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ARTICLE INFO ABSTRACT

Handling editor: Marti Nadal Glyphosate is the active ingredient of some of the most highly produced and used herbicides worldwide. The
intensive applications of glyphosate-based herbicides and its half-life in water lead to its presence in many

Keywords: aquatic ecosystems. Whereas recent studies have reported neurotoxic effects of glyphosate including autism-

Glyphosate related effects, most of them used extremely high (mg/L to g/L) concentrations, so it is still unclear if

Neurotoxicity

chronic, low environmentally relevant concentrations of this compound (ng/L to pg/L) can induce neurotoxicity.
In this study we analyzed the neurotoxicity of glyphosate in adult zebrafish after waterborne exposure to
environmentally relevant concentrations (0.3 and 3 pg/L) for two weeks. Our data showed that exposed fish
presented a significant impairment of exploratory and social behaviors consistent with increased anxiety. The
anterior brain of the exposed fish presented a significant increase in dopamine and serotonin levels, as well as in
the DOPAC/dopamine and homovanillic acid/dopamine turnover ratios. Moreover, the expression of genes
involved in the dopaminergic system, as thl, th2, comtb, and scl6a3 was downregulated. Finally, the brain of
exposed fish presented a significant increase in the catalase and superoxide dismutase activities, with a
concomitant decrease of glutathione stores. These changes in the antioxidant defense system are consistent with
the observed increase in oxidative stress, reflected by the increase in the levels of lipid peroxidation in the brain.
The presented results show that current glyphosate concentrations commonly found in many aquatic ecosystems
may have detrimental consequences on fish survival by decreasing exploration of the environment or altering
social interactions. Furthermore, as zebrafish is also a vertebrate model widely used in human neurobehavioral
studies, these results are relevant not only for environmental risk assessment, but also for understanding the risk
of chronic low-dose exposures on human health.

Zebrafish

Behavioral impairment
Dopaminergic system
Oxidative stress

1. Introduction 2002). The wide range of applications of glyphosate and its several
weeks half-life in water lead to its prevalent presence in aquatic eco-
Glyphosate (N-phosphonomethyl-glycine) is a phosphonate widely systems (Annett et al., 2014; Pohl et al., 2019). Therefore, the detection

used as active ingredient of the most highly produced and used herbi- of glyphosate in water is becoming frequent, with median and maximum
cides worldwide (Guyton et al., 2015; Myers et al., 2016). Glyphosate is concentrations of 0.03 and 73 pg/L, respectively, in large rivers and
used in both agriculture and forestry, as well as for weed killing in non- streams, and <0.02 and 301 pg/L in lakes, ponds and wetlands in the US
agricultural areas such as water systems (Martinez et al., 2018; Vencill, (Battaglin et al., 2014).
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Glyphosate-based herbicides were initially considered safe for ani-
mals, since glyphosate specifically targets aromatic amino acid synthe-
sis, a metabolic pathway specific of plants (Steinriicken and Amrhein,
1980). In terms of human risk, most reported levels of glyphosate resi-
dues in water are well below the accepted maximum contamination
levels (MCLs) in drinking water, 700 pg/L in the USA and 1000 pg/L in
Australia (Bai and Ogbourne, 2016), and therefore, toxicity of the cur-
rent environmental levels for humans and animals is assumed to be
minimal. However, whereas most of the research used in glyphosate risk
assessment to support its safety was conducted more than 30 years ago,
more recent reports strongly suggest that current safety standards may
fail to protect public health and aquatic ecosystems (Edge et al., 2013;
Vandenberg et al., 2017; Webster and Santos, 2015). For instance, there
is some controversy regarding the potential neurotoxic effects of
glyphosate. While the United States Environmental Protection Agency
(USEPA) (EPA, n.d.) has classified this compound as non-neurotoxic and
no evidences of neurotoxicity were also found by the European Food
Safety Agency (EFSA) (Authority, 2015), many recent studies support
the neurotoxic potential of glyphosate, including autism-related effects,
in different animal species (Cattani et al., 2014; Gallegos et al., 2018;
Pereira et al., 2018; Pu et al., 2020; Roy et al., 2016). Oxidative stress,
neuroinflammation, glutamate excitotoxicity, changes in the neuro-
transmitter profile and changes in behavior are some of the reported
effects of glyphosate on the central nervous system (Cattani et al., 2017,
2014; de Souza et al., 2019). However, most of these neurotoxic effects
were obtained using extremely high (mg/L to g/L) concentrations of
glyphosate (Cattani et al., 2017, 2014), so it is still unclear if environ-
mental relevant concentrations of this compound can induce
neurotoxicity.

