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Article history: The antidepressant fluoxetine (FLX), a selective serotonin reuptake inhibitor, is widely prescribed for the treat-
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tected in the aquatic ecosystems worldwide, which may pose a potential threat to aquatic organisms. Although
the impacts of FLX exposure on immune responses are increasingly well documented in mammals, they remain
poorly understood in aquatic invertebrates. Therefore, to gain a better understanding of the ecotoxicological ef-

Editor: Daniel Wunderlin fects of FLX, the impacts of waterborne FLX exposure on the immune responses of blood clam, Tegillarca granosa,

were investigated in this study. Results obtained showed that both cellular and humoural immune responses in
Keywords: T. granosa were suppressed by exposure to waterborne FLX, as indicated by total counts of haemocytes (THC),
Fluoxetine phagocytic rate, and activities of superoxide dismutases (SOD) and catalase (CAT), suggesting that waterborne
Immune responses FLX renders blood clams more vulnerable to pathogen challenges. To ascertain the mechanisms explaining
Ca®* concentration how waterborne FLX affects immune responses, haemocyte viabilities, intracellular Ca®* levels, in vivo concen-

Neurotransmitters

s trations of neurotransmitters, physiological stress conditions (as indicated by in vivo concentrations of cortisol),
tress

and expressions of key regulatory genes from Ca>* and neurotransmitter signal transduction, as well as immune-
related signalling pathways, were examined after 10 days of FLX exposure by blood clams via 1, 10 and 100 pg/L
waterborne FLX. The results obtained indicated that immune response suppression caused by waterborne FLX
could be due to (i) inhibited haemocyte viabilities, which subsequently reduce the THC; (ii) altered intracellular
Ca®* and neurotransmitter concentrations, which lead to constrained phagocytosis; and (iii) aggravated physi-
ological stress, which thereafter hampers immune-related NF«B signalling pathways.
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1. Introduction

Pharmaceutical compounds are a class of bioactive chemicals widely
used in human and veterinary medicine (Kim et al., 2007). The in-
creased production and usage of pharmaceuticals, as evidenced by the
>3000 different substances used in human medicine in the European
Union (Fent et al., 2006; Gardner et al., 2013), inevitably leads to their
continuous release into the aquatic environment. For instance, accord-
ing to the data from Organization for Economic Co-operation and Devel-
opment (OECD; Organisation for Economic Co-operation and
Development, 2017), the consumption of antidepressant drugs has dou-
bled in OECD countries from 2000 to 2015. In this respect, these phar-
maceuticals are often detected in different aquatic environments,
especially in waters receiving wastewater effluents (Kolpin et al.,
2002; Fent et al., 2006). Fluoxetine (FLX) is one of the most widely pre-
scribed pharmaceuticals for the treatment of clinical depression and
other compulsive disorders, with relatively few side effects (Milea
etal., 2010). However, the high consumption, long half-life, and the rel-
atively resistant to biodegradation of FLX often lead to it being found in
high concentrations in aquatic environments (Kwon and Armbrust,
2006), which can range from 17 ng/L to 3.6 pg/L in waters polluted at
different degrees (Kolpin et al., 2002; Fent et al., 2006; Salgado et al.,
2011). Notably, FLX with an octanol/water partition coefficient (Ko, )
log >4 can be accumulated in a much higher concentration in sediment
(Johnson et al., 2005; Kwon and Armbrust, 2006). For instance, a fate
study lasting for 44 days found that the percentage of detected fluoxe-
tine was up to 10-fold higher in sediment than in overlaying water
(Sanchez-Argiiello et al., 2009). Similarly, FLX at 968-fold higher con-
centration was detected in sediment than in water due to the adsorp-
tion effect (Furlong et al., 2004; Kwon and Armbrust, 2006). In this
respect, sessile benthic invertebrates such as bivalve mollusks live in
proximity to sediment may experience FLX pollution at an even serious
degree (Sanchez-Argiiello et al., 2009). Furthermore, it has been sug-
gested that waterborne FLX can easily accumulate in aquatic organisms
through bioaccumulation, which subsequently exerts sublethal physio-
logical effects on these organisms and poses a potential threat to the
aquatic ecosystem (Brooks, 2014; Silva et al., 2015).

Though FLX as well as other pharmaceuticals are usually designed
for specific metabolic and molecular pathways, there has been an in-
creasing amount of evidence revealing that antidepressants including
FLX can suppress the immune responses of mammalian species, such
as rats and humans (Maes et al., 2012; Frick and Rapanelli, 2013). For
example, a previous study conducted on rats found that acute FLX ad-
ministration (10 mg/kg) can result in a dose- and time-dependent de-
crease in mitogen-induced lymphocyte proliferation and natural killer
cell cytolytic activity (Pellegrino and Bayer, 1998). However, most of
the previous research evaluating the ecotoxicity of FLX to aquatic organ-
isms mainly focused on behavioural and physiological functions such as
reproduction, foraging and stress responses (Bringolf et al., 2010; Ansai
et al,, 2016; Saaristo et al., 2017). Data regarding the immunotoxic ef-
fects of waterborne FLX on aquatic organisms are still relatively sparse
(Munari et al.,, 2014). In addition, due to the differences in physiology
and pharmacodynamics between terrestrial mammals and aquatic spe-
cies, FLX may interfere with non-target pathways or systems in aquatic
organisms, such as invertebrate bivalve mollusks, and therefore lead to
serious physiological consequences on these organisms (Christen et al.,
2010).

