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Abstract

Background: The cholinergic system has an important role in mood regulation. Cholinesterase
inhibitor pesticides (e.g. organophosphates) appear to increase depression and anxiety symptoms
in the few existing animal and human studies. Human studies have not described such associations
using biomarkers of exposure and studies among children are needed.

Methods: Methods: We studied 529 adolescents (ages 11-17y) in agricultural communities in the
Ecuadorian Andes (ESPINA study). Acetylcholinesterase (AChE) activity was measured in a
finger-stick sample. Anxiety and depression symptoms were assessed using the CDI-2 and
MASC-2 (greater scores reflect greater internalizing symptoms). Models adjusted for age, gender,
hemoglobin, income among others.

Results: The median age was 14.38y and 51% were female. The mean (SD) of the following
parameters were: AChE 3.7 U/mL (0.55), depression T-score 53.0 (9.4) and anxiety T-score: 57.6
(9.8). Lower AChE activity (reflecting greater cholinesterase inhibitor exposure) was associated
with higher depression symptoms (difference per SD decrease of AChE [B [95% CI:]]: 1.09 [0.02,
2.16]), was stronger among girls (B=1.61) than boys (p=0.69), and among younger (<14.38y, p=
1.61) vs. older children (B=0.57). The associations were strongest among girls <14.38y (f=3.30
[0.54, 6.05], OR for elevated symptoms per SD decrease in AChE= 2.58 [1.26, 5.27]). No
associations were observed with anxiety scores. Analyses of AChE change between 2008 and
2016 concurred with these findings.
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Discussion: We observed associations between a biomarker of pesticide exposure and children’s
depression symptoms. Lower AChE activity may create risk for depression in teenagers,
particularly among girls during early adolescence.
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1. Introduction

According to multiple reports, rates of depression and anxiety among adolescents have
rapidly increased in the US and internationally over the past 2 decades (Mojtabai et al.,
2016; World Health Organization, 2017a). Suicide is one of the leading causes of death
worldwide and has been associated with various psychiatric diseases, including depression.
Suicidal behavior has increased 60% globally over the past 45 years (Kim et al., 2011;
World Health Organization, 2017b, 2000). Insecticides are well established neurotoxicants;
pre- and postnatal exposures to organophosphates and have been linked to neurobehavioral
and cognitive delays in children (Bouchard et al., 2011; Eskenazi et al., 2014, 2007; Kofman
et al., 2006; Marks et al., 2010; Rauh et al., 2006; Rohlman et al., 2016). However, little is
known about the associations with other mental health components in adolescents.

The use of cholinesterase inhibitor insecticides, including organophosphates and carbamates,
is ubiquitous worldwide (Alavanja, 2009). Their lethal mechanism of action is the inhibition
of acetylcholinesterase (AChE) activity (Kwong, 2002) leading to acetylcholine
overstimulation of muscarinic and nicotinic receptors (Aaron CK, 2007; Abou-Donia, 2003).
Cholinesterase inhibitors can also induce direct toxicity to neurons and glia, especially
during periods of rapid neurodevelopment (Abou-Donia, 2003; Aldridge et al., 2005b; Qiao
et al., 2003; Slotkin, 2004).

Studies of agricultural workers and residents living in agricultural areas have described
positive associations between exposures to pesticides (mostly organophosphates) with
depression (Beard et al., 2014; Beseler et al., 2008; Freire and Koifman, 2013; London et al.,
2012, 2005; Malekirad et al., 2013; Meyer et al., 2010; Weisskopf et al., 2013) and
depressive symptoms (Beseler and Stallones, 2008; Wesseling et al., 2010) in populations in
Latin America, Europe and USA. Most studies assessed depression using self-reports of
diagnosis, and exposure by history of pesticide poisoning (Freire and Koifman, 2013).
Exposure to high levels of pesticides in rural residents and agricultural workers have also
been observed to result in increased number of suicides and suicide attempts. (Freire and
Koifman, 2013; London et al., 2012, 2005; Pearce et al., 2007). To our knowledge, no
human studies have used biomarkers to assess pesticide exposures in relation to depression
and anxiety. Consequently, the absence of precise measures may result in exposure
misclassification, threatening the validity of findings. There is a need to estimate
environmental determinants of mental health conditions in adolescents because adolescence
is a critical period for the onset of internalizing disorders that continue into adulthood,
(Beesdo et al., 2009; Paus et al., 2008). Cholinesterase inhibitors used in clinical practice to
treat glaucoma and dementia, (i.e. physostigmine or donepezil) have been associated with
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increased behaviors of anxiety and depression in mice (Risch et al., 1981) and with
borderline personality disorder (Steinberg et al., 1997) or mild cognitive impairment in
humans (Reynolds et al., 2011). Conversely, depression symptoms have been noted to
improve in depressed patients with Alzheimer’s disease who receive cholinesterase inhibitor
medication (Rozzini et al., 2007).

Few studies have tested the associations between pesticide exposures and anxiety. Among
adult farmers in Iran (Malekirad et al., 2013) and sheep farmers in the United Kingdom with
a history of low-level exposure to organophosphate pesticides (Harrison and Mackenzie
Ross, 2016), concurrent organophosphate exposure was associated with higher anxiety and
depression symptoms compared to those with low exposures. Supporting these associations,
higher activities of AChE and paraoxonase-1 (an enzyme that metabolizes some
organophosphates) were both inversely associated with anxiety in healthy subjects from a
representative study in the U.S. (Sklan et al., 2004).

The objective of this study is to test the associations of AChE activity, as a marker of
organophosphate and carbamate pesticide exposures, with anxiety and depression symptoms
among adolescents living in agricultural communities in the Andes of Ecuador. We
hypothesized that AChE activity will be inversely associated with depression and anxiety
symptoms among adolescents.

2. Methods

2.1. Participants

ESPINA is a prospective cohort study of children, established in 2008, that examines the
associations of subclinical pesticide exposures on child development. We examined 313
boys and girls aged 4-9 years who lived in the agricultural county of Pedro Moncayo,
Pichincha province, Ecuador in 2008. Most participants (73%) were recruited using data
from the 2004 Survey of Access and Demand of Health Services in Pedro Moncayo County,
which was a representative survey of Pedro Moncayo County and procured data regarding
71% of the county’s population. This survey was carried out by Fundacién Cimas del
Ecuador in collaboration with the Local Rural Governments of Pedro Moncayo and
community residents. The need to develop this study was defined by the people in
participatory assemblies. The remaining participants (27%) were enrolled through
community announcements given by governing councils, leaders, and by word-of-mouth.
We aimed to recruit a balanced distribution of participants who lived with a flower
plantation worker and participants who did not live with any agricultural workers.
Participants were accepted if they fulfilled the following criteria: (1) children living with
flower workers: cohabitation with a flower plantation worker for at least one year; (2)
children living without agricultural workers: never cohabited with an agricultural worker,
never inhabited a house where agricultural pesticides were stored and having no previous
direct contact with pesticides. Further details have been published (Suarez-Lopez et al.,
2012).

In 2016, we carried out a follow-up examination of ESPINA participants (n=245) and
recruited new adolescent participants for a total of 545 participants of ages 11-17 years. As
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in 2008, new participants were chosen and asked to participate using the System of Local
and Community Information (SILC) which is a large geospatial database that contains
information of the 2016 Pedro Moncayo County Community Survey (formerly the Survey of
Access and Demand of Health Services in Pedro Moncayo County, see above). The present
analyses included 529 participants examined in 2016, of which 517 participants completed
the Multidimensional Anxiety Scale for Children 2" Edition (MASC-2) (MHS Inc, North
Tonawanda, NY) and 516 participants completed the Children’s Depression Inventory 2Md
Edition (CDI-2) (MHS Inc, North Tonawanda, NY). Additionally, we included in separate
analyses the information of 223 children (91%) who had AChE levels for both 2008 and
2016 and had all covariates and outcome variables of interest.

