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Purpose: The homeostatic regulation of cellular ATP is achieved by the coordinated activity of ATP utilization, synthe-
sis, and buffering. Glucose is the major substrate for ATP synthesis through glycolysis and oxidative phosphorylation
(OXPHOS), whereas intermediary metabolism through the tricarboxylic acid (TCA) cycle utilizes non-glucose-derived
monocarboxylates, amino acids, and alpha ketoacids to support mitochondrial ATP and GTP synthesis. Cellular ATP is
buffered by specialized equilibrium-driven high-energy phosphate (~P) transferring kinases. Our goals were twofold:
1) to characterize the gene expression, protein expression, and activity of key synthesizing and regulating enzymes of
energy metabolism in the whole mouse retina, retinal compartments, and/or cells and 2) to provide an integrative analysis
of the results related to function.

Methods: mRNA expression data of energy-related genes were extracted from our whole retinal Affymetrix microarray
data. Fixed-frozen retinas from adult C57BL/6N mice were used for immunohistochemistry, laser scanning confocal mi-
croscopy, and enzymatic histochemistry. The immunoreactivity levels of well-characterized antibodies, for all major reti-
nal cells and their compartments, were obtained using our established semiquantitative confocal and imaging techniques.
Quantitative cytochrome oxidase (COX) and lactate dehydrogenase (LDH) activity was determined histochemically.
Results: The Affymetrix data revealed varied gene expression patterns of the ATP synthesizing and regulating enzymes
found in the muscle, liver, and brain. Confocal studies showed differential cellular and compartmental distribution of
isozymes involved in glucose, glutamate, glutamine, lactate, and creatine metabolism. The pattern and intensity of the
antibodies and of the COX and LDH activity showed the high capacity of photoreceptors for aerobic glycolysis and
OXPHOS. Competition assays with pyruvate revealed that LDH-5 was localized in the photoreceptor inner segments.
The combined results indicate that glycolysis is regulated by the compartmental expression of hexokinase 2, pyruvate
kinase M1, and pyruvate kinase M2 in photoreceptors, whereas the inner retinal neurons exhibit a lower capacity for
glycolysis and aerobic glycolysis. Expression of nucleoside diphosphate kinase, mitochondria-associated adenylate ki-
nase, and several mitochondria-associated creatine kinase isozymes was highest in the outer retina, whereas expression
of cytosolic adenylate kinase and brain creatine kinase was higher in the cones, horizontal cells, and amacrine cells
indicating the diversity of ATP-buffering strategies among retinal neurons. Based on the antibody intensities and the
COX and LDH activity, Miiller glial cells (MGCs) had the lowest capacity for glycolysis, aerobic glycolysis, and OX-
PHOS. However, they showed high expression of glutamate dehydrogenase, alpha-ketoglutarate dehydrogenase, succinate
thiokinase, GABA transaminase, and ~P transferring kinases. This suggests that MGCs utilize TCA cycle anaplerosis
and cataplerosis to generate GTP and ~P transferring kinases to produce ATP that supports MGC energy requirements.
Conclusions: Our comprehensive and integrated results reveal that the adult mouse retina expresses numerous iso-
forms of ATP synthesizing, regulating, and buffering genes; expresses differential cellular and compartmental levels
of glycolytic, OXPHOS, TCA cycle, and ~P transferring kinase proteins; and exhibits differential layer-by-layer LDH
and COX activity. New insights into cell-specific and compartmental ATP and GTP production, as well as utilization
and buffering strategies and their relationship with known retinal and cellular functions, are discussed. Developing
therapeutic strategies for neuroprotection and treating retinal deficits and degeneration in a cell-specific manner will
require such knowledge. This work provides a platform for future research directed at identifying the molecular targets
and proteins that regulate these processes.

The mature retina is a multilaminated structure that
. contains structurally and functionally diverse neurons with
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structural, functional, and metabolic support for retinal
neurons. These features, as well as the graded and sustained
firing rates of most retinal neurons, necessitate cellular and
compartmentalized intercellular and intracellular regulation
of bioenergetic metabolism to regenerate the local high-
energy phosphate (~P) pool at the rate of utilization. Glycol-
ysis and oxidative phosphorylation (OXPHOS) are the major
metabolic pathways that synthesize ATP. Classical studies
of bioenergetic metabolism in perfused cat, rabbit, and rat
retinas revealed the retina’s capacity for aerobic glycolysis
(the Warburg effect) and the Pasteur effect [1-3]. Previous
studies also measured whole retinal lactate production and
oxygen consumption to estimate photoreceptor glycolysis
and OXPHOS, respectively [1-3]. Studies of layer-by-layer
retinal oxygen tension [4,5], oxygen consumption [6,7], cyto-
chrome ¢ oxidase (COX) activity [8], COX subunit IV (COX
IV) expression [9], mitochondrial number, distribution, and
ultrastructure [9,10], and the specific activity and expression
of glycolytic enzymes, lactate dehydrogenase (LDH) and
succinate dehydrogenase [11-16], established that glycolysis
and OXPHOS were differentially distributed in the adult
mammalian retina. Together, these studies demonstrated the
interdependent relationship between energy metabolism and
retinal function.

The metabolic heterogeneity in the retina likely plays a
role in cell-selective vulnerability. For example, inhibition of
glycolysis by iodoacetate produces rod cell death before cone
cell death [17-19], rod- and cone-driven electroretinograms
(ERGs) exhibit differential sensitivity to experimentally-
induced variations of glucose concentrations [20-22]. Oxygen
deprivation decreases the ERG b-wave/PII response of bipolar
cells (BCs) before affecting the photoreceptor a-wave/PIII
response [23]. Retinal BCs die first in a model of chronic
hypoglycemia [24], and retinal ganglion cells die faster
than photoreceptors after experimental ischemia [25-27].
The major characteristics of photoreceptor glycolysis and
OXPHOS have been reported [4,8-10,12,16,28]. However,
tricarboxylic acid (TCA) cycle metabolism and the ~P
transferring kinase systems in photoreceptors are relatively
unexplored. Moreover, little is known about the cellular
and/or compartmental bioenergetic metabolism and profile
of horizontal cells (HCs), BCs, amacrine cells (ACs), and
retinal ganglion cells. New evidence suggests that mouse
MGCs do not significantly metabolize glucose to produce
ATP, but instead play a role in intercellular metabolite shut-
tling that helps maintain energy and neurotransmitter homeo-
stasis [29,30]. In contrast, cultured human MGCs undergo
the Pasteur effect [31], and MGCs isolated from avascular
retinas show high lactate production [32]. Thus, the cellular
and compartmental profiles of glycolysis, OXPHOS, the TCA
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cycle, and ~P transferring kinases in the mouse retina are not
completely characterized or well understood.

Our overall goals were to characterize the gene expres-
sion, protein expression, and activity of the synthesizing
and regulating enzymes of ATP energy metabolism in the
whole mouse retina, retinal compartments, and/or cells and
to provide an integrative analysis of the results related to
function. Therefore, we provide a brief, but comprehensive,
review of the characteristics of the enzymes involved in these
processes so that our immunohistochemistry (IHC), laser
scanning confocal microscopy, and enzyme histochemistry
findings can be fit into this framework.

LDH reversibly catalyzes the reduction of pyruvate to
lactate, which is coupled to the oxidation of NADH to NAD".
Five LDH isozymes have tissue-specific distribution, subunit
composition, and different affinities for and inhibition by
pyruvate [33-35]. LDH isozymes are homo- and heterotet-
ramers composed of M (muscle) and H (heart) subunits.
LDH-5 (the Ldha gene) is composed of four M-subunits and
is predominantly found in highly glycolytic cells such as
skeletal muscle and the liver [33]. LDH-5-mediated activity
is the least inhibited by physiologic concentrations of pyru-
vate [33,34], which enables LDH-5 to support a high rate of
aerobic glycolysis under physiologic glucose concentrations.
LDH-1 (the Ldhb gene) is composed of four H-subunits, is
predominantly found in the heart, and is inhibited by physi-
ologic concentrations of pyruvate, and the Michaelis constant
of LDH-1 is significantly lower than that of LDH-5 [33-36].
COX is the terminal oxidase of the electron transport chain,
which catalyzes the transfer of electrons for the complete
reduction of oxygen to support ATP synthesis. To accu-
rately determine glycolysis and OXPHOS at the cellular and
compartmental levels in the retina, as has been done with
the brain [37,38], histochemical analysis of LDH and COX
activity is needed, respectively. Thus, in the present study, we
examined the relative mRNA and protein expression levels
of LDH and COX IV isoforms, as well as the LDH and COX
activity, in the adult mouse retina.

As there is a paucity of information about bioenergetic
metabolism in the neurons of the inner retina, we charac-
terized further glycolysis in all layers of the mouse retina.
Glycolysis is regulated by three irreversible kinase reactions
catalyzed by hexokinase (HK), phosphofructokinase (PFK),
and pyruvate kinase (PK). HK catalyzes the phosphoryla-
tion of glucose to glucose-6-phosphate (G6P) using ATP
as a phosphoryl donor and producing ADP and inorganic
phosphate (Pi). Four homologous HK isoforms are expressed
in mammalian tissues: HK-1 (the Hk/ gene), HK-2 (the Hk2
gene), HK-3 (the Hk3 gene), and glucokinase (GK/HK-4; the
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Gck gene) [39-41]. Soluble, insoluble-active, and insoluble-
latent HK's were detected in calf retinas [42]. Reidel et al.’s
proteomic study showed that peptide fragments of HK-1 and
HK-2 are abundant in rat outer retinal layer homogenates
and are differentially distributed in the rat retina [16].
The distribution of HK-1 and HK-2 in the mouse retina is
uncharacterized.

PFK catalyzes the ATP-dependent phosphorylation of
fructose-6-phosphate (F6P) to fructose-1,6-bisphosphate
(F-1,6-BP). Three PFK isoforms encoded by different genes
exist in mammalian tissues: the liver type (the Pfk/ gene),
muscle type (the Pfkm gene), and fibroblast type (the Pfkp
gene) [43,44]. Brain tissue expresses PFK-L and PFK-M [45].
Fructose 2,6-biphosphate similarly increases the affinity of
F6P in PFK-L and PFK-M isozymes, and the amino acids
that compose the active sites of PFK-L and PFK-M are highly
similar [45,46]. In situ studies of permeabilized yeast cells
showed that of all the glycolytic enzymes, only PFK exhibits
enzyme concentration-dependent activity [47]. Small changes
in ATP induce large changes in AMP/ATP, which leads to a
significant increase in PFK activity [48]. The layer-by-layer
activity profile of PFK in the monkey retina showed that PFK
activity is lower in the inner segments (ISs) compared to the
photoreceptor synaptic terminals [12], indicating compart-
ment-selective activity. The distribution of PFK in the mouse
retina is uncharacterized.

PK catalyzes the last step of glycolysis: the transfer of
a phosphate from phosphoenolpyruvate to ADP generating
two ATP molecules per glucose used by glycolysis. Four
isoforms of PK exist: PK-L is the major isozyme in the liver;
PK-R is the major isozyme of erythrocytes; PK-M1 is present
in skeletal muscle, the heart, and the brain; and PK-M2 is
present in the liver, spleen, and fetal and neoplastic tissues. L
and R are common products of the Pklr gene, whereas PK-M1
and PK-M2 are common products of the Pkm gene [49]. The
major isozyme of PK in the brain is PK-M1, which has the
lowest Michaelis constant of all PK isozymes for its substrate
and is less allosterically regulated by F-1,6-BP, the product
of PFK [50-52]. In primary cell cultures, PK-M1 promotes
metabolic activity, whereas PK-M2 supports macromolecular
biosynthesis during cellular proliferation [53]. Evidence also
suggests that PK-M2 activity stimulates antioxidant responses
[54]. In the mouse retina, PK-M1 is expressed in most retinal
neurons, although not in MGCs, whereas PK-M2 expression
is observed in photoreceptors [30,55] and at saturating laser
intensity in the MGCs [30,55]. In the present study, we exam-
ined adult mouse retinal mRNA expression and the cellular
and compartmental protein expression of HK, PFK, and PK
isozymes.
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Glucose is the major substrate for glycolysis and
OXPHOS in the brain. Additionally, intermediary metabo-
lism acting through the TCA cycle utilizes ketoacids,
monocarboxylic acids, or amino acids as substrates for
mitochondrial metabolism and metabolite homeostasis in
neurons. For example, the glutamate-glutamine shuttle and a
lactate shuttle between glial cells and neurons support energy
and neurotransmitter homeostasis in the brain [56-59]. In
the glutamate-glutamine shuttle, glutamate is preferentially
taken up by the glial cells, through glial-specific excitatory
amino acid transporters (EAATSs), and is then used by glial
cells to produce glutamine via glutamine synthetase (GS).
Glutamine is then transported into the neurons through
sodium-coupled neural amino acid transporters (SNT1/
SNT2) that facilitate uptake of glutamine. MGCs abundantly
express EAATI (glutamate-aspartate transporter, GLAST),
but the expression of SNT1/SNT2 mostly occurs in the
inner retina, and no significant expression is observed in the
photoreceptors [60]. Accordingly, inhibition of glutamine
production in MGCs affects the b-wave, but not the a-wave
[61]. To date, the characterization of the cellular and compart-
mental presence of the glutamine-glutamate shuttle in the
retina is not complete. Initial studies of cultured MGCs and
photoreceptors suggested a lactate shuttle in the retina [32].
In the lactate shuttle, glial cells uptake glucose and mainly
produce lactate, which is then transported into the neurons
through monocarboxylate transporters (MCTs). Lactate, in
neurons, is reoxidized to pyruvate which moves directly
into the mitochondria and fuels OXPHOS. The presence of a
lactate shuttle presumes a Warburg effect in the MGCs and a
low glycolytic flux in neurons. However, the absence of PK
expression or pyruvate metabolism in MGCs [30] indicates
a minimal capacity for a Warburg effect in MGCs and chal-
lenges the existence of a lactate shuttle in the mouse retina.
The rat retina exhibits expression of MCT1, MCT2, and
MCT4 [62,63], isoforms with different affinities for lactate,
pyruvate, and ketone bodies [64]. A cell-by-cell assessment of
the enzymes related to glutamine and lactate production and
uptake is required to determine the existence and significance
of these shuttles to retinal function. In the present study, we
examined the cellular and compartmental expression of the
enzymes and transporters involved in glutamine, glutamate,
and lactate metabolism.

