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PURPOSE. To study the long-term effects of endothelin-1 (ET-1)–induced retinal patholo-
gies in mouse, using clinically relevant tools.

METHODS. Adult C57BL/6 mice (7–9 weeks old) were intravitreally injected with PBS
(n = 10) or 0.25 (n = 8), 0.5 (n = 8), or 1 nmol ET-1 (n = 9) and examined using
electroretinogram, optical coherence tomography (OCT), and Doppler OCT at baseline
and postinjection days 10, 28, and 56. Retinal ganglion cell (RGC) survival in retinal
whole mount was quantified at days 28 and 56.

RESULTS. ET-1 induced immediate retinal arterial constriction. The significantly reduced
total blood flow and positive scotopic threshold response in the 0.5- and 1-nmol ET-1
groups at day 10 were recovered at day 28. A-wave magnitude was also significantly
reduced at days 10 and 28. While a comparable and significant reduction in retinal nerve
fiber layer thickness was detected in all ET-1 groups at day 56, the 1-nmol group was
the earliest to develop such change at day 28. All ET-1 groups showed a transient inner
retinal layer thinning at days 10 and 28 and a plateaued outer layer thickness at days 10 to
56. The 1-nmol group showed a significant RGC loss over all retinal locations examined
at day 28 as compared with PBS control. As for the lower-dosage groups, significant RGC
density loss at central and midperipheral retina was detected at day 56 when compared
with day 28.

CONCLUSIONS. ET-1 injection in mice resulted in a transient vascular constriction and reduc-
tion in retinal functions, as well as a gradual loss of retinal nerve fiber layer and RGC in
a dose-dependent manner.
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A compromised blood flow to the eye due to increased
IOP and/or secondary to vascular dysregulation (low

perfusion pressure and other vasospasm disorders) may lead
to an insufficient supply of oxygen and essential nutrients
to the tissues, thereby triggering a cascade of downstream
events that cause retinal ganglion cell (RGC) death.1–5 Ocular
endothelin-1 (ET-1) is an important peptide that modulates
retinal blood flow and neuronal functions and is suggested
to play a role in the pathophysiology of glaucoma.6–8 ET-1
exerts its vasoactive9 and neuroactive functions10 through its
G-protein-coupled receptors, endothelin receptor A (ET-A)
and endothelin receptor B (ET-B), respectively, which are
abundantly present in many ocular tissues.11–14 Elevated
levels of ET-1 in plasma,15–24 in aqueous humor,18,25–28 or
under simulated cold vasospasm conditions29,30 have been
reported in patients with normal-tension or open-angle glau-
coma. Increased expression of ET-1 receptors has also been
found in postmortem glaucomatous eyes.31 Similar results

are also observed in animal models of spontaneous glau-
coma32,33 or in experimentally induced ocular hyperten-
sion.34 Furthermore, transgenic mice with endothelial ET-1
(TET-1 mice) overexpression showed a progressive thinning
in retinal nerve fiber layer, inner and outer nuclear layers,
and RGC and axonal loss, along with alterations in the
microvasculature.35 Interestingly, no RGC loss was detected
in ET-B–deficient rats36 or wild-type rats treated with a dual
ET-A/ET-B antagonist37 in a Morrison’s model of chronic
IOP elevation. This suggests that the ET-1 and its recep-
tors perhaps play a crucial role in RGC degeneration under
conditions of elevated IOP stress and/or vascular dysregula-
tion. Besides this, the direct effects of ET-1 on RGC survival
were studied in various species such as cat,38 rabbit,39,40

monkey,41–43 and rodent44–55 by chronic application of ET-
1 to the retrobulbar optic nerve, supplied via osmotic
minipumps, or through an acute administration of ET-1 as
a single dose of intravitreal injections. ET-1 administration
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in rodent eyes caused transient narrowing in retinal blood
vessels50,55 associated with the reduced blood flow,45 block-
ade in axonal transport,44,49 and decreased expression of key
mitochondrial proteins,56 resulting in increased caspase 3
activation51,53 and loss of RGC and its axons.45–48,50–54 As
most of these changes overlap with the glaucoma disease,
ET-1 models of RGC injury are used to study the molecular
signaling pathways involved in RGC loss51,52 and to evalu-
ate possible neuroprotective therapies that antagonize ET-1’s
effect.50,57–60 Intravitreal ET-1 administration in rats demon-
strated a dose–response effect on RGC survival,45–47,50,54,57

and this was seldom reported in mice.
While previous studies shed light on the molecular mech-

anisms of ET-1 on RGCs, there is still a lack of evidence
on the longitudinal effects of ET-1 on retinal structure
and functions using clinical modalities and techniques.
This makes the interpretation of preclinical results and
cross-comparisons with clinical data challenging. Clinically,
spectral-domain optical coherence tomography (SD-OCT) is
often applied to monitor changes in retinal structure by
measurements of retinal layers thicknesses in patients with
glaucoma,61,62 and this has been successfully adapted in
preclinical research.63–65 For functional assessment, perime-
try is the most common technique to quantify changes in
the visual field sensitivity in clinical settings.66–68 However,
due to the subjective nature of this test, it is often substi-
tuted with electrophysiologic measurements of retinal cell
functions in preclinical research.65,69,70 As decreased retinal
blood flow is often detected in patients with glaucoma,71–73

Doppler OCT can be a useful tool for monitoring this change
and potentially serve as one of the standard diagnostic tools
in the future. Therefore, the present study reports the long-
term dose–response effect of intravitreally injected ET-1 in
mice retinal layer thicknesses, retinal cell functions, and reti-
nal blood flow through applications of SD-OCT, flash elec-
troretinogram (ERG), and Doppler OCT imaging, along with
the terminal quantification of RGC survival rate using retinal
whole mount.

