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Axon degeneration can arise from metabolic stress, potentially a result of mitochondrial dysfunction or lack of appropriate substrate
input. In this study, we investigated whether the metabolic vulnerability observed during optic neuropathy in the DBA/2J (D2) model of
glaucoma is due to dysfunctional mitochondria or impaired substrate delivery to axons, the latter based on our observation of signifi-
cantly decreased glucose and monocarboxylate transporters in D2 optic nerve (ON), human ON, and mice subjected to acute glaucoma
injury. We placed both sexes of D2 mice destined to develop glaucoma and mice of a control strain, the DBA/2J-Gpnmb �, on a ketogenic
diet to encourage mitochondrial function. Eight weeks of the diet generated mitochondria, improved energy availability by reversing monocar-
boxylate transporter decline, reduced glial hypertrophy, protected retinal ganglion cells and their axons from degeneration, and maintained
physiological signaling to the brain. A robust antioxidant response also accompanied the response to the diet. These results suggest that energy
compromise and subsequent axon degeneration in the D2 is due to low substrate availability secondary to transporter downregulation.
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Introduction
Energy compromise contributes to axon degeneration, though it
is unknown whether low energy enables the degeneration cascade
or is a byproduct of the execution. ATP depletion results in axon
degeneration that can be prevented by the Wallerian degenera-
tion slow fusion protein (Wld s; Shen et al., 2013), which includes
nicotinamide mononucleotide adenylyltransferase-1 (NMNAT1).
NMNAT catalyzes the ATP-dependent conversion of nicotin-
amide mononucleotide to nicotinamide adenine dinucleotide

(NAD�), an essential cofactor in glycolysis and the Krebs cycle
within mitochondria. Increased levels of NAD�, enabled by de-
letion of the axon destruction factor SARM1 (Gerdts et al., 2015)
or exogenous application (Araki et al., 2004; Wang et al., 2005),
can significantly delay axon degeneration, including of retinal
ganglion cell (RGC) axons in a model of glaucoma (Williams et
al., 2017). However, in some contexts, increased NAD� has failed
to promote axon survival after injury (Sasaki et al., 2009). Accord-
ingly, NMNAT without enzymatic activity can protect axons from
degeneration (Zhai et al., 2006), suggesting an axon-protective func-
tion of NMNAT beyond NAD� generation (Zhai et al., 2008). Lack-
ing an unequivocal role for NMNAT or NAD� indicates that a
broader view of the role of energy and mitochondria in axon degen-
eration may be warranted.

Glaucoma is an optic neuropathy in which RGC bodies are
maintained for a short time after the axons degenerate (Howell et
al., 2007; Buckingham et al., 2008; Crish et al., 2010). This sur-
vival of RGC bodies provides a fortuitous intervention window
that suggests axon protection could be a viable approach toward
maintaining vision in this disease. Optic nerves (ONs) in the DBA/2J
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Significance Statement

We show axons in glaucomatous optic nerve are energy depleted and exhibit chronic metabolic stress. Underlying the metabolic
stress are low levels of glucose and monocarboxylate transporters that compromise axon metabolism by limiting substrate availability.
Axonal metabolic decline was reversed by upregulating monocarboxylate transporters as a result of placing the animals on a ketogenic
diet. Optic nerve mitochondria responded capably to the oxidative phosphorylation necessitated by the diet and showed increased
number. These findings indicate that the source of metabolic challenge can occur upstream of mitochondrial dysfunction. Importantly,
the intervention was successful despite the animals being on the cusp of significant glaucoma progression.
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(D2) mouse model of glaucoma are metabolically vulnerable even
before overt glaucomatous pathology (Baltan et al., 2010). Upon
onset of elevated intraocular pressure (IOP), D2 optic nerves exhib-
ited lower ATP levels (Baltan et al., 2010), increased fission (Ju et
al., 2008), mitochondrial cristae loss (Coughlin et al., 2015), and
reduced ratios of mitochondrial volume to RGC axon volume
that develop with glaucoma progression (Kleesattel et al., 2015).
A metabolic connection has also emerged from glaucoma being
more prevalent in patients with diabetes, for which elevated in-
traocular pressure can be accompanied by elevated fasting glu-
cose levels (Song et al., 2016). A retrospective study of individuals
with diabetes who were prescribed metformin, a drug that lowers
hepatic glucose production through mild, transient inhibition of
complex I of the mitochondrial electron transport chain (Viollet
et al., 2012), showed a significant decrease in risk for develop-
ment of open angle glaucoma (Lin et al., 2015). Metformin has
been termed a calorie restriction mimetic to indicate its ability to
recapitulate the gene expression profile of caloric restriction (Dhahbi
et al., 2005), including promotion of metabolic efficiency (Ingram
et al., 2006). In contrast to caloric restriction, intermittent fasting
can achieve neuroprotective effects without limiting dietary in-
take, a result that corresponded to significant increases in the
ketone body �-hydroxybutyrate (�HB) over caloric restriction
(Anson et al., 2003). These data indicate that metabolic syn-
dromes may contribute to glaucoma incidence, and amelioration
may be possible through management of mitochondrial efficiency
or substrate complement (ketone bodies instead of glucose). There-
fore, an important adjunct to the role of mitochondrial function in
the pathogenesis of glaucoma is the provision of specific substrates
with which to generate ATP.

Glucose or lactate is provided to axons through astrocytes or
oligodendrocytes (Saab et al., 2016) via glucose and monocarboxy-
late transporters (MCTs), respectively (Pierre et al., 2002; Simpson et
al., 2007). While neurons and their axons can use multiple energy
sources depending on availability, they prefer lactate (Bouzier-
Sore et al., 2006). Since mitochondria rely on lactate or glycolysis-
derived pyruvate to generate ATP, a key question is whether
energy substrate availability or mitochondrial defect contributes
to the energy compromise observed before axon degeneration,
particularly in glaucoma. To test this, we placed mice on a keto-
genic diet (KD), composed primarily of fat, that would promote
mitochondrial biogenesis (Bough et al., 2006) and compel mito-
chondrial respiration through use of ketone bodies generated as a
result of �-oxidation of fatty acids, either in the liver or the astro-
cytes (Guzmán and Blázquez, 2004). New mitochondria are gen-
erated from those existing, so acquired defects in mitochondrial
DNA are passed on to the newly generated organelles (Ozawa,
1995; Kowald and Kirkwood, 2000). Hence, a byproduct of in-
creased mitochondrial biogenesis may include an unmasking of
mitochondrial defect.

Mitochondria are a key target of the KD (Maalouf et al., 2009).
The KD resulted in a coordinated upregulation of transcripts for
genes encoding metabolic proteins, including 39 mitochondrial
proteins (Bough et al., 2006). A greater ATP/ADP ratio was ob-
served in the CNS as a result of the KD, with an overall increase in
cerebral energy stores (Devivo et al., 1978). Isolated mitochon-
dria from mice on a KD generated lower levels of reactive oxygen
species (ROS), most likely through decreased mitochondrial
membrane potential as a result of greater uncoupling (Sullivan et
al., 2004). KDs have also shown promise in ameliorating neuro-
degenerative disease, including Alzheimer’s disease (Henderson
et al., 2009; Hertz et al., 2015), Parkinson’s disease (Yang and
Cheng, 2010), and amyotrophic lateral sclerosis (ALS; Zhao et al.,

2006). The neuroprotective effect of the KD may derive from
stimulating mitochondrial biogenesis (Bough et al., 2006) or the
histone deacetylase inhibition (Shimazu et al., 2013) and anti-
inflammatory (Rahman et al., 2014) effects of �-hydroxybutyrate,
the primary ketone body. Alternatively, the change of energy
source away from glucose may upend processes in glycolytic cells
that result in overall improved energy management and use. In
this study, the KD was used as a tool to test whether promoting
mitochondrial function would reveal a specific mitochondrial
defect in glaucoma-induced axon degeneration. The KD did not
reveal substantial defects in ON mitochondria; it reversed the
observed metabolic deficits and protected retinal ganglion cell
axon structure and function.

Materials and Methods
Animals. D2 (RRID:IMSR_JAX:000671), DBA/2J wt-gpmnb (D2G; RRID:
IMSR_JAX:007048), and B6.Cg-Tg(Thy1-CFP/COX8a)S2Lich/J (Mito-
CFP; RRID:IMSR_JAX:007967; The Jackson Laboratory) were purchased
and housed at Northeast Ohio Medical University. The D2 mouse spon-
taneously develops pigmentary glaucoma secondary to a iris stromal
atrophy and iris pigment dispersion disease as a result of mutations in the
Tyrp1 and Gpnmb genes, respectively (Anderson et al., 2002). The D2G
mouse shares the D2 genetic background but carries a wild-type allele of
the Gpnmb gene; it does not develop pigmentary glaucoma. All proce-
dures were approved by the Institutional Animal Care Committee and
performed in accordance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research.

For the initial characterization of metabolic vulnerability (Fig. 1 and
Fig. 1-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.
f1-1, Fig. 2 and Fig. 2-1 available at https://doi.org/10.1523/JNEUROSCI.
3652-17.2018.f2-1, Fig. 3 and Fig. 3-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f3-1), DBA/2J mice at 10 months of age were
selected for their axon transport deficit, as determined by loss of cholera
toxin-B (CTB) labeling in the superior colliculus (SC). This staging of the
mice ensured the analysis of mice with similar degrees of optic nerve
pathology. The 3- and 6-month-old mouse age groups had no deficit in
axon transport as determined by intact CTB labeling in the superior
colliculus (data not shown). For the intervention experiments (Figs. 4, 5,
6, 7), all mice were used, regardless of CTB labeling status. Subject num-
bers (n) are either the number of eyes or optic nerves, as indicated in the
figure legends.

Intraocular pressure. Intraocular pressure was measured using a Tono-
Lab rebound tonometer calibrated for mice. Mice were anesthetized
(2.5% isoflurane delivered by vaporizer with oxygen) while 10 –20 mea-
sures were taken and averaged. The instrument-calculated running aver-
age was not used except to determine the quality of measurement as
indicated by the SD bar. IOP measures were taken within 3 min of anes-
thetization to avoid any anesthetic-induced decline in IOP (Ding et al.,
2011). IOP integrals were calculated for the mice subjected to acute glau-
coma injury (see below) by subtracting the baseline IOP from the weekly,
then multiplying the difference by the number of days between IOP
measures. These week-by-week numbers were then summed for the
IOP integral.

