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ABSTRACT: Background: Glyphosate is the most widely used herbicide worldwide and is frequently applied with 
auxinic herbicides such as dicamba and 2,4-dichlorophenoxyacetic acid (2,4-D). Regulatory limits are largely based on 
single-compound toxicity but real-life exposure occurs as mixtures. Objective: To evaluate whether chronic exposure 
to regulatory-relevant doses of glyphosate alone or combined with dicamba and 2,4-D during pregnancy and lactation 
induces neurobehavioral and histopathological alterations in maternal brain tissue. Methods: Pregnant Wistar rat dams 
were exposed from gestational day-6 to postnatal day-21 to: 0mg/kg/day glyphosate (control group), 0.5mg/kg/day 
glyphosate (European Union ADI-Gly group), 50mg/kg/day glyphosate (European Union NOAEL-Gly group), or a 
mixture of glyphosate, dicamba, and 2,4-D at their respective European Union ADI levels (Combination group). 
Neurobehavioral assessment included open field, elevated plus maze, and forced swim tests. Brain tissues were 
examined using hematoxylin and eosin staining with semi-quantitative scoring. Statistical analysis employed one-way 
ANOVA with Dunnett post-hoc comparisons. Results: Grooming behavior increased significantly in the NOAEL-Gly 
group and more markedly in the Combination group, consistent with anxiety-like alterations, while locomotor and 
depressive-like behaviors were unchanged. Histopathology revealed neuronal degeneration, perineuronal edema, and 
vascular congestion, most pronounced in the hippocampus of mixture-exposed dams. Structural alterations paralleled 
behavioural findings. Conclusions: Chronic exposure to regulatory relevant doses of glyphosate induces maternal 
neurotoxicity that is amplified by co-exposure to dicamba and 2,4-D, suggesting additive effects and underscoring the 
need to incorporate mixture toxicity into pesticide risk assessment. 
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Introduction 
Glyphosate is currently the most widely used 

herbicide worldwide [1], and its extensive 
agricultural application has resulted in 
persistent environmental contamination and 
chronic low-level exposure in both wildlife and 
human populations [2-5]. 

With the widescale appearance of 
glyphosate resistant weeds, especially in North 
America [6,7], contemporary crop management 
increasingly relies on application of combined 
herbicide formulations, particularly mixtures 
containing glyphosate, dicamba, and  
2,4-dichlorophenoxyacetic acid (2,4-D), which 
has been exacerbated by the launch of 

glyphosate plus dicamba and glyphosate plus 
2,4-D tolerant genetically modified crop 
varieties [8]. 

Growing toxicological evidence indicates 
that such combined exposures may enhance 
biological effects through additive or 
synergistic mechanisms, even when individual 
compounds are present at doses considered safe 
[9,10]. 

Although glyphosate has traditionally been 
regarded as having relatively low acute toxicity 
in mammals, accumulating experimental data 
indicate that chronic exposure-even at low or 
environmentally relevant doses-can induce liver 
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toxicity [11] and neurobiological alterations 
[12]. 

Glyphosate and glyphosate-based herbicides 
have been shown to disrupt neuronal 
homeostasis through mechanisms involving 
oxidative stress, mitochondrial dysfunction, 
excitotoxicity, and neuroinflammatory 
signaling, ultimately contributing to neuronal 
injury and behavioral impairment [13]. 

Experimental studies further demonstrate 
that developmental exposure to glyphosate can 
impair hippocampal neurogenesis, increase 
apoptotic signaling, and alter synaptic plasticity 
pathways, supporting the concept of persistent 
neurodevelopmental toxicity [14]. 

The developing brain is particularly 
vulnerable to environmental toxicants during 
gestation and early postnatal life, when 
neurogenesis, neuronal migration, 
synaptogenesis, and myelination occur in 
tightly regulated sequences. 

Even minimal perturbations during these 
critical windows may produce long-lasting 
structural and functional consequences. 

Experimental evidence indicates that 
glyphosate exposure during early life induces 
oxidative damage in the hippocampus, disrupts 
neuronal differentiation, and interferes with 
neurotransmitter regulation [15]. 

Additional studies have shown that 
glyphosate exposure may exacerbate 
neuroinflammatory processes and impair 
cognitive performance after prolonged 
exposure, highlighting its potential role as a 
developmental neurotoxicant [16]. 

In parallel, the widespread use of auxinic 
herbicides such as dicamba and 2,4-D has 
increased the likelihood of simultaneous 
exposure [17]. 

