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Prolonged hyperglycemia causes long-term vision complications and an
increased risk of cognitive deficits. High blood sugar also confers an osmotic
load/stress to cells. We assessed behavioral and neurochemical changes in
zebrafish brain and retina following prolonged hyperglycemia for 4-weeks or
8-weeks. At each time point, behavior was assessed using 3-chamber choice
task and optomotor response; tissue was then collected and levels of
inflammatory markers, tight junction proteins, and neurotransmitters
determined using Western Blots. After 4-weeks, brain levels of v-rel
reticuloendotheliosis viral oncogene homolog A (avian) (RelA; NF-kB
subunit), kB kinase (IKK), and glial fibrillary acidic protein (GFAP) were
significantly elevated; differences in zonula occludens-1 (ZO-1), claudin-5,
glutamic acid decarboxylase (GAD), and tyrosine hydroxylase (TH) were not
significant. In retina, significant differences were observed only for TH
(decreased), Rel A (increased), and GFAP (increased) levels. Glucose-specific
differences in initial choice latency and discrimination ratios were also
observed. After 8-weeks, RelA, GAD, and TH were significantly elevated in
both tissues; IKK and GFAP levels were also elevated, though not significantly.
Z0O-1 and claudin-5 levels osmotically decreased in retina but displayed an
increasing trend in glucose-treated brains. Differences in discrimination ratio
were driven by osmotic load. OMRs increased in glucose-treated fish at both
ages. In vivo analysis of retinal vasculature suggested thicker vessels after 4-
weeks, but thinner vessels at 8-weeks. In vitro, glucose treatment reduced
formation of nodes and meshes in 3B-11 endothelial cells, suggesting a
reduced ability to form a vascular network. Overall, hyperglycemia triggered
a strong inflammatory response causing initial trending changes in tight
junction and neuronal markers. Most differences after 4-weeks of exposure
were observed in glucose-treated fish suggesting effects on glucose
metabolism independent of osmotic load. After 8-weeks, the inflammatory
response remained and glucose-specific effects on neurotransmitter markers
were observed. Osmotic differences impacted cognitive behavior and retinal
protein levels; protein levels in brain displayed glucose-driven changes. Thus,
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we not only observed differential sensitivities of retina and brain to glucose-
insult, but also different cellular responses, suggesting hyperglycemia causes
complex effects at the cellular level and/or that zebrafish are able to
compensate for the continued high blood glucose levels.

KEYWORDS

Danio rerio, diabetic complications, tight junctions, inflammation, neurotransmitters

1 Introduction

Prolonged hyperglycemia associated with diabetes
eventually leads to visual complications (1) and an increased
risk of cognitive deficits (2). Hyperglycemia-induced changes in
retinal vasculature (3) are used to clinically diagnose diabetic
retinopathy and are believed to subsequently compromise the
neural retina resulting in vision loss (4). Mechanisms underlying
cognitive impairments associated with prolonged hyperglycemia
are similar to those in retina due to structural and functional
similarities between the blood-brain-barrier (BBB) and blood-
retinal-barrier (BRB). Given these similar mechanisms, it has
been suggested that changes in retinal vasculature may be
indicative of changes in brain vasculature and/or memory
impairment (5-7). A direct comparison between
hyperglycemia-induced retinal changes and brain changes was
performed in a Type 2 diabetes rodent model (8). In this study,
BRB and BBB permeability was assessed 16 weeks (4 months)
after inducing Type 2 diabetes with a high fat diet followed by
streptozotocin injection. At that time, increased BRB
permeability, assessed using albumin-bound dye, was noted;
BBB permeability was also increased, but to a lesser extent that
was not significant. However, both tissues displayed histological
damage and increased protein levels of the proinflammatory
cytokine ICAM-1 (8). These results suggest similar pathology,
but different time course, to hyperglycemic insult in retina
and brain.

Prolonged/uncontrolled hyperglycemia initiates oxidative
stress, the formation of reactive oxygen species (ROS), and an
inflammatory response (9) (reviewed in (10)). This oxidative
stress impairs both glucose uptake to cells and insulin secretion,
maintaining high blood sugar levels (10). Increased levels and/or
expression of pro-inflammatory cytokines (TNFa, IL-6) (11)
activate NF-kB and its downstream pathways (12, 13) causing
disruption of the BBB (11, 12, 14). At the BBB, vascular
endothelial cells produce ROS (10, 14) and compromised glial
cells trigger further inflammation (12). Permeability increases as
levels of tight junction proteins (claudin-5, occludin, ZO-1) are
decreased (14, 15). In animal models, this BBB breakdown is
associated with memory/cognitive impairment (15-17),
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identifying a link between BBB breakdown, inflammation, and
cognitive deficits.

Our lab (18-20) and others (21-24) use the zebrafish model
to study diabetic complications. Protocols for inducing
hyperglycemia, either non-invasively (18-20, 25) or following
streptozotocin injection (23, 24) have been described, and
subsequent changes in retinal morphology have been reported.
After 1-month of hyperglycemia, zebrafish retinas are thinner
(18, 23, 24), basement membranes of retinal vessels are thicker
and endothelial cell junctions are altered (21). There is also a loss
of cone photoreceptors (21) and decreased b-wave amplitudes in
glucose-treated fish compared to mannitol-treated controls (20).
Neurochemically, 4-weeks of exposure increases retinal glial
fibrillary acidic protein (GFAP) and nuclear factor k-light-
chain-enhancer of activated B cells (NF-kB) levels, indicating
an inflammatory response (20). In other animal models, changes
in y-aminobutyric acid (GABA) (26-30) and dopamine (31, 32)
systems are also reported in hyperglycemic retinal tissue; it is not
known if these systems are altered in the zebrafish model.
Neurochemical changes in these markers in hyperglycemic
brains are not known; however, reduced brain (hippocampal)
size and white matter atrophy are reported (33), suggesting
compromised neurons.

The overarching goals of this study were to determine if (1)
there are parallel neurochemical changes in retinal and brain
tissue in response to hyperglycemic insult and (2) these changes
correlate with behavioral deficits. We hypothesized that
prolonged hyperglycemia would lead to cognitive and visual
function impairment in adult zebrafish, with the degree of
impairment increasing with duration of exposure. We also
hypothesized that behavioral changes would be correlated with
neurochemical changes in brain and retina.

2 Methods
2.1 Animals

Adult wild-type zebrafish (Danio rerio) aged 6-12 months
(N=96) were obtained as embryos from a commercial supplier
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(Live Aquaria, Rhinelander, WI, USA) and reared in-house at
the Zebrafish Ecotoxicology, Neuropharmacology, and Vision
(ZENV) laboratory at American University. Fish were
maintained in an Aquatic Habitats (AHAB; Pentair Aquatic
Ecosystems, Apopka, Fl, USA) rack system, at 28-29°C on a 14
hours (hr) light: 10 hr dark photoperiod. Fish were fed twice per
day with commercial flakes (TetraMinTM, Blacksburg, VA, USA)
and enriched with either dry brine shrimp (Omega One LLC,
Aurora, IL, USA) or live Artemia (Connecticut Valley Biological,
Southhampton, MA, USA). All experimental procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) at American University (protocol #1606, #1902).

2.2 Induction of hyperglycemia

To induce hyperglycemia, adult zebrafish were transferred to
4 L experimental tanks. The tanks were placed in temperature-
controlled water baths at 28-29°C and aerated. Temperature, pH,
and other environmental parameters were recorded daily and
were within normal limits of the stock holding tanks as in [19].
Fish were fed a dry mixture (TetraMinTM flakes, dried brine
shrimp) daily while in the experimental containers and prior
to transfers.

Hyperglycemia in wild-type zebrafish was induced using a
stepwise alternate immersion in D-glucose (MilliporeSigma, St.
Louis, MO, USA) with a treatment regime (19, 25) duration of 4-
weeks (n=48) or 8-weeks (n=48; Figure 1). In brief, adult
zebrafish (n=32) were exposed to a 1% glucose solution for 2-
weeks, followed by a 2% solution for 2-weeks, and then 3%
glucose for 4-weeks. Exposure to sugar alternated, with fish
exposed to glucose for 24 hr, after which they were exposed to
water for 24 hrs. Two control treatments were used: water-
treated controls (n=32) alternated between 0% glucose/0%
glucose (water) solutions every 24hrs (handling control) and
D-mannitol (Acros Organics, Fair Lawn, NJ, USA)-treated

10.3389/fopht.2022.947571

controls (n=32) alternated between 1-3% mannitol/0%
mannitol every 24 hr (osmotic control) with the concentration
of mannitol the same as the glucose concentration. All treatment
groups included both male and female fish.

Separate one-way ANOVAs were used to assess changes in
wet weight and blood glucose levels after 4- and 8-weeks of
treatment. Significance was evaluated at o = 0.05.

2.3 Three-chamber choice task

The three-chamber choice task in our zebrafish model has
been described and videoed previously (34). The behavioral
chamber was a 40 L aquarium (50x30x30 c¢m’; Petsmart,
Phoenix, AZ, USA) modified to have a central chamber
(10x30%30 cm’), separated from two side choice chambers
(each 20x30%30 c¢m?), as in (34, 35). During experiments,
approximately 30 L of Deer Park Brand ‘control’ water (Nestle
Waters North America, Stamford, CT, USA) was added to the
tank. Two submersible aquarium heaters (Marineland, Los
Angeles, CA, USA) were added for 24 hr prior to testing to
bring the temperature to 28.5°C; the heaters were removed at the
start of the behavior session. A full water change typically
occurred after two days of use (34). For the discrimination
task, colored felt pieces (beige, black, or white) were individually
placed on the outer back, side, and bottom of the side choice
chambers using Adhesive Sticky Back Hook and Loop Mounting
Squares (Velcro, Manchester, NH, USA). The overall
experimental design for these tests involved three phases -
acclimation, acquisition, and reversal - with hyperglycemic
induction occurring between acquisition and reversal (34).

Acclimation to the behavioral chamber occurred over three
days: two days of group acclimation followed by one day of
individual acclimation. Briefly, for group acclimation, six
zebrafish were placed into the center chamber and allowed to
roam freely for 30 min. In both choice compartments, a beige
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(neutral) background was used, and a live shoal was present. The
shoal was created by placing four adult zebrafish not otherwise
used in the study in a small, clear tank in the far back corner of
each choice chamber. The shoal fish were chosen randomly from
stock tanks each day and included at least one male and one
female that were age- and sized-matched to the experimental
fish. A fish was considered to have entered one of the side
chambers when its entire body entered the chamber. During
individual acclimation, each zebrafish was placed in the center
starting chamber for 2 min with the sliding doors closed. Then,
both doors were opened simultaneously, and the fish was
rewarded (i.e., able to interact with the shoal) for swimming
entirely through either door. Each fish was required to swim
from the central chamber through a door a total of 10 times,
regardless of which side. If a fish was unable to complete this
task, it was excluded from the study.

After acclimation, zebrafish began a 3-day acquisition phase.
During this phase, the background of one of the side chambers
was covered in white felt and the background of the other
chamber was covered in black felt. Background color of each
side alternated using a pseudorandom schedule (36). As above,
single fish were placed in the starting chamber for 2 min before
both doors were simultaneously opened. Using a biased design,
fish were randomly assigned either a black (B+/W-) or white
(W+/B-) preference. If the fish correctly chose their preferred
color, the door to the center chamber was immediately closed
and the fish was restricted to the preferred side for one minute.
This trial was scored as “C” for “Correct” (i.e., the fish chose the
side of the tank with the shoal reward). If the fish swam through
the incorrect door, they were transferred back into the center
chamber, both doors were closed, and this trial was scored as “I”
for “Incorrect” (the fish did not choose the side with the shoal
reward). If the fish did not decide within 2 min after the doors
opened, the fish was moved to the correct side and denoted “M”
for “Marked” (or force-rewarded, meaning the fish was placed
on the side with the shoal reward). Between each trial was a 1
min period in the center chamber. Each fish underwent eight
trials during each training session.

For each individual fish, initial choice latency (time to first
decision) was recorded in addition to their side preferences
during each trial. Results are reported as group averages for each
acquisition day. Based on their performance, fish were also
sorted into ‘high performing’ and ‘low performing’ groups. A
fish was considered high performing if it successfully chose the
correct side of the tank in at least 6 of the 8 total trials for the day.
Any fish who did not meet this criterion was considered a
low performer.

Following the acquisition phase, trained zebrafish remained in
their performance group for the duration of the experiment and
hyperglycemic induction. After 4- or 8-weeks of hyperglycemia,
zebrafish underwent a 3-day reversal assessment where the
rewarded side was reversed: fish previously rewarded on the
white side were now rewarded on the black side (and vice
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versa). For each fish, initial choice latency and the number of
force-rewarded trials were recorded for each individual fish.
Results were reported as group averages of eight trials on each
reversal day. The data was analyzed in two ways. First, a two-way
ANOVA (o = 0.05) identified significant differences in the entire
experimental population (treatment and reversal session as the
main variables). However, the subsequent Tukey-Kramer post-hoc
tests did not differentiate among treatment groups at each of the
behavior sessions. Therefore, to determine treatment-specific
changes a one-way ANOVA was conducted for each of the
three reversal days.

