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In the present study, we investigated the role of voltage-sensitive calcium channels (VSCCs) on the striatal
dopamine release induced by the pesticide glyphosate (GLY) using selective VSCC inhibitors. The dopamine
levels were measured by in vivo cerebral microdialysis coupled to HPLC-ED. Nicardipine (L-type VSCC antag-
onist) or w-conotoxin MVIIC (non-selective P/Q-type antagonist) had no effect on dopamine release induced by 5
mM GLY. In contrast, flunarizine (T-type antagonist) or w-conotoxin GVIA (neuronal N-type antagonist) signif-
icantly reduced GLY-stimulated dopamine release. These results suggest that GLY-induced dopamine release
depends on extracellular calcium and its influx through the T- and N-type VSCCs. These findings were corrob-

orated by molecular docking, which allowed us to establish a correlation between the effect of GLY on blocked
VSCC with the observed dopamine release. We propose new molecular targets of GLY in the dorsal striatum,
which could have important implications for the assessment of pesticide risks in non-target organisms.

1. Introduction

Glyphosate (GLY) is a widely used herbicide whose supposed low
toxicity has been questioned in recent years, as exposure to this com-
pound has recently been linked to the development of a wide range of
neurotoxic effects. One of the effects reported in several studies was
motor impairment in animals exposed to GLY, which has been associ-
ated with severe alterations in dopaminergic neurotransmission both in
vitro (Faria et al., 2021; Martinez et al., 2018) and in vivo (Cos-
tas-Ferreira et al., 2023; Faro et al., 2022; Hernandez-Plata et al., 2015).
However, these data seem contradictory, as they show that the pesticide
was able to induce both increases (Costas-Ferreira et al., 2023; Faria
et al., 2021; Faro et al., 2022) and decreases (Hernandez-Plata et al.,
2015; Martinez et al., 2018) in striatal dopamine levels.

In a previous and more comprehensive study from our laboratory, it
was demonstrated that systemic or intrastriatal administration of GLY

induced dose-dependent increases in dopamine release from dorsal
striatum in awake and freely moving animals. According to these data,
GLY could increase extracellular levels of dopamine both by increasing
its exocytotic release and through an action on the dopamine transporter
(Costas-Ferreira et al., 2023).

Exocytotic release of neurotransmitters depends on calcium (Ca
entry into neurons through voltage-sensitive calcium channels (VSCCs).
VSCCs are transmembrane proteins that, based on their electrophysio-
logical and pharmacological properties, are usually classified into low-
voltage-activated channels (T-type) and high-voltage-activated chan-
nels (L-, N- and P/Q-types) (Zamponi et al., 2015). All of them show
different location depending on their properties and functions. In the
substantia nigra (pars compacta) and striatum, L-, N-, and P/Q-type
VSCCs have been identified, and N-type and P/Q-type VSCCs seem to
play a predominant role in dopamine release (Bergquist et al., 1998;
Turner et al., 1993).
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Therefore, the main objective of the present study is to investigate
the role of extracellular Ca®>* and VSCCs of T-, L-, N-, and P/Q-type on
the GLY-induced in vivo dopamine release from rat dorsal striatum. For
this we use flunarizine (FLU), nicardipine (NIC), w-conotoxin MVIIC
(w-conotox MVIIC), and w-conotoxin GVIA (»-conotox GVIA) as selec-
tive antagonists of T-, L-, N-, and P/Q-type channels, respectively.
Additionally, we use molecular docking to evaluate the interaction of
the GLY and the different ligands with the VSCCs in order to establish a
possible correlation between the effect of the pesticide on the blocked
VSCC with the dopamine release observed by brain microdialysis.

2. Material and methods
2.1. Animals

Adult female Sprague-Dawley rats (250-350 g) obtained from the
Breeding Facility of the CINBIO (Centro de Investigaciones Biomédicas) of
the University of Vigo (Spain) were used in all experiments. The animals
were housed in standard cages and kept under constant humidity and
temperature conditions (22 + 2 °C) with controlled periods of light-
darkness (14 and 10 h, respectively). Animals had free access to com-
mercial food and tap water, which were available ad libitum. All ex-
periments were carried out in accordance with the Guidelines of the
European Union Council 2010/63/EU and the Spanish State (Real
Decreto 53/2013) for the use of laboratory animals, and with the
authorization of the “Ethics Committee on Animal Welfare” of the
University of Vigo (ES360570215601/21/FUNO1/BIOL.AN.08/LFF/
01). Every effort was made to avoid animal suffering and distress.

The present study was carried out with female rats. The use of female
rats is supported by previous data showing that no sex differences have
been found in the variability of behavioral, electrophysiological,
neurochemical, or histological measurements (Becker et al., 2016;
Egenrieder et al., 2020). Besides, previous data from our laboratory did
not show significant differences between males and females both in
baseline dopamine levels and in the effects produced by different types
of drugs, toxic, or toxins (Arias et al., 1998; Alfonso et al., 2019; Campos
et al., 2007; Faro et al., 2022).

2.2. Drugs and treatment

GLY (98% purity) was obtained from Pestanal® (Sigma-Aldrich,
Germany). Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), FLU and NIC, were obtained from Sigma-
Aldrich (St. Louis, USA). The w-conotox MVIIC was purchased from
Abcam plc (Cambridge, UK) and the w-conotox GVIA was purchased
from Tocris (Bristol, UK). All other chemicals and reagents were of
analytical grade. The water used for the preparation of reagents, sol-
vents and chromatographic solutions was obtained from a MilliQ system
(Millipore).

The GLY concentration (5 mM) and the time of administration (60
min) are the same used in previous studies of our laboratory to study the
mechanisms of action of the pesticide (Costas-Ferreira et al., 2023; Faro
et al., 2022). The VSCC antagonist concentrations are consistent with
those used in previous reports using brain microdialysis technique
(Bergquist et al., 1998; Burley and Dolphin, 2000; El Ayadi et al., 2001,
Faro et al., 2018, 2022; Furukawa et al., 1999; Kato et al., 1992; Lohr
et al., 2005; Rocchitta et al., 2004; Thaler et al., 2001; Ye et al., 2011).

A total of 57 animals were used in the present study, which were
divided into the ten experimental groups described in Table 1. Both GLY
and antagonists were dissolved in perfusion medium and infused locally
into the dorsal striatum through a microdialysis probe.

