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Purrosk. To assess the changes in retinal morphology in a rat model of chronic glaucoma
induced by ocular hypertension.

MetHoDps. Intraocular pressure (IOP) was surgically increased through weekly injec-
tions of sodium hyaluronate (HYA) in the anterior eye chamber of the left eye of male
Wistar rats, whereas the right eyes were sham operated (salt solution). During the
10-week experimental period, IOP was measured weekly with a rebound tonometer.
Retinal cryosections were prepared for histological/immunohistochemical analysis and
morphometry.

Resurrs. IOP was higher in HYA-treated eyes than in sham-operated eyes along the 10-
week period, which was significant from the fourth to the nineth week. Ocular hyperten-
sion in HYA-treated eyes was associated with morphologic and morphometric changes
in bipolar cells, ON-OFF direction-selective ganglion cells, ON/OFF starburst amacrine
cells, and inner plexiform layer sublamina.

Concrusions. Serial HYA treatment in the rat anterior eye chamber results in mild-to-
moderate elevated and sustained IOP and ganglion cell death, which mimics most human
open-angle glaucoma hallmarks. The reduced number of direction-selective ganglion
cells and starburst amacrine cells accompanied by a deteriorated ON/OFF plexus in this
glaucoma model could lend insight to the abnormalities in motion perception observed
in patients with glaucoma.

Keywords: chronic glaucoma model, retina, morphology,
direction-selective ganglion cells, starburst amacrine cells

immunohistochemistry,

laucoma is a neurodegenerative disease characterized

by progressive changes in optic nerve head morphol-
ogy, retinal sensitivity, and visual field performance, lead-
ing to visual impairment and blindness, and is one of the
leading causes of blindness in the world.!* Retinal ganglion
cells (RGCs), which are the neurons whose axons make up
the optic nerve, undergo apoptosis throughout the course
of glaucoma.!> The most prevalent form of glaucoma is
open-angle glaucoma, also known as primary open-angle
glaucoma or chronic glaucoma (CG), and elevated intraocu-
lar pressure (IOP) and aging are considered as the major
risk factors for this disease.® Ocular hypertension (OHT)
is currently the only modifiable risk factor of the disease
and is typically therapeutically managed through medical
and laser-surgery interventions. Hypotensive treatments to
reduce IOP are also being investigated, but they do not
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always prevent the irreversible course of the glaucoma
neurodegeneration.>”’

Animal models of glaucoma have greatly increased our
understanding of this disease and have been useful to assess
potential therapies, as evidenced by the variety of induced
glaucoma models reported in the literature®? Artificial
procedures to drive sustained IOP elevation, by mimicking
the anterior/posterior signs of human open-angle glaucoma,
are broadly used in glaucoma research, and the majority of
these influence relevant mechanical glaucoma parameters
in pretrabecular, trabecular, and post-trabecular tissues.!%-15
Microbead injection,'® laser photocoagulation of the perilim-
bal and episcleral veins,'” episcleral vein injection of hyper-
tonic saline solution,'® intracameral injection of hyaluronan-
containing viscoelastic substances,'*!® or a simple acute
optic nerve crush,?® are some of the most recognized
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experimentally induced models. There are also numerous
inherited animal models of high IOP glaucoma.?! One of the
best-known models is the DBA/2J mouse, an age-dependent
inherited model that mirrors human disease.?? Although this
model has significantly contributed to our understanding
of glaucoma pathologyj, it is, nevertheless, limited, because
some aged DBA/2J mice develop differential retinal degen-
eration, with one nondiseased retina and optic nerve and
one retina that has undergone complete degeneration.® This
may be due to differences in the onset of the pressure rise
in both eyes. Also, the glaucomatous-type damage may not
always be associated with increased IOP, and so this model
should be used wisely.>

Traditionally, glaucoma has been considered as a disease
specifically of RGCs,?*"?” although a growing number of
studies support the notion that other retinal cell types may
be affected in glaucoma pathology.???%* In this context,
anomalies in electroretinography responses, including alter-
ations in the a- and b-waves, scotopic threshold responses,
and oscillatory potentials, have been described in both
human disease and in experimental CG models,'?-22:30-35
suggesting dysfunction in different retinal cell types.
However, there are scant studies analyzing the neuronal,
axonal, and synaptic changes through the retinal layering
in CG models.

Against this background, we aimed to evaluate the effects
of sustained IOP elevation on the cytoarchitecture and layer-
ing of the rat retina in an attempt to better understand CG
and glaucoma neurodegeneration pathogenesis.

MATERIAL AND METHODS
Animals

Animals were treated in agreement with the correspond-
ing approved protocol by the institutional committee for
animal care of the research center at the Faculty of Medicine
and Odontology, University of Valencia (Spain) (code:
VSC/PEA/00197 type 2). All procedures were performed
in accordance with the statement of the Association for
Research in Vision and Ophthalmology (ARVO) for the use
of animals in ophthalmic and vision research.

The present study used seven male Wistar rats, aged 7
weeks (200 £ 40 g). Animals were housed in clear cages and
were maintained under controlled conditions of humidity
and temperature (22° £ 2°C) with a 12-hour light/dark cycle
and were fed standard chow and water as desired. Experi-
mental glaucoma OHT was induced in all rats by a series of
intracameral injections of sodium hyaluronate (HYA), one
injection per week along 10 consecutive weeks.

To avoid additional stress, rats were always gently held by
the same researcher throughout the study. Before the ocular
surgery, anterior eye segment biomicroscopy was performed
in both eyes using a slit lamp (Kowa SL-15, Kowa Company
Ltd., Tokyo, Japan), and data were recorded.