Discrimination ratios for each fish were calculated daily
following reversal behavior sessions and reported as the number
of correct trials over the number of total trials (% ). We also
analyzed discrimination ratios during reversal using a two-way
ANOVA to identify differences across the entire experimental
population (treatment and trial days as the main variables).
However, we were unable to differentiate treatment-specific
differences using subsequent post-hoc multiple comparison at
each behavioral session. Therefore, one-way ANOVAs with
training session as the main variable were used to reveal
treatment-specific effects on each trial day followed by Tukey-
Kramer post-hoc tests to determine the source of significance.

2.4 Optomotor response (OMR)

Adults were removed from treatment tanks and placed
individually in a 12-inch glass bowl placed on top of a 36-inch
computer monitor (37, 38). A 12-inch diameter rotating black
and white radial grating stimulus was projected onto the
monitor and rotated (clockwise and counterclockwise) with a
control, gray screen in between. Each stimulus was shown to the
fish for 30 sec. The grey screen acted as a within-replicate control
and allowed the fish to rest if needed. The sequence was run
twice to ensure behavioral consistency. The responses to the
entire OMR sequence were recorded on a VIXIA HFR700 HD
video camera with 32x optical zoom, and 57x advanced zoom
(Canon; Ota City, Tokyo, Japan). Recordings were made by one
investigator and later analyzed by another trained, blinded
observer. Each 30 sec interval was scored by tallying the
number of total revolutions made by each fish and averaged
for the two complete trials.

A performance ratio for each individual fish was calculated
based on the total number of revolutions each fish made
during two trials when the stimulus was on divided by the
total number of revolutions for two trials when the stimulus was
off (£of Revolutions (Stimulus Om) y “{y¢reated fish (n=10) removed

# of Revolutions (Stimulus Off)
from stock tanks (AHAB group) and immediately tested were

used as a control for the daily handling/transferring of fish (20).
Our data revealed differences in OMR between fish directly
removed from stock tanks and treated fish, suggesting a handling
stress. Consequently, we normalized the performance ratio of
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each treatment group to the in-study water treated group at the
same time point. This water-normalized performance ratio for
mannitol and glucose at both timepoints is only for the
presentation of graphical data. A one-way ANOVA was used
to assess the data at each experimental endpoint for significant
differences with 0=0.05.

2.5 Neurochemistry

Following behavioral assessment, a subset of animals (n=16
per treatment/time point) were anesthetized in a 0.02% tricaine
solution, weighed (to obtain wet weight; Sartorius balance), and
decapitated. Blood glucose was measured from cardiac blood
using a FreeStyle Lite Blood Glucose Meter (19, 39). Whole
brains and retinas were collected and placed into NP-40 buffer
(5% 1M Tris, pH 8.0, 0.9% NaCl, 1% Triton X-100) containing
0.1% protease inhibitors (MilliporeSigma, St. Louis, MO, USA)
and stored at -80°C for protein isolation and Western Blots.

Retinal tissue was pooled from two animals to obtain enough
protein for analysis, while individual whole brains could be used.
A total of 3-5 replicates/treatment/time point for both tissue
types were used throughout the neurochemistry analysis. Protein
concentrations were determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). To
prepare for gel electrophoresis, 20 ug of each sample, in addition
to appropriate amounts of both NP-40 and 5x loading dye, were
combined, and heated at 70°C for 10 min. The gel
electrophoresis ran on NuPAGE 4-12% Bis-Tris gels
(Invitrogen, Carlsbad, CA, USA) using 1x NuPAGE MOPS
SDS Running Buffer (Invitrogen, Carlsbad, CA, USA).
Pageruler plus prestained protein ladder (Thermo Fisher
Scientific, Waltham, MA, USA) determined protein sizes. The
gel electrophoresed for 80 min at 125 V, after which the proteins
from the gel were transferred to a membrane in the Power
Blotter Select Transfer stack (Invitrogen, Carlsbad, CA, USA),
with the iBlot2 Gel Transfer Device (Invitrogen, Carlsbad, CA,
USA) using the standard PO setting for a total run time of 7 min.
Following a successful transfer, membranes were blocked in 5%
milk in 1X Tris-buffered Saline — Tween 20 (TBST; VWR,
Radnor, PA, USA) at 4°C overnight on a shaker.

We used eight different primary antibodies and two secondary
antibodies (Supplemental Table 1). The primary antibody in 5%
milk was applied to the membranes on the shaker overnight. The
next day, membranes were washed 3x in TBST for 5 min. The
corresponding secondary antibody in 5% milk was applied to the
membranes on the shaker for 45 min. The membranes were again
washed 3x with TBST for 10 min. The chemiluminescent
SuperSignal West Dura Extended Duration Substrate (Thermo
Fisher Scientific, Waltham, MA, USA) was applied to the
membranes for 5 min and visualized using a UVP Imaging
System (Analytik Jena AG, Jena, Germany). After imaging, the
membranes were stripped using Restore Western Blot Stripping
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buffer (Thermo Fisher Scientific, Waltham, MA, USA) and then
blocked on 5% milk for at least 1 hr before probing with another
antibody. No more than 3 antibodies were used on each
membrane. Densitometry was performed on the Western Blot
images using NTH Image J software. All results were normalized to
the B-actin band. Differences in mean protein levels were assessed
using a one-way ANOVA (o = 0.05).

2.6 Immunohistochemistry of
retinal flatmounts

Whole eyes were placed into a petri dish containing Ames’
Medium (MilliporeSigma). Retinas were dissected from adult
eyes and fixed for 15 min at room temperature with 4%
Paraformaldehyde and then rinsed 3X, 20 min each, in
phosphate buffered saline (PBS). Flatmounts were transferred
to a 24-well dish for staining and blocked overnight using 10%
normal goat serum (NGS) and 0.5% triton in PBS. ZO-1 primary
antibody was added to each culture well and was left on for 5
days at 4°C. The primary antibody (Supplemental Table 1) was
removed and flatmounts were washed 3x, 20 mi in well, in 1X
PBS and secondary antibody was applied for an additional two
days. An Olympus compound microscope (BX61) was used to
image retinal vasculature at 20x magnification. The number of
vessels and vessel thickness were measured using the measure
tool on NIH Image]J at a radius of 150 um from the optic nerve.

2.7 In vitro tube formation assay

3B-11 cells were cultured in sub-confluent conditions in
supplemented DMEM containing either glucose or mannitol (25
mM) until they reached passage 6 (as in (40)). The day before the
assay, 3B-11 cells were serum starved by aspirating the media
and replacing the supplemented DMEM with reduced
supplemented DMEM (0.2% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin). Cells were grown for an additional 24 hours.

On the day of the assay, fresh media containing glucose and
mannitol were made. Calcein-AM was added to the endothelial
cells into the media at a final concentration of 2 pg/mL. 3B-11
cells were then washed with DPBS to remove excess stain. Cells
were trypsinized by adding 1 mL trypsin-EDTA to each of the T-
75 flasks containing cells for the assay. After trypsinization was
completed, trypsin was neutralized by resuspending cells to a final
volume of 10 mL in 10 DMEM, 10% FBS, 2 mM L-glutamine, 1
mL sodium pyruvate, 100 U/mL penicillin, and 100 ug/mL
streptomycin. Cells were then filtered through 100 um cell
strainers to remove clumps. Cells were then counted and
resuspended to a final concentration of 7.5 x 106 cells/mL in
DMEM, 10% FBS, 2 mM L-glutamine, 1 mL sodium pyruvate, 100
u/mL penicillin, and 100 pg/mL streptomycin. To prep the culture
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plates, BME was added to each well of a 24-well dish and
incubated at 37°C and 5% CO2 for 30 minutes in order to
solidify the BME. Once the BME was set, 300 UL of conditioned
media (Control, Mannitol, and Glucose) was added to the specific
culture wells for each condition with 10 UL of the resuspended 3B-
11 cells (approximately 75,000 cells). Tubes began to form two
hours into the assay and were imaged every hour for 12 hours,
though peak tube formation occurred after 6 hours.

Images were then processed so they fit the requirements of
the angiogenesis analyzer plugin for Image] (NIH). Briefly,
images were converted to an 8-bit image, contrast was
enhanced and normalized (0.1%), images were then smoothed
and despeckled. Tubes were quantified using the angiogenesis
analyzer. The number of tubes, meshes, and nodes were
calculated per 400 x 400 dpi image. Each image was run
through the plugin twice and the quantifications were
averaged. Each treatment had at least two images from two
separate tube formation assays.

2.8 Statistical Analyses

All analyses described above were conducted using SPSS 25
(IBM) software package for Mac and graphs were constructed
using Graphpad Prism 9. For all one-way or two-way ANOV As,
the Tukey-Kramer test for pairwise comparisons was used to
assess the source of significance. All assumptions for normality,
equal variance, and sample independence were met. Data are
presented as mean + standard error of the mean (SEM) unless
otherwise noted.

3 Results

3.1 Changes after one month (4-weeks)
of hyperglycemia

3.1.1 Wet weight and blood glucose

Adult zebrafish alternately immersed in glucose for 4-weeks
displayed increased blood glucose levels compared to controls,
though no significant difference in weight was observed. Mean wet
weight in water or mannitol treated zebrafish averaged 271.5 *
17.28 mg, while the wet weight of glucose treated fish averaged
358.5 + 57.62 mg (Figure 2A; p=0.160). Mean blood glucose
concentrations of glucose-treated fish were significantly increased
averaging 119.5 + 10.25 mg/dL compared to controls that
averaged 21.4 + 2.75 mg/dL (p<0.0001; Figure 2B).

3.1.2 Initial choice latency and force
rewarded trials

During reversal, treatment significantly impacted initial
choice latency (p=0.037) when the responses of all fish were
combined, with no other effects or interactions noted (training
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day: p=0.438; training day x treatment: p=0.693; Figure 2C). This
effect was likely driven by specific differences on reversal day 1
(R1), when glucose-treated fish took longer to reach a first
decision than mannitol-treated fish (p = 0.008). We also
identified a main effect of both treatment and day (day:
p=0.038; treatment: p=0.004) on the number of force-rewarded
trials, with day 2 (R2) significantly different from day 3 (R3)
(p=0.033; Figure 2D). Both glucose- and mannitol-treated fish
were significantly different from the water group (water vs.
mannitol: p=0.022; water vs. glucose: p=0.006), though there
was no difference between these two groups (p=0.935). Analysis
of differences across treatment groups and day revealed a
significant difference only during R3 (p=0.021), when the
water treatment group was significantly different from both
mannitol (p=0.039) and glucose (p=0.042) treatment groups.
After 4-weeks of treatment, fish initially classified as high
performing displayed no differences in initial choice latency
(day: p=0.753; treatment: p=0.889; day x treatment p=0.564) and
no difference in average force-rewarded trials (day: p=0.053;
treatment: p=0.981; day x treatment: p=0.201; Supplemental
Figure 1A). However, initial choice latency of low performing
fish was significantly affected by treatment (p<0.001). This
difference was observed on R1, when a significantly longer
(p = 0.002) choice latency was observed in glucose-treated fish
vs. both water- and mannitol-treated controls (Supplemental
Figure 1B). Low performing fish also displayed significantly
reduced responses in the water-treated group on all reversal
days (p<0.001). The difference on R1 occurred between water vs
glucose treatment groups (p=0.017); while on R3 the difference
was between the water vs mannitol treatment groups (p=0.025).
On R2, there was a main effect of treatment (p=0.045), though
post-hoc analysis did not identify a specific difference on R2.

3.1.3 Discrimination ratio

During reversal, analyzing the responses of all fish identified a
significant main effect of treatment on discrimination ratio
(p=0.048; Figure 3A). Post-hoc analyses revealed a main effect of
treatment on R1 due to a significant difference between the glucose
and mannitol treatment groups. High performing fish displayed a
main effect of trial day (p=0.041) on the reversal discrimination
ratio with a significant difference between R2 and R3 (Figure 3B).
Post-hoc analyses identified a separate main effect of treatment
(p=0.021) on R1, due to differences between the mannitol vs water
and the mannitol vs glucose treatment groups. Low performing
fish displayed a main effect of treatment after 4-weeks of exposure
(p=0.004; Figure 3C) with a significant difference between the
water vs glucose treatment groups (p=0.003). No difference was
identified between the water- and mannitol-treated groups.

3.1.4 Optomotor responses
Glucose-treated fish exhibited a stronger OMR performance
ratio compared to controls. Surprisingly, the 2.25x increase
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observed in glucose-treated fish was not significant (p=0.570;
Supplemental Figure 2A).

3.1.5 Neurochemistry

In brain homogenates (Figure 4A), TH protein levels were
not different across all treatment groups (p=0.105), though
higher values were found in glucose- and mannitol-treated
tissue. There was a 2x increase in GAD protein levels in
glucose-treated tissue, though these differences were also not
significant (p=0.065). In contrast, all inflammatory markers
(RelA, p=0.031; IKK, p=0.029; and GFAP, p=0.012) were
significantly upregulated in glucose-treated tissue, suggesting
inflammation and reactive gliosis. Levels of the tight junction
proteins ZO-1 (p=0.123) and claudin-5 were lowest in glucose-
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treated brain samples; however, these differences were not
significant (p= 0.469).

