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A B S T R A C T

Inhalation or intranasal (IN) administration of neurotoxicants could constitute a route of toxin delivery to the
brain. Pesticides have been proposed as the main environmental factor associated with the etiology of neuro-
degenerative disorders. In Argentina, the area used for glyphosate (Gly)-resistant crops are sprayed annually
with ~200 million liters of Gly-based herbicides (Gly-BHs). Gly residues are often found in the environment, and
considering the frequency and amount of its applications, it is probable that the inhalation of Gly-BHs occurs.
The present study investigates the neurobehavioral effects of repeated IN administration of Gly-BH in male CF-1
mice (~2 mg/nostrils/day) three days a week, during four weeks (50 mg/kg/day). Locomotor activity and
anxiety levels were studied by the Open Field (OF) test. Anxiety was also analyzed through the plus maze (PM)
test. Novel Object Recognition (NOR) test was used for recognition memory analysis. Repeated IN Gly-BH ad-
ministration in mice decreased the ambulatory activity. Moreover, Gly-BH treated mice showed a pronounced
increase in thigmotaxis, compared to control group, indicating higher anxiety levels. The anxiogenic behavior in
Gly-BH treated mice was then confirmed by PM test. The recognition memory was significantly impaired after
6 h in the Gly-BH treated group. No differences were observed between both groups when the NOR test was
performed 24 h after. The present study reveals that repeated IN exposure to Gly-BH in mice affects the central
nervous system probably altering neurotransmission pathways that participate or regulate locomotor activity,
anxiety and memory.

1. Introduction

Neurotoxicants, including agricultural chemicals, metals, viruses or
toxins could access to the brain through inhalation or intranasal (IN)
administration (Prediger et al., 2012). The IN pathway includes the
olfactory and trigeminal pathways. The olfactory pathway arises in the
upper portion of the nasal passages, where olfactory receptor neurons
in the olfactory region are the externally exposed portions of the central
nervous system (CNS). In this pathway the drug passes through the
olfactory epithelium into the olfactory bulb and then to the brain or the
cerebrospinal fluid (Dhuria et al., 2010; Mittal et al., 2014). The tri-
geminal pathway involves the trigeminal nerve, which innervates the
respiratory and olfactory epithelium of the nasal passages and enters
the CNS in the pons. In the trigeminal pathway the drug is transported
via this nerve system (Dhuria et al., 2010; Mittal et al., 2014). The
blood–brain barrier (BBB) is known to prevent most drugs to enter in

the brain, while IN administration may bring absorption and onset of
effects on the CNS (Wu et al., 2008). Alternatively, the drug could be
absorbed directly into the systemic circulation across the nasal cavity
and then across the BBB into the brain (Dhuria et al., 2010; Mittal et al.,
2014).

Pesticides are used extensively throughout the world and abundant
evidence make a link between pesticide exposure and health impair-
ment. Pesticide exposure is associated with deficits in neurobehavioral
performance (Kamel and Hoppin, 2004). Moreover, pesticides have
been proposed as the main environmental factor associated with the
etiology of neurodegenerative disorders, such as Parkinson's and Alz-
heimer's disease (Le Couteur et al., 1999; Richardson et al., 2014). The
massive influx of genetically modified (GM) crops resistant to glypho-
sate (Gly) in Argentina is the main reason why the most widely mar-
keted herbicides in this country are those containing Gly in their for-
mulation. In 1996, Gly-resistant soybean became the first GM crop
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approved in Argentina, and since then, the area dedicated to GM crops
has been growing steadily, reaching 22 million hectares nowadays
(Gallegos et al., 2016; GRAIN, 2009; Trigo, 2011). As these crops are
sprayed with 200 million liters of Gly per year (Aparicio et al., 2013;
Gallegos et al., 2016; Teubal, 2009; Teubal et al., 2005) its residues are
often found in the environment (soil, water and food) (Bohn et al.,
2014; Peruzzo et al., 2008; Ronco et al., 2016; Sanchis et al., 2012; Van
Stempvoort et al., 2014).

