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Abstract

The selective serotonin reuptake inhibitor (SSRI) fluoxetine (FLU, ProzacH) is commonly prescribed for depression in
pregnant women. This results in SSRI exposure of the developing fetus. However, there are knowledge gaps regarding the
impact of SSRI exposure during development. Given the role of serotonin in brain development and its cross-talk with sex
hormone function, we investigated effects of developmental exposure to pharmacologically relevant concentrations of FLU
(3 and 30 nM (measured)) on brain neurotransmitter levels, gonadal differentiation, aromatase activity in brain and gonads,
and the thyroid system, using the Xenopus tropicalis model. Tadpoles were chronically exposed (8 weeks) until
metamorphosis. At metamorphosis brains were cryosectioned and levels of serotonin, dopamine, norepinephrine, and their
metabolites 5-hydroxyindoleacetic acid, 3,4-dihydroxyphenylacetic acid, and homovanillic acid were measured in discrete
regions (telencephalon, hypothalamus and the reticular formation) of the cryosections using high-performance liquid
chromatography. Exposure to 30 nM FLU increased the concentration of 5-hydroxyindoleacetic acid in hypothalamus
compared with controls. FLU exposure did not affect survival, time to metamorphosis, thyroid histology, gonadal sex
differentiation, or aromatase activity implying that the effect on the serotonergic neurotransmitter system in the
hypothalamus region was specific. The FLU concentration that impacted the serotonin system is lower than the
concentration measured in umbilical cord serum, suggesting that the serotonin system of the developing brain is highly
sensitive to in utero exposure to FLU. To our knowledge this is the first study showing effects of developmental FLU
exposure on brain neurochemistry. Given that SSRIs are present in the aquatic environment the current results warrant
further investigation into the neurobehavioral effects of SSRIs in aquatic wildlife.
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Background

Fluoxetine (FLU, ProzacH) is a selective serotonin reuptake

inhibitor (SSRI), which increases extracellular serotonin levels and

serotonin neurotransmission. It is commonly prescribed for

depression, compulsive behaviours, and eating disorders. FLU is

one of the SSRIs prescribed to pregnant women. In a study of

pregnant women taking FLU the mean serum concentration was

81.4 mg/L and the mean umbilical-cord serum concentration was

60.5 mg/L which implies fetal exposure [1]. FLU is designed to

interfere with the serotonin system of the adult brain, and our

knowledge on the effects of developmental SSRI exposure is still

very limited. Consequently, studies on the effects of FLU on

neurotransmitter levels in the brain of developing individuals are

highly relevant. Fetal exposure to SSRIs has been associated with

impaired intrauterine growth and a number of symptoms in-

dicating altered somatosensory and psychomotor development

(reviewed in [2–3]). In a recent study, SSRI treatment during

pregnancy was associated with pulmonary hypertension of the

newborn, a condition that can be life-threatening [4]. It has

further been demonstrated that adult rats neonatally exposed to

the antidepressants clomipramine and citalopram displayed

abnormalities in brain serotonin synthesis, transport and levels

[5–8]. To the best of our knowledge, effects of developmental FLU

exposure on brain neurochemistry are not known.

The serotonin neurotransmission system cross-talks with the sex

steroid system and is involved in several aspects of vertebrate

reproductive function including sexual behaviour. Estrogen

receptors are expressed in serotonergic neurons supporting an

interaction between serotonin and estrogen signaling in the central

nervous system [9]. Exposure to FLU has been shown to impact

the estrogen system by altering plasma estradiol levels and

expression of the aromatase gene in the ovary of fish [10–12].

The cytochrome P450 enzyme aromatase catalyses conversion of

androgens into estrogens and is thought to be involved in sex

differentiation of the gonads and brain in lower vertebrates [13]

and of the brain in non-human primates and other mammals [14].

Interestingly, it has been shown that developmental exposure of

fish to a serotonin synthesis inhibitor (para-chlorophenylalanine)

resulted in reduced brain aromatase activity and a female-biased

sex ratio, indicating disruption of the gonadal sex differentiation

[15]. In a recent study estrogenic effects of FLU were demon-

strated also in the rat and in vitro [16]. These data suggest that
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SSRI exposure, by interference with estrogen synthesis in brain

and gonads, could affect reproductive development.