Zebrafish (Danio rerio) is a cyprinid classically used as fish model
species in ecotoxicology (Faria et al., 2020, 2019a), as well as a verte-
brate model increasingly used in biomedical research, including neu-
rotoxicology studies (Babin et al., 2014; Faria et al., 2015; M. Faria et al.,
2018; Melissa Faria et al., 2018; Tingaud-Sequeira et al., 2017), as this
animal species exhibits a similar overall nervous system organization to
that of humans as well as similar neurotransmitter systems (Horzmann
and Freeman, 2016). A few studies using adult zebrafish have already
addressed the potential neurotoxicity of glyphosate (Bridi et al., 2017;
da Costa Chaulet et al., 2019; Pereira et al., 2018), but most of them used
environmentally unrealistic concentrations (>500 pg/L), so predicting
the risk of low level chronic exposures remains a challenge.

In this study we analyzed the neurotoxicity of glyphosate in adult
zebrafish by waterborne exposure to environmentally relevant concen-
trations (0.3 and 3 pg/L) for two weeks. Effects on locomotor, explor-
atory and social behaviors were thoroughly analyzed, and changes in the
expression of key genes and neurochemical profiles in the brain of the
exposed fish were determined. Finally, the status of the antioxidant
defense systems and the presence of oxidative stress was also analyzed in
the brain of the exposed fish.

2. Material and methods
2.1. Animals and housing

Adult wild-type zebrafish (standard length: 3.1-3.5 cm) were ob-
tained from Piscicultura Superior (Barcelona, Spain) and maintained
into a recirculating zebrafish system (Aquaneering Inc., San Diego, USA)
at the CID-CSIC zebrafish facilities for at least 4 weeks before starting the
exposures. During this adaptation time, fish were housed in 2.8 L tanks
(density: 20 fish/tank) with fish water [reverse-osmosis purified water
containing 90 mg/L Instant Ocean® (Aquarium Systems, Sarrebourg,
France), 0.58 mM CaSO4-2H,0] at 28 + 1 °C under a 12L:12D photo-
period. The main parameter of the water during the housing of the fish
were: Temperature: 28°+ 1° C; pH: 6.5-7.0; Conductivity: 750-900 puS/
cm; NO3: 5-10 mg/L ; NOs: ~0.1 mg/L. Fish were fed twice a day with
flake food (TetraMin, Tetra, Germany). All procedures were approved by
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the Institutional Animal Care and Use Committees at the CID-CSIC and
conducted in accordance with the institutional guidelines under a li-
cense from the local government (agreement number 9027).

2.2. Stability of glyphosate in water

Glyphosate (CAS # 1071-83-6) was purchased from ChemCruz (sc-
211568; Santa Cruz Biotechnology, Dallas, TX) with a purity of 98%.
The stability of glyphosate in fish water was assessed measuring its
concentration in two working solutions 0.3 pg/L and 3.0 pg/L freshly
prepared in fish water during 48 h. Working solutions were placed under
the same temperature and light conditions as fish exposure, measure-
ments were conducted immediately after preparing each nominal con-
centration and 24 and 48 h later. The experimental concentration was
checked by ultra-high performance liquid chromatography with triple
quadrupole detector (UHPLC-MS/MS) analysis. Three sample replicates
of each concentration were prepared (see Supplementary Methods for
additional details).

2.3. Experimental procedure

Working solutions of 0.3 and 3.0 pg/L glyphosate were prepared the
day of the experiment from a 3 mg/L stock solution freshly prepared in
fish water. The pH of both working solutions was similar to the fish
water (pH: 6.8). Adult zebrafish (50:50 male:female ratio) were
randomly selected from the CID-CSIC facilities and exposed for 2 weeks
to 0.3 or 3.0 pg/L glyphosate, at 28.5 °C and 12L:12D photoperiod.
Control fish were maintained in fish water under identical conditions.
Experiments were conducted in duplicate or triplicate, in glass tanks
containing 500 mL of water with 3 fish in each. Experimental solutions
were renewed every 48 h, 30 min after the first feeding of the day. The
total number of fish used in this study for the control, 0.3 pg/L and 3 pg/
L groups was 65, 60 and 65, respectively. Tanks were kept in an incu-
bation chamber (POL-EKO APARATURA Climatic chamber KK350,
Poland) set to 28.5 °C and 12L:12D photoperiod. For brain sample
collection, fish were euthanized by inducing hypothermic shock in ice-
chilled water (2-4 °C). Brains were immediately dissected and those
for neurotransmitter profiling and gene expression analysis were
sectioned in the standard frontal plane at two different levels, the
anterior part of the optic tectum and the posterior part of the cerebellum
(Supplementary Fig. S1). As a result of this sectioning strategy, anterior,
middle and posterior brain regions were obtained. The “anterior brain
region” included the olfactory bulbs, telencephalon and the preoptic
area, the “middle brain region” included the optic tectum, cerebellum,
thalamic and diencephalic structures and locus coeruleus, and the
“posterior brain region” included the medulla oblongata and the initial
part of the spinal cord. Anterior and middle brain regions, where most of
the monoaminergic neurons are located, were individually stored at
—80 °C for further analysis.