In retinal homogenates (Figure 4B), there was no change in
GAD protein levels (p=0.549), though levels in glucose-treated
tissue were reduced compared to levels in mannitol-treated
tissues. In contrast, a significant decrease in TH in glucose-
treated tissue (p=0.05) was observed. All inflammatory markers
were upregulated in response to glucose, with a 4x increase in
RelA protein levels (p=0.025), a non-significant 2x increase in
IKK (p=0.647), and a 4x increase in GFAP (p<0.001). ZO-1
protein levels in glucose- and mannitol-treated tissue were lower
than values from water-treated tissue, whereas claudin-5 levels
were highest in glucose-treated retinas. However, these
differences in tight junction proteins were not significant (ZO-
1 p=0.511; claudin-5 p=0.654).
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FIGURE 3

Discrimination ratio following 4-weeks of hyperglycemia. During reversal, analysis of (A) all fish identified a significant effect of treatment
(p=0.048) with glucose-treated animals significantly different from water-treated controls on R1 (p=0.037). The high performing fish (B)
displayed a main effect of day (p=0.041), with ratios during R2 different from R3. Differences across treatment were also noted on R1. For low
performing fish (C), there was a main effect of treatment (p=0.004). Asterisks denote statistical significance.

3.2 Changes after two months (8-weeks)
of hyperglycemia

3.2.1 Wet weight and blood glucose

There was no difference in wet weight after 8-weeks of
exposure (Figure 5A; p=0.213). Mean wet weight in water- or
mannitol-treated groups ranged from 268.79 to 406.9 mg, while
the wet weight of glucose treated fish averaged 379.9 + 39.84 mg.
As expected, mean blood sugar levels of glucose treated fish were
significantly increased in glucose treated fish, with controls
averaging 35.18 + 3.72 mg/dL and glucose-treated fish
averaging 133.9 + 23.79 (p<0.001; Figure 5B).

3.2.2 Initial choice latency and force-rewarded
trials

A significant interaction between treatment and day was
detected (p=0.034) across the three days of reversal training
(Figure 5C), with a significant difference between water vs
glucose treatment groups observed on R2 (p=0.010).
Differences in the number of force-rewarded trials during
reversal identified a significant treatment*day interaction
(p=0.013), with a significant difference between mannitol vs
water treatment groups (p=0.013) on R3 (Figure 5D).

After 8-weeks of treatment, high performers (Supplemental
Figure 3A) displayed no significant main effects (day: p=0.860;
treatment: p=0.212) or interactions (p=0.584). However, there
were two significant and separate main effects of treatment
(p=0.036) and day (p=0.041), but no interaction (p=0.250) on
the number of force-rewarded trials. On R2, there were
significantly more marked fish in the glucose-treatment group
than in the water-treated controls (p=0.049). A similar trend was
observed on R3. No significant differences due to treatment were
observed on R1 (p=0.966).
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The initial choice latency of low performers (Supplemental
Figure 3B) showed a significant interaction between day and
treatment (p=0.039) though statistical analysis revealed no
significant main effect of treatment on any reversal day
(p>0.05 for all). However, there was no significant differences
in force-rewarded trials due to treatment (p=0.332) or day
(p=0.387) for the low performing fish.

3.2.3 Discrimination ratio

There were significant main effects of both day (p=0.010)
and treatment (p<0.001) on discrimination ratios of all fish
combined (Figure 6A), with significant differences identified
between R1 and R3 (p=0.022) and between R2 and R3
(p=0.003). Significant differences were also observed between
water-treated controls and both the glucose and mannitol
groups (water vs. mannitol: p=0.008; water vs. glucose:
p<0.001); glucose and mannitol were not significantly
different (p=0.265).

An effect of treatment was also observed in high performing
fish (p=0.020; Figure 6B) due to a significant difference between
glucose vs. water treatment groups (p=0.019). For low
performers (Figure 6C), there was also a main effect of
treatment (p=0.010) with the water treatment group
significantly different from both the mannitol (p=0.024) and
glucose (p=0.017) treatment groups. However, there were no
individual differences in treatment groups for any behavioral
session (R1, R2, or R3).

3.2.4 Optomotor responses

As observed at the 4-week time point, OMR performance
ratio of glucose-treated fish was higher than the performance ratio
of mannitol-treated fish after 8-weeks of treatment. However, the
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FIGURE 4

Brain and retinal neurochemistry after 4-weeks of treatment. (A) Brain neurochemistry changes after 4-weeks of treatment. Neurotransmitter
markers: GAD levels increased 1.5-2x in glucose-treated tissue. The increase in TH levels was osmotic. Inflammatory markers: RelA (NF-kB), IKK,
and GFAP levels were all significantly increased in glucose-treated tissue. Vascular markers: Tight junction proteins ZO-1 and claudin-5 were
decreased in glucose-treated tissue, though not significantly. (B) Retinal neurochemistry after 4-weeks of hyperglycemia. Neurotransmitter
markers: Levels of TH and GAD in retinal tissue were differentially affected by glucose exposure. GAD levels were unchanged, while TH levels
decreased 0.2x, a significant finding. Inflammatory markers: Glucose treatment increased all inflammatory markers: RelA (4.5x), IKK (1-2.5x), and
GFAP (4x) in retinal tissue. Vascular markers: ZO-1 levels decreased, while claudin-5 levels were increased. Representative Western Blots are
shown at the top left of both panels (A) and (B), with W, water treated; M, mannitol treated; G, glucose treated. Each sample was run in
technical replicates and protein levels were normalized to B-actin. Data in all graphs are mean + SE. Asterisks denote statistical significance.
White bars, water-treated; gray bars, mannitol-treated; Black bars, glucose-treated.

1.8x increase in performance ratio was not significantly different
from controls (p=0.301; Supplemental Figure 2B).

3.2.5 Neurochemistry

In brain homogenates (Figure 7A), there was a significant
glucose-specific increase in GAD (2.5x; p=0.011) and TH (8.5x;
p<0.001) protein levels, indicating a strong effect of glucose. All
inflammatory markers were also upregulated in glucose-treated
tissue. RelA significantly increased by 2x (p=0.049). IKK levels
increased by 4x (p=0.224) and GFAP levels increased by 10x
(p=0.420-value). ZO-1 protein levels were not different among
brain homogenates (p=0.065), and no difference was observed in
claudin-5 levels (p=0.274). However, for both tight junction
proteins, levels in glucose-treated tissue were greater than
mannitol controls.

In retinal homogenates (Figure 7B), glucose induced a
significant increase in both TH (6x; p<0.0001) and GAD
(p=0.022) levels. RelA was the only inflammatory marker
upregulated in retina tissue (2x; p=0.004); protein levels of
IKK (p=0.796) and GFAP (p=0.665) appeared to increase
osmotically and were not different across treatment groups.
Claudin-5 protein was significantly reduced in both mannitol-
and glucose-treated samples (p=0.001); ZO-1 protein level was
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also reduced in mannitol- and glucose-treated tissue, however,
this difference was not significant (p=0.212).

3.3 In vivo and in vitro assessment of
vascular changes

The number of primary and secondary vascular branches
across all treatment groups were comparable (Figure 8,
Supplemental Figure 4A). On average, 150 pm from the center
of the optic nerve there were approximately 30 branches, with
about ~57% being secondary branches. After treatment for 4-
weeks (Figure 8A), no statistically significant differences in
vascular thickness were observed (all vessels combined:
p=0.075; primary vessels only: p=0.429; secondary vessels only:
p=0.061). However, for all measurements, the glucose treatment
group exhibited the largest vascular thickness.

The number of primary and secondary vascular branches
were also comparable across each treatment group at the 8-week
time point (Figure 8B; Supplemental Figure 4A). On average,
150 um from the center of the optic nerve there were 35
branches, with about 65% being secondary branches. However,
at this time point, vessels in retinas from the glucose-treated fish
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Health assessment, initial choice latency, and force rewarded trials after 8-weeks of glucose treatment. Wet weight (A) and blood glucose (B)
measurements taken from fish exposed to either alternating glucose, alternating mannitol, or alternating water conditions for 8-weeks. No
significant differences in (A) wet weight were found across treatment groups (timepoint: p=0.146; treatment: p=0.067; timepoint x treatment
p=0.478). However, (B) glucose-treated zebrafish exhibited significantly higher blood glucose levels compared to both controls (p<0.001).
During reversal, there was a significant interaction of training day and treatment on initial choice latency (C), with a significant difference
between water- and glucose-treated groups on R2 (p=0.010). The number of force-rewarded trials during reversal (D) displayed a significant
day x treatment interaction (p=0.013), and a difference between water- and mannitol-treated groups on R3 (p=0.017). For all graphs, bars

represent mean values + SE. Asterisks denote statistical significance

were consistently the thinnest, though measurements were not
found to be statistically significant (all: p=0.144; primary:
p=0.315; secondary: p=0.354).

Within the in vitro tube formation assay, glucose exposure
did not significantly alter the number of segments that formed
(p=0.441; Figure 8C). However, there was a significant effect of
glucose treatment on the number of nodes (Figure 8D; p = 0.031)
and meshes (Figure 8E; p = 0.002). These results indicate that
3B-11 endothelial cells in the glucose treatment group failed to
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create a complex vascular network compared to those
maintained in either control group (Supplemental Figure 4B).

4 Discussion

The purpose of this study was twofold. First, we asked if
there are comparable neurochemical changes in retinal and
brain tissue in response to prolonged hyperglycemia in the
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Discrimination ratio following 8-weeks of hyperglycemia. During reversal (A) there was a main effect of treatment (p<0.001) when all fish were
analyzed together, with differences between water vs. mannitol (p=0.008) and between water vs. glucose (p<0.001). There was also a main
effect of day (p=0.010) as responses during R1 and R2 were found to be different from those on R3. There was a main effect of treatment on
discrimination ratio during reversal in (B) high performing fish (p=0.020) and (C) low performing fish (p=0.010). For high performers, a significant
difference occurred between glucose vs. water treatment groups (p=0.019); for low performers the water treatment group significantly different
from both the mannitol (p=0.024) and glucose (p=0.017) treatment groups. Data represents mean + SE. Asterisks denote statistical significance.

zebrafish model and whether these changes correlated with
vision- and cognition-based behaviors. Second, we assessed if
continued hyperglycemic insult resulted in a worsening of
effects. Overall, we observed time- and tissue-dependent
changes (summarized in Figure 9). In both tissues, a strong
initial inflammatory response was associated with non-
significant decreases in ZO-1 and differential changes in
claudin-5 (increased in retina; decreased in brain). Neuronal
markers were initially increased in brain but decreased in retina
(significantly for TH). Increases in GAD and TH levels were
significant after the longer, 8-week exposure. High blood sugar
also differentially impacted measured behaviors at both time
points. Surprisingly, a longer duration of hyperglycemia did not
always exacerbate initial effects suggesting two intriguing
possibilities: 1) the fish are adapting to/compensating for the
high blood sugar levels or 2) the initial and maintained
inflammation has compromised tissue revealing a secondary
osmotic effect.

4.1 Hyperglycemic induction

Consistent with previous findings (from our lab and others),
at both the 4- and 8-week timepoints, blood glucose levels in the
glucose treated fish were elevated 3-fold compared to either
control group (18, 20). We did not, however, observe a difference
in weight across groups. Uncontrolled hyperglycemia in diabetic
humans and/or other animal models is known to alter the gut
microbiome (41-44), reduce gut motility due to apoptotic loss of
enteric neurons and decreased PI3K signaling (45), and/or
induce histopathological changes in the liver (46, 47).
Hyperphagia is also observed in hyperglycemic rats (48), due

Frontiers in Ophthalmology

11

to altered glucose metabolism. Though not significant, the trends
in measured wet weights identified here revealed increased
weight in hyperglycemic fish at both the 4- and 8-week
timepoint. This suggests that glucose-treated fish may have
been consuming more food than fish in the other treatment
groups. Though these results are in agreement with weight
differences in diet-induced obesity (DIO) zebrafish (49),
another Type 2 model, they do contrast previous work from
our lab showing zebrafish aged 5-6 months lost a significant
amount of weight after two months of hyperglycemia (19).

