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A B S T R A C T   

Purpose: Retinal ganglion cells (RGCs) are highly susceptible to diabetes-induced metabolic stress. This study 
describes the early responses of RGCs to hyperglycemia and examines the effects of the neuroprotective so
matostatin analog octreotide (OCT). 
Methods: Thy1-green fluorescent protein (GFP)-M transgenic mice were used, which express GFP in a number of 
RGCs. OCT was intravitreally injected in mice with streptozotocin (STZ)-induced diabetes. A longitudinal elec
troretinography (ERG) analysis was performed up to 2 weeks from STZ treatment. RGC density was measured 
and extensive morphometric analyses were performed on identified RGC subtypes. 
Results: STZ treatment caused a decline of RGC function, which was counteracted by OCT. No differences in RGC 
density were recorded, indicating that impaired activity was unlikely to be related to RGC death. Different GFP- 
labeled RGC subtypes were identified and analyzed. Overall, large RGCs were mostly affected by diabetes and 
responded to OCT treatment, while those with smaller dendritic arborizations were less involved. Interestingly, 
depending on the complexity of the dendritic tree, OCT could completely rescue RGC morphometric parameters 
or increase the effects of hyperglycemia. 
Conclusions: There is an early response of RGCs to diabetes, which involves specific morpho-functional deficits 
but not overt cell death. OCT induces adaptive changes that, although different among RGC subtypes, contribute 
to RGC functionality in the presence of metabolic stress. These results highlight the importance of neuronal 
protection in the early phases of diabetic retinopathy, when cell loss has not yet started and RGC morphology can 
be preserved or adjusted to maintain RGC physiology.   

1. Introduction 

Retinal ganglion cells (RGCs) cover a crucial role in addressing the 
retinal signaling towards the central visual pathways, and alterations in 
their functional or structural properties often imply severe consequences 
for vision [1]. Indeed, primary damage to RGCs has been recognized as 

the main pathological feature of a number of sight-threatening diseases 
such as glaucoma, age-related macular degeneration, and optic neu
ropathies [2–4]. RGC damage is likely to occur because these cells stand 
on a metabolic edge that renders them prominently vulnerable to local 
and/or systemic metabolic stressors [5]. This is particularly evident in 
diabetic conditions, in which hyperglycemia-driven biochemical 
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alterations, together with excitotoxicity and neurotrophin depletion, 
promote neurodegenerative phenomena characterizing the early stages 
of diabetic retinopathy (DR) and likely preceding vascular abnormalities 
[6,7]. 

Evidence of RGC damage in DR, characterized by RGC depletion and 
decreased thickness of the nerve fiber layer, has been reported both in 
patients and in animal models [8,9]. Interestingly, RGC damage may 
also affect the inner plexiform layer (IPL), which appears to be reduced 
due to alterations and/or loss of dendrites and synapses of different RGC 
subtypes [10]. Indeed, morphological alterations of RGC dendritic ar
bors may reflect RGC suffering and functional damage. RGC dendrites 
may be “monostratified”, confined to one layer (sublamina) of the IPL, 
or “bistratified”, distributed into two layers. OFF-type, monostratified 
RGCs have their dendrites predominantly in the outer IPL sublamina, 
while ON-type RGCs arborize in the inner IPL sublamina. Bistratified 
RGCs belong to the ON/OFF-type and have arborizations in both IPL 
sublaminae [1]. Changes in RGC arborizations have been observed in 
chronic conditions, such as in diabetic human retinas and in retinas of 
diabetic rodents [11–13]. In particular, the dendrites of ON-type RGCs 
have been reported to be mostly affected in mice at 3 months after 
streptozotocin (STZ)-induced diabetes, and these changes corresponded 
to significant alterations in functional RGC activity [14]. Interestingly, 
electroretinographic features that are likely to be linked to RGC activity 
seem to be also affected very early in DR. For instance, oscillatory po
tentials (OPs), which are related to the activity of third order neurons 
(including amacrine cells and RGCs), were the components of the elec
troretinogram (ERG) showing the most precocious alterations in the 
progression of DR in STZ-treated mice [15]. 

Considering the high vulnerability of RGCs to metabolic insults, it is 
reasonable to hypothesize that these cells are primarily affected in their 
morpho-functional features during the very early stages of DR, before 
cellular death becomes manifest. Since a crucial point for therapies 
preventing DR is to avoid or mitigate retinal neurodegeneration, it is 
important that neuroprotective treatments are aimed not only at pro
tecting from neuronal death but also at preserving dendritic arboriza
tions and functional activity of RGCs. Additionally, the early detection of 
diabetes-driven neuronal suffering acquires a key importance since a 
timely intervention could be effective in preventing the disequilibrium 
in neurovascular communication factors that are likely to promote 
vasculopathy, according to a hypothesis that we have investigated and 
discussed previously [16–18]. In this context, we found that octreotide 
(OCT), an octapeptide somatostatin analog with strong neuroprotective 
properties, is highly effective in protecting retinal cells from a variety of 
insults [19–23]. OCT has been the first marketed somatostatin receptor 
ligand and is commonly prescribed off-label in DR and diabetic macular 
edema [24]. 

In the present study, we asked whether physiological deficits 
concomitant with morphological alterations of specific RGC subtypes 
could be detected in the very early phases of DR, before the occurrence 
of significant cell death, and to what extent a very precocious, neuro
protective treatment with OCT could slow down or inhibit the morpho- 
functional decline of RGCs. To this aim, diabetes was induced with a STZ 
injection in Thy1-green fluorescent protein (GFP)-M transgenic mice 
[25], which express GFP in a number of heterogeneous RGC subtypes. 
The functional activity of RGCs was longitudinally monitored up to two 
weeks after STZ administration (endpoint) using scotopic ERG (scERG), 
photopic ERG (phERG) and pattern ERG (PERG) recordings. In addition, 
an extensive morphometric assessment of RGCs was performed at 
endpoint using confocal microscopy to reconstruct and analyze RGC 
morphologies. 