Intraocular Pressure Recording

The IOP measurements (expressed in mm Hg) were
performed in both eyes of all rats by the same investiga-
tor at the same time (8:00-9:00 a.m.) to prevent circadian
variations. Measurements were recorded at baseline and
weekly along the 10 consecutive weeks. We used a specific
tonometer designed for rodents, the TonoLab (Icare Tono-
Lab, Helsinki, Finland) (Fig. 1A). With this rebound tonome-
ter, the tip of the probe contacts the central cornea six times,
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and the final IOP reading is an average of 4 mean single
readings (Fig. 1B). Only readings with high reliability were
recorded (those that appeared on the monitor without a
horizontal line or with a low horizontal line).

Sodium Hyaluronate Intraocular Injection

To increase and sustain the IOP levels along the study
period, we established a glaucoma model described by
Benozzi et al3° and Moreno et al.,'” with minor modi-
fications addressed by Mayordomo-Febrer et al.!?> Briefly,
after weekly eye examination, rats were anesthetized with
isoflurane (Isoflo’ Laboratorios Esteve, Barcelona, Spain)
and positioned under the microscope (OMS-90 operator;
Topcon, Barcelona, Spain) to better visualize the anterior eye
segment. Using a Hamilton syringe (Hamilton GASTIGHT
Syringes, 1700 Series, Luer tip; Sigma-Aldrich Corp., St.
Louis, MO, USA) with a 30-gauge needle, a temporal clear
corneal paracentesis was performed with the needle bevel
up through the cornea (closest to the scleral-corneal limbus)
(Fig. 10). The left eye received 25 pL of the viscoelastic
substance HYA (10 mg/ml; Z-Hyalin Zeiss, Valencia, Spain),
which was slowly introduced into the anterior chamber
(Fig. 1C). Subsequently, Castroviejo forceps were placed on
the paracentesis to avoid reflux. The right eye was sham-
operated by injecting saline solution (B. Braun, Barcelona,
Spain) as a vehicle instead of the HYA. After surgery, both
eyes received topical antibiotics twice daily (Tobrex; Novar-
tis Farmacéutica, Barcelona, Spain).

Retinal Immunohistochemistry

At the end of the experimental period, animals were euth-
anized with a lethal dose of pentobarbital (100 mg/kg,
intraperitoneally) early in the morning. After marking the
dorsal margin of the sclerocorneal limbus, the eyes were
enucleated and fixed following a described protocol.
Cornea, lens, and vitreous body were removed, and the
eyecups were embedded in Tissue-Tek OCT (Sakura Finetek,
Zoeterwouden, The Netherlands) and processed to obtain
vertical 16-pm cryostat sections along the nasal-temporal
axis and through the optic nerve (Leica CM 1900 cryo-
stat; Leica Microsystems, Wetzlar, Germany). Sections were
mounted on slides (Superfrost Plus; Menzel GmbH and
Co. KG, Braunschweig, Germany) and washed before the
primary antibody incubation. Retinal sections were then
incubated overnight with primary antibodies (Table).

The secondary antibodies were Alexa Fluor 555/488/633
anti-mouse, anti-rabbit, anti-goat, or anti-guinea pig (1:100;
Molecular Probes, Eugene, OR, USA), as appropriate. In
some cases, the nuclear marker TO-PRO 3 iodide (Molec-
ular Probes) was added at a dilution of 1:1000. Finally,
images were obtained under a Leica TCS SP8 confocal laser-
scanning microscope (Leica Microsystems) and sections
were processed in parallel using Adobe Photoshop 10 soft-
ware (Adobe Systems Inc., San Jose, CA, USA).

Quantification of Retinal Ganglion and Amacrine
Cells

The RGCs were identified by their immunoreactivity RBPMS
stands for heart and RRM-expressed sequence or for brain-
specific homeobox/POU domain protein 3a (Brn3a). The
ON-OFF direction-selective RGCs (00DSGCs) were labeled
using an antibody against the cocaine- and amphetamine-
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Ficure 1. Animals and surgical procedures. (A) Tonometer TonoLab (Icare TonoLab, Finland), specific for rodents. (B) Measurement of IOP
in the rat. (C) Intracameral injection of HYA in the left eye. (D) Evolution of IOP in the rat eyes from first week to the study end (10 weeks
of injections). Orange indicates the left HYA-treated eye, and blue indicates the right control eye (sham-operated). Data are the medium +
standard deviation of six measurements per eye (n = 7 in both groups).

Molecular Marker Source Antibody (ref) Dilution
Bassoon Mouse monoclonal Enzo Life Sciences (ADI-VAM- PS003) 1:1000
Calbindin D-28K Rabbit polyclonal Swant (CB-38a) 1:500
Cone arrestin Rabbit polyclonal Millipore (AB15282) 1:500
RBPMS Rabbit polyclonal Provided by Dr. Brecha 1:1000
Calretinin Goat polyclonal Swant (CG1) 1:500
a/B-PKC Mouse monoclonal Santa Cruz Biotechnology (sc-80) 1:100
Choline acetyltransferase Goat polyclonal Millipore (AB144P) 1:100
VGLUT1 Guinea Pig polyclonal Chemicon (AB5905) 1:1000
Brn-3a Mouse monoclonal Chemicon (MAB1585) 1:200
CART (61-102) Rabbit polyclonal Phoenix Pharma (H-003-61) 1:200

regulated transcript (CART). Immunoreactivity to choline
acetyltransferase (ChAT) was used to study starburst
amacrine cells. Antibodies against calretinin and calbindin
were used as markers of a large proportion of amacrine cells.
To quantify positively-immunostained cells, three noncon-
secutive retinal sections of the central retina from hyperten-
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sive eyes (HYA-treated) and contralateral (control) eyes (n =
7 of each) were examined. The total number of cells express-
ing Brn3a, CART, ChAT, calretinin or calbindin in each retinal
section was determined at magnification x63. Both groups
were processed in parallel with the same confocal configu-
ration. Data were related to the total length of the section
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analyzed and then extrapolated to mm of retinal tissue using
Image]J software (NIH, Bethesda, MD, USA).