The homeostatic regulation of cellular ATP is regulated
by the competing rates of ATP utilization and synthesis and
is buffered by specialized equilibrium-driven ~P transferring
kinases. In tissues with high energy fluctuations, steady-
state levels of ATP are supported by the ~P transferring
kinases: nucleoside diphosphate kinase (NDPK), adenylate
kinase (AK), and creatine kinase (CK) [65]. NDPK is a
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multifunctional ubiquitous enzyme localized in the cytosol,
mitochondria, and nucleus and is associated with protein and
nucleic acid synthesis, as well as GTP-dependent mechanisms
[66,67]. NDPK reversibly catalyzes the phosphorylation of
nucleoside-diphosphates to nucleoside-triphosphates (e.g.,
ADP to ATP or GDP to GTP) to support phosphotransfer
between cellular compartments. Similarly, AK reversibly
catalyzes nucleotide phosphoryl exchanges between AMP,
ADP, and ATP. This helps maintain the energy charge and
contributes to the regulation of the major energy-sensing
modulator AMP-activated protein kinase: AMPK [68,69].
Overall, the levels of ATP and GTP, as well as NDPK-
specific activity, are higher in the inner, compared to the
outer, monkey retina [70]. However, and unexplained, the
levels of GTP are similar in the inner segments and the outer
plexiform layer (OPL) [70]. Although little is known about the
cellular and compartmental distribution of NDPK and AK in
the retina, studies in isolated bovine outer segments (OSs)
demonstrated the expression and activity of NDPK and AK
[71-74]. The cellular expression profile of NDPK and AK in
the mouse retina is unknown.

CK reversibly catalyzes the exchange of ~P between
creatine (Cr) and ATP to create a phosphocreatine pool.
The resulting phosphocreatine pool enables ~P transfer
between cellular compartments without significantly altering
the magnitude of the adenine nucleotide pool [75-77]. In
whole brain and brain homogenates, GTP, AMP, ADP, and
phosphocreatine are depleted faster than ATP after experi-
mental ischemia [70,78]. This indicates that ~P transferring
kinases rapidly respond to maintain steady-states of ATP in
neurons, but that mitochondrial GTP production via succinate
thiokinase (STK) activity in the TCA cycle is sensitive to
ischemia. Four isoforms of CK based on tissue, cellular, and
compartmental localization have been characterized. Cyto-
solic CKs (brain type CK [CK-B, the Ckb gene] and muscle
type [CK-M, the Ckm gene]) exist as three isoenzymes:
CK-MM, CK-MB, and CK-BB and the mitochondrial CKs
exist as ubiquitous mitochondrial CK (hereafter referred to
as mi-CK, the Ck-mtl and Ck-mt2 genes]) and sarcomeric CK
(S-MtCK). The compartmental localization of each isozyme
supports the CK phosphotransfer capacity to regenerate local
ATP levels [65,79-81]. CK-B and mi-CK are expressed in the
cone-dominated chicken retina [77] and in the rod-dominated
bovine [82] and mouse [83,84] retinas. CK-B is selectively
expressed in the outer retina of the mouse [83]. The expres-
sion pattern of the different isoforms of CK in the mouse
retina is not completely characterized. In the present study,
we examined the mRNA and protein expression of several
NDPK, AK, and CK isozymes in the adult mouse retina.
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The results of this comprehensive and integrated study
reveal cellular and compartmental differential regulation of
glucose, glutamine, glutamate, lactate, and creatine metabo-
lism, as well as distinct cellular and compartmental capaci-
ties of the ~P transfer. The findings reveal several previously
uncharacterized bioenergetic differences between the outer
and inner retina, rod and cone photoreceptors, inhibitory and
excitatory neurons, and neurons and MGCs. The compart-
mentalization of ATP and GTP synthesis, maintenance,
and regulation in relation to function in retinal neurons and
MGCs are also discussed. A summary figure showing the
relative antibody intensity levels across 22 major retinal
neuronal and MGC compartments for glycolysis, aerobic
glycolysis, OXPHOS, the TCA cycle, and ~P transferring
kinases is presented.

METHODS

Experimental animals: Experimental and animal care proce-
dures complied with the NIH Guide for the Care and Use
of Laboratory Animals and Maintenance, were approved
by the Institutional Animal Care and Use Committee of the
University of Houston, and adhered to the ARVO Statement
for Use of Animals in Research. Wild-type C57BL/6N mice
(Harlan Sprague Dawley, Indianapolis, IN; Taconic Farms
Inc., Hudson NY) and neural retina leucine zipper—enhanced
green fluorescent protein (Nrl-EGFP) transgenic mice, of
C57BL/6N background [85], from litters bred at our facility,
were maintained on a 14 h:10 h light-dark cycle (100 lux:
maximum cage luminance) with food and water available ad
libitum. For these experiments, C57BL/6N mice were used,
instead of the C57BL/6J substrain that lacks exons 7-11 of the
nicotinamide nucleotide transhydrogenase (Nnf) gene that is
important for glucose homeostasis and insulin secretion [86].
Although the C57BL/6N mice have the 7d§ mutation, we did
not observe any patchy dysplasia, irregular variations in the
thickness of any retinal layer, or the displacement of photo-
receptor nuclei into the inner nuclear layer in the inferior or
superior retina of any mouse eye during development or at the
time of our experiments as noted [7]. Adult 60- to 90-day-old
mice were decapitated between 1 and 2 h after light onset,
and their eyes were rapidly removed and immersed in ice-
cold PBS (1X; 140 mM NaCl, 7.7 mM Na HPO,, 2.7 mM
NaH,PO,, 305 mOsm, pH 7.40). The corneas were gently slit,
and the eyes were fixed in 4% paraformaldehyde in 0.2 M
cacodylate buffer for 30 min at 23 °C. In total, we used 325
adult mice: 200 males and 125 females. There were no age- or
sex-dependent differences in any analysis. Thus, all data were
combined for presentation.
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Affymetrix of bioenergetic metabolism enzymes from the
mouse genome array: Gene expression profiling experiments
and data analysis were performed at the Microarray Core
Facility at Kellogg Eye Center, University of Michigan (Ann
Arbor, MI) essentially as previously described [87]. Briefly,
labeling and hybridization were performed using the reagents,
kits, and protocol provided by Affymetrix, Inc. (Santa
Clara, CA). Two to three microns of total RNA were used to
generate biotin-labeled complementary RNA (cRNA) using
the Affymetrix target labeling kit. Total RNA was reverse-
transcribed using the T7-oligo (dT) promoter primer for the
first-strand cDNA synthesis, followed by the second-strand
cDNA synthesis to make double-stranded cDNA. The double-
stranded cDNA was cleaned using a sample cleanup module
provided with the kit. The cleaned double-stranded cDNA
was used as a template for the in vitro transcription (IVT)
reaction to generate biotin-labeled cRNA. The cRNA was
cleaned using the sample cleanup module, and the cRNA was
quantified. Further, 15 ug of cRNA was fragmented using
fragmentation buffer and stored at —80 °C until further use.
The fragmented cRNA was hybridized onto the Affymetrix,
Inc. Mouse Genome 430 2.0 Arrays for 16 h at 45 °C. After
hybridization, the arrays were washed, stained, and processed
using an Affymetrix Fluidic Station F450 according to the
manufacturer’s instructions and processed for scanning. The
raw probe-level data obtained from the Affymetrix CEL
files were normalized using robust multichip average (RMA)
normalization. The differential mRNA expression (in log2)
levels of isozymes involved in bioenergetic metabolism from
three to four independent biologic replicates was used to
determine the mean =+ standard error of the mean (SEM) for
each isoenzyme. For each gene, we compared the expression
level of different isozymes. Doubling of the mRNA amount
was considered a twofold change.

Antibodies: Table 1 presents the list of commercially avail-
able and validated primary antibodies that were selected for
their ability to selectively label single or multiple isozymes
involved in glycolysis, aerobic glycolysis, the TCA cycle,
OXPHOS, and the ~P transferring kinases. Polyclonal rabbit
antibodies used to characterize the expression of the different
isozymes involved in glycolysis and aerobic glycolysis
included anti-HK-1 and HK-2 antibodies (Cell Signaling
Technology, Inc.; Danvers, MA) that detected a band of
102 kDa in retinal homogenates (data not shown) and are
used to selectively label HK isoforms in cancer cells [88-90],
an anti-PFK-L antibody that detects a single 85 kDa band
(Abgent, San Diego, CA; data not shown) that detects a single
85 kDa band (Sigma, St. Louis, MO; Abcam, Cambridge MA;
and Cell Signaling Technology, Inc.), anti-PK-M1 and PK-M2
antibodies (Sigma, Abcam, and Cell Signaling) that detects
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a 60 kDa band in retinal homogenates (data not shown) and
are used to selectively detect PK-M isoforms in cancer cells
[91,92], and anti-LDH-A (LDH-5) and pan-LDH antibodies
(Abgent) that detect a band at 30-35 kDa (manufacturer
technical information). Antibodies used to characterize
the expression of different enzymes involved in the mito-
chondria-mediated TCA cycle included anti-oxoglutarate/
alpha-ketoglutarate dehydrogenase (OGDH) antibody that
detects a single 125 kDa band in retinal homogenates (data
not shown), the anti-glutaminase (GLS) antibody (Abcam)
that detects a single 78 kDa band in Hela cell extracts (manu-
facturer technical information) and is used to detect GLS in
proliferating cells [93-95], an anti-glutamate dehydrogenase
(GDH) antibody (Novus Biologicals, Littleton, CO) that
detects a single 55 kDa band (manufacturer information), and
an anti-GABA transaminase (GABA-T) antibody that was a
gift from Jang-Yen (John) Wu. Antibodies used to charac-
terize the expression of the different isozymes involved in ~P
transferring kinases included an anti-NDPK rabbit polyclonal
antibody (Abbiotec, San Diego, CA), an anti-AK1 mouse
monoclonal antibody (Abnova, Walnut, CA) that detects a
single 20-25 kDa band in the Hela cell lysate (manufacturer
technical information), an anti-AK2 rabbit polyclonal anti-
body (Abcam) that detects a 26 kDa band in the human T
cell lymphoblast-like cell lysate and is detected in an ovarian
cancer cell line [96], an anti-CK-B rabbit polyclonal antibody
(Abcam) that detects a 43 kDa band, a rabbit polyclonal anti-
body that targets the human CK-M (Bioss, Woburn, MA),
and a goat polyclonal anti-mitochondrial (mi)-CK antibody
(UMtCK: Santa Cruz) that detects a 47 kDa band. An exten-
sive panel of well-characterized primary antibodies directed
against cell- and organelle-specific markers in the retina was
used in the double- and triple-labeling experiments. These
were antibodies for S-and M-opsins, and M-cone arrestin
(M-Car) [97,98]: gifts from Cheryl Craft; vesicular glutamate
transporter 1 (VGLUTI) [99], protein kinase C a (PKCa),
glutamine synthetase (GS), calbindin, choline acetyltrans-
ferase (ChAT), GABA [100], disabled 1 (DABI) [101], CHX10
[102], and GLAST. Primary antibodies previously character-
ized in our studies [9] include anti-COX subunit IV, anti-
pan-plasma membrane calcium ATPase (PMCA), and sarco/
endoplasmic reticulum calcium-ATPase isoform 3 (SERCA
3). We conducted extensive preliminary antibody titration
experiments through a broad range of dilutions (three orders
of magnitude) to determine the optimal working dilution and
to ensure that every antibody used had the appropriate speci-
ficity and penetration. Negative control experiments included
running experiments in the absence of the primary antibody
or secondary antibody.
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IHC and confocal microscopy: Frozen sections of retinas
from four to seven mice from different litters were immuno-
labeled in parallel to ensure identical processing as described
[9,103]. Briefly, sections obtained 200—400 pum from the optic
nerve head were thawed and post-fixed by immersion in 4%
paraformaldehyde for 15 min to improve tissue adherence
to Superfrost slides. Sections were rinsed in nanopure water
(npH,0) and briefly immersed in 1% sodium borohydrate to
reduce autofluorescence. Sections were rinsed with PBS and
incubated for 2 h at 4 °C with a blocking solution containing
10% normal goat serum, 5% bovine serum albumin, 1% fish
gelatin, and 0.3% Triton X-100 in PBS (pH 7.4). Slides were
incubated for 48 h in primary antibodies. Sections were rinsed
three times in PBS and blocked for 30 min at 23 °C. Dilutions
of Alexa Fluor 488-, 555-, and 647-conjugated secondary
antibodies (Life Technologies, Carlsbad CA) were applied
and incubated for 1 h in the dark at 23 °C. For the double- and
triple-labeling experiments, primary or secondary antibodies
from different hosts were applied simultaneously. After incu-
bation with secondary antibodies, the sections were rinsed
in PBS and npH,O. Slides were dried and coverslipped with
Vectashield antifade mounting medium (Vector Laboratories,
Burlingame, CA).

Confocal images were acquired using a Leica TCS
SP2 (Leica Microsystems, Exton, PA) as described [9,103].
Stacks of images from different Z-planes were obtained using
identical exposure (non-saturating conditions) and scanning
parameters. Confocal images were imported into Adobe
Photoshop CS software (Adobe Systems, Inc., Mountain
View, CA) for identical and minimal processing. The results
shown are representative images from three to six separate
immunolabeling experiments from three to five different
mouse retinas, each from a different litter. “Colabeled” was
assigned to images that showed significant fluorescent pixel
overlapping, and “adjacent labeling” was assigned to images
when close proximity in labels was seen, but significant pixel
overlapping was not detected with 63X and 100X objectives.
Immunolabeling intensity was assessed by three blinded
viewers who examined a minimum of five coded confocal
images per retina and ranked the immunolabeling intensity
on a relative 5-point scale as previously described [9]: intense
(++++), strong (+++), moderate (++), weak (+), or absent (0).
The combined results had 90-95% concordance between the
viewers and are presented in Appendix 1.

Histochemical analysis of LDH and COX activity: Eyes from
60-day-old mice were enucleated and fixed for 1 h in ice-
cold 4% paraformaldehyde containing 4% sucrose in 0.1 M
cacodylate buffer (pH 7.4). Fixed eyes were washed three
times with a PBS/4% sucrose buffer for 10 min at 4 °C and

© 2016 Molecular Vision

then successively incubated in 10% and 20% sucrose solu-
tions for 2 h at 4 °C. Eyes were cryoprotected in 30% sucrose
overnight, embedded in ocular freezing media, and frozen
in liquid nitrogen. The localization of LDH staining was
determined using a modified brain or kidney histochemistry
assays that previously used a super-saturating concentration
of 100 mM lactate [37,104]. Adjacent frozen vertical sections
(20 pm) were incubated for 5 min at 37 °C in a reaction
medium containing 0.3 mg phenazine methosulfate (Sigma),
10% w/v polyvinyl alcohol (PVA-50; Sigma), 0.3 mg nico-
tinamide adenine dinucleotide (NAD* sodium salt; Sigma),
0.818 mg/ml nitroblue tetrazolium chloride (Sigma), and
10 mM potassium cyanide in 10 ml of 50 mM Tris buffer (pH
7.4) with 1 mM (the physiologic level in the blood and brain
[105]), 5 mM or 10 mM sodium DL-lactate (Sigma). Nega-
tive control slides, which were processed simultaneously,
were performed by the removal of lactate and/or NAD" or
the inclusion of oxalate (10 mM): a non-competitive inhibitor
of LDH [106]. Competitive inhibition of LDH activity was
conducted using pyruvate [107] at 5, 10, or 20 mM. Sections
were rinsed in PBS, dried, counterstained with cresyl violet
to assess the tissue as well as cellular and layer localiza-
tion, and coverslipped with Permount. The localization of
the COX staining was determined using a histochemistry
assay, essentially as described [38]. Frozen vertical sections
(20 um) from four to seven mice from different litters were
incubated for 1 h at 37 °C in a reaction medium containing
5 mg diaminobenzidine (Sigma), 3 mg of cytochrome C type
III (Sigma), 200 pg/ml catalase (Sigma), and 4% sucrose in
10 ml 0.1 M PBS (pH 7.4). To enhance the DAB staining,
1% nickel ammonium sulfate and 1% cobalt chloride were
included in the reaction medium. Negative control slides,
which were processed simultaneously, were performed by the
removal of cytochrome C or inhibition of COX by buffered
5 mM potassium cyanide.