2. Materials and methods 

2.1. Animals and treatments 

The Thy1-GFP-M mice were a kind gift from E. Strettoi (Institute of 

Neuroscience, National Council of Research, Pisa, Italy) [26]. They are 
homozygous for the Thy1-GFP allele and were derived by breeding from 
the B6.Cg-Tg(thy1-GFP)/J strain originally devised by J.R. Sanes [25]. 
The mice were five-week-old and they were kept in a regulated envi
ronment (23 ± 1 ◦C, 50 ± 5% humidity) with a 12 h light/dark cycle 
(lights on at 8:00 a.m.). All the procedures were performed in compli
ance with the ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research, the EU Directive (2010/63/EU), and the Italian 
guidelines for animal care (DL 26/14; Permission number: 
132/2019-PR). 

A total of 36 mice were used in these studies, distributed according to 
the following experimental protocol: at baseline, 18 mice received a 
single intraperitoneal injection of 150 mg/kg STZ (Sigma-Aldrich) dis
solved in citrate buffer, pH 4.5. Control mice received an equivalent 
volume of the citrate buffer solution. Three days after STZ injection, 9 
mice from the STZ-treated group were randomly assigned to the OCT 
treatment group and intravitreally injected with 1 µl of an OCT (Sigma- 
Aldrich) solution containing an amount of OCT to reach a final intra
vitreal OCT concentration of about 1 mM (considering a vitreous volume 
of 5 µl). According to previous studies, 1 mM OCT is a concentration 
giving maximal receptor occupancy in different systems [27–30], 
including the mouse retina [20,31,32]. Nine mice from the control 
group were also intravitreally injected with OCT. Control animals that 
did not receive the OCT treatment were intravitreally injected with 1 µl 
saline. The intravitreal injections were performed in mice anesthetized 
with an intraperitoneal injection of Avertin (1.25% avertin/g body 
weight) using a microsyringe (NanoFil syringe; World Precision In
struments, Sarasota, FL, USA) equipped with a 36-gauge needle. For a 
summary of the experimental groups, see Supplementary Table 1. No 
differences were recorded in any of the parameters analyzed in these 
studies between saline-injected and OCT-injected control mice. There
fore, for the sake of simplicity, the data reported hereafter will be 
referred only to control mice, mice treated with STZ (STZ mice) and 
mice treated with both STZ and OCT (STZ+OCT mice). 

Non-fasting glycemia, measured by tail sampling using a OneTouch 
Ultra glucometer (LifeScan Inc., Milpitas, CA, USA), and body weight 
were monitored at baseline, at three days and one week after STZ in
jection, and at endpoint, when the mice were sacrificed by cervical 
dislocation and their retinas used for quantification of RGC numbers or 
for the analysis of RGC morphologies. The treatment / testing paradigm 
is summarized in Fig. 1A. 

2.2. Longitudinal electrophysiological assessment of retinal activity 

ERG recordings were performed at baseline, at 3 (before OCT in
jection) and 7 days from baseline, and at endpoint. At each time-point, 
the mice were subjected to a recording routine that included an analysis 
of the rod pathway with scERG, an analysis of the cone pathway with 
phERG, and an analysis of RGC activity with PERG. After overnight 
dark-adaption, the mice were anesthetized with an intraperitoneal in
jection of Avertin (1.25% avertin/g body weight) and gently restrained 
in a custom-made stereotaxic apparatus allowing an unobstructed visual 
field. Body temperature was maintained at 37 ◦C by mean of a feedback- 
controlled heating pad and corneal moisture was ensured by adding 
balanced saline solution before and during the recording session. The 
recording electrodes, consisting of 0.2 mm loop-shaped silver wires, 
were carefully laid on the corneal surface of each eye using micro ma
nipulators. Stainless steel needles were used as reference electrodes, one 
for each eye, and ground electrode, and inserted subcutaneously on the 
mouse scalp and at the tail root, respectively. In each recording session, 
scERG was performed first using a commercially available ERG setup 
(Retimax Advanced, CSO, Firenze, Italy) and a 10 cd⋅s/m2 flash stimulus 
delivered with a Ganzfeld bowl. Five consecutive signals recorded 
simultaneously from each eye were averaged to reduce noise after 
amplification (5000-fold) and band-pass filtered (1–100 Hz). In the 
deriving waveform, the amplitude of the a-wave (baseline to trough) 
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and that of the b-wave (trough to peak) were measured. OPs were iso
lated from each endpoint scERG recording by band-pass filtering of 
65–300 Hz to exclude interference from the a- and b-wave. The ampli
tudes of the main OPs (OP1, OP2 and OP3) were measured from the 
corresponding peaks to the preceding troughs, according to the ISCEV 
guidelines [33]. 

Immediately after the scERG session, the mice were light-adapted by 
exposing them to 40.0 cd⋅s/m2, rod-saturating, green background light, 
delivered with a Ganzfeld bowl, for one minute. Thereafter, cone 
pathway stimulation was obtained by delivering 5 cd⋅s/m2 flashlight 
stimuli on the same adaptation background. The phERG responses 
simultaneously recorded from both eyes were amplified (5000-fold) and 
band-pass filtered (1–100 Hz). The waveform deriving from the average 
of 50 consecutive responses was analyzed for the b-wave (baseline to 
peak) and the photopic negative response (baseline to trough). 

The phERG session was followed by PERG recordings. Using the 
same electrode setup, a visual stimulus consisting of black and white 
(98% contrast) bars contrast-reversing at 1 Hz temporal frequency and 
0.05 cyc/deg spatial frequency was administered with a 19’’ light 
emitting diode display (area: 74◦x 62◦) aligned to the mouse cornea and 
spaced 25 cm from the mouse eye. Each pattern reversal-deriving signal 
was amplified (10,000-fold) and band-pass filtered (1–30 Hz). Overall, 
the responses deriving from 900 consecutive pattern reversals were 
averaged to reduce noise contamination by a factor of 

̅̅̅̅̅̅̅̅̅
900

√
= 30. PERG 

responses were analyzed by detecting the early positive inflection point 
(N35), the positive peak (P50), and the belated negative trough (N95) in 
each PERG waveform. Given the proportional variation of the positive 
(N35-P50) and the negative (P50-N95) components of the PERG 
response (Supplementary Fig. 1), the P50-N95 amplitude (hereinafter 
referred as PERG amplitude) was chosen as the main analytical 
parameter for the longitudinal PERG analysis, in order to optimize both 
the dynamic range of measures and the signal-to-noise ratio. Implicit 
time of the PERG response was also longitudinally analyzed as time-to- 
P50 (hereinafter referred as PERG latency). 

