
Citation: Urquizu, E.; Paratusic, S.;

Goyenechea, J.; Gómez-Canela, C.;

Fumàs, B.; Pubill, D.; Raldúa, D.;

Camarasa, J.; Escubedo, E.;

López-Arnau, R. Acute

Paraoxon-Induced Neurotoxicity in a

Mouse Survival Model: Oxidative

Stress, Dopaminergic System

Alterations and Memory Deficits. Int.

J. Mol. Sci. 2024, 25, 12248.

https://doi.org/10.3390/ijms252212248

Academic Editors: Sepand Rastegar

and Giuseppe Montalbano

Received: 18 October 2024

Revised: 7 November 2024

Accepted: 12 November 2024

Published: 14 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Acute Paraoxon-Induced Neurotoxicity in a Mouse Survival
Model: Oxidative Stress, Dopaminergic System Alterations
and Memory Deficits
Edurne Urquizu 1, Selma Paratusic 1, Júlia Goyenechea 2 , Cristian Gómez-Canela 2 , Berta Fumàs 1 ,
David Pubill 1 , Demetrio Raldúa 3 , Jordi Camarasa 1, Elena Escubedo 1 and Raúl López-Arnau 1,*

1 Department of Pharmacology, Toxicology and Therapeutic Chemistry, Pharmacology Section and Institute of
Biomedicine (IBUB), Faculty of Pharmacy, University of Barcelona, 08028 Barcelona, Spain;
edurneurquizullop@ub.edu (E.U.)

2 Department of Analytical Chemistry and Applied (Chromatography Section), School of Engineering,
Institut Químic de Sarrià—Universitat Ramon Llull, 08017 Barcelona, Spain

3 Institute for Environmental Assessment and Water Research (IDAEA-CSIC), 08034 Barcelona, Spain
* Correspondence: raullopezarnau@ub.edu

Abstract: The secondary neurotoxicity induced by severe organophosphorus (OP) poisoning, includ-
ing paraoxon (POX), is associated with cognitive impairments in survivors, who, despite receiving
appropriate emergency treatments, may still experience lasting neurological deficits. Thus, the
present study provides a survival mouse model of acute and severe POX poisoning to examine
secondary neurotoxicity. Swiss CD-1 male mice were injected with POX (4 mg/kg, s.c.) followed by
atropine (4 mg/kg, i.p.), pralidoxime (2-PAM; Pyridine-2-aldoxime methochloride) (25 mg/kg, i.p.,
twice, 1 h apart) and diazepam (5 mg/kg, i.p.), resulting in a survival rate >90% and Racine score of
5–6. Our results demonstrated that the model showed increased lipid peroxidation, downregulation
of antioxidant enzymes and astrogliosis in the mouse hippocampus (HP) and prefrontal cortex (PFC),
brain areas involved in cognitive functions. Moreover, dopamine (DA) levels were reduced in the
hp, but increased in the PFC. Furthermore, the survival mouse model of acute POX intoxication did
not exhibit phenotypic manifestations of depression, anxiety or motor incoordination. However,
our results demonstrated long-term recognition memory impairments, which are in accordance
with the molecular and neurochemical effects observed. In conclusion, this mouse model can aid in
researching POX exposure’s effects on memory and developing potential countermeasures against
the secondary neurotoxicity induced by severe OP poisoning.
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1. Introduction

POX is the main active and toxic metabolite of parathion, an OP compound that has
been widely used as pesticide in agriculture and industry. However, it has also been used as
a chemical weapon in several wars, criminal acts and terrorist attacks, leading to a serious
health concern worldwide [1]. The OP compounds, including POX, irreversibly inhibit
acetylcholinesterase (AChE), resulting in acute cholinergic syndrome, which can lead to
seizures, loss of consciousness and even death [2,3].

The current standard emergency therapy for severe acute OP poisoning includes at-
ropine, which prevents hyperactivation of muscarinic receptors by excessive acetylcholine
(ACh) synaptic levels, oximes to reactivate AChE and benzodiazepines to control seizures
and prevent death by increasing GABAergic signaling [4]. Although the existing emergency
treatment is effective at partially reversing some of the effects of AChE inhibition, a cascade
of downstream events occurs after POX intoxication, leading to a secondary neuronal
toxicity [5,6]. Thus, survivors of acute OP poisoning suffer from significant morbidities,
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including deficits in cognition [7–10]. In this sense, the hippocampus (HP) and prefrontal
cortex (PFC), which are involved in different mood disorders, exhibit an enhanced vulnera-
bility to OP compounds, probably due to the high density of cholinergic innervations [11].
In fact, it is known that generation of reactive oxygen species (ROS) in such brain areas
may play an important role in the mechanism behind the complications associated with
severe acute OP poisoning (e.g., neuroinflammation, memory impairments, etc.) [12–14].
Moreover, it is known that certain neurotoxins, like POX, may have actions beyond AChE
activity, affecting other neurotransmitter (NT) systems (i.e., dopaminergic, serotoninergic,
GABAergic), which may be involved in the propagation and or exacerbation of the brain
damage [15–17].