Anterograde tracing. Mice were anesthetized using isoflurane (2.5%
delivered by vaporizer with oxygen) and a drop of 0.5% proparacaine
hydrochloride was placed on the cornea. Curved forceps were used to
stabilize the proptosed eye while 1.5 �l of cholera toxin-B conjugated to
Alexa Fluor 488 (CTB-488; C22841, Thermo Fisher Scientific) was in-
jected into the posterior chamber just caudal to the ora serrata using a 33
ga needle attached to a 5 �l Hamilton syringe. Three days later, mice were
killed with an overdose of 300 mg/kg sodium pentobarbital (Beuthanasia-D,
Schering-Plough Animal Health) and perfused with 0.1 M PBS. For sam-
ples bound to mRNA or protein analysis, tissue was removed at this stage
and placed in TRIzol (catalog #15596026, Thermo Fisher Scientific) or
Tissue Protein Extraction Reagent (T-PER, 78510, Thermo Fisher Scien-
tific), respectively, and the superior colliculus was exposed and a photo-
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micrograph taken. For tissue used for immunolabeling, mice were
perfused with 4% paraformaldehyde in 0.1 M PBS, and tissue was re-
moved and postfixed for 24 h (brain and optic nerve) or 1 h (eyes).

Analysis of the anterograde tracing within the superior colliculus pro-
ceeded with 50 �m serial sections through the superior colliculus
mounted to SuperFrost slides (Thermo Fisher Scientific) and then im-
aged on an AxioZoom stereomicroscope (Zeiss). An ImageJ-FIJI (Schin-
delin et al., 2012) macro, available by request, was used to calculate the
percentage of the area of the retinorecipient portion of the superior
colliculus (percentage area fraction) showing fluorescent labeling from
the CTB conjugate compared with background labeling, as evident in the
deep layers of superior colliculus. (Crish et al., 2010). Data are presented
as the percentage area fraction.

Diets. D2 mice at 9 months of age were switched from standard lab
chow [Diet 5008, Formulab (26.8% protein, 56.4% carbohydrate, 16.7%
fat] ad libitum, to a very low carbohydrate, ketogenic diet (catalog
#D12369B) or a control diet (catalog #D12359, Research Diets) for 8
weeks. The ketogenic diet was 10.4% protein, 0.1% carbohydrate, and
89.5% fat. The control diet was 10.4% protein, 78.2% carbohydrate, and
11.5% fat. The ketogenic diet was a soft dough, delivered to the mice in
small stainless steel bowls, while the control diet was provided as pellets
in the cage hopper. All mice received a nylon chew (I-Chews, Animal
Specialties and Provisions) to provide a non-nutritive chewing surface,
addressing the potential tooth overgrowth anticipated in mice provided
the soft dough. All mice were weighed before the experiment, then once
weekly over 8 weeks. Ketones from tail vein blood were measured using a
Nova Max Plus hand-held ketone testing device once weekly for one to
two control and ketogenic diet mice. Final measurements of plasma
�-hydroxybutyrate levels were made from blood collected at the time of
killing (see below).

Acute glaucoma model. Mice were anesthetized as above, and a drop of
tropicamide was placed on the cornea to dilate the pupil. After pupil
dilation, 0.5% proparacaine hydrochloride eyedrops (Henry Schein An-
imal Health) were placed on the cornea. Curved forceps were used to
stabilize the proptosed eye while a glass pulled micropipette was used to
inject 1.5 �l of 8 �m magnetic beads (catalog #UMC4F, Bangs Labora-
tories) into the central anterior chamber. While the micropipette was still
in place, a neodymium magnet was used to pull the beads into the irido-
corneal angle to occlude the trabecular meshwork. Once distributed, the
micropipette was removed, the eye covered in Pura-Lube ophthalmic
ointment, and the mice allowed to recover on a warm water blanket. Two
days after the bead injection, and then weekly for 4 –5 weeks, IOP was
measured as above. Tissue was analyzed from mice that demonstrated at
least 200 mmHg-days of IOP increase.

Optic nerve analysis. Mice given an overdose of sodium pentobarbital
(300 mg/kg, Beuthanasia-D) had their eyes removed with a scalpel then
the optic nerves cut from the optic chiasm after the brains were taken
from the skull casing. The optic nerves were immersion fixed in 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4, then stained with 2% osmium (Electron Microscopy
Sciences), followed by 2% potassium ferricyanide for those nerves bound
for electron microscopy. Nerves used for light or electron microscopy
were dehydrated in graded ethanol then a 1:1 mixture of ethanol and
propylene oxide, followed by increasing concentrations of Araldite 502/
PolyBed 812 (catalog #02595-1, Polysciences) in propylene oxide. Nerves
were incubated in 100% Araldite 502/PolyBed 812 under vacuum,
switching embedding medium three times until being placed in an em-
bedding mold, and then were cured over 3 successive days in an oven at
35, 40, then 60°C. Optic nerves were sectioned using a Leica Ultrami-
crotome and a diamond knife (DiATOM) at 500 nm for light microscopy

Figure 1. Glycogen and glial glucose transporters decreased with glaucoma pathology. A, Glycogen analysis in 3-, 6-, and 10-month-old D2 and control D2G ONs (n �6 ONs/group). B, F, Capillary
electrophoresis of GLUT1 (B) and GLUT3 (F ) protein in 3-, 6-, and 10-month-old D2 and D2G ONs normalized to total protein then to 3-month-old D2G protein levels (n � 8 ONs/group). See Figure
1-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f1-1. C, Distribution of GLUT1 in ONs of 3-month-old D2 and 10-month-old D2G and D2 optic nerves immunolabeled with GFAP
(green). Arrows indicate colocalization of GLUT1 and GFAP (n � 3 sections/ON, n � 6 ONs/group). D, E, Glut1 and Glut3 mRNA levels in 3-, 6-, and 10-month-old D2 and D2G ONs, normalized to Hprt
mRNA then to 3-month-old D2G mRNA (n � 5–7 ONs/group). See Figure 1-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f1-1. G, Distribution of GLUT3 in ONs stained with
FluoroMyelin. Arrows indicate colocalization of GLUT3 with FluoroMyelin (n � 3 sections/ON, n � 6 ONs/group). H, I, Percentage of mean fluorescence intensity in the ROI for GLUT1 (C) and GLUT3
(G). All values are presented as the mean � SEM, using one-way ANOVA and Tukey’s post hoc test. A, F(5,30) �18.59, **p �0.0022, ***p �0.00011; B, F(5,42) �6.463, **p �0.0077; D, F(5,30) �1.906,
**p � 0.001; E, F(5,37) � 15.58, **p � 0.0023, **p � 0.001; H, F(2,51) � 210.4, ***p � 0.0001. Scale bar, C, G, 20 �m.
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and 70 nm for electron microscopy. Light microscopy sections were
mounted on SuperFrost slides and stained with �-phenylenediamine
(PPD). Electron microscopy sections were mounted on copper grids
then stained with lead citrate and Uranyless (catalog #22409, Electron
Microscopy Sciences) before imaging on a JEOL 1400 transmission elec-
tron microscope at 15,000�.

Axon counts. Optic nerve sections stained with PPD were counted by
unbiased stereology using a 100� oil-objective and the optical fractiona-
tor approach within StereoInvestigator (MBF Bioscience). Approxi-

mately 30 sampling sites (10%) of each optic nerve cross section were
counted. The coefficient of error (Gunderson) was �0.05, ensuring a
sufficient sampling rate.

Mitochondria counts. Two images were taken from each of five grids
containing a cross section of an optic nerve sample (10 images total per
sample). There were five samples for each of the control and ketogenic
groups. All axonal mitochondria in each image were counted and the
surface area measured. Data are expressed as the average number of
mitochondria per 118 �m 2 field.

Figure 2. Monocarboxylate transporters downregulated with glaucoma pathology. A, Mct1 mRNA levels in 3-, 6-, and 10-month-old D2 and D2G ONs, normalized to Hprt mRNA then to
3-month-old D2G mRNA (n � 5–13 ONs/group). See Figure 2-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f2-1. B, D, E, MCT1, MCT2, and MCT4 protein levels in 3-, 6-, and
10-month-old D2G and D2 ONs, normalized to total protein and then to 3-month-old D2G protein levels (n � 8 ONs/group). C, F, G, Distribution of MCT1 (C), MCT2 (F ), and MCT4 (G) in 3-month-old
D2 and 10-month-old D2G and D2 ONs stained with FluoroMyelin (green) or immunolabeled with GFAP (green). Arrows indicate colocalization (n �3 sections/ON, n �6 ONs/group). H, Distribution
of MCT2 in human control and glaucoma patient ONs, immunolabeled for �-tubulin (green) and stained with DAPI (blue). Arrows indicate colocalization (n � 4 sections/ON, n � 2 ONs/group). See
Figure 2-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f2-1. I–L, Percentage of mean fluorescence intensity in the ROI I, MCT1; J, MCT2; K, MCT4 (D2 and D2G mouse ONs); and
L, MCT2, human ON; and (L) MCT2, human ON; and MCT2, human ONs (L). M, Quantification of the total number of RGC axons in 6-month-old D2, 10-month-old D2G, and 10-month-old D2 ONs. All
values are presented as the mean � SEM, one-way ANOVA and Tukey’s post hoc test. A, F(5,47) � 4.579, *p � 0.0141; B, F(5,38) � 6.553, **p � 0.0076; D, F(5,42) � 16.14, *p � 0.0054, **p �
0.0013; E, F(5,42) � 4.734, *p � 0.0348; I, F(2,51) � 173.2, ***p � 0.0001; J, F(2,51) � 402.1, ***p � 0.0001; K, F(2,51) � 192.6, ***p � 0.0001; L, t(6) � 9.317, ***p � 0.0001, two-tailed
unpaired t test. Scale bars, C, F–H, 20 �m.
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Human tissue. Human optic nerve tissue was obtained from the Na-
tional Disease Research Interchange. All procedures comply with ethical
regulations and were approved by the Institutional Review Board of the
Northeast Ohio Medical University. Patients had received a positive di-
agnosis for glaucoma; no data regarding treatment were available. Age,
gender, and general health status were matched for the control and
glaucoma tissue; glaucoma patient was 61-year-old male in whom hyper-
tension and glaucoma had been diagnosed. The control patient was 64-
year-old male with hypertension. In both cases, tissue was harvested
within 1 h of death and fixed in 10% formalin. Proximal optic nerves
were cryoprotected in 30% sucrose then sectioned at 50 �m using a
freezing sliding microtome. Sections were immunolabeled as described
below.