Little is known about the impact of sub-lethal doses of Gly on human
health and the environment, and although Gly is considered to be safe
for living beings, its safety has been questioned worldwide. Some
clinical reports on human intoxication with commercial formulations of
Gly described negative effects in the nervous system, related to motor
(Barbosa et al., 2001; Wang et al., 2011), anxiety and short-term
memory impairments (Nishiyori et al., 2014). In vivo studies in rodents
have demonstrated neurotoxic effects of Gly and Gly-based herbicides
(Gly-BHs). Intraperitoneal Gly administration decreased locomotor ac-
tivity and brain dopaminergic markers in rats (Hernandez-Plata et al.,
2015). Oral exposure to Gly-containing herbicide in pregnant rats al-
tered the activity of enzymes involved in NADPH generation, both in
the brain of the mothers and in the offspring (Daruich et al., 2001). Rat
offspring exposed during pregnancy and lactation to Gly-BH in the
drinking water showed lower locomotor activity and anxiety levels in
the adulthood (Gallegos et al., 2016). Additionally, acute Gly-BH
treatment in hippocampal slices of Gly-BH-exposed offspring decreased
glutamate uptake, leading to glutamate excitotoxicity (Cattani et al.,
2014). Subchronic and chronic oral Gly-BH exposure in mice decreased
locomotor activity, increase anxiety and depression-like behavior le-
vels, reduced tyrosine hydroxylase and serotonin-immunoreactivity in
different brain areas (Ait Bali et al., 2017).

Since agricultural practices are based on Gly-formulations instead of
pure Gly, for the present study it was decided to employ a marketed Gly
product (i.e., a Gly-BH). As pesticides are used in formulations which
combine an active ingredient with adjuvants, the toxicity exerted by
Gly-BH cannot therefore be exclusively attributed to the active in-
gredient but either to the intrinsic toxicity of adjuvants or to the pos-
sible synergy between Gly and the other formulation ingredients (El-
Shenawy, 2009; Gallegos et al., 2016; Mesnage et al., 2013; Richard
et al., 2005). That is, in the case of a specific commercial formulation of
Gly, as the Gly-BH used in the present study, the formulation is the
responsible for the effects reported, and it is not possible to determine
which component(s) of the mixture was (were) responsible for the
toxicity. Even though the Gly-BH dose used in the present work was
higher than the Gly-BH levels to which the population is normally ex-
posed (Solomon, 2016), it was similar to other toxins and pesticides
doses employed in intranasal administration studies (Prediger et al.,
2012; Prediger et al., 2010; Rojo et al., 2007; Rojo et al., 2006; Tristao
et al., 2014). In agreement with Ford et al. (2017), toxicological studies
with pesticides are usually performed at higher doses in order to de-
monstrate a plausible drug-action mechanism.

While the aforementioned studies address the neurotoxic char-
acteristics of Gly, or Gly-BH, administrated by oral or intraperitoneal
routes, the IN administration pathway has not been explored. Given the
frequency and amount of spray applications using Gly-BHs, the in-
halation of the sprays is likely to occur (Xu et al., 2016). In this regard,
a short-term health-related outcomes study reported that aerial
spraying of Gly-BHs in Colombia increased the medical consultations
related to dermatological and respiratory illnesses, as well as the
number of miscarriages (Camacho and Mejia, 2017). In addition, IN Gly
administration studies in mice showed that Gly induced pulmonary
inflammation (Kumar et al., 2014). It has been reported that the amino
acid transporters LAT1/2 are involved in the absorption of Gly across
the epithelia in Caco-2 cells and nasal mucosal tissues, suggesting that
Gly in the olfactory epithelium could be transferred through the nasal
epithelium to the CNS using this pathway (Xu et al., 2016). The present
work represents the first report about the neurobehavioral effects of

repeated IN administration of Gly-BH in CF-1 mice (~2 mg/nostrils/
day; 50 mg/kg/day), evaluated through a set of behavioral tests re-
ferred to locomotion, anxiety and memory.

2. Materials and methods

2.1. Animals

Twenty mature male CF-1 mice (65 days old), weighing ~37 g,
from our own breeding center were used in this study. They were
maintained under constant temperature (22 ± 1 °C) and humidity
(50–60%) conditions in a 12 h light-dark cycle, with food (Ganave®,
Alimentos Pilar S.A., Argentina) and water ad libitum. Both, animal
care and handling procedures were in agreement with the standards for
the care of laboratory animals as outlined in the NIH Guide for the Care
and Use of Laboratory Animals (Garber et al., 2011) and approved by
the Institutional Animal Care and Use Committee (CICUAE 089/2016,
Departamento de Biología, Bioquímica y Farmacia, Universidad Na-
cional del Sur, Argentina). Special care was taken as well to minimize
the number of mice used.

2.2. Materials

The pesticide used in this study is a commercial formulation mar-
keted in Argentina as Glifloglex® from Gleba S.R.L., which contains 48 g
of Gly isopropylamine salt per 100 cm3 product (equivalent to 35.6%
w/v of Gly acid) (Gallegos et al., 2016) together with an unspecified
mix of inerts and adjuvants. Gly-BH was dissolved in saline at a con-
centration of 96 mg Gly acid/ml, after which it was administrated by
the IN route. The pH value of saline and Gly-BH-saline solution was
~5–5.5.