Quantitative densitometry: For LDH and COX densitometry,
four sections per retina from non-adjacent central retinal
sections from four to seven mice were obtained, imaged,
and quantified. Images were acquired with a Leica DM2500
microscope under identical exposure and magnification
conditions. For optical densitometry (OD) analysis, the
images were saved as uncompressed TIFF files and imported
into NIH Image-J. Six readings from a region of interest
(ROI), obtained with an elliptical marquee, were acquired
from each retinal section. The ROI OD values were acquired
using the uncalibrated OD function. A mean OD value from
the ROI readings from each retinal layer was obtained, and a
combined mean + SEM value was calculated for each layer.
For LDH, a two-way ANOVA (layer and concentration) and
the least significant difference post-hoc test determined
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layer and concentration-dependent differences. For COX, a
one-way ANOVA compared the photoreceptor layer to all
other retinal layers. A p value of less than 0.05 was consid-
ered statistically significant.

RESULTS

Analysis of differential mRNA expression of isozymes of
bioenergetic metabolism: The Affymetrix microarray
data analyses revealed the differential gene expression of
the muscle, liver, and brain isozymes for three glycolytic
enzymes (HK, PFK, and PK), LDH, COX IV, NDPK, AK,
and CK in adult light-adapted mouse retinas (Figure 1). Figure
1A shows that the gene expression of Hkl and Hk2 was more
than twofold higher compared to Hk3 and Gck. Gene expres-
sion of the Pfk isoforms /, m, and p was detected at similar
levels. Pkm was expressed approximately threefold higher
than Pklr. Ldha and Ldhb were expressed approximately
threefold higher than Ldhc and Ldhd. The gene expression
of Cox4il was approximately threefold higher than that of
COX4i2. There were seven Nme genes (NDPK), five genes
of different isoforms of Ak, and four Ck genes expressed
in the retina (Figure 1B). The gene expression of isozymes
Nmel and Nme2 was higher than that for Nme3—7. The gene
expression of the Ak isoforms was similar. The gene expres-
sion of Ckb was at least twofold higher than that of Ckm,
whereas the Ck-mt¢l gene expression was at least twofold
higher than that of CK-m¢2. These Affymetrix results are
consistent with our differential gene expression results using
RNA sequencing (Rueda et al., manuscript in preparation).
The Affymetrix gene profiles revealed that the whole retina
has metabolic characteristics of the muscle, liver, and brain.
Most importantly, these results provided baseline information
that enabled us to choose relevant antibodies for the cellular
and compartmental IHC and confocal microscopy studies.

Immunolabeling of rod and cone photoreceptor compart-
ments: One of our central goals was to determine the protein
expression and activity of key synthesizing and regulating
enzymes of energy metabolism in retinal compartments
and cells. Lowry et al.’s rat retinal enzymology studies
[12], as well as Reidel et al.’s proteomic studies [16], used
anatomic layer-by-layer sectioning techniques to identify
selected energy-related enzymes. Although highly informa-
tive, these studies were confounded due to the overlap of the
cone outer segments (COSs) in the rod inner segment (RIS)
layer as well as the neuronal-MGC overlap. Figure 2 was
constructed to address this important and relevant issue. As
shown in the electron micrograph adapted from Johnson et
al. [9] (Figure 2A), the longer and thicker rod outer segments
(ROSs) make up most of the outer segment (OS) layer of the
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mouse retina, whereas the shorter COSs are located in the
distal region of the inner segment (IS) layer adjacent to the
rod inner segments (RISs; Figure 2A: white arrows). The
Nrl-GFP retinas were used to distinguish the distribution
of the immunolabels in rod and cone photoreceptors. In the
Nril-GFP mice retinas [85], the ROSs, RISs, rod somas, and
spherules are fluorescent (Figure 2B). COX IV immunoreac-
tivity (IR) in the Nr/-GFP retinas (Figure 2C) illustrates the
location of mitochondria in the IS ellipsoid region and the
distal perinuclear region of the cone somas (Figure 2C: white
arrowheads) as we described [9]. The COSs were labeled with
an antibody against M- and S-opsins that revealed the loca-
tion of the COSs in close proximity to the RISs (Figure 2D).
Double-labeling retinas with COX IV and M-CAr confirmed
the close proximity of the COSs to the RISs and showed the
COX-IV-IR perinuclear mitochondria (Figure 2E: white
arrows) we previously described [9].

HK-1 and HK-2 have differential compartmental and laminar
expression: As the relative gene expression of Hkl and Hk2
was two- to threefold higher compared to that of Hk3 and
Gck (Figure 1A), we determined the distribution and relative
intensity of HK-1-IR and HK-2-IR (Figure 3; Appendix 1).
HK-1-IR was moderate to strong in the ISs and the distal parts
of the inner nuclear layer (INL; Figure 3A), whereas HK-2-IR
was intense in the ISs and the OPL and moderate to strong
in the inner plexiform layer (IPL; Figure 3E). HK-1-IR and
HK-2-IR were weak in the ganglion cell layer (GCL; Figure
3A,E). Double-labeling of HK-1 (Figure 3B) or HK-2 with
VGLUT]I (Figure 3F) showed higher expression of HK-2 in
the spherules and pedicles compared to HK-1. These results
are consistent with those from the rat retina proteomic study
[16]. We characterized HK-1 and HK-2 further in all retinal
layers. The colabeling of HK-1 with PKCa (Figure 3C) and
HK-2 with PKCa (Figure 3G) indicate strong expression
of HK-1 in the rod BC dendrites and somas but only weak
or no HK-2 expression in the rod BC dendrites and somas.
There was weak or no HK-2-IR in the calbindin-IR HC
somas and weak to moderate colabeling in the HC processes
(Figure 3H: white arrows). HK-1-IR and HK-2-IR were not
detected in MGCs (Figure 3D,E). The HK isozyme distribu-
tion revealed that retinal neurons phosphorylate significantly
greater amounts of glucose than MGCs. The distribution of
HK-2 in the photoreceptor compartments was characterized,
at higher resolution, in the Nr/-GFP retinas (Figure 31-K).
HK-2-IR was distributed in the ellipsoid, myoid, and synaptic
terminals of the rods (Figure 3I) and cones (Figure 31: black
arrows on the ISs). A closer examination showed HK-2-IR in
selective regions of the cone photoreceptor somas (Figure 3K:
white arrowheads on the location of the mitochondria [9]).
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Figure 1. Differential mean + SEM
mRNA expression of metabolism-
related genes in mature mouse
retina. A doubling of the amount
of mRNA is considered a twofold
change. A: HkI and Hk2 showed
greater than twofold higher expres-
sion when compared to Hk3 and
glucokinase (Gk). Isoforms I,
m and p of Pfk showed similar
levels of expression. Pkm showed
greater than twofold higher
expression compared to isoforms
Pklr. To enhance readability, the
protein isoform number appears
under the gene name of each Ldh
isoform. Ldh isoforms a (LDH-5,
skeletal muscle) and b (LDH-1,
heart) showed greater than twofold
higher expression compared to the
isoforms ¢ (LDH-3) and d (LDH-
4). Cox4i isoform [ is expressed
greater than twofold higher than
Cox4i2. B: Several Nme isoforms
are expressed in the retina, with
Nmel and Nme?2 showing the
highest relative expression. Genes
of isoforms /-3 and 5 of 4k showed
similar expression. Ckb showed
greater than twofold higher expres-
sion compared to Ckm, and CK-mtl
showed greater than twofold higher
expression compared to Ck-mi2.
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To determine the association of HK-2 with mitochondria,
we double-labeled retinas with HK-2 and COX IV (Figure 4).
The distribution of HK-2 in the mitochondria-rich regions of
the ONL, OPL, and IPL has not been reported. In the photo-
receptor somas and the perinuclear mitochondria of cones,
HK-2-IR and COX IV-IR were in close proximity (Figure
4A—C). HK-2-IR also was in close proximity to COX IV-IR
in the photoreceptor synaptic terminals (Figure 4E). Using
anti-pan PMCA, we detected HK-2-1R in the spherules and
pedicles (Figure 4F), as PMCA is differentially expressed
in both photoreceptor terminals [108,109], albeit more
predominantly in spherules [9]. Strong COX IV-IR also was
observed in the postsynaptic region of the OPL (Figure 4G).
Glutamine/glutamate can serve as an accessory substrate for
OXPHOS [110]. To determine the glutamine metabolism of
BC dendrites, we examined the distribution of glutaminase
(GLS). GLS-IR was weak in the photoreceptor terminals
(Figure 4H) and intense in the rod BC dendrites and somas
(Figure 41). The retinal HK-2 expression pattern we observed
is similar to the HK activity profile found in the monkey
retina [12].

© 2016 Molecular Vision

PFK-LI-IR is differentially expressed in the retina: Pfkl:
Pfkm, and Pfkp are expressed at similar levels in the adult
mouse retina (Figure 1A). As the liver isozyme, PFK-L1, is
a key regulatory enzyme in glycolysis and is allosterically
inhibited by ATP [111], we determined the relative retinal
distribution and expression of PFK-L1 (Figure 5; Appendix
1). Although PFK-LI-IR was ubiquitous, different levels of
PFK-L1-IR were detected in all retinal layers (Figure 5A). The
ROSs and the COSs exhibited weak and moderate PFK-LI1-IR,
respectively. The weak to moderate PFK-L1-IR observed in
the OSs and the intense PFK-L1-IR in the OPL and the inner
retina (Figure 5A) is consistent with the PFK activity profile
in the monkey retina: lowest in the OSs and highest in the
OPL [12]. This suggests that the expression level of PFK
may control PFK activity. Double-labeling experiments with
PFK-LI and VGLUT!1 showed intense PFK-L1-IR in the OPL
and the IPL (Figure 5B). PFK-L1-IR was most intense in the
presynaptic region of the OPL compared to the postsynaptic
region (Figure 5B,C). The PFK-L1-IR in the inner retina was
intense in the GCL (Figure 5A). Double-labeling experiments
with PFK-L1 and COX IV showed that PFK-LI-IR was simi-
larly strong in the RIS and CIS myoid and ellipsoid regions
(Figure 5C).

Figure 2. The relative location of the rod and cone outer segments, and myoid and ellipsoid regions of inner segments in the adult mouse
retina are presented: electron and confocal microscopy images. Note that the cone OSs are located in the same layer as the rod inner segments
(RISs). A: Low-magnification electron micrograph of a longitudinal section of the entire photoreceptor layer. Note the presence of cone OSs
in the rod IS layer (white arrows) and the perinuclear mitochondria of the cones (white arrowheads). B: All compartments of the rods in the
neural retina leucine zipper—green fluorescent protein (Nr/-GFP) transgenic mouse are fluorescent for GFP. C: Cytochrome oxidase subunit
IV (COX IV) immunoreactivity (IR) colocalizes in the mitochondria-rich rod IS ellipsoid region and the OPL of Nr/-GFP transgenic mice
(yellow-orange pixels). White arrowheads identify the cone perinuclear mitochondria. D: High-magnification image of Nr/-GFP transgenic
mouse retina shows cone S-opsin-IR in the rod IS layer. E: High magnification of a retina double-labeled with COX IV and cone arrestin
(M-CAr) shows cones (green pixels) in the rod IS ellipsoid region. White arrowheads identify the colabeled cone perinuclear mitochondria.
A, scale bar = 10 pm. B and C, scale bar = 40 um. D and E, scale bar =20 pm. ELM = external limiting membrane, ellip = ellipsoid, ISs =
inner segments, myo = myoid, ONL = outer nuclear layer, OPL = outer plexiform layer, OSs = outer segments.
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PK-M1 and PK-M2 have differential compartmental and
laminar expression: Pkm is expressed approximately three-
fold higher than Pklr (Figure 1A). The distribution and rela-
tive intensity of PK-MI1-IR and PK-M2-IR were determined
(Figure 6; Appendix 1). Differential laminar intensity of
PK-MI1-IR was observed in all retinal layers (Figure 6A)
consistent with previous studies [30,55]. We further charac-
terized PK-M1 and PK-M2 in each retinal layer. The Nri-GFP

© 2016 Molecular Vision

and calbindin (Figure 6H) indicated weak expression of
PK-M1 in the BC dendrites and somas and the HC processes
(Figure 6H: arrowheads) and no expression in the HC somas.
PK-M1-IR was intense in the proximal INL and the IPL and
strong in the GCL (Figure 6A,F—H). Our double-labeling
experiments with PK-M1 and GS showed no PK-M1 expres-
sion in the MGCs (data not shown), consistent with Lindsay
et al.’s experiments [30].

retinas double-labeled with COX IV and PK-M1 showed
weak and moderate ROSs and COSs, respectively. Intense
PK-MI-IR was observed in the rod ellipsoids and myoids
(Figure 6B—E) and the photoreceptor synaptic terminals
(Figure 6A,F). Double-labeling experiments with PK-M1 and
PKCa (Figure 6G) and triple-labeling with PK-M1, CHX10,

We used an Abcam anti-PK-M2 that recognizes a longer
epitope region in the amino acid sequence of PK-M2 than the
Novus or Cell Signaling antibodies, used by other investiga-
tors [30,55] and us (Appendix 2), and thus produces greater
specificity. PK-M2-IR was observed in the photoreceptors

