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Abstract 

Organophosphate pesticides - and chlorpyrifos (CPF) in particular - contribute to a wide range 

of neurobehavioural disorders. Most experimental research focuses on learning and memory 

processes, while other behaviours remains understudied. The isoforms of the human 

apolipoprotein E (apoE) confer different cognitive skills on their carriers, but data on this topic 

are still limited. The current study was performed to assess whether the APOE genotypic 

variability differently modulate the effects of CPF on attentional performance, inhibitory control 

and motivation. Human apoE targeted replacement adult female mice (apoE2, apoE3 and 

apoE4) were trained to stably perform the 5-choice serial reaction time task (5-CSRTT). 

Animals were then subjected to daily dietary CPF (3.75mg/kg body weight) for 4 weeks. After 

CPF exposure, we established a 4-week CPF-free period to assess recovery. All individuals 

acquired the task, apoE2 mice showed enhanced learning, while apoE4 mice displayed 

increased premature and perseverative responding. This genotype-dependent lack of inhibitory 

control was reversed by CPF. Overall, the pesticide induced protracted impairments in sustained 

attention and motivation, and it reduced anticipatory responding. ApoE3 mice exhibited delayed 

attentional disruptions throughout the wash-out period. Taken together, these findings provide 

notable evidence on the emergence of CPF-related attentional and motivational deficits. 
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1. Introduction 

The onset of cognitive deficits and behavioural disorders after exposure to organophosphate 

(OP) pesticides – in particular to the widely-used chlorpyrifos (CPF) – has been reported in the 

scientific literature (Mackenzie Ross et al., 2010; Roldán-Tapia et al., 2005). In the last decade, 

environmental agencies have taken steps to reduce the non-agricultural uses of CPF. In 2006, 

however, its residues were still present in 78% of randomly-selected homes in the United States 

(US) (Stout et al., 2009), being also recently detected in both urban (Ccanccapa et al., 2015; 

Quijano et al., 2016) and rural areas (Page et al., 2014), so that implying a pervasive pattern of 

exposure. Although CPF may be absorbed by inhalation or through the skin, dietary intake 

appears to be the most common source of exposure for the general population (Boon et al., 

2008; Lu et al., 2008). In this context, several epidemiological approaches have attempted to 

estimate typical dietary food consumption values for CPF in adult individuals (e.g., 0.46μg/day 

reported by MacIntosh et al., 2001) (Buck et al., 2001; Curl et al., 2015; MacIntosh et al., 2001; 

Melnyk et al., 2011). Nonetheless, the additive effect of all routes of exposure, as well as the 

variety of human behaviours and activities make it difficult to estimate the total daily exposure 

to the pesticide (Saunders et al., 2012).  

A constellation of epidemiological investigations has demonstrated that OPs induce deficits in 

cognitive processes, such as sustained attention, memory, and processing speed (De Silva et al., 

2006; Mackenzie Ross et al., 2010; Miyaki et al., 2005; Roldán-Tapia et al., 2005). 

Consistently, data from animal models of acute or repeated CPF exposure highlighted learning 

and memory impairments (López-Granero et al., 2014; Peris-Sampedro et al., 2015a, 2014; 

Salazar et al., 2011), deficits in sustained attention (Middlemore-Risher et al., 2010; Samsam et 

al., 2005), destabilized inhibitory control (Middlemore-Risher et al., 2010; Montes de Oca et al., 

2013), and anhedonia (Aldridge et al., 2005). 

Once CPF has entered the body, it undergoes an oxidative desulfuration to its active metabolite 

CPF-oxon, which expresses a potent anticholinesterase activity. The inhibition of 

cholinesterases (ChE) elicits the accumulation of acetylcholine (ACh) at the synapses of both 



 

the central and peripheral nervous systems (CNS, PNS), leading ultimately to acute cholinergic 

neurotoxicity. In addition, an increasing number of reports have endorsed the involvement of 

other neurotransmitter systems, such as the GABAergic system, in the neurotoxicity of CPF 

(Cardona et al., 2006; Montes de Oca et al., 2013). Thus, Cardona et al. (2006) reported that the 

administration of diazepam – a GABAergic agonist – potentiates the long-term CPF-related 

effects observed in a schedule-induced polydipsia paradigm in rats. Interestingly, recent data 

have claimed for a neglected role of GABA in impulsivity (Hayes et al., 2014).   

In 1983, Robbins and co-workers designed a test to assess attentional processes in rats, which 

was based on the continuous performance task used for the same purpose in humans (Robbins, 

2002). Nowadays, the 5-choice serial reaction time task (5-CSRTT) enables various aspects of 

performance to be assessed simultaneously (Bari et al., 2008; Sanchez-Roige et al., 2012). To 

date, only two studies have used this paradigm to evaluate the detrimental effects of CPF on 

cognition (Middlemore-Risher et al., 2010; Montes de Oca et al., 2013). Both studies, carried 

out in male rats, found disturbed inhibitory control in the short (Middlemore-Risher et al., 2010) 

and the long-term (Montes de Oca et al., 2013) after relatively high doses of CPF. Moreover, 

Middlemore-Risher et al. (2010) also reported impairments in sustained attention with no signs 

of altered motivation that were still evident one month after the exposure.  

In addition to the well-characterized role of apolipoprotein E (apoE) in maintaining lipid 

homeostasis, this glycoprotein also contributes to several neurological functions in the CNS 

(Hauser et al., 2011), and its three major isoforms (apoE2, apoE3 and apoE4) confer different 

neurobehavioural attributes on their carriers. Although other mammals express apoE, allelic 

variation (ε2, ε3 and ε4) is unique to humans. Sullivan et al., (1997) designed the apoE targeted 

replacement (TR) mouse model by replacing the murine apoE gene by one of the three human 

APOE allelic variants, thus allowing them to systemically express functional human apoE 

isoforms.  

