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The mammalian CNS is capable of tolerating chronic hypoxia, but
cell type-specific responses to this stress have not been systemat-
ically characterized. In the Norrin KO (Ndp“°) mouse, a model of
familial exudative vitreoretinopathy (FEVR), developmental hypo-
vascularization of the retina produces chronic hypoxia of inner
nuclear-layer (INL) neurons and Muller glia. We used single-cell
RNA sequencing, untargeted metabolomics, and metabolite label-
ing from '3C-glucose to compare WT and Ndp”© retinas. In Ndp*°
retinas, we observe gene expression responses consistent with
hypoxia in Muller glia and retinal neurons, and we find a meta-
bolic shift that combines reduced flux through the TCA cycle with
increased synthesis of serine, glycine, and glutathione. We also
used single-cell RNA sequencing to compare the responses of in-
dividual cell types in Ndp”© retinas with those in the hypoxic ce-
rebral cortex of mice that were housed for 1 week in a reduced
oxygen environment (7.5% oxygen). In the hypoxic cerebral cor-
tex, glial transcriptome responses most closely resemble the re-
sponse of Muller glia in the Ndp“® retina. In both retina and
brain, vascular endothelial cells activate a previously dormant tip
cell gene expression program, which likely underlies the adaptive
neoangiogenic response to chronic hypoxia. These analyses of ret-
ina and brain transcriptomes at single-cell resolution reveal both
shared and cell type-specific changes in gene expression in re-
sponse to chronic hypoxia, implying both shared and distinct cell
type-specific physiologic responses.

Norrie disease | familial exudative vitreoretinopathy | single-cell RNA-seq |
serine synthesis | metabolomics

he mammalian CNS is exquisitely sensitive to hypoxia. When

combined with nutrient deprivation, hypoxia in the setting of
acute ischemia causes rapid and irreversible cell loss in the brain
and retina (1, 2). In contrast, mild to moderate hypoxia with
continued nutrient delivery—as occurs at high altitude—can be
tolerated for days to years (3, 4). In the laboratory, rodents can
tolerate weeks to months in a hypoxia chamber with minimal
long-term effects on brain morphology or neuronal function (5,
6). In the short term, hypoxia tolerance is likely mediated by
metabolic suppression and reduced ion channel activity; in the
longer term, it is likely mediated by changes in gene expression
driven predominantly by hypoxia-inducible factors (HIFs) (7).
These gene expression changes also protect against subsequent
ischemia, a phenomenon known as hypoxic preconditioning (8).
Previous work has hinted at CNS cell type-specific responses to
hypoxia based, for example, on differences between cultured
neurons and glia in their gene expression response to hypoxia (9)
and on the activation of a latent angiogenic sprouting response by
vascular endothelial cells (ECs) in the chronically hypoxic mouse
brain (10). However, CNS cell type-specific responses to chronic
hypoxia have not been examined in vivo on a genome-wide basis.

WWww.pnas.org/cgi/doi/10.1073/pnas. 1821122116

Hypoxia tolerance in the retina is likely to be a feature of
familial exudative vitreoretinopathy (FEVR), an inherited dis-
order in which retinal blood vessels fail to develop normally (11).
Approximately 50% of FEVR patients carry a loss-of-function
mutation in one of the genes coding for the components of a
canonical beta-catenin signaling pathway (11). In this system, the
ligand Norrin [the protein product of the X-linked Norrie dis-
ease protein (Ndp) gene] is secreted by Muller glia and activates
a complex of receptor, coreceptor, and coactivator (Frizzled4,
LRP5, and TSPANI12, respectively) on the surface of retinal
ECs, leading to the accumulation of the intracellular effector
beta-catenin (CTNNB1) (12-14). We refer hereafter to this
signaling system as Norrin/Frizzled4 signaling. The virtually
identical cross-sectional anatomies of the human and mouse
vasculatures made it possible to accurately model FEVR in mice
with Ndp, Fz4, Lrp5, and Tspanl2 loss-of-function mutations
(13-16). In both species, the choroidal circulation supplies the
metabolic requirements of the cells in the outer nuclear layer,
the rod and cone photoreceptors, whereas vessels on the vitreal
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surface of the retina together with the intraretinal vasculature,
comprising two tiers of capillaries that flank the inner nuclear layer
(INL), supply the metabolic requirements of the inner two layers
of retinal neurons and glia. In FEVR patients (17) and mouse
models (18, 19), reduced or absent Norrin/Frizzled4 signaling re-
sults in reduced or aborted development of the intraretinal and
peripheral retinal blood vessels.

Despite the absence of intraretinal capillaries in murine ret-
inas lacking Norrin/Frizzled4 signaling and the resulting hypoxia
of the INL, the overall structure and cellularity of the mutant
retina appear to be largely preserved, with minimal loss of INL
cells over the first several months of life (20). It is likely that INL
hypoxia in these retinas is substantially mitigated by loss of the
blood-retina barrier (BRB), which allows small molecules, such
as glucose, to diffuse into the INL (19). However, the function of
the inner retina is severely affected: the b-wave of the electro-
retinogram, which arises from the summed responses of INL
neurons to a flash of light, is greatly reduced, and there is no
detectable transmission of visual information from rod and cone
photoreceptors to retinal ganglion cells (RGCs) as measured by
the optokinetic response (14, 15). Remarkably, when these ret-
inas are placed in oxygenated Ringer’s buffer, neurotransmission
from the photoreceptors to the RGCs is restored within tens of
minutes as evidenced by light-dependent RGC action potentials
recorded with a multielectrode array (14). These observations
hint at the existence of a reversible metabolic state that silences

the hypoxic inner retina in vivo, and they suggest that studying
the retinas of Norrin/Frizzled4-deficient mice could provide
general insights into hypoxia tolerance in the CNS.

In this paper we have explored the adaptations of murine Ndp
KO (Ndp*®) retinas to chronic hyp0x1a by (i) comparing the
transcriptomes of WT and Ndp®© retinas at single- cell resolu-
tion, (if) comparing the metabolomes of WT and Ndp"® retinas,
and (iii) correlating these “omic” observations with histologic
analyses. We have also analyzed, at single-cell resolution, the
transcriptomes of the cerebral cortex from mice under normoxic
conditions vs. mice exposed to 7 d of hypoxia (7.5% oxygen).
These experlments reveal a dlstlnctlve set of genomic and met-
abolic responses in the hypoxic Ndp®® retina and a related set of
genomic responses in the hypoxic cerebral cortex.