The mechanisms underlying the immunomodulatory functions of
FLX still remain largely unknown especially in aquatic invertebrates;
nevertheless, some of the intracellular pathways involved have been
identified in mammals (Edgar et al., 1999; Maes et al., 2005). According
to previous studies, FLX can trigger apoptosis and inhibit the prolifera-
tion of immune cells in humans (Edgar et al., 1999; Frick et al., 2008).
Though the direct molecular targets of FLX remain unclear, these re-
ported effects of FLX on immunity are thought to be mediated by neuro-
transmitter signalling pathways (Gordon and Barnes, 2003). It has been

suggested that neurotransmitter signalling may also play an indispens-
able role in the immune systems of various invertebrates (Ottaviani
etal.,, 2007; Liu et al., 2017). For example, it has been shown that neuro-
transmitters such as acetylcholine (ACh), norepinephrine (NE) and y-
aminobutyric acid (GABA) can induce apoptosis and phagocytosis of
haemocytes and decrease inflammatory cytokine production in mol-
lusks (Liu et al., 2015, 2016b; Li et al., 2016). Therefore, any changes in
the in vivo contents of neurotransmitters' or the binding activities of
neurotransmitters' receptors could result in disturbed immune re-
sponses (Li et al., 2016), which offers a potential explanation for FLX-
induced immune response suppression in invertebrate species. How-
ever, empirical data regarding the effects of FLX on neurotransmitter
signalling and subsequent neurotransmitter medicated immune re-
sponses are still unclear in aquatic invertebrates.

In addition, FLX has been reported to modulate immune responses,
such as T cell functioning by altering intracellular Ca®>™ signalling in
mammals (Maes et al., 2005; Frick and Rapanelli, 2013). To date, the
crucial roles of intracellular Ca?>" homeostasis in immune responses
have been well established (Vig and Kinet, 2009; Shi et al., 2018). For in-
stance, phagocytosis, a critical mechanism of the innate immune system
in aquatic invertebrates for eliminating various invading microorgan-
isms or foreign particles, was shown to be regulated by intracellular
Ca®™ signalling (Nunes and Demaurex, 2010). Therefore, it is possible
that Ca?* signalling could be another pathway through which FLX dis-
rupts the immune responses of aquatic invertebrates. However, infor-
mation about the effects of FLX on Ca?™ regulation is still unavailable
in aquatic invertebrates at present.

The intrinsic relationship between stress and immune efficiency has
long been well developed in aquatic organisms (Lacoste et al., 2002;
Malham et al.,, 2003). For instance, stress conditions have been shown
to suppress immune competence in both mammals and aquatic organ-
isms, as indicated by elevated levels of cortisol, a key hormone regulat-
ing stress responses (Ader et al., 1991; Ottaviani et al., 1998; Hooper
et al., 2007; Eames et al., 2010; Lagos et al., 2015). Recently, it has
been reported that the presence of waterborne FLX can cause changes
in responses to stress and may induce plasma cortisol in fish (Abreu
et al., 2014), suggesting that FLX may hamper immune responses by
causing aquatic organisms to become stressed as many other pollutants
do (Meltzer et al., 1997). However, whether this presumption holds
true or not in aquatic invertebrates still needs to be verified by empirical
data.

Benthic filter feeders, such as bivalve mollusks, are some of the most
effective sinks of pollutants in the aquatic food web (Fung et al., 2004;
Shi et al., 2016; Su et al.,, 2019). Moreover, bivalve species are sensitive
to waterborne pollutants and therefore excellent species in which to ad-
dress the ecotoxicity of pharmaceuticals such as FLX (Gonzalez-Rey and
Bebianno, 2013; Shi et al., 2018). The blood clam, Tegillarca granosa, is a
traditional commercial bivalve species with a wide distribution
throughout the Indo-Pacific region (Shao et al., 2016; Han et al.,
2016). Due to their ecological importance in sediment nutrient cycling
and ecosystem carbon flow, numerous studies have been performed
on various aspects of T. granosa (Shi et al.,, 2017a; Zhao et al., 2017; Su
etal.,, 2017). In addition, inhabiting the intertidal mudflat where surface
runoff converges into the sea, the blood clam is often challenged by var-
ious pollutants and therefore deemed as a good model organism to in-
vestigate the toxicity of various pollutants on aquatic organisms (Shi
et al., 2017b; Guan et al., 2018). However, little is currently known
about the ecotoxicological impacts of pharmaceuticals on this species.

The present study was therefore conducted using the blood clam as a
representative of aquatic bivalve mollusks to (i) determine the effects of
waterborne FLX on the immune responses; (ii) examine how
haemocyte viability will be affected by FLX exposure; (iii) investigate
whether waterborne FLX weakens the immunity of bivalve species, if
any, by affecting in vivo concentrations of neurotransmitters and the ex-
pression of neurotransmitter-modulatory genes; (iv) verify whether
FLX hampers immune responses, if any, via disturbing intracellular Ca®
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* concentrations and Ca®* signalling pathways; and (v) show whether
waterborne FLX renders the organism into a more stressful condition.

