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A B S T R A C T   

Glyphosate, the most used herbicide worldwide, has been suggested to induce neurotoxicity and behavioral 
changes in rats after developmental exposure. Studies of human glyphosate intoxication have reported adverse 
effects on the nervous system, particularly in substantia nigra (SN). Here we used matrix-assisted laser desorption 
ionization (MALDI) imaging mass spectrometry (IMS) to study persistent changes in peptide expression in the SN 
of 90-day-old adult male Wistar rats. The animals were perinatally exposed to 3 % GBH (glyphosate-based 
herbicide) in drinking water (corresponding to 0.36 % of glyphosate) starting at gestational day 5 and continued 
up to postnatal day 15 (PND15). Peptides are present in the central nervous system before birth and play a 
critical role in the development and survival of neurons, therefore, observed neuropeptide changes could provide 
better understanding of the GBH-induced long term effects on SN. The results revealed 188 significantly altered 
mass peaks in SN of animals perinatally exposed to GBH. A significant reduction of the peak intensity (P < 0.05) 
of several peptides from the opioid-related dynorphin family such as dynorphin B (57 %), alpha-neoendorphin 
(50 %), and its endogenous metabolite des-tyrosine alpha-neoendorphin (39 %) was detected in the GBH 
group. Immunohistochemical analysis confirmed a decreased dynorphin expression and showed a reduction of 
the total area of dynorphin immunoreactive fibers in the SN of the GBH group. In addition, a small reduction of 
dynorphin immunoreactivity associated with non-neuronal cells was seen in the hilus of the hippocampal dentate 
gyrus. Perinatal exposure to GBH also induced an increase in the number of nestin-positive cells in the sub-
granular zone of the dentate gyrus. In conclusion, the results demonstrate long-term changes in the adult male rat 
SN and hippocampus following a perinatal GBH exposure suggesting that this glyphosate-based formulation may 
perturb critical neurodevelopmental processes.   

1. Introduction 

The development of the central nervous system (CNS) from 
conception to adulthood is extremely complex and depends on in-
teractions between genetics, epigenetics, and environmental factors 
(Dubois et al., 2014). If the neurodevelopment is perturbed, adverse 
effects may manifest as deficits in mental abilities and behavioral dis-
orders at a young age or even as neurodegenerative diseases in later life 
(Giordano and Costa, 2012; Julvez and Grandjean, 2009; Parikshak 
et al., 2015). 

The fetal alcohol syndrome with lifelong cognitive impairment for 
exposed children is a well-known example of developmental neurotox-
icity (DNT) (Feldman et al., 2012). Other neurodevelopmental disabil-
ities, including autism spectrum disorders and cognitive impairments, 
also affect a significant number of children (Grandjean and Landrigan, 
2014). Although the driving factors behind these disabilities and dis-
orders are likely to be multifactorial, the rapid increase in incidence 
indicates that exposure to environmental factors may be involved (Rock 
and Patisaul, 2018). 

Pre- and post-natal exposures to environmental pollutants have been 
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associated with neurodegenerative diseases (Antonelli et al., 2017). 
Agrochemicals are one of the main environmental pollutants that living 
organisms are continuously exposed to and epidemiological studies have 
suggested an association between occupational exposure to agrochem-
icals and increased risk for neurological disorders (Bjorling-Poulsen 
et al., 2008; Freire and Koifman, 2013; Jett, 2011; London et al., 2012). 
Among the pesticides used in agriculture, glyphosate (N-(phosphono-
methyl)glycine)-based herbicides (GBH) are the most widely used 
broad-spectrum herbicides (Duke, 2018), and also one of the most 
controversial issues today concerning pesticide registration in the Eu-
ropean Union due to the conflicting views regarding its carcinogenicity 
(Székács and Darvas, 2018). The exposure of the general population to 
glyphosate is rising and recent evidence has implied that atmospheric 
transport and deposition may contribute to the accumulation of glyph-
osate residues in the environment such as surface water bodies (Masiol 
et al., 2018; Ruiz-Toledo et al., 2014; Van Stempvoort et al., 2016). 
Traces of glyphosate have been detected in drinking water (Noori et al., 
2018; Rendon-von Osten and Dzul-Caamal, 2017) and food sources (Bai 
and Ogbourne, 2016; Thompson et al., 2019), including a soy-based 
infant formula (Rodrigues and de Souza, 2018). 

There is an increased concern regarding the effects of GBH on the 
CNS. Case reports on human acute and chronic intoxication with GBH 
have shown adverse effects on the nervous system, related to SN and 
Parkinsonian syndrome (Barbosa et al., 2001; Wang et al., 2011). 
Short-term exposure to glyphosate in adult rats is reported to decrease 
the levels of monoaminergic neurotransmitters in the striatum, pre-
frontal cortex, and hippocampus in a dose-related manner (Martinez 
et al., 2018). Acute exposure to glyphosate has also been reported to 
target the dopaminergic system and decrease the extracellular dopamine 
levels and dopamine release in the striatum (Hernandez-Plata et al., 
2015), one of the neuropathological hallmarks of Parkinson’s disease 
(PD) (Poewe et al., 2017). Chronic treatment with GBH from juvenile 
age until adulthood induces a reduction of the tyrosine hydroxylase that 
is the rate-limiting enzyme involved in the synthesis of dopamine in 
nigrostriatal neurons (Ait Bali et al., 2017). 