2.3. Microdialysis procedure

For microdialysis sampling, the animals were anesthetized with
chloral hydrate (400 mg/kg i.p.) and placed in a stereotactic device
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Table 1
Experimental groups used in the microdialysis experiments.
Group Experimental design
Treatment R , , ,
60 min 60 min 60 min 60 min
3 (3 samples) (3 samples) 3
samples) samples)
1 GLY 5 mM (n RINGER GLY 5 mM RINGER -
=9)
2 GLY + Ca*'- RINGER  Ca®'-free GLY 5 mM + RINGER
free Ringer (n Ringer Ca>*-free
=5) Ringer
3 GLY + FLU (n RINGER FLU 10 pM GLY 5 mM + RINGER
=5) FLU 10 pM
4 GLY + FLU (n RINGER FLU 100 pM GLY 5 mM + RINGER
=5) FLU 100 pM
5 GLY + NIC (n RINGER NIC 10 pM GLY 5 mM + RINGER
=5) NIC 10 pM
6 GLY + NIC (n RINGER NIC 100 pM GLY 5 mM + RINGER
=38) NIC 100 pM
7 GLY + RINGER ®-contox GLY 5 mM + RINGER
®-contox MVIIC 20 ®-contox MVIIC
MVIIC (n = 5) uM 20 uM
8 GLY + RINGER ®-contox GLY 5 mM + RINGER
®-contox MVIIC 40 ®-contox MVIIC
MVIIC (n = 5) uM 40 uM
9 GLY + RINGER ®-contox GLY 5 mM + RINGER
-contox GVIA GVIA 20 uM ®-contox GVIA
(n=5) 20 pM
10 GLY + RINGER ®-contox GLY 5 mM + RINGER
®-contox GVIA GVIA 40 pM  w-contox GVIA
(n=5) 40 pM

(Nashigire SR-6, Japan). An incision was made in the skin located at the
top of the skull and a small hole was drilled in the exposed skull surface
according to the following coordinates established by the atlas of Pax-
inos and Watson (1998): A/P + 1,00 mm; L+ 3,00 mm; V+ 6,00 mm;
taking the Bregma as a point of reference. This location corresponds to
the left dorsal striatum, where a CMA12 guide cannula (CMA/Micro-
dialysis, Sweden) was implanted.

Twenty-four hours after implantation of the guide cannula and just
before the start of the experiments, a CMA12 microdialysis probe (0.5
mm diameter, membrane length 3 mm) (CMA/Microdialysis, Sweden)
was inserted into the striatum through the guide cannula. The probe was
connected to a microdialysis pump (CMA/402, CMA/Microdialysis,
Sweden) and infused with a Ringer’s solution (147 mM NaCl, 4 mM KCl
and 2.4 mM CaCl2, pH = 7.4) at a constant flow rate of 1.5 uL/min.

Samples were collected every 20 min in all experiments performed.
In the first group of experiments, after collecting three basal samples (60
min), GLY was infused for 60 min; after this, the medium was then
switched back to the unmodified Ringer’s solution and sampling was
continued for an additional period of 60 min. For the studies of the role
of Ca®" in the GLY-induced dopamine release, after collecting three
basal samples, a Ringer’s solution without Ca®* (149.4 mM NaCl, 4 mM
KCl, pH = 7.4) was infused for 60 min followed by administration of GLY
dissolved in this Ringer without Ca®" (60 min); finally, unmodified
Ringer’s solution was perfused for the remaining 60 min of the experi-
ment. In the last group of experiments, carried out to study the effects of
VSCC antagonists, after collecting three basal samples, the different
antagonists were infused for 60 min and then together with GLY, which
was infused throughout the third hour of the experiment. Next, the
medium was switched back to the unmodified Ringer’s solution and
sampling was continued for an additional period of 60 min

2.4. HPLC-ED analysis

The dopamine, DOPAC, and HVA levels were quantified by high-
performance liquid chromatography with electrochemical detection
(HPLC-EC) according to previous studies from our laboratory (Alfonso
et al., 2019; Costas-Ferreira et al., 2023; Faro et al., 2018). Briefly, a
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Jasco PU-1580 pump and a Reodyne 7125 injector were used, and a
mobile phase (70 mM KH2PO4, 1 mM octanesulfonic acid, 1 mM EDTA,
and 14% methanol; pH 3.4) was eluted through a 20 cm Spherisorb
ODS-1 reverse phase column with 5 um particle size. The dopamine,
DOPAC and HVA detection was achieved by using an ESA Coulochem III
5100 A electrochemical detector with an oxidation potential of + 400
mV. All data were analyzed by the chromatographic software Cromanec
XP 1.0.4 (Micronec, Spain).

2.5. Expression of results and statistics

Data were corrected using the percentage of in vitro recovery for
every microdialysis probe, which was similar for the different type of
probes used and for the substances analyzed: 13.7% for dopamine,
19.7% for DOPAC, and 21% for HVA. All values for the effects of GLY
and VSCC antagonists on extracellular levels of dopamine, DOPAC, and
HVA were expressed as the mean + S.E.M. of 5-9 animals in each group.
The average of basal levels of the three substances (defined as 100%)
was determined from the two dialyzed samples prior to the addition of
any drug or modified perfusion medium. Results were calculated as
percentages of this mean basal release.

Statistical analysis of the results was performed by means of ANOVA
and Scheffe post-hoc test, considering the following significant differ-
ences: * P < 0.05, * * P < 0.01, and * ** P < 0.001 with respect to the
basal levels; °P < 0.05, PP < 0.01, and °P < 0.001, with respect to the 5
mM GLY group.
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2.6. Molecular docking

The ligands FLU (CID: 941361), w-conotox GVIA (CID: 22834549),
NIC (CID: 4474) and GLY (CID: 3496), obtained from the PubChem
database (PBD, https://pubchem.ncbi.nlm.nih.gov), were optimized in
the HyperChem software using the semi-empirical method of the type
Recife model 1 (RM1) (Gutowska et al., 2005). For the calculation of
molecular docking, the GOLD 2020.1 program (Genetic Optimization
for Ligand Docking) was used, in order to predict the best interactions
between the ligand and targets of interest (Ortega-Carrasco et al., 2014).
The crystallographic structures were obtained from the Protein Data
Bank (PDB) (Dong et al., 2021; He et al., 2022).

To evaluate the predictive capacity of the molecular docking
method, a redocking was carried out with the purpose of establishing
whether the program is able to determine the spatial orientation of the
ligand, with its origin coordinates, in addition to the RMSD value (Root
Mean Square Derivation) and validation radius. After validation, mo-
lecular docking was performed to evaluate the interactions and better
poses of the ligand in the targets of interest.

3. Results
3.1. Effects of GLY on basal dopamine, DOPAC, and HVA release

Basal levels of dopamine and its metabolites in dialyzed samples
were stable in control animals (non-treated rats). The mean of
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Fig. 1. Effects of 5 mM glyphosate (GLY) perfusion in a Ca’*-free Ringer’s solution on the dopamine (A), DOPAC (B), and HVA (C) levels in the rat striatum.
Administration of Ca%*- free Ringer solution is shown by the black bar and GLY infusion started at the time indicated by the arrow over 60 min. The results are shown
as percentage of basal levels (100%). Basal levels were considered as the mean of dopamine, DOPAC, or HVA concentrations in the two samples before treatment
perfusion. Significant differences: * P < 0.05, * * P < 0.01, and * ** P < 0.001, with respect to the basal level, and P < 0.001, with respect to 5 mM GLY con-

trol group.
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dopamine, DOPAC, and HVA concentrations in the two samples
collected before pesticide administration was considered as the basal
level: 0.03 + 0.008; DOPAC: 0.7 + 015; HVA: 0.46 + 0.09 ng/uL,
respectively.