Experimental data indicate that 2,4-D can 
cross the blood-brain barrier, alter serotonergic 
signaling, and induce behavioral changes 
including reduced locomotor activity and 
increased immobility in rodents [18]. 

Chronic exposure to 2,4-D has also been 
associated with deficits in neurobehavioral 
performance, neuronal necrosis, and cortical 
structural alterations [19]. 

Moreover, studies evaluating herbicide 
combinations report that mixtures of auxinic 
herbicides may produce synergistic toxic effects 
compared with individual compounds, 
reinforcing concerns regarding mixture toxicity 
under realistic exposure conditions [20]. 

Assessment of developmental neurotoxicity 
requires integration of functional and structural 
endpoints. 

Behavioral tests such as the open field test, 
elevated plus maze, rotarod, and forced swim 
test are widely validated tools for evaluating 
locomotor activity, anxiety-like behavior, 
motor coordination, and depressive-like 
responses following chronic toxicant exposure 
[21]. 

When correlated with histopathological 
examination, these tests allow detection of 
subtle neurofunctional impairments associated 
with neuronal degeneration, vascular 
alterations, and hippocampal vulnerability-
brain regions known to be particularly sensitive 
to herbicide-induced toxicity [22]. 

Objective 
Therefore, the present study aimed to 

investigate the neurotoxic effects on dams of 
exposure to low doses of glyphosate alone and 
in combination with dicamba and  
2,4-D administered during gestation, and 
lactation in a rat model. 

By integrating behavioral assessment (open 
field, elevated plus maze, and forced swim 
tests) with detailed histopathological evaluation 
of cortical and hippocampal structures, this 
study tests the hypothesis that chronic 
developmental exposure to low-dose herbicide 
mixtures induces persistent neurobehavioral 
alterations and structural neuronal damage, 
thereby contributing to improved risk 
assessment of herbicide mixtures under  
real-world exposure scenarios. 

Methods 
Animal experiment 

The animal experiment has been presented 
in detail previously [23,24]. 

Briefly, 20 pregnant 3-month-old Wistar rats 
were randomly assigned into one of the four 
experimental groups (n=5 animals per group) 
and exposed to the respective treatment from 
gestation day (GD) 6 till weaning (post-natal 
(PN) day 21). 

At the end of the exposure period, the 
neurobehavioral tests were performed and then 
the animals were sacrificed by exsanguination 
after anesthesia with xylazine and ketamine as 
previously described [24] to collect the brain.  

Approval for the animal study was granted 
by the Ethical Committee of UMF Craiova, 
Romania (No. 120/19.11.2020). 
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Treatment 
The control group (5 dams) received free 

access to filtered tap water and special rodent 
food. 

The ADI-Gly group (5 dams) received from 
GD6 till PND21 0.5 mg glyphosate/kg bw/day 
[25] equivalent to the European Union (EU) 
acceptable daily intake (ADI) value. 

The NOAEL-Gly group (5 dams) received 
from GD6 till PND21 50mg glyphosate/kg 
bw/day [25] equivalent to the EU no observed 
adverse effect level (NOAEL) value. 

The Combination group (5 dams) received 
from GD6 till PND21 the combination of 0.5mg 
glyphosate/kg bw/day equivalent [25], 
0.02mg/kg bw/day 2,4-D [26] and 0.3mg 
dicamba/kg bw/day [27], equivalent to the EU 
ADI value for each individual herbicide. 

Dose Selection 
The exposure doses were calculated as 

fractions of the established ADI and NOAEL 
values for glyphosate, dicamba, and 2,4-D, in 
order to simulate regulatory relevant chronic 
exposure conditions. 

Behavioral tests 
Open field test 

Exploratory behavior, locomotor activity 
and anxiety-related responses were evaluated 
using the open field test, which is a validated 
method of detecting neurobehavioral alterations 
in rodents [28]. 

The apparatus consisted of a 100×100cm 
square arena divided into 25 equal squares, with 
a defined central zone (nine inner squares) and 
peripheral zone (16 outer squares). 

Each rat was placed individually in the 
center of the arena and allowed to explore freely 
for 5min. 

Behavior was recorded using an overhead 
video camera. 

The arena was cleaned and dried between 
trials to prevent olfactory interference. 

Videos were analyzed independently by two 
observers (AMC and AOD) blinded to 
treatment. 

