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Purpose: Animal models have demonstrated a link between dysregulation of the retinal dopamine system and the
development of experimental myopia (short-sightedness). However, pharmacological investigations of dopamine
in animal models rely heavily on intravitreal or systemic administration, which have several limitations for
longer-term experiments. We therefore investigated whether administration of dopamine as a topical eye drop
can inhibit the development of form-deprivation myopia (FDM) in chicks. We also examined whether chemical
modification of dopamine through deuterium substitution, which might enhance stability and bioavailability,
can increase dopamine’s effectiveness against FDM when given topically.
Methods: Dopamine or deuterated dopamine (Dopamine-1,1,2,2-d4 hydrochloride) was administered as a daily
intravitreal injection or as daily topical eye drops to chicks developing FDM over an ascending dose range (min.
n = 6 per group). Axial length and refraction were measured following 4 days of treatment.
Results: Both intravitreal (ED50 = 0.002μmoles) and topical application (ED50 = 6.10μmoles) of dopamine
inhibited the development of FDM in a dose-dependent manner. Intravitreal injections, however, elicited a
significantly higher level of protection relative to topical eye drops (p < 0.01). Deuterated dopamine inhibited
FDM to a similar extent as unmodified dopamine when administered as intravitreal injections (p = 0.897) or
topical eye drops (p = 0.921).
Conclusions: Both intravitreal and topical application of dopamine inhibit the development of FDM in a dosedependent manner, indicating that topical administration may be an effective avenue for longer-term dopa
mine experiments. Deuterium substitution does not alter the protection afforded by dopamine against FDM when
given as either an intravitreal injection or topical eye drop.

1. Introduction
During the past century, the refractive disorder myopia (shortsightedness) has undergone a dramatic rise in prevalence and is now the
leading cause of visual impairment word wide (for review see Morgan
et al., 2018). The dramatic rise in prevalence is most notable in educa
tionally developed areas of East and Southeast Asia where myopia
prevalence in young adults has risen from 20-30% to 80–85% in the last
five decades (for review see Morgan et al., 2018).
Our understanding of the biochemical and physiological mechanisms
underlying normal ocular growth (emmetropisation) and the develop
ment of myopia has been significantly advanced by experimental find
ings from a number of animal models (for review see Troilo et al., 2019).
Of particular interest have been the findings from pharmacological

studies, which have provided a direct mechanism by which to test the
role of several postulated neuropathways in the development and/or
prevention of experimental myopia. One such molecule that has been
heavily investigated by way of pharmacological manipulation is dopa
mine, a critical retinal catecholamine (for review see Feldkaemper and
Schaeffel, 2013; Stone et al., 1989; Troilo et al., 2019; Witkovsky, 2004;
Zhou et al., 2017). Specifically, pharmacological administration, by
means of intravitreal injection, of dopaminergic agonists, exogenous
dopamine, or its precursor levodopa, has been shown to significantly
inhibit the development of form-deprivation myopia (FDM) (Table 1).
Conversely, treatment with 6-hydroxydopamine in mice (Wu et al.,
2016), which depletes the retina of dopaminergic neurons, or intra
vitreal injection of dopaminergic antagonists in chicks (Ashby and
Schaeffel, 2010; Chen et al., 2017; McCarthy et al., 2007), can induce
myopic growth (Wu et al., 2016) or prevent the growth suppression
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administered as either intravitreal injections or eye drops, due to a
reduced rate of degradation. Deuterated compounds involve the sub
stitution of carbon-hydrogen (1H) bonds with carbon-deuterium (2H)
bonds to generate functionally identical, but higher molecular weight
molecules. Such deuterated molecules are heavily used in diagnostic and
analytical techniques. Recently, the use of deuterium labelled com
pounds has expanded to pharmaceutical discovery and drug develop
ment (for review see Gant, 2014; Timmins, 2014). As the
carbon-deuterium bond is shorter and has lower electronic polariz
ability, these compounds are more stable than carbon-hydrogen bonds,
while generally showing no difference in their mechanism of action,
binding affinity, solubility and permeability, off-target profiles, and
tolerability (for review see Gant, 2014). Deuterium substitution may
therefore enhance the protection afforded by dopamine against FDM by
increasing dopamine’s bioavailability or half-life in the eye (Malmlof
et al., 2008, 2015; Miller and Klinman, 1983; Schneider et al., 2018; Yu
et al., 1986).

Abbreviations
ADTN –

6-amino-5,6,7,8-tetrahydronaphthalene-2,3-diol
hydrobromide
D4 dopamine – deuterated dopamine
FDM –
form-deprivation myopia
LIM –
lens-induced myopia
PBS –
phosphate buffered saline

Table 1
Summary of dopaminergic agonists which inhibit FDM.
Drug

Action

Animal

References

Dopamine
Levodopa

Natural ligand
Metabolic
precursor

Rabbits
Chicks

Non-specific
agonist
Non-specific
agonist

Chicks

Gao et al. (2006)
Thomson et al. (2019)
Thomson et al. (2020)
Landis et al. (2020)
Mao et al. (2010)
Mao and Liu (2017)
McCarthy et al. (2007)

ADTN
Apomorphine

Quinpirole

Non-specific
agonist

PD168077

D4 agonist

Mice
Guinea pigs

Chicks

Guinea pigs
Mice
Primates
Chicks
Tree shrews
Tree shrews

2. Methods
2.1. Animals and housing
Day-old male White-Leghorn chickens were obtained from Barter &
Sons Hatchery (Horsley Park, NSW, Australia). Chicks were kept in
temperature-controlled rooms under normal laboratory lighting (500
lux, fluorescent lights) on a 12:12 h light:dark cycle with lights on at
9am and off at 9pm. Chicks were given access to unlimited amounts of
food and water and given five days to adjust to their surroundings, grow
adequately for the mounting of diffusers, and for the retina to reach
visual maturity before experiments commenced. Authorization to
conduct experiments using animals was approved by the University of
Canberra Animal Ethics Committee under the ACT Animal Welfare Act
1992 (project number: CEAE 20–98) and conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.