4.2 Effect on inflammatory proteins

Diabetes is associated with glucose-induced upregulation of
pro-inflammatory and pro-apoptotic markers (50-53),
including RelA (NF-kB) and IKK. RelA is a transcription
factor and primary regulator of inflammatory responses, and
IKK is necessary for the activation of RelA during acute and
onset of inflammation (54). We previously reported a strong
upregulation of RelA and GFAP in retina after 4-weeks of
hyperglycemia (20). Here, we found the same increase in
retinal GFAP, RelA, and IKK levels, though only RelA was
significantly elevated in retinal homogenates after 8-weeks. A
strong, consistent inflammatory response in zebrafish brain
tissue was also evident after both 4- and 8-weeks of treatment.
Postmortem analysis of retinas from diabetic humans (55-57)
and streptozotocin-induced rats (58-64) show increased
immunoreactivity patterns and/or expression of the glial
marker GFAP in retinal Miiller cells. Upregulation of GFAP
occurs in response to hyperglycemia (56, 59, 62, 65); however,
this is not an immediate response, but one that increases with
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FIGURE 7

Brain and retinal neurochemistry after 8-weeks of hyperglycemia. (A) Brain neurochemistry after 8-weeks of hyperglycemia. Neurotransmitter
markers: Both GAD and TH levels were significantly increased at this timepoint. Inflammatory markers: Levels of inflammatory markers were also
increased: RelA (2.25x), IKK (3x), and GFAP (10x). Vascular markers: ZO-1 levels and claudin-5 levels were not different across treatment. (B)
Retinal neurochemistry after 8-weeks of hyperglycemia. Neurotransmitter markers: TH levels increased 6.x in glucose-treated tissue; GAD levels
were increased in both glucose- and mannitol-treated tissue. Inflammatory markers: RelA levels increased, but there was no change in IKK or
GFAP levels. Vascular markers: Osmotic decreases in ZO-1 and claudin-5 were present; with claudin-5 levels in mannitol- and glucose-treated
tissue significantly reduced. Representative Western Blots are shown at the top left of both panels (A) and (B), with W, water treated; M,
mannitol treated; G, glucose treated. Each sample was run in technical replicates and protein levels were normalized to B-actin. Data in all
graphs are mean + SE. Asterisks denote statistical significance. White bars, water-treated; gray bars, mannitol-treated; Black bars, glucose-

treated.

time and duration of diabetes (59, 62-64). GFAP expression
transiently increases in streptozotocin-induced mice (66) and
mice fed a high fat and fructose diet after 4- and 24-weeks (17),
in agreement with our data showing an initial significant
increase in GFAP in both retina and brain. However, our
findings at 4 weeks contrast a previous report which identified
an increase in GFAP levels only in mannitol-treated zebrafish
retinal tissue after 4-weeks of exposure (21). At our 8-week time
point, the increase in GFAP levels is no longer significant in
brain or retina, despite continued hyperglycemia.

Thus, we observed a strong initial inflammatory response (at
4-weeks) in both retina and brain. Inflammation was also
observed after 8-weeks of hyperglycemia, though the effects
were more moderate, as only Nf-xB levels remained
significantly elevated in both tissues.

4.3 Effect on vascular tight
junction proteins

The relationship between diabetes and vascular disease is
long-established (67, 68). We observed a non-significant

Frontiers in Ophthalmology

decreased ZO-1 levels in both retina and brain tissue at the 4-
week time point, when claudin-5 levels were also reduced in brain.
These reductions in both ZO-1 and claudin-5 levels may suggest a
compromised BBB. In contrast, claudin-5 protein levels in retina
appeared increased in hyperglycemic tissue after 4-weeks of
treatment. Differential effects on BRB and BBB permeability
were similarly noted in a Type 2 rodent model (8).

These tissue-specific differences in tight junction protein
levels (increase/decrease) may be due to their specific location
and function. Claudin-5 is an intermembrane protein (69) that is
present in the earliest stages of central nervous system
angiogenesis (70). ZO-1 is an intracellular protein responsible
for the stability of tight junctions and binds other tight junction
proteins, such as occludin and claudin-5, to the cytoarchitecture
(71). Published reports indicate hyperglycemic zebrafish treated
with 111 mM (2%) glucose for two weeks did not show a
significant change in claudin-5, ZO-1a, and ZO-1b in brain
homogenates (72). However, mice fed a high fat and fructose diet
for 24-weeks showed significantly increased BBB permeability,
heightened inflammation, and leukocyte recruitment (17).
Namely, there was a downregulation of occludin-1 after 4- and
24-weeks of the high fat and fructose diet in addition to a
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FIGURE 8

In vivo and in vitro assessment of vascular changes. Vascular thickness measured in ZO-1 labeled retinal flatmounts from fish exposed to water,
mannitol, or glucose for (A) 4-weeks or (B) 8-weeks. Measurements were collected ~ 150 um from the center of the optic nerve. After
treatment for 4-weeks (A) there was no difference in vasculature thickness when calculated as all measurements (p=0.075), primary vessels
(p=0.429) or secondary vessels alone (p=0.061). However, in all cases, vessels were thickest in the retinas of glucose-treated fish. (B) In
contrast, after 8-weeks of exposure, glucose treatment group had the smallest vessel thicknesses, though measurements were not significantly
different (all: p=0.144; primary: p=0.315; secondary: p=0.354). (C—E) In vitro tube formation assay and angiogenesis analysis of segments, nodes
and meshes. (C) There was no difference in the number of vessel segments formed between treatment groups (p=0.441). However, there was a
significantly lower number of (D) nodes (p=0.031) and (E) meshes (p = 0.002) in 3B-11 endothelial cells maintained in high glucose media. Data
in all graphs are mean + SE. Asterisks denote statistical significance.

downregulation of ZO-1 after 24-weeks. Sixty days following
streptozotocin induction in rats, levels of BBB specific proteins,
including occludin, claudin-5, and aquaporin-4, were
significantly decreased when compared to controls, though

ZO-1 was not affected (73). These reports, combined with our
results showing non-significant trends after 4-weeks, suggest
there is a specific time course to the loss of tight junction
proteins in response to hyperglycemia.
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FIGURE 9

Summary of time- and tissue-dependent changes. Summary figure of hyperglycemia-induced changes in retinal/visual responses (blue) and
brain/cognitive responses (red) after 4-weeks (top) and 8-weeks (bottom) of treatment. Arrows reflect direction of the difference observed. Text
in parentheses denotes if the result occurred in glucose-treated tissue only (g), if the result was observed in both glucose- and mannitol treated
tissue (osm — osmotic effect), or if the outcome was not significantly different across treatments (ns, italics). In the case of a non-significant
outcome, g and osm are included to clarify trends. All = all fish; low = low performers; high = high performers.
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At our 8-week time point, levels of both ZO-1 and claudin-5
in brain were highest in hyperglycemic tissue, almost doubling
compared to levels at the 4-week time point. In contrast, ZO-1 and
claudin-5 levels were reduced in glucose- and mannitol-treated
retinas. This latter result suggests the BRB may be altered and
sensitive to osmotic differences. While high glucose levels clearly
lead to pathological effects, high mannitol levels do not. Mannitol
is a 6-carbon sugar, like glucose, but with 2 extra hydrogen atoms
(74). Clinically, mannitol is administered intravenously to reduce
intraocular pressure in acute glaucoma (75-79) and as an adjuvant
to facilitate drug delivery to the brain because it is able to
transiently increase BBB and BRB permeability (80, 81). High
extracellular glucose levels would potentially cause a similar
osmotic load on endothelial cells, increasing permeability.
Decreases in ZO-1 protein levels in retina at both time points
were similar in glucose- and mannitol-treated tissues, suggesting
an osmotic effect. Osmotic changes in claudin-5 levels, however,
were only observed at the later 8-week time point. Osmotic
differences also increased retinal IKK and GFAP levels after 8-
weeks. A delayed osmotic effect of high glucose was unexpected
and could be due to either 1) slowly developing secondary osmotic
changes or 2) another mechanism that has compromised retinal
tissue to such an extent that it is susceptible to osmotic differences.
Our results suggest it is the second mechanism, i.e., a general
osmotic changes occurring in hyperglycemic tissue after a strong
initial inflammatory response.

4.4 Vascular morphology

Alvarez et al. (2010) reported thicker basement membranes
after 28 days of hyperglycemia in adult zebrafish retina and
increased vascular diameter was observed in zebrafish exposed to
high glucose from 3 - 96 hpf (82). Here, we examined thickness
of retinal vessels after both 4-weeks (28 day) and 8-weeks of
exposure. We also used the tube formation assay to assess the
ability of glucose-treated 3B-11 endothelial cells to form stable
vascular networks (40).

We hypothesized that prolonged hyperglycemia would
increase vascular thickness and decrease the number of vessels
in the retina (83). Though we found no statistical differences in
the number of vessels at either age or in vessel thickness, there
was the clear trend of thicker vessels after 4-weeks of
hyperglycemia, in agreement with previous reports (21). After
8-weeks, the trend reversed, with the thinnest retinal vessels
observed in hyperglycemic fish. We also observed significantly
less nodes and meshes in glucose-treated endothelial cell
cultures, indicating the cells were unable to form a complex
vascular network. Together these results are consistent with
reported hyperglycemia-induced changes in retinal vasculature.
In diabetic retinas, hyperglycemia causes pericyte loss and
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capillary dropout, triggering VEGF release and the formation
of new, fragile vessels. The thinner retinal vessels observed in
vivo may suggest a loss of larger vessels and/or the formation of
smaller, new vessels. In vitro primary vessels were observed to
form in high glucose, but they did not branch and form networks
as extensively as controls. Additional experiments could
examine VEGF expression in hyperglycemic zebrafish retinas
at later time points to uncover vascular changes.

4.5 Effects on neuronal proteins

Differential changes in GAD and TH levels suggest early
sensitivity differences of these transmitter systems and tissues to
hyperglycemia, with levels of both proteins displaying
significantly increased levels after longer exposure.

We previously showed that ERG b-waves decreased in
glucose-treated tissue after 4-weeks of hyperglycemia,
particularly in response to long wavelength stimuli (84). This
physiological difference correlated well with red cone dystrophy
reported after 28 days of hyperglycemia (21). To determine if
there are additional neuronal complications in retina due to
prolonged complications, we examined GAD and TH
protein levels.

In hyperglycemic retina, as Miiller cells become
compromised, transport and/or metabolism of glutamate (85,
86), GABA (26, 27, 87), and other extracellular components are
altered, causing an associated change in overall concentration
and immunoreactivity patterns (26, 27, 30). Published studies
report differential effects of glucose insult on both GABAergic
and dopaminergic systems. Increased GABA levels are observed
in vitreal samples from individuals with progressive diabetic
retinopathy (58, 88) and in streptozotocin-induced rats (26).
Other studies, also in rats, report an overall decrease in GABA
content (89, 90). Increased GABA concentration and/or
immunoreactivity patterns (26, 27, 29, 30) are associated with
altered GABA-evoked responses and GABA( receptor subunit
expression in retinal bipolar cells (28, 29), indicating that
inhibitory GABAergic transmission is altered in hyperglycemic
conditions. Retinal dopamine levels (31, 32), light-evoked
dopamine release (32), and diurnal dopamine rhythms (31)
are decreased in other animal models of diabetic retinopathy.
A similar reduction in the activity and/or immunoreactivity
patterns of TH (91-93) may underlie the reported changes in
dopamine levels. However, other studies identify no glucose-
induced change in TH activity (32, 94) suggesting the change in
dopamine concentration is due to a reduction in the
concentration of precursor molecules required for dopamine
synthesis (94, 95) rather than a change in enzyme activity.

Similar to other vertebrates, in zebrafish retina, GAD is
expressed in horizontal and amacrine cells (96, 97); TH is found
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in interplexiform (97) and some amacrine cells (84). GABA and
dopamine release from these cell types, respectively, modifies
bipolar cell responses and subsequent input to ganglion cells. We
observed decreases in retinal TH and GAD levels at 4-weeks, but
significantly increased levels in retinas from hyperglycemic fish
at 8-weeks. This implies an initial decrease in GABAergic and
dopaminergic signaling that is followed by later enhancement,
possibly reflecting a compensatory response at the later age.
Surprisingly, the lower levels of GAD and TH at 4-weeks, does
not correlate with the observed decrease in b-wave amplitude
(84) suggesting more than one effect of hyperglycemia in retina.

To further assess neuronal changes, we probed blots of 4-
week retinal homogenates with an antibody to PKCa, a standard
marker for ON-bipolar cells. Our logic was that since ON-
bipolar cells generate ERG b-waves, the reduced b-wave
amplitudes reported at 4-weeks may be correlated with a
reduction in PKCa levels. However, PKCo levels were
increased in retinas collected from both mannitol- and
glucose-treated fish (Supplemental Figure 5). This result could
reflect (1) the presence of PKCa: in other retinal cell types and/or
(2) a generalized upregulation of PKCo in response to treatment.
PKCo antibodies do label ON-bipolar cell types in zebrafish,
including both cone-only and mixed input cells (98, 99), as well
as rod bipolar cells in mammals (100-102). However, amacrine
cell, ganglion cell, and/or photoreceptor labeling has been also
reported (98, 100-102), suggesting the increased levels we
observed may reflect changes is these other cell types. PKC
levels in retina vessels are very sensitive to hyperglycemia (103,
104), with activated/increased PKC associated with decreased
blood flow and increased permeability (104). Though a different
isoform, PKCP, seems to be preferentially activated by high
glucose, PKCo levels do increase in retina (104). Thus, the
increased PKCo levels we observed could reflect an overall
retinal response to osmotic load, and not one associated with a
specific cell type. Additional experiments are needed to
differentiate between PKCo effects in hyperglycemic
zebrafish retinas

In brain homogenates, the early, and later significant,
increase in both GAD and TH protein levels suggest a
worsening of effects over time. In diabetic patients, increased
concentrations of GAD antibodies are detected in serum samples
and associated with the loss of pancreatic beta cells (105) and
development of insulin dependence (106). Increased levels of
GAD also suggest increased synthesis of GABA. In fact, GABA
administration before symptom onset is protective promoting
beta cell replication and survival in both STZ-induced diabetic
and NOD mice (107). Further, GABA administration after
symptom onset reversed disease progression and reduced
inflammation (107). The increased GAD levels we observed
after 8-weeks of hyperglycemia occurred when increases in
IKK and GFAP protein levels were no longer significant,
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possibly due to anti-inflammatory effects of increased GABA
levels in brain.

