al., 2018 @), we investigated other NEAA approaches to rescue the PR
degeneration observed in the GLS cKO mouse. The potential of asparagine (Asn) to rescue PR
degeneration was chosen due to the growing list of Asn-mediated cellular processes that improve
cancer cell survival and growth under metabolic stress, such as GIn deprivation. These Asn-
mediated cellular processes include inhibiting ISR-induced apoptosis (Zhang et al., 2014 ),
promoting protein synthesis (Pavlova et al., 2018 @), and maintaining Asp pools (Halbrook et al.,

Following administration of systemic Asn (200 mg/kg) daily starting at P5, in vivo analysis of
retinal structure via OCT at P21 demonstrated a significant improvement in ONL thickness
compared to animals treated with vehicle, with a 22-26% increase in ONL thickness in some
retinal locations (Figure 6G ©).
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GLS cKO retina demonstrates decreased nonessential amino
acids, ISR activation, and decreased global protein synthesis.

(A) Amino acids significantly altered in the G/s cKO mouse retina at P14. Relative abundance is the ion intensity relative to WT
retina. N=6-7 animals per group. (B) Ratio of glutamine to glutamate in WT and cKO retina. N=6-7 animals per group. (C)
Western blot of ISR proteins phospho-eIF1a>>" (p-eIF2a), total eIF2a and ATF4 in WT and cKO mice. N=3-4 animals per group.
(D) Quantitation of Western blot in Panel C. (E) Western blot of protein puromycinylation in the WT and cKO mouse retina at
P14 harvested 30 min after systemic puromycin administration. (F) Quantitation of puromycin incorporation in WT and cKO
retina. N=4-5 animals per group. (G) ONL thickness at P21 in cKO mice as assessed by OCT following intraperitoneal injection
of ISRIB (2.5 mg/kg) or vehicle (50% PEG 400, 43.4% saline, 6.6% DMSO) from P5-P21. N=3-6 animals per group. (H) ONL
thickness at P21 in cKO mice as assessed by OCT following intraperitoneal injection of Asn (200 mg/kg) or vehicle (PBS) from
P5-P21. N=3-5 animals per group. Statistical differences in (A), (B), (D), (F), (G), and (H) are based on an unpaired two-tailed
Student’s t-test where *P <0.05, **P<0.01 and ***P<0.001. Data are presented as mean + standard error of the mean. Gin:
glutamine, Glu: glutamate, Asp: aspartate, ONL: outer nuclear layer.
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Discussion

In this study, we demonstrate for the first time the importance of Gln catabolism in PR
metabolism, function, and survival in vivo. Rod PRs lacking GLS demonstrated rapid and complete
degeneration with concomitant functional loss. Mechanistically, lack of GLS-initiated GIn
catabolism in rod PRs, specifically, resulted in changes in redox homeostasis and a decrease in the
fractional labeling of TCA cycle intermediates from stable isotope-labeled Gln in vivo. However,
Gln anaplerosis did not appear to be driving the TCA cycle as targeted metabolomics showed few
changes in the relative levels of TCA cycle intermediates, and supplementation with aKG showed a
modest rescue effect in PR degeneration. The NEAAs Glu and Asp were found to be significantly
decreased in the cKO mouse retina, and in accordance with this AA deprivation, the ISR was
upregulated with a reduction in global protein synthesis suggesting Gln catabolism in rod PRs
plays a significant role in supporting biomass production via NEAA synthesis. Interestingly,
supplementing cKO mice with Asn significantly rescued PR degeneration, revealing a novel link
between GIn and Asn metabolism in PRs. This work further demonstrates that PRs have the
flexibility to utilize fuel sources other than glucose to meet their metabolic needs and that GIn is a
critical amino acid that supports PR cell biomass, redox balance, and survival.

The rapid degenerative phenotype observed with conditional deletion of Gls in rod PRs was

with approximately 50% loss of PR cell bodies by P21 (Figure 1 - figure supplement 3A-B() and
near complete PR degeneration by P84 (Figure 1C(2). In contrast, conditional deletion of
numerous enzymes within central glucose metabolism, including hexokinase 2 (HK2) (Weh et al.,

(Daniele et al., 2022 (%), mitochondrial pyruvate carrier 1 (MPC1) (Grenell et al., 2019(%), and
lactate dehydrogenase A (LDHA) (Rajala et al., 2023 ), results in a slower, age-related
degeneration. For example, loss of GLUT1 in the retina and rod PRs does not demonstrate 50%
thinning of the ONL until approximately 4 months of age (Daniele et al., 2022(%), and the others
noted above demonstrate even slower outer retinal degeneration. It has also been shown that PRs
can utilize fatty acid B-oxidation for energy (Joyal et al., 2016 (%). Interestingly, in retinas lacking
the very-low-density lipoprotein receptor (VLDLR), which facilitates fatty acid uptake, the PRs
remained largely intact. In any of these transgenic mouse models, PRs may use other transporters
to take up fatty acids or glucose or rewire their metabolism to maintain metabolic homeostasis
and stave off degeneration (Subramanya et al., 2023 @ ; Wubben et al., 2017 ). Our data show that
any metabolic reprogramming that is occurring in the cKO mouse retina appears unable to
significantly circumvent the significant and rapid PR degeneration suggesting the importance of
Gln catabolism in rod PRs. Furthermore, inducing GLS knockdown in mature PRs also
demonstrated rapid PR degeneration (Figure 3@).

Traditionally, it has been thought that Gln maintains cell survival through Gln-derived a-KG and
maintenance of the TCA cycle (Zhang et al., 2014 (). While stable isotope tracing with uniformly
labeled GIn demonstrated a reduction in fractional labeling of the TCA cycle intermediates (Figure
5D (@), targeted metabolomics showed few changes in the relative levels of the intermediates
(Figure 4F @) and supplementation with aKG did not rescue PR degeneration to a large degree
(Figure 5E (). Gln is also required for the biosynthesis of NEAAs, and the NEAAs Glu and Asp were
reduced nearly two-fold in the retina of cKO mouse (Figure 6A%). Glu is the product of the GLS
reaction so it is not surprising that Glu was substantially reduced. Glu is involved in glutathione
biosynthesis directly and indirectly, can be converted into a-KG to enter the TCA cycle, and is
crucial for the biosynthesis of NEAAs including Asp (Yoo et al., 2020 ). Alterations in redox
homeostasis were observed in the retina of the cKO mouse in accordance with the reduced level of
Glu (Figures 4C 2 -4E(%). While these redox imbalances likely contribute to the PR degeneration
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observed, it is unlikely these small but statistically significant changes fully account for the rapid
and complete PR degeneration. Future rescue studies with antioxidants, such as N-acetylcysteine,
are needed to shed light on the role of redox imbalance in this novel transgenic mouse model.

Previous ex vivo studies demonstrated that GIn can contribute carbons to Asp synthesis via the
TCA cycle and/or contribute a nitrogen via glutamate-oxaloacetate transaminases (Du, Cleghorn,
Contreras, Lindsay, et al., 2013; Xu et al., 2020®), the latter of which have been shown to be

PR metabolism, function, and survival (Subramanya et al., 2023 ). Our data shows that GIn-
derived carbons via Glu are entering the TCA cycle in vivo and contributing to the synthesis of Asp
(Figure 52), and this contribution is reduced in the cKO mouse retina. Based on the previous
studies noted above, GIn may also be contributing to Asp synthesis via the glutamate-oxaloacetate
transaminase catalyzed transfer of a nitrogen from Glu. Future studies using amine-labeled GIn
are needed to dissect the contributions of Gln-derived carbon versus nitrogen to the synthesis of
Asp in the retina in vivo.

Asp is a proteinogenic amino acid that has many biosynthetic roles (Alkan et al., 2018 @), and ex
vivo neural retina studies have suggested that the retina needs Asp to maintain its metabolic
homeostasis (Li et al., 2020(3). In accordance with this data, Asp was one of the few metabolites
that was significantly reduced in the retina of cKO mouse prior to rapid PR degeneration (Figure
6A([@). Based on ex vivo studies, it has been postulated that Asp utilization in the retina is
necessary to maintain aerobic glycolysis and mitochondrial metabolism through the recycling of
NADH to NAD", shuttling electrons into the mitochondria via the malate-aspartate shuttle,
replenishing oxaloacetate for biosynthesis and/or producing pyruvate via malic enzyme (Li Y
2020®). Our in vivo metabolomics data further support this last point as uniformly labeled GIn
contributed to m+3 pyruvate in the retina possibly via the decarboxylation of m+4 malate by malic
enzyme (Figure 6D (). The m+4 isotopologue of malate could arise from m+4 Asp via glutamate-
oxaloacetate transaminase (GOT) and malate dehydrogenase (MDH) as part of the malate-
aspartate shuttle. Furthermore, the decarboxylation of malate by malic enzyme produces pyruvate
and also NADPH. A previous study revealed high malic enzyme activity in the retina and suggested
it is capable of producing NADPH in the retina (Winkler et al., 1986 (%). The observation that malate
was reduced (Figure 4F (%) and the NADP*/NADPH ratio was increased (Figure 4C %) in the cKO
retina further supports a metabolic pathway in PRs where the GIn carbon skeleton is converted
into Asp, then OAA, malate, and finally, pyruvate via the cytosolic enzymes of the malate-aspartate
shuttle and malic enzyme. This non-canonical GIn metabolism pathway is also necessary to sustain
cancer cell growth (Son et al., 2013 @).