In the present study we investigate impacts of FLU exposure

on the developing endocrine system using the African clawed

frog, Xenopus tropicalis. This species represents an excellent model

to study endocrine disruption [17]. First, the organization and

components of the amphibian hypothalamus-pituitary-gonadal

(HPG) and hypothalamus-pituitary-thyroid (HPT) axes are very

similar to those in mammals (reviewed in [18]). Second, the

developing estrogen signaling system is very sensitive to

chemical disruption, which can be determined by evaluating

gonadal differentiation and aromatase activity in brain and

gonads in X. tropicalis [19–20]. Third, the amphibian meta-

morphosis (transition from larva to frog) is used as a vertebrate

model to evaluate chemical impact on the developing thyroid

system by assessing endpoints such as thyroid histology and

developmental rate [21].

We further explore the Xenopus tadpole as a model to investigate

effects of FLU on the developing neuroendocrine systems by

measuring monoamine concentrations in discrete brain regions.

The organization of the brain monoaminergic systems is highly

conserved across the vertebrate subphylum [22] even though

differences in the organization of the catecholaminergic systems

have been reported [23]. However, by applying a segmental

approach it is becoming increasingly clear that the organization of

central catecholaminergic systems, as well as the general

chemoarchitecture and connections of the basal ganglia are

largely conserved among tetrapods [23]. In all vertebrates

including anuran amphibians, noradrenergic cellbodies are

located in the locus coeruleus whereas the most prominent

dopaminergic cell groups are found in the substantia nigra and

ventral tegmentum of the midbrain, as well as in the diencephalon

[23]. Serotonergic neurons are located in the raphe nuclei of the

reticular formation [24–25]. In addition to this general vertebrate

pattern of brain monoaminergic organization, non-mammalian

vertebrates also have a group of monoaminergic cells in the

hypothalamic periventricular organ, some of which are liquor

contacting sending processes into the ventricle [22–23], [26].

The specific aim was to determine effects of chronic low

exposure to FLU (1.0 and 10 mg/L) on the developing neuroen-

docrine and endocrine systems during a critical period of

development. By using the X. tropicalis test system, the experiment

served to evaluate effects of developmental SSRI exposure in

general, as well as in aquatic organisms exposed to SSRIs in the

environment. X. tropicalis larvae were exposed to FLU from shortly

after hatching until completed metamorphosis, a period that

encompasses the early ontogenic development of the HPG and

HPT axes, and gonadal sex differentiation [19], [27]. The

following endpoints were evaluated: brain monoamine neuro-

transmitter levels in telencephalon, hypothalamus and the reticular

formation, gonadal differentiation, aromatase activity in brain and

gonads, thyroid histology and time to metamorphosis. The

exposure concentration range was chosen to be relevant both to

human exposure and to exposure of aquatic organisms in the

environment. We explored the possibility that developmental

exposure to pharmacologically relevant FLU concentrations 1)

alters neurotransmitter levels in the developing brain, and 2)

induces estrogenic effects on the developing reproductive system

which may be detected as increased aromatase activity and

a perturbed sex differentiation. As FLU previously has been found

to cause changes in thyroid stimulating hormone (TSH) levels [28–

29], we also examined whether FLU exposure could impact the

thyroid system in the developing frogs.

Materials and Methods

Ethics Statement
All procedures described within were approved by the Uppsala

Local Ethics Committee for animal care and use, and were

performed in accordance with guiding principles for the care of

laboratory animals.

Animals and Husbandry
X. tropicalis tadpoles were obtained by mating three pairs of frogs

(Xenopus 1, Dexter, MI, USA). The animals were kept at a 12:12-

h light:dark cycle, in a water temperature of 26.860.2uC, and a pH
of 7.760.2. They were fed Sera micronH (Sera, Heinsberg,

Germany). Levels of ammonia and nitrite were measured weekly

using standard tests from Merck (Damstadt, Germany).

Fluoxetine Exposure
Tadpoles were exposed to fluoxetine hydrochloride (FLU, CAS

no: 56296-78-7, purity $98%) from Nieuwkoop and Faber (NF)

stage 47–48 (five days after oviposition) until complete meta-

morphosis (NF stage 66) [30]. The tadpoles used in the control and

exposure groups were drawn from the same population. The

nominal concentrations were 0, 3 and 30 nM FLU (corresponding

to 1.0 and 10 mg/L). Two replicate tanks were used for each

exposure group including the control group. In total, 6 aquaria

(8 l) each containing 70 tadpoles were prepared. A semi-static

exposure system was used in which 5 liters of the test solution was

renewed three times a week during the first two weeks and

thereafter daily. FLU was dissolved in ethanol, and the ethanol

concentration of was kept at 0.0005% in all aquaria including the

controls. Water samples for chemical analysis were collected from

the FLU and control aquaria after water change on exposure day

3, 22, and 50.