Learning and memory processes have widely been studied in apoE TR mice (Bour et al., 2008; 

Grootendorst et al., 2005; Peris-Sampedro et al., 2015a; Reverte et al., 2013, 2012). However, 

there is still considerable uncertainty about the extent to which APOE genotype contributes to 



 

other cognitive and behavioural processes, such as sustained attention, inhibitory control and 

motivation. Most studies have focused on deciphering the behavioural attributes inherent to the 

APOE4 genotype, since it is the largest genetic risk for Alzheimer’s disease (AD) (Raber et al., 

2004). Particularly, the APOE4 genotype has traditionally been associated with poor cognitive 

outcome (Peris-Sampedro et al., 2015a; Reverte et al., 2012; Siegel et al., 2012), which has 

sometimes been attributed to a hypothetical cholinergic dysfunction (Yun et al., 2005). 

Furthermore, recent experimental evidence has revealed that only the APOE4 genotype confers 

on its carriers deficient inhibitory control and impaired attentional accuracy on the 5-CSRTT 

(Reverte et al., 2016). On the other hand, the most common isoform in humans, apoE3, has 

recently been linked to an increased risk of developing obesity and a diabetic profile upon 

exposure to CPF (Peris-Sampedro et al., 2015a, 2015b). In this regard, a growing body of 

evidence has considered both impulsivity and compulsivity as potential feeding behaviour 

disruptors contributing to the obesity epidemics (Schag et al., 2013; Smith and Robbins, 2013).  

To the best of our knowledge, no information is available on the use of the 5-CSRTT to assess 

the impact of dietary exposure to CPF on attention, inhibitory control and motivation in apoE 

TR mice. Hence, this investigation seeks (a) to determine whether CPF alter the 5-CSRTT 

baseline performance of apoE TR female mice previously trained, (b) to investigate whether 

such CPF-related effects persist over time, and (c) to assess the extent to which human APOE 

genetic variations modulate the effects of both CPF and alprazolam. 

 

2. Material and methods 

2.1 Animals and care 

Adult apoE TR female mice, homozygous for the human ε2, ε3 or ε4 alleles, were purchased 

from Taconic (Taconic Europe, Lille Skensved, Denmark). They were housed in pairs under a 

12-h light-dark cycle (lights off at 8 pm) in an environmentally controlled room held at 22±2°C 

and at a relative humidity of 50%±10%. Food (Panlab standard rodent chow, Barcelona, Spain) 

and water were available ad libitum. Before the behavioural task started, mice were gradually 



 

food deprived (2g/mouse/day) to approximately 80-85% of their free feeding weight (i.e., 20g). 

These feeding conditions were maintained until the end of the study. All experiments took place 

five days a week and were carried out during the light phase (Reverte et al., 2016). Five animals 

failed to reach criterion performance and were excluded from the 5-CSRTT training (apoE2 = 1, 

apoE3 = 3, apoE4 = 1). 

Experimental procedures were conducted in accordance with the Animal Care and Use 

Committee of the Rovira i Virgili University (Tarragona, Spain). Likewise, in conformity with 

the Spanish Royal Decree 53/2013 and the European Communities Council Directive 

(86/609/EEC) efforts were made to alleviate animal suffering. 

 

2.2 Drugs 

During the manufacture process, standard rodent chow was supplemented with 37.5mg CPF/kg 

chow (CPF purity 99.5%, Sigma-Aldrich, Seelze, Germany). Given the feeding conditions and 

body weight stability over time, mice were subjected to 3.75mg/kg body weight/day dietary 

CPF. The dose of CPF was chosen on the basis of earlier work (Peris-Sampedro et al., 2015a, 

2015b), and was expected to induce a moderate inhibition of plasma cholinesterase without 

signs of acute toxicity. The GABAergic agonist alprazolam was supplied by Pfizer (Pfizer, S.A., 

Alcobendas, Spain) and was used for the pharmacological challenge at a dose of 0.12mg/kg 

(Reverte et al., 2016).  

 

2.3 Five-choice serial reaction time task (5-CSRTT) 

2.3.1 Apparatus 

The behavioural training was carried out in two identical acrylic operant chambers 

(24x20x15cm) (Med Associates Inc., St. Albans VT, USA), provided with steel grid floors and 

enclosed in ventilated wooden sound-attenuating boxes. Each chamber consisted of a curved 

aluminium wall containing nine equally-spaced holes. Four of the initial round apertures were 



 

closed off with metal inserts. Thus, only five evenly-spaced 2.5cm holes were operative and 

equipped with infrared detectors and a bright yellow led (1.7W) at the rear. The magazine, 

located centrally in the opposite metallic wall, was equipped with an infrared detector and 

automatically delivered 0.01ml of grape juice (commercially available grape juice containing 

15.13% sugar, López Morenas, SL, Spain) via a liquid dispenser. The record of the behavioural 

task was controlled by a Fader Control interface and MED-PC software (Med Associates Inc., 

St. Albans VT, USA).  

 

2.3.2 5-CSRTT training  

Pre-training and training procedures in the 5-CSRTT were performed as previously described 

(Reverte et al., 2016). Briefly, mice were first habituated to the liquid reinforcer and 5-CSRTT 

chambers. Then, two 20-min pre-training stages were established to gradually introduce the 

mice to the task. In these phases, animals were required to learn to poke their noses into an 

illuminated hole in order to trigger a reward in the magazine entry. Subsequently, they were 

progressively trained to detect a brief visual stimulus presented pseudo-randomly in one of the 

five operating holes. The stimulus duration (SD) was reduced from 30 to 1s throughout 10 

acquisition stages. A nose-poke into the illuminated magazine initiated each trial, which 

consisted of a fixed 5-s inter-trial interval (ITI) set prior the random presentation of the visual 

stimulus. If the mice responded in the illuminated hole within the SD or before the end of the 

limited hold (LH) (5s), 0.01ml of grape juice was delivered in the magazine dispenser and a 

correct response was recorded. On the contrary, they were not rewarded when incorrect 

responses (nose-pokes made within a non-illuminated aperture), omissions (failure to respond 

within the SD and/or the LH) or premature responses (responses made in any of the five holes 

during the ITI) were recorded. Furthermore, these responses were all punished with a 5-s 

brightness period (time-out, TO), in which no new trials could be started. Additional responses 

in a hole after a correct response and before the reinforcer collection (perseverative responses) 

were also recorded, but were not punished. In either case, each training session lasted for 20min 



 

or a maximum of 70 discrete trials. Once the mice reached a stable baseline performance for 5 

consecutive days (final parameters: SD = 1s, ITI = 5s, LH = 5s, TO = 5s; criteria: > 50% of the 

total trials, > 80% accuracy, < 25% omissions), they were tested under experimental conditions 

involving behavioural manipulations and pharmacological challenges. 

