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Abstract
Recent studies have highlighted that antidepressants such as the selective serotonin reuptake inhibitors (SSRIs) entering aquatic
systems through wastewater discharges might impact organisms at environmentally relevant concentrations. In this study, two
snail species (Gibbula unbilicalis and Lymnea stagnalis) representing the marine and freshwater environments were exposed to
a large range of fluoxetine concentrations (1 ng L−1—1mg L−1) and two distinct behaviours (foot detachment and righting
time) were recorded. Fluoxetine significantly caused foot detachment only at the higher of the concentrations (1 mg L−1) in
both species during the course of this short term 1.5 h and 4 h exposures. In this study, lowest observed effect concentrations
(LOECs) for foot detachment fell repeatedly within the range for other gastropod snails exposed to fluoxetine. Fluoxetine
effected righting times in a concentration dependant manner but only significantly within G. unbilicalis in the highest
concentration. Reviewing existing data on the effects of antidepressants on a range of endpoints in gastropod molluscs reveals
wide variability of results. The importance of publishing ‘negative’ and/or non-dramatic results to aid risk assessment are
discussed along with the variability between antidepressants, model species, experimental designs and endpoints.
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Introduction

Antidepressants have been ranked highly amongst those
pharmaceuticals with a potential risk to the aquatic envir-
onment based on their biological activity, existing toxicity
data and widespread use/detection (Muñoz et al. 2008;
Sanderson et al. 2004; Alonso et al. 2010; Cooper et al.
2008; Donnachie et al. 2016). Selective Serotonin Reuptake
Inhibitors (SSRIs) inhibit the reuptake of serotonin from
synaptic cleft thereby increasing the signals between neu-
rones. Fong and Ford (2014) report that serotonin is an
important neurohormone in invertebrates controlling many
biological functions including growth, immunity, repro-
duction, metabolism as well as behaviour. In their review,
they highlight that since the mode of action of

antidepressants is by modulating the neurotransmitters ser-
otonin, dopamine, and norepinephrine, aquatic invertebrates
who possess transporters and receptors sensitive to activa-
tion by these pharmaceuticals are potentially affected by
them (Fong and Ford 2014). In addition, Ford and Fong
(2016) highlight that many SSRIs don’t only act upon the
reuptake proteins but also actively bind to multiple neuro-
logical receptors (Stahl 1998) increasing the potential for
variable downstream physiological effects.

The concentrations of antidepressants detected in the
aquatic environment vary based on drug and country or
even region whereby they are prescribed. One of the most
commonly prescribed antidepressants (Wong et al. 1995) is
fluoxetine (Prozac) for which arguably the most amount of
ecotoxicological data exists. Over the past decade there has
an increasing number of studies, which have reporting that
antidepressants can impact the normal functioning of
aquatic organisms at environmentally relevant concentra-
tions (see Fong and Ford 2014; Ford and Fong 2016).
Several studies have detected environmentally relevant
concentrations of fluoxetine ranging between 0.012 and
0.54 µg L−1 in freshwater environments (Weston et al.
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2001; Kolpin et al. 2002; Chen et al. 2006; Gardner et al.
2012). For example, Kolpin et al. (2002) measured fluox-
etine at 0.012 µg L−1 downstream from wastewater treat-
ment plants and Weston et al. (2001) from 0.32 to 0.54 µg L
−1 in municipal effluent. Concentrations of fluoxetine in the
estuary of Long Island Sound (New York City) have been
recorded at 0.7 ± 0.3 ng L−1 following an approximate 80%
removal rate from the wastewater treatment plant (Influent
144 ng L−1; Effluent 27 ng L−1; Lara-Martín et al. (2014)).

Within the Mollusca, antidepressants have been reported
to effect behaviour, reproduction, immunity and cognitive
ability (Fong et al. 1998; Fong and Molnar (2008); Fong
and Hoy 2012; Di Poi et al. 2013; Bidel et al. 2016; Munari
et al. 2014; Minguez et al. 2014; Peters and Granek 2016).
Notably, is hugely variable data on the effects of these
compounds between closely related species and drugs with
‘similar’ modes of action (see Ford and Fong 2016 for
discussion on the variable receptor activity of anti-
depressants). However, limitations in study design and
variability have led to speculation over the repeatability of
the studies (Sumpter et al. 2014).