High intake and levels of glucose (carbohydrates) stimulate
dopamine release, with significant correlations between blood
glucose levels and dopamine metabolites in spinal fluid (108).
Experimental rats made hyperglycemic by daily glucose
injections for 30 days show increased dopamine concentration
in the striatum and hippocampus (109). However, prolonged
hyperglycemia (6 months after STZ injection) can reduce brain
dopamine levels due to the loss of dopaminergic neurons (110).
In this situation, high TH levels are a compensatory response to
the loss of dopaminergic neurons (111) caused by continued
inflammation. Our behavioral data at the 8-week time point does
not suggest neuronal loss, though TH levels were strongly
increased. A longer duration of hyperglycemia and/or different
behavioral assessments may be needed to see if dopaminergic
neurons are lost in hyperglycemic zebrafish brains.

4.6 Effects on behavioral measures

The optomotor response is a vision-based behavior used to
test whether there are deficits in the retinotectal pathway in the
zebrafish (112, 113). Given that hyperglycemic zebrafish have
functional deficits in the retina (20, 21), we hypothesized that
there may also be deficits in visually-guided behaviors that
involve downstream pathways. Our results indicate that
glucose-treated fish have a better OMR than controls at both
time points. This result was surprising given the neurochemical
changes and may occur because the circuitry for the OMR is not
exclusively retina-based (112) and/or that the OMR is not
sensitive enough to detect hyperglycemia-induced changes in
higher order visual circuits. Importantly, the robust OMR in the
glucose-treated group can also serve as an effective positive
control for the three-chamber choice task which used a visual
cue to direct the fish to the proper chamber.

While all fish responded to the OMR, during the cognitive
assessment we noticed that some fish were able to learn the task
more quickly and accurately than others. The responses of these
‘high performing fish’ were analyzed separately due to the large
variability observed when all responses were pooled together.
Zebrafish have been similarly classified in studies examining
effects of alcohol exposure, revealing that ‘bold’” vs. ‘shy’ fish
(114) and fish that hatch early vs. fish that hatch later (115) have
different susceptibilities to alcohol. Our results suggest low and
high performing zebrafish show differential susceptibility to
hyperglycemic insult. Glucose-treated low performing fish
displayed behavioral responses different from either control
group after 4-weeks of exposure. However, response
differences in high performing fish were not observed until
after 8-weeks of treatment. These results suggest a time-
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dependent component to glucose-induced effects and,
potentially, differential susceptibility between fish classified by
their performance.

Further, at the 4-week time point, glucose-treated fish took
longer to make their initial decision and the increased number of
force-rewarded trials suggests that some glucose-treated fish
were unable to decide at all. Significant differences in the
response of low performing fish were particularly evident after
treatment, when choice latency was increased on R1, and the
number of force-rewarded fish was increased on all reversal days.
Discrimination ratios were also lower for glucose-treated fish,
indicating they were unable to reverse their learning of the task.
The effect on initial choice latency is observed in only the
glucose-treated group, while the increase in force-rewarded
fish was observed in both mannitol- and glucose-treated
groups. In contrast, fewer significant differences were observed
overall after 8-weeks of treatment. Most differences identified at
this time reflected differences with the water-treated group;
responses of glucose- and mannitol-treated groups
were comparable.

Thus, significant behavioral differences between the glucose
and control groups were evident after 4-weeks of exposure and
are primarily seen in low performing fish. At the 8-week time
point, most responses of glucose-treated fish were comparable
the mannitol-treated controls, suggesting either compensation
or a secondary osmotic response.

4.7 Does hyperglycemia cause similar
effects in zebrafish brain and retina?

Combining the above information indicates hyperglycemia
does impact the same neurochemical markers in both zebrafish
brain and retina. However, the noted changes in brain and/or
retina depend on duration of exposure, and which tissue is
assessed. Opposite trends were noted for neurotransmitter
markers in brain and retina at 4-weeks. Further, it was not
always possible to correlate significant neurochemical changes
with significant behavioral deficits (Figure 9).

For example, after 4-weeks, we observed a strong glucose-
specific increase in RelA, IKK, and GFAP in brain tissue. Protein
levels of ZO-1 and claudin-5 were decreased, while levels of
GAD and TH were elevated. These indicate inflammation and
suggest an initial increase in vascular permeability and some
altered neuronal activity. After 8-weeks, brain tissue displayed a
more moderate glucose-induced increase in all 3 inflammatory
markers while GAD and TH levels were now significantly
elevated, suggesting continued/increased damage. ZO-1 and
Claudin-5 levels remained statistically similar, though levels
were now increased. These data suggest that in zebrafish brain
tissue 1) hyperglycemia induces and maintains an inflammatory
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response, 2) glucose-driven damage to GABAergic and
dopaminergic neurons increases with time, and 3) tight
junction proteins are differentially affected by high glucose.

In retina, a strong inflammatory response after 4-weeks of
hyperglycemia was also observed. This response was
accompanied by a significant decrease in TH protein levels.
Tight junction proteins were differentially affected, with a non-
significant increase in claudin-5, and an osmotic reduction in
ZO-1. After 8-weeks, though RelA levels were still increased,
protein levels of the other inflammatory markers were not
different from controls and osmotic differences were observed
for ZO-1 (non-significant decrease), claudin-5 (significant
decrease), and GAD (significant increase). Interestingly, there
was a strong glucose-induced increase in retinal TH levels at this
time, suggesting retinal dopaminergic cells may be uniquely
sensitive to prolonged glucose insult. Thus, in retinal tissue 1)
hyperglycemia induces an initial inflammatory response that is
reduced with prolonged exposure, 2) dopaminergic circuitry is
primarily affected, and 3) tight junction proteins are decreased in
both glucose- and mannitol-treated tissue suggesting an
osmotic effect.

Behaviorally, glucose-treated fish displayed an increased
OMR, took longer to make a first decision in the 3-chamber
choice task, and had reduced discrimination ratios indicating
reduced cognitive performance after 4-weeks. After 8-weeks of
hyperglycemia, OMR performance ratio and increased choice
latency remained increased in glucose-treated fish whereas,
osmotic differences decreased discrimination ratios.

These results suggest that 4-weeks of hyperglycemia causes
changes in zebrafish retinal and brain tissue that are similar to
effects reported in other animal models. These differences were
correlated with decreased cognitive responses. Surprisingly,
however, a longer duration of hyperglycemia seemed to
mitigate many of these effects. The strong increase in GAD
and TH levels in both retina and brain at 8-weeks, coupled with
elevated high blood sugar levels and maintained inflammation,
suggests a continued pathology. However, the other parameters
displaying significance at 4-weeks were either no longer
significant across treatments or displayed secondary
osmotic effects.

Opverall, there appear to be time- and tissue-specific effects of
prolonged glucose exposure in hyperglycemic zebrafish. Our
results suggest that inflammation is an early cellular response to
increased blood sugar levels. Continued glucose exposure
maintains the inflammatory response and leads to significant
changes in neurochemical markers. Osmotically driven changes
affect tight junction protein levels in retina to a greater extent
than in brain. For some markers assessed, initial glucose-specific
differences observed at 4-weeks became osmotically driven at 8-
weeks. This suggests either the development of secondary
osmotic effects with continued hyperglycemic insult or that the
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fish may be compensating for glucose exposure. Current
experiments are underway to address these two hypotheses.
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SUPPLEMENTARY TABLE 1

Neurochemistry and Immunohistochemistry Antibodies. Primary and
secondary antibodies used in this study for Western blots and
immunohistochemistry.

SUPPLEMENTARY FIGURE 1

Initial choice latency and force-rewarded trials of high vs. low performing
fish after 4-weeks of glucose treatment. (A) High performing fish. There
were no differences in initial choice latency during contrast discrimination
reversal (p=0.879; top panel). The number of force-rewarded trials was
also not significantly different (bottom). (B) Low performing fish. There
was a significant difference in initial choice latency during reversal (R1,
p=0.002, top panel), with glucose-treated fish taking significantly longer
to make an initial decision compared to controls. There was a main effect
of treatment for the number of force rewarded trials during reversal on all
three days (p<0.001; bottom right). Data is represented as averages per
fish per training day + SE. Asterisks denote statistical significance.

SUPPLEMENTARY FIGURE 2

Optomotor responses after 4-weeks and 8-weeks of treatment. OMRs
were evoked in treated zebrafish as well as from fish directly removed
from stock (AHAB) tanks. We added stock fish as an additional handling
control. Performance ratio for each treatment group (top panels) were
normalized to the stock handling control (bottom panels) prior to
statistical analysis. Similar trends in OMR were observed at the 4-week
(A) and 8-week (B) timepoints. There were no statistical differences across
groups for either time point. Values are mean + SE.

SUPPLEMENTARY FIGURE 3

Initial choice latency and force-rewarded trials of high vs. low performing
fish after 8-weeks of glucose treatment. (A) High performing fish
displayed no differences in initial choice latency during reversal
(p=0.608, top panel). However, during reversal, high performing fish
showed a main effect of treatment (p=0.036) and day (p=0.041), with
more marked fish on R2 compared to R3 (bottom panel). (B) Low
performing fish displayed no differences in any parameters: initial
choice latency during reversal (p=0.608; top panel) and the number of
force-rewarded trials during reversal (bottom panel). Bars represent
mean values + SE. Asterisks denote statistical significance.
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SUPPLEMENTARY FIGURE 4

Micrographs of retinal flatmounts and in vitro endothelial cells to assess
vascular changes. (A) Flat mounted retinas collected from zebrafish
exposed to water, mannitol, or glucose for either 4-week or 8-week.
Flatmounts were stained with ZO-1 antibody to examine the vascular
network. Images were taken with Olympus BX61 at 20x magnification
using the GFP filter. Images are positioned at the optic nerve and vascular
network was quantified ~150 um from the center of the optic nerve.
Arrows highlight retinal vessels. (B) 400 x 400 dpi microscope images of
tube formation by 3B-11 endothelial cells cultured in either control
(unconditioned) media or media supplemented with mannitol or
glucose. Cultures were imaged at the 6.5 hr timepoint. Images were

References

1. Exalto LG, Biessels GJ, Karter AJ, Huang ES, Quesenberry CP, Whitmer RA.
Severe diabetic retinal disease and dementia risk in type 2 diabetes. ] Alzheimer’s
Dis (2014) 42 Suppl 3(03):5109-17. doi: 10.3233/JAD-132570

2. Crosby-Nwaobi RR, Sivaprasad S, Amiel S, Forbes A. The relationship
between diabetic retinopathy and cognitive impairment. Diabetes Care (2013) 36
(10):3177-86. doi: 10.2337/dc12-2141

3. Guthrie RA, Guthrie DW. Pathophysiology of diabetes mellitus. Crit Care
Nurse Quarterly (2004) 27(2):113-25. doi: 10.1097/00002727-200404000-00003

4. Danis RP, Davis MD. Proliferative diabetic retinopathy. In: EJ Duh, editor.
Diabetic retinopathy. Totowa, NJ: Humana Press (2008). p. 29-65. doi: 10.1007/
978-1-59745-563-3_2

5. Hagino N, Kobayashi S, Tsutsumi T, Horiuchi S, Nagai R, Setalo G, et al. Vascular
change of hippocampal capillary is associated with vascular change of retinal capillary in
aging. Brain Res Bull (2004) 62(6):537-47. doi: 10.1016/S0361-9230(03)00082-0

6. Ikram MK, Cheung CY, Wong TY, Chen CPLH. Retinal pathology as
biomarker for cognitive impairment and alzheimer’s disease. ] Neurol Neurosurg
Psychiatry (2012) 83(9):917-22. doi: 10.1136/jnnp-2011-301628

7. Yau PL, Kim M, Tirsi A, Convit A. Retinal vessel alterations and cerebral
white matter microstructural damage in obese adolescents with metabolic
syndrome. JAMA Pediatr (2014) 168(12):e142815. doi: 10.1001/
jamapediatrics.2014.2815

8. Ran RJ, Zheng XY, Du LP, Zhang XD, Chen XL, Zhu SY. Upregulated
inflammatory associated factors and blood-retinal barrier changes in the retina of
type2 diabetes mellitus model. Int J Ophthalmol (2016) 9(11):1591-7.
doi: 10.18240/ij0.2016.11.09

9. Kowluru RA, Mishra M, Kumar B. Diabetic retinopathy and transcriptional
regulation of a small molecular weight G-protein, Racl. Exp Eye Res (2016) 147:72-
7. doi: 10.1016/j.exer.2016.04.014

10. Luc K, Schramm-Luc A, Guzik TJ, Mikolajczyk TP. Oxidative stress and
inflammatory markers in prediabetes and diabetes. J Physiol Pharmacol (2019) 70
(6):111-13. doi: 10.26402/jpp.2019.6.01

11. Geng J, Wang L, Zhang L, Qin C, Song Y, Ma Y, et al. Blood-brain barrier
disruption induced cognitive impairment is associated with increase of
inflammatory cytokine. Front Aging Neurosci (2018) 10:1-11. doi: 10.3389/
fnagi.2018.00129

12. Van Dyken P, Lacoste B. Impact of metabolic syndrome on
neuroinflammation and the blood-brain barrier. Front Neurosci (2018) 12:1-19.
doi: 10.3389/fnins.2018.00930

13. Gouliopoulos NS, Kalogeropoulos C, Lavaris A, Rouvas A, Asproudis I,
Garmpi A, et al. Association of serum inflammatory markers and diabetic
retinopathy: A review of literature. Eur Rev Med Pharmacol Sci (2018) 22
(21):7113-28. doi: 10.26355/eurrev_201811_16243

14. Bogush M, Heldt NA, Persidsky Y. Blood brain barrier injury in diabetes:
Unrecognized effects on brain and cognition. ] Neuroimmune Pharmacol (2017) 12
(4):593-601. doi: 10.1007/s11481-017-9752-7

15. Stranahan AM, Hao S, Dey A, Yu X, Baban B. Blood-brain barrier
breakdown promotes macrophage infiltration and cognitive impairment in leptin
receptor-deficient mice. | Cereb Blood Flow Metab (2016) 36(12):2108-21.
doi: 10.1177/0271678X16642233

16. Rom S, Zuluaga-Ramirez V, Gajghate S, Seliga A, Winfield M, Heldt NA,
et al. Hyperglycemia-driven neuroinflammation compromises BBB leading to
memory loss in both diabetes mellitus (DM) type 1 and type 2 mouse models.
Mol Neurobiol (2019) 56(3):1883-96. doi: 10.1007/s12035-018-1195-5

Frontiers in Ophthalmology

10.3389/fopht.2022.947571

used to calculate the formation of nodes, branches, and meshes within
each treatment group.