Figure 3. Confocal images reveal that two different isozymes of hexokinase, HK-1 and HK-2, have distinct compartmental and laminar
distribution in the adult mouse retina. A: The anti-HK-1 antibody selectively and strongly labels the INL. B: High magnification of the OPL
from retinas double-labeled for HK-1 and vesicular glutamate transporter 1 (VGLUT1) show no colocalization. C: A high-magnification
image of the OPL from retinas double-labeled for HK-1 and protein kinase C alpha (PKCa) shows strong colocalization. D: Retinas double-
labeled for HK-1 and glutamine synthetase (GS) show weak colocalization in the MGC somas. E: The anti-HK-2 antibody differentially
labels the outer and inner retina. The anti-HK-2 antibody intensely labels the ISs and the OPL. F: A high-magnification image of the OPL
double-labeled for HK-2 and VGLUT]1 shows colocalization. G: HK-2 and PKCa do not colocalize. H: HK-2 and calbindin colocalize in
horizontal cell axonal processes with rod terminals (white arrows) and in dendritic processes with cone terminals (white arrowheads). I:
The outer retina of the neural retina leucine zipper—green fluorescent protein (Nr/-GFP) transgenic mice (pseudocolored in red) labeled for
HK-2 shows colocalization in the rod IS and spherules (yellow-orange pixels) and HK-2 expression in the cone OSs and ISs (green pixels:
black arrows) and pedicles (green pixels). J: High-magnification image of the OS-IS from Nr/-GFP transgenic mice (pseudocolored in red).
K: High-magnification image of Nr/-GFP retina colabeled for HK-2 shows colocalization in the rod ISs and spherules (yellow-orange pixels)
and localization of HK-2 in the cone OSs and ISs (green pixels) and somas in the ONL (green pixels: white arrowheads). GCL = ganglion
cell layer, INL = inner nuclear layer, IPL = inner plexiform layer, IPL-a = IPL sublamina-a, IPL-b = sublamina-b, ISs = inner segments,
ONL = outer nuclear layer, OPL = outer plexiform layer, OSs = outer segments. A, D, E, and I, scale bar = 40 um. B—C and F-H, scale bar
=20 pm. J and K, the scale bar = 10 pm.
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Figure 4. Confocal images reveal that photoreceptors intensely express HK-2 in the IS and the ONL compartments with mitochondria. A—C:
High magnification images of the IS ellipsoid and myoid regions and the distal ONL immunolabeled for (A) HK-2, (B) COX IV, and (C)
HK-2 and COX IV. Colocalization in the ellipsoids of the rods and cones and in the cone perinuclear mitochondria (white arrowheads) is
visible (yellow-orange pixels). D—F: High-magnification images of the OPL immunolabeled for (D) HK-2, (E) HK-2 and COX 1V, and (F)
HK-2 and pan-plasma membrane Ca*" ATPase (pan-PMCA). Colocalization is visible in the rod spherules (yellow-orange pixels) and the
larger cone pedicles (green pixels: white arrows). High-magnification images of the OPL immunolabeled for (G) COX IV and VGLUT]I, (H)
GLS and VGLUTI, (I) and GLS and PKCa. Colocalization of GLS and PKCa is visible in the dendrites and somas of the rod bipolar cells
(yellow-orange pixels). COX IV = cytochrome ¢ oxidase subunit IV, ellip = ellipsoid, INL = inner nuclear layer, ISs = inner segments, myo
=myoid, ONL = outer nuclear layer , OPL = outer plexiform layer, GLS = glutaminase, PKCa = protein kinase C a , VGLUT1 = vesicular
glutamate transporter 1. A—C, scale bar = 10 um. D—G, scale bar =20 pm. H and I, scale bar =40 pm.

PFK-L1 &

Figure 5. Confocal images reveal that PFK-L1 is expressed in all retinal cells and synapses. A: Retina immunolabeled for phosphofructo-
kinase isoform L1 (PFK-L1). B: Retinas double-labeled for PFK-L1 and VGLUT1 show colocalization in the OPL and the IPL (aquamarine
pixels). C: Retinas double-labeled for PFK-L1 and COX IV show intense colocalization in the IS and the OPL regions. High-magnification
insets of highlighted cone shows single- and double-labeled colocalization in the OS, IS, and ONL of the perinuclear mitochondrion. COX
IV = cytochrome ¢ oxidase subunit IV, ISs = inner segments, IPL = inner plexiform layer, IPL-a = IPL sublamina-a, IPL-b = sublamina-b,
ONL = outer nuclear layer, OPL = outer plexiform layer, OSs = outer segments, VGLUT1 = vesicular glutamate transporter 1. A and B,
scale bar =40 um. C, scale bar =20 pm.
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Figure 6. Confocal images show that two functionally distinct isozymes of pyruvate kinase M (PK-M1 and PK-M2) are differentially
expressed throughout the adult retina. A: PK-M1 is expressed in all retinal neurons and synapses. B: High-magnification image of the outer
retina immunolabeled for PK-M1. C: PK-M1 and COX IV colocalize (yellow-orange pixels) in the rod and cone IS and in cone perinuclear
mitochondria (white arrowheads). D: High-magnification image of the outer retina from neural retina leucine zipper—green fluorescent
protein (Nri-GFP) transgenic mice (pseudocolored in red). E: PK-M1 is expressed in the rods (yellow-orange pixels: colabeled with Nrl-GFP)
and cones (green only pixels). F: PK-M1 and VGLUT] colocalized in the OPL and the IPL (aquamarine pixels). G: PK-M1 weakly colocalized
in PKCa-IR rod bipolar cell dendrites and somas but colocalized in the rod bipolar cell axon terminals in the IPL-b (yellow-orange pixels).
H: Retina triple-labeled for PK-M1, calbindin, and CHX10. PK-M1 and calbindin colocalize in horizontal cell axons in the rods (white
arrowheads) and in dendrites in the cones (white arrows) but minimally in the somas. CHX10-IR bipolar cells weakly express PK-MI. I:
PK-M2 is expressed in the OPL and the IPL. J: High-magnification image shows colocalization of PK-M2 and VGLUT]1 throughout the OPL.
K: High-magnification image only shows weak colocalization of PK-M2 and calbindin in horizontal cell processes. L: High-magnification
image shows colocalization of PK-M2 and PKCa in the rod bipolar cell dendrites (yellow pixels: white arrows). L: High magnification of
the OPL of a retina double-labeled for PK-M2 and VGLUT1. M: PK-M2 colocalized in the PKCa-IR rod bipolar cell dendrites and axon
terminals (yellow-orange pixels) but not in the somas. COX IV = cytochrome ¢ oxidase subunit IV, IPL = inner plexiform layer, IPL-a = IPL
sublamina-a, IPL-b = sublamina-b, ISs = inner segments, ONL = outer nuclear layer, OPL = outer plexiform layer, OSs = outer segments,
PKCa-IR = protein kinase C o immunoreactivity, VGLUT1 = vesicular glutamate transporter 1. A, F—G, and I, scale bars = 40 um. B-E,
H, and J-M, scale bars = 20 um.
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and the IPL (Figure 61). PK-M2-IR was intense in the OPL
and moderate to strong in the IPL (Figure 6I). To explore OPL
labeling further, we double-labeled with VGLUT1 (Figure
6J), calbindin (Figure 6K), or PKCa (Figure 6L). Retinas
double-labeled with PK-M2 and VGLUT] (Figure 6J) showed
colocalization. The HC somas and processes exhibited no or
weak PK-M2-IR, respectively (Figure 6K). Double-labeling
of PK-M2 with PKCa (Figure 6L,M) showed weak PK-M2-IR
in the BC dendrites but strong PK-M2-IR in the BC synaptic
terminals in the proximal IPL-b. The selective and moderate
to intense expression of PK-M2 in the OPL and the IPL-b
suggests differential regulation of glycolysis in these gluta-
matergic synaptic terminals.

LDH isoforms are differentially expressed in photoreceptor
compartments and the inner retina: The microarray data
indicate that the retina expresses high levels of Ldha and
Ldhb and lower levels of Ldhc and Ldhd mRNA (Figure 1A).
To determine the laminar and compartment distribution and
expression levels of LDH, we immunolabeled retinas with a
pan-antibody for LDH or an antibody selective for LDH-5
(Ldha). The antibodies for LDH-pan and LDH-5 used in this
study recognized all isoforms that contain the M-subunit.
Although LDH-5 is the most abundant LDH isozyme found
in adult mouse retinal homogenates (~75% of LDH), LDH
isozymes 2—4 also contain M subunits and were detected in
much lower amounts [112,113]. The pan-LDH-IR (Figure 7A)
and LDH-5-IR (Figure 7D) patterns of labeling and intensity
were similar (Appendix 1). Strong to intense pan-LDH-IR and
LDH-5-IR were observed in the photoreceptor compartments,
except in the OSs where LDH-IR and LDH-5-IR were weak
(Figure 7A,D). Double-labeling experiments with pan-LDH
or LDH-5 and VGLUT1 showed colocalization in the OPL,
but only weak colocalization in the IPL (Figure 7B,E). This
finding suggests a low capacity for lactate metabolism in
the IPL although the IPL expresses several MCT isoforms
(Appendix 3). The MGCs exhibited no significant LDH-IR,
except the external limiting membrane (ELM; Figure 7C).
Double-labeling with LDH-5 and COX IV showed colocal-
ization in the RISs, CISs (inset), OPL, and IPL (Figure 7F).
The double-labeling experiments with LDH-5 and calbindin
(Figure 7G), CHX10 (Figure 7H), and PKCa (Figure 71)
revealed no expression of LDH-5 in the HCs or in the BC
dendrites and only weak to moderate LDH-5 expression in
the rod BC somas. The GCL showed strong to intense pan-
LDH-IR and moderate to strong LDH-5-IR (Figure 7A,D).
The whole retinal mRNA amount and cellular distribution
of LDH-5 we found are consistent with recent findings in
the adult rat [55] and support the well-described capacity of
photoreceptors for aerobic glycolysis [3,19,114-116].
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LDH and COX activities vary in different layers of the
mouse retina: To examine layer-by-layer LDH activity,
we modified existing LDH histochemistry procedures and
determined LDH activity in light-adapted mouse retinas
(Figure 8). The level of LDH activity per layer, reflected by
staining intensity, was dependent on the lactate substrate
concentration, which has not previously been published for
any tissue. We observed intense LDH activity in the ISs and
the ELM at a physiologically relevant concentration of 1 mM
lactate (Figure 8B). With 5 and 10 mM lactate, the ONL,
OPL, and INL exhibited increased LDH activity (Figure
8C-D). As the Michacelis constant values of the substrate
for LDH-5 are greater than those for the LDH isozymes 2—4
[33,34,36,117], these results indicate that the ONL, OPL, and
INL express less LDH-5 and therefore have less LDH activity
than the photoreceptors, which is consistent with the ITHC
data (Figure 7; Appendix 1). Interestingly, it appears that
the cone ISs have lower LDH activity than the rod ISs as
the LDH intensity noticeably increased in the cone ISs with
increased lactate concentrations. Moreover, LDH-5 is more
resistant to competitive inhibition by pyruvate compared to
other LDH isoforms [36]. Therefore, we determined LDH-5
activity following the addition of pyruvate to the incubation
media (Figure 8E—G). We observed persistent LDH activity
in the ISs and decreased LDH in the other retinal layers after
1 or 5 mM pyruvate was added and therefore concluded that
LDH-5 was the predominant isoform expressed in the ISs.
Retinas incubated with 5 mM lactate and 5 mM pyruvate
(Figure 8D,G) or 10 mM lactate and 5 mM pyruvate (Figure
8D,H) exhibited similar patterns of competitive inhibition,
further validating our conclusion.

To determine the retinal layers with high COX activity,
we quantified the COX histochemical reactivity in the light-
adapted mouse retina (Figure 9). Similar to COX activity in
the monkey retina [8], the mouse photoreceptor ISs exhibited
the highest COX activity. Several perinuclear cone and rod
mitochondria located in the distal and proximal regions of the
ONL also showed strong COX activity. The proximal OPL
and the distal INL were highly reactive for COX. Weak COX
activity was observed throughout the middle and proximal
INL. The IPL sublamina-a (IPL-a) and sublamina-b (IPL-b)
showed similar high COX activity. The GCL showed high
COX activity in the perinuclear mitochondria. The MGC
external limiting membrane (elm) exhibited minimal COX
activity, whereas the end-feet exhibited weak to moderate
activity. The COX histochemical activity pattern (Figure 9) is
consistent with our current IHC results (Figure 5; Appendix
1) and our previous COX IV-IR study [9] and supports the
well-described retinal oxygen consumption [6,7] and oxygen
tension [4,5] patterns in the rat, mouse, and monkey.
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pan-LDH &

IPL-a
IPL-b

GCL/Mef

Figure 7. Confocal images show that pan-LDH and LDH isozyme 5 (LDH-5: liver and muscle type) are expressed in almost all retinal cells
and synapses. A: Retina immunolabeled for pan-LDH. B: Retinas double-labeled for pan-LDH and VGLUT1 show colocalization in the OPL
and the IPL (aquamarine pixels). C: Retinas double-labeled for pan-LDH and glutamine synthetase (GS) show weak colocalization in the
MGC somas and ELM. D: Retina immunolabeled for LDH-5. E: Retinas double-labeled for LDH-5 and VGLUT]1 show colocalization in the
OPL and the IPL (aquamarine pixels). F: Retinas double-labeled for LDH-5 and COX IV show collocation in the ISs, OPL, and IPL. Inset:
Single and double-labeled cone ISs from a high-magnification image revealing colocalization in the ISs. G: High-magnification image of a
retina double-labeled for LDH-5 and calbindin shows no colocalization. H: High-magnification image of a retina double-labeled for LDH-5
and CHX10 reveals differential colocalization. I: High-magnification image of a retina double-labeled for LDH-5 and PKCa shows colocal-
ization in the somas but not in the dendrites. COX IV = cytochrome ¢ oxidase subunit [V, ELM = external limiting membrane, IPL = inner
plexiform layer, I[PL-a = IPL sublamina-a, IPL-b = IPL sublamina-b, ISs = inner segments, LDH = lactate dehydrogenase, MGC = Miiller
glial cell, ONL = outer nuclear layer, OPL = outer plexiform layer, OSs = outer segments, PKCa-IR = protein kinase C a immunoreactivity,
VGLUT]I = vesicular glutamate transporter 1. A—F, scale bar =40 pm. G-I, scale bar = 20 pm.