The Food and Drug Administration (FDA) has been using the Animal Efficacy Rule
to approve treatments to reduce or prevent the toxicity induced by life-threatening toxic
agents such as OP poisoning, since human efficacy trials are not feasible or ethical. Thus,
the FDA mainly relies on animal models to provide enough evidence of treatment effective-
ness [18]. Therefore, most studies of the acute and delayed toxicity induced by OP exposure
have been carried out in experimental animals (rats, guinea pig and nonhuman primates)
although the effectiveness of medical therapies against OP intoxication in humans is species
specific and can be more reliably predicted in guinea pigs and nonhuman primates than
in rodents [18]. Nevertheless, a survival rodent model of OP poisoning (using the current
standard emergency therapy) would also be desirable since it can be employed to study
some of the molecular bases of OP-induced chronic cognitive comorbidities, neuronal
injury and develop suitable therapies. For example, preclinical rat models of OP poisoning
have demonstrated persistent neuropathology and/or behavioral deficits, such as memory
impairments [19–24], that mimic long-term effects observed in human survivors of acute
OP intoxication [3]. Additionally, some evidence suggests that males may be more sus-
ceptible than females to a variety of adverse neurological outcomes associated with OP
exposure across the lifespan (for a review see [25]).

To our knowledge, there is neither data on mid-/long-term cognitive and behavioral
impairment nor oxidative stress biomarkers in a survival mouse model of severe acute
OP poisoning that mimics the use of the standard emergency therapy. Such work is also
important in view of the secondary neuropsychological deficits suggested by several epi-
demiological studies [26–28]. Moreover, the main benefits of a mouse model are (i) the
availability of transgenic strains that could be leveraged to investigate pathogenic mech-
anisms underlying the neurotoxicity of acute OP poisoning; (ii) the relatively small size;
and (iii) short generation time and price in comparison to rat, guinea pig, and nonhuman
primate models.

Therefore, the main goal of the present study is to develop a survival mouse model
of OP acute poisoning to characterize the neurotoxic effects including oxidative stress
biomarkers in specific brain areas (mainly HP and PFC), NT system alterations, cogni-
tive and neurobehavioral declines. Moreover, this model can be useful to investigate
and evaluate novel therapeutics for secondary neurotoxicity derived from this severe
acute poisoning.

2. Results
2.1. Preliminary Experiment: Effect of POX Treatment on Racine Scale and Survival Rate

Behavioral responses were examined after POX (2, 3, or 4 mg/kg) administration
and all the corresponding antidotes. All subjects entered Status Epilepticus (S.E.) and
presented observable changes such as orofacial movements, chewing, myoclonus, Straub
tail reaction, bilateral convulsions of extremities and tremors. Specifically, 4 mg/kg also
caused stereotypic movements, falls and complete tonic convulsions.

Changes in behavior were observed for 60 min and were scored using a modified
Racine Scale scoring from 0 to 6 (see Supplementary Materials). Observations showed
that the timepoint of the beginning of S.E., the Racine Scale scores and the mortality rate
changed when increasing the POX dose (see Table S1). The highest dose tested (4 mg/kg)
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caused an earlier onset of the S.E.; the most severe symptoms scored within the Racine Scale
and a survival rate > 90% (Table S1). All animals that survived the acute POX challenge at
10 min lived to complete the 12-day experimental protocol. Therefore, the dose of 4 mg/kg
of POX was chosen as the definitive treatment to perform all the behavioral and biochemical
studies (Figure 1).
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Figure 1. Schematic representation of the experimental procedure. Schedule of the behavioral tests
performed and biochemical analysis.

2.2. Behavioral Effects After Acute POX Administration (4 mg/kg, Subcutaneously [s.c.]) Plus
Emergency Treatment
2.2.1. Motor Coordination (Rotarod Test)

Unpaired student t-test analysis revealed no significant effect of the POX treatment
neither in the Rotarod score (Figure S1A) (t(24) = 0.7814, p > 0.05) nor in the latency to fall
from the rod (Figure S1B) (t(24) = 0.5964, p > 0.05), pointing to a lack of motor coordination
impairment.

2.2.2. Basal Locomotor Activity

As shown in Figure 2A, unpaired Student’s t-test analysis of the total distance travelled
revealed a significant increase in the basal locomotor activity of POX-treated animals in
comparison to the control group (t(23) = 2.24, p < 0.05).
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clusters for 1 h. Bars represent the mean ± Standard Error of the Mean (SEM), N = 10–13/group.
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Horizontal Locomotor Activity (HLA) time course profile is also represented in Fig-
ure 2B. Two-way ANOVA yielded a significant effect of the variables Time and Treatment,
but not for the interaction between both factors (Interaction: F(11,242) = 1.221, p > 0.05; Time:
F(11,242) = 10.46, p < 0.001; Treatment: F(1,22) = 5.862, p < 0.05).