We acquired informed consent of participation from parents and obtained parental
permission and child assent of each of their selected children to participate. This study was
approved by the institutional review boards at the University of California San Diego,
University of Minnesota, Universidad San Francisco de Quito and the Ministry of Public
Health of Ecuador.

2.2. Setting

Pedro Moncayo County is located on the Ecuadorian Andes and has a mean altitude of 2952
m. The floriculture industry is vital to the economy of Pedro Moncayo county, employing
21% of all adults in the county (Suarez-Lopez et al., 2012) and using 5.3% of the geographic
area (1800 hectares) (Gobierno Municipal del Canton Pedro Moncayo, 2011). Flower
plantations in Pedro Moncayo are sprayed using hand sprayers by workers. Flower
plantations there have reported to use over 20 different insecticides, including
organophosphates, carbamates, neonicotinoids and pyrethroids, and over 50 different
fungicides (Grandjean et al., 2006; Suarez-Lopez et al., 2017a).

2.3. Examination

In 2008, children were tested in 7 schools of Pedro Moncayo County in July and August
when school was out of session, to guarantee a quiet, familiar, and child-friendly
environment that was easily reachable. Parents and other adult residents were interviewed in
their home to obtain socioeconomic status, demographic characteristics, and pesticide
exposure history of household members. In 2016, children were examined in schools twice:
first in April and again between July and October during the summer closure or during
weekends. Examiners were uninformed of participants’ pesticide exposure status. Children’s
height was measured following recommended procedures (World Health Organization,
2008) to the nearest 1 mm, using a height board, and weight was measured using a digital
scale (Tanita model 0108MC; Corporation of America, Arlington Heights, IL, USA).

2.4. Anxiety and Depression Symptom Assessments

Depression symptoms, were assessed using the CDI-2 short assessment, Spanish \Version

(Kovacs, 2011). This a self-report assessment that contains 12 items. The CDI-2 short has
excellent psychometric properties and yields a score that is comparable to the score of the
full-length version (Bae, 2012; Kovacs, 2011). The CDI-2 reflects the theoretical model of
depressive symptoms in youth, including the degree of ongoing depressive manifestations
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(Bae, 2012). Questionnaires were scored using the CDI-2 Scoring Software (MHS Inc).
Anxiety symptoms were assessed using the MASC-2 Child self-report. The MASC-2
indexes the range and severity of anxiety symptoms, and has good psychometric properties
and clinical utilities in identifying youth with anxiety disorders (Fraccaro et al., 2015;
Hogrefe, n.d.; van Gastel and Ferdinand, 2008; Wei et al., 2013). The MASC-2 Child self-
report is a 50-item assessment that has been successfully used among ethnically diverse and
non-English speaking populations (Magiati et al., 2013), and in Hispanic children (lsasi et
al., 2014). An extensive examination on the validity, utility and reliability of the MASC-2
for school psychologists and related practitioners, provided evidence to suggest that the test
was useful for measuring anxiety symptoms in children and adolescent’s (Fraccaro et al.,
2015). The MASC-2 English version was translated into Spanish, using terminology
appropriate for Pedro Moncayo County, with input from community members. The Spanish
translation was reviewed and approved by MHS Inc. Completed questionnaires were scored
using the MASC-2 Scoring Software (MHS Inc).

Participants completed both CDI-2 and MASC-2 questionnaires in a quiet room and had the
opportunity to ask for clarification of any assessment items to a research staff member
present in the room. The scaled T-scores, age and gender standardized scores based on a US
sample, for both the CDI-2 and MASC-2 were used in analyses (Hogrefe, n.d.; Kovacs,
2011). T-scores were designed to have a median of 50 and a standard deviation of 10.

2.5. Other measures

In 2008 and 2016, erythrocytic AChE activity and hemoglobin concentration were measured
with the EQM Test-mate ChE Cholinesterase Test System 400 (EQM AChE Erythrocyte
Cholinesterase Assay Kit 470; EQM Research, Inc, Cincinnati, OH) from a finger-stick
blood sample (EQM Research Inc., 2003). Geographical coordinates of homes were
obtained from portable global positioning system receivers collected as part of the Local and
Community Information System (SILC, Sistema de Informacion Local y Comunitario),
developed by Fundacion Cimas del Ecuador. Geospatial information of plantations was
created using satellite imagery. The distances of homes to the nearest flower plantation
perimeter was calculated with ArcGIS (Esri, Redlands, CA). Additional data collection
information has been described previously (Suarez-Lopez et al., 2012).

2.6 Statistical analysis

We calculated the means and standard deviation (SD) of participant characteristics or the
proportions of participants with a certain characteristic (as appropriate) for all participants
and stratified by: A) age (upper vs lower median) and tertiles of AChE activity calculated
separately for each age group; B) gender and tertiles of AChE activity calculated separately
for each gender. We calculated the p-value for trend (p-trend) for participant characteristics
across levels of AChE activity using linear regression and modeling AChE activity as a
continuous variable.

We used multiple linear regression to estimate associations of AChE activity with depression
and anxiety scores. Statistical significance was defined using an alpha of 0.05. We adjusted
models for potential confounders defined a-priori including age, gender, z-score for height-
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for-age, z-score for BMI-for-age, parental years of education, hemoglobin concentration and
race. In this cohort we previously observed that age was positively associated with AChE
activity (Suarez-Lopez et al., 2012). Height and BMI were included as markers of chronic
and subacute nutritional status which have been found to be associated with mental health
status in adolescents (Marmorstein et al., 2014; Rees et al., 2009). Parental level of
education is a construct of socioeconomic status and has been found to be independently
associated with mental health outcomes (Brooks et al., 2010). As a standard practice, all
models were adjusted for hemoglobin concentration because variations in hematocrit can
alter the values of erythrocytic AChE activity (EQM Research Inc., 2003). We used the
World Health Organization growth standards (World Health Organization Multicentre
Growth Reference Study Group, 2006) to calculate the z-scores for height-for-age and BMI-
for-age. Considering that only 2 children reported to be of Caucasian race, we combined
those children with the Mestizo race.

We used multiple linear regression to test the association between change in AChE activity
between 2008 and 2016. Such models were adjusted for age, gender, AChE activity (2008),
hemoglobin concentration (2008 and 2016), and 2016 values for z-scores for height-for-age
and BMI-for-age, race, parental years of education and family income

We calculated odds ratios (OR) for elevated scores of depression or anxiety associated with
each SD decrease in AChE activity, using logistic regression. Elevated scores were defined
as T-scores greater than 60 for both the MASC-2 and CDI-2 (Kovacs and MHS staff, 2011;
March, 2012). In both linear and logistic regression models we tested for the presence of
curvilinear associations using a quadratic AChE term.

We tested for effect modification by age and gender on all associations between AChE
activity and scores of depression and anxiety by testing significance of the interaction term.
When interaction terms (AChE*covariate) had p-values of <0.1 we conducted stratified
analyses. In the presence of 2-level interaction (age and gender), we stratified the
associations by 2 categories of both effect modifiers (participants in the upper vs lower
median of age, separately for males and females). Finally, we plotted the AChE-mental
health associations as adjusted means (least square means) across sextiles of AChE activity
by gender (Figure 1), and by age and gender categories where 2-level interactions were
present (Figure 2). Sextiles of AChE activity were calculated separately for boys and girls.