2.3. Immunofluorescence 

The mice were sacrificed by cervical dislocation. Their eyes were 
dissected and immersion fixed in cold 4% paraformaldehyde in 0.1 M 
phosphate buffer (PB) for 1 h at room temperature and then stored in 
25% sucrose in PB at 4 ◦C for at least 24 h. The retinas were then 
dissected, freeze thawed, washed in PB, and pre-treated with 5% BSA in 
PB containing 0.5% Triton X-100 for 6 h at 4 ◦C. The retinas used for 
quantification of RGC density were incubated with a guinea pig poly
clonal antibody directed to RNA-binding protein with multiple splicing 
(RBPMS, ABN1376, Merck, Darmstadt, Germany; dilution 1:100), a RGC 
marker [34], for three days at 4 ◦C. Subsequently, they were incubated 
in appropriate Alexa Fluor secondary antibodies diluted in PB 

Fig. 1. (A) Treatment / testing paradigm of the study. At baseline, the mice were injected with STZ, while after 3 days they were intravitreally injected with OCT. 
Measurements of glycemia (Gly) and ERG recordings (indicated by the red waveform) were performed at baseline, at 3, 7, and 14 days (endpoint) after STZ injection. 
At endpoint, the mice were sacrificed and used to determine RGC density or to perform RGC morphometric analyses. The glycemia and the body weight of the mice 
during the experimental period are shown in (B) and in (C), respectively. The dashed line in (B) indicates glycemia = 250 mg/dL. Mean ± SEM, N = 6. 
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containing 1% BSA and 0.1% Triton X-100 for two days at 4 ◦C. The 
retinas used for morphometric analyses were incubated with a GFP 
Polyclonal Antibody-Alexa Fluor 488 conjugated (# A-21311; Invi
trogen - Thermo Fisher Scientific, Waltham, MA USA), diluted 1:500 in 
PB containing 1% BSA and 0.1% Triton X-100 for four days at 4 ◦C, to 
enhance the signal of fluorescent RGCs. All retinas were then flat 
mounted on polarized glass slides with the RGC layer facing up and 
coverslipped. 

2.4. RGC counting 

Images of RBPMS immunolabeled RGCs were acquired with a Zeiss 
Axioskop 2 plus microscope equipped with an Axiocam 503 color pho
tocamera and the Axiovision software (Carl Zeiss, Oberkochen, Ger
many). Image sampling was performed in order to obtain 4 radial tiles 
(440 ×330 µm) in central and peripheral retina (center: 500 µm from 
the optic nerve head; periphery: 500 µm from the peripheral edge). RGC 
density was measured as the average of the number of RBPMS immu
nopositive somata per mm2. Three retinas from three different mice in 
each experimental group were used for this analysis. 

2.5. RGC morphometry 

Images of GFP-labeled RGCs were acquired from flat mounts of Thy1- 
GFP-M mice using a Zeiss LSM 710 confocal microscope and an EC Plan- 
Neofluar 40x/1.30 Oil DIC M27 at a resolution of 1024 × 1024 pixels. 
The distance between adjacent focal planes was set at 1 µm. Acquired Z- 
stacks included the whole ganglion cell layer and the IPL. A total of 4 out 
of 6 retinas in each experimental group (each retina belonged to a 
different animal) were examined to assess the morphometric features of 
the RGCs. Images of all labeled RGCs in the retinas chosen for analysis 
were saved and analyzed off-line. A quantitative morphometric analysis 
was performed on those RGC subtypes in which at least 4 RGCs in each 
experimental group could be unequivocally identified as members of 
that subtype. Three-dimensional reconstructions of RGCs, skeletoniza
tion and morphometric measures were performed using the ImageJ 
software (U. S. National Institutes of Health, Bethesda, Maryland, USA). 
The images were adjusted for brightness and contrast using ImageJ and 
the figures were prepared using Adobe Photoshop (Adobe Photoshop 
CS3; Adobe Systems, Mountain View, CA, USA). The following 
morphometric characteristics were quantified for each RGC (Supple
mentary Fig. 2 shows some examples of image manipulation to obtain 
morphometric data; for details about skeleton analysis and shape de
scriptors used in ImageJ, see the web pages https://imagej.net/plugins/ 
analyze-skeleton/ and https://imagej.nih.gov/ij/plugins/descriptors. 
html): 1) soma area; 2) soma circularity; 3) dendrite area as the area of a 
polygon drawn around a 2D projection of the whole dendritic arbor as 
shown in Supplementary Fig. 2B; 4) dendrite area as the area of the 
convex hull around the dendritic arbor; 5) circularity of the polygon 
drawn around a 2D projection of the whole dendritic arbor (see point 3); 
6) circularity of the convex hull around the dendritic arbor (see point 4); 
7) number of dendritic branches; 8) maximum branch length; 9) average 
branch length; 10) number of junctions; 11) number of junction voxels; 
12) number of end-point voxels; 13) number of slab voxels; 14) number 
of triple points; 15) number of quadruple points. 

2.6. Statistical analysis 

Data displaying the effect of one categorical variable (treatment) 
were analyzed using either Student’s t-test, for single comparisons, or 
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 
test, for multiple comparisons. Data describing the effect of two com
bined categorical variables (treatment and time) were analyzed using 
two-way ANOVA with Bonferroni post-hoc test. The subtype specific 
RGC morphometry was assessed by preliminarily sorting each RGC 
subtype by sample size. Hence, RGC subtypes displaying a sample size 

N < 5 in each experimental group were systematically excluded from 
the morphometric analyses in order to select statistically significant 
observations for a minimal effect size (f = 0.7) with α error = 0.05 and 1- 
β power = 0.08. The results were graphed using Prism 5.03 (GraphPad 
software, San Diego, CA, USA). 