Recently there has been renewed interested in the role of
behavioural toxicology partly spurred on by rapid techno-
logical advances and the ability to quantify behaviours in a
high-throughput manner (Pyle and Ford 2017). One intri-
guing study, elegant by the relative low cost and simplicity
of design is the foot detachment by gastropod molluscs. Any
detachment from normal areas of shelter or feeding by a
gastropod snail in their natural environment might be con-
sidered individually damaging both in terms of energy used
in relocation, lost feeding times or increased predatory risks
(Lemmnitz et al. 1989). Based on the knowledge that
monoamine neurotransmitters are been known to impact foot
attachment in snails (Sakharov and Salanki 1982), Fong and
Hoy (2012) exposed two freshwater gastropod species
(Leptoxis carinata and Stagnicola(Lymnaea) elodes) to the
selective serotonin and norepinephrine inhibitor (SNRIs),
venlafaxine and the SSRI, citralopram. They recorded the
time for snails to detach from the sides of their tanks over a
4 h period. They recorded a linear concentration based
response with lowest observed effect concentrations within
the 31.3–313 pg L−1 range for L. carinata. The results,
however, were quite different for S. elodes with LOECs for
the SSRI (4.05 µg L−1) and the SNRI (31.3 ng L−1), thus
many orders of magnitude different. As a follow-up Fong
and Molnar (2013) using five different marine gastropods
(Chlorostoma funebralis, Nucella ostrina, Urosalpinx
cinerea, Tegula fasciatus and Lithopoma americanum) and
four different antidepressants (fluoxetine, fluvoxamine,
venlafaxine and citralopram) again observed some quite
variable results. The authors highlighted the considered
differences (pg–mg L−1) in the sensitivities of the freshwater
snails in Fong and Hoy (2012) and the marine snails

reported in Fong and Molnar 2013. Markedly, were the
variable sensitivities between the snail families with the
trochids and turbinids snails were 2–10x more sensitive to
the antidepressants than the muricid snails, which the
authors suggested maybe due to difference of the physio-
logical mechanisms of locomotion (Fong and Molnar 2013).

Venlafaxine and fluoxetine have also been reported to
alter crawling speed and time to reach a water interface in
different ways in the two marine snails U. cinerea and L.
americanum (Fong et al. 2015). Venlafaxine was reported
to have sped up locomotion behaviours whilst fluoxetine
slowed them down with LOECs recorded between 31.3 and
345 µg L−1. In their most recent study, Fong et al. (2017)
recorded the ‘righting time’ (time taken to fully right fol-
lowing upside-down placement) in the marine snail Llya-
nassa obsolete when exposed to four different
antidepressants (fluoxetine, sertraline, paroxetine and ven-
lafaxine) with lowest concentration to show an effect being
3.45 µg L−1

fluoxetine.
Given the variability observed in results to date and the

need to ascertain the risk posed by those kinds of con-
taminants, the aim of this study was to compare the effects
of fluoxetine on foot detachment and righting times in fur-
ther species of marine and one freshwater gastropods. This
study had three main objectives: (1) increase the available
data on this topic for risk assessment (2) test the repeatability
within our experiments (3) compare intra/interspecies
variability between a marine and freshwater snail. The
chosen species were Gibbula unbilicalis (marine flat top
shell) and Lymnea stagnalis (freshwater) both of which are
widely found across Europe. The top shell can be found
intertidally across Western Europe and the Western Medi-
terranean. Lymnea stagnalis (Great Pond Snail) is Holarctic
in distribution and is widely used as a model species in
neurobiology. In addition, we conducted a mini review of
lowest observed effect data for foot detachment behaviours
to determine variability between antidepressants.

Methods

All Gibbula unbilicalis were collected outside the Institute
of Marine Sciences (Langstone Harbour, Portsmouth, UK)
during 2016 and 2017 and kept in external flow through
tanks for a minimum of 7 days prior to experiments.
External flow through tanks receive natural seawater (pH
8.1) from Langstone Harbour, which is filtered through a 4-
weir sedimentation system following by glass bead and
sand filtration at ambient temperatures. The seawater system
is connected to heater-chillers and tanks kept were tem-
perature controlled rooms. The fluoxetine concentrations in
Langstone Harbour are not known therefore field collected
specimens may have been exposed to effluent periodically
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from storm water overflows. All Lymnea stagnalis were
purchased from a commercial supplier and kept within the
laboratory in artificial pondwater for at least 7 days prior to
experiments to acclimate to the conditions and eliminate
any individuals in poor health. All fluoxetine hydrochloride
(CAS number 56296-78-7) stock solutions (1 mg L−1, 4 mg
L−1 or 10 mg L−1) were made up either in seawater or
freshwater without the use of solvents and serially diluted in
volumetric flasks to test solutions.