To maximize the study’s sample, we imputed missing information of maternal education for
21 children and paternal education for 40 children as follows: for 11 children we imputed
maternal education using maternal education reported in 2008, and for 30 children using
paternal education reported in 2008. For the remaining 10 children with missing maternal
education, we conducted a random imputation based on a normal distribution of maternal
education. For the same 10 children, we also imputed paternal education using random
imputation based on a normal distribution of paternal education. Parental education was
calculated as the average number of years of education of both parents. We also imputed
household income for 17 children. Income values were imputed using 2008 information for
6 children. In 2008, income was collected as a 7-category variable. We calculated the
group’s mean and SD of income in 2016 for each of the 7 categories of income in 2008. We
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then imputed the 2016 income using a random normal distribution based on the mean (SD)
appropriate for the reported 2008 income category. For the remaining 11 children we
imputed income based on the average of the mother’s and father’s education. We calculated
the group’s mean (SD) income in 2016 for each year of education and imputed the 2016
income using a random normal distribution based on the mean (SD) appropriate for the
corresponding parental years of education.

3. Results

3.1. Participant Characteristics

The median age of children at the time of depression and anxiety assessments was 14.38
years (SD= 1.8); 51% of participants were female. The mean (SD) of the following variables
were: AChE: 3.71 U/mL (0.55), depression T-score: 53.0 (9.4) and anxiety T-score: 57.7
(9.7). The overall mean (SD) of height-for-age z-score was —1.48 (0.90), and that of BMI-
for-age z-score was 0.40 (0.85). AChE activity was lower in children younger than 14.38
years compared to children aged 14.38-17.9 years (3.67 vs 3.74 U/mL, p-difference=0.04,
adjusted for hemoglobin). Age in children in this study population was previously found to
be positively associated with AChE activity (Suarez-Lopez et al., 2012). Participant
characteristics across tertiles of AChE activity stratified by gender and age (upper vs lower
median) are presented in Tables 1 and 2. In boys and girls, participants who had lower AChE
activity in 2016 also were more likely to have lower AChE values in 2008 (Tables 1 and 2).
After adjusting for age, and hemoglobin concentrations in 2008 and 2016, every U/mL
increase in AChE activity in 2008 was associated with a 0.78 U/mL increase (95% ClI: 0.64,
0.91, model R?=0.57) in 2016.

The overall prevalence of elevated symptoms of depression and anxiety symptoms were 23%
and 44%, respectively. Among participants younger than 14.38 years, the prevalences of
elevated symptoms of depression and anxiety were 23% and 43%, respectively, and among
older participants, the prevalences were 22% and 45%, respectively. Boys had higher AChE
activity than girls (3.77, vs 3.64 U/mL, p-difference= 0.002, adjusted for hemoglobin) and
lower prevalences of elevated anxiety and depression symptoms. The prevalences of elevated
depression and anxiety symptoms among girls was 25% and 49%, respectively, and among
boys was 20% and 38%, respectively.

3.2. AChE Activity and depression symptoms

As hypothesized, AChE activity was negatively associated with depression scores overall (T-
score difference [B] per SD decrease of AChE [95% CI]: 1.09 [0.02, 2.16], Table 3). The
associations were stronger among girls (f=1.61) than boys (p=0.69, Table 3, Figure 1). Also,
these negative associations were stronger among children younger than 14.38y (B=1.61)
compared to older children (=0.57). In stratified analyses by age and gender, the
associations were strongest among girls younger than 14.38y (p=3.30 [0.54, 6.05]). The
associations among older girls and boys had the same directionality but were weaker and not
statistically significant. We did not observe evidence for curvilinear associations in models
using a quadratic AChE term. Figure 2 depicts the associations by gender and age
categories.
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Similarly, the ORs for elevated depression score per SD decrease of AChE were stronger for
girls compared to boys and stronger among younger compared to older children (Table 3).
Among girls, the significant ORs (95% CI) were present only among younger girls (2.58
[1.26, 5.27]). Boys had no significant associations with OR for elevated depression scores in
either of the age groups.

3.3. AChE activity and anxiety symptoms

AChE activity was not associated with total anxiety symptoms in linear regression analyses
(B per SD decrease of AChE [95% Cl]: -0.14 [-1.26, 0.98]) nor in any of the anxiety
subcomponents including separation anxiety, generalized anxiety disorder, social anxiety
and obsessive compulsive (Table 3). There were no differences in the associations across
gender and age groups (data not shown). In logistic regression analyses, we observed no
increased odds of elevated anxiety scores per SD decrease of AChE (OR=0.97 [0.77, 1.23]).

3.3. Change of AChE activity between 2008 and 2016 and anxiety and depression

symptoms

Analyses of change of AChE activity between 2008 and 2016 (n=223) supported the 2016
crosssectional analyses (Table 5). An increase in AChE activity between 2008 and 2016 by
0.55 U/mL (SD of AChE activity in 2016) was associated with a lower score of depression
symptoms overall, and this association was stronger in girls than in boys. In subgroup
analyses, the associations were strongest among girls younger than 18.38 years, as in the
cross-sectional analyses. Change in AChE activity was not associated with anxiety symptom
scores. We did not observe evidence for curvilinear associations.

4. Discussion

We observed that adolescents in agricultural communities whose AChE activity indicated
greater exposure to cholinesterase inhibitors (i.e., lower AChE activity) had greater
depression symptoms than participants with higher AChE levels. These associations were
stronger in girls than in boys and in younger compared to older adolescents. Children
growing up in the agricultural Pedro Moncayo County, have an increased risk for exposure
to agrochemicals, including cholinesterase inhibitor insecticides, compared to urban
children. A single measure of AChE activity in this setting is an indicator of exposure to
cholinesterase inhibitors as lower values have been observed among a) children living with
floricultural workers, in particular with those with greater pesticide “take-home” pathways;
b) children living near pesticide spray sites; and c) children examined sooner after the end of
a pesticide spray season compared to those examined later (Suarez-Lopez et al., 2018,
2017a, 2012). To our knowledge, this is the first epidemiologic study to describe an
association between depressive symptoms and pesticide exposures in adolescents using an
exposure biomarker. These findings suggest that cholinesterase inhibition may create risk for
depression in adolescents, particularly among women during early adolescence. While the
results of this study supported our hypothesis that lower AChE activity was associated with
depressive symptoms, we did not observe evidence of an association between AChE activity
and anxiety symptoms. These cross-sectional analyses, were supported by longitudinal
analyses of a subset of participants, in which change of AChE activity between 2008 and
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2016 was also associated with depression (but not anxiety) symptoms, and the associations
were strongest among younger girls.

