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Abstract

The widely used organophosphorus pesticide chlorpyrifos (CPF) is often detected in food.
CPF inhibits acetylcholinesterase and can modify muscle contractility and respiratory pat-
terns. We studied the effects of chronic exposure to CPF on respiratory parameters and dia-
phragm contractility in 21- and 60-days old rats. Pregnant rats were exposed to oral CPF

(1 or 5 mg/kg/day: CPF-1 or CPF-5 groups vs vehicle: controls) from gestation onset up to
weaning of the pups that were individually gavaged (CPF or vehicle) thereafter. Two devel-
opmental time points were studied: weaning (day 21) and adulthood (day 60). Whole-body
plethysmography was used to score breathing patterns and apnea index during sleep. Then,
diaphragm strips were dissected for the assessment of contractility and acetylcholinesterase
activity. Results showed that the sleep apnea index was higher in CPF-exposed rats than in
controls. In adult rats, the expiratory time and tidal volume were higher in CPF-exposed ani-
mals than in controls. At both ages, the diaphragm’s amplitude of contraction and fatigability
index were higher in the CPF-5 group, due to lower acetylcholinesterase activity. We con-
clude that chronic exposure to CPF is associated with higher sleep apnea index and dia-
phragm contractility, and modifies respiratory patterns in sleeping juvenile and adult rats.

Introduction

Organophosphorus pesticides (OPs) are commonly used in agricultural, industrial and domes-
tic settings [1]. Residues are found not only in indoor and outdoor environments [2] but also
in food and drinking water [3]. Exposure to OPs occurs mainly via dietary intake in adults [4]
and children [5]. Various metabolites of OPs have been found in meconium samples from
newborns having been exposed during pregnancy [6]. After birth, newborns were further
exposed via breastfeeding [7].

OPs are potent acetylcholinesterase (AChE) inhibitors, and thus produce excessive levels
of neurotransmitter at cholinergic synapses [1]. Since acetylcholine (ACh) is an essential
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neurotransmitter in the regulation of respiratory parameters (especially with regard to the con-
duction of afferent signals from the chemoreceptors in hypercapnia and hypoxia [8]), impaired
synaptic transmission may have drastic effects on the control of these physiological processes.
After acute exposure to OPs, elevated ACh levels at the motor end plate lead to cholinergic
hyperstimulation, bronchoconstriction, and depression of the respiratory centers in the brain-
stem [9]. Central apnea is a feature of acute OP intoxication, and may even lead to death after
exposure in humans [10]. Although the effects of acute exposure are well known [11][12],

the effects of chronic exposure to lower doses of OPs on the respiratory system have not been
extensively characterized.

The widely used OP chlorpyrifos (CPF, O,0-diethyl-O-[3,5,6-trichloro-2-pyridinyl] phos-
phorothioate) is metabolized in humans to CPF-oxon, an active metabolite that also acts as a
potent anti-cholinesterase [13]. Juvenile rats have lower activities of CPF-detoxifying enzymes
than adult rats [14] and thus are more vulnerable to CPF toxicity [15]. CPF residues can be
detected in milk [7] and cord blood samples [16]. Exposure to CPF during gestation interferes
with the development of the brain [17] by disrupting neural cell replication and differentiation,
axonogenesis, and synaptogenesis in regions innervated by cholinergic projections (such as
the respiratory centers) [18]. Thus, one can legitimately hypothesize that chronic exposure to
CPF could induce respiratory disorders in juvenile and young adult rats.

To the best of our knowledge, the effects of a chronic life-time exposure to OPs (and to CPF
in particular) on respiratory parameters have never previously been assessed. The objective of
the present study was to analyze the effects of chronic CPF exposure on 21-day-old rats (juve-
niles) and 60-day-old rats (young adults). Measurements were made both in vivo (respiratory
parameters and sleep apnea, using whole-body plethysmography) and in vitro (AChE activity
and contractility of the diaphragm).

Material and methods

Chlorpyrifos preparation

Chlorpyrifos (O,0-diethyl-O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate) with purity of
99.8% was purchased from LGC Standards (Molsheim, France). Chlorpyrifos was dissolved in
commercially available rapeseed oil as vehicle and administered by gavage to the ratsat 1 or 5
mg/ml (CPF-1 and CPF-5 groups, respectively). The dose 1mg/kg/day is the oral NOAEL for
depression of brain acetylcholinesterase activity in rats (2 years study). The 5 mg/kg/day is
above the NOAEL for developmental toxicity [19]. CPF solutions were maintained at room
temperature protected from light. Animals in control groups were gavaged with the organic
rapeseed oil as vehicle.

