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1 | INTRODUCTION

The energy metabolism of neural tissues depends to a large extent on
the adequate supply and uptake of glucose. This is particularly true for
the retina, which has the highest relative energy consumption of any
mammalian tissue (Lund-Andersen, 1979; Trick & Berkowitz, 2005).
The uptake of glucose requires the expression of specific transport-
ers, collectively referred to as glucose transporters (GLUTs). To date,
research on GLUTs in the retina has focused on GLUT1, which is
strongly expressed in barrier tissues, including in the retinal pigment
epithelium (RPE) (Mantych et al., 1993). GLUT2 has been far less stud-
ied, although it has been suggested to play a role in the regulation of
retinal blood glucose levels (Watanabe et al., 1999).

GLUT2 is a low affinity (K ~17 mM), high capacity transporter
(Thorens, 2015), expressed at high levels in pancreatic beta-cells, in
the basolateral membranes of intestinal and kidney epithelial cells,
and in hepatocytes (Bell et al., 1990). Studies on GLUT2-deficient
mice have indicated that GLUT2 may be required for the function
of glucose sensors present in the central nervous system (Thorens,
2015). Therefore, studies of the expression of GLUT2 in neuronal
tissues may lead to a better understanding of how exactly glucose
operates as a metabolic regulatory signal (Koepsell, 2020). This
could be especially relevant for retinal metabolism and the patho-
genesis of neuroretinal diseases. For instance diabetic retinopathy
(DR), acommon complication of diabetes, is associated with a variety
of pathophysiological events such as microaneurysms, neovascular-
ization and photoreceptor degeneration, which eventually lead to
irreversible blindness (Cai & Boulton, 2002).

The retina harbours two types of photoreceptors: Rods, which
are responsible for vision at night, and cones, which mediate colour
vision under daylight conditions (Power et al., 2020). In most mam-
mals, including humans and mice, around 96% of photoreceptors are
rods, with the remainder being cones (Peichl, 2005). Intriguingly, an
early symptom of neuroretinal degeneration in DR patients appears
to be cone degeneration and accordingly, the macula, that is the cen-
tral area of the human retina that has the highest density of cones, is
often strongly affected in DR. The opposite case for retinal diseases
may be retinitis pigmentosa (RP), a rare, hereditary disease, which
usually starts in the retinal periphery. In RP, the rod photoreceptors
are afflicted by a genetic defect that causes their degeneration. This
primary loss of rods entails a secondary degeneration of—genetically
intact and fully functional—cones, eventually leading to complete

blocker of clathrin-mediated endocytosis dynasore. Remarkably, cone photorecep-
tors were not protected from streptozotocin-induced degeneration by neither of the
two drugs. Overall, these data suggest the existence of a GLUT2-dependent glucose
transport shuttle, from horizontal cells into photoreceptor synapses. Moreover, our

study points at different glucose uptake mechanisms in rod and cone photoreceptors.

apoptosis, diabetes, diabetic retinopathy, energy metabolism, horizontal cells

blindness. It has been hypothesized that the loss of rods causes al-
terations in the uptake of glucose in cones, which could thus explain
the progression of secondary cone photoreceptor loss in RP (Ait-Ali
et al,, 2015; Kanow et al., 2017).

One of the most studied animal models for RP is the rd1 mouse
(Keeler, 1924), characterized by a mutation in the Pdeéb gene (Bowes
et al., 1990). This leads to a rapid loss of rod photoreceptors within
the first three post-natal weeks, followed by a secondary loss of
cones and blindness by post-natal day 30.

Here, we show that in the mouse retina GLUT2 was strongly
expressed in horizontal cells (HCs), located adjacent to inner retinal
blood vessels running through the outer plexiform layer. There were
no obvious expression differences for GLUT2 between healthy,
wild-type (WT) and rd1 mutant animals, indicating that GLUT2 was
not expressed in photoreceptors. To test for the retinal function of
GLUT2, we exposed organotypic retinal explant cultures to strepto-
zotocin, a cytotoxic drug that is transported exclusively by GLUT2
(Szkudelski, 2001). Remarkably, STZ treatment resulted in degenera-
tion of rods and cones, while leaving HCs essentially unaffected. The
STZ-induced rod degeneration was prevented by co-treatment with
meclofenamic acid, a blocker of connexin-formed gap junctions/
hemi-channels, or the inhibitor of clathrin-mediated endocytosis dy-
nasore. However, these treatments could not avert the deleterious
effects of STZ on cone photoreceptors. Taken together, our data are
consistent with a transport pathway that allows for the shuttling of

glucose from HCs to photoreceptors.

2 | MATERIALS AND METHODS

2.1 | Animals

C3H HeA Pdeéb™! (rd1) and congenic C3H HeA Pdeéb** wild-
type (WT) mice were used, two mouse lines that were originally
created in the lab of Somes Sanyal at the University of Rotterdam
(Sanyal & Bal, 1973). All efforts were made to minimize the number
of animals used and their suffering, notably through the use of in
vitro experimentation (see below) and the use of both retinae from
the same animal. Animals were housed in the specified pathogen-
free (SPF) facility of the Tubingen Institute for Ophthalmic Research,
under standard white cyclic lighting in type-2 long cages with
a maximum of five adults per cage. They had free access to food
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and water and were used irrespective of sex. Protocols compliant
with the German law on animal protection were reviewed and ap-
proved by the ‘Einrichtung fur Tierschutz, Tierarztlichen Dienst und
Labortierkunde’ of the University of Tiibingen (AK 02-19 M, notice
acc. to §4 German law on animal protection from 26.11.2015) and
were in compliance with the association for research in vision and
ophthalmology (ARVO) statement for the use of animals in vision
research. A total of 72 mice were used for this study (37 mice for

immunofluorescence and 35 mice for explant cultures).