2.4. Behavioral testing

All tests were performed in an isolated behavior room at 27-28 °C.
Animals (~50:50 male:female ratio) were brought to the behavior room
one hour before testing began, to acclimate to this new environment,
and then, behavioral testing was conducted between 10:00 and 17:00 h.
All fish used in this study were experimentally naive and all behavioral
testing was performed in a blind manner, with observers unaware of the
experimental group. In order to avoid any potential tank effect, the
experimental group assigned to each tank was switched between trials.

The novel tank test (NTT), used to assess geotaxis, freezing and
erratic movements of fish, was performed using an experimental setup
previously described (M. Faria et al., 2018). This behavioral paradigm
was performed on a total of 28, 23 and 29 adult zebrafish from the
control, 0.3 and 3 pg/L glyphosate groups, respectively. Each trial was
video-recorded with a GigE camera mounted in front of the
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experimental tank. Then, videos were analyzed by Ethovision XT 13.0
(Noldus, Wageningen, the Netherlands). First, the front of the tank was
divided into two equal virtual zones, top and bottom, and the total
distance travelled (cm), distance travelled at the top and at the bottom
(cm), the time spent in the top (s) and the latency to top (s) were
determined. The Behavioral Observation Research Interactive Software
(BORIS) free software (Friard and Gamba, 2016) was used to determine
the number and duration (s) of freezing and erratic bouts.

The dark-light test (DLT), used to determine scototaxis of the fish,
was performed using an experimental setup previously described (Faria
et al.,, 2019b). No test battery effect has been reported in batteries of
NTT and LDT when they are run immediately one after the other (Kysil
et al., 2017), so following the 3Rs principle (reduction), LDT was per-
formed on 20, 22, and 21 adult zebrafish from the control, 0.3 and 3 pg/
L glyphosate groups, respectively previously tested for NTT. Each trial
was video-recorded with a GigE camera mounted on the top of the
experimental tank. The recorded videos were analyzed by Ethovision XT
13.0, and the time spent in the white zone (s), number of transitions to
the white zone and the latency to enter to the white zone (s) were
determined.

The shoaling test, used to assess social and anxiety-like behaviors,
was performed using (M. Faria et al., 2018). Two independent trial were
performed, with a shoal size of 6 fish per experimental group in each. A
total of 20 screenshots per experimental group were used in this study.
For each screenshot, the distance between each fish in the group was
measured by using the free-processing ImageJ software (National In-
stitutes of Health (NIH), http://rsb.info.nih.gov/ij/). Finally, the
average interfish distance (cm), farthest neighbor distance (cm) and
nearest neighbor distance (cm) were calculated.

Finally, the novel approach test (NAT), used here to assess boldness,
was basically performed as described by Hamilton et al. (2017) (Ham-
ilton et al., 2017; Johnson and Hamilton, 2017). The test was conducted
after the shoaling test, in trunked conical white plastic tanks with a
LEGO® figurine attached with Velcro to the center of the arena served as
the novel object (see Supplementary Methods for additional details).

2.5. Analysis of neurochemicals by LC-MS/MS

Monoaminergic neurotransmitters in the anterior and middle regions
of individual brains were analyzed by liquid chromatography coupled to
a triple quadrupole detector (Xevo TQS, Acquity Waters, Milford, USA)
(LC-MS/MS) (Mayol-Cabré et al., 2020). In total 60 analyses were per-
formed corresponding to the two regions (anterior and middle brain) of
30 brains from the control, 0.3 and 3 pg/L groups. The content of
monoaminergic neurotransmitters was analyzed in a total of 10 brains
per experimental group. Separation was performed with an HILIC col-
umn, and a binary mixture based on acetonitrile (A) and water (B) was
employed as mobile phase. The injection volume was 10 pL. A gradient
elution was performed starting at 100% A, followed by increasing B, and
returning to initial conditions. All compounds eluted in 5 min, with a
total run time of 10 min. Flow rate was selected at 0.25 mL min_.
Neurotransmitters were measured under positive electrospray ioniza-
tion (ESI+) and MS conditions of each neurochemical were optimized
(including cone voltage and collision energy). Acquisition was per-
formed in selective reaction monitoring (SRM) mode, in which two
transitions from each compound were selected. The first transition,
which corresponded to the most intensive fragment, was used as the
quantifier ion, whereas the second as a qualifier ion. The target com-
pounds 5-HTP, 3-MT, DOPAC, L-tryptophan, 5-HIAA and NE were
quantified by internal calibration, whereas the remaining 4 neuro-
transmitters (5-HT, DA, L-tyrosine and HVA) were determined using
external calibration. Data were processed using MassLynx v4.1 software
package.
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2.6. Real-time polymerase chain reaction

Since dopaminergic neurons are mainly located in the anterior and
middle brain regions (Filippi et al., 2010; Yamamoto et al., 2010),
posterior brain was removed during the sampling for transcriptomic
analysis of the dopaminergic relevant genes. A total of 8 brains from the
control, 0.3 and 3 pg/L groups were analyzed. Total RNA was extracted
from each brain using Trizol Reagent (Invitrogen Life Technologies,
Carlsbad, CA). RNA concentration was measured by spectrophotometric
absorption at 260 nm in a NanoDrop™ ND-8000 spectrophotometer
(Fisher Scientific) and the quality checked in an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA). RIN (RNA Integrity
Number) values ranged between 9 and 10. First strand cDNA was syn-
thesized from 1 pg of total RNA previously treated with DNasel
(Ambion, Austin, TX), using First Strand cDNA synthesis Kit (Roche
Diagnostics, Mannheim, Germany) and oligo(dT) according to manu-
facturer’s instructions.