The mitochondrial enzymes GDHI, GABA-T, OGDH, and
STK are differentially and highly expressed in photoreceptor
mitochondria and the inner retina: Our previous work
[9] characterized the distribution of retinal mitochondria
using an antibody to COX IV, the well-accepted marker of
mitochondria [8-10]. To further examine this question, we
employed a panel of different mitochondrial enzyme markers.
We immunolabeled the retina with anti-GDHI1, -GABA-T,
-OGDH, or -STK. The first two enzymes are involved in

amino acid metabolism, and the latter two are part of the
TCA cycle (Figure 10; Appendix 1). The expression of all four
enzymes was intense in the rod and cone ISs and synaptic
terminals and strong to intense in the ELM, IPL, GCL, and
MGC end-feet. In the ONL, COX IV-IR (Figure 4C, Figure
5C, and Figure 7F [9]) and COX activity (Figure 9) were
seen only in the cone somas and the proximal rod somas,
and oxygen consumption was low [4,5]. The absence of COX
labeling and activity in the ONL suggests that mitochondria
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Figure 8. LDH histochemistry of the light-adapted mouse retina. Different concentrations of sodium DL-lactate showed selective activity of
lactate dehydrogenase (LDH) in the ISs. A: Retinas incubated in the absence of the sodium DL-lactate. No LDH reactivity is observed. B:
Retinas incubated with 1 mM sodium DL-lactate show LDH activity in the IS. C: Retinas incubated in 5 mM sodium DL-lactate show high
LDH activity in the ISs and low LDH activity in the OPL. D: Retinas incubated in 10 mM sodium DL-lactate show intense LDH activity
in the IS and strong LDH activity in the OPL, INL, and GCL. E: Retinas incubated in the absence of sodium DL-lactate and 1 mM sodium
pyruvate. F and G: Retinas incubated with equimolar concentrations of sodium DL-lactate and sodium pyruvate show selective LDH activity
in the ISs. H: Retinas incubated with 10 mM sodium DL-lactate and 5 mM sodium pyruvate show reduced activity of LDH in most retinal
layers except the ISs. I: LDH activity in different retinal layers presented as mean = SEM of relative optical density. The LDH activity in ISs
was significantly greater at each concentration of lactate relative to the other retinal layers as indicated by asterisks (p<0.05). Bars for each
retinal layer that share the same letter (a, b, c, or d) exhibit significant concentration-dependent increases in LDH activity with increasing
concentration of lactate (p<0.05). GCL = ganglion cell layer, INL = inner nuclear layer, IPL = inner plexiform layer, ISs = inner segments,
NFL = nerve fiber layer, ONL = outer nuclear layer, OPL = outer plexiform layer. Scale bar = 20 pm.
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are not present there. However, we found the expression of
GABA-T (Figure 10A), GDH1 (Figure 10C), and OGDH
(Figure 10E) in the ONL is punctate and strong to intense,
whereas the expression of STK (Figure 10F) is moderate
and more like that of COX IV-IR (Figure 4 and Figure 5)
[9]). This is consistent with THC results in the adult rat ONL,
which showed sparse GABA-T staining in the ONL [118].

The mitochondrial enzymes GDHI-, GABA-T-, OGDH, and
STK are differentially expressed in MGCs: Mitochondria in
MGC:s exhibit relatively weak COX I'V-IR (Figure 4, Figure
5, and Figure 7) and minimal COX activity (Figure 9). The
low COX expression and activity in MGCs suggest that their
mitochondria maintain minimal OXPHOS capacity. Cultured
MGCs showed significant metabolism of amino acids and
recycling of metabolic intermediates [30]. To examine
further the expression of mitochondrial markers in MGCs,
we colabeled with anti-GDH1, -GABA-T, -OGDH or -STK,
and GLAST (Figure 10; Appendix 1). The double-labeling
experiments with GDH1 or GABA-T and GLAST showed
strong to intense GDHI-IR or GABA-T-IR throughout the

© 2016 Molecular Vision

MGCs (Figure 10B,D, respectively). Strong to intense
GDHI1-IR and GABA-T-IR were observed in the MGC ELM,
distal and proximal processes, OPL, somas, and end-feet
(Appendix 1). The pattern of OGDH-IR (Figure 10F) and
STK-IR in the MGCs (Figure 10H) was different from that
of GDHI1 or GABA-T. OGDH-IR and STK-IR were strong
in the MGC ELM and moderate to strong in the distal and
proximal processes, OPL, somas, and end-feet (Appendix 1).
Together, the low expression of COX 1V, low COX activity,
and higher expression of GDH1, GABA-T, OGDH, and STK
in the MGCs indicate that low OXPHOS flux and higher
glutamate metabolism occur in MGC mitochondria compared
to neuronal mitochondria. Moreover, the presence of GLAST,
GDH1, OGDH, and STK in the MGCs indicates that they
utilize glutamine and glutamate to generate GTP via the TCA
cycle under normal physiologic conditions: discussed in detail
below. It is also possible that the MGCs use these and other
amino acids under pathophysiological conditions [119].

NDPK is ubiquitously expressed in the mouse retina: Gene
expression for Nmel (NDPK-A) and Nem?2 (NDPK-B)
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Figure 9. COX activity in the light-adapted mouse retina is compartmentalized. A: The y-axis shows the retinal layers. There was no
detectable cytochrome oxidase (COX) activity in the photoreceptor OSs. COX activity was strongest in the photoreceptor ISs, OPL, and
outermost region of the INL. Moderate reactivity is localized in the proximal INL. The IPL-a is more reactive compared to the IPL-b. The
GCL shows strong COX reactivity localized to the mitochondria near the somas and is more reactive in some retinal ganglion cells than
others. The NFL/MGC end-feet was less reactive compared to the rest of the reactive layers. B: COX activity in different retinal layers
presented as mean + SEM of relative optical density. The COX activity in ISs is significantly greater than that in all other retinal layers as
indicated by asterisk (p<0.05). GCL = ganglion cell layer, INL = inner nuclear layer, IPL-a = IPL sublamina-a, IPL-b = IPL sublamina-b,
ISs = inner segments, MGC = Miiller glial cell, NFL = nerve fiber layer, ONL = outer nuclear layer, OPL = outer plexiform layer, OSs =
outer segments. A, scale bar = 20 uM.
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Figure 10. Confocal images reveal
a unique metabolic signature
of Miiller cell mitochondria. A:
Retinas immunolabeled for gluta-
mate dehydrogenase 1 (GDHI1)
reveal intense expression in rod
and cone ISs and synaptic termi-
nals, and a strong to intense in the
ELM, IPL, GCL, and MGC end-
feet. The expression in the ONL is
punctate and strong to intense. B:
Strong to intense colocalization of
GDHI1-IR and glial high-affinity
glutamate-aspartate transporter
(GLAST-IR) is seen throughout the
MGC:s. C: Retinas immunolabeled
for GABA-transaminase (GABA-T)
reveal an intense expression in rod
and cone ISs and synaptic termi-
nals, and a strong to intense in the
ELM, IPL, GCL, and MGC end-
feet. The expression in the ONL is
punctate and strong to intense. D:
Strong to intense colocalization of
GABA-T-IR and GLAST-IR is seen
throughout the MGCs. E: Retinas
immunolabeled for the lipoamide
subunit of the 2-oxoglutarate
(o-ketoglutarate) dehydrogenase
complex (OGDH) reveal intense
expression in the rod and cone IS
and synaptic terminals and a strong
to intense in the ELM, IPL, GCL,
and MGC end-feet. The expression
in the ONL is punctate and strong to
intense. F: OGDH-IR and GLAST
colocalization is strong in the ELM
and end-feet, and moderate distal
and proximal processes, OPL, and
somas. G: Retinas immunolabeled
for succinate thiokinase (STK)
reveal intense expression in the rod
and cone ISs and synaptic terminals
and strong to intense expression in

the ELM, IPL, GCL, and MGC end-feet. The expression in the ONL is moderate and more like that of COX IV-IR (Figure 4, Figure 5,
and Figure 7). H: STKH-IR and GLAST colocalization is strong in the ELM, proximal processes, and end-feet and moderate in the distal
processes, OPL, and somas. COX I'V-IR = cytochrome oxidase IV immunoreactivity, ELM = external limiting membrane, GCL = ganglion

cell layer, INL = inner nuclear layer, IPL = inner plexiform layer, ISs = inner segments, MGC = Miiller glial cell, NFL = nerve fiber layer,

ONL = outer nuclear layer. A—H, scale bars =40 um.
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Figure 11. Confocal images show that NDPK is widely expressed throughout the retina. A: Retina immunolabeled for nucleoside diphosphate
kinase isoform A (NDPK). B: Retinas double-labeled for NDPK and the glial high-affinity glutamate-aspartate transporter (GLAST)
show colocalization in all MGC regions: the ELM, distal and proximal processes, soma, and end-feet (yellow-orange pixels). C: A higher-
magnification image shows colocalization of NDPK and GS in the distal and proximal MGC processes (yellow-orange pixels). D: A
high-magnification image of a retina double-labeled for NDPK and VGLUT]1 reveals greater colocalization in the OPL than in the IPL
(aquamarine pixels). COX IV-IR = cytochrome oxidase IV immunoreactivity, ELM = external limiting membrane, GCL = ganglion cell
layer, GS = glutamine synthetase, INL = inner nuclear layer, IPL = inner plexiform layer, IPL-a = IPL sublamina-a, IPL-b = IPL sublamina-b,
ISs = inner segments, MGC = Miiller glial cell, ONL = outer nuclear layer, OPL = outer plexiform layer, VGLUT1 = vesicular glutamate
transporter 1. A and B, scale bar =40 um. C and D, scale bar =20 pm.
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was highest among the NDPK isoforms (Figure 1B). We
determined the retinal distribution and relative intensity
of NDPK-A-IR (Figure 11; Appendix 1). Most, but not all,
retinal compartments expressed NDPK. The exceptions were
the BC dendrites, HC somas, and HC processes (detailed
data not shown). We observed weak NDPK-A-IR in the OSs.
Consistent with this finding, the lowest NDPK activity in
the monkey and rabbit retina was in the OSs [70]. Double-
labeling with NDPK-A and GLAST (Figure 11B) or GS
(Figure 11C) showed strong to intense NDPK-A-IR in the
distal and proximal MGC processes, somas, and end-feet.
Double-labeling with NDPK-A and VGLUT1 showed strong
to intense expression in the spherules and pedicles and strong
intensity in the IPL (Figure 11D).

AK1 and AK?2 have differential compartmental and laminar
expression: The adult retina expresses five isozymes of
Ak mRNA (Figure 1B). We determined the cellular and
compartmental distribution of AK1 and AK?2 in the retinas
(Figure 12; Appendix 1). The immunolabeling revealed that
there was no AK1 expression in the outer retina and strong
to intense AKI1-IR in the inner retina, except in the BC
somas in the distal INL somas and the rod BC somas (Figure
11A; Appendix 1). Double-labeling with AK1 and GLAST
revealed limited and weak expression of AK1 only in the
MGC distal processes and end-feet/nerve fiber layer (NFL)
(Figure 12B). The triple-labeling experiments with AK1,
CHX10, and VGLUT1 (Figure 12C) revealed an absence
of AK1 in the photoreceptor terminals. Strong to intense
AKI-IR was seen in the HC somas and processes, proximal
INL, and IPL. Double-labeling with AK1 and GABA showed
strong AKI-IR in the GABAergic AC somas in the INL and
displaced GABAergic AC somas in the GCL (Figure 12D:
arrows). Double-labeling with AK1 and ChAT or DABI
revealed that AK1 was not present in the CHAT-IR ACs
(Figure 12E), but the glycinergic (DAB-IR) ACs had weak
to moderate AK1-IR (Figure 12F: white arrows), respec-
tively. Large diameter somas in the GCL showed moderate
AKI-IR (Figure 12F). AK2-IR was moderate to intense in
most layers and cells of the neuronal retina, except in the BC
somas in the distal INL somas and the rod BC somas (Figure
12G; Appendix 1). Double-labeling with AK2 and VGLUT1
indicated higher AK2 expression in the presynaptic OPL
compared to the postsynaptic OPL and IPL (Figure 12H).
Double-labeling with AK2 and GLAST showed moderate
to strong expression in all MGC compartments, except the
end-feet/NFL (Figure 12I).

CK-B, mi-CK, and CK-M show differential cellular and
compartment expression: Our Affymetrix data showed
that four isoforms of CK were expressed in the adult mouse
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retina: Ckb, Ckm, Ck-mtl, and Ck-mt2 (Figure 1B). All were
significantly expressed, although Ckb and Ck-mtl were
more highly expressed than Ckm and Ck-mt2. Therefore, the
cellular and compartment distributions of CK-B-IR, CK-M-
IR, and mi-CK-IR were determined (Figure 13, Figure 14,
and Figure 15; Appendix 1). We observed differential cellular-
and compartment-selective CK-B-IR throughout the mouse
retina, including the MGC ELM and end-feet (Figure 13), as
described [83]. Detailed cellular and compartmental charac-
terization of CK-B-IR in the photoreceptors was conducted
using Nrl-GFP retinas immunolabeled with CK-B. Weak
CK-B-IR was seen throughout the rods in the ROSs, RISs, rod
somas, and spherules (Figure 13B,C). In contrast, moderate
to intense CK-B-IR was seen in the cones. The COSs and
the pedicles had moderate CK-B-IR (Figure 13C,D), while
the CISs (Figure 13C: arrows) and cone somas (Figure 13A:
arrowheads) had intense CK-B-IR (also see higher magni-
fication of the CK-B-IR insert in Figure 13C). The double-
labeling experiments with CK-B and calbindin indicated
strong and weak expression in the HC processes and somas,
respectively (Figure 13E,F). The double- and triple-labeling
experiments with CK-B, PKCa, and/or VGLUT1 revealed
moderate to strong CK-B-IR in the rod BC dendrites, somas,
and axon terminals in the IPL-b (Figure 13G,H). Double-
labeling of CK-B with GLAST (Figure 13I) and CK-B with
GS (Figure 13J) revealed differential labeling throughout the
MGC:s. Intense CK-B-IR was seen in the MGC ELM and end-
feet, but weak to moderate in the MGC processes and somas.

Figure 14 shows that the overall pattern of mi-CK-IR
is quite different from that of CK-B (Figure 13), except in
the photoreceptor ISs and somas. The photoreceptor OSs,
BCs (dendrites, somas, and processes), HCs (processes and
somas), and ACs in the proximal INL exhibited no mi-CK-
IR (Appendix 1). In addition, double-labeling of mi-CK with
GS revealed that the MGCs lacked mi-CK-IR, except in the
end-feet (Figure 14B; Appendix 1). Double-labeling of mi-CK
with COX-IV confirmed the intense mi-CK-IR in the pedicles
and perinuclear cone mitochondria in the ONL (Figure 14C).

CK-M-IR was detected in the skeletal muscle (Figure
15A,B), cerebral cortex (Figure 15C,D), and retina (Figure
15E-J). DRAQS dye labeled the nuclei (Table 1). CK-M-IR
was localized near the nuclei of myocytes and cortical neurons
(Figure 15B,D). In the neural retina, the overall cellular and
compartmental pattern of CK-M (Figure 15E) shares simi-
larities with CK-B (Figure 13A) and CK-mi (Figure 14A); see
Appendix 1 for detailed compartmental comparisons. That
is, CK-M is not expressed in the photoreceptor OSs or in the
HC processes and somas. CK-M exhibits strong to intense
expression in the photoreceptors (ISs, somas, and synaptic
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terminals) and the GCL and moderate to strong expression The MGCs had no to weak expression in all compartments,
in the BCs (dendrites, somas, and synaptic terminals) as except the end-feet that had strong CK-M-IR (Figure 15E,J).
seen in Figure 15E-J. Interestingly, the pattern of CK-M-IR
observed in the ISs, ONL, and OPL (Figure 15F,G) resembled
the expression pattern of SERCA 3 that we have previously
characterized [9]. The punctate expression pattern is similar
to and coincides with the COX I'V-IR in the ellipsoids (Figure
15H), cone somas, and photoreceptor synaptic terminals
(Figure 15I). The INL showed a diffuse CK-M-IR pattern in
the rod BCs and the GCL. The double-labeling experiments
with CK-M and PKCa (Figure 15J) showed, at higher resolu-
tion, moderate to strong CK-M-IR in the BC compartments.