 

2.3.3 Behavioural manipulations  

The behavioural testing was initiated after successful and stable acquisition of the task and 

lasted for 4 weeks. In brief, impulsivity and attentional performance were assessed once a week 

(i.e., Wednesday)  for two consecutive weeks, by increasing the ITI from 5 to 7s, and shortening 

the SD from 1 to 0.5s, respectively (Reverte et al., 2016; Sanchez-Roige et al., 2012). Every 

other day of the week, mice were trained with standard baseline parameters (for more details, 

please refer to Reverte et al., 2016). 

 

2.3.4 Pharmacological challenge  

Following behavioural manipulations, we tested the effects of the GABAergic agonist 

alprazolam on the 5-CSRTT performance. Twice a week, typically on Wednesday and Friday, 

alprazolam was i.p. injected 30min before the 5-CSRTT training. To provide a control injection 

condition, 0.9% saline was i.p. injected on Tuesday and Thursday 30min before the training 

started. In either case, mice were trained with standard baseline parameters.    

 

2.4 Treatment procedures 

After both behavioural and pharmacological challenges, mice were trained in standard 

conditions in order to restore their baseline level. A total of 20 female mice were exposed to 

CPF (apoE2 = 8, apoE3 = 6, apoE4 = 6). At the beginning of the treatment, the mean ages of 

apoE2, apoE3 and apoE4 mice were 11.19±0.53, 12.25±0.25 and 13.17±1.01 months, 

respectively.  



 

 

2.4.1 Effects of repeated exposure to CPF on 5-CSRTT performance, impulsive 

condition, sustained attention and GABAergic system functioning  

To investigate the effects of repeated exposure to CPF, mice were fed CPF incorporated into 

standard rodent chow for 4 consecutive weeks. When administration of CPF began, animals 

were assessed daily for signs of acute cholinergic toxicity. Throughout the treatment period, 

mice continued to perform the task daily with standard baseline parameters, allowing the 

assessment of the CPF impact on their basal 5-CSRTT performance.  

To determine whether CPF exposure elicited impulsive responding or impaired sustained 

attention, behavioural manipulations were carried out once a week during the last two weeks of 

treatment, typically on Wednesday. In particular, the session in which the ITI was increased (7s) 

took place in the third week, while the SD was shortened (0.5s) in the fourth week.  

In order to provide further insight into the interaction between the GABAergic and cholinergic 

systems, mice were subjected to a single i.p. dose of alprazolam, administered 30min before the 

last session of the CPF exposure period started (i.e., Friday).    

 

2.4.2 Assessment of the recovery period  

A 4-week wash-out period followed CPF exposure. Mice were again fed standard rodent chow 

and subjected to daily 5-CSRTT training with standard baseline parameters. The ability of the 

mice to overcome the treatment with CPF was then assessed by analysing their task 

performance. We used the same procedure above described (see 2.4.1) to investigate whether 

both impulsive and attentional statuses returned to their previous state by manipulating both the 

ITI and the SD.  

 

2.4.3 Cholinesterase (ChE) activity assessment 



 

ChE activity was tested in plasma and frontal cortex in a second cohort of naïve females. Mice 

(n = 18) were distributed into three groups, according to the experimental conditions of the 

study: controls (n = 2/genotype), CPF exposure (n = 2/genotype), and wash-out (n = 

2/genotype). Brain ChE activity was determined in all these individuals, while plasma ChE 

activity was randomly assessed in 6 mice as an indicator of acute systemic CPF effect (controls 

= 3, CPF-exposed = 3) (Eaton et al., 2008; Peris-Sampedro et al., 2015a). Enzymatic assays 

procedures, as well as detailed description of sample processing can be found elsewhere 

(Montes de Oca et al., 2013; Peris-Sampedro et al., 2015a, 2015b; Salazar et al., 2011). Briefly, 

at the end of each treatment condition, mice were anesthetized with carbon dioxide before being 

euthanized. Blood was obtained by cardiac puncture and immediately centrifuged to obtain 

plasma, which was stored at -80ºC until use. After the blood draw, mice were rapidly 

decapitated and the whole brains were removed, dissected, homogenized and ultimately 

centrifuged. In both cases, enzyme activity was determined spectrophotometrically using the 

Ellman method (Ellman et al., 1961), and was calculated relative to protein concentration 

contained in the sample using the Bradford method (Bradford, 1976). Finally, ChE activity of 

exposed animals was estimated on the basis of the activity value of the control mice, and 

represented as a percentage. 

 

2.5 Data collection 

The following variables were recorded throughout the experimental procedures. Attentional 

performance was assessed by the percentage of accuracy (number of correct responses divided 

by the sum of correct and incorrect responses x 100), the percentage of omissions (number of 

omissions divided by the total number of trials completed x 100) and by a measure of 

processing speed (correct latency: time required to respond correctly after the onset of the 

stimulus) (Sanchez-Roige et al., 2012). To evaluate inhibitory control, both impulsivity and 

compulsivity were recorded in terms of percentage of premature responses (premature 

responses divided by the total number of trials completed x 100) and perseverative responses 



 

(number of reiterative responses made into the holes after a correct response), respectively 

(Sanchez-Roige et al., 2012). The total number of trials (the sum of correct, incorrect and 

omitted responses), and the reward latency (time needed to retrieve the reward after a correct 

response) were recorded as motivational parameters (Dalley et al., 2007). The total number of 

trials was not analysed for the sessions in which the ITI was lengthened because the session 

duration was increased to 25 min to ensure mice had enough time to perform at least 50% of the 

trials.  