METHODS

Animals

All experimental procedures were performed according to
the protocols approved by the Animal Ethics Subcommittee
of The Hong Kong Polytechnic University and adhered to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Adult C57BL/6 mice aged between 7 and
9 weeks were housed in the animal facility at 20°C room
temperature under an alternating 12-hour light/dark cycle
with unrestricted food (PicoLab diet 20 (5053); PMI Nutrition
International, Richmond, IN, USA) and water supply.

Experimental Design

Forty-five mice (25 males, 20 females) underwent base-
line examinations of electroretinogram, optical coherence
tomography (OCT), and Doppler OCT and were randomly
allocated into four experimental groups: PBS, 0.25 nmol
ET-1, 0.5 nmol ET-1, and 1 nmol ET-1. Intravitreal injec-
tion was performed on one randomly selected eye of each
animal. To visualize the immediate effect of ET-1 in the
constriction of retinal blood vessels and to examine poten-
tial postinjection intraocular complications, retinal fundus
photographs were captured before and after each intravitreal

injection. Follow-up examinations of ERG,OCT, and Doppler
OCT were carried out at postinjection days 10, 28, and 56,
after which animals were euthanized and their eyes were
collected for the quantification of RGC survival. To study the
interim RGC survival outcome, ∼50% of the animals in each
group were euthanized earlier at day 28, while the remain-
ing mice were euthanized at day 56 following ERG and OCT
examinations.

Intravitreal Injection

Animals were first anesthetized with an intraperitoneal injec-
tion of 100 mg/kg ketamine (Alfasan International B.V.,
Woerden, Holland) and 20 mg/kg xylazine (Alfasan Inter-
national B.V.). Briefly, a drop of short-acting topical anes-
thetic Provain-POS 0.5% w/v eye drops (URSAPHARM, Saar-
brucken, Germany) was applied. The eyes were then dilated
using Mydrin-P (Santen Pharmaceutical Co, Ltd, Osaka,
Japan) that facilitated the clear view of the retina. A lubri-
cating gel (Lacryvisc gel; Alcon, Rueil-Malmaison, France)
was used to hydrate the cornea. Baseline fundus photo-
graph was captured using Micron IV (Phoenix Research
Lab, Pleasanton, CA, USA) before intravitreal injections were
performed. A small incision was introduced at the conjunc-
tiva, and the exposed sclera was punctured using a 30-
gauge needle at the superotemporal limbal region. After
gently pressing a clean cotton tip against the incision site
for 10 seconds, intravitreal injection was carried out using a
5-μL Hamilton syringe (7633–01; Hamilton Company, NV,
USA) with a blunt, 33-gauge needle. The needle was inserted
at a 45-degree angle to avoid damaging the lens or the retina.
Then, 2 μL PBS or ET-1 (E7764; Sigma, St. Louis, MO, USA)
in PBS, at a concentration of 125, 250, or 500 μM ET-1 (i.e.,
0.25, 0.5, or 1 nmol ET-1, respectively), was slowly injected
into the vitreous at a rate of 1 μL/min. The needle was
kept in place for about 30 seconds before it was gently and
slowly removed from the injection site. Postinjection fundus
photography was performed 5 minutes after the injec-
tion. Subsequently, antibiotic eyedrops (Gentamycin; Gibco,
Thermo Fisher Scientific, CA, USA) were given. Animals with
lens injury (n = 3), vitreous hemorrhage (n = 2), and moder-
ate backflow while removing the injection needle (n = 2)
and those died during follow ups (n = 3) were excluded
from the study. For final analysis, 10 animals in PBS control,
8 each in the 0.25-nmol and 0.5-nmol ET-1 groups, and 9 in
the 1-nmol ET-1 group were included.

Electroretinogram

A full-field Ganzfeld (Q450; RETI Animal, Roland Consult,
Brandenburg an der Havel, Germany) with light-emitting
diode (LED) light source was used to measure the differential
retinal responses of retinal ganglion, bipolar, and photore-
ceptor cells as described previously.65 Briefly, following an
overnight dark adaptation, animals were anesthetized using
ketamine (100 mg/kg) and xylazine (20 mg/kg). All proce-
dures were conducted under a dim red light to maintain
the state of dark adaptation of the animals. The pupils were
dilated prior to the examination, and a drop of lubricating
gel was applied to prevent corneal dehydration. The animal
was placed in a warm platform that was connected to a
37°C hot water bath. For measuring the ERG, the ground
and reference needle electrodes were inserted into the base
of the tail and the scalp, respectively. Gold ring active elec-
trodes (2 mm in diameter) were placed on the surface of
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the cornea of both eyes. Impedance was kept under 10
K�. First, positive scotopic threshold responses (pSTRs)
were measured from light intensities ranging from −4.8 to
4.25 log cd�s/m2 with an interstimulus interval (ISI) of
2 seconds. Thirty responses were averaged for each stim-
ulus. This was followed by measuring scotopic responses
(a- and b-waves) at an intensity of 1.3 log cd�s/m2,
with a 60-second ISI. Three responses were averaged for
these stimuli. The amplitudes and implicit times of pSTRs
(−4.35 log cd�s/m2) and a- and b-wave responses were
extracted for further analysis.

Optical Coherence Tomography

OCT was immediately performed after ERG to ensure that
the animals were under the same anesthesia and mydriatic
effects. Peripapillary retinal layers were imaged using SD-
OCT (Envisu R2210; Bioptigen, Morrisville, NC, USA) with a
mouse objective lens. An annular B-scan of 0.8 mm diame-
ter (1000 A-scans) with a five-frame averaging was obtained.
Later, OCT images were manually segmented to obtain the
measurements of retinal nerve fiber layer thickness (RNFLT),
inner retinal layer thickness (IRLT; including the inner plex-
iform and the inner nuclear layers), and outer retinal layer
thickness (ORLT; including the outer plexiform layer and the
RPE) using FIJI software (https://imagej.net/software/fiji/).