3. Results 

3.1. Glycemia and body weight 

Normal blood glucose levels ranged between 132 and 167 mg/dL 
from baseline to endpoint, and they were significantly higher in STZ and 
in STZ+OCT mice starting at three days after STZ treatment (Fig. 1B). 
The body weight of control mice ranged between 20.2 g and 26.0 g and 
it was consistently lower in STZ and in STZ+OCT mice starting at three 
days after STZ treatment (Fig. 1 C). These results indicate the appear
ance of early diabetogenic effect of STZ, as for instance weight loss and 
prolonged hyperglycemia (blood glucose levels > 250 mg/dL), and the 
absence of major metabolic effects induced by intravitreally injected 
OCT within the experimental framework. 

3.2. RGC function was impaired by hyperglycemia and recovered by OCT 

The electroretinographic routine displayed in Fig. 2 was designed to 
obtain a comprehensive evaluation of the retinal function over time 
including dark- and light-adapted activity of photoreceptoral, post- 
receptoral and RGC activity. The ERG analysis was not significantly 
influenced by the procedure used for intravitreal injections, since pre- 
and post-injection ERG recordings, obtained following the longitudinal 
protocol, resulted statistically comparable, both in saline- and in OCT- 
injected mice. As shown in Fig. 2 A, the analysis of scERG responses 
among the experimental groups did not reveal any significant alteration 
over-time in the amplitudes of either the a-wave (Fig. 2B), referring to 
the overall photoreceptoral activity, or the b-wave (Fig. 2 C), reflecting 
the overall post-receptoral response including bipolar cell and Müller 
cell activity. In contrast, OP retrieval from the scERG responses at 
endpoint (Fig. 2D) revealed a constitutive decrement in the amplitudes 
of OP1, OP2 and OP3 in the STZ group (Fig. 2E), while no significant 
changes in their implicit time was evident (Fig. 2 F). The treatment with 
OCT partially prevented the STZ-induced alterations in OP1 and OP3, 
while it induced full recovery to control levels in OP2. Similarly, the 
evaluation of the phERG b-wave (Fig. 2 G) did not show any time- 
dependent variation following STZ injection, either with or without 
OCT administration, as compared to the control group (Fig. 2H). The 
photopic negative response (PhNR) amplitude, generally related to RGC 
activity, resulted slightly altered in the STZ group with an evident, 
although not statistically significant, tendency to decrease from the 7th 
day after STZ injection to endpoint, while it was unaltered in the control 
as well as in the STZ+OCT groups in the same time window (Fig. 2I). The 
analysis of the PERG response (Fig. 2 J), considered as a sensitive 
measure of RGC activity, demonstrated a time-dependent alteration of 
the peak -to-trough amplitude in STZ mice, resulting in a 46% loss at the 
endpoint as compared to control group (Fig. 2 K). Instead, in the STZ 
mice treated with OCT, the PERG amplitude was maintained over time 
and was significantly higher than that in STZ mice and comparable to 
control levels. The differences in PERG amplitude among groups did not 
correlate with a significant variation in PERG latency, which was 
consistently maintained over time in control, STZ, and STZ+OCT groups 
(Fig. 2 L). 

3.3. RGC density at endpoint was similar in the three experimental groups 

As shown in Fig. 3A-D, RGC density in central and in peripheral 
retinal regions did not differ significantly between control, STZ, and 
STZ+OCT mice. In all experimental groups, RGC densities in central 
retina were around 4400 RCGs/mm2, while in retinal periphery they 
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were around 3700 RCGs/mm2, demonstrating the absence of significant 
RGC loss in the retinas of STZ or STZ+OCT mice. 

3.4. OCT significantly reduced RGC damage induced by STZ treatment 

In Thy1-GFP-M mice, a highly variable, small number of RGCs 

expressed GFP. The visibility of these cells in flat mounted retinas was 
increased using a fluorescent antibody directed to GFP (Supplementary 
Fig. 3), allowing a reliable morphometric RGC evaluation, as detailed in 
the methods, using a systematic confocal laser scanning microscopy 
analysis. More labeled RGCs were detected in control retinas than in the 
retinas of the STZ or the STZ+OCT group, but the differences were not 

Fig. 2. Longitudinal analysis of time-dependent variations in retinal activity. (A) Representative recordings of scERG responses at endpoint in control, STZ, and 
STZ+OCT mice. No statistically significant alterations over time were observed in the three groups relative to the amplitudes of either the a-wave (B) or the b-wave 
(C). (D) Representative waveforms of the OPs retrieved from the scERG responses at endpoint. STZ mice displayed a consistent decrease in OP1, OP2 and OP3 
amplitudes (E) as compared to controls, while the treatment with OCT prevented, totally or in part, this effect. No significant alterations were observed among groups 
relative to OP implicit time (F). (G) Representative recordings of phERG responses in control, STZ, and STZ+OCT mice at endpoint. No statistically significant 
alterations over time were observed in the three groups relative to the b-wave amplitude (H) or to the PhNR amplitude (I). (J) Representative recordings of PERG 
responses in control, STZ, and STZ+OCT mice at endpoint. STZ mice showed a time-dependent reduction of the peak-to-trough amplitude (K) with respect to the 
control group. STZ+OCT mice displayed a PERG amplitude that was significantly higher than that of STZ mice and statistically comparable to that of controls. No 
statistically significant alterations over time were observed in the three groups relative to PERG latency (L). For the longitudinal analysis of scERG, phERG and PERG 
responses, the statistical significance was assessed by two-way ANOVA followed by Bonferroni multiple comparison post-hoc test (mean ± SEM, N = 5). The 
endpoint differences in OP amplitudes and latencies were assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (box plots, N = 5). 
*p < 0.05, * **p < 0.001 vs control; §p < 0.05, §§§p < 0.001 vs STZ. 
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statistically significant (Supplementary Fig. 4A). 
As a first step, we tried to get a general idea of the effect of diabetes 

induction and of the treatment with OCT by determining the amount of 
“damaged” RGCs in the four retinas per experimental group chosen for 
analysis. Damaged RGCs were identified as cells with clearly reduced 
dendrite ramifications, less sharply defined varicosities, and faint 
immunofluorescence (Fig. 3E-F). For this analysis, we did not use 
automated computer-assisted quantifications, but the blind examination 
of the retinas by at least three independent observers, who took note of 
every “damaged” RGC they could find in each retina. The results indi
cated that the STZ treatment induced an about four-fold increase of 
damaged RGCs, while the treatment with OCT significantly reduced this 
harmful effect (Fig. 3 G). 