 

2.6 Statistical analyses 

Data processing was performed using the SPSS statistical package (version 20.0). We used one-

way analysis of variance (ANOVA) (genotype) to determine the number of sessions required at 

each stage of the training. The animals performance on the 5-CSRTT during baseline, CPF 

exposure, and wash-out period, as well as data from the behavioural and pharmacological 

challenges in each treatment condition were all analysed by one-way repeated-measures 

(RMANOVA). The genotype was used as the between-subject factor, while weeks or days were 

used as the within-subject factor. A two-way ANOVA was performed to establish the 

contribution of both CPF exposure and APOE genetic background to brain ChE activity. Plasma 

ChE activity was analysed by means of one-way ANOVA (CPF treatment). When appropriate, 

Tukey’s post-hoc comparisons were used. Statistical significance was set at p < 0.05, and results 

are reported as mean values ±SE. 

 

3. Results 

3.1 Acquisition of the 5-CSRTT 

During acquisition, all mice progressed at similar rates during the first four training levels. 

However, when attentional demands were higher, some differences between genotypes 

emerged. We observed that the genotype affected the average number of sessions required to 



 

achieve the performance criterion on training stages 5 [F2, 19 = 13.778, p < 0.001], 6 [F2, 19 = 

6.966, p = 0.006], 7 [F2, 19 = 12.242, p = 0.001], 8 [F2, 19 = 8.440, p = 0.003], and 9 [F2, 19 = 7.105, 

p = 0.006] (Fig. 1). ApoE2 mice were generally faster learners than both apoE3 (stages 5 to 9, p 

< 0.05) and apoE4 (stages 7 to 9, p < 0.05). Ultimately, mice fully acquired the task, and there 

were no differences between genotypes in the total number of sessions they took (Fig. 1). 

Moreover, once the baseline state was reached, the animals attained and maintained high levels 

of accuracy (Fig. 2A). 

 

-- Insert Figure 1 over here – 

 

3.2 5-CSRTT performance under standard conditions 

3.2.1 Baseline  

The baseline performance on the 5-CSRTT is illustrated in Figure 2 and Table 1. No differences 

between genotypes were noted for the percentages of accuracy (Fig. 2A), omissions (Fig. 2B) 

and premature responses (Fig. 2C), nor for the total number of trials and correct latency (data 

not shown). In contrast, the genotype did affect perseverative responding [F2, 19 = 5.833, p = 

0.012]. ApoE4 mice persevered more than apoE2 (p = 0.011) and apoE3 mice (p = 0.053) (Fig. 

2D). The apoE4 group also showed an upward trend in latency to collect the reward [genotype: 

F2, 19 = 3.435, p = 0.056], which might be partly explained in terms of increased perseverative 

responding. Post-hoc analyses revealed that apoE2 mice were faster at retrieving the reward 

than apoE4 (p = 0.054) (Table 1).  

 

-- Insert Figure 2 over here – 

-- Insert Table 1 over here – 

 

3.2.2 CPF exposure 



 

The exposure to CPF led to a progressive reduction in both the percentage of premature 

responses made [weeks: F3, 19 = 3.571, p = 0.040] and the total number of trials completed 

[weeks: F3, 19 = 8.631, p = 0.001] (data not shown). No differences between genotypes were 

observed in any of the 5-CSRTT performance variables measured. Therefore, the effect of the 

genotype previously reported on perseverative responses during baseline was not noted during 

the exposure period.  

 

3.2.3 CPF-free wash-out period 

During the 4-week wash-out period there was a gradual recovery of both affected parameters: 

the percentage of premature responses [weeks: F3, 19 = 11.919, p < 0.001] and the total number 

of trials [weeks: F3, 19 = 3.960, p = 0.029] (data not shown). As previously found during CPF 

exposure, the genotype did not affect any of the performance variables measured. 

 

3.3 Longitudinal characterization of the intoxication and detoxification periods 

In order to assess the potential impact of exposure to dietary CPF on the 5-CSRTT baseline 

performance, we looked at the progression in mice performance over the three treatment 

conditions (Fig. 3). The genotype did not show any significant effect on the variables analysed. 

Considering the three experimental phases as a longitudinal study, we found that five variables 

varied: omissions [F2, 19 = 11.158, p = 0.001] (Fig. 3B), correct latency [F2, 19 = 6.876, p = 0.007] 

(Fig. 3F), premature responses [F2, 19 = 4.738, p = 0.024] (Fig. 3C), total number of trials [F2, 19 = 

11.460, p = 0.001] (Fig.3E), and reward latency [F2, 19 = 16.091, p < 0.001] (Fig. 3G). In 

agreement with the results presented in the above subsections (see 3.2.2 and 3.2.3), an 

interaction time x period was found for the percentage of premature responses [F6, 19 = 5.700, p 

= 0.005], and the total number of trials [F6, 19 = 4.670, p = 0.011]. 

 

-- Insert Figure 3 over here – 

 



 

As for attentional performance, post-hoc analyses revealed that CPF exposure resulted in a 

significant increase in omissions compared to the baseline period (p < 0.001) (Fig. 3B). 

Moreover, CPF also worsened the processing speed, manifested by higher correct latencies (p = 

0.009) (Fig. 3F). Both parameters were not recovered during the wash-out period (Fig. 3B, 3F). 

With regard to inhibitory control, the exposure to CPF significantly reduced the percentage of 

premature responses compared to baseline (p = 0.005) (Fig. 3C).  

In terms of motivation, mice exposed to CPF appeared to be less likely to perform the 5-

CSRTT. In particular, CPF-fed mice completed fewer trials than at baseline (p < 0.001) (Fig. 

3E), and were slower to retrieve the subsequent reward (p = 0.001) (Fig. 3G). These two 

parameters not only remained unchanged during wash-out, but also continued to increase in the 

case of reward latency (CPF vs wash-out, p = 0.031) (Fig. 3E, 3G).  