Exploratory drive was quantified as the 
number of rearing movements in consecutive 
1-minute intervals over a 5-minute observation 
period, reflecting vertical activity and 
environmental investigation. 

Locomotor function was assessed by the 
number of squares crossed over the central zone 
(cross internal) in consecutive 1-minute 
intervals over a 5-minute and the number of 

squares crossed over the peripheral zone (cross 
external) in consecutive 1-minute intervals over 
a 5-minute observation period, and a cumulative 
score for number of squares crossed over the 
central zone/peripheral zone across the  
5-minute test. 

Anxiety-like and stress-related responses 
were evaluated by the number of grooming 
episodes in consecutive 1-minute intervals over 
a 5-minute period and cumulative grooming 
events recorded across the 5-minute test and the 
total number of fecal boluses during the 
5-minute test, widely used indices of emotional 
reactivity in toxicological studies.  

Discrepancies between observers were 
resolved by joint review to reach consensus. 

Elevated Plus Maze Test 
Anxiety-like behavior and exploratory 

activity were assessed using the Elevated Plus 
Maze (EPM), a validated technique sensitive to 
limbic system dysfunction and behavioral 
alterations induced by neurotoxicants [29]. 

The apparatus consisted of a cross-shaped 
platform elevated 50cm above the floor, 
comprising two opposing open arms and two 
opposing closed arms connected by a central 
platform. 

Each arm extended 90cm from the center. 
Rats were individually placed in the central 

platform facing an open arm and allowed to 
explore freely for 5min. 

Behavior was recorded using an overhead 
video camera. 

The apparatus was cleaned and dried 
between trials to eliminate olfactory cues. 

Video recordings were analyzed 
independently by two observers (AMC and 
AOD) blinded to treatment group. 

Anxiety-like behavior was quantified by 
time spent in the closed arms and number of 
grooming episodes, parameters reflecting 
avoidance behavior and stress reactivity.  

Exploratory activity was evaluated by time 
spent in the open arms and central platform, 
number of rearing movements, and number of 
head-dipping/bending behaviors over the edges 
of the open arms, which are sensitive indicators 
of anxiety modulation and emotional state. 

Discrepancies between observers were 
resolved by joint review to reach consensus. 
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Force Swim Test 
Depressive-like behavior was evaluated 

using the Forced Swim Test (FST), which is a 
widely used test that is sensitive to alterations in 
mood and changes in monoaminergic function 
induced by neurotoxicants [30]. 

Rats were placed individually in a 
transparent cylindrical tank (height ~50cm, 
diameter ~20-25cm) containing water at a 
temperature of 23-25°C. 

The water level was set at a depth sufficient 
to prevent tail support while still allowing free 
swimming without the option of escaping. 

Each 5-minute session was recorded using a 
video camera positioned to capture lateral 
movements. 

The water was changed regularly and the 
animals were dried and returned to their home 
cages after testing. 

Video recordings were analyzed 
independently by two observers (RM and AB) 
who were blinded to the treatment allocation. 

Behavioral parameters included immobility 
time, defined as floating with the minimal 
movements necessary to keep the head above 
water. 

This reflects passive coping behavior.  
Immobility is considered an index of 

behavioral despair or reduced stress-coping 
capacity, and it is sensitive to alterations in 
serotonergic and noradrenergic signaling. 

Any discrepancies between the observers 
were resolved through a joint review in order to 
establish a consensus score. 

Brain tissue processing and 
histopathological evaluation 

At sacrifice the brain was excised, gently 
rinsed in physiological saline solution to 
remove blood, dried on a filter paper,  
weighed and immediately immersed in 10% 
neutral-buffered formalin for 24h at room 
temperature to ensure optimal preservation of 
tissue morphology and cellular integrity. 

Following fixation, the tissues were washed 
in phosphate-buffered saline (PBS) before 
being embedded in paraffin. 

Tissue processing-including graded ethanol 
dehydration, xylene clearing and paraffin 
embedding-was performed according to routine 
internationally accepted standard 
histopathological procedures [31]. 

Paraffin-embedded blocks were sectioned at 
a thickness of 4μm using a Leica RM 2125 
rotary microtome, and sections were mounted 
on glass slides. 

Sections were stained with hematoxylin and 
eosin (H&E) using standardized staining 
protocols for general morphological assessment 
and identification of cellular and structural 
alterations [32]. 

Microscopic evaluation was performed 
using a Panthera L light microscope 
(Motic Europe, S.L.U., Spain) at multiple 
magnifications appropriate for lesion detection 
and characterization. 

