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Graphic abstract 

 

Abstract 

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is widely used in several countries. 

Research on the neurotoxicity of 2,4-D has been focused on the central nervous system, and 

little is known about its effects on the myenteric plexus. Therefore, to elucidate the 

neurotoxicity of 2,4-D and the viability of its use, we investigated the effects of daily intake 

of 5 mg 2,4-D/kg for 60 days on the myenteric plexus neurons of the rat ileum using 

quantitative and morphometric analyses. Twenty male Wistar rats aged 60 days were divided 

into two groups (n=10 rats/group). The group E animals received daily 5 mg doses of 

2,4-D/kg diluted in 1 mL of water, whereas the group C animals were not treated with the 

herbicide. The animals were euthanized with anesthetic after 60 days; subsequently, the ileum 

was dissected out, and procedures were performed to visualize the total population of neurons 

(Giemsa staining), the nitrergic neurons (NADPHd+), and the estimated population of 

cholinergic neurons (NADPHd-). The results were statistically analyzed and compared 

between groups. In group E, the densities of Giemsa-stained neurons and NADPHd- neurons 

decreased (p<0.05) by 7% and 10%, respectively, whereas the density of NADPHd+ neurons 

remained constant. The cell body area was 5.8% greater (p<0.05) for the NADPHd+ neurons 

but remained unchanged for the neurons stained with Giemsa. These results suggest that 
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2,4-D causes a reduction in neuronal density, particularly for cholinergic neurons, and 

promotes an increase in the cell body area of nitrergic neurons, leading to hypertrophy. 

Keywords: 2-4-D, intestine, herbicide, enteric nervous system 

1. Introduction 

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is used in agriculture, parks, and 

gardens to eliminate weeds and can cause intoxication in humans as well as other animals 

(Margonato et al. 2003).  

The contamination of humans and other animals by 2,4-D can occur during its transportation, 

storage, handling for preparation and application, as well as by the inhalation of, contact with, 

and ingestion of contaminated air, water, and food (Aydin et al. 2005, Bolognesi 2003).  

The toxic dose of ingested 2,4-D for humans is approximately 3-4 g, and the lethal dose is 28 

g (Tsman 1991). For rats, the lethal dose is 375 mg/kg body weight (Almeida & Rodrigues 

1988). Neurotoxicity is the predominant effect of its oral ingestion and inhalation (Mattson et 

al. 1997; Schvartsman 1991, Epa 1987). However, digestive complications, chest and 

abdominal pain, breathing difficulties, and muscle problems, such as asthenia, have also been 

reported (Abdollahi, 2004, Charles et al. 1996a, 1996b). 

Several studies have been conducted to elucidate the mechanisms of the action of 2,4-D in 

various animal systems, and neurotoxicity studies have focused on the central nervous system 

(Bjorling-Poulsen et al. 2008, Konjuh et al. 2008, Bongiovanni et al. 2007). 

The mechanisms proposed for the neurotoxicity of 2,4-D include inhibition of organic acid 

transport out of the brain, leading to high levels of metabolites from the biogenesis of amines 

(Elo & MacDonald, 1989); inhibition of microtubule polymerization (Rosso et al. 2000); 

production of free radicals (Bongiovanni et al. 2007, Bjorling-Poulsen et al. 2008, Bukowska 

et al. 2008); decreased levels of reduced glutathione (Bukowska 2003) and impairments of 

antioxidant enzymes, such as superoxide dismutase and catalase (Bukowska et al. 2008a, 

2008b, Bongiovanni et al. 2007, Bukowska 2003); changes in neuron cell membranes with an 

uncoupling of the oxidative phosphorylation and disruption of the metabolism of acetyl 

coenzyme A (Bradberry et al. 2000); and covalent modifications that affect the protein 

structure (Di Paolo et al. 2001). 

Changes in the functional and structural integrity of proteins in the plasma membrane and 

organelles can trigger changes in the energy metabolism that affects the biological activities of 

cells, such as ATP synthesis, signaling, regulation of biosynthesis and catabolic reactions and 

transport of metabolites and ions, and can compromise cellular integrity (Palmeira et al. 1997). 