SUPPLEMENTARY FIGURE 5

PKCa levels in retinal homogenates after 4-weeks of hyperglycemia. (A)
Western Blots showing differences in PKCa protein levels across
treatments. PKCa levels were significantly increased in both mannitol-
and glucose-treated tissue. (B) Fold change in protein levels determined
by densitometry. Each sample was run in technical replicates and protein
levels were normalized to B-actin. Data in (B) is mean + SE. Asterisk
denotes statistical significance. White bars = water-treated, gray bars =
mannitol-treated, Black bars = glucose-treated.

17. Takechi R, Lam V, Brook E, Giles C, Fimognari N, Mooranian A, et al.
Blood-brain barrier dysfunction precedes cognitive decline and neurodegeneration
in diabetic insulin resistant mouse model: An implication for causal link. Front
Aging Neurosci (2017) 9:399/full. doi: 10.3389/fnagi.2017.00399/full

18. Gleeson M, Connaughton V, Arneson LS. Induction of hyperglycaemia in
zebrafish (Danio rerio) leads to morphological changes in the retina. Acta Diabetol
(2007) 44(3):157-63. doi: 10.1007/s00592-007-0257-3

19. Connaughton VP, Baker C, Fonde L, Gerardi E, Slack C. Alternate
immersion in an external glucose solution differentially affects blood sugar values
in older versus younger zebrafish adults. Zebrafish (2016) 13(2):87-94.
doi: 10.1089/zeb.2015.1155

20. Tanvir Z, Nelson RF, DeCicco-Skinner K, Connaughton VP. One month of
hyperglycemia alters spectral responses of the zebrafish photopic
electroretinogram. Dis Models Mech (2018) 11(10):dmm035220. doi: 10.1242/
dmm.035220

21. Alvarez Y, Chen K, Reynolds AL, Waghorne N, O’Connor JJ, Kennedy BN.
Predominant cone photoreceptor dysfunction in a hyperglycaemic model of non-
proliferative diabetic retinopathy. Dis Models Mech (2010) 3(3-4):236-45.
doi: 10.1242/dmm.003772

22. Capiotti KM, De Moraes DA, Menezes FP, Kist LW, Bogo MR, Da Silva RS.
Hyperglycemia induces memory impairment linked to increased
acetylcholinesterase activity in zebrafish (Danio rerio). Behav Brain Res (2014)
274:319-25. doi: 10.1016/j.bbr.2014.08.033

23. Intine RV, Olsen AS, Sarras MPJr. A zebrafish model of diabetes mellitus
and metabolic memory. J Visual Exp (2013) 72):e50232. doi: 10.3791/50232

24. Olsen AS, Sarras MP, Intine RV, Intine RV. Limb regeneration is impaired
in an adult zebrafish model of diabetes mellitus. Wound Repair Regen (2010) 18
(5):532-42. doi: 10.1111/j.1524-475X.2010.00613.x

25. McCarthy E, Rowe CJ, Crowley-Perry M, Connaughton VP. Alternate
immersion in glucose to produce prolonged hyperglycemia in zebrafish. J Visual
Exp (2021) 171:61935. doi: 10.3791/61935

26. Ishikawa A, Ishiguro S, Tamai M. Accumulation of gamma-aminobutyric
acid in diabetic rat retinal miiller cells evidenced by electron microscopic
immunocytochemistry. Curr Eye Res (1996) 15(9):958-64. doi: 10.3109/
02713689609017641

27. Ishikawa A, Ishiguro S-I, Tamai M. Changes in GABA metabolism in
streptozotocin-induced diabetic rat retinas. Curr Eye Res (1996) 15(1):63-71.
doi: 10.3109/02713689609017612

28. Ramsey DJ, Ripps H, Qian H. Streptozotocin-induced diabetes modulates
GABA receptor activity in rat retinal neurons. Exp Eye Res (2007) 85:413-22. doi:
10.1016/j.exer.2007.06.005

29. Ramsey DJ, Ripps H, Qian H. An electrophysiological study of retinal
function in the diabetic female rat. Invest Opthalmol Visual Sci (2006) 47(11):5116.
doi: 10.1167/i0vs.06-0364

30. Takeo-Goto S, Doi M, Ma N, Goto R, Semba R, Uji Y.
Immunohistochemical localization of amino acids in the diabetic retina of goto-
kakizaki rats. Ophthal Res (2002) 34(3):139-45. doi: 10.1159/000063657

31. Gibson CJ. Diurnal alterations in retinal tyrosine level and dopamine
turnover in diabetic rats. Brain Res (1988) 454(1-2):60-6. doi: 10.1016/0006-
8993(88)90803-7

32. Nishimura C, Kuriyama K. Alterations in the retinal dopaminergic neuronal
system in rats with streptozotocin-induced diabetes. ] Neurochem (1985) 45
(2):448-55. doi: 10.1111/j.1471-4159.1985.tb04008.x

frontiersin.org


https://doi.org/10.3233/JAD-132570
https://doi.org/10.2337/dc12-2141
https://doi.org/10.1097/00002727-200404000-00003
https://doi.org/10.1007/978-1-59745-563-3_2
https://doi.org/10.1007/978-1-59745-563-3_2
https://doi.org/10.1016/S0361-9230(03)00082-0
https://doi.org/10.1136/jnnp-2011-301628
https://doi.org/10.1001/jamapediatrics.2014.2815
https://doi.org/10.1001/jamapediatrics.2014.2815
https://doi.org/10.18240/ijo.2016.11.09
https://doi.org/10.1016/j.exer.2016.04.014
https://doi.org/10.26402/jpp.2019.6.01
https://doi.org/10.3389/fnagi.2018.00129
https://doi.org/10.3389/fnagi.2018.00129
https://doi.org/10.3389/fnins.2018.00930
https://doi.org/10.26355/eurrev_201811_16243
https://doi.org/10.1007/s11481-017-9752-7
https://doi.org/10.1177/0271678X16642233
https://doi.org/10.1007/s12035-018-1195-5
https://doi.org/10.3389/fnagi.2017.00399/full
https://doi.org/10.1007/s00592-007-0257-3
https://doi.org/10.1089/zeb.2015.1155
https://doi.org/10.1242/dmm.035220
https://doi.org/10.1242/dmm.035220
https://doi.org/10.1242/dmm.003772
https://doi.org/10.1016/j.bbr.2014.08.033
https://doi.org/10.3791/50232
https://doi.org/10.1111/j.1524-475X.2010.00613.x
https://doi.org/10.3791/61935
https://doi.org/10.3109/02713689609017641
https://doi.org/10.3109/02713689609017641
https://doi.org/10.3109/02713689609017612
https://doi.org/10.1016/j.exer.2007.06.005
https://doi.org/10.1167/iovs.06-0364
https://doi.org/10.1159/000063657
https://doi.org/10.1016/0006-8993(88)90803-7
https://doi.org/10.1016/0006-8993(88)90803-7
https://doi.org/10.1111/j.1471-4159.1985.tb04008.x
https://doi.org/10.3389/fopht.2022.947571
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

Rowe et al.

33. Anita NZ, Zebarth J, Chan B, Wu CY, Syed T, Shahrul D, et al.
Inflammatory markers in type 2 diabetes with vs. without cognitive impairment;
a systematic review and meta-analysis. Brain Behavior Immun (2022) 100:55-69.
doi: 10.1016/j.bbi.2021.11.005

34. Rowe CJ, Crowley-Perry M, McCarthy E, Davidson TL, Connaughton VP.
The three-chamber choice behavioral task using zebrafish as a model system. J
Visual Exp (2021) 170:¢61934. doi: 10.3791/61934

35. Ruhl T, Prinz N, Oellers N, Seidel NI, Jonas A, Albayram O, et al. Acute
administration of THC impairs spatial but not associative memory function in
zebrafish. Psychopharmacology (2014) 231(19):3829-42. doi: 10.1007/s00213-014-
3522-5

36. Gellermann LW. Chance orders of alternating stimuli in visual
discrimination experiments. Pedagogical Seminary ] Genet Psychol (1933) 42
(1):206-8. doi: 10.1080/08856559.1933.10534237

37. LeFauve MK, Connaughton VP. Developmental exposure to heavy metals
alters visually-guided behaviors in zebrafish. Curr Zool (2017) 63(2):221-7.
doi: 10.1093/cz/z0x017

38. Lefauve MK, Rowe CJ, Crowley-perry M, Wiegand JL, Shapiro AG,
Connaughton VP. Using a variant of the optomotor response as a visual defect
detection assay in zebrafish. Journal of Biological Methods (2021) 8(1):1-8. doi:
10.14440/jbm.2021.341

39. Eames SC, Philipson LH, Prince VE, Kinkel MD. Blood sugar measurement
in zebrafish reveals dynamics of glucose homeostasis. Zebrafish (2010) 7(2):205-13.
doi: 10.1089/zeb.2009.0640

40. DeCicco-Skinner KL, Henry GH, Cataisson C, Tabib T, Gwilliam JC,
Watson NJ, et al. Endothelial cell tube formation assay for the in vitro study of
angiogenesis. J Visual Exp (2014) 10(91):1-8. doi: 10.3791/51312

41. Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen AS,
Pedersen BK, et al. Gut microbiota in human adults with type 2 diabetes differs
from non-diabetic adults. PloS One (2010) 5(2):¢9085. doi: 10.1371/
journal.pone.0009085

42. Qin J, Li Y, Cai Z, Li S, Zhu ], Zhang F, et al. A metagenome-wide
association study of gut microbiota in type 2 diabetes. Nature (2012) 490
(7418):55-60. doi: 10.1038/nature11450

43. Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-
Kampczyk U, et al. Sex differences in the gut microbiome drive hormone-
dependent regulation of autoimmunity. Sci (New York NY) (2013) 339
(6123):1084-8. doi: 10.1126/science.1233521

44. Hara N, Alkanani AK, Ir D, Robertson CE, Wagner BD, Frank DN, et al.
The role of the intestinal microbiota in type 1 diabetes. Clin Immunol (2013) 146
(2):112-9. doi: 10.1016/j.clim.2012.12.001

45. Anitha M, Gondha C, Sutliff R, Parsadanian A, Mwangi S, Sitaraman SV,
et al. GDNF rescues hyperglycemia-induced diabetic enteric neuropathy through
activation of the PI3K/Akt pathway. J Clin Invest (2006) 116(2):344-56. doi:
10.1172/JCI26295

46. Madic V, Petrovi¢ A, Juskovic M, Jugovi¢ D, Djordjevic L, Stojanovi¢c G,
et al. Polyherbal mixture ameliorates hyperglycemia, hyperlipidemia and
histopathological changes of pancreas, kidney and liver in a rat model of type 1
diabetes. J Ethnopharmacol (2021) 265:113210. doi: 10.1016/j.jep.2020.113210

47. Gargouri M, Magné C, El Feki A. Hyperglycemia, oxidative stress, liver
damage and dysfunction in alloxan-induced diabetic rat are prevented by spirulina
supplementation. Nutr Res (New York NY) (2016) 36(11):1255-68. doi: 10.1016/
jnutres.2016.09.011

48. Sanchez-Gonzalez C, Moreno L, Aranda P, Montes-Bayon M, Llopis J,
Rivas-Garcia L. Effect of Bis(maltolato)oxovanadium(IV) on zinc, copper, and
manganese homeostasis and DMT1 mRNA expression in streptozotocin-induced
hyperglycemic rats. Biology (2022) 11(6):814. doi: 10.3390/biology11060814