Results

Minimal Morphologic Change in the Ndp*© Retina. The absence of
intraretinal capillaries in Ndp®© retinas leads to chronic hypoxia
that predominantly affects interneurons and glia that have their
cell bodies (horizontal, bipolar, Muller, and nondisplaced ama-
crine cells) in the INL as demonstrated by the accumulation of
pimonidazole (Hypoxyprobe) (Fig. 14). The predominance of
pimonidazole accumulatlon in the INL is consistent with the ob-
servations, in Ndp mice, that (i) the pupillary light reflex (i.e.,

pupil constriction in response to light) is nearly normal, 1nd1cat1ng
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Fig. 1. scRNA-seq analysis of Ndp“®

retinas reveals transcriptional changes in INL cell types. (A) Immunofluorescence of adult WT and Ndp“®
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retina cross-

sections showing blood vessels (GS Lectin; green), hypoxic tissue (antipimonidazole; red), and nuclei (DAPI; blue). In this and other retina cross-sections,
ganglion cell layer (GCL), INL, and outer nuclear layer (ONL) are shown. (Scale bar: 50 pm.) (B) UMAP plot showing different cell-type clusters in a merged
dataset from duplicate samples of WT and Ndp*® retinas. (C) Statistically significant MSigDB Hallmark pathways in three or more cell types on GSEA reveal
pathways enriched in NdpX® over WT retinas across inner retinal cell types. *P value of <0.05. (D) Known hypoxia-inducible genes that are up-regulated in
Ndp ® compared with WT retinas in three or more cell types. *q value of <0.05. (E) Dot plots showing the logjo[number of Bnip3 unique molecular identifiers
(UMIs) + 1] for each cell for WT and Ndp”© retinas plotted by cell type. Each orange dot and its associated vertical line represent the mean UMI count and its
nonparametric bootstrap confidence interval, respectively, for each cell type of each genotype. The line connecting two oranges dots represents the trend in
mean expression between the two genotypes for each cell type. *q value of <0.05 on differential gene expression testing; **q value of <0.01 on differential
gene expression testing. (F) Immunofluorescence of adult WT and Nde0 retina cross-sections showing blood vessels (GS Lectin; green), BNIP3 (red), and nuclei
(DAPI; blue). BNIP3 immunofluorescence is more intense in the Ndp“® INL (indicated by white arrows) compared with the WT INL. (Scale bar: 50 pm.)
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that intrinsically photoreceptive RGCs are functional, and that (i)
the a-wave of the electroretinogram is unaffected, indicating that
photoreceptors are functional (14, 15)

To assess the structure of the Ndp®© retina in greater detail,
we compared 2-mo-old Ndp®© and WT retinas by transmission
EM (TEM) and by immunostaining. By TEM, the presence of
ribbon synapses and the density and overall structure of the
neuropil in the outer plexiform layer (OPL) and inner plexiform
layer (IPL) were indistinguishable between Ndp™® and WT retinas,
as was the appearance of nuclei in the INL (SI Appendix, Fig.
S1A4). Immunostaining for markers in the INL and its adjacent
plexiform layers Igenerally showed indistinguishable patterns of
staining in Ndp®® and WT retinas. These include vesicular
glutamate transporter-1, a presynaptic marker of glutamatergic
synapses (SI Appendix, Fig. S1B); postsynaptic density protein
95, a postsynaptic marker (SI Appendix, Fig. S1B); and markers
for horizontal cells (Neurofilament-H and Calbindin), RGC
axons (Neurofilament-H), cholinergic amacrine cells, and var-
ious amacrine and RGC subsets (Calretinin) (SI Appendix, Fig.
S1C). A marker for rod bipolar cells (PKC alpha) showed the
same pattern but was less intense in Ndp®° compared with WT
retinas (SI Appendix, Fig. S1C). Vascular markers (GS-lectin
for ECs and Aquaporin-4 for EC-associated Muller pro-
cesses) showed the expected absence of intraretinal capillaries
in Ndp®© retinas (SI Appendix, Fig. S1C).

The essentially normal neuronal structure in the Ndp®© retina,
as seen by TEM and immunostaining, is consistent with the
earlier observation of a rapid recovery of neurotransmission
across the inner retina when Ndp®© retinas are provided with
oxygen and glucose ex vivo (14). Taken together the data suggest
that the dormancy of INL neurons in Ndp®© retinas likely arises
from a reversible change in metabolic state.

Single-Cell RNA-seq of Ndp“® Retinas Reveals both Shared and Cell
Type-Specific Gene Expression Changes. Using a droplet-based
single-cell RNA-seq (scRNA-seq) platform (10x Genomics),
we characterized 32,825 dissociated retinal cells from 8-wk-old
Ndp®® mice and WT littermate controls. The data were derived
from two independent samples per genotype. All 12 major reti-
nal cell types were readily identified based on known markers (S/
Appendix, Fig. S2 B and C) and showed distinct clusters on a
Uniform Manifold Approximation and Projection (UMAP) (21)
plot (Fig. 1B); 1,133 presumed multiplets were excluded from
subsequent analyses When cells from Ndp“® and WT retinas
were visualized separately, they showed very similar clustering
behavior (SI Appendix, Fig. S2A4). Cross-sample normalization
was performed via mean scaling of the raw transcript copies per
cell in each cell type independently. Although a previous study
suggested mflammatlon as a consequence of the loss of BRB
integrity in Ndp®© retinas (22), we did not observe infiltrating
immune cells by sScRNA-seq.

Using Monocle2 (23, 24), we next generated a negative bi-
nomial regression model that included parameters for genotype,
cell type, sequencing depth, and batch effects. This permitted the
calculation of a z-scored genotype regression coefficient for each
gene and the identification of differentially expressed genes on a
per cell type basis. To 1dent1fy gene sets with differential repre-
sentation in WT vs. Ndp®© datasets, genes were ranked based on
the z-scored genotype regression coefficient for each gene in
each cell type, and this ranking was used for a preranked gene set
enrichment analysis (GSEA) analysis (25). This preranked
GSEA performed with the “Hallmark” gene sets curated by the
Molecular Signatures DataBase (MSigDB) (26) identified gene
sets, including the “Hypoxia” gene set, that were positively
enrlched in Ndp®© retinas in multiple INL cell types, including
Muller glia, rod bipolar, cone bipolar cells, and horizontal cells
(Fig. 1C).

The cell type-specific gene expression changes (Monocle? test;
g value < 0.05) observed by scRNA-seq are consistent with the
hypothesis that the INL is the site of the greatest hypoxic stress
in the Ndp™® retina. A subset of known hypoxia-induced genes

Heng et al.

from the Hypoxia gene set (MSigDB) was significantly up-
regulated in most INL cell types (Fig. 1D and SI Appendix, Fig.
S2D), consistent with the pimonidazole labeling experiment.
Interestingly, many of the same transcripts were also enriched in
rods but not enriched in cones. One possible explanation for the
different responses of rods and cones is that cones are intrinsically
less energy consuming than rods. Another more speculative pos-
sibility is that, based on the steep decline in oxygen concentration
between retinal pigment epithelium (RPE; ~70 mmHg) and the
OPL (~10 mmHg) (27), the loss of intraretinal vasculature might
produce a greater hypoxic stress in those rods with nuclei closer to
the INL compared with cones, which have their nuclei closer to
the RPE where the oxygen concentration is higher.