2.2 | Cell death detection (TUNEL assay)

Fixed slides were dried at 37°C for 30 min and washed in phosphate-
buffered saline (PBS) solution at room temperature (RT, 21°C), for
15 min. Afterwards, the slides were placed in TRIS buffer with pro-
teinase K at 37°C for 5 min to inactivate nucleases. The slides were
then washed with TRIS buffer (10 mM TRIS-HCL, pH 7.4), three times
for 5 min each. Subsequently, the slides were placed in ethanol-acetic
acid mixture (70:30) at -20°C for 5 min followed by three washes
in TRIS buffer and incubation in blocking solution (10% normal goat
serum, 1% bovine serum albumin, 1% fish gelatin in 0.1% PBS-Triton
X100) for 1 h at RT (21°C). Lastly, the slides were placed in the ter-
minal dUTP-nick-end labelling (TUNEL) solution (labelling with either
fluorescein or tetra-methyl-rhodamine; Roche Diagnostics GmbH) in
37°Cfor 1 hand covered in Vectashield with DAPI (Vector) thereafter.

2.3 | Immunofluorescence and
immunohistochemistry

Fixed slides were dried at 37°C for 30 min and rehydrated for 10 min
in PBS at RT (21°C). For immunofluorescent labelling, the slides were
incubated with blocking solution (10% normal goat serum, 1% bo-
vine serum albumin in 0.3% PBS-Triton X 100) for 1 h at RT (21°C).
The primary antibodies were diluted (see Table 1) in blocking solu-

tion and incubated at 4°C overnight. The slides were then washed

TABLE 1 Primary and secondary
antibodies used in the study, providers

and dilutions Antibody, species

Rabbit polyclonal anti-GLUT2

Mouse monoclonal anti-calbindin D-28K

(clone CB300)

Mouse monoclonal anti-von Willebrand
Factor (VWF; clone F8/86)

Mouse monoclonal anti-PAR

(clone 10H)

Rabbit anti-cone arrestin
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with PBS, three times for 10 min each. Subsequently, the secondary
antibody, diluted in PBS (see Table 1), was applied to all slides and
incubated for 1 h at RT (21°C). Lastly, the slides were washed with
PBS and covered in Vectashield with DAPI (Vector).

For whole-mount staining, after removing the cornea, lens and
sclera, four to five radial incisions were made in the retina. Retinae
were fixed with 4% paraformaldehyde (PFA) for 15 min at RT (21°C)
and washed three times with PBS. Retinae were then incubated in
blocking solution (10% normal goat serum, 1% bovine serum albumin
in 0.3% PBS-Triton X 100) for 1 h at RT (21°C). This was followed by
incubation with primary antibodies for 4 days, washing in PBS for
1 h, and incubation with secondary antibody for 24 h. Finally, the ret-
inae were washed in PBS overnight before being coverslipped with
mounting media (Vectashield) and sealed with nail polish.

For poly-ADP-ribose (PAR) immunohistochemical staining, the fixed
slides were placed in quenching solution (9% of 30% H,0,, 36% meth-
anol, 55% of 0.3% PBS-Triton X100) for 20 min at RT (21°C) to reduce
endogenous peroxidase activity and prevent false-positive results.
Subsequently, the slides were washed with PBS, three times for 5 min
each. Afterwards, the slides were incubated in blocking solution (10%
normal goat serum in 0.3% PBS-Triton X100) at RT (21°C) for 30 min,
then the PAR antibody (1:100 in blocking solution) was incubated over-
night at 4°C. After washing in PBS, the biotinylated secondary antibody
from the ABC peroxidase kit (Vector) was diluted in blocking solution
and added onto the slides and incubated at RT (21°C) for 1 h. After
washing with PBS, the ABC staining solution from the ABC peroxidase
kit was applied and incubated for 1 h. After washing again with PBS, the
slides were placed in DAB solution from ABC peroxidase kit at RT (21°C)
for 2 min and 30 s followed by immediate PBS washing. The slides were
then mounted with Aquatex (Sigma; 1.08562).

2.4 | Antibody validation by
immunoprecipitation and mass spectrometry (IP-MS)

Retinae from five animals were homogenized in 500 pl lysis buffer
(150 mM NaCl, 50 mM Tris-HCI pH 7.4, 0.5% NP-40 in the presence

1st 2nd
RRID, Provider, antibody antibody
cat. no. dilution dilution
AB_880234, Abcam, 1:200 1:350
cat. no. 54460
Swant, cat. no. 1:500 1:350

CB300

AB_2216702, Dako, 1:50 1:500
cat. no. M0616

AB_2272987, 1:100 1:150
Enzo, cat. no.
ALX-804-220

AB_1163387, 1:500 1:350

Sigma, cat. no.
AB15282
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of complete protease inhibitor cocktail, Roche Diagnostics). Fifty
microlitres (500 pg) lysate was incubated with 5 ul GLUT2 antibody
(Abcam ab54460) in 500 pl PBS on a rotator for 30 min at RT (21°C).
Normal non-immune serum was used as negative control. Next,
25 pl Protein G magnetic beads (Pierce) were added and the incu-
bation was continued for 15 min at RT (21°C). The beads were col-
lected using a magnet (DynaMag™-2, Thermo Fisher) and intensively
washed with PBS. Bound proteins were subjected to on-bead tryptic
digestion followed by LC-MS/MS analysis performed on an UltiMate
3000 RSLChano HPLC system (Dionex) coupled to an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific) by a nano-
spray ion source. All acquired spectra were processed and analysed
using Mascot (Matrix Science, version 2.5.1; RRID:SCR_014322) and
the human-specific Swiss-Prot database (rel. 2015/11/11). Mascot
was searched with a fragment ion mass tolerance of 0.50 Da and a
parent ion tolerance of 10.0 PPM. Carboxymethylation of cysteine
was specified in Mascot as a fixed modification. Deamidation of
asparagine and glutamine and oxidation of methionine were speci-
fied as variable modifications. Scaffold (v4.4.8, Proteome Software
Inc.) was used to validate MS/MS-based peptide and protein
identifications.