Animals

The experimental protocol was approved by the Animal Care and Use Committee at Jules
Verne University of Picardy (reference #2011/A/1, protocol number: 291112-19, Amiens,
France). All animals were treated in accordance with the European Communities Council’s
guidelines (2010/63/EU).

Three groups of 5 pregnant rats (Janvier Labs, Le Genest Saint Isle, France) were gavaged
daily with organic rapeseed oil (as a control) or one of two doses of CPF (1 or 5 mg/kg/day in
organic rapeseed oil, referred to as CPF-1 and CPF-5, respectively) from gestational day 1 until
their pups were weaned (on post-natal day (PND) 21). The size of the litter was adjusted in
order to obtain litters of the same size (8 pups) and only male rats were used in this study.
Pups for each treatment group were obtained from a minimum of five litters. On PND21, the
respiratory parameters for the half the pups (n = 10-12 per group) were measured via whole-
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body plethysmography. These animals were then euthanized with an intraperitoneal overdose
of sodium pentobarbital (1 ml/kg; 200 mg/ml solution). The diaphragm was removed and rect-
angular strips were dissected from the midcostal region. The remaining rats (n = 10-12 per
group) were gavaged with organic rapeseed oil (control), CPF-1 or CPF-5 until PND60. Respi-
ratory parameters and the diaphragm’s contractile properties were then assessed using the pro-
cedures described above.

Respiratory measurements

The inspiratory time (Ty), expiratory time (Tg), tidal volume (V) (normalized to the body
weight), and respiratory frequency (f) were obtained for each animal [20] using whole-body
plethysmography (Model PLY3213, Buxco-EMKA Technologies, Sharon, CT). Before the
respiratory measurements, rats were familiarized with the plethysmograph chamber twice for
one hour. Apnea was defined as the cessation of ventilation for at least 2.5s (reflecting at least
two missed breaths). The sleep apnea index (the number of apnea episodes per hour of behav-
iorally defined sleep) was scored using a previously validated procedure [21]. Measurements
were made over a 60-minute period, during which the rat was continuously scored for wake-
fulness (i.e. lying or standing, with the eyes open) or sleep (i.e., lying down, not moving, with
the eyes closed), as previously described [22]. Apnea episodes were excluded from the calcula-
tion of respiratory parameters.

Diaphragm contractility and fatigue resistance

The diaphragm’s contractile properties were analyzed by studying rectangular strips dissected
from the midcostal region. The strips were activated by electrical stimulation (12 V, 2 Hz) for 5
minutes. The twitch tension (g.cm™), contraction time (ms), half relaxation time (ms), and
fatigability index (%) were assessed as described elsewhere [23].

Acetylcholinesterase (AChE) activity

AChE activity was measured according to Ellman’s method [24]. Diaphragm homogenates
were incubated with 10> M of the butyryl cholinesterase inhibitor, tetraisopropyl pyropho-
sphoramide iso-OMPA (Sigma Aldrich, Saint Quentin Fallavier, France). A colorimetric
AChE assay kit was used to measure the AChE activity according to manufacturer’s instruc-
tions (Abcam, Cambridge, UK) and the data were expressed in umol/min/mU.

Statistical analysis

Statistical analysis was performed using Prism 5 software (GraphPad Software Inc., La Jolla,
CA). A two-way analysis of variance (ANOVA) was used to analyze the main effects of age
(PND21/PND60) or exposure (Control/CPF-1/CPF-5) and the interaction between age and
CPF exposure. If the age-CPF exposure interaction was significant, a one-way ANOVA and
then an unpaired t-test were performed for the PND21 or PND60 group. All data passed statis-
tical tests for normality and homogeneity of variance. The threshold for statistical significance
was set to p<0.05. Indicative results (p<0.1) are given when appropriate.