For each section, five spatially distinct,  
non-overlapping high-power fields  
(HPFs; ×400 magnification) were selected. 

Histopathological lesions were identified 
and described using standardized diagnostic 
terminology in accordance with the 
International Harmonization of Nomenclature 
and Diagnostic Criteria (INHAND) guidelines 
for rodent brain pathology [33]. 

Whole-slide examination was performed 
independently by two experienced pathologists 
(LC and MNA) who were blinded to 
experimental group allocation. 

In instances of interpretation disagreement, 
slides were jointly reviewed and a consensus 
interpretation was established. 

Histopathological alterations were graded 
using a semiquantitative severity scoring 
system based on both the intensity of the lesion 
and the extent of tissue involvement, as 
commonly applied in experimental toxicology 
studies [34]. 

Lesions were classified as follows: 
(-) no detectable histopathological 

alteration; 
(+) mild, characterized by minimal structural 

changes confined to limited focal areas; 
(++) moderate, defined by clearly evident 

alterations affecting a broader but not extensive 
portion of the tissue; 

(+++) severe, indicating marked and 
widespread structural disruption with 
pronounced morphological abnormalities. 

Statistics 
All data are presented as mean±standard 

deviation (SD, n=5). 
Statistical analyses were performed using 

standard parametric methods appropriate for 
normally distributed data with the help of 
STATA (STATACORP, USA). 

Statistical analyses were performed using 
one-way analysis of variance (ANOVA) to 
assess overall differences among the 
experimental groups at each individual time 
point. 
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Dunnett’s post-hoc test was applied to 
compare each exposure group directly with the 
control group. 

The parameters evaluated for open field 
were: latency to start from the center (latency), 
the number of crossing over internal squares 
(cross internal) at minut 1, 2, 3, 4, 5 and total for 
all 5 minutes, the numbers of crossing over 
external squares (cross external) at minute 1, 2, 
3, 4, 5 and total for all 5 minutes, the number of 
rearings (rearings) at minute 1, 2, 3, 4, 5 and 
total for all 5 minutes, the number of grooming 
(grooming) at minute 1, 2, 3, 4, 5 and total for 
all 5 minutes and the number of boluses. 

To evaluate sustained rearing, grooming, 
and locomotor activity, a cumulative grooming, 
rearing and cross internal and cross external 
scores were calculated for each animal as the 
sum of respective parameters recorded across 
the 5-minute test. 

Because cumulative scores were derived 
from individual animal data, standard 
deviations reflect true inter-individual 
variability. 

The parameters evaluated for elevated 
plus-maze were the number of bending 
(bending), the number of rearings (rearings), the 
number of grooming (grooming), the time 
spend in the open arms (open), the time spend 
in the center (center), the time spend in the dark 
area (closed). 

The parameter evaluated for the force swim 
was the time of immobility. 

No statistics were performed for the scoring 
system for the histopathological alterations as 
the analysis was semiquantitative. 

Results 
Neurobehavioral Tests 
Open Field test 

A minute-by-minute analysis revealed that 
grooming behavior differed significantly 
between groups only at the two-minute interval. 

A significant overall effect of treatment was 
identified by one-way ANOVA. 

Subsequent Dunnett post hoc comparisons 
revealed elevated values in the NOAEL-Gly 
group (p<0.05) and a more pronounced increase 
in the herbicide Combination group (p<0.01) 
relative to the Control animals. 

The ADI-Gly group did not differ 
statistically from controls, and no meaningful 
differences were observed at the 
remaining observation intervals (1, 3, 4, and 
5min) (Table 1). 

When grooming activity was evaluated 
cumulatively across the entire 5-minute 
observation period, a significant overall group 
effect was detected (one-way ANOVA, 
F(3,16)=3.55, p=0.038). 

Post hoc comparisons revealed that 
cumulative grooming was significantly 
increased in Combination-exposed animals 
compared with Controls (p<0.01), while the 
NOAEL-Gly group showed a non-significant 
trend towards increased grooming. 

No significant difference was observed 
between the ADI-Gly and control groups 
(Table 1). 

No other significant changes were observed 
for any of the other evaluated parameters at any 
time point. 

 

Table 1. Open field test evaluation at the end of the herbicide exposure period. 

