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PURPOSE. Diabetic retinopathy (DR) is a leading cause of blindness in working-age adults
characterized by retinal dysfunction and neurovascular degeneration. We previously
reported that deletion of X-box binding protein 1 (XBP1) leads to accelerated retinal
neurodegeneration in diabetes; however, the mechanisms remain elusive. The goal of
this study is to determine the role of XBP1 in the regulation of photoreceptor synaptic
integrity in early DR.

METHODS. Diabetes was induced by streptozotocin in retina-specific XBP1 conditional
knockout (cKO) or wild-type (WT) mice to generate diabetic cKO (cKO/DM) or WT/DM
mice for comparison with nondiabetic cKO (cKO/NDM) and WT/NDM mice. Retinal
morphology, structure, and function were assessed by immunohistochemistry, opti-
cal coherence tomography, and electroretinogram (ERG) after 3 months of diabetes.
The synapses between photoreceptors and bipolar cells were examined by confocal
microscopy, and synaptic integrity was quantified using the QUANTOS algorithm.

RESULTS.We found a thinning of the outer nuclear layer and a decline in the b-wave ampli-
tude in dark- and light-adapted ERG in cKO/DM mice compared to all other groups. In
line with these changes, cKO mice showed increased loss of synaptic integrity compared
to WT mice, regardless of diabetes status. In searching for candidate molecules respon-
sible for the loss of photoreceptor synaptic integrity in diabetic and XBP1-deficient reti-
nas, we found decreased mRNA and protein levels of DLG4/PSD-95 in cKO/DM retina
compared to WT/DM.

CONCLUSIONS. These findings suggest that XBP1 is a crucial regulator in maintaining synap-
tic integrity and retinal function, possibly through regulation of synaptic scaffold proteins.

Keywords: diabetic retinopathy, X-box binding protein 1, retinal function, photorecep-
tors, synaptic integrity

Diabetic retinopathy (DR) is a leading cause of blindness
in working-age adults and is characterized by retinal

dysfunction, neurovascular degeneration, and advanced reti-
nal pathologies such as retinal neovascularization and fibro-
sis.1,2 Although the mechanisms leading to vision loss are
complex, protein dyshomeostasis in the endoplasmic retic-
ulum (ER) has been identified as a contributing factor.3–5

In response to ER stress, cells activate the unfolded protein
response (UPR) in an attempt to restore homeostasis. The
primary effectors of the UPR, activating transcription factor
6 (ATF6), PKR-like endoplasmic reticulum kinase (PERK),
and inositol requiring enzyme 1 (IRE1), mediate complex
pathways to increase ER folding capacity, decrease protein
translation, and increase mRNA or protein degradation
through the regulated Ire1-dependent decay (RIDD) or ER-
associated degradation (ERAD).6,7 As such, the UPR path-
ways are considered an important adaptive mechanism that
allows organisms and cells to survive mild or temporary

stress conditions, such as in the preclinical or early stages
of human disease.8–10 However, if homeostasis cannot be
restored, is too severe, or persists for too long, cell death
pathways may be activated by the UPR.11–13 In this scenario,
dysregulated UPR signaling may contribute to disease devel-
opment and progression. Therefore, understanding the roles
of UPR pathways in retinal cells at various stages of DR could
provide insights into the mechanisms of DR pathogenesis.

A critical transcription factor of the UPR within the IRE1
pathway is X-box binding protein 1 (XBP1).14 Upon ER
stress, XBP1 is activated through unconventional splicing of
XBP1 mRNA by the endoribonuclease domain of IRE1.15 The
splicing product, spliced XBP1 (XBP1s), encodes an active
transcription factor that not only upregulates genes of ER
chaperones and foldases to restore ER homeostasis but also
regulates a myriad of genes involved in calcium signaling,
mitochondrial function, autophagy, and lipid and glucose
metabolism.6,16–18 In fact, the IRE1/XBP1 pathway is the only
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conserved UPR branch from yeast to human.19,20 Previously,
we have shown that conditional knockout (cKO) of XBP1 in
retinal neurons exacerbates and accelerates retinal neurode-
generation under conditions of diabetes or aging.10,21 The
associated decline of retinal function and morphologic
defects, including ERG b-wave amplitude decrease and loss
of ribbon synapses, is significantly greater after 5 months
of diabetes, or 1 year of age, in mice lacking XBP1 in the
retina.10,21 These findings suggest a protective role of XBP1
in retinal neuronal function and maintenance in stress or
disease conditions such as aging or diabetes; however, the
mechanisms remain elusive.