2. Materials and methods
2.1. Collection and acclimation of bivalves

Adult blood clams, T. granosa (wet weight of 7.68 & 0.61 g, mean &+
SE), were obtained from Yueqing Bay (28° 280’ N and 121°110’ E),
China in May 2018. To obtain the background concentration of FLX, sea-
water was sampled and analysed in triplicate using an HPLC system
(1200 series, Agilent, Germany) equipped with a reversed C;g column
at a wavelength of 226 nm following the method of previous studies
(El-Dawy et al., 2002; Llerena et al., 2003). The environmental concen-
tration of waterborne FLX was determined to be under the detection
limits (<20 ng/mL). After scrubbing the shell surface to remove any de-
bris and organisms attached, clam samples were allowed to acclimate in
a1000 Lindoor tank with sand-filtered seawater for at least 7 days. Dur-
ing the process of acclimation, clams were fed twice daily with
microalgae Tetraselmis chuii at a rate of 5% of the tissue dry weight
and no mortality occurred during the experiment. Sand-filtered and
UV-radiated seawater (temperature 21.5 4 0.3 °C, pH 8.08 + 0.07, sa-
linity 20.9 4+ 0.3%.) obtained from the clam-sampling site, Yueqing
Bay, was used throughout the experiment. All experiments of this
study were performed in accordance with the Animal Ethics Committee
of Zhejiang University (ETHICS CODE Permit NO. ZJU2011-1-11-009Y).

2.2. Exposure experiment and sampling

The FLX hydrochloride (YZ-100513) used in the present study was
purchased from the National Institutes for Food and Drug Control,
China. On the basis of previous studies (Fent et al., 2006; Gros et al.,
2010; Salgado et al.,, 2011) and taking the fact that blood clams live in
proximity to sediment where FLX could occur in high concentrations
into consideration, 1, 10 and 100 pg/L were chosen to simulate environ-
mental concentrations of FLX at different pollution levels that the clams
may experience. The stock solution of FLX at the dose of 1 g/L, a concen-
tration high enough to avoid weighing errors, was prepared by dissolv-
ing FLX in 1 um-sieve filtered seawater. In total, we utilized one control
group, which had no added FLX and three experimental groups with the
nominal 1, 10, and 100 pg/L concentrations of FLX, respectively, in the
present study. After acclimatization, 360 clams were randomly divided
into 12 plastic tanks (4 treatment groups x 3 replicates) with a total sea-
water volume of 40 L containing the corresponding FLX concentrations
and with slight aeration. As described above, the working concentra-
tions of FLX in each tank were measured every 2 days during the exper-
iment using an HPLC system (1200 series, Agilent, Germany) at
quantitation and detection limit of 50 ng/mL and 20 ng/mL, respectively
(El-Dawy et al., 2002; Llerena et al., 2003) (Table 1). The clams were fed
with T. chuii as descried previously and seawater was changed daily
with newly added FLX. The exposure lasted for 10 days and no individ-
ual mortality was observed throughout the experimental period.

2.3. Haemocyte counts analysis

Haemocyte count analysis was performed after 10 days of experi-
mental treatment following the methods described by Mackenzie

Table 1

Exposure concentrations of FLX (mean + SE) measured in each treatment group every
2 days of the exposure experiment (limits of detection and quantitation were 20 ng/mL
and 50 ng/mL, respectively).

Nominal concentration Control 1pg/L 10 pg/L

1.02 +0.06 9.89 + 0.09

100 pg/L
101.12 £ 0.11

FLX actual Not detected

concentration (ug/L)

et al. (2014) and Liu et al. (2016a). In brief, five individual clams from
each replicate tank were randomly selected for analysis. After rinsing
with 0.1 M phosphate buffer saline (PBS) solution to remove impurities,
valves of the clam were opened with a scalpel and then 100 pL of
haemolymph was extracted out of the cavity of each individual using
a 1 mL syringe. The haemolymph was subsequently diluted with 800
pL of PBS and 100 pL of 2.5% glutaraldehyde in a 1.5 mL centrifuge
tube and the remaining tissues of these clams were kept on ice for the
measurements of contents of cortisol and neurotransmitters. Wet
mount of fixed haemolymph was then prepared and estimated with a
Neubauer haemocytometer (XB-K-25, Anxin Optical Instrument,
China) under an Olympus BX53 microscope (Olympus, Japan) at a mag-
nification of 400x. Similarly, blood smears were made and then stained
with Wright's Gimesa stain (G1020, Solarbio, China) for haemocyte cell
type analysis (Liu et al., 2016a). The counts of various cell types were de-
termined using an Olympus BX53 microscope at 400x magnification
and the percentage of each type of haemocyte was obtained by dividing
the number of this type of cell identified by the total number of
haemocytes examined. In all cases, >200 haemocyte cells for each sam-
ple were scored.