 Control ADI-Gly NOAEL-Gly Combination 
Variable Definition Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. 
Latency (s) 1.60±0.89 3.00± 3.08 2.00±1.87 1.60±2.51 
Cross internal 1 3.00±1.58 5.20±3.27 5.20±3.56 4.60±2.07 
Cross internal 2 2.40±1.52 2.20±2.49 2.80± 3.11 4.80±3.27 
Cross internal 3 4.40±1.52 2.00±2.00 3.60±2.61 4.20±2.95 
Cross internal 4 2.20±2.49 3.80±5.85 2.00±2.83 1.60±1.82 
Cross internal 5 1.40±1.52 1.00±1.00 2.40± 3.36 2.80±2.77 
Cross internal total 13.40±5.32 14.00±12.73 16.00±12.39 18.00±5.15 
Cross external 1 26.60±2.70 22.60±6.54 33.80± 6.06 32.40± 6.15 
Cross external 2 23.00±2.65 20.60±8.05 26.00±13.44 26.80±11.08 
Cross external 3 20.00±2.35 20.00±8.86 18.60±11.52 20.60± 9.84 
Cross external 4 14.00±8.49 16.20±5.50 16.80±10.45 26.20±19.94 
Cross external 5 14.80±7.40 15.80± 14.00±10.12 22.20±20.75 
Cross external total 98.40±18.84 95.00±24.72 109.2±44.65 128.2±57.13 
Rearing 1 9.00±1.00 6.80±2.59 7.80±2.59 11.40±5.32 
Rearing 2 9.00±2.83 6.80±4.60 8.60±5.94 10.00±3.54 
Rearing 3 5.20±1.64 8.60±3.36 6.40±4.83 7.80±4.87 
Rearing 4 4.00±2.65 6.60± 2.88 5.00±4.53 7.40±3.65 
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Rearing 5 3.20±2.28 3.80±1.79 5.40±4.62 6.40±3.91 
Rearing total 31.40±7.27 32.40±13.16 33.20±21.11 43.00±15.20 
Grooming 1 0.20±0.45 0.60±0.55 0.80±0.45 0.80±1.10 
Grooming 2 0.60±0.89 0.80±0.84 2.00±1.58* 3.00±0.71** 
Grooming 3 1.20±0.84 1.20±0.84 1.60±1.34 1.80±0.84 
Grooming 4 0.60±0.89 1.60±1.34 1.6±1.52 1.60±1.14 
Grooming 5 0.6±0.55 1.20±1.64 1.6±1.82 2.00±0.71 
Grooming total 3.2±0.84 5.4±3.36 7.6±4.77* 9.2±1.92** 
Boluses 3.00±1.22 0.80±1.10 1.60±2.61 4.60±1.82 

*p<0.05; **p<0.01; ***p<0.001 compared with controls (n=5 dams per group) (Dunnett’s test). 
 

Elevated Plus-Maze test 
Grooming behavior assessed during the 

elevated plus maze test showed increased values 
in all exposed groups compared with the control 
group (see Table 2). 

One-way ANOVA revealed a trend towards 
a treatment effect that did not reach statistical 
significance (F(3, 16)=2.63, p=0.086). 

However, a post-hoc Dunnett's test 
comparing each exposure group with the control 

group revealed a significant increase in 
grooming behavior in the NOAEL-Gly group 
(p<0.05), as well as a highly significant increase 
in the Combination group (p<0.01). 

No statistically significant difference was 
observed between the ADI-Gly group and the 
control group (see Table 2). 

No other significant changes were observed 
for any of the other evaluated parameters at any 
time point. 

 

Table 2. Elevated plus-maze test evaluation at the end of the herbicide exposure period.  

 Control ADI-Gly NOAEL-Gly Combination 
Variable Definition Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. 
bending 7.80±1.10 4.80±7.09 3.60±3.29 4.80±2.95 
rearing 9.60±1.67 7.80±4.21 10.20±6.87 11.20 ±3.63 
grooming 3.40±1.34 5.60±3.65 6.80±0.45* 9.40±5.68** 
open 54.40±2.88 24.00±29.57 21.60±27.92 39.00±20.46 
center 20.40±5.03 14.00±13.45 10.60±11.04 17.60±4.16 
closed 225.2±7.46 262.0±41.32 267.8±38.93 243.4±23.66 

*p<0.05; **p<0.01 compared with controls (n=5 dams per group) (Dunnett’s test). 
 

Force Swim test 
No significant changes between control and 

herbicide exposure groups was detected in the 

time of immobility recorded during the forced 
swim test (see Table 3). 

 
Table 3. Force swim test evaluation at the end of the herbicide exposure period. 

