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Abstract
Zebraﬁsh larvae exposed to cocaine accumulate cocaine in the eye. Here we used electroretinography (ERG) to assess the eﬀect of accumulated cocaine on the outer retina
function of zebraﬁsh larval eyes. We found a statistically signiﬁcant increase of the
ERG responses at moderate to bright light levels, showing that the presence of cocaine
increased retinal responses to light, especially in the bright light range. This increase
may be linked to dopamine in the retina, since cocaine is known to increase eﬀective
dopamine concentrations in the nervous system.

Objective
Here, we evaluate the eﬀect of eye-accumulated cocaine on outer retina physiology in
zebraﬁsh larvae.

Introduction
3x

Triple Blind Peer Review
The handling editor, the reviewers, and the authors are
all blinded during the review
process.

Full Open Access
Supported by the Velux
Foundation, the University of
Zurich, and the EPFL School
of Life Sciences.

4.0

Creative Commons 4.0
This observation is distributed under the terms
of the Creative Commons
Attribution 4.0 International
License.

The zebraﬁsh has gained popularity for testing substances of abuse, due to the ease of
behavioral testing in a vertebrate with conserved brain structure and pharmacological
targets comparable to mammals (reviewed in [1]). This is particularly pertinent for larval
stages, where hundreds of animals can be assessed in parallel, enabling middle and highthroughput screens. However, the small size of larvae makes it diﬃcult to link observed
behavioral eﬀects to eﬀective drug concentrations at target sites. An additional point
to consider is the diﬀerent routes of administration. Zebraﬁsh larvae are usually bathed
in a solution containing the neuroactive substance, whereas neuroactive substances in
mammals are typically orally administered, injected, smoked, or snorted [2]. Recent
studies uncovered an unexpected diﬀerence in behavioral responses to cocaine between
rodents and zebraﬁsh. Cocaine acts on monoaminergic neurotransmission and is a central nervous system stimulant in mammals, while in zebraﬁsh it resulted in a decrease
of locomotor activity [3]. As suggested by [4], this may be due to the local anesthetic
eﬀect of the drug acting on the peripheral nervous system before it reaches its targets
in the brain. This work highlighted the importance of considering the application route
when comparing diﬀerent experimental species. Another intriguing aspect discovered
in cocaine exposed zebraﬁsh larvae was a strong and sustained accumulation of cocaine
in the eye, likely due to a high aﬃnity of cocaine to melanin [4]. Cocaine is known
to inhibit monoaminergic neurotransmitter reuptake, leading to an increased synaptic concentration of these neurotransmitters [5]. Any eﬀect of cocaine on the retina is
likely mediated by an increase in dopamine concentration, since dopamine is the main
monoaminergic neurotransmitter in the retina [6]. In this study, we tested the eﬀect of
accumulated cocaine on outer retina function. Outer retinal function in zebraﬁsh larvae
can be assessed by using electroretinography, that records the sum ﬁeld potential of the
retina in response to light [7].
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Figure Legend
Figure 1. Electroretinography of cocaine treated larval zebraﬁsh eyes.
Exempliﬁed ERG traces (log 0) from one control (green trace) and one cocaine treated
(blue trace) ﬁsh (A) depicting an increase in the b-wave amplitude in the cocaine treated
ﬁsh compared to control. B-wave amplitudes plotted over the ﬁve diﬀerent light intensities (log -4 to log 0) for control and cocaine treated ﬁsh in a Box-and-Whisker plot (B).
Values are reported pooled from three independent replicates for both groups (n=11 or
12 or 17 ﬁsh/replicate) and two-tailed t-test shows signiﬁcant diﬀerence in the b-wave
amplitude with increased light intensity (log -4 p=0.213; log -3 p=0.897; log -2 p=0.034;
log -1 p=0.004; log 0 p=0.001).

