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Abstract

The impact of sub-lethal doses of herbicides ondwealth and the environment is a matter
of controversy. Due to the fact that evidence paldirly of the effects of glyphosate on the
central nervous system of rat offspring ioyutero exposure is scarce, the purpose of the
present study was to assess the neurobehavioegk®tf chronic exposure to a glyphosate-
containing herbicide during pregnancy and lactatibm this end, pregnant Wistar rats were
exposed through drinking water to 0.2% or 0.4% ebmmercial formulation of glyphosate
(corresponding to a concentration of 0.65 or 1.80 a@f glyphosate, respectively) during

pregnancy and lactation and neurobehavioral aitermtin offspring were analyzed. The
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postnatal day on which each pup acquired neonafxes (righting, cliff aversion and
negative geotaxis) and that on which eyes and @wditanals were fully opened were
recorded for the assessment of sensorimotor dewelop Locomotor activity and anxiety
levels were monitored via open field test and phaze test, respectively, in 45- and 90-day-
old offspring. Pups exposed to a glyphosate-basrtlidide showed early onset of cliff
aversion reflex and early auditory canal openingdekrease in locomotor activity and in
anxiety levels was also observed in the groups seghoto a glyphosate-containing
herbicide. Findings from the present study revhat tarly exposure to a glyphosate-based
herbicide affects the central nervous system imffapring probably by altering mechanisms
or neurotransmitter systems that regulate locomattivity and anxiety.

Keywords

Glyphosate-based herbicides — Perinatal exposu&ensorimotor reflexes — Locomotor

activity — Anxiety —Rats

Highlights
= Early exposure to glyphosate formulation had neeinaioral effects in offspring.
= Glyphosate-based herbicide (Gly-BH) caused earbebaf cliff aversion reflex.
= Pups exposed to Gly-BH showed early auditory capahing.
= Gly-BH exposure caused hypoactivity and anxietyiotidn in the offspring.

1. Introduction

The massive influx of genetically modified (GM) poresistant to glyphosate (Gly) in
Argentina is the main reason why the most widelyk®ted herbicides within this country are
those containing Gly in their formula. In 1996, @8sistant soybean became the first GM
crop approved in Argentina and since then the desticated to GM crops has been growing

steadily, reaching 22 million hectares at pres&RAIN, 2009; Trigo, 2011). As these crops
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are sprayed with 200 million liters of Gly per yg@reubal, 2009; Teubal et al., 2005) its
residues are often found in the environment (saker and food) (Bohn et al., 2014; Peruzzo
et al., 2008; Van Stempvoort et al., 2014). A stadyried out in the central area of soybean
sowing in Argentina revealed that Gly levels inisgghts and soils range between 0.5 and 5.0
mg/Kg, while in water they range from 0.10 to 0.m@/L (Peruzzo et al., 2008). In this
respect, the highest level of Gly allowed in wdtarhuman consumption is 0.7 mg/L (US-
EPA, 2011).

Little is known on the impact of sub-lethal dosdsGly on human health and the
environment and although Gly is considered to e & living beings, its safety has been
guestioned worldwide.

Pesticides are postulated as the main environmfair associated with the etiology of
neurodegenerative disorders, such as Parkinsod élaheimer’s disease (Le Couteur et al.,
1999; Richardson et al., 2014) and many of the mostmonly used pesticides exert their
toxic effects via oxidative stress mechanisms (Astial., 2009). The central nervous system
(CNS) is highly sensitive to free radical damagbdy et al., 2005). In line with this, it has
been extensively demonstrated that exposure to (Ether the active ingredient or the
commercial formulation) leads to oxidative stressseveral tissues, including the brain
(Beuret et al., 2005; Cattani et al., 2014; EI-Sveyy 2009; Larsen et al., 2012; Modesto and
Martinez, 2010). Previous research reported the ods 54-year-old man who, after having
been accidentally sprayed with an herbicide coirginGly, developed a symmetrical
Parkinsonian syndrome as well as alterations ingthbus pallidus and substantia nigra, the
latter being shown by magnetic resonance imaging ywars after the initial exposure
(Barbosa et al., 2001). More recently, Wang et(2011) reported the case of a healthy
woman who at the age of 44 had parkinsonism asudtref chronic occupational exposure to