Results
Body weight of pups

As shown in Fig 1, the mean bodyweight of rat pups exposed to CPF-1 and CPF-5 was signifi-
cantly lower than that of the control group (p<0.001 for all).
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Fig 1. Effects of CPF exposure on the body weight of rat pups at birth (PNDO1, open bars), as juveniles (PND21, grey bars) and as young adults (PND60, black
bars). Data are quoted as the mean + SEM, at PND01 and PND21: n = 20-22/group; at PND60, n = 10-12/group. ***: p<0.001.
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Respiratory parameters

Comparisons of the juvenile vs. adult rats evidenced significant changes over time in Ty, Tg,
Vrand f (Fig 2), with a main effect of age (p<0.001 for all). Ty and T, were higher in adults
than in juvenile rats, whereas V- and f were lower.

When we compared the exposed groups with the controls, we observed that the CPF expo-
sure was associated with a significantly longer T at both doses (Fig 2B; vs. controls: CPF-1:
p = 0.011, CPF-5: p<0.001). Furthermore, the effect on f of the age-exposure interaction
tended towards significance (p = 0.07). The f was reduced by CPF exposure in the young adult
group (the only significant difference was for control vs. CPF-5; p = 0.04) but not in the juve-
nile group (Fig 2C). A significant age-CPF exposure interaction was found for V1 (p<0.001).
CPF exposure had different effects on juvenile rats vs. adult rats: at PND21, CPF exposure was
associated with a lower V- (vs. control: CPF-1: p = 0.059; CPE-5: p = 0.015). In contrast, at
PND60, CPF exposure was associated with an elevated Vr (vs. control: CPF-1: p<0.001; CPF-
5: p = 0.044) (Fig 2D).

As shown in Fig 3, both doses of CPF exposure were associated with a higher apnea index
(vs. controls: CPF-1: p<0.01; CPF-5: p<0.01). A significant age-CPF exposure interaction was
observed for the apnea index (p = 0.014). In the control (non-exposed) group, maturation
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Fig 2. Effects of CPF exposure on respiratory parameters in juvenile rats (PND21 grey bars) and adult rats (PND60, black bars). (A) Ty (ms), (B) Tg (ms), (C)
f (bpm), and (D) Vr (ml/100g body weight) in juvenile and adult rats. Data are quoted as the mean + SEM, n = 10-12/group. Effect of CPF exposure: *: p<0.05;
***: p<0.001. For a significant age x exposure interaction: #: p<0.05; # # #: p<0.001; $: p<0.1 compared with controls of the same age (unpaired t-test).

https://doi.org/10.1371/journal.pone.0191237.9002

from PND21 to PND60 tended to reduce the apnea index (p = 0.081). When exposed to the
lower dose of CPF (CPF-1), the apnea index did not decrease with age, and thus remained sim-
ilar in young adults and juvenile rats. In contrast, the apnea index in the CPF-5 group was sig-
nificantly higher at PND60 than at PND21 (p = 0.03).

Diaphragm contractility

By comparing the diaphragm’s contractile properties in juvenile and adult rats, we found that
the time to peak and the half relaxation time (Fig 4) were significantly lower in adults than in
juveniles, whereas the fatigability index was significantly higher (p<0.001). There was no age-
related difference in the diaphragm twitch tension.

A main effect of CPF exposure was observed for twitch tension (p<0.001), with a significant
dose effect: the higher the dose of CPF, the higher the twitch tension (CPF-5 vs. control:
p<0.001; CPF-1 vs. CPF-5: p<0.01; CPF-1 vs. control: p<0.1). The fatigability index tended to
be higher in the CPF-exposed groups than in the control group (p = 0.056). This index was
higher in CPF-5 group than in the controls and CPF-1 groups (vs. CPE-5: Control: p = 0.004;
CPF-1: p = 0.067). In addition, the fatigability index tends to increase between CPF-1 and
CPF-5 groups (p<0.1) (Fig 4D). In contrast, CPF exposure did not impact the time to peak
and the half relaxation time (Fig 4B and 4C).