3.5. The effects of STZ and of the treatment with OCT were RGC subtype- 
specific 

Assignment of each RGC to a specific subtype was evaluated based on 
morphometric parameters, including soma shape and size, dendritic 
field area, number of main dendrites, dendritic arbor morphology, and 
stratification of dendrites in the IPL, as reported in previous papers 
[35–39]. The nomenclature proposed by Völgyi et al. [39] was adopted. 
Among the RGCs detected in control retinas, seventeen different sub
types could be identified and, with the exception of the G8 subtype (of 
which only two cells were detected), they are represented in Fig. 4. 

Damaging effects of the STZ treatment could be easily appreciated in 
most of the RGC subtypes (Supplementary Fig. 5). The number of RGCs 
in the different subtypes and of those whose subtype could not be 
determined, as well as the number of analyzed RGCs in the retinas 
considered for analysis, are reported in Supplementary Tables 2 and 3. 

The G5, G8, and G11 subtypes were excluded from the morphometric 
analyses since less than 4 RGCs in each experimental group could be 
unequivocally identified as members of those subtypes. In addition, in 
the cases in which two RGC subtypes shared similar characteristics, it 
was difficult, especially in STZ and in STZ+OCT retinas, to assign a RGC 
to a subtype or to the other. Therefore, in the morphometric analyses 
both subtypes were grouped together. This was the case of G2 and G10, 
of G3 and G7, of G13 and G14, and of G16 and G17 RGCs. In most cases, 
the number of RGCs considered for morphometric analysis in a given 
subtype was lower than the number of the RGCs that were detected. 
Indeed, some RGCs could not be properly analyzed mostly due to 
overlapping of dendritic arbors with those of other labeled, neighboring 
cells. As in the case of the total number of labeled RGCs, also the number 
of RGCs considered for analysis was higher in the control group than in 
the STZ group or the STZ+OCT group, but without statistical signifi
cance (Supplementary Fig. 4B; Supplementary Tables 2 and 3). 

The morphometric analyses did not reveal any statistically signifi
cant difference among experimental groups in any of the parameters 
listed above in the G3/G7, G9, and G13/G14 subtypes. Interestingly, 
considering only the retinas of control animals and pooling together the 
morphometric data of the RGC subtypes whose dendritic arbors and/or 
somata were affected by the STZ and/or the STZ+OCT treatments and 
those of the RGC subtypes that were unaffected, it appeared that the 
dendrite area of the unaffected RGCs was significantly smaller (Sup
plementary Fig. 6). For the RGC subtypes displaying changes in conse
quence of the treatments, statistically significant differences were found 
in some parameters and not in others. The following description con
siders only those parameters in which such significant differences were 
detected. 

In the RGCs belonging to subtype G1, a significant increase of the 

Fig. 3. RBPMS immunolabeled RGCs in central retinal regions of control (A), STZ (B) and STZ+OCT (C) mouse retinas. (D) Box and violin graph showing the RGC 
densities recorded in central and in peripheral retina of control, STZ, and STZ+OCT mice. (E) Representative GFP-immunopositive RGC in the retina of a control 
mouse in comparison to a damaged RGC in the retina of a STZ mouse (F). Scale bar, 50 µm. (G) Box and violin graph showing the percentages of damaged RGCs in the 
retinas used for morphometric analyses of control, STZ, and STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple 
comparison post-hoc test. N = 3. * **p < 0.001 vs control; §p < 0.05 vs STZ. 
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soma area was observed in the STZ group, while this effect was abol
ished in STZ+OCT retinas (Fig. 5A). In addition, the dendrite area was 
decreased in both STZ and STZ+OCT retinas, with respect to controls, 
with statistical significance in STZ+OCT (Fig. 5B). In addition, STZ 
retinas also displayed G1 RGCs with lower numbers of end-point voxels 
and of junctions, while these decreases were not observed in STZ+OCT 
retinas (Fig. 5C-D). G1 RGCs displayed some variability in their re
sponses to STZ and to OCT treatments (Fig. 5E-I), but, overall, they 
reacted to hyperglycemia with increased soma size and with reduced 
dendrite complexity, and these changes were mostly counteracted by the 
treatment with OCT. Similarly, in G6 RGCs STZ administration provoked 
a significant reduction of both average and maximum dendritic branch 
length, while treatment with OCT resulted in values that were not 
significantly different from controls (Fig. 6). 

Regarding the G2/G10 subtype (Fig. 7), the onset of diabetes pro
moted an increase of the soma area, while different RGC parameters, 
including the number of branches, of end-point voxels, of junction 
voxels, of slab voxels, and of quadruple points were similar in control 
and in STZ retinas. Of interest, in STZ+OCT retinas these values were 
significantly decreased vs STZ but were not different from those of 

controls, suggesting that the treatment with OCT counteracted a ten
dency to the increment of these parameters in STZ retinas, although with 
some variability (see Fig. 7G-J). 

Similar to G2/G10 RGCs, also those of the G15 subtype displayed 
alterations towards an increase in a number of parameters following STZ 
treatment, including dendrite area and number of branches, of end-point 
voxels, of junctions, of junction voxels, of slab voxels, and of triple and 
quadruple points (Fig. 8). In most cases, these increases reached statis
tical significance, while they were abolished in STZ+OCT retinas. 
Overall, both G2/G10 and G15 RGCs appeared to respond to the onset of 
diabetes with a trend toward an increased dendrite complexity, while 
treatment with OCT inhibited these changes. 