2.3. Experimental design

Mice were weighed (Section 2.4) and randomly assigned to the
control group (n = 10), administrated with 0.9% NaCl (saline) solution,
or Gly-BH-treated group (n = 10), respectively (Section 2.4, see scheme
Fig. 1A). The battery of behavioral tests included: Open field (OF) test
(Section 2.5), Novel Object Recognition (NOR) test (Section 2.7) and
Plus Maze (PM) test (Section 2.6), which were conducted in the se-
quence described in Fig. 1A, in the same groups of mice enumerated
above. Each behavioral test was separated at least by 1 day (Shibata
et al., 2007; Wahlsten, 2010).

2.4. Intranasal administration of a Gly-BH solution

In the present work we used the frequency of administration and
Gly-BH doses in the range previously described in the bibliography
(Astiz et al., 2009; Cattani et al., 2014; Gress et al., 2016; Hernandez-
Plata et al., 2015). This protocol is similar to that employed for IN
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a widely used dopaminergic neurotoxin (Prediger et al., 2012;
Prediger et al., 2010; Rojo et al., 2007; Rojo et al., 2006; Tristao et al.,
2014). Mice were weighed and randomly assigned to the control group
(n = 10), administrated with 0.9% NaCl (saline) solution, or Gly-BH-
treated group (n = 10), respectively. Mice were adapted to handling
daily for one week before the onset of IN administration. The IN ad-
ministration of Gly-BH was performed as described previously (Rojo
et al., 2007; Rojo et al., 2006; Tristao et al., 2014). Briefly, non-an-
esthetized CF-1 mice received the equivalent to ~2 mg of Gly acid
through the nostrils using a micropipette (10 μl solution/nostril/day;
~1 mg Gly acid/nostril/day; i.e. total/day (both nostrils) ~2 mg Gly
acid/day), 3 times per week during 4 weeks, amounting to 50 mg/kg/
day of Gly acid (see scheme Fig. 1A). Similarly to the procedure de-
scribed by Rojo et al.(2006), animals were held by the neck and were
laid upside down to limit liquid flow down the trachea. Control mice
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were similarly administrated with saline. Animals were given a 3-min
interval to regain normal respiratory function, and then this procedure
was repeated through the contralateral nostril. Body weight was re-
corded before the beginning of the treatment, during IN Gly-BH ad-
ministration, and 5 days after the last IN administration (Fig. 1B).

2.5. Open field (OF) test

Motor activity, which is considered to be a test of nervous system
function, shows the integrated output of the sensory, motor and asso-
ciative processes of the nervous system in case of absence of systemic
toxicity (Hubler et al., 2005). Behavior in the OF test is used to assess
locomotor activity as well as emotionality (Walsh and Cummins, 1976).
Individual mice were released in the corner of a square
(50 cm× 50 cm) OF arena. Mice were left undisturbed and recorded
with a camera mounted above the center of the OF arena for 15 min. At
the end of the test, mice were returned to their home cage. After each
animal was removed from the test area, its floor was carefully cleaned
with a piece of cloth soaked with a 10% ethanol solution. The loco-
motor activity and thigmotaxis (see below) were analyzed with the OF
at 3 time points (Fig. 1A): i) before the beginning of the treatment (day

−3; we assumed as day 0 the day when we started the IN adminis-
tration of the Gly-BH), ii) during Gly-BH IN administration (once a
week during 4 weeks), and iii) after the last IN administration (3 and
10 days later). To avoid interference with the possible short-term effects
of the herbicide, motor activity was analyzed a day after the first
weekly IN administration (Rojo et al., 2007). Typically, when mice are
introduced into an OF, they explore mainly the peripheral zone of the
OF. This tendency to remain close to the walls, called thigmotaxis,
decreases gradually during the first minutes of exploration, entering to
the central zone of the arena during the following time intervals. The
preferential exploration of the peripheral zone in the OF is considered
an index of anxiety (Simon et al., 1994). Thigmotaxis was determined
in the OF, virtually divided in a peripheral and a central zone, de-
termining the ratio of time spent along the periphery relative to time
spent in the center over each 5-min interval (Simon et al., 1994; Patel
et al., 2014). The analysis of distance travelled was performed with the
automated software program recently described in Patel et al. (2014)
and with ETHOWATCHER® (Crispim Junior et al., 2012). For analysis
of thigmotaxis we used the software developed by Patel et al. (2014).
Grooming episodes (face washing, forepaw licking and head stroking)
and rearing episodes (the mouse lifts both of its forefeet off the floor)

Fig. 1. A) Diagram of the experimental design. B)
Mice body weights in control and Gly-BH-exposed
groups in the course of the experiment.
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were analyzed manually off line (Choleris et al., 2001). The test was
always carried out between 09:00 am and 03:00 pm in a quiet room
intended only for this purpose.