Real Time qRT-PCR was performed in a LightCycler® 480 Real-Time
PCR System with SYBR Green PCR Master Mix (Roche Diagnostics,
Mannheim, Germany). Cycling parameters: 95 °C for 15 min and 45
cycles of 95 °C, 10 s and 60 °C, 30 s. A dissociation curve analysis was
added to ensure the specificity of the reaction. Eight biological replicates
were assayed for each treatment, and 3 technical replicates were run for
each sample.

Primer sequences for the selected genes (th1, th2, comta, comtb, mao,
scléa3, tphla, tphlb, sclba4a, scl18a2 and gfap) are listed in Table S1.
Specificity of primers was previously confirmed by the presence of a
single peak in the melting curves of PCR reactions.

The mRNA expression of each target gene was normalized to the
housekeeping ppia2 as reference gene. Relative quantification of mRNA
abundance for the selected genes among treatments with respect to the
control group were calculated following the AACt method (Livak and
Schmittgen, 2001) deriving fold-change ratios from these values.

2.7. Biochemical determination

All biochemical determinations were conducted in the subcellular
fraction of zebrafish whole brain tissue. Antioxidant enzyme activities,
catalase (CAT) and superoxide dismutase (SOD), and levels of lipid
peroxidation (LPO) were determined according to Faria et al. (2019a,
2019b) (Faria et al., 2019b), while glutathione levels (GSH) and gluta-
mate cysteine ligase (GCL) activity was measured following the method
described by White et al. (2003) (White et al., 2003). Briefly, CAT was
measured following the decrease in absorbance of HyO, decomposition;
SOD activity was determined based on the measurement of the degree of
inhibition, caused by the presence of SOD in the sample, of the reduction
of Cytocrome c by free oxygen radicals released by the reaction
xanthine/xanthine oxidase; LPO was determined by quantifying the
levels of malondialdehyde (MDA) in the presence of 1-methyl-2-phenyl-
indole under acidic conditions; finally GSH and GCL activity was
measured by detecting the fluorescence signal generated by the complex
formed between the conjugation of naphthalene dicarboxyaldehyde
(NDA) and y-glutamylcysteine (y-GC). In total, 15 individual brains per
experimental condition were analyzed for CAT and SOD activities, 12, 8
and 12 pools of two brains, for control, 0.3 pg/L and 3 pg/L groups,
respectively, were analyzed for LPO, and 8, 11 and 8 brains, for control,
0.3 pg/L and 3 pg/L groups, respectively, for GSH and y-GCL. A more
detailed description of the biochemical determinations is given in the
Supplementary Information.

2.8. Data analysis

Data were analyzed with IBM SPSS v25, and data were plotted with
GraphPad Prism 8.31 for Windows (GraphPad software Inc, La Jolla,
CA). Normality was assessed using Kolmogorov-Smirnov and Shapiro-
Wilk tests. One-way ANOVA followed by Dunnett’s multiple
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comparison test was used to test differences between normally distrib-
uted groups, whereas the Kruskal-Wallis test followed by a pairwise
comparison using the Bonferroni correction was used to test differences
between groups that did not meet parametric assumptions. Data are
presented in Figs. 1-4 as scatter plots, with a line indicating the median,
in order to provide consistent information for both normally and non-
normally distributed data. For the same reason, neurotransmitter re-
sults are presented as the median and interquartile ranges in the Sup-
plementary Tables S3 and S4. Since biochemical results obtained for the
control group in the different independent experiments exhibited sig-
nificant differences, in order to compare control vs treated groups data
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from each experiment were previously normalized to % of the respective
control. Significance was set at P < 0.05. To perform the statistical an-
alyses, NTs concentrations between method detection limit (MDL) and
the method quantification limit (MQL) were used unaltered for calcu-
lations (Joerss et al., 2019), whereas values below MDL were treated as
MDL normalized per square root of two. Analysis of the qRT-PCR data
was performed using the AACt method, and then differences among
control and treated groups were analyzed by one-way ANOVA followed
by Dunnett’s multiple comparison test or Kruskal-Wallis test followed by
Bonferroni correction, when appropriate.
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Fig. 1. Behavioral changes in adult zebrafish waterborne exposed to 0.3 and 3 pg/L glyphosate for 2 weeks. (A) Behavioral parameters assessed in standard 6-min
novel tank test (NTT), as well as a cartoon of the experimental tank divided into two equal virtual zones, top and bottom; (B) Behavioral parameters assessed in
standard 6-min dark-light test (DLT), as well as a cartoon of the experimental tank divided into two equal zones, white and black; (C) Behavioral parameters of
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Fig. 2. Increased dopaminergic activity in the anterior brain region of zebrafish exposed to 0.3 and 3 pg/L glyphosate for 2 weeks. Levels of L-tyrosine, DOPAC, HVA,
and the ratios DOPAC/DA and HVA/DA increased significantly in the anterior brain of zebrafish exposed to 3 pg/L glyphosate for 2 weeks. The cartoon on the upper
left shows a dorsal view of an adult zebrafish brain, with the three regions collected for the neurotransmitter analysis. Data reported as scatter plot with the median.
*P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA with Dunnett’s multiple comparison test (NE) or Kruskal Wallis test with Bonferroni correction (L-tyrosine,
DA, DOPAC, HVA, 3-MT, DOPAC/ DA, HVA/ DA). Data from 2 independent experiments.