The Organisation for Economic Co-operation and Development 
(OECD) has guidelines for DNT studies but it is not regulatory required 
for the registration of new chemicals, therefore, adverse effects during 
the developmental period are less known (More et al., 2016). None-
theless, experimental studies have demonstrated that GBH treatment 
may have a DNT potential and can cause cognitive impairments (Ait-Bali 
et al., 2020; Coullery et al., 2016; Gallegos et al., 2018; Roy et al., 2016). 
Perinatal GBH exposure can induce macromolecular and cellular 
changes in the brain (Gallegos et al., 2016; Yu et al., 2018). For example, 
subchronic and chronic exposure to GBH perturbs the hippocampal 
glutamatergic system in immature and mature rats (Cattani et al., 2017, 
2014). Taken together, these observations suggest an association be-
tween glyphosate exposure and perturbations in glutamatergic, seroto-
ninergic, and dopaminergic systems in some regions of the brain, 
including SN and hippocampus. However, how GBH induces long-term 
effects in the brain following perinatal exposure is still unclear. 

The aim of the present study was to identify persistent biochemical 
and cellular changes in the brain of adult male rats especially in the SN 
and hippocampus following perinatal exposure to a commercial GBH 
formulation. First, Matrix-Assisted Laser Desorption Ionization (MALDI) 
Imaging Mass Spectrometry (IMS) was applied to identify GBH-induced 
changes in peptide expression in the SN. Then, we characterized GBH- 
induced persistent cellular changes by immunohistochemistry. The re-
sults revealed that perinatal exposure to GBH induced long-term 
changes, especially in the opioid-related dynorphin family in the adult 
SN and hippocampus, and an increased number of neural precursor cells 
in the hippocampus. 

2. Material and methods 

2.1. Chemicals 

The commercial GBH formulation used was Roundup® G (120 g/L 
glyphosate, CAS-nr 38641− 94-0, Reg. Nr. 4036, Monsanto Crop Sci-
ences, Sweden). Triton X-100, liquid chromatography-mass spectrom-
etry (LC–MS)-grade water, and methanol were obtained from 
Thermofisher Scientific (Rockford, IL, USA). Peptide Calibration Stan-
dard II was obtained from Bruker Daltonics (Bremen, DE). 4′,6-Dia-
midino-2-phenylindole dihydrochloride (DAPI), 2,5-di-hydroxybenzoic 
acid (DHB), ammonium acetate, trifluoroacetic acid (TFA), para-
formaldehyde, and anti-NeuN antibody (MAB377) were obtained from 
Sigma-Aldrich (St Louis, MO, USA). Horse serum was obtained from 
Gibco, Invitrogen (Paisley, UK). The primary antibodies, Anti- 
Dynorphin A (ab82509), anti-GFAP (GF5) (ab10062), anti-nestin (Rat 
401) (ab6142) and anti-doublecortin (ab18723), were obtained from 
Abcam (Cambridge, UK). The secondary antibodies, Alexa-Fluor 555 
goat anti-mouse or 488 goat anti-rabbit IgG, were obtained from Mo-
lecular probes, Invitrogen (Paisley, UK). Toluidine blue was obtained 
from VWR International AB (Stockholm, SE). 

2.2. Animals and housing 

Time-mated pregnant outbred Wistar rats were obtained from 
Taconic (Ejby, DK). Each dam was housed alone in Makrolon cages (59 
× 38 × 20 cm) containing wood-chip bedding and nesting material. On 
the day of birth, the litter size was culled to six pups, with a homoge-
neous distribution of males and females as far as possible. After weaning, 
on a postnatal day 21 (PND21) and onwards, three male rats were 
housed per cage according to their respective treatment groups (GBH or 
control group). Male animals were chosen to make our results compa-
rable, and add additional evidence, to our previous studies showing GBH 
induces neurotoxicity and behavioral changes in male rats after peri-
natal exposure (Cattani et al., 2017, 2014). Standard pellet food (R36 
Labfor; Lantmannen, Kimstad, SE) and drinking water were available ad 
libitum. The animals were housed in a temperature- and 
humidity-controlled environment with controlled lighting (12 h/12 h 
light/dark cycle). All animal experimental procedures were approved by 
the Uppsala Animal Ethical Committee (approval number: 
C191/14.2014–2019) on Animal Experiments and were performed 
following the guidelines from the Swedish legislation on animal exper-
imentation (Animal Welfare act SDS1998:56) and the European Union 
Directive on the Protection of Animals Used for Scientific Purposes 
(2010/63/EU). 

2.3. Experimental design 

The experimental design of maternal exposure to GBH (Fig. 1) used 
in this study was the same as the exposure conditions previously re-
ported to induce early changes in the hippocampus of 15 days-old male 
rat offspring (Cattani et al., 2014). A commercial GBH formulation was 
used to better represent the occupational exposure to this pesticide 
(Mesnage et al., 2013, 2014). Briefly, pregnant rats were housed indi-
vidually and randomly divided into two groups (four dams in each 
group): control group, rats dams were supplied with drinking water; 
GBH group, rat dams were supplied with 3 % GBH in drinking water 
(corresponding to 0.36 % of glyphosate). Maternal exposure started at 
gestational day 5 (GD5) and continued up to postnatal day 15 (PND15). 
The offspring were weaned on PND21. After weaning the male offspring 
were housed in a group of three (all from the same litter) according to 
their previous treatment group (GBH or control group), maintained with 
water and food ad libitum, and held without further GBH treatment until 
PND90. Thus, the offspring were exposed in uterofrom gestational day 5 
and then via lactation from PND1 to PND15. Brain samples were 
collected from the male offspring at PND90. Offspring from each 
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treatment group were selected for the MALDI IMS and IHC analysis. 
The GBH solutions were prepared every two days to minimize the 