 

3.4 Behavioural manipulations 

Figure 4, Figure 5 and Table 2 provide an overview of the behavioural effects on the 5-CSRTT 

described for the three genotypes throughout the challenge sessions.  

 

 3.4.1 Inter-trial interval challenge 

Baseline: Significant increases in both omissions [ITI: F1, 16 = 5.292, p = 0.037] (Fig. 4B) and 

premature responses [ITI: F1, 16 = 19.308, p = 0.001] (Fig. 4C) were observed when the ITI was 

increased from 5- to 7-s. We also found that the genotype considerably affected premature 

responses [F2, 16 = 6.943, p = 0.008], with a trend towards a significant ITI x genotype 

interaction [F2, 16 = 3.474, p = 0.060]. Further analyses revealed that apoE4 mice generally 

showed higher premature responding relative to apoE2 (p = 0.009) and apoE3 mice (p = 0.042) 

(Fig. 4C). Specifically, after lengthening the ITI, apoE4 mice continued to display more 

premature responses than apoE2 mice (p = 0.012) (Fig. 4C). 

 



 

CPF exposure: CPF counteracted the increase in omissions caused by lengthening the ITI 

during the baseline period (Fig. 4B). Although significant increases in premature responding 

were again found as a result of lengthening the ITI [ITI: F1, 19 = 14.041, p = 0.002], the exposure 

to CPF neutralized the effect of the genotype noted at baseline (Fig. 4C). Furthermore, the 

correct latency decreased during the ITI challenge in the treatment period [ITI: F1, 19 = 9.741, p 

= 0.006] (Table 2).  

 

Wash-out: Just as during CPF treatment, manipulating the ITI had no effect on the percentage of 

omissions during wash-out (Fig. 4B). As was the case in the other two periods, significant 

increases in premature responding were again found after lengthening the ITI [ITI: F1, 19 = 

7.705, p = 0.013] (Fig. 4C). Similarly to CPF exposure, mice subjected to a challenged ITI 

showed reduced correct latencies during wash-out [ITI: F1, 19 = 12.199, p = 0.003] (Table 2). We 

observed a main effect of the genotype on accuracy [F2, 19 = 11.492, p = 0.001], which was not 

found for the other two periods (Fig. 4A). A post-hoc analysis indicated that accuracy in apoE4 

mice decreased more steeply than in apoE2 (p = 0.001) and apoE3 (p = 0.010).  

 

-- Insert Figure 4 over here – 

-- Insert Table 2 over here – 

 

3.4.2 Stimulus duration challenge 

Baseline: A significant decrease in accuracy [SD: F1, 14 = 25.544, p < 0.001] (Fig. 5A) and an 

increase in omissions [SD: F1, 14 = 22.125, p = 0.001] (Fig. 5B) were observed when the SD was 

reduced from 1- to 0.5-s. Moreover, correct latencies fell throughout the SD challenge [SD: F1, 

14 = 13.757, p = 0.003] (Table 2). We also found that the genotype mainly affected accuracy [F2, 

14 = 4.688, p = 0.031] and the total number of trials [F2, 14 = 6.707, p = 0.011]. Further analyses 

revealed a more pronounced drop in accuracy in apoE4 mice than in apoE2 (p = 0.026) (Fig. 



 

5A), and generally fewer completed trials in the apoE4 group relative to the apoE2 group (p = 

0.010) (data not shown).     

 

CPF exposure: Overall, manipulating the SD during CPF exposure period did not affect 

accuracy (Fig. 5A), omissions (Fig. 5B), or latency to respond correctly (Table 2). Furthermore, 

CPF neutralized the effect of the genotype found at baseline on both accuracy (Fig. 5A) and the 

total number of trials (data not shown). The SD challenge during the exposure to CPF, however, 

led to a decline in perseverative responses [F1, 19 = 6.172, p = 0.024] (Fig. 5D).  

 

Wash-out: As at baseline, a significant decrease in accuracy [SD: F1, 19 = 11.211, p = 0.004] 

(Fig. 5A) and an increase of omissions [SD: F1, 19 = 8.354, p = 0.010] (Fig. 5B) were again 

found when the SD was reduced from 1- to 0.5-s. The genotype significantly influenced the 

total number of trials performed [F2, 19 = 6.756, p = 0.007], and tended to do so for percentage of 

omissions [F2, 19 = 2.944, p = 0.080]. Overall, further post-hoc analyses pointed to a markedly 

deterioration in performance in apoE3 mice: they completed fewer trials (p = 0.005) (data not 

shown) and made more omissions (p = 0.041) than apoE2 mice (Fig. 5B).   

 

-- Insert Figure 5 over here – 

 

3.5 Pharmacological challenge 

Figure 6 and Table 2 summarize the behavioural effects on the 5-CSRTT described for the three 

genotypes throughout the administration of the GABAergic agonist alprazolam.  

 

Baseline: Alprazolam improved overall performance. Specifically, it increased the number of 

trials completed [day: F1, 12 = 14.980, p = 0.003] (Table 2), decreased omissions [drug: F1, 12 = 

68.273, p < 0.001] (Fig. 6B) and decreased both correct [drug: F1, 12 = 3.876, p = 0.077] and 

reward latencies [drug: F1, 12 = 6.280, p = 0.031] (Table 2). However, it increased premature 



 

responding [drug: F1, 12 = 13.427, p = 0.004] (Fig. 5C). The genotype was also observed to have 

an effect on perseverative responding [F2, 12 = 6.436, p = 0.016]: apoE4 mice persevered more 

than apoE2 (p = 0.038) and apoE3 (p = 0.020) mice, as already observed under standard 

conditions at baseline (Fig. 6D, 2D). However, no interaction genotype x alprazolam was 

observed.  

 

CPF exposure: During the treatment period, alprazolam-associated improvements were more 

discreet. Although omissions continued to decrease [drug: F1, 19 = 6.486, p = 0.021] (Fig. 6B), 

no effect was observed on either correct or reward latencies, or on the total number of trials 

(Table 2). Alprazolam continued to increase premature responding in CPF-exposed mice [drug: 

F1, 19 = 9.668, p = 0.006]. As above noted, no interaction genotype x alprazolam was observed. 