Photoreceptors are the most abundant and metabolically
active retinal neurons responsible for phototransduction.22

Emerging evidence suggests that diabetes-induced alter-
ations in photoreceptor function and structure contribute
to DR pathogenesis.23 In Akita mice, a genetic model of
type 1 diabetes, reduced photoreceptor ribbons and postsy-
naptic boutons were observed after 9 months of diabetes.24

Using a streptozotocin (STZ)–diabetes model, we found a
loss of photoreceptor synapses in retina-specific XBP1 cKO
mice but not in wild-type (WT) mice after 5 months of
diabetes.21 However, the early changes in retinal synapses
have not been studied. We hypothesize that damage to
synaptic integrity may occur prior to the loss of synapses
in diabetic retinas. In this study, we test this hypothesis by
investigating retinal function in conjunction with photore-
ceptor synaptic integrity evaluated using the QUANTOS
(QUalitative and quantitative ANalysis using Bayes Theo-
rem Optimized for Synapse evaluation) algorithm in retina-
specific XBP1 cKO and WT mice after 3 months of diabetes.

METHODS

Animals

Generation of retina-specific XBP1 cKO mice was described
elsewhere.10 To induce diabetes, 9-week-old mice were
given five consecutive intraperitoneal injections of strepto-
zotocin (50 mg/kg/d; Sigma-Aldrich, St. Louis, MO, USA) or
vehicle as control. Consistent blood glucose levels greater
than 250 mg/dL was considered diabetic.Mice with 3 months
of diabetes (but aged 5–6 months) were then compared to
nondiabetic mice aged 5 to 6 months. Animal procedures
were approved by the Institutional Animal Care and Use
Committees at the University at Buffalo and in accordance
with the guidelines of the ARVO statements for the “Use of
Animals in Ophthalmic and Vision Research.”

Electroretinography

A Diagnosys Espion ColorDome system and software (Diag-
nosys LLC, Lowell, MA, USA) was used to perform all
electroretinograms as described previously.10,21 For light-
adapted ERGs, we used five flashes of 10 cd�s/m2 (under
a background of 5 cd�s/m2) and 4-ms duration at 1 Hz. For
dark-adapted ERGs, four series of three identical stimuli of
light of 4-ms duration, with increasing luminance of −2.4,
−1.2, 0.0, and 1.4 log(cd�s/m2), were used with a delay of
15–60 seconds between each stimulus and each series of
stimuli.

Immunofluorescence Staining

Immunofluorescence staining was performed on 12-μm
(for QUANTOS and PSD-95/Ribeye labeling) and 20-μm

(for GABA and SCGN labeling) retinal cryosections as
described in our publications.10,21 For QUANTOS labeling,
antigen retrieval was performed with 0.1 M sodium citrate
pH 6.0 at 100°C for 15 minutes. After blocking, sections
were incubated with primary antibodies including anti-
GABA (PC213L, 1:800, Millipore Sigma, St. Louis, Missouri,
USA), anti-Ribeye (anti-ctbp2, 612044, 1:600 for QUAN-
TOS, BD Biosciences, Franklin Lakes, New Jersey, USA;
anti-Ribeye, 192 003, 1:600 for PSD-95 colabeling, Synap-
tic Systems, Göettingen, Germany), anti-mGluR6 (AGC-
026, 1:600, Alomone, Jerusalem, Israel), and anti-PSD95
(MA1046, 1:600, ThermoFisher, Waltham, Massachusetts,
USA) antibodies, followed by secondary antibodies (A11001,
T6391, A11015, at 1:800, Invitrogen, Carlsbad, CA, USA).
Confocal images were captured in the mid-peripheral region
of the retinas with a Leica SP8 confocal microscope (Leica
Biosystems, Deer Park, IL, USA) using a 63× oil immer-
sion objective, 1024 × 1024 image size, and a z-interval
of 0.30 μm. Cell bodies positive for SCGN or GABA were
counted manually by two independent observers blind to
genotype and diabetic condition. Counts were made across
the entire field. For each animal, three to five images used
and the numbers were averaged. The reported n values indi-
cate number of animals.