risk of degradation. During the treatment period, the water intake - 
drinking water for the control group and GBH in drinking water for the 
treated group - was measured every second day. The GBH dose was 
chosen based on our previous studies and is equivalent to 70 mg of 
glyphosate/kg/day (Cattani et al., 2017, 2014). The dose is lower than 
the No Observed Adverse Effect Level (NOAEL) of glyphosate in rats 
defined by EPA and EFSA for developmental and maternal toxicity 
(1000 mg/kg bw/day and 300 mg/kg bw/day, respectively) (EFSA, 
2015; EPA, U.S., 1993). Signs of maternal toxicity were monitored 
during the experiment and pregnancy outcomes (gestational length and 
the number of viable offspring) were assessed. 

2.4. Sample preparation 

The male PND90 rats were deeply anesthetized with isoflurane and 
sacrificed by decapitation. The brains were immediately collected (<30 
s) and frozen on dry ice. Coronal cryosections were obtained from both 
hemispheres at the level of the hippocampus and SN with the guidance 
of a rat brain atlas (Paxinos and Watson, 2007). Hippocampus and SN 
were collected from sections between approximately Bregma – 4.80 mm 
to – 6.00 mm (Interaural 4.20 mm to 3 mm). The frozen brains were 
sectioned in a cryostat microtome (Thermo Scientific, Waltham, USA) in 
12 μm sections and thaw-mounted on indium-tin-oxide (ITO)-coated 
slides (Bruker Daltonics, Bremen, DE) for MALDI IMS analysis or on 
superfrost slides for immunohistochemistry analysis. The brain sections 
were dried under vacuum and kept at − 20 ◦C or − 80 ◦C (for long-term 
storage) until further use. 

2.5. MALDI imaging mass spectrometry analysis 

To fixate the tissue and to remove excess salts from the sections, the 
brain sections were briefly washed with 70 % ethanol for 30 s, followed 
by 95 % ethanol twice for 30 s (Andersson et al., 2008). The sections 
were dried in a vacuum desiccator for at least 20 min before matrix 
application. A 2.5-di-hydroxybenzoic acid (DHB) matrix solution (25 
mg/mL DHB in 50 % methanol (LC–MS grade), 40 % water (LC–MS 
grade), 10 % 150 mM ammonium acetate (AmAc, pH 7.5), and 0.3 % 
trifluoroacetic acid (TFA) was applied using a chemical inkjet printer 
(ChIP-1000, Shimadzu Biotech, Japan). The matrix was applied at 50 
drops (80 pL/drop) per pass for 4 passes with a spatial resolution of 600 
micrometers across the brain section. The Peptide Calibration Standard 
II (Bruker Daltonics, Bremen, DE) was applied in two places diagonally 
around the tissue sections. The imaging sequences were created in 
FlexImaging (Bruker Daltonics, Bremen, DE). The mass spectra were 
collected using 800 shots per spot with a laser intensity of 60 % on an 
Ultraflex II MALDI TOF/TOF (Bruker Daltonics, Bremen, DE) in positive 
reflective mode. Data sequence preparation and visualization were 
performed using the FlexImaging and FlexControl programs v 3.0 
(Bruker Daltonics, Bremen, DE). After mass spectra acquisition the 
matrix was washed off and the sections stained with 0.2 % toluidine 

blue. SN spectra were selected by creating regions of interest (ROI) 
based on the toluidine blue staining and the ion images of myelin basic 
protein that clearly outlines the white matter in the corpus callosum. 
Sections with large blood vessels displayed spectra with high heme ion 
intensity and were excluded from analysis due to ion suppression effects. 
Spectra were smoothed using the Savitazky-Golay filter, processed 
through baseline reduction, normalized by total ion current (TIC), 
re-aligned using common peaks, and peaks were defined as previously 
described (Bivehed et al., 2017; Karlsson et al., 2014; Ljungdahl et al., 
2011). 

