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Alteration of object recognition memory after chronic exposure to

dichlorophenoxyacetic acid (2,4-D) in adult rats

Alteracdo da memoria de reconhecimento de objetos ap0s exposi¢ao cronica ao acido
diclorofenoxiacético (2,4-D) em ratos adultos

Alteracién de la memoria de reconocimiento de objetos tras la exposicion crénica al acido

diclorofenoxiacético (2,4-D) en ratas adultas
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Abstract

The described neurological symptoms associated with pesticide exposure include memory and concentration
problems. Most experimental studies of the association between dichlorophenoxyacetic acid (2,4-D) and neurotoxicity
have focused on brain development, and few have been conducted in adult animals. The aim of this study was to
assess whether chronic oral or inhalation exposure to 2,4-D affects object recognition memory in adult rats. Forty
albino Wistar rats were used and distributed into 4 groups (n = 10): I: animals nebulized with distilled water; O:
animals receiving feed treated with nebulized distilled water; DI: animals nebulized with 9.28 x 10~ grams of active
ingredient per hectare (g.a.i./ha) of 2,4-D; and DO: animals receiving feed treated with 9.28 x 107 g.a.i./ha of
nebulized 2,4-D. The animals were exposed for 6 months. To assess recognition memory, the object recognition test
was used. Compared to control animals, animals exposed to 2,4-D spent less time exploring objects (p <0.05) and
obtained an object recognition index score of -1. Route of exposure to 2,4-D had an effect only on the time spent
exploring objects, which was shorter in animals exposed orally. Chronic exposure to a high concentration of 2,4-D
alters the ability of adult animals to recognize objects.

Keywords: Agrochemicals; Herbicides; Memory disorders; Neuropsychological tests; Repetition priming.

Resumo

Os sintomas neurolégicos descritos associados a exposicdo a pesticidas incluem problemas de memodria e
concentracdo. A maioria dos estudos experimentais da associagcdo entre acido diclorofenoxiacético (2,4-D) e
neurotoxicidade enfocou o desenvolvimento do cérebro, e poucos foram conduzidos em animais adultos. O objetivo
deste estudo foi avaliar se a exposicdo oral cronica ou inalatéria ao 2,4-D afeta a memoria de reconhecimento de
objetos em ratos adultos. Foram utilizados 40 ratos albinos Wistar, distribuidos em 4 grupos (n = 10): I: animais
nebulizados com agua destilada; O: animais recebendo ragdo tratada com agua destilada nebulizada; DI: animais
nebulizados com 9,28 x 10-3 gramas de ingrediente ativo por hectare (g.a.i./ha) de 2,4-D; e DO: animais que
receberam racgdo tratada com 9,28 x 10-3 g.a.i./ha de 2,4-D nebulizado. Os animais ficaram expostos por 6 meses.
Para avaliar a meméria de reconhecimento, foi utilizado o teste de reconhecimento de objetos. Em comparagdo com
0s animais controle, 0s animais expostos ao 2,4-D gastaram menos tempo explorando objetos (p <0,05) e obtiveram
um indice de reconhecimento de objeto de -1. A rota de exposi¢do ao 2,4-D afetou apenas o tempo despendido na
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exploragdo de objetos, sendo menor nos animais expostos por via oral. A exposi¢éo cronica a uma alta concentracéo
de 2,4-D altera a capacidade dos animais adultos de reconhecer objetos.
Palavras-chave: Agroquimicos; Herbicidas; Distdrbios de meméria; Testes neuropsicoldgicos; Priming de repeticéo.

Resumen

Los sintomas neurologicos descritos asociados con la exposicion a pesticidas incluyen problemas de memoria y
concentracion. La mayoria de los estudios experimentales de la asociacion entre acido diclorofenoxiacético (2,4-D) y
neurotoxicidad se han centrado en el desarrollo del cerebro y pocos se han realizado en animales adultos. El objetivo
de este estudio fue evaluar si la exposicién cronica por via oral o por inhalacion al 2,4-D afecta la memoria de
reconocimiento de objetos en ratas adultas. Se utilizaron cuarenta ratas albinas Wistar y se distribuyeron en 4 grupos
(n = 10): I: animales nebulizados con agua destilada; O: animales que reciben alimento tratado con agua destilada
nebulizada; DI: animales nebulizados con 9,28 x 10-3 gramos de ingrediente activo por hectérea (g.i.a./ha) de 2,4-D; y
DO: animales que reciben alimento tratado con 9.28 x 10-3 g.i.a./ha de 2,4-D nebulizado. Los animales estuvieron
expuestos durante 6 meses. Para evaluar la memoria de reconocimiento se utilizd la prueba de reconocimiento de
objetos. En comparacién con los animales de control, los animales expuestos a 2,4-D pasaron menos tiempo
explorando objetos (p <0,05) y obtuvieron una puntuacién de indice de reconocimiento de objetos de -1. La ruta de
exposicién al 2,4-D tuvo efecto solo en el tiempo dedicado a explorar objetos, que fue méas corto en los animales
expuestos por via oral. La exposicion crénica a una alta concentracion de 2,4-D altera la capacidad de los animales
adultos para reconocer objetos.