QUANTOS Algorithm

The QUANTOS algorithm was implemented using open-
source software (https://github.com/matsutakehoyo/
QUANTOS) following a published protocol.25 To train
the algorithm, confocal images of 12-μm retinal cryosec-
tions labeled for Ribeye and mGluR6 from five individual
WT mice were used. Five consecutive images from the
confocal z-stack were selected from the interior of the z-axis
to avoid edge anomalies or sectioning artifacts. For each
mouse retina, three independent areas were included. Areas
designated “OPL” (i.e., Ideal Synapse) or “outside-OPL” (i.e.,
Ideal Noise) were manually selected. Identical procedures
were applied for analysis of images from all mice. Statistical
analyses of QUANTOS scores were performed using the
Fasano–Franceschini test, a nonparametric two-dimensional
implementation of the Kolmogorov–Smirnov test, to deter-
mine whether the distributions of scores differ between
groups.

Quantitative RT-PCR

Total RNA was extracted using TRIzol (Invitrogen) from
mouse retinas, and cDNA was synthesized using the Bio-
Rad (Hercules, CA, USA) iScript cDNA kit.10 Quantita-
tive RT-PCR was performed with Bio-Rad iQ SYBR Green
Supermix with primers specific for mouse Dlg4/PSD95
(forward: 5′-ACGAGAGTGGTCAAGGTTAAAG-3′; reverse: 5′-
GGGAGGAGACAAAGTGGTAATC-3′) and mouse β-actin
(forward: 5′-GACAGGATGCAGAAGGAGATTAC-3′; reverse:
5′- TCAGTAACAGTCCGCCTAGAA-3′).

Western Blot Analysis

Proteins were extracted from mouse retinas with radio
immune precipitation assay buffer containing protease
inhibitor mixture, phenylmethylsulfonyl fluoride (PMSF),
and sodium orthovanadate (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Protein samples were resolved by a 12%
SDS-PAGE gel and blotted with anti–PSD-95 (MA1-046,
1:1000, Invitrogen) and anti–β-actin (ab8226, 1:8000, Abcam,
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Cambridge, MA, USA) antibodies. After incubation with
horseradish peroxidase–conjugated secondary antibodies,
membranes were visualized with Clarity Substrate system
(Bio-Rad) on a Chemi-Doc MP Imaging device (Bio-Rad) and
quantified by densitometry.

Optical Coherence Tomography

Optical coherence tomography (OCT) was performed in
anesthetized mice with pupils dilated using a Micron III
system and an Image-guided OCT2 device (Phoenix Tech-
nologies, Pleasanton, CA, USA). Retinal thickness measure-
ments were performed manually by two independent
observers blind to genotype and diabetic condition. Whole
retina thickness was measured from the inner edge of the
ganglion cell layer (GCL) to the outer edge of the outer
nuclear layer (ONL). Inner retina thickness was measured
from the inner edge of GCL through the outer plexiform
layer.

Statistical Analyses

Statistical analyses were performed using one-way ANOVA
for comparisons of three or more groups. All quantitative
data were expressed as mean ± SD. Statistical differences
were considered significant at a P value of less than 0.05.