2.6. Immunohistochemistry analysis 

Immunofluorescent labeling was performed on SN and hippocampus 
sections from selected male PND90 animals. Immunohistochemistry was 
performed using a selective marker for adult neurogenesis, rabbit poly-
clonal doublecortin antibody (DCX, 1:2000), and a marker for neural 
precursor cells in the subgranular zone of the hippocampus dentate gyrus, 
mouse monoclonal nestin antibody (1:1000). Double-antigen fluorescent 
immunohistochemistry was performed combining rabbit polyclonal 
dynorphin antibody (Dyn A, 1:200; antigen with 28 kDa sequence 
covering all the dynorphin neuropeptides) with neuronal nuclei marker, 
mouse monoclonal NeuN antibody (1:500), and the astroglial marker, 
glial fibrillary acidic protein (GFAP), mouse monoclonal GFAP antibody 
(1:500), to localize changes in dynorphin immunoreactivity. In brief, the 
frozen sections were fixated in phosphate-buffered 4 % paraformaldehyde 
for 1 h at room temperature. Primary antibodies were mixed with 
blocking solution (5 % horse serum in 0.3 % Triton X-PBS (PBS/t)), 
applied to the section, and incubated overnight at 4 ◦C. Highly cross- 
adsorbed Alexa Fluor 488 and Alexa Fluor 555 secondary antibodies 
(1:500) were used for visualization. The nuclear staining dye, 4′,6-dia-
midino-2-phenylindole, DAPI (300 nM), was added in the final rinse, as 
previously described (Ljungdahl et al., 2011). All photomicrographs of 
the stained brain sections were acquired at 20X magnification in an 
Olympus IX70 inverted microscope (Olympus, Tokyo, JP). The images 
were normalized using the Quantile Based Normalization plugin (FIJI, 
ImageJ, NIH), where the average intensity value is measured of all the 
pictures and then all picture intensities are adjusted to this value for each 
channel and area. The image analysis was performed using CellProfiler 
3.0 (Kamentsky et al., 2011). A mask of DAPI-stained nuclei was used to 
refine the identification of dynorphin-immune positive/negative cells 
(Supplementary material 1A and B). 

2.7. Statistical analysis 

For MALDI IMS data analysis, data was log-scaled before further 
analysis, evaluated, and plotted in Microsoft Excel, Origin Pro (North-
ampton, MA, USA), and R (Team, 2013). For the statistical comparisons 
between control and GBH groups, Student’s t-test was used for normal 
distribution and Mann-Whitney Test for non-normal distribution 
(two-tailed, alpha 0.05, the null hypothesis was rejected at p<0.05), 
using GraphPad Prism 7 software. 

Fig. 1. Experimental design. Pregnant Wistar 
rats were exposed to 3% glyphosate-based her-
bicide (GBH) in drinking water (corresponding 
to 0.36 % of glyphosate) or drinking water only 
(control) from gestational day 5 (GD5) and 
continued up to postnatal day 15 (PND15 – end 
of the treatment). The thick arrow (red) illus-
trates the treatment period. The length of 
gestation varied between 21 and 23 days. From 
PND15 to PND90, the animals were held 

without further treatment and together with the dam until weaning at PND21. Brain sections from PND90 male rats were used to investigate GBH-induced changes in 
peptide expression in the substantia nigra (SN) using Matrix-Assisted Laser Desorption Ionization (MALDI) Imaging Mass Spectrometry (IMS), and histological 
changes in the SN and hippocampus (dentate gyrus, DG) using immunohistochemistry and image analysis.   
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3. Results 

3.1. General animal observations 

Maternal GBH exposure did not cause any mortality among the dams 
and litters. No eating of bedding material or neonates, excessive licking 
and scratching, loss of appetite, or piloerection were observed in any of 
the dams. As shown in Table 1, the daily water intake of the dams during 
gestation decreased in the GBH group compared to the control group 
whereas no group differences in water intake were demonstrated during 
the lactating period. Thus, the observed difference in water intake in 
pregnant rats is not expected to be due to the unpalatability of the 
drinking water with GBH. The length of gestation was found to be sta-
tistically increased with 1–2 days in the GBH group (22.33 ± 0.577, 
Mean ± SD) compared to the control group (20.75 ± 0.500, Mean ± SD). 
This is not considered to be an adverse effect since the average period of 
gestation in rats ranges from 21 to 23 days (EPA., U.S., 1988). There 
were no group differences in the number of pups per litter, and offspring 
body weight at the end of the perinatal exposure (Table 1). No visible 
external malformation in the offspring of GBH and control groups was 
observed. 

3.2. MALDI imaging mass spectrometry of substantia nigra 

For statistical analysis of GBH-induced changes of peak intensities in 
the SN of PND90 rats, spectra were collected from the defined region of 
interest, ROI (Fig. 2). A picture of the stained sections was then co- 
registered with the corresponding scan of the spotted section. The 
average spectra for SN were plotted for each group (GBH and control 
group) revealing a high number of peaks, about 1200, detected 
throughout the mass range of m/z 440− 5028 Da. The enlarged group 
average mass spectra, plotted with the standard error of the median 
(SEM), indicated a high degree of overlap between the two groups 
demonstrating a good MALDI IMS reproducibility. 

The overall quality of the data was evaluated by validation of vari-
ability within groups and between group variance of all peaks detected. 
The average percentage relative standard deviation (%RSD) of each 
peak height was used to evaluate group variance of the MALDI IMS 
experiment. The %RSD plot of SN (n = 3) is evenly distributed primarily 
in the range between 0–40% (Supplementary material 2A), which in-
dicates an acceptable dataset. Within-group, variability was assessed 
using a peak intensity-intensity plot of each animal against the group 
average, as previously described (Karlsson et al., 2014). Individual 
Pearson’s correlation coefficients varied from R = 0.88 to 0.94. The 
average correlation coefficients for the intensity-intensity plot of nigral 
spectra were 0.92 ± 0.013 and 0.92 ± 0.017, for control and GBH group 
respectively (mean ± SEM, p = 0.9141, n = 3 in each group) (Supple-
mentary material 2B). 