Experiment 1

Forty G. umbilicalis were collected and following an
acclimation period (see above) were exposed to either 1 ng,
1 µg, 1 mg L−1

fluoxetine or a natural filtered seawater
control (pH 8.1; 21 ± 1 °C). Ten specimens per treatment
were placed carefully into 500 ml beakers containing con-
trol seawater and after attachment ( < 30 min), proportions
of the 10 mg L−1 stock were slowly decanted/pipetted into
the beakers, the solutions carefully stirred and the time
recorded for the snails to detach recorded. Each observation
lasted 90 min. The experiment was repeated three times
using separate specimens (n= 3 × 40= 120).

Experiment 2

Sixty (ten per treatment) Gibbula umbilicalis and Lymnea
stagnalis were acclimated for 1 week in artificial seawater
made up from reverse osmosis (RO) water (Tropic Marine®
35.2‰ pH 8.1) or RO water (pH 6.7) at 24 ± 1 °C.
Experimental exposures took place in 250 ml Pyrex beakers
whereby snails were gently added to beakers containing
100 ml marine or freshwater solutions (control solutions) to
allow them to attach to the sides of the beaker. This would
normally take <30 min and any individuals not attaching
within this time were removed and replaced. Once attached
an additional 100 ml of test solution was slowly decanted
into the beakers making up test solution concentrations of 0
(control), 1 ng L−1, 10 ng L−1, 100 ng L−1, 1 µg L−1 and 10
µg L−1

fluoxetine hydrochloride concentrations. Beakers
were randomly assorted and monitored over a 4 h period
and the number of organisms detaching noted.

Experiment 3

Thirty (ten per treatment) Gibbula umbilicalis and Lymnea
stagnalis were acclimated for 1 week in artificial seawater
(Tropic Marine® 35.2‰ pH 8.1) or RO water (pH 6.7) at 24
± 1 °C. Experiments followed the same procedures as
experiment number 2 apart from concentrations of fluox-
etine were increased to 0.01 mg L−1 and 1 mg L−1 and the
righting time was recorded prior to and after the 4 h expo-
sure period. The snails were completely inverted with its

orifice pointing upwards and the snails were considered
completely righted when its foot was firmly attached to the
substrate (as per Fong et al. 2017).

Comparison of foot detachment data

Lowest observed effects concentrations (LOECs) for foot
detachment with four antidepressants (venlafaxine, citralo-
pram, fluoxetine and fluvoxamine) representing nine species
of snails were compiled from existing published data and
results from this paper.

Data analysis

Where repeated studies were conducted (Exp 1) means were
compared by a non-parametric Kruskal–Wallis test fol-
lowed by Bonferroni corrected Mann–Whitney U-tests.
Foot detachment experiments in experiment 3 were ana-
lysed using binary logistic regression and mean time to
detach were analysed by a Mann–Whitney U-test. The
relationship between snail size and pre and post righting
times were analysed by Pearson’s correlation and the mean
time for snails to ‘right’ themselves was analysed by
Kruskal–Wallis test followed by Bonferroni corrected
Mann–Whitney U-tests.

Results

Experiment 1

No G. umbilicalis from control treatments detached during
the 90 min recording period and only 1 from 30 individuals
in both the 1 ng L−1 and 1 µg L−1 Flx concentrations. Sig-
nificant differences were observed in the mean percentage
of snails, which detached from the three repeated experi-
ments (Kruskal–Wallis; χ= 8.25, df= 3, p= 0.041; Fig. 1).
Multiple comparison tests (with Bonferroni adjustment)
revealed the only significant difference occured between the
control and the highest concentration (p= 0.046).

Experiment 2

No snails (0/120) detached for either species during the
extended monitoring period of 4 h for the lower con-
centrations 1 ng–10 µg L−1 (data not shown).