 Control ADI-Gly NOAEL-Gly Combination 
Variable Definition Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. Mean±Std. Dev. 
Time of imobility 27.6±9.58 49.8±24.6 55.6±21.66 35.20±18.66 

 

Histopathological evaluation 
No differences in brain weight were 

identified between the control and treatment 
groups (data not shown). 

In the Control group, the morphology and 
arrangement of the brain tissue were normal. 

There were no signs of pathological 
alterations, and tissue integrity was preserved. 
Choroid plexuses with normal histological 
features were observed across all animals 
(Figure 1A, Table 4). 

In the NOAEL-Gly group, changes were 
observed in the histological aspects of both the 
cerebral cortex and the hippocampus. 

The cerebral cortex showed signs of 
neuronal cell degeneration, with shrunken 
neurons and increased eosinophilic cytoplasm. 

Changes to vascular aspects were also 
evident, with signs of vascular congestion. 

The hippocampal region revealed even more 
pronounced findings, including loss of neurons, 
degenerative changes and vacuolization 
(Figure 1B, Table 4). 



Current Health Sciences Journal Vol. 52, No. 1, 2026 January-March 

10.12865/CHSJ.52.01.08 71 

The cerebral cortex of the ADI-Gly group 
showed changes, but these were less intense and 
more localized than in the NOAEL-Gly group. 

Neuronal degeneration was present, albeit in 
a mild form with slightly eosinophilic 
cytoplasm. 

Alongside vascular congestion, enlarged 
vessels or hyalinized walls were present. 

Similar changes were observed in the 
hippocampus, but with reduced intensity and 
more limited distribution (Figure 1C and 
Table 4). 

The rat brain tissue from the Combination 
group displayed more pronounced and diffuse 
histopathological alterations compared to the 
NOAEL-Gly and ADI-Gly groups. 

In the cerebral cortex, neuronal degeneration 
was observed, often accompanied by dense 
eosinophilic cytoplasm and perineuronal 
oedema. 

Vascular hyperemia was maintained and 
accompanied by hyaline walls. 

The hippocampus of this group showed 
numerous degenerating cells interspersed with 
pink deposits (Figure 1D and Table 4). 

We evaluated all the histopathological 
aspects encountered in the brain tissue using a 
scoring system based on the intensity of the 
lesions and the number of specimens involved. 

Intensity was classified as absent, mild, 
moderate or intense (Table 4). 

 

 
Figure 1. H&E staining of rat brain tissue sections from animals exposed to glyphosate alone or in 

combination with 2,4-D and dicamba. 
A: Control group: normal architecture, choroid plexuses-black arrow; 

B-NOAEL-Gly group: neuronal degeneration-black arrow; 
C-ADI-Gly group: neuronal degeneration -black arrow, enlarged vessel with hyperemia -green arrow; 

D-Combination group: neuronal degeneration and perineuronal edema-black arrow,  
hyperemic vessels-green arrow. Magnification: X200. 
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Table 4. Severity grading and incidence of brain histopathological alterations across exposure 
and control groups based on microscopic examination following H&E staining. 

Parameters 

Experimental groups 
Control ADI-Gly NOAEL-Gly Combination 

Intensity Specimens 
Number Intensity Specimens 

Number Intensity Specimens 
Number Intensity Specimens 

Number 
cerebral 

cortex and the 
hippocampus 
neuronal cell 
degeneration 

- 0/5 + 2/5 + 2/5 + 4/5 

perineuronal 
edema - 0/5 - 0/5 + 1/5 ++ 3/5 

vascular 
congestion - 0/5 + 3/5 + 4/5 ++ 4/5 

(-) none, (+) mild, (++) moderate, (+++) intense 

 

Discussion 
The present study demonstrates that chronic 

exposure of rat dams to regulatory relevant 
doses of glyphosate produces detectable 
neurobehavioral and structural brain alterations, 
while co-exposure with dicamba and 2,4-D 
markedly amplifies these effects. 

Importantly, the observed changes occurred 
at exposure levels corresponding to regulatory 
ADI and NOAEL thresholds, suggesting that 
these limits may not fully protect the maternal 
nervous system during sensitive life stages. 

Behavioral effects: early 
neurobehavioral alterations at the 
NOAEL level 

The most consistent behavioral alteration 
was the increase in grooming behavior. 

Notably, grooming was already significantly 
elevated in the NOAEL-Gly group and became 
markedly more pronounced in the herbicide 
Combination group. 