3.3. Perinatal GBH exposure changed the peptide expression in the adult 
SN as demonstrated by MALDI IMS 

Among the 1200 peaks detected in the SN of PND90 rats in the mass 
range from 440 to 5028 Da, 188 peaks displayed GBH-induced changes 
in peptides ion intensities compared to the control group. Within these, 
138 decreased and 50 increased peak intensities were detected. How-
ever, most of the peaks cannot be identified accurately with the current 
technology since they may represent unknown post-translation of 
known neuropeptides, degradation fragments, or previously unknown 
neuropeptides. Therefore, the peptides of interest were chosen by sig-
nificance, previously identified, or/and categorized as potentially 
interesting in a neurotoxicity context (Bivehed et al., 2017; Hanrieder 
et al., 2011, 2015; Karlsson et al., 2014). Since developmental exposure 
to GBH has been reported to promote cognitive impairments, we focused 
on GBH-induced significant changes in dynorphin-related peptides 
expression, a family of endogenous opioids that have been previously 
identified by MALDI IMS and that are known to be involved in the 
modulation of cognitive processes (Bilkei-Gorzo et al., 2014; Ukai et al., 
1997). 

Perinatal exposure to GBH resulted in a significant reduction of the 
peak intensities of several previously identified peptides (Hanrieder 
et al., 2011) from the dynorphin family: dynorphin B at m/z 1571, 
alpha-neoendorphin at m/z 1228 and its endogenous metabolite 
des-tyrosine alpha-neoendorphin at m/z 1065 (*p <0.05, **p < 0.01). 
In Fig. 3, we show representative images of the ion distribution map of 
each dynorphin peptide in the region of interest SN from control and 
GBH group (Fig. 3a), and the corresponding average peak intensity 
(Fig. 3b). 

3.4. Perinatal GBH exposure reduced the dynorphin immunoreactivity in 
the fibers of adult SN and cells in the hilus of the hippocampal dentate 
gyrus 

To further verify the cellular localization and to characterize the 
changes in dynorphin peptides expression detected by MALDI IMS in the 
SN of PND90 male rats (Fig. 4a), double immunofluorescence using 
dynorphin antibody combined with the neuronal antibody, NeuN, and 
with the astroglial marker, GFAP, was performed. In the GBH group, the 
total area of dynorphin immunoreactive fibers (dynorphin-positive 
pixels: defined as the immunoreactivity not associated with DAPI- 
positive cells and/or NeuN/GFAP-positive cells) was significantly 
reduced in the SN compared with the control group (Fig. 4b; *p < 0.05), 
confirming the MALDI IMS data. No significant group differences in the 
number of dynorphin-positive cells (total cells = DAPI positive, Fig. 4c; 
neuronal cells = NeuN positive, Fig. 4c; and astroglial cells = GFAP 
positive, data not shown) in the SN were observed. Representative im-
ages of the double staining with dynorphin and NeuN are shown in 
Fig. 4d. 

To further study GBH-induced effects on dynorphins, the histological 
examination was extended to include the dentate gyrus (DG) of the 
hippocampus (Fig. 5a). No significant differences between GBH and 
control group were found for dynorphin immunoreactive fibers in the 
hilus total area, DG (Fig. 5b). There was a significant reduction in the 
total number of dynorphin-positive cells (total cells = DAPI positive) in 
the hilus of the DG in the GBH group (Fig. 5c; *p < 0.05). In contrast, no 
group differences were found in the number of neuronal (NeuN positive, 
Fig. 5c) or astroglial (GFAP positive, data not shown) dynorphin- 
positive cells. Representative images of the double staining with 
dynorphin and NeuN are shown in Fig. 5d. 

3.5. Perinatal GBH exposure increased the number of nestin-positive cells 
in the subgranular zone of the adult hippocampus dentate gyrus 

Since some of the dynorphin-positive cells were located to the sub-
granular zone of the DG (Fig. 6a, arrows pointing double-labeled cells in 

Table 1 
Water intake during pregnancy and lactating period, gestational length, litter 
size and offspring body weight.   

Control GBH 

Dams water intake during gestation (mL/per 
day) 

32.53 ±
2.898 

22.13 ±
2.520** 

Dams water intake during lactation (mL/per 
day) 

47.54 ±
9.024 

39.87 ± 0.503 

Gestational length 20.75 ±
0.500 

22.33 ± 0.577* 

Litter size 
Male 

9.25 ± 3.862 
4.50 ± 2.380 

6.00 ± 2.000 
4.00 ± 1.732 

Offspring body weight (g)# 30.25 ±
0.353 

29.67 ± 0.577 

Results are expressed as mean ± SD. *P < 0.05, **P < 0.01 vs. Control. 
The non-parametric test, Mann-Whitney U, was used for gestational length. 
The Student’s t-test was used for the others parameters. 

# Offspring body weight at the end of the perinatal exposure, PND15. 
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the subgranular zone), known as the site of hippocampal neurogenesis, 
markers for adult neurogenesis, doublecortin (DCX), and stem cell/ 
progenitor properties (nestin) were also analyzed. Representative im-
ages of the DAPI staining double-labeled with DCX or nestin are shown 
in Fig. 6b (arrows pointing to the location in the subgranular zone of 
nestin-positive cells). Perinatal exposure to GBH increased the number 
of nestin-positive cells in the subgranular zone in PND90 animals 
(Fig. 6c, *p < 0.05) but no differences were found between groups for 
DCX (Data not shown). 