Interestingly, we did not observe any significant changes in glycolysis or mitochondrial function in
the cKO retina despite a reduction in the relative level of Asp. It is hypothesized that Asp
catabolism sustains glycolysis and oxidative phosphorylation in the retina by recycling NADH to

the pyruvate/lactate ratio (P = 0.192), were not statistically significantly altered. Compensatory
metabolic rewiring, which has been seen in other conditional knockout mouse models using the
same Cre-recombinase system (Subramanya et al., 2023 ; Wubben et al., 2017 (%), may be
maintaining the NAD*/NADH ratio in the cKO retina at P14 when there are equal numbers of PRs
in the WT and cKO retina. To this end, the expression of the Mdh1 gene, which is a component of
the malate-aspartate shuttle that recycles NADH to NAD" in the cytoplasm, was upregulated in the
cKO retina (Figure 4-figure supplement 1 ). The conversion of dihydroxyacetone phosphate
(DHAP) to glycerol 3-phosphate via glycerol 3-phosphate dehydrogenase is an alternative pathway
to regenerate NAD*. DHAP levels were significantly reduced in the cKO retina possibly suggesting
increased activity of this pathway (Figure 4F ). Yet, the gene expression and activity of glycerol 3-
phosphate dehydrogenase in the retina has been shown to be low (Adler & Klucznik, 1982 % ; Voigt
etal., 2020@).
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Asp is also the immediate precursor to Asn. Intracellular levels of Asn are the lowest among the
NEAAs (Zhang et al., 2014 ), so it was not surprising that Asn was below the level of confident
detection in our targeted metabolomics analyses on the WT or cKO retina. Asn had been shown to
rescue cancer cells from ISR-induced apoptosis, increase protein synthesis during GIn deprivation,
and protect the Asp pool (Halbrook et al., 2022 (% ; Pavlova et al., 2018 (3 ; Zhang et al., 2014 (%). As
metabolic similarities exist between PRs and cancer cells (Du, Cleghorn, Contreras, Linton, et al.,
2013; Ng et al., 2015(®), and the GIs cKO mouse retina demonstrated ISR activation and apoptosis
(Figures 1G(Z-1I1Z and 6C-6D), decreased protein synthesis (Figure 6E 2), and decreased Asp
(Figure 6A @), Asn supplementation was explored and proved effective as observed in the rescue
of PR degeneration in the cKO mouse (Figure 6H (). These results offer the first evidence for a
role of Asn downstream of GIn metabolism in PR survival, but further studies are necessary to
define which of the Asn-mediated processes is crucial for PR neuroprotection following targeted
Gls knockout. Of note, while Asn supplementation provided a greater PR neuroprotective effect
than a-KG, the two supplements had different routes of administration with Asn being provided
intraperitoneally as previously described (Xu et al., 2021 (%) and a-KG being provided in the
drinking water as had previously improved PR survival in a mouse model of inherited retinal
disease (Wert et al., 2020 ). It is unclear if supplementing a-KG to GLS cKO animals
intraperitoneally would further boost retinal protection. Yet, the relative abundance of a-KG and
most other TCA cycle intermediates were unchanged between WT and cKO retinas suggesting GIn
may not be driving the TCA cycle in PRs.

The ISR is activated with reduced global protein synthesis in the Gls cKO mouse retina (Figures

6C 2 -6F %) and inhibiting the ISR with ISRIB delayed PR degeneration (Figure 6G (). ISR
activation is a hallmark of neurodegenerative diseases including retinal degenerative diseases
(Gorbatyuk et al., 2020 ). Chronic activation of the ISR and protein synthesis attenuation has
been observed in a multitude of preclinical models of retinal degeneration and shown to
contribute to PR degeneration (Gorbatyuk et al., 2020 (2 ). Metabolic dysfunction and deprivation of
key nutrients, such as glucose and amino acids, are not only known stressors that activate the ISR
(Pakos-Zebrucka et al., 2016 (2), but also underlying mechanisms of PR degeneration (Ait-Ali et al.,
2015(2; Caruso et al., 2020 ; Pan et al., 2021 ). There is a paucity of studies that examine the
link between metabolism and the ISR in retinal degenerative disease, which is a critical gap in our
knowledge since identification of molecular and metabolic pathways triggering PR death is likely
to reveal novel targets for therapeutic intervention. A recent study demonstrated that imbalanced
pro-apoptotic ISR signaling contributes to deoxysphingolipid-mediated toxicity in retinal disease
and identified potential therapeutic strategies, such as pharmacologic enhancement of ATF6
activity or treatment with ATF6-regulated neurotrophic factor MANF, that attenuate the associated
retinal degeneration (Rosarda et al., 2023 %). The novel transgenic mouse model of retinal
degeneration described here provides a unique tool to obtain further insight on the nexus of
metabolism, ISR activation, and protein synthesis attenuation in PR degeneration to identify
pharmacologically and metabolically tractable nodes for therapeutic intervention.

Collectively, our results indicate that GIn is critical for maintaining the pools of key biosynthetic
precursors, Glu and Asp, in rod PRs and disrupting Gln catabolism results in profound loss of PR
function and survival in part secondary to an imbalance in ISR activation and protein synthesis
attenuation. Glucose remains central in PR metabolism, but improving our understanding of other
metabolic pathways that support PR function and survival and how these metabolic pathways
connect with cell death mechanisms could be transformative for preventing PR degeneration and
vision loss in a multitude of retinal degenerative diseases.

Ideas and Speculation

Beyond glucose, the metabolic pathways integral to photoreceptor health remain largely
unknown. This is a critical knowledge gap as identification of these pathways is likely to reveal
new strategies for therapeutic intervention. This work demonstrates that rod photoreceptors
depend on glutamine catabolism and suggests a metabolic axis where glutamine catabolism in rod
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photoreceptors supports the production of aspartate and asparagine to promote anabolism and
prevent signaling through the pro-apoptotic integrated stress response pathway. Considering
activation of the integrated stress response is a hallmark of neurodegenerative diseases and
metabolic dysfunction underlies photoreceptor degeneration, defining the pathways by which
glutamine catabolism contributes to photoreceptor health is likely to identify nodes that may be
targeted to make photoreceptors less vulnerable to stress.

Key Resources Table

Reagent type Designation Source or Identifiers Additional

(species) or reference information

resource

Genetic reagent Gls PMID: 26778975

(Mus musculus)

Genetic reagent Rho-cre PMID: 16636658

(Mus musculus)

Genetic reagent GIs™:Rho- This study

(Mus musculus) Cre*

Genetic reagent Pdeb6g- PMID: 26301813

(Mus musculus) CreERT2

Genetic reagent Gls"wi:Pde6g | This study

(Mus musculus) -CrefRT2

Genetic reagent GIs™:Pde6g- This study

(Mus musculus) CrefR12

Antibody (Mouse Proteintech 66265-1-Ig 1:200;
monoclonal) immunofluore
anti-GLS scence
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Antibody (Rabbit Abcam Ab113509 1:200;
polyclonal) immunofluore
anti-GLS2 scence

Antibody (Mouse Abcam Ab5417 1:1,000;
monoclonal) immunofluore
anti- scence
Rhodopsin

Antibody (Goat Santa Cruz Sc-22117 1:200;

polyclonal) anti- Biotechnology immunofluore
OPN1MW/LW scence

Antibody (Mouse Santa Cruz Sc-8429 1:100;
monoclonal) Biotechnology immunofluore
anti-BRN3A scence

Antibody (Rabbit Millipore Sigma C7479 1:100;

polyclonal) anti- immunofluore
calretinin scence

Antibody (Rat Thermo Fisher 13-300 1:200;
monoclonal) immunofluore
anti-GFAP scence

Antibody (Mouse Santa Cruz Sc-365519 1:200;
monoclonal) Biotechnology immunofluore
anti-Chx10 scence

Antibody (Mouse Enzo SAP7F407 1:1,000;
monoclonal) immunofluore
anti-Bassoon scence

Antibody Goat-anti- Invitrogen A11001 1:1,000;
mouse Alexa immunofluore
488 scence

Antibody Donkey-anti- Jackson 715-585-151 1:500,
mouse Alexa ImmunoResear immunofluore
594 ch Laboratories scence

Antibody Donkey-anti- Jackson 711-585-152 1:500;
rabbit Alexa ImmunoResear immunofluore
594 ch Laboratories scence

Antibody Donkey-anti- Invitrogen A21447 1,2000;
goat Alexa immunofluore
647 scence

Antibody Donkey-anti- Invitrogen A21209 1:500;
rat Alexa 594 immunofluore

scence
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Antibody PNA Alexa Invitrogen L32459 1:200;
594 conjugate immunofluore
scence
Antibody WGA Alexa Invitrogen W11262 1:1,000;
594 conjugate immunofluore
scence
Antibody (Rabbit Proteintech 20170-1-AP 1:1,000;
polyclonal) western
anti-KGA-
specific GLS
Antibody (Rabbit Proteintech 19959-1-AP 1:1,000;
polyclonal) western
anti-GAC-
specific GLS
Antibody (Rabbit Proteintech 12855-1-AP 1:1,000;
polyclonal) western
anti-GLS
Antibody (Rabbit Cell Signaling 4866 1:1,000;
polyclonal) Technology western
anti-VDAC
Antibody (Mouse BD Biosciences 611223 1:1,000;
monoclonal) western
Anti-TIM23
Antibody (Mouse Cell Signaling 4877 1:2,000;
monoclonal) Technology western
anti-HSP90
Antibody Horse-anti- Cell Signaling 7076 1:5,000;
mouse-HRP Technology western
Antibody Goat-anti- Cell Signaling 7074 1:5,000;
rabbit-HRP Technology western
Antibody (Rabbit Cell Signaling 5324 1:1,000;
monoclonal) Technology western
anti-elF2a
Antibody (Rabbit Cell Signaling 3398 1:5,000;
monoclonal) Technology western
anti-Phospho-
elF2a
Antibody (Rabbit Invitrogen PA5-27576 1:1,000;
polyclonal) western
anti-ATF4
Antibody (Mouse Biolegend 381502 1:1,000;
monoclonal) western
anti-
puromycin
Antibody (Mouse Abcam Ab110413 1:1,000;
monoclonal) western
Total
OXPHOS
rodent
antibody
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Methods and Materials