Stone et al. (1989)
Rohrer et al. (1993)
Schmid and Wildsoet
(2004)
Nickla et al. (2010)
Dong et al. (2011)
Yan et al. (2015)
Iuvone et al. (1991)
McCarthy et al. (2007)
Nickla et al. (2010)
Ward et al. (2017)
Ward et al. (2017)

ADTN: 6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, FDM:
form-deprivation myopia.

2.2. Myopia induction and measurement of ocular parameters

associated with brief periods of normal vision (McCarthy et al., 2007)
(diffuser and negative lens-removal), as well as the protective effects of
bright light exposure (Ashby and Schaeffel, 2010; Chen et al., 2017)
against FDM.
For the vast majority of these pharmacological manipulations of the
dopaminergic system, the investigated compound has been adminis
tered via intravitreal injection so as to maximise the bioavailability to
the retina. However, for longer-term studies, daily intravitreal injections
are not preferable as they may induce adverse and off-target effects due
to repeated penetration of the wall of the eye with a needle (for review
see Del Amo and Urtti, 2008). Furthermore, repeated intravitreal in
jections have also been reported to themselves have an inhibitory effect
on myopia, which may confound investigations into preventative in
terventions (Schaeffel et al., 1995). A preferable and more clinically
relevant avenue for longer-term pharmacological treatment is admin
istration via topical eye drops, an approach which we have recently
tested for treating experimental myopia using the dopaminergic pre
cursor levodopa (Thomson et al., 2019, 2020). Therefore, this study
investigates whether dopamine, given daily as a topical eye drop, can
penetrate the cornea and inhibit the development of FDM in a similar
manner to that seen for intravitreal injections in chicks. A topical route
of administration may however be ineffective for dopamine due to its
negative charge and inability to cross tight barriers such as the blood
brain barrier. Furthermore, even if dopamine is able to penetrate the
corneal epithelium, it may be quickly degraded in the eye before
reaching the retina (Meiser et al., 2013). To address this, the current
study also looks at whether a deuterated form of dopamine (Dopa
mine-1,1,2,2-d4 hydrochloride; D4 dopamine) can show greater
bioavailability, and therefore increased protection against FDM when

Myopia was induced by placing a translucent diffuser (FDM) over the
treated (left) eye as previously described (Ashby et al., 2009; Karouta
and Ashby, 2014; Thomson et al., 2019). In short, on the day prior to
treatment, Velcro mounts were fitted around the left eye with Loctite®
super glue (Henkel, Kilsyth, VIC, Australia). On the following day,
immediately following the initial drug treatment, translucent diffusers
fitted to matching Velcro rings were placed onto the mounts, with the
right eye left untreated to serve as a contralateral control.
Axial length (the distance from the front of cornea to the front sur
face of the retina) and refractive measurements were carried out prior to
and at the completion of experiments using A-scan ultrasonography
(Biometer AL-100 (resolution: 0.01mm); Tomey Corporation, Nagoya,
Japan) and automated infrared photoretinoscopy (system provided
courtesy of Professor Frank Schaeffel, University of Tuebingen, Ger
many) as previously described (Thomson et al., 2019). A-scan ultraso
nography measurements were carried out under light isoflurane
anaesthesia (5% in 1 L of medical grade oxygen per minute, Veterinary
Companies of Australia, Kings Park, NSW, Australia) using a vaporiser
gas system (Stinger Research Anaesthetic Gas Machine (2848),
Advanced Anaesthesia Specialists, Payson, Arizona, USA), refraction
measurements were carried out without cycloplegia on conscious
chickens in darkened rooms. No significant differences in refraction or
axial length were observed between groups or between the two eyes of
individual chicks prior to the commencement of treatment.
2.3. Drug preparation and administration
For all preparations (Table 2), dopamine hydrochloride (Sigma
Aldrich, H8502) or dopamine-1,1,2,2-d4 hydrochloride (D4 dopamine;
2
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Amount given (mg/day)

0.285
0.029
0.003
0.0003
4.552
0.456
0.046
0.005
0.291
0.029
0.003
0.0003
4.648
0.464
0.046
0.005

Volume given daily (μL)

10
10
10
10
160
160
160
160
10
10
10
10
160
160
160
160

1.500
0.150
0.015
0.002
24.003
2.405
0.245
0.025
1.500
0.150
0.015
0.002
24.001
2.400
0.240
0.025

Sigma Aldrich, 655651) was freshly dissolved each day in a solution
containing 0.1% w/v ascorbic acid in 1x phosphate-buffered saline
(PBS), pH 6.0. The drug solutions (Table 2) were administered to
chickens as either a single intravitreal injection each day or eye drops
twice-daily to their diffuser-treated eye for four consecutive days. For
topical application, 80 μL of each compound (at their respective con
centrations) was given in the morning (9am, lights on) and afternoon
(1:30pm). In contrast, for intravitreal administration, a single 10 μL
injection, at the same respective concentrations as those used for drops,
was given once in the morning (9am (lights on), using a 30-gauge needle
(Terumo) fitted to a Hamilton syringe (100 μL capacity)). Therefore,
although given at the same concentrations, the moles of drug available
will differ between drops and intravitreal injections (see Table 2). A
larger volume was used for topical administration as the dropper device
could not expel less than this volume, while also accounting for the lack
of corneal penetration seen for most topically applied drugs (Barar et al.,
2008; Hornof et al., 2005; Hughes et al., 2005; Rodrigues et al., 2018).
Drops were also given twice daily as previous work in our lab has shown
that the effectiveness of tested compounds is shorter-lived when given
topically versus intravitreally (Thomson et al., 2019). Eye drops were
administered to conscious chickens, while for intravitreal administra
tion, chicks were anaesthetised under light isoflurane as described
above.

