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Abstract

The crystalline lens in the cichlid fish Aequidens pulcher undergoes a transformation of its optical properties every dawn and
dusk as the eye adapts to changes in light conditions. During dusk the transformation result in an increase of the refractive
power in the lens cortex, the outermost 40 percent. The change is thought to match the optical properties of the lens to the
requirements of the retina. Using a short term in vitro lens culturing system together with optical measurements we here
present data that confirm that the optical properties of the lens can change within hours and that dopamine influences the
optical properties of the lens. Dopamine yields dose-dependent decrease of the refractive power in the lens cortex. The D1-
agonist SKF-38393 induces a similar decrease of the refractive power in the cortex, while the D2-agonist quinpirole has no
effect. The effect of dopamine can be blocked by using the D1-antagonist SCH 23390. Our results suggest that dopamine
alone could be responsible for the light/dark adaptive optical changes in the lens, but the involvement of other signaling
substances cannot be ruled out.
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Introduction

Vertebrate eyes share a common ancestry and the general

design appears to have been preserved over the past 500 million

years. Similarities between vertebrate groups are present in both

general morphology and development of the retina and lens as

well as on a cellular level, for instance the photoreceptors and their

opsins [1]. A shared trait through the entire vertebrate linage is the

multifocal optical system that compensates for chromatic aberra-

tion. These systems are present in all major vertebrate groups,

from lampreys to primates [2,3,4,5,6].

Chromatic aberration arises from the same principle by which a

prism divides white light into its spectral components: refraction is

wavelength-dependent where longer wavelengths are refracted less

than shorter. The defocusing effect of chromatic aberration is most

severe in powerful lenses with large apertures, because such lenses

have short depth of focus. Although multifocal optical systems

occur throughout the vertebrate linage, it is best understood in

teleosts (bony fishes) where the crystalline lens is the sole refractive

element [7]. To achieve multifocality, teleost lenses have slight

variations in their refractive index profiles, which divide the lens

into concentric refractive zones, each having a different focal

length in monochromatic light and focusing a different wave-

length, or color, onto the retina in polychromatic light. The

wavelengths in focus at the retina match the photoreceptor’s

maximum sensitivities, their lmax. This creates a well-focused

image on the retina composed of relevant wavelengths despite

chromatic aberration [6].

In most teleosts retinomotor movements result in a dramatic

change in the outer layers of the retina during light/dark

adaptation. The process is composed of two parts; a shift in

position between the cone and rod inner/outer segments, and a

migration of melanin granules in the retinal pigment epithelium.

Circadian changes in the retina are controlled not only by light

intensity variations, but also by endogenous signaling substances.

Some changes are specifically activated by fluctuations in

dopamine level, which acts as a signal for both light-induced

and circadian endogenous light adaptation of the eye. Ocular

dopamine is produced solely by one type of interplexiform cells in

the retina from where it diffuses freely into the vitreous [8,9].

During day the free concentration of dopamine in the vitreous is

three times higher than during night [10,11]. Dopamine directly

influences both parts of the retinomotor movements by triggering

pigment dispersion in the retina pigment epithelium and by

inducing contraction of the cone myoid which pulls the cone

inner/outer segment into the assumed focal plane while the rod

inner/outer segments are pushed to a more distal position [12].

This gives the animals a retina that is pure cone during day and

pure rod during night. As a trichromate, Aequidens pulcher, a South

American cichlid, has its three spectral cone types in the focal

plane during day that are replaced at dusk by one set of rods

[13,14,15].

The lens optical properties change as the eye dark-adapts to

compensate for the change occurring in the retina during dusk,

where the animals’ wavelength discrimination ability (color vision)

disappears and lmax changes. The optical properties of the lens

change from multifocal during day towards monofocal during

night, which is thought to compensate for the change occurring in

the retina from three active photopigments to one. The change in

the lens results in an increase of the refractive power in the
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outermost 40 percent of the lens radius. A similar, but stronger

increase of the refractive power in this region occurs if the eye is

depleted of dopamine, which suggests that dopamine is directly or

indirectly involved in the regulation [16].