After obtaining the OCT images, retinal blood flow was
evaluated using a 0.5-mm-diameter annular Doppler B-scan
(1000 A scans; Envisu R2210; Bioptigen). The Doppler OCT
allowed direct visualization of retinal blood flow toward
(arterial; represented by red pixels) and away (venous;
represented by blue pixels) from the objective. The number
of red and blue pixels in the RNFLT was later quantified
using a color threshold algorithm available in FIJI soft-
ware (https://imagej.net/software/fiji/). First, the image with
ganglion cell layer was selected and cropped. Using color
thresholding, the saturation was adjusted until all the red or
blue pixels in the blood vessels were included. The noise
(i.e., red or blue pixels in regions other than blood vessels)
was removed. Then, the number of red or blue pixels was
quantified separately. This serves as indirect measurements
of the retinal arterial (red pixels) and venous (blue pixels)
blood flow and their vessel caliber.74

Immunohistochemistry in Retinal Whole Mounts

Retinal whole mounts were prepared as described previ-
ously.75 In brief, after sacrificing the animals with CO2

asphyxiation, eyes were collected using curved forceps and
fixed with 4% paraformaldehyde (PFA) at 4°C for 20 minutes.
After the excision of the cornea, lens, sclera, and vitreous,
the retinas were isolated, and four incisions were made two-
thirds of the way from the periphery to the optic nerve and
further fixed with 4% PFA for 20 minutes. Samples were
washed in PBS and blocked (blocking buffer: 10% normal
goat serum [NGS], 1% bovine serum albumin [BSA], 0.05%
sodium azide, and 0.5% Triton X-100 in PBS) for 1 hour
at room temperature with shaking. After rinsing with PBS,
the samples were incubated with primary antibodies against
RBPMS (rabbit, 1:500; PhosphoSolutions, Aurora, CO, USA)
for 5 days at 4°C. Samples were then washed and incubated
in Alexa Fluor 488–conjugated, goat-anti-rabbit secondary
antibodies (1:1000, ab150077; Abcam, Cambridge, MA, USA)
at 4°C overnight. All antibodies were diluted in an incubation
buffer (3% NGS, 1% BSA, 0.05% sodium azide, 0.5% Triton

X-100 in PBS). Samples were washed, mounted onto micro-
scope slides, and imaged using a confocal laser scanning
microscope (LSM800; Carl Zeiss, Jena, Germany). For each
retinal quadrant, sampling at the peripheral, midperipheral,
and central regions was conducted through randomly select-
ing a region of 250 × 250 μm at 1/4, 2/4, and 3/4 of
the distance from peripheral edge to the optic nerve head,
respectively. Automated RGC counting was then performed
using SimpleRGC, a FIJI plugin.76 Finally, RGC counts at the
central, midperipheral, and peripheral retina were obtained
by averaging that respectively counts from each quadrant.

Analysis

A masked approach was used in all data collection and
analysis procedures. Data were presented as mean ± SD.
SPSS 26.0 (IBM Corp., Armonk, NY, USA) was used for
data analysis. For OCT, ERG, and blood flow data, mixed-
effect model analysis with Bonferroni post hoc correction
was used. This allowed multiple comparisons to test the
temporal dose responses across ET-1 dosages (interaction
effect), within (time effect) and between (dosage effect) the
four experimental groups. Relative changes in OCT and ERG
data were defined as the percentage change from baseline.
Mixed-model ANOVA with Bonferroni post hoc correction
was used to test the difference in RGC counts between the
four experimental groups and within groups at days 28 and
56.

RESULTS

Effect of ET-1 on Mouse Retinal Vasculature and
Ocular Blood Flow

Intravitreal injection of ET-1 led to arterial constriction in the
mouse retina and a pupillary constriction. Figure 1 shows the
representative fundus images of each experimental group
captured at baseline and 5 minutes after intravitreal injec-
tion. While the PBS control did not cause visible changes
in the retinal blood vessels (black arrowheads in Fig. 1), all
three dosages of ET-1 (0.25, 0.5, and 1 nmol) resulted in an
immediate constriction of retinal arteries (white arrowheads
in Fig. 1). All three dosages of ET-1 injections caused a pupil-
lary constriction, whereas PBS injection showed no such
changes. For 1 nmol ET-1, the onset of pupillary constriction
was earlier, around 5 minutes after the intravitreal injection.
In other two lower dosages, it was observed later around 50
minutes after intravitreal injection. The long-term effects of
ET-1 on retinal blood flow and its vessel caliber were quan-
tified using Doppler OCT at baseline, postinjection days 10,
28, and 56 (Fig. 2). This allowed the comparison of pixel
numbers quantified from arterial, venous, and total (sum of
artery and venous) blood flows between the experimental
groups across time.

For the number of pixels in arterial blood flow, a signif-
icant temporal difference was detected within groups (time
effect: P = 0.02; dosage effect: P = 0.34; interaction effect:
P = 0.26). At day 10, 1 nmol ET-1 (P = 0.05 for base-
line vs. day 10; P = 0.12 as compared with PBS control)
showed a decrease in number of pixels, followed by a return
to baseline and PBS control levels from day 28 onward.
Although not reaching statistical significance, a similar trend
was observed in 0.5 nmol ET-1. On the other hand, the 0.25-
nmol ET-1 group remained similar to the PBS control group
throughout the experiment.
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FIGURE 1. Fundus photographs of mouse retina captured before and after the intravitreal injection of ET-1 or PBS. PBS injection showed
no visible change in the retinal blood vessels (black arrows). All three dosages of ET-1 (0.25, 0.5, and 1 nmol) resulted in the narrowing of
retinal arteries (white arrows).