Figure 16 presents an integrated summary of relative
antibody intensity levels obtained from the immunoreactivity
of bioenergetic regulating and buffering enzymes in the
neuronal and glial compartments of the adult light-adapted
C57BL/6N mouse retina. It is discussed in detail in the figure
legend and discussion.

INL ¢

IPL

GCLIMef 4 ..

Figure 12. Confocal images show that two functionally distinct isozymes of adenylate kinase (AK1 and AK?2) are differentially expressed
throughout the retina. A: AK1 is selectively expressed in the inner retina. B: Retinas double-labeled for AK1 and GLAST show no colo-
calization. C: A high-magnification image of the retina reveals that AK1 does not colocalize with either CHX10 or VGLUT1. D—F: High
magnification images of the inner retina double-labeled for AK1 and three antibodies for different types of amacrine cells. D: AK1 and
GABA colocalize in weakly GABAergic-IR cells in the INL and the GCL (white arrows). E: AK1 and ChAT do not colocalize in cholinergic
amacrine cells or the two cholinergic strata in the IPL. F: AK1 and disabled 1 (DAB1) colocalize in distal amacrine cells (white arrows). G:
Retina immunolabeled for AK2. H: Retinas double-labeled for AK2 and VGLUT1 show colocalization in the OPL and the IPL (aquamarine
pixels). I: Retinas double-labeled for AK2 and GLAST show extensive colocalization (yellow-orange pixels). ChAT = choline acetyltrans-
ferase, GCL = ganglion cell layer, GLAST = glutamate-aspartate transporter, INL = inner nuclear layer, IPL = inner plexiform layer, ISs =
inner segments, ONL = outer nuclear layer, OPL = outer plexiform layer, VGLUT1 = vesicular glutamate transporter 1. A, B, D, and F-I,
scale bar =40 um. C, scale bar =20 um. E, scale bar =20 um.
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DISCUSSION mitochondria-associated AK2, and mitochondria-associated
CK-M is higher in the outer retina than in the inner retina,
whereas expression of cytosolic AK1 and cytosolic CK-B is
highest in HCs and ACs. 7) MGCs have the lowest overall
expression level of glycolytic isozymes and COX IV as well

glycolysis, and OXPHOS, and regulate glucose metabolism S LDH and COX activity. In contrast, MGCs exhibit .hig.h
by the compartment-selective expression of HK-1, HK-2, expression levels of GDH, OGDH, STK, and GABA-T indi-

PFK-L, PK-MI, and PK-M2. 3) Cones, but not rods, coexpress cating that the TCA cycle anaplerotic and cataplerotic reac-
cytosolic CK-B and mi-CK to maintain ATP homeostasis. tions are significant in MGCs and likely support the MGC

4) HC somas, HC processes, BC dendrites, and MGCs have ~ €Nergy requirements by generating GTP. 8) In MGCs, NDPK,
AK2, and CK-B participate in regulating ATP synthesis

and homeostasis. Overall, our findings indicate differential

Our combined results indicate the following: 1) Outer retinal
glycolytic metabolism is significantly different from inner
retinal glycolytic metabolism. 2) Photoreceptors and their
synapses exhibit the highest capacity for glycolysis, aerobic

a limited capacity for glycolysis and aerobic glycolysis. 5)
HC somas, HC processes, and BC dendrites express high
levels of GDH, OGDH, STK, and GABA-T (TCA cycle cellular and compartmental metabolism of glucose, amino
enzymes) and thus likely utilize glutamine and non-glucose acids, lactate, and creatine as well as ATP-buffering strate-
derived monocarboxylates to support mitochondrial GTP gies that result in corresponding spatial differences in retinal
and ATP production. 6) Expression of cytosolic NDPK, glycolysis, aerobic glycolysis, TCA cycle metabolism,

Figure 13. Confocal images reveal that the brain-type CK-B is differentially expressed throughout the retina. A: Retinas immunolabeled for
creatine kinase isozyme (CK-B) show that the cone ISs (white arrows) and cytoplasm of the cone somas in the distal ONL (white arrowheads)
are intensely labeled. B and C: Retinas of neural retina leucine zipper-green fluorescent protein (Nr/-GFP) transgenic mice pseudocolored
in red (B) that were (C) double-labeled for CK-B show that rods minimally express CK-B, while the CK-B-IR cone ISs are visible (white
arrows). Insert: Higher-magnification image of CK-B-IR. D: Retinas double-labeled for CK-B and VGLUT]1 reveal colocalization in the
OPL (aquamarine pixels). The high-magnification inset shows colocalization in the presynaptic terminal of a cone pedicle. E and F: High-
magnification images of the OPL (E) single-labeled for calbindin, which selectively labels horizontal cells and their processes, and (F)
double-labeled for CK-B and calbindin, which colocalized in the horizontal cell dendrites of cone pedicles (white arrows: yellow-orange
pixels) and horizontal cell axon terminals in the rod spherules (inside white stroked circles: pairs of yellow-orange pixels). G and H: Retinas
double-labeled for CK-B and PKCa and/or triple-labeled with VGLUT]1 reveal colocalization of CK-B in rod spherules located in the distal
OPL (yellow-orange pixels). I and J: Retinas double-labeled for CK-B either (I) GLAST or (J) GS show colocalization in the ELM, in
close apposition to cone axons in the ONL and MGC end-feet. ELM = external limiting membrane, GCL = ganglion cell layer, GLAST =
glutamate-aspartate transporter, GS = glutamine synthetase, INL = inner nuclear layer, IPL = inner plexiform layer, ISs = inner segments,
MGC = Miiller glial cell, ONL = outer nuclear layer, OPL = outer plexiform layer, PKCa = protein kinase C o, VGLUT1 = vesicular glutamate
transporter 1. A, B, D, and I, scale bar =40 pm. C, scale bar =30 um. E-H and J, scale bar =20 um.
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Figure 14. Confocal images show selective expression of the ubiquitous mi-CK in mouse retina. A: Retinas immunolabeled for mitochondrial
creatine kinase (mi-CK) show that the ISs, distal ONL, OPL, GCL, and NFL/MGC end-feet are labeled. B: Retinas double-label with mi-CK
and GS show moderate mi-CK-IR in the MGC end-feet. C: Retinas double-labeled with mi-CK and COX IV show that the cone ISs and the
perinuclear mitochondria of cone somas in the distal ONL are intensely labeled while rod inner segments (RISs) and spherules show weak
to moderate mi-CK-IR. COX IV = cytochrome ¢ oxidase subunit IV, GCL = ganglion cell layer, GS = glutamine synthetase, IPL = inner
plexiform layer, ISs = inner segments, MGC = Miiller glial cell, NFL = nerve fiber layer, ONL = outer nuclear layer, OPL = outer plexiform
layer. A and B, scale bar =40 um. C, scale bar = 20 pm.

CK-M|B CK-M &

Gastrocnemius CK-M & Gastrocnemius |

Figure 15. Confocal images illustrate that the creatine kinase isozyme found in muscle and the brain (CK-M) is distributed in cellular regions
of the retina where endoplasmic reticulum proteins are located. A: A transverse section of mouse gastrocnemius immunolabeled for CK-M.
The inset shows a longitudinal section of the gastrocnemius immunolabeled for CK-M and stained with the nuclear dye DRAQS. B: A longi-
tudinal section of gastrocnemius triple-labeled for CK-M, COX IV, and DRAQS. The inset shows a high-magnification image of a transverse
section of the gastrocnemius double-labeled for CK-M and COX IV. C: A sagittal section of the mouse frontal cortex immunolabeled for
CK-M. The inset shows a high magnification image of cortical cells labeled for CK-M and stained with DRAQS. D: A higher magnification
image of frontal cortex triple-labeled for CK-M, COX 1V, and DRAQS. E: Retina immunolabeled for CK-M. F: Outer retina double-labeled
for CK-M and VGLUT1. G: Outer retina double-labeled for SERCA3 and VGLUTI. H and I: High-magnification images of the outer retina
double-labeled for CK-M and COX IV. J: Retina double-labeled for CK-M and PKCa. COX IV = cytochrome ¢ oxidase subunit IV, GCL =
ganglion cell layer, INL = inner nuclear layer, IPL = inner plexiform layer, ISs = inner segments, ONL = outer nuclear layer, OPL = outer
plexiform layer, PKCa = protein kinase C a, VGLUTI = vesicular glutamate transporter 1. A—C, E-G and J, scale bar = 40 pm. D, scale
bar = 10 um. H and I, scale bar =20 um.
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the outer compared to the inner retina as
well as in the Miiller glial cells (MGCs) compared to the neurons. Glycolytic enzymes (solid black squares and line) are higher in the outer
retina than in the inner retina, except in the rod and cone outer segments (ROSs; COSs). Specifically, the highest levels (i.e., >3 on intensity
scale) are in the rod and cone inner segments (RISs; CISs), rod spherules, and cone pedicles where most of the retinal mitochondria are
located [7,9]. Enzyme levels are slightly lower (i.e., 2.5-3.0) in the cone somas, the inner plexiform layer (IPL), the IPL sublamina-a, and
sublamina-b (IPL-a; IPL-b) and still lower (i.e., 2.0-2.5) in the rod somas, inner nuclear layer (INL) somas, ganglion cell layer (GCL), and
MGC end-feet/nerve fiber layer (NFL), and lowest (i.e., 1.0-1.75) in the ROS and COS, bipolar cell (BC) dendrites, horizontal cell (HC)
somas and processes, and MGC somas. No glycolytic enzyme immunoreactivity was detected in the MGC external limiting membrane
(ELM) or processes. Similar to glycolysis, aerobic glycolysis is higher in the outer retina than in the inner retina, except again for the ROSs
and COSs. Compared to the RIS, aerobic glycolysis is just slightly lower in the CISs, rod and cone somas, and spherules and pedicles, as
seen with the lactate dehydrogenase (LDH) activity (Figure 8). The BC dendrites, HC somas, and HC process have no apparent aerobic
glycolytic capacity. Except amacrine cells in the proximal INL and the GCL, aerobic glycolysis is low (i.e., 1.0-2.0) in the inner retina.
Acrobic glycolysis is absent to low (i.e., <1.0) throughout the MGCs. OXPHOS capacity is present and relatively high in all outer and inner
retinal compartments, except in the ROS and COS (no COX IV or COX activity detected) and the INL somas (i.e., <2.0). As the IS showed
high expression of GDHI1 (Figure 10) and the inner retinal neurons had the highest GLS expression levels (Figure 4), the high OXPHOS
capacity in these compartments may be supported by non-glucose derivatives. Except the MGC end-feet/NFL, OXPHOS capacity was not
detected in any MGC compartments, consistent with the COX activity (Figure 9) and [9]. In the outer retina, the TCA cycle expression profile
essentially mirrors that of OXPHOS. In the inner retina, except in the INL somas, the TCA cycle expression is moderately high (i.e., 2.5 to
3.0) and mirrors that of OXPHOS. The TCA cycle expression profile in MGCs is characterized by moderate to high expression (i.e., 2.5 to
3.0) in the ELM, proximal processes, and end-feet/NFL and lower expression (i.e., 2.0) in the distal process and somas. This is in marked
contrast to their expression of enzymes related to glycolysis, aerobic glycolysis, and OXPHOS. MGCs also have a capacity for glutamate
and GABA catabolism, as well as GTP production (Figure 10). Together, this suggests that MGCs support their bioenergetics demands using
non-glucose derivatives to generate GTP. The ~P transferring kinases were differentially distributed among all compartments of the inner
and outer retinal neurons. The ~P transferring kinases were more highly expressed in all cone compartments (CIS, somas, and pedicles,
i.e., 3.5) compared to similar rod compartments (i.e., 2.0-2.5). The ~P transferring kinases were also moderately to highly expressed in the
BC dendrites, HC somas, and HC processes, compartments that had low glycolytic and/or aerobic glycolytic capacity. In the MGCs, the ~P
transferring kinases were moderately expressed in the ELM and distal processes and had lower expression (i.e., >2.0) the somas, proximal
processes, and end-feet/NFL. As the MGCs lack OXPHOS capacity, except in the end-feet/NFL, the ~P transferring kinases likely convert
the GTP produced in the TCA cycle to ATP, as well as buffer the ATP concentration.
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OXPHOS, and ~P transferring kinases (see Figure 16 for an
integrative spatial and quantitative summary).

Glycolysis, OXPHOS, and ~P transferring kinases in the
OSs: The phototransduction cascade requires kinetically
efficient mechanisms to maintain compartmental ATP and
GTP and a large membrane surface area to maintain high
photon-sensitivity and ion exchange [70,120]. The OSs main-
tain high intracellular ATP and GTP, and the [ATP] is larger
than the [GTP] in the light-adapted OSs of the monkey retina
[70]. The OSs likely rely on cytosolic ATP synthesis and
~P transferring kinases as these compartments are devoid
of mitochondria or COX activity. Isolated homogenized
OSs from the bovine retina possess significant activity of
all glycolytic enzymes, LDH, and express glucose trans-
porter-1 (GLUT1) [121,122]. However, the ATP required by
light-adapted bovine OSs is only partially maintained by
glycolysis [123]. Studies of serial tangential sections in the
monkey and rabbit retina showed that the OSs have the lowest
specific activity of HK, PFK, and LDH [12,13]. Accordingly,
the OSs of the rat retina show low expression levels of all
glycolytic enzymes [16]. In addition, the OSs of rat retina
do not express GLUT1 [124] or GLUT4 [125]. Furthermore,
our results show that mouse OSs do not express GLUT1 or
GLUT3 (Appendix 4) and have the lowest expression of HK,
PFK, PK, and LDH (Figure 3, Figure 4, Figure 5, Figure 6,
and Figure 7) and LDH histochemical activity (Figure 8)
among the photoreceptor compartments. The small cyto-
plasmic space within the mouse OSs (approximately 1071
cm?) [126] may limit the number of cytosolic proteins that
can be present, but are necessary to support metabolic path-
ways, especially the protein components of phototransduction
[127]. Together, these studies suggest that although there are
species differences, the glycolytic synthesis of ATP is limited
in mammalian OSs.

We observed low, but detectable, NDPK-IR and CK-B-IR
in the OSs of the mouse retina (Figure 10 and Figure 12) indi-
cating that the [~P] in light-adapted mouse OSs is supported
by the ~P transferring kinase systems. In addition, the COSs
contain higher cytoplasmic CK-B-IR compared to the ROSs
(Figure 13). This is consistent with studies of the cone-rich
chicken retina, which showed significant expression of CK-B
in the OSs [121,128]. Similarly, the COSs in the frog retina
compared to the ROSs contain larger amounts of ATP [129].
Our combined results for the OSs indicate the following: 1)
The rate of glycolysis is regulated by HK-1, PFK-L1, and
PK-M1 with HK showing the lowest expression. 2) NDPK
and CK-B support the maintenance of ATP in light. 3) The
higher demand of ATP in cones, compared to rods [7,130], is
likely supported by CK-B. 4) The OSs do not express COX IV
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or have COX activity (Figure 2 and Figure 9) [9,131], despite
the suggestion that the OSs express COX IV and have COX
activity [132].