The ADI-Gly group did not significantly 
differ from controls. 

This progressive pattern indicates a 
dose-interaction relationship rather than 
random variability. 

In rodents, grooming represents a sensitive 
index of emotional status and limbic activation 
rather than locomotor stimulation. 

Increased grooming reflects altered 
corticostriatal and hippocampal circuit activity 
and is commonly interpreted as an anxiety-like 
response following exposure to neuroactive 
toxicants [35]. 

The absence of significant locomotor 
impairment and the lack of changes in forced 
swim immobility indicate selective disturbance 

of anxiety-related pathways rather than general 
neurotoxicity or depressive-like behavior. 

Glyphosate is known to alter glutamatergic 
signaling, impair mitochondrial respiration 
and induce oxidative stress in the hippocampus, 
mechanisms strongly associated with 
anxiety-like phenotypes [12,14]. 

Therefore, the detection of behavioral 
alterations at the NOAEL-Gly dose suggests 
that subtle neurobehavioral endpoints are more 
sensitive indicators of toxicity than apical 
endpoints traditionally used for regulatory dose 
derivation. 

Additive interaction with 2,4-D and 
dicamba 

The magnitude of grooming behavior was 
greatest in the herbicide Combination exposed 
group, indicating that dicamba and 2,4-D 
enhance glyphosate neurotoxicity through 
additive mechanisms. 

Auxinic herbicides such as 2,4-D cross the 
blood-brain barrier and alter monoaminergic 
neurotransmission, affecting serotonergic and 
dopaminergic pathways involved in emotional 
regulation [36-38]. 

Behavioral studies have shown that 2,4-D 
exposure induces neurobehavioral alterations 
consistent with increased stress reactivity [18] 
whilst dicamba has been associated with 
oxidative neuronal injury and membrane 
destabilization [39]. 

Glyphosate primarily disrupts mitochondrial 
function and redox homeostasis [40], whereas 
auxinic herbicides interfere with 
neurotransmission [41]. 

Simultaneous impairment of metabolic and 
signaling pathways produces cumulative 
functional disturbance. 
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Mixture toxicology research consistently 
shows additive or greater-than-additive effects 
when pesticides act through complementary 
mechanisms [42,43]. 

Thus, the progressive increase in grooming 
from control through NOAEL-Gly and 
Combination exposure supports a biologically 
coherent additive neurotoxicity model. 

Histopathological correlates of 
behavioral changes 

The behavioral alterations were 
accompanied by structural brain injury, 
particularly neuronal degeneration, 
perineuronal edema and vascular congestion, 
which was most pronounced in the herbicide 
Combination exposure group. 

The hippocampus showed neuronal loss and 
vacuolization, regions critically involved in 
anxiety regulation [44]. 

Hippocampal injury is strongly linked  
to increased emotional reactivity and  
stress-related behaviors [45]. 

Glyphosate has been shown to impair 
neurogenesis and synaptic plasticity in 
hippocampal neurons [14], consistent with the 
behavioral phenotype observed. 

The presence of vascular congestion and 
hyalinized vessels suggests impairment of the 
neurovascular unit. 

Cerebrovascular dysfunction contributes to 
neuronal injury by disrupting blood-brain 
barrier integrity and oxygen delivery [46]. 

Auxinic herbicides may potentiate this 
process through membrane destabilization and 
inflammatory signaling [38], explaining the 
more pronounced lesions in the Combination 
group. 

Together, the concordance between anxiety-
like behavior and hippocampal degeneration 
indicates that grooming reflects true 
neurobiological injury rather than adaptive 
behavioral modulation. 

Vulnerability of pregnancy and lactation 
Pregnancy and lactation represent a uniquely 

sensitive biological window for the maternal 
nervous system because the brain undergoes 
profound, tightly regulated neuroendocrine and 
structural remodeling to support maternal 
behaviors, stress adaptation, and metabolic 
demands [47]. 

Converging evidence shows that the 
peripartum period is characterized by marked 
plasticity across the hippocampus, prefrontal 
cortex, and amygdala, including changes in 

adult neurogenesis, synaptic remodeling, and 
dendritic architecture [48]. 

These adaptations are driven by dramatic 
fluctuations in steroid and peptide hormones 
and by altered stress-axis (hypothalamic-
pituitary-adrenal) set-points, which can reshape 
anxiety-related behaviors and may lower the 
threshold for toxicant-induced perturbation of 
limbic circuitry [49,50]. 