Only a few studies have focused on the effects of 2,4-D on the peripheral nervous system, 

including the enteric nervous system (ENS). Among the constituents of the ENS is the 

myenteric plexus, which—along with other ENS neurons—responds to various types of 

stimuli and conditions—deleterious or not—by changing their chemical or functional 

structure to maintain the homeostasis of the digestive system (Lomax et al. 2005). 
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Conditions that cause functional damage to the digestive tract have been induced in vivo to 

analyze the myenteric plexus. Morphometric and quantitative parameters of myenteric 

neurons were analyzed in Parkinson's disease, Crohn's disease, toxoplasmosis 

(Hermes-Uliana et al. 2011, Anderson et al. 2007, Boyer et al. 2007), malnutrition and during 

caloric or protein restriction (Sant’Ana et al. 2012, Silva-Porto et al. 2012; Natali et al. 2005, 

2003, Cowen et al. 2000), diabetes (Fregonesi et al. 2005, Zanoni et al. 2003), and during 

aging (Gagliardo et al. 2008, Mari et al. 2008, Marese et al. 2007, Phillips et al. 2003), among 

other conditions.  

These studies have revealed neuronal preservation or hyper- or hypoplasia with or without 

atrophy or hypertrophy of the cell bodies of the total neuronal population and subpopulations. 

However, the results were associated with the type and severity of the condition and the 

segment of the digestive tract that was analyzed. 

Correa et al. (2011) reported that the daily intake of 5 mg of 2,4-D/kg/15 days interfered with 

myenteric neuronal plasticity in the rat jejunum by promoting hypertrophy of the nitrergic 

neurons without changing the total neuronal population density.  

The myenteric plexus is located in the muscular wall of the digestive tract and consists of 

neurons grouped into a network of nodes of various sizes and shapes, where different neurons 

express different neurotransmitters (Furness, 2006; Furness & Costa 1987).  

Because of this and the fact that 2,4-D is rapidly and well absorbed from the intestine, the 

signs of intoxication by 2,4-D include digestive complications, such as nausea, vomiting, 

diarrhea, acute gastritis, and abdominal pain (Charles et al. 1996a, 1996b); thus, it would be 

expected that the intake of this drug could interfere with or compromise the ENS, even before 

affecting other organs. However, little is known about the action of this herbicide in the ENS, 

and there is a need for additional studies on 2,4-D. 

The goal of the present study was to investigate the effects of daily intake of 5 mg of 

2,4-D/kg/60 days on neurons of the myenteric plexus of the rat ileum using quantitative and 

morphometric analysis. The results increase the knowledge regarding the effects of 2,4- D 

and also support further study to verify and revise the feasibility of the use of this herbicide. 

2. Method 

2.1 Ethics Committee 

Allthe procedures outlined in this study are consistent with the ethical principles adopted by 

the Brazilian College of Animal Experimentation (Colégio Brasileiro de Experimentação 

Animal – COBEA) and were reviewed and approved by the Animal Research Ethics 

Committee of the State University of Maringá (Universidade Estadual de Maringá – UEM) 

(Protocol 034/2011).  

2.2 Experimenting Animals 

Twenty male Wistar rats (Rattus norvegicus) from the Central Animal Vivarium at UEM were 

used. Sixty-day-old rats were kept for 60 days in individual polypropylene rodent cages in a 
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room with a controlled photoperiod (12-h light/12-h dark) and temperature (22ºC ± 2ºC).  

2.3 Experimental Design 

The rats received food (Nuvital® lab chow) and water ad libitum and were randomly 

distributed into two groups (n=10 rats/group). 

For 60 days, the rats in the experimental group (group E) were administered 5 mg/kg body 

weight/day of 2,4-D in sodium salt form (Sigma, Steinhein, Germany) diluted in 1 mL of 

distilled water by gavage. The rats in the control group (group C) were given 1 mL of vehicle 

(distilled water without 2,4-D) by gavage over the same period of time. Their body weights 

were measured daily to adjust the 2,4-D dose and to determine weight gain during the 

experimental period. 

After the experimental period of 60 days and 12 hours of fasting, the rats were anesthetized 

by isoflurane inhalation (Vetflurano®) and euthanized by overexposure to the anesthetic 

(Hecker et al. 1983). A ventral midline laparotomy was performed on each rat, and the ileum 

was removed, with the beginning of the ileocecal fold serving as the oral limit and the 

ileocecal junction as the caudal limit (Greene 1963). Each ileum was outlined in white paper. 

The drawings were scanned into the computer and the area (mm2) of the ileum was 

determined via image analysis. Subsequently, the ileum was processed to visualize the 

myenteric neurons, as described below. 