2.5 | Retinal explant cultures
The retinal explantation procedure and long-term cultivation in a de-
fined medium, free of serum and antibiotics, is described in detail in
(Belhadj et al., 2020). Briefly, retinal explantation was performed in the
late morning, immediately after the decapitation of post-natal day (P)
5 WT animals. The heads were cleaned with 70% ethanol, the eyes
were removed under aseptic conditions and placed into R16 basal me-
dium (BM; Gibco, Paisley, UK; cat. no.: 047-90743A). Afterwards the
eyes were washed for 5 min, followed by a 15 min incubation in 0.12%
Proteinase K (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany;
cat. no.: P6556) at 37°C to predigest the sclera and to allow for an easy
separation of the retina together with its retinal pigment epithelium.
Then, the eyes were placed for 5 min in BM with 10% foetal calf serum
to deactivate Proteinase K. Under the microscope and sterile condi-
tions, the anterior segment, lens and vitreous body were carefully re-
moved from the eyeballs, the optic nerve was cut, and the retinae were
removed from the sclera. Four incisions were made into the retina to
give a flat, clover leaf-like structure that was transferred to a culturing
membrane (sterile 24 mm insert with 0.4 um polycarbonate membrane,
Corning-Costar; cat. no.: 3412), with the ganglion cell layer facing up.
Subsequently, culturing membranes were placed in six-well culture
plates (BD Biosciences) and incubated in 1.3 ml of R16 complete me-
dium (CM) with supplements (Caffe et al., 2001), at 37°C in a humidified
incubator with 5% CO,. The CM was changed every 2 days (Figure 1).
To functionally confirm the expression of GLUT2 in the retina,
the retinal explant cultures were treated with streptozotocin (STZ),
an alkylating antineoplastic agent selectively transported by GLUT2.
WT mouse retinal explants were prepared at P5, explants derived
from left and right eyes of a given animal were separated into two

groups and numbered consecutively. Starting with the ‘Left’ group,
16 to 30 retinal explants (from 8-15 animals) were randomly as-
signed to one of the four or six treatment groups by rolling a die.
Each of the eyes on the die corresponded to one of the treatment
groups. The ‘Right’ retinae were then similarly assigned by rolling
a die, however, assignment was always such that the two retinae
from one animal were always allocated to different groups. Retinae
were exposed to different concentrations of STZ (1.5, 8 and 15 mM)
from P7 to 11. STZ (Sigma; S0130) solution was always freshly pre-
pared by first dissolving 40 mg STZ in 1 ml of CM. This 150 mM
STZ stock solution was further diluted in CM at a ratio of 1:10 for
15 mM STZ, 1:18.75 for 8 mM STZ and 1:100 for 1.5 mM STZ. At
P7 and P9 freshly prepared STZ was added to the R16 medium, the
culturing period ended at P11 with fixation of the retina in 4% PFA,
cryoprotection in graded sucrose solutions (10, 20, 30%), and sub-
sequent cryosectioning (12 um) in a Leica Biosystems CM cryostat.
Meclofenamic acid sodium salt (100 uM; Sigma; M4531) and dynas-
ore hydrate (50 uM; Sigma; D7693) were added together with STZ.
To simulate type-1 (TIDM) or type-2 diabetes mellitus (T2DM)
conditions, 34 mM glucose without insulin (TIDM) or 20 mM
2-deoxy-glucose (T2DM) was added to the R16 medium. Retinal ex-
plants were subjected to TIDM conditions for four days, from P7 to
P11, while to simulate T2DM the 2-deoxy-glucose treatment was
applied for 24 h from P10 to P11. No blinding of treatment groups

was performed.

2.6 | Microscopy, cell counting and
statistical analysis

Fluorescence microscopy was performed with a Z1 Apotome mi-
croscope equipped with a Zeiss Axiocam digital camera (Zeiss,
Oberkochen, Germany; RRID:SCR_013672). Images were captured
using Zen software (Zeiss; RRID: SCR_018163) and the Z-stack
function (14-bit depth, 2752*2208 pixels, pixel size = 0.227 um, 9 Z-
planes at 1 um steps) and were taken from central areas of the retina.
The raw images were converted into maximum intensity projections
using Zen software. Confocal imaging of whole-mount retina was
performed on a Leica TCS SP8 microscope (Leica Microsystems
IR GmbH, Germany). Raw images were processed in Fiji software
(RRID:SCR_002285) by linear adjustment of brightness and contrast
and saved as TIFF files. Confocal Z-stack images were converted into
maximum intensity projections, the brightness and contrast were
adjusted linearly, and images were saved as TIFF files.
Photoreceptors stained by the TUNEL assay were counted
manually on three images per explant, the average cell number in
a given ONL area was estimated based on DAPI staining and used
to calculate the percentage of TUNEL-positive cells. Fluorescence
intensity data were obtained using the built-in image profile func-
tion in Zen Software (Zeiss). Adobe Photoshop CSé (Adobe Systems
Incorporated; RRID:SCR_014199) and Adobe lllustrator CC 2019
software (RRID:SCR_010279) were used for primary image process-
ing. All data given represent the means and standard deviation from
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FIGURE 1 Timeline, experimental
groups and number of retinae per
condition. Retinal cultures were started
by explantation at post-natal day (P) 5,
serum-free R16 medium was changed
every 2 days, and the cultures were
stopped by fixation at P11. *Note that
retinae from individual animals were
assigned to different experimental groups

No treatment  \iFA/STZ+MFA/DYN/STZ+DYN
(adaptation

to culture)