Quantification of Bipolar Cells and their
Dendrites

Rod bipolar cells were identified using an antibody against
the « isoform of protein kinase C (PKC). Alterations in the
number and/or morphology of bipolar cells and associated
dendrites were evaluated in three non-consecutive retinal
sections from control and HYA-treated eyes (n = 7 of each).
The total number of cells expressing PKC was determined
at magnification x63 throughout the length of every reti-
nal section. Both groups were processed in parallel with the
same confocal configuration. Data were related to the total
length of the section analyzed and then extrapolated to mm
of retinal tissue. Bipolar cell dendrites were assessed in four
500-um? square zones at the outer plexiform layer (OPL)
of each single confocal image of the central retina, close to
the optic nerve. Differences in immunofluorescence signals
were analyzed by obtaining the corresponding greyscale
intensity (range 0-256) profile plots and quantifying the area
under the intensity profile using ImageJ.

Outer Nuclear Layer Analysis and Assessment of
Inner and Outer Plexiform Layer Integrity

To better characterize the changes in the retinal morphology
of HYA-treated eyes, we assessed the number of photore-
ceptor rows and cones and the thickness of the inner
nuclear layer in three nonconsecutive retinal sections of
control and HYA-treated eyes (n = 7 of each). Quantifica-
tion of the number of photoreceptor rows was performed
in six equidistant regions (0.5, 2 and 3.5 mm from each
side of the optic nerve) in the temporal-nasal axis, using
TO-PRO 3 iodide. The average value for photoreceptor
rows was calculated for each animal. The thickness of
the inner nuclear layer was measured in four retinal
regions (temporal-peripheral, temporal-central, nasal-central
and nasal-peripheral). A mean value of the temporal-central
and nasal-central regions was provided. The total number of
cones along the temporal-nasal retinal sections was quan-
tified using the cone arrestin antibody. Both groups were
processed in parallel with the same confocal configura-
tion. Data were related to the total length of the section
analyzed and then extrapolated to mm of retinal tissue using
Image].

The inner plexiform layer (IPL) is divided into five distinct
sublaminae of identical thickness where axons of differ-
ent bipolar cells meet the dendrites of specific ganglion
cells.>’~* 1In the rat retina, these sublaminae can be clearly
visualized by immunostaining the retina for the calcium-
binding proteins calretinin and calbindin, which reveals the
presence of three labeled horizontal bands of processes.*
The external band (sublaminae 1-2) is composed of the
dendrites of OFF-alpha ganglion cells, the processes of OFF-
cholinergic amacrine cells, and the outer dendritic branches
of direction-selective ganglion cells. This external band
contains synapses and y-aminobutyric acid type A (GABA,)
receptors.*! The central band of the IPL (sublaminae 2-3)
divides the OFF sublamina from the ON sublamina. Finally,
the inner band of the IPL (sublaminae 3-4) includes the
processes of ON-cholinergic amacrine cells, the dendrites
of ON-alpha ganglion cells, the inner dendritic branches
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of direction-selective ganglion cells and the axon terminals
of ON-bipolar cells. This inner band also contains GABA,
receptors and synapses. !

To evaluate the synaptic connectivity and the integrity of
the different sublaminae of the IPL, we calculated the fluo-
rescence area (as described above) associated with Bassoon,
calretinin, and calbindin immunostaining. Measurement of
the fluorescence area was performed close to the optic nerve
using ImageJ. In addition, to study the synaptic connectivity
of the OPL we performed Bassoon, calbindin, and vesicu-
lar glutamate transporter 1 (VGLUT1) immunostaining. Both
groups were processed in parallel with the same confocal
configuration.

Statistical Analysis

Statistical analysis was done using the statistical package for
the social sciences (SPSS) 26.0 software (IBM SPSS Statistics
for Windows, Version IBM, Armonk, NY). A #test and the
Mann-Whitney U test were used to compare the mean values
of the obtained parameters. One- or two-way ANOVA was
used to compare the mean values of total immunoreactive
cells or fluorescence area. When a 0.05 level of significance
was found, post-hoc pairwise comparisons were performed
using Bonferroni’s test. Normal distributions and homogene-
ity of variance were found for the categories analyzed. P
values <0.05 were considered to be statistically significant.
Data are plotted as the mean &+ SEM for retinal immunohis-
tochemistry experiments, and mean + SD for IOP determi-
nation.

RESULTS

Effect of Serial Intracameral Sodium Hyaluronate
Injection on Intraocular Pressure in Rats

Serial intracameral injections of HYA or vehicle along the 10-
week study course induced changes in the IOP in both eyes
of the rat (Fig. 1D). Control eyes (sham operated) exhib-
ited mild, nonsignificant increases in IOP along the study,
which was more evident between the fourth and seventh
weeks (Fig. 1D). As expected, IOP values were significantly
higher in HYA-treated eyes than in sham-operated eyes,
from the fourth to the nineth week (#-test, P < 0.05, n =
7 in both groups; Fig. 1D), with a peak on the sixth week
(control: 15 + 2 mm Hg, HYA-treated: 23 + 2 mm Hg).
IOP values of HYA-treated eyes remained high and stable
from the seventh to the tenth week of the study, demonstrat-
ing elevated and sustained IOP levels. Scarce iris herniation
and synechia formation were detected along the experiment
in either group. Also, no significant alterations in the ante-
rior/posterior eye segment were observed in HYA-treated or
control eyes.