FIGURE 2. Long-term effects of the intravitreally injected ET-1 (0.25, 0.5, or 1 nmol) or PBS on the retinal blood flow, assessed using Doppler
OCT. Annular Doppler B-scans of one representative mouse retina per group, showing the temporal changes in retinal blood flow following
the intravitreal injection of (A) PBS or (B–D) 0.25, 0.5, or 1 nmol ET-1, measured at baseline and postinjection days 10, 28, and 56. Mean
(E) arterial, (F) venous, and (G) total blood flows were compared over a period of 56 days. Error bars: standard deviation. Each circle in
the bar chart represents an individual data point. *P < 0.05 when compared with baseline, †P < 0.05 when compared with day 10, ǂP <

0.05 when compared with day 28, §P < 0.05 when compared with PBS control, #P < 0.05 when compared with 0.25 nmol ET-1, ||P < 0.05
when compared with 0.5 nmol ET-1 using a mixed-effects model with Bonferroni post hoc test.

As for the number of pixels in venous blood flow, a
significant difference was detected between the dosage
groups across time (interaction effect: P = 0.003). All
ET-1 groups showed a decreasing trend compared with

the PBS control group at days 10 and 56, although they
were not significant. However, at day 28, the number
of pixels in the 0.25-nmol ET-1 group became signifi-
cantly greater than the PBS control (P = 0.001) and the
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1-nmol ET-1 (P = 0.001) groups as well as its baseline
(P = 0.01).

The difference in number of pixels in total blood flow
was significant between dosage groups across time (interac-
tion effect: P = 0.04). Both 0.5-nmol (P = 0.04) and 1-nmol
(P = 0.05) ET-1 groups were significantly lower than the
PBS control group at day 10, followed by an improvement to
baseline and PBS control levels from day 28 onward. At day
28, the 0.25-nmol ET-1 group showed a transient increase
in number of pixels when compared with the PBS control
(P = 0.04) and the 1-nmol ET-1 (P = 0.06) groups.

Dose Effect of ET-1 on Retinal Layer Thicknesses

All four measurement of retinal layers, RNFLT, IRLT, ORLT,
and total retinal thickness (TRT), showed a significant differ-
ence between the experimental groups over time (inter-
action effect: P = 0.001, 0.01, 0.04, and 0.01, respec-
tively). Representative OCT scan images (Figs. 3A–D), reti-
nal layer thickness measurements (Figs. 3E–H), and their
corresponding percentage change from baseline (Figs. 3I–L)
are presented in Figure 3. For RNFLT (Fig. 3I), 1 nmol ET-
1 was the first group to show a significant thinning at day
28 (−13.6% ± 7.2% from baseline, P = 0.01 as compared
with PBS control, 0.25-nmol, and 0.5-nmol ET-1 groups)
that further declined at day 56 (−16.8% ± 5.9% from base-
line; P = 0.01 for day 56 vs. baseline, day 10; P = 0.02 as
compared with PBS control). At the end of the study (i.e.,
day 56), a similar degree of thinning was also observed in
the 0.25-nmol (−16.9% ± 3.8% from baseline, P = 0.03 as
compared with PBS control) and 0.5-nmol (−15.6% ± 10.3%
from baseline, P = 0.01 as compared with PBS control) ET-
1 groups. Interestingly, while the RNFLT of the PBS control
group remained stable up to day 28, a significant increase
was detected at day 56 (19.1% ± 6.1% from baseline, P =
0.04 for baseline vs. day 56).

For IRLT (Fig. 3J), all ET-1 groups showed a transient thin-
ning at days 10 and 28, followed by a recovery to baseline
and PBS control group levels at day 56. On the other hand,
the IRLT of the PBS control group remained stable through-
out the experiment (day 56: −0.4% ± 3.7% from baseline).
For ORLT and TRT thicknesses (Figs. 3K, 3L), thinning was
observed in both 0.5- and 1-nmol ET-1 groups at day 10
(for 0.5 nmol ET-1, ORLT: −11% ± 7.3% from baseline, P =
0.001 for baseline vs. day 10, P = 0.003 as compared with
PBS control; TRT: −9.1% ± 5.1% from baseline, P= 0.001 for
baseline vs. day 10, P = 0.001 as compared with PBS control;
for 1 nmol ET-1, ORLT: −8.3± 6.4% from baseline, P = 0.001
for baseline vs. day 10, TRT: −6.7% ± 4.4%, P = 0.001 for
baseline vs. day 10, P = 0.03 as compared with PBS control),
which was maintained up to day 56. While the thicknesses
of ORLT and TRT in the PBS control group remained stable,
they were slightly thinned in the lowest ET-1 dosage group,
0.25 nmol, at days 10 (ORLT: −5.1% ± 6.6% from baseline;
TRT: −4.2% ± 4.8% from baseline, P = 0.05 for baseline
vs. day 10, P = 0.04 as compared with PBS control) and 56
(ORLT: −8.3% ± 5.5% from baseline; TRT: −6.1% ± 4.4%
from baseline).