24. Phagocytosis assays

Following the methods described by Su et al. (2018) and Liu et al.
(2016a), five individuals were randomly picked from each trial for
phagocytosis assays after 10 days of experimental treatment. A yeast
suspension (Instant dry yeast, AngelYeast, China) containing 1.35 +
0.07 x 10® yeast cells per mL was prepared by dissolving 10 mg of
yeast powder in 1 mL of Alsever's solution (R1016, Solarbio, China).
After being extracted out of the cavity of each individual as described
above, 100 pL of fresh haemolymph was mixed simultaneously (1:1)
with pre-cooled Alsever's solution (R1016, Solarbio, China) in a 1.5 mL
centrifuge tube. After adding yeast suspensions at a yeast-haemocyte
ration of 10:1, the mixtures were kept at 25 °C for 30 min, incubated
in a cool water bath at 4 °C for an hour and then stopped by the addition
of 100 pL 2.5% glutaraldehyde. Blood smears were then made and
stained with Wright's Gimesa stain, which colors the haemocyte cells
and yeast particles into lavender and dark blue, respectively (Luengen
et al.,, 2004). The phagocytic rate was measured microscopically at a
magnification of 400 x with an Olympus BX53 microscope. Haemocyte
cells that in the process of engulfment and had at least one yeast particle
engulfed inside were deemed as phagocytic cells. The phagocytic rate
was calculated by dividing the number of phagocytic cells by the total
number of haemocyte cells counted. At least 200 haemocyte cells
were scored for each sample to ensure accuracy.

2.5. Activities of key immune-related enzymes

After 10 days of exposure, nine clams from each experimental group
(3 individuals for each replicate) were selected to determine the activ-
ities of superoxide dismutase (SOD) and catalase (CAT) in the
haemolymph. As described above, 100 pL haemolymph was extracted
from the cavity of each individual. One part of the haemolymph (40
UL) was used to determine the activities of SOD and CAT (20 L each),
and the other part (60 L) was used for Ca>" concentration analysis
(see details described in 2.8). In brief, the activities of SOD and CAT
were measured using commercial kits (A001 and A007, Nanjing
Jiancheng Bioengineering Institute, China) with a microplate reader
(Multiskan GO, Thermo, USA) at the absorption wavelength of 450
and 405 nm, respectively. One unit of SOD activity (Usop) was defined
as the enzyme amount inhibiting the rate of nitroblue tetrazolium re-
duction by 50% in 1 mL of reaction solution. One unit of CAT activity
(Ucar) was defined as the amount of 1 umol of H,0, decomposed per
mL haemolymph per second.
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2.6. Haemocyte viability analysis

Haemocyte viability was evaluated using a 3 - (4,5 - dimethylthiazol
-2 -yl) - 2,5 - diphenyl - tetrazolium bromide (MTT) reduction assay, a
sensitive and quantitative colorimetric assay which measures the ca-
pacity of mitochondrial succinyl dehydrogenase in living cells by
converting a yellow substrate (MTT) into a purple formazan product
(Domart-Coulon et al., 2000). After 10 days of exposure, five individual
clams from each replicate tank were randomly picked for haemocyte vi-
ability analysis. The assay was performed using commercial kits (C0009,
Beyotime Biotechnology, China) according to the manufacturer's in-
structions. Briefly, 100 pL haemolymph obtained from each individual
was seeded into a 96-well plate and mixed with 10 uL MTT solution.
After an incubated at 37 °C for 4 h, 100 pL Formazan provided by the
kit was added and incubated at 37 °C for another 4 h. The optical density
was measured at 570 nm using a microplate reader (Multiskan GO,
Thermo, USA). Following the method described by Ong et al. (2017)
and Zha et al. (2019), relative percentages of cell viability were obtained
by comparing against the control group.

2.7. Measurement of in vivo -concentrations of -cortisol and
neurotransmitters

Following the methods of Guan et al. (2018) and Rong et al. (2018),
the concentrations of ACh, GABA and cortisol in the gills of three individ-
uals in each replicate tank were quantified by commercial ELISA kits
(ML095412, ML086216 and ML003467, MLBIO biotechnology, China,
respectively) according to the manufacturers' protocols. After dissection
on ice, the gill of each clam was removed and homogenized in ice-cold
PBS (0.01 M, pH 7.4, w/v (mg/mL) = 1/1) with an electric homogenizer
(ART, MICCRA D-1, Germany) as described in previous studies (Guan
et al., 2018). Homogenates were centrifuged at 2000 rpm for 20 min
at 4 °C, and the supernatant was then used to determine the concentra-
tions of neurotransmitters. Briefly, 10 pL of the testing sample was
mixed with 40 L of diluent in each well of a microplate and then incu-
bated at 37 °C for 60 min. After five rounds of washing with wash buffer,
the wells were then incubated at 37 °C for another 15 min in the dark
followed by the addition of 50 L of corresponding chromogenic re-
agent. The absorption values were measured at a wavelength of
450 nm using a microplate reader (Multiskan GO, Thermo, USA). The
concentrations of ACh, GABA and cortisol in each sample were subse-
quently determined by comparing the obtained absorption values to
corresponding standard curves.