Experimental Design and Sampling
As stress can modulate monoamine levels [31], we minimized

handling stress by habituating all frogs to handling every day

during the exposure period. Aromatase activity was analysed in

brain and gonads attached to the kidneys (gonad/kidney complex)

at NF stage 56, during the period of gonadal differentiation, and at

NF stage 66 when metamorphosis and gonadal differentiation is

completed in X. tropicalis. At NF stage 56, thirty tadpoles per

exposure group (fifteen per replicate) were randomly collected and

their brains and gonad/kidney complexes were pooled into 3 pools

of 10 brains and 3 pools of 10 gonad/kidney complexes per

exposure group.

At stage 66 the frogs were killed and the body length and

weight, time to completion of metamorphosis (from oviposition to

NF stage 66), and survival rate were recorded. The frogs were

dissected using a dissection microscope and sexed by examining

gross gonadal morphology. Some frogs could not be unambigu-

ously sexed using gross morphology. Therefore histological sexing

of the gonads was performed on 12–17 individuals per replicate.

Six to nine individuals per replicate were randomly selected for

neurotransmitter analysis. Brain and gonadal-kidney complexes

from another five individuals per replicate were sampled for

aromatase activity analysis. Five individuals per exposure group

were sampled for thyroid histology evaluation.

Tissue Preservation
The animals were killed in 0.5% benzocaine-ethanol solution

(Sigma-Aldrich, St. Louis, MO, USA). For gonadal sex de-

termination, gonad/kidney complexes were excised and fixed in

formaldehyde (4% in phosphate buffer). For evaluation of thyroid

Effects of Fluoxetine in the Developing Brain
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histology the anterior part of the frogs were fixed in formaldehyde.

For neurotransmitter analyses frog heads were frozen in Sakura

Tissue-Tek OCT Compound (GENTAUR Belgium BVBA,

Kampenhout, Belgium) on dry ice. For the aromatase assay the

brain and gonad/kidney complex were frozen in liquid nitrogen

and stored in 280uC.

Histological Processing and Histomorphometry
The fixed tissue was transferred to 70% ethanol. Following

dehydration in increasing concentrations of ethanol, the tissue was

embedded in hydroxyethyl methacrylate (Leica Historesin,

Heidelberg, Germany). Sections (2 mm) from the gonad/kidney

complexes were stained with haematoxylin-eosin.

The thyroid glands were sectioned at six levels 50 mm apart and

stained with toluidine blue. For each individual (n = 5) the largest

cross section was photographed and analysed morphometrically.

Thyroidal cross section area and area of the three largest follicles

were measured. All follicles per thyroid gland cross section were

counted and the epithelial height was measured at 4 points (0, 90,

180 och 270u) of the three largest follicles and a mean value per

individual was calculated.

Photographs of the histological sections were taken using a Leica

leitz DMRXE microscope equipped with a Hamamatsu ORCA

III M digital camera and Openlab 3.09 software (Improvision,

Coventry, UK). Histomorphometrical measurements were made

using Image J software (Rasband WS, ImageJ, U.S. National

Institute of Health, Bethesda, USA).

Monoamine Analysis and Turnover Ratios
Serial sections (200 mm) from the frozen heads were cut on

a cryostat microtome and mounted on glass slides. From 1–2

sections per individual samples were taken in telencephalon, the

hypothalamus and the reticular formation using a punch (diameter

0.8 mm, AgnTho’s AB, Lidingö, Sweden). The regions were

identified using a neuroanatomical atlas [32]. The whole region

was excised by taking 1–3 punches per section. The punched

samples were homogenized in 70 ml of ice-cold 4% perchloric acid

containing 40 ng/ml dihydroxybenzamine as internal standard.