Neurochemistry

Control [n = 4-8 retinae *; cf. Fig. 5]
Control [n = 5-8 retinae *; cf. Fig. 6]
Control [n =3 retinae *; ¢f. Supp. Fig. 2]
STZ 1.5mM/8mM/15mM [n = 4 retinae per group *; cf. Fig 5]
STZ15mM [n = 6 retinae per group *; cf. Fig 6]

[n =5 retinae per group *; cf. Fig 6]

High glucose, no insulin [n = 3 retinae per group *; cf. Supp. Fig 2]

No treatment

2-deoxyglucose  [n = 3 retinae per group *; cf. Supp. Fig 2]

P5

Retinal
explantation

WT P11](b)

rd1P1tfl(c)  WT P30[(d)

FIGURE 2 GLUT2 s expressed in wild-type and rd1 mutant
outer retina. Immunostaining for GLUT2 (magenta) was performed
in wild-type (WT) and degenerating rd1 retina, at post-natal (P) day
11 and 30. DAPI (grey) was used as a nuclear counterstain. (a, b)

At P11, in both WT and rd1, a strong GLUT2 labelling was seen at
the outer border of the inner nuclear layer (INL, dotted line), and at
the level of the outer plexiform layer (OPL). (c, d) At P30, the WT
presented the normal morphology of the outer nuclear layer (ONL)
and INL, while almost all photoreceptors had been lost in the rd1
retina. Nonetheless, the GLUT2 labelling in the OPL was present in
both genotypes. GCL, ganglion cell layer. Images are representative
for labelling performed on retinae from at least four different
animals per genotype and time-point

at least four different animals. The study was not pre-registered. The
study is exploratory. Group sizes were defined based on prior ex-
perience (Vighi et al., 2018), no sample calculation was performed.
Only samples without contamination were included in the study. No
animals were excluded during experiments. The replicate number n
refers to individual animals or independent retinal explant culture
preparations. Statistical comparisons between experimental groups
were made using Student’s paired t-test (cf. Figure 4) or ANOVA
and multiple comparisons correction (cf. Figures 5, 6) using Graph
Pad Prism 9.1 for Windows (Graph Pad Software). Assessment of
the normality (Shapiro-Wilk test) of the data and testing for out-
lier (Grubbs’ test) was performed using Graph Pad Prism 9.1 (RRID:
SCR_002798). Levels of significance were as follows: *p < 0.05;
**p < 0.01; ***p < 0.001. For full statistical reports on these analyses
please see Tables S1-S3.

P7 P9 P11
Medium Medium End of
change change culture

3 | RESULTS

3.1 | GLUT2 expression in the outer plexiform layer

of the mouse retina

While a previous study reported the presence of GLUT2 in the
apical ends of retinal Miiller cells in rat (Watanabe et al., 1994), al-
together very little is known about the expression of GLUT2 in the
mammalian retina. To assess possible links between GLUT2 and
retinal disease, we first conducted GLUT2 immunofluorescent la-
belling, in both WT mice and inthe rd1 photoreceptor degeneration
mutant (Power et al., 2020). In both genotypes, at post-natal day
(P) 11 and 30, we found prominent GLUT2 expression at the level
of the outermost inner nuclear layer (INL), suggesting a possible
expression in horizontal cell (HC) somata (Figure 2). Occasionally,
a very faint GLUT2 staining was seen also in photoreceptor outer
segments, however, given the strong density of lipid membranes
in these structures, this labelling was likely unspecific. While the
rd1-induced degeneration of photoreceptors progressed markedly
from P11 to P30, resulting in a near-complete loss of the outer
nuclear layer by P30, no specific differences in GLUT2 immuno-
reactivity between WT and rd1 mice were observed at that age
(Figure 2c, d). The latter result strongly suggested that GLUT2 ex-
pression was not linked to photoreceptors.

GLUT2 staining on retinae from 11- to 24-week-old animals fur-
ther confirmed its expression on HCs for both WT and rd1 geno-
types (Figure S1). Moreover, we used an in vitro model for diabetic
retinopathy (Valdes et al., 2016) to show that also in diabetic retina
HCs express the GLUT2 transporter (Figure S2).

3.2 | GLUT2 antibody validation by
immunoprecipitation and mass-spectrometry

The GLUT2 antibody used in our study (Abcam ab54460; RRID:
AB_880234) had been validated in previous studies, includ-
ing for western blot and immunofluorescence (Chen et al., 2018;
Koukourakis et al., 2016). Nevertheless, we further tested for
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quent identification of precipitated proteins with mass spectrometry
(IP-MS). The IP-MS analysis demonstrated that the GLUT2 antibody
was able to specifically precipitate its target protein. Also, GLUT2
was absent from the list of precipitated proteins in the negative
control experiment using normal (non-immune) serum. The IP-MS
results thus confirm that the protein detected in our immunofluores-

cence staining was indeed GLUT2.

3.3 | GLUT2 expression in horizontal cells (HCs)

With the specificity of the GLUT2 antibody established by IP-MS,
we proceeded to test whether the GLUT2 staining observed in the
outer plexiform layer (OPL) was associated with HCs. To this end,
we performed a co-immunostaining for the Ca?*-binding protein cal-
bindin, a marker for HCs in the mouse retina (Haverkamp & Wassle,
2000). In the adult, P30 mouse retina, this staining revealed essen-
tially a complete co-localization in the OPL, confirming that HCs
were expressing GLUT2 (Figure 3a, b). Since, in the INL, calbindin is
also expressed in certain amacrine cells (Kovacs-Oller et al., 2019)
the colocalization between GLUT2 and calbindin was not complete,
with 68.2% (+19.8, n = 3) of calbindin-labelled cells also being posi-
tive for GLUT2. Within individual HCs, GLUT2 was predominantly

localized in the cytoplasm, surrounding the nucleus, and in the den-

dritic processes along the OPL (Figure 3c, d). However, in the inner

calbindin

retina, GLUT2 labelling did not co-localize with calbindin-stained
amacrine cells and ganglion cell structures. For a 3D rendering of
GLUT2 and calbindin labelling see Video S1.

