


et al., 2015). Further studies are needed to determine how

enhanced aerobic glycolysis enhances NADPH production or

consumption. In the meantime, the observation that ‘‘forced’’

aerobic glycolysis in neurons causes detrimental pyruvate

depletion and ATP shortage upon limited glucose uptake war-

rants further examination (Zheng et al., 2016). ‘‘Forced’’ aerobic

glycolysis may be both friend and foe to PR survival, depending

on the circumstance.

EXPERIMENTAL PROCEDURES

Animals

Ai9 Cre reporter, Pde6brd1/rd1 (referred as rd1), C57BL/6J,Hif1ac/c, and Tsc1c/c

mice were purchased from Jackson Laboratories. The Nrl�/� (Mears et al.,

2001), the cone-Cre mice (referred as MCre) (Le et al., 2004), the rod iCre-75

mice (referred as iRCre) (Li et al., 2005), and the Hk2c/c mice (Patra et al.,

2013) were kindly provided by Drs. H. Khanna, Y.Z. Le, C.K. Chen, and N.

Hay, respectively. All animal procedures were approved by the university’s

Institutional Animal Care and Use Committee (IACUC). Ages of animals varied

between 1–12months as indicated in figures. Male and female mice were used

in equal numbers unless indicated.

Electroretinography and Funduscopy

Electroretinography (ERG) and funduscopy were carried out as previously

described (Hood and Birch, 1996-1997; Ma et al., 2015; Venkatesh et al.,

2013).

Quantification of Cre+ Cells Using Flow Cytometry

Retinas from 2 Ai9+/+_MCre+ mice and 2 Ai9+/+_iRCre+ mice were pooled and

dissociated into single cells by papain digestion. Td-Tomato+ cells were quan-

tified using flow cytometry.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on retinal cryosections (20 mm) as

described previously (Venkatesh et al., 2013) with a minimum of 3 mice per

line. An antibody list is presented in the Supplemental Information.

Quantification of PR Survival

Quantification of rod survival was performed on retinal cross-sections by

measuring the thickness of the ONL and counting all ONL nuclei within

3–5 consecutive sections per eye (Petit et al., 2017). Quantification of

cone survival was performed on retinal flat-mounts by counting all cones

over the entire retinal surface. Antibody staining and tiling of retina was

performed as described (Venkatesh et al., 2015). Ai9+, PNA+, LM opsin+,

or S opsin+ cones and ONL nuclei were automatically counted using Imaris

software.

Transmission Electron Microscopy

Electron microscopy was carried out as previously described (Ma et al., 2015)

with 3 mice per line. OS length was measured at multiple locations on semi-

thin sections. Mitochondria number per ONL cell was determined on randomly

acquired TEM images by counting >200 PR cells per mouse.

Quantitative Western Blots

HK2 expression analysis during development used 4-pooled retinas from 3

mice per time point. The metabolic gene expression analysis used 2-pooled

retinas from 1 mouse as one biological sample. Five to 8 biological samples

were analyzed per line. Protein extracts from liver of adult C57/Bl6 mice and

HEK293 cells were used as negative and positive controls, respectively.

Figure 5. Increased Mitochondria Number upon Loss of HK2 in Rods

(A) Retinal sections showing increased VDAC (green, arrowheads show large VDAC+ dots) expression upon loss of HK2 in rods (red, PNA; blue, DAPI, removed

from 60% of panels to visualize red and green signals). Boxed areas are shown to the right of each panel.

(B) Relative levels of VDAC protein assessed by western blot of total retinal extracts.

(C and D) Retinal sections stained for glutamine synthetase (GS, red) and VDAC (C, green) or HK1 (D, green) showing no colocalization of large green dots

(arrowhead) with GS. Boxed areas are shown below each panel.

(E) Cross-sections of Hk2c/c_iRCre+ retina showing that HK1 dots (green) do not co-localize with cone arrestin (CA, red; DAPI, blue, removed from 60% of panels

to visualize red and green signals).

(F) Relative number of VDAC- or HK1-positive dots in the ONL.

(G) Relative level of the 5 OXPHOS complexes assessed by western blot of total retinal extracts.

(H and I) Transmission electronmicroscopy images (H) andmitochondria quantification (I) showing a larger number of PRmitochondria (red) in the rod perinuclear

region upon loss of HK2 at 1 and 12 months (blue, mitochondria located in Mueller glia processes; red dotted line, outer limiting membrane).

Age in all experiments: 1 month except as indicated in (H); genotypes as indicated; results in (B), (F), and (G): % of wild-type. Error bars ± SD; numbers in bars,

number of biological samples; ONL, outer nuclear layer; INL, inner nuclear layer; IS, inner segment; GCL, ganglion cell layer.

Figure 6. Retinal Function in HK2 Double Knockout Mice

(A) ERG recordings in HK2 double knockout mice at 4 months of age showing

no difference in the b-wave amplitudes of scotopic single-flash ERG re-

sponses at 0.01 cd*s/m2 between Hk2c/c_iRCre+ and Hk2c/c_iRCre+_MCre+

littermates. In contrast b-wave amplitudes of photopic responses show

reduced cone function only in iRCre+_MCre+ retinas. Errors bars ± SD;

numbers in bars, number of mice analyzed.

(B) Representative IHC images on retinal sections for LDHB expression (green

signal) at 1 (top) or 2 (bottom) months of age. Cones were detected with an

anti-cone arrestin antibody (CA, red signal). Higher magnification of boxed

areas is shown to the right of each panel. INL, inner nuclear layer; ONL, outer

nuclear layer.
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Protein extracts were prepared as described (Petit et al., 2012). Detailed pro-

cedures and antibodies are presented in the Supplemental Information.

Real-Time qPCR

Retinas from one mouse were pooled to isolate total RNA using TRIzol (Invitro

Life Technologies). Total RNA was treated with DNase I, reverse-transcribed

using random hexamer primers, and real-time qPCR was performed using a

Bio-Rad CFX96. Two to 3 biological samples were analyzed per line. Primers

and protocols are presented in the Supplemental Information.

Glucose Uptake Assay

Retinaswere dissected in coldDMEM, cultured for 45minat 37�C inDMEMme-

diumwithorwithoutD-glucose in thepresenceof thefluorescent glucoseanalog

2-deoxy-D-glucose (2-NBDG, 1 mM), washed 4 times with ice-cold PBS and

DAPI, flat-mounted between 2pre-chilled cover slides, and imaged immediately

(<10min). Images were taken at the level of the PR segments at 5 different loca-

tions. Measurements represent duplicates of 2 experiments each.

Lactate and NADPH Assay

Lactate (Lactate assay kit: EtonBioscience) andNADPH (FluoroNADP/NADPH:

Cell Technology) assays were performed in triplicate using 2–3 biological sam-

ples,with eachbiological sample consisting of 2 retinas. Retinaswere dissected

in ice cold DMEM, rinsed in PBS, sonicated in assay buffer, and processed

following manufacturer’s instructions. Results were normalized per retina.

Statistical Analysis

The Student’s t test was used with following significance levels: *p < 0.05; **p <

0.01; ***p < 0.0001. Bar graphs indicate mean and SD. Required sample sizes

were determined using G*Power 3.1 based on the effect sizes obtained with

two Cre+ and two Cre� biological samples (each containing 2 retinas from 1 an-

imal). Test conditions: a = 0.05, power = 0.9. Biological samples used for sample

sizecalculationwereadded to thefinal nnumbers.Achievedpowerwas>0.92 for

all tests, except for expression changes ofGLUT1 (0.535) andComplex II (0.879).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at https://doi.org/

10.1016/j.celrep.2018.04.111.
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