The samples were spun at 13000 rpm for 10 min at 4uC and the

supernatants were analyzed for dopamine (DA), norepinephrine

(NE), and serotonin (5-hydroxytryptamine, 5-HT) and their

metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 5-hydro-

xyindoleacetic acid (5-HIAA) and homovanillic acid (HVA) using

high performance liquid chromatography with electrochemical

detection as described in [33] after being stored at 280uC for less

than 5 days. Concentrations were compared to standard solutions

and corrected by the internal standard using HPLC software

(CSW, DataApex Ltd., the Czech Republic). Protein content was

measured in the homogenate pellet using a BCA Protein Assay Kit

(Thermo Fisher Scientific Inc., Rockford, IL, USA). The

concentration of monoamines and their metabolites was expressed

as mg/g protein. The ratios of metabolite to parent monoamine

concentration: 5-HIAA to 5-HT, and HVA or DOPAC to DA

were calculated as indirect indices of serotonergic and dopami-

nergic turnover, respectively.

Aromatase Activity
Aromatase activity was analyzed as described in [34] using

a modified method of the tritiated water-release assay [35]. The

principle of the assay is the formation of tritiated water via

aromatization of the substrate 1b-[3H] androstendione. The tissue

was homogenized and incubated with 1b-[3H] androstendione

(spec. act. 23.5 Ci/mmol, PerkinElmer Life and Analytical

Sciences, Boston, MA, USA). All samples were prepared in

duplicates. The radioactivity of the produced tritiated water was

measured for 20 min/sample in a liquid scintillation analyser (Tri-

Carb 1900CA, Packard Instrument Co). The determined radio-

activity in the tissue samples was corrected for the tritium found in

the blanks and a mean value of the duplicates was calculated.

Protein concentrations were measured using a BCA Protein Assay

Kit (Thermo Fisher Scientific Inc., Rockford, IL, USA). The

aromatase activity was expressed as the number of fmol

androstendione used per mg protein per hour.

Determination of Fluoxetine Concentrations in Water
Samples
The water samples were filtered through 0.45 mm MFTM-

membrane filters (Millipore, Sundbyberg, Sweden) prior to acidifi-

cation topH 3 (sulphuric acid). Solidphase extraction columnsOasis

HLB (Waters Corporation, Milford, MA, USA) were conditioned

and equilibrated by 5.0 ml of methanol and 5.0 ml of deionized

water. The isotopically labeled internal standard fluoxetine-d5
(Sigma–Aldrich, St. Louis, MO, USA) was added (500 ng) to

100 ml portions of each sample and. The samples were passed

through the columns at a flow rate of 5 ml min21 and the sample

extracts were injected into the liquid chromatography–tandemmass

spectrometry (LC–MS/MS) system,described in [36].The following

m/z transitions were monitored: fluoxetine, 310.3 R 147.8; and

fluoxetine-d5 was 315.3R 152.8. Internal standard calibration was

used for all samples and the limit of quantification of fluoxetine was

50 ng/L (1.6 nM).

Statistics
The exposure groups were compared with respect to aromatase

activity, thyroid histomorphometry, time to metamorphosis, body

weight, and snout-vent length using Kruskal-Wallis test with

Dunn’s multiple comparison test (GraphPad Prism 5.0, GraphPad

Software, San Diego, CA, USA). Survival rates for the exposure

groups were compared using the Chi-Square test (GraphPad

Prism 5). Data for the statistical analysis of monoamine levels was

log-transformed to fulfill the assumption of normal distribution. To

analyse effects of FLU exposure on the monoamine concentration

the data were subjected to analysis of variance (ANOVA) followed

by the Tukey post hoc analysis (SYSTAT 8.0, Cranes Software

International Ltd, Chicago, IL, USA). For all endpoints (except

aromatase activity in tadpoles and thyroid histomorphometrical

data which represent data from both replicates), data from the two

replicate tanks were statistically compared before the data were

pooled into one data set per exposure group.

Results

Fluoxetine Concentrations
The measured FLU concentrations (mean 6SD) were

0.6060.01 and 0.7060.07 mg/L (1.7 and 2.0 nM) in the two 3-

nM replicates, and 9.762.7 and 9.560.8 mg/L (28.0 and

27.5 nM) in the 30-nM replicates. FLU was not detected in the

control aquaria.