Intrastriatal infusion of GLY (5 mM, 60 min) through the micro-
dialysis probe increased dopamine levels to 974.5 + 152% (p < 0.001, t-
test), compared to basal levels. This maximum increase was observed 40
min after the start of the pesticide infusion, and the basal values were
recovered in the last 20 min of the experiment. In contrast, the admin-
istration of 5 mM GLY did not induce significant changes in the levels of
dopamine metabolites. The data for the effects of GLY on striatal
dopamine, DOPAC and HVA levels are plotted in Figs. 1-5 in order to
compare them with the data obtained under other experimental condi-
tions (treatments with antagonists together with GLY).

3.2. Role of external Ca®* in the GLY-induced dopamine, DOPAC, and
HVA release

To investigate if GLY-induced dopamine release was Ca®'-depen-
dent, a Ca"-free Ringer solution was infused through the dialysis probe.
Fig. 1 shows the effect of Ca?"-free Ringer solution infusion on extra-
cellular levels of dopamine, DOPAC, and HVA. After removing Ca?"
from the perfusion medium, dopamine levels decreased significantly
during three consecutive dialysates, leveling-off at 54.6 + 11.2%
(p < 0.001, t-test) of basal levels. These values were considered as basal
for the measurement of GLY effects on dopamine release in Ca®*-free
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medium. When GLY was perfused in Ca?'-free Ringer solution, the
striatal dopamine levels increased to 280.4 + 32% (p < 0.001, t-test)
with respect to the basal levels. One-way ANOVA analysis performed to
compare the maximum effects of treatments confirmed that the removal
of Ca*t from the perfusion medium decreases the effect of the GLY: (F
(1,13) = 23.091, p < 0.001.

Fig. 1B and 1 C show that removal of Ca®" from the perfusion me-
dium significantly increased DOPAC and HVA levels reaching a
maximum value of 151.3 +12.5% (p < 0.001, t-test) and 173.1
+31.9% (p <0.01, t-test) at 40 and 60 min, relative to baseline,
respectively. When 5 mM GLY was administered in a Ca?"-free medium,
DOPAC and HVA levels decreased significantly to 85.4 +6.7%
(p < 0.001, t-test) and 95.4 + 8% (p < 0.05, t-test), with respect to basal
levels, respectively. In the case of DOPAG, its levels were significantly
lower than those observed after the administration of 5 mM GLY alone.
One-way ANOVA analysis confirmed this difference: F(1,12) = 8.673,
p=0.013.

3.3. Role of T-type VSCC in the GLY-induced dopamine, DOPAC, and
HVA release

To evaluate the role of T-type VSCC in the GLY-induced dopamine,
DOPAC, and HVA release, we infused FLU, a blocker of these VSCC type,
before and then together with 5 mM GLY through the microdialysis
probe (Fig. 2). Intrastriatal administration of 10 or 100 pM FLU (for
60 min) had no significant effect on dopamine levels. As shown in
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Fig. 2. Effects of 5 mM glyphosate (GLY) perfusion in flunarizine (FLU) pretreated animals on the dopamine (A), DOPAC (B), and HVA (C) extracellular levels in rat
striatum. The FLU administration is shown by the black bar and GLY infusion started at the time indicated by the arrow over 60 min. The results are shown as
percentage of basal levels (100%). Basal levels were considered as the mean of dopamine, DOPAC, or HVA concentrations in the two samples before drug
administration. Significant differences: * P < 0.05, * * P < 0.01, and * ** P < 0.001, respect to basal levels; °P < 0.05, respect to 5 mM GLY group.
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Fig. 3. Effects of 5 mM glyphosate (GLY) perfusion in nicardipine (NIC) pretreated animals on the dopamine (A), DOPAC (B), and HVA (C) extracellular levels in rat
striatum. The NIC administration is shown by the black bar and GLY infusion started at the time indicated by the arrow over 60 min. The results are shown as
percentage of basal levels (100%). Basal levels were considered as the mean of dopamine, DOPAC, or HVA concentrations in the two samples before drug
administration. Significant differences: * P < 0.05, * * P < 0.01, and * ** P < 0.001, respect to basal levels; °P < 0.001, respect to 5 mM GLY group.

Fig. 2A, when 5 mM GLY was administered to animals pretreated with
10 uyM FLU, the dopamine levels increased to 827.1 + 140.7%
(p < 0.001, t-test), relative to baseline. On the other hand, the co-
infusion of 100 uM FLU together with 5 mM GLY increased dopamine
levels up to 554.8 + 86.4% (p < 0.001, t-test), an increase significantly
smaller than that obtained with GLY alone (974.5 + 152%; p < 0.05)
(Fig. 2A). One-way ANOVA analysis showed significant differences be-
tween the treatment groups [F(2,18) = 3.813; p = 0.044]. Post-hoc
comparisons confirmed that administration of GLY to animals pretreated
with 100 uM FLU induced increases in the dopamine levels that were
significantly smaller than those observed with GLY alone: GLY vs 10 pM
FLU+GLY: p = 0.636; GLY vs 100 pM FLU+GLY: p = 0.044).

Fig. 2B and 2 C show the effects of FLU and/or GLY on DOPAC and
HVA levels. The administration of 10 and 100 uM FLU increased DOPAC
levels up to 170.3 +£14.7% (p < 0.001, t-test) and 156.3 + 20.7%
(p < 0.01, t-test) compared to baseline, respectively. Likewise, both
concentrations of the antagonist (10 and 100 uM) also increased the
extracellular levels of HVA to 182.3 + 6.3% (p < 0.001, t-test) and
162.1 +19.3% (p < 0.01, t-test) compared to their baseline, respec-
tively. Administration of 5 mM GLY to animals pretreated with 10 uM
FLU produced a small but significant decrease in DOPAC levels up to
128 +11.1% (p < 0.05, t-test), compared to basal levels, while HVA
levels decreased up to 75.8 + 6.5% (p < 0.001, t-test) and 92.5 + 8.1%
(p < 0.05, t-test), for concentrations of 10 and 100 pM of FLU, respec-
tively. In all cases, the effects observed were not significantly different
from those observed with the administration of GLY alone. One-way
ANOVA analysis confirmed that administration of GLY to animals pre-
treated with 10 or 100 uM FLU produced effects that were not

statistically different from GLY group [DOPAC: F(2,17) = 0.496,
p = 0.618; HVA: F(2,20) = 1.010, p = 0.384].