a Gly-containing herbicide.
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Experimentain vitro andin vivo studies have demonstrated the neurotoxic effédByo
and Gly-based herbicides. For example, in mouseopeagenitor cells, it was observed to
increase the activation of the marker of poterg@ptosis p53 without producing changes in
caspase 3, another indicator of apoptosis (Cule#h., 2012). Further recent research using
the MTT mitochondrial assay showed that Gly cawsgstoxicity in human neuroblastoma
cell line SH-SY5Y (Chorfa et al.,, 2013). It was alslemonstrated that Gly alters
acetylcholinesterase activity in the brain and rfeusd fishes exposed either to pure Gly
(Menendez-Helman et al., 2012; Sandrini et al., 3@k to Gly formulations (Modesto and
Martinez, 2010; Samanta et al., 2014). ResearcthemematodeCaenorhabditis elegans
revealed that exposure to Gly-containing herbicidemuses neuronal degeneration,
particularly, neurodegeneration of GABAergic andpaminergic neurons (Negga et al.,
2012). Further work showed that whereas oral adimation of Gly in rats decreases
serotonin (5-HT) and dopamine (DA) levels in thential cortex, midbrain and striatum, it
increases 5-HT and DA metabolites (Anadon et 8082 More recently, Hernandez-Plata et
al., (2015) have shown that rat exposure to GlyeBses locomotor activity, binding to D1-
DA receptor in the nucleus accumbens, and extidaelDA levels in striatum. In pregnant
rats, the oral exposure to a Gly-containing hedgiciwhich has been reported to have the
ability to cross the placenta (Mose et al., 2008;I8en et al., 2009), alters the activity of
brain enzymes both in mothers and offspring (Ddr@ital., 2001). In addition, Cattani et al.
(2014) showed that oral exposure to the Gly-bastlitide Roundup® during pregnancy
and lactation in rats causes a decrease in glutanpaake by glial cells in the hippocampus of
exposed offspring, thus leading to glutamate el@xioity.

As pesticides are used in formulations which comban active ingredient with
adjuvants, the toxicity exerted by Gly-based hedeis cannot therefore be exclusively due to
the active ingredient but either to the intringgicity of adjuvants or to the possible synergy

between Gly and the other formulation ingredie&isShenawy, 2009; Mesnage et al., 2013).
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Little is known to date on the effects of Gly-ba$erbicides on the CNS of rat offspring
by in utero exposure. The purpose of the present study waseftrer to assess the
neurobehavioral effects of chronic exposure to yddhtaining herbicide during pregnancy
and lactation. To this end, pregnant Wistar rateeveipplied orally with 0.2% or 0.4% of a
Gly commercial formulation corresponding to a corication of 0.65 or 1.30 g/L of Gly,
respectively, during the complete gestational aactation periods, and offspring were
subjected to a series of neurobehavioral tests.pbstnatal day (PND) on which each pup
acquired neonatal reflexes (righting, cliff aversind negative geotaxis) and that on which
eyes and auditory canals were fully opened wererded for the assessment of sensorimotor
development. Furthermore, locomotor activity andiety levels were analyzed in 45- and

90-day-old offspring by means of the open field tagl plus maze test, respectively.

2. Materialsand methods
2.1. Materials

The pesticide used in this study is a commercightgation marketed in Argentina as
Glifloglex® from Gleba S.R.L., which contains 4&fGly isopropylamine salt per 100 ém

product (equivalent to 35.6% w/v of Gly acid).