Immunohistochemistry and microscopy. Freshly isolated eyes were im-
mersion fixed in 4% paraformaldehyde for 30 min then cryoprotected in
30% sucrose with 0.02% sodium azide. Retinas were dissected out and
vitreous removed. Optic nerves were similarly cryoprotected then em-
bedded in Finetek O.C.T. (optimum cutting temperature; catalog #14-
373-65, Fisher Scientific) and sectioned at 10 �m on a cryostat. Human
tissue was treated with TrueBlack Autofluoresence Quencher to mask the
lipofuscin (1:300; catalog #23007, Biotium). Immunolabeling for all tis-

sues included washes in 0.1 M PBS, then incubation in blocking solution
(5% donkey serum, 1% Triton X-100 in 0.1 M PBS) for 1 h, primary
antibody (diluted in 0.5% BSA, 0.9% NaCl, 1% Triton X-100 in 0.1 M

PBS) for 18 –72 h, washes, blocking solution for 30 min, secondary anti-
body incubation for 2–18 h, washes, DAPI labeling, then coverslipping with
Fluoromount-G (Southern Biotech). Primary antibodies are listed in Table
1. Secondary antibodies are all from Jackson ImmunoResearch and include
Alexa Fluor 488-conjugated anti-chicken IgG (RRID:AB_2340375), Alexa
Fluor 594-conjugated anti-mouse IgG (RRID:AB_2340854), Alexa Fluor
594-conjugated anti-rabbit IgG (RRID:AB_2340621), Alexa Fluor 647-
conjugated anti-goat IgG (RRID:AB_2340437), Alexa Fluor 647-conjugated
anti-mouse IgG (RRID:AB_2340862), and Alexa Fluor 647-conjugated anti-
rabbit IgG (RRID:AB_2492288). In addition, FluoroMyelin (1:300; catalog
#MP 34651, Thermo Fisher Scientific) was used to stain the myelin of optic
nerve.

For microscopy, a DMi8 confocal microscope integrated with appli-
cation Suite X 3.1.1.15751 (Leica Microsystems) and an FSX100 Micro-
scope integrated with FSX BSW software (Olympus America) were used.
Micrographs were captured using the same exposure time settings among all
groups. All the retina micrographs were captured from the central part of
retina, and optic nerve micrographs were from proximal optic nerves.

Figure 3. Low lactate level accompanies AMPK activation and limits mitochondrial biogenesis and metabolic cofactor pools. A, L-lactate levels in 3-, 6-, and 10-month-old D2G and D2 ONs (n �
8 ONs/group). B, Ratio of pAMPK to AMPK protein in 3-, 6-, and 10-month-old D2G and D2 ONs (n � 8 ONs/group). C, D, Phosphorylated AMPK immunofluorescence (magenta) and GFAP (green)
micrographs (C) of human control and glaucoma ONs (n � 4 sections/ON, 2 ONs/group); and 3-month-old D2, and 10-month-old D2G and D2 mice (n � 3 sections/ON, 6 ONs/group; D). Arrows
indicate colocalization of pAMPK and GFAP. E, F, Percentage of mean fluorescence intensity in the ROI for pAMPK 3-month-old D2, and 10-month-old D2G and D2 mice (E) and humans (F ).
G–I, Analyses of NAD �/NADH, CK activity, and PGC1-� levels in 3-, 6-, and 10-month-old D2G and D2 mice. G, NAD � normalized to NADH levels (n � 6 ONs/group). See Figure 3-1 available at
https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f3-1. H, Creatine kinase activity normalized to total protein (n � 6 ONs/group). I, PGC1-� protein levels normalized to total protein levels and
then to 3-month-old D2G protein levels (n � 8 ONs/group). All values are presented as the mean � SEM, one-way ANOVA and Tukey’s post hoc test. A, F(5,42) � 22.04, *p � 0.0124; B, F(5,42) �
35.51, **p � 0.0032, ***p � 0.0001; E, F(2,45) � 208.4, ***p � 0.0001; F, t(14) � 14.79, ***p � 0.0001, two-tailed unpaired t test; G, F(5,30) � 5.061, *p � 0.0012; H, F(5,48) � 38.28, **p �
0.0025; I F(5,42) � 5.43, *p � 0.0231. Scale bar, C, D, 20 �m.
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Quantification of immunofluorescence was undertaken using an optical
density measurement within regions of interest (ROIs) using Fiji-ImageJ
(Schindelin et al., 2012). At least 12 ROIs were used per antigen for
quantification.

Stereology. Whole mounted retinas were used to quantify RBPMS-
immunolabeled retinal ganglion cells by unbiased stereology using a 20�
objective and the optical fractionator approach within StereoInvestigator
(MBF Bioscience). Between 35 and 40 sampling sites (10%) of each retina
were counted. The coefficient of error (Schmitz–Hof) was �0.05, ensur-
ing a sufficient sampling rate.

Biochemical assays. Optic nerves were isolated and flash frozen in liq-
uid N2 or directly used for measurement of glycogen (Glycogen Assay
Kit, catalog #ab65620, Abcam), creatine kinase (CK) activity (Creatine
Kinase Assay Kit, catalog #K777-100, BioVision), L-lactate (L-Lactate
Assay Kit, catalog #700510, Cayman Chemical), NAD/NADH (reduced
form of NAD; NAD �/NADH Assay Kit, catalog #ab65348, Abcam), and
�-hydroxybutyrate (�-Hydroxybutyrate Assay Kit, catalog #700190,
Cayman Chemical). All the biochemical assays were performed accord-
ing to the manufacturer instructions. Biochemical data were normalized
by the total protein level of each optic nerve sample. Optic nerve total
proteins were quantified using the Pierce BCA Protein Assay Kit (catalog
#23225, Thermo Fisher Scientific).

Succinate dehydrogenase and cytochrome c oxidase histochemistry.
Freshly isolated optic nerves were flash frozen in liquid N2 and held at
�80°C until embedding in O.C.T. and sectioning on a cryostat. Both
control and ketogenic ONs were embedded together, sectioned, and
captured onto the same slide, then enzymatically reacted equally. For
succinate dehydrogenase (SDH) histochemistry, optic nerve sections
were incubated in 1.5 mM nitroblue tetrazolium (N6876), 130 mM so-
dium succinate (S2378), 0.2 mM phenazine methosulfate (P9625), and 1
mM sodium azide in 0.1 M PBS pH � 7.0 for 40 min at 37°C. Slides were
washed 4 times for 10 min in PBS, dehydrated through a series of graded
alcohols to xylenes, then coverslipped with DPX Mountant (Sigma-Aldrich).
For cytochrome c oxidase (COX) histochemistry, dried slides were incu-
bated with 1� diaminobenzidine (D4293), 100 �M cytochrome c (D2506)
and 4 IU/ml catalase (C9322) in 0.1 M PBS, pH 7.0, for 40 min at 37°C. As
above, slides were washed in PBS, dehydrated through graded alcohols to
xylenes, then coverslipped with DPX Mountant. All ingredients for SDH and
COX histochemistry were obtained from Sigma-Aldrich.

mRNA analysis. Fresh optic nerve tissue was collected from D2 and
D2G ONs, and mRNA was isolated using TRIzol extraction (Thermo
Fisher Scientific). mRNA was converted to cDNA (Verso cDNA Synthe-
sis Kit, catalog #AB1453B, Thermo Fisher Scientific) then analyzed using
real-time quantitative PCR with an ABI 7900HT instrument (Applied

Figure 4. Monocarboxylate transport changes and AMPK activation occur with acute glaucoma injury. A, CTB (green) after intraocular injection from retina to SC of control and bead injected
Mito-CFP mice. Dark regions of the superficial, retinorecipient areas of the SC indicate lack of axon transport from the retina. See Figure 4-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.
2018.f4-1. B, Percentage area fraction of CTB transport in SC (n � 10 per group). C, RGCs immunolabeled for the RGC-specific antigen RBPMS in control and bead-injected Mito-CFP mice.
D, Quantification of RGC density in control and bead-injected mice (n � 16 control mice; n � 14 bead-injected mice). E–G, Protein analysis by capillary electrophoresis of pAMPK/AMPK (E), MCT1
(F ), and MCT2 (G). Proteins normalized to total protein (n � 6 ONs/group). All values are presented as the mean � SEM, *two-tailed unpaired t test. B, t(16) � 15.07, ***p � 0.0001; D, t(27) �
5.412, ***p � 0.0001; E, t(10) � 4.165, ***p � 0.0019; F, t(10) � 3.114, *p � 0.0110; G, t(10) � 6.536, **p � 0.00110. Scale bars: A, 100 �m; C, 50 �m.
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Biosystems) and TaqMan Gene Expression Assays with a FAM reporter
dye at the 5� end of the TaqMan MGB probe. The TaqMan assays used are
listed in Table 2. Hprt was used as the housekeeping gene, chosen after a
comparison of Actb, Rpl, Hprt, and GlucB showed that Hprt had the most

stable gene expression across age and strain using optic nerve mRNA.
Quantitative PCR analysis was repeated three to six times using biological
replicates; individual runs used biological replicate template in quadru-
plicate. Sod2 mRNA levels were analyzed by using the PAMM-087Z RT 2