Experiment 3

Returning to the higher fluoxetine concentrations used in
experiment 1, significant differences were observed in the
proportion of G. umbilicalis snails, which detached from the
tanks (Binary logistic regression: Wand= 7.594, df= 1, p
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= 0.006; Fig. 2). No snails detached from the tanks in the
control and 0.01 mg L−1

fluoxetine exposure whilst 7 from
10 detached in the very high 1 mg L−1 exposures. Similarly,
significant differences were also observed in the proportion
of L. stagnalis snails, which detached from the tanks
(Binary logistic regression: Wand= 4.523, df= 1, p=
0.032), whereby no snails detached in the control, 10% in
the low concentration and 80% in the high concentration
(Fig. 2). For those snails that did detach, no significant
differences in mean detachment times were observed
between snail species (Mann–Whitney, p > 0.05) with
median times to detach being just below 2 h (Fig. 3). Pre
and post-exposure righting times significantly and strongly
correlated (Pearsons) with each other for both G. umbilicalis
(r= 0.741; p < 0.001; Fig. 4a) and L. stagnalis (r= 0.861;
p < 0.001; Fig. 4b). As a result the difference between the
pre and post righting times were calculated and used to
determine the effects of Flx exposure on righting times for
the two snail species. Significant difference in righting time
in G. umbilicalis were observed (Fig. 5; Kruskal–Wallis; χ
= 7.636, df= 2, p= 0.022) but not for L. stagnalis (p >

0.05). Pairwise comparisons for G. umbilicalis found sig-
nificant difference only between the control and high con-
centration (p= 0.02 adjusted for multiple comparisons).
Significant differences were observed in the righting times
between the two species (Mann–Whitney U, p < 0.001) pre
and post-exposure with the marine species taking approxi-
mately three times longer (~10–12 min) compared to the
freshwater species (~3 min).

Meta-analysis of foot detachment LOEC values revealed
no significant differences between antidepressants
(Kruskal–Wallis 3.686, df= 3, p= 0.297) although median
values were lower for venlafaxine and citralopram (Fig. 6).

Fig. 1 Percent ( ± 2 SE) G. umbilicalis displaying foot detachment
exposed to 0, 1 ng L−1, 1 µg L−1 and 1 mg L−1

fluoxetine hydro-
chloride over a 1.5 h exposure period (*represents significantly dif-
ferent from the control p < 0.05)

Fig. 2 Percent G. umbilicalis and L. stagnalis displaying foot
detachment exposed to 0, 0.01 mg L−1, and 1 mg L−1

fluoxetine
hydrochloride over a 4 h exposure period (* represents significantly
different from the control p < 0.05)

Fig. 3 Mean time (min) to detach from tanks in G. umbilicalis and L.
stagnalis exposed to 1 mg L−1

fluoxetine hydrochloride. (x=mean;
line=median; bars=min/max; boxes= 25th/75th percentile)

Fig. 4 Correlation between pre and post-exposure righting times
(mins) in a the marine snail G. umbilicalis and b in the freshwater snail
L. stagnalis
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Overall median LOEC values for across all antidepressants
were within the high µg L−1 to low mg L−1 range for the
limited species done to date.

Discussion

This study aimed to determine whether the SSRI fluoxetine
could cause foot detachment and impact righting behaviour
in two very distinct snail species representing the marine
and freshwater environments. Previous studies have high-
lighted considerable variability between antidepressants and
snail species. In this study, we only found significant effects
on foot detachment and righting times at the high (1 mg L
−1) concentration, which is much higher than might be
expected from wastewater treatment plants (WWTP;
Gardner et al. 2012). These results fall between those found
by Fong and Molnar 2013 for fluoxetine who recorded

LOECs of 345 μg L−1 for foot detachment for the marine
snails, Chlorostoma funebralis and Tegula fasciatus, and
3.45 mg L−1 for Nucella ostrina, Urosalpinx cinereal and
Lithopoma americanum.