Tadpole Development, Metamorphosis, and Water
Quality
Tadpole survival, growth and development did not differ

between exposure groups. The survival rates were 81, 88, and

88%, in the control, 3 nM FLU, and 30 nM FLU groups,

respectively. Time to metamorphosis was (mean 6SD)

52612 days in the control group, 54611 days in the 3 nM

FLU group, and 5169 days in the 30 nM FLU group. The body

Effects of Fluoxetine in the Developing Brain

PLOS ONE | www.plosone.org 3 January 2013 | Volume 8 | Issue 1 | e55053



weight and snout-vent length at metamorphosis did not differ

between groups (data not shown). Mean concentration of

ammonia in the control, 3 nM FLU, and 30 nM FLU groups

were 0.07, 0.09, and 0.10 mg/L, respectively. Mean concentration

of nitrite in the control, 3 nM FLU, and 30 nM FLU groups were

1.06, 0.12, and 0.15, mg/L, respectively. All in all, there were no

indications of any general adverse effects of the testing environ-

ment on the health of the tadpoles.

Sex Ratios
The frequency of females in the 3 nM FLU, 30 nM FLU, and

control groups were 19/29, 14/30, and 10/24, respectively, and

did not differ significantly.

Monoamine Levels and Turnover Ratios
Results from monoamine analyses are presented for each tank

replicate in Table 1. As no sex difference in neurotransmitter levels

were recorded, the data represent mixed-sex groups. Neither were

there any significant differences between the tank replicates in the

control nor in the FLU exposure groups with respect to

neurotransmitter levels. These data were consequently pooled

into one set of data per exposure group for the statistical analysis of

differences between exposure groups.

Exposure to 30 nM FLU significantly elevated the 5-HIAA

concentration in the hypothalamus region compared to controls

(Fig. 1, ANOVA, F2, 36 = 4.099, P= 0.025, Tukey post hoc,

P = 0.019). In FLU exposed frogs, the mean levels of both

serotonin and 5-HIAA in the reticular formation were lower than

in the control group, but due to a large individual variation this

difference could not be statistically ascertained (Table 1).

Aromatase Activity
There were no differences between the exposure groups in brain

or gonadal aromatase activity, neither at tadpole stage 56 (data not

shown) nor at metamorphosis (Table 2).

Thyroid Gland Histology
Analysis of thyroid gland histology revealed no differences

between the exposure groups. The mean (6SD) thyroid gland

cross-sectional area and follicular area were 0.08 (60.001) and

0.013 (60.004) mm2, respectively. The mean (6SD) number of

follicles per cross section were 10.3 (64.1) and follicular epithelium

height was 9.8 (62.4) mm.

Discussion

The present study shows that chronic exposure to FLU during

development impacts the serotonergic system in the developing

brain. Considering that FLU is frequently prescribed to pregnant

women [37–39], the finding that the developing serotonergic system

was affected at FLU concentrations lower than the mean measured

concentration in umbilical cord serum is of particular interest. FLU

exposurehadnoobservedeffect on theotherneurotransmitter levels,

the endpoints for estrogen and thyroid system perturbation or on

overall health, indicating a specific effect on the serotonergic

neurotransmitter system in the hypothalamus region. Exposure

occurred during the beginning of the ontogenic development of the

HPG and HPT axes [27]. In mammals including humans these

processes occur during fetal development [40]. To the best of our

knowledge this is the first study to show that developmental SSRI

exposure modulates neurotransmitter levels during the period of

early ontogenic development of the HPG/HPT axes. Given the

knowledge gaps regarding the impact of SSRI exposure in utero our

findings are highly relevant.

The observed increased level of 5-HIAA after developmental

FLU exposure is quite opposite to the expected pharmacological

effect in adult individuals. In adults, reduced reuptake of serotonin

will lead to reduced levels of 5-HIAA as serotonin is metabolised in

the pre-synaptic neuron after reuptake. Our finding is consistent

with research showing that FLU may have paradoxical effects in

the brain of developing animals compared with those in adult

individuals [3]. The consequences of fetal exposure to SSRIs are

not sufficiently understood, although there is emerging evidence

suggesting severe side-effects in children (reviewed in [2–3]). In

children exposed prenatally to SSRIs, altered stress responses and

behavior [41–42], blunted somatosensory responses [43], poor

psychomotor development [44], increased risk of admission to

neonatal intensive care [39], impaired intrauterine growth,

increased cord blood levels of thyroid stimulating hormone [29],

reduced cord blood level of 5-HIAA, and an array of serotonergic

symptoms [45] have been observed. Intrauterine exposure to

SSRIs has thus been associated with neonatal changes compatible

with serotonergic overstimulation. It should be emphasized that

we examined healthy animals that were not subjected to

conditions simulating maternal depression or stress. Maternal

stress, which has been shown to influence the actions of

developmental SSRI exposure using murine models [46], was

therefore not accounted for in the present study design.