3.4 | GLUT2-positive horizontal cells are close to
inner retinal blood vessels

The localization of GLUT2 to HCs raised the question as to how glu-
cose could reach HCs and whether the GLUT2-positive HCs were in
physical contact with the inner retinal vasculature. While this had
been suggested in earlier works (Mojumder, 2008; Usui et al., 2015),
we wanted to address this question via immunostaining for the von
Willebrand factor (VWF), a marker for blood vessels (Figure S3). In
whole-mount retina VWF immunostaining provided for a strong la-
belling of blood vessels in the inner retina and revealed an average
blood vessel diameter of 2.9 + 0.88 um (+SD; n = 26 blood vessels).
Based on the somatic calbindin staining, the diameter of the HC
soma was found to be 9.7 um (+0.94, n = 27). For a 3D reconstruc-
tion of a representative GLUT2 and vVWF labelling see Video S2.

To study the distribution and relative localization of HCs and
blood vessels more closely, the distance from HC somata to blood
vessels was measured in retinal whole-mount preparations as the
space between the edge of a calbindin-positive cell and the nearest
blood vessel. In the OPL, 27.8% (+12.3, n = 10 images obtained from

4 different whole-mount retinae) of all HC somata were directly

FIGURE 3 GLUT2 s expressed

in retinal horizontal cells. (a) Co-
immunostaining for GLUT2 (magenta) and
the horizontal cell (HC) marker calbindin
(green) showed GLUT2 expression
mostly at the outer end of HCs, and in
HC dendrites lining the outer plexiform
layer (OPL). (b-d) Higher magnification

of a single GLUT2-positive HC. (e) Co-

50um

localization of GLUT2 and calbindin was

y further illustrated by a signal intensity
plot along the x-, y- and z-axis, showing a
spatial overlap between magenta (GLUT2)

. RS

Signal intensity (Arbitrary unit)
N

and green (calbindin) curves. ONL, outer
nuclear layer, INL, inner nuclear layer.
Images are representative for labelling
performed on retinae from four different

20pum 0

calbindin7 ‘

0
Distance (um)
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contacting vessels, while another 51.5% (+14.1, n = 10) of the HCs
resided in close proximity to blood vessels, within one vessel diam-
eter (Figure 4a). Additionally, we also measured the distances from
the centre of a GLUT2-positive structure (i.e. inside a HC) to the
nearest VWF-positive blood vessel (Figure 4b). In this comparison,
13.2% (+9.2, n = 10) of all GLUT2-positive structures were in direct
contact with a vVWF-positive blood vessel, whereas 35.9% (+10.1,
n = 10) of GLUT2-labelling was localized within one vessel diameter.
The average distance between a calbindin-positive HC soma and a
blood vessel was 5.0 um (£1.9, n = 10), the average GLUT2 to vVWF
distance was 8.0 um (+2.5, n = 10).

To assess whether HCs were indeed contacting blood vessels,
for each image captured, the colour channel displaying blood vessels
(i.e. the green channel in Figure 4b, c) was rotated by 90 degrees
and the HC/GLUT2 to blood vessel distance was measured again.
When the 0° and 90° values were compared (Figure 4d) no statis-
tically significant differences were found, neither for the calbindin-
label-based assessment nor for the GLUT2/vWF-based evaluation.
However, the number of HCs either in direct contact or in close vi-
cinity to blood vessels was similar for both 0° (see above) and 90°
(for calbindin label: 33.5% +9.4, n = 10; 55.8% + 9.4, n = 10; for
GLUT2/vWEF label: 16.8% + 8.3, n = 10; 33.8% + 8.8, n = 10).

Taken together, the localization of HCs and inner retinal blood ves-
sels suggested that the density of both capillary network in the OPL
and the HC network was high enough so that HCs were always near a
vessel. However, at this point, this analysis does not allow to conclu-

sively assess whether HCs are in direct contact with capillaries.

3.5 | STZinduces cell death in the outer nuclear
layer of the mouse retina

After establishing the close relationship between HCs and retinal
blood vessels, we went on to confirm retinal GLUT2 expression physi-
ologically. To this end, we used streptozotocin (STZ), a compound
that is selectively transported and internalized into cells by GLUT2
(Szkudelski, 2001). STZ is a DNA alkylating agent and is used as an
antibiotic and anti-neoplastic drug that is approved for the treatment
of cancer of pancreatic islet cells (Halperin et al., 2015). STZ is highly
toxic to cells expressing GLUT2 and is widely used in diabetes research
to ablate GLUT2-expressing pancreatic islet cells, abolishing insulin
production and rendering animals rapidly type-1 diabetic (Brosky &
Logothetopoulos, 1969; Furman, 2015; Schnedl et al., 1994).

To test for the effects of STZ on the mouse retina, we used or-
ganotypic retinal explants cultured under defined, serum-free condi-
tions (Belhadj et al., 2020; Vighi et al., 2018). Retinal culture started
with explantation at P5, and the explants were exposed to STZ
from P7 to 11 (cf. Figure 1). While retina cultured in vitro displays a
somewhat higher level of cell death than the in vivo retina, untreated
WT retinal explants remain stable over at least 2 weeks of culture
(Belhadj et al., 2020; Calbiague et al., 2020).