Both carbamate and organophosphate pesticides are cholinesterase-inhibitor agents that
decrease the hydrolysis of acetylcholine, thus resulting in the over-stimulation of nicotinic
and muscarinic receptors in the peripheral and central nervous systems (Taylor, 2011). In
addition to the classic toxic effects caused by AChE inhibition, there is accumulating
evidence to suggest that organophosphate pesticides can be directly toxic to neurons and glia
(Abou-Donia, 2003; Aldridge et al., 2005b; Qiao et al., 2003; Slotkin, 2004). The
cholinergic system has a vast role in the central nervous system and may have modulatory
effects on mood and behavior. Clinical studies and animal models have indicated that
blockers of both muscarinic and nicotinic cholinergic receptors, including scopolamine,
neuromuscular junction inhibitors and M1 muscarinic agonists, can induce antidepressant-
like responses (Furey and Drevets, 2006; Mineur et al., 2013). Mice exposed to the AChE
inhibitor physostigmine, demonstrated an increase in depression-like and anxiety-like
behaviors that was reversed by administration of nicotinic or muscarinic acetylcholine
receptor antagonists (Mineur et al., 2013). Likewise, rats exposed to the organophosphate
insecticide chlorpyrifos had decreased hippocampal, striatal and prefrontal cortical AChE
activity and plasma butyrylcholinesterase activity. Additionally, exposed rats exhibited
depressive-like behaviors which were attenuated with further administration of atropine, an
anticholinergic (Siqueira et al., 2019). These findings support the adrenergic-cholinergic
balance hypothesis of mania and depression (Janowsky et al., 1972; Risch et al., 1981)
which originated from reports of depressive symptoms among psychotic patients treated
with a cholinesterase inhibitor (Rowntree et al., 1950) and from case reports of individuals
poisoned with cholinesterase inhibitor insecticides, who developed depression symptoms
and parasympathetic toxicity (Dagyté et al., 2011; Gershon and Shaw, 1961). Currently, it
has been acknowledged that the cholinergic system is but one of many factors involved in
depression. Alterations in the central cholinergic system may affect neurogenesis and
hippocampal function, leading to the cognitive deficits observed in depression (Dagyté et al.,
2011).

Also concurring with our findings, reversible cholinesterase inhibitors used in clinical
practice, such as physostigmine, have been found to induce depressive symptoms and
exacerbate mood disorders in normal and manic subjects (Davis et al., 1976; Janowsky et al.,
1974, 1973; Steinberg et al., 1997). Conversely, mood symptoms improved in depressed
patients with Alzheimer’s disease, after treatment with cholinesterase inhibitors including
donepezil (Inoue et al., 2016; Rozzini et al., 2007). Cholinesterase inhibitors have been
found to improve cognitive performance in adults with Alzheimer’s disease and such
improvements may be mediating factors in this association. Given the apparent role of the
cholinergic system on mood modulation, anticholinergic drugs have also been investigated
as potential treatments for depression but inconsistent antidepressant effects have been found
(Goldman and Erickson, 1983; Howland, 2009; Shytle et al., 2002). Additionally, there is
evidence of organophosphate pesticides affecting serotonergic mechanisms and serotonin-
related emotional behaviors in animal models, which may also explain the observed
associations (Aldridge et al., 2005b, 2005a, 2004; Chen et al., 2011).
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The findings of our study also concur with previous studies of agricultural populations. Self-
reports of occupational pesticide use in adults (mostly organophosphates, and to a lesser
extent, carbamates and OCPs) have been found to be associated with greater depressive
symptoms, suicidal thoughts and risk of suicide (Beseler et al., 2008, 2006; Beseler and
Stallones, 2008; Harrison and Mackenzie Ross, 2016; London et al., 2012, 2005; Weisskopf
et al., 2013; Wesseling et al., 2010). For instance, chronic pesticide exposure as a result of
pesticide application work was associated with depression diagnosis among agricultural
workers enrolled in the Agricultural Health Study in lowa and North Carolina (Beseler et al.,
2008). The findings suggest that both cumulative pesticide exposure and acute high-intensity
exposure may lead to depression in pesticide applicators. Suicide rates are notoriously high
in farming populations exposed to pesticides and case series and ecological studies support a
significant association between organophosphate use and suicide (London et al., 2005). The
AChE concentrations in our study population of adolescents (28.6 U/g of hemoglobin) were
higher than those of pesticide applicator and non-applicator adolescents of ages 12-22 years
living in agricultural areas in Egypt (Crane et al., 2013). The AChE concentrations among
the applicators in Egypt before and during a pesticide spray season were 27.1 U/g and 25.4
U/g, respectively, and the concentrations among non-applicators before and during the spray
season were 27.3 U/g and 26.5 U/g. Both studies used the same kit and machine model for
quantification of AChE activity. In our study, we also observed that those participants who
had lower AChE activity in 2008 (after accounting for age and hemoglobin concentration)
also had lower AChE activity in 2016 (Table 2). It is plausible that the same participants
with lower AChE activity in 2008 and 2016 were also more likely to have greater potential
for pesticide exposure (e.g. live with an agricultural worker or live near pesticide spray
sites). This is the topic of a separate manuscript.

As in the present study, we previously reported that children with lower AChE activity had
poorer neurobehavioral performance among 4-to-9-year-old ESPINA study participants
(Suarez-Lopez et al., 2013). Contrary to the findings of the present study (stronger
associations in girls compared to boys), the associations observed in that study were stronger
among boys in the domains of attention & inhibitory control and memory & learning. This
concurs with evidence that pesticide exposures can affect mental health outcomes differently
among males and females in human and animal studies. (Dam et al., 2000; Horton et al.,
2012; Johnson et al., 2009; Levin et al., 2001; Marks et al., 2010). The reason for this sex
interaction is not well understood and is a topic for current research. It has been well
established that boys tend to perform lower in profiles of attention, impulsivity (Davies,
2014) and are twice as likely to be diagnosed with attention deficit disorder compared to
girls (Visser et al., 2014). This indicates that boys are more susceptible to alterations on this
domain and is concordant with the previously described effect modification by sex of the
AChE-neurobehavior associations (Suarez-Lopez et al., 2013). Likewise, it is known that
adolescent girls have higher rates of depression compared to boys (Perou et al., 2013) and
this increased susceptibility to internalizing behaviors may be a contributing factor for the
stronger associations observed in the present study between AChE and depression scores in
girls. The present study also observed effect modification by age, in which younger children
had stronger associations. The strongest associations were present among girls, ages
11.0-14.4 years compared to those 14.4-17.9 years. Childhood is a period of increased
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vulnerability to environmental exposures; these findings suggest that the effects of pesticide
exposures on mental health are strongest in younger adolescents.

We did not observe associations between AChE and anxiety, which contrasts with the few
studies that have observed associations between self-report of exposure to organophosphates
and anxiety among agricultural workers (Harrison and Mackenzie Ross, 2016; Malekirad et
al., 2013). Also, in mice cholinesterase inhibition in the hippocampus has been found to
induce stress, depression-like and anxiety-like symptoms, as observed in experiments that
administered general and localized (hippocampal) administration of physostigmine (Mineur
etal., 2013).

The cholinergic influence on anxiety has resulted in more mixed findings than studies on
depression, suggesting that the cholinergic effect on anxiety may depend other factors such
as stress (Mineur et al., 2013). In our study, anxiety symptoms were generally high, with
44% of the total sample scoring in the subclinical to clinical range. Thus, it is possible that
other anxietygenerating factors operating in the lives of these adolescents masked any effects
of AChE activity.