Palabras clave: Agroquimicos; Herbicidas; Trastornos de la memoria; Pruebas neuropsicologicas; Cebado de
repeticion.

1. Introduction

The herbicide dichlorophenoxyacetic acid (2,4-D), belonging to the class of phenoxyacetic acids, was developed in
1941 during the Second World War and has been commercially used in the United States since 1947. It was the first selective
herbicide used in the cultivation of soybean, corn, wheat, sugarcane, pastures and rice to prevent and combat certain pests
(Song, 2014).

Exposure to 2,4-D can occur directly during spraying or handling in professional or domestic applications and
indirectly via residues in soil, air, water reserves or food (Carneiro et al., 2015; Raina-Fulton, 2014).

Human exposure to the herbicide 2,4-D has been associated with several harmful health effects, with 2,4-D exhibiting
oncogenicity, reproductive toxicity, genotoxicity, mutagenicity and neurotoxicity and acting as an endocrine disruptor
(Garabrant & Philbert, 2002; Reregistration Eligibility Decision (RED), 2005).

Exposure to 2,4-D can cause several symptoms depending on the route of exposure. Symptoms of respiratory
contamination include loss of appetite and weight, a burning sensation in the throat and effects on the central nervous system
(RED, 2005). In cases of oral exposure, depending on the formulation, symptoms are similar to those of exposure to some
central nervous system depressants, such as aromatic chlorinated hydrocarbons, sedative drugs or alcohol (RED, 2005).

Some studies have investigated the effects of 2,4-D exposure and the implications for the central nervous system.
Studies with rats exposed subcutaneously or orally in an acute or subchronic manner have revealed degenerative changes in the
central nervous system (Elo & Ylitalo, 1979), depression in the operant response and ataxia (Schulze & Dougherty, 1988),
behavioral changes, depression, and lethargy. Furthermore, exposure to 2,4-D has been reported to affect the activities of
serotonergic and dopaminergic substances in the brain and cerebrospinal fluid at high doses (Elo & MacDonald, 1989) and to
result in dysfunction of the neurotransmitters/neurohormones dopamine and serotonin in the brain (Bortolozzi et al., 2004).
Epidemiological studies in humans suggest a relationship between the use of 2,4-D and the development of Parkinson's disease
(Tanner et al., 2009).

The herbicide 2,4-D is widely used worldwide for the control of leaf weeds. There is evidence linking exposure to
2,4-D to changes in the central nervous system, behavior and the concentrations of neurotransmitters in the brain (Bortolozzi et

al., 2002). The exposure of developing animals to 2,4-D decreases myelination, resulting in behavioral changes and oxidative
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stress (Ferri et al., 2007). However, studies evaluating the association between 2,4-D and neurotoxicity in adult animals, with
fully developed brains, are scarce.

The objective of this study was to evaluate whether chronic exposure to 2,4-D orally or via inhalation at a
concentration corresponding to a common concentration of environmental exposure for humans affects object recognition

memory in rats.

2. Methodology

Animals used in research have been treated according to institutional guidelines and with the internationally accepted
principles for laboratory animal use and care as found in the international guidelines, with due consideration to the alleviation
of distress and discomfort. This study was approved by the Ethics Committee on Animal Use of the Universidade do Oeste
Paulista (Protocol No. 4485).

This is a prospective, quantitative, interventional and experimental study (Pereira et al., 2018). This study was based
on the studies of Mello et al. (2018) e Antunes & Biala (2012).

Forty adult male Wistar rats (200-250 g) were used. The rats were housed in large plastic cages in an air-conditioned
vivarium (temperature of 22 £ 2°C) under a 12-h light/12-h dark cycle and were randomly distributed into 4 groups (n = 10): I:
animals nebulized with distilled water; O: animals receiving feed nebulized with distilled water; DI: animals nebulized with
9.28 x 107 g of active ingredient per hectare (g.a.i/ha) of 2,4-D; and DO: animals receiving feed nebulized with 9.28 x 10
g.a.i/lha of 2,4-D (Mello et al., 2018).

Exposure to 2,4-D was achieved using a herbicide (Nortox SA, Arapongas, Parand, Brazil) with the following
composition: 806 g/L dimethylamine salt of 2,4-dichlorophenoxyacetic (80.6% m/v), 670 g/L 2,4-D acid equivalent (67.0%
m/v) and 424 g/L inert ingredients (42.4% m/v). The concentration used in the study (9.28 x 10 g.a.i/ha, corresponding to
467.93 mg/m?) is one of the highest concentrations used in crops, so it was considered a high-exposure concentration.