2.2. Animals

Sexually mature male and female Wistar rats (90-d&@s old) from our own breeding
center were used. They were maintained under aunsiaperature (22° + 1°C) and humidity
(50% - 60%) conditions in a 12 h light-dark cyckgth food (Ganave®, Alimentos Pilar S.A.,
Argentina) and watead libitum Both animal care and handling followed the in&tionally
accepted standard Guide for the Care and Use abrbtdry Animals (Garber et al., 2011)
and were controlled by the institutional committeethe care and use of research animals of

the Universidad Nacional del Sur.
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Nulliparous female rats at the proestrus stage Wwetsed overnight with fertile males.
The presence of spermatozoa in vaginal smears egastered as an index of pregnancy and
was referred to as gestational day (GD) 0. Pregfamiales were weighed and housed
individually in boxes and were randomly assignecdte of the following groups: control
group (n=10), provided with tap water, Gly-basetbiede (Gly-BH)-treated group | (n= 10),
provided with 0.65 g/L (0.065%) of Gly in drinkingiater (0.2% of the commercial
formulation), equivalent to 100 mg of Gly/kg/dayydaGly-BH-treated group Il (n= 10),
provided with 1.30 g/L (0.13%) of Gly in drinking ater (0.4% of the commercial
formulation), equivalent to 200 mg of Gly/kg/dayheélse doses were selected based on Gly
no-observed adverse effect level (NOAEL) of 1000/kuflay for maternal toxicity
(Williams et al., 2000). Although Gly half-life mwater varies from 49 to 70 days (Mercurio et
al., 2014), Gly solutions were prepared daily taimize the risk of degradation.

Dams received the treatment from GD 0 to weaningast-gestational day (PGD) 21.
Maternal weight gain and food intake were recordedlifferent GDs (GD 0, 3, 6, 9, 12, 15,
18 and 20) and PGDs (PGD 1, 4, 7, 10, 13, 16, #9241n. Drink consumption was recorded
on a daily basis. Within 24 h after delivery, alips were weighed and litters were randomly
culled to five males and five females whenever bssThe following data were analyzed:
length of gestation, litter size, number of malesl #&males, and body weight of pups on
different PNDs (PND 1, 4, 7, 10, 13, 16, 19 and ZAf)er weaning, offspring were housed in
groups of six rats according to sex and treatmeutgiving tap water and foaad libitum
One male and one female from each litter were nalylassigned for the open field and plus
maze tests. These neurobehavioral tests were pertbon PNDs 45 and 90. The animals
analyzed on PND 45 were different from those aredyan PND 90. The total number of

animals used in each test was 10 per group anskper

2.3. Sensorimotor development
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Starting on PND 3, each pup was subjected to atyadf developmental tests. One trial
test per day was given to the pups on each tegttimg reflex, cliff aversion, negative
geotaxis and eye and ear opening. The dependeableaanalyzed for each test was the PND
of first achieving either maturity of the reflex thre conditions listed below (Molina et al.,
1987).

2.3.1. Righting reflex: The pup was placed on its back on a cloth-coveupgating surface,
and allowed to right itself. Time for regaining mal position was recorded. This reflex was
completed if the pup performed this response withinon 2 consecutive days.

2.3.2. Cliff aversion: Offspring were placed with their forepaws on thgeaf a wooden
platform and the snout protruded beyond the edgiefsame platform. Latency to retract
their body 1.5 cm from the edge was registered. diffeaversion criterion was registered as
mature when the pup performed this response irntess5 s on 2 consecutive days.

2.3.3. Negative geotaxis. Each rat was placed on an inclined wire mesh raamgl¢ of
inclination from the base: 30°) with the head fgctdown. The reflex was considered to be
acquired when pups performed a 180° body rotatmmhvehen they could climb up within 10
S on 2 consecutive days.

2.3.4. Eye and auditory canal opening: The PNDs on which both eyes were opened and on

which both auditory canals were fully opened wewgistered.

2.4. Open field

Motor activity, which is considered to be a testnefvous system function, shows the
integrated output of the sensory, motor and asBeeiprocesses of the nervous system in
case of absence of systemic toxicity (Hubler ¢t2§105). Behavior in the open field (OF) test
is used to assess locomotor activity as well astiemaity (Walsh and Cummins, 1976).
Each rat was placed in a 50 cm x 50 cm x 60 cm apea box whose floor was divided into

12 cm x 12 cm squares by black lines. The numbsgoéres entered by each rat with all four
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paws, rearings (episodes of animals standing o thed legs), grooming episodes (face
washing, forepaw licking and head stroking) anéféoluses were scored every 5 min for 15
min. Both the number of squares crossed and reanwvgye recorded as parameters of
locomotor activity, whereas the number of groomejgsodes and the number of fecal
boluses deposited were recorded as parametersaifomality (Choleris et al., 2001). Once

each animal was removed, the floor was carefubpicéd with a cloth embedded with a 10%
ethanol solution. The test was always carried etdvben 09:00 am and 03:00 pm in a quiet

room intended only for this purpose.