Effect of Serial Intracameral Sodium Hyaluronate
on Photoreceptor and Ganglion Cells

We evaluated the number of RGCs in both experimen-
tal groups at the end of the experimental period using
immunohistochemistry with an antibody against Brn3a (Fig.
2). The number of ganglion cells per mm of retina was
significantly (46%) lower in HYA-treated eyes than in control
eyes (control: 30.6 + 1.2 ganglion cells/mm, HYA-treated:
16.6 + 1.0 ganglion cells/mm. ANOVA, Bonferroni’s test,
P < 0.001, n = 7 in both groups; Figs. 2A, 2B, 2E).
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Ficure 2. Quantification of ganglion cells in control and sodium hyaluronate-treated eyes. (A-D) Cross-sections of the central retina from
control (A, C) and HYA-treated (B, D) eyes immunostained for Brn3a (A, B, ganglion cells; red) or Brn3a and CART (C, D, ganglion cells, red;
ON-OFF direction-selective ganglion cells, green). The nuclear marker TO-PRO 3 iodide (blue) was used to visualize all cell nuclei. (E-G)
Quantification of total (E), CART' (F) and CART™ (G) ganglion cells per mm of retinal section in control (blue) and HYA-treated (red) eyes.
ANOVA, Bonferroni’s test, **P < 0.001, n = 7 in each group. ONL, outer nuclear layer; GCL, ganglion cell layer. Scale bar: 40 pm.

We also analyzed a specific subtype of RGCs, 0coDSGCs,
which express the neuropeptide CART.*>% Immunohisto-
chemistry analysis showed that CART labeling was poorer
within the ganglion cell layer of HYA-treated eyes than
of control eyes (Figs. 2C, 2D). Quantification of CART-
positive RGCs (Fig. 2F) versus those lacking this marker
(Fig. 2G) showed a greater loss of 0oDSGCs over other
RGCs in HYA-injected eyes than in control eyes. Specifi-
cally, the number of 00DSGCs per mm of retina was signifi-
cantly lower (56%) in HYA-treated eyes than in control eyes

Downloaded from iovs.arvojournals.org on 05/07/2022

(control: 12.4 + 1.1 CART*Brn3a*/mm, HYA-treated: 5.5 +
0.7 CART"Brn3at/mm, ANOVA, Bonferroni’s test, P < 0.001,
n = 7 in both groups; Fig. 2F). This contrasted with the
39% reduction in the number of CART-negative RGCs per
mm of retina in HYA-treated eyes relative to control eyes
(control: 18.2 + 0.4 CART Brn3a"/mm, HYA-treated: 11.1 &
0.3 CART Brn3at/mm, ANOVA, Bonferroni’s test, P < 0.001,
n = 7 in both groups; Fig. 2G). These results indicate that
00DSGCs are more susceptible than other RGCs to serial
HYA-treatment.
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Ficure 3. Number and morphology of photoreceptors in control and sodium hyaluronate-treated eyes. (A-D) Cross-sections of the central
retina from control (A, C) and HYA-treated (B, D) eyes immunostained for cone arrestin (A, B, cone photoreceptors, green) or cone arrestin
and Bassoon (C, D, cone photoreceptors, green; synaptic ribbon, red). The nuclear marker TO-PRO 3 iodide (blue) was used to visualize
all cell nuclei. Insets show a magnification of cone pedicles and synaptic ribbons (C, D). Arrowheads point to synaptic ribbons inside cone
pedicles. (E-G) Quantification of photoreceptor rows in ONL (E), cones per millimeter of retinal section (F) and INL thickness (G) in both
control and HYA-treated eyes. ANOVA, Bonferroni’s test, *P < 0.05, n = 7 in each group. ONL, outer nuclear layer; ON, optic nerve. Scale
bar: 20 pm (A-D), 5 pm (C, D insets).
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Analysis of the cone structure in retinal sections of control
and HYA-treated eyes stained with the cone arrestin anti-
body revealed no evident differences in cell morphology.
Cone photoreceptors in control and HYA-treated eyes had a
normal physiological shape with no changes in their inner
and outer segments (Figs. 3A, 3B).

Analysis of TO-PRO 3 iodide-stained (nuclear) retinal
sections revealed no difference in photoreceptor cell density
in the two groups. Retinas of control eyes had an aver-
age of 10.6 + 0.2 rows of photoreceptors, whereas HYA-
treated eyes showed an average of 10.9 + 0.2 photore-
ceptor rows (n = 7 in both groups; Fig. 3E). Like-
wise, retinal cone density was similar between groups
(control: 64.9 4+ 1.9 cones/mm, HYA-treated: 62.2 =+
1.8 cones/mm, n = 7 in both groups; Fig. 3F). By contrast,
we found that inner nuclear layer (INL) thickness throughout
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the retinal sections was significantly lower in HYA-treated
eyes than in control eyes (Fig. 3G); retinas of the control
group showed an average INL thickness of 28.6 & 0.9 um,
whereas HYA-injected eyes had an average thickness of 23.5
4 0.9 pym (ANOVA, Bonferroni’s test, P < 0.05, n = 7 in both
groups).