2.8. Intracellular Ca®™ concentration analysis

Following the methods described in previous studies (Shi et al.,
2017b), three individuals from each experimental tank were selected
to determine the intracellular Ca>* concentration of haemocytes. In
brief, freshly extracted haemolymph from each individual was immedi-
ately transported into a glass beaker and incubated in calcium-free sa-
line solution containing 50 mM fluo-4/AM (Dojindo Laboratories,
Japan) in the dark for 20 mins. After incubation, the fluo-4/AM-loaded
haemolymph was washed three times to remove extracellular dye and
allotted an additional 20 min to allow for the de-esterification of the
dye into its charged, Ca®>*-sensitive form in haemocytes. Then, the

Table 2
Primer sequences for the genes investigated.

intracellular Ca™ levels were determined using a fluorescence micro-
scope (Nikon Eclipse 80i) at 1000 x magnification fitted with a Nikon
DXM1200C digital video camera (Nikon, Tokyo, Japan). An excitation fil-
ter at a wavelength of 480 4 40 nm and an emission filter at 535 +
50 nm were used for the intracellular Ca%* assays. The Ca®* levels
were then determined from the measured fluorescence intensities
with the software Image-Pro Plus 6.0 (Rockville, MD, USA), using the
following equation: F = I0D/area, where F is the fluorescence intensity
of the haemolymph, integrated optical density (IOD) represents the
total optical density value of the stained haemocyte area, and ‘area’ is
the stained area of the haemocytes.

2.9. Gene expression analysis

Total RNA was isolated from haemocyte samples of 5 clams individ-
ually from each treatment replicate as described in our previous study
(Shi et al., 2017b). RNA quality and concentration were verified with
gel electrophoresis and a NanoDrop 1000 UV/visible spectrophotometer
(Thermo Scientific, USA), respectively. First strand cDNA was synthe-
sized from high-quality total RNA (>500 ng/uL) using the PrimeScript
RT reagent Kit (TaKaRa, RR037A) according to the manufacturer's pro-
tocol. Real-time quantitative PCR was then conducted on the
StepOnePlus Real-Time PCR System (Thermo Scientific, USA) in tripli-
cate. Amplifications were carried out in a total volume of 10 pL
consisting of 5 L of SYBR Green Master Mix (Q111-2, Vazyme, China),
0.2 pL of each primer (10 uM), 0.2 L of ROX Reference Dye (Q111-2,
Vazyme, China), 1 uL of cDNA template, and 3.4 pL of double-distilled
water. The following amplification protocol was used: 95 °C for 5 min,
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. A melting
curve analysis was used to confirm the specificity and reliability of the
PCR products. The 18S rRNA gene was employed as an internal refer-
ence (Hiining et al., 2013; Wang et al., 2016) and the 22T method
was applied to analyse the relative gene expression of target genes
(Livak and Schmittgen, 2001). In total, the expressions of five genes
encoding calmodulin (CaM), muscarinic ACh receptor M3 (mAChR3),
GABA transaminase (GABAT), nuclear factor kappa B subunit 1
(NFxB1), and TNF receptor associated factor 2 (TRAF2), respectively,
were analysed in the present study. The primers used are listed in
Table 2 and all primers were synthesized by TsingKe Biotech (Beijing,
China).

2.10. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey's post hoc
comparison test were conducted to illustrate the effects of FLX exposure
on haemocyte counts, phagocytosis, percentages of three major types of
haemocytes, cell viability, Ca>* concentrations and the activities of
immune-related enzymes (SOD and CAT) among experimental groups.
For all analyses, Levene's tests and Shapiro-Wilk's tests were used to
verify the homogeneity of variances and normality, respectively. In
cases where these assumptions were not satisfied by raw data, the
data were arcsine square root transformed prior to analysis
(McDonald, 2014). Gene expression levels were analysed using the
Duncan multiple range test. All of the analyses were conducted using
the Origin-Pro 8 software package. All of the data are presented as the
mean =+ SE and a p value < 0.05 was accepted as significant difference.

Gene Forward primer (5'-3') Reverse primer (5'-3') Accession no.
CaM AGCTGAACTTCGCCATGTTATGAC ACTTGTCCGTCACCATCTATATCAG ]Z898325
mAChR3 GCCCGTGAGTAACTTCCCATAAACA CCAGACAACATCGTTCTTCGCAAAT MH156847
GABAT GGCACCTGACAACAGAGGCTAT GGGAGCTTCGGGATAACCTGTT MH156847
NFrB1 AATCAAGCAGGTGTAGTAGAC CAGACAGGACAGCCAGAT MH507319
TRAF2 CGTAATAGAAGAGCCGATCA GCGAATAGATACTGGTCACT 2898323

18S CTTTCAAATGTCTGCCCTATCAACT TCCCGTATTGTTATTTTTCGTCACT JN974506.1
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Table 3

Total counts (THC), percentages of three major cell types and phagocytosis of haemocytes of T. granosa after 10 days exposure to various doses of waterborne FLX. Different uppercase

letters indicate statistically significant differences among concentrations.