RESULTS

Decrease in b-Wave Amplitude of Dark- and
Light-Adapted ERG in Diabetic cKO Mice

Previously, we found that after 5 months of diabetes, XBP1
cKO mice showed a significant reduction in both light- and
dark-adapted ERG b-waves.21 Herein, we determined to what
extent, if any, retinal function declines at an earlier time

point after diabetes. As shown in Figure 1A, cKO/diabetic
mice (DM) demonstrated a significant reduction in dark-
adapted ERG b-wave across a series of four flashes of
increasing intensity compared to all other groups. There
was a small and nonsignificant reduction in the b-wave
responses in WT/DM mice compared to WT/nondiabetic
mice (NDM) controls. Further, cKO/NDM mice aged 5 to
6 months had a-wave and b-wave responses indistinguish-
able from WT/NDM mice, consistent with our previous
results.10 In addition, we found no decrease in dark-adapted
ERG a-wave amplitudes in either WT/DM or cKO/DM
mice under diabetic conditions. In light-adapted ERGs, a-
wave responses for all groups were indistinguishable from
each other (Fig. 1B). Similar to dark-adapted ERG b-wave
responses, light-adapted ERG b-wave amplitude was signif-
icantly reduced in cKO/DM mice compared to all other
groups (Fig. 1B). A modest and nonsignificant decline
in light-adapted ERG b-wave amplitude was observed in
WT/DMmice (Fig. 1B). Light-adapted ERG b-wave responses
in cKO/NDM mice were indistinguishable from WT/NDM
mice, again confirming our previous results in adult XBP1
cKO mice.10

Thinning of the Retinal Outer Nuclear Layer in
Diabetic cKO Mice

To determine if neurodegeneration occurs after 3 months of
diabetes, we performed OCT on cKO/DM and WT/DM mice
and age-matched NDM mice. Our results showed no signifi-
cant change in total retinal thickness for any group, despite
a trend of a thinner retina in cKO/DM mice (Fig. 2). In addi-
tion, the inner retinal thickness, measured from the GCL
through the outer plexiform layer (OPL), was unchanged in
any group. In contrast, there was a significant reduction in
the ONL thickness in cKO/DM mice compared to all other
groups in both inferior and superior retina (Fig. 2). The trend
in retinal thinning in cKO/DM mice is likely attributed to the
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FIGURE 1. Reduced retinal function in cKO/DM mice. Dark- and light-adapted ERGs were performed in WT and cKO mice with or without
diabetes. (A) Graph depicts the a- and b-wave amplitudes of dark-adapted ERG in WT/NDM (n = 5), cKO/NDM (n = 3), WT/DM (n = 7),
and cKO/DM (n = 7) mice. A significant decrease in b-wave amplitude was observed in cKO/DM mice compared to WT/NDM, cKO/NDM,
and WT/DM mice. *P < 0.05, one-way ANOVA. (B) Graph depicts the a- and b-wave amplitudes of light-adapted ERGs in WT/NDM (n = 6),
cKO/NDM (n = 3), WT/DM (n = 8), and cKO/DM (n = 6) mice with a significant decrease in b-wave amplitude for cKO/DM mice compared
to all other groups. *P < 0.05, one-way ANOVA with Tukey post hoc test.
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FIGURE 2. Thinning of retinal ONL in cKO/DMmice. OCT was performed in WT and cKOmice with or without diabetes. (A–D) Representative
images of OCT in each group of mice. (E–G) Quantifications of thicknesses of the whole retina (E), inner retina (F), and ONL (G). A small
and nonsignificant decrease in ONL thickness in WT/DM (n = 6) mice compared to WT/NDM (n = 5) mice and a significant decrease in
ONL thickness in cKO/DM mice (n = 5) compared to WT/NDM, cKO/NDM (n = 6), and WT/DM mice were observed. *P < 0.05, one-way
ANOVA with Tukey post hoc test.

significant reduction of ONL thickness. These results suggest
that by 3 months of diabetes, retinal ONL neurodegeneration
has begun in cKO/DM mice.