Many of the dlfferentlally expressed genes in INL cells in the
hypoxic Ndp®© retina are targets of HIFs. Two examples shown
in detail are Bnip3 and Bsg. Bnip3 is up-regulated approximately
twofold in all INL cell types by scRNA-seq (Fig. 1E), consistent
with the modest elevation in BNIP3 immunostaining intensity in
the INL in Ndp®© retinas (Fig. 1F). Bnip3 up-regulation has been
shown to mitigate oxidative stress in the context of hypoxia by
mediating mitophagy (28). Bsg, another HIF-regulated ene, is
up-regulated approximately twofold in INL cells in Ndp ret-
inas but is paradoxically down-regulated >10-fold in ECs (S
Appendix, Fig. S2 E and F). Bsg codes for Basigin (CD147), a
widely expressed multifunctional transmembrane protein that
associates with and directs the trafficking of integral membrane
monocarboxylate transporters to promote glycolysis in hypoxia (29,
30). However, the presence of T cell factor/lymphocyte enhancer-
binding factor (TCF/LEF) binding motifs in accessible chromatin
regions upstream of the Bsg promoter in CNS ECs (31) suggests
that Bsg may also be a beta-catenin target gene required for the
maturation of cell cell junctions in CNS ECs (32). Its down-
regulatlon in Ndp ECs is consistent with a loss of beta-catenin
signaling in ECs in the absence of Ndp.

In addition to Brip3 and Bsg (described above), the glycolytic
enzyme genes Aldoa, Aldoc, Ldha, Pfkp, Pfkl, Gapdh, Tpil, Enol,
and Gpil are all targets of HIF regulation (g33) and are signifi-
cantly up-regulated in INL cells in Ndp™© retinas (Fig. 1D).
Prdx5, which is up-regulated in a subset of INL cells, is a known
hypoxia-inducible gene (34) that codes for Peroxiredoxin-5, an
enzyme that confers antioxidant protection by reducing hydrogen
peroxide (35). Taken together, these gene expression changes
are consistent with a model in which transcriptional changes
during hypoxia, driven primarily by HIFs, promote glycolysis
and/or inhibit the mitochondrial respiratory chain, which to-
gether minimize the production of reactive oxygen species
(ROS) (36). Additional defenses against ROS are provided by
up-regulation of genes, such as Prdx5.

Metabolic Changes in the Ndp*® Retina Are Centered Around
Glutathione and One-Carbon Metabollsm As many of the tran-
scripts that are enriched in Ndp®? retinas are linked to metab-
olism, we performed an untargeted survey of the metabolome
using capillary electrophoresis IgCE)—TOF MS on ionic metab-
olites isolated from whole Ndp®? and WT retinas (Dataset S1).
Based on six independent samples per genotype, CE-TOF MS
identified dozens of metabolites that showed consistent changes
in abundances (as measured by the CE-TOF MS relative peak
areas) between Ndp®® and WT retinas (Fig. 2 4 and C and SI
Appendix, Fig. S3 A and E and Table S1). By principal compo-
nent analysis (PCA) of the untransformed CE TOF MS relative
peak areas across metabolites, the Ndp®® and WT retina
metabolomes are clearly distinct (SI Appendix, Fig. S3B).

The hypoxic state of the INL and the marked reduction in
inner retinal neurotransmission might reasonably suggest a re-
duction in ATP levels and a reduction in the ATP/ADP ratio in
the INL. Surprisingly, these values for the entire retina were
essentially identical in Ndp®® vs. WT retinas (SI Appendix, Fig.
S3C and Table S1). Classical microchemical studies of ATP and
ADP content in different retinal layers found that the ATP
content of the INL represents ~28% of total retina ATP (37).
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A Five most enriched up-regulated pathways in Ndp*© retina
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Five most enriched down-regulated pathways in Ndp*© retina
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Fig. 2. Untargeted metabolic profiling of WT and Ndp*® retinas reveals metabolic changes centered around glutathione and one-carbon metabolism. (A)
Heat maps showing individual metabolites in the top five up-regulated in Ndp*® (Left) and top five down-regulated in Ndp*® (Right) metabolic pathways as
determined by overrepresentation analysis. Each row represents an independent retina sample, and each column represents a metabolite. (B) Heat maps
showing enrichment scores for each cell type in GSEA for the same 10 NdpX©-enriched pathways shown in A. NA, nonapplicable (gray), indicating that GSEA
could not be performed due to the low signal for the relevant pathway genes in a particular cell type; NES, normalized enrichment score. *P value of <0.05.
(C) Bar plots showing relative MS peak areas for representative metabolites in the Ndp<®-enriched metabolic pathways listed in A. Error bars represent the
SEM. Orange dots represent individual samples. (D) Immunogold staining with antibodies raised against metabolite-hapten conjugates followed by silver
intensification. Elevated levels of glycine and total glutathione in Ndp*® retinas were mainly localized to the INL. GCL, ganglion cell layer; ONL, outer nuclear

layer. (Scale bar: 50 um.)

Thus, even a relatively modest (e.g., 30%) reduction in the INL
ATP level or in the INL ATP/ADP ratio should have produced a
detectable reduction (~10%) in the whole-retina analysis. In
contrast, NADH levels and the NADH/NAD" ratio were roughly
halved in the Ndp®© retina (SI Appendix, Fig. S3C), consistent
with oxidative stress in the Ndp®® INL and/or decreased entry of
pyruvate into the TCA cycle via acetyl-CoA.

An overrepresentation analysis, implemented with the
MetaboAnalystR software (38), identified statistically ségnificant
up- and down-regulated metabolic pathways in Ndp? vs. WT
retinas. Pathways that were most significantly up-regulated are
centered around glutathione and one-carbon metabolism, including
glycine, serine, threonine, cysteine, and methionine metabolism
(Fig. 2 A, Left and C and SI Appendix, Fig. S3D, Left). There
were marked increases in cystathionine and cysteine in the
Ndp™© retina (Fig. 2C), consistent with increased activity in the

9106 ' | www.pnas.org/cgi/doi/10.1073/pnas.1821122116

transsulfuration pathway. Pathways that were significantly down-
regulated include the TCA cycle and the mitochondrial electron
transport chain, which are known to be inhibited in chronic
hypoxia (Fig. 2 A4, Right and C and SI Appendix, Fig. S3D, Right)
(36). These metabolite changes correlate broadly with gene
expression changes as determined by GSEA of the scRNA-seq
data from Ndp™~ vs. WT INL cell types (Fig. 2B), especially in
glycine, serine, and threonine metabolism. However, some genes
involved in oxidative phosphorylation are up-regulated in Ndp®°
retinas (Fig. 2B, Right and SI Appendix, Table S2), despite some
metabolic intermediates in oxidative phosphorylation being
down-regulated (Fig. 2C and SI Appendix, Table S1). This ap-
parent discrepancy most likely reflects hypoxia-induced changes
in the subunit composition of the mitochondrial respiratory chain
complexes (39-41). More generally, apparent discrepancies be-
tween transcriptome and metabolome changes in Nep*© vs. WT
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retinas could represent homeostatic gene regulatory responses to
altered levels of particular metabolites.

To localize and independently assess changes in metabolite levels,
we performed computational molecular phenotyping (CMP) (42,
43). CMP utilizes immunogold staining of resin-embedded tissues
with antibodies raised against hapten-metabolite conjugates fol-
lowed by silver intensification. In general agreement with the
metabolomics data (Fig. 2C), CMP showed increases in glycine and
glutathione in the INL (Fig. 2D).