2.5. Plus maze

Anxiety levels in offspring after exposure to a @i during pregnancy and lactation
were analyzed using the plus maze (PM) test, wieghesents a valid behavioral model to
study the emotional response of animals (Pelloal.et1985). The PM was made up of wood
and consisted of four arms, all with the same dsiers (50 x 10 cm), which were elevated
50 cm above the floor. Two of these arms were eecldy 40 cm high lateral walls with an
open roof and were located perpendicularly to ttieerotwo opposed open arms. The four
arms delimited a central area of 10%cffhis test exploits a rodent’s natural conflictviaeen
avoidance and exploration of open and elevatedsafats were placed in the centre of the
maze facing an enclosed arm and were allowed ttoexphe maze freely for 5 min. The
following parameters were assessed: i) percenthtj;e spent in open arms, ii) percentage
of entries to open arms, and iii) total numbermfies in open and closed arms. An increment
in parameters i) and/or ii) are consistent with ecrdase in anxiety behavior whereas
parameter iii) is indicative of locomotor activifi?ellow et al., 1985). The floor of the maze
was wiped thoroughly with a cloth embedded witlD&olethanol solution after each test. The

test was carried out in a quiet room from 09:00tai®3:00 pm.
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2.6. Statistical analysis

The data about mothers and their litters were aedlyby one-way ANOVA and
repeated-measures ANOVA. The litter was used as sifagistical unit. Sensorimotor
development tests were analyzed by two-way ANOVAQ x sex). The data derived from
thel5 min OF test were analyzed using three-way XNQ@group x sex x age). A repeated-
measures ANOVA was performed for a comparativeysmabf the OF parameters evaluated
every 5 min. At-test for paired samples was carried out to analyeadifferences in each 5
min period within each group whereag-test for independent samples was carried out in
order to analyze the differences among groups @h &min period. The PM variables were
analyzed by three-way ANOVA (group x sex x age)ffddences between groups were
assessed using LSabst hoctest. A value 0p<0.05 was considered statistically significant.

All statistical analyses were carried out usingwafe SPSS Statistics 21 for Windows.

3. Results
3.1. Data about mothers and their litters
Compared to the control group, water and food mtdiliring pregnancy and lactation was

not affected in mothers exposed to the two Gly-BiHaentrations tested (Fig 1A-D).
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Fig. 1. Maternal consumption of water and food under cdérdomdition and under exposure to a Gly-BH. A)
and C) Water and food intake on the indicated GB)sand D) Water and food intake during the indidate
PGDs. Gly-BH I corresponds to a concentration 660y/L of Gly; Gly-BH Il corresponds to a concetiva of

1.30 g/L of Gly. All data are presented as mearE&Sn=10 for each group.

There were neither statistical differences in taeng’ body weight on GDO nor in body

weight gain during pregnancy, and gestational kegid litter size were not affected by Gly-

BH treatment (Table 1).

10
Page 10 of 25



Table 1. Animal weights and characteristics of mothers d&i tlitters in control and Gly-BH-exposed groups.