2.6. Plus maze (PM) test

Anxiety levels in mice intranasally exposed to a Gly-BH were ana-
lyzed using the PM test, which represents a valid behavioral model to
study the emotional response of animals (Pellow et al., 1985). The PM
apparatus was made up of wood and consisted of four arms, all of them
having the same dimensions (50 cm× 10 cm), which were elevated
50 cm above the floor. Two of these arms were enclosed by 40 cm high
lateral walls with an open roof and were located perpendicularly to the
other two opposed open arms. The four arms delimited a central area of
10 cm2. This test exploits a rodent's natural conflict between avoidance
and exploration of open and elevated areas. Mice were placed in the
centre of the maze, facing an enclosed arm and were allowed to explore
the maze freely for 5 min. The following parameters were assessed: i)
percentage of time spent in open arms, ii) percentage of entries to open
arms, and (iii) total number of entries in open and closed arms. A de-
crease in parameters i) and/or ii) are consistent with an increase in
anxiety behavior, whereas parameter (iii) is indicative of locomotor
activity (Pellow et al., 1985). The floor of the maze was wiped out
thoroughly with a piece of cloth soaked with a 10% ethanol solution
after each test. The test was carried out in a quiet room from 09:00 am
to 03:00 pm.

2.7. Novel Object Recognition (NOR) test

The NOR test is a learning test for animals. In this test, the mouse is
presented with two similar objects during the first session, and then one
of the two objects is replaced by a new one during a second session
(Leger et al., 2013). The time spent exploring the novel object, relative
to the familiar object, is an estimation of episodic recognition memory.
The objects selected to the NOR test were: Falcon tissue culture flasks
(50 ml) filled with sand; a glass bottle filled with green colored water;
and a tower of toy bricks. These objects differ in shape, color and tex-
ture, whereas the size and volume of them were similar. The NOR test
was performed according to the guidelines of Leger et al. (2013) with
minor modifications (Barbieri et al., 2016; Kubota et al., 2016). The
study consisted of three trials: a sample (familiarization) trial and two
test trials carried out at 6 h and 24 h after the familiarization trial, re-
spectively. In the familiarization trial, two identical 50 ml tissue culture
flasks filled with sand and parafilm-sealed were placed at opposite ends

of the OF (~5 cm from the corner). A mouse was then allowed to ex-
plore the OF for 10 min while being video recorded (referred to as the
‘familiarization’ session). In the test sessions, 6 h and 24 h later, one of
the tissue culture flasks was replaced with a glass bottle filled with
green colored water, or with a tower of toy bricks, respectively, and the
same mouse was allowed to explore the OF for 5 min whilst being video
recorded. Object exploration was defined as sniffing or touching the
object with either the nose or forepaw, but not sitting or standing on the
objects (Patel et al., 2014). The mouse's preference for the novel object
over the familiar object was measured with the automated software
program developed by Patel et al. (2014) mentioned above.

2.8. Statistical analysis

A two way (treatment x experimental day) repeated-measures
ANOVA was performed for a comparative analysis of the OF parameters
evaluated (distance and thigmotaxis). Differences between groups for
each experimental day were assessed using Bonferroni post hoc test.
Paired samples t-test was used for comparative analysis in the NOR test.
Student's t-test was used for PM test analysis. Results were expressed as
mean ± S.E.M. A value of p < 0.05 was considered statistically sig-
nificant. All statistical analyses were carried out using the software
SPSS Statistics for Windows.

3. Results

3.1. Repeated IN Gly-BH administration decreased locomotor activity in
mice

Mice's body weight was not affected by the IN Gly-BH administra-
tion (Fig. 1B). To assess whether repeated subacute IN administration of
Gly-BH alters locomotor activity over time, we analyzed control and
Gly-BH treated mice through the OF test. Fig. 2 summarizes the effects
of IN administration of Gly-BH on the ambulatory activity of treated
mice. No habituation to the open field after re-exposures was observed
for both mice's groups (Fig. 2B). As shown in Fig. 2B, the total distance
travelled (i.e., the ambulatory capacity) was significantly lower in Gly-
BH treated mice, ~20%, respect to control mice [F(1,17) = 5.326
p < 0.05 for treatment effect]. No differences were found for day ef-
fect.