3.4. Role of L-type VSCC in the GLY-induced dopamine, DOPAC, and
HVA release

To investigate the possible participation of L-type VSCCs in GLY-
induced dopamine release, NIC, a blocker of these channels, was
administered before and then together with 5 mM GLY through the
microdialysis probe (Fig. 3). Intrastriatal administration of 10 pM NIC
(for 60 min) had no significant effect on dopamine levels, while perfu-
sion of 100 pM of this blocker significantly reduced extracellular
dopamine levels to 65.5 + 13.1% (p < 0.05, t-test), compared to basal
values.

As shown in Fig. 3A, when 5 GLY was administered to animals pre-
treated with 10 or 100 pM NIC, the dopamine levels increased to 783
+ 165% (p < 0.001, t-test) and 834 + 188% (p < 0.001, t-test), relative
to basal levels, respectively. One-way ANOVA analysis also did not show
significant differences between the treatment groups (F(2,20) = 0.619,
p = 0.550). Post hoc comparisons confirmed that GLY-induced increases
under L-type VSCC blocking conditions were not significantly different
from those observed with GLY alone (GLY vs 10 pM NIC+GLY:
p = 0.607; GLY vs 100 pM NIC+GLY: p = 0.718). As we observed with
FLU, in this group of experiments, a significant difference was also
observed between the effect of the co-infusion of NIC+GLY and GLY
20 min after the start of the pesticide infusion, but this difference has not
been maintained in the following samples (Fig. 3A).

Administration of 10 pM NIC (for 60 min) induced significant
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Fig. 4. Effects of 5 mM glyphosate (GLY) perfusion in w-conotoxin MVIIC (w-conotox MVIIC) pretreated animals on the dopamine (A), DOPAC (B), and HVA (C)
extracellular levels in rat striatum. The w-conotox GVIA administration is shown by the black bar and GLY infusion started at the time indicated by the arrow over
60 min. The results are shown as percentage of basal levels (100%). Basal levels were considered as the mean of dopamine, DOPAC, or HVA concentrations in the two
samples before drug administration. Significant differences: * P < 0.05, * * P < 0.01, and * ** P < 0.001, respect to basal levels; P < 0.001, respect to 5 mM

GLY group.

increases in DOPAC and HVA levels to 166.4 + 22.2% (p < 0.05, t-test)
and 198.4 + 22.6% (p < 0.01, t-test), relative to baseline values,
respectively. Similarly, the highest concentration of the antagonist
(100 uM) also increased the extracellular levels of both DOPAC and HVA
to 187.9 + 24.8% (p < 0.001, t-test) and 148.6 + 9.7% (p < 0.001, t-
test), compared to the basal levels, respectively. On the other hand,
although the administration of GLY to rats pretreated with 10 or 100 uM
NIC did not produce significant changes in DOPAC levels, it decreased
significantly HVA levels by up to 84.9 + 10.4% (p < 0.01, t-test) and
76.2 +£11.9% (p < 0.001, t-test), respectively (Figs. 3B and 3C). For
both DOPAC and HVA, the one-way ANOVA analysis confirmed that
administration of GLY to animals pretreated with 10 or 100 uM NIC
produced effects that were not statistically different from GLY alone:
DOPAC: F(2,20) = 0.211, p = 0.811; HVA: F(2,22) = 1.283, p = 0.299.

3.5. Role of P/Q-type VSCC in the GLY-induced dopamine, DOPAC, and
HVA release

In the following set of experiments, GLY was administered to animals
pretreated with ®-conotox MVIIC, a non-selective antagonist of P/Q-
type VSCCs. Fig. 4A shows that administration of 20 uM ©-conotox
MVIIC did not significantly change the dopamine levels, whereas

infusion of 40 uM of the toxin significantly reduced dopamine levels to
31.5 £ 7.3% (p < 0.001, t-test), compared to basal levels. Infusion of
5mM GLY in animals pretreated with 20 or 40 uM ®-conotox MVIIC
increased dopamine levels to 988.4 + 272% (p < 0.001, t-test) and
1128 +£133% (p < 0.001, t-test), compared to the baseline, respec-
tively. These increases were not statistically different from those seen
with infusion of GLY alone. One-way ANOVA analysis also did not show
significant differences between the treatment groups [F(2,17) = 1.192,
p = 0.331]. Post hoc comparisons confirmed that GLY-induced increases
under P/Q-type VSCC blocking conditions were not significantly
different from those observed with GLY alone (GLY vs 20 uM w-conotox
MVIIC +GLY: p =0.963; GLY vs 40 pM w-conotox MVIIC +GLY:
p = 0.427).

Fig. 4B and 4 C show that administration of 20 or 40 UM ®-conotox
MVIIC (60 min) significantly reduced DOPAC [56.99 + 2.1%
(p < 0.001, t-test) and 70.6 &+ 5.9% (p < 0.01, t-test)] and HVA [66.3
+ 2.7% (p < 0.001, t-test) and 73.6 + 9.6% (p < 0.05, t-test)] levels,
relative to basal levels, respectively. The perfusion of the GLY to the
animals pretreated with both concentrations of ®-conotox MVIIC did not
significantly modify the effect of the pesticide on the extracellular levels
of DOPAC or HVA. One-way ANOVA analysis confirmed that adminis-
tration of GLY to animals pretreated with 20 or 40 uM ®-conotox MVIIC
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Fig. 5. Effects of 5 mM glyphosate (GLY) perfusion in w-conotoxin GVIA (w-conotox GVIA) pretreated animals on the dopamine (A), DOPAC (B), and HVA (C)
extracellular levels in rat striatum. The ®-conotox GVIA administration is shown by the black bar and GLY infusion started at the time indicated by the arrow over
60 min. The results are shown as percentage of basal levels (100%). Basal levels were considered as the mean of dopamine, DOPAC, or HVA concentrations in the two
samples before drug administration. Significant differences: * P < 0.05, * * P < 0.01, and * ** P < 0.001, respect to basal levels; bp < 0.01 and °P < 0.001, respect to

5 mM GLY group.

produced effects that were not statistically different from GLY alone:
DOPAC: F(2,15) = 0.305, p = 0.934; HVA: F(2,18) = 0.216, p = 0.808.