Treatments Control 1 pg/L FLX 10 pg/L FLX 100 pg/L FLX

THC (x108/mL) 3.88 + 0.07° 3.79 4+ 0.04* 327 4+ 0.03° 2.67 4+ 0.04°

Percentage (%) of the Red granulocyte 88.31 £+ 0.31° 87.03 £ 0.56% 83.79 + 0.41° 82.51 4 0.22°
Basophil granulocyte 10.02 £+ 0.33% 11.96 + 0.88° 14.63 + 0.44¢ 16.23 + 0.32¢

Hyalinocyte 1.67 +0.22° 1.01 £ 0.13° 1.58 + 0.27° 1.26 + 0.16*

Phagocytosis (%) 29.49 4+ 0.81° 28.78 4+ 0.30° 17.93 + 0.36° 1343 £ 0.71¢

3. Results

3.1. Impact of waterborne FLX exposure on the total counts and cell type
composition of haemocytes

A significant reduction in the total counts of haemocytes (THC) was
detected after 10 days of exposure to 10 and 100 pg/L FLX (Table 3,
ANOVA, F;59 = 133.7, p < 0.05). The THCs of the clams exposed to
10 days of 10 and 100 pg/L FLX significantly decreased to approximately
83.1% and 69.8% of that of the control group, respectively. In addition,
compared to the control, a significant impact on the cell type composi-
tion exerted by FLX exposure was also detected (Table 3, ANOVASs, F; 59
= 44.8 and F3 59 = 40.2 for red granulocyte and basophil granulocyte,
respectively, p < 0.05). After 10 days of exposure to 10 and 100 pg/L
FLX, the percentages of red granulocyte significantly dropped to

A
80

60

404

SOD activity (U/mL)

20 +

Control 1 ng/L 10 pg/LL 100 pg/L

80

60

40 -

CAT activity (U/mL)

20

Control 1 pg/L

10 pg/L

100 pg/L

Fig. 1. The activities of SOD (A) and CAT (B) in T. granosa after 10 days of exposure to
various doses of waterborne FLX. Mean values that do not share the same superscript
were significantly different (p < 0.05).

approximately 94.9% and 93.4% of the control, respectively. In contrast,
the percentages of basophil granulocyte significantly increased to ap-
proximately 1.2, 1.5, and 1.6 times of those seen in the control for
clams exposed to 1, 10 and 100 pg/L FLX, respectively. Compared to
the control, exposure to waterborne FLX at 10 and 100 pg/L led to a sig-
nificant decrease in phagocytosis, which declined to approximately
60.8% and 45.5% of the level seen in the control, respectively (Table 3,
ANOVA, F559 = 185.7, p < 0.05).

3.2. Impact of FLX exposure on the activity of key immune-related enzymes

Remarkable decreases in the activities of SOD and CAT in T. granosa
were observed after 10 days of exposure to waterborne FLX at 10 and
100 pg/L (Fig. 1, ANOVAs, F3 35 = 64.8 and F335 = 21.3 for SOD and
CAT, respectively, p < 0.05). Clams exposed to 10 and 100 pg/L FLX for
10 days had significantly lower SOD activities, which were approxi-
mately 66.8% and 63.4% of the control, respectively (Fig. 1A). Similarly,
CAT activities also sharply decreased to approximately 80.5% and
72.8% of the control after 10 days exposure of blood clams to FLX at 10
and 100 pg/L, respectively (Fig. 1B).

3.3. Impact of waterborne FLX exposure on the haemocyte viability

Exposure to waterborne FLX for 10 days was shown to exert signifi-
cant impacts on the haemocyte viability of T. granosa (Fig. 2, ANOVA,
F359 = 24.5, p < 0.05). Though there was no significant difference in
haemocyte viability found between the control and 1 pg/L treatment,
the haemocyte viabilities of T. granosa were significantly declined to
85.2% and 78.9% of that of the control after 10 days of exposure to FLX
at 10 and 100 pg/L, respectively.

3.4. Impact of waterborne FLX exposure on the in vivo concentrations of
cortisol and neurotransmitters

No significant changes in the in vivo concentrations of cortisol were
detected between the control and those exposed to 1 or 10 pg/L FLX for
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Fig. 2. Haemocyte viabilities of T. granosa after 10 days of exposure to various doses of
waterborne FLX. Mean values that do not share the same superscript were significantly
different (p < 0.05).
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Fig. 3. The in vivo concentrations of cortisol in T. granosa after 10 days of exposure to
various doses of waterborne FLX. Mean values that do not share the same superscript
were significantly different (p < 0.05).

10 days. However, when the exposure concentration of FLX increased to
100 pg/L, the in vivo concentration of cortisol significantly increased to
approximately 1.07 times that of the control (Fig. 3, ANOVA, F335 =
46.6, p < 0.05). In addition, exposure to waterborne FLX at 10 and 100
pg/L led to significant increases in the in vivo concentrations of ACh,
which were approximately 1.12 and 1.18 times of that of the control
group (Fig. 4A, ANOVA, F5 35 = 56.6, p < 0.05). Similarly, the in vivo
GABA concentrations were significantly increased by the exposure of
clams to waterborne FLX for 10 days (Fig. 4B, ANOVA, F335 = 188.1,p
<0.05), by approximately 1.09, 1.17 and 1.30 times of that in the control
for exposure groups exposed to 1, 10 and 100 pg/L FLX, respectively.