Effects of Serial Intracameral Sodium Hyaluronate
on Bipolar Cells and Synaptic Complexes

Our results thus far show that HYA treatment does not
affect the number of photoreceptors or their morphology.
However, as significant changes were found in the INL
thickness, we considered that some neurons postsynaptic to
photoreceptors, such as bipolar cells, could be affected by
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HYA. In the rat retina, dendritic terminals of ON-rod bipo-
lar cells make connections with rod spherules through a
huge dendritic arbor in the OPL, and their axons spread
into the IPL where each ends in a rounded axon termi-
nal in the S5 stratum (Figs. 4A, 4B). Quantification of PKC-
immunoreactive rod bipolar cells revealed no differences
between control and HYA-treated eyes (control: 3156 + 200
bipolar cells/mm, HYA-treated: 2968 + 215 bipolar cells/mm,
t-test, P = 0.5341, n = 7 in both groups). Nevertheless, analy-
sis of the mean fluorescence area in the OPL revealed signif-
icant differences between experimental groups: the density
of bipolar cell dendrites was significantly lower in HYA-
treated eyes than in control eyes, with a mean fluorescence
value of 2394.4 + 111.6 arbitrary units (A.U.) in control eyes
and 2257.7 + 81.7 A.U. in HYA-treated eyes (ANOVA, Bonfer-
roni’s test, P < 0.05, n = 7 in both groups; Fig. 4D.

Based on the lower density of bipolar cell dendrites in
the OPL of HYA-treated eyes, we assumed that the synap-
tic connectivity between photoreceptors and second-order
neurons might be altered. To test this hypothesis, we used
an antibody against Bassoon, a protein element of the synap-
tic ribbons present in rod spherules and cone pedicles.
We observed an evident decrease in Bassoon expression
between experimental groups (Figs. 4E, 4F). To quantify the
differential expression of Bassoon, we used profile plots of
mean grey intensity in each horizontal line of images exhibit-
ing Bassoon immunofluorescence (Figs. 4G, 4H). Results
showed that mean fluorescence area of the profile plots
found at the OPL and IPL level was significantly lower in
HYA-treated eyes than in control eyes (OPL: 496.6 + 35.5
A.U. [control] vs. 347.4 £+ 17.1 A.U. (HYA-treated); and IPL:
4091.4 + 135.5 A.U. (control) vs 3191.9 + 232.1 A.U. (HYA-
treated); ANOVA, Bonferroni’s test, p < 0.001 in both cases,
n = 7; Figs. 4], 4K). To explore whether the loss of synap-
tic ribbons at the OPL is associated with the cone pathway,
we double-immunolabeled the retinas of control and HYA-
treated eyes with cone arrestin and Bassoon. As illustrated
in Figures 3C and 3D, cone pedicles of the retinas of both
experimental groups showed a similar number of Bassoon
punctae (Figs. 3C, 3D, insets). Therefore the loss of Bassoon
at the OPL does not seem to be associated with alterations
in the cone pathway.

To better characterize the morphology of the photorecep-
tor axon terminal and their contacts with secondary neurons,
we used antibodies to two specific markers: calbindin (hori-
zontal cell dendrites) and VGLUT1 (rod spherules and cone
pedicles) (Figs. 5A, 5B). We could clearly discern VGLUT1
immunoreactivity in rod spherules in control eyes, and the
horizontal cell endings in the synaptic triad (Fig. 5C, arrow-
heads). By contrast, VGLUT1 immunoreactivity was reduced
in some of the photoreceptor axon terminals in HYA-treated
eyes (Fig. 5D, arrowheads).

Effect of Serial Intracameral Sodium Hyaluronate
on the Density of Starburst Amacrine Cells

We next assessed the number and morphology of ON/OFF
starburst amacrine cells in control and HYA-treated eyes
using an anti-ChAT antibody (Fig. 6). ChAT immunostain-
ing showed that the ON/OFF plexus appeared deteriorated
in HYA-treated eyes (Figs. 6A-F), with numerous gap zones
(Fig. OF, arrowheads). Moreover, we found that the total
number of starburst amacrine cells was significantly lower
in HYA-treated eyes than in control eyes (control: 24.8 +
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3.1 cells/mm, HYA-treated: 17.7 £+ 2.9 cells/mm, ANOVA,
Bonferroni’s test, P < 0.01, Fig. 6G). Analyzing separately
the OFF and ON starburst amacrine cells, we observed a
significantly lower number of both in HYA-treated eyes than
in control eyes (control: 13.4 + 1.9 OFF cells/mm, 11.4 +
1.8 ON cells/mm, HYA-treated: 9.9 £+ 2.2 OFF cells/mm, 7.8
+ 1.4 ON cells/mm, ANOVA, Bonferroni’s test, P < 0.05
OFF cells, P < 0.01 ON cells, n = 7 in all cases; Fig. 6G).
Thus, similar to 00DSGCs, starburst amacrine cells were also
highly susceptibility to serial HYA-treatment.