Given the expression pattern of GLUT2, our expectation was
that STZ would selectively ablate HCs. Surprisingly, when explanted
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retina was treated with STZ, at concentrations typically used in di-
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abetes research (i.e. 15 mM), the GLUT2-expressing HCs were not
visibly affected (Figure 5a-d). A quantification of calbindin-positive
cell bodies in the outer retina also revealed no effects of STZ on HC
viability (Figure 5q). However, photoreceptors were ablated selec-
tively and dose dependently as evidenced by the thickness of the
ONL, which decreased sharply with rising STZ concentrations, while
the inner retina appeared to be unaffected (Figure 4e-h, quantifi-
cation in R). Similarly, the TUNEL assay showed a strong increase
in cell death in the ONL with rising STZ concentration (Figure 5s).
Remarkably, this effect on photoreceptor viability appeared to be
even more marked in cones, which disappeared completely already
at the intermediate 8 mM STZ level (Figure 5i-1, quantification in T).
Furthermore, there was an increase in ONL cells positive for poly-
ADP-ribosylation (Figure 5m-p, quantification in U) (Paquet-Durand
et al,, 2007). Since the corresponding enzyme poly-ADP-ribose-
polymerase (PARP) is activated upon DNA damage (De Vos et al.,
2012), this observation indicates that photoreceptor DNA had be-
come extensively damaged and is compatible with the DNA alkylat-
ing effect of STZ.

3.6 | Hemi-channels and endocytosis mediate STZ
uptake into photoreceptors

The unexpected finding that STZ had essentially no effect on the
viability of GLUT2 expressing HCs, while strongly increasing pho-
toreceptor cell death, suggested that STZ taken up by HCs could
be transported into photoreceptors. Feedback signalling from HCs
to cone photoreceptors in the rodent retina has previously been
shown (Liu et al., 2013; Szikra et al., 2014). Synaptic feedback
mechanisms probably involve the transfer of small molecules be-
tween the synaptic cleft and the post-synaptic HC dendritic net-
work via hemi-channels. These channels likely consist of connexins
(Kamermans et al., 2001) and are sensitive to the connexin inhibi-
tor meclofenamic acid (MFA) (Harks et al., 2001; Kemmler et al.,
2014). Thus, to assess whether connexin-formed hemi-channels
might be involved in the release of STZ from HC cytoplasm into
the synaptic cleft, between HC and photoreceptors, we treated
retinal explants with 100 uM MFA, in the presence or absence of
15 mM STZ.

Intriguingly, the negative effect of STZ on overall photore-
ceptor viability was mostly reverted by MFA treatment. When
compared to control, application of 15 mM STZ to retinal ex-
plants strongly reduced photoreceptor survival, without affect-
ing calbindin-stained HCs (Figure 6a, b). Treatment with 100 uM
MFA alone did not seem to have an effect on photoreceptor or
HC survival but blocked most of the detrimental effect of 15 mM
STZ (Figure 6c, d). These results were corroborated by the results
of the TUNEL staining for cell death (Figure 6g-j) and the corre-
sponding quantifications of HCs, ONL thickness and percentage of
TUNEL-positive cells (Figure 6s-u). Thus, the MFA treatment data
support an uptake of STZ by GLUT2 into HCs and a subsequent



YANG ET AL.

ﬂwl LEY Journal of

Neurochemistry

JNG:

-

20
calbindin i

FIGURE 4 GLUT2 s expressed in close vicinity to inner retinal blood vessels. (a) Co-immunostaining for GLUT2 (magenta) and calbindin
(green) on whole-mount retina, illustrating the proximity of horizontal cells (HCs) to the inner retinal vasculature. Note that the secondary
anti-mouse IgG antibody used to detect calbindin also labelled the retinal vasculature. (b) Co-immunostaining for GLUT2 (magenta) and

von Willebrand factor (vWF; green) on whole-mount retina showing the distribution of GLUT2 and blood vessels. (c) Image from B but with
green channel rotated by 90 degrees. (d) Plot for the distances between HCs and blood vessels (black dots), and GLUT2-positive structures
and vVWF-positive vessels (red dots), in O degree and 90 degrees rotated images. Error bars: SD. For both comparisons Student’s paired t-test
revealed no significant difference between groups. Images are representative for labelling performed on whole-mounted retina from five

different animals

release of STZ from HCs into the synaptic cleft via connexin-
formed hemi-channels.

To investigate how photoreceptors might take up the STZ ex-
truded by HCs, we used dynasore (DYN), a dynamin GTPase inhib-
itor that blocks clathrin-mediated endocytosis (Macia et al., 2006).
As for MFA, treatment with 50 uM DYN by itself did not signifi-
cantly affect photoreceptor or HC viability, but when given together
with 15 mM STZ it strongly reduced photoreceptor degeneration,
as assessed by ONL thickness (Figure ée, f) and the percentage of
TUNEL-positive cells (Figure 6k, I). These results were suggestive of
a hemi-channel-dependent export of STZ out of HCs and an uptake
of STZ from the synaptic cleft into photoreceptor axon terminals via
clathrin-mediated endocytosis.

However, this picture changed when we focused on cone pho-
toreceptors in our analysis (Figure 6m-r, quantification in V): While
15 mM STZ abolished all cone photoreceptors as shown before (cf.
Figure 5), MFA only partially reverted these negative effects. DYN,
on the other hand, did not revert the negative effects of STZ on cone
viability. What is more, DYN alone had clear detrimental effects on
cone viability but not on overall photoreceptor viability, implying

that cones, but not rods, may depend more directly on clathrin-

mediated endocytosis for their survival.