Results & Discussion
In order to test the eﬀect of cocaine accumulation in the larval zebraﬁsh eye, we performed electroretinography recordings in 5 days post fertilization (dpf) larvae to assess
outer retina function. White light ERG over ﬁve diﬀerent light intensity levels (log -4 to
log 0) was measured in a cohort of cocaine treated (n=41) and untreated control larvae
(n=40) in three independent exposure experiments (11, 12 and 17 untreated animals and
11, 12 and 18 treated animals per recording day, respectively). Recording was performed
in a double blind fashion (coded animals were measured without prior knowledge of the
treatment by the sole experimenter). We found the overall shape of the ERG response
to be unchanged in cocaine treated larvae. Hence, no major alterations of outer retina
function by cocaine accumulation were detected (Figure 1A). However, the amplitude
of the b-wave of cocaine treated animals is statistically signiﬁcant larger at medium to
bright light intensities (Figure 1B). The b-wave reﬂects ON-pathway activation and can
serve as a proxy to general excitability of the outer retina. These results demonstrate
that there is no adverse eﬀect on outer retina function. Nevertheless the observation that
cocaine treatment leads to a moderate, but signiﬁcant increase of the b-wave amplitude
in the ERG is surprising and not readily explainable. The most likely explanation of the
observed eﬀect is monoaminergic signaling in the retina, since cocaine is thought to
mainly act through the inhibition of monoaminergic neurotransmitter reuptake. Unfortunately, there is little information on neurochemical signaling in the zebraﬁsh retina in
general and in the larval retina (the stage that we examined) in particular. Additionally,
eﬀective concentrations of cocaine and dopamine are currently not measurable in situ
in larval zebraﬁsh. In the retina a number of monoamines are present, with dopamine
being by far the most prominent one [6]. Dopamine is released by a group of distinctive
amacrine cells (interplexiform cells in the teleost retina). Interplexiform cells extend
their processes to both the inner and outer plexiform layer. They form conventional
synapses with cone horizontal (H1, H2, H3) in the outer plexiform layer [8]. At least in
teleosts, interplexiform cells are likely the target of centrifugal ﬁbers originating in the
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olfactory bulb [9]. In the retina, dopamine is mainly released as a paracrine factor reaching target cells not by direct synaptic transmission but rather by diﬀusion. Dopamine receptors of both the D1-like and D2-like type are distributed throughout the entire retina.
Surprisingly little is known about their cellular distribution in the zebraﬁsh retina [10],
but in most vertebrates D1-like and D2-like receptor types are found on horizontal and
photoreceptor cells, respectively (reviewed in [11]). Since dopamine signaling is mediated by trimeric G-protein signaling leading to either an increase (D1-like type) or
decrease (D2-like type) of the intracellular messenger cAMP, the main eﬀect of retinal
cells is believed to be on the coupling of neurons by gap junctions. Such electric coupling has been reported between zebraﬁsh photoreceptors [12] and between horizontal
cells. The levels of dopamine in the retina follow a circadian rhythm, with dopamine
concentrations rising at dawn. One current hypothesis is that dopamine function favors
cone driven visual circuits, preparing the retina for photopic (day time) vision (reviewed
in [11]). It is rather unlikely that changes in rod cone coupling underlie the enhanced
ERG that we report here, since at the larval stage when the recording was done, rod
photoreceptors are not functionally integrated. Hence in zebraﬁsh rod function does
not signiﬁcantly contribute to the larval ERG before about 16 dpf [13]. Dopamine increases the sensitivity of horizontal cells to glutamate by inhibiting electrical coupling
between them, resulting in a reduced negative feedback to cone photoreceptors [14] [15]
[16]. Hence an increase in retinal dopamine may enhance the photopic cone response
by a reduced negative feedback from horizontal cells in cocaine accumulating retinas. In
humans, consumption of cocaine has been occasionally accompanied with slight vision
impairment. For instance one study showed that some cocaine and amphetamine users
display blue-yellow color vision impairment, suggesting that manipulating dopamine in
the central nervous system may change color perception [17]. This eﬀect may already
impact retinal processing, since cocaine dependent patients have been reported to have
reduced b-waves in the blue cone ERG, correlated to lower concentrations of dopamine
metabolites [18]. Since blue cones only minimally contribute to the brightﬁeld ERG
in zebraﬁsh larvae, another mechanism must be responsible for the observed eﬀect in
zebraﬁsh.
Cocaine accumulation in the retina does not adversely aﬀect outer retina function, but
leads to increased light sensitivity through unknown mechanisms.
The eﬀect of cocaine accumulation in the eye was tested under a single application
regime and developmental time point. The eﬀective concentration of cocaine and
dopamine in the treated retinas is currently not measurable in situ.
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