While the ESPINA study is one of the largest longitudinal studies of children growing up in
agricultural communities, the statistical power of our study maybe inadequate to adequately
characterized 2-level interactions (gender and age). This may explain why we were unable to
detect significant associations with an a<0.05 among age and gender categories with weaker
associations than those of young girls. Another limitation of our study is the cross-sectional
design, as mental health assessments started in adolescence in our cohort. Therefore, the
present design hinders the assessment of chronic AChE inhibition on mental health
outcomes. At minimum, our findings provide insight on subacute AChE inhibition and its
short-term association with internalizing behaviors. There is growing evidence that pesticide
exposures may transiently affect neurobehavioral performance in children as observed in
animal studies (Levin et al., 2003; Maurissen et al., 2000; Middlemore-Risher et al., 2010)
and observational studies of children, including in our study population (Khan et al., 2014;
Rohlman et al., 2016; Suarez-Lopez et al., 2017b). Yet, we cannot ignore the possibility that
the observed differences may be due to chronic AChE inhibition considering that AChE
measurements are stable and could reflect long-term exposure to pesticides in this
population. Further work is needed to disentangle the effects of chronic vs acute pesticide
exposures on these mental health outcomes. Although the longitudinal findings of change of
AChE activity between 2008 and 2016 supported the cross-sectional findings, it does not
allow us to disentangle whether the effects observed were chronic or subacute, considering
that we did not collect depression or anxiety scores in 2008. An alternate interpretation of
our findings is that children with greater depressive symptoms may have lower AChE
activity due to disrupted brain physiology, independent of environmental exposures. This
seems less likely because the influence of brain activity on red blood cell AChE activity is
likely small or nil.
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5. Conclusion

These are the first data to describe associations between a biomarker of pesticide exposure
and internalizing symptoms among children in one of the largest studies of its kind. Lower
AChE activity may create risk for depression in teenagers, particularly among girls during
early adolescence. Replication of these findings are needed.

Acknowledgments:

The ESPINA study received funding from the National Institute of Occupational Safety and Health
(1R360H009402) and the National Institute of Environmental Health Sciences (RO1ES025792, R21ES026084). We
thank Fundacién Cimas del Ecuador, the Parish Governments of Pedro Moncayo County, community members of
Pedro Moncayo and the Education District of Pichincha-Cayambe-Pedro Moncayo counties for their support on this
project.

Abbreviations:

AChE acetylcholinesterase activity

References

Aaron CK, 2007 Organophosphates and carbamates, in: Haddad LM Borron SW, Burns MJ, W. SM
(Ed.), Haddad and Winchester’s Clinical Management of Poisoning and Drug Overdose. Saunders/
Elsevier, Philadelphia.
Abou-Donia MB, 2003 Organophosphorus ester-induced chronic neurotoxicity. Arch. Environ. Health
58, 484-97. d0i:10.3200/AEOH.58.8.484-497 [PubMed: 15259428]
Alavanja MCR, 2009 Introduction: pesticides use and exposure extensive worldwide. Rev. Environ.
Health 24, 303-9. [PubMed: 20384038]
Aldridge JE, Levin ED, Seidler FJ, Slotkin TA, 2005a Developmental exposure of rats to chlorpyrifos
leads to behavioral alterations in adulthood, involving serotonergic mechanisms and resembling
animal models of depression. Environ. Health Perspect 113, 527-531. [PubMed: 15866758]
Aldridge JE, Meyer A, Seidler FJ, Slotkin TA, 2005b Alterations in central nervous system
serotonergic and dopaminergic synaptic activity in adulthood after prenatal or neonatal chlorpyrifos
exposure. Environ. Health Perspect 113, 1027-1031. [PubMed: 16079074]
Aldridge JE, Seidler FJ, Slotkin TA, 2004 Developmental exposure to chlorpyrifos elicits sex-selective
alterations of serotonergic synaptic function in adulthood: critical periods and regional selectivity
for effects on the serotonin transporter, receptor subtypes, and cell signaling. Environ. Health
Perspect 112, 148-55. [PubMed: 14754568]
Bae Y, 2012 Test Review: Children’s Depression Inventory 2 (CDI 2)KovacsM.Children’s Depression
Inventory 2 (CDI 2) (2nd ed.). North Tonawanda, NY: Multi-Health Systems Inc, 2011 J.
Psychoeduc. Assess 30, 304-308. doi:10.1177/0734282911426407
Beard JD, Umbach DM, Hoppin JA, Richards M, Alavanja MCR, Blair A, Sandler DP, Kamel F, 2014
Pesticide Exposure and Depression among Male Private Pesticide Applicators in the Agricultural
Health Study. Environ. Health Perspect 122, 984-91. doi:10.1289/ehp.1307450 [PubMed:
24906048]
Beesdo K, Knappe S, Pine DS, 2009 Anxiety and anxiety disorders in children and adolescents:
developmental issues and implications for DSM-V. Psychiatr. Clin. North Am 32, 483-524. doi:
10.1016/j.psc.2009.06.002 [PubMed: 19716988]
Beseler CL, Stallones L, 2008 A Cohort Study of Pesticide Poisoning and Depression in Colorado
Farm Residents. Ann. Epidemiol 18, 768-774. [PubMed: 18693039]

Beseler CL, Stallones L, Hoppin JA, Alavanja MCR, Blair A, Keefe T, Kamel F, 2008 Depression and
pesticide exposures among private pesticide applicators enrolled in the Agricultural Health Study.
Environ. Health Perspect 116, 1713-9. doi:10.1289/ehp.11091 [PubMed: 19079725]

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suarez-Lopez et al.

Page 13

Beseler CL, Stallones L, Hoppin JA, Alavanja MCR, Blair A, Keefe T, Kamel F, 2006 Depression and
pesticide exposures in female spouses of licensed pesticide applicators in the agricultural health
study cohort. J. Occup. Environ. Med 48, 1005-13. doi:10.1097/01.jom.0000235938.70212.dd
[PubMed: 17033500]

Bouchard MF, Chevrier J, Harley KG, Kogut K, Vedar M, Calderon N, Trujillo C, Johnson C,
Bradman A, Barr DB, Eskenazi B, 2011 Prenatal exposure to organophosphate pesticides and 1Q
in 7-year-old children. Environ. Health Perspect 119, 1189-95. doi:10.1289/ehp.1003185
[PubMed: 21507776]

Brooks BBL, Sherman EMS, lverson GL, 2010 Healthy children get low scores too: prevalence of low
scores on the NEPSY-II in preschoolers, children, and adolescents. Arch. Clin. Neuropsychol 25,
182-90. doi:10.1093/arclin/acq005 [PubMed: 20179013]

Chen W-Q, Yuan L, Xue R, Li Y-F, Su R-B, Zhang Y-Z, Li J, 2011 Repeated exposure to chlorpyrifos
alters the performance of adolescent male rats in animal models of depression and anxiety.
Neurotoxicology 32, 355-361. doi:10.1016/j.neur0.2011.03.008 [PubMed: 21453723]

Crane AL, Abdel Rasoul G, Ismail AA, Hendy O, Bonner MR, Lasarev MR, Al-Batanony M,
Singleton ST, Khan K, Olson JR, Rohlman DS, 2013 Longitudinal assessment of chlorpyrifos
exposure and effect biomarkers in adolescent Egyptian agricultural workers. J. Expo. Sci. Environ.
Epidemiol 23, 356-62. doi:10.1038/jes.2012.113 [PubMed: 23321857]

Dagyté G, Den Boer JA, Trentani A, 2011 The cholinergic system and depression. Behav. Brain Res
221, 574-582. doi:10.1016/j.bbr.2010.02.023 [PubMed: 20170685]

Dam K, Seidler FJ, Slotkin TA, 2000 Chlorpyrifos exposure during a critical neonatal period elicits
gender-selective deficits in the development of coordination skills and locomotor activity. Brain
Res. Dev. Brain Res 121, 179-187. [PubMed: 10876030]

Davies W, 2014 Sex differences in Attention Deficit Hyperactivity Disorder: Candidate genetic and
endocrine mechanisms. Front. Neuroendocrinol 35, 331-346. doi:10.1016/j.yfrne.2014.03.003
[PubMed: 24680800]

Davis KL, Hollister LE, Overall J, Johnson A, Train K, 1976 Physostigmine: effects on cognition and
affect in normal subjects. Psychopharmacology (Berl). 51, 23-7. [PubMed: 827772]