No Change in Cone Bipolar Cell Number in
Diabetic cKO Retina

To determine if the decline in light-adapted ERG b-waves in
the cKO/DM mice is associated with cone bipolar cell loss,
we examined the morphology and number of cone bipo-
lar cells in retinal sections with immunostaining for secret-
agogin (SCGN). SCGN labels cone bipolar cell bodies in the
inner nuclear layer (INL), dendrites in the OPL, and terminals
in the inner plexiform layer (IPL) (Fig. 3). We found no qual-
itative difference in SCGN-positive dendrites or terminals in
cKO or WT mice regardless of diabetic conditions. Quan-
tification of SCGN-positive cell bodies revealed no signifi-
cant change in cone bipolar cell number in cKO/NDM mice
compared to WT/NDM mice or in WT/DM mice compared
to WT/NDM mice (Fig. 3). A slight trend for fewer cone
bipolar cells was observed in cKO/DM and cKO/NDM mice
compared to WT/DM and WT/NDMmice, although it did not
approach significance (Fig. 3). Thus, the decrease in light-
adapted ERG b-wave in the cKO/DM mice was unlikely to

be caused by changes in, or loss of, cone bipolar cells at this
stage.

Significant Decrease in GABAErgic Amacrine
Cells in Diabetic cKO Mice

To further characterize the early stage retinal neurodegen-
eration in diabetic mice, we examined GABAergic amacrine
cells in retinal sections labeled for gamma-aminobutyric acid
(GABA). As shown in Figure 4, the immunolabeling revealed
an overall distribution of GABA-positive cells in the INL and
the GCL.Quantitative analysis revealed a significant decrease
in total GABA-positive cells in cKO/DM mice compared to
WT/DM mice (Fig. 4). Moreover, there was a nonsignifi-
cant decrease in total GABA-positive cells in cKO/NDM mice
and in WT/DM mice compared to WT/NDM mice (Fig. 4).
We further examined GABA-positive cells within the INL or
the GCL. We found a significant decrease in GABA-positive
cells in the INL of cKO/DM mice compared to other groups
(Fig. 4). Interestingly, despite a trend of fewer GABA-positive
cells in the GCL of cKO/DM mice, the difference was not
significant. Thus, the significant decrease in total GABA-
positive cells in the cKO/DMmice can be primarily attributed
to the loss of GABAergic amacrine cells in the INL.
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FIGURE 3. XBP1 deletion does not affect cone bipolar cell morphology. (A–D) Representative confocal images of retinal cryosections with
immunofluorescence staining for SCGN (green) to label cone bipolar cell bodies in the INL and their dendrites and presynaptic terminals in
the OPL and IPL, respectively. Nuclei were stained with DAPI (blue). Scale bar: 50 μm. (E–H) Higher-magnification images of cone bipolar
cell bodies and dendrites in the INL and OPL. Scale bar: 20 μm. (I) Quantification of SCGN-positive cell bodies in the INL reveals no
difference in cone bipolar cell numbers across the groups. n = 4 mice in each group. One-way ANOVA with Tukey post hoc test.

QUANTOS Algorithm Evaluates the Integrity of
Photoreceptor Ribbon Synapses

Our morphologic analyses revealed either nonexistent or
relatively mild degenerative changes in retinal thickness or
neuronal numbers in 3-month diabetic cKO and WT mice,
despite a significant functional deficit in light- and dark-
adapted ERG b-waves in the cKO/DM mice. To determine
the mechanism of the functional decline, we examined the
synapses between photoreceptors and bipolar cells using
immunohistochemistry for pre- and postsynaptic ribbon
synapse markers. Double labeling with antibodies against
the presynaptic marker Ribeye and against the postsynap-
tic marker mGluR6 revealed robust, highly specific label-
ing with the ONL (Fig. 5), in addition to labeling of cell
bodies in the INL and synapses in the IPL for Ribeye (Fig. 5
and Supplementary Fig. S1). Close examination of three-
dimensional, space-filling confocal projections at high reso-
lution failed to reveal consistent, clear qualitative differ-
ences between groups in appearance or organization, even
though individual synapses could clearly be observed at
high resolution (Supplementary Fig. S1). To examine the

ribbon synapses objectively and in greater detail, we used
the QUANTOS algorithm to compare multiple features of
the appearance of each synapse to the training data from
age-matched WT/NDM mice.25 The WT mouse retinas used
to train the QUANTOS algorithm were out-of-sample to the
data presented here.