3C Metabolite Labeling Reveals the Requirement for de Novo Serine
Synthesis in the Ndp*® Retina. Since the Ndp“? vs. WT retina
metabolomics analysis described above revealed differential
signals in pathways linked to glucose metabolism, we performed
in vivo metabolite labeling with uniformly labeled *C-glucose by
injecting Ndp*® and WT mice i.p. with 2 g/kg *C-glucose and
harvesting retinas 45 min later (four groups of mice per geno-

type) (Dataset S2). In Fig. 3 and SI Appendix, Fig. S4, we refer to
chemical species observed on MS as “M + X” to indicate X
additional mass units beyond the nonlabeled species. Since the
natural isotope of carbon is '>C, each '*C adds one mass unit.
As a preliminary experiment, we injected Ndp®® and WT mice i.p.
with 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
(2-NBDG), a fluorescent glucose analog, and found that, despite
the hypovascularization of the Nedp®© retina, 2-NBDG was present
in the INL of the Ndp™© retina at a higher level compared with the
WT retina (SI Appendix, Fig. S44). This apparent paradox is likelz
explained by the loss of vascular barrier function in the Ndp™
retina, which allows rapid equilibration of low-molecular weight
compounds between serum and the extravascular space (18). In-
terestingly, the scRNA-seq data showed that the genes coding for
hexokinase (HkI and Hk2), the enzyme responsible for the first
enzymatic transformation of glucose (to glucose 6-phosphate)
after cellular uptake, are down-regulated in photoreceptors but
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NCT503 vehicle NCT503 vehicle

Fig. 3. Metabolic flux analysis and pharmacological inhibition reveal enhanced de novo serine biosynthesis in Ndp*® retinas in vivo. (A) Schematic showing
the fates of '>C atoms from uniformly labeled *C-glucose. For metabolites enclosed in dashed lines in the schematic, the surrounding bar plots show the mean ratios of
the measured abundances of '>C-labeled metabolites to the abundance of *C-glucose 6-phosphate (M + 6) for WT and Ndp“® retinas. Orange dots represent individual
samples. PC pathway, pyruvate carboxylase pathway; PD pathway, pyruvate dehydrogenase pathway. (B) The effect on apoptotic pathway activation of systemic
treatment with NCT503 (an inhibitor of PHGDH; 40 mg/kg vs. vehicle, daily i.p. injections for 12 d). (Left) Representative images of immunofluorescence of retina cross-
sections showing blood vessels (GS Lectin; green), cleaved Caspase-3 (red), and nuclei (DAPI; blue). (Right) Quantification of cleaved Capase-3 immunofluorescence of two
random whole-retina cross-sections per eye. Horizontal bars represent the mean and the SEM. GCL, ganglion cell layer; ONL, outer nuclear layer.
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up-regulated in INL cell types in the Ndp®® retina (SI Appendix,
Fig. S4B). Overall, however, the uptake efficiency of '*C-glucose
into retinal cells seems to be similar for WT and Ndp™© mice as
judged by the levels of glucose 6-phosphate M + 6 (SI Appendix,
Fig. S4C), which constituted 16-26% of total glucose 6-phosphate
in the samples (SI Appendix, Fig. S4D). For each sample in the **C
experiment, the abundances of labeled metabolites were divided
by the level of glucose 6-phosphate (M + 6) to account for dif-
ferences in *C-glucose uptake (Dataset S3). The overall pattern
of *C-labeled metabolites showed a clear distinction between
Ndp®© and WT samples by PCA (SI Appendix, Fig. S4E).
Despite the dilution of *C-glucose throughout the body, the
small amount of retinal tissue, and the relatively brief labeling
period, there was detectable '*C incorporation into multiple
metabolites across glycolysis, the TCA cycle, the pentose phos-
phate pathway, and glutathione metabolism (Fig. 34 and S/
Appendix, Fig. S4F). Ndp™© retinas showed decreases in gluta-
mate and in multiple *C-labeled TCA cycle metabolites (Fig. 34
and SI Appendix, Table S3). In contrast, serine M + 3 and glycine
M + 2 were increased in the Ndp®© samples, suggesting an in-
crease in glucose flux into de novo serine synthesis and serine
metabolism (Fig. 34). Although transcripts coding for the rate-
limiting enzyme in de novo serine synthesis, phosphoglycerate
dehydrogenase (PHGDH), were only detected at low abundance
on scRNA-seq and show no significant difference in INL cell
types, immunofluorescence showed an apparent increase in
PHGDH protein in Muller glia in Ndp*® retinas (compare staining
intensity of radial processes in SI Appendix, Fig. S4H). The increase

in 1*C-labeled serine and glycine was accompanied by an increase in
3C.labeled reduced and oxidized glutathione (GSH and GSSG,
respectively) (Fig. 34), which is consistent with the increase in
steady-state serine, glycine, and glutathione seen in the non-
isotopic metabolomics data (Fig. 2 C and D). Increased de novo
serine synthesis is likely to contribute to increased glutathione
synthesis through the transsulfuration pathway as evidenced
by the marked increases in cystathionine and cysteine in the
Ndp™© retina (Fig. 2C).

De novo serine synthesis is an important source of glutathione
(Fig. 34), a major cellular antioxidant. In cultured Muller glia,
disruption of de novo serine synthesis through inhibition of
PHGDH reduces glutathione levels and increases cellular dam-
age under mild oxidative stress (44). We, therefore, hypothesized
that inhibiting de novo serine synthesis could exacerbate cellular
oxidative stress specifically in the hypoxic Ndp®® inner retina. To
test this hypothesis, we injected Ndp®® mice and their WT litter-
mates i.p. with 40 mg/kg NCT503 or vehicle control daily for
12 consecutive days and then analyzed their retinas for cleaved
Caspase-3, a marker of apoptosis. NCT503 is a well-characterized
small molecule inhibitor of PHGDH (45). As seen in Fig. 3B,
WT retinas show undetectable levels of cleaved Caspase-3,
irrespective of whether they have been treated with vehicle
or NCT503, whereas Ndp®© retinas show low levels of cleaved
Caspase-3 after vehicle injection and high levels of cleaved Caspase-
3 after NCT503 injection. In both cases, the cleaved Caspase-
3 was confined to the INL, and it was enriched in regions of
cellular disorganization that resemble the cystoid lesions that
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Fig. 4. RiboTag and scRNA-seq analysis of Muller glia-enriched transcripts in WT and Ndp*© retinas converge on a common set of differentially expressed
genes. (A, Left) COGAPS sample weights of the Muller glia-RiboTag-enriched pattern for Muller glia-RiboTag and whole-retina samples. (A, Upper Right)
Projections of the Muller glia-RiboTag-enriched pattern into WT and Ndp“© scRNA-seq datasets visualized on UMAP plots. (A, Lower Right) Mean projection
scores of the Muller glia-RiboTag—enriched pattern in Ndp“® and WT Muller glia clusters of the scRNA-seq datasets. Error bars represent the SEM. (B) Ex-
pression of Muller glia-enriched transcripts in Muller glia-RiboTag vs. whole-retina RNA-seq (Left) and in scRNA-seq (Right). In B-D, each cell in the scRNA-seq
dataset is represented by a point along the horizontal axis, and the regions of the plot corresponding to different cell types and to WT vs. Ndp”© are color
coded across the top. (C) Analysis as in B, except that C shows Muller glia-enriched transcripts that were also up-regulated in Ndp®© retinas in the Muller glia-
RiboTag RNA-seq (Left) and scRNA-seq datasets (Right). (D) Analysis as in B, except that D shows Muller glia-enriched transcripts that were also down-
regulated in Ndp“© retinas in the Muller glia-RiboTag RNA-seq (Left) and scRNA-seq datasets (Right). As seen in B-D, among retinal cells, retinal astrocytes
bear the closest resemblance to Muller glia as judged by their patterns of transcript abundances. A, astrocyte; AC, amacrine cell; C, cone; CBC, cone bipolar
cell; HC, horizontal cell; M, microglia; MG, Mullerglia; PC, perivascular cell; R, rod; RBC, rod bipolar cell; VEC, vascular endothelial cell.
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develop in the INL in older Ndp®® retinas (22), suggesting that
NCT503 may accelerate what would otherwise be a slower de-
generative process. These data are consistent with a model in
which a combination of hypoxia and reduced de novo serine
synthesis produces a level of cellular stress that is sufficient to
activate Caspase-3 cleavage.