Dose Response of ET-1 on ERG-Measured Retinal
Cell Functions

The mean ERG traces of pSTRs (Fig. 4A) and scotopic
responses (Fig. 4B), the amplitudes of pSTRs, scotopic b- and

a-waves (Figs. 4C, 4F, 4I) and their corresponding percent-
age change from baseline (Figs. 4D, 4G, 4J), and the implicit
times (Figs. 4E, 4H, 4K) of each experimental group are
presented in Figure 4. The pSTR response varied signifi-
cantly between the dosage groups with time (interaction
effect: P = 0.04). On the other hand, a significant tempo-
ral change in both scotopic b- and a-waves (time effect: P =
0.01) was detected. The pSTR response of the PBS control
group remained stable throughout the study, whereas that
of the 1-nmol ET-1 group was significantly reduced at day
10 (PBS control: 44.4 ± 9.0 μV, 1 nmol ET-1: 30.0 ± 8.1 μV;
P = 0.002 for baseline vs. day 10, P = 0.001 as compared
with PBS control). The other two ET-1 groups, 0.25 nmol
(31.5 ± 12.7μV; P = 0.11, as compared with PBS control)
and 0.5 nmol ET-1 (22.7 ± 11.9 μV; P = 0.01 for base-
line vs. day 10; P = 0.06 as compared with PBS control),
also showed a reduction at day 10. On day 28, the pSTR
responses were significantly recovered in both 0.25-nmol
(49.9 ± 14.9 μV, P = 0.03 for days 10 vs. 28) and 0.5-nmol
ET-1 groups (49.0 ± 15.0 μV, P = 0.02 for days 10 vs. 28) and
remained stable up to day 56. For the 1-nmol ET-1 group, a
mild improvement was shown at day 28 (38.0 ± 17.4 μV,
P = 0.07 for baseline vs. day 28), and a significant recov-
ery to the baseline and PBS control levels was observed at
day 56 (1 nmol ET-1: 44.4 ± 18.9 μV, P = 0.01 for days
10 vs. 56).

For scotopic b-wave responses, the amplitudes were
moderately reduced in 1 nmol ET-1 at days 10 and 28
(day 10: 379.4 ± 119 μV; day 28: 382.5 ± 137.0 μV, P =
0.08 for baseline vs. days 10, 28). Similarly, 0.5 nmol ET-
1 showed reduced responses at days 10 (418.3 ± 96.7 μV,
P = 0.05), 28 (401 ± 79.5 μV, P = 0.10), and 56 (368.8 ±
115.0 μV, P = 0.04) as compared with its baseline. Although
the reduction in the 0.25-nmol ET-1 group at day 10 did
not reach statistical significance (baseline: 405 ± 82.2 μV;
day 10: 326.1 ± 113.7 μV), improvement in the amplitude
to baseline levels was observed at day 56 (422.5 ± 65 μV).
The a-wave amplitudes of the 0.5-nmol (day 10: 193.2 ±
27.1 μV; day 28: 234.4 ± 70.5 μV) and 1-nmol (day 10:
201.2 ± 45.5 μV; day 28: 203.9 ± 58.3) ET-1 groups were
reduced significantly at both days 10 (P = 0.01) and 28
(P = 0.02) when compared with their baselines (0.5 nmol
ET-1: 327.7 ± 87.3 μV; 1 nmol ET-1: 292.7 ± 61.4 μV).
While the response in the 1-nmol ET-1 group showed a mild
improvement at day 56 (247.4 ± 67.2 μV), that of the 0.5-
nmol ET-1 group did not show any improvement (208.7 ±
52.3 μV, P = 0.01, as compared with baseline). As for the
0.25-nmol ET-1 group, a reduction was observed at day 10
(178.1 ± 50.5 μV, P = 0.11, as compared with baseline; P
= 0.04, as compared with PBS control), which was later
improved at day 28 (220.0 ± 50.6 μV) and further recov-
ered to its baseline at day 56 (baseline: 249.4 ± 69.6 μV; day
56: 240.3 ± 14.1 μV). At day 56, both the scotopic b- and
a-wave responses were not significantly different from PBS
control.

No significant difference was detected between the pSTR
implicit times of different treatment groups or time points.
At day 10, the b-wave response of the 1-nmol ET-1 group
was significantly delayed (P = 0.04 as compared with PBS
control; P = 0.01 for baseline vs. day 10). However, it was
improved later to a level comparable with the baseline from
day 28. For the a-wave implicit time, an early onset of
response was detected in the 0.25-nmol (P = 0.01 for base-
line vs. day 56, P = 0.02 for days 10 vs. 56) and 0.5-nmol
groups (P = 0.02 for baseline vs. day 56).
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FIGURE 3. Long-term effects of intravitreally injected ET-1 (0.25, 0.5, or 1 nmol) or PBS on differential retinal layer thicknesses. The segmented
SD-OCT B-scans of one representative mouse retina per group after the intravitreal injection of (A) PBS or (B–D) 0.25, 0.5, or 1 nmol ET-1
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at the baseline and postinjection days 10, 28, and 56. Mean peripapillary retinal thicknesses of (E) RNFLT, (F) IRLT, (G) ORLT, and (H)
total retinal thickness and (I–L) the corresponding percentage change from baseline were compared over a period of 56 days. Error bars:
standard deviation. Each circle in the bar chart represents an individual data point. *P < 0.05 when compared with baseline, †P < 0.05 when
compared with day 10, ǂP < 0.05 when compared with day 28, §P < 0.05 when compared with PBS control, #P < 0.05 when compared with
0.25 nmol ET-1, ||P < 0.05 when compared with 0.5 nmol ET-1 using a mixed-effects model with Bonferroni post hoc test.