 

-- Insert Figure 6 over here – 

 

3.6 ChE activity 

During the course of CPF exposure, we noticed no apparent signs of cholinergic toxicity in any 

group. Relative to controls, plasma ChE activity of CPF-exposed animals dropped to 22.06%. 

On the other hand, ChE activity in brain homogenates assessed immediately after the 4-week 

exposure to CPF was decreased to 76.54% of controls, and was totally recovered after the 

incorporation of the 4-week wash-out period. No differences between genotypes were observed 

in brain ChE activities.  

 

4. Discussion 

The aim of the current study was primarily to characterize the immediate and delayed effects 

caused by the exposure to CPF on attention, inhibitory control and motivation in pre-trained 

human apoE TR adult female mice. Although all the individuals eventually acquired the task, ε2 

carriers learned it more efficiently than their peers. The increases in premature and perseverative 



 

responses found in the baseline performance analysis were genotype-dependent, pointing to 

deficient inhibitory control in apoE4 mice. Strikingly, this impulsive- and compulsive-like trait 

was no longer found during the CPF treatment, suggesting a specific interaction between the 

ChE inhibitor agent and the APOE4 genotype. Overall, the 4-week dietary administration of 

CPF, devoid of signs of cholinergic toxicity, gradually compromised attentional accuracy and 

motivation, while it reduced premature responding. These effects persisted over time, as they 

were mostly maintained throughout the 4-week wash-out period even after brain ChE activities 

were totally recovered. Furthermore, and contrary to expectations, apoE3 mice showed 

attentional disruptions due to motivational factors one month after CPF exposure. The 

pharmacological challenges with the GABAergic agonist alprazolam, covering both baseline 

and CPF exposure periods, improved overall performance and generally increased impulsivity. 

However, interactions with the APOE genotype were not observed. 

In this study, all the mice were able to cope with the 5-CSRTT. Moreover, as in previous 

investigations (Reverte et al., 2016; Siegel et al., 2010), there were no distinguishable 

differences in accuracy between genotypes after they reached the required level. 

Notwithstanding, throughout the acquisition process the rates of learning were different, with 

the APOE2 genotype being the most gifted learner. These results match those recently reported 

by Reverte et al. (2016), and seem to further support the idea of an enhanced learning process 

among apoE2 female mice in the 5-CSRTT. Nevertheless, acquisition in apoE2 male mice was 

also faster than in the two other human apoE TR groups in a Barnes maze spatial task (Peris-

Sampedro et al., 2015a). Thus, ε2 carriers were the most frequent users of direct or serial 

pathways to the target hole, which implied they made a reflective choice (Peris-Sampedro et al., 

2015a). In addition, apoE2 female mice exhibited the lowest reward latencies during the 

baseline period in the 5-CSRTT, indicating increased motivation. In a recent study carried out in 

our laboratory (Reverte et al., 2012), apoE2 female mice showed sustained exploratory 

behaviour in an open-field task. Despite the paucity of epidemiological data, the aforementioned 

results suggest an advantageous cognitive outcome of the APOE2 genotype. Learning to 

associate specific actions with rewards and being able to remember them are higher-order 



 

executive functions mostly dependent on prefrontal cortex (PFC) areas (Puig et al., 2014), 

which are highly innervated by dopaminergic neurons. Indeed, dopamine (DA) is involved in 

motor and reward systems and it contributes to adaptive behaviours, such as attention, learning 

and motivation (Nieoullon, 2002; Tye et al., 2012). It has been further shown that its depletion 

from PFC triggers poor attentional outcome and impulsivity (Puig et al., 2014; Puumala and 

Sirviö, 1998). Recently, Reverte et al. (2016) found that DA levels in the frontal cortex were 

higher in apoE2 than in apoE4 mice. Hence, increased basal levels of DA in certain brain areas 

intrinsic to the APOE2 genotype may account for its privileged cognitive condition. 

In agreement with our recent study (Reverte et al., 2016), the APOE genotype strongly 

influenced the baseline period in the 5-CSRTT. ApoE4 mice displayed impaired inhibitory 

control, manifested by higher levels of premature and perseverative responses, and also a 

decrease in accuracy when attention was challenged. In recent years, and despite some 

controversy, the hypothesis that a cholinergic dysfunction explains some of the cognitive 

deficits associated with the APOE4 genotype has gained strength. In relation to this, higher 

levels of AChE (Eggers et al., 2006), a greater number of muscarinic receptors (mAChRs) 

(Cohen et al., 2003) and a reduced activity of cholinergic neurons (Salehi et al., 1998)  have 

been considered as potential contributors to their cognitive failure. The current results suggest 

that CPF was able to match the attentional ability of the three genotypes, thereby mildly 

improving the deteriorated attentional condition of the APOE4 genotype. Besides, existing 

research recognizes the critical role played by the cholinergic system in impulsivity (Cardona et 

al., 2006; Middlemore-Risher et al., 2010; Montes de Oca et al., 2013), but the underlying 

mechanisms are not yet fully understood. In the present investigation, apparently 

unprecedented, we found that CPF was surprisingly able to restore the impaired inhibitory 

control inherent to apoE4 mice. Similarly, being carrier of the ε4 allele has been shown to 

condition the response to other cholinergic agents. Thus, ChE inhibitors used in the treatment of 

AD seem to be less effective in APOE4 patients (Braga et al., 2014), and CPF itself impaired 

memory in apoE3 but not in apoE4 mice (Peris-Sampedro et al., 2015a). In our recent study 

(Reverte et al., 2016), apoE4 mice were the least affected by scopolamine - a muscarinic 



 

antagonist -, while ε3 carriers showed increased premature responding upon its administration. 