This project was broken into two experimental paradigms which
were undertaken in separate weeks (Experiment 1 - intravitreal injection
dose-response curves, Experiment 2 - topical eye drops dose-response
curves). Each experiment was undertaken alongside its own control
groups: FDM only (n = 10 per experiment) and age-matched untreated
control animals (n = 10 per experiment). An FDM vehicle control group
(n = 10) was also undertaken in each experiment in which the vehicle
solution (0.1% ascorbic acid in 1xPBS, pH 6.0) was administered via
intravitreal injection or topical eye drops. As outlined in the results, the
amounts of axial elongation and refractive shift induced by diffuserwear were not statistically different across the two experiments. Simi
larly, there was no statistical difference in axial length or refraction in
age-matched untreated control animals and contralateral control values
between experiments. Therefore, for the analysis of drug effects on the
development of FDM, all statistics were calculated against ‘FDM only’ or
age-matched untreated control values that had been averaged across the
two experiments.

D4 Dopamine: Dopamine-1,1,2,2-d4 hydrochloride, Injection: intravitreal injection, Drops: topical eye drops.

1
1
1
1
2
2
2
2
1
1
1
1
2
2
2
2
2.845
0.285
0.029
0.003
2.845
0.285
0.029
0.003
2.905
0.290
0.029
0.003
2.905
0.290
0.029
0.003
150.000
15.000
1.500
0.150
150.000
15.000
1.500
0.150
150.000
15.000
1.500
0.150
150.000
15.000
1.500
0.150
Injection
Injection
Injection
Injection
Drops
Drops
Drops
Drops
Injection
Injection
Injection
Injection
Drops
Drops
Drops
Drops
Dopamine
Dopamine
Dopamine
Dopamine
Dopamine
Dopamine
Dopamine
Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine
D4 Dopamine

Treatments per day
Concentration (mM)
Application Avenue

Concentration (% w/v)

2.4. Control paradigms

Compound

Table 2
Drug preparations.

Amount given (μmoles/day)
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2.5. Experiment 1: intravitreal injection dose-response curves
To first determine the effectiveness of dopamine and D4 dopamine at
inhibiting the development of FDM, when delivered directly to the
retina, both compounds were administered via intravitreal injection (see
Table 2 for details on drug solutions). Group numbers were originally set
at n = 10 (see power calculation in the statistical analysis section
below). However, chicks that removed their diffusers, which repre
sented 2 chicks per group on average, were taken out of the experiment
and therefore are not reported. Chicks were allocated to the following
groups and treated as outlined earlier:
1 Fitted with a translucent diffuser, with
a. No pharmacological treatment (FDM only, n = 10);
b. Intravitreal injection of one of the following amounts of dopa
mine: 0.002μmoles (n = 7); 0.015μmoles (n = 6); 0.150μmoles (n
= 6); or 1.500μmoles (n = 8);
c. Intravitreal injection of one of the following amounts of D4
dopamine: 0.002μmoles (n = 6); 0.015μmoles (n = 8);
0.150μmoles (n = 9); or 1.500μmoles (n = 8);
d. Intravitreal injection of a vehicle solution (0.1% ascorbic acid in
1xPBS, pH 6.0; FDM Vehicle Injections, n = 10);
3
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2 No diffuser-wear, with
a. No pharmacological treatment (age-matched untreated controls,
n = 10);
b. Intravitreal application of 1.5μmoles of dopamine (n = 6) or
1.5μmoles of D4 dopamine (n = 6) to determine any effects on
normal ocular growth using the highest tested doses.

a. No pharmacological treatment (age-matched untreated controls,
n = 10);
b. Topical application of 24μmoles of dopamine (n = 6) or 24μmoles
of D4 dopamine (n = 6) to determine any effects on normal ocular
growth using the highest tested dose.
2.7. Statistical analysis

2.6. Experiment 2: topical eye drops dose-response curves

For drug treatments, a power calculation was undertaken to deter
mine the group sizes required to achieve 80% power in observing a 0.8D
change in refraction with a predicted standard deviation of 0.5D based
on previous results:
( 2
/ )(
)2
σ + σ22 K z1− α/2 + z1− β
n1 = 1
Δ2

To determine the effectiveness of dopamine and D4 dopamine at
inhibiting the development of FDM when applied topically, chicks were
allocated to the following groups (see Table 2 for details on drug solu
tions) and treated according to the specifications outlined earlier:
1 Fitted with a translucent diffuser, with
a. No pharmacological treatment (FDM only, n = 10);
b. Topical application of one of the following amounts of dopamine:
0.025μmoles (n = 7); 0.245μmoles (n = 10); 2.405μmoles (n = 7);
or 24.003μmoles (n = 10);
c. Topical application of one of the following amounts of D4 dopa
mine: 0.025μmoles (n = 6); 0.240μmoles (n = 10); 2.400μmoles
(n = 9); or 24.001μmoles (n = 6);
d. Topical application of a vehicle solution (0.1% ascorbic acid in
1xPBS, pH 6.0; FDM Vehicle Drops, n = 10);
2 No diffuser-wear, with