For example, prolactin-dependent 
stimulation of neurogenesis during pregnancy is 
considered critical for normal postpartum 
behavioral responses, illustrating how 
physiological neuroplasticity during this stage 
can be both essential and vulnerable to 
disruption [51,52]. 

From a toxicological perspective, pregnancy 
has also been recognized as a “heightened 
susceptibility” period for environmental 
chemicals because rapid physiological changes 
(including immune modulation, vascular 
adaptations, and altered metabolism) may 
amplify biological responses to exposures and 
increase maternal health risks [53]. 

In parallel, the perinatal window is also 
broadly perceived as an extremely vulnerable 
period for neurotoxicant effects because 
neuroendocrine and neuroimmune pathways are 
highly dynamic; contaminants can act through 
oxidative stress, endocrine disruption, and 
immune signaling, producing durable 
alterations in brain function and behavior [54]. 

This framework is relevant to pesticide 
mixtures because combined exposures may 
simultaneously disrupt mitochondrial/redox 
homeostasis and neurotransmission, thereby 
interfering with the normal peripartum 
adaptations that shape maternal stress reactivity 
and emotional regulation. 

In this context, the present findings-showing 
anxiety-related behavioral shifts (grooming) 
and hippocampal/cortical injury in exposed 
dams, with stronger effects in the herbicide 
Combination group-are consistent with the 
concept that the maternal brain during 
pregnancy and lactation is a sensitive target for 
low-dose neurotoxicant and mixture effects. 

Limitations 
Several limitations should be acknowledged. 
The relatively small sample size, typical for 

mechanistic animal toxicology studies, may 
limit statistical power and the detection of 
subtle behavioral differences. 

The investigation focused exclusively on 
maternal animals, and therefore potential 
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neurodevelopmental consequences in offspring 
were not evaluated. 

In addition, molecular endpoints such as 
oxidative stress markers, inflammatory 
mediators, or neurotransmitter alterations were 
not assessed, which restricts direct mechanistic 
interpretation of the observed structural and 
behavioral changes. 

The study employed active substances rather 
than commercial herbicide formulations that 
contain adjuvants capable of modifying 
toxicity, and the behavioral battery was limited 
to classical paradigms without inclusion of 
higher cognitive testing. 

Nevertheless, the concordance between 
behavioral and histopathological findings 
supports the biological relevance of the 
observed effects. 

Future perspectives 
Future research should further elucidate the 

mechanistic basis of the observed neurotoxicity 
by integrating molecular and biochemical 
endpoints, including markers of oxidative 
stress, mitochondrial dysfunction, 
neurotransmitter imbalance, and 
neuroinflammation. 

Long-term studies evaluating maternal 
cognitive performance and memory are 
warranted in order to determine whether the 
structural alterations translate into persistent 
functional impairment. 

Because maternal exposure may  
have consequences beyond the exposed 
individual, transgenerational and offspring 
neurodevelopmental assessments should also be 
incorporated. 

Additional investigations comparing active 
substances with full commercial formulations 
and environmentally realistic mixtures are 
necessary to better approximate real-world 
exposure scenarios. 

Finally, the integration of transcriptomic and 
metabolomic approaches could provide 
pathway-level insight and support the 
refinement of cumulative risk assessment 
strategies in regulatory toxicology. 

Conclusions 
Chronic exposure to regulatory relevant 

doses of glyphosate produced measurable 
neurotoxicity in rat dams, and co-exposure with 
dicamba and 2,4-D markedly amplified these 
effects. 

Behavioral alterations emerged with the 
NOAEL-Gly dose and were consistent with the 

structural findings of neuronal degeneration and 
hippocampal injury, indicating biologically 
meaningful neurotoxic damage rather than 
adaptive behavioral variability. 

The progressive increase in grooming from 
glyphosate alone to herbicide Combination 
exposure supports an additive interaction 
between herbicides acting through 
complementary mechanisms. 

This observation may have particular health 
implication in the USA where exposure to a 
combination of glyphosate, 2,4-D and dicamba 
has been escalating in recent years [17]. 

These findings suggest that regulatory 
thresholds based on single-compound testing 
may underestimate risk during sensitive 
physiological periods such as pregnancy and 
lactation, and they highlight the maternal brain 
as a relevant target for pesticide risk assessment. 

Overall, the results support the need for 
incorporating mixture toxicity and vulnerable 
life stages into future neurotoxicity evaluation 
frameworks. 
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