Effect of Serial Intracameral Sodium Hyaluronate
on the Structure and Organization of the IPL
Sublaminae

We next studied the structure and organization of the IPL
sublaminae using two different immunostainings: calretinin
and calbindin. Calretinin immunostaining revealed a clear
loss of structure of the IPL sublaminae S1, S2, and S3 in HYA-
treated eyes (Figs. 7A, 7B). We quantified the mean fluores-
cence area of the IPL sublaminae using the same method
described as for Bassoon (Figs. 7C, 7D). The lower fluores-
cence area found in HYA-treated eyes compared with control
eyes (control: 3247.6 + 188.1 A.U., HYA-treated: 2167.6 +
158.3 A.U., ANOVA, Bonferroni’s test, P < 0.001, n = 7 in
both groups; Fig. 7E) supports our observations on the loss
of the IPL structure (sublaminae S1, S2, and S3). To estab-
lish whether the loss of IPL structure is associated with a
reduction in calretinin-positive cells or a loss of processes in
these cells, we quantified the number of calretinin-labeled
cells in the retinas of both experimental groups. Results
showed that the number of calretinin-positive cells per mm
of retina was significantly lower in HYA-treated retinas than
in control retinas (control: 76.3 £ 1.6 cells/mm, HYA-treated:
59.6 £+ 1.6 cells/mm. ANOVA, Bonferroni’s test, P < 0.001,
n = 7 in both groups; Fig. 7F). We repeated this analysis
for calbindin immunoreactivity, which confirmed the loss
of labeled elements in the IPL sublaminae of HYA-treated
eyes (Figs. 8A-D) (control: 2622.3 & 424.6 A.U., HYA-treated:
1557.8 & 360 A.U., ANOVA, Bonferroni’s test, P < 0.01, n =
7 in both groups; Fig. 8E). Likewise, the lower fluorescence
was also associated with fewer calbindin-positive cells per
mm of retina in HYA-treated eyes in comparison with control
eyes (control: 80.4 £+ 2.1 cells/mm, HYA-treated: 54.3 £+ 5.8
cells/mm. ANOVA, Bonferroni’s test, P < 0.01, n = 7 in both
groups; Fig. 8F).

DiscusSION

Here we used a rat model of experimental glaucoma (OHT)
established by Benozzi et al.,>* which is generated through
multiple intracameral injections of HYA to increase IOP
by steadily reducing the drainage of the aqueous humor.
Despite the limitations of this method imposed by the
repeated injections, which can be associated with several
complications (cataracts, corneal edema or infections),
chronic HYA injection induces significant functional and
histological changes.'?-1230:44-47 I addition to the increased
and sustained IOP, significantly decreased scotopic a- and
b-waves, scotopic threshold responses and oscillatory poten-
tials have been reported in this model.'>'?3° These func-
tional changes point to alterations in photoreceptors and
in bipolar, amacrine and ganglion cells. However, only RGC
death and metabolomic profile changes have been described
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Ficure 4. Bipolar cell morphology and Bassoon expression in control and sodium hyaluronate-treated eyes. (A-F) Cross-sections of the
central retina from control (A, C, E) and HYA-treated (B, D, F) eyes immunostained for PKC (A-D, rod bipolar cells, green) or PKC and
Bassoon (E, F, rod bipolar cells, green; Bassoon, red). The nuclear marker TO-PRO 3 iodide (blue) was used to visualize all cell nuclei. (C,
D) Magnification of (A, B) showing the morphology of bipolar cell dendrites in control (C) and HYA-treated (D) eyes; arrowhbeads point
to bipolar cells dendrites in both groups. (E, F) Retinal sections of control (E) and HYA-treated (F) eyes labeled with antibodies against
PKC and Bassoon. (G, H) Representative retinal sections showing synaptic ribbons immunostained with anti-Bassoon antibodies (red) from
control (G) and HYA-treated (H) eyes. Right insets show the profile plots of mean gray intensity for each horizontal line of images of the
retina showing Bassoon immunofluorescence. (I) Quantification of PKC mean fluorescence area in the OPL of control and HYA-treated eyes.
ANOVA, Bonferroni’s test, n = 7 in each group, *P < 0.05. (J, K) Quantification of Bassoon differential expression in the outer (J) and the
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inner (K) plexiform layers of control (blue) and HYA-treated (red) eyes. Data are represented as mean values of fluorescence of Bassoon in
areas close to the optic nerve. ANOVA, Bonferroni’s test, **P < 0.001, n = 7 in each group. OPL, outer plexiform layer; GCL, ganglion cell

layer. Scale bar: 40 pm (A, B, G, H), 20 pm (C-F).

A Control

C Control

Calbindin

Calbindin

Calbindin

Ficure 5. Effect of sodium hyaluronate on synaptic structure. (A-D) Cross-sections of the central retina from control (A, C) and HYA-treated
(B, D) eyes immunostained with antibodies against calbindin (horizontal cell dendrites, green) and VGLUT1 (vesicular glutamate transporter
type 1, red). (C, D) Magnification of (A, B) showing details of the synaptic complexes between horizontal and photoreceptor cells: some of
the synaptic complexes of HYA-treated eyes exhibited lower VGLUT1 immunoreactivity (arrowbeads) as compared with control eyes. OPL,

outer plexiform layer. Scale bar: 10 pm (A-D).

so far,!%19:3% and histological studies are needed to evaluate

all possible retinal alterations in this experimental OHT/CG
model.

In the present study, serial intracameral HYA-injection
into the rat eye induced chronic OHT that reflected struc-
tural abnormalities evidenced by histologic and immuno-
histochemical analysis. Comparison of OHT-induced and
contralateral rat eyes demonstrated sustained and elevated
IOP that mimics most hallmarks of human CG. The high-
density HYA acted mechanically by hindering the drainage
of aqueous humor at the angle of the anterior eye chamber.
HYA-injected eyes showed mild-to-moderate IOP increases
from baseline and throughout the study, as reported previ-
ously,12:19:30,48

Immunostaining analysis showed that, in addition to the
well-characterized loss of RGCs,?3749:5 hoth the inner and
outer retina is impaired in this glaucoma model. Sustained
OHT resulted in a significant reduction in INL thickness and
bipolar cell dendrites in the OPL, diminished immunoreac-
tivity to Bassoon in the OPL and IPL, and reduced expres-
sion of VGLUT1 in the OPL, which is similar to other exper-
imental laser-induced®® and microbead-injected®"# glau-
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coma models, and is also seen in inherited glaucoma animals
like the DBA/2J mouse.?? Additionally, the present study
shows, for the first time to our knowledge in a model of
high IOP glaucoma, the loss of ON/OFF starburst amacrine
cells and 0oDSGCs and their plexuses at the IPL, suggesting
an alteration of the direction-selective circuit.