3.6. Role of N-type VSCC in the GLY-induced dopamine, DOPAC, and
HVA release

In the last set of experiments, the role of N-type VSCCs in GLY-evoked
in vivo dopamine release was investigated. For this, the effect of GLY
was studied in the presence of w-conotox GVIA, a specific blocker of
neuronal N-type VSCC. Our results show that the administration of 20 or
40 uM o-conotox GVIA significantly reduced extracellular dopamine
levels to 60.4 + 24.2% (p < 0.05, t-test) and 21.6 + 3.2% (p < 0.001, t-
test), compared to baseline values, respectively. On the other hand,
administration of 5mM GLY to rats pretreated with 20 or 40 uM
o-conotox GVIA increased dopamine release to 435.5 + 80.5%
(p < 0.001, t-test) and 397.5 + 78.7% (p < 0.001, t-test), relative to
baseline values, respectively. Thus, the pretreatment with 20 or 40 pM
o-conotox GVIA significantly reduced the effect of GLY by 55.3% and
59.2%, respectively (Fig. 5A). One-way ANOVA analysis also showed
significant differences between the treatment groups [F(2,20) = 13.698;
p < 0.001]. Post-hoc comparisons confirmed that administration of GLY
to animals pretreated with 20 or 40 uM ®-conotox GVIA induced in-
creases in the dopamine levels that were significantly smaller than those
observed with GLY alone: GLY vs 20 uM o-conotox GVIA+GLY:
p = 0.001; GLY vs 40 uM w-conotox GVIA +GLY: p = 0.002.

Fig. 5B and 5 C show the effects of GLY in animals pretreated with 20
or 40 uM w-conotox GVIA on DOPAC and HVA levels. The administra-
tion of both concentrations of the toxin had no significant effect on the
levels of dopamine metabolites. The perfusion of GLY to the animals
pretreated with 20 uM @-conotox GVIA did not modify the DOPAC or
HVA levels, while the concentration of 40 uM of the toxin increased the
DOPAC levels up to 155 + 29.3% (p < 0.01, t-test), with respect to the
basal values, without altering the HVA levels. In all cases, the effects
observed were not significantly different from those observed with the
administration of GLY alone. One-way ANOVA analysis showed that
administration of GLY to animals pretreated with w-conotox GVIA pro-
duced effects that were not statistically different from GLY alone:
DOPAC: F(2,15) = 2.927, p = 0.890; HVA: F(2,21) = 0.108, p = 0.898.

3.7. Molecular docking

Three crystallographic structures complexed with ligands were ob-
tained in the PDB for further elucidation of the docking step. The first
was the human low-voltage activated T-type VSCC (Cavs 3) (PDB ID:
7WLL) with a resolution of 3.60 A and complexed to pimozide (PMZ).
The second refers to the human N-type VSCC (Cavy.3) (PDB ID: 7VFV),
with a resolution of 3.00 A, and complexed to the ligand PD173212. And
finally, the human L-type VSCC (Cav; 3) (PDB ID: 7UHF), with a reso-
lution of 3.10 A and complexed with cinnarizine.

It is important to emphasize that molecular docking is a
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computational approach aimed at enabling the assessment of the
interaction between a low molecular weight molecule and a protein, for
subsequent characterization of the potential behavior of the ligand in
the active site, as well as predicting the biochemical processes that can
arise from this interaction. In simplified terms, the analysis of docking is
divided into two moments. The first refers to the evaluation of ligand
poses, which basically involves elucidating the conformation, position,
and orientation of the molecule within the active site (Meng et al.,
2012). The GOLD program allows scoring different ligand conforma-
tions and determining which one fits best into the site (Verdonk et al.,
2003). The other aspect is related to the assessment of the ligand’s po-
tential affinity for the target, through the score value, where the higher
the value, the greater the indication of ligand-target affinity (Meng et al.,
2012).

In the validation step, the Cavs 3 low-voltage activated T-type VSCC
(PDB ID: 7WLL), the RMSD value obtained was 0.630 A. RMSD allows
identifying and exploring the conformational space of a target and how
the ligand behaves in that region (Guilbert and James, 2008). RMSD
values below 2 A are considered the most accepted, since it indicates
that a correct fit of the ligand has occurred in a favorable spatial
orientation in the protein (Hevener et al., 2009). The origin coordinates
obtained for this target were: x = 134.94; y = 130.46; z = 139.27, in a
radius of 10 A.

In order to analyze the interaction between FLU, the antagonist used
for the experimental assay with Cavs g, molecular docking was per-
formed (Fig. 6). The score obtained was 73.40, with five types of in-
teractions, hydrogen, halogen, and hydrophobic interactions (Table 2).

When molecular docking with GLY was performed (score: 37.72), a
total of seven hydrogen interactions were observed, three with Lys1379,
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three with Asn850 and one Ser1419, which are stronger interactions due
to the high polarity involved in the bond between a hydrogen and an
electronegative atom, in addition to requiring a closer approximation for
the interaction to occur (Yin et al., 2021). This demonstrates that
depending on the type of interaction, the distances between the atoms of
the ligand and the protein will vary, in which stronger interactions
require a closer approximation, that is, the smaller the distance, the
greater the indication of the force involved (Patrick, 2013).

As for the Cavy  target (PDB ID: 7VFV), the RMSD result presented
was in the amount of 2.617 A. It is worth mentioning that even if this is
above 2 A, the value can be considered as within the limits of accept-
ability, since the structural characteristics of the binder can influence
the alignment and this factor must be considered (Carugo and Pongor,
2008). The origin coordinates obtained for this target were: x = 161.59;
y = 167.55; z = 153.25, with a radius of 10 A.

To elucidate the action profile of GLY in the Cavs 3 channel, a com-
parison was made between its docking with the antagonist o-conotox
GVIA, the blocker used experimentally. In all, nine interactions
occurred, of which two were of the hydrogen type, with the amino acids
Met1290 and Lys1280, and the remaining ones were all of the hydro-
phobic type with the residues Trp1219, Phel272, Leul222, Ile1225,
Leul256, Met1290, Leul218 (Fig. 7).

Regarding docking with GLY, it was noticed that the degree of af-
finity was lower (score: 30.97) and the number of interactions as well,
with a total of two hydrogen interactions, of the conventional type, with
the amino acids Ser1696 and Alal1652.

The validation of the Cav; 3 target (PDB ID: 7UHF) resulted in an
RMSD value of 0.625 A. In docking with NIC, a structure used experi-
mentally as an L-type VSCC blocker, the occurrence of three hydrogen

o SER1419

LYs1378

Fig. 6. Molecular docking of flunarizine (FLU) and glyphosate with Cavs 3. (A) Molecular docking between FLU and the target, in 2D; (B) Molecular docking between
FLU and the target, in 3D; (C) Molecular docking between glyphosate (GLY) and the target, in 2D; and (D) Molecular docking between GLY and the target, in 3D.
Carbon-type intermolecular interactions are represented by light green color; conventional type in dark green; pi-alkyl type in light pink; and the halogen in blue.
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Table 2
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Interactions, types of interactions and docking score between different ligands in Cavs 3, Cav, o, and Cav, 3 channels. GLY, glyphosate; FLU, flunarizine; w-conotox

GVIA, w-conotoxin GVIA; NIC, nicardipine.