49. Zang L, Shimada Y, Nishimura N. Development of a novel zebrafish model
for type 2 diabetes mellitus. Sci Rep (2017) 7(1):1-11. doi: 10.1038/s41598-017-
01432-w

50. Adamis AP, Berman AJ. Immunological mechanisms in the pathogenesis of
diabetic retinopathy. Semin Immunopathol (2008) 30(2):65-84. doi: 10.1007/
500281-008-0111-x

51. Qaum T, Xu Q, Joussen AM, Clemens MW, Qin W, Miyamoto K, et al.
VEGF-initiated blood-retinal barrier breakdown in early diabetes. Invest
Ophthalmol Visual Sci (2001) 42(10):2408-13. Available at: https://iovs.
arvojournals.org/article.aspx?articleid=2200054

52. Kern TS. In vivo models of diabetic retinopathy. In: Diabetic retinopathy.
Totowa, NJ: Humana Press (2008). p. 137-56. doi: 10.1007/978-1-59745-563-3_5

53. Joussen AM, Huang S, Poulaki V, Camphausen K, Beecken W, Kirchhof B,
et al. In vivo retinal gene expression in early diabetes. Invest Ophthalmol Visual Sci
(2001) 42(12):3047-57. Available at: https://iovs.arvojournals.org/article.aspx?
articleid=2123578

Frontiers in Ophthalmology

10.3389/fopht.2022.947571

54. Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM, et al. IKK-
links inflammation to obesity-induced insulin resistance. Nat Med (2005) 11
(2):191-8. doi: 10.1038/nm1185

55. Carrasco E, Hernandez C, de Torres I, Farrés J, Simo R. Lowered cortistatin
expression is an early event in the human diabetic retina and is associated with
apoptosis and glial activation. Mol Vision (2008) 14:1496-502. Available at: https://
pubmed.ncbi.nlm.nih.gov/18709137/

56. Mizutani M, Gerhardinger C, Lorenzi M. Miiller cell changes in human
diabetic retinopathy. Diabetes (1998) 47(3):445-9. doi: 10.2337/
diabetes.47.3.445

57. Amin RH, Frank RN, Kennedy A, Eliott D, Puklin JE, Abrams GW.
Vascular endothelial growth factor is present in glial cells of the retina and optic
nerve of human subjects with nonproliferative diabetic retinopathy. Invest
Ophthalmol Visual Sci (1997) 38(1):36-47. Available at: https://iovs.arvojournals.
org/article.aspx?articleid=2161378&resultClick=1

58. Agardh E, Bruun A, Agardh C-D. Retinal glial cell immunoreactivity and
neuronal cell changes in rats with STZ-induced diabetes. Curr Eye Res (2001) 23
(4):276-84. doi: 10.1076/ceyr.23.4.276.5459

59. Barber AJ, Antonetti DA, Gardner TW. Altered expression of retinal
occludin and glial fibrillary acidic protein in experimental diabetes. the Penn
state retina research group. Invest Ophthalmol Visual Sci (2000) 41(11):3561-8.
Available at: https://iovs.arvojournals.org/article.aspx?articleid=
2123137&resultClick=1

60. Baydas G, Tuzcu M, Yasar A, Baydas B. Early changes in glial reactivity and
lipid peroxidation in diabetic rat retina: effects of melatonin. Acta Diabetol (2004)
41(3):123-8. doi: 10.1007/s00592-004-0155-x

61. Tandiev I, Pannicke T, Reichenbach A, Wiedemann P, Bringmann A.
Diabetes alters the localization of glial aquaporins in rat retina. Neurosci Lett
(2007) 421(2):132-6. doi: 10.1016/j.neulet.2007.04.076

62. Lieth E, Barber AJ, Xu B, Dice C, Ratz MJ, Tanase D, et al. Glial reactivity
and impaired glutamate metabolism in short-term experimental diabetic
retinopathy. Penn state retina research group. Diabetes (1998) 47(5):815-20.
doi: 10.2337/diabetes.47.5.815

63. Rungger-Brindle E, Dosso AA, Leuenberger PM. Glial reactivity, an early
feature of diabetic retinopathy. Invest Ophthalmol Visual Sci (2000) 41(7):1971-80.
doi: 10.1167/i0vs.63.3.8

64. Zeng X-X, Ng Y-K, Ling E-A. Neuronal and microglial response in the
retina of streptozotocin-induced diabetic rats. Visual Neurosci (2000) 17(3):463—
71. doi: 10.1017/50952523800173122

65. Gerhardinger C, Costa MB, Coulombe MC, Toth I, Hoehn T, Grosu P.
Expression of acute-phase response proteins in retinal miiller cells in diabetes.
Invest Opthalmol Visual Sci (2005) 46(1):349. doi: 10.1167/iovs.04-0860

66. Feit-Leichman RA, Kinouchi R, Takeda M, Fan Z, Mohr S, Kern TS, et al.
Vascular damage in a mouse model of diabetic retinopathy: Relation to neuronal
and glial changes. Invest Opthalmol Visual Sci (2005) 46(11):4281. doi: 10.1167/
iovs.04-1361

67. Cohen RA, Tesfamariam B. Diabetes mellitus and the vascular endothelium.
In: Hyperglycemia, diabetes, and vascular disease. New York, NY: Springer New
York (1992). p. 48-58. doi: 10.1007/978-1-4614-7524-8_4

68. Kannel WB, McGee DL. Diabetes and cardiovascular disease. JAMA (1979)
241(19):2035. doi: 10.1001/jama.1979.03290450033020

69. Greene C, Hanley N, Campbell M. Claudin-5: Gatekeeper of neurological
function. Fluids Barriers CNS (2019) 16(1):1-15. doi: 10.1186/s12987-019-0123-z

70. Yoo DY, Yim HS, Jung HY, Nam SM, Kim JW, Choi JH. Chronic type 2
diabetes reduces the integrity of the blood-brain barrier by reducing tight junction
proteins in the hippocampus. Journal of Veterinary Medical Science (2016)
2016:15-0589. doi: 10.1292/jvms.15-0589

71. Stamatovic SM, Johnson AM, Keep RF, Andjelkovic AV. Junctional proteins
of the blood-brain barrier: New insights into function and dysfunction. Tissue
Barriers (2016) 4(1):1-12. doi: 10.1080/21688370.2016.1154641

72. Dorsemans A, Lefebvre C, Meilhac O, Diotel N. Impaired constitutive and
regenerative neurogenesis in adult hyperglycemic zebrafish. Journal of Comparative
Neurology (2017) 458:442-58. doi: 10.1002/cne.24065

73. Zanotto C, Simao F, Gasparin MS, Biasibetti R, Tortorelli LS, Nardin P, et al.
Exendin-4 reverses biochemical and functional alterations in the blood-brain and
blood-CSF barriers in diabetic rats. Mol Neurobiol (2017) 54(3):2154-66. doi:
10.1007/s12035-016-9798-1

74. Weast R, Astle M. CRC Handbook of chemistry and physics. Boca Raton,
Florida: CRC Press, Inc (1982).

75. Lam DS, Chua JK, Tham CC, Lai JS. Efficacy and safety of immediate
anterior chamber paracentesis in the treatment of acute primary angle-closure
glaucoma. Ophthalmology (2002) 109(1):64-70. doi: 10.1016/S0161-6420(01)
00857-0

frontiersin.org


https://doi.org/10.1016/j.bbi.2021.11.005
https://doi.org/10.3791/61934
https://doi.org/10.1007/s00213-014-3522-5
https://doi.org/10.1007/s00213-014-3522-5
https://doi.org/10.1080/08856559.1933.10534237
https://doi.org/10.1093/cz/zox017
https://doi.org/10.14440/jbm.2021.341
https://doi.org/10.1089/zeb.2009.0640
https://doi.org/10.3791/51312
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1038/nature11450
https://doi.org/10.1126/science.1233521
https://doi.org/10.1016/j.clim.2012.12.001
https://doi.org/10.1172/JCI26295
https://doi.org/10.1016/j.jep.2020.113210
https://doi.org/10.1016/j.nutres.2016.09.011
https://doi.org/10.1016/j.nutres.2016.09.011
https://doi.org/10.3390/biology11060814
https://doi.org/10.1038/s41598-017-01432-w
https://doi.org/10.1038/s41598-017-01432-w
https://doi.org/10.1007/s00281-008-0111-x
https://doi.org/10.1007/s00281-008-0111-x
https://iovs.arvojournals.org/article.aspx?articleid=2200054
https://iovs.arvojournals.org/article.aspx?articleid=2200054
https://doi.org/10.1007/978-1-59745-563-3_5
https://iovs.arvojournals.org/article.aspx?articleid=2123578
https://iovs.arvojournals.org/article.aspx?articleid=2123578
https://doi.org/10.1038/nm1185
https://pubmed.ncbi.nlm.nih.gov/18709137/
https://pubmed.ncbi.nlm.nih.gov/18709137/
https://doi.org/10.2337/diabetes.47.3.445
https://doi.org/10.2337/diabetes.47.3.445
https://iovs.arvojournals.org/article.aspx?articleid=2161378&resultClick=1
https://iovs.arvojournals.org/article.aspx?articleid=2161378&resultClick=1
https://doi.org/10.1076/ceyr.23.4.276.5459
https://iovs.arvojournals.org/article.aspx?articleid=2123137&resultClick=1
https://iovs.arvojournals.org/article.aspx?articleid=2123137&resultClick=1
https://doi.org/10.1007/s00592-004-0155-x
https://doi.org/10.1016/j.neulet.2007.04.076
https://doi.org/10.2337/diabetes.47.5.815
https://doi.org/10.1167/iovs.63.3.8
https://doi.org/10.1017/S0952523800173122
https://doi.org/10.1167/iovs.04-0860
https://doi.org/10.1167/iovs.04-1361
https://doi.org/10.1167/iovs.04-1361
https://doi.org/10.1007/978-1-4614-7524-8_4
https://doi.org/10.1001/jama.1979.03290450033020
https://doi.org/10.1186/s12987-019-0123-z
https://doi.org/10.1292/jvms.15-0589
https://doi.org/10.1080/21688370.2016.1154641
https://doi.org/10.1002/cne.24065
https://doi.org/10.1007/s12035-016-9798-1
https://doi.org/10.1016/S0161-6420(01)00857-0
https://doi.org/10.1016/S0161-6420(01)00857-0
https://doi.org/10.3389/fopht.2022.947571
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

Rowe et al.

76. Rhee DJ, Ramos-Esteban JC, Nipper KS. Rapid resolution of topiramate-
induced angle-closure glaucoma with methylprednisolone and mannitol. Am J
Ophthalmol (2006) 141(6):1133-4. doi: 10.1016/j.2j0.2006.01.021

77. Jin X, Xue A, Zhao Y, Qin Q, Dong X-DE, Qu J. Efficacy and safety of
intravenous injection of lidocaine in the treatment of acute primary angle-closure
glaucoma: a pilot study. Graefe’s Arch Clin Exp Ophthalmol (2007) 245(11):1611-6.
doi: 10.1007/s00417-007-0572-y

78. Nagaraju M, Saleh M, Porciatti V. IOP-dependent retinal ganglion cell
dysfunction in glaucomatous DBA/2] mice. Invest Opthalmol Visual Sci (2007) 48
(10):4573. doi: 10.1167/iovs.07-0582

79. Shin KJ, Lee DG, Park HM, Choi MY, Bae JH, Lee ET. The merits of
mannitol in the repair of orbital blowout fracture. Arch Plast Surg (2013) 40(6):721.
doi: 10.5999/aps.2013.40.6.721

80. Gonzales-Portillo GS, Sanberg PR, Franzblau M, Gonzales-Portillo C,
Diamandis T, Staples M, et al. Mannitol-enhanced delivery of stem cells and
their growth factors across the blood-brain barrier. Cell Transplant (2014) 23(4-
5):531-9. doi: 10.3727/096368914X678337

81. Ikeda M, Bhattacharjee AK, Kondoh T, Nagashima T, Tamaki N. Synergistic
effect of cold mannitol and Na+/Ca2+ exchange blocker on blood-brain barrier
opening. Biochem Biophys Res Commun (2002) 291(3):669-74. doi: 10.1006/
bbrc.2002.6495

82. Lee Y, Yang J. Development of a zebrafish screening model for diabetic
retinopathy induced by hyperglycemia: Reproducibility verification in animal
model. Biomed Pharmacother (2021) 135:111201. doi: 10.1016/
j-biopha.2020.111201

83. Scuteri A, Najjar SS, Muller DC, Andres R, Hougaku H, Metter EJ, et al.
Metabolic syndrome amplifies the age-associated increases in vascular thickness
and stiffness. ] Am Coll Cardiol (2004) 43(8):1388-95. doi: 10.1016/
jjacc.2003.10.061

84. Lin H-J, Hong Z-Y, Li Y-K, Liau I. Fluorescent tracer of dopamine
enables selective labelling and interrogation of dopaminergic amacrine cells in
the retina of living zebrafish. RSC Adv (2016) 6(75):71589-95. doi: 10.1039/
C6RA13073A

85. Puro DG. Diabetes-induced dysfunction of retinal Miiller cells. Trans Am
Ophthalmol Soc (2002) 100:339-52. Available at: https://pubmed.ncbi.nlm.nih.gov/
12545700/