FIGURE 4. Long-term effects of intravitreally injected ET-1 (0.25, 0.5, or 1 nmol) or PBS on retinal functions. The averaged ERG traces of
(A) pSTR and (B) scotopic responses from each experimental group measured at baseline and postinjection days 10, 28, and 56. Mean
amplitudes of (C) pSTR, (F, I) scotopic b- and a-waves, (D, G, J) the corresponding percentage change from baseline, and (E, H, K) implicit
times were compared over a period of 56 days. Error bars: standard deviation. Each circle in the bar chart represents an individual data
point. *P < 0.05 when compared with baseline, †P < 0.05 when compared with day 10, ǂP < 0.05 when compared with day 28, §P < 0.05
when compared with PBS control using a mixed-effects model with Bonferroni test.
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FIGURE 5. Effects of intravitreally injected ET-1 (0.25, 0.5, or 1 nmol) or PBS on RGC survival. The representative retinal flat mounts of mice
receiving (A) PBS control or (B) 0.25 nmol, (C) 0.5 nmol, and (D) 1 nmol ET-1, captured at the center, midperipheral, and peripheral retinal
locations at days 28 and 56. Mean RGC density from the (E) central, (F) midperipheral, and (G) peripheral retinal locations were compared
across groups at days 28 and 56 (n = 4 in each group). Error bars: standard deviation. Each circle in the bar chart represents an individual
data point. *P < 0.05 when compared with PBS control, †P < 0.05 when compared with 0.25 nmol ET-1, ǂP < 0.05 when compared with
week 4 using a mixed-model ANOVA with Bonferroni post hoc test.

Dose Effect of ET-1 on RGC Survival

RGC survival was assessed at two time points (days 28 and
56) and at three retinal locations (central, midperipheral, and
peripheral) (Fig. 5). For RGC density, a significant dosage
main effect (P = 0.01) was detected in all three retinal loca-
tions, whereas a significant time main effect was observed
in the central and midperipheral locations (P = 0.003 for
central, P = 0.03 for midperipheral, and P = 0.59 for periph-
eral retina).

At day 28, the RGC densities of the 1-nmol ET-1 group
were significantly reduced in all three retinal locations
(central: P = 0.05, as compared with PBS control and 0.25
nmol ET-1; midperipheral: P = 0.02, as compared with PBS
control and peripheral: P = 0.04, as compared with PBS
control). At day 56, a significant reduction was detected
only at the midperipheral retinal location of the 1-nmol ET-1
group (P = 0.01, as compared with PBS control). As for the
lower-dosage groups, significant reductions in RGC densi-
ties were observed at the central (P = 0.02 for 0.25 nmol
and 0.5 nmol ET-1) and midperipheral retina (P = 0.04 for
0.25 nmol ET-1) at day 56 when compared with day 28. The
RGC density showed a moderate correlation with relative
percentage change in RNFLT (Supplementary Fig. S1).

DISCUSSION

The present study reports the long-term dose–response
effects of ET-1 on retinal blood flow, retinal layer thick-

nesses, retinal cell responses, and RGC survival. Intravit-
real injection of ET-1 caused an immediate constriction of
retinal arteries and a reduction in the number of pixels in
Doppler flow. The reduction in blood flow occurred in a
dose-dependent manner such that the higher dosages led
to prolonged recovery from vasoconstriction. Similarly, for
retinal cell function, a transient reduction in ganglion and
photoreceptor cell responses was detected. As the response
of second-order neurons (i.e., b-wave) was not significantly
affected by the decrease in photoreceptor cell function (i.e.,
a-wave), it suggested that the reduction in RGC function was
likely independent of the photoreceptor response. Subse-
quently, a loss in RNFL and RGC was observed as early as
day 28 in the highest dosage group (1 nmol ET-1), while
these changes were developed later at day 56 in the other
two lower-dosage groups (0.25 nmol and 0.5 nmol ET-1).

Glaucoma is a complex disease caused by raised IOP,
vascular dysregulation, and/or several IOP-independent
factors. In recent years, there is growing evidence indi-
cating the potential role of ET-1 in RGC neurodegenera-
tion.6–8 Animal models of ET-1 have been used to examine its
effects on retinal neurons,44–55 study the potential pathways
involved in RGC degeneration,51,52 and explore the poten-
tial treatment options combating its effects.50,57–60 This was
generally approached by studying the dose–response effect
of ET-1 and then choosing an appropriate dosage that results
in substantial RGC loss for further investigations. Earlier
studies reported the dose–response effect of intravitreally
injected ET-1 on axonal transport44 and RGC survival46 in
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rats. With regard to axonal transport, 2 nmol ET-1 (i.e., 4
μL of 500 μM ET-1) was shown to significantly affect the
anterograde axonal transport as compared with 0.3 and 0.4
nmol ET-1 in Sprague-Dawley rats.44 Subsequently, a similar
dosage of 2.5 nmol ET-1 resulted in a 25% loss in RGC after
2 weeks of injection, whereas the dosages of 0.025 and 0.25
nmol ET-1 did not show such loss.46 Another dose–response
study (0.2–200 pmol ET-1) showed that a dosage of 20 pmol
was sufficient to induce 43% loss in RGC.50 In the same study,
the fluorogold labeling of RGC was performed 3 weeks after
ET-1 injection. As ET-1 is known to affect the retrograde
axonal transport and recovery to normalize axonal trans-
port takes a longer time, the applied fluorogold would label
not only dead RGCs but also functional RGCs with impaired
axonal flow, leading to a potential overestimation of RGC
loss. Although there was no literature evidence on the dose
response of ET-1 in mice, few studies have shown that 1
nmol ET-1 (i.e., 2 μL of 500 μM concentration) was sufficient
to cause RGC loss in mice.51,52 This is comparable to the
effective concentrations of ET-1 (500 μM) reported earlier
in rats. Therefore, in the present study, the long-term dose–
response effects of 0.25, 0.5, and 1 nmol ET-1 (equivalent
to 125, 250, and 500 μM ET-1 concentration per μL, respec-
tively) on retinal structure and function were studied.