The output of QUANTOS is two scores representing the
similarity of each individual prospective synapse in the ONL
to the ideal training data synapse, as quantified by QUAN-
TOS using the training data across a multitude of attributes
extracted from the images.25 We found that graphs depicting
these scores for each group evaluated by QUANTOS revealed
a cluster of data points that appeared similarly spread along
each axis (Fig. 6). When graphed in this way, each point
represented a single synapse using a score for how similar
that synapse was across all parameters to intact synapses (x-
axis) and to degenerative synapses (y-axis) from the training
data, with increasing similarity to the right and bottom of
the graph, respectively. Thus, points further to the right and
further toward the bottom of the distribution represented
synapses most similar to the ideal, intact training synapse
in adult WT/NDM mice. In contrast, points to the left and
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FIGURE 4. Decreased number of GABAergic amacrine cells in cKO/DM mice. (A–D) Representative confocal images of retinal cryosections
with immunofluorescence staining for gamma-aminobutyric acid (GABA, red) to label GABAergic amacrine cells and their processes in the
INL and GCL. Nuclei were stained with DAPI (blue). Scale bar: 50 μm. (E) Quantification of GABA-positive cell bodies in the INL and GCL
reveals a nonsignificant trend for fewer GABAergic amacrine cells in cKO/NDM retinas compared to WT/NDM retinas (E–G). Under diabetic
conditions, there was a significant reduction in GABA-positive cells in cKO/DM mice compared to WT/DM mice in total number of cells
(E) and within the INL (F). *P < 0.05. n = 4 mice in each group. One-way ANOVA with Tukey post hoc test.

toward the top of the distribution represented synapses that
varied from the ideal, intact training synapse and appeared
more similar to degenerative synapses from the training data
by this measure (Fig. 6).

Although there was substantial overlap in the distribu-
tions of the QUANTOS scores for all groups, we found a
consistent and significant trend. We found that the over-
all distribution of scores for cKO/NDM mice was signif-
icantly shifted up and to the left of the distribution for
WT/NDM mice (P < 2.2e-16), indicating a shift in the distri-
bution of QUANTOS scores for synapses in XBP1 cKO/NDM
mice away from ideal, intact synapses defined in WT/NDM
mice and toward degenerative synapses (Fig. 6A). Simi-
larly, there was a significant shift toward more degenerative
synapses (up and to the left) in the distribution of WT/DM
mice compared to WT/NDM mice (P = 7.75e-12) (Fig. 6B).
Further, we found a significant degenerative shift in the
distribution of synapse scores for cKO/DM mice compared
to cKO/NDM (P = 0.00504) and to WT/DM mice (P = 8.68e-
06) (Figs. 6C, 6D). These data indicate that the cKO/DM
mice had the greatest proportion of synapses that appeared
degenerative by this measure than all other groups. These
data again suggest retinal neurodegeneration evidenced by
reduced synaptic integrity had progressed in WT/DM mice
after 3 months of diabetes and, to a greater extent, in cKO
mice/DM with this duration of diabetes.

Potential Mechanisms for Synaptic Degeneration
in Diabetic cKO Mice

To determine a mechanism for the loss of synaptic integrity
in the cKOmice, we initiated a search for changes in proteins

potentially involved in the structure and function of photore-
ceptor ribbon synapses. We found a significant reduction
in the mRNA level of Dlg4, which encodes a scaffolding
protein, PSD-95, in cKO/DMmice compared to WT/DMmice
(Fig. 7). No difference was observed between WT/DM and
WT/NDM retinas. We did observe a trend of a lower level of
PSD-95 mRNA in cKO/NDM retina compared to WT/NDM
retina, suggesting that XBP1 may regulate PSD-95 expres-
sion in the absence of ER stress or disease conditions. West-
ern blot analysis confirmed a reduction in PSD-95 protein in
diabetic cKO retina (Fig. 7). Additionally, immunohistochem-
istry (IHC) for PSD-95 and Ribeye supports the reduction in
PSD-95 in cKO/DM retina (Fig. 7). These data suggest the
combined effects of diabetes and XBP1 deficiency in retina
results in a significant decline in PSD-95. The decrease in
this critical scaffolding protein at the ribbon synapse may
contribute to both the observed functional deficits in the
ERG as well as the loss of synaptic integrity revealed with
the QUANTOS algorithm in the cKO mice.