3. Results
3.1. Stability of glyphosate in fish water
To select the right glyphosate exposure system for this study, sta-

bility of glyphosate in fish water was analyzed by UHPLC-MS/MS. First,
when glyphosate working solutions of 0.3 pg/L and 3.0 pg/L were

freshly prepared in fish water, measured and nominal concentrations
were very close (Supplementary Table S1). Moreover, when these so-
lutions were incubated under experimental conditions (28 °C and 12
L:12D photoperiod), glyphosate concentrations remained quite stable
(£13% of the values at time 0) for at least 48 h (Supplementary
Table S2). Therefore, a 48 h semi-static exposure system was selected for
the exposure experiments.
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Fig. 3. Effect of two weeks exposure to 0.3 and 3 ug/L glyphosate on the expression of genes associated with the dopaminergic system (th1, th2, comta, comtb, mao,
scl6a3, scl18a2 and gfap) in the anterior-middle brain regions of adult zebrafish. Data reported as scatter plot with the median. *P < 0.05, **P < 0.01; one-way
ANOVA with Dunnett’s multiple comparison test (th1, th2, comta, mao, scl6a3, gfap) or Kruskal Wallis test with Bonferroni correction (comtb, scl18a2). Data from

2 independent experiments (n = 8).

3.2. Glyphosate alters exploratory behavior in adult zebrafish

In order to assess if subchronic exposure to environmentally relevant
concentrations of glyphosate has an ecologically relevant effect on adult
zebrafish, two experimental paradigms related to the exploratory
behavior were initially used, novel tank and dark-light paradigms. In
both paradigms, fish face a mildly stressful novel situation, triggering
the expression of characteristic avoidance behaviors, geotaxis and sco-
totaxis, respectively. When the exploratory behavior of the fish was
assessed in the novel tank test (NTT) (Fig. 1A), exposure to 3 pg/L
glyphosate resulted in a positive geotaxis, with a significant increase in
the latency to visit the top of the tank (H(2) = 9.628, P = 0.008) and a
decrease in the distance travelled at the top (Fo 77 = 9.118, P = 0.0003),
the time in top (F2,77 = 8.744, P = 0.0004) and the number of transitions
to the top (Fp77 = 3.441, P = 0.037). The effect of glyphosate on the
erratic and freezing behaviors of the animals was then explored in the
novel tank (Fig. 1A and Supplementary Fig. S2). Glyphosate signifi-
cantly increased the duration (H(2) = 17.261, P = 0.025) and number of
erratic bouts (Fo76 = 10.073, P = 0.0001; Fig. 1A). No differences in
freezing were found between groups in this task (Pearson Chi-Square (2)
= 2.964, P = 0.253; Supplementary Fig. S2).

Interestingly, when the behavior was tested on the dark-light test
(DLT) (Fig. 1B), a negative scototaxis was found in animals exposed to
both glyphosate concentrations, with a significant increase in the time
spent in the white zone of the tank (Fo 60 = 6.038, P = 0.004). No dif-
ferences in freezing were found between groups in this task (Pearson
Chi-Square (2) = 5.538, P = 0.062; Supplementary Fig. S3).

Zebrafish have a natural trend to form shoals, relatively non-
polarized groups of conspecifics held together by social pressure. Anx-
iety or fear causes the shoal to “tighten”, and this effect can be easily
identified in the shoaling test. Thus, when the shoaling test was used, the
shoal of fish exposed to 3 pg/L glyphosate showed a significant decrease
in the average interfish distance (F56 = 5.664, P = 0.006) and the

farthest distance (Fa 56 = 7.413, P = 0.001) with respect to the control,
results consistent with an increase in anxiety.

Finally, when the behavior of control and treated fish was evaluated
in the novel approach test, no differences were found in the time spent in
the center zone, near the figurine (Fy 32 = 1.470, P = 0.245; Supple-
mentary Fig. S4). As the time spent in the center and the thigmotaxis
zones is a common index of boldness, this result suggests that in the
experimental conditions used, the boldness of the fish was not altered by
glyphosate exposure. Furthermore, no differences were found in the
time spent by control and treated fish in the thigmotaxis zone (Fy 35 =
0.612, P = 0.548), a result indicating that glyphosate has no effect on
thigmotaxis.