Intravitreal ET-1 injection in mice induced constriction
in the retinal arteries (Fig. 1), which was also indicated by
reduction in number of pixels in the arterial flow. A previ-
ous study showed that intravitreal injection of 1 nmol ET-
1 caused 3 hours of vasoconstriction, which took at least
6 hours to restore normal perfusion and was sufficient to
induce retinal hypoxia in RGCs/Müller glia for 24 hours.51

Although the present study did not monitor how long the
effects of vasoconstriction lasted in each dosage of ET-1,
the restoration of retinal flow was evaluated using Doppler
imaging. Our findings indicated that the time to full retinal
reperfusion following ET-1 injection was dose dependent,
with retinas receiving higher doses of ET-1 taking longer to
achieve full recovery in the blood flow and thereby being
exposed to longer periods of vasoconstriction and hypoxia.
While this calls into question whether a single dose of ET-
1 can exhibit such a long-term effect on vascular regula-
tion, reports from previous studies suggested this possibil-
ity. A brief application of ET-1 on the surface of the rat optic
nerve caused a 68% reduction in blood flow45 and transiently
blocked the retrograde axonal flow for at least 2 hours with a
complete recovery in 6 hours.49 On the other hand, an intrav-
itreal injection of 2 nmol ET-1 in rats causing vasoconstric-
tion of retinal vessels was enough to affect the anterograde
axonal transport for at least 21 days.44 Therefore, intravit-
real dosing of ET-1 potentially causes vasoconstriction for
extended durations, thereby affecting the retinal circulation
and axonal transport in a dose-dependent manner and hence
impeding the proper functioning of RGCs and their survival.

The current study showed that ET-1–induced vasocon-
striction affected all three retinal layers. While ORLT thin-
ning was sustained, IRLT thinning was reversed at the end
of the study for all three dosage groups. It should be
highlighted that the OCT retinal thickness measurements
can be impacted by changes in retinal neurons as well as
the constriction of vascular plexus, which is embedded in
different retinal layers. This includes the superficial vascular
plexus in the RNFL and the intermediate and deep vascu-
lar plexus in the inner and outer plexiform layers of the
retina, respectively. Therefore, the initial reduction in IRL
from days 10 to 28 and subsequent recovery at day 56 could

potentially be attributed to the prolonged effect of vasocon-
striction, followed by the restoration to normal vessel caliber
over the course of the study.

We have detected degenerative outer retinal changes that
were nonprogressive in the ET-1–injected eyes. A previ-
ous study on TET-1 mice, which overexpresses ET-1, also
reported significant thinning in the outer nuclear layer, along
with the inner layers.35 Among the layers taken into account
for OCT-based ORLT measurements, which includes the
outer plexiform, outer nuclear, photoreceptors segments,
and RPE layers, the outer plexiform layer is the only layer
embedded with the deep vascular plexus. The rest of the
outer retina depends on the choroid for nutrient supply and
material exchange through diffusion. This implied that the
impact of ET-1–induced changes in the vascular plexus on
the ORLT measurements is limited. This also suggested other
mechanisms may be involved in the nonprogressive thinning
of ORLT detected. Since ET-1 receptors are present in both
the outer retina and the choroidal vessels,11,77 it is possible
that outer retinal degeneration is a result of ET-1–mediated
neuronal changes and/or a transient nutrient deficiency from
choroidal supply. Further investigation is needed to under-
stand the mechanisms involved in ET-1–mediated outer reti-
nal changes. Interestingly, the dose–response effect of ET-1
was clearly observed in the rate of RNFL loss. It is possible
that the higher ET-1 dosage accelerated the rate of degener-
ation and resulted in earlier RNFL thinning, as seen at day
28, whereas lower dosages caused a slower rate of degen-
eration, and thus the effects became observable later at day
56. However, further investigation on the temporal course
of events, such as JUN or caspase 3 activation as reported
earlier,51 leading to neuronal loss in various dosages, is
required. A previous study on ET-1–injected rats reported a
similar trend, in which IRLT and TRT were the first to show
thinning at week 1, followed by RNFL at week 2.50 While the
higher dosages of ET-1 (20, 60, and 200 pmol) led to a signif-
icant RNFL loss, lower dosages (2 and 5 pmol ET-1) showed
a declining trend at the end of the second week. However,
the relatively short follow-up period used in these studies
was unable to show whether the RNFL thinning at lower
dosages was progressive at later time points, as observed in
the present study. It is worthwhile to mention that for the
PBS control group, the RNFLT showed an increase at day
56 while the inner and outer retina thicknesses remained
unchanged. We speculated that this may be an effect of the
raised venous and total blood flow at day 56 or due to animal
variability.

RGC survival was also impacted by ET-1–induced
constriction in a similar fashion in the present study. The 1-
nmol ET-1 group was the first to show an RGC loss, followed
by other two lower-dosage groups. The RGC density was
significantly and positively associated with RNFLT (Supple-
mentary Fig. S1). The association was greater at the central
retina (r = 0.56), followed by the midperipheral (r = 0.46)
and the peripheral (r = 0.43) regions. This corroborated
with the OCT retinal thickness measurements that were
taken from the peripapillary region, which correlated with
the central retina used in RGC quantification. However,
the observed RGC loss was of a lower magnitude when
compared to previous studies that reported 26% RGC loss
using 1 nmol ET-1 in mice.55 This could be due to a smaller
sample size as half of the animals were euthanized at each
time point (i.e., at days 28 and 56) for the investigation
of long-term RGC loss. Interestingly, one study reported
that ET-1 caused a significant, region-specific RGC loss
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at the midperipheral and peripheral retina.52 Alternatively,
some studies detected a greater RGC loss at the central
region,60 while others reported a uniform loss across all reti-
nal regions.45 However, in the present study, we observed
distinct findings at different time points. At day 28, the loss
in RGC density was greatest at the peripheral retinal region,
followed by the midperipheral and central retina. However,
at day 56, this trend was reversed, with RGC loss from the
central and midperipheral retina greater than the peripheral
region. These findings suggested that the intravitreal injec-
tion of ET-1 caused a gradual loss in RGC, starting from the
peripheral retinal region, and slowly progressing toward the
central region with time.

