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Abstract

The retinal dopaminergic system is involved in the myopic shift following form deprivation. Citicoline has been demonstrated to
stimulate the dopaminergic system in the brain and retina. Furthermore, citicoline has been used in many neurogenic diseases,
such as senile cognitive impairment, stroke and Parkinson’s disease as well as in amblyopia and glaucoma. Our aim was to
investigate the effect of citicoline on the refractive state and retinal dopamine level in form deprivation myopia of guinea pigs.
Guinea pigs, at an age of four weeks, were randomly divided into normal control, deprivation, deprived + citicoline and depri-
ved + vehicle groups. Form deprivation myopia was induced by a translucent eye shield covering the right eye. Citicoline was
injected intraperitoneally twice a day (500 mg/kg, 9 am and 9 pm) for 10 days. In vitro, retinal explants were cultured with citicoline
for 24 h, with a final citicoline concentration of 100 umol/L. The ocular refractive parameters and retinal dopamine content were
measured. After occlusion for 10 days, the form-deprived eyes became myopic with an increase in axial length and a decrease in
retinal dopamine content. The intraperitoneal injection of citicoline reduced the myopic degree (from —3.25+0.77D to
—0.62+£0.47D, P <0.001) and partially raised retinal dopamine levels (from 0.55+0.21ng to 0.81+0.24ng, P <0.01) in the
form-deprived eyes. After 24 h of culturing retinal explants with citicoline, retinal dopamine content increased significantly (from
0.42+0.14ng to 0.62 +£0.21 ng, P < 0.05). These results demonstrated that an intraperitoneal injection of citicoline could retard
the myopic shift induced by form deprivation in guinea pigs, which was mediated by an increase in the retinal dopamine levels.
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Introduction 9
(mAChR) antagonists.” Much of the evidence coming from

Myopia is the most important reason for visual impairment
throughout the world, affecting about one-half of the world’s
population.? In East Asia, its prevalence and incidence con-
tinues to increase significantly in teenagers;”* thus, myopia
has become a major public health issue. In recent years, a
rising trend in the United States,® Europe,6 and Australia’
has also been observed. Although we have the capacity to
correct the myopic refractive error, myopia progression is
often accompanied by some serious ocular disorders, such
as retinosis, retinal detachment, macular degeneration and
hemorrhage, and glaucoma.® These complications can cause
irreversible vision loss, and even blindness. Therefore, it is
very urgent to find the most effective treatment for preventing
myopia progression, while minimizing side effects.

At present, there are some promising optical devices
and pharmacological interventions for retarding myopia pro-
gression in the clinic, such as contact lenses, orthokeratology,
multifocal spectacles, and muscarinic acetylcholine receptor
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randomized controlled trials has shown that the most effect-
ive treatment to slow myopia progression thus far is topical
use of mMAChR antagonist medications.'”? Atropine
instilled once a day has been demonstrated to result in
approximately 90% average reduction of myopia progression
in children with low-to-moderate myopia.10 In addition, this
effect is greater in Asian children than in White children by
meta-analysis."" Pirenzepine, another anti-muscarinic medi-
cation, can slow myopia by 44% . However, these mAChR
antagonists can cause some side effects during the period of
treatment, such as near blur, photophobia, glare, and recur-
rent allergic blepharitis. Although pirenzepine gel has less of
an effect on pupil size and accommodation than atropine eye
drops, the adverse reactions of these mAChR antagonists are
unacceptable for most patients. Thus, their clinical applica-
tion is limited and not practical.

Dopamine is known as a major neurotransmitter in the
retina and postretinal visual pathways. Retinal dopamine is
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Table 1 The reasons for excluding guinea pigs in vivo and in vitro.

Abdominal
hemorrhage (n) Infection (n) Death (n) Remains (n)
Deprivation in vivo 1 14
Deprived + citicoline in vivo 1 2 12
Deprived + vechile in vivo 1 1 2 11
Deprived + citicoline in vitro 1 9

involved in the signaling cascade regulating eye
growth,"!* as evidenced by its reduced levels in myopic
eyes in various species, such as chickens,’® tree shrews,
rabbits,’® and guinea pigs.'” Dopamine synthesis and
release are stimulated by light and display a circadian
rhythm that is higher during the daytime in light and
lower at night in darkness. Form deprivation mainly
causes a decrease of retinal dopamine content during the
daytime."® Many studies have shown that local administra-
tion of apomorphine (a non-selective dopamine receptor
agonist) to simulate high retinal dopamine levels can
retard the myopic shift induced by form deprivation in
rhesus monkeys and guinea pigs.'”'® In addition, systemic
levodopa (a precursor of dopamine)'® or intravitreal dopa-
mine'® can inhibit the development of form deprivation
myopia (FDM) in guinea pigs and rabbits. However, their
adverse effects are still a large problem for myopic therapy,
especially when these medications are used long-term.
Recent epidemiological evidence suggests that children
who spend more time outdoors are less likely to become
myopic.?*?" The protective effect of outdoor activity on
myopia progression seems to be partly mediated by the
light-stimulated synthesis and release of retinal dopamine.
Considering the important role of retinal dopamine in
myopia development, it is imperative to explore safe and
effective dopaminergic drugs for clinically preventing
myopia progression as much as possible.