DISCUSSION

The long time course of DR and multifaceted pathogenic
factors, such as metabolic and oxidative stress, suggest a
plausible role of cellular stress response in the develop-
ment of retinal neurodegeneration and vision loss. Previ-
ously, we reported that retina-specific deletion of XBP1, a
critical transcription factor that coordinates cellular stress
response, led to accelerated age-related retinal neurodegen-
eration and exacerbated retinal morphologic and functional
deficits in mice after 5 months of diabetes.21 To uncover the
initial events and mechanisms of retinal neurodegeneration
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FIGURE 5. Confocal microscopy of ribbon synapses labeled with Ribeye and mGluR6 in mouse retinas. Cryosections (12 μm thick) of mouse
retinas were stained with antibodies against metabotropic glutamate receptor 6 (mGluR6, red) and Ribeye (green) to label the presynaptic
(Ribeye) and postsynaptic (mGluR6) components of ribbon synapses between photoreceptors and bipolar cells in the OPL. Ribeye also
extensively labeled synapses within the IPL. Nuclei were stained with DAPI (blue). (A–D) Representative confocal images from five mice
per group. Each image is a projection of confocal scans taken from five consecutive focal planes. Scale bar: 50 μm.

associated with XBP1 deficiency and diabetes, we exam-
ined the cKO/DM mice with 3 months of diabetes to discern
the early changes. We found a significant reduction in both
light- and dark-adapted ERG b-wave amplitudes in cKO/DM
mice but not in WT/DM mice, supporting that loss of XBP1
accelerates retinal neurodegeneration in diabetes. Consis-
tent with the functional changes, a significant thinning of
the ONL and a small, but significant, decrease in GABAer-
gic amacrine cells within the INL was observed in cKO/DM
mice. In contrast, we found no difference in cone bipolar
cells across all groups, suggesting that cone bipolar cell
survival is not affected by loss of XBP1 or by diabetes at
this stage.

The ERG b-wave is primarily attributed to bipolar cell
responses. Our data show that there was no difference in
bipolar cell number or morphology, indicating that the func-
tional deficit in cKO/DM mice was not likely caused by loss
of bipolar cells. Previously, we reported that the number
of photoreceptor ribbon synapses was reduced in cKO/DM
mice after 5 months of diabetes.10 We hypothesized that
there may be disruption of the synaptic integrity prior to
the loss of synapses. To test this hypothesis, we carried
out a quantitative analysis of synaptic integrity using the
QUANTOS algorithm.25 This method allowed us to assess

the synaptic integrity of individual ribbon synapses in great
detail by evaluating the likelihood that each pairing of
Ribeye and mGluR6 present in the confocal image stack
represented an intact synapse or a degenerative synapse.
Thus, the distribution of all evaluated synapses provided a
population-level assessment of synaptic integrity.

Our results showed that the overall distributions of
the synapses overlapped substantially across the groups.
However, the distribution of QUANTOS scores of synap-
tic integrity shifted up and to the left significantly toward
more degenerative synapses under diabetic conditions and
due to the loss of XBP1 in the retina. Thus, changes at the
ribbon synapse that were difficult or impossible to detect
by standard qualitative examination of IHC were nonethe-
less occurring at 3 months of diabetes, and these changes
were exacerbated by the loss of XBP1. Moreover, cKO/NDM
mice demonstrated reduced synaptic integrity compared to
WT/NDM mice, indicating that the initial stages of neurode-
generation had begun in the cKO mice prior to 6 months of
age; interestingly, the manifestation of structural and func-
tional deficits was not observed in these mice until well
after 8 months of age using standard immunohistochemistry
techniques and microscopy.10 Importantly, we found a loss
of synaptic integrity of ribbon synapses in cKO/DM mice
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FIGURE 6. Reduced integrity of ribbon synapses in WT/DM, cKO/NDM, and cKO/DM mice quantified by the QUANTOS algorithm. Graphs
depict QUANTOS Bayes scores of individual synapses. (A) Combined QUANTOS Bayes scores for synapses from WT/NDM and cKO/NDM
mice. The distribution of scores for XBP1 cKO/NDM mice is significantly shifted up and to the left when compared to WT/NDM mice.
(B) The distribution of scores for WT/DM mice is significantly shifted up and to the left when compared to WT/NDM mice. (C) The
distribution of scores for cKO/DM mice is significantly shifted up and to the left when compared to cKO/NDM mice. (D) Graph shows a
significant shift up and to the left for cKO/DM mice compared to WT/DM mice. Lines represent linear trendlines. n = 5 mice for each group.
**P < 0.01; ***P < 0.0001, Fasano–Franceschini test.