2.4 Basic Giemsa Stain - Detection of the Total Myenteric Neuron Population 

To estimate the total population of myenteric neurons, dyes based on methylene blue (Giemsa 

staining technique) can be used because they have an affinity for the acid structures of the 

cell, including the endoplasmic reticulum and the free ribosomes, which are present in all 

neurons (Nissl's corpuscles) (Silva Porto et al. 2012, Correa et al. 2011, Hermes-Uliana et al. 

2011, Marese et al. 2007, Soares et al. 2006, Natali et al. 2005, 2003, Natali & Miranda-Neto 

1996). Therefore, the ilea obtained from 10 rats (five in each group) were washed with 0.9% 

saline solution, filled and immersed in Giemsa fixative solution (30 mL formaldehyde, 15 mL 

acetic acid, 9 g sodium chloride, and 55 mL distilled water) for at least 48 hours. To maintain 

the contents of the ileum, each end was sutured. 

After fixation, the sutures were removed, and the ilea were sectioned along the longitudinal axis 

at the mesenteric insertion. Each ileum was carefully microdissected under a stereomicroscope 

using trans-illumination to remove the mucosal and submucosal layers. The serosa and muscular 

layers containing the myenteric plexus were preserved to form the whole mount. Each whole 

mount (one per ileum) was immersed in the Giemsa stain solution containing methylene blue in 

Sorensen phosphate buffer (pH 6.9) for at least 12 hours at room temperature. The preparations 

were then dehydrated in ethanol (90%, 95%, and 100%), diaphanized by three dips in xylene, and 

mounted onto glass slides using Permount® synthetic resin. 

2.5 NADPH-diaphorase histochemistry - Detection of NADPH-diaphorase Positive 

Myenteric Neurons (NADPH-d + neurons) 

Neurons that express nitric oxide (NO) can be visualized using nicotinamide adenine 
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dinucleotide phosphate diaphorase (NADPH-diaphorase) histochemistry, following the 

methods of Scherer-Singler et al. (1983). Approximately 34% of the total population of 

myenteric neurons are NADPH-diaphorase-positive (Wester, O’Briain & Puri et al. 1999). 

Therefore, to identify the nitrergic myenteric neurons (NADPHd+ neurons), the ilea obtained 

from the other 10 rats (5 per group) were washed and filled with phosphate buffer (pH 7.4). 

The ends of the segments were sutured to retain the filling solution. The segment was washed 

twice (10 minutes each) in PBS and permeabilized in PBS containing 0.3% Triton X-100 

diluted in sodium phosphate buffer (pH 7.3) for 10 minutes. 

After permeabilization, each ileum was washed twice (10 minutes each) in PBS and 

incubated for 120 minutes in a reaction medium containing 50 mg Nitro Blue Tetrazolium 

(NBT), 100 mg β-NADPH, and 0.3% Triton X-100 in Tris-HCl buffer (0.1 M, pH 7.6). The 

ends were later released, and the ilea were immersed in 4% paraformaldehyde for fixation 

and storage. The fixative solution stopped the reaction. 

Subsequently, each ileum was sectioned along the longitudinal axis at the level of the 

mesenteric insertion, microdissected, dehydrated, diaphanized, and mounted onto glass slides, 

as previously described for the Giemsa staining procedure. 

2.6 Obtaining Membrane Preparations and Photomicroscopy 

Whole mount obtained from the rat ilea of groups C and E were used to quantify the total 

neuronal population (Giemsa-stained neurons) and the NADPHd+ subpopulation (nitrergic 

neurons). Each whole mount was visualized under an Olympus light microscope at 400x 

magnification. The images were captured using a high-resolution digital camera, transferred, and 

recorded on the computer. 

The images were obtained from 120 random microscopic fields per whole mount. The whole 

circumference of each ileum was sampled, and 600 images per group of each neuronal 

population were obtained. For each image, all visualized neurons were quantified, and 

half-visible neurons were counted in alternate fields. 

The total area quantified was 11.52 mm2, so the results were expressed as the neuronal 

density per mm2 of ileum. The difference between the mean of the neuronal density of the 

total population (Giemsa-stained neurons) and NADPHd+ neurons was used to estimate the 

population of NADPHd- neurons (cholinergic neurons), according to the methods used by 

Phillips & Powley (2007) and Phillips et al. (2003). 

Measurements of the cell body area of myenteric neurons were performed using the 

Image-Pro Plus 3.0.1 image analysis software (Media Cybernetics, Silver Spring, Maryland, 

USA). For this procedure, images of neurons that had been captured by the digital camera to 

determine the neuronal density were used. The cell body areas (μm2) of 100 neurons per 

whole mount preparation were measured for each animal, totaling 500 neurons per group of 

each neuronal population. 
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2.7 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Initially, the results were analyzed 

using the Shapiro-Wilk test to determine the type of distribution. 