PLOS ONE | https://doi.org/10.1371/journal.pone.0191237  January 22, 2018 5/12


https://doi.org/10.1371/journal.pone.0191237.g002
https://doi.org/10.1371/journal.pone.0191237

@° PLOS | ONE

Chronic chlorpyrifos exposure increases sleep apnea

45- |
El } Apnea
83- 1._ , e >
S / '|__r..<"—-ux-:"--‘1 ‘J"-w—'—v-—-.lll II"'\.__ |' \-ﬂ*.»-'x«"\"“\"'-’“'-v-\.;.v.x.,,.»u__..___A__,__._u*___%___ﬁ,ﬂ\ II""-J-.v.__-.I J
23 |, A N
249- 1!,1|
. 2sec
*%
| S
309 1 —l
2 . 5 @ PND2I
§ ! | B PND60
(<P]
"g 204
.- $
<
=
o 10-
~
o
<P]
=
wnn 0O
Control CPF-1 CPF-5

Fig 3. Effects of age and CPF exposure on the sleep apnea index in juvenile (PND21) and adult (PND60) rats. A) A
representative plethysmographic signal corresponding to an episode of apnea in the rat lasting longer than 2.5 sec. B)
Mean numbers of apnea episodes per hour in juvenile rats (PND21 grey bars) and adult rats (PND60, black bars) in the
control, CPF-1 and CPF-5 groups. **: p<0.01. The age difference between PND21 and PND60 is shown: §: p<0.05,

$: p<0.1 PND60 vs. PND21. Data are quoted as the mean + SEM, n = 10-12/group.

https://doi.org/10.1371/journal.pone.0191237.9003

AChE activity

There was no age-related difference in AChE activity in the diaphragm. However, a dose-
dependent variation in AChE activity was observed (control vs. CPF-5: p<0.001; CPF-1 vs.
CPF-5: p<0.01) (Fig 5).

Discussion

To the best of our knowledge, the present study is the first to have assessed the effects of
chronic exposure to an OP on respiratory function in growing animals (juvenile and young
adult rats). We assessed the respiratory parameters on juvenile (PND21) and adult (PND60)
rats in order to show the effects of CPF exposure during pregnancy and breastfeeding period
on juveniles (PND21) and the effects on young adults (PND60) if this exposure remains during
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Fig 4. Effects of CPF exposure on diaphragm contractility in juvenile (PND21, grey bars) and adult (PND60, black bars) rats. (A) Twitch tension, (B) time to
peak, (C) half relaxation time, (D) fatigability index. Effect of CPF exposure: **: p<0.01; ***: p<0.001, $: p<0.1. Data are quoted as the mean + SEM, n = 10-12/group.
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post-weaning period. The sleep apnea index, Tg and V1 were higher in adult animals exposed
to CPF than in non-exposed controls, whereas f was lower. The diaphragm’s amplitude of con-
traction and fatigability index were also higher in CPF-exposed groups, as a result of lower
AChE activity. Furthermore, prenatal exposure of the rat pups to CPF was associated with low
body weight at birth; this might be due to CPF’s toxicity. Importantly, the low body weight of
CPF-exposed animals persisted at weaning (PND21) and into adulthood (PND60). Our results
are in line with clinical cohort studies in which exposure to CPF adversely affected fetal devel-
opment in infants whose mothers had been exposed to CPF during pregnancy and when
breastfeeding [16][25]. Interestingly, low body weight is a known risk factor for an elevated
apnea index, as a result of impaired neurologic maturation [26]. Furthermore, the rats in the
present study were smaller (in terms of body length) than controls at birth (data not shown).

The effects of OPs on respiratory patterns have only previously been described during acute
exposure [11][12][27]. It is well established that prenatal exposure to CPF impairs the develop-
ment of the brain in general and the cholinergic areas involved in the regulation of breathing
in particular [28][29][30].

The main finding of the present study is that chronic exposure of rats to CPF is associated
with a change in respiratory patterns during sleep. Ty was longer in CPF-exposed rats.
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Fig 5. Effects of CPF exposure on AChE activity in the diaphragm in juvenile (PND21, grey bars) and adult
(PND60, black bars) rats. **: p<0.01; ***: p<0.001 compared with controls or CPF-1. Data are quoted as the
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Consequently, the f tended to be lower in CPF-exposed groups. Our present findings are con-
sistent with the documented effects of acute exposure to another OP (para-oxon) on respira-
tion in animals [12]. Like other phosphate containing pesticides, CPF is metabolized to the
corresponding oxygen analog (CPF-oxon) which phosphorylates and then inhibits the AChE
activity in both central and peripheral nerve tissues [31], leading to an excess of acetylcholine.
We measured the AChE activity in the brainstem of adult rats, we observed a significant
decrease of AChE activity in the brainstem of rats exposed to 5 mg/kg/day of CPF (data not
shown). As shown by Houze et al. [11] and Carey et al. [10], the effect of OPs on the respiratory
pattern is due to overstimulation of the muscarinic receptors in the central nervous system.
However, a peripheral action of CPF cannot be ruled out. Exposure to CPF is accompanied by
bronchoconstriction and decreased muscarinic M2 receptor function after AChE inhibition
[32]. A decrease in the upper airway diameter might explain the high T, low f and high apnea
index observed in the CPF groups.