Figure 5. Ketogenic diet preserves retinal ganglion cell structure and function. A–E, Flat mount retina immunofluorescence for RGC-specific antigen RBPMS in 11-month-old D2 mice fed a control
or ketogenic (keto) diet. A, C, RBPMS � RGCs in control and keto D2 retina. Scale bar, 500 �m. B, D, High-magnification insets of RBPMS � RGCs. Scale bar, 50 �m. E, RGC density in D2 and D2G
control and keto groups, and 3-month-old D2 mice, quantified from flat mount retinas (n � 16 control D2 mice; n � 20 keto D2 mice; n � 10 3-month-old D2 mice; n � 4 control D2G mice; n �
4 keto D2G mice). F, Percentage area fraction of CTB transported to SC from retina (n � 16 control mice; n � 22 keto mice; 10 3-month-old D2 mice). G–J, Overview and coronal sections of SC
showing CTB (green) transport in the control (G, H ) and keto (I, J ) D2 mouse brains. Scale bars: G, I, 500 �m; H, J, 100 �m. K, Total RGC axon number as quantified in cross sections stained for PPD
in control and keto D2 and D2G mice, and 3-month-old D2 ONs (n�16 control D2 mice; n�20 keto D2 mice; n�10 3-month-old D2 mice; n�4 control D2G mice; n�4 keto D2G mice). L–O, Optic
nerves stained for PPD; (L) control, and (N ) keto D2 mice (n�16 control D2 mice; n�22 keto D2 mice) (n � 16 control D2 mice; n � 22 keto D2 mice; N ). Scale bar, 100 �m. M, O, Magnified view
of insets in L and N, respectively. Scale bar, 0.25 �m. P, Q, Latency to onset of activity (P) and average response rate (Q) to light flash over the first 250 ms of activity as measured by tungsten electrode
in control, keto, and C57BL/6 (B6) SCs (n � 6 for each group; n � 3 sites/SC). No activity was detected in the control diet mouse SC. R, Example spike activity traces for Control D2 (top), Keto D2
(middle), and B6 (bottom) SCs; the first 300 ms are shown. All values are presented as the mean � SEM, one-way ANOVA and Tukey’s post hoc test. E: F(4,49) � 53.92, **p � 0.0026, ***p � 0.0001,
control D2 vs keto D2G, ***p � 0.0005; F: F(2,45) � 72.04, **p � 0.00106, ***p � 0.0001; K: F(4,51) � 32.33, *p � 0.0284, ***p � 0.0001, keto D2 vs control D2G, ***p � 0.0005, control D2
vs keto D2G, **p � 0.0042; P: F(2,15) � 10.17, **p � 0.0013; Q: F(2,15) � 120.9, ***p � 0.0001.
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Figure 6. Ketogenic diet increases mitochondrial respiration, restores monocarboxylate transporters, reduces AMPK pathway activation, and activates the AKT—mTOR–p70S6K signaling
pathway. A, a�, SDH histochemistry of control diet-fed D2 ONs (A) and high-magnification inset (a�). B, b�, SDH histochemistry of ketogenic diet-fed D2 ONs (B) and high-magnification inset (b�).
C, c�, COX histochemistry of control D2 ONs and high-magnification inset (c�). D, d�, COX histochemistry of a ketogenic D2 ON and high-magnification inset (d�). E, Quantification of SDH
histochemistry as shown in A and B (n � 4 ONs/group, n � 3 sections/nerve). F, Quantification of COX histochemistry as shown in C and D (n � 4 ONs/group, n � 4 sections/nerve). G, L-lactate in
control and keto D2 ONs (n � 6/group). H, CK activity in control and keto D2 ONs (n � 6/group). I, NAD �/NADH ratio in control and keto D2 ONs (n � 6/group). G–I, Values normalized to total
protein. J–O, Capillary electrophoresis protein analysis in control and keto D2 and D2G ONs (n �6/group), all normalized to total protein. J, MCT1 protein. K, MCT2 protein. L, Ratio of phosphorylated
AMPK to AMPK protein. M, Ratio of phosphorylated AKT1Ser 473 to AKT1. N, Ratio of p70S6KThr 389 to p70S6K protein. O, Ratio of p70S6KSer 411 to p70S6K protein. See Figure 5-1 available at
https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f5-1 and Figure 6-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f6-1. All values are presented as the mean�SEM, two-tailed
unpaired t test, and one-way ANOVA and Tukey’s post hoc test. E: t(22) � 11.65, ***p � 0.0001; F: t(22) � 14.78, ***p � 0.0001; G: t(11) � 3.354, *p � 0.0064; H: t(10) � 12.5, **p � 0.00101;
I: t(10) � 6.20325, **p � 0.0013; J: F(3,14) � 4.751, control D2 vs keto D2, *p � 0.0291, control D2 vs control D2G, *p � 0.0461, control D2 vs keto D2G, *p � 0.420; K, F(3,14) � 4.354, control D2
vs keto D2, *p � 0.0270, control D2 vs control D2G, *p � 0.0356, control D2 vs keto D2G, **p � 0.043; L, F(3,14) � 12.81, control D2 vs keto D2 **p � 0.0015, control D2 vs control D2G, **p �
0.0011, control D2 vs keto D2G, **p � 0.0023; M: t(10) � 3.72, **p � 0.004; N: t(10) � 4.232, **p � 0.0017; O: t(10) � 3636, **p � 0.0046. Scale bars: D (for A–D), 100 �m; d� (for a� to d�),
20 �m.
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Profiler PCR Array for Mouse Mitochondria (catalog #330001, QIAGEN)
run on an Applied Biosystems QuantStudio 6K Flex 384 instrument.

Protein analysis. Fresh optic nerve tissue from D2 and D2G ONs was
flash frozen in liquid nitrogen until homogenization in T-PER buffer
(Thermo Fisher Scientific) with HALT protease and phosphatase inhib-
itors (catalog #78442, Thermo Fisher Scientific) using three 3 s pulses at
10% amplitude from a Branson Sonicator. Protein samples were spun
down at 10,000 � g for 10 min; supernatants were collected and analyzed by
capillary tube-based immunoassay using the Wes, a ProteinSimple instru-
ment that separates proteins by electrical charge in capillary tubes and allows
binding of primary antibody then protein visualization within the capillary.
The Wes permits analysis of very small amounts of protein, allowing us to
assay individual optic nerves and quantify the amount of specific proteins
within a lysate. Wes results (Fig. 1-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f1-1) are normalized to total protein in the sam-
ple, as determined by capillary electrophoresis. Protein analysis was repeated
at least three times with biological replicates.

Action potentials. Action potentials were recorded from the exposed
SC. Mice were anesthetized using isoflurane (4% to induce and 2.5% to

maintain) and secured in a stereotaxic device. Mice were given ketopro-
fen (3–5 mg/kg; 0.1 mg/mouse, s.c.) for pain, and eyes were protected
with ophthalmic ointment (PuraLube). The scalp was removed, and a
steel post secured to the skull anterior to bregma using dental cement
(ESPE Ketac-Cem Radiopaque, 3M). A drill was used to remove the skull
to expose the region over the right SC where the sagittal and lambdoid
sutures meet. Dura was cut away, and suction was used to remove the
overlying visual cortex. Mice were then switched from isoflurane to ure-
thane (2 g/kg; 0.05 g/mouse) anesthesia, with atropine (0.05 cc of 15%/
mouse) to control bronchial secretions. A fluorescent photomicrograph
was taken to document the exposure of the SC and CTB tracing. The
mouse, via the steel head post, was mounted within a Faraday cage-
shielded recording chamber. Systane Ultra eye drops kept the cornea
moist during the recording. A fiber-optic cable directing LED light driven by
a Grass stimulator, and flashing at 1 Hz was placed in front of the left eye. A
tungsten electrode (catalog #WE30031.5A3, MicroProbes for Life Science)
fitted through a glass capillary and secured to a micromanipulator was
advanced using a Piezo controller into the retino-recipient, superficial
layers of the exposed SC. Light-driven postsynaptic potentials were re-

Figure 7. Ketogenic diet upregulates mitochondrial biogenesis and antioxidant response. A, B, PGC-1� protein (n � 6 per group; A) and Pgc1a mRNA (B) in control diet and keto D2 ONs (n �
4/group). C, Ucp2 mRNA levels in control diet and keto D2 ONs (n � 4/group). D, PCG-1� immunofluorescence (magenta) in retina (top panels; RGC marker RBPMS in green) and ON (bottom panels;
astrocyte marker GFAP in green). Arrows indicate RGC somata ringed with PGC-1� labeling. E, F, Mitochondrial number (E) and mitochondrial surface area (F ) in RGC axons within the ON (n � 4
ONs/group). G, Electron micrographs of control and keto D2 ONs. Arrows indicate mitochondria. H, SOD2 immunofluorescence in control diet and keto D2 retinas. Arrows indicate colocalization of
SOD2 with RBPMS. I, TFAM immunofluorescence in control diet and keto D2 retina. Arrows indicate colocalization of TFAM with RBPMS. J, Sod2 mRNA levels in control diet and keto D2 ONs (n �
4/group). Quantification of immunolabeling K, PGC-1� in ganglion cell layer (GCL) of retina. L, PGC-1� in proximal myelinated ON. M, SOD2 in GCL of retina; N, TFAM in GCL of retina. All values are
presented as the mean � SEM, two-tailed unpaired t test. A: t(10) � 3.917, **p � 0.0029; B: t(6) � 5.938, **p � 0.0010; C: t(6) � 3.569, *p � 0.0118; E: t(6) � 5.332, **p � 0.0018; F: t(6) �
4.007, **p � 0.0071; J: t(6) � 5.515, **p � 0.0105; K: t(22) � 20.41, ***p � 0.0001; L: t(22) � 19.28, **p � 0.001; M: t(22) � 13.13, ***p � 0.0001; N: t(20) � 4.809, **p � 0.0018. Scale bar,
I (for D, H, I ), 20 �m.
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corded from three different sites within each SC through a bandpass
filter, Dagan amplifier, with resultant postsynaptic potentials docu-
mented in a custom-written LabVIEW software (University of Califor-
nia, Berkeley, Berkeley, CA) module. Data are reported as a latency to
onset of activity and average response rate over the first 250 ms of activity.
Activity is defined as spikes that exceed 2 SDs of spontaneous activity.

Experimental design and statistical analysis. Statistical analyses were
undertaken using GraphPad Prism software version 7.0. Data were ana-
lyzed by unpaired, two-tailed t test when comparing across groups within
a strain, or within a group across strains. In cases for which data were not
normally distributed, a nonparametric Mann–Whitney test to compute
the 95% confidence interval for the difference between medians was
used. One-way ANOVA and Tukey’s multiple-comparison post hoc test
were used when making comparisons across multiple groups within a
strain, or across multiple groups within an outcome measure. p � 0.05
was considered significant, and data are reported as the mean � SEM.

Results
Optic nerve axons are metabolically stressed in
chronic glaucoma
Astrocytes store glycogen, a polysaccharide form of glucose that
can be mobilized to provide energy for astrocytes, and potentially
for axons. We measured glycogen in a time course of myelinated
optic nerves from D2 and D2G mice (a glaucoma strain and its

control, respectively; see Materials and Methods), finding a sig-
nificant decrease in glycogen in the D2 mouse with increasing age
and IOP (6 and 10 months of age; Fig. 1A, F(5,30) � 18.59, **p �
0.0022, ***p � 0.00011). We analyzed glutamine synthetase (GS)
mRNA and protein levels, finding no changes in GS mRNA levels
across the D2 and D2G ONs (Fig. 1-1 available at https://doi.org/
10.1523/JNEUROSCI.3652-17.2018.f1-1). There was a substan-
tial increase in GS protein in the D2G ON from 3 to 6 months
of age, but no significant changes in GS protein in either strain
from 6 to 10 months (Fig. 1-1 available at https://doi.org/10.
1523/JNEUROSCI.3652-17.2018.f1-1). Glycogen depletion oc-
curs during a period of increased astrocyte activity, morpho-
logical change (Bosco et al., 2016), and proliferation (Son et
al., 2010) indicated by the significant upregulation of Gfap
mRNA at 6 and 10 months in the D2 ON (Fig. 1-1 available at
https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f1-1).