The time spent immobile was longer in intranasally Gly-BH treated
mice (Fig. 3A) [F(1,17) = 8.484 p < 0.05 for treatment effect; F
(6,102) = 4.844 p < 0.001 for day effect]. Besides, the mean speed of
ambulation (Fig. 3B) decreased in intranasally Gly-BH treated mice [F

Fig. 2. Locomotor activity in the OF. A) Cumulative trajec-
tories of a representative control and Gly-BH treated
mouse, respectively, over 15 min in the OF at day 35. Outer
and inner rectangles in the OF arena denotes peripheral and
central zone, respectively. B) Distance travelled (in meters)
for control and Gly-BH treated mice, respectively, during
the 15 min test. Results are expressed as mean ± SEM.
n = 9–10 mice per group. ⁎p < 0.05 compared to control
group at the indicated day.

C.J. Baier et al. Neurotoxicology and Teratology 64 (2017) 63–72

66



(1,17) = 6.921 p < 0.05 for treatment effect; F(6,102) = 2.846
p < 0.05 for day effect].

The duration and frequency of rearing were not affected by the Gly-
BH treatment (Fig. 3C). However there was a day effect [rearing
duration: F(2,32) = 7.528 p < 0.01; rearing frequency: F(2,32)
= 5.230 p < 0.05 for day effect]. Similarly, the duration and fre-
quency of grooming were not affected by the Gly-BH treatment
(Fig. 3C), although there was a day effect for grooming frequency [F
(2,32) = 11.971 p < 0.001 for day effect].

3.2. IN Gly-BH administration increased thigmotaxis in mice

Thigmotaxis is considered as an index of anxiety (Choleris et al.,
2001; Simon et al., 1994). In Fig. 4 we show the thigmotaxis results
divided in three 5 min-intervals (Fig. 4A–D). Gly-BH treated mice
showed a pronounced increase in thigmotaxis when compared to con-
trol mice during the first two 5 min intervals in the OF [thigmotaxis
0–5 min: F(1,16) = 7.043 p < 0.05 for treatment effect, F(6,96)
= 6.422 p < 0.001 for day effect; thigmotaxis 5–10 min: F(1,16)
= 6.281 p < 0.05 for treatment effect; F(6,96) = 3.086 p < 0.01 for
day effect]. These results indicate an increased state of anxiety in in-
tranasally Gly-BH treated mice respect to controls.

3.3. Effects of repeated IN administration of Gly-BH on anxiety

In order to confirm the thigmotaxis results we performed the PM
test at day 37 (12 days after the last IN administration of Gly-BH). As
shown in Fig. 5 A, the percentage of time spent in open arms was lower
for Gly-BH treated mice compared to control mice [p < 0.05]. Simi-
larly, the percentage of entries to the open arms decreased in Gly-BH
treated mice compared to control group [p < 0.05] (Fig. 5B). These
results were in agreement with the thigmotaxis data, indicating that IN
administration of Gly-BH induced an anxiogenic behavior. The total
number of arm entries was lower in Gly-BH treated mice, compared to
control group [p < 0.05] (Fig. 5C), in agreement with the lower lo-
comotor activity observed in Gly-BH treated group described above
(Figs. 2 and 3).

3.4. Effects of repeated IN administration of Gly-BH on recognition memory

To investigate whether repeated IN administration of Gly-BH affects
memory retention in mice we performed the NOR test at 4–5 days after
the last Gly-BH administration. As shown in Fig. 6A–B, there was a
significant increased tendency of control mice to explore the novel
object 6 h after familiarization trial [p < 0.05], whereas the IN Gly-BH
administration induced a significant impairment of the recognition

Fig. 3. Locomotor activity and emotionality in the OF. A) Time spent
immobile (s) for control and Gly-BH treated mice, respectively,
during the 15 min in the OF test. B) Plot of distance travelled over
time for control and Gly-BH treated mice, respectively, during the
15 min test in the OF at the indicated experimental day. C) Duration
(s) and frequency of rearing and grooming, for control and Gly-BH
treated mice, respectively, placed in the OF for 15 min at the in-
dicated experimental day. Results are expressed as mean ± SEM.
n = 9–10 mice per group. ⁎p < 0.05 compared to control group at
the indicated day.
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Fig. 4. Thigmotaxis in the OF. A) Cumulative trajectories of a representative control and Gly-BH treated mouse, respectively, over 5 min intervals in the OF at day 15. B), C), D)
Thigmotaxis values for control and Gly-BH treated mice, respectively, over 5 min intervals in the OF. Results are expressed as mean ± SEM. n = 9–10 mice per group. ⁎p < 0.05 and
⁎⁎p < 0.01 compared to control group at the indicated day.