4. Discussion 

The increasing global use of GBH is driven by the assumption that 
long-term adverse effects are minimal. However, an association between 
GBH and various long-term outcomes have been reported in both 
experimental (Ait-Bali et al., 2020; Cattani et al., 2017; Gallegos et al., 
2018, 2016; Mesnage et al., 2021; Pu et al., 2020) and epidemiological 
studies (De Roos et al., 2003; Eriksson et al., 2008; von Ehrenstein et al., 
2019). The present study demonstrated that perinatal exposure to a GBH 
formulation during pregnancy and lactation in rats induced a signifi-
cantly changed expression of 188 mass peaks, presumable peptides, in 
the SN of adult male offspring (PND90). 

Among these, the MALDI IMS study revealed a significant reduction 
in the levels of an endogenous opioid peptide family called dynorphins 
in the adult SN. Further characterization by immunohistochemistry 
localized these effects to the fibers of SN, presumably from striatonigral 
projection neurons of the basal ganglia direct pathway (Palkovits et al., 
1984). This suggests that the GBH-induced long-term effects on the SN 
fibers might be related to effects in the enkephalin system or secondary 
to an initial perturbation in the striatum. In addition, a small reduction 
of dynorphin-positive cells (DAPI positive) not associated with neuronal 
or astroglial cells was found in the hilus of the hippocampal dentate 
gyrus, known for intense dynorphin and enkephalin immunoreactivity 
(McLean et al., 1987). Furthermore, the GBH treatment led to an in-
crease in neural precursor cells (nestin-positive cells) in the subgranular 
zone of the hippocampal dentate gyrus, a major site of adult neuro-
genesis. Taken together, the present data suggest that perinatal GBH 
exposure may perturb critical developmental processes in the brain 
leading to long-term changes in the adult brain. 

Dynorphin peptides are widely distributed throughout the mamma-
lian brain and play a role in a vast selection of biological pathways 
(Chavkin, 2013; Goldstein and Ghazarossian, 1980; Schwarzer, 2009), 
including modulation of cognitive function, and mood disorders (Bil-
kei-Gorzo et al., 2014; Ukai et al., 1997, 1993). The dynorphin family 
consists of dynorphin A, dynorphin B, big dynorphin, α- and β-neo-
endorphins which are derived from the precursor protein prodynorphin 
(Anderson and Becker, 2017; Schwarzer, 2009). Here, we demonstrated 

that perinatal exposure to GBH resulted in a significant reduction of 
dynorphin B (57 %), alpha-neoendorphin (50 %), and its endogenous 
metabolite des-tyrosine alpha-neoendorphin (39 %) in SN fibers but also 
in the hippocampus of adult male offspring. Since recent studies have 
shown that exposure to GBH during pre- and postnatal periods can 
promote cognitive impairments (Ait-Bali et al., 2020; Pu et al., 2020), 
our results suggest a potential association between GBH-induced low 
levels of dynorphin and cognitive deficits later in life. 

Studies have shown that ovarian steroids regulate the levels of en-
kephalins and dynorphins in the hippocampal granule cell mossy fiber 
pathway, and that estrogen positively regulates the availability of opioid 
receptors in the dentate gyrus (Torres-Reveron et al., 2008, 2009a; 
Torres-Reveron et al., 2009b). Since our study shows an effect of peri-
natal GBH exposure on the dynorphin levels in the hippocampus of male 
adult rats, it would be interesting to also conduct studies in adult female 
offspring in the same estrous cycle stage to evaluate sex-dependent ef-
fects of perinatal exposure to GBH on the dynorphin levels in the 
hippocampus. 

Dynorphins are usually defined as opioid receptors agonists (Chavkin 
et al., 1982; Schwarzer, 2009). However, they may also exert non-opioid 
effects (Walker et al., 1982; Wollemann and Benyhe, 2004) including 
interactions with the glutamate receptor NMDAR. Glutamate receptors 
are ligand-gated ion channels with high calcium permeability that are 
critical for the development of the central nervous systems and play 
important roles in synaptic plasticity, learning, and memory (Hansen 
et al., 2018). The dynorphin peptides have been reported to modulate 
glutamate transmission in the hippocampus by inhibition of these re-
ceptors (Chen et al., 2012; Drake et al., 1994; Rittase et al., 2014; 
Wagner et al., 1993; Weisskopf et al., 1993). In line with this, we have 
previously demonstrated that maternal exposure to GBH during the 
perinatal period leads to calcium overload and glutamate excitotoxicity 
in immature offspring hippocampus (PND15) through NMDA receptor 
activation and L-type voltage-dependent Ca2+ channels (L-VDCCs) 
opening (Cattani et al., 2014). Notably, dynorphin peptides are also 
involved in regulating the function of voltage-gated Ca2+ channels 
(VGCCs) (Albillos et al., 1996; Cherubini and North, 1985; Gruol et al., 
2012). The present data showing that perinatal exposure to GBH leads to 
a long-term decrease of dynorphins peptides in the SN and hippocampus 
suggest that glutamate receptors may also be permanently affected. 
Further studies are needed to confirm whether there is a correlation 
between the observed long-term decrease of dynorphin and the early 
glutamatergic excitotoxicity induced during the perinatal GBH 
exposure. 