FIGURE 7. Reduced levels of PSD-95 mRNA and protein in cKO/DM mice. (A) mRNA levels of Dlg4/PSD-95 in the retinas were measured
by quantitative RT-PCR with β-actin as an internal control. n = 3 mice for each group. *P < 0.05. (B, C) Western blot analysis of PSD-95
and quantitation with densitometry. n = 3 mice for each group. *P < 0.05. (D–G) Confocal images of retinal cryosections with double
immunofluorescence labeling for PSD-95 (green) and Ribeye (red) showing a reduction in PSD-95 in cKO/DM retina. Nuclei were stained
with DAPI (blue). Scale bar: 5 μm. One-way ANOVA with Tukey post hoc test.
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compared to all other groups, which correlated well with
the functional decline in the ERG b-wave amplitude. More-
over, we found a loss of synaptic integrity in WT/DM mice
compared to WT/NDM mice, although we saw only a trend
for functional decline in the ERG between these groups, indi-
cating that 3 months of diabetes was near the onset of signif-
icant structural and functional synaptic degeneration. This
study, to our knowledge, is the first to demonstrate reduced
retinal synaptic integrity that may contribute to retinal func-
tion decline in early diabetes.

The mechanisms behind the impaired synaptic integrity
in XBP1 cKO and diabetic retinas are complex and under-
studied. A recent study showed that overexpression of
XBP1s, the active form of XBP1, in the brain improved
synaptic function in part through restoring the levels of
several synaptic proteins and factors involved in actin
cytoskeleton regulation and axonal growth.26 In the present
study, we examined the expression of PSD-95, a major
synaptic protein,27,28 in the retina. We found that both
the mRNA and protein levels of PSD-95 were significantly
reduced in the cKO/DM retina. In addition, increased RhoA
activation was recently linked to synaptic damage in a retinal
detachment model.29,30 RhoA associates with metabotropic
glutamate receptors and also regulates cytoskeletal dynam-
ics.31,32 It also serves as an upstream regulator of cofilin 1, a
regulator of actin dynamics in spines and involved in early
stage neurodegeneration through formation of cofilin/actin
rods.26,30 In the 5XFAD mouse model of Alzheimer disease,
cofilin 1 is downregulated and overexpression of XBP1
restores cofilin 1 expression.26 Thus, it is plausible that
lack of XBP1 in bipolar cells and/or photoreceptors may
alter synaptic architecture by reducing the levels of proteins
involved in cytoskeletal dynamics and that this dysfunc-
tion leads to diminished function and degenerative appear-
ance of ribbon synapses. This possibility needs to be further
investigated in future studies.

In summary, our study shows that retinal neurodegenera-
tion occurs in STZ-diabetic mice at approximately 3 months
of diabetes and that loss of XBP1 in retinal neurons acceler-
ates this process. Further, the synaptic integrity exists on a
scale from intact to degenerative, with both diabetes and loss
of XBP1 tilting the scale toward a degenerative appearance,
likely due to dysregulation of synaptic proteins, resulting in
functional deficits. Understanding the mechanisms of these
early changes may provide new approaches for protecting
retinal neurons and improving retinal function in DR.
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