EQM Research Inc., 2003 Test-mate ChE Cholinesterase Test System (Model 400). Instruction
Manual. [WWW Document] URL http://www.eqmresearch.com/Manual-E.pdf

Eskenazi B, Kogut K, Huen K, Harley KG, Bouchard M, Bradman A, Boyd-Barr D, Johnson C,
Holland N, 2014 Organophosphate pesticide exposure, PON1, and neurodevelopment in school-
age children from the CHAMACOS study. Environ. Res 134C, 149-157. doi:10.1016/j.envres.
2014.07.001

Eskenazi B, Marks AR, Bradman A, Harley K, Barr DB, Johnson C, Morga N, Jewell NP, 2007
Organophosphate pesticide exposure and neurodevelopment in young Mexican-American children.
Environ. Health Perspect 115, 792-8. doi:10.1289/ehp.9828 [PubMed: 17520070]

Fraccaro RL, Stelnicki AM, Nordstokke DW, 2015 Test Review: Multidimensional Anxiety Scale for
Childrenby J. S. MarchMarchJ. S. (2013). Multidimensional Anxiety Scale for Children (2nd ed.).
Toronto, Ontario, Canada: Multi-Health Systems Can. J. Sch. Psychol 30, 70-77. doi:
10.1177/0829573514542924

Freire C, Koifman S, 2013 Pesticides, depression and suicide: A systematic review of the
epidemiological evidence. Int. J. Hyg. Environ. Health 216, 445-460. doi:10.1016/J.1JHEH.
2012.12.003 [PubMed: 23422404]

Furey ML, Drevets WC, 2006 Antidepressant Efficacy of the Antimuscarinic Drug Scopolamine. Arch.
Gen. Psychiatry 63, 1121. doi:10.1001/archpsyc.63.10.1121 [PubMed: 17015814]

Gershon S, Shaw FH, 1961 Psychiatric sequelae of chronic exposure to organophosphorus insecticides.
Lancet (London, England) 1, 1371-4.

Goldman ME, Erickson CK, 1983 Effects of acute and chronic administration of antidepressant drugs
on the central cholinergic nervous system. Comparison with anticholinergic drugs.
Neuropharmacology 22, 1215-22. [PubMed: 6646355]

Grandjean P, Harari R, Barr DB, Debes F, 2006 Pesticide exposure and stunting as independent
predictors of neurobehavioral deficits in Ecuadorian school children. Pediatrics 117, e546-56. doi:
10.1542/peds.2005-1781 [PubMed: 16510633]

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.


http://www.eqmresearch.com/Manual-E.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suarez-Lopez et al.

Page 14

Harrison V, Mackenzie Ross S, 2016 Anxiety and depression following cumulative low-level exposure
to organophosphate pesticides. Environ. Res 151, 528-536. doi:10.1016/j.envres.2016.08.020
[PubMed: 27575752]

Hogrefe, n.d. Multidimensional Anxiety Scale for Children, 2nd Edition (MASC 2) [WWW
Document] URL http://www.hogrefe.co.uk/multidimensional-anxiety-scale-for-children-2nd-
edition-masc-2.html (accessed 10.1.14).

Horton MK, Kahn LG, Perera F, Barr DB, Rauh V, 2012 Does the home environment and the sex of
the child modify the adverse effects of prenatal exposure to chlorpyrifos on child working
memory? Neurotoxicol. Teratol 34, 534-41. doi:10.1016/j.ntt.2012.07.004 [PubMed: 22824009]

Howland RH, 2009 The antidepressant effects of anticholinergic drugs. J. Psychosoc. Nurs. Ment.
Health Serv 47, 17-20.

Inoue J, Hoshino R, Nojima H, Ishida W, Okamoto N, 2016 Additional donepezil treatment for
patients with geriatric depression who exhibit cognitive deficit during treatment for depression.
Psychogeriatrics 16, 54-61. doi:10.1111/psyg.12121 [PubMed: 25919986]

Isasi CR, Carnethon MR, Ayala GX, Arredondo E, Bangdiwala SI, Daviglus ML, Delamater AM,
Eckfeldt JH, Perreira K, Himes JH, Kaplan RC, Van Horn L, 2014 The Hispanic Community
Children’s Health Study/Study of Latino Youth (SOL Youth): design, objectives, and procedures.
Ann. Epidemiol 24, 29-35. doi:10.1016/j.annepidem.2013.08.008 [PubMed: 24120345]

Janowsky DS, el-Yousef K, Davis JM, Sekerke HJ, 1973 Parasympathetic suppression of manic
symptoms by physostigmine. Arch. Gen. Psychiatry 28, 542—7. [PubMed: 4692153]

Janowsky DS, el-Yousef MK, Davis JM, Sekerke HJ, 1972 A cholinergic-adrenergic hypothesis of
mania and depression. Lancet (London, England) 2, 632-5.

Janowsky DS, Khaled El Yousef M, Davis JM, 1974 Acetylcholine and depression. Psychosom. Med
36, 248-257. doi:10.1097/00006842-197405000-00008 [PubMed: 4829619]

Johnson FO, Chambers JE, Nail C. a, Givaruangsawat S, Carr RL, 2009 Developmental chlorpyrifos
and methy| parathion exposure alters radial-arm maze performance in juvenile and adult rats.
Toxicol. Sci 109, 132-42. doi:10.1093/toxsci/kfp053 [PubMed: 19293373]

Khan K, Ismail AA, Abdel Rasoul G, Bonner MR, Lasarev MR, Hendy O, Al-Batanony M, Crane AL,
Singleton ST, Olson JR, Rohlman DS, 2014 Longitudinal assessment of chlorpyrifos exposure and
self-reported neurological symptoms in adolescent pesticide applicators. BMJ Open 4, e004177.
doi:10.1136/bmjopen-2013-004177

Kim Y-R, Choi KH, Oh Y, Lee H-K, Kweon Y-S, Lee CT, Lee K-U, 2011 Elderly suicide attempters
by self-poisoning in Korea. Int. Psychogeriatrics 23, 979-985. d0i:10.1017/S1041610211000263

Kofman O, Berger A, Massarwa A, Friedman A, Jaffar AA, 2006 Motor inhibition and learning
impairments in school-aged children following exposure to organophosphate pesticides in infancy.
Pediatr. Res 60, 88-92. do0i:10.1203/01.pdr.0000219467.47013.35 [PubMed: 16788088]

Kovacs M, 2011 CDI 2: Children’s Depression Inventory 2nd Edition North Tonawanda, NY.

Kovacs M, MHS staff, 2011 CDI 2: Children’s Depression Inventory 2nd Edition, Technical Manual,
2nd ed. MHS Inc, North Tonawanda, NY.