2.2.3. Anxiety-like Effects (Elevated Plus Maze)

As shown in Figure S2, two-way ANOVA revealed a significant main effect of the
variable Arm (F(1,48) = 152.1, p < 0.001) but there was neither a significant result for the
Treatment nor the Interaction (Treatment: F(1,48) = 0.8974, p > 0.05; Interaction: F(1,48) =
0.2470, p > 0.05).

2.2.4. Depressive-like Symptoms (Forced Swim Test (FST))

As shown in Figure S3, POX treatment did not modify the animals’ immobility time in
the FST in comparison with control group (t(12) = 0.3273, p > 0.5).

2.2.5. Memory Impairments (Novel Object Recognition Test (NORT))

In the testing phase of NORT, unpaired Student’s t-test revealed no significant differ-
ences in the total exploration time of both the familiar and novel object by control and POX
group (t(24) = 1.494, p > 0.05, see Figure S4). Notably, a significantly lower discrimination
index (DI) in POX-treated mice in comparison with saline-treated animals (t(22) = 2.394, p <
0.05) (Figure 3) was observed, suggesting a decline in recognition memory in the survival
mouse model of POX acute intoxication.
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2.3. Biomarkers of Oxidative Stress

To analyze the neurotoxicity caused by the acute administration of POX plus the
emergency treatment, we analyzed the expression of several antioxidant enzymes and
oxidative stress markers 72 h after POX exposure.

As shown in Figure 4, the lipid peroxidation product 4-Hydroxynonenal (4-HNE)
protein levels were significantly increased both in the HP (t(10) = 3.773, p < 0.01) and
the PFC (t(10) = 8.764, p < 0.001) of POX-treated subjects (Figure 4A,B). Moreover, POX
treatment significantly decreased the protein levels of the enzymes Catalase (CAT) and
Glutathione Peroxidase 1 (GPx1) in the HP (t(10) = 3.957, p < 0.01 and t(12) = 2.506, p <
0.05, respectively) and PFC (t(10) = 2.734, p < 0.05 and t(10) = 3.266, p < 0.01, respectively)
(Figure 4C–F). However, POX treatment did not significantly affect the protein levels of
Superoxide Dismutase 1 (SOD1) 72 h after treatment (Figure 4G,H).
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Figure 4. Protein levels (%) related to oxidative stress response in the HP (A,C,E,G) and PFC (B,D,F,H)
after POX plus standard emergency treatment in comparison with vehicle-treated mice (CTL). The
4-HNE (A,B), CAT (C,D), GPx-1 (E,F) and SOD-1 (G,H) protein changes were determined 72 h after
treatment. Data are expressed as mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, unpaired Student’s
t-test, N = 6–7/group. Representative blots were included below each graph. To see the uncropped
original images, see Supplementary Materials.

2.4. NT Analysis and Dopamine Transporter (DAT) Quantification

Following the same schedule sampling as in oxidative stress assays, NT levels were
assessed 72 h after POX administration. The ACh concentrations were significantly in-
creased in the HP of POX-treated animals (t(26) = 2.307, p < 0.05) (Figure 5A). However, no
changes were observed in the PFC. Furthermore, DA levels were significantly decreased
in the HP (t(22) = 2.335, p < 0.05) (Figure 5A), but significantly increased in the PFC of
POX-treated mice (t(27) = 2.594, p < 0.05) (Figure 5B). Consistent with these findings, DAT
protein levels were significantly decreased in hippocampal tissue (t(12) = 2.550, p < 0.05),
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while overexpressed in PFC (t(11) = 3.185, p < 0.01) (Figure 6A,B) after POX treatment. No
significant changes were observed for the other NTs analyzed (Figure 5A,B), including the
ones studied in striatum (STR) (Figure S5). Concentrations of each NT (pg/mg tissue) can
be found in the Supplementary Materials (Table S2).
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DOPAC = 3,4-Dihydroxyphenylacetic acid; HVA = homovanillic acid; 3-MT = 3-Methoxytyramine;
NE = norepinephrine; Tryp = tryptophan; Serot = serotonin.
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2.5. Hippocampal and PFC Astrogliosis

The protein expression levels of Glial Fibrillary Acidic Protein (GFAP), a major protein
found in astrocytic cells of the brain and considered a marker of astrogliosis, were also
assessed to investigate possible inflammatory effects caused by POX intoxication in the
brain of the survivor mice. Results showed a significant increase in GFAP protein levels in
both tested areas, the HP (t(10) = 3.742, p < 0.01) (Figure 7A) and PFC (t(10) = 2.512, p < 0.05)
(Figure 7B).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 6. DAT protein expression (%) in HP (A) and PFC (B) 72 h after POX plus standard emer-
gency treatment in comparison to vehicle-treated mice (CTL). Bars represent mean ± SEM, * p < 0.05, 
** p < 0.01. Unpaired Student’s t-test, N = 6–7/group. Representative blots were included below each 
graph. Original uncropped images can be found in the Supplementary Materials. 