Fig. 5. Plus maze test. A) Percentage of time spent in open and in closed arms, for control and Gly-BH treated mice, respectively. B) Percentage of entries to open and to closed arms, for
control and Gly-BH treated mice, respectively. C) Total number of arm entries, for control and Gly-BH treated mice. Data are expressed as mean ± SEM. n = 9–10 per group. ⁎p < 0.05
compared to control group.

C.J. Baier et al. Neurotoxicology and Teratology 64 (2017) 63–72

68



memory. That is, Gly-BH treated mice showed no differences in the time
that they expend recognizing the new objet respect to the familiar objet
(Fig. 6A–B) after 6 h from the familiarization trial. When we performed
the NOR test after 24 h, both groups of mice showed an increased
tendency to explore the novel object (Fig. 6C) [control, p < 0.05; Gly-
BH treated mice, p < 0.05]. Total exploration time (total time spend
by the mice exploring the familiar and the novel objects) was not af-
fected in both groups after 6 h and 24 h.

4. Discussion

The present study demonstrates that repeated IN administration of a
Gly-BH in adult mice produced neurobehavioral alterations, involving
impairment in locomotion, anxiety and memory, indicating to the IN
route as a possible pathway for Gly-BH access to the nervous system.

As described in Section 2.2, in our experiments we used a com-
mercial formulation containing the active ingredient, i.e. Gly iso-
propylamine salt, together with undeclared adjuvants and inert com-
pounds. In this regard, is important to emphasize that the specific
formulation was responsible for the reported behavioral effects en-
umerated above. Considering that the formulation is a mixture of
components, it is not possible to determine which component(s) of the
formulation was (were) responsible for the toxicity. For this reason, the
described results cannot be attributed solely to Gly, but it could be
triggered by other components of the formulation, or to interactions
between Gly and formulation ingredients (El-Shenawy, 2009; Gallegos
et al., 2016; Mesnage et al., 2013; Richard et al., 2005).

Whereas some studies address the neurotoxic effect of Gly, or Gly-
BH, administrated by oral or intraperitoneal routes, the IN adminis-
tration pathway has not yet been explored. Studies on oral exposure to

Gly-BH in pregnant rats described alterations in the activity of several
brain enzymes both, in mothers and offspring (Daruich et al., 2001);
decreased glutamate uptake, increasing glutamate excitotoxicity, in the
hippocampus of exposed offspring (Cattani et al., 2014) and decreased
locomotor activity and anxiety levels in adult rats perinatally exposed
to Gly-BH (Gallegos et al., 2016). In addition, intraperitoneal Gly ad-
ministration (doses 50, 100, and 150 mg/kg; 3 times per week, during
2 weeks) decreased locomotor activity and brain dopaminergic markers
in rats (Hernandez-Plata et al., 2015). In agreement with our results, Ait
Bali et al. (2017) observed that subchronic (daily for 6 weeks) and
chronic (daily for 12 weeks) oral Gly-BH exposure (oral gavages, 250 or
500 mg/kg/day) decreased locomotor activity and increased anxiety in
treated mice. Additionally, subchronic and chronic Gly-BH adminis-
tration increase depression-like behavior levels and reduced tyrosine
hydroxylase and serotonin immunoreactivity in different brain areas
(Ait Bali et al., 2017). The aforementioned animal studies, in addition
to reports from human-Gly-BH exposure (Barbosa et al., 2001; Menkes
et al., 1991; Sato et al., 2011; Wang et al., 2011) revealed that Gly, and
Gly-BH, are able to cross the BBB and affect the CNS.

Experimental evidence suggesting that the nasal route may be used
by neurotoxins to reach the brain comes from studies on IN adminis-
tration of MPTP (Prediger et al., 2012; Rojo et al., 2007; Rojo et al.,
2006). IN MPTP administration in mice (30 and 60 mg/kg daily for
30 days) produced motor deficits in the OF that are correlated with
depletion of striatal dopamine (DA) levels, loss of tyrosine hydroxylase
and DA transporter as well as strong astrogliosis and microgliosis in
substantia nigra and striatum (Rojo et al., 2006). These data demon-
strated that MPTP, through the IN pathway, reached the basal ganglia
and developed impairments related to Parkinson's disease (PD) neuro-
degeneration. Similar results were obtained with single (1 mg/nostril,