4 | DISCUSSION

Given the important role of glucose transport for retinal energy
metabolism and disease pathogenesis, in this study, we sought to
determine the cellular expression pattern and function of GLUT2
in the retina. We found GLUT2 to be strongly expressed in HCs,
while, unexpectedly, treatment with the toxic GLUT2 substrate STZ
caused dose-dependent photoreceptor degeneration, an effect that
was more pronounced in cones. Blocking either hemi-channel func-
tion with MFA or endocytosis of photoreceptors with DYN strongly
reduced the impact of STZ on rod photoreceptors, suggesting the
existence of a transport mechanism for glucose, from HCs to pho-
toreceptors. On the other hand, cone photoreceptor viability was
negatively affected by DYN application, indicating that cones may
rely much more than rods on synaptic glucose import for their sur-

vival. The detection of GLUT2 expression and the description of
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FIGURE 5 Streptozotocin

selectively ablates photoreceptors in

a dose-dependent manner. Wild-type
organotypic retinal explant cultures were
treated with the GLUT2 selective drug
streptozotocin (STZ) at concentrations of
1.5, 8 and 15 mM. (a-d) Calbindin-labelled
horizontal cells (HC, green) were not
significantly affected by STZ treatment
(quantification in Q). (e-h) ONL thickness
decreased in a concentration-dependent
manner (quantified in R), while cell death
(TUNEL assay, cyan) in the outer nuclear
layer (ONL) increased (S). (i-1) At the same
time, the number of cone photoreceptors,
as assessed by cone arrestin labelling
(magenta), strongly decreased with rising
STZ levels (T). (m-p) Conversely, the
accumulation of poly-ADP-ribose (black),
as a surrogate marker for DNA damage,
increased with the treatment (U). Error
bars: SD. Statistical comparisons: (g-u):
control vs. STZ treated using one-way
ANOVA with Dunnett’s multiple-
comparisons test. INL, inner nuclear
layer. Images are representative for
labelling performed on retinae from at
least four different animals per treatment,
DAPI (grey) was employed as nuclear
counterstain
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its function in the retina may be significant for the understanding
of retinal energy metabolism and may have implications for animal

studies which use STZ treatment as a means to induce diabetes.
4.1 | GLUT2 is expressed in horizontal cells of the
mouse retina

The glucose transporter subtype GLUT2 is known to be expressed

in liver, intestine, kidney and in pancreatic islet p-cells, as well as in

the central nervous system, in neurons and in astrocytes (Bell et al.,
1990; Koepsell, 2020). GLUT2 fulfils important roles in the regu-
lation of metabolism, for instance intestinal GLUT2 regulates the
absorption of glucose and contributes to the control of the tissue
distribution of sugar absorbed from the diet (Boland et al., 2017,
Schmitt et al.,, 2016). In the nervous system, GLUT2-dependent
glucose sensing controls feeding, thermoregulation, as well as sym-
pathetic and parasympathetic activity. Correspondingly, small popu-
lations of brain neurons are known to express GLUT2 (Tarussio et al.,
2014; Thorens, 2014). In our study, we found GLUT2 to be strongly
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Inhibition of hemi-channels and endocytosis reduces streptozotocin toxicity. Wild-type organotypic retinal explant cultures

were treated with either 15 mM streptozotocin (STZ), 100 uM meclofenamic acid (MFA), 50 uM dynasore (DYN), or combinations of these
drugs. (a-f) When compared with control, ONL size was strongly decreased by 15 mM STZ, but not by 100 uM MFA. Combined MFA and
STZ treatment had no effect on ONL thickness. Also 50 uM DYN did not negatively affect ONL size and neither did combined DYN and STZ
treatment. Calbindin-labelled horizontal cells (HC, green) were not significantly affected by any of these treatments (HC quantification in

S; ONL quantification in T). (g-1) The TUNEL assay (cyan) for cell death revealed a large proportion of dying cells in the ONL of STZ-treated
retina, but fewer in MFA, MFA + STZ, DYN and DYN + STZ-treated explants (quantified in U). (m-r) Staining for the cone marker arrestin
(magenta) showed that STZ application strongly decreased cone numbers, an effect that could not be rescued by application of either MFA
or DYN (quantified in V). Error bars: SD. Statistical comparisons: (s-v): control vs. drug treated using a Brown-Forsythe and Welch ANOVA
with Dunnett’s T3 multiple-comparisons test. INL, inner nuclear layer. Images are representative for labelling performed on retinae from five
to six different animals per treatment, DAPI (grey) was employed as nuclear counterstain

and almost exclusively expressed in HCs of the mouse retina. Mouse
HCs span the entire extent of the outer plexiform layer and their
axonal and dendritic processes make synaptic connections with rod
and cone photoreceptors respectively (Trumpler et al., 2008).

Our data showing that GLUT2-positive HCs are in close

proximity to the inner retinal vasculature, is in agreement with

previous studies on mouse and rat retina, which showed that HCs
form neurovascular units with the network of capillaries running
through the OPL (Mojumder, 2008; Usui et al., 2015). Therefore,
the connection between endothelial cell and HC on one side, and
HC and photoreceptor on the other side, could potentially pro-
vide for efficient glucose transport from the blood stream into the



YANG ET AL.

Journal of

FIGURE 7 Proposed model for
glucose transport from horizontal cell
to photoreceptor synapse. In darkness,
photoreceptor ribbon synapses require
large amounts of energy to maintain
their continuous glutamate release. In
horizontal cells, GLUT2 allows glucose
uptake, which may be re-released via
hemi-channels located in the synaptic
cleft. From there, photoreceptors (R,
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rod; C, cone) may use clathrin-mediated
endocytosis to internalize glucose
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photoreceptor synapse. Intriguingly, in studies where HCs were
genetically ablated, the architecture of the overall OPL was ini-
tially maintained, however, rod photoreceptors retracted their
axons and degenerated partially, while cone photoreceptors ap-
peared to be unaffected (Keeley et al., 2013; Sonntag et al., 2012).
Moreover, when the connection between inner retinal vasculature
and HCs was genetically disabled, rod photoreceptor degenera-
tion in the Pdeéb-mutant rd10 mouse was accelerated (Usui et al.,
2015). Hence, even under normal, physiological concentrations of
glucose, HCs may play an important role for rod photoreceptor

viability.