Muller Glia in the Ndp*® Retina Exhibit Distinct Transcriptional
Changes. In the Ndp*® retina, Vegfa transcripts are selectively
up-regulated in Muller %lia (18). To verify additional tran-
scriptome changes in Ndp®© Muller glia identified with scRNA-
seq, a Muller glia-specific CreER transgene (GLAST-CreER)
(46) was crossed to RiboTag mice (47) to activate production
of an epitope-tagged ribosomal protein in a Cre recombinase-
dependent manner in Muller glia. This allowed us to immu-
noaffinity purify polyribosomes from Muller glia for RNA-seq.
We will refer to the resulting RNA-seq datasets as “Muller glia-
RiboTag” datasets.

Duplicate Ndp®© and WT RNA-seq datasets from whole ret-
ina and from Muller glia-RiboTag—purified transcripts were ap-
propriately clustered (SI Appendix, Fig. S5A4). To identify
patterns in the Muller glia-enriched and whole-retina RNA-seq
datasets in an unbiased fashion, we used the Coordinated Gene
Activity in Pattern Sets (CoGAPS) algorithm (48). CoGAPS
decomposes gene expression into a set of patterns that quantify
the association of each sample with a vector of relative gene
expression changes. Unlike clustering methods, CoGAPS allows
a gene to contribute to more than one pattern, which more ef-
fectively captures the complexity of gene expression patterns
associated with specific cell types and physiologic perturbations.

CoGAPS identified a pattern with higher weights in Muller
glia-RiboTag samples compared with the whole-retina samples
(Fig. 44, Left). When projected into the scRNA-seq dataset
using the projectR software (49), this Muller glia-RiboTag—
enriched CoGAPS pattern showed the highest projection
scores in the Muller glia cluster for both Ndp© and WT scRNA-
seq datasets, consistent with the expectation that it reflects a
Muller glial transcriptional signature. Indeed, known Muller glia
markers (50) were found to specifically have high gene weights
for this pattern and also showed significant enrichment in both
Muller glia-Ribotag samples and Muller glia scRNA-seq data for
Ndp®© and WT samples (Fig. 4B2<. In addition, this pattern
showed higher weights in the Ndp® compared with the WT
Muller glia-RiboTag samples (Fig. 44) and higher projection
scores for Ndp®© than WT Muller glia in the scRNA-seq data
(Fig. 4C), implying that this CoGAPS pattern also includes a
hypoxia response signature.

We next intersected statistically significant (g value < 0.05)
gene expression changes in Muller glia from the RiboTag and
scRNA-seq datasets. Using as thresholds a specificity score of >0.4
(Monocle2) for Muller glia in the scRNA-seq dataset and twofold
enrichment for the Muller glia-RiboTag—enriched dataset, there
were 27 up- and 65 down-regulated Muller glia-enriched genes in
the intersection of the two datasets (SI Appendix, Fig. S5 B and C
and Table S4); 24 of 27 up-regulated Muller enriched genes are
also specific to the Muller glia CoGAPS pattern described above.
Twenty examples each from the up- and down-regulated Muller
glia-enriched genes are shown in Fig. 4 C and D. For five dif-
ferentially regulated genes—Vegfa, Ndufa4l2, Bsg, Mtl, and
Hes1—in situ hybridization to sections of Ndp™© and WT retinas
confirmed the changes in transcript abundance in the INL in
Ndp®© retinas (Fig. 5 A and B and SI Appendix, Fig. S2 E and F
for Bsg). Immunostaining confirmed the increased abundances
of the proteins encoded by the up-regulated genes Nuprl and
Vim (Fig. 5C). Gfap was identified as a Muller-enriched up-
regulated gene in the scRNA-seq analysis (SI Appendix, Fig.
S5E) but did not pass the enrichment threshold for RiboTag
analysis. Immunostaining confirmed the increased abundance of
GFAP in Muller glia (SI Appendix, Fig. S5F), suggesting that the
scRNA-seq analysis may be able to better discern cell type-specific
gene expression changes compared with the RiboTag analysis.

Heng et al.

The Muller glia genes that are up-regulated in Ndp“© retinas
code for a functionally diverse set of proteins. Ndufa4I2 codes for a
hypoxia-induced mitochondrial protein that inhibits Complex I and
reduces oxygen consumption (41). MtI codes for Metallothionien-1,
an intracellular metal chelator, that is induced by diverse cellular
stresses, including hypoxia (51). Nuprl codes for a nuclear protein
that protects against DNA damage-induced cell death in hypoxia
(52). Vim and Gfap code for Vimentin and Glial Fibrillary Acidic
Protein, respectively, which are intermediate filaments up-regulated
in Muller glia in response to a variety of retinal insults, and they are
postulated to protect against mechanical stress (53). Hesl is
downstream of Notch signaling, and it is down-regulated in the
INL in Ndp*© retinas. Notch signaling has been implicated in
generating and maintaining glial identity in postmitotic Muller
glia (54).

A Comparison of Transcriptional Changes in Ndp*® Retinas and in
Chronic Brain Hypoxia. Since the retina is part of the CNS, it
was of interest to compare the gene expression changes identi-
fied in the hypoxic Ndp®® INL with those induced by a similar
stress in the brain. For this comparison, chronic global hypoxia in
the brain—induced by housing mice for up to 7 d in an atmo-
sphere of 7.5% oxygen—is presumed to be similar to the hypoxic
Ndp®® INL, since the former does not reduce the exchange of
molecules other than oxygen.