3.5. Impact of waterborne FLX exposure on the intracellular Ca®*
concentration

Results obtained showed that intracellular Ca>* concentration of
haemocyte was significantly affected by the exposure of clams to water-
borne FLX for 10 days (Fig. 5, ANOVA, F535 = 267.6, p < 0.05). After
10 days of exposure, Ca> ™" fluorescence intensities significantly declined
to approximately 45.9% and 11.3% of that in the control for clams ex-
posed to FLX at 10 and 100 pg/L, respectively.

3.6. Impact of waterborne FLX exposure on the expressions of tested genes

Exposure to 10 days of waterborne FLX at 1, 10 and 100 pg/L led to a
significant suppression of the expressions of genes encoding for the in-
tracellular receptor for Ca®>* (CaM) (Fig. 6, p < 0.05). The expressions of
genes encoding for the neurotransmitter modulatory enzyme and re-
ceptor were significantly altered by exposure of clams to FLX as well.
The expression of the GABA modulatory enzyme, GABAT, was signifi-
cantly induced whereas that of ACh receptor, mAChR3, was significantly
downregulated upon exposure to waterborne FLX (Fig. 6, p < 0.05). In
addition, the expressions of genes encoding NF«<B1 and TRAF2 from
the immune related NF«B signalling pathway were markedly sup-
pressed by the exposure of clam individuals to 1, 10 and 100 pg/L of wa-
terborne FLX.

4. Discussion

In recent years, the direct effects of FLX on the immunity of mam-
mals have been demonstrated (Maes et al., 2005; Frick and Rapanelli,
2013). At the same time, a widespread occurrence of FLX in aquatic en-
vironments, as well as its ability to elicit adverse impacts on aquatic
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Fig. 4. The in vivo concentrations of ACh (A) and GABA (B) in T. granosa after 10 days of
exposure to various doses of waterborne FLX. Mean values that do not share the same
superscript were significantly different (p < 0.05).

organisms were also increasingly revealed (Brooks, 2014; Silva et al.,
2015). However, whether waterborne FLX will affect the immune re-
sponses of aquatic organisms and, if any, the affecting mechanism un-
derpins its immunotoxicity are still largely unknown. The results
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Fig. 5. Haemolymph Ca** concentration of T. granosa after 10 days of exposure to various
doses of waterborne FLX. Mean values that do not share the same superscript were
significantly different (p < 0.05).
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Fig. 6. Expression of genes encoding for CaM, GABAT, mAChR3, NF«B1, and TRAF2 after
10 days of exposure to various doses of waterborne FLX. Mean values that do not share
the same superscript were significantly different.

obtained in this study showed that the immune responses of T. granosa,
as indicated by THC, cell type composition, and phagocytosis, were sig-
nificantly hampered by exposure to waterborne FLX, which may be due
to the integrated effects of FLX on haemocyte viabilities, neurotransmit-
ter signalling, intracellular Ca®>* levels, and physiological stress
conditions.

Haemocytes are regarded as the main immune cells responsible for
carrying out the host defence response in many aquatic organisms in-
cluding marine bivalve mollusks (Loker et al., 2004). In the present
study, reduced THCs were observed after T. granosa was exposed to wa-
terborne FLX (at the concentrations of 10 and 100 pg/L), which implied
an evident suppression of immune response. This reduction in THC
might be a result of an FLX-induced cell apoptosis and suppression in
proliferation (Edgar et al., 1999; Frick et al., 2008), which can be sup-
ported by the significantly decreased percentages of viable haemocytes
after FLX exposure observed in the present study. Similar inhibitory ef-
fects of FLX on immune cells have also been revealed by previous stud-
ies in mammal species (Xia et al., 1999; Frick and Rapanelli, 2013). For
example, it has been shown that treatments with FLX (10-100 pM) in-
duced cell death, loss of mitochondrial membrane potential and forma-
tion of reactive oxygen species (ROS) in Hep3B human hepatocellular
carcinoma cell line (Mun et al., 2013).

Phagocytosis of haemocytes is considered as the primary line of cel-
lular defence against invaded pathogens in marine invertebrates
(Canesi et al.,, 2012; Su et al., 2018). In the present study, the phagocy-
tosis rate of T. granosa decreased markedly after exposure to water-
borne FLX at 10 and 100 pg/L. Since the red granulocyte was predicted
to have the highest ability of phagocytosis among all major cell types
of haemocytes in blood clams (Zhu et al., 2011), the FLX induced de-
clines in both the proportion and number of red granulocytes may par-
tially explain the constrained phagocytosis detected.

The innate immune responses of invertebrates including bivalve
mollusks are largely under the regulation of neuroendocrine-immune
(NEI) network (Ottaviani et al., 2007; Liu et al., 2017). Upon the activa-
tion of immune system in response to pathogen, neuroendocrine sys-
tem will excrete neurotransmitters to modulate the behavior of
immunocytes (Sternberg, 1997). Therefore, any changes in the concen-
tration of neurotransmitters would exert significant impact on the im-
mune responses of the organisms (Shi et al., 2014; Liu et al., 2017).
For instance, it has been demonstrated that ACh treatment can signifi-
cantly decrease the haemocyte phagocytic activity of oyster, Crassostrea
gigas (Shi et al,, 2014). Therefore, the reduction in haemocyte phagocy-
tosis detected in this study may also result from the increased concen-
trations of neurotransmitter (GABA and ACh) and the altered