Fig. 6. Recognition memory in the Novel Object Recognition (NOR) test. A) Cumulative trajectories of a representative control and Gly-BH treated mice, respectively, during familiarization
and 6 h test, over 5 min. B), C) Relative time spent exploring the 2nd object (i.e. flask 2 in the familiarization session; the glass bottle in the 6 h test session; or a tower of toy bricks in the
24 h test (C)) versus the 1st object (i.e. flask 1 in both test and familiarization sessions). Dot points represent the mean value for control and Gly-BH treated mice, respectively. Lines
connect the values for the same mice group for both NOR test sessions. Data are expressed as mean ± SEM. n = 9–10 per group. ⁎p < 0.05 statistically different from familiarization
session in the same group.
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~60 mg/kg) (Prediger et al., 2010) or repeated (1 mg/nostril,
~60 mg/kg, 4 consecutive days) (Tristao et al., 2014) IN MPTP ad-
ministrations, respectively. On the other hand, IN administration of two
pesticides, rotenone and paraquat, positively associated with PD
(Tanner et al., 2011), exhibited different results from those obtained
with MPTP in mice: treatment with rotenone (IN dose of 2.5 mg/kg,
daily for 30 days) were asymptomatic, whereas paraquat (IN doses of
10, 20, and 30 mg/kg; daily for 30 days) induced severe hypokinesia
and vestibular damage but it did not produce alterations in the ni-
grostriatal system (Rojo et al., 2007). In agreement to Hernandez-Plata
et al. (2015), Gress et al. (2016), Gallegos et al. (2016) and Ait Bali
et al. (2017), but using the IN administration pathway, we observed
locomotor hypoactivity in Gly-BH treated mice. The nigrostriatal
pathway plays an essential role in the control of voluntary motor
movement. This tract degenerates in PD, a syndrome characterized by a
profound depletion of DA in the striatum, responsible for the observed
motor alterations (Baier et al., 2012; Kuhar et al., 1999). Locomotor
activity in the OF correlates positively with DA and DA receptors levels
(Bano et al., 2014; Gallo et al., 2015; Kim et al., 2013).

IN Gly-BH administration produced an increase in thigmotaxis, re-
flecting an increase in anxiety levels (Choleris et al., 2001; Simon et al.,
1994). This result was also confirmed through the PM test. Similarly,
oral Gly-BH administration increase anxiety levels in treated mice (Ait
Bali et al., 2017). Interestingly, Gallegos et al. (2016) reported that the
offspring of rats orally exposed to Gly-BH during gestation and lacta-
tion, exhibit in adulthood lower anxiety levels that untreated rats.
Animal strains and administration pathways as well as exposure-time
window should be considered in order to evaluate the Gly-BH effects on
the nervous system. Intraperitoneal paraquat administrations (10 mg/
kg, 3 times a week during 3 consecutive weeks) develop an anxiety-like
state in mice lacking the enzyme cyclooxygenase-2 (Litteljohn et al.,
2008). Regarding the IN administration of toxins, single IN MPTP ad-
ministration in mice didn't induce significant alterations in anxiety-re-
lated parameters (Prediger et al., 2010). Activity in the amygdala, bed
nucleus of the stria terminalis, the ventral hippocampus and prefrontal
cortex are involved in the anxiety response (Calhoon and Tye, 2015).
Regarding to the neurotransmitters that participates in anxiety mod-
ulation, the influence of 5-hydroxytryptamine (serotonin, 5-HT), γ-
aminobutyric acid (GABA), DA, glutamate and acetylcholine, as well as
its receptors have been documented (Cortese and Phan, 2005; Liu et al.,
2013; Martin et al., 2009; Olivier et al., 2013; Picciotto et al., 2015;
Simon et al., 1994). Subchronic and chronic exposure to oral Gly-BH in
mice produced a reduction of 5-HT-immunoreactivity in the dorsal
raphe nucleus, basolateral amygdala and ventral medial prefrontal
cortex (Ait Bali et al., 2017). Exposure to Gly-BH in the drinking water
affects the glutamatergic neurotransmission in the hippocampus of rats
exposed during both, prenatal and postnatal periods to herbicide for-
mulation (Cattani et al., 2017; Cattani et al., 2014). Also, Cattani et al.
(2017) described a decreased acetylcholinesterase activity in the hip-
pocampus of Gly-BH- exposed rat. In this regard, Larsen et al. (2016)
found that Gly is a weak inhibitor of acetylcholinesterase in samples of
rat brain homogenates. However, with exception of the study of Ait Bali
et al. (2017), those experimental data were not directly related with
anxiety. The information about the effects of Gly or Gly-BH on the
anxiety mechanisms is partial and fragmented, and future research will
be necessary to understand the effects of Gly or Gly-BH in anxiety
modulation.