The nebulization protocol for the animals and feed was performed as described by Mello et al. (2018) using two boxes
(32x 24x 32 cm), each connected to an ultrasonic nebulizer (Soniclear Ind. Com. Imp. E Exp. Ltda., S&o Paulo, Brazil). A dose
adjustment was performed according to the box area to simulate environmental exposure.

Animals exposed by inhalation were nebulized for five consecutive days a week, simulating occupational exposure.
The feed of the animals exposed orally was changed every two days, and each ration was treated the day before offer.

All animals were exposed for 6 months.

The object recognition test was carried out in a medium density fiberboard (MDF) box measuring 100x100 cm
between 08:00 and 17:00 (Antunes & Biala, 2012), one day after the last exposure to the herbicide 2,4-D. The box was cleaned
with 10% alcohol after each test.

The test room had a 15-W red light that provided 3 lux of lighting over the center of the apparatus. The experiments
were recorded on video, for five minutes, using an 8 MP camera video resolution: 1080 p (1920 x 1080 px) oriented at the
apparatus. Throughout each trial, the same observer stayed inside the room to perform the recording from a position higher
than the box.

The test was divided into three sessions: habituation, training (one hour after the first session) and testing (24 h after
training) (Figure 1). The habituation session (for habituation to the apparatus) occurred only once. Each animal was placed
individually in the center of the apparatus without objects and allowed to explore for five minutes. After 60 min, the animal
was again placed in the center of the apparatus and exposed to two identical objects (identical in size, shape and color), which
were defined as familiar objects F1 and F2 (Lego® square toys -Sdo Paulo, Brazil), for five minutes; this was the training

session. The animal was placed in front of the objects facing the wall. Exploration behavior was considered to have occurred

3


http://dx.doi.org/10.33448/rsd-v10i1.XX

Research, Society and Development, v. 10, n. 1, 23310111695, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i1.11695

when the animal touched the object with their nose or front legs or approached within 2 cm of the objects.

After a retention interval of 24 h, the test session took place. An animal was placed in the center of the apparatus and
exposed to two objects in the same position as in the training session; however, whereas one of the objects was the same as one
from the training session, called the familiar object, the second object was new (the unfamiliar object) (Lego® round toy -Sédo
Paulo, Brazil). The exposure time in the test session was five minutes. The exploration time of the objects was measured
manually using a digital timer and used to calculate a recognition index using the following formula (Antunes & Biala, 2012):

Exploration time for the unfamiliar object - Exploration time for the familiar object

Unfamiliar object time + Familiar object time

Where an index value of 1.0 denotes recognition of the new object, 0.0 denotes exploration of both objects, and -1.0
denotes no recognition of either object.

Figure 1. Design of the three object recognition test sessions: habituation, training and testing.

1h 24h
Habituationn Training n Testing

Source: Authors.

Figure 1 show the box used to carry out the tests and the sequence of them. In the first moment (Habituation session),
the box does not contain objects, it only serves for the animal to get used to the environment. After an hour, the animal is
placed back in the box that now contains two identical objects (Training session). Twenty-four hours later, the animal is placed
in the box where one of the previous objects was exchanged for another (Testing session) to assess whether the animal's
recognition memory.

The data were compared among groups by one-way analysis of variance with contrasts performed by the Tukey
method. Validation of data normality and homoscedasticity assumptions was conducted using the Shapiro-Wilk and Levene
tests, respectively. All analyses were conducted using the free software R with a 5% significance level (R Development Core
Team, 2019).

3. Results

In the testing session of the object recognition test, animals exposed to 2,4-D showed a shorter time to explore the
objects than the control animals (p <0.05). Furthermore, among the herbicide-exposed animals, there was difference between
exposure routes (p = 0.012), with orally exposed animals exploring objects for less time than the animals exposed via
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inhalation (Fig. 2A). Regarding the animals' cognitive ability to discriminate the new object from the familiar object, the
animals exposed to 2,4-D showed a negative index, showing a lesser ability to recognize the new object than the control

animals; however, among 2,4-D-exposed individuals, there was no difference between exposure routes (p = 0.542) (Fig. 2B).

Figure 2. A - Time engaged in object recognition by the study animals [in second(s)]. B - Recognition index scores of the
animals in the study. I: animals nebulized with distilled water; O: animals receiving feed nebulized with distilled water; DI:

animals nebulized with 2,4-D; DO: animals receiving feed nebulized with 2,4-D.
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In Figure 2A, we can see that animals in the control group spent more time exploring objects than animals exposed to
2,4-D. When we evaluate only animals exposed to 2,4-D, those exposed orally explore the objects for less time than those
exposed by inhalation. In Figure 2B, animals exposed to 2,4-D showed a negative recognition index, that is, they did not
recognize the objects. In this analysis, also the animals exposed orally to 2,4-D had a lower index than those exposed by

inhalation. This shows that the oral route has a greater impact on the ability to recognize objects than the inhalation route.
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4. Discussion

In this study, animals exposed to a high concentration of 2,4-D showed impairment of exploration and recognition
memory for new objects in their environment. The impairment in exploration ability was greater for animals exposed orally
than for those exposed via inhalation.