Animals

All animals were treated in accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. The protocol
was approved by the University Committee on Use and Care of Animals of the University of
Michigan (PRO00011133). All animals were housed under standard husbandry conditions at room
temperature in 12-hour light/12-hour dark cycles unless explicitly stated in the text. Both male and
female mice were used for all experiments. A transgenic mouse where Gls is selectively deleted
from rod photoreceptors was created by crossing mice with Lox-P sites flanking exon 1 of the Gls
gene (Gl courtesy of Dr. Stephen Rayport, Columbia University) with Rho-Cre mice, in which
Cre-recombinase expression is driven specifically in rod PRs. Gl and Rho-Cre mice have been
previously described (Le et al., 2006 & ; Mingote et al., 2015). Animals were screened for the rd8
mutation (Mattapallil et al., 2012 ). Alpha-ketoglutarate (a-KG, Millipore-Sigma, St. Louis, MO,
USA, Cat # K1128) was provided to mice in their drinking water (10 mg/mL) starting at P4.
Asparagine (200 mg/kg, Millipore-Sigma, Cat # A4159) or vehicle (PBS) was injected IP starting at
P5. ISRIB (2.5 mg/kg, Caymen Chemical, Ann Arbor, MI, USA, Cat # 16258) or vehicle (50% PEG 400,
43.4% saline, 6.6% DMSO) (Halliday et al., 2015 (%) was injected IP starting at P5. For inducible
deletion of Gls, Gl mice were crossed to Pde6g- CreFRT2 mice (courtesy of Dr. Stephen Tsang,
Columbia University) (Koch et al., 2015 @). The Cre-recombinase was activated via IP injection of
tamoxifen (Millipore-Sigma, Cat # T5648) at a concentration of 100 mg/kg bodyweight for 5
consecutive days. Whole retinas were extracted from animals using the “cut-and-pick” method as
previously described (Wi 981 @), being careful to remove any adherent ciliary body or RPE
before processing. Total retina was then either snap frozen on dry ice (Western blotting,
metabolomics), immersed in RNAlater (Qiagen, Hilden, Germany, Cat # 76104) for gqRT-PCR, or used
immediately (BaroFuse or NADP*/NADPH bioluminescent assay).

In vivo functional and structural assessment

Visual function was assessed as previously described (Weh et al., 2020 & ; Wubben et al., 2017 ).
Mice were anesthetized using a mixture of ketamine/xylazine (90/10 mg/kg) and their pupils were
dilated using 1% tropicamide and 2.5% phenylephrine ophthalmic drops. Retinal function was
determined using a Diagnosys Celeris ERG system (Diagnosys LLC, Lowell, MA, USA) following
overnight dark adaptation. In vivo retinal thickness was measured using the Envisu-R SD-OCT
imager (Leica Microsystems Inc., Buffalo Grove, IL, USA). A 1.5 mm horizontal B-scan (1000 A-
scans x 100 frames) and a 1.5 mm x 1.5 mm rectangular volume (1000 A-scans X 36 B-scans x 6
frames) were captured, registered and averaged using the built-in software, and analyzed using
the Diver 1.0 software suite (Leica Microsystems). Images were segmented manually to determine
total retinal, outer nuclear layer, and combined inner segment/outer segment thickness.
Measurements were taken at 15 points on a 9x9 grid and averaged as previously described (Weh et
al., 2022@).

Immunofluorescence

Mouse eyes were enucleated and immersed in 4% paraformaldehyde overnight before embedding
in paraffin and sectioned at 6 mm thickness. Following standard protocols, sections were de-
paraffinized and antigen retrieval performed as previously described (Weh et al., 2020 & ; Wubben
et al,, 2017 (3). Sections were blocked with 1% bovine serum albumin (BSA, Millipore-Sigma, Cat #
A9647) in 1X phosphate buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA, USA, Cat #
BP399) with 0.125% Tween 20 (Thermo Fisher Scientific, Cat # BP337) and 10% normal goat serum
prior to incubating with primary antibody in 1% BSA and 1% normal goat serum overnight at 4°C.

Slides were then washed, secondary antibody applied for 1 hour at room temperature before
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washing, and finally, counterstained with DAPI (Thermo Fisher Scientific, Cat # P36930). Images
were obtained on a Leica DM6000 microscope with a 40X objective. The antibodies used for
immunofluorescence are found in the key resources table.

TUNEL staining and cell counts

TUNEL staining was performed as previously described using the DeadEnd kit (Promega, Madison,
WI, USA, Cat # G3250) (Wubben et al., 2017 &3 ; Wubben et al., 2020 @ ). TUNEL-positive cells were
counted in a masked fashion and normalized to the total number of nuclei using a custom Image]J
macro (Busov & Besirli, 2014 @ ; Wubben et al., 2017 @ ; Wubben et al., 2020 &). Tissue sections
through the plane of the optic nerve were also stained with hematoxylin and eosin and the total
number of nuclei in the ONL were determined after normalization to inner retinal area (Wubben
etal., 2020@).

Sub-cellular fractionation

Whole retina was fractionated into cytosolic and post-cytosolic (mitochondrial enriched) fractions
as previously described (Weh et al., 2020 @) using the Subcellular Protein Fractionation Kit for
Tissues (Thermo Fisher Scientific, Cat # 87790). Both retinas from a single animal were pooled and
homogenized with a Dounce homogenizer in cytoplasmic extraction buffer supplemented with
protease (Halt™ Protease Inhibitor Cocktail, Thermo Fisher Scientific, Cat # 87786) and
phosphatase (Halt™ Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Cat # 78420)
inhibitors. The retinal lysate was then centrifuged at 10,000 x relative centrifugal force (RCF) for
10 minutes at 4°C. The resulting supernatant was saved as the cytosolic fraction, and the resulting
pellet was resuspended in RIPA lysis buffer (Thermo Fisher Scientific, Cat # 89900) that included
protease and phosphatase inhibitors (Cell Signaling Technology, Danvers, MA, USA, Cat # 5872) and
sonicated at 20% amplitude with 1s on/off pulse for 10s. The lysate was centrifuged for 10 minutes
at 10,000 x RCF at 4°C. The resulting supernatant was saved as the mitochondrial enriched
fraction. The percentage of GLS in each fraction was determined using Western blotting.

Western blotting

Immunoblots were performed as previously described (Weh et al., 2020%). Protein estimation was
performed using the Pierce™ BCA kit (Thermo Fisher Scientific, Cat # 23225). Equivalent
micrograms of protein from each sample were diluted using 4X Laemmli buffer (Bio-Rad,
Hercules, CA, USA, Cat # 1610747) supplemented with B-mercaptoethanol (Millipore-Sigma, Cat #
M6250) before heating at 95°C for 5 minutes and finally loaded onto 4-20% polyacrylamide gel
(Bio-Rad, Cat # 4561094). Samples were then transferred to a PVDF membrane using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad, Cat # 1704150). Membranes were blocked using 5% non-
fat milk powder diluted in TBST (Tris-buffered Saline, Bio-Rad, Cat # 1706435, supplemented with
0.1% Tween-20, Thermo Fisher Scientific, Cat # 28320) for 4 hours at room temperature. Primary
antibodies were diluted in 5% BSA and added to blots before incubating overnight at 4°C. Blots
were then washed and appropriate secondary antibody was added for 1 hour at room
temperature. Chemiluminescence was performed using the SuperSignal™ West Dura/Femto
Extended Duration Substrate (Thermo Fisher Scientific, Cat # 34075 and 34094) and the
immunoblots were imaged with an Azure 600 imaging system (Azure Biosystems; Dublin, CA USA).
All antibodies and dilutions used are found in the key resources table.

Quantitative real-time PCR

Total RNA was extracted from whole retina using the RNeasy Mini Kit (Qiagen, Cat # 74104)
following the manufacturer’s protocol. Isolated RNA was assayed for quantity and quality with a
Nanodrop 1000 (Thermo Fisher Scientific) and 1 ug of RNA was used as input for cDNA synthesis
using the RNA QuantiTect transcription kit (Qiagen, Cat # 205311). Approximately 100 ng of cDNA
was used as a template for each qRT-PCR reaction using the PowerTrack SYBR Green supermix
(Thermo Fisher Scientific, Cat # 46109) as previously described (Subramanya et al., 2023 ). The Ct
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values for Actb were used to determine relative transcript expression levels using the 2-8ACt
method with a cycle threshold cutoff of 35 cycles for the presence of transcript. The geometric
mean was used to normalize samples. Custom gRT-PCR primers (Supplementary File 1) designed to
specifically detect spliced transcripts were used to determine transcript levels following the above
protocol.