We used an in vitro short-term culturing technique and treated

the lenses with dopamine and dopamine analogs in order to

determine whether dopamine is directly responsible for the

changes occurring during light-dark adaptation and dopamine

depletion. We found that dopamine influenced the lens directly

and decreased the refractive power in the outermost 40 percent of

the lens. Furthermore, we gained insight into what mechanism

regulates the changes in refractive power by determining that the

D1 receptor family is directly involved in the regulation while the

addition of D2 family agonists had no effect.

Results

Dopamine decreases the refractive power in the lens cortex, i.e.

the outermost 40 percent of the lens radius. Treating lenses in vitro

with dopamine, at concentrations from 1026 to 1023 M, yielded a

dose-dependent response (figure 1A). The change in refractive

power is described as DBCD. BCD, or back center distance, is the

longitudinal distance in a meridional plane from the lens center to

where a laser beam deflected by the lens intercepts the optical axis.

BCD is a function of BEP, or beam entrance position, i.e. the

lateral distance between the entering laser beam and the optical

axis of the lens. DBCD is the difference in BCD between a treated

and an untreated lens from the same animal. Positive DBCD

values indicate that the treatment decreased the refractive power

while negative values describe the opposite. By comparing the

variation in the DBCD/BEP curves the maximum variation in the

DBCD, max DBCD, was determined for the lens pair from each

animal. A linear regression performed on the max DBCDs yielded

an r2 value of 0.457 and a slope that was significantly different

from 0 (p,0.001) (figure 1B).

Experimental groups where either dopamine, D1- or D2-

agonists were used was compared to a control group where both

lenses remained untreated. DBCD curves from experiments with

1024 M of the D1-agonist SKF-38393 were similar to those where

dopamine was used. In contrast, DBCD curves from experiments

with 1024 M of the D2-agonist quinpirole were similar to curves

from the control group (figure 2A). Statistical analysis with

permutational analysis of variance (PERMANOVA) shows that

dopamine and the D1-agonist induced changes in the refractive

power in the same direction. The differences from the control were

statistically significant for both treatments (p,0.001), while

treatment with the D2-agonist did not induce any significant

difference from the control (p = 0.496). The dopamine treated

group did not differ from the group treated with D1-agonist

(p = 0.971) (figure 2B).

DBCD curves obtained when one lens was treated with

dopamine and the other remained untreated were compared to

DBCD curves obtained when one lens was treated with dopamine

and the other treated with dopamine and the D1-antagonist SCH-

23390. The DBCD curves are similar and there was no statistically

significant difference between the groups (p = 0,431) (figure 3).

Discussion

During light adaptation the refractive power of the lens cortex,

the outermost 40 percent, is reduced. Dopamine levels are roughly

three times higher in the vitreous during day than night and if

dopamine is directly controlling the lens’ refractive power,

treatment with dopamine should induce a reduction of the

refractive power in the same layers. The results obtained in this

study are consistent with the hypothesized scenario; treatment of

lenses in vitro with dopamine leads to a decrease in refractive power

in the outermost 40 percent of the lens cell layers. The reduction in

refractive power increases with increased dopamine concentration

in a dose-dependent manner within the concentration range

tested.

The D1-receptor family, consisting of the D1A1, D1A2, D1B,

and D1C receptors in teleosts [17,18], appears to be involved in

the observed regulation since the D1-agonist induced a similar

response as dopamine, while the D2-agonist had no effect even at

Figure 1. Dopamine decreases the refractive power in the lens
periphery. (A) The mean DBCD curves describe the difference
between the treated and untreated lenses from all animals (see
Methods and Materials). Positive DBCD values indicate a decrease in
refractive power i.e. an increase in BCD in the treated lens compared
with the corresponding control lens from the same animal. The curves
are truncated at 0.2 lens radius (R) and 0.95 R because the scanning
method has low accuracy close to the optical axis and in the outer
periphery of the lens [30]. These regions contribute little to the image
because of a small effective aperture (central region) and reflection at
the lens surface (peripheral region; [31]). Note from the mean DBCD
curves that dopamine decreased the refractive power in the lens cortex,
from 0.60 R and outward. The mean DBCD increased in BEP 0.60–0.95 R
when treated with increasing concentrations of dopamine. The curves
represent the mean DBCDs from 34 animals (1026: n = 7, 1025: n = 11,
1024: n = 9, 1023: n = 7). (B) Linear regression on max-DBCD as a
function of dopamine concentration gave a slope with the r2 value
0.457 that differed significantly from 0. Max-DBCD is the largest
difference in BCD between the control lens and the treated lens
measured at BEP 0.55–0.95 R (n = 34).
doi:10.1371/journal.pone.0010402.g001