In the RGCs of the G12 subtype, soma area, dendrite area as well as 
the number of branches, of end-point voxels, of junctions, of slab voxels, 
and of triple and quadruple points showed a general tendency to 
decrease in STZ retinas with respect to controls, without reaching sta
tistical significance in most cases (Fig. 9). However, the notable finding 
was that statistical significance in these decreases with respect to con
trols was reached in all parameters after treatment with OCT. Overall, 
G12 RGCs appeared to be affected by the onset of diabetes only to a 

Fig. 4. Representative images of sixteen different RGC subtypes detected in control retinas. Each RGC is shown in whole mount (top part of the panels) and in vertical 
view after computer rotation (bottom part of the panels). In each panel, the dashed red line indicates the boundary between the OFF (above) and the ON (below) 
sublaminae of the IPL. The nomenclature of Völgyi et al. [39] was adopted. Scale bar, 50 µm. 
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limited degree, but the treatment with OCT seemed to exacerbate this 
response. Similar changes, although limited to the soma size, were 
detected in G4 and in G16/G17 RGCs, where no appreciable changes 
could be detected in retinas of STZ mice, while OCT treatment deter
mined a significant decrease of the soma area (Supplementary Fig. 7). 
All morphometric data are summarized in the graphs of Supplementary 
Fig. 8 (I-V). 

4. Discussion 

Although a cohort of diabetic pre-clinical animal models has been 
established to study visual complications induced by diabetes [40–42] 
the rodent model of STZ-induced hyperglycemia has been increasingly 

used during the last 10 years to mimic the human condition of DR as well 
as possible therapeutic approaches [43]. However, only little informa
tion is available on the morpho-functional characteristics of RGCs at 
very early times after diabetes induction. This knowledge is crucial to 
understand the primary reactions of retinal neurons to diabetes onset, in 
order to clarify the link between neuronal changes and microvascular 
lesions and the utility of early neuroprotective therapies. In the present 
study, focused on mouse RGCs during the first 2 weeks after STZ treat
ment, we show that RGCs respond very early to a hyperglycemic state 
displaying important physiological and structural changes. A treatment 
with the neuroprotective agent OCT rescues RGC functionality and 
seems to induce different morphological responses among RGC 
subtypes. 

Fig. 5. Morphometric analysis of the RGCs belonging to subtype G1. Box and violin graphs show the values of soma area (A), dendrite area (B), number of end-point 
voxels (C), and number of junctions (D) recorded in retinas of control, STZ, and STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by 
Tukey’s multiple comparison post-hoc test. 5 ≤N ≤ 12. *p < 0.05 vs control; §p < 0.05 vs STZ. (E) Representative G1 RGC in a control retina. (F) and (G) show G1 
RGCs with different degree of damage in STZ retinas. (H) and (I) show G1 RGCs with different degree of damage in STZ+OCT retinas. Scale bar, 50 µm. 
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4.1. OCT rescues RGC function in retinas suffering from diabetes onset 

A variety of electroretinographic studies have investigated the 
functional responses of the retina in diabetic human patients and in 
rodent models of DR. Together, the data show a progressive deteriora
tion of visual function involving different types of retinal cells, including 
bipolar cells, amacrine cells, and RGCs [43,44]. However, there are 
conflicting observations concerning the very early times of DR onset in 
the mouse model of STZ-induced diabetes. Indeed, at 2 weeks after STZ 
treatment, some investigations reported reduction of both scERG a- and 
b-wave [45], while other studies failed to detect such changes [46]. 
Similarly, at 4 weeks after STZ injection, scERG a- and b-waves were 
found to decrease in STZ-treated mice [45] or to remain unchanged with 
respect to control mice [46,47], while no alterations of a-wave and 
reduction of b-wave were also reported [48]. Interestingly, at 4 weeks 
after STZ treatment, possible defects in RGC function were suggested by 
changes in the reduced positive scotopic threshold responses [49] and 
by PERG impairments [50], while changes in OPs, indicating deficits at 
the level of synaptic communication in the IPL, were also detected [46, 
47,51]. 

Our data show that photoreceptor function is not significantly 
affected during the first two weeks of diabetes, since both the scERG a- 
wave and the phERG b-wave, which represent photoreceptor activity 
[52], have similar amplitudes in all experimental groups. The same can 

be said for bipolar cells, whose activity is included in the scERG b-wave 
[52]. In contrast, defects are apparent in the inner retina. Indeed, an 
analysis of OPs, reflecting the synaptic activity in the IPL [53], revealed 
changes at 2 weeks after STZ treatment. At the same time, PERG and 
PhNR amplitudes, two parameters linked to RGC activity [54], are 
decreased, although statistical significance is reached only for the PERG 
recordings (this is likely to be due to the fact that PERG is a much more 
sensitive measure with respect to PhNR [54,55]). In summary, our ob
servations indicate that the first retinal neurons that display functional 
deficits after diabetes onset are the RGCs, and that these deficits can be 
appreciated as early as 2 weeks after STZ treatment, that is 11 days after 
the first recording of a hyperglycemic status, i.e. blood glucose levels 
higher than 250 mg/dL. 

The PERG and PhNR amplitude decreases are counteracted by the 
intravitreal treatment with the somatostatin analog OCT. Both somato
statin and OCT have been demonstrated to exert important neuro
protective effects in different models of retinal ischemia or DR by 
inhibiting inflammation, oxidative stress, apoptosis, glutamate release, 
and formation of advanced glycation end-products, and by increasing 
autophagy [19–23,56,57]. Our observations clearly indicate that an 
early neuroprotective intervention may efficiently avoid the appearance 
of the very first functional alterations due to diabetes. 

Fig. 6. Morphometric analysis of the RGCs belonging to subtype G6. Box and violin graphs show the values of average branch length (A) and maximum branch 
length (B) recorded in retinas of control, STZ, and STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison 
post-hoc test. 13 ≤N ≤ 18. *p < 0.05 vs control. (C), (D), and (E) are representative images of G6 RGCs in control, STZ, and STZ+OCT retinas, respectively. Scale 
bar, 50 µm. 
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4.2. RGCs are damaged, but not killed, by diabetes onset 

As in the case of functional retinal responses, there are dis- 
homogeneous findings in the literature concerning the presence of 
apoptotic RGCs in the STZ mouse model up to 2 weeks after STZ treat
ment. Indeed, some apoptotic RGCs have been reported as early as 4 
days [58] and at 2 weeks after STZ treatment [59,60], while no signs of 
retinopathy have been found using optical coherence tomography at 7 
days or at 2 weeks after STZ treatment [45]. A number of studies agree 
that RGC death is a distinctive feature of the STZ mouse model starting 
at 4 weeks after STZ treatment, when reduced numbers of RGCs, RGC 
axon degeneration, and increased presence of apoptotic markers have 
been reported [15,48,61,62]. 