Glycolysis, OXPHOS, and TCA metabolism in the ISs: The
ellipsoid membrane contains potassium and calcium chan-
nels, as well as expresses high levels of Na*,K'-ATPase
(NAKA), which support the homeostasis of ionic concen-
tration gradients that maintain the dark current [133]. Our
integrative analysis showed that the ISs maintain the highest
capacity for glycolysis, OXPHOS, TCA metabolism, and ATP
buffering (Figure 16). The ISs contain the largest number of
mitochondria compared to other photoreceptor compartments
[10,134], consume 75% of the oxygen in the outer retina [4,7],
exhibit the highest HK-specific activity [12], express HK-2
and HK-1 (Figure 3 and Figure 4) [16], express PFK-L1
(Figure 5), and express the constitutively active PK-M1
isoform of PK (Figure 6) [30]. The expression of HK-2 and
PK-M1, as well as LDH activity in the ISs, suggests a high
glycolytic capacity in these compartments. Moreover, in the
light-adapted monkey [8] and mouse (Figure 9) retinas, the
highest COX activity is localized to the ISs.

HK controls the glycolytic flux in the mouse brain
[135] and has lower specific activity compared to PK in the
retina [30]. In bovine and rat brain homogenates [136-138],
HK activity is mostly present in the particulate fraction and
is associated with mitochondrial membranes. In rat retinal
homogenates, the highest HK activity occurs within the
mitochondrial fraction [139]. The binding of high-affinity
HK isoforms to the outer mitochondrial membrane is
dynamic and is important for HK regulation and function
as mitochondria-bound HK preferentially supports complete
glucose oxidation [41]. The restricted expression of HK-2 in
the ISs and synaptic terminals as well as its colocalization
with COX IV (Figure 4) suggests binding of HK-2 with the
outer mitochondrial membrane, which can enhance glycolysis
and the dependence of the ISs on blood glucose [41,140].

The binding of HK-2 to cone mitochondria may support
a higher capacity for glucose oxidation as human and mouse
CISs contain ten- and twofold more mitochondria than the
RISs, respectively, and CIS mitochondria have higher COX
activity than RIS mitochondria [10,134]. In addition, COX
activity, COX IV expression, and HK-2 expression are
detected in the cone perinuclear mitochondria (see Figure
3LK, Figure 4, Figure 9 and [9]), consistent with the idea that
cones have higher metabolic requirements than rods.

The ISs also support the energetic and synthetic
requirements of OS renewal [141]. HK provides G6P for
glycolysis and the pentose phosphate pathway. GOP is used
in the pentose phosphate pathway to regenerate the NADPH
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needed for membrane biosynthesis for the newly formed OSs.
NADPH is also used for glutathione synthesis to support the
enzymatic mechanisms that reduce reactive oxygen species in
photoreceptors [123]. Evidence suggests that HK-2 promotes
anabolic pathways in the liver [142]. The enzymatic activity
of glucose-6-phosphate dehydrogenase (G6PDH), the rate-
limiting step of the pentose phosphate pathway, is highest in
the ISs and synaptic terminals of photoreceptors, and the ratio
of G6PDH enzyme activity to HK is greater than four in the
ellipsoids [12]. Consistent with these findings, we observed
intense GOPDH-IR in the ISs (Appendix 5). Although some
evidence suggests that primate cones can utilize endogenous
glycogen [143], the coordinated activity of HK and G6PDH
is essential for glucose consumption in the mouse cone and
rod photoreceptors, as glycogen is not a significant source of
glucose in mouse retinas [144] and was not seen in the light-
adapted rat retinas [145]. Our studies indicate that HK-2 in the
ISs supports the high HK activity required to maintain ATP
for catabolic as well as metabolites for anabolic pathways.
Moreover, the TCA cycle enzymes necessary to generate GTP
are highly expressed in rod and cone ISs (Figure 10), which
likely accounts for the high concentration of GTP found in
this layer [70]. This local source of GTP could also be used to
support the GTP requirement during phototransduction [120].

~P transferring kinases in the ISs: The mouse CISs express
high levels of NDPK, AK?2 and CK-B, mi-CK, and CK-M,
whereas the RISs express lower levels of these enzymes
(Figure 11, Figure 12, Figure 13, Figure 14, and Figure 15;
Appendix 1). The high expression level of the mitochondrial-
associated AK (AK?2), but not the cytosolic isoform (AK1),
indicates partial support of an AK shuttle in the photorecep-
tors. Our Affymetrix microarray data (Figure 1) showed high
mRNA levels of the isozymes Ak3 and AkS5. It is possible
that photoreceptors utilize other isoforms of AK and NDPK
to shuttle ATP and GTP between ISs and OSs. Mouse CISs
express the cytosolic CK-B [83] and mi-CK (Figure 13, Figure
14, and Figure 15). The RISs express CK-M and low levels of
CK-B (Figure 12 and Figure 13). This suggests that the COSs
and the CISs, compared to the ROSs and the RISs, rely more
on a CK shuttle, consistent with findings in the cone-rich
chicken retina [121,128]. These data suggest a fundamental
difference in the strategies that rods and cones utilize to
maintain high ATP. Unlike rods, cones do not saturate during
light adaptation, and the mechanism to maintain this graded
process continuously consumes ~P that most efficiently can
be supported by ~P transferring kinases. The higher expres-
sion of CKs in cones, compared to rods, also suggests that
cones buffer and sustain the ATP more efficiently than rods
under varying metabolic conditions. Consistent with this
idea, in the perfused cat retina, the cone-driven light-evoked
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responses are less sensitive than rod-driven responses to
extreme (high or low) changes in glucose concentrations
[20]. Rods may not be kinetically capable of overcoming rapid
changes in glucose concentrations as our results indicate that
rods are more dependent on glycolytic ATP production and
less dependent on ATP buffering than cones.

Presynaptic glycolytic, OXPHOS, and TCA metabolism in the
OPL: The regulation of calcium dynamics in photoreceptors
is coupled to mitochondrial ATP synthesis and is differen-
tially regulated in rods and cones [9]. Our integrative analysis
showed that the photoreceptor synaptic terminals also exhibit
a high dependence on glycolysis (Figure 16). Compared to
the ISs, the photoreceptor synaptic terminals operate under
lower oxygen tension and consume less oxygen during
light- or dark-adaptation [4,7] and have relatively lower
COX activity compared to the ISs (Figure 9). LDH activity
is high in the OPL of the monkey retina [146]. Similarly, we
observed intense PFK-L (Figure 5), LDH-IR (Figure 7), and
high LDH activity (Figure 8) in the OPL that was confined to
the presynaptic region. Although LDH catalyzes a reversible
reaction, the significant expression and activity of HK, PFK,
and PK [12,30] and this study (Figure 3, Figure 4, Figure 5,
and Figure 6) indicate a high capacity for aerobic glycolysis
in the photoreceptor synaptic terminals. Recent data showed
tight coupling of glycolysis and NAKA activity [147]. Glycol-
ysis is coupled to neurotransmission in hippocampal slices, as
substitution of D-glucose for lactate, pyruvate, or citrate did
not maintain the ATP levels necessary for excitation [148]. In
addition, glycolytic ATP supported by a PK bound to synaptic
vesicles supports neurotransmitter uptake in isolated synaptic
vesicles [149]. Whether glycolysis is a significant source of
ATP for neurotransmission in the photoreceptor terminals is
still unknown, although our results combined with those of
others suggest that this is possible. Furthermore, the TCA
cycle enzymes necessary to generate GTP are located in the
OPL (Figure 10), which likely accounts for the high concen-
tration of GTP found in this layer [70].

The coexpression of PK-M1 and PK-M2 (Figure 6)
[30] in the photoreceptor terminals indicates that the rate of
aerobic glycolysis in these compartments is highly modu-
lated. Although there is no direct evidence of PK-M2 related
to biosynthesis in the synaptic terminals, it is possible that
PK-M2 is related to biosynthesis as tonic synapses undergo
large vesicle-membrane turnover [150]. Therefore, we
postulate that the glycolytic flux that produces pyruvate and
promotes OXPHOS in the photoreceptor synaptic terminals
is supported by PK-M1, whereas PK-M2 reduces pyruvate
production when glycolytic intermediates are needed for
biosynthesis or when extracellular lactate, pyruvate, or
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glutamate is abundant to support OXPHOS. This is supported
by the observations that MCT1, MCT2, and MCT4 are highly
expressed in the photoreceptor terminals (Appendix 3) and
the capacity of MCT?2 to transport pyruvate [64] from the
blood. Pyruvate uptake is possible as the blood pyruvate
concentrations are higher than the Michaelis constant of
MCT?2 for pyruvate [151].

Glutamate is not only the major neurotransmitter in the
brain, but also a component of intermediary metabolism
[152]. In neurons with tonic responses, glutamate must be
constantly synthesized and recycled. In the mouse retina, rod
terminal EAATS, but not EAATs in MGCs or postsynaptic
neurons, play a predominant role in removing glutamate
from the synaptic cleft [153,154]. Deamination of glutamate
by mitochondrial GDH supports glutamate recycling, which
results in the production of a-ketoglutarate, a TCA cycle
intermediate that can contribute to cataplerosis to support
OXPHOS. The presence of GDH in the OPL (Figure 10)
indicates that the photoreceptor synaptic terminals can
oxidatively deaminate glutamate to produce a-ketoglutarate.
In homogenized light-adapted mouse retinas, the malate-
aspartate shuttle contributes to the recycling of glutamate
[29]. However, an increase in intracellular [glutamate] may
be also be balanced by catabolism of glutamate in the TCA
cycle. Evidence of this has been shown in cultured neurons
where high levels of glutamate induce a decrease in glucose
utilization [155]. Therefore, photoreceptors may rely on inter-
mediary metabolism and aerobic glycolysis to compensate for
the change in glutamate recycling and catabolism.

Similar to the regeneration of NAD" in the cytosol by
LDH activity, in the malate-aspartate shuttle the NADH/
NAD" can be reestablished by oxidatively deaminating aspar-
tate in the cytosol and oxidizing malate in the mitochondria
through malate dehydrogenase. One testable hypothesis
is that when high rates of aerobic glycolysis occur, LDH
produces NAD" in the cytosol affecting the contribution
of the malate-aspartate shuttle to transfer reducing equiva-
lents between cytoplasm and mitochondria. In the OPL of
the monkey retina, the activity of LDH is higher than the
malate dehydrogenase activity, while the activity of GDH
is highest in the OPL compared to other retinal layers [11].
We observed LDH-5 expression (Figure 7), LDH activity
(Figure 8), and GDH expression (Figure 10) in the presynaptic
OPL suggesting reduction of pyruvate to lactate and oxida-
tion of glutamate. The presence of PK-M2 (Figure 6) may
contribute to balance glutamate recycling by decreasing the
production of pyruvate. In addition, the high expression of
MCT4 and MCT?2 in the photoreceptor terminals (Appendix
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3) may support pyruvate and lactate metabolism in these
compartments.

~P transferring kinases in the OPL: Rod and cone synaptic
terminals differ in several aspects, notably in the number
and substructure of the mitochondria and the regulation of
calcium homeostasis that is directly dependent on ATP [9].
Mouse rod spherules have a single large mitochondrion near
the ribbon synapse, whereas the larger cone pedicles have
five to six smaller mitochondria clustered in the distal region
of the terminal and a twofold higher total number of cristae
membranes, consume more ATP [9], and dock fivefold more
vesicles than rod ribbons [156]. These differences between
spherules and pedicles suggest the need for distinct bioener-
getic profiles between photoreceptors. We observed several
differences in the energy metabolism profile of spherules and
pedicles. Pedicles, but not spherules, coexpressed cytosolic
and mitochondrial associated CKs (Figure 13, Figure 14,
and Figure 15). This suggests that a CK shuttle is used by
the larger cone pedicles to support the rapid transfer of ~P
needed to maintain neurotransmission and calcium homeo-
stasis. The CK buffer system may be preferentially located
in cone pedicles as they must rapidly regenerate their ATP
to maintain high NAKA activity in coordination with the
rapid removal of intracellular calcium by the sodium-calcium
exchanger (NCX) and to provide ATP for the synaptic vesicle
V-type ATPase [9].

Glycolytic, OXPHOS, and TCA metabolism in bipolar cells
and their dendrites: Dendrites in the central nervous system
(CNS) exhibit the highest concentrations of mitochondria and
COX activity [8]. Excitatory synapses of the hippocampus
and the cerebellar and cerebral cortex have a higher density
of subcellular organelles needed to sustain synaptic trans-
mission, and their size is proportional to the presynaptic
vesicle content [157]. The high and continuous ATP demand
in the dendrites of the excitatory neurons is driven by the
constant NAKA activity that reverses the ion movement
and tunes the postsynaptic responses [158]. RPs and BCs
make up the largest population of excitatory neurons in the
retina. Similar to photoreceptors, retinal BCs are non-spiking
neurons that constantly utilize ATP to maintain their changes
in membrane potential. We used the molecular marker PKCa
to examine the rod BC dendrites, which are depolarized
in light-adapted retinas. BC dendrites and somas have low
expression of GLUT1, do not express GLUT3 (Appendix 4)
or GLUTA4 [125], and have low HK activity [12]. The absence
of LDH-IR and low LDH activity in the BC dendrites suggest
low capacity for aerobic glycolysis. BCs express SNT1 and
SNT2 [60] and exhibit the highest expression of GLS in the
retina (Figure 4; Appendix 1). In addition, BCs express MCT1
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and MCT4 (Appendix 3) and have high levels of COX activity
(Figure 9). One possible interpretation of these results is that
the TCA cycle anaplerotic and cataplerotic reactions—likely
supported by lactate, pyruvate, glutamine, or glutamate—
support neurotransmission, as well as energy production in
BCs. The contrasting metabolism between the photoreceptor
synaptic terminals and the BC dendrites demonstrate the
diversity of metabolic strategies used by the glutamatergic
neurons of the retina.

Glycolytic, OXPHOS, and TCA metabolism in horizontal and
amacrine cells: HCs and ACs make up about 44% of the INL
[159]. HCs mediate lateral inhibition to the outer retina, modu-
late the responses of large numbers of photoreceptors under
different lighting conditions, and contribute to the formation
of the BC receptive field [160]. Recent studies in fish indicate
that HCs use a proton-mediated mechanism that involves
ATP release and subsequent extracellular ATP hydrolysis
to control photoreceptor responses [161]. Most ACs are non-
spiking neurons that utilize glycine, GABA, or dopamine
to modulate and integrate the visual responses between the
outer and inner retina. As inhibitory interneurons, HCs and
ACs support tonic responses that are constantly consuming
ATP [162]. The low expression of glycolytic enzymes and low
LDH activity in HCs and ACs suggest that these interneurons
possess a strategy for limiting their glucose consumption.
However, HCs exhibit high levels of COX activity (Figure
9) and similar to BCs may utilize amino acids and monocar-
boxylic acids to maintain the production of neurotransmitters
and support mitochondrial ATP production. HCs as well as
ACs express high concentrations of different isoforms of AK
and CK throughout their cell bodies and processes (Figure
11, Figure 12, and Figure 13). In the OPL, cytosolic AK1 is
exclusively expressed in HCs (Figure 12). We observed high
expression levels of NDPK, AK2, CK-B, and CK-M in the
proximal and distal INL (Figure 10, Figure 11, Figure 12, and
Figure 13). The high expression of ~P transferring kinases in
BCs and ACs may be required to support the tonic photore-
ceptor and BC responses under different lighting conditions.