Cytidine 5'-diphosphocholine (CDP-choline) is an indis-
pensable intermediate in the biosynthetic pathway of struc-
tural phospholipids in the cytomembrane. Citicoline, as a
drug formulation of exogenous CDP-choline, is distributed
throughout the body and easily penetrates brain cells across
the blood-brain barrier to provide neuroprotection. It has
been widely demonstrated that citicoline can activate the
biosynthesis of phospholipids in neuronal membranes
and can stimulate cerebral metabolism and some brain
neurotransmitter systems, including the dopaminergic
system.”> When used as a long-term medication, it is a
safe and well-tolerated drug that has no significant systemic
side effects, and it has been used in the pharmacotherapy of
senile cognitive impairmen’c,23 addictive disorders,?* stroke,
head trauma and Parkinson’s disease® as well as in ambly-
opia®® and glaucoma.””?® At present, citicoline is available
in the United States as a dietary supplement for neuro-
logical disorders such as stroke and dementia.”® Rejdak
et al.® reported that citicoline-treated rabbits displayed a
significantly higher retinal dopamine concentration com-
pared with vehicle-treated controls. Moreover, citicoline
treatment could also promote the release of dopamine in

the striatum.®° Therefore, it is conceivable that citicoline
could enhance dopaminergic neurotransmission in the
retina to slow myopia progression. In this study, our aim
was to investigate the effect of citicoline on the refractive
state and retinal dopamine level in the FDM of guinea pigs.

Materials and methods
Animals

All animal experiments were carried out in compliance
with the guidelines of the Association for Research in
Vision and Ophthalmology Statement for the use of animals
in ophthalmic and vision research and approved by the
Animal Ethics Committee of Xiangya Medical College,
Central South University (Changsha, China). Pigmented
guinea pigs (Cavia porcellus, at age of 4 weeks) were
obtained from the Animal Center of Xiangya Medical
College. A total of 73 animals were studied, and both
sexes were used.

In vivo, 53 guinea pigs were randomly divided into the
following four groups: (1) normal control (n =8), (2) depriv-
ation (n=15), (3) deprived + citicoline (n=15), and (4)
deprived + vehicle (n =15). The other 20 animals were ran-
domly assigned for in vitro studies of retinal explant culture,
as follows: (1) deprivation (n =10) and (2) deprived + citico-
line (n=10). Guinea pigs with abdominal hemorrhage,
infection or death were excluded (Table 1).

Induction of FDM

FDM was induced by a translucent eye shield covering the
right eye of the guinea pig, as described in our previous
study.” Then, animals were placed in a wire mesh cage
and were maintained on a daily 12h light/12h darkness
cycle (light on at 7 am and off at 7 pm). Light was emitted
by LED fluorescent lamps (20 W) fixed to the roof and the
walls around the cage (100 lux at eye level in the light). After
10 days, the eye shield was removed and ocular biometric
measurements were performed. The radius of corneal
curvature was measured with a keratometer (Topcon,
OM-4, Japan). An A-scan ultrasonic examination
(Cinescan A/B, Quantel Medical, French) was conducted
to determine the anterior segment depth, lens thickness,
vitreous chamber depth, and axial length. After the pupils
were dilated with 1% tropicamide, ocular refraction was
detected with a streak retinoscope in the darkroom. The tech-
nicians who performed the analysis were blinded with
respect to the experimental intervention. Measurements
were conducted for each animal three times, and the mean
value was used for analysis. In the study, animals were
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euthanized by cervical dislocation at 2 pm. All manipula-
tions of retinal tissue were performed in the darkroom
with dim red light (15W Kodak 1A safelight filter).