Target Ligand Amino acids Ligand atom Interaction Type Distance Score
7WLL GLY LYS1379 06 Hydrogen bond Conventional Hydrogen Bond 2.68 37.72
(Cav3.3) LYS1379 06 Hydrogen bond Conventional Hydrogen Bond 2.74
SER1419 06 Hydrogen bond Conventional Hydrogen Bond 2.10
ASN850 H16 Hydrogen bond Conventional Hydrogen Bond 2.12
ASN850 H17 Hydrogen bond Conventional Hydrogen Bond 1.93
LYS1379 05 Hydrogen bond Carbon Hydrogen Bond 2.49
ASN850 H12 Hydrogen bond Carbon Hydrogen Bond 2.87
FLU ILE1722 F30 Hydrogen bond Carbon Hydrogen Bond 2.35
SER386 F23 Halogen Halogen (Fluorine) 3.58 73.90
PHE854 Ligand Hydrophobic Pi-Alkyl 5.37
ILE1722 Ligand Hydrophobic Pi-Alkyl 5.08
VAL1725 Ligand Hydrophobic Pi-Alkyl 5.07
7VFV GLY SER1696 H17 Hydrogen bond Conventional Hydrogen Bond 1.76 30.97
(Cav2.2) ALA1652 H18 Hydrogen bond Conventional Hydrogen Bond 1.91
®-conotox GVIA MET129 H316 Hydrogen bond Conventional Hydrogen Bond 1.69 74.03
LYS1280 0191 Hydrogen bond Carbon Hydrogen Bond 2.84
TRP1219 Ligand Hydrophobic Pi-Pi T-shaped 5.14
PHE1272 Ligand Hydrophobic Pi-Pi T-shaped 5.80
LEU1222 Cl Hydrophobic Alkyl 3.87
ILE1225 Cl1 Hydrophobic Alkyl 4.25
LEU1256 Cl Hydrophobic Alkyl 5.14
MET1290 Ligand Hydrophobic Alkyl 3.91
LEU1218 Ligand Hydrophobic Pi-Alkyl 4.24
7UHF GLY ASN740 05 Hydrogen bond Conventional Hydrogen Bond 2.03 34.96
(Cavl.3 THR703 H13 Hydrogen bond Conventional Hydrogen Bond 1.99
GLU705 Hl6 Hydrogen bond Conventional Hydrogen Bond 2.94
GLU1101 H16 Hydrogen bond Conventional Hydrogen Bond 1.67
THR703 H17 Hydrogen bond Conventional Hydrogen Bond 1.61
LEU702 H18 Hydrogen bond Conventional Hydrogen Bond 2.97
GLU705 02 Hydrogen bond Carbon Hydrogen Bond 2.96
NIC ASN740 011 Hydrogen bond Conventional Hydrogen Bond 1.86 55.02
ASN740 N14 Hydrogen bond Conventional Hydrogen Bond 2.13
PHE736 Cl6 Hydrogen bond Carbon Hydrogen Bond 3.74
ILE737 Ligand Hydrophobic Pi-sigma 2.67
PHE1100 Ligand Hydrophobic Pi-Pi T-shaped 5.42

and two hydrophobic interactions was observed, the first with residues
Asn740 and Phe763, and the last between Ile737 and Phe1100. When
docked with GLY, a greater number of interactions occurred, all of which
were carbon-type hydrogen bonds (Fig. 8). Despite being interactions
that require a closer approximation of the ligand, the affinity with Cav; 3
(score 34.96) was not high, even presenting a similar score profile when
compared to other dockings that were performed with GLY.

4. Discussion
4.1. Effects of GLY on in vivo dopamine release

In previous studies we have shown that intrastriatal administration
of GLY increased the in vivo dopamine release from dorsal striatum in a
concentration-dependent manner (Costas-Ferreira, 2023). According to
this data, GLY-induced dopamine release is not dependent on membrane
depolarization and appears to be partially dependent on the presence of
dopamine in synaptic vesicles. In addition, the results also indicate that
GLY acts on the dopamine transporter, modifying its activity to increase
levels of the neurotransmitter in the extracellular medium. Here, we
completed this information by demonstrating that the GLY-induced in-
creases in dopamine levels are largely dependent on the presence of
Ca?* in the external medium, since the removal of these ions from the
perfusion medium decreased the pesticide’s effect on striatal dopamine
release by 71% (Fig. 1). This result indicates that influx of Ca®* through
the different types of striatal channels and receptors could play an
important role in the effect of GLY on dopaminergic neurotransmission.
Thus, in the following experimental groups, we evaluated the role of
VSCCs in the effect of GLY on in vivo release of dopamine and its me-
tabolites. Our results show that blocking T-type channels with FLU
(100 uM) or N-type channels with w-conotox GVIA (10 and 100 uM)

significantly decreased the effect of GLY on dopamine release in the
dorsal striatum.

There is a great heterogeneity of VSCCs that participate directly or
indirectly in the process of neurotransmission, but it is the N- and P/Q-
type channels that appear to play a dominant role in the CNS, although
other channels such as L- or T-type also regulate neurotransmitter
release in some neurons (Pan et al., 2001; Rusakov, 2006; Tang et al.,
2011; Tippens et al., 2008). In the striatum, dopamine transmission is
also controlled by different types of VSCCs, including N-, P/Q-, T-, and
L-type channels, which play distinct roles in modulating nigrostriatal
dopaminergic neurotransmission. However, N-type channels are the
main responsible for dopamine release, as their blockade almost
completely eliminates neurotransmitter release (Brimblecombe et al.,
2015; Phillips and Stamford, 2000).

Although traditionally the activity of type T VSCCs has been asso-
ciated with the regulation of membrane excitability and neuronal
oscillatory activity, growing evidence suggests that this type of channel
can also mediate exocytosis (Pan et al., 2001; Tang et al., 2011; Weiss
etal., 2012). In this sense, it has been shown that, in the striatum, T-type
channels influence dopamine release, as their blockade modestly re-
duces neurotransmitter release, although it does not completely sup-
press it (Brimblecombe et al., 2015). In the present study, we observed
that the blockade of T-type VSCCs with FLU significantly reduced the
GLY-induced dopamine release, suggesting the involvement of this type
of channel in the pesticide’s effect. However, it should be noted that
although FLU acts mainly as an antagonist of T-type VSCCs, at high
concentrations its blocking capacity can extend to other VSCCs (L-, N-,
and P/Q-type) and even to voltage-dependent sodium channels (Geer
et al., 1993). Therefore, since in the present research only the highest
concentration of FLU (100 uM) reduced the effect of GLY, we must
consider the hypothesis that this effect is also due to non-specific
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Fig. 7. Molecular docking of m-conotoxin GVIA (w-conotox GVIA) and glyphosate (GLY) with Cavy ,. (A) Molecular docking between w-conotox GVIA and the target
in 2D; (B) Molecular docking between w-conotox GVIA and the target, in 3D; (C) Molecular docking between GLY and the target, in 2D; and (D) Molecular docking
between GLY and the target, in 3D. Carbon-type intermolecular interactions are represented by light green color; conventional type in dark green; the pi-pi T-shaped

in dark pink; and the alkyl and pi alkyl type in light pink.

blockade of other channels and not exclusively to type T channels.