The data collated on the nine species experimented for
foot detachment for fluoxetine and fluvoxamine have
median LOECs in the high µg L−1 to low mg L−1, which is
within range of lethal concentrations (LC50s) for many
invertebrate species (Brooks et al. 2003; Henry and Black
2007; Henry et al. 2004; Nałęcz-Jawecki et al. (2008)). We
found no significant differences in the proportions of snails,
which detached between the two marine and freshwater
species or the time the two species took to detach. That is
not to say that considerable differences could well occur in
the ecophysiology of marine and freshwater snails and
differences in the water chemistry can have profound effects
on the potency of antidepressants (Nakamura et al. 2008;
Valenti et al. 2009; Sundaram et al. 2015). Median LOECs
venlafaxine and citralopram are also within the high µg L−1

range with some data reporting effects as low as ng–pg L−1

(Fong and Hoy 2012) suggesting great interspecies varia-
bility. Venlafaxine is an SNRI therefore might have dif-
ferent affinities for serotonin and norepinephrine
transporters or indeed many other neurological receptors
(Ford and Fong 2016). Citralopram on the other hand is a
SSRI and arguably may have similar mode of action to the
fluoxetine (i.e., inhibiting reuptake transporter proteins)
although studies suggest variable receptor affinities between
SSRIs (Stahl 1998). Whether this variability in studies is
due to different species, drugs or experimental differences
again is an interesting avenue for further investigation.
Calow (1996) highlighted that there can be considerable
differences between and within species. In our study the
effects of fluoxetine on G. umbilicalis showed consistent
results between repeats, in that only the higher

Fig. 5 Mean difference in pre
and post-exposure righting times
(mins) of a G. umbilicalis and b
L. stagnalis exposed over a 4 h
period to 0, 0.01 mg L−1, and
1 mg L−1

fluoxetine
hydrochloride (x=mean; line=
median; bars=min/max; boxes
= 25th/75th percentile).
*Significantly different from
control p < 0.05

Fig. 6 Box blot of variability in foot detachment in nine species of
gastropod molluscs from published data using LOECs (Data from
Fong and Hoy 2012; Fong and Molnar 2013 and this study; venla-
faxine n= 7, citralopram n= 6, fluoxetine n= 7, fluvoxamine n= 5)
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concentration (1 mg L−1) resulted in any foot detachment
albeit within subtle differences within experimental
protocols.

For both species used in our study the snails which did
detach did so in a median time of just under 2 h, which is
similar (1–3 h) to the times taken by five marine species
recorded by Fong and Molnar 2013. In our study the marine
(G. umbilicalis) species did take approximately three times
longer (10–12 min) to right itself compared to the fresh-
water species (~3 min; L. stagnalis). Whether this is simply
down to the increased size of the G. umbilicalis vs. the L.
stagnalis, physiological capacity to ‘right itself’ or a sen-
sitivity difference between to the two species is unclear.
Fong et al. (2017) recorded righting times of between
1–3 min for freshwater snail (L. obsoleta) in their study
using a variety of different antidepressants.

Currently, very few long-term exposure studies exist in
the effects of antidepressants on gastropod snails. However,
within the Mollusca as a whole there are an increasing
number of studies recording effects at environmentally
relevant concentrations (Peters and Granek 2016; Bidel
et al. 2016; Nentwig 2007; Gust et al. 2009; Franzellitti
et al. 2014) and efforts have been made to devise Adverse
Outcome Pathways related to predation and altered repro-
duction success (Fay et al. 2017). Our study, and those
similar were conducted over a 4 h exposure period therefore
one can only speculate what the long-term effects of these
exposures might be on the behavioural or physiological
status of these snails. Nentwig (2007) examined the effects
of fluoxetine on reproductive endpoints in the New Zealand
mud snail (Potamopyrgus antipodarum) over a longer
exposure period (~2 months) and calculated an EC10 of
0.81 µg L−1 (based on measured concentrations) for repro-
duction endpoints. Interestingly, they report that during
their experiments that snails in the high concentration (400
µg L−1) were immobile on the bottom of the test Beaker
from the start of the experiment. They also mentioned that
only a small percentage of the snails recovered and began
grazing on food after a few days. Furthermore, nearly 90%
(70/80 per replicate) remained immobile, and at day 56, and
100% mortality occurred in all replicates. The observation
by Nentwig (2007) of snails lying motionless at the bottom
of the tanks from the start of the experiments in the high
concentrations was possibly ‘foot detachment’ as recorded
by others (Fong and Hoy 2012; Fong and Molnar 2013; this
study). This is interesting for a number of reasons, firstly,
those individuals which did detach had very high levels of
mortality over the approximate 2-month exposure period
and secondly, their study predicts ‘effects’ at concentra-
tions, which might be observed in sewage effluent. San-
chez-Argüello et al. (2009) in another long-term exposure
recorded a stimulation of reproduction in freshwater snail
(Physa acuta) at relatively low concentrations (nominal