(
n1 =

/ )
0.52 + 0.52 1 (1.96 + 0.84)2
0.82

n1 = 6
To account for fluctuations in standard deviation, as well as potential
dropouts due to diffuser-removal (at which point chicks were removed
from the experiment and not reported), group sizes were increased to n
= 10.
All values reported represent the means ± the standard error of the
means. Figures represent the average differences between treated and

Table 3
Axial length and refractive measurements for dopamine and D4 dopamine dose-response curves. D4 dopamine: Dopamine-1,1,2,2-d4 hydrochloride, FDM: formdeprivation myopia, Untreated: age-matched untreated controls. Data are presented as the means ± standard error of the means, statistics are presented as pairwise
comparisons with Bonferroni correction following ANOVA analysis, with significant comparisons (p < 0.05) presented in bold.
Condition

Axial Length

Refraction

Treated (Left
eye)

Contralateral (Right
eye)

Compared to
FDM

Compared to
untreated

Treated (Left
eye)

Contralateral (Right
eye)

Compared to
FDM

Compared to
untreated

Untreated
FDM only
Vehicle
Injections
Vehicle Drops

8.67 ± 0.05
9.05 ± 0.04
9.13 ± 0.04

8.67 ± 0.02
8.67 ± 0.04
8.78 ± 0.05

p<0.001
–
p = 0.729

–
p<0.001
p<0.001

2.73 ± 0.06
− 1.56 ± 0.17
− 0.80 ± 0.11

2.63 ± 0.05
2.57 ± 0.07
2.73 ± 0.06

p<0.001
–
p = 0.881

–
p<0.001
p<0.001

9.08 ± 0.05

8.68 ± 0.04

p = 0.604

p<0.05

− 1.73 ± 0.10

2.30 ± 0.23

p = 0.823

p<0.001

0.002μmoles
0.015μmoles
0.150μmoles
1.500μmoles

8.86 ±
8.85 ±
8.73 ±
8.76 ±

0.06
0.06
0.09
0.05

8.64
8.72
8.62
8.69

± 0.03
± 0.04
± 0.06
± 0.03

p = 0.325
p = 0.307
p<0.05
p<0.01

2.73 ±
2.48 ±
2.57 ±
2.38 ±

0.07
0.23
0.08
0.19

p<0.05
p<0.01
p<0.001
p<0.001

p<0.001
p<0.001
p<0.001
p<0.001

0.002μmoles
0.015μmoles
0.150μmoles
1.500μmoles

8.85 ±
8.87 ±
8.75 ±
8.78 ±

0.06
0.07
0.04
0.05

8.65
8.73
8.68
8.73

± 0.04
± 0.04
± 0.03
± 0.04

p = 0.187
p = 0.063
p<0.001
p<0.01

2.58 ±
2.46 ±
2.60 ±
2.14 ±

0.03
0.13
0.06
0.27

p<0.05
p<0.05
p<0.01
p<0.001

p<0.001
p<0.001
p<0.001
p<0.001

0.03μmoles
0.25μmoles
2.41μmoles
24.00μmoles

9.02 ±
8.97 ±
8.80 ±
8.88 ±

0.06
0.07
0.06
0.06

8.60
8.70
8.57
8.71

± 0.04
± 0.04
± 0.06
± 0.04

p = 1.000
p = 0.401
p<0.01
p<0.05

2.39 ±
2.68 ±
2.61 ±
2.32 ±

0.26
0.07
0.08
0.19

p = 0.311
p<0.001
p<0.001
p<0.001

p<0.001
p<0.001
p<0.001
p<0.001

0.03μmoles
0.24μmoles
2.40μmoles
24.00μmoles

8.93 ±
8.94 ±
8.86 ±
8.88 ±

0.08
0.07
0.07
0.07

8.66
8.72
8.68
8.70

± 0.06
± 0.05
± 0.05
± 0.05

p = 0.324
p<0.01
p<0.01
p<0.05

2.45 ±
2.59 ±
2.61 ±
2.65 ±

0.18
0.12
0.13
0.11

p = 1.000
p<0.05
p<0.01
p<0.01

p<0.001
p<0.001
p<0.001
p<0.001

2.18 ± 0.16
1.96 ± 0.12

p<0.001
p<0.001

p = 0.453
p = 0.289

2.20 ± 0.40
2.04 ± 0.10

p<0.01
p<0.001

p = 0.271
p = 0.482

FDM + Dopamine Injections
p=
p=
p=
p=

0.364
0.616
1.000
1.000

0.19 ± 0.28
0.12 ± 0.33
0.98 ± 0.35
1.18 ± 0.33

FDM + D4 Dopamine Injections
p=
p=
p=
p=

0.234
0.080
1.000
1.000

− 0.18 ± 0.23
− 0.29 ± 0.14
0.24 ± 0.15
− 0.04 ± 0.29

FDM + Dopamine Drops
p<0.01
p<0.05
p = 1.000
p = 0.315

− 0.53 ± 0.23
0.17 ± 0.25
0.26 ± 0.18
0.05 ± 0.18

FDM + D4 Dopamine Drops
p=
p=
p=
p=

0.072
0.151
1.000
0.357

− 0.95 ± 0.51
− 0.50 ± 0.15
− 0.06 ± 0.15
0.13 ± 0.15

150 mM Dopamine - No Ocular Treatment
Injections
Drops

8.70 ± 0.06
8.68 ± 0.05

8.77 ± 0.03
8.66 ± 0.04

p<0.05
p<0.05

p = 0.987
p = 0.816

2.18 ± 0.22
2.04 ± 0.26

150 mM D4 Dopamine - No Ocular Treatment
Injections
Drops

8.66 ± 0.04
8.69 ± 0.05

8.78 ± 0.07
8.72 ± 0.07

p<0.01
p<0.01

p = 0.582
p = 0.919

4

1.88 ± 0.37
2.24 ± 0.18
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contralateral control eyes or the percent protection against the devel
opment of FDM at the end of the experiment. The average values of
individual eyes can be found in Table 3.
Percent protection against the development of FDM was calculated
by comparing the change in axial length or refraction in drug treated
groups to the change in axial length or refraction in FDM only animals:

(
% Protection = 100 −

Δ drug treated
× 100
Δ FDM Only

)

The effectiveness of drops relative to intravitreal injections was
calculated as outlined below. Importantly, this calculation had to be
adjusted to account for the fact that although the same concentrations
were tested across both drops and injections, there were differences in
the amount of drug made available to the eye on a mole for mole basis

Fig. 1. Intravitreal injection dose-response curves for dopamine and D4 dopamine against the development of FDM following four days of treatment. (A)