Another type of channel expressed by nigrostriatal dopaminergic
neurons are L-type VSCCs (Dryanovski et al., 2013; Takada et al., 2001).
While traditionally it was thought that this type of VSCC was not
involved in neurotransmission (de Erausquin et al., 1992; Kimura et al.,
1995), more recent studies suggest that the activity of L-type channels
located in dopaminergic axons can actively contribute to induce dopa-
mine release from striatum (Brimblecombe et al., 2015, 2020; Okita
et al., 2000). However, in the present study, blocking L-type VSCCs with
NIC (10 or 100 uM) did not modify the effect of GLY on dopamine
release, which could indicate that these channels are not recruited by the
pesticide to induce neurotransmitter release.

According to the available literature, the influx of Ca%* through N-
and P/Q-type channels is responsible for triggering all the machinery
required for striatal dopamine release, so it is expected that their
blockade will seriously affect dopaminergic neurotransmission.
Regarding P/Q-type channels, our results show that the w-conotox
MVIIC did not alter the effect of GLY, questioning the mediating role of
this type of VSCC in the pesticide’s effect on dopamine release under our
experimental conditions. Instead, we observed that the administration
of 10 or 100 uM of w-conotox GVIA reduced the effect of GLY by ~55%
and ~60%, respectively (Fig. 5), indicating the important role of N-type
VSCCs in the pesticide’s effect on in vivo dopamine release. These results
are consistent with previous studies in which N-type VSCCs had the
greatest effect on dopamine release from striatal terminals (Brim-
blecombe et al., 2015; Phillips and Stamford, 2000).

Taken together, our results suggest that in vivo dopamine release
induced by GLY could occur through an exocytotic process that is
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dependent on Ca?t entry through some of the VSCCs located at the
dopaminergic terminals. Overall, this release appears to depend pri-
marily on N-type VSCCs, although other VSCCs such as T-type may also
play an active role in the pesticide’s effect. However, it is important to
note that the contribution of each VSCC type to dopamine release is not
fixed but varies dynamically depending on various factors such as
neuronal activity or the probability of dopamine release (Brimblecombe
et al., 2015). Thus, under physiological conditions, striatal dopamine
release appears to depend mainly on N- and P/Q-type VSCCs, with the
involvement of L- and T-type channels. However, we also hypothesize
that the overstimulation of dopaminergic neurons induced by GLY may
alter the usual dynamics of VSCC functioning, which could explain the
results observed here.

Another important aspect is that, in the present study, the maximum
reduction in the effect of GLY observed after the removal of Ca®* from
the perfusion medium or the administration of the antagonists was
approximately 50-70%. This means that neither the administration of
specific antagonists nor the reduction of Ca>" from the extracellular
medium were able to completely abolish the GLY-induced dopamine
release. This could indicate the existence of mechanisms other than
Ca%*-dependent exocytotic release that could mediate GLY-induced
dopamine release in the striatum.

The available literature describes that GLY can cause damage to the
CNS through multiple mechanisms, including increases in levels of
glutamate and acetylcholine, by inhibiting the reuptake and/or activity
of enzymes involved in the degradation of these neurotransmitters
(Ait-Bali et al., 2020, 2019; Cattani et al., 2017, 2014; Gallegos et al.,
2020; Larsen et al., 2016). Increases in the extracellular levels of both
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Fig. 8. Molecular docking of nicardipine (NIC) and glyphosate (GLY) with Cav; 3. (A) Molecular docking between NIC and the target, in 2D; (B) Molecular docking
between NIC and the target, in 3D; (C) Molecular docking between GLY and the target, in 2D; and (D) Molecular docking between GLY and the target, in 3D. Carbon-
type intermolecular interactions are represented by light green color; conventional type in dark green; the pi-pi T-shaped in dark pink; and the pi-sigma type

in purple.

neurotransmitters can activate both nicotinic acetylcholine receptors
(nAChR) and NMDAR:s. In fact, it has been shown that GLY itself can
bind to the cavities of NMDAR and produce their opening (Cattani et al.,
2017).

Additionally, both nAChRs and NMDARs are differentially perme-
able Ca?* ion channels, which play a critical role in regulating dopamine
release in the striatum since both modulate the entry of this ion into
dopaminergic terminals. In this regard, there is abundant evidence
supporting the mediating role of some nAChRs and the NMDARs at
dopaminergic terminals in the striatal dopamine release (Chéramy et al.,
1996; Krebs et al., 1991; Martinez-Fong et al., 1992; Nolan et al., 2020;
Turner, 2004). Thus, during exposure to GLY, the influx of Ca®" to the
dopaminergic terminal might not occur exclusively through the VSCCs,
but also through some glutamatergic and cholinergic ionotropic
receptors.

Impaired motor function is one of the most common behavioral
consequences of GLY exposure. In the basal ganglia, dopaminergic
pathways that project from the midbrain to the striatum are primarily
responsible for movement control. Therefore, any imbalance in the
functioning of these pathways, such as excessive GLY-induced dopamine
release, could lead to loss of normal movement and impaired locomotion
(Aoyama et al., 2000). Furthermore, as a highly reactive molecule, when
its concentrations are high and exceed the mechanisms that cells must
neutralize it, dopamine can be rapidly oxidized and produce reactive
oxygen species that generate oxidative stress and consequent neuronal
damage (Meiser et al., 2013; Monzani et al., 2019).

Oxidative stress in the nervous system after GLY exposure has been
reported in numerous in vivo and in vitro animal and human studies
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(Cattani et al., 2017, 2014; Costas-Ferreira et al., 2023; Faria et al.,
2021; Gallegos et al., 2020; Martinez et al., 2020; Sobjak et al., 2017).
Ultimately, oxidative stress could lead to the degeneration of dopami-
nergic neurons, which could explain the development of persistent
impairment of motor behavior and, in particular, the parkinsonism
observed in some individuals long after exposure to GLY (Barbosa et al.,
2001; Eriguchi et al., 2019; Zheng et al., 2018).

In summary, these results demonstrate that the release of dopamine
induced by exposure to GLY is a process partially dependent on the
extracellular Ca®* ions. The interpretation of our results considering the
available literature suggests that the pesticide can induce the influx of
Ca?* into the cell through different pathways, including VSCCs. Like-
wise, the need for further research in this area is also highlighted, with
the aim of identifying the other pathways through which GLY induces
dopamine release, such as the possible mediation of the glutamatergic
and cholinergic systems.