Dopamine Effects on the Lens
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the increased concentration used. A D1-antagonist was used in

conjunction with dopamine in order to test whether dopamine and

the D1-agonist were actually binding to a receptor. The D1-

antagonist abolished the effect of dopamine, which supports the

conclusion that a D1-receptor is involved. It is currently unknown

where these D1-receptors are located and what specific cellular

mechanism they activate. Two plausible effects of D1 family

receptor activation are increased production of cAMP and

phosphoinositide hydrolysis. All of the four known teleost D1

receptor subtypes increase cellular levels of cAMP [18]. cAMP

moves freely through certain gap junctions [19,20], which in turn

means that the receptors could either be localized in the epithelial

layer, or spread out through the affected cell layers. In the retina

during light-adaptation, dopamine modulates the gap junctions in

the horizontal and amacrine cells through cAMP. The modulation

is most likely regulated through phosphorylation of gap junction

proteins by the cAMP-dependent protein kinase, PKA [21]. In the

sheep lens, PKA phosphorylates gap junction proteins in the lens

cortex but not the lens core [22]. It is possible that dopamine

through phosphorylation of the cortex gap junction proteins can

modulate the lens’ internal fluid circulation, which is responsible

for maintaining homeostasis and distributing nutrients in the lens

[23]. Furthermore, the circulation is strongest in the lens cortex

where dopamine has an optical effect [24]. Phosphoinositide

hydrolysis results in two separate signaling pathways; increased

intracellular calcium levels through inositol trisphosphate, IP3, and

increased activation of protein kinase C, PKC, through diacylgly-

cerol. In mammalian lenses, PKC appears to have gap junction

regulatory properties in the epithelial cells and could possibly

therefore also affect the lens circulation [25,26]. Calcium stores

have been described in the epithelial layer of the sheep lens [27]

but not to our knowledge in teleost lenses. Ca2+ by itself influences

the water permeability of the aquaporin AQP0 in the lens cortex,

which in turn might affect the lens circulation [28]. Regardless of

Figure 2. Dopamine and a D1-agonist induce similar changes in
lens refractive power. (A) Mean DBCD curves from 31 lens pairs where
one lens was treated with dopamine, D1-agonist, or D2-agonist, as well as
pairs where both lenses were untreated (control). Treatment with the D1-
agonist SKF-38393 induced an effect similar to that of dopamine in that
BCD values increased in the lens cortex, BEP 0.60–0.95. Both treatments
thus reduced the refractive power in the cortex compared to untreated
lenses. The D2-agonist quinpirole had no effect. The curves represent the
mean DBCDs from 31 animals (Control: n = 8, D1: n = 7, D2: n = 7, D: n = 9).
(B) Max-DBCD values and standard deviation in the control and treatment
groups. There was no significant (n.s) difference between max-BCD
values from dopamine and D1-agonist treatments or between the
control and D2-agonist. ** = Significance level 0.01%, *** = significance
level 0.001% (n = 31).
doi:10.1371/journal.pone.0010402.g002

Figure 3. The effect of dopamine is abolished by a D1-antagonist.
(A) DBCD curves from 11 lens pairs where one lens was treated with
dopamine and the other lens remained untreated are compared with
DBCD curves from 10 lens pairs where one lens was treated with dopamine
and the other lens with dopamine and the D1-antagonist SCH 23390. The
curves are similar, indicating that the D1-antagonist abolished the effect of
dopamine in the lens. The curves represent the mean DBCDs from 21
animals (Control: n = 11, D1 antagonist: n = 10). (B) The max-DBCDs and
standard deviation. Both groups were similar with no statistically
significant difference between them. This indicates that the D1-antagonist
abolished the effect of dopamine. There was no significant (n.s) difference
between the two groups (n = 21).
doi:10.1371/journal.pone.0010402.g003

Dopamine Effects on the Lens
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the initial effect induced by dopamine, a modulation of the lens

circulation seems the most plausible explanation for the optical

regulation in the lens observed in this study.