Axial length measurements from chicks treated with intravitreal dopamine; (B) refraction measurements from chicks treated with intravitreal dopamine; (C) axial
length measurements from chicks treated with intravitreal D4 dopamine; (D) refraction measurements from chicks treated with intravitreal D4 dopamine; (E) percent
protection afforded by dopamine and D4 dopamine against the axial elongation associated with FDM; (F) percent protection afforded by dopamine and D4 dopamine
against the shift in refraction associated with FDM. Data represents the means ± standard error of the means. D4 dopamine: Dopamine-1,1,2,2-d4 hydrochloride,
FDM: form-deprivation myopia, 0.002: treatment with 0.002μmoles of dopamine, 0.015: treatment with 0.015μmoles of dopamine, 0.15: treatment with 0.15μmoles
of dopamine, 1.5: treatment with 1.5μmoles of dopamine. Statistics denote difference of treated eyes relative to FDM only; *p < 0.05, **p < 0.01, ***p < 0.001.
5
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due to differences in the volumes applied (Table 2). Specifically, drops
provided a 16 times larger amount of drug to the eye than injections.
(
)

Form-deprivation induced a significantly greater rate of axial growth (p
< 0.001) and a significant myopic shift in refraction (p < 0.001) in
treated eyes relative to age-matched untreated control animals. Neither
intravitreal (axial: p = 0.729, refraction: p = 0.881), nor topical eye
drop (axial: p = 0.604, refraction: p = 0.823) treatment with the vehicle
solution (0.1% ascorbic acid in 1xPBS, pH 6.0) altered the development
of FDM (Table 3 – raw data).
Intravitreal administration of dopamine (axial: p = 0.987, refraction:
p = 0.453) or D4 dopamine (axial: p = 0.271, refraction: p = 0.582) to
otherwise untreated eyes did not lead to any changes in axial length or
refraction (Table 3 – raw data). Similarly, topical application of dopa
mine or D4 dopamine to otherwise untreated eyes did not lead to any
changes in axial length (dopamine: p = 0.816, D4 dopamine: p = 0.919)
or refraction (dopamine: p = 0.271, D4 dopamine: p = 0.482) compared
to untreated controls (Table 3 – raw data).

%protection (drops)
16

% Effectiveness relative to injections =

%protection (injections)

× 100

However, this adjustment does not consider differences in absorp
tion, drainage, or distribution between the two methods of administra
tion, but simply differences in volume given.
Before analysing the effect of treatment, all data were first tested for
normality and homogeneity of variance (Shapiro-Wilk test). Following
this, the effect of treatment was analysed via a one-way univariate
analysis of variance (ANOVA), followed by a Student’s unpaired t-test
with Bonferroni correction for multiple testing for analysis of specific
between group effects. To compare the protection of dopamine vs D4
dopamine or intravitreal vs topical administration, a multivariate
analysis of variance (MANOVA) was undertaken. All statistical com
parisons were undertaken in IBM SPSS Statistics package 25 with a
statistical cut-off of 0.05.

3.2. Intravitreal injection dose-response curves
The excessive axial elongation associated with form-deprivation was
significantly retarded by intravitreal dopamine (y = 5.1287ln(x) +
82.771, R2 = 0.89, EC50 = 0.002μmoles (0.14mM or 0.3μg/day);
Fig. 1A) or D4 dopamine (y = 5.6085ln(x) + 88.196, R2 = 0.94, EC50 =
0.001μmoles (0.21mM or 0.4μg/day); Fig. 1C) administration in a dosedependent manner that was best described by a logarithmic function
(Table 3 – raw data, Table 4 – ANOVA analysis). Similarly, intravitreal
injection of dopamine (y = 5.2504ln(x) + 69.328, R2 = 0.96; Fig. 1B) or
D4 dopamine (y = 2.3614ln(x) + 46.557, R2 = 0.91; Fig. 1D) signifi
cantly inhibited, but did not abolish, the myopic shift in refraction
associated with diffuser-wear in a dose-dependent manner that was
again best described by a logarithmic function (Table 3 – raw data,
Table 4 – ANOVA analysis). At the higher doses, the axial length of
dopamine (0.15μmoles (p = 1.000) and 1.5μmoles (p = 1.000)) and D4
dopamine (0.15μmoles (p = 1.000) and 1.5μmoles (p = 1.000)) treated
eyes was not statistically different to age-matched untreated controls
with these doses abolishing the excessive elongation associated with
FDM. There was a strong correlation between the refractive and axial
length changes induced by administration of dopamine (R2 = 0.76,