CPF exposure was associated with a higher sleep apnea index (with a greater frequency
but not a longer duration) in juvenile and adult rats, independently of the dose. Apnea arises
through two mechanisms: (i) central depression of the respiratory centers and cessation of
the respiratory command from the brainstem, and (ii) a peripheral effect of obstruction of the
upper airways [33] and a decrease in the air flow, which increases respiratory work [34]. The
well-characterized episodes of central apnea observed during acute exposure to OPs are caused
by the inhibition of cholinesterase in the respiratory centers [10][34][35]. However, a periph-
eral trigger for apnea cannot be ruled out, since the OPs also result in airway obstruction [32]
and greater total lung resistance with an increase in respiratory secretions [36]; this might also
explain the longer Ty observed in our study. However, in our experimental setting, it is not
possible to distinguish between central and peripheral apnea. Another important finding is
that CPF exposure in the present study was associated with a higher apnea index in adult rats
than in juvenile rats. In the control group, maturation from the juvenile age to adulthood
tended to decrease the apnea index. It is well known that the occurrence of apnea becomes sig-
nificantly less frequent with age and maturation [37]. However, when rats were exposed to
CPF at the lower dose, the apnea index did not decrease with age. Moreover, the apnea index
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was higher when rats were exposed to the higher dose of CPF: there was a significant difference
when comparing adult rats with juveniles in the CPF5 group. This observation indicates that
CPF exposure might affects respiratory patterns by inhibiting the physiological processes
through which apnea usually decreases with age. Nevertheless, the effects of CPF on respira-
tion and sleep apnea at PND60 can be due to the (i) in utero and lactational exposure by the
maternal diet (ii) CPF exposure after weaning or (iii) both. To distinguish between these possi-
bilities, it would be necessary to study the respiration and sleep apnea at PND60 in a cohort of
animals exposed to CPF only during gestation and lactation.

With regard to contraction of the diaphragm, there was a significant, dose-dependent, rela-
tive increase in twitch tension in the CPF groups at both ages. This increase in twitch tension
was also reported by Burd and Ferry [38] after in vitro exposure to an anticholinesterase
(echothiopate), as a result of a prolonged response to ACh at the neuromuscular junction.
Wright et al. [39] reported an increase in phrenic nerve activity after exposure to an anticho-
linesterase. This increase is undoubtedly related to the low level of AChE activity observed in
juvenile and adult rats exposed to CPF. The greater level of contraction might explain the
increase in V in adult rats observed in our study (via an increase in the volume of the thoracic
cage and thus an increase in the volume of inspired air). The greater level of contraction might
also be related to the occurrence of apnea due to obstruction of the upper airways [9]; the dia-
phragm must contract more forcefully to overcome the obstruction-related resistance.

The present study highlighted greater diaphragm fatigability in juvenile and adult rats
exposed to CPF5, relative to non-exposed animals. In fact, skeletal muscle weakness is one of
the clinical effects observed after OP poisoning. It can be attributed to elevated ACh levels at
the motor end plates (and thus overstimulation of nicotinic acetylcholine receptors) following
AChE inhibition [40].

In conclusion, our present results evidenced the effects of (i) mother-to-offspring transmis-
sion of CPF and (ii) chronic oral exposure to CPF during early adulthood. The observed respi-
ratory dysfunction could be resulted from changes in central and/or peripheral processes, due
to the accumulation of acetylcholine in the synaptic clefts. However, it is not possible to rule
out secondary alterations due to CPF effects on body weight. Chronic life-time exposure to
CPF was associated with an elevated sleep apnea index, greater diaphragmatic contraction and
thus greater fatigability. The present functional study of the rat diaphragm is the first to have
highlighted the effects of chronic exposure to OPs on respiratory patterns in adulthood.

Supporting information

S1 Results. Table of manuscript dataset providing the mean, standard error of the mean
(SEM) and p-values.
(PDF)
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