3.3. Glyphosate increases dopamine metabolism in the brain

The profile of the monoaminergic neurotransmitters dopamine (DA),
serotonin (5-HT) and norepinephrine (NE), as well as their main pre-
cursors [L-tryptophan, 5-hydroxy-L-tryptophan (5-HTP), L-tyrosine]
and degradation products [5-hydroxyindoleacetic acid (5-HIAA), 3,4-
dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine (3-MT) and
homovanilic acid (HVA)], was determined in the anterior, middle and
posterior brain regions of controls and glyphosate-treated zebrafish
(Supplementary Table S3-4). Moreover, DOPAC/DA, HVA/DA and 5-
HIAA/5-HT turnover ratios were also calculated.

In the anterior brain (Fig. 2), exposure to 0.3 pg/L glyphosate
resulted in a significant increase in DOPAC (P = 0.014; Independent-
samples Kruskal Wallis test followed by Bonferroni correction for mul-
tiple tests) and NE (P = 0.044; one-way ANOVA followed by Dunnett’s
test) levels. Exposure to 3 pg/L glyphosate resulted in a significant
decrease in NE levels (F2 27 = 14.832, P = 0.000057) and an increase of
the dopaminergic activity (Fig. 2), with increased levels of dopamine
(F2,27 = 3.920, P = 0.033) and the dopamine metabolites DOPAC (H(2)
= 21.405, P = 0.000022) and HVA (F3 57 = 8.975, P = 0.001) but not 3-
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Fig. 4. Effect of two weeks exposure to 0.3 and 3 pg/L glyphosate on the
antioxidant status and lipid peroxidation levels in the brain of adult zebrafish.
Whereas catalase and superoxide dismutase (SOD) activities increased, the
gamma-glutamate cysteine ligase (y-GCL) activity was strongly inhibited in the
brain of glyphosate-treated fish. Moreover, total glutathione stores decreased
and lipid peroxidation levels increased in the treated fish. Data reported as
scatter plot with the median. *P < 0.05, **P < 0.01, ***P < 0.001; one-way
ANOVA with Dunnett’s multiple comparison test (catalase, y-GCL, GSx) or
Kruskal Wallis test with Bonferroni correction (SOD, LPO). Data from 2 inde-
pendent experiments (n = 11-13).

MT(F227 = 0.557, P = 0.0.580). .Levels of the DA precursor L-tyrosine
increased also with glyphosate concentration, but as a result of the high
intragroup variability these differences were no statistically significant
(H(2) = 5.563, P = 0.062). DOPAC/DA (F37 = 6.230, P = 0.006) and
HVA/DA (F227 = 3.679, P = 0.040) turnover ratios reflecting the
metabolism and/or release of dopamine, were also increased in the
anterior brain of animals exposed to 3 pg/L glyphosate. Finally, when
the effect of glyphosate on the serotonergic system was analyzed, a
significant increase in the levels of 5-HT (Fp 27 = 18.162, P = 0.000013),
but not effect on 5-HIAA (F227 = 1.133, P = 0.338), were found.

At the middle brain level (Supplementary Table S4), NE was signif-
icantly reduced by both glyphosate concentrations (Fp 27 = 9.952, P =
0.001). Moreover, exposure to 0.3 pg/L glyphosate resulted in a signif-
icant increase in DOPAC (H(2) = 15.158, P = 0.001), HVA (H(2) =
10.798, P = 0.005) levels, with no changes in the DA (F5 27 = 1.083, P =
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0.353) levels. No effect was found in 5-HT levels (H(2) = 0.062, P =
0.970) in this brain region at any glyphosate concentrations.

3.4. Transcription of genes involved in the dopaminergic system are down-
regulated by glyphosate

In order to better understand the changes observed in the dopami-
nergic system in the brain of glyphosate-treated zebrafish, the expres-
sion of seven genes involved in the synthesis (thl, th2), degradation
(mao, comta, comtb) and transport [scl6a3 (DAT), scl18a2 (VMAT2)] of
dopamine was analyzed (Fig. 3). The expression of both thl and th2 in
the brain of glyphosate-treated animals was down-regulated with
respect to that of controls (F2 21 = 6.888, P = 0.005 for thl, and F 9, =
6.352, P = 0.007 for th2). Moreover, expression of scl6a3, but not
scl18a2 was also found down-regulated in the brain of zebrafish after 2
weeks exposure to the lowest concentration of glyphosate (Fz 21 = 6.061,
P = 0.008 for scl6a3 and H(2) = 4.745, P = 0.093 for scl18a2). Kruskal-
Wallis test with Bonferroni correction for multiple comparison test also
showed a significant down-regulation in comtb expression (P = 0.0400;
n = 8) in the group exposed to the lowest concentration. In contrast,
glyphosate exposure didn’t change the expression of comta, and mao in
the brain. No differences (p > 0.05) in the expression of genes specif-
ically involved in the synthesis (tphla, tph1b) and transport (scl6a4a) of
serotonin were found in the brain of fish exposed to both glyphosate
concentrations. Finally, when the expression of gfap, a gene commonly
used as a neuroinflamation marker, was determined (Fig. 3), no differ-
ences were found with the control values either.