The reason for the increased concentration of the serotonin

metabolite 5-HIAA in the hypothalamus region in the FLU

exposed frogs is presently unclear but may indicate an increased

serotonin release in this region. Acute effects of SSRI treatment

involve inhibition of serotonin synaptic re-uptake, reduced

serotonin catabolism, and hence a decrease in 5-HIAA concentra-

tions. However, long-term SSRI treatment is known to desensitize

and attenuate the function of the somato-dendritic serotonin

receptors (5-HT1A) in the mammalian raphe nucleus. As these

receptors exert a negative feedback action on serotonin neuro-

transmission, their desensitization will result in increased serotonin

release [47]. Thus, it is possible that the chronic FLU exposure

applied in the current experiment resulted in a reduced function of

5-HT1A autoreceptors in the raphe which in turn resulted in an

increase in the release of serotonin in hypothalamic areas. Adult

rats neonatally exposed to non-selective monoamine reuptake

inhibitors have been shown to have reduced levels of serotonin and

5-HIAA in the hypothalamus [5–6]. Long-term consequences of

developmental exposure to SSRIs on the monoaminergic system

in frogs remain to be elucidated.

The raphe nuclei of the reticular formation and their efferent

projections are considered major anatomical targets for SSRIs in

the brain. In rats, neonatal exposure for two weeks to the SSRI

citalopram results in reductions in both the rate-limiting serotonin

synthetic enzyme (tryptophan hydroxylase) in dorsal raphe and in

serotonin transporter expression in the cortex that persisted into

adulthood [8]. In the present study the mean levels of both

serotonin and 5-HIAA in the reticular formation of FLU exposed

frogs were lower than in the control group, but due to a large

individual variation this difference could not be statistically

ascertained. This variation is probably mainly due to disturbance

of the animals during sampling. Stress is known to result in a rapid

activation of the brain serotonergic system. Thus, even though the

animals were habituated to handling, sampling is likely to have

induced a stress response.

FLU exposure had no observed effect on the endpoints for

estrogen system perturbation: sex differentiation and aromatase

activity. This is in contrast to recent research demonstrating

estrogenic effects of FLU in the rat uterotrophic assay and in vitro

[16]. In fish it has been shown that FLU concentrations in the

Effects of Fluoxetine in the Developing Brain
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range of 0.1–30 mg/L affect the estrogen system by altering

plasma estradiol levels and expression of the aromatase gene in the

ovary [10–12]. Neither could we detect any effects on the

endpoints for thyroid system toxicity: time to complete meta-

morphosis and thyroid gland histology. These negative results

indicate that in the Xenopus tadpole the serotonergic neurotrans-

mitter system in the brain was a specific target for FLU exposure.

Altogether, the results of the current study indicate that regional

neurotransmitter levels in the brain of X. tropicalis may serve as

sensitive endpoints for neurodevelopmental disruption.

Many pharmaceuticals pass through the sewage treatment

plants and eventually enter the aquatic environment. The lowest

FLU concentration in the present study (0.6 mg/L) is comparable

to concentrations FLU and other SSRIs detected in water bodies

receiving sewage effluent [48–50]. The total concentration of

SSRI compounds is higher than that for individual compounds

and has been measured to 3.2 mg/L in close proximity to

wastewater effluents [51]. FLU and other antidepressants have

been detected in wild fish [52]. Recently, it was shown that an

environmentally relevant FLU concentration (0.5 mg/L) reduced
milt volume in fish [14], indicating that this type of compounds

may pose a risk to wild fish. To the best of our knowledge,

information on effects of SSRIs on the developing neuroendocrine

system in amphibians is lacking. The present results warrant

further investigation into the neurodevelopmental effects of SSRIs

in aquatic wildlife.