Glycolytic and OXPHOS metabolism in the IPL and the
GCL: Light adaptation in the inner retina requires sustained
vesicular glutamate uptake [163,164] and the coordinated
responses of HCs, BCs, and ACs. In contrast to the outer
retina, the inner retina contains a larger number of presyn-
aptic and postsynaptic processes and undergoes sustained
(BCs, HCs, and ACs), as well as transient retinal ganglion
cell physiologic responses that require a high pool of ATP
for fluctuating neurotransmission. Moreover, the intermittent
physiologic activity of the ON and OFF pathways and gluta-
mate utilization in the inner retina suggest a corresponding
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intermittent demand for ATP. In contrast to the outer retina,
the inner retina does not show significant light-induced
changes in oxygen consumption [6], oxygen tension [4], or
COX activity (dark-adaptation data not shown) indicating that
the inner retina maintains a relatively constant steady-state
of OXPHOS. In the monkey and the rabbit, the ATP in the
light-adapted inner retina is several-fold higher than in the
outer retina [70]. The IPL and the GCL show layer-selective
activity of HK and PFK [12] and layer-selective expression
of GLUT3 (Appendix 4), HK-1, HK-2, PFK-L, and PK-M1
(Figure 3, Figure 4, Figure 5, and Figure 6). The IPL-a and
IPL-b and the GCL exhibit significant COX activity, but not
LDH activity (Figure 8 and Figure 9). The combined evidence
suggests that the production of ATP in the BC synaptic
terminals, AC processes, and GC dendrites is supported by
complete glucose oxidation and that these compartments do
not exhibit a capacity for the Pasteur effect. Moreover, the
IPL has low GLS activity compared to the OPL or the INL
[165], and similarly, we did not observe significant GLS-IR
(data not shown). This indicates that glutamate synthesized in
the synaptic terminals is likely derived from glucose instead
of from glutamine. These combined results are in accordance
with the higher sensitivity of inner retinal neurons to large
changes in the glucose concentration [24] and amino acid
availability [61] and likely explains why under anoxic condi-
tions the b-wave/PII ERG responses of the BCs are decreased
before the a-wave/PIII responses of the photoreceptors [23].

Aerobic glycolysis in MGCs: Cell culture studies suggest that
lactate, produced by glial cells in the brain and MGCs in
the retina, is a substrate for neuronal mitochondrial energy
production [32,56,166]. Human and rat cultured MGCs
produce lactate at a higher rate compared to neurons [31,139].
However, MGCs cultured from young mice do not produce
significant amounts of lactate; instead, the uptake of lactate
is likely used to synthesize glutamine [30]. Our results indi-
cate that glucose oxidation in adult MGCs is limited and
possibly compartmentalized to the ELM. In our studies, the
MGCs expressed low levels of high-affinity HKs (HK-1 or
HK-2) as well as PK-M1 or PK-M2 throughout their length
(Figure 3 and Figure 6). Except in the ELM, pan-LDH-IR or
LDH-5-IR was not detected in MGCs (Figure 7), and only
low LDH activity was seen in the MGC somas and processes
at saturating concentrations of lactate (25 mM: data not
shown). Moreover, MGCs express MCT1 throughout their
entire length and selectively express MCT2 in the proximal
processes and MGC end-feet (Appendix 3). Thus, we conclude
that although lactate can be metabolized in the ELM, lactate
is not a major substrate for MGC metabolism. Moreover,
the expression of MCT1 throughout the MGC somas and
processes, as well as the compartmentalized expression of
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MCT?2 in the MGC end-feet, suggests that MGCs are able to
uptake lactate. However, the absence of LDH expression and
LDH activity suggests that MGCs do not further metabolize
lactate.

Glycolytic, OXPHOS, and TCA metabolism and ~P produc-
tion in MGCs: MGC cultures show significant metabolism
of amino acids and recycling of metabolic intermediates
[30,167]. In addition, the production of glutamine in MGCs
supports glutamate recycling [167], thus coupling energy
metabolism and neuronal function. It is possible that MGCs
compartmentalize the production of pyruvate from exogenous
amino acids or monocarboxylic acids. Consistent with this
idea, MGC ELM, end-feet, and proximal and distal MGC
processes contain mitochondria [118]. However, most of these
mitochondria are weakly COX IV-IR [9] and have a minimal
amount of COX activity (Figure 9). In the absence of a signif-
icant OXPHOS flux in MGCs, the anaplerotic reactions of the
TCA cycle are expected to be coupled to cataplerotic reac-
tions to balance the NADH/NAD" ratio and support the recy-
cling and conservation of intermediate metabolites, such as
a-ketoglutarate, aspartate, and glutamine. Such intermediate
substrates can be used by the MGCs to shuttle metabolites
between the MGCs and retinal neurons or for the production
of MGC GTP (vide infra). In contrast, the mitochondria of
the MGC processes and somas express high levels of GDH
and GABA-T (Figure 10), mitochondrial enzymes involved in
glutamate and GABA metabolism, respectively. Catabolism
of glutamate occurs at a higher rate than glucose, glutamine,
and lactate oxidation in astrocytes [110]. The coexpression
of GDH and GABA-T in MGCs indicates that, similar to
astrocytes, MGC mitochondria catabolize as well as recycle
GABA and glutamate.

MGC:s express high levels of GLAST (Figure 10E,F), and
MGC mitochondria express high levels of OGDH (Figure 10),
STK (Figure 10G,H), NDPK (Figure 11A,B), AK2 (Figure
12G,I), and succinate dehydrogenase (data not shown).
The TCA enzyme STK produces GTP during the conver-
sion of succinyl CoA to succinate. In addition, previously
unpublished findings reveal that adult mouse retinas express
the mitochondrial glutamate-aspartate transporter genes
slc25a12 and slc25al3 (Rueda et al., manuscript in prepara-
tion). Together, these results suggest that MGC mitochondria
uptake cytosolic glutamate; use GDH, OGDH, and STK to
produce GTP; and use SDH, malate dehydrogenase, and
aspartate aminotransferase [168,169] and then export aspar-
tate. The ~P of GTP produced by STK can be transferred
to ADP by NDPK to produce ATP and be interconverted
with AK2. Our integrative analysis (Figure 16) showed that
MGCs highly compartmentalize their energy metabolism,
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likely relying on amino acid metabolism and the TCA cycle
for GTP synthesis and the ~P kinases for maintaining their
cellular and compartmental ATP.

Cell-selective capacity for amino, keto, and monocarboxylic
acid metabolism in retina: The expression levels of genes
that encode for selective isoforms of MCTs, SNTs, GLS,
GDH, aspartate aminotransferase, alanine aminotransferase,
and GABA-T (Rueda et al., manuscript in preparation) are
similar to the gene expression levels of the genes that encode
for enzymes involved in glucose metabolism (Figure 1A).
This supports the idea that the retina has a high cytosolic and
mitochondrial capacity to transport and metabolize lactate,
glutamine, aspartate, alanine, glutamate, and GABA. This
is supported by the retinal GLS [165], GDH [11], aspartate
aminotransferase, and malate dehydrogenase activity [168].
Our THC experiments demonstrated that the capacity to
metabolize monocarboxylic acids, amino acids, and keto-
acids is cell-specific and compartment-specific. That is,
photoreceptors have a high capacity to metabolize lactate, BC
dendrites have a high capacity to metabolize glutamine, and
MGCs, which do not have significant glycolytic or OXPHOS
capacity, likely rely on amino acid and ketoacid metabolism
to support ATP synthesis. In addition, the layer-selective
LDH activity in monkey [11], and the LDH protein expres-
sion (Figure 7) and LDH activity (Figure 8) in mouse retina
suggest that the homeostasis of the NAD+/NADH ratio is
maintained differently in the inner and outer retina.

Advantages of compartment- and cell-specific IHC and
histochemistry for enzyme profiling: Proteomic approaches
are useful tools for identifying molecular targets that mediate
organelle and cellular dysfunction or biomarkers that can
be used to target neuroprotection. For example, proteomics
yield information about the molecular alterations associ-
ated with retinal conditions, including age-related macular
degeneration [170], diabetic retinopathy [171], and glaucoma
[172]. In addition, proteomic studies identified molecular
targets that mediate metabolic failure in retinal degeneration
[173,174]. However, these proteomics studies used homog-
enized retinas or layers of sliced retina [16], which do not
provide information about specific types of retinal cells
or their compartments. In addition, studies that attempted
to profile specific types of neurons have used cultured
cells exposed to non-physiologic conditions such as high
concentrations of glucose (20 mM) or oxygen (95%). This
can result in condition-dependent artifacts. For example,
Dittmann et al. compared the rate of oxygen uptake, ATP
content, and lactate production in fresh neuronal cells and
cultured neuronal cells and found that they later adapted their
energy metabolism to the culture conditions [175]. Thus, we
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used cell- and compartment-specific IHC techniques and
enzyme histochemistry to explore, characterize, and integrate
uncharacterized aspects of retinal bioenergetics. The results
of this thorough and comprehensive study will significantly
contribute to an increased understanding of the spatiotem-
poral interrelation of energy metabolism and neuronal func-
tion in the adult mammalian retina.

Implications of compartmental energy metabolism in retinal
health: The cell- and compartment-specific vulnerability
in several neurologic diseases highlights the importance of
identifying the factors that contribute to neural degeneration
and regeneration in the CNS. As part of the CNS, the retina
exhibits cell-selective loss in retinopathies. Rods and their
mitochondria, compared to cones, are more susceptible to
age-related degeneration [176] and lead-induced neurotoxicity
[7,177,178]. Retinal ganglion cell death is prevalent in retinal
ischemic insults and common degenerative eye diseases
such as glaucoma and Leber’s hereditary optic neuropathy
[179,180]. Moreover, studies of mitochondrial structure and
function revealed that synaptic mitochondria are more vulner-
able than non-synaptic mitochondria to Ca** and Pb** overload
[7,181,182]. Given the relationship between ATP utilization,
mitochondrial ATP synthesis, and neuronal activity, mito-
chondrial energy metabolism is a target for neuroprotection
and rescue [183]. However, restoring neuronal function and
increasing cell viability is still limited. Lactate and creatine
supplementation have neuroprotective effects against anoxia
and ischemia [184-186]. Similar to the retina, the brain
exhibits a cell-selective capacity for creatine metabolism
such that inhibitory neurons contain higher expression of
CK compared to excitatory neurons [187-189]. In addition,
the cell-selective metabolism of lactate in the brain is still
controversial [56].

There is a paucity of information about the contribution
of glycolysis, OXPHOS, and the ~P transferring kinases to
each retinal cell type and their compartments. The current
retinal study indicates that glucose, glutamine, lactate, and
creatine metabolism is cellular- and compartment-specific.
The data emphasize the need for further investigation of the
profile and role of MCTs, CK, AK, and NDPK in specific
regions of the CNS and the retina to identify specific proteins
and molecular targets for potential contribution to cellular-
and compartment-specific neuroprotection as well as advance
the development of therapeutic strategies for diseases of the
eye.
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APPENDIX 1. CELLULAR AND COMPARTMENTAL
ANALYSIS OF RELATIVE ANTIBODY EXPRESSION
LEVELS IN MOUSE RETINA.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. EXPRESSION OF PK-M2 IS
PREDOMINANT IN PRS. MOUSE RETINA
IMMUNOLABELED FOR PK-M2.

To access the data, click or select the words “Appendix 2.”
A: PK-M2 IR is intense in ISs and PRs synaptic terminals;
moderate in the ONL and IPL-b; and weak in the OSs and
distal INL. B: Retinas double labeled for PK-M2 and GS
showed no colocalization, except in the elm. Scale bar = 40
pm.

APPENDIX 3. EXPRESSION OF
MONOCARBOXYLATE TRANSPORTERS (MCTS)
ISOFORMS 1, 2 AND 4 IN ADULT MOUSE RETINA.

To access the data, click or select the words “Appendix 3.”
A: Retinas immunolabeled for MCT1. MCT1-IR is intense in
the elm, OPL, and some GCs. MCT1-IR is moderate to strong
in the ISs, ONL, INL, and IPL. B: Retinas double labeled
for MCT1 and GLAST show colocalization from the elm to
the Mef. C: Retinas immunolabeled for MCT2. MCT2-IR is
intense in OPL and IPL D: Retinas double labeled for MCT2
and GS show expression of MCT2 in Mef. E: Retinas immu-
nolabeled for MCT4. MCT4-IR is intense in the OPL and IPL.
Strong MCT4-IR is observed in the ISs, ONL, OPL and distal
INL F: Retinas double labeled for MCT4 and GLAST reveal
the absence of MCT4-IR in Mef. Scale bar =40 pm.

APPENDIX 4. EXPRESSION OF GLUCOSE
TRANSPORTERS (GLUTS) ISOFORMS 1 AND 3 IN
ADULT MOUSE RETINA.

To access the data, click or select the words “Appendix 4.”
A: Retina immunolabeled for GLUT1. GLUTI-IR is strong
in the elm, ONL, OPL, INL, IPL and some GCL. GLUTI-IR
is weak to moderate in ISs. B: Retinas double labeled for
GLUT!I and GS show colocalization in the elm and Mef/NFL.
C: High magnification confocal image of a retina immuno-
labeled for GLUTI. D: Retina double labeled for GLUT1 and
VGLUT]1 show colocalization in the OPL and IPL. E: Retina
immunolabeled for GLUT3. GLUT3-IR is strong to intense in
the OPL and IPL. F: Retinas double labeled for GLUT3 and
VGLUT!I show strong GLUT3-IR in glutamatergic synapses.
For A-B and E, scale bar = 40 pum. For C-D and F, scale bar
=20 pm.
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APPENDIX 5. EXPRESSION OF GLUCOSE-6-
PHOSPHATE DEHYDROGENASE (G6PDH) IN
ADULT MOUSE RETINA.

To access the data, click or select the words “Appendix 5. A:
Retinas immunolabeled for G6PDH. G6PDH-IR is intense in
the ISs; strong in OPL, distal and proximal INL and GCL,;
and weak in the ONL, middle INL and IPL. B: Retinas double
labeled for G6PDH and GS. MGCs are not G6PDH-IR. C:
Retinas double labeled for G6PDH and VGLUT1 show colo-
calization in the OPL and IPL. Scale bar = 40 um.
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