The results were expressed as the mean ± standard deviation for the data with a normal 

distribution and as the median and percentiles (P:25 and P:75) for the data with a non-normal 

distribution. To compare the results between groups C and E, the data that were normally 

distributed were subjected to an analysis of variance (one-way ANOVA), followed by 

Tukey’s test. The data with a non-normal distribution were analyzed using the Mann-Whitney 

test. The significance for all tests was p<0.05. 

3. Results 

There were no behavioral changes in the rats from groups C and E and none of the animals 

died during the experimental period. The initial and final weights of the animals, the weight 

gain, and the ileum areas (mm2) did not differ (p> 0.05) between groups C and E (Table 1). 

Table 1. Mean and standard deviation of the initial and final body weight (g), weight gain (g) 

and the area (mm2) of the ileum of rats that ingested (group E) or did not ingest (group C) the 

herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) for 60 days 

Group 

Initial 

Weight 

(g) 

Final Weight 

(g) 

Weight Gain  

(g) 

Area of the 

Ileum  

(mm2) 

 

C (n = 5) 270.3 ± 19.1a 451.8 ± 56.1a 177.8 ± 58.9a 84.86 ± 26.28a  

E (n = 5) 266.4 ± 17.9a 442.7 ± 51.8a 176.4 ± 52.1a 91.02 ± 33.25a  

Means followed by different letters in the same column are significantly different (p<0,05) 

using Tukey’s test. 

Using light microscopy to evaluate the membrane preparations from the ilea of groups C and 

E, the myenteric neurons were grouped into ganglia that were interconnected by nerve fiber 

bundles, and there were no visible arrangement differences between the groups or between 

the various neuronal populations (Figure 1). 
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Figure 1. Photomicrographs of membrane preparations of rat ileum, showing myenteric 

plexus ganglia of the experimental (E1 and E2) and control (C1 and C2) groups. For E1 and 

C1, the ganglia with neurons were revealed by NADPH-diaphorase histochemistry 

(NADPHd+); for E2 and C2, the neurons were revealed by Giemsa staining (total population 

of neurons); Bar=100 µm 

The results of the neuronal density tests obtained from the whole mounts are shown in Table 

2. The neuronal density of the total population (Giemsa-stained neurons) was 7% lower 

(p<0.05) in group E (93.75±5.1 neurons) compared to group C (100.8±7.8 neurons) (Table 2). 

Regarding the NADPHd+ neurons, the neuronal density did not differ (p>0.05) between 

groups C and E (Table 2). The difference between the density of the total neuronal population 

and the subpopulation of NADPHd+ neurons was used to estimate the density of cholinergic 

neurons (NADPHd- neurons), which was 10% lower (p<0.05) for group E than for group C 

(Table 2). 

Table 2. Mean and standard deviation of the density of myenteric neurons revealed by 

Giemsa staining (Giemsa), NADPH-diaphorase histochemistry (NADPHd+ neurons), and the 

estimated cholinergic neurons (NADPHd- neurons) of the ileum of rats that ingested (group E) 

or did not ingest (group C) the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) for 60 days 

 Neuronal density/mm2 of ileum 

Groups Giemsa  NADPHd+ NADPHd- 

C (n=5) 100.08 ± 7.8a  39.46 ± 3.5a 60.67± 4.8a 

E (n=5) 93.75 ± 5.1b  39.20 ± 7.8a 54.59 ±4.4b 
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Means followed by different letters in the same column are significantly different (p˂0.05) 

between groups using Tukey’s test. 

The cell body areas of 500 neurons per group in each neuronal population were measured 

(Table 3). The cell body area dimensions of neurons in the total population (Giemsa-stained 

neurons) in group E did not differ (p>0.05) from those in group C (Table 3). Regarding the 

NADPHd+ neurons, the cell body area was 5.8% greater (p<0.05) for group E compared to 

group C (Table 3). 

Table 3. Median and percentiles (P:25; P:75) of the cell body area (µm2) of myenteric 

neurons revealed by Giemsa staining (Giemsa) and NADPH-diaphorase histochemistry 

(NADPH-d+ neurons) of the ileum of rats that ingested (group E) or did not ingest (group C) 

the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) 

           Neuronal cell body area (µm2) 

Groups Giemsa NADPH-d+ 

C (n=5) 208.2 (164.0; 223.1)a   284.6 (236.7; 339.8)a 

E (n=5) 247.3 (197.0; 296.6)a   301.2 (248.7; 357.0)b 

Medians followed by different letters in the same column are significantly different (p ˂0.05) 

between groups by Mann-Whitney test. 