To determine whether energy substrate (glucose, lactate) pro-
vision contributes to glaucoma pathogenesis, we evaluated the
transporters that handle these substrates. Optic nerve glial cells
express glucose transporter 1 (GLUT1) while axons express GLUT3.
GLUT1 protein was relatively stable across ages and IOP with the
exception of the ONs from 10-month-old D2 mice, which
showed a significant decrease in GLUT1 as measured by capillary
electrophoresis (Fig. 1B and Fig. 1-1 available at https://doi.org/
10.1523/JNEUROSCI.3652-17.2018.f1-1; F(5,42) � 6.463, **p �
0.0077). Immunolabeling for GLUT1 showed clear puncta on the
plasma membrane of astrocytes and oligodendrocytes at all ages
except the nerves from 10-month-old D2 mice, in which it was
barely detectable (Fig. 1C). Despite this, baseline Glut1 mRNA
levels were significantly higher in D2 ONs compared with D2G
ONs at 3 months, but were not statistically different in D2 and
D2G mice at 10 months (Fig. 1D, F(3,20) � 3.209, **p � 0.001). D2
mice had significantly more axon-specific Glut3 mRNA at 3 and
10 months of age than D2G mice (Fig. 1E, F(5,37) � 15.58, **p �
0.0023, ***p � 0.0001). GLUT3 protein showed a trend toward
increase with age in both glaucoma and control strains, though

Table 1. List of antibodies used for IHC and capillary electrophoresis analyses

Antibody Dilution RRID Company Host

AKT1 1:50 for Wes AB_329827 Cell Signaling Technology Rabbit
AMPK �1 2B7 1:200 for Wes AB_2721834 Novus Biologicals Mouse
BDNF 1:100 for IHC AB_630940 Santa Cruz Biotechnology Rabbit
Brn3a 1:50 for IHC AB_626765 Santa Cruz Biotechnology Mouse
�III-tubulin 1:1000 for IHC AB_727049 Abcam Chicken
GLUT1 1:200 for IHC, 1:50 for Wes AB_790014 Novus Biologicals Rabbit
GLUT3 1:25 for IHC and Wes AB_2191306 R&D Systems Mouse
Glutamine Synthetase 1:50 for Wes AB_1127501 Santa Cruz Biotechnology Mouse
GFAP 1:250 for IHC AB_10917109 EMD Millipore Mouse
GFAP 1:500 for IHC AB_10013382 Dako-Agilent Rabbit
MCT1 1:25 for IHC and Wes AB_10841766 Santa Cruz Biotechnology Mouse

MCT2
1:50 for Wes AB_2721836 Aviva Systems Biology Rabbit
1:50 for Wes AB_10855300 Bioss Rabbit

MCT4
1:250 for IHC AB_2254765 Santa Cruz Biotechnology Goat
1:50 for Wes AB_2189333 Santa Cruz Biotechnology Rabbit

NRF2 1:25 for IHC AB_2618882 Developmental Studies Hybridoma Bank Mouse
RBPMS 1:200 for IHC AB_10720427 GeneTex Rabbit
Phospho-AKTSer 473 1:50 for Wes AB_329825 Cell Signaling Technology Rabbit
pAMPK �1Thr 172 1:100 for IHC, 1:50 for Wes AB_11032916 Novus Biologicals Rabbit
p70S6K 1:50 for Wes AB_331676 Cell Signaling Technology Rabbit
Phospho-p70S6KThr 389 1:50 for Wes AB_330944 Cell Signaling Technology Rabbit
Phospho-p70S6KSer 411 1:25 for Wes AB_2182257 Santa Cruz Biotechnology Mouse
SOD2 1:100 for IHC AB_2191814 Santa Cruz Biotechnology Mouse
TFAM 1:50 for IHC AB_10610743 Santa Cruz Biotechnology Mouse

IHC, Immunohistochemistry.

Table 2. TaqMan gene expression assays

Gene Assay number

Hprt Mm00446968_m1
Slc16a3 (Mct4) Mm00446102_m1
Scl16a7 (Mct2) Mm00441442_m1
Slc16a1 (Mct1) Mm01306379_m1
Glul (GS) Mm00725701_s1
Foxo3 Mm01185722_m1
Gfap Mm01253033_m1
Actb Mm00607939_s1
Slc2a3 (Glut3) Mm00441483_m1
Slc2a1 (Glut1) Mm00441480_m1
UCP2 Mm00627599_m1
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there were no statistical differences across groups (Fig. 1F).
Strong GLUT3 immunolabeling was evident along RGC axon
membranes in both strains and all ages (Fig. 1G, arrows). Quan-
tification of immunolabeling corroborates the significant de-
creases in GLUT1 for 10-month-old D2 mice (Fig. 1H; F(2,51) �
210.4, ***p � 0.0001) and lack of difference across age and strain
for GLUT3 (Fig. 1I).

Lactate, pyruvate, and ketone bodies such as �-hydroxybu-
tyrate are transported across membranes through MCTs. MCT iso-
forms differ in their substrate-binding affinities and kinetics,
making MCT1, the transporter primarily expressed in astrocytes,
oligodendrocytes, and endothelial cells (Lee et al., 2012), which
are best suited for lactate export, and MCT2, the transporter primar-
ily expressed in neurons (Pierre et al., 2002; Simpson et al., 2007),
for lactate uptake. MCT4, also with kinetics suited for export, is
also expressed in astrocytes (Rafiki et al., 2003). Mct1 mRNA and
protein were significantly decreased in 10-month-old D2 myelin-
ated ONs compared with 10-month-old D2G ONs [Fig. 2A–C (A:
F(5,47) � 4.579, *p � 0.0141; B: F(5,38) � 6.553, **p � 0.0076)].
Here, MCT1 is colocalized with astrocytes and oligodendrocytes
(Fig. 2C,I, analysis). The intact FluoroMyelin staining (Fig. 2C,F)
and GFAP immunolabeling (Fig. 2G) indicate that these de-
creases are not accompanied by astrocyte or oligodendrocyte loss.
Mct2, specific for axons, and Mct4 showed stable mRNA levels
from 3 to 10 months in ONs (Fig. 2-1 available at https://doi.org/
10.1523/JNEUROSCI.3652-17.2018.f2-1), but significant MCT2
protein decreases occur in the D2 ON at both 6 and 10 months of
age (Fig. 2D, F(5,42) � 16.14, *p � 0.0054, **p � 0.0013). There is
no loss of axons at 6 months in D2 ONs, and only modest loss at 10
months (Dengler-Crish et al., 2014), as shown by axon quantifica-
tion of 10-month-old D2 ONs (Fig. 2M). Immunolabeling
showed barely detectable MCT2 and MCT4 protein in the 10-
month-old D2 ONs (Fig. 2F,G, J,K, analysis). Notably lower
MCT2 and MCT4 labeling was observed in the ONs from a glau-
coma patient compared with an age-matched control subject
(Fig. 2H,L and Fig. 2-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f2-1). These significant decreases in
MCT1 and MCT4 occur without concomitant loss of astrocytes
(Fig. 1-1 available at https://doi.org/10.1523/JNEUROSCI.
3652-17.2018.f1-1), indicating that these proteins are downregu-
lated with glaucoma progression.

Decreases in both GLUT1 and MCTs in the ONs suggest se-
verely compromised substrate movement from glia to axons. To
determine whether the decrease in MCTs is accompanied by
changes in monocarboxylate availability, we measured lactate
levels in a time course of D2 and D2G ON. L-lactate was signifi-
cantly decreased in 10-month-old D2 ONs compared with D2G
ONs (Fig. 3A, F(5,42) � 22.04, *p � 0.0124). Energy shortages in
tissue activate 5� AMP-activated protein kinase (AMPK), a mas-
ter cellular energy sensor (Garcia and Shaw, 2017). The ratio of
activated (phosphorylated) AMPK to inactive AMPK was signif-
icantly increased in the D2 ON starting at 6 months and continu-
ing at 10 months (Fig. 3B; F(5,42) � 35.51, **p � 0.0032, ***p �
0.0001). Immunolabeling for phosphorylated AMPK (pAMPK)
shows a profound increase in astrocytes, with puncta throughout
the tissue, in 10-month-old D2 ONs (Fig. 3D,E, F(2,45) � 208.4,
***p � 0.0001). Human ONs from a patient in whom glaucoma
had been diagnosed also showed significantly increased pAMPK
immunolabeling, colocalized with the astrocyte marker GFAP,
compared with the age-matched control patient (Fig. 3C,F, t(14) �
14.79, ***p � 0.0001, two-tailed unpaired t test).

To further confirm that the optic nerve faced an energy deficit,
we measured NAD� and NADH levels and creatine kinase activity.

CK regulates energy by generating ATP from phosphocreatine. The
ratio of NAD� to NADH (Fig. 3G, F(5,30) � 5.061, *p � 0.0012)
and NAD� levels (Fig. 3-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f3-1, F(5,30) � 6.129, *p � 0.0096)
were significantly decreased in the 10-month-old D2 ONs compared
with 10-month-old D2G ONs. Significant decreases in total NAD
were observed at 6 and 10 months in the D2 compared with D2G
mice (Fig. 3-1 available at https://doi.org/10.1523/JNEUROSCI.
3652-17.2018.f3-1). There was an age-related decline in creatine
kinase activity in both D2 and D2G ONs. In addition, creatine
kinase activity in the 10-month-old D2 ONs was significantly
decreased compared with 10-month-old D2G ONs (Fig. 3H,
F(5,48) � 38.28, **p � 0.0025). Significant decreases in peroxi-
some proliferator-activated receptor � coactivator 1-� (PGC-1�)
have been observed in aged D2 retina (Guo et al., 2014), suggest-
ing a deficit in new mitochondria generation, so we tested
whether there might be a concomitant decrease in ON. PGC-1�
is significantly decreased in 10-month-old D2 ONs compared
with D2G ONs (Fig. 3I, F(5,42) � 5.43, *p � 0.0231).