86. Ward MM, Jobling Al, Kalloniatis M, Fletcher EL. Glutamate uptake in
retinal glial cells during diabetes. Diabetologia (2005) 48(2):351-60. doi: 10.1007/
s00125-004-1639-5

87. Fletcher EL, Phipps JA, Ward MM, Puthussery T, Wilkinson-Berka JL. No
title. Curr Pharm Design (2007) 13(26):2699-712. doi: 10.2174/
138161207781662920

88. Ambati ], Chalam KV, Chawla DK, D’Angio CT, Guillet EG, Rose SJ, et al.
Elevated gamma-aminobutyric acid, glutamate, and vascular endothelial growth
factor levels in the vitreous of patients with proliferative diabetic retinopathy. Arch
Ophthalmol (Chicago IIl : 1960) (1997) 115(9):1161-6. doi: 10.1001/
archopht.1997.01100160331011

89. Honda M, Inoue M, Okada Y, Yamamoto M. Alteration of the GABAergic
neuronal system of the retina and superior colliculus in streptozotocin-induced
diabetic rat. Kobe ] Med Sci (1998) 44(1):1-8. Available at: https://pubmed.ncbi.
nlm.nih.gov/9846053/

90. Vilchis C, Salceda R. Effect of diabetes on levels and uptake of putative
amino acid neurotransmitters in rat retina and retinal pigment epithelium.
Neurochem Res (1996) 21(10):1167-71. doi: 10.1007/BF02532391

91. Gastinger MJ, Singh RSJ, Barber AJ. Loss of cholinergic and dopaminergic
amacrine cells in streptozotocin- diabetic rat and Ins2Akita-diabetic mouse
retinas. Invest Ophthalmol Visual Sci (2006) 47(7):3143-50. doi: 10.1167/
i0vs.05-1376

92. Larabi Y, Dahmani Y, Gernigon T, Nguyen-Legros J. Tyrosine hydroxylase
immunoreactivity in the retina of the diabetic sand rat Psammomys obesus. ] Fur
Hirnforschung (1991) 32(4):525-31. Available at: https://pubmed.ncbi.nlm.nih.
gov/1687044/

93. Northington FK, Hamill RW, Banerjee SP. Dopamine-stimulated adenylate
cyclase and tyrosine hydroxylase in diabetic rat retina. Brain Res (1985) 337
(1):151-4. doi: 10.1016/0006-8993(85)91621-X

94. Fernstrom MH, Volk EA, Fernstrom JD. In vivo tyrosine hydroxylation in
the diabetic rat retina: effect of tyrosine administration. Brain Res (1984) 298
(1):167-70. doi: 10.1016/0006-8993(84)91163-6

95. Fernstrom MH, Volk EA, Fernstrom JD, Iuvone PM. Effect of tyrosine
administration on dopa accumulation in light- and dark-adapted retinas from
normal and diabetic rats. Life Sci (1986) 39(22):2049-57. doi: 10.1016/0024-3205
(86)90355-3

96. Connaughton VP, Behar TN, Liu WL, Massey SC. Immunocytochemical
localization of excitatory and inhibitory neurotransmitters in the zebrafish retina.
Visual Neurosci (1999) 16(3):483-90. doi: 10.1017/S0952523899163090

Frontiers in Ophthalmology

20

10.3389/fopht.2022.947571

97. Yazulla S, Studholme KM. Neurochemical anatomy of the zebrafish retina as
determined by immunocytochemistry. J Neurocytol (2001) 30(7):551-92. doi:
10.1023/A:1016512617484

98. Haug MF, Berger M, Gesemann M, Neuhauss SCF. Differential expression
of PKCo and -B in the zebrafish retina. Histochem Cell Biol (2019) 151(6):521-30.
doi: 10.1007/s00418-018-1764-8

99. Yazulla S, Studholme KM, McIntosh HH, Fan SF. Cannabinoid receptors on
goldfish retinal bipolar cells: Electron- microscope immunocytochemistry and
whole-cell recordings. Visual Neurosci (2000) 17(3):391-401. doi: 10.1017/
§0952523800173079

100. Gabriel R, Lesauter J, Silver R, Garcia-Espafia A, Witkovsky P. Diurnal and
circadian variation of protein kinase ¢ immunoreactivity in the rat retina. ] Comp
Neurol (2001) 439(2):140-50. doi: 10.1002/cne.1338

101. Ahn M, Moon C, Jung C, Kim H, Jin J-K, Shin T. Immunohistochemical
localization of protein kinase c-alpha in the retina of pigs during postnatal
development. Neurosci Lett (2009) 455(2):93-6. doi: 10.1016/
jneulet.2009.03.053

102. Wallentén KG, Malmsjé M, Andreasson S, Wackenfors A, Johansson K,
Ghosh F. Retinal function and PKC alpha expression after focal laser
photocoagulation. Graefe’s Arch Clin Exp Ophthalmol (2007) 245(12):1815-24.
doi: 10.1007/s00417-007-0646-x

103. Kowluru RA. Diabetes-induced elevations in retinal oxidative stress,
protein kinase ¢ and nitric oxide are interrelated. Acta Diabetol (2001) 38
(4):179-85. doi: 10.1007/s592-001-8076-6

104. Koya D, King GL. Protein kinase ¢ activation and the development of
diabetic complications. Diabetes (1998) 47(6):859-66. doi: 10.2337/
diabetes.47.6.859

105. Rowley MJ, Mackay IR, Chen QY, Knowles W], Zimmet PZ. Antibodies to
glutamic acid decarboxylase discriminate major types of diabetes mellitus. Diabetes
(1992) 41(4):548-51. doi: 10.2337/diab.41.4.548

106. Tuomi T, Groop LC, Zimmet PZ, Rowley MJ, Knowles W, Mackay IR.
Antibodies to glutamic acid decarboxylase reveal latent autoimmune diabetes
mellitus in adults with a non-insulin-dependent onset of disease. Diabetes (1993)
42(2):359-62. doi: 10.2337/diab.42.2.359

107. Soltani N, Qiu H, Aleksic M, Glinka Y, Zhao F, Liu R, et al. GABA exerts
protective and regenerative effects on islet beta cells and reverses diabetes. Proc Natl
Acad Sci United States America (2011) 108(28):11692-7. doi: 10.1073/
pnas.1102715108

108. Blum K, Thanos PK, Gold MS. Dopamine and glucose, obesity and
reward deficiency syndrome. Front Psychol (2014) 5:1-11. doi: 10.3389/
fpsyg.2014.00919

109. Ramakrishnan R, Nazer MY, Suthanthirarajan N, Namasivayam A. An
experimental analysis of the catecholamines in hyperglycemia and acidosis induced
rat brain. Int ] Immunopathol Pharmacol (2003) 16(3):233-9. doi: 10.1177/
039463200301600308

110. Renaud J, Bassareo V, Beaulieu ], Pinna A, Schlich M, Lavoie C, et al.
Dopaminergic neurodegeneration in a rat model of long-term hyperglycemia:
preferential degeneration of the nigrostriatal motor pathway. Neurobiol Aging
(2018) 69:117-28. doi: 10.1016/j.neurobiolaging.2018.05.010

111. Yan HQ, Ma X, Chen X, Li Y, Shao L, Dixon CE. Delayed increase of
tyrosine hydroxylase expression in rat nigrostriatal system after traumatic
brain injury. Brain Res (2007) 1134(1):171-9. doi: 10.1016/j.brainres.
2006.11.087

112. Portugues R, Engert F. The neural basis of visual behaviors in the larval
zebrafish. Curr Opin Neurobiol (2009) 19(6):644-7. doi: 10.1016/
j.conb.2009.10.007

113. Rock I, Smith D. The optomotor response and induced motion of the self.
Perception (1986) 15(4):497-502. doi: 10.1068/p150497

114. Heloysa AS, Jaquelinne P da S, Silva PF, Luchiari AC. Individual
differences in response to alcohol exposure in zebrafish (Danio rerio). PloS One
(2018) 13(6):1-12. doi: 10.1371/journal.pone.0198856

115. Leite-Ferreira ME, Araujo-Silva H, Luchiari AC. Individual differences in
hatching time predict alcohol response in zebrafish. Front Behav Neurosci (2019)
13:1-9. doi: 10.3389/fnbeh.2019.00166

COPYRIGHT

© 2022 Rowe, Delbridge-Perry, Bonan, Cohen, Bentley, DeCicco-Skinner,
Davidson and Connaughton. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

frontiersin.org


https://doi.org/10.1016/j.ajo.2006.01.021
https://doi.org/10.1007/s00417-007-0572-y
https://doi.org/10.1167/iovs.07-0582
https://doi.org/10.5999/aps.2013.40.6.721
https://doi.org/10.3727/096368914X678337
https://doi.org/10.1006/bbrc.2002.6495
https://doi.org/10.1006/bbrc.2002.6495
https://doi.org/10.1016/j.biopha.2020.111201
https://doi.org/10.1016/j.biopha.2020.111201
https://doi.org/10.1016/j.jacc.2003.10.061
https://doi.org/10.1016/j.jacc.2003.10.061
https://doi.org/10.1039/C6RA13073A
https://doi.org/10.1039/C6RA13073A
https://pubmed.ncbi.nlm.nih.gov/12545700/
https://pubmed.ncbi.nlm.nih.gov/12545700/
https://doi.org/10.1007/s00125-004-1639-5
https://doi.org/10.1007/s00125-004-1639-5
https://doi.org/10.2174/138161207781662920
https://doi.org/10.2174/138161207781662920
https://doi.org/10.1001/archopht.1997.01100160331011
https://doi.org/10.1001/archopht.1997.01100160331011
https://pubmed.ncbi.nlm.nih.gov/9846053/
https://pubmed.ncbi.nlm.nih.gov/9846053/
https://doi.org/10.1007/BF02532391
https://doi.org/10.1167/iovs.05-1376
https://doi.org/10.1167/iovs.05-1376
https://pubmed.ncbi.nlm.nih.gov/1687044/
https://pubmed.ncbi.nlm.nih.gov/1687044/
https://doi.org/10.1016/0006-8993(85)91621-X
https://doi.org/10.1016/0006-8993(84)91163-6
https://doi.org/10.1016/0024-3205(86)90355-3
https://doi.org/10.1016/0024-3205(86)90355-3
https://doi.org/10.1017/S0952523899163090
https://doi.org/10.1023/A:1016512617484
https://doi.org/10.1007/s00418-018-1764-8
https://doi.org/10.1017/S0952523800173079
https://doi.org/10.1017/S0952523800173079
https://doi.org/10.1002/cne.1338
https://doi.org/10.1016/j.neulet.2009.03.053
https://doi.org/10.1016/j.neulet.2009.03.053
https://doi.org/10.1007/s00417-007-0646-x
https://doi.org/10.1007/s592-001-8076-6
https://doi.org/10.2337/diabetes.47.6.859
https://doi.org/10.2337/diabetes.47.6.859
https://doi.org/10.2337/diab.41.4.548
https://doi.org/10.2337/diab.42.2.359
https://doi.org/10.1073/pnas.1102715108
https://doi.org/10.1073/pnas.1102715108
https://doi.org/10.3389/fpsyg.2014.00919
https://doi.org/10.3389/fpsyg.2014.00919
https://doi.org/10.1177/039463200301600308
https://doi.org/10.1177/039463200301600308
https://doi.org/10.1016/j.neurobiolaging.2018.05.010
https://doi.org/10.1016/j.brainres.2006.11.087
https://doi.org/10.1016/j.brainres.2006.11.087
https://doi.org/10.1016/j.conb.2009.10.007
https://doi.org/10.1016/j.conb.2009.10.007
https://doi.org/10.1068/p150497
https://doi.org/10.1371/journal.pone.0198856
https://doi.org/10.3389/fnbeh.2019.00166
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fopht.2022.947571
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

	Time dependent effects of prolonged hyperglycemia in zebrafish brain and retina
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Induction of hyperglycemia
	2.3 Three-chamber choice task
	2.4 Optomotor response (OMR)
	2.5 Neurochemistry
	2.6 Immunohistochemistry of retinal flatmounts
	2.7 In vitro tube formation assay
	2.8 Statistical Analyses

	3 Results
	3.1 Changes after one month (4-weeks) of hyperglycemia
	3.1.1 Wet weight and blood glucose
	3.1.2 Initial choice latency and force rewarded trials
	3.1.3 Discrimination ratio
	3.1.4 Optomotor responses
	3.1.5 Neurochemistry

	3.2 Changes after two months (8-weeks) of hyperglycemia
	3.2.1 Wet weight and blood glucose
	3.2.2 Initial choice latency and force-rewarded trials
	3.2.3 Discrimination ratio
	3.2.4 Optomotor responses
	Neurochemistry

	3.3 In vivo and in vitro assessment of vascular changes

	4 Discussion
	4.1 Hyperglycemic induction
	4.2 Effect on inflammatory proteins
	4.3 Effect on vascular tight junction proteins
	4.4 Vascular morphology
	4.5 Effects on neuronal proteins
	4.6 Effects on behavioral measures
	4.7 Does hyperglycemia cause similar effects in zebrafish brain and retina?

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