Our results highlight structural impairment of the IPL
sublaminae in HYA-treated eyes, possibly due to the alter-
ation of retinal circuits mediated by IOP. Interestingly, in
DBA/2J mice, the stratification patterns in the two synap-
tic layers of the retina (the OPL and IPL) do not differ
when compared with control mice.>> Previous studies in
Piccolo/Bassoon knockout mice revealed that the compo-
sition of the presynaptic terminal was not significantly
altered and, noticeably, abrogating the expression of the
two components from synapses did not seem to alter the
basic parameters of synaptic transmission.”® Accordingly, we
did not expect the loss of Bassoon expression in the IPL
and OPL to be the major cause of the lower electroretino-
gram response observed in this animal model,!? but it is a
remarkable consequence of the increased IOP. Nevertheless,
synapses are an obvious point of vulnerability in glaucoma-
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Ficure 6. Starburst amacrine cells morphology and quantification in control and sodium hyaluronate-treated eyes. (A, B) General view
of the starburst amacrine cell plexus in cross-sections of the central retina of control (A) and HYA-treated (B) eyes immunostained for
ChAT (starburst amacrine cells; green). (C, D) Retinal sections of control (C) and HYA-treated (D) eyes immunostained for ChAT (starburst
amacrine cells; green) and RBPMS (ganglion cells; red). (E, F) Magnification (C, D) shows the morphology of starburst amacrine cells and
their ON/OFF plexus; arrowbeads point to gap zones of the starburst amacrine cell plexus in HYA-treated eyes. (G) Quantification of total
OFF and ON starburst amacrine cells per mm of retinal section in control (blue) and HYA-treated (red) eyes. ANOVA, Bonferroni’s test,
*P < 0.05, **P < 0.01, n = 7 in each group. RBPMS, heart and RRM-expressed sequence. Scale bar: 40 pm (A-D), 20 pm (E, F).
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Ficure 7. Characterization of the inner plexiform layer sublaminae immunostained for calretinin. (A, B) Cross-sections of the central retina
from control (A) and HYA-treated (B) eyes stained against calretinin (some amacrine and ganglion cells, and IPL sublaminase, green). The
nuclear marker TO-PRO 3 iodide (blue) was used to visualize all cell nuclei. (C, D) Magnification (A, B) shows details of IPL sublaminae. Right
insets show the profile plots of mean gray intensity for each horizontal line of images of the retina showing calretinin immunofluorescence.
(E, F) Quantification of calretinin expression in the IPL sublaminae (E) and the number of calretinin+ cells per mm of retina (F) of control
(blue) and HYA-treated (red) eyes. Data are represented as mean values of fluorescence in areas close to the optic nerve. ANOVA, Bonferroni’s
test, **P < 0.001, n = 7 in each group. Scale bar: 40 nm (A, B), 20 ym (C, D).

tous disease because of their energy demands and complex-
ity.>*%5 This is evident in DBA/2J mice, in which the width
of the synaptic OPL is reduced and the rod photoreceptor
ribbon structure is altered,> as in other animal models with
increased TOP3'%¢ Additionally, some studies in humans
describe a loss of neurons in both outer and inner nuclear
layers, which could also lead to poorer synaptic connections
in the OPL.%:57-?

The direction-selective circuit in the retina processes
the directional information of visual motion. This circuit
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is composed of bipolar cell subtypes, starburst amacrine
cells, and 0oDSGCs, which together respond to increases
(ON cells) or decreases (OFF cells) in illumination.>®-%0-62
Starburst amacrine cells represent a well-defined neural
population that is clearly identified as the only choliner-
gic neurons in the retinal tissue.®>%* This cell type is heav-
ily overlying in distribution and is distinguished by radi-
ally symmetric dendritic trees. In the vertebrate retina, these
cells are organized as mirror-symmetric pairs at both sides of
the IPL. One of the mirror pairs has its cell body displaced
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Ficure 8. Characterization of the inner plexiform layer sublaminae immunostained for calbindin. (A, B) Cross-sections of the central retina
from control (A) and HYA-treated (B) eyes immunostained for calbindin (horizontal, some amacrine and ganglion cells, and IPL sublaminae;
green). The nuclear marker TO-PRO 3 iodide (blue) was used to visualize all cell nuclei. (C, D) Magnification (A, B) shows details of IPL
sublaminae. Right insets show the profile plots of mean gray intensity for each horizontal line of images of the retina showing calbindin
immunofluorescence. (E, F) Quantification of calbindin expression in the IPL sublaminae (E) and the number of calbindin+ cells per mm
of retina (F) of control (blue) and HYA-treated (red) eyes. Data are represented as mean values of fluorescence in areas close to the optic
nerve. ANOVA, Bonferroni’s test, **P < 0.01, n = 7 in each group. Scale bar: 40 ym (A, B), 20 pm (C, D).