With our morphological analyses, we aimed at providing an 
anatomical basis for the functional changes observed in RGCs at 2 weeks 
after STZ treatment and for the protective effect afforded by OCT. Two 
observations may set the frame for discussing these data: first, the 
number of damaged RGCs increased in the retinas of STZ-injected mice, 
while OCT treatment reduced this effect; second, no differences in RGC 
density were observed between the experimental groups, suggesting 
that, although in principle the presence of some apoptotic RGC cannot 
be excluded, no significant RGC death was caused by diabetes. There
fore, the observed RGC functional deficits at endpoint are unlikely to be 
caused by cell loss. This is important, since an early neuroprotective 
treatment may be effective in rescuing damaged but still alive RGCs, 
while it could not resuscitate dead cells. 

Fig. 7. Morphometric analysis of the RGCs belonging to subtype G2/G10. Box and violin graphs show the values of soma area (A), number of branches (B), number 
of end-point voxels (C), number of junction voxels (D), number of slab voxels (E), and number of quadruple points (F) recorded in retinas of control, STZ, and 
STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test. 10 ≤N ≤ 18. * *p < 0.01 vs control; 
§p < 0.05, §§p < 0.01 vs STZ. (G) Representative G2/G10 RGC in a control retina. (H) Representative G2/G10 RGC in a STZ retina. (I) and (J) show G2/G10 RGCs 
with different degree of damage in STZ+OCT retinas. Scale bar, 50 µm. 
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4.3. Diabetes affects some RGC subtypes but not others 

Our data are based on the observation of 637 RGCs and on the 
morphometric analysis of a total of 306 RGCs (Supplementary Tables 2 
and 3). Although lower numbers of labeled RGCs were detected in STZ 
and in STZ+OCT retinas than in control retinas, the differences were not 
statistically significant. However, the possibility exists that lower 
numbers of labeled RGCs in STZ- and in STZ+OCT-treated groups may 
depend on reduced levels of Thy1 expression in stressed RGCs, as 
observed in retinas of mice subjected to experimental glaucoma or to 
optic nerve crush [63]. 

Our data indicate that the susceptibility to STZ is not strictly 

associated to ON-type or OFF-type RGCs, since RGCs of both types 
resulted to be affected or unaffected by diabetes. Instead, our observa
tions suggest that RGCs with smaller dendritic arbors are less susceptible 
to the effects induced by STZ treatment. This result reminds of obser
vations in glaucomatous monkey and cat retinas, in which large-sized 
RGCs were more seriously damaged than smaller RGCs [64,65]. Large 
RGCs are likely to be more susceptible to damage due to their smaller 
surface-to-volume ratio and higher demand of energy and oxygen. The 
possibility also exists that large RGCs are more sensitive than small RGCs 
to glutamate excitotoxicity, a condition that is present in the diabetic 
retina [66], due to the higher number of glutamate receptors expressed 
on their dendrites, although reduction of dendritic tree size did not 

Fig. 8. Morphometric analysis of the RGCs belonging to subtype G15. Box and violin graphs show the values of dendrite area (A), number of branches (B), number of 
end-point voxels (C), number of junctions (D), number of junction voxels (E), number of slab voxels (F), number of triple points (G), and number of quadruple points 
(H) recorded in retinas of control, STZ, and STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post- 
hoc test. 5 ≤N ≤ 10. *p < 0.05 vs control; §p < 0.05, §§p < 0.01 vs STZ. (I), (J), and (K) are representative images of G15 RGCs in control, STZ, and STZ+OCT retinas, 
respectively. Scale bar, 50 µm. 
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protect cerebellar Purkinje cells from glutamate-induced damage [67]. 
Concerning morphological changes of RGCs, quantitative studies on 

RGC dendrite morphology in DR are not numerous and they have been 
reviewed recently [10,68]. Although scarce, these data suggest that 
different subtypes of RGCs are likely to respond in different ways to the 
diabetic insult. To our knowledge, the present study is the first investi
gation providing detailed information on the responses to a brief period 
of hyperglycemia by specific morphologically-identified RGC subtypes. 

4.4. OCT recovers some RGC subtypes and induces adaptive changes in 
others 

In G1 RGCs, OCT induced a decrease of the soma size, which was 
increased in STZ mice, and it also recovered parameters of dendrite 
complexity (although not the dendrite area). In the same way, OCT 
protected G6 RGCs from a STZ-induced decrease of dendritic branch 
length. A similar effect, although of opposite sign, was observed in G2/ 
G10 and in G15 RGCs, where dendrite area and dendrite complexity 
tended to increase in STZ mice, while this effect was counteracted by 
OCT. In contrast, an unexpected effect of OCT, which seemed to rein
force the changes caused by STZ-induced diabetes, was evident in G12 

Fig. 9. Morphometric analysis of the RGCs belonging to subtype G12. Box and violin graphs show the values of soma area (A), dendrite area (B), number of branches 
(C), number of end-point voxels (D), number of junctions (E), number of slab voxels (F), number of triple points (G), and number of quadruple points (H) recorded in 
retinas of control, STZ, and STZ+OCT mice. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test. 
4 ≤N ≤ 6. *p < 0.05, * *p < 0.01, * **p < 0.001 vs control. (I), (J), and (K) are representative images of G12 RGCs in control, STZ, and STZ+OCT retinas, 
respectively. Scale bar, 50 µm. 
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RGCs, where all the parameters, including soma area and a number of 
dendrite characteristics, tended to decrease in STZ mice and they were 
even more drastically decreased by OCT. Similar effects, although only 
affecting the soma size, were also observed in G4 and in G16/G17 RGCs. 
Overall, it seems that, besides the RGC subtypes that are unaffected by 
diabetes, there is a group of RGCs (Group 1) that are rescued by OCT 
(G1, G2/G10, G6, and G15) and another group of RGCs (Group 2) in 
which OCT seems to worsen the effect of diabetes (G12, G4, and G16/ 
G17). Considering that OCT preserves ERG properties, our results indi
cate that, while in some RGCs OCT affords full protection from 
hyperglycemia-induced damage, in others it may induce changes that 
promote adaptation to the increased metabolic stress and may allow the 
RGC to maintain an almost unaltered functional activity. These changes 
are likely to include elimination of cellular components to reduce energy 
expenditure through autophagic processes. This is in line with our recent 
findings obtained with ex vivo retinal explants showing that an OCT- 
induced increase of autophagy may protect the retinal tissue by high 
glucose-induced damage [20]. 