Recently, Potter et al., (2012) pointed out that the inhibitory behaviour of highly impulsive 

human subjects was improved by the interaction of nicotine with nAChRs. Interestingly, 

carriers of the apoE4 isoform benefit more from the improving effect of nicotine on cognition 

(Evans et al., 2013). Based on the above, it could be hypothesized that CPF improve the poor 

inhibitory control of apoE4 mice upon interacting with nAChRs. 

The anxiogenic character of the APOE4 genotype has extensively been addressed (Reverte et 

al., 2014; Siegel et al., 2012), and may partly explain its impulsive condition in the 5-CSRTT 

(Loos et al., 2009). Several studies have used GABAergic pharmacological approaches to test 

the hypothesis that impulsivity is associated with anxiety (Sanchez-Roige et al., 2012). However 

and just as previously reported (Reverte et al., 2016; Stonnington et al., 2009), ε4 carriers did 

not show higher response to benzodiazepines (e.g., alprazolam and lorazepam).  

A review of the literature shows that the 5-CSRTT is a useful tool for assessing not only 

attentional and motivational processes but also inhibitory behaviours (Robbins, 2002; Sanchez-

Roige et al., 2012). A considerable amount of epidemiological data has confirmed that CPF 

contributes to boosting neuropsychological and psychiatric impairments (Mackenzie Ross et al., 

2010; Roldán-Tapia et al., 2005). However, experimental studies on attention, motivation and 

inhibitory control using the 5-CSRTT are scant and rather conflicting. As for attention, while 

Montes de Oca et al. (2013) found no variations seven months after a single dose of 250mg/kg 

CPF, Middlemore-Risher and co-workers (2010) revealed deficits during and after prolonged 

treatment with CPF. In the present investigation, repeated dietary exposure to CPF produced 

protracted attentional disturbances in apoE TR female mice that had stable baseline 

performance, as revealed by increased number of omissions and deteriorated processing speed. 

Despite differences in experimental protocols, our results partially agree with those reported by 

Middlemore-Risher et al. (2010) who found decreased accuracy and increased omissions 

throughout both 14-day and 30-day every other day exposures to 18mg/kg CPF. In line with our 

results, the effects they observed were maintained over a 30-day period of detoxification. The 

mechanisms by which CPF exerts its detrimental effect on attention may be multifactorial. For 



 

instance, several studies have attributed these effects to the ability of CPF to inhibit AChE 

(Middlemore-Risher et al., 2010; Samsam et al., 2005), but they also emphasized a possible role 

of nAChRs (Hoyle et al., 2006; Middlemore-Risher et al., 2010). With regard to anticipatory 

behaviour, an array of research has demonstrated that CPF increases premature responding 

(Cardona et al., 2011, 2006; López-Granero et al., 2013; Middlemore-Risher et al., 2010). The 

current findings though, suggest that it has the opposite effect: the exposure to CPF gradually 

reduced premature responses in apoE TR female mice. It is worth noting that basal premature 

responses were notably low in these individuals. Accordingly, the level of premature responding 

in mice has been suggested to be lower than that seen commonly in rats (Humby et al., 1999). 

Nonetheless, the reasons for these discrepancies are not clear and deserve further investigation. 

One explanation may be the substantial differences between protocols. Indeed, all these studies 

were performed using male rats, while we used female mice. In addition, all but one (López-

Granero et al., 2013) are based on single high (Cardona et al., 2011, 2006) or repeated relatively 

high (Middlemore-Risher et al., 2010) CPF doses. Furthermore, there are some differences 

between our dosing schedule and the others: CPF-related effects on the impulsive behaviour of 

the mice were evaluated once they had reached a stable baseline performance and they were 

followed up in the 5-CSRTT during exposure. 

To date, little research has attempted to clarify the role of OPs in inducing motivational deficits. 

Epidemiological data on the subject reported emotional impairments (i.e., anxiety, depression, 

and irritability) as a consequence of occupational exposure to OPs (Bazylewicz-Walczak et al., 

1999; Mackenzie Ross et al., 2010). In the present study, although food was restricted and a 

liquid reinforcer was used to prevent mice from becoming satiated, the reduction in the number 

of trials completed, as well as the increase in reward latencies here found indicate a loss of 

motivation in mice treated with CPF.  

According to Middlemore-Risher et al. (2010), almost all the behavioural features described 

during the exposure to CPF in the 5-CSRTT were still apparent throughout the 4-week wash-out 

period. Strikingly, the APOE3 genotype developed delayed attentional impairments, probably 

due to motivational factors, during the course of the detoxification. In previous studies, we 



 

found that being carrier of the ε3 allele increases vulnerability to developing obesity and related 

metabolic dysfunctions after CPF exposure (Peris-Sampedro et al., 2015a, 2015b). Furthermore, 

apoE TR mice that had been exposed to CPF ate more than their control counterparts (Peris-

Sampedro et al., 2015a, 2015b). It is difficult to establish whether there are any links between 

the present and the previous results, and therefore they must be examined more closely in 

further investigations.   

In recent years, there has been renewed interest in ascertaining the role of GABA in impulsivity 

(Hayes et al., 2014). Pharmacological interventions that target GABA receptors (e.g., 

benzodiazepines) have been shown to increase impulsive behaviour (Oliver et al., 2009). 

Moreover, alprazolam improves cognitive function in human volunteers (Bentué-Ferrer et al., 

2001). The current results show that alprazolam improved the overall mice performance in the 

5-CSRTT, notably by increasing the total number of trials and decreasing not only omissions 

but also both correct and reward latencies. Furthermore, the GABAergic agonist increased the 

percentage of premature responses. However, administering the drug during CPF treatment did 

not have any relevant effect. 