In an initial set of experiments, cages housing 8- to 10-wk-old
C57BL/6J male mice were maintained in room air (~21% oxy-
gen) or were placed in 7.5% oxygen for either 48 h or 7 d before
harvesting their brains for bulk RNA-seq. CoGAPS analysis
revealed two distinct patterns of gene expression responses to
hypoxia (Fig. 64 and Dataset S4). The first pattern was charac-
terized by an increase in transcript abundance between 0 and
48 h of hypoxia followed by a plateau or a decrease between 48 h
and 7 d of hypoxia. The second pattern was characterized by a
continuous increase in transcript abundance from 0 h through
7 d of hypoxia. Gene expression changes in response to 7 d of
hypoxia that were not seen with 48 h of hypoxia likely represent
the response to chronic hypoxia, suggesting that 7 d was suffi-
cient to induce a chronically hypoxic state in the brain.

To characterize cell type-specific transcriptional changes in
the chronically hypoxic brain, we performed scRNA-seq on
7,925 dissociated cells from cerebral cortices from 8- to 10-wk-old
C57BL/6J male mice housed in room air or in 7.5% oxygen for
7 d, conditions that are referred to hereafter as normoxia and
hypoxia, respectively. Based on known markers, we identified all
of the major cortical cell types with similar yields in the normoxic
and hypoxic samples (Fig. 6B and SI Appendix, Fig. S6 A, C, and
D). SI Appendix, Fig. S6B shows that, in contrast to the in-
terspersion of GABAergic and glutamatergic neurons in the
UMAP plot of the entire dataset (Fig. 6B), these two cell types
resolve into separate clusters when the input for the UMAP plot is
restricted to neurons; 135 presumed multiplets were excluded
from subsequent analyses.

Each cell type within the hypoxic cerebral cortex exhibits a
distinctive set of up- and down-regulated transcripts as shown in
the heat map in Fig. 6C. There are a small number of known
hypoxia-inducible genes that exhibit common responses across
multiple cell types (indicated by the horizontal arrow in Fig. 6C
and shown in SI Appendix, Fig. S6F).

To compare transcriptome changes between the hypoxic retina
and cortex at a cell type-specific level, we first defined a set of
gene expression patterns in the Ndp*® retina scRNA-seq dataset
using CoGAPS (49) and projected these patterns into the hyp-
oxic cortical scRNA-seq dataset (Fig. 6D). Several patterns that
had high weights in specific cell types in the retina dataset had
high projection weights in analogous cell types in the cortical
dataset (enclosed by green lines in Fig. 6D): pattern 7 in
microglia, patterns 18 and 19 in ECs, and pattern 20 in vascular
smooth muscle cells and pericytes. As Muller glia exhibit dis-
tinctive transcriptome changes in the Ndp*® retina (Fig. 4), it
was of interest to assess the extent to which this response was
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Fig. 5. Histochemical assessment of transcripts and proteins validates differentially regulated Muller glia genes in WT and Ndp*©

changes for four transcripts that are up-regulated in Ndp“®

DAPI + GS Lectin
+ Hes1

DAPI + GS Lectin
+ Vimentin
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Npk©

retinas. (A) Abundance

compared with WT retinas. In situ hybridization shows increased abundance in the INL in the
Ndp"© retina. (Scale bar: 50 um.) (B) Fluorescent Hes1 in situ hybridization shows decreased abundance in the INL in the Ndp®

retina. The boxed region

encompassing the INL is enlarged in Right. (Scale bars: 50 um.) (C, Upper) Immunofluorescence of retina cross-sections showing blood vessels (GS Lectin;

green), Nupr1 (red), and nuclei (DAPI; blue). NUPR1 is present in scattered Muller glial cell bodies in the Ndp*©

retina but is undetectable in WT retinas. (C,

Lower) Immunofluorescence of retina cross-sections showing blood vessels (GS Lectin; green), Vimentin (Vim; red), and nuclei (DAPI; blue). Vimentin is

modestly elevated in the Ndp<®

shared with one or more hypoxic cortical cell types. By CoOGAPS
analysis, patterns 5 and 6 most closely resembled the Muller glia-
specific hypoxic response (enclosed by green lines in Fig. 6D).
When projected onto the cortical dataset, these patterns showed
the highest weights in astrocytes and oligodendrocytes.
Additional evidence for a functional relationship between
Muller glia and cortical astrocytes and oligodendrocytes is seen
in the heat map in Fig. 6E, which shows individual transcripts
that are most enriched in patterns 5 and 6 (Fig. 6D) and that are
also up-regulated by hypoxia in either cortical astrocytes or oli-
godendrocytes. Only a few of these genes are up-regulated in
cortical neurons (Fig. 6F). Interestingly, Vegfa induction is more
significant in astrocytes, oligodendrocytes, and oligodendrocyte
precursor cells than in neurons (arrow in Fig. 6E) reminiscent of
its Muller glia-specific induction in the Ndp*® retina (Fig. 4C).

Brain Vascular EC Responses to Hypoxia. The scCRNA-seq analysis of
normoxic vs. hypoxic cerebral cortex presents an opportunity to
explore the CNS EC-specific transcriptional changes in response
to chronic tissue hypoxia. For a global assessment of transcript
changes, we computed transcripts per million (TPM) from ag-
gregated transcript abundances in either normoxic or hypoxic
cortical ECs. For the identification of subtle and/or heteroge-
nous gene expression changes, this approach is less sensitive than
the differential gene expression test in Monocle2: when up- and
down-regulated EC transcripts identified by Monocle2 are
plotted on a TPM scatterplot, many show only small changes in
TPM (SI Appendix, Fig. S74). CNS EC-enriched transcripts (S/
Appendix, Fig. S7TA) [more than twofold enriched in CNS ECs
relative to non-ECs (31)] and blood-brain barrier (BBB) tran-
scripts (Fig. 74) [more than twofold enriched in brain ECs rel-
ative to non-CNS ECs (31)] also show minimal differences in
computed TPM between normoxic and hypoxic cortical ECs,
consistent with previous observations that the BBB in cortical
ECs is not disrupted in chronic hypoxia (10). To examine CNS
EC subtypes, we combined published data and a recent scRNA-
seq analysis of postnatal day 7 mouse brain ECs (31) to define
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retina compared with the WT retina. GCL, ganglion cell layer; ONL, outer nuclear layer. (Scale bars: 50 pm.)

subsets of transcripts specifically enriched in arterial ECs, venous
ECs, and tip cells. (Tip cells are the highly motile ECs at the
growing front of an angiogenic vascular plexus.) Arterial and
venous transcripts show little or no change in abundance be-
tween normoxic and hypoxic conditions (Fig. 74, panels 2 and 3).
In contrast, markers for tip cells show a clear trend toward in-
creased abundance in hypoxic ECs relative to normoxic ECs
(Fig. 74, panel 4).