3. Results
3.1. Analysis of control paradigms
Age-matched untreated control animals exhibited similar axial
lengths (p = 0.992) and refractions (p = 0.916) between the intravitreal
and topical eye drop experiments. Therefore, these two groups were
combined into a single age-matched untreated control group for all
analyses. There was also no difference in axial length (p = 0.765) or
refraction (p = 0.179) between contralateral control eyes and those of
age-matched untreated control animals. Therefore, all comparisons to
untreated values herein are made to those of age-matched untreated
control animals.
FDM only chickens developed similar axial length (p = 0.898) and
refraction (p = 0.976) values between the intravitreal injection and
topical eye drop experiments and therefore these two groups were also
combined into a single FDM only group for analyses of drug effects.

Table 4
Univariate and multivariate analysis of variance tests of dopamine and D4 dopamine dose-response curves. ANOVAs were undertaken to compare the effects of
dopamine or D4 dopamine treatment against the development of form-deprivation myopia (compared to FDM) or to untreated control animals (compared to un
treated). ACD, lens thickness, and VCD were only compared to myopia treatment to demonstrate that protection against axial elongation was driven by changes in VCD
rather than ACD and lens thickness. MANOVAs were undertaken to compare the effectiveness of dopamine and D4 dopamine relative to each other. Significant tests (p
< 0.05) are highlighted in bold.
Injections
Axial Length
(compared to
FDM)
Axial Length
(compared to
untreated)
ACD
(compared to
FDM)
Lens Thickness
(compared to
FDM)
VCD
(compared to
FDM)
Refraction
(compared to
FDM)
Refraction
(compared to
untreated)

Drops

Dopamine

D4 Dopamine

Dopamine vs D4 Dopamine

Dopamine

D4 Dopamine

Dopamine vs D4 Dopamine

F(4,48)¼4.825,
p<0.01

F(4,47)¼7.739,
p<0.001

Wilks’s Lambda=0.930, F
(1,63)=0.263, p=0.897

F(4,50)¼3.279,
p<0.05

F(4,47)¼2.576,
p<0.05

Wilks’s Lambda=0.957, F
(1,64)=0.225, p=0.921

F(4,48)=1.669,
p=0.180

F(4,47)¼2.841,
p<0.05

F(4, 50)¼6.338,
p<0.001

F(4, 47)¼2.877,
p<0.05

F(4, 48)=0.453,
p=0.769

F(4, 47)=0.159,
p=0.958

F(4,50)=0.494,
p=0.740

F(4,47)=0.846,
p=0.502

F(4, 48)=0.284,
p=0.887

F(4, 47)=2.005,
p=0.112

F(4,50)=0.354,
p=0.840

F(4,47)=0.875,
p=0.485

F(4,48)¼4.330,
p<0.01

F(4,47)¼7.319,
p<0.001

F(4, 50)¼3.688,
p<0.05

F(4, 47)¼2.867,
p<0.05

F(4, 48)¼14.420,
p<0.001

F(4, 47)¼10.137,
p<0.001

F(4, 50)¼13.922,
p<0.001

F(4, 47)¼6.839,
p<0.001

F(4, 48)¼20.797,
p<0.001

F(4, 47)¼65.060,
p<0.001

F(4, 50)¼72.881,
p<0.001

F(4, 47)¼50.071,
p<0.001

Wilks’s Lambda=0.691, F
(1,63)=1.566, p=0.238

D4 Dopamine: Dopamine-1,1,2,2-d4 hydrochloride, ACD: anterior chamber depth, VCD: vitreal chamber depth.
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Fig. 2. Topical eye drops dose-response curves for dopamine and D4 dopamine against the development of FDM following four days of treatment. (A) Axial
length measurements from chicks treated with topical dopamine; (B) refraction measurements from chicks treated with topical dopamine; (C) axial length mea
surements from chicks treated with topical D4 dopamine; (D) refraction measurements from chicks treated with topical D4 dopamine; (E) percent protection afforded
by dopamine and D4 dopamine against the axial elongation associated with FDM; (F) percent protection afforded by dopamine and D4 dopamine against the shift in
refraction associated with FDM. Data represents the means ± standard error of the means. D4 dopamine: Dopamine-1,1,2,2-d4 hydrochloride, FDM: form-deprivation
myopia, VS: treatment with vehicle solution drops, 0.025: treatment with 0.025μmoles of dopamine, 0.24: treatment with 0.24μmoles of dopamine, 2.4: treatment
with 2.4μmoles of dopamine, 24: treatment with 24μmoles of dopamine. Statistics denote difference of treated eyes relative to FDM only; *p < 0.05, **p < 0.01, ***p
< 0.001.

Supplementary Figs. S–1A) and D4 dopamine (R2 = 0.60, Supplementary
Figs. S–1B) across all doses investigated.
Although a potential biological difference was observed at higher
doses in refraction, there was no statistical difference in axial length or
refraction changes seen between dopamine and D4 dopamine treated
chicks, with the degree of protection against the development of FDM
similar across all doses (Fig. 1E&F, Table 4 – MANOVA analysis).