3.5. Glyphosate impairs the antioxidant defense system, increasing lipid
peroxidation in the brain

A direct effect of glyphosate on glutathione (GSH) homeostasis
resulting in GSH depletion and ROS generation has been suggested to be
involved in the neurotoxic effect of this herbicide (Cattani et al., 2014).
Thus, catalase, superoxide dismutase (SOD) and gamma-glutamate
cysteine ligase (y-GCL) activities, as well as total glutathione (GSx)
and lipid peroxidation (LPO) levels were determined in the brain of the
control and glyphosate-treated zebrafish (Fig. 4). First, a significant
increase in catalase (F2 33 = 5.917, P = 0.006) and SOD (H(2) = 14.076,
P = 0.001) activities was found in the brain of animals exposed to the
highest concentration of glyphosate. Moreover, a concentration-
dependent inhibition of y-GCL was found in the brain of glyphosate-
treated fish (Fo23 = 5.087, P = 0.015), an effect that was paralleled
by a significant decrease in the GSx levels in these animals (Fp24 =
7.815, P = 0.002). This altered profile of the antioxidant defense system
was finally reflected in a significant increase in the lipid peroxidation (H
(2) = 8.692, P = 0.013) found in the brain of exposed animals to the
highest concentration of glyphosate.

4. Discussion

While recent studies have increased the concern about the potential
neurotoxicity of glyphosate, most of them used environmentally unre-
alistic concentrations of this compound, so the relevance of this effect for
aquatic organisms and human health is still unclear. In this study we
exposed adult zebrafish for 2 weeks to two environmentally relevant
concentrations of glyphosate, 0.3 and 3 pg/L, and changes in an
ecologically relevant apical endpoint, behavior, were analyzed. NTT and
DLT are experimental paradigms based on the analysis of the explor-
atory behavior of animals when they are in front of a mild stressful
stimulus, the novelty. These two paradigms are widely used to study
anxiety-like behaviors in adult zebrafish (Meshalkina et al., 2017).
Whereas NTT is based on bottom-dwelling behavior (geotaxis), the
innate escape diving behavior of fish in novel environments, DLT is
based on scototaxis, the avoidance by adult fish of brightly lit areas
(Kysil et al., 2017). Typically, anxiogenic substances are predicted to
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increase geotaxis in the NTT and scototaxis in the DLT. In the present
study, however, exposure to 3 pg/L glyphosate exhibited an anxiogenic
effect in geotaxis and anxiolytic in scototaxis. A similar behavioral
phenotype, with positive geotaxis and negative scototaxis, has been
previously reported for VMAT2”" mutants (Wang et al., 2016) and adult
zebrafish treated with tryptophan hydroxylase inhibitor para-chlor-
ophenylalanine (PCPA) (Maximino et al., 2013) and with the neuro-
toxicant acrylamide (Faria et al., 2019b; M. Faria et al., 2018). In all
these cases, this behavioral phenotype was associated with reduced
levels of monoaminergic neurotransmitters. The lack of consistency
between NTT and DLT probably reflects that these paradigms produce
measures of different aspects of anxiety, from the exploration/avoidance
axis for the former and from the shyness-boldness axis for the latter
(Maximino et al., 2012). Interestingly, the behavioral phenotype found
in zebrafish exposed for 2 weeks to 3 pg/L glyphosate is a phenocopy of
that observed in zebrafish exposed to 53 mg/L (0.75 mM) acrylamide for
3 days, including the anxiogenic-like effect observed on the shoal size
(Faria et al., 2019b; M. Faria et al., 2018).

While the precise mechanism by which glyphosate produces the
observed behavioral phenotype remains unknown, the effects induced
by glyphosate on adult zebrafish behavior are highly ecologically rele-
vant since they affect predation risk, foraging efficiency and other var-
iables important for survival (Kellner et al., 2016).