Optic nerve is metabolically stressed in acute glaucoma
To test whether these transporter changes and evident metabolic
vulnerability were peculiar to the D2 mouse model of glaucoma,
we subjected mice to acute glaucoma instigated by injection of
8 �m magnetic beads into the anterior chamber of the eye to
block aqueous humor outflow and raise IOP to glaucomatous
levels (Sappington et al., 2010). The bead-injected, hypertensive
eyes were cumulatively elevated 200 � 10 mmHg/d over the con-
tralateral, normotensive eyes, indicating a significant IOP in-
crease approximately equivalent to 5 mmHg over normal (Fig. 4-1
available at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.
f4-1). CTB injected into the eye was used to assess axon transport
deficits to the SC, the main retinal target in mice. An example of
intact axon transport (normotensive control) versus transport
deficit (bead-injected hypertensive) is shown in cross sections of
the SC in Figure 4A. Quantification of tracer label showed the SC
corresponding to the normotensive eyes with 85.39 � 2.53% of
collicular area positive for CTB, while only 44.68 � 2.47% of
collicular area exhibited tracer label in SC of ocular hypertensive
eyes (Fig. 4B, t(16) � 15.07, ***p � 0.0001). Six weeks of ocular
hypertension also led to extensive loss of retinal ganglion cells in
hypertensive eyes (Fig. 4C,D, t(27) � 5.412, ***p � 0.0001). Sim-
ilarly to the D2 findings, optic nerves from hypertensive eyes
showed an almost threefold increase in the pAMPK/AMPK ratio
(Fig. 4E, t(10) � 4.914, ***p � 0.0006), indicating substantial
energy deprivation. The glaucomatous optic nerve also exhibited
notable decreases in MCT1 and MCT2 protein levels [Fig. 4F,G
(F: t(10) � 3.114, *p � 0.0110; G: t(10) � 6.536, **p � 0.00110].
There were no changes in GLUT1 and GLUT3 protein levels (Fig.
5-1 available at https://doi.org/10.1523/JNEUROSCI.3652-17.
2018.f5-1). These data indicate that, similarly to the glaucoma-
tous D2 mice, the optic nerve is susceptible to metabolic vulner-
ability when eyes are subjected to acute IOP elevation.

Forced respiration resolves metabolic stress in
chronic glaucoma
To determine whether the loss of MCTs and the lactate they
provide is central to subsequent degeneration of the optic nerve,
we provided 9-month-old D2 or D2G mice with 8 weeks of a
ketogenic or a control diet. Putting mice on a carbohydrate-free
diet forces the mitochondria in both astrocytes and neurons to
provide all of the ATP because there would be little to no glycol-
ysis unless gluconeogenesis, an energy-intensive process, also oc-
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curred. In this diet, the liver uses �-oxidation to turn the long-
and medium-chain triglycerides of the KD into ketone bodies
(�-hydroxybutyrate and acetoacetate) that cross the blood– brain
barrier and can be converted for use in the Krebs cycle. Table 3
contains the baseline and terminal IOP and weight, the food in-
take, and the plasma and retina �HB levels in the D2 mice and
plasma �HB levels in the D2G mice used in the study. There was
no change in IOP with the diet. D2 and D2G mice gained weight
on the KD despite lower food intake; the higher number of kilo-
calories per gram of the KD allowed the mice eating the KD to
consume less food than the control mice (Table 3). As expected,
there were significant increases in plasma and retina �HB levels
in the D2 and plasma �HB in the D2G mice eating the KD.

The KD significantly protected the RGC number in the retinas
of the ketogenic group compared with controls (Fig. 5A–E, F(4,49) �
53.92, **p � 0.0026, ***p � 0.0001), with RGC density for keto-
genic D2 mice of 2487 � 105 versus 1444 � 184 cells/mm 2 for
control diet D2; 3517 � 130 cells/mm 2 for ketogenic D2G mice,
and 3405 � 185 cells/mm 2 for D2G control mice. For reference,
a 3-month-old D2 mouse with no pathology has 3418 � 116
cells/mm 2. There was significantly greater transport of CTB to
the SC from the retina in ketogenic D2 mice (61.82 � 3.73% vs
35.5 � 2.83% in control diet D2 mice) as well, indicating im-
proved axon transport function or axon protection (Fig. 5F–J,
F(2,45) � 72.04, **p � 0.00106, ***p � 0.0001). We examined the
axon number with PPD-stained semi-thin cross sections of optic
nerve to determine any effect on axon loss. ONs from D2 keto-
genic mice were significantly more intact, with 37,828 � 1766
axons/ON compared with 24,827 � 2460 axons/ON in the D2
mice eating the control diet (Fig. 5K–O, F(2,45) � 36.58, *p �
0.0148, ***p � 0.0001), indicating axon protection. D2G keto-
genic mice had 50,648 � 1472 axons/ON, and D2G control mice
had 53,052 � 1384 axons/ON. For reference, a 3-month-old D2
ON with no pathology had 44,843 � 957 axons/ON. To confirm
that protected RGCs and optic nerve axons in the ketogenic mice
were functional, we recorded light-driven action potentials in the
superior colliculus, subtending the entire nasal–temporal extent
of the collicular retinotopic map, the target for 	90% of all RGCs
in the mouse (Ellis et al., 2016). Both the ketogenic and control
diet D2 groups exhibited very low spontaneous firing rates when
compared with B6 mice (Kaneda and Isa, 2013). We were unable
to drive collicular neurons with visual stimuli in the D2 control
diet mice. At no point did they diverge significantly from their
spontaneous firing rate. In the D2 ketogenic mice, we were able
to drive cells in 55% of the penetrations, defined as firing rates
greater than twice the SD of spontaneous activity. Though we

recorded clear visual responses in the D2 ketogenic mice, these
responses exhibited much longer latencies compared with B6
mice (Fig. 5P, 52.5 ms for B6 mice, 94.2 ms for ketogenic D2 mice,
F(2,15) � 10.17, **p � 0.0013). Given this delay, we measured the
average firing rate for the 250 ms after response onset to account
for any possible slowing of response kinetics in the ketogenic D2
mice (Fig. 5Q; F(2,15) � 120.9, ***p � 0.0001). Responsive neu-
rons in the ketogenic mice averaged 91 Hz firing rate during the
post onset 250 ms time window and a peak firing rate of 333 Hz;
there were no responsive neurons in the control diet SC. For the
B6 mice, the response window averaged 304 Hz with a peak rate
of 1160 Hz.

Ketogenic diet increases energy availability
As anticipated, the KD promoted mitochondrial respiration, as
measured by histochemistry for electron transport chain com-
plex II (SDH) and complex IV (COX) activities [Fig. 6A–F (E:
t(22) � 11.65, ***p � 0.0001; F: t(22) � 14.78, ***p � 0.0001)].
SDH activity was significantly higher in the D2 ketogenic ON
compared with the control, as visualized (Fig. 6B, b�) and quan-
tified (Fig. 6E) in the optic nerve. COX activity was also signifi-
cantly higher in the ONs of KD-fed D2 mice versus those of
control diet mice, as visualized in Figure 6, C, c�, F (quantified).
We evaluated several metabolic biochemical indices and path-
ways to understand the mechanism of KD neuroprotection.
L-Lactate levels (Fig. 6G, t(11) � 3.354, *p � 0.0064) and creatine
kinase activity (Fig. 6H, t(10) � 12.5, **p � 0.00101), normally
reduced in the D2 mouse at these ages, were significantly in-
creased in the D2 mice eating the KD compared with the control
diet. NAD�/NADH ratio, NAD�, and total NAD were signifi-
cantly increased in the ketogenic ONs compared with control
ONs [Fig. 6I (t(10) � 6.20325, **p � 0.0013), and Fig. 5-1F avail-
able at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f5-1
(t(10) � 4.025, **p � 0.001), and Fig. 5-1H available at https://
doi.org/10.1523/JNEUROSCI.3652-17.2018.f5-1 (t(10) � 6.025,
**p � 0.001)]. There was no difference between D2 ketogenic and
control ON levels of NADH (Fig. 5-1 available at https://doi.org/10.
1523/JNEUROSCI.3652-17.2018.f5-1; negative control slide data in
Fig. 6-1 available at https://doi.org/10.1523/JNEUROSCI.3652-
17.2018.f6-1).

With only ketone bodies for fuel, we observed a significant up-
regulation of MCT1 and MCT2 protein in the D2 ONs [Fig. 6 J,K
(J: F(3,14) � 4.751, *p � 0.0173; K: F(3,14) � 4.354, *p � 0230)],
but not MCT4 (Fig. 5-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f5-1). These data indicate a re-
sponse by oligodendrocytes (MCT1) and axons (MCT2) to

Table 3. Ketogenic and control mouse indices

Baseline IOP
(mmHg)

Terminal IOP
(mmHg)

Baseline
weight (g)

Terminal
weight (g)

Food intake
by week (g)

kCal
by week

Plasma �HB
levels (mM) Retina �HB levels �g/�g of protein

D2 keto
Male (n � 14) 16.8 � 1.2 18.0 � 0.7 36.2 � 1.0 41.9 � 1.1 17.4 � 0.6 117 � 1.1 0.50 � 0.02 0.2008 � 0.00065 n � 8 retina
Female (n � 10) 16.8 � 1.2 18.1 � 1.7 27.6 � 1.1 31.4 � 1.1 12.2 � 0.5 82.64 � 1.0 0.4 � 0.03

D2 control
Male (n � 12) 17.1 � 0.7 16.9 � 0.7 37.2 � 1.1 37.9 � 1.1 29.9 � 0.7 117 � 1.5 0.08 � 0.003 0.0029 � 0.00014 n � 4 retina
Female (n � 12) 17.1 � 0.8 16.8 � 0.9 26.3 � 1.0 26.0 � 1.0 20.4 � 13 80.1 � 1.1 0.10 � 0.003

D2G keto
Male (n � 5) 12.1 � 0.8 12.1 � 0.5 32.9 � 2.2 37.2 � 1.2 16.5 � 0.5 111.5 � 2.0 0.2 � 0.020
Female (n � 2) 12.2 � 0.4 11.9 � 0.1 24.3 � 2.1 27.0 � 1.0 11.5 � 2 77.8 � 1.5

D2G control
Male (n � 2) 11.9 � 0.8 12.1 � 0.8 32.1 � 0.9 32.5 � 1.0 28.8 � 2 112 � 1.0 0.07 � 0.001
Female (n � 2) 12.1 � 0.2 12.0 � 0.5 24.6 � 0.5 24.5 � 0.9 20.2 � 13 79.2 � 1.1

n � Number of mice. Numbers are averages per mouse; all values are the mean � SEM.
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enable greater substrate delivery to the axon. There was no
change in the protein levels of GLUT1 and GLUT3 in keto-
genic versus control mouse ONs (Fig. 5-1 available at
https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f5-1).