Metabolomics

For unlabeled targeted metabolomics, both retinas from a single animal were rinsed in PBS,
combined, and snap-frozen on dry ice. Metabolites were extracted using 80% methanol at -80°C
and an OMNI Bead Ruptor (OMNI International, Kennesaw, GA, USA, Cat # 19-050A). Lysates were
centrifuged at 14,000 x RCF for 10 minutes at 4°C, and the supernatant stored at -80°C until being
processed in the SpeedVac. The pellet from each sample was saved for protein estimation. To
determine the protein concentration for each sample, 150 uL of 0.1 M NaOH was added to the
pellet for 24 hours at 37°C. The sample was then vortexed and centrifuged at 5000 x RCF at room
temperature. The protein estimation was performed as described above. The protein
concentration of each sample was used to normalize amount of sample for lyophilization with a
SpeedVac concentrator (Thermo Fisher Scientific, Cat # 13875355). Dried metabolite pellets were
resuspended for liquid chromatography-coupled mass spectrometry (LC/MS) analysis using an
Agilent Technologies Triple Quad 6470 instrument (Santa Clara, CA, USA) as previously described
(Wubben et al., 2020 3). Previously published parameters were used for data collection (Yuan et

process raw data. Additional statistical analyses were performed in Microsoft Excel. Each sample
was normalized by the total intensity of all metabolites to reflect sample protein content. To obtain
relative metabolites, each metabolite abundance level in each sample was divided by the mean of
the abundance levels across all control samples.

To analyze the incorporation of non-radioactive stable isotope carbon-13 (}3C) into metabolites in
central carbon metabolism and related pathways, mice were intraperitoneally injected with 2g/kg
of uniformly labeled 13CG—qucose (Cambridge Isotope Laboratories, Cat # CLM-1396) or 300 mg/kg
of uniformly labeled 13C&;-glutamine (Cambridge Isotope Laboratories, Cat # CLM-1822-H) and
retinas were harvested 45 minutes later and snap-frozen as described above. Metabolites were
extracted as described above and data collected according to previously published protocols (Yuan
etal., 2019@).

SUrface SEnsing of Translation (SUnSET) Method

In vivo protein synthesis in whole retina from P14 WT and cKO mice was measured using the
SUNSET protocol as previously described (Fort et al., 2022 ). Briefly, a stock solution of 40 mg/mL
puromycin hydrochloride (Millipore-Sigma, Cat # P7255) was prepared in sterile 0.9% sodium
chloride and injected intraperitoneally into mice at a final concentration of 200 mg/kg body
weight. Mice were sacrificed after 30 min and fresh retinas were harvested and lysed in RIPA
buffer (Thermo Fisher Scientific, Cat # 89900) with protease and phosphatase inhibitors (Cell
Signaling Technology, Cat # 5872). Protein quantitation was conducted with the BCA assay as
described above and 10 pg of protein was analyzed by western blot analysis using an anti-
puromycin antibody.

BaroFuse

Oxygen consumption rate (OCR) was determine as previously described (Kamat et al., 2023 ).
Briefly, a BaroFuse (Entox Sciences, Mercer Island, WA) was used to determine the OCR of freshly
isolated retinas. Single, whole retinas were dissected into Hank’s Balanced salt solution
supplemented with 0.1 g/ 100 mL BSA (HBSS, Cytiva, Marlborough, MA, USA, Cat # SH30031FS).
Perifusion media consisted of commercial Krebs-Ringer Bicarbonate buffer (KRB, Thermo Fisher
Scientific, Cat # J67795.K2) supplemented with 0.1g /100 mL fatty-acid free BSA (Millipore-Sigma,
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Cat # A9647) and 4.4 mM glucose, for a final concentration of 5.5 mM glucose (Millipore-Sigma, Cat
# G8270). The oxygen and CO, concentration of the perifusion media is maintained by saturating
the solution in a 21% oxygen, 5% CO, atmosphere, and the temperature was maintained at 37°C
throughout the experiment. At various times throughout the experiment Oligomycin-A (Cayman
Chemical, Ann Arbor, MI, USA, Cat # 11342), FCCP (Trifluoromethoxy carbonylcyanide
phenylhydrazone, Cayman Chemical, Cat# 15218), and KCN (Potassium Cyanide, Thermo Fisher,
Cat # 012136) were added to the perifusion media through an injection port. A chamber without
tissue was used as a negative control.

NAD*/NADH and NADP*/NADPH Measurements

The NAD*/NADH and NADP*/NADPH measurements were conducted using the NAD*/NADH-Glo
Assay (Promega, Cat # G9071) and NADP*/NADPH-Glo Assay (Promega, Cat # G9081), respectively,
following manufacturer’s instructions in whole retina from P14 WT and cKO mice. Briefly, two
fresh retina per mouse were harvested for each sample in 150 yL of
PBS/Bicarbonate/0.5%dodecyltrimethylammonimum bromide (DTAB) buffer. DTAB is used in the
buffer to preserve dinucleotide stability. The samples were sonicated (20% strength and 1sec/10
iterations) to create a uniform suspension and diluted with 150 yL of PBS/Bicarbonate/0.5% DTAB
buffer (Iysate). For measuring NAD*/NADP*, 150 uL of lysate was mixed with 75 uL of 0.4N HCI
(Thermo Fisher Scientific, Cat # A144) and heated to 60°C for 15 minutes. The lysate mixture was
cooled to room temperature for 10 min and then neutralized by adding 150 pyL 0.5M Trizma base
(Millipore-Sigma, Cat # T1503). For measuring NADH/NADPH, the remaining 150 yL of lysate was
heated to 60°C for 15 minutes, cooled to room temperature for 10 min and 150 pL 0.5M Trizma
base was added to the sample. Following lysate preparation, 50 yL of lysate was incubated at room
temperature for 30 min with 50 pL of either the NAD+/NADP+-Glo or NADH/NAPDH-Glo detection
reagent in a 96-well white walled tissue culture plate (Thermo Fisher Scientific, Cat # 3610).
Luminescence was recorded using the Omega plate reader (BMG Labtech) and data are reported
as a ratio of NAD*/NADH or NADP*/NADPH of N=3 animals in triplicate technical measurements
per animal sample.

Statistical analysis

All data is presented as mean + SEM. The significance of the difference between means was
determined using a two-tailed student’s t-test or one-way ANOVA in Excel or Prism 9.0. Results
with a p-value < 0.05 were considered significant.

Resource Availability.

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Thomas Wubben (twubben@med.umich.edu).
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Gene Forward Primer Reverse Primer

Gls CGTTCCATGTTGGTCTTCCT ATCACCGACTTCACCCTTTG

Gls2 GACCGTGGTGAACCTGCTAT ACCTCCAGGTGGTTGAACTG
Actb AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
Aco2 CAACATGGGTGCAGAAATTG GTGAGCCAAGTCAGGGGTAA
Idh3a GAGGTTTTGCTGGTGGTGTT TCCTCCTGGTCCTTGAATTG

Idh3b ATCTGAGCGAGGTGCAGAAT TACGTTGGCAAACAAATCCA

Idh3g TGTAAGCTCCAACGCTGATG CACTCCTGGCAGGCTCTTAC
Ogdh ACATGGCACAGTGCATCATT ACATCTGCAGAAACCGCTCT
Suclg1 AGATTCCCTTGGTTGTGTGC GGGTTGTTTGGTGAACTGCT
Suclg2 CTTTGGTGGGATCGTCAACT AACAGCTTTCTTGGCTGCAT

Sdha ACACAGACCTGGTGGAGACC GGATGGGCTTGGAGTAATCA
Sdhb ACTGGTGGAACGGAGACAAG TTAAGCCAATGCTCGCTTCT

Sdhc GGAGGGGTCTCTCTTTTTGG AAGTGTCGGATCCCATTCAG
Sdhd GATCCCTGCTGGGTACTTGA AAGTAGCAAAGCCCAGCAAA
Fh1 AGCAATGCATATTGCTGCTG CGCATACTGGACTTGCTGAA
Mdh1 GAAGCCCTGAAAGACGACAG TCGACACGAACTCTCCCTCT

Mdh1b CATAGCCACCACCCTGAAGT TGAATCAGATCGCCTGTGAG
Mdh2 GCTTTGTCTTCTCCCTCGTG CAAAGTCCTCGCCTTTCTTG

Cs TGCCTAAGGATCCCATGTTC TTCATCTCCGTCATGCCATA

Acly GAAGCTGACCTTGCTGAACC CTGCCTCCAATGATGAGGAT
Pdhat GGGACGTCTGTTGAGAGAGC TGTGTCCATGGTAGCGGTAA
Pdhb TCGAAGCCATAGAAGCCAGT AGGCATAGGGACATCAGCAC
Hk2 GGGACGACGGTACACTCAAT GCCAGTGGTAAGGAGCTCTG
Pdk1 GGCGGCTTTGTGATTTGTAT ACCTGAATCGGGGGATAAAC
Pdk2 AGGAAGTCAATGCCACCAAC GAGGGCCACCATAATCTTGA
Pdk3 GTGGAGTCCCACTTCGAAAA AAAACTGGCAGCCTCTCAAA
Pdk4 CCTTTGGCTGGTTTTGGTTA CCTGCTTGGGATACACCAGT
Pcx ATGTTGTGGACGTGGCAGTA AATCGAAGGCTGCGTACAGT
Bcat1 TAGAATGTGCCGATCTGCTG CTTTGGAAGGCTTCTTGACG

Bcat2 GGACCCATGAAGACGGAGTA CCCGCTTCAATTCCTTCATA

Me1 GGGATTGCTCACTTGGTTGT GTTCATGGGCAAACACCTCT
Me2 TTGTGTTCCCTGCATGGTTA ATACAGACGGGCAGACCAAC
Sod1 CCAGTGCAGGACCTCATTTT CACCTTTGCCCAAGTCATCT

Sod2 CCGAGGAGAAGTACCACGAG GCTTGATAGCCTCCAGCAAC
Slc7a11 CCCAGATATGCATCGTCCTT CGTCTGAACCACTTGGGTTT

Gceh1 CACCAAGGGATACCAGGAGA AGCCAATATGGACCCTTCCT

Chac1 GTACGGCTCCCTAGTGTGGA GTCTTCAAGGAGGGTCACCA
Ptgs2 AGAAGGAAATGGCTGCAGAA GCTCGGCTTCCAGTATTGAG
Atgbs AGATGGACAGCTGCACACAC GCTGGGGGACAATGCTAATA

Supplementary File 1.