Kwong TC, 2002 Organophosphate pesticides: biochemistry and clinical toxicology. Ther. Drug Monit
24, 144-9. [PubMed: 11805735]

Levin ED, Addy N, Nakajima a, Christopher NC, Seidler FJ, Slotkin TA, 2001 Persistent behavioral
consequences of neonatal chlorpyrifos exposure in rats. Brain Res. Dev. Brain Res 130, 83-9.
[PubMed: 11557096]

Levin ED, Chrysanthis E, Yacisin K, Linney E, 2003 Chlorpyrifos exposure of developing zebrafish:
effects on survival and long-term effects on response latency and spatial discrimination.
Neurotoxicol. Teratol 25, 51-57. doi:10.1016/S0892-0362(02)00322-7 [PubMed: 12633736]

London L, Beseler C, Bouchard MF, Bellinger DC, Colosio C, Grandjean P, Harari R, Kootbodien T,
Kromhout H, Little F, Meijster T, Moretto A, Rohlman DS, Stallones L, 2012 Neurobehavioral and
neurodevelopmental effects of pesticide exposures. Neurotoxicology 33, 887-96. doi:10.1016/
j.neuro.2012.01.004 [PubMed: 22269431]

London L, Flisher AJ, Wesseling C, Mergler D, Kromhout H, 2005 Suicide and exposure to
organophosphate insecticides: Cause or effect? Am. J. Ind. Med 47, 308-321. doi:10.1002/ajim.
20147 [PubMed: 15776467]

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.


http://www.hogrefe.co.uk/multidimensional-anxiety-scale-for-children-2nd-edition-masc-2.html
http://www.hogrefe.co.uk/multidimensional-anxiety-scale-for-children-2nd-edition-masc-2.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suarez-Lopez et al.

Page 15

Magiati I, Ponniah K, Ooi YP, Chan YH, Fung D, Woo B, 2013 Self-reported depression and anxiety
symptoms in school-aged Singaporean children. Asia. Pac. Psychiatry doi:10.1111/appy.12099

Malekirad AA, Faghih M, Mirabdollahi M, Kiani M, Fathi A, Abdollahi M, 2013 Neurocognitive,
Mental Health, and Glucose Disorders in Farmers Exposed to Organophosphorus Pesticides. Arch.
Ind. Hyg. Toxicol 64, 1-8. doi:10.2478/10004-1254-64-2013-2296

March J, 2012 Multidimensional Anxiety Scale for Children 2 Manual, 2nd ed. MHS Inc, North
Tonawanda, NY.

Marks AR, Harley K, Bradman A, Kogut K, Barr DB, Johnson C, Calderon N, Eskenazi B, 2010
Organophosphate pesticide exposure and attention in young Mexican-American children: the
CHAMACOS study. Environ. Health Perspect 118, 1768-74. doi: 10.1289/ehp.1002056 [PubMed:
21126939]

Marmorstein NR, lacono WG, Legrand L, 2014 Obesity and depression in adolescence and beyond:
reciprocal risks. Int. J. Obes 38, 906-911. doi:10.1038/ij0.2014.19

Maurissen JP, Hoberman a M., Garman RH, Hanley TR, 2000 Lack of selective developmental
neurotoxicity in rat pups from dams treated by gavage with chlorpyrifos. Toxicol. Sci 57, 250-63.
[PubMed: 11006355]

Meyer A, Koifman S, Koifman RJ, Moreira JC, de Rezende Chrisman J, Abreu-Villaga Y, 2010 Mood
Disorders Hospitalizations, Suicide Attempts, and Suicide Mortality Among Agricultural Workers
and Residents in an Area With Intensive Use of Pesticides in Brazil. J. Toxicol. Environ. Heal. Part
A 73, 866-877. doi:10.1080/15287391003744781

Middlemore-Risher ML, Buccafusco JJ, Terry a V, 2010 Repeated exposures to low-level chlorpyrifos
results in impairments in sustained attention and increased impulsivity in rats. Neurotoxicol.
Teratol 32, 415-24. doi:10.1016/j.ntt.2010.03.008 [PubMed: 20350597]

Mineur YS, Obayemi A, Wigestrand MB, Fote GM, Calarco CA, Li AM, Picciotto MR, 2013
Cholinergic signaling in the hippocampus regulates social stress resilience and anxiety- and
depression-like behavior. Proc. Natl. Acad. Sci. U. S. A 110, 3573-8. doi: 10.1073/pnas.
1219731110 [PubMed: 23401542]

Mojtabai R, Olfson M, Han B, 2016 National Trends in the Prevalence and Treatment of Depression in
Adolescents and Young Adults. Pediatrics 138, €20161878. doi:10.1542/peds.2016-1878
[PubMed: 27940701]

Paus T, Keshavan M, Giedd JN, 2008 Why do many psychiatric disorders emerge during adolescence?
Nat. Rev. Neurosci 9, 947-57. doi:10.1038/nrn2513 [PubMed: 19002191]

Pearce J, Barnett R, Jones I, 2007 Have urban/rural inequalities in suicide in New Zealand grown
during the period 1980-2001? Soc. Sci. Med 65, 1807-1819. doi:10.1016/J.SOCSCIMED.
2007.05.044 [PubMed: 17618025]

Perou R, Bitsko RH, Blumberg SJ, Pastor P, Ghandour RM, Gfroerer JC, Hedden SL, Crosby AE,
Visser SN, Schieve L. a, Parks SE, Hall JE, Brody D, Simile CM, Thompson WW, Baio J,
Avenevoli S, Kogan MD, Huang LN, 2013 Mental health surveillance among children--United
States, 2005-2011. MMWR. Surveill. Summ 62 Suppl 2, 1-35.

Qiao D, Seidler FJ, Tate CA, Cousins MM, Slotkin TA, 2003 Fetal chlorpyrifos exposure: adverse
effects on brain cell development and cholinergic biomarkers emerge postnatally and continue into
adolescence and adulthood. Env. Heal. Perspect 111, 536-544.

Rauh VA, Garfinkel R, Perera F. p, Andrews HF, Hoepner L, Barr DB, Whitehead R, Tang D, Whyatt
RW, 2006 Impact of prenatal chlorpyrifos exposure on neurodevelopment in the first 3 years of life
among inner-city children. Pediatrics 118, e1845-59. doi:10.1542/peds.2006-0338 [PubMed:
17116700]

Rees DI, Sabia JJ, Argys LM, 2009 A head above the rest: Height and adolescent psychological well-
being. Econ. Hum. Biol 7, 217-228. doi:10.1016/j.ehb.2009.04.002 [PubMed: 19447690]

Reynolds CF, Butters MA, Lopez O, Pollock BG, Dew MA, Mulsant BH, Lenze EJ, Holm M, Rogers
JC, Mazumdar S, Houck PR, Begley A, Anderson S, Karp JF, Miller MD, Whyte EM, Stack J,
Gildengers A, Szanto K, Bensasi S, Kaufer DI, Kamboh MI, DeKosky ST, 2011 Maintenance
Treatment of Depression in Old Age. Arch. Gen. Psychiatry 68, 51. doi:10.1001/
archgenpsychiatry.2010.184 [PubMed: 21199965]

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suarez-Lopez et al.

Page 16

Risch SC, Cohen RM, Janowsky DS, Kalin NH, Sitaram N, Gillin JC, Murphy DL, 1981
Physostigmine induction of depressive symptomatology in normal human subjects. Psychiatry
Res. 4, 89-94. [PubMed: 7012883]

Rohlman DS, Ismail AA, Rasoul GA, Bonner MR, Hendy O, Mara K, Wang K, Olson JR, 2016 A 10-
month prospective study of organophosphorus pesticide exposure and neurobehavioral
performance among adolescents in Egypt. Cortex. 74, 383-395. do0i:10.1016/j.cortex.2015.09.011
[PubMed: 26687929]

Rowntree DW, Nevin S, Wilson A, 1950 The effects of diisopropylfluorophosphonate in schizophrenia
and manic depressive psychosis. J. Neurol. Neurosurg. Psychiatry 13, 47-62. [PubMed: 15405311]

Rozzini L, Vicini Chilovi B, Bertoletti E, Trabucchi M, Padovani A, 2007 Acetylcholinesterase
inhibitors and depressive symptoms in patients with mild to moderate Alzheimer’s disease. Aging
Clin. Exp. Res 19, 220-3. [PubMed: 17607090]