to the ganglion cell layer and its dendrites stratify in the
ON sublamina of the IPL (stratum S4). The other cell of
the pair has its cell body in the amacrine cell layer with
dendrites in the OFF sublamina of the IPL (stratum S2).
Starburst amacrine cells interact with bipolar and other
types of amacrine cells, receiving input from OFF or ON
bipolar cells and likely also rod bipolar input via the AII
amacrine cell pathway. They output to directionally-selective
ganglion cells of the ON-type and the bistratified ON-OFF
type.®® Furthermore, 00DSGCs are the major and most exten-
sively studied RGC subtype,’°°-62 and can be distinguished
from other RGCs by the expression of the neuropeptide
CART. Four directionally-distinct 0oDSGCs subtypes have
been described based on their preferred direction: ventral,
dorsal, nasal, or temporal motion on the retina.®’ These cells
have their cell body placed in the ganglion cell layer and
have bistratified dendrites that laminate in both OFF and ON
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sublaminae of the IPL. Within each sublamina, the dendrites
contact with those of interneurons that provide excitatory
or inhibitory input. The main source of excitatory input is
provided by glutamatergic bipolar cells, and the inhibitory
input is provided broadly by starburst amacrine cells. Thus
starburst amacrine cells are a special type of neuron that
support the release of two neurotransmitters: acetylcholine
(excitatory), and GABA (inhibitory).(’("67 Whereas the cholin-
ergic output may target various ganglion cell types®® and
lacks direction selectivity, it is accepted that the inhibitory
output targets cells within the direction-selective circuitry,
and starburst amacrine cells are essential elements in this
circuitry because they are the source of directional signals
in the retina.®?:%

Our study provides evidence that intracameral HYA-
injection induces a loss of ON/OFF starburst amacrine
cells together with a loss of 00DSGCs and their plexuses.



Investigative Ophthalmology & Visual Science

Ocular Hypertension Damages the Retinal Layering

However, there are conflicting reports regarding the differ-
ential susceptibility of the different retinal cells involved in
the direction-selective circuit in glaucoma. Previous stud-
ies investigating the selective vulnerability of specific retinal
cells using various glaucoma models have reported incon-
clusive and opposing results. Regarding starburst amacrine
cells, some authors state that these cells were unaffected
by glaucoma in the DBA/2J model.?® Other studies using
microbead-induced glaucoma models showed that only
GABAergic amacrine cells were lost, and cholinergic cells
remained unaffected.?! Also, other authors reported a signif-
icant decline in both ON and OFF or only ON ChAT-positive
starburst amacrine cells in episcleral vein cauterization® and
hypertonic saline injection’ models of glaucoma, respec-
tively. Likely, these conflicting results can be attributed to
the different procedures used to induce OHT and glau-
coma conditions in the animal models. Comparatively, simi-
lar findings have been reported regarding RGC degenera-
tion in different models of glaucoma. The hereditary DBA/2J
model of glaucoma revealed that RGC degeneration was not
cell-type specific but was different depending on the reti-
nal region.” Nevertheless, different studies report a signifi-
cant decline in different subtypes of 00DSGCs in microbead-
injected, 357! optic nerve crush,®7? or laser-induced’>74
glaucoma models. Thus most authors agree that ooDSGCs
are highly vulnerable to glaucoma-like injury compared
with other types of RGCs such as the non-image-forming
intrinsically photosensitive RGCs. Additionally, to our knowl-
edge, only one study using an ocular stroke model” has
reported the degeneration of ON starburst amacrine cells
together with 0oDSGCs. Increased IOP correlates with a
deficit in RGC axonal transport that precedes RGC damage,
among other retinal disturbances, in the inner and outer
nuclear layers, because of the impaired blood supply.'’:?®
These harmful conditions generated by HYA-induced IOP
that affect the RGCs, mainly 0oDSGCs, may also contribute
to the damage of other cell types in the retina, such as star-
burst amacrine cells.

Previous studies in patients with glaucoma have revealed
an impairment in tasks processed early in the visual path-
ways and decreased motion perception sensitivity.”*~7® This
alteration in motion perception was related to ganglion cell
death in the retina, particularly, with the loss of magnocel-
lular projecting parasol ganglion cells.”””® Likewise, some
glaucoma animal models display permanent impairment
of optokinetic response related to an impaired direction-
selective circuit in the inner retina.>71.75-80

Our work reveals that the abnormalities observed in glau-
comatous patients related to motion perception may be not
only due to the loss of magnocellular projecting ganglion
cells, especially 0oDSGCs, but also to the reduced number of
starburst amacrine cells and a deteriorated ON/OFF plexus.
Previous works demonstrated that psychophysical tests can
be used as a diagnostic tool in patients suspected of having
glaucomatous disease,’®"7® and this has been corroborated
here in an animal glaucoma model.

CONCLUSIONS

Ocular hypertension triggered by intracameral serial HYA
injection constitutes an easy and reproducible experimen-
tal model of glaucoma in rats, characterized by a subacute
increase in IOP. In this model, the increased IOP triggered a
significant loss of synaptic connectivity at the OPL and IPL.
The loss of connections at the IPL was associated with the
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degeneration of RGCs but also amacrine cells. The degener-
ation of these specific cell types in glaucoma animal models
might provide a feasible explanation for the visual deficien-
cies reported in patients with glaucoma diseases. In particu-
lar, the retinal direction-selective circuit is selectively vulner-
able to IOP increase in our animal model, with a notable loss
of ON/OFF starburst amacrine cells and ON-OFF direction-
selective ganglion cells. Thus psychophysical tests could be
a useful tool for the early diagnosis of glaucoma.
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