Memory is the acquisition, formation, conservation and evocation of information (Izquierdo, 2006). In the process of
memory formation, there are four stages: coding, storage, consolidation and evocation (Kandel et al., 2014). Long-term
memory is a form of memory in which information is stored for a long period. The establishment of long-term memory takes
an average of three to eight hours. Before the completion of this process, the information to be consolidated may change due to
the actions of drugs or to declines or increases in neurotransmitters, such as acetylcholine, dopamine and norepinephrine. The
consolidation process occurs in the hippocampus, an area of the medial temporal lobe (Camina & Guell, 2017). Declarative
memory refers to the ability to archive and consciously retrieve information related to the experiences lived by the individual
(Ullman, 2004). Declarative memory is susceptible to impairment by neuronal dysfunctions, which may be related to verbal,
visual and recognition deficits (Tulving, 2002). In the present study, animals exposed to 2,4-D had impaired long-term
memory, since 24 h after the training session, they did not recognize the objects.

Recognition memory covers a category of declarative memory, with two components: remembrance (wherein events
are recalled in a conscious and contextualized way) and familiarity (referring to the exhibition of memory without
contextualization). Memory is mediated by the hippocampus, and familiarity is mediated by the entorhinal and perirhinal
regions (Vann et al., 2009). Injuries to the perirhinal cortex can interfere with object recognition memory (Aggleton et al.,
2010).

In general, recognition memory is evaluated in animals by tests such as the object recognition test, which involves the
presentation of a familiar object and a new object (Antunes & Biala, 2012). The object recognition memory model proposed
initially by Ennaceur and Delacour (1988) and later by Ennaceur (2010) has been used in rats and mice to assess cognitive
deficits (Grayson et al., 2015) and to evaluate the effects of pharmacological and herbicide interventions and changes in
recognition memory (Ait-Bali et al., 2020; Antunes & Biala, 2012). The object recognition test allows the assessment of
hippocampal function as well as the functioning of other cortical regions involved in object recognition (Antunes & Biala,
2012).

Rodents have been used in object recognition tests to assess the neurotoxic effects of drugs; many drugs have been
evaluated (Antunes & Biala, 2012). Studies using the object recognition test in rodents indicate that rodents explore new
objects longer than familiar ones over test retention intervals of 1, 5, 4 and 24 h (Mazumder et al., 2017). Our results showed
that when the animals were subjected to chronic exposure to a high concentration of 2,4-D, they did not discriminate between
the two types of objects, regardless of exposure type, and did not explore the new object as measured by time of exploration.

Several experimental studies have addressed the association of dichlorophenoxyacetic acid (2,4-D) and neurotoxicity
in brain development (Evangelista et al., 1995; Duffard et al., 1996; Rosso et al., 1997; Bortolozzi et al., 1999; Rosso et al.,
2000; Bortolozzi et al., 2004; Ferri et al., 2007; Carneiro et al., 2015). However, chronic exposure to 2,4-D occurs mainly
among occupationally exposed workers engaged in agricultural activities (Zhang et al., 2011), that is, in the context of the adult
(developed) brain. There is no description in the literature of injury assessment in the task of object recognition in animals
exposed to 2,4-D. Therefore, in this study, we chose to evaluate adult animals and their ability to recognize objects following
chronic exposure to 2,4-D.

The mechanism of action of chlorophenoxyacetic herbicides remains unclear. Chlorophenoxyacetic herbicides act on
oxidative phosphorylation and metabolic routes involving acetyl coenzyme A, causing toxicity to the central nervous system

(Bradberry et al., 2004). Some studies have shown that 2,4-D can cause oxidative stress in specific regions of the brain of
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newborn rats, such as midbrain, striate cortex and prefrontal cortex (Ferri et al., 2007). The impairment in object recognition
memory observed in our study may have been due to the action of reactive oxygen species induced by 2,4-D in the perirhinal
cortex and/or hippocampus.

5. Conclusion

In conclusion, chronic exposure to a high concentration of 2,4-D impairs the ability of adult animals to recognize
objects. This data shows that the application of 2,4-D in crops must be done carefully, as its use can cause cognitive damage.

Complementary studies in adult animals exposed to various concentrations of 2,4-D that evaluate histological lesions
and oxidative stress, demarcating those areas affected by 2,4-D in the adult brain, may clarify the pathogenesis of the

impairment of object recognition memory when exposed to this herbicide.
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