31.25 and 62.5 µg L−1; recorded at 12 and 27 µg L−1) but a
suppression of reproduction at higher concentrations
(nominal 250 µg L−1; recorded 108 µg L−1) recorded over a
44-day exposure period. Gust et al. (2009) studied the
effects of fluoxetine on reproduction in two species of
freshwater snail (Potamopyrgus antipodarum and Valvata
piscinalis). They emphasised the interspecies variability
between the two species and also recorded a stimulation and
non-monotonic concentration response curves in breeding
for Potamopyrgus antipodarum with LOECs as low as 1 µg
L−1. Non-monotonic concentration responses have been
highlighted in a number of studies both within the inver-
tebrates and vertebrates, with exposure to antidepressants
(Guler and Ford 2010; Fong and Ford 2014; Ford and Fong
2016). However, they appear to be endpoint dependant with
linear (monotonic) responses recorded for some biomarkers.
All the studies on foot detachment and righting times
have thus far appear monotonic in their response to
antidepressants.

It is vital that results such as those presented here are
published not based on their ‘impact’ in the sense that they
are environmentally relevant but in order to determine the
risk posed by environmental contaminants. This data we
hope should aid those researchers and agencies in ascer-
taining the risk posed by these substances and the varia-
bility that appears to exist between species. Calow (1996)
points out that whilst on one hand there is a need to
understand, control and reduce variability in ecotoxicology,
on the other hand there is a need to appreciate it and take it
into account. This can only be done if researchers publish
‘all trials’ and not just the ones, which are significant or
dramatic in their findings. There has been caution noted in
the laboratory studies done on antidepressants to date due
to various limitations in experimental designs and ques-
tions over repeatability (Sumpter et al. 2014). All of the
current studies thus far detailing these behaviours (foot
detachment and righting) have used nominal concentrations
thus the actual concentrations maybe variable between
experiments. Literature whereby actual vs. nominal con-
centrations has been measured have recorded the accuracy
somewhere between ~30–100% (e.g., Nentwig 2007; Gust
et al. 2009; De Castro-Català et al. 2017). Studies in our
own labs have recorded fairly accurate nominal vs. actual
concentrations from stocks, which quickly diminish to
around 20–30% within 3 days (De Castro-Català et al.
2017). Nonetheless, the speed, relative low cost and
repeatability of these experiments lends them well for high-
throughput sublethal ecotoxicology studies if the down-
stream effects of such behaviours can be appropriately
characterised.

Acknowledgements The authors would like to thank the anonymous
reviewers for their very constructive contribution to this manuscript.

482 A. T. Ford et al.



Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Alonso SG, Catalá M, Maroto RR, Gil JLR, de Miguel ÁG, Valcárcel
Y (2010) Pollution by psychoactive pharmaceuticals in the Rivers
of Madrid metropolitan area (Spain) Environ Int 36(2):195–201

Bidel F, Di Poi C, Budzinski H, Pardon P, Callewaert W, Arini A,
Basu N, Dickel L, Bellanger C, Jozet-Alves C (2016) The anti-
depressant venlafaxine may act as a neurodevelopmental toxicant
in cuttlefish (Sepia officinalis). Neurotoxicology 55:142–153

Brooks BW, Turner PK, Stanley JK, Weston JJ, Glidewell EA, Foran
CM, Slattery M, La Point TW, Huggett DB (2003) Waterborne
and sediment toxicity of fluoxetine to select organisms. Chemo-
sphere 52(1):135–142

Calow P (1996) Variability: noise or information in ecotoxicology?
Environ Toxicol Pharmacol 2(2–3):121–123

Chen M, Ohman K, Metcalfe C, Ikonomou MG, Amatya PL, Wilson J
(2006) Pharmaceuticals and endocrine disruptors in wastewater
treatment effluents and in the water supply system of calgary,
Alberta, Canada. Water Qual Res J Can 41:351–364

Cooper ER, Siewicki TC, Phillips K (2008) Preliminary risk assess-
ment database and risk ranking of pharmaceuticals in the envir-
onment. Sci Total Environ 398(1):26–33

De Castro-Català N, Muñoz I, Riera JL, Ford AT (2017) Evidence of
low dose effects of the antidepressant fluoxetine and the fungicide
prochloraz on the behavior of the keystone freshwater inverte-
brate Gammarus pulex. Environ Pollut 231:406–414