4.2 | STZis toxic to photoreceptors: Evidence for
retrograde glucose transport

STZ is an antibiotic that destroys pancreatic islet p-cells (Szkudelski,
2001). Due to its wide availability, cost-effectiveness, and relatively
easy experimental handling, it is commonly used to generate animals
that suffer from hyperglycaemia in a way that is similar to type-1
diabetes (Furman, 2015). Incidentally, the STZ model of diabetes has
also been used extensively to study diabetic retinopathy (DR) (Aung
et al., 2013; Liu et al., 2019; Zhang et al., 2019). The toxic effect
of STZ on photoreceptors observed in this study warrants a note
of caution when interpreting the results of such experiments. The
maximal STZ dose used in our in vitro study on retinal explants was
15 mM, which is relatively high when compared to the doses that
are usually used to render live animals diabetic (40-60 mg/kg, i.e.
=0.2 mM). However, the STZ solutions administered in vivo via in-
travenous or intraperitoneal injection are far more concentrated,
with typical concentrations ranging from 15 to 75 mM (4-20 mg/
ml) (Furman, 2015). The highly perfused retina will likely be exposed
to a disproportionately large amount of the drug. Thus, it is conceiv-
able that STZ—when transported by GLUT2—may directly affect the
retina, rather than indirectly via the hyperglycaemia caused by pan-
creatic beta cell destruction.

The effects of the STZ treatment are especially surprising
since HCs, which express the STZ target GLUT2, are seemingly not

% Clathrin

® Glucose

W cn2

affected, while photoreceptors—which do not appear to express
GLUT2 at all—are severely affected. To explain this observation, we
hypothesized that a transport mechanism exists, which allowed for
STZ to move from HCs to photoreceptors. We first probed for such
a mechanism using the blocker of connexin-formed hemi-channels
MFA, which reverted the toxic effect of STZ on rod photoreceptors.
This result indicates that the STZ taken up by HCs via GLUT2 could
be exported via hemi-channels from the HC to the photoreceptor via
the synaptic cleft (Kamermans et al., 2001). In a second instance, we
blocked clathrin-mediated endocytosis using dynasore (Macia et al.,
2006), which avoided STZ toxicity on rods, but which by itself had a
deleterious effect on cones. Together, these data argue for a mech-
anism that makes use of hemi-channels and synaptic endocytosis
to transport STZ from HCs to photoreceptors (Figure 7). It appears
likely that such a mechanism will also apply to glucose transport.
Indeed, the photoreceptor ribbon synapse differs from other syn-
apses in the central nervous system in that, in darkness, it constantly
releases the neurotransmitter glutamate. This constant release cre-
ates a large energy demand, both to produce ATP and glutamate
(Ingram et al., 2020), that may be difficult to satisfy if relying only on
glucose import from the outer retinal vasculature. Yet, no dedicated
glucose transporter is known to be expressed in the photoreceptor
synapse. Since glucose is non-electrogenic and non-protonogenic
its release into the synaptic cleft and subsequent import into the
photoreceptor synapse would not interfere with ephaptic feedback
(Vroman et al., 2014). It is thus conceivable that glucose piggybacks
on the ephaptic feedback pathway, to allow energy supply to the

synapse without requiring a dedicated glucose transporter.

4.3 | Importance for diabetic retinopathy and
retinal degeneration

Because energy metabolism is critical for cell survival, its altera-
tions frequently cause disease, among which diabetes is a prominent
example. Diabetes is a chronic disease characterized by defective
insulin-signalling and exceedingly high and variable levels of glucose
in the blood stream. DR is a complication of diabetes that affects
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Neurochemistry

The disease is associated with a variety of pathophysiological events
such as microaneurysms, neovascularization and photoreceptor de-
generation, which eventually lead to irreversible blindness (Cai &
Boulton, 2002). In DR, colour vision is regularly affected early on,
even when obvious signs of DR are not (yet) present (Roy et al., 1986;
Wolff et al., 2015). Hence, cones appear to be particularly vulnerable
to changes in glucose metabolism. Our data on the more marked vul-
nerability of cones to STZ treatment suggest an increased internali-
zation of glucose in the large cone synapses. This is in line with work
on salamander cones where the rate of synaptic vesicle internaliza-
tion was found to be faster than in rods, thus allowing for increased
uptake via this pathway (Van Hook & Thoreson, 2012).

On the other hand, rod photoreceptors degenerate in part in
the absence of HC, while cone photoreceptors appear to be less de-
pendent on HC function (Keeley et al., 2013; Sonntag et al., 2012).
Under diabetic conditions, with elevated levels of glucose in the
bloodstream, transport of glucose from HCs into photoreceptors
may over-load cellular metabolism, causing a surge in reactive ox-
ygen species and eventually photoreceptor degeneration. Indeed,
high levels of glucose were found to be toxic to photoreceptors, and
especially so to cones (Calbiague et al., 2020; Valdes et al., 2016),
and it is plausible that a part of this detrimental effect may stem
from GLUT2 activity in HC. This in turn suggests that modulation of

GLUT2 transport may be considered for therapeutic purposes.

5 | CONCLUSION

Knowledge on the expression and functioning of glucose transport-
ers in the retina is crucial to further our understanding of retinal
energy metabolism. Here, we showed that GLUT2 is prominently
expressed in HCs of the mouse retina, and we propose a role for this
transporter in a putative glucose shuttle, from HCs to photorecep-
tors. The discovery of this new pathway is likely to be relevant for
future studies into retinal disease pathogenesis, including for DR.
Moreover, while the compound STZ is widely used to destroy insulin-
producing p-cells and generate diabetic animals, the direct adverse
effects of STZ on photoreceptors highlight the need for careful eval-

uation of research results obtained in STZ-treated animals.
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