Primers utilized in qRT-PCR experiments to measure gene expression.
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Sqstm1 GCTCAGGAGGAGACGATGAC | AGAAACCCATGGACAGCATC
Ripk1 CCTGCTGGAGAAGACAGACC CATCATCTTCCCCTCTTCCA
Ripk3 ACACGGCACTCCTTGGTATC CCGAACTGTGCTTGGTCATA
Casp3 GGGCCTGTTGAACTGAAAAA CCGTCCTTTGAATTTCTCCA
Casp8 CCTAGACTGCAACCGAGAGG GCAGGCTCAAGTCATCTTCC
Casp9 GATGCTGTCCCCTATCAGGA GGGACTGCAGGTCTTCAGAG

Supplementary File 1. (continued)
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Precursor Product lon Product lon Retention Collision
Compound Name lon (Da) (Quantifier) (Qualifier) Time (min) Energy
(Da) (Da) (Volts)
+-Mevalonolactone 189.1 59.1 2.91 6
2-2-Dimethyl Succinic
acid 145.1 1011 14 11
145.1 127.1 14 8
2-3-Dihydroxybenzoic
acid 153 109 14.5 15
153 53.2 14.5 25
2-3-
Dihydroxyisovalerate 1331 75.1 10.8 10
133.1 57.2 10.8 15
2-3-Pyridinedicarboxylic
acid 166 122 14.9 6
166 78.1 14.9 13
2-4-Quinolinediol 160 117.9 15.2 19
160 422 15.2 29
2-Deoxyadenosine 250 134.05 6.5 12
310.1 250 6.5 4
2-Deoxyadenosine 5-
diphosphate 410 79.1 15.7 44
410 158.7 15.7 24
2-Deoxyadenosine 5-
monophosphate 330 79 12.7 48
330 134.05 12.7 28
2-Deoxycytidine 286.1 226 2 4
286.1 93 2 20
2-Deoxycytidine 5-
diphosphate 386 79 14.7 36
386 97 14.7 20
2-Deoxycytidine 5-
monophosphate 306 79 10.4 44
306 194.9 10.4 14
2-Deoxy-D-glucose 6-
phosphate 243 79.1 9.1 45
243 97 9.1 14
2-Deoxy-D-ribose 193.1 59.2 1.4 16
193.1 133 1.4 0

Supplementary File 2.

List of metabolites and their parameters detected by LC-MS/MS.
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2-Deoxyguanosine 266.1 150 4 12
266.1 108 4 36
2-Deoxyguanosine 5-
diphosphate 426 79.1 15.4 48
426 158.9 15.4 28
2-Deoxyguanosine 5-
monophosphate 346 79.1 12.6 48
346 97 12.6 36
2-Deoxyinosine 251.1 135 3.7 20
2511 108 3.7 42
2-Deoxyribose 5-
phosphate 213 791 9.23 40
213 96.9 9.23 12
2-Deoxyuridine 2271 184 2.7 6
2271 422 27 20
2-Deoxyuridine 5-
triphosphate 467 158.8 16.8 36
467 368.9 16.8 20
2-Isopropylmalic acid 175.1 113 15.5 13
175.1 115 15.5 13
2-Ketobutyrate 101 57.2 12.4 4
2-Methyl-1-butanol 87.1 43.3 9.6 5
2-Phosphoglyceric acid 185 97 14.8 14
185 79 14.8 37
3-2-Hydroxyethylindole 160.1 130.06 15.4 14
160.1 142.07 15.4 16
3-Dehydroshikimic acid 171 127 7.4 8
171 109 7.4 17
3-Hydroxyanthranilic
acid 152 108 12.1 12
152 107 12.1 23
3-Hydroxy-DL-
kynurenine 2231 205.9 23 4
2231 162 23 10
3-Hydroxyphenylacetic
acid 151 107.1 14.2 4
151 65.2 14.2 26
3-Indoleacetic acid 1741 130 16.5 7
1741 128 16.5 19
3-Methylglutaric acid 1451 1011 141 11
145.1 41.3 14.1 52
4-Aminobenzoic acid 136 92 9.8 8
4-Guanidobutyric acid 1441 102 1.4 8
1441 41.2 1.4 32
4-Hydroxybenzoic acid 137 93 121 14
137 65.2 12.1 34
4-Hydroxy-L-glutamic
acid 162 144 53 6

Supplementary File 2. (continued)
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162 72.1 5.3 16

4-Hydroxyphenyl-pyruvic

acid 179 107 14.7 4
4-Methyl-2-oxovaleric
acid 1291 85.1 13.7 7
4-Pyridoxic acid 182 138 15.3 12
182 108.1 15.3 20
4-Quinolinol 144 66.1 9.2 44
144 116 9.2 28
5-Deoxy-5-
(methylthio)adenosine 356.1 134 11.8 12
356.1 296 11.8 4
5-Hydroxy-3-
indoleacetic acid 190.1 144 13 21
190.1 116 13 46
5-Methoxytryptamine 189.1 144 24 28
189.1 174 24 12
6-Hydroxynicotinic acid 138 94 .1 9 10
138 42.3 9 27
Adenine 134 107 2.8 18
134 92.1 2.8 20
Adenosine 266 134 6.4 10
326.1 134 6.4 20
Adenosine 3-5-cyclic
monophosphate 328 134 13.4 24
328 79 13.4 48
Adenosine 5-
diphosphate 426 159 154 28
426 328 15.4 16
Adenosine 5-
monophosphate 346 79 11.6 38
346 97 11.6 24
Adenosine 5-
triphosphate 506 408.1 17.2 22
506 159 17.2 38
Adenylosuccinic acid 462 97 16.4 24
462 134.05 16.4 48
Adipic acid 1451 1011 13.9 11
145.1 83.1 13.9 12
AICAR 2571 125 2.3 10
2571 42.2 2.3 44
Allantoin 157 422 1.3 16
157 97 1.3 12
alpha-D(+)Mannose 1-
phosphate 259 79 7.6 48
259 97 7.6 14
alpha-D-Glucose-1-
phosphate 259 79 7.6 28
259 240.9 7.6 9

Supplementary File 2. (continued)
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alpha-Ketoglutaric acid 145 101 14.3 5

145 57.2 14.3 9
Arabinose-5-phosphate 229 79 8.4 36
229 97 8.4 8
Argininosuccinic acid 289 88 4.6 36
289 1311 4.6 27
beta-Nicotinamide
adenine dinucleotide 662.1 540 9.5 12
662.1 327.9 9.5 36
beta-Nicotinamide
mononucleotide 333 2511 3.7 12
333 135.1 3.7 36
Cellobiose 341.1 161 1.3 5
Chorismic acid 225 189 6.7
cis-Aconitic acid 173 129 16.5
173 85.1 15.5 8
Citramalic acid 147 85.1 13.8 12
147 87 13.8 14
Citric acid 191 111.01 14.9 10
191 87.01 14.9 16
CoA 766.1 408.1 17.8 40
766.1 686.2 17.8 40
Creatine 130.1 88.1 1.3 8
130.1 41.2 1.3 36
Creatine phosphate 210 79 7 16
210 96.9 7 4
Creatinine 112 41.2 1.35 24
112 88.1 1.35 16
Cysteine 120 33.2 1.31 10
Cytidine 2421 109 1.8 8
2421 42.2 1.8 16
Cytidine 5-diphosphate 402.01 79 14.4 48
402.01 158.92 14.4 24
Cytidine 5-triphosphate 482 158.8 17 40
482 79 17 40
Cytidine-5-
monophosphate 322 79 9.7 44
322 97 9.7 22
Cytosine 110 67.1 1.4 8
110 42.2 1.4 12
D-+-Galactosamine 238.1 159.9 1.1 8
238.1 100 1.1
Deoxyadenosine 5-
triphosphate 490 391.9 17.2 24
490 158.9 17.2 32
Deoxycytidine 5-
triphosphate 466 158.9 16.8 28

Supplementary File 2. (continued)
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466 367.9 16.8 20

Deoxyguanosine 5-

triphosphate 506 407.9 17.2 20
506 158.8 17.2 32
Deoxythymidine 5-
triphosphate 481 158.8 17.2 36
481 383.1 17.2 20
D-erythro-
Dihydrosphingosine 300.3 199 8.9 8
300.3 282 8.9
D-Fructose 1,6-
biphosphate 338.9 97 14.8 22
338.9 241.01 14.8 12
D-Fructose 6-phosphate 259 79 7.6 48
259 97 7.6 14
D-Gluconic acid 195.1 75.2 5.9 18
195.1 129 5.9 10
D-Glucosamine 6-
phosphate 258 79 1.6 48
258 97 1.6 16
D-Glucose 6-phosphate 259 79 7.6 48
259 97 7.6 14
Dihydroxyacetone
phosphate 169 79 10.5 32
169 97 10.5
DL-2-Aminoadipic acid 160.1 142 4.3 9
160.1 116 4.3 12
DL-Glyceraldehyde 3-
phosphate 169 79 11.7 28
169 97 11.7 4
DL-Isocitric acid 191 111.02 15.1 11
191 173 15.1 6
D-Maltose 341.1 161 1.3 5
3411 179 1.3 4
D-Mannose 1791 89 1.3 4
179.1 59.2 1.3 16
D-pantothenic acid 218 88 121 10
218 146.08 12.1 14
D-Ribose 5-phosphate 229 79 8.5 48
229 97 8.5 10
D-Ribulose 1,5-
biphosphate 308.9 79 14.7 46
308.9 97 14.7 22
D-Sedoheptulose-7-
phosphate 289 96.9 8.2 18
289 79 8.2 48
D-Xylose 149.05 89.02 1.2 4
149.05 71.01 1.2 4
D-Xylulose-5-phosphate 229 79 8.5 36
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229 138.98 8.5 8