Of interest, the ON, OFF, or ON/OFF characteristics of Group 1 and 
Group 2 RGCs may explain the dual effects of OCT. Most of the RGCs in 
Group 1 are ON-type RGCs (with the exception of the G15, OFF-type 
RGCs), while most of the RGCs in Group 2 are ON/OFF type RGCs 
(with the exception of the G4, OFF-type RGCs). Therefore, the possibility 
exists that the detrimental responses characterizing the RGCs in Group 2 
are associated to an ON/OFF profile. Indeed, these RGCs have two 
dendritic arbors (one in the proximal and the other in the distal IPL 
sublamina), and the particularly high degree of complexity of their 
dendritic arborizations may affect the response to OCT. In this respect, 
after pooling together the morphometric data of the two groups of RGCs 
in control retinas, it appears that the RGCs in Group 2 have higher 
number of branches with shorter length and more junctions (Fig. 10), 
indicating greater density and complexity of their arborizations. These 
observations suggest that a simplification of the dendritic tree in some 
RGC subtypes is likely to result in a metabolic advantage that may 
sustain RGC homeostasis. 

The coupling of different RGC subtypes with other RGCs or with 
amacrine cells also deserves to be considered. Indeed, according to 
Völgyi et al. [39], different RGC subtypes establish different coupling 
patterns through gap junctions with amacrine cells (heterologous 
coupling) and / or with other RGCs (homologous coupling). The RGC 
subtypes of Group 1, in which OCT counteracts the effects of diabetes 
onset, are all characterized by heterologous coupling, with G10 RGCs 
also showing some degree of homologous coupling. In contrast, among 

the RGCs of Group 2, in which OCT induces an apparent worsening, 
there are some establishing only homologous coupling (G16 and G17), a 
subtype in which no signs of coupling were observed (G12), while only 
the G4 RGCs displayed heterologous coupling [39] (Supplementary 
Table 4). Thus, it seems that a heterologous coupling with a certain 
number of amacrine cells is a condition that may allow a RGC to obtain 
full protection by OCT. Gap junctions are highly represented in retinal 
circuits, where they subserve a variety of functions [69]. In particular, 
coupling between RGCs and amacrine cells may result in enhanced in
hibition within RGC circuits [70], or may be implicated in global object 
perception [71]. In our context, gap junctions should be considered as 
important contributors to neuronal death and survival. Indeed, propa
gation of chemical signals through gap junctions may expand cell death 
to the whole group of coupled cells or may favor their survival. For 
instance, “pro-survival” signals are likely to include ATP and free radical 
scavengers [72]. Additionally, heterologous coupling between RGCs and 
amacrine cells may contribute to spontaneous waves of electric activity, 
which play a role during retinal development and positively affect 
stressed neurons in the diseased retina [73]. 

Under a mechanistic point of view, it is known that OCT preferen
tially binds somatostatin subtype receptor (sst) 2 and 5 and has mod
erate affinity for sst3 [30]. In the mouse retina, sst5 are expressed by 
RGCs [74], while sst2 has been detected in rod bipolar cells and in 
selected populations of amacrine cells [75]. Therefore, OCT may protect 
RGCs from hyperglycemia-induced damage acting directly on sst5 
expressed by them. Accordingly, the selective activation of sst5 has been 
found to be protective for RGCs in experimental glaucoma [76]. In 
addition, OCT coupling to sst2 has been shown to inhibit glutamate 
release from mouse bipolar cells [77], suggesting that OCT may save 
RGCs by decreasing excitotoxicity, which is likely to affect RGCs in 
diabetic retinas [78]. Finally, we cannot exclude that the activation of 
sst2 expressed by amacrine cells might favor the delivery of pro-survival 
signals to RGCs through heterologous coupling. 

5. Conclusions 

The present study reveals a very early response of RGCs to the onset 
of diabetes and indicate that similar changes are likely to characterize 
the initial phases of DR. This response involves the appearance of 
functional deficits and abnormalities in morphometric parameters of 
most RGC subtypes, but not overt cell death. A pharmacologic treatment 
with the neuroprotective somatostatin analog OCT preserves RGC 
functionality and induces adaptive changes that are different for specific 

Fig. 10. Comparison of three different parameters indicating overall complexity of the dendritic arborization, as measured in control retinas, between the RGCs that 
were rescued by OCT treatment (including G1, G6, G2/G10, and G15 RGCs; Group 1) and those in which OCT seemed to worsen the effects of diabetes (including, 
G12, G4, and G16/G17 RGCs; Group 2). Student’s t-test. 44 ≤N ≤ 29. * *p < 0.01, * **p < 0.001 vs Group 1. 
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RGC subtypes. It appears that large RGCs are mostly affected by diabetes 
and respond to OCT treatment, while those with smaller dendritic ar
borizations are less involved. Interestingly, depending on the complexity 
of the dendritic tree and/or the degree of heterologous coupling of 
RGCs, OCT may completely rescue RGC morphometric parameters or 
induce further reductions of dendrite branching or of soma size. 
Although different, both effects of OCT are likely to contribute to the 
maintenance of RGC functionality in the presence of diabetes-induced 
metabolic stress. These results highlight the importance of pharmaco
logic interventions to protect retinal neurons in very early phases of the 
disease, when apoptotic phenomena have not yet started and RGC 
morphometric characteristics can be preserved or adjusted to maintain 
function. 
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