IN Gly-BH administration induced a significant impairment of re-
cognition memory in treated mice when the NOR test was performed
6 h after the familiarization trial. In line with our findings, Nishiyori
et al. (2014) reported the case of a woman who after attempted suicide
by Gly-BH ingestion showed anxiety, hippocampal lesion and short-
term memory impairments. In rodents, different brain regions interact
in recognition memory for the association of objects and places: peri-
rhinal cortex, hippocampus, medial prefrontal cortex and medial dorsal
thalamus (Warburton and Brown, 2015). Classical neurotransmitter

systems participate in learning and memory of rodents: glutamate, G-
ABA, DA, acetylcholine, serotonin, and norepinephrine (Calhoon and
Tye, 2015). Intraperitoneal administration of low doses of Gly to rats
(10 mg/kg, three times a week for 5 weeks) provoked severe oxidative
stress in substantia nigra, cortex and hippocampus (Astiz et al., 2009).
Exposure of hippocampal slices to Gly-BH produced calcium influx,
activation of NMDA receptors and voltage-dependent calcium channels,
leading to oxidative stress and neural cell death (Cattani et al., 2014).
Moreover, Gly affected dopaminergic markers in rats (Hernandez-Plata
et al., 2015), could act as a weak inhibitor of brain acetylcholinesterase
(Cattani et al., 2017; Larsen et al., 2016), and affected 5-HT levels (Ait
Bali et al., 2017). In reference to IN administration of neurotoxics, IN
MPTP administration produced memory impairments in mice (Prediger
et al., 2010).

A reason that limits the interpretation of the described experimental
result is the fact that a specific commercial Gly-BH formulation was
used instead of pure Gly. Agricultural practices are based on Gly-for-
mulations and in vitro studies in different cell lines demonstrated that
Gly-BH were more toxic that Gly alone (Mesnage et al., 2013; Mesnage
et al., 2014). Pesticide formulations are mixtures of an active ingredient
along with inert and adjuvants, many of which have intrinsic toxic ef-
fects. For this reason, the described results cannot be attributed solely
to Gly, but it could be triggered by other components of the formula-
tion, or to interactions between Gly and formulation's ingredients (El-
Shenawy, 2009; Gallegos et al., 2016; Mesnage et al., 2013; Richard
et al., 2005). Therefore, the behavioral alterations observed in mice
after IN administration of a specific commercial formulation Gly-BH
prevent to know which specific component(s) of the mixture was (were)
responsible(s) for the neurobehavioral alterations reported in Gly-BH
treated mice (Mesnage et al., 2013; Mesnage et al., 2014). Besides, a
single IN Gly-BH dose was used by us, which was selected in the basis of
previous reports for Gly and Gly-BHs administration (Astiz et al., 2009;
Cattani et al., 2014; Gress et al., 2016; Hernandez-Plata et al., 2015).
Although the selected dose in the present study was higher than the
expected Gly exposure levels (Solomon, 2016), it was chosen in order to
demonstrate a plausible drug-action mechanism as in Ford et al. (2017).
Further studies involving doses-response analysis and time-course as-
sessment of Gly distribution in the brain after IN administration will be
necessary to completely understand the observations described above.

Not every substance can gain access to the brain via the nose, and its
transport capacity is affected by several factors: nasal physiology,
physicochemical properties of the compound and its formulation (Wu
et al., 2008). The precise mechanisms of IN substance delivery to the
CNS are not completely understood. Pathways involving nerves con-
necting the nasal passages to the brain and spinal cord, vasculature and
cerebrospinal fluid have been implicated in the transport of molecules
from the nasal cavity to the CNS (widely reviewed in Dhuria et al.
(2010) and Prediger et al. (2012)). Considering that Gly is a glycine
analog, Xu et al. (2016) recently proposed that Gly could be a substrate
for the glycine-uptake pathways through the amino acid transporters
LAT1/2. Therefore, Gly in the olfactory epithelium could be transferred
through the nose to the CNS employing one of both of these transpor-
ters (Xu et al., 2016). Once in the brain, Gly could produce neuro-
toxicity by oxidative stress and glutamate excitotoxicity in specific
brain areas (Astiz et al., 2009; Cattani et al., 2014), or could be bio-
transformed to reactive metabolites and react with several proteins
causing protein-dysfunction and physiological impairments (Ford et al.,
2017), with the consequent neurobehavioral alterations described in
this report.

5. Conclusion

Taken together, our findings demonstrate that IN exposure to
commercial Gly-BH produces alterations in locomotor activity, anxiety
and memory in adult mice. These observations could be a consequence
of alterations in neurotransmission systems comprising the GABAergic,
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dopaminergic, serotoninergic and/or cholinergic systems. More ex-
perimental research including measurements of neurotransmitters, its
receptors, cell damage and inflammatory processes in specific brain
areas will be necessary to completely understand the mechanism sub-
jacent after IN Gly-BH administration.
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