Di Poi C, Darmaillacq AS, Dickel L, Boulouard M, Bellanger C
(2013) Effects of perinatal exposure to waterborne fluoxetine on
memory processing in the cuttlefish Sepia officinalis. Aquat
Toxicol 132:84–91

Donnachie RL, Johnson AC, Sumpter JP (2016) A rational approach
to selecting and ranking some pharmaceuticals of concern for the
aquatic environment and their relative importance compared with
other chemicals. Environ Toxicol Chem 35(4):1021–1027

Fay KA, Villeneuve DL, LaLone CA, Song Y, Tollefsen KE, Ankley
GT (2017) Practical approaches to adverse outcome pathway
development and weight‐of‐evidence evaluation as illustrated by
ecotoxicological case studies. Environ Toxicol Chem 36
(6):1429–1449

Fong PP, Ford AT (2014) The biological effects of antidepressants on
the molluscs and crustaceans: a review. Aquat Toxicol 151:4–13

Fong PP, Hoy CM (2012) Antidepressants (venlafaxine and citalo-
pram) cause foot detachment from the substrate in freshwater
snails at environmentally relevant concentrations. Mar Freshw
Behav Physiol 45(2):145–153

Fong PP, Molnar N (2008) Norfluoxetine induces spawning and par-
turition in estuarine and freshwater bivalves. Bull Environ Con-
tam Toxicol 81(6):535

Fong PP, Molnar N (2013) Antidepressants cause foot detachment
from substrate in five species of marine snail. Mar Environ Res
84:24–30

Fong PP, Bury TB, Donovan EE, Lambert OJ, Palmucci JR,
Adamczak SK (2017) Exposure to SSRI-type antidepressants
increases righting time in the marine snail Ilyanassa obsoleta.
Environ Sci Pollut Res 24(1):725–731

Fong PP, Huminski PT, D’Urso LM (1998) Induction and potentiation
of parturition in fingernail clams (Sphaerium striatinum) by
selective serotonin re‐uptake inhibitors (SSRIs). J Exp Zool Part
A: Ecol Genet Physiol 280(3):260–264

Ford AT, Fong PP (2016) The effects of antidepressants appear to be
rapid and at environmentally relevant concentrations. Environ
Toxicol Chem 35(4):794–798

Franzellitti S, Buratti S, Capolupo M, Du B, Haddad SP, Chambliss
CK, Brooks BW, Fabbri E (2014) An exploratory investigation of
various modes of action and potential adverse outcomes of
fluoxetine in marine mussels. Aquat Toxicol 151:14–26

Gardner M, Comber S, Scrimshaw MD, Cartmell E, Lester J, Ellor B
(2012) The significance of hazardous chemicals in wastewater
treatment works effluents. Sci Total Environ 437:363–372

Guler Y, Ford AT (2010) Anti-depressants make amphipods see the
light. Aquat Toxicol 99(3):397–404

Gust M, Buronfosse T, Giamberini L, Ramil M, Mons R, Garric J
(2009) Effects of fluoxetine on the reproduction of two proso-
branch mollusks: Potamopyrgus antipodarum and Valvata pis-
cinalis. Environ Pollut 157(2):423–429

Henry TB, Kwon JW, Armbrust KL, Black MC (2004) Acute and
chronic toxicity of five selective serotonin reuptake inhibitors in
Ceriodaphnia dubia. Environ Toxicol Chem 23(9):2229–2233

Henry TB, Black MC (2007) Mixture and single‐substance acute
toxicity of selective serotonin reuptake inhibitors in Cer-
iodaphnia dubia. Environ Toxicol Chem 26(8):1751–1755

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber
LB, Buxton HT (2002) Pharmaceuticals hormones, and other
organic wastewater contaminants in U.S. Streams, 1999–2000: a
national reconnaissance. Environ Sci Technol 36:1202–1211

Lara-Martín PA, González-Mazo E, Petrovic M, Barceló D, Brow-
nawell BJ (2014) Occurrence, distribution and partitioning of
nonionic surfactants and pharmaceuticals in the urbanized Long
Island Sound Estuary (NY). Mar Pollut Bull 85(2):710–719

Lemmnitz G, Schuppe H, Wolff HG (1989) Neuromotor bases of the
escape behaviour of Nassa mutabilis. J Exp Biol 143(1):493–507