We next visualized the cell by cell abundances of individual
arterial, venous, and tip cell transcripts in normoxic and hypoxic
ECs on a UMAP plot generated using transcripts specific to each
of the EC subtypes previously defined (31) (Fig. 7B and SI Ap-
pendix, Fig. STB). These plots reveal the clustering of venous and
arterial EC subtypes at the top and bottom, respectively, with
capillary ECs in the central region. Strikingly, at the right side of
the UMAP plots, there is a cluster of ECs that consistently ex-
presses tip cell markers and is only present in the hypoxic sample.
Tip cell transcripts are also more abundant among ECs in the
central region of the UMAP plot (corresponding to capillary
ECs) in the hypoxic sample compared with the normoxic control.

We next asked whether an up-regulation of tip cell transcnpts
occurs in the hypoxic retina in the context of the NdpX? retinal
vasculature. As a preliminary quality control step, we first de-
termined that an earlier analysis of Ndp®? vs. WT retinal EC
transcriptomes—obtained by immunoaffinity purifying retinal
ECs followed by microarray hybridization (14)—had converged
on the same set of differentially expressed genes defined in the
scRNA-seq analysis (Fig. 7C, Upper Left). Although ECs in the
hypoxic cerebral cortex and ECs in the Ndp®? retina are both in
close proximity to hypoxic parenchymal cells, they differ with
respect to (i) canonical beta-catenin 51gna11ng, which is active in
cortical ECs and greatly reduced in Ndp ? retinal ECs, and (i)
the luminal blood oxygen level, which is presumably lower in the
hypoxic cortical vasculature than in the normoxic NdpX© retinal
vasculature. Despite these differences, the basic pattern of up-
regulation of tip cell transcripts with essentially no alteration in
arterial and venous transcripts is conserved between these two
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Fig. 6. Single-cell RNA-seq reveals correlated transcriptional changes between chronically hypoxic mouse cerebral cortex and Ndp“© INL cell types. (A, Upper)
Plots showing CoGAPS sample weights of whole-brain RNA-seq from mice exposed to normoxia (N), 48-h hypoxia (48 h H), and 7-d hypoxia (7 d H) for two
distinct expression patterns determined by CoGAPS. Error bars represent the SEM. (A4, Lower) Heat maps for examples of genes specific to the two CoGAPS
patterns, showing gene expression (z score) across triplicate samples for the three experimental conditions listed above the heat maps. Each column rep-
resents a sample. (B) UMAP plot of scRNA-seq data from cerebral cortex from mice exposed to normoxia (control) and 7-d hypoxia. Neuronsgaga, GABAergic
neurons; Neuronsg,, glutamatergic neurons; NPC, neural progenitor cells; OPC, oligodendrocyte precursor cells; VEC, vascular endothelial cells; VSMC, vas-
cular smooth muscle cells. (C) Heat map showing normalized regression coefficients for transcripts with statistically significantly differences on scRNA-seq
differential gene expression analysis in cortical cell types exposed to 7-d hypoxia vs. normoxia. The arrow points to a cluster of known hypoxia-indicible genes.
(D, Upper) Heat map showing correlation of single-cell COGAPS pattern weights with cell type and genotype in the retina scRNA-seq dataset. (D, Lower) Heat
map showing correlation of cortical cell type and condition with projection scores of the retinal patterns above projected into the cortical scRNA-seq dataset.
Patterns are numbered sequentially according to their order in the associated dendrogram. Each pattern in the heat map D, Upper is aligned with its cor-
responding projection in the heat map in D, Lower. (E) Heat map showing, for each cortical cell type, the normalized regression coefficients for transcripts
enriched in the Muller glia-associated single-cell COGAPS patterns that are also up-regulated in astrocytes and/or oligodendrocytes from 7-d hypoxia cerebral

cortices. *q value of <0.05.

models of CNS hypoxia (Fig. 7C). The greater noise in the retina
EC dataset compared with the cortical EC dataset likely reflects
the smaller number of ECs in the retinal scRNA-seq samples.

Taken together, these analyses show that, with 1 wk of chronic
hypoxia, a substantial fraction of cortical ECs is mobilized to turn
on tip cell genes, presumably as part of an adaptive neoangiogenic
program to increase vascular density and cerebral blood flow (5,
10). A similar conversion characterizes the Ndp®® retinal vascu-
lature and is presumably responsible for the hyperdense capillary
network that develops on the vitreal face of the Ndp™© retina (18),
implying that the tip cell genes analyzed here can be activated
in the absence of canonical Wnt signaling. It is plausible that the
tip cell transcriptional program is activated in CNS ECs in re-
sponse to VEGFA (55) produced by hypoxic glia in both the brain
and retina.

Discussion

In this study, we have combined scRNA-seq, RiboTag sequencing,
metabolic profiling and flux analysis, pharmacologic inhibition,
and ultrastructural and immunohistochemical analyses to (i) de-
fine the response of the Ndp*® retina to chronic hypoxia and (ii)
compare the retina’s hypoxia response with that of the cerebral
cortex subjected to 7 d of hypoxia. For both retina and cortex,
determining gene expression changes at single-cell resolution

Heng et al.

presented a critical advantage over whole-tissue analysis, since many
of the cell type-specific responses would have been difficult or im-
possible to detect if gene expression had been analyzed in bulk.

Metabolic Responses of the Ndp*® Retina. The preservation of a
nearly normal ATP level and ATP/ADP ratio in NdpX© retinas is
striking, and it implies the existence of powerful homeostatic
mechanisms that conserve ATP in chronic hypoxia. Since the
plasma membrane Na/K-ATPase is responsible for ~50% of
ATP hydrolysis in the CNS (56), we speculate that such a re-
duction in ATP consumption could be brought about through a
reduction in Na/K-ATPase activity mediated by hypoxia-related
oxidative stress-induced nonenzymatic glutathionylation and/or
PKC phosphorylation (57). Such posttranslational regulation of
Na/K-ATPase activity and its rapid reversal would also dynami-
cally affect neuronal membrane potential and account for the
rapidlg reversible reduction in inner retinal neurotransmission in
Ndp®© retinas (14).

Global metabolic profiling of Ndp*® retinas shows prominent
metabolic changes centered around glutathione and one-carbon
metabolism. Immunostaining for selected metabolites shows that
some of these changes are localized to the hypoxic INL of the
Ndp®© retina. Similar metabolic changes have been described in
hypoxic cancer cells (58). These metabolic changes mirror recent
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Fig. 7.