Dynorphins are also reported to protect dopaminergic neurons and 
reduce the progression of Parkinson’s disease (PD) (Maneuf et al., 1995; 
Waters et al., 1988). Thus, the present data demonstrating a reduced 
level of dynorphins in the adult SN following perinatal GBH exposure 

Fig. 2. MALDI Imaging Mass Spectrometry. The ROI (region of interest) in the brain of PND90 male rats was determined for the substantia nigra (SN) of each tissue 
section using toluidine blue staining and the ion images of myelin basic protein that clearly outlines the white matter in the corpus callosum. One average spectrum 
was created of the mass spectra from SN (blue dashed line area) for each group, GBH and control. Scale bar = 2 mm. 
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suggest that the dopaminergic neurons may be more vulnerable to other 
environmental factors (Wang et al., 2012). It should be noted that 
dynorphins are also suggested to play a role in the development of ep-
ilepsy (Crowley and Kash, 2015; Loacker et al., 2007). Low dynorphin 
levels in the temporal lobe, most frequently in the hippocampus, are 
associated with increased vulnerability for epilepsy (Loacker et al., 
2007; Stogmann et al., 2002; Stögmann et al., 2002). Interestingly, the 
risk of having these neurologic disorders has been associated with 
environmental exposure to pesticides (Gatto et al., 2009; Li et al., 2016; 
Requena et al., 2018) and both parkinsonian syndromes and seizures 
have been reported in humans after occupational exposure and acci-
dental ingestion of GBH (Lee et al., 2017; Moon and Chun, 2010; Roberts 
et al., 2010). 

The dentate gyrus of the hippocampus is one of the areas in the adult 
brain which continue to generate new stem cells and neurons during 
adulthood (Imayoshi et al., 2009). Insults to the brain by excitotoxic 
mechanisms causing neuronal cell death have been shown to promote 

adult neurogenesis (Gould and Tanapat, 1997; Jansson and Åkerman, 
2014). In line with this, it has been suggested that glutamate has a 
growth and survival-promoting effect during embryonic and adult 
neurogenesis (Ryu et al., 2016; Schlett, 2006), acting as an stimulator of 
regeneration (Jansson and Åkerman, 2014). The glutamate excitotox-
icity previously reported by us in immature offspring hippocampus 
(Cattani et al., 2014) might trigger several key events that induce per-
turbations of protein expression that could result in increased neuro-
genesis later in life. Interestingly, the current study demonstrated that 
perinatal exposure to GBH increased the number of nestin-positive cells 
(NPC) in the subgranular zone of the hippocampal dentate gyrus of adult 
rats. 

Nestin is a cytoskeletal protein expressed in immature neuro-
epithelial and progenitor cell types (Lendahl et al., 1990). Hence, the 
increased levels of NPC in the adult hippocampus following perinatal 
exposure to GBH suggest a long-term perturbation of cell proliferation in 
this area. Nestin is expressed in several types of pathologies (Krupkova 

Fig. 3. MALDI IMS ion distribution map showing reduced dynorphin peptides peak intensities in the substantia nigra (SN) of adult male rats perinatally exposed to a 
glyphosate-based herbicide (GBH). A, representative MALDI IMS ion images of dynorphin family peptides: des-tyrosine alpha-neoendorphin at m/z 1065, alpha- 
neoendorphin at m/z 1228, and dynorphin B at m/z 1571. Peptides of interest are displayed in green and visualized at a fixed absolute intensity threshold. The 
region of interest mask for SN was used to enhance visibility. B, the scatter plot graph shows the peak intensity (Peak intensity ± SD) for the selected peptide in SN. *p 
< 0.05 and **p < 0.01 relative to control group (Student’s t-test; control, n = 3; GBH, n = 3). (a.u. = arbitrary units). Scale bar = 1 mm. 
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Fig. 4. Immunohistochemistry showing 
reduced dynorphin immunoreactivity in 
the fibers of substantia nigra (SN) of 
adult male rats perinatally exposed to a 
glyphosate-based herbicide (GBH). A, 
representative photomicrograph of SN 
dynorphin antibody immunoreactivity 
(20X magnification). B, the scatter plot 
graph shows the total area of dynorphin- 
immunoreactive fibers in the SN 
(dynorphin-positive pixels). Perinatal 
GBH exposure reduced the area of 
dynorphin immunoreactivity not associ-
ated with DAPI-positive cells in the SN 
(expressed as the number of pixels; *p =
0.0174 relative to control, mean ± SD; 
Student’s t-test; control, n = 4; GBH, n =
5). C, perinatal GBH exposure did not 
change the total number of dynorphin- 
positive cells in the SN (total cells =
DAPI positive or neuronal cells = NeuN 
positive). D, representative images of 
dynorphin antibody double-labeled with 
DAPI (straight white arrows) and the 
neuronal marker NeuN (arrowheads). 
Scale bar = 100 μM.   
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et al., 2010) and is for example up-regulated in adult neurons/glia after 
a traumatic injury as well as in neurodegenerative diseases (Bernal and 
Arranz, 2018; Mattis et al., 2015; Mizuno et al., 2006). Studies also 
indicate that NPC populations are relevant to hippocampal epilepto-
genesis and both acquired and developmental hippocampal abnormal-
ities observed in epilepsy (Liu et al., 2018). GBH-induced increase of 
progenitor cell types in the adult hippocampus may also indicate a 

perturbation of the neurogenesis and gliogenesis resulting in an 
impaired memory function (Sajja et al., 2016). The dentate gyrus of the 
hippocampus is known to be essential to memory function and GBH 
exposure has been shown to induce cognitive impairments in animal 
models. Gallegos and coworkers (Gallegos et al., 2018) have demon-
strated that the recognition memory is impaired in adult rats perinatally 
(GD0 to PND21) exposed to GBH in drinking water. Bali and coworkers 