In conclusion, the present studydemonstrates for the first time that

developmental exposure to FLU modulates the serotonin system

during a critical period of brain development. FLU exposure had no

observed effect on the other neurotransmitter levels or on the

endpoints for estrogen and thyroid system perturbation, indicating

specific changes in the serotonergic neurotransmitter system in the

developing brain. Considering that fluoxetine is frequently pre-

scribed to pregnant women and that the consequences of fetal SSRI

exposure are not sufficiently understood, the observation that the

developing serotonergic system was affected at FLU concentrations

found in umbilical cord serum is of particular interest. The present

results increase our knowledge on impacts of SSRIs on neurochem-

istry during a critical period of brain development and they support

the contention that the developing serotonergic system is highly

sensitive to impacts from exposure to SSRIs.
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Figure 1. Concentration of 5-HIAA in the hypothalamus of Xenopus tropicalis at metamorphosis after developmental chronic
exposure to fluoxetine at two different concentrations, 3 nM FLU (grey bar) and 30 nM FLU (black bar) and in controls (C, white
bar). Values represent mean6 SEM. Different superscript letters indicate significant differences between exposure groups (P,0.05, Tukey post hoc).
n = 12218.
doi:10.1371/journal.pone.0055053.g001

Table 2. Aromatase activity (mean6 SD) in gonads and brain
of Xenopus tropicalis at completed metamorphosis after
developmental chronic exposure to 0, 3 or 30 nM fluoxetine
(Control, 3 nM FLU, and 30 nM FLU).

Aromatase activity at metamorphosis

(fmol/h/mg protein)

Exposure
group Brain Gonads

Femalesa Malesb Femalesc Malesd

Control 51631 40642 8.662.4 4.861.1

3 nM FLU 53650 54630 9.262.1 4.861.9

30 nM FLU 38636 24620 8.762.0 4.561.0

an = 8210.
bn = 10.
cn = 10 ovary-kidney complexes.
dn = 3–6 testis-kidney complexes.
doi:10.1371/journal.pone.0055053.t002
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22. Parent A, Poitras D, Dubé L (1984) Comparative anatomy of central
monoaminergic systems. In: Björklund A, Hökfelt T, editors. Handbook of

Chemical Neuroanatomy Vol 2: Classical Transmitters in the CNS Part 1.

Elsevier Science Publishers, Amsterdam.
23. Smeets WJ, Gonzalez A (2000) Catecholamine systems in the brain of

vertebrates: new perspectives through a comparative approach. Brain Res Rev
33: 308–379.

24. Jacobs BL, Azmitia EC (1992) Structure and function of the brain serotonin
system. Physiol Rev 72: 165–229.

25. Ueda S, Nojyo Y, Sano Y (1984) Immunohistochemical demonstration of the

serotonin neuron system in the central nervous system of the bullfrog, Rana
catesbeiana. Anat Embryol 169(3): 219–229.

26. Vigh B, Vigh-Teichmann I (1998) Actual problems of the cerebrospinal fluid-
contacting neurons. Microsc Res Tech 41: 57–83.

27. King JA, Millar RP (1981) TRH, GH-RIH, and LH-RH in metamorphosing

Xenopus laevis. Gen Comp Endocrinol 44: 20–27.

28. Golstein J, Schreiber S, Velkeniers B, Vanhaelst L (1983) Effect of fluoxetine,

a serotonin reuptake inhibitor, on the pituitary-thyroid axis in rat. Eur J Phar-

macol 91: 239–43.

29. Davidson S, Prokonov D, Taler M, Maayan R, Harell D, et al. (2009) Effect of

exposure to selective serotonin reuptake inhibitors in utero on fetal growth:

potential role for the IGF-I and HPA axes. Pediatr Res 65: 236–41.

30. Nieuwkoop PD, Faber J (1956) Normal Table of Xenopus Laevis (Daudin).

North Holland Publishing, Amsterdam.

31. Bowman RE, Ferguson D, Luine VN (2002) Effects of chronic restraint stress

and estradiol on open field activity, spatial memory, and monoaminergic

neurotransmitters in ovariectomized rats. Neuroscience 113: 401–10.

32. Butler AB, Hodos W (1996) Comparative Vertebrate Neuroanatomy: Evolution

and Adaptation. Wiley-Liss Inc, New York.

33. Hoglund E, Balm PH, Winberg S (2000) Skin darkening, a potential social signal

in subordinate arctic charr (Salvelinus alpinus): the regulatory role of brain

monoamines and pro-opiomelanocortin-derived peptides. J Exp Biol 203: 1711–

21.

34. Berg C (2012) An amphibian model for studies of developmental reproductive

toxicity. Meth Mol Biol 889: 73–83.

35. Lephart ED, Simpson ER (1991) Assay of Aromatse Activity. Meth Enzymol

206: 477–483.