Control (n=10) Gly-BH | (n=10)

Gly-BH Il (n = 10)

Body weight of dams (g)

GDO 279.1+16.2 256.1+ 9.9 283.6 +15.7
Weight gain (g)

GD 0-3 123+1.4 115+3.0 8.4+3.0
GD 3-6 94+18 6.4+23 79119
GD 6-9 106+2.1 8.0+1.0 131+1.4
GD 9-12 18.1+1.9 18.0+2.1 140+1.1
GD 12-15 15.7+2.6 13.4+1.5 148+ 1.7
GD 1t-18 329 %3¢ 27.1+3.: 36.0 £ 3.(

GD 18-20 25.1+2.6 265+2.3 22.1+1.8
GD 0-20 124.1+5.6 110.9+6.6 116.3+7.2
Length of gestation (days) 22.0+ 0.0 22005 221+ 04
Litter size

Female 49+1.2 48+0.5 5.4+0.9
Male 6.4+£1.2 41+1.0 51+11
Total 11.3+1.2 89114 10515

Gly-BH | corresponds to a concentration of 0.65 gfLGly; Gly-BH Il corresponds to a concentrationlo30

g/L of Gly. Values are mean £ SEM.

There were neither visible external malformatiamamy of the groups analyzed, nor was

pups” body weight affected as a result of Gly-Blthlke by mothers during pregnancy and

lactation (Fig. 2A and B).
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Fig. 2. Body weight of female (A) and male (B) rat pupstbe indicated PNDs. Gly-BH | corresponds to a
concentration of 0.65 g/L of Gly; Gly-BH Il corrempds to a concentration of 1.30 g/L of Gly. All aatre

presented as mean + SEM.

3.2. Sensorimotor development

Two-way ANOVA revealed significant differences beewn groups for the cliff aversion
reflex, (Rz;54) = 10.34, p<0.001). Post hoc comparisons showed an early onset in the
development of the cliff aversion reflex in Gly-BHand Il groups with respect to controls.
This was significant in female pup$<Q.01 andp<0.05 for Gly-BH | and Gly-BH I,
respectively) as well as in male pugs<@.05 andp<0.01 for Gly-BH | and Gly-BH I,
respectively). Two-way ANOVA revealed no statisticéfferences in the development of
negative geotaxis and righting reflex (Table 2).

As to the day when eye and auditory canal openowyumed in offspring, differences
were observed among the groups analyzed only falitaay canal opening (two-way
ANOVA, Fp54 = 10.74,p<0.001). Post hoccomparisons showed an early auditory canal
opening with respect to controls in female and nyalgps exposed to the two Gly-BH
concentrations tested (femalgs<0.001 for Gly-BH | andp<0.05 for Gly-BH IlI; males:

p<0.01 for Gly-BH | ang<0.05 for Gly-BH II) (Table 2).
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Table 2. Postnatal day (PND) on which sensorimotor reflewese acquired and physical parameters of
maturation were recorded in rat pups from femals teeated orally with water or with a Gly-BH dugin

pregnancy and lactation.

Control Gly-BH | Gly-BH I
Sensorimotor reflexes (PND) | Females Males Females Males Females Males
Righting Reflex 421+0.12 4.43+0.20 4.64+0.13 4.45+0.16 4.28+0.11 4.21 +98E
Cliff Aversion 6.37 £0.19 6.64 £0.32 5.31+047 550 +0.1% 572 +£0.25 5.63 +0.26+
Negative Geotaxis 11.26 +0.53 11.00 £0.30 11.8066 10.91 +0.39 11.50 +0.53 11.00+£0.41
Physical parameters (PND)
Eye opening 13.89£0.23 14.36 +0.17 1421 +0.11 14.27+0.14 14.00 +£0.18 14.00 £ 0.2C
Auditory canal opening 12.26 +0.21 1257 +0.31 .431®0.17~ 11.45+0.16* 11.78+0.16 11.79+0.16

Gly-BH | corresponds to a concentration of 0.65 gfLlGly; Gly-BH Il corresponds to a concentrationlo30
g/L of Gly. All data are shown as mean + SEM. np#0 sex and per group.pk0.05, ** p<0.01, *** p<0.001

compared to the respective control group.