Shift to mitochondrial biogenesis and catabolism with
ketogenic diet
A shift from anabolic to catabolic processes occurred in the keto-
genic D2 ONs, based on a significant decrease in the ratio of
pAMPK to AMPK (Fig. 6L, F(3,14) � 12.81, **p � 0.001) with KD,
a reversal of the significant pAMPK upregulation observed in the
10-month-old D2 ONs (Fig. 3B). To further explore evidence of
catabolism, we measured AKT activation as well as p70 ribosomal
S6 kinase (p70S6K), a downstream target of mammalian target of
rapamycin (mTOR). There was significantly increased pAKT1
and p70S6K in the ketogenic D2 ONs [Fig. 6M–O (M: t(10) �
3.72, **p � 0.004; N: t(10) � 4.232, **p � 0.0017; O: t(10) � 3636,
**p � 0.0046)]. For p70S6K, we evaluated phosphorylation at
Thr-389 and Ser-411; the latter site controls p70S6K activation
through phosphorylation of Thr-389 (Hou et al., 2007). The tar-
get of p70S6K, S6, is a ribosomal subunit that participates in
protein translation. It has been shown that MCTs are upregulated
at the level of translation (Chenal et al., 2008). Also in keeping
with mTOR activation, PGC-1� protein and mRNA were signifi-
cantly increased in the ketogenic D2 ONs over control ONs [Fig.
7A,B (A: t(10) � 3.917, **p � 0.0029; B: t(6) � 5.938, **p �

0.0010)], suggesting potentially increased mitochondrial biogen-
esis. A PGC-1� target, UCP2 (Wu et al., 1999), had significantly
lower mRNA in the keto D2 ONs (Fig. 7C, t(6) � 3.569, *p �
0.0118) and retina (Fig. 5-1 available at https://doi.org/10.1523/
JNEUROSCI.3652-17.2018.f5-1). Immunofluorescent labeling
of retina and ON for PGC-1� indicated high levels of PGC-1� in
nerve fiber layer glia (astrocytes) as well as within RGCs (Fig. 7D).
To ascertain whether PGC-1� activity led to mitochondrial bio-
genesis, axon mitochondria were quantified in electron micro-
graphs taken from ketogenic and control myelinated proximal
ONs [Fig. 7E–G (E, t(6) � 5.332, **p � 0.0018; F, t(6) � 4.007,
**p � 0.0071)]. In axons, mitochondria number (Fig. 7E) and
surface area (Fig. 7F) were significantly increased in the keto-
genic ON compared with control. Increased surface area of the
ketogenic ON mitochondria suggests the increased mitochondrial
number is not due to fission events. Retinal immunolabeling for
SOD2 and TFAM (transcription factor A, mitochondrial) showed
increased levels of SOD2 and TFAM expression in RGCs with the
KD, indicating upregulated antioxidant response and greater mi-
tochondrial biogenesis in the ketogenic D2 retinas [Fig. 7H,M,
(t(22) � 13.13, ***p � 0.0001), I,N (t(20) � 4.809, **p � 0.0018)].

Antioxidant response increased with ketogenic diet
Forced respiration might increase ROS, a byproduct of oxidative
phosphorylation. To determine whether this transpired with the
KD, we immunolabeled retina and ON with an antibody against

Figure 8. Ketogenic diet upregulates antioxidant response, limits glial hypertrophy, and upregulates BDNF. A, NRF2 immunofluorescence (magenta) in control diet and keto D2 retinas. Arrows
indicate somata in which Nrf2 has translocated to the nucleus of RGCs labeled with RBPMS (green). B, HO-1 (magenta) and Brn3a (green) immunofluorescence in control diet and keto D2 retina and
ON (n � 4/group). C, Astrocyte hypertrophy analysis in ON cross sections from control and keto D2 mice. D, Examples of thresholding used to calculate area of astrocyte hypertrophy in control (left)
and ketogenic diet (right) ONs. Scale bar, 100 �m. Dark blue areas are intact axons; light areas are astrocytes. E, BDNF (magenta) immunofluorescence in control diet and keto D2 retinas also
immunolabeled for Brn3a for RGCs (green) and ONs. Arrows and white color indicate colocalization of BDNF with Brn3a. F–I, Percentage of immunolabeling by ROI across analysis depicted in A, B,
and E. Analysis was undertaken in three sections per tissue, with four retinas or ONs per group. F, NRF2 in GCL of retina. G, HO-1 in inner retina. H, HO-1 in proximal myelinated ON. I, BDNF in GCL
of retina. J, BDNF in proximal myelinated ON. All values are presented as the mean�SEM, two-tailed unpaired t test. C: t(12) �4.983, **p�0.003; F: t(22) �19.56, ***p�0.0001; G: t(22) �18.65,
***p � 0.0001; H: t(22) � 11.38, ***p � 0.0001; I: t(22) � 13.93, ***p � 0.0001; J: t(22) � 18.01, ***p � 0.0001. Scale bar, E (for A, B and E), 20 �m.
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Nrf2, the transcription factor that binds to the antioxidant response
element to promote expression of genes such as hemeoxygenase-1
(HO-1). There was evidence of translocation of Nrf2 to the nu-
cleus in the D2 ketogenic mouse retina, but not control mouse
retina [Fig. 8A (quantification in Fig. 8F), t(22) � 19.56, ***p �
0.0001]. We confirmed antioxidant response by immunolabeling
for HO-1 in retina and ON (Fig. 8B). There was slightly higher
HO-1 immunolabeling in retina and ON from the ketogenic mice
compared with those D2 mice on the control diet [Fig. 8G, quan-
tification (t(22) � 18.65, ***p � 0.0001), H, quantification (t(22) �
11.38, ***p � 0.0001)].

Astrocytes underwent no change in glycogen levels in the ke-
togenic ON compared with control diet (compare Fig. 5-1 avail-
able at https://doi.org/10.1523/JNEUROSCI.3652-17.2018.f5-1,
Fig. 1A), indicating that the KD did not impact glycogen stores.
Analysis of ON mRNA showed significant decreases in Gfap in the
ketogenic mice compared with control, while there was no change
in GS (Fig. 5-1 available at https://doi.org/10.1523/JNEUROSCI.
3652-17.2018.f5-1). Since astrocyte volume increases during glu-
cose deprivation while gap–junction coupling decreases (Lee et
al., 2016), we measured astrocyte surface area in optic nerve cross
sections, finding significantly decreased astrocyte area in the
ketogenic versus control groups [Fig. 8C (t(12) � 4.983, **p �
0.003), D], corroborating the decrease in hypertrophy antici-
pated with lower Gfap mRNA.

BDNF has been shown to be significantly decreased in disor-
ders of energy metabolism such as obesity, hyperglycemia, and
insulin desensitivity (Nakagawa et al., 2000; Krabbe et al., 2007),

but also neurodegenerative disorders such as Huntington’s disease
(Zuccato et al., 2001). Restoration of BDNF levels can regulate en-
ergy balance (Nakagawa et al., 2002) and slow neurodegenerative
disease progression (Duan et al., 2003). BDNF is also necessary for
RGC survival (Mansour-Robaey et al., 1994), so we evaluated BDNF
protein in retina and ON. BDNF immunolabeling showed signifi-
cant increases in the ganglion cell layer of retina and in the ON of
KD-fed mice [Fig. 8E (quantification in I; t(22) � 13.93, ***p �
0.0001), J (t(22) � 18.01, ***p � 0.0001)].

Figure 9 shows a schematic of the substrate transporters in-
volved in the normal and glaucomatous metabolically stressed
optic nerve, and the intracellular pathways involved in resolution
of energy compromise by the KD.

Discussion
We investigated the metabolic vulnerability that precedes axon
degeneration in the D2 model of glaucoma by examining sub-
strate access and manipulating metabolism. The data presented
here support the hypothesis that limited energy substrate com-
promises axon function in the glaucomatous ON. By 6 months of
age in the D2 ON, and 4 weeks after bead injection, activation of
the primary cellular energy sensor, AMPK, was observed. Phos-
phorylated AMPK works to restore energy balance by inhibiting
ATP-consuming processes in the cells and axons of the ON,
including upregulating glucose transporters and inhibiting gly-
cogen synthase to reduce storage of glucose (Hardie, 2013). Tell-
ingly, we observed significantly decreased glycogen levels at 6 and
10 months in the D2 ONs, as well as significant upregulation of

Figure 9. Glucose and monocarboxylate transporter complement in optic nerve, and intracellular pathways regulating the response to low energy and ketogenic diet. Right, Top, Normal optic
nerve showing mitochondria within the axon, and glycogen storage in the astrocyte contacting the axonal node of Ranvier. The glucose transporters GLUT1 (on astrocytes and oligodendrocytes) and
GLUT3 (on axons) are distributed across their respective cells. The monocarboxylate transporters (MCT2 on axons, MCT1 on oligodendrocytes, and MCT1 and MCT4 on astrocytes) display kinetics that
favor the movement of ketone bodies and lactate from the glia to the neurons. Right, Bottom, Glaucomatous optic nerve shows a reduction in mitochondria size (Coughlin et al., 2015), as well as
decreased GLUT1 and MCT1, MCT2, and MCT4 transporters (denoted by dashed outlines). Left, Low energy levels lead to the activation of AMPK and the subsequent upregulation of PGC-1� and
activation of TXNIP, thereby relieving the constitutive degradation of GLUT1. Activated (phosphorylated) AMPK also phosphorylates TCS2, thereby blocking the conversion of Rheb-GDP to Rheb-GTP
and preventing the activation of the mTORC1. Sustained activation of AMPK upregulates ACC1 and ACC2, promoting fatty acid oxidation. Fatty acid oxidation and utilization of �HB provides ATP,
thereby blocking AMPK activation. When not active, AMPK no longer blocks mTORC1 activity, allowing the activation of p70S6K, the phosphorylation of S6, and the subsequent translation of proteins
such as MCT2. TXNIP, Thioredoxin-interacting protein; TCS2, tuberous sclerosis complex 2; ACC, acetyl-CoA carboxylase.
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the axonal glucose transporter GLUT3 mRNA. However, pAMPK is
even more upregulated at 10 months than at 6 months in the D2
ONs, indicating that any attempt to restore ATP levels was un-
successful at 6 months, giving way to sustained activation. The
failure to restore ATP is corroborated by the significantly de-
creased L-lactate and creatine kinase activity observed at 10
months in the D2 ON. Sustained AMPK activation defers glucose
synthesis concomitant with a promotion of �-oxidation, the use
of fatty acids as a fuel source. It was into this environment, primed to
make use of fatty acids, that we introduced the KD. The KD leads
to the breakdown of fatty acids in the liver and the production of
ketone bodies. Fatty acids can enter the CNS and may be metab-
olized to ketone bodies by astrocytes (Guzmán and Blázquez,
2004); however, retinal neurons have also been shown to use fatty
acids directly (Joyal et al., 2016; Pearsall et al., 2017).