Shytle RD, Silver AA, Lukas RJ, Newman MB, Sheehan DV, Sanberg PR, 2002 Nicotinic
acetylcholine receptors as targets for antidepressants. Mol. Psychiatry 7, 525-35. doi: 10.1038/
sj.mp.4001035 [PubMed: 12140772]

Siqueira AA, Cunha AF, Marques GLM, Felippe ISA, Minassa VS, Gramelich TC da S, Cicilini MA,
Alarcon TA, Pires RGW, Sampaio KN, Beijamini V, 2019 Atropine counteracts the depressive-like
behaviour elicited by acute exposure to commercial chlorpyrifos in rats. Neurotoxicol. Teratol 71,
6-15. doi:10.1016/j.ntt.2018.11.002 [PubMed: 30458229]

Sklan EH, Lowenthal A, Korner M, Ritov Y, Landers DM, Rankinen T, Bouchard C, Leon AS, Rice T,
Rao DC, Wilmore JH, Skinner JS, Soreq H, 2004 Acetylcholinesterase/paraoxonase genotype and
expression predict anxiety scores in Health, Risk Factors, Exercise Training, and Genetics study.
Proc. Natl. Acad. Sci. U. S. A 101, 5512-7. doi: 10.1073/pnas.0307659101 [PubMed: 15060281]

Slotkin T, 2004 Cholinergic systems in brain development and disruption by neurotoxicants: nicotine,
environmental tobacco smoke, organophosphates. Toxicol. Appl. Pharmacol 198, 132-51. doi:
10.1016/j.taap.2003.06.001 [PubMed: 15236950]

Steinberg B, Trestman R, Mitropoulou V, Serby M, Silverman J, Coccaro E, Weston S, de Vegvar M,
Siever LJ, 1997 Depressive Response to Physostigmine Challenge in Borderline Personality
Disorder Patients. Neuropsychopharmacology 17, 264-273. doi: 10.1016/S0893-133X(97)00051-1
[PubMed: 9326751]

Suarez-Lopez JR, Butcher CR, Gahagan S, Checkoway H, Alexander BH, Al-Delaimy WK, 2017a
Acetylcholinesterase activity and time after a peak pesticide-use period among Ecuadorian
children. Int. Arch. Occup. Environ. Health doi:10.1007/s00420-017-1265-4

Suarez-Lopez JR, Checkoway H, Jacobs DR, Al-Delaimy WK, Gahagan S, 2017b Potential short-term
neurobehavioral alterations in children associated with a peak pesticide spray season: The
Mother’s Day flower harvest in Ecuador. Neurotoxicology. doi:10.1016/j.neuro.2017.02.002

Suarez-Lopez JR, Himes JH, Jacobs DR Jr., Alexander BH, Gunnar MR, 2013 Acetylcholinesterase
activity and neurodevelopment in boys and girls. Pediatrics 132, e1649-58. doi:10.1542/peds.
2013-0108 [PubMed: 24249815]

Suarez-Lopez JR, Hong V, McDonald KN, Suarez-Torres J, Lépez D, De La Cruz F, 2018 Home
proximity to flower plantations and higher systolic blood pressure among children. Int. J. Hyg.
Environ. Health 221, 1077-1084. doi:10.1016/j.ijheh.2018.08.006 [PubMed: 30131222]

Suarez-Lopez JR, Jacobs DR, Himes JH, Alexander BH, Lazovich D, Gunnar M, 2012 Lower
acetylcholinesterase activity among children living with flower plantation workers. Environ. Res
114, 53-9. doi:10.1016/j.envres.2012.01.007 [PubMed: 22405996]

Taylor P, 2011 Anticholinesterase Agents, in: Brunton L, Chabner B, Knollmann B (Eds.), Goodman
& Gilman’s The Pharmacological Basis of Therapeutics. McGraw Hill Medical.

van Gastel W, Ferdinand RF, 2008 Screening capacity of the Multidimensional Anxiety Scale for
Children (MASC) for DSM-1V anxiety disorders. Depress. Anxiety 25, 1046-52. doi: 10.1002/da.
20452 [PubMed: 18833579]

Visser SN, Danielson ML, Bitsko RH, Holbrook JR, Kogan MD, Ghandour RM, Perou R, Blumberg
SJ, 2014 Trends in the parent-report of health care provider-diagnosed and medicated attention-
deficit/hyperactivity disorder: United States, 2003-2011. J. Am. Acad. Child Adolesc. Psychiatry
53, 34-46.e2. d0i:10.1016/j.jaac.2013.09.001 [PubMed: 24342384]

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Suarez-Lopez et al.

Page 17

Wei C, Hoff A, Villabg MA, Peterman J, Kendall PC, Piacentini J, McCracken J, Walkup JT, Albano
AM, Rynn M, Sherrill J, Sakolsky D, Birmaher B, Ginsburg G, Keeton C, Gosch E, Compton SN,
March J, 2013 Assessing Anxiety in Youth with the Multidimensional Anxiety Scale for Children.
J. Clin. Child Adolesc. Psychol doi: 10.1080/15374416.2013.814541

Weisskopf MG, Moisan F, Tzourio C, Rathouz PJ, Elbaz A, 2013 Pesticide exposure and depression
among agricultural workers in France. Am. J. Epidemiol 178, 1051-8. doi:10.1093/aje/kwt089
[PubMed: 23851580]

Wesseling C, van Wendel de Joode B, Keifer M, London L, Mergler D, Stallones L, 2010 Symptoms
of psychological distress and suicidal ideation among banana workers with a history of poisoning
by organophosphate or n-methyl carbamate pesticides. Occup. Environ. Med 67, 778-84. doi:
10.1136/0em.2009.047266 [PubMed: 20798019]

World Health Organization, 2017a Depression and Other Common Mental Disorders, Global Health
Estimates. Geneva, Swtizerland. doi:CC BY-NC-SA 3.0 IGO

World Health Organization, 2017b WHO | Depression. WHO.

World Health Organization, 2008 Training Course on Child Growth Assessment 7, 25-36.

World Health Organization, 2000 Preventing suicide, mental and behavioural disorders. WHO a.

World Health Organization Multicentre Growth Reference Study Group, 2006 World Health
Organization Child Growth Standards based on length/height, weight and age. Acta Paediatr. 450,
76-85.

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suarez-Lopez et al.

Page 18

Highlights

. Low acetylcholinesterase (ACHE) is a marker of increased pesticide exposure

. We examined 529 11-17 year-olds living near flower production sites in
Ecuador

. Lower AChE was related to increased depressive symptoms but not to anxiety
symptoms

. Associations were stronger in girls vs. boys and in younger vs. older
adolescents

. Pesticide exposure may create risk for depression, particularly among young

girls
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Figure 1.
Adjusted associations of AChE activity (sextiles) and depression T-scores by gender.

Adjustments: age, hemoglobin concentration, z-scores for height-for-age and BMI-for-age,
race, parental years of education and family income.

Slopes of the models from linear regression analyses (dashed lines) are listed in Table 3.
Sextiles of AChE activity were calculated separately for boys and girls.
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A. Participants <14.37y B. Participants >14.37y
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Figure 2.
Adjusted associations of AChE activity (sextiles) and depression T-scores for participants

above and below the median for age by gender.

Adjustments: hemoglobin concentration, z-score for height-for-age and BMI-for-age, race,
parental years of education and family income.

Slopes of the models from linear regression analyses (dashed lines) are listed in Table 3.
Sextiles of AChE activity were calculated separately for boys and girls.
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