3.3. Open field

Three-way ANOVA of the number of squares crossedndutotal 15 min OF test
revealed significant differences among the fac@nsup (k2 108y= 26.61,p<0.001), Age (fr,
108) = 33.87,p<0.001) and Sex (E 108)= 5.68,p<0.02) as well as in the interaction of factors
Age x Sex (k, 108)= 8.74,p<0.001).Post hoccomparisons of 45-day-old offspring showed
that female rats from Gly-BH ll-treated group exted a significant decrease in the number
of squares crossed with respect to the control @r@«0.01). In contrast, no significant
differences were observed in male rats (Fig. 3J2)st hoccomparisons in 90-day-old rat
offspring showed that female and male rats exptselde two Gly-BH concentrations tested
crossed a significantly lower number of squares wéspect to controls (female rgps0.001
for Gly-BH | and Gly-BH II; male ratsp<0.05 andp<0.001 for Gly-BH | and Gly-BH II,

respectively) (Fig. 3B).

13
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The comparison of the number of squares crossey &vmin by ANOVA for repeated
measures showed significant intra-subject diffeeen¢k .16y = 622.46, p<0.001). The
number of squares crossed in each 5 min periodus@d to analyze the animals’ habituation
to the OF. All groups of rats showed greater locumactivity during the first 5 min period
which declined in the second and in the third pe(pE<0.05 for all groups with respect to the
first 5 min period) (Fig. 3A’ and B’). This graduahd significant decrease in their locomotor
activity throughout the test session indicated #ilaanimals were habituated to the OF.

As to the number of rearings performed, statidiicaignificant differences were
observed among the groups analyzegd {fs)= 9.56,p<0.001; three-way ANOVA)Post hoc
comparisons showed a significant decrease in thmebeu of rearings only in 90-day-old
female and male rats from the Gly-BH llI-treatedugran comparison with the control group
(p<0.05 for both sex) (Fig. 3D).

Analysis by three-way ANOVA of emotionality parareet showed significant
differences in grooming between Ageq(fog) = 11.25,p<0.001) and Sex (E 108 = 5.29,
p<0.05) and in the interaction of Age x Groug,(lps)= 3.95,p<0.05).Post hoccomparisons
showed significant differences only in 90-day-olfispring, particularly in the male rats
exposed to the two Gly-BH concentrations testedn@ared to the control group, these rats
performed a higher number of grooming episoge®.05 for Gly-BH | and Gly-BH 1) (Fig.
3F). No statistically significant differences wexgserved in the number of fecal boluses (data

not shown).
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respective control group.pk0.05 compared to the respective first 5 min period
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3.4. PlusMaze

Three-way ANOVA showed significant differences hetpercentage of time spent in
open arms between the factors Group, (o) = 15.84,p<0.001) and Age (fc 10s)= 22.56,
p<0.001).Post hoccomparisons in 45-day-old offspring showed thatdke rats from Gly-
BH | and Gly-BH II treated groups exhibited a sigrant increase in this parameter with
respect to the control group<0.01 andp<0.05 for Gly-BH | and Gly-BH II, respectively),
whereas no significant differences were observemate rats (Fig. 4A). In PM observations
of 90-day-old offspringpost hoctest revealed that the animals exposed to a Glyspéht
more time in open arms than controls (female @t6:05 ands<0.005 for Gly-BH | and Gly-
BH I, respectively; male rat@<0.005 ang<0.05 for Gly-BH | and Gly-BH II, respectively)
(Fig. 4B).

As to the percentage of entries to the open aimsetway ANOVA showed significant
differences among the factors Group (fos)= 8.41,p<0.001), Age (fz, 108y= 25.02,p<0.001)
and Sex (f, 108)= 4.16,p<0.05). For this parametgrost hoccomparisons showed significant
differences only in 90-day-old offspring, with ayjher percentage of entries to the open arms
in the Gly-BH exposed groups with respect to cdat(temale ratsp<0.005 for Gly-BH II;
male ratsp<0.05 for both Gly-BH | and Gly-BH II) (Fig. 4D).

When the total number of arm entries was analyttede-way ANOVA test showed no

statistically significant differences (Fig. 4E aRd
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Fig. 4. Plus maze analysis of control and Gly-BH-exposed offspring. A) Percentage of time spent in open
arms, C) percentage of entries to open arms, artdt&l)number of arm entries, on PND 45. B) Peagatof
time spent in open arms, D) percentage of entdepen arms, and F) total number of arm entrie2dD 90.
Gly-BH | corresponds to a concentration of 0.65 gflGly; Gly-BH Il corresponds to a concentrationlo30
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the respective control group.