3.3. Topical application dose-response curves
As with intravitreal injection, daily topical application of dopamine
(y = 8.4816ln(x) + 34.667, R2 = 0.92, EC50 = 6.10μmoles (38.04 mM or
1.15 mg/day); Fig. 2A) or D4 dopamine (y = 3.2594ln(x) + 48.076, R2 =
0.94, EC50 = 1.80μmoles (11.21 mM or 0.347 mg/day); Fig. 2C)
significantly inhibited the excessive axial elongation associated with
7
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FDM in a dose-dependent manner best described by a logarithmic
function (Table 3 – raw data, Table 4 – ANOVA analysis). Similarly, daily
application of dopamine (y = 2.4073ln(x) + 39.861, R2 = 0.87; Fig. 2B)
or D4 dopamine (y = 3.2215ln(x) + 30.566, R2 = 0.97; Fig. 2D) as eye
drops significantly inhibited, but did not prevent, the myopic shift in
refraction associated with form-deprivation in a dose-dependent manner
that was also best described by a logarithmic function (Table 3 – raw
data, Table 4 – ANOVA analysis). Once again, at the higher doses, the
axial length of dopamine (2.4μmoles (p = 1.000) and 24μmoles (p =
0.315)) and D4 dopamine (2.4μmoles (p = 1.000) and 24μmoles (p =
0.357)) treated eyes was not statistically different to age-matched un
treated controls with these doses abolishing the excessive elongation
associated with FDM. Like intravitreal injections, there was a strong
correlation between the axial length and refractive changes observed in
response to topical treatment with dopamine (R2 = 0.78, Supplementary
Figs. S–1C) and D4 dopamine (R2 = 0.71, Supplementary Figs. S–1D).
Although a small biological difference was observed at 0.025μmoles
(Fig. 2E), the degree of protection against the axial elongation associated
with FDM was not significantly different between chicks treated with
topically-applied dopamine and D4 dopamine (Table 4 – MANOVA
analysis). As observed in injections, though dopamine appeared slightly
more protective (Fig. 2F), there was no significant difference in refrac
tion between dopamine and D4 dopamine treated animals (Table 4 –
MANOVA analysis).

Furthermore, the D2-like dopamine antagonist spiperone has been re
ported to abolish the protective effects of brief periods of normal vision
against FDM (McCarthy et al., 2007; Nickla and Totonelly, 2011), and
lens-induced myopia (LIM) (Nickla et al., 2010), in chicks. However,
contrary to what would be expected based on the findings noted above,
administration of 6-hydroxydopamine (which primarily depletes dopa
minergic neurons) and reserpine (which depletes dopaminergic and
serotonergic neurons) have been reported to inhibit the development of
FDM in chicks (Li et al., 1992; Ohngemach et al., 1997; Schaeffel et al.,
1994). This unexpected result may suggest that both neurotoxins,
although depleting the retina of dopaminergic neurons, may also be
affecting other neural subtypes critical in growth regulation.
The current findings demonstrate that topical application of dopa
minergic compounds is a viable treatment avenue for investigating the
role of this catecholamine in ocular growth over longer timeframes in
which daily intravitreal injections become less appropriate due to po
tential complications. Specifically, intravitreal injections require ani
mals to be anaesthetised on a daily basis which can produce significant
effects on their health and development (for review see Clarke and Trim,
2013). Secondly, with each injection into the vitreous cavity through the
wall of the eye, several complications can occur, the potential for which
increase with each repeat injection. These complications include inter
nal ocular bleeds, pressure associated damage due to an increased ocular
volume, bacterial infection, ocular irritation, formation of cataracts and
dislodgement of the vitreous body (for review see Del Amo and Urtti,
2008). Such complications are not observed with topical eye drops as
this is a non-invasive procedure that does not require anaesthesia of the
animal. Although eye irritation and superficial infections are potential
complications of topical application, their risks can be significantly
diminished with sterile drug preparation. No signs of ocular irritation or
inflammation were currently observed. However, an important point to
address when looking at topical application of compounds is the po
tential for off-target effects associated with systemic distribution. Based
on our previous reports of limited systemic distribution when the
dopamine precursor levodopa is applied topically (Thomson et al.,
2019), one would assume a similar lack of systemic distribution for
dopamine, thus limiting the chances for any non-ocular off-target ef
fects. In line with a lack of systemic distribution, no changes were
observed in the animals’ behaviour (i.e. feeding patterns, activity levels,
weight gain, preening behaviour and aggression levels), although longer
time-courses and more complex testing would be required to confirm a
lack of effect on behavioural centres. Together, this study indicates that
topical administration of dopaminergic compounds may also be prac
tical for the treatment of human myopia, with the caveat above that
potential systemic effects must be further investigated.
Although topical application did inhibit the development of experi
mental myopia in a dose-dependent manner in this current study, the
protection afforded is significantly lower than that seen for intravitreal
injections on a mole for mole basis, which is consistent with an intra
ocular (e.g. retinal) site of action. This is not unexpected as, due to the
biological barriers of the eye as well as ocular drainage and systemic
absorption, typically less than 3% of most topically applied compounds
is able to penetrate to the posterior segment of the eye in humans and
mammalian animal models (Barar et al., 2008; Hornof et al., 2005;
Hughes et al., 2005; Rodrigues et al., 2018). Our current findings indi
cate that topical application was roughly 3–12% as effective relative to
intravitreal injection, which aligns with the expected penetration to the
retina after topical application based on the above non-avian studies.
The effectiveness of eye drops relative to injections also aligns with
previous studies from our lab comparing intravitreal and topical
administration of levodopa and atropine (Thomson et al., 2019, 2020).
Future studies will need to investigate if greater posterior penetration
can be achieved through the addition of penetrating agents, such as
lipid-based carriers, or through modifications to the drug other than
deuteration. Such modifications may not only increase bioavailability at
the retina but may also reduce the number of treatment intervals