Ketone bodies enter astrocytes, neurons, and oligodendro-
cytes through MCTs and are converted to acetyl-CoA in the mi-
tochondria (Gano et al., 2014). Though there was a significant
downregulation of MCT1, MCT2, and MCT4 at 10 months in the
D2 ON, the transporters were not absent. As the available ketone
body substrates grew, both MCT1 and MCT2 were upregulated
in ONs of D2 mice on the KD. MCT upregulation occurs in the
CNS with KD (Leino et al., 2001) or high-fat diet (Pierre et al.,
2007), and in response to ketone bodies or �-hydroxybutyrate
(Halestrap and Meredith, 2004), demonstrating a dynamic re-
sponse to changing the metabolic substrate. We posit that the
initial MCT downregulation in 10-month-old D2 ONs was in
response to scarcity of energy substrate; L-lactate levels and astrocyte
GLUTs were significantly decreased. Monocarboxylate transporter
protein and mRNA levels closely follow lactate levels, suggesting that
lactate can regulate MCT expression (Takimoto and Hamada,
2014). MCTs are regulated at the level of translation with signaling
through the PI3K–AKT–mTOR–p70S6K pathway (Chenal et al.,
2008). We showed significant activity of AKT and upregulation of
p70S6K protein, downstream of mTOR, with KD. Both mTOR and
pAMPK can increase PGC-1�; these increases can lead to the up-
regulation of MCT1 and its partner protein basigin, with a resultant
20% increase in lactate transport (Benton et al., 2008).

What initiated the energy crisis in the D2 ON? Astrocytes are
highly glycolytic cells, releasing L-lactate as a byproduct of glyco-
lysis. The �-regulatory subunit of AMPK has a glycogen-binding
domain (Garcia and Shaw, 2017), allowing it to behave as a gly-
cogen sensor (McBride et al., 2009). The AMPK-induced inhibi-
tion of glycogen synthase negatively impacted astrocyte glycogen
levels at 6 and 10 months in D2 ONs. This should have prompted
the upregulation of GLUT1 in the astrocytes. However, this did
not occur. There are at least two potential explanations. For one,
GLUTs are regulated by local metabolic demand and become
upregulated with neural activity (Ferreira et al., 2011), suggesting
that their decline may additionally be the outcome of decreased
activity in the ON. There is evidence for declines in the physio-
logical activity in the D2 as measured by visual evoked potential
as early as 7 months of age (Domenici et al., 2014), as well as declines
in compound action potential evoked in isolated 6-month-old D2
ONs (Baltan et al., 2010). A second possibility for the failure of
GLUT1 upregulation is limited metabolic support among astrocytes
in optic nerve head (ONH) and ONs. Specialized astrocytes of the
optic nerve head glia lamina (“fortified astrocytes”) undergo de-
generation with extended exposure to high IOP (Li et al., 2015).
ONH astrocytes are electrically and metabolically coupled
through a gap-junction-mediated syncytium that is disrupted
when exposed to high pressure (Malone et al., 2007). Human
optic nerve head showed immunolabeling for connexin-43, a

major gap junction protein in astrocytes, from the lamina cribosa
through to the myelinated ON (Kerr et al., 2011). However, as-
trocytes lose their gap-junction coupling when deprived of glu-
cose (Lee et al., 2016). The loss of coupling would isolate portions
of the astrocyte syncytium, preventing the management of the
metabolic, Ca 2�, and structural crisis that occurs when astrocytes
exposed to chronic IOP increase release their connections with the
pial wall (Sun et al., 2010; Dai et al., 2012) before degeneration.

The impact of energy crisis in the D2 ON that begins upon
AMPK activation is a vulnerability to oxygen–glucose deprivation
and a loss of compound action potential propagation (Baltan et al.,
2010), also evident by 6 months of age. D2 RGC axons with
anterograde transport deficit nevertheless preserve their connec-
tions in the superior colliculus until 13 months of age (Crish et al.,
2010; Dengler-Crish et al., 2014), although synaptic changes at
9 –11 months include significantly decreased bouton and mito-
chondrial volume, and the loss and shrinkage of synaptic active
zones (Smith et al., 2016). The KD maintained electrical activity
in the superior colliculus, possibly by regulation of membrane
excitability as observed in other contexts (Paoli et al., 2013). D2
mice at 10 months of age show significantly decreased N1 and P1
amplitude with flash visual evoked potential (Sullivan et al.,
2011). In contrast to visual evoked potential changes, we ob-
served increased latency to onset of spike activity in the superior
colliculus with the KD. Latency changes are often ascribed to
changes in myelination. Our electron microscopic analysis of ON
also did not show evidence of demyelination, and the study by
Baltan et al. (2010) showed that blocking K� channels with
4-aminopyridine in D2 ONs did not affect the compound action
potential, indicating that demyelination did not occur by 10
months in the D2 ON (Baltan et al., 2010). The other possible
source of decreased latency could be alterations in the bipolar-to-
RGC synapse, of which there is evidence for significant overall
decrease in excitatory synapses concomitant with alteration in
the receptive field size, dendritic arborization, and complexity of
OFF-transient RGCs with acute IOP increase (Della Santina et al.,
2013; El-Danaf and Huberman, 2015; Ou et al., 2016).

A proteomic study of retinas from human ocular hyperten-
sion patients observed significant changes in energy production
and mitochondrial proteins, including p70S6K and mTOR path-
ways (Yang et al., 2015). We found evidence of autophagy up-
regulation in the D2 ON (Coughlin et al., 2015; Kleesattel et al.,
2015) with timing that matches our current observation of sig-
nificant AMPK activation; this follows from the well known
promotion of autophagy through AMPK activation of ULK1
(Unc-51-like autophagy activating kinase 1; Egan et al., 2011) and
its inhibition of mTORC1. High levels of AKT in the ketogenic
ON were accompanied by high levels of p70S6K; AKT works
through mTOR to increase p70S6K activation to promote ana-
bolic processes that consume ATP (Manning and Toker, 2017).
BDNF can induce mTOR and downstream p70S6K activation
(Ishizuka et al., 2013). We found increased BDNF and p70S6K
activation with KD, as well as decreased AMPK activation. BDNF
can be induced in cortical neurons by �HB (Marosi et al., 2016),
a ketone body we observed to be significantly increased in blood
plasma and the retinas of KD-fed mice. In a mouse model of
normal tension glaucoma, caloric restriction through every-
other-day-fasting led to significant upregulation of �HB levels in
the retina and improved RGC survival and function concomitant
with increased Bdnf, catalase, and bFGF mRNA (Guo et al., 2016).
The BDNF induction and downstream pathway activation we
observed is consistent with �HB direct action.
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Increased PGC-1� protein and mRNA with KD were accom-
panied by significantly more mitochondria in the ON axons and
localization of PGC-1� protein to the nerve fiber layer and astro-
cytes within the ON. Astrocytes take up 30% of the volume of the
ON and possess the majority of the mitochondria (Perge et al.,
2009), so it is likely that astrocytes comprise a major contribution
to the observed PGC-1� upregulation. One target of PGC-1�,
uncoupling protein UCP2, had significantly lower retina and ON
expression with KD. Mitochondrial uncoupling can be the result
of an overabundance of free fatty acid, which can lead to meta-
bolic inefficiency with a KD (Veech, 2004). This does not appear
to be the case in the retinas and ONs of the D2 mice, although
translational regulation of UCP2 has shown that the mRNA and
protein levels do not coincide (Pecqueur et al., 2001), indicating
that lower mRNA levels could nevertheless be accompanied by
UCP2 induction. Alternatively, the lack of uncoupling could in-
dicate the ON primarily obtained its fuel from �HB rather than
fatty acids, as �HB does not uncouple mitochondria at concen-
trations that increase oxygen consumption (Tieu et al., 2003).

Unsurprisingly with a diet that promotes respiration, we ob-
served signs of antioxidant response in the ketogenic retina through
increases in RGC nuclear immunofluorescence for Nrf2 transcrip-
tion factor and SOD2. Strong HO-1 immunolabeling accompanied
the Nrf2 in retinas and ONs of both control diet and ketogenic
mice, indicating the antioxidant response in both groups.

Ketogenic diets have been used to limit neurodegeneration
(Kashiwaya et al., 2000). Some KD-induced improvements in
Alzheimer’s disease models are limited to motor function (Beck-
ett et al., 2013; Brownlow et al., 2013), while others demonstrate
improved cognition (Krikorian et al., 2012) and decreased pa-
thology (Yin et al., 2016). In a model of ALS, KD increased motor
neuron number and promoted longer survival times (Zhao et al.,
2006). Explorations of the mechanisms of KD protection often
cite improvement of mitochondrial metabolic efficiency (Veech,
2004; Bough et al., 2006) or normalization of metabolism (Stafstrom
and Rho, 2012). Mitochondrial perturbation in one cell or tissue
can dictate mitochondrial stress response in another (Durieux et
al., 2011). Neither Alzheimer’s disease nor ALS is cell autono-
mous (Nagai et al., 2007; Hertz et al., 2015), and, given the energy
management in the CNS at the level of metabolic unit (axon,
astrocyte, and blood vessel), it is worthwhile to consider a non-
cell-autonomous mechanism of neuroprotection with the KD.
Glial proliferation, as is evident in the glaucomatous optic nerve
(Son et al., 2010), would provide the means for higher production
of ketone bodies through a KD. The KD also changes the meta-
bolic profile of glial cells, as we observed with increased PGC-1�
expression and SDH and COX activity. These outcomes likely
enable greater substrate availability for axons, and they would
also contribute to the maintenance of the glutamate– glutamine
cycle, the critical exchange between astrocytes and neurons that
manages extracellular glutamate levels.

The protection of RGC cell bodies and axons in this study
occurred with a 2 month dietary intervention that was applied
when physiological and some structural changes in the RGCs had
already transpired, and resulted in a resolution of metabolic insuffi-
ciency. Future investigation will resolve whether the improvements
are temporary or dependent on key aspects of the diet, or the
known effects of �HB were necessary or sufficient for the ob-
served effect of the diet in this model.
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