Retinal explant culture in the deprived eyes

After animals were euthanized, their eye bulbs were imme-
diately dissected, and the cornea, lens, and vitreous were
removed. Then, the whole neural retina was gradually
detached from the retinal pigment epithelium and choroid
using short gentle motions, transferred onto a 0.4 mm
Millicell filter (Millipore) and placed with the ganglion
cell layer facing upward. Each retina was gently flattened
with two end-blunted glass pipettes. Under a hood, the
retina-containing Millicell filter was placed onto a filter in
the incubation chamber filled with the Neurobasal-A
medium (Invitrogen) supplemented with 2% B27
(Invitrogen), 2mmol/L L-glutamine, 10 U/mL penicillin,
and 10pg/mL streptomycin. All explants were placed
on a shaker in the 37°C incubator and cultured for 24 h at
5% COs.

Citicoline treatment in vivo and in vitro

Citicoline (Sigma-Aldrich) solution was made by dissolving
citicoline in sterilized injection-water at a concentration of
500 mg/mL. In vivo, animals were injected intraperitoneally
with citicoline solution (500 mg/kg) twice daily (9 am and
9pm) for 10 days. The sterilized injection-water was used as
the vehicle for the intraperitoneal injection. In vitro, retinal
explants were cultured with citicoline for 24 h, with a final
citicoline concentration of 100 pmol/L in the incubation
medium.

Measurement of retinal dopamine content

Retinal dopamine content was determined by high-pres-
sure liquid chromatography with electrochemical detection
(HPLC-ECD, Thermo Fisher Scientific, Inc.). After animals
were euthanized, the whole neural retinas were carefully
isolated, weighed, snap frozen in liquid nitrogen and
stored at —80°C. Thawed retinas were homogenized in
500 pL of the prechilled eluent with 10ng of the internal
standard dihydroxybenzylamine (Sigma-Aldrich) and
then centrifuged for 20 min at 4°C, 12000 rpm. A volume
of 20 pL of the supernatant from each sample was directly
loaded into the HPLC system. Chromatographic conditions
used the following materials and parameters: a Hypersil™
ODS-2 column (C18, 5pum, 250 x 4.6 mm), a mobile phase
consisting of 20mmol/L sodium citrate and methanol
(90:7,v/v), a flow rate of 1.0 mL/min, a column temperature
at 35°C, and a working voltage of 750mV. The dopamine
content (ng) per milligram retina (wet weight) was then
determined.

Statistical analysis

All data were presented as means = SEM. Parametric ana-
lysis was performed with SPSS Statistics 19.0. In vivo, ocular
biometric parameters and retinal dopamine content were
analyzed by one-way ANOVA among different groups.
In vitro, the comparison of retinal dopamine content was

made by a paired sample f-test. Differences among all
means were regarded as statistically significant when prob-
ability values (P) were < 0.05.

Results

Effect of intraperitoneal citicoline on ocular refractive
development and retinal dopamine in the right eye

After the right eyes were occluded for 10 days, the form-
deprived eyes became myopic (—3.25+0.77D), with a
myopic shift of —4.47D compared with the normal control
(1.22+£0.21D). There was a statistically significant differ-
ence in ocular refraction between the deprivation group
and normal control (P <0.001). The increases in axial
length (from 8.20+£0.04mm to 8.50+0.08 mm, P <0.001)
and vitreous chamber depth (from 3.60+0.04mm to
3.90 £0.08 mm, P <0.001) were also statistically significant
compared with the normal control. Citicoline treatment sig-
nificantly reduced the myopic degree (—0.62=+0.47D,
P <0.001) and inhibited the increase in axial length
(8.32+0.06 mm, P <0.001) and vitreous chamber depth
(3.72+£0.07mm, P<0.001) in the form-deprived eyes.
However, there were still statistically significant differences
in ocular refraction (P < 0.001), axial length (P < 0.001), and
vitreous chamber depth (P <0.01) between the citicoline
group and normal control. No statistically significant dif-
ferences were observed in corneal radius of curvature,
anterior segment depth or lens thickness among all
groups (P > 0.05) (Figure 1).

Ten days of form deprivation caused a significant
decrease in retinal dopamine content in right eyes
(0.55+£0.21ng) when compared with the normal control
(1.29£0.27ng, P <0.001). After citicoline treatment, a sig-
nificant increase in retinal dopamine was observed in the
deprived eyes (0.81 £0.24ng, P < 0.01). However, there was
a significant difference between the deprived + citicoline
group and the normal control (P <0.001). The sterilized
injection-water treatment, as a vehicle, had no significant
effects on retinal dopamine or ocular biometric parameters
(P>0.05) (Figure 1).

Effect of intraperitoneal citicoline on ocular refractive
development and retinal dopamine in the left eyes

In the left eyes, there were no statistically significant differ-
ences in ocular biometric parameters among all groups,
such as refraction, axial length, corneal radius of curvature,
anterior segment depth, lens thickness, and vitreous cham-
ber depth (P> 0.05). The retinal dopamine content dis-
played a slight increasing trend (from 1.27+0.20ng to
1.37 +0.24 ng) after citicoline treatment. However, this dif-
ference in retinal dopamine content was not statistically
significant (P > 0.05) (Figure 2).