36. Lindberg RH, Wennberg P, Johansson MI, Tysklind M, Andersson BA (2005)

Screening of human antibiotic substances and determination of weekly mass

flows in five sewage treatment plants in Sweden. Environ Sci Technol 39: 3421–

9.

37. American Academy of Pediatrics Committee on Drugs (2000) Use of

psychoactive medication during pregnancy and possible effects on the fetus

and newborn. Pediatrics 105: 880–7.

38. Nielsen RE, Stage KB, Christensen PM, Mortensen S, Andersen LL, et al (2007)

Medical treatment of depression during pregnancy and breastfeeding. Ugeskr

Laeger 169: 1442–4.

39. Lund N, Pedersen LH, Henriksen TB (2009) Selective serotonin reuptake

inhibitor exposure in utero and pregnancy outcomes. Arch Pediatr Adolesc Med

163: 949–54.

40. Pope C, McNeilly JR, Coutts S, Millar M, Anderson RA, et al. (2006)

Gonadotrope and thyrotrope development in the human and mouse anterior

pituitary gland. Developmental biology 297: 172–181.

41. Oberlander TF, Grunau R, Mayes L, Riggs W, Rurak D, et al. (2008)

Hypothalamic-pituitary-adrenal (HPA) axis function in 3-month old infants with

prenatal selective serotonin reuptake inhibitor (SSRI) antidepressant exposure.

Early Hum Dev 84: 689–97.

42. Oberlander TF, Gingrich JA, Ansorge MS (2009) Sustained neurobehavioral

effects of exposure to SSRI antidepressants during development: molecular to

clinical evidence. Clin Pharmacol Ther 86: 672–7.

43. Oberlander TF, Grunau RE, Fitzgerald C, Papsdorf M, Rurak D, et al (2005)

Pain reactivity in 2-month-old infants after prenatal and postnatal serotonin

reuptake inhibitor medication exposure. Pediatrics 115: 411–25.

44. Casper RC, Fleisher BE, Lee-Ancajas JC, Gilles A, Gaylor E, et al. (2003)

Follow-up of children of depressed mothers exposed or not exposed to

antidepressant drugs during pregnancy. J Pediatr 142: 402–8.

45. Laine K, Heikkinen T, Ekblad U, Kero P (2003) Effects of exposure to selective

serotonin reuptake inhibitors during pregnancy on serotonergic symptoms in

newborns and cord blood monoamine and prolactin concentrations. Arch Gen

Psychiatry 60: 720–6.

46. Pawluski JL (2011) Perinatal Selective Serotonin Reuptake Inhibitor Exposure:

Impact on Brain Development and Neural Plasticity. Neuroendocrinology 95:

39–46.

47. Vaswani M, Linda FK, Ramesh S (2003) Role of selective serotonin reuptake

inhibitors in psychiatric disorders: a comprehensive review. Prog Neuropsycho-

pharmacol Biol Psychiatry 27: 85–102.

48. Metcalfe CD, Miao XS, Koenig BG, Struger J (2003) Distribution of acidic and

neutral drugs in surface waters near sewage treatment plants in the lower Great

Lakes, Canada. Environ Toxicol Chem 22: 2881–9.

49. Vasskog T, Anderssen T, Pedersen-Bjergaard S, Kallenborn R, Jensen E (2008)

Occurrence of selective serotonin reuptake inhibitors in sewage and receiving

waters at Spitsbergen and in Norway. J Chromatogr A 1185: 194–205.

50. Metcalfe CD, Chu S, Judt C, Li H, Oakes KD, et al. (2010) Antidepressants and

their metabolites in municipal wastewater, and downstream exposure in an

urban watershed. Environ Toxicol Chem 29: 79–89.

51. Mennigen JA, Stroud P, Zamora JM, Moon TW, Trudeau VL (2011)

Pharmaceuticals as neuroendocrine disruptors: lessons learned from fish on

Prozac. J Toxicol Environ Health B Crit Rev 14: 387–412.

52. Brooks BW, Chambliss CK, Stanley JK, Ramirez A, Banks KE, et al. (2005)

Determination of select antidepressants in fish from an effluent-dominated

stream. Environ Toxicol Chem 24: 464–9.

Effects of Fluoxetine in the Developing Brain

PLOS ONE | www.plosone.org 7 January 2013 | Volume 8 | Issue 1 | e55053