In summary, the present study demonstrates that the APOE genotype affects attentional 

performance and inhibitory behaviour in the 5-CSRTT. Together with recent data (Peris-

Sampedro et al., 2015a, 2015b), the current findings attest that the three apoE isoforms respond 

differently to a CPF challenge, highlighting the fact that genetics of the population must be 

taken into account in epidemiological studies. According to the current results, a fruitful area for 

further research should be to assess whether the three genotypes differ in terms of the brain 

expression and distribution of mAChRs and nAChRs. It would also be interesting to assess 

whether such genotype-related differences could elicit an array of therapeutic responses upon 

cholinergic treatment. The results of the present investigation provide some support for the 

conceptual premise of potential close links between the cholinergic system and the APOE4 

genotype. Overall, the results described strengthen existing evidence, and point to protracted 

detrimental effects on sustained attention following repeated exposure to CPF. Furthermore, this 



 

research provides a framework for the exploration of motivational deficits that emerge after the 

administration of CPF, which could subsequently lead to appetite and emotional disturbances.  
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Figure captions 

Figure 1  

Cumulative representation of the total number of sessions required to successfully learn the 5-

CSRTT throughout the 10 acquisition stages for each APOE genotype. Symbols indicate: apoE2 

differs from apoE3 mice (*), and apoE2 differs from apoE3 and apoE4 mice (&) at p < 0.05.  

 

Figure 2  

Baseline performance of apoE TR female mice on the 5-CSRTT under standard conditions. 

Percentage of accuracy (A), percentage of omissions (B), percentage of premature responses 

(C), and number of perseverative responses (D) are depicted. The symbol º indicates differences 

between apoE2 and apoE4 mice at p < 0.05.  

 

Figure 3  

Performance progression of apoE TR female mice on the 5-CSRTT over the three experimental 

periods: baseline, CPF exposure, and wash-out. Percentage of accuracy (A), percentage of 

omissions (B), percentage of premature responses (C), number of perseverative responses (D), 

total number of trials (E), and both correct (F) and reward (G) latencies are illustrated.  

 

Figure 4  

Effects of inter-trial interval (ITI) manipulation on the 5-CSRTT performance of apoE TR 

female mice for the three experimental periods: baseline, CPF exposure, and wash-out. 

Percentage of accuracy (A), percentage of omissions (B), percentage of premature responses 

(C), and number of perseverative responses (D) are depicted. Symbols indicate: differences 

between genotypes (º), and effects of the ITI increase (*) within each period at p < 0.05.  

 



 

Figure 5  

Effects of stimulus duration (SD) manipulation on the 5-CSRTT performance of apoE TR 

female mice for the three experimental periods: baseline, CPF exposure, and wash-out. 

Percentage of accuracy (A), percentage of omissions (B), percentage of premature responses 

(C), and number of perseverative responses (D) are depicted. Symbols indicate: differences 

between genotypes (º), and effects of the SD reduction (*) within each period at p < 0.05.  

 

Figure 6 

Effects of alprazolam administration on the 5-CSRTT performance of apoE TR female mice for 

the two periods considered: baseline and CPF exposure. Percentage of accuracy (A), percentage 

of omissions (B), percentage of premature responses (C), and number of perseverative responses 

(D) are illustrated. Symbols indicate: differences between genotypes (º), and effects of the 

GABAergic agonist (*) within each period at p < 0.05. 

 



 

 

 

 

 

 

  

Table 1. Total mean number of trials and both correct and reward mean latencies in apoE TR 

female mice on the 5-CSRTT throughout the baseline period 

 apoE2  apoE3  apoE4 

total number of trials 67.47 ± 1.11  65.10 ± 1.62  66.13 ± 0.66 

correct latency (s) 0.88 ± 0.02  0.89 ± 0.05  0.91 ± 0.05 

reward latency (s) 1.24 ± 0.05  1.28 ± 0.07  1.45 ± 0.07
†
 

† 
p = 0.054, indicating a tendency vs. the apoE2 group in reward latency. 

 

Table 2. Motivational status and processing speed during behavioural and pharmacological challenges on the 5-CSRTT for the three experimental periods 

   total number of trials  correct latency (s)  reward latency (s) 

   baseline exposure wash-out  baseline exposure wash-out  baseline exposure wash-out 

ITI (s)              

 5   - - -  0.90 ± 0.03 1.02 ± 0.06 1.04 ± 0.04  1.37 ± 0.06 1.53 ± 0.10 1.65 ± 0.12 

 7   - - -  0.85 ± 0.03
†
 0.91 ± 0.04* 0.91 ± 0.04*  1.32 ± 0.05 1.53 ± 0.12 1.50 ± 0.07 

SD (s)              

 1   67.6 ± 0.8 55.3 ± 3.1 65.1 ± 1.5  0.93 ± 0.03 1.12 ± 0.13 1.03 ± 0.09  1.33 ± 0.04 1.58 ± 0.11 1.56 ± 0.11 

 0.5  66.3 ± 1.2 51.4 ± 2.5 62.8 ± 2.3  0.82 ± 0.04* 0.91 ± 0.05 1.08 ± 0.11  1.36 ± 0.05 1.40 ± 0.05 1.51 ± 0.06 

APZ (mg/kg)              

 sal  64.3 ± 1.9 55.3 ± 3.1 -  1.09 ± 0.05 1.12 ± 0.13 -  1.45 ± 0.07 1.58 ± 0.11 - 

 0.12  68.2 ± 0.8* 60.5 ± 3.6 -  0.98 ± 0.04
‡
 0.98 ± 0.05 -  1.30 ± 0.06* 1.50 ± 0.13 - 

Statistically different changes (* p < 0.05) or tendencies (
†
 p = 0.054, 

‡
 p = 0.077) within the same exposure condition (i.e., baseline, exposure, wash-out) for ITI challenges (5 

vs. 7s), SD challenges (1 vs. 0.5s) and alprazolam (APZ) challenges (saline vs. 0.12mg/kg). 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903891&guid=21df6f91-a9bd-4047-8050-f03603eb9450&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903892&guid=99816cdb-1f83-414d-9bf8-16f636f03020&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903893&guid=db7926dc-5246-4cac-809a-96570920617c&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903894&guid=eb89d7e2-37d3-496f-995e-2ed9f15397d2&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903895&guid=6fe93f21-41b6-405b-acfa-d8c3b0d6dc64&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/fct/download.aspx?id=903896&guid=6f6290a9-d937-4d17-9a05-ad31368df4ca&scheme=1