expressions of neurotransmitter related genes (GABAT, and mAChR3).
Previous studies carried out in mammals also showed that FLX can affect
intracellular Ca®* signalling and neurotransmitter transporters on the
surface of lymphoid cells (Gordon and Barnes, 2003; Frick and
Rapanelli, 2013). Similarly, disturbed intracellular concentration of Ca®
T as well as down-regulated expression of CaM was observed in the
present study upon FLX exposure. Since intracellular Ca%* signals play
crucial roles in almost every step of the phagocytosis process including
pathogen recognition and adhesion, phagosomal maturation, and
phagocytic ingestion in both vertebrates and invertebrates (Nunes and
Demaurex, 2010), the FLX induced aberrant Ca?>™ homeostasis and
disrupted CaM expression may account for the constrained haemocyte
phagocytosis detected as well. Therefore, other than directly affecting
THC and cell type composition, exposure to FLX may also hamper the
phagocytosis of haemocytes through disrupting intracellular neuro-
transmitter and Ca®" signals.

Upon pathogen challenge, relevant immunogenic pathways of bi-
valves such as the NFiB signalling pathway would be activated and sub-
sequently lead to non-specific and specific immune responses such as
oxidative and inflammation reaction (Medzhitov, 2007). It has been
suggested by a series of studies that the downregulation of genes in
NEKB signalling pathway would suppress the innate immune responses
and result in increased susceptibility to pathogens (Li and Verma, 2002;
Devetal, 2011). Therefore, the hampered immunity upon FLX exposure
detected in this study may be due to the inhibited expression of NF<B1
and TRAF2 of NFxB signalling pathway as well.

In addition, consistent with previous studies conducted in other spe-
cies (Meltzer et al.,, 1997), the results obtained in this study showed that
T. granosa had significantly higher levels of cortisol after 10 days of ex-
posure to waterborne FLX. Since cortisol is a key hormone regulating
stress responses and widely used as a typical stress indicator in both
vertebrates and invertebrates (Ader et al., 1991; Eames et al., 2010),
the induction of cortisol detected suggested that FLX exposure rendered
clams into a stressful condition. It has been suggested that the NF«B sig-
nalling pathway is involved in stress-related disorders and any changes
in the stress condition of an organism would affect its immune re-
sponses by influencing the NF«B signalling pathway (Pace et al., 2012;
Zhang et al., 2014). Therefore, exposure to FLX may also hamper the im-
mune response of T. granosa by imposing physiological stress and there-
after disrupting the NF«B signalling pathway.

In addition to cellular immunity, humoural pathways also play im-
portant roles in the immune responses of many invertebrate species
to pathogen or foreign particle challenges (Galloway and Depledge,
2001; Song et al., 2010). For instance, various types of non-specific
immune-related humoural defence molecules (Song et al., 2010; Liu
et al.,, 2016b), including enzymes such as SOD and CAT, have been re-
ported in bivalve mollusks. Containing high proportion of polyunsatu-
rated fatty acids in plasma membranes, immune cells are particularly
sensitive to oxidative stress such as reactive oxygen species (ROS)
(Meydani et al.,, 1995; Knight, 2000). ROS can alter the membrane fluid-
ity and physical state through oxidation of the polyunsaturated fatty
acids components of membrane and therefore disrupt membrane-
dependent functions of the immune cells such as membrane-related
signalling and membrane-mediated defence against exogenous sub-
stance (Knight, 2000). Under normal physiological conditions, the
harmful effects of ROS are neutralized by the antioxidant defence sys-
tem comprising SOD and CAT, which act to remove oxygen radicals ef-
fectively (Knight, 2000; Cheung et al., 2001). Therefore, the significant
decline in SOD and CAT activities upon FLX exposure detected in the
present study indicated a hampered antioxidant ability to eliminate re-
active free radicals, which may disrupt the normal structure and func-
tion of the membranes of immune cells and therefore lead to a
depressed immunocompetence of haemocytes (Wootton et al., 2003).

In the present study, some immuno-markers were not significantly
affected upon exposure to the lowest dose of FLX (1 pg/L) tested,
which indicated that the immunotoxicity of FLX to blood clam could
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be dose-dependent, a phenomenon that are widely reported for many
biomarkers in response to all kinds of toxic pollutants (Meng et al.,
2011; Hu et al., 2014). It has been suggested that species may manage
to maintain hemeostasis under moderate stress through physiological
compensation such as adjusting the energy allocated to different phys-
iological processes (Pook et al., 2009; Roberts et al., 2013). Therefore,
the lowest dose of FLX tested in this study did not exert significant im-
pacts on some immuno-markers examined simply indicated that FLX at
this dose is less toxic to the blood clam.

In conclusion, the results obtained in the present study suggest that
exposure to waterborne FLX (10 and 100 pg/L) could hamper both cel-
lular and humoural immune responses of T. granosa, which may render
this species more susceptible to pathogen infections. In addition, this
study indicates that FLX may exert immunotoxic impacts on T. granosa
through a comprehensive mechanism via reducing cell viability, altering
Ca®™ homeostasis, disturbing neurotransmitter signal transduction, and
generating a stressful condition.
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