4. Discussion
The present study shows that exposure to a GlyiBlrats during pregnancy and

lactation affects neither maternal weight gain mlgippregnancy nor gestational length, litter
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size, and body weight of rat pups on different PNBlewever, an early onset in the
development of cliff aversion reflex and auditognal opening was observed in the offspring
whose mothers had been exposed to the two Gly-Bid¢esdrations tested. In addition, the
fact that neither changes in the development ofatieg geotaxis and righting reflex nor
modifications in the age of eye opening were olEgrseems to indicate that exposure to a
Gly-BH alters only certain restricted patterns evelopment. In agreement with our results,
Tamburella et al. (2012) observed that rats prdélgaéxposed to the organic compound
trimethyltin chloride (TMT) evidenced an earliersat in the development of several neonatal
reflexes as compared to the control group. The8®aiclaimed that neonatal reflexes can be
considered to be an index of brain maturation. Thanges in their development and
expression could represent a predictive factor therobehavioral alterations in adulthood
(Fox, 1965; lezhitsa et al., 2001) as demonstratedmpaired cognitive performance via
cognitive tests in rats prenatally exposed to TM@ngburella et al., 2012). In line with this,
our OF results showed that 45-day-old female nats fthe Gly-BH ll-treated group crossed
significantly less squares with respect to the @rmroup, this being indicative of a decrease
in locomotor activity in the females exposed to ighest Gly-BH concentration. In contrast,
no significant differences were observed in malts.rdhis finding was not unexpected
because, compared to males, female rats are inajanere sensitive to the toxic effects of
chemicals (Gad and Chengelis, 1988; Mugford andd€ad, 1998). In addition, the fact that
the 90-day-old female and male rats exposed tdvwbeGly concentrations tested crossed a
significantly lower number of squares with resptxtcontrols could be interpreted as an
indicator of an increase in the effects of the 8l-treatment on locomotor activity in
adulthood. The statistical analysis of the numbieearings showed a significant decrease in
female and male rats from the Gly-BH lI-treatedugravith respect to the control group. The
decrease in the number of squares crossed assvellthe number of rearings are positively

correlated to deficits in arousal, an increase motional response or motor activity
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impairments (Prut and Belzung, 2003). Our analg$ian emotionality parameter, such as
grooming, showed that 90-day-old male rats expdeethe two Gly concentrations tested

performed a higher number of grooming episodes duautrols in agreement with the general
assumption that male rats are more fearful tharafesn(Aguilar et al., 2003; Gray, 1971).

Under control conditions, no significant differescéetween females and males were
observed in relation to this parameter although é¢xposure to a Gly-BH seemed to

exacerbate the natural emotional condition of magshenomenon which was not observed
in females.

Results derived from the PM test revealed that supoto a Gly-BH during pregnancy
and lactation significantly increased the percemtafjtime spent in open arms in 45-day-old
female offspring with respect to the control grolpcontrast, no significant differences were
observed in male rats. This could be due to theeased sensitivity to toxics in females with
respect to males (Gad and Chengelis, 1988; Mughmidl Kedderis, 1998). In 90-day-old
offspring it was observed that rats exposed to wBH not only spent more time in open
arms than controls, but also registered a highecepeage of entries to open arms. These
findings were observed in female and male ratbetwo Gly-BH concentrations tested and
they revealed a decrease in anxiety levels (Petioal., 1985).

Our observations from the PM test were found tadesistent with our results derived
from the OF test. In line with this, OF tests cadriout in previous research have also
demonstrated that rats either with low emotionatitytreated with anxiolytic drugs show a
decrease in the total distance travelled as weiha®aring frequency (Cannizzaro et al.,
2001; Denenberg, 1969). It has also been well dected that anxiety and locomotor
activity are often interlinked (Courvoisier et d996; Steimer et al., 1997). Therefore, taking
into account our results from the OF and PM tesidopmed, it can be postulated that
exposure to a Gly-BH during pregnancy and lactaiiotiuces a decrease in locomotor