In regard to retinal cell functions, all three dosages of
ET-1 caused a transient reduction in ganglion (pSTR) and
photoreceptor (a-wave) functions with maximum reduction
in pSTR (∼40%) observed in the 1-nmol ET-1 group. ET-1
showed minimal effect on scotopic b-wave, and the differ-
ence between the ET-1 groups was insignificant. While there
are no previous reports on the long-term effects of ET-1
on electrophysiologic measurement of retinal functions, one
study investigated its short-term effect. In Wistar rats, 20
pmol ET-1 significantly reduced both pattern-induced visu-
ally evoked potentials (∼70%) and pattern ERG (∼33%) after
5 days of intravitreal injection.59 The same study also showed
that the scotopic responses were unaffected. Another study
demonstrated that 2.5 nmol ET-1 in rats had a prolonged
effect on the pupillary responses, with the duration of light
response increased by 25% and the velocity of pupillary
constriction decreased by 30% at 3 weeks after intravit-
real injection.46 Collectively, these findings suggest that the
lower dosages of ET-1 injection affected the retinal func-
tions transiently, and this effect could be prolonged in higher
dosages. With regard to the structure–function relationship,
the restoration of pSTR responses does not conform with
the structural loss (i.e., RNFL thinning) or the decrease in
RGC survival observed at days 28 and 56; however, it paral-
leled the recovery in arterial flow.We speculate that there are
two possibilities to this disparity: (a) both RNFL and inner
plexiform layer (IPL) have a dense vascular plexus and are
regions of high metabolic demand. The restoration in blood
flow following a brief period of ET-1–induced vasoconstric-
tion would eventually improve the retinal cell metabolism
and hence the retinal electrophysiologic activities. (b) As the
level of damage, in terms of RGC loss, induced in the models
is relatively mild, the summated retinal responses measured
by Ganzfeld ERG may not be sensitive enough or may lack
the specificity required to reflect this change. Alternatively,
the more sensitive pattern ERG or multifocal ERG can be
applied.78,79

While the present study did not investigate the potential
mechanisms of ET-1 involved in RGC neurodegeneration or
its molecular pathways, a handful of studies have explored
this previously. Increased RGC apoptosis and increased ET-B
expression were reported in RGC-5 cells treated with ET-
1 and rats intravitreally injected with ET-1.48 The effects
were attenuated when RGC-5 cells were cotreated with ET-
B antagonist or when ET-B deficient rats were used, indi-
cating a potential role of ET-B in RGC neurodegeneration.48

In contrast, a recent study53 demonstrated that the condi-
tional deletion of ET-A, ET-B, or both ET-A/ET-B receptors
from retinal neurons and microglia did not prevent the ET-
1–induced vasoconstriction or caspase 3 activation in RGC.
However, the deletion of ET-A receptor either from full-body
or mural cells inhibited both vasoconstriction and RGC death

but not the global deletion of ET-B receptor.53 This suggested
that ET-1–induced RGC death is mainly driven by vascular
mural cells expressing ET-A receptors, causing vasoconstric-
tion and subsequent neurodegeneration process. Further-
more, the 1-nmol ET-1 injection caused a JUN activation in
30% of RGC cells at day 1 and increased caspase 3 activation
at day 5, which resulted in 26% RGC loss at day 28.51 Never-
theless, the same study showed that ET-1 did not cause any
damage to amacrine cells,51 indicating that the model did
not induce significant retinal ischemia. Subsequent studies
also showed that the RGC loss was attenuated when ET-
1 was injected in conditional knockout of c-JUN51 or JNK2
knockout mice,52 suggesting the involvement of the JNK-JUN
signaling pathway in ET-1–induced RGC death.

The present study primarily presents the long-term dose–
response effects of ET-1–induced vasoconstriction on reti-
nal structures and functions in a mice model. The recov-
ery from ET-1–induced arterial flow reduction (in terms
of the number of pixels in Doppler flow) was affected
in a dose-dependent manner. While all dosages resulted
in neuronal loss (RNFL/RGC), the manifestation of such
loss was earlier in the higher ET-1 dosage. This suggested
that an initial period of vascular compromise was suffi-
cient to cause neuronal loss; however, the rate of degen-
eration seems to be related to the dosages of ET-1. As the
degenerative effects at lower dosages cannot be ascertained
without performing long-term assessments, further studies
on the prolonged impact of ET-1 on vascular endothelial
cells and the associated molecular mechanisms involved in
neuronal degeneration, including that in the outer retina,
are warranted. This mouse model, with single ET-1 injec-
tion, demonstrated vasoconstriction, followed by a gradual
development of RGC injury from mild to moderate, inde-
pendent of IOP elevation. Its outcomes resembled certain
presentations of clinical glaucoma subtypes (e.g., normal-
tension glaucoma) that exhibit RGC neurodegeneration in
the absence of elevated IOP. Given that the model is a mini-
mally invasive, IOP-independent neurodegeneration that
involves a slow and progressive loss in RNFL/RGC, this can
potentially be applied to test neuroprotective therapeutics
targeting RGCs. By monitoring the changes in the retinal
structure and function using clinical tools, our findings may
add to the current body of evidence on ET-1–induced RGC
degeneration and facilitate the comparison between preclin-
ical and clinical data.
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