Epicatechin 289.1 245 12.2 11
289.1 109 12.2 26
Flavin adenine
dinucleotide 784.1 346 17 35
784.1 437 17 30
Folinic acid 472.2 315 14.8 28
472.2 343 14.8 20
Galactonic acid 195.1 751 5.9 18
195.1 129 5.9 11
gamma-Aminobutyric
acid 102 84.1 1.2 8
gamma-Glu-Cys 2491 128 8.1 8
249.1 171 8.1 9
GIcNAC 220 119 1.4 2
Glucoheptonic acid 2251 129 5.8 11
225.1 75.1 5.8 18
Glutathione Reduced 306.1 143 8.43 17
306.1 128.1 8.43 17
Glyceric acid 105 75.1 5.9 8
105 57.2 5.9 14
Glyoxylic acid 73 45.2 5.9 6
Guanine 150 133.02 2 12
150 66.01 2 36
Guanosine 2821 150 3.9 17
282.1 132.9 3.9 32
Guanosine 3,5-cyclic
monophosphate 344 150.042 12.2 24
344 133.02 12.2 44
Guanosine 5-
diphosphate 442 150 14.8 31
442 158.9 14.8 20
Guanosine 5-
triphosphate 522.3 158.9 17 36
522.3 424 17 20
Homocitrate 205 125 15.4 10
205 145 15.4 10
Hypoxanthine 135 92 2 17
135 65.1 2 28
Indoline-2-carboxylate 162.1 116 16.1 16
162.1 118 16.1 11
Inosine 267.1 135 33 22
267.1 108 3.3 44
Inosine 5-diphosphate 427 158.9 14.5 28
427 135 14.5 24
Inosine 5-
monophosphate 347 79 111 44
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347 97 11.1 22

Inosine 5-triphosphate 507 409 17.2 19
507 159 17.2 40
Isopentenyl
pyrophosphate 245 209 12.8 4
Isopentyl acetate 129.1 85.2 14.6 6
129.1 41.2 14.6 12
Itaconic acid 129 85.1 13.6 6
129 41.3 13.6 12
Ketoisovaleric acid 115 71.2 16.56 4
Ketovaleric acid 115 71.2 14.5 4
Lactic acid 89 43.3 7.4 10
89 45.3 7.4 9
L-Arabinose 149 89.1 1.4 4
149 59.2 1.4 12
L-Arabitol 151 89 1.3 12
151 71.02 1.3 16
L-Arginine 1731 131 1.1 11
173.1 156 1.1 8
L-asparagine 131 113 1.2 4
131 70 1.2 12
L-Aspartic Acid 132 88 4.9 10
132 71 4.9 14
L-Canavanine 175.1 74.04 1.1 10
1751 118 1.1
L-Carnitine 220.1 146 1.2
L-Citrulline 1741 131 1.3 8
1741 42.2 1.3 48
L-Cystathionine 221.1 134 1.3 8
221.1 120 1.3 9
L-Cystine 239 741 1.2 20
239 120 1.2
L-Dihydroorotic acid 157 113 7.3 5
157 422 7.3 30
L-Glutamic acid 146 102 4.5 11
146 128 4.5 8
L-Glutamine 145.1 127 1.3 7
145.1 109 1.3 10
L-Glutathione (oxidized) 611.1 306.07 13.6 24
611.1 272.09 13.6 28
L-Histidine 154.1 137 1.1 12
154.1 93.1 1.1 16
L-Homocysteine 134 116.9 1.4 8
L-Homocystine 267 132 1.5 8
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267 115 1.5 16

L-Homoserine 118 721 1.3 10
118 55 1.3 16
L-Hydroxyglutaric acid 147 128.9 13.8 7
147 85.1 13.8 13
Lipoamide 2041 158 16.8 4
2041 64.1 16.8 20
L-Isoleucine 130 45 21 16
L-Kynurenine 2071 190 3.9 4
2071 144 3.9 20
L-Leucine 130 45 21 16
L-Malic acid 133 115 13.8 8
133 711 13.8 14
L-Methionine 148 47.2 1.8 12
148 100 1.8 6
L-Phenylalanine 164.1 147 4.5 9
164.1 103 4.5 15
L-Proline 114 68.1 1.3 12
114 45.2 1.3 12
L-Serine 104 741 1.2 8
L-Sorbose 179.1 89 1.3 4
179.1 71.02 1.3 14
L-Threonine 118 741 1.3 9
L-Tryptophan 203.1 116 7.9 14
2031 741 7.9 14
L-Tyrosine 180 119 2.3 15
180 93 2.3 12
Maleic acid 115 71.2 12.8 7
115 27.3 12.8 15
Malonic acid 103 59.2 12.8 7
103 41.3 12.8 32
Melibiose 341.1 179 1.3 4
341.1 89 1.3 13
Mevalonic acid 147.1 128.9 9.8 8
1471 103.1 9.8 11
Mevalonic acid 5-
phosphate 227 79 14.8 40
227 97 14.8 12
m-Hydroxybenzoic acid 137 93.1 13.4 10
137 65.2 13.4 28
myo-Inositol 179 71.02 1.3 12
2391 179 1.3 0
N-Acetyl D-
galactosamine 220.1 119 1.2 0
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N-Acetyl-alpha-D-
glucosamine 1-

phosphate 300 97 8.7 16
300 79 8.7 36
N-acetylaspartate 174 88.1 14 14
174 58.1 14 22
N-
acetylaspartylglutamate 303.1 285 16.1 6
303.1 128 16.1 14
N-Acetyl-D-glucosamine
6-phosphate 300 97 8.8 18
300 79 8.8 48
N-Acetylglutamic acid 188.1 128.04 141 10
188.1 102 14.1 16
N-Acetylneuraminic acid 308.1 87 6.2 14
308.1 169.9 6.2 10
NADH 664.1 397 15.4 32
NADPH 744.1 426.1 17.2 33
N-Carbamoyl-DL-
aspartic acid 175 132 13.5 7
175 88.1 13.5 19
N-Carbamyl-L-glutamic
acid 189.1 146 13.6 7
189.1 102.1 13.6 20
N-Formyl-L-Tyrosine 2081 164 12.8 7
208.1 107 12.8 12
Nicotinic acid 122 78.1 11.9 11
122 51.2 11.9 32
Nicotinic acid
mononucleotide 334 289.9 8.6 4
334 79 8.6 40
o-Hydroxy hippuric acid 194 150 16.5 11
194 121 16.5 22
0-Phospho-L-Serine 184 79 10.2 36
184 97 10.2 13
O-
Phosphorylethanolamine 140 79 1.7 14
140 63 1.7 38
Orotic acid 155 42 9.1 26
155 40 9.1 44
O-Succinyl-L-
homoserine 2181 117 6.5 7
218.1 118 6.5 0
Oxamic acid 88 44.3 6.5
88 42.3 6.5 12
Phenylpyruvic acid 163 911 17.2 6
Phosphoenolpyruvic
acid 167 79 15.3 12
Prephenic acid 225 101 12.4 9
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Pyridoxal 5 phosphate 246 79 14.8 30

Pyridoxal hydrochloride 166.1 138 2.4 12
166.1 108 2.4 18
Pyridoxamine 167.1 121 1.1 22
167.1 122 1:1 18
Pyridoxine 168.1 1221 2.4 17
168.1 166 2.4 9
Pyruvic acid 87 43.2 9.5 4
Quinic acid 1911 85.1 6 25
1911 93.1 6 24
Riboflavin 375.1 255 12.6 14
375.1 212 12.6 28
Ribonic acid gamma
lactone 147 59.2 1.5 16
147 99 1.5 8
S-2-Aminoethyl-L-
cysteine 163.1 76.1 11 10
163.1 33.2 1.1 28
S-5-Adenosyl-L-
homocysteine 383.1 134 5.3 24
383.1 248 5.3 13
Salicylic acid 137 93.1 16.8 17
137 65.2 16.8 33
Shikimic acid 173 111 5.8 7
173 93.1 5.8 16
Succinic acid 117 731 13 10
117 99 13 8
Succinic semialdehyde 101 57.2 71 7
Taurine 124 80 1.3 24
Taurocholic acid 514 514 20.7 50
Thiamine 2641 234 1:1 6
264.1 148 1.1 18
Thymidine 2411 422 5.5 16
2411 151 5.5 6
Thymidine 5-
diphosphate 401.01 97 15.4 25
401.01 79 15.4 44
Thymine 125 422 2.7 14
trans-4-Hydroxy-L-
proline 130.1 128 1.3 12
130.1 66.03 1.3 16
trans-Aconitic acid 173 129 15.55 4
173 85.1 15.55 10
trans-trans Muconic acid 141 53.3 14.7 8
Trehalose 341 89.01 1.3 12
4011 341 1.3 10
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Trehalose 6-phosphate 421.1 241 7.9 27

Uracil 111 42.2 1.7 14
Uric acid 167 124 9.5 13
167 42.3 5.5 26
Uridine 2431 200 23 6
2431 110 23 12
Uridine 5-diphosphate 403 158.9 14.8 28
403 79 14.8 48
Uridine 5'-
diphosphogalactose 565 322.9 14.3 24
565 384.9 14.3 29
Uridine 5-
diphosphoglucose 565 322.9 14.3 24
565 384.9 14.3 28
Uridine 5-
monophosphate 323 79.1 10.8 48
323 97 10.8 24
Uridine 5-triphosphate 483 158.9 17 36
483 385 17 20
Vanillic acid 167 123 12.6 9
167 108 12.6 18
Xanthine 151 108 2.1 16
151 42.2 2.1 24
Xanthosine 283.1 151 8.2 18
283.1 108 8.2 40
Xylitol 151.1 89 1.3
151.1 71 1.3 8
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Editors

Reviewing Editor

Zhongjie Fu

Boston Children's Hospital, Boston, United States of America

Senior Editor
Lois Smith
Boston Children's Hospital, Boston, United States of America

Reviewer #1 (Public Review):
Summary:

The authors show for the first time that deleting GLS from rod photoreceptors results in the

rapid death of these cells. The death of photoreceptor cells could result from loss of synaptic
activity because of a decrease in glutamate, as has been shown in neurons, changes in redox
balance, or nutrient deprivation.