Fig. 5. Immunohistochemistry showing 
reduced number of dynorphin-positive 
cells in the hilus of the dentate gyrus 
(DG) in the hippocampus of adult male 
rats perinatally exposed to a glyphosate- 
based herbicide (GBH). A, representa-
tive photomicrograph of the DG of hip-
pocampus (20X magnification). Image 
analysis focused on different areas of 
the DG, such as the hilus and sub-
granular zone. B, the scatter plot graph 
shows no significant differences in the 
number of dynorphin-positive pixels in 
the hilus total area (expressed as the 
number of pixels; p = 0.1248 relative to 
control, mean ± SD; Student’s t-test; 
control, n = 6; GBH, n = 5). C, the 
scatter plot graph shows a reduction in 
the total number of dynorphin-positive 
cells (total cells = DAPI positive) in 
the hilus of DG (*p = 0.0294 relative to 
control group; mean ± SD; Student’s t- 
test; control, n = 6; GBH, n = 5), and no 
differences in the number of neuronal 
dynorphin-positive cells (NeuN posi-
tive) (p = 0.6059 relative to control 
group; mean ± SD; Student’s t-test; 
control, n = 4; GBH, n = 3). D, repre-
sentative images of dynorphin antibody 
double-labeled with DAPI (straight 
white arrows) and the neuronal marker 
NeuN (arrowheads). Scale bar = 100 
μM.   
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Fig. 6. Immunohistochemistry showing an increased 
number of nestin-positive cells in the subgranular 
zone of hippocampal dentate gyrus (DG) of adult male 
rats perinatally exposed to a glyphosate-based herbi-
cide (GBH). A, representative photomicrograph of the 
DG of the hippocampus (20X magnification) showing 
dynorphin-positive cells located in the subgranular 
zone. Arrows pointing to double-labeled cells, DAPI +
dynorphin. B, representative images of DAPI staining 
double-labeled with the doublecortin antibody (DCX, 
a selective marker for adult neurogenesis) and nestin 
(a marker for neural stem cells). Arrows pointing to 
the location in the subgranular zone of nestin-positive 
cells. C, the scatter plot graph shows the increase in 
the number of nestin-positive cells in the DG in the 
hippocampus of GBH group (*p = 0.0440 relative to 
control group; mean ± SD; Student’s t-test; control, n 
= 6; GBH, n = 5). Scale bar = 100 μM.   
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(Bali et al., 2019) also reported that both subchronic (6 weeks) and 
chronic (12 weeks) treatment with GBH induced recognition and 
retention memory impairments, and chronic exposure affected working 
memory in adult animals as well. 

Neural stem cells may differentiate into a diversity of cell types in the 
adult and developing brains including the wide variety of neurons, as-
trocytes, and oligodendrocytes (Mignone et al., 2004; Temple, 2001). 
Nestin is widely used as a marker for these progenitor cells (von Bohlen 
and Halbach, 2011). DCX, doublecortin, is a microtubule-associated 
protein specific for the neuronal lineage, expressed in migrating neu-
roblasts and immature neurons, and can be classified as a marker for 
adult neurogenesis (Rao and Shetty, 2004; von Bohlen and Halbach, 
2011). Upon neuronal differentiation, the expression of nestin is 
abruptly terminated and does not overlap with the DCX expression 
(Couillard-Despres et al., 2005; von Bohlen and Halbach, 2011). The 
observed increase in NPC in our study, without a concomitant increase 
in DCX-positive cells, therefore, suggests that perinatal GBH exposure 
induced an effect on distinct lineages other than neurons, or that the 
cells later may develop to neurons. Additional characterization is 
required to determine the type of progenitor populations that is 
increased in the hippocampus of GBH-exposed rats. 

A commercial GBH formulation was used in the present study to 
represent the occupational exposure to this pesticide. Therefore, it re-
mains to be elucidated if the observed long-term effects in adult animals 
are due to glyphosate alone or its formulation. Furthermore, the 
experimental design aimed to expose the offspring to GBH through the 
placenta during the gestational period and via breast milk during the 
suckling period. Glyphosate is suggested to reach the fetal brain via 
amino acid transporters in the immature blood-brain barrier (Xu et al., 
2016). There are presently no reports on the transfer of glyphosate into 
rodent breast milk and the transfer of glyphosate to human breast milk 
has been reported to be negligible (McGuire et al., 2016; Steinborn et al., 
2016). Thus, in the present study, the major perinatal GBH exposure 
may take place during gestation. A recent report using pregnant rats 
showed that exposure to low doses of glyphosate and its commercial 
formulation during the perinatal period changed maternal behavior 
(Dechartres et al., 2019). However, in the present study, no changed 
maternal behavior was observed in the GBH-treated dams. 

5. Conclusion 

In conclusion, the present results demonstrated significant long-term 
changes in neuropeptide expression in the male adult SN and hippo-
campus as well as increased progenitor cells in the hippocampal dentate 
gyrus following limited exposure to GBH during pregnancy and lacta-
tion. This suggests that GBH may induce perturbations in critical neu-
rodevelopmental processes that lead to long-term brain changes. Further 
studies on GBH-induced long-term changes in the brain following peri-
natal exposure are of importance and may be relevant for future regu-
lation of the globally used glyphosate. 
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