4. Discussion 

The effects of various doses (single doses or continuous administration) of 2,4-D on the 

central nervous system and other animal organ systems have been greatly evaluated, though 

few studies have addressed the effect of 2,4-D on the myenteric plexus. Therefore, we carried 

out this preliminary and exploratory study to determine the effects of ingesting 5 mg of 

2,4-D/kg body weight on the myenteric plexus of the rat ileum. We selected this dose based 

on a previous study by Correa et al. (2011) that investigated the effects of 2,4-D on the 

myenteric plexus of the rat jejunum, and the 5 mg dose allowed an appropriate comparison of 

the results obtained in this study with those reported previously. 

Throughout the experimental period (60 days), 2,4-D did not induce behavioral changes or 

death in the rats. In addition, no effect was observed on the weight of the rats. At the 

beginning and end of the experiment, the weights of the animals did not differ (p>0.05) 

between groups C and E. Similar results were reported by Correa et al. (2011) with a daily 

dose of 5 mg 2,4-D/kg for 15 days. In other studies, doses of 15-70 mg/kg/day of 2,4-D also 

had no effect on the weight of the rats (Konjuh et al. 2008, Sturtz et al. 2006). 

The area of the ileum of the animals from group E did not change compared to group C, 

indicating that ingestion of 2,4-D for 60 days did not affect the size of the ileum. Therefore, 

quantitative evaluations of neurons were performed without the need to use a correction 
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factor to compensate for changes in the size of the intestinal segment and avoid errors in the 

determination of neuronal density, as recommended by Phillips & Powley (2001), Johnson et 

al. (1998), and Gabella (1989). 

Through visualization of the whole mount under light microscopy, it was evident that 2,4-D 

did not alter the spatial organization of the myenteric plexus. In both groups (E and C), the 

neurons were predominantly clustered in ganglia connected with nerve fiber bundles, as also 

shown by Correa et al. (2011) in the jejunum of rats. 

The herbicide ingestion decreased the density of the total neuronal population 

(Giemsa-stained neurons), which was 7% smaller (p<0.05) in group E than in group C. 

Regarding the NADPHd+ neurons, their density in group E was not affected (p>0.05) by the 

ingestion of 2,4-D and remained similar to that in group C. 

In contrast to the current study, Correa et al. (2011) reported that the daily intake of 5 mg of 

2,4-D/kg for 15 days did not decrease the density of the neurons stained with Giemsa or the 

NADPHd+ neurons in the rat jejunum. One potential explanation for this difference in results 

may be that the longer exposure of animals to 2,4-D (60 days) in the current study resulted in 

a more severe treatment for the ileum neurons in Group E than with the conditions used (15 

days) by Correa et al. (2011). The signs of intoxication by 2,4-D in laboratory animals are 

dose- and time-dependent (Paulino et al. 1996), and it is therefore expected that the detection 

of tissue changes are also dose- and time-dependent.  

The difference between the density of the total neuronal population (Giemsa staining) and the 

population of NADPHd+ neurons enables an estimate of the population of NADPHd- 

neurons, which, according to Phillips & Powley (2007) and Phillips et al. (2003), are 

cholinergic. The intake of 2,4-D decreased the density of cholinergic neurons (NADPHd-) 

resulting in a 10% smaller (p<0.05) population in group E than in group C. The lower density 

of cholinergic neurons in group E was further reflected by the decrease in total neuronal 

density (Giemsa-stained neurons). 

The change in neuronal density observed with the ingestion of 2,4-D is consistent with the 

neuronal loss reported under other conditions that compromise the myenteric plexus, such as 

the increased vulnerability of cholinergic neurons and the greater resistance of nitrergic 

neurons in response to the deleterious effects of aging (Silva-Porto et al. 2012, Gagliardo et al. 

2008, Phillips et al. 2003, Cowen et al. 2000).  

Similar to the current study with 2,4-D, nitrergic neurons have been reported to be more 

resistant to the diabetic conditions that promote cell death (Zanoni et al. 2003, Miranda-Neto 

et al. 2001, Belai et al. 1995). Therefore, these findings likely explain the observed decrease 

in cholinergic neuronal density (NADPHd-) and the preservation of nitrergic neuronal density 

(NADPHd+) in the ilea from group E, thereby revealing the greater vulnerability of 

cholinergic neurons to 2,4-D. 