In mammals, neuroanatomically, responses to the typical potential
threat of anxiety are mediated by a network of telencephalic structures
including the medial prefrontal cortex, frontotemporal amygdala,
ventral hippocampus and lateral habenula, whereas hypothalamus
seems to play an essential role in defensive behaviors (Maximino et al.,
2012). Whereas zebrafish lack the expanded telencephalon with the
typical mammalian laminar cortex, zebrafish telencephalic cells have
formed a ventral pallium that topologically corresponds to the
mammalian basolateral amygdala, a lateral pallium corresponding to
the mammalian piriform cortex, a dorsal pallium corresponding to the
(iso-)cortex, and a medial pallium corresponding to the hippocampus
(Mueller et al., 2011). Thus, in order to understand the potential link
between changes in the neurochemicals profile and the observed
anxiety-like behavior found in glyphosate-exposed fish, monoaminergic
neurotransmitters were analyzed separately in the anterior (pallium)
and middle (hypothalamus) brain regions. Similarly to the behavioral
results, the most relevant changes in the neurotransmitter profile were
found in animals exposed to 3 pg/L glyphosate, and specifically in the
anterior brain, the region containing the pallium. Exposure to the
highest concentration of glyphosate resulted in a significant decrease, in
the anterior and middle brain regions, of NE levels, a catecholamine
involved in mood and anxiety disorders (Brunello et al., 2003). Levels of
DA and 5-HT were specifically increased in the anterior brain. Whereas
it is generally accepted that both monoaminergic neurotransmitters are
involved in anxiety disorders (Gordon and Hen, 2004; Reis et al., 2004;
Zweifel et al., 2011), their action is extremely complex and conflicting
data from human and animal studies argue for both anxiolytic and
anxiogenic roles (Gordon and Hen, 2004; Moratalla et al., 2017).
Therefore, the increased levels of DA and 5-HT found in the anterior
brain of 3 pg/L glyphosate exposed fish might be directly related with
the observed changes in exploratory and social behaviors. Anterior brain
of fish exposed to the highest glyphosate concentration exhibited also
increased levels of DA metabolites DOPAC and HVA, as well as DOPAC/
HVA and HVA/DA turnover ratios, but unchanged levels of 3-MT.
Whereas DOPAC primarily reflects intraneuronal dopamine meta-
bolism, HVA is a product of intra-and extra neuronal metabolism and 3-
MT is the only exclusive metabolite reflecting the released DA (Godefroy
et al., 1989; Roffler-Tarlov et al., 1971; Westerink, 1985). Thus, the
observed changes in DA metabolites found in this study strongly suggest
that exposure to 3 pg/L of glyphosate results in an increase in the
intraneuronal metabolism of DA and not in an increased release of this
neurotransmitter. An potential mechanism consistent with the observed
increase in the dopaminergic activity would be the inhibition of the
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vesicular monoamine transporter 2 (VMAT2;slc18a2) increasing the
metabolism of the intraneuronal free DA, where the decrease in DA is
compensated by an increase in de novo synthesis. Interestingly, zebrafish
treated for 7 days with reserpine, an irreversible inhibitor of VMAT2,
exhibit positive geotaxis and negative scototaxis (Kyzar et al., 2013), a
behavioral profile consistent with that found in glyphosate-treated
zebrafish.

One important limitation of this study is that the neurotransmitter
analysis has been performed on the total pool of brain neurotransmit-
ters. Unfortunately, currently no microdialysis sampling systems
adapted for the zebrafish brain size are available, and therefore it is not
possible to determine changes in the neurotransmitters released to the
synaptic clefts. Consequently, an specific effect of glyphosate decreasing
the dopamine or serotonin released to the dopaminergic or serotonergic
synapses cannot be ruled out.

Another of the most relevant results found in this study is the altered
antioxidant status and the presence of lipid peroxidation in the brain of
glyphosate-exposed fish, especially for those exposed to the highest
concentration. In mammals, the metabolism of DA to DOPAC is medi-
ated by the monoamine oxidase isoforms MAO-A and/or MAO-B and, as
such, linked to the production of free radicals with one H;O5 molecule
for each molecule of dopamine metabolized (Casarejos et al., 2013;
Hermida-Ameijeiras et al., 2004). Therefore, the increased dopami-
nergic activity in the anterior brain of zebrafish exposed to 3 pg/L
glyphosate should lead to an increase in reactive oxygen species (ROS)
generation, an effect consistent with the observed increase in the
oxidative stress found in their brains. However, the potential involve-
ment of additional mechanisms of ROS generation, such as the inhibition
of the mitochondrial complex enzymatic activity (Pereira et al., 2018) or
the glutamate excitotoxicity (Cattani et al., 2014), should not be
discarded.

The results presented in this manuscript demonstrate that exposure
to environmentally relevant concentrations of glyphosate are able to
impair exploratory and social behaviors in adult fish, a highly relevant
ecological effect. Moreover, the neurotoxic effect of glyphosate on fish
behavior was also reflected at lower levels of organization, with an in-
crease in the dopaminergic activity in the anterior brain region, altered
expression of genes involved in the dopaminergic system, and impair-
ment of the antioxidant system with a concomitant increase in lipid
peroxidation in the brain of the exposed fish. Further efforts should be
made to determine whether the observed adverse effects of glyphosate
are directly produced by this compound in the CNS, or if, on the con-
trary, they are produced indirectly through other mechanisms such as
previously reported effects of glyphosate on gut microbiome (Aitbali
et al., 2018; Motta et al., 2018; Pu et al., 2020), acting through the gut-
brain axis (Aitbali et al., 2018). Considering that adult zebrafish is a
vertebrate model widely used not only in ecotoxicology but also to study
complex human brain disorders (Kalueff et al., 2014), our results
emphasize the need of further studies addressing the potential risks of
low-level exposures on human CNS.
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