The effect of citicoline on retinal dopamine of the
deprived eyes in vitro

After 24 h of explant culture, retinal dopamine content was
0.42 £+0.14 ng in the deprived eyes. The citicoline treatment
caused a significant increase in retinal dopamine content
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Figure 1 After covering the right eyes for 10 days, the deprived eyes became myopic with the decrease of retinal dopamine. Intraperitoneal injection of citicoline
significantly inhibited the myopic shift (P < 0.01) and raised retinal dopamine levels (P < 0.01). /P < 0.05 vs. normal control; *P < 0.05 vs. the deprived + citicoline group
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Figure 2 In the left eyes, among all groups, no significant differences were found in ocular biometric parameters or retinal dopamine content (P > 0.05)

(0.62£0.21ng) compared with the deprivation group
(P <0.05) (Figure 3).

Discussion and conclusions

This study was the first to confirm the inhibitory action of
citicoline on myopia progression, despite the use of an
animal model. Our data showed that the intraperitoneal
injection of citicoline could compensate for the decrease of
retinal dopamine levels and attenuate the myopic shift fol-
lowing form deprivation in guinea pigs. Moreover, it was
also found that exogenous citicoline caused an increase of

dopamine content in retinal explant culture of the form-
deprived eyes.

In the present study, the decrease of myopic degree
induced by citicoline is approximately 2.63D (from
—3.25D to —0.62D) in the deprived eyes. This inhibitory
effect looks more effective than that of levodopa (approxi-
mately 2.12D, from —3.62D to —‘1.5D),19 a finding which
requires further investigation. However, citicoline treat-
ment cannot completely suppress the myopic development
following form deprivation because there is a statistically
significant difference between the deprived + citicoline
group and its normal control. The partial inhibitory effect
of citicoline may be associated with an insufficient dose of
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Figure 3 Citicoline treatment caused a significant increase in retinal explant
dopamine content in the deprived eyes in vitro (P < 0.05). *P < 0.05 vs. the
deprived + citicoline group

citicoline and multiple myopic signal factors in the ret-
ina including dopamir1e,13’14 retinoic acid,®"*? and nitric
oxide.**  Accumulating evidence indicates that a
500mg/kg dose of citicoline could cause effective neuro-
protection from retinal injury induced by kainic acid and
brain lesions induced by 6-hydroxydopamine in rats.*>’ In
our study, guinea pigs were injected intraperitoneally with
citicoline (500 mg/kg, twice a day). Although the dosage
was enough to slow myopia progression, it may not be opti-
mal for inhibiting the myopic shift following form depriv-
ation in guinea pigs.

After administration, citicoline undergoes a quick trans-
formation to cytidine and choline, which are believed
to enter brain cells and retinal neurons separately.
Furthermore, citicoline enhances phosphatidylcholine syn-
thesis and stimulates the dopaminergic system in the retina,
as confirmed by our study. According to our results, the
inhibitory effect of citicoline on myopia progression was
associated with the increase of retinal dopamine content
in guinea pigs. In addition, other neurochemical mechan-
isms might also be involved in the inhibitory effect of citico-
line on myopia progression. Giménez et al.>® found that
chronic citicoline treatment caused an increase of dopamine
receptor densities and promoted a partial recovery of dopa-
mine receptor function that was normally reduced with
aging in the mice striatum. It has been shown that form
deprivation upregulated the content and activity of retinal
nitric oxide synthase in guinea pigs.>*** In addition to its
neuroprotective effect on dopaminergic neurons,* citico-
line could also reduce nitric oxide synthase levels and
attenuate nitric oxide function in the neuronal damage of
the retina®® and spinal cord.*! Thus, retinal nitric oxide may
be involved in the citicoline inhibition of myopia progres-
sion. Rejdak et al.*® reported that intraperitoneal injection of
citicoline increased retinal dopamine content in normal
albino rabbits. In our study, there is only a trend of increas-
ing retinal dopamine content in the undeprived eyes, but no
significant difference when compared with the normal con-
trol. The discrepancy in results is likely from differences in
species and drug dosage, and the possibility that citicoline
could preferentially elevate lower retinal dopamine levels;
these possibilities require more research in the future.

In summary, the intraperitoneal injection of citicoline
effectively retarded the myopic shift induced by form
deprivation in guinea pigs, which was associated with the
reinforcement of the retinal dopaminergic pathway.
Therefore, citicoline treatment is a very promising research
strategy for slowing myopia progression in the future.
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