Although an assessment of the mechanisms of action of 2,4-D neurotoxicity was not the goal 

of the present research, this topic should be discussed as it has been suggested that 2,4-D may 

possess multifactorial mechanisms of action which could promote neuronal death. However, 
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changes that alter the functional and structural integrity of proteins in the plasma membranes 

and organelles, as reported by Palmeira et al. (1997), Bradberry et al. (2000), and Di Paolo et 

al. (2001), could compromise the integrity of the cell and lead to neuronal death. It is notable 

that in the rat cerebellum and erythrocytes, there is also an increase in oxidative stress and 

free radical production and a decrease in antioxidant enzymes (Bukowska et al. 2008a, 2008b, 

Bongiovanni et al. 2007, Bukowska 2003); these factors are known to contribute to cell 

death. 

The cell body areas of neurons stained with Giemsa in group E remained similar to those of 

group C. However, the cell body area was 5.8% greater (p<0.05) for the NADPHd+ neurons 

of the ileum in group E relative to those in group C. Correa et al. (2011) also observed a 5% 

increase in the cell body area of NADPHd+ myenteric neurons of the rat jejunum; however, 

unlike the results observed in the ileum, they found a decrease in the cell body area of the 

jejunum neurons stained with Giemsa.  

The neuronal pattern along the digestive tract is not the same for all segments, and neurons 

are not affected simultaneously or at the same intensity (Phillips et al. 2003), which may 

partially explain the differences observed in the cell body areas of Giemsa-stained neurons 

from the jejunum and ileum under the effects of 2,4-D. The time of exposure to 2,4-D is also 

a factor to be considered because the actions of 2,4-D are time- and dose-dependent, as 

previously mentioned by Paulino et al. (1996). 

Nevertheless, the hypertrophy observed in NADPHd+ neurons of the ileum from group E can 

be attributed to an increase in NO production and also to the oxidative stress stimulated by 

2,4-D. Although these attributes were not measured in the present study, it is known that the 

formation of free radicals with the inhibition of reduced glutathione levels and the 

impairment of antioxidant enzymes, such as superoxide dismutase and catalase, are factors 

that mediate the neurotoxicity of 2,4-D (Bukowska et al. 2008a, 2008b, Bongiovanni et al. 

2007, Bukowska 2003). 

During oxidative stress, there is increased utilization of NADPH by the antioxidant enzymes 

aldose reductase and glutathione reductase (Cameron et al. 1993). Therefore, in NADPHd+ 

neurons, the availability of NADPH for nitric oxide synthase (NOS) activity would be 

decreased, which would induce NADPHd+ neurons to stimulate the metabolic pathways of 

NO synthesis and consequently increase their cell body area (Fregonese et al. 2005, Zanoni et 

al. 2003). 

Furthermore, hypertrophy of the cell body area of NADPHd+ neurons and the NOS neurons 

has been attributed to oxidative stress (Shotton et al. 2007, Shotton & Lincoln 2006, 

Fregonesi et al. 2005, Zanoni et al. 2003), and neurons that use NO have increased protective 

mechanisms against the deleterious effects of free radicals (Cowen et al. 2000). 

Despite numerous studies on the effects of 2,4-D on the central nervous system, the 

mechanism of its neurotoxicity remains unclear (Bjorling-Poulsen et al. 2008, Konjuh et al. 

2008, Bortolozzi et al. 2004). Therefore, more research on the effects of 2,4-D should be 

pursued, primarily to support activities that review and explore the viability of using this 
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herbicide. 

The herbicide 2,4-D is rapidly and well absorbed by the intestine (Charles et al. 1996a, 

1996b). Therefore, the intramural location of the myenteric plexus may allow more rapid 

identification of its effects on the nervous system, without the need to excessively increase 

the dosage or prolong the time of exposure to the herbicide. Hence, the myenteric plexus 

should be used to study the neurotoxicity of 2,4-D as well as other herbicides, and further 

research with different dosages and times of exposure to 2,4-D should be conducted to 

determine the vulnerability of other enteric neuronal populations to 2,4-D. 

The results of the present study reveal that the myenteric plexus of the ileum is susceptible to 

the action of 2,4-D, as the intake of 5 mg 2,4-D/kg/day for 60 days decreased neuronal 

density, especially in cholinergic neurons, and promoted hypertrophy of the cell body area of 

nitrergic neurons. 
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