Strengths:

The strength of this manuscript is that the author shows a similar phenotype in the mice
when Gls was knocked out early in rod development or the adult rod. They showed that rapid
cell death is through apoptosis, and there is an increase in the expression of genes responsive
to oxidative stress.

Weaknesses:

In this manuscript, the authors show a "metabolic dependency of photoreceptors on
glutamine catabolism in vivo". However, there is a potential bias in their thinking that
glutamine metabolism in rods is similar to cancer cells where it feeds into the TCA cycle. They
should consider that as in neurons, GLS1 activity provides glutamate for synaptic
transmission. The modest rescue shown by providing a-ketoglutarate in the drinking water
suggests that glutamine isn't a key metabolic substrate for rods when glucose is plentiful. The
ERG studies performed on the iCre-Glsflox/flox mice showed a large decrease in the scotopic b
wave at saturating flashes which could indicate a decrease in glutamate at the rod synapse as
stated by the authors. While EM micrographs of wt and iCre-Glsflox/flox mice were shown for
the outer retina at p14, the synapse of the rods needs to be examined by EM.

The authors note that the outer segments are shorter but they do not address whether there
is a decrease in the number of cones.
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Rod-specific Gls ko mice with an inducible promoter were generated by crossing the Pde6g-
CreERT2 and homozygous for either the WT or floxed Gls allele (IND-cKO). In Figure 3 the
authors document that by western blots and antibody labeling the GLS1 expression is lost in
the IND-cKO 10 days post tamoxifen. OCT images show a decrease in the thickness of the
outer nuclear layer between 17 and 38 days post-TAM. Ergs should be performed on the
animals at 10 and 30 days post TAM, before and after major structural changes in rod
photoreceptor cells, to determine if changes in light-stimulated responses are observed. These
studies could help to parse out the cause of photoreceptor cell death.

The studies in Figure 4 were all performed on iCre-Glsflox/flox and control mice at p14, why
weren't the IND-cKO mice used for these studies since the findings would not be confounded
by development?

In all rescue studies, the endpoint was an ONL thickness, which only addressed rod cell
death. The authors should also determine whether there are small improvements in the ERG,
which would distinguish the role of GLS in preventing oxidative stress.

https://doi.org/10.7554/eLife.100747.1.sa3

Reviewer #2 (Public Review):
Summary:

Photoreceptor neurons are crucial for vision, and discovering pathways necessary for
photoreceptor health and survival can open new avenues for therapeutics. Studies have
shown that metabolic dysfunction can cause photoreceptor degeneration and vision loss, but
the metabolic pathways maintaining photoreceptor health are not well understood. This is a
fundamental study that shows that glutamine catabolism is critical for photoreceptor cell
health using in vivo model systems.

Strengths:

The data are compelling, and the consideration of potential confounding factors (such as
glutaminase 2 expression) and additional experiments to examine the synaptic connectivity
and inner retina added strength to this work. The authors were also careful not to overstate
their claims, but to provide solid conclusions that fit the results and data provided in their
study. The findings linking asparagine supplementation and the inhibition of the integrated
stress response to glutamine catabolism within the rod photoreceptor cell are intriguing and
innovative. Overall, the authors provide convincing data to highlight that photoreceptors
utilize various fuel sources to meet their metabolic needs, and that glutamine is critical to
these cells for their biomass, redox balance, function, and survival.

Weaknesses:

Recent studies have explored the metabolic "crosstalk” that exists within the mammalian
retina, where metabolites are transferred between the various retinal cells and the retinal
pigment epithelium. It would be of interest to test whether the conditional knockout mice
have changes in metabolism (via qPCR such as shown in Figure 4 - Supplemental Figure 1)
within the retinal pigment epithelium that may be contributing to the authors' findings in the
neural retina. Additionally, the authors have very compelling data to show that inhibition of
elF2a or supplementation with asparagine can delay photoreceptor death via OCT
measurements in their conditional knockout mouse model (Figure 6G, H). However, does
inhibition of elF2a or asparagine adversely impact the WT retina? It would also be impactful
to know whether this has a prolonged effect, or if it is short-term, as this would provide
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strength to potential therapeutic targeting of these pathways to maintain photoreceptor

health.

https://doi.org/10.7554/eLife.100747.1.sa2

Reviewer #3 (Public Review):
Summary:

The authors explored the role of GLS, a glutaminase, which is an enzyme that catalyzes the
conversion of glutamine to glutamate, in rod photoreceptor function and survival. The loss of
GLS was found to cause rapid autonomous death of rod photoreceptors.

Strengths:

Interesting and novel phenotype. Two types of cre-lines were rigorously used to knockout the
Gls gene in rods. Both of the conditional knockouts led to a similar phenotype, i.e. rod death.
Histology and ERG were carefully done to characterize the loss of rods over specific ages. A
necessary metabolomic study was performed and appreciated. Some rescue experiments
were performed and revealed possible mechanisms.

Weaknesses:

No major weaknesses were identified. The mechanism of GLS-loss-induced rod death seems
not fully elucidated by this study but could be followed up in the future, and the same for
GLS's role in cones.

https://doi.org/10.7554/eLife.100747.1.sa1

Author response:

Public Reviews:
Reviewer #1 (Public Review):
Summary:

The authors show for the first time that deleting GLS from rod photoreceptors results in
the rapid death of these cells. The death of photoreceptor cells could result from loss of
synaptic activity because of a decrease in glutamate, as has been shown in neurons,
changes in redox balance, or nutrient deprivation.

Strengths:

The strength of this manuscript is that the author shows a similar phenotype in the mice
when Gls was knocked out early in rod development or the adult rod. They showed that
rapid cell death is through apoptosis, and there is an increase in the expression of genes
responsive to oxidative stress.

We thank the reviewer for their time reviewing the manuscript and their comments
regarding the potential mechanism(s) by which rod photoreceptors rapidly degenerate upon
knockout of GLS.

| Weaknesses:
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In this manuscript, the authors show a "metabolic dependency of photoreceptors on
glutamine catabolism in vivo". However, there is a potential bias in their thinking that
glutamine metabolism in rods is similar to cancer cells where it feeds into the TCA cycle.
They should consider that as in neurons, GLS1 activity provides glutamate for synaptic
transmission. The modest rescue shown by providing a-ketoglutarate in the drinking
water suggests that glutamine isn't a key metabolic substrate for rods when glucose is
plentiful. The ERG studies performed on the iCre-Glsflox/flox mice showed a large
decrease in the scotopic b wave at saturating flashes which could indicate a decrease in
glutamate at the rod synapse as stated by the authors. While EM micrographs of wt and
iCre-Glsflox/flox mice were shown for the outer retina at p14, the synapse of the rods
needs to be examined by EM.

We agree with the reviewer that in the presence of sufficient glucose, it appears a lack of GLS-
driven glutamine (Gln) catabolism does not drastically alter the levels of TCA cycle
metabolites or mitochondrial function as we demonstrated in Figure 4, and supplementation
with alpha-ketoglutarate improved outer nuclear layer thickness by only a small amount as
observed in Figure 5e. Hence, as we stated in the Results and Discussion, at least in the mouse
where Gls is selectively deleted from rod photoreceptors by crossing Glsfl/fl mice with Rho-
Cre mice (GIsfl/fl; Rho-Cre+, cKO), GIn’s role in supporting the TCA cycle is not the major
mechanism by which rod photoreceptors utilize Gln to suppress apoptosis.

With regards to GLS-driven GIn catabolism providing glutamate (Glu) for synaptic
transmission, we again agree with the reviewer that Glu is an important excitatory
neurotransmitter, but it is also a key metabolite necessary for the synthesis of glutathione,
amino acids, and proteins. As noted and discussed at length in the manuscript, a lack of GLS-
driven GIn catabolism in rod photoreceptors leads to reduced levels of oxidized glutathione
(Figure 4D) possibly signaling an overall reduction in the biosynthesis of glutathione as Glu is
directly and indirectly responsible for its synthesis. Furthermore, Gln and GLS-derived Glu
play a central role in the biosynthesis of several nonessential amino acids and proteins. To
this end, we see a reduction in the level of Glu, which is the product of the GLS reaction and
further confirms the loss of GLS function. We also noted a significant decrease in aspartate
(Asp), which can be constructed from the carbons and nitrogens of Gln as discussed at length
in the manuscript (Figure 6A). Finally, we noted a significant decrease in global protein
synthesis in the cKO retina as compared to the wild-type animal as well (Figure 6E).
Therefore, the data suggest that GLS-driven Gln catabolism is critical for amino acid
metabolism and protein synthesis and to some degree redox balance; although, the small but
statistically significant changes in oxidized glutathione, NADP/NADPH, and redox gene
expression may not fully account for the rapid and complete photoreceptor degeneration
observed. Future studies are necessary to shed light on the role of redox imbalance in this
novel transgenic mouse model.