activity and anxiety levels in rat offspring. Inghregard is important to highlight that in the
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present work we used a formulated product instdaaue Gly. Pesticide formulations are
mixtures of an active ingredient with adjuvantsnsnaf which have intrinsic toxic effects. In
the present experiments, the components of theulation are not available, thus we could
not compare our results against a control grougtéce with all the formulation ingredients
except Gly. Because of these uncertainties, therobd results cannot be attributed solely to
Gly, and could be due solely to the componentsi®fformulation, or to interactions between
Gly and other formulation ingredients (EI-Shena09; Mesnage et al., 2013). Our results
certainly apply most directly to pesticide handlansl applicators, as they would be exposed
to the formulated product. Further, depending om élnvironmental fates of the different
components of the formulation, our results may diswe implications for the general
population.

Another important issue that we must deal withhe fact that the neurobehavioral
changes observed in the offspring upon Gly-BH ewpo<ould be a consequence of the
direct action of the herbicide on the offspringBS; or an indirect effect, affecting brain
development of the pups due to the induction ohgea in the behavior of the mothers. In
favor of the first possibility, we have to considleat the animals were exposed to Gly-BH so
as to achieve doses of Gly that were the fifth #ml tenth of the NOAEL for maternal
toxicity (1000 mg/kg/day). On the other hand, alttlo the ability of Gly to cross the placenta
has been demonstrated (Mose et al.,, 2008; Poulseal.,e2009), the presence of this
compound in the offspring's blood was not deterchiive the present work. Additionally,
several studies have shown the influence of madtebehavior on offspring’s brain
development (Cummings et al., 2010; Ricceri et 2006), so the possibility that Gly-BH
exposure was indirectly affecting the offspringaagsult of the effects exerted on the mothers
should be considered.

Locomotor activity in the OF test is positively oelated with the levels of DA and/or

DA receptors (Bano et al., 2014; Gallo et al., 204n et al., 2013). Degeneration and loss
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of dopaminergic neurons as well as alterationfiénlévels of DA and/or DA receptors have
been reported in cases of locomotor disorders, sigchParkinson's disease and dystonia
(Antonelli and Strafella, 2014; Giannakopoulou ket 2010; Joyce and Millan, 2007; Michel
et al.,, 2013). As to the neurotransmitters involir@nxiety modulation, the influence of 5-
HT and GABA and of its receptors has been extehsaecumented (Liu et al., 2013; Liu et
al., 2015; Olivier et al., 2013). Further studiesvé also well documented that either an
increase in GABA activity or a decrease in 5-HT no&tansmission triggers anxiolytic effects
(Chopin and Briley, 1987; Gray et al., 1984; Trital., 1993). In line with these findings,
Naslund et al. (2015) found that 5-HT depletionuaatl anxiety levels in the Wistar rats most
inclined to avoid the open arms of the PM (“anxiotets). In addition, Vaz et al. (2015)
observed that GABA administration to Wistar rat®darced an anxiolytic effect, i.e. the
animals that received GABA spent more time in tperoarms of the PM compared to the
control group. It has also been reported that taéaxministration of Gly in rats decreases 5-
HT and DA levels in the frontal cortex, striatundamidbrain, whereas it increases 5-HT and
DA metabolites (5-hydroxyindole-3-acetic acid, fo/HT; 3,4-dihydroxyphenylacetic acid
and homovanillic acid, for DA) (Anadodn et al., 2008 line with these findings, Hernandez-
Plata et al., (2015) have shown recently that ex@osf rats to Gly caused hypoactivity,
together with a decrease in the binding to D1-Déepgors in the nucleus accumbens and in
the extracellular DA levels in striatum.

Taken together, our findings demonstrate that axgoso a Gly-BH during the
gestational period and lactation produces altamatio locomotor activity, emotionality and
anxiety in rat offspring. These observations coodd a consequence of alterations in the
GABAergic, dopaminergic and/or serotoninergic némanesmitter systems. Further
experimental research including measurements of BAT and GABA levels as well as an
analysis of the number of their corresponding remspn specific brain areas are planned to

evaluate this hypothesis.
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