Brain and retinal vascular ECs activate the tip cell transcriptional program in response to chronic tissue hypoxia. (4) Scatterplots showing TPM for all

transcripts expressed in normoxic and/or hypoxic cortical ECs (light gray) obtained by pooling transcript counts in the cortical scRNA-seq dataset. Transcripts
previously defined as enriched in BBB-type, arterial, venous, or tip cell ECs are colored purple on individual plots. A 45° line is shown in each plot. (B, Left)
UMAP plot for hypoxic and normoxic cortical ECs. (B, Right) Separate plots for each transcript showing hypoxic vs. normoxic cortical ECs [based on the
combined UMAP plot (B, Left)] color coded by the level of normalized expression for a panendothelial marker (Pecam1), two tip cell markers (Ap/n and
Angpt2), an arterial marker (FbIn5), a venous marker (Nrp2), and a capillary marker (Ddc). A, artery; T, tip cell; V, vein. (C) Scatterplots as in A showing TPM for

all transcripts expressed in WT and Ndp®®

Transcripts previously shown by microarray hybridization of immunoaffinity-purified ECs to be up- or down-regulated in Ndp*©

retinal ECs (light gray) obtained by pooling transcript counts in the retina scRNA-seq dataset. (C, Upper Left)

compared with WT ECs are

highlighted (14). (C, Upper Right and Lower Right) Transcripts previously defined as enriched in arterial, venous, or tip cell ECs are colored purple on individual

plots. A 45° line is shown in each plot.

findings in mitochondrial disorders, where mitochondrial re-
spiratory chain dysfunction leads to changes in glutathione and
one-carbon metabolic pathways (59, 60). We speculate that
hypoxia-induced defects in mitochondrial respiration and in-
duction of oxidative stress in the Nde INL may be analogous
to the metabolic adaptations in primary mitochondrial disorders.
The role of glucose-driven de novo serine synthesis in gluta-
thione and one-carbon metabolism has been described recently
(45, 59, 60). Here, we prov1de in vivo evidence for increased flux
of glucose to serine in the Ndp© retina. This f1nd1ng is especially
intriguing, as it implies that cells in the Ndp*© retina—despite
being under energy stress due to hypoxia—divert glucose away
from pyruvate production and toward the synthesis of serine, a
nonessential amino acid. The importance of this pathway for cell
survival in the context of chronic hypoxia is implied by our ob-
servation that inhibition of de novo serine synthesis by the
PHGDH inhibitor NCT503 resulted in increased levels of
cleaved Caspase-3 in the NdpX® INL but not in the WT INL.

Muller Glia, Cortical Astrocytes, and Oligodendrocytes. Muller glia,
the major macroglia in the retina, exhibit a distinct gene ex-
pression profile in health (50, 54) and in disease (61). Here, we
combined single-cell transcriptomics and RiboTag technology to
further characterlze the gene expression changes in Muller glia
in Ndp™© retinas. Notably, transcripts coding for NDUFA4L2,
which inhibits mltochondrlal Complex I, were up-regulated and
enriched in Ndp®©® Muller glia, but they were unchanged in
neurons. We also found evidence for lower Notch signaling in
Muller glia as evidenced by a reduction in transcripts coding for
HES1 and HESS. It is unclear if reduced Notch signaling is a
specific response to hypoxia or a more generic response to cel-
lular stress. In avian (62) and zebrafish (63) retinas, a reduction
in Notch signaling in Muller glia has been linked to induction of
a stem cell-like state through dedifferentiation and reentry into

9112 ' | www.pnas.org/cgi/doi/10.1073/pnas.1821122116

the cell cycle. Mammalian Muller glia seem to have a more
limited capacity for this conversion (64).

We also compared the single-cell transcriptomes of the Ndp
retina and the hypox1c cerebral cortex. Similar to the Ndp®© INL,
glia and neurons in the hypoxic cortex displayed distinct changes
in gene expression. Compared with other cell types in the cere-
bral cortex, astrocytes and oligodendrocytes exhibit a transcrip-
tional response to hypoxia that most closely resembles the
response of Ndp®® Muller glia. This similarity suggests similar
roles for cortical and retinal glia in mitigating the hypoxic stress
of surrounding neurons.

ECs in the Hypoxic CNS. The single-cell transcriptome analysis of
hypoxic vs. normoxic cerebral cortex has provided a global view
of the changes in EC gene expression that are associated with
CNS hypoxia. This response is striking in its simplicity: capillary
ECs in the hypoxic cerebral cortex activate an adaptive and
previously dormant tip cell program of gene expression. We
presume that this represents the gene expression correlate of the
microvascular sprouting and formation of new capillaries ob-
served by two-photon imaging in the hypoxic mouse cerebral
cortex during an extended hypoxic exposure (5). In the Ndp®°
retina, ECs proliferate locally to form glomeruloids (18) but fail
to form new intraretinal capillaries, despite the induction of the
tip cell transcriptional program. Whether this failure reflects an
additional re%ulrement for beta-catenin signaling (which is ab-
sent in Ndp retinal ECs), a nonpermissive environment for
angiogenesis within the mature retina, or some combination of
the two is unknown.

Clinical Relevance. This work has implications beyond the patho-
physiology of Norrie disease. The observation that Ndp®© retinas
exhibit an 1ncrease in de novo serine biosynthesis and that INL
cells in Ndp®© retinas are uniquely sensitive to inhibition of that
pathway may be of relevance to the pathophysiology of macular
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telangiectasia (MacTel). MacTel is characterized by abnormal
blood vessels in the fovea or perifoveal region, reduced capillary
density in the surrounding retina (65), and loss of perifoveal
Muller glia (66, 67). The disease phenotype has been modeled by
genetic ablation of Muller glia in the mouse retina (68). A recent
genome-wide association study of MacTel patients implicated
genes involved in de novo serine biosynthesis and its associated
one-carbon pathways, and it also demonstrated that serum levels
of serine and glycine are decreased in MacTel cases compared
with controls (69). These observations are consistent with a
model in which a reduction in de novo serine synthesis and/or
one-carbon metabolism renders the retina more susceptible to
oxidative stress and/or hypoxia. Because complete disruption of
de novo serine synthesis in Phgdh™~ mice leads to severe defects
in CNS development (70), it would be interesting to determine
whether heterozygosity for Phgdh deficiency alters neuronal
function or survival in models of MacTel or other CNS diseases.

This work also has implications for hypoxia tolerance in the
CNS more generally. First, the reversible inactivation of neuro-
transmission in the Ndp®® inner retina implies that, with a re-
duced blood supply, neurons can remain alive for months in a
state of suspended animation and still recover their excitability.
This natural history might account for some of the functional
recovery that accompanies revascularization in the penumbra of
a stroke (1). Second, the oxidative stress that accompanies
hypoxia in the Ndp®® INL—as inferred from the accumulation
of pimonidazole and the enhanced synthesis of glutathione—
supports the counterintuitive idea that reduced oxygen avail-
ability is associated with increased oxidative stress, most likely
due to reduced efficiency of the electron transport chain (36).
The coupling of hypoxia and oxidative stress suggests that dietary
supplements that support antioxidant defenses might be broadly
efficacious in patients with diverse diseases involving CNS hyp-
oxia, including FEVR, chronic obstructive pulmonary disease,
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diabetic retinopathy, and cerebrovascular disease. Finally, iden-
tifying the cell type-specific changes in gene expression that are
associated with chronic CNS hypoxia suggests the possibility that
selective pharmacological enhancement of these gene expression
programs could promote cell survival and recovery.

Materials and Methods

All animal experiments were conducted in accordance with the approved In-
stitutional Animal Care and Use Committee protocol MO16M367 of the Johns
Hopkins Medical Institutions. Mouse husbandry, single-cell isolation, scRNA-seq,
RNA-seq, RiboTag experiments, in situ hybridization, immunostaining, metab-
olomics, in vivo *C-glucose labeling, and in vivo NCT503 experiments are de-
scribed in S/ Appendix.
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