Glu also plays a role in synaptic transmission, and we considered this scenario as described
in Figure 1 - figure supplement 5. Here, the synaptic connectivity between photoreceptors
and the inner retina did not demonstrate significant differences in the labeling of
photoreceptor synaptic membranes in the outer plexiform layer nor alterations in the
labeling of a key protein (Bassoon) in ribbon synapses. These data suggest that the synaptic
connectivity between photoreceptors and second-order neurons was unaltered at P14 in the
cKO retina, which is the time just prior to rapid photoreceptor degeneration. We agree,
though, that to obtain greater insight into the alterations in the ribbon synapse, EM images
can be examined. The EM images shown in Figure 1 - figure supplement 4 are from P21 and
will be utilized to assess the ribbon synapse for the revised version of the article.

With regards to the ERG changes noted in Figure 2, we agree with the reviewer that a large
decrease was noted in the scotopic b-wave at P21 and P42 in the cKO. However, an even
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larger reduction in the scotopic a-wave was noted at these ages as well. In animal models that
disrupt photoreceptor synaptic function (Dick et al. Neuron. 2003; Johnson et al. J
Neuroscience. 2007; Haeseleer et al. Nature Neuroscience. 2004; Chang et al. Vis Neurosci.
2006), a more negative ERG pattern is typically observed with the b-wave altered to a much
larger degree than the a-wave. Additionally, in these models that disrupt photoreceptor
synaptic transmission, the overall structure of the retina with respect to thickness is
maintained (Dick et al. Neuron. 2003) or noted to have modest changes in the outer plexiform
layer within the first two months of age with the outer nuclear layer not significantly altered
until 8-10 months of age (Haeseleer et al. Nature Neuroscience. 2004). In contrast, a rapid
decline in the outer nuclear layer thickness was observed in the cKO retina after P14 likely
contributing to the ERG changes noted in Figure 2. Also, Gln is catabolized to Glu primarily by
GLS as suggested by the approximately 50% reduction in Glu levels in the cKO retina (Figure
6A), but other enzymes are also capable of catabolizing GIn to Glu, so Glu levels in the rod
photoreceptors are unlikely to be zero. Coupling this with the fact that rods are equipped
with a self-sufficient Glu recollecting system at their synaptic terminals (Hasegawa et al.
Neuron. 2006; Winkler et al. Vis Neurosci. 1999) and that GLS activity is at least two-fold
higher in the photoreceptor inner segments, which support energy production and
metabolism, than any other layer in the retina (Ross et al. Brain Res. 1987) suggests that
altered synaptic transmission secondary to reduced levels of Glu likely does not account in
full for the rapid and robust photoreceptor degeneration observed in the cKO retina.

The authors note that the outer segments are shorter but they do not address whether
there is a decrease in the number of cones.

The number of cones will be assessed and provided in the revised version of the article.

Rod-specific Gls ko mice with an inducible promoter were generated by crossing the
Pde6g-CreERT2 and homozygous for either the WT or floxed Gls allele (IND-cKO). In
Figure 3 the authors document that by western blots and antibody labeling the GLS1
expression is lost in the IND-cKO 10 days post tamoxifen. OCT images show a decrease in
the thickness of the outer nuclear layer between 17 and 38 days post-TAM. Ergs should be
performed on the animals at 10 and 30 days post TAM, before and after major structural
changes in rod photoreceptor cells, to determine if changes in light-stimulated responses
are observed. These studies could help to parse out the cause of photoreceptor cell
death.

We agree with the reviewer that the IND-cKO is a useful tool to help parse out the cause of
photoreceptor cell death in this model as well as shed light on the role of GLS-driven GIn
catabolism in photoreceptor synaptic transmission as discussed at length above. Hence, ERG
analyses will be provided for these animals in the revised version of the article.

The studies in Figure 4 were all performed on iCre-Glsflox/flox and control mice at p14,
why weren't the IND-cKO mice used for these studies since the findings would not be
confounded by development?

To gain further insight into the role of GLS-driven GIn catabolism in the maintenance of rod
photoreceptors as compared to their development/maturation, we will provide ERG and
targeted metabolomic analyses of the IND-cKO retina in the revised version of the article.

In all rescue studies, the endpoint was an ONL thickness, which only addressed rod cell
death. The authors should also determine whether there are small improvements in the
ERG, which would distinguish the role of GLS in preventing oxidative stress.
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Optical coherence tomography (OCT) provides a sensitive in vivo method to detect small
changes in retinal thickness without potential artifacts incurred through histological
processing. Considering the Gls cKO retina demonstrates significant and rapid photoreceptor
degeneration, we wanted to assess pathways that may be critical to photoreceptor survival
downstream of GLS-driven Gln catabolism using rescue experiments with pharmacologic
treatment or metabolite supplementation. That said, disruption of GLS-driven Gln catabolism
may also significantly alter rod photoreceptor function beyond that which is secondary to
photoreceptor cell death. As such, changes in ERG will be examined and provided in the
revised version of the article for certain rescue experiments that demonstrated a robust
change in ONL thickness.

Reviewer #2 (Public Review):
Summary:

Photoreceptor neurons are crucial for vision, and discovering pathways necessary for
photoreceptor health and survival can open new avenues for therapeutics. Studies have
shown that metabolic dysfunction can cause photoreceptor degeneration and vision loss,
but the metabolic pathways maintaining photoreceptor health are not well understood.
This is a fundamental study that shows that glutamine catabolism is critical for
photoreceptor cell health using in vivo model systems.

Strengths:

The data are compelling, and the consideration of potential confounding factors (such as
glutaminase 2 expression) and additional experiments to examine the synaptic
connectivity and inner retina added strength to this work. The authors were also careful
not to overstate their claims, but to provide solid conclusions that fit the results and data
provided in their study. The findings linking asparagine supplementation and the
inhibition of the integrated stress response to glutamine catabolism within the rod
photoreceptor cell are intriguing and innovative. Overall, the authors provide convincing
data to highlight that photoreceptors utilize various fuel sources to meet their metabolic
needs, and that glutamine is critical to these cells for their biomass, redox balance,
function, and survival.

We greatly appreciate the reviewer’s thoughtful comments and time spent reviewing this
manuscript.

Weaknesses:

Recent studies have explored the metabolic "crosstalk” that exists within the mammalian
retina, where metabolites are transferred between the various retinal cells and the
retinal pigment epithelium. It would be of interest to test whether the conditional
knockout mice have changes in metabolism (via qPCR such as shown in Figure 4 -
Supplemental Figure 1) within the retinal pigment epithelium that may be contributing to
the authors' findings in the neural retina. Additionally, the authors have very compelling
data to show that inhibition of elF2a or supplementation with asparagine can delay
photoreceptor death via OCT measurements in their conditional knockout mouse model
(Figure 6G, H). However, does inhibition of eIlF2a or asparagine adversely impact the WT
retina? It would also be impactful to know whether this has a prolonged effect, or if it is
short-term, as this would provide strength to potential therapeutic targeting of these
pathways to maintain photoreceptor health.

We agree with the reviewer that metabolic communication in the outer retina is crucial to the
function and survival of both photoreceptors and RPE. We will perform qRT-PCR on the
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eyecups of these mice to assess any changes in the expression of metabolic genes. This data
will be provided in the revised manuscript.

We have data demonstrating systemic treatment with ISRIB does not adversely impact the
anatomy of the wild-type retina; this data will be included in the revised manuscript as a
supplement to Figure 6. Additionally, we have recent data to suggest that the effect of ISRIB
extends beyond P21 in the cKO mouse. This data will be included in the revised manuscript.

Reviewer #3 (Public Review):
Summary:

The authors explored the role of GLS, a glutaminase, which is an enzyme that catalyzes
the conversion of glutamine to glutamate, in rod photoreceptor function and survival.
The loss of GLS was found to cause rapid autonomous death of rod photoreceptors.

Strengths:

Interesting and novel phenotype. Two types of cre-lines were rigorously used to knockout
the Gls gene in rods. Both of the conditional knockouts led to a similar phenotype, i.e.
rod death. Histology and ERG were carefully done to characterize the loss of rods over
specific ages. A necessary metabolomic study was performed and appreciated. Some
rescue experiments were performed and revealed possible mechanisms.

We thank the reviewer for their comments and appreciation of the methods utilized herein to
address the role of GLS-driven Gln catabolism in rod photoreceptors.

Weaknesses:

No major weaknesses were identified. The mechanism of GLS-loss-induced rod death
seems not fully elucidated by this study but could be followed up in the future, and the
same for GLS's role in cones.

We agree with the reviewer that the downstream metabolic and molecular mechanisms by
which GIn catabolism impacts rod photoreceptor health are not fully elucidated. Defining
these mechanisms will advance our understanding of photoreceptor metabolism and identify
therapeutic targets promoting photoreceptor resistance to stress. Future studies are
underway to uncover these mechanisms. Additionally, while outside the scope of the current
manuscript, we have generated mice lacking GLS in cone photoreceptors specifically and are
currently elucidating the role of GLS in cone photoreceptor metabolism, function, and
survival. These results will be published in a separate manuscript.

https://doi.org/10.7554/eLife.100747.1.sa0
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