3.4. Protection of topical eye drops against the development of FDM
relative to intravitreal injections
When dopamine was administered via topical eye drops, the pro
tection afforded against the axial elongation (Wilks’s Lambda = 0.338, F
(1,61) = 6.850, p < 0.01; Fig. 3A) and myopic refractive shift (Wilks’s
Lambda = 0.335, F (1,61) = 6.935, p < 0.01; Fig. 3B) associated with
FDM was significantly lower than that seen for intravitreal injections of
the same concentrations of the drug solution. When examined on a mole
for mole basis to account for the different volumes administered, the
difference in effectiveness between drops and injections was even
greater, as 16 times more drug was applied as drops relative to intra
vitreal injection (Fig. 3E and F).
Similarly, when D4 dopamine was administered via topical eye
drops, the protection afforded against the axial elongation associated
with FDM was significantly lower than that seen for intravitreal in
jections of the same concentrations of the drug solution (Wilks’s
Lambda = 0.475, F (1,61) = 3.313, p < 0.05; Fig. 3C). However, this
same reduction in effectiveness was not observed for refraction with no
significant difference observed when comparing across concentrations
administered (Wilks’s Lambda = 0.659, F (1,61) = 1.813, p = 0.182;
Fig. 3D). However, as noted for dopamine, when examined on a mole for
mole basis, intravitreal injection of D4 dopamine had significantly
greater protection against FDM relative to topical eye drops with respect
to both axial length and refraction (Fig. 3E and F).
4. Discussion
Intravitreal and topical administration of dopamine or D4 dopamine
inhibited the development of FDM, with the dose-response relationship
for both treatment avenues following a logarithmic relationship. This
complements previous animal work demonstrating the importance of
dopamine in experimental paradigms of ocular growth. Specifically, in
all species studied, ocular levels of dopamine, and its primary metabolite
3,4-dihydroxyphenylacetic acid (DOPAC), are diminished during the
development of form-deprivation myopia (FDM) (Iuvone et al., 1989;
Mao et al., 2011; Markand et al., 2016; McBrien et al., 2001; Park et al.,
2013, 2014; Stone et al., 1989; Wu et al., 2016). In accordance with the
changes seen in dopamine levels, administration of dopamine, the
dopamine precursor levodopa, or dopaminergic agonists is able to
inhibit the development of experimental myopia (Table 1).
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Fig. 3. Comparison of the effectiveness of intravitreal and topical eye drops for both dopamine and D4 dopamine against the development of FDM. (A)
Percent protection afforded by intravitreal injections and topical eye drops of dopamine against the axial elongation associated with FDM; (B) percent protection
afforded by intravitreal injections and topical eye drops of dopamine against the shift in refraction associated with FDM; (C) percent protection afforded by
intravitreal injections and topical eye drops of D4 dopamine against the axial elongation associated with FDM; (D) percent protection afforded by intravitreal in
jections and topical eye drops of D4 dopamine against the shift in refraction associated with FDM; (E) percent effectiveness of dopamine or D4 dopamine eye drops
relative to intravitreal injections on a mole for mole basis for axial growth; (F) percent effectiveness of dopamine or D4 dopamine eye drops relative to intravitreal
injections on a mole for mole basis for refraction. In panels A–D, the dosage given in μmoles can be found on the top x-axis for injections and the bottom x-axis for
drops. Data represents the means ± standard error of the means. D4 dopamine: Dopamine-1,1,2,2-d4 hydrochloride, FDM: form-deprivation myopia.
9
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required, with the current topical formulations tested needing to be
applied twice-daily to maintain effectiveness.
Like dopamine, deuterium labelled dopamine significantly inhibited
the development of FDM, showing a dose-dependent response when
administered as intravitreal injections or topical eye drops. Deuterium
substitution at dopamine’s alpha- (Yu et al., 1986) and beta- (Miller and
Klinman, 1983) carbons has previously been shown to inhibit its
breakdown and conversion by monoamine oxidase and dopamine
β-hydroxylase, leading to a longer half-life within biological tissues
(Malmlof et al., 2008, 2015; Schneider et al., 2018). Therefore, we
investigated if this potential increase in stability and half-life would lead
to greater bioavailability, and hence protection, when given as topical
drops. Unexpectedly, deuterium substitution did not change the pro
tection afforded by dopamine when given topically, or when given
intravitreally. Although it is possible that deuterated dopamine has a
different affinity for dopaminergic receptors or their transporters which
may counteract any increases in bioavailability, deuterium substitution
has not previously been reported to alter binding affinity (for review see
Gant, 2014). This would suggest that the deuterated form of dopamine
does not increase ocular bioavailability compared to its non-deuterated
form, thus not enhancing growth inhibition.
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5. Conclusions
Here we show that topical application of dopamine can inhibit the
development of FDM in a similar dose-dependent manner to that of
intravitreal injections albeit to a lesser extent. We also report that, when
administered as either an intravitreal injection or as a topical eye drop,
deuterium labelled dopamine inhibits the development of FDM in a
dose-dependent manner but to no greater extent than that of unmodified
dopamine.
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