4.2. Molecular docking

According to the study by He et al. (2022), three molecules with
potential antagonistic activity under Cavs 3 and with different pharma-
cological properties, were complexed to the target, to compare the
intermolecular interactions. The first refers to mibeferadil, an antihy-
pertensive drug derived from tretalin replaced by benzimidazole.
Mibeferadil showed hydrogen interactions with the amino acid residues
Leu818, Asn850, Lys1379 and Ser1419 from Cav.3 3 and hydrophobic
interactions with other surrounding amino acids in the region, Phe854,
Leu818, Leul451, Phel426, Leul721 and Ile1722. These interactions, in
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turn, enabled a better fit of the molecule and allowed its stabilization in
the site, thus causing a probable blocking effect on the channel. As for
the second molecule highlighted in the study, otilonium bromide, which
has antispasmodic properties, interacted through hydrogen bonds with
the amino acids Lys1379 and Leu818. Structurally, otilonium bromide
has N-octyloxy, benzoyl, benzocaine, and quaternary ammonium
groups, which allow better access to the binding site and form hydro-
phobic interactions with nearby amino acids, causing channel blockage
and subsequent inactivation. Finally, the molecule mentioned in the
study, pimozide, which has potential antipsychotic activity, is formed by
a benzimidazole group (like mibeferadil), a piperidinyl and two fluo-
rophenyl groups. The benzimidazole group interacts with residues
Leu818 and Asn850 through hydrogen bonds and with amino acids
Phe815, Phe854 and Leul415, hydrophobic bonds, enabling better
coupling at the site. The other groups also interact through hydrophobic
bonds, Val858, Leul423, Phel426, Ile1722 and Vall725.

As FLU has a high affinity with the site, it manages to fit into a
favorable conformation, thus allowing a blocking action on the channel,
which even, through the experimental assay, this action was proven.
GLY, in turn, interacted, through hydrogen bonds, with most of the
amino acid residues mentioned in the study by He et al. (2022) (Fig. 6),
however, it is not possible to establish that GLY presents an antagonistic
profile against the Cavs 3 target, given its smaller size and because it
does not have chemical groups in its structure that allow other in-
teractions, mainly hydrophobic ones, if compared to other known
channel antagonists.

In addition, even though it presented more interactions when
compared to FLU, the GLY score was lower, indicating that it has less
affinity with the channel, and therefore, less potential to block it, but
that even under these conditions, it can exert some effect that influences
the dopamine release, even if the channel is blocked with a specific
antagonist, such as FLU.

In the study carried out by Dong et al. (2021), the ligand PD173212,
a potent selective blocker of the Cavy s channel, which has phenyl,
tyrosamide and 4-tertbutylbenzyl groups in its structure, was complexed
to the Cavy VSCC. Amino acids that can play an important role in
determining antagonist activity are diverse, such as Phe345, Leu352,
Ser1696, Phel697, Phel693, Tyr1298, Phel411, Vall408, Vall412,
Thr1363, Phe1359, Leul700, Phel703, many of which interact through
bonds hydrophobic and Van der Wals.

In another study, molecular docking of cannabidiol with the Cavg
protein was performed and the formation of hydrogen bonds with
Leul352 and Leul356, alkyl interactions with residues Leul352,
Leul356 and Met1293, five interactions of the m-alkyl type with
Phel693, Phel359, Val1689, Leul356 and Trpl1353 and a n-sigma
interaction with Tyrl1685. Regarding the spatial orientation of the
ligand, it was noticed that cannabidiol did not perform hydrophobic
interactions, such as Trp768, Ser764-Ala783, Tyr1289 and Phel411,
which are considered critical to cause inhibition, when compared to
other antagonists such as ziconotide and PD173212 itself. According to
the author, because cannabidiol causes less pore occlusion and does not
produce any stabilization in the channel, mainly due to hydrophobic
bonds, it does not produce direct inhibition in Cavyy (Harding et al.,
2023).

Since w-conotox GVIA is a high molecular weight molecule and
spatially occupies a large space at the site, it manages to block the
channel more easily, which can be confirmed by the score itself (74.03),
which demonstrates high affinity with the target.

With the structural differences between GLY and other antagonists,
mainly the one used experimentally (w-conotox GVIA), a reduced
number of interactions is to be expected. However, even so, GLY still has
a certain degree of affinity with the site, which allows it to exert some
effect on the channel, even after blocking (Fig. 7).

According to the study by Yao et al. (2022), when performing the
docking between Cav; 3 and the blocker of this channel, cinnarizine, it
was observed that the ligand was spatially located in the pore domain,
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aligned just below of the selectivity filter region, blocking the ion con-
duction path. The site has a hydrophobic pocket composed of several
amino acids, such as Phe699, Leu702, Leu743, Leu744, Phe747,
Ile1136, Ile1137, Alal140 and Met1144. The cinnarizine diphenyl-
methane group occupied this region, allowing its blockade. Hydrogen
interaction was also observed between the piperazine group and the
Asn740 residue and between the cinnamyl group, which was located in
the region between the Met363 and Phell00 residues, close to the
selectivity filter region.

Even though the affinity potential of NIC with the target was 55.02,
which indicates lower interaction affinity compared to FLU and o-con-
tox GVIA, NIC still exerts a blocking effect on the channel and for this
reason the GLY can interact better with the target, influencing the
dopamine release observed with brain microdialysis.

Overall, in view of our findings, we can indicate that GLY stimulates
dopamine release through its interaction with certain types of VSCC. The
possibility that the action of GLY could alter neurotransmission pro-
cesses in mammals could highlight the need to evaluate the dangers of
exposure to this substance and even reconsider established exposure
limits. Furthermore, the identification of new molecular targets of
glyphosate action in non-target organisms could be useful for the
development of more appropriate therapeutic strategies.

5. Conclusion

In the present study we evaluated whether the in vivo release of
dopamine induced by GLY in the dorsal striatum of rats depends on the
activation of the different types of VSCC present in the dopaminergic
terminal. To this end, selective blockers of type T, L, N and P/Q VSCCs
were administered. Our findings suggest that GLY-induced dopamine
release depends, at least in part, on the presence of Ca®" in the external
environment and its influx through T-type VSCCs and, especially, N-type
VSCCs, since blocking each of these channels significantly reduced the
pesticide-induced release of dopamine.

To explain these experimental results, the fact that the FLU and
®-contox GVIA antagonists have higher affinity for the targets (score of
73.90 and 74.03, respectively) compared to the GLY docking, can be
inferred that these antagonists possibly prevent, with greater force, the
interaction of the GLY with the VSCCs, which induces the decrease in
dopamine release observed experimentally. On the other hand, when
evaluating the L-type VSCC, it is noted that the antagonist (NIC) has
lower affinity with the target (Score of 55.02), allowing the GLY to
interact with the protein more easily, which could stimulate the release
of the neurotransmitter, a result that would also corroborate the results
obtained with brain microdialysis.
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