Our results are consistent with that dopamine alone may be

responsible for the optical change in the lens occurring between

night and day. If so, the lens would be in its natural state during

night and the increased dopamine levels during day would

decrease the refractive power in the lens periphery until dusk when

the dopamine levels drop again. In the retina, however, several

compounds work together and form a push-pull system that

transforms the retina during dusk and dawn [12]. Further

investigations are required to determine what other mediators, if

any, are involved in lenticular light-dark adaptation and how this

signal propagates from cell to cell.

Conclusion
Dopamine directly induces a decrease in refractive power in the

outermost 40 percent of the lens cell layers and acts through a D1

receptor family regulated pathway. The change is similar to that

occurring between night and day.

Materials and Methods

Ethics Statement
All experiments involving animals were approved by the

regional ethical committee for animal research, Malmö/Lunds

djurförsöksetiska nämnd.

Animals
Fishes, Aequidens pulcher, where obtained through a local

distributor and kept in aquaria under 12h-12h light-dark cycles.

The animals used in the experiments were isolated 24h prior to the

experiments by translucent dividers in their aquaria to avoid

damage to the eyes and effects caused by stress and aggression. All

experiments were initiated 3 hours after subjective daybreak to

exclude circadian influences.

Incubation and optical measurements
The animals were killed through pithing and the lenses were

excised immediately. The lenses where cultured for four hours at

room temperature, 20–22uC, in a modified H10 medium,

120 mM NaCl, 2.50 mM KCl, 0.80 mM CaCl2, 1 mM MgCl2,

10 mM glucose and 3 mM HEPES. The pH was adjusted to 7.3

and osmolarity set to match that of the vitreous (330 mOsm) by

using a slightly more concentrated solution.

During culturing, both lenses remained untreated in the control

group. In the experimental groups, one lens from each animal was

treated, while the other lens remained untreated as internal control.

Right and left lens was alternated as control. Lenses were treated

with either dopamine hydrochloride, the D2 agonist (6)-quinpirole

dihydrochloride, the D1-agonist (6)-SKF-38393 hydrochloride, or

dopamine hydrochloride in combination with the D1-antagoinst

(+)-SCH-23390 hydrochloride. All substances were obtained from

Sigma Aldrich and dissolved in culturing medium. All substance

concentrations were obtained from the literature. The concentra-

tion of the D2-antagonist was increased due to lack of response at

the initial concentration [29].

The lenses’ optical properties were determined with laser

scanning that measures the back center distance (BCD) at each

beam entrance position (BEP). BEP is the lateral distance from the

optical axis to where the laser beam enters the lens and BCD is the

longitudinal distance from the center of the lens to the where the

beam deflected by the lens intercepts the optical axis. BCD as a

function of BEP gives a longitudinal spherical aberration (LSA)

curve representing the variation in refractive power over the lens

radius. Since the lenses are spherically symmetric, the results from

both halves of the lens diameter were averaged, which removes

artifacts that occur because of small errors in the position of the

optical axis. More in-depth descriptions have been published

previously [30].

Data processing and statistics
To reduce the impact of individual variation, the LSA curve

from the untreated lens (control) was subtracted from the LSA

curve from the treated lens in each animal. This yielded a DBCD

curve that describes the difference in BCD between right and left

lens. Untreated lenses from the same animal had very similar LSA

curves and any deviation from 0 in the DBCD curve therefore

indicated the effect of the treatment. For further comparisons the

maximum deviation, max DBCD, was measured in each DBCD

curve. The max DBCDs from the different treatments were used in

statistical analyses. First, linear regression was used on the max

DBCD from the dopamine concentration series and the statistical

significance between the slope and 0 was tested with ANOVA

(n = 34). Second, permutational ANOVA (Primer v6.0) was used

to test for any statistical difference in max DBCD between agonists

and control (n = 31). Finally, permutational ANOVA was also used

to compare max DBCD from lenses treated either with dopamine

and antagonist or only dopamine (n = 21).
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