Minguez L, Halm-Lemeille MP, Costil K, Bureau R, Lebel JM, Ser-
pentini A (2014) Assessment of cytotoxic and immunomodula-
tory properties of four antidepressants on primary cultures of
abalone hemocytes (Haliotis tuberculata). Aquat Toxicol
153:3–11

Munari M, Marin MG, Matozzo V (2014) Effects of the antidepressant
fluoxetine on the immune parameters and acetylcholinesterase
activity of the clam Venerupis philippinarum. Mar Environ Res
94:32–37

Muñoz I, Gómez MJ, Molina-Díaz A, Huijbregts MA, Fernández-Alba
AR, García-Calvo E (2008) Ranking potential impacts of priority
and emerging pollutants in urban wastewater through life cycle
impact assessment. Chemosphere 74(1):37–44

Nałęcz-Jawecki G, Kaza M, Sawicki J (2008) Evaluation of the
toxicity of psychoactive compounds with the battery of bioassays.
Fresenius Environ Bull 17:1257–1263

Nakamura Y, Yamamoto H, Sekizawa J, Kondo T, Hirai N, Tatar-
azako N (2008) The effects of pH on fluoxetine in Japanese
medaka (Oryzias latipes): acute toxicity in fish larvae and
bioaccumulation in juvenile fish. Chemosphere 70(5):865–873

Nentwig G (2007) Effects of pharmaceuticals on aquatic invertebrates.
Part II: The antidepressant drug fluoxetine. Arch Environ Contam
Toxicol 52(2):163–170

Peters JR, Granek EF (2016) Long-term exposure to fluoxetine reduces
growth and reproductive potential in the dominant rocky

The effects of fluoxetine on attachment and righting behaviours... 483

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


intertidal mussel, Mytilus californianus. Sci Total Environ
545:621–628

Pyle G, Ford A (2017) Behaviour revised: contaminant effects on
aquatic animal behaviour. Aquat Toxicol 182:226–228

Sakharov DA, Salanki J (1982) Effects of dopamine antagonists on
snail locomotion. Experientia 38:1090–1091

Sánchez-Argüello P, Fernández C, Tarazona JV (2009) Assessing the
effects of fluoxetine on Physa acuta (Gastropoda, Pulmonata) and
Chironomus riparius (Insecta, Diptera) using a two-species
water–sediment test. Sci Total Environ 407(6):1937–1946

Sanderson H, Johnson DJ, Reitsma T, Brain RA, Wilson CJ, Solomon
KR (2004) Ranking and prioritization of environmental risks of
pharmaceuticals in surface waters. Regul Toxicol Pharmacol 39
(2):158–183

Stahl SM (1998) Not so selective serotonin reuptake inhibitors. J Clin
Psychiatry 59(7):333–343

Sumpter JP, Donnachie RL, Johnson AC (2014) The apparently very
variable potency of the anti-depressant fluoxetine. Aquat Toxicol
151:57–60

Sundaram R, Smith BW, Clark TM (2015) pH-dependent toxicity of
serotonin selective reuptake inhibitors in taxonomically diverse
freshwater invertebrate species. Mar Freshw Res 66(6):518–525

Valenti TW, Perez‐Hurtado P, Chambliss CK, Brooks BW (2009)
Aquatic toxicity of sertraline to Pimephales promelas at envir-
onmentally relevant surface water pH. Environ Toxicol Chem 28
(12):2685–2694

Weston JJ, Hugget DB, Rimoldi J, Foran CM, Stattery M (2001)
Determination of fluoxetine (ProzacTM) and norfluoxetine in the
aquatic environment. Annual Meeting of the Society of Envir-
onmental Toxicology and Chemistry, Baltimore, MD

Wong DT, Bymaster FP, Engleman EA (1995) Prozac (fluoxetine,
Lilly 110140), the first selective serotonin uptake inhibitor and an
antidepressant drug: twenty years since its first publication. Life
Sci 57(5):411–441

484 A. T. Ford et al.


	The effects of fluoxetine on attachment and righting behaviours in marine (Gibbula unbilicalis) and freshwater (Lymnea stagnalis) gastropods
	Abstract
	Introduction
	Methods
	Experiment 1
	Experiment 2
	Experiment 3
	Comparison of foot detachment data
	Data analysis

	Results
	Experiment 1
	Experiment 2
	Experiment 3

	Discussion
	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