2.5. Hippocampal and PFC Astrogliosis 
The protein expression levels of Glial Fibrillary Acidic Protein (GFAP), a major pro-

tein found in astrocytic cells of the brain and considered a marker of astrogliosis, were 
also assessed to investigate possible inflammatory effects caused by POX intoxication in 
the brain of the survivor mice. Results showed a significant increase in GFAP protein lev-
els in both tested areas, the HP (t(10) = 3.742, p < 0.01) (Figure 7A) and PFC (t(10) = 2.512, p < 
0.05) (Figure 7B). 

 
Figure 7. GFAP protein expression (%) in HP (A) and PFC (B) 72 h after POX plus standard emer-
gency treatment in comparison to vehicle-treated mice (CTL). Data are expressed as mean ± SEM 
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treatment in comparison to vehicle-treated mice (CTL). Data are expressed as mean ± SEM N=
6/group. Unpaired Student’s t-test, * p < 0.05, ** p < 0.01. Representative blots were included below
each graph. Uncropped original images can be seen in the Supplementary Materials.
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3. Discussion

Despite the risk that many people face from the toxicity generated by OP pesticide
exposure in agriculture, the threat of intentional poisoning of military and civilians with
OP by a terrorist attack is also a growing concern [29]. During the last 45 years, these
compounds have been used in multiple attacks such as in the Iraq–Iran War in the 1980s,
the Persian Gulf War in the 1990s, terrorist attacks in Matsumoto and Tokyo, Japan in
1995 and sarin exposure on multiple occasions in Syria from 2011–2017 [29–31]. Given
the important threat of using OPs to target military or civilians and the unfeasibility
of conducting human trials, there is a need not only to understand the molecular basis
and neurological consequences of OP poisoning, but also to establish in vitro and in vivo
models of OP acute intoxication. In this sense, the present research provides a survival
mouse model of acute and severe POX poisoning to study the secondary neurotoxicity, to
improve and develop novel medical countermeasures against the morbidity and delayed
neurotoxicity induced by these chemical warfare agents.

It is widely known that acute exposure to OP compounds causes Status Epilepticus
(S.E.) [22]. This state of seizure activity has been linked to a secondary toxicity characterized
by oxidative stress and inflammation associated with further neurological lesions and
cognitive impairments in surviving rodents [22,24,32,33]. In this sense, all POX doses
used in the present study, together with the corresponding standard emergency treatment
(atropine, 2-PAM and diazepam), produced rapid behavioral responses and caused S.E. in
mice due to an initial cholinergic crisis, similar to that observed in humans [34]. However,
the highest dose tested of POX (4 mg/kg) induced the most severe symptoms according to
the Racine Scale, maintaining a survival rate higher than 90%, which points out neuronal
damage and allows the performance of further studies with such subjects.

During this cholinergic overstimulation, many molecular events occur, leading to
generation of free radicals and reactive oxygen species (ROS) which may disrupt macro-
molecules and damage proteins, lipids and nucleic acids. Particularly, ROS can react with
lipid membranes and cause lipid peroxidation, producing reactive secondary products such
as 4-HNE, recognized as trigger for oxidative stress [35–39]. In this regard, the survival
mouse model of POX acute intoxication used in the present study showed increased 4-HNE
protein levels in both HP and PFC brain areas, corroborating the impairment of cellular
homeostasis and disruption of lipidic membranes previously observed in rodents following
acute and chronic OP exposure [38,40,41].

In normal metabolism, antioxidant defenses convert ROS into less toxic molecules,
protecting the tissues from damage, and antioxidant enzymes such as SOD1, CAT and
GPx1. These defenses play an important role in preventing such oxidative injury. In the
present work, CAT and GPx1 appear to be downregulated in the tested mouse brain areas
(HP and PFC) 72 h after POX exposure, probably as a consequence of increased levels of
ROS [42]. In fact, Jafari and colleagues (2012) reported a decrease in CAT enzyme activity
in whole brain homogenate at the dose of 1.5 mg/kg of POX without administering any
emergency treatment [40]. Moreover, chronic treatment with other OP compounds, such as
malathion and diisopropyl phosphoro-fluoridate (DFP), have also been shown to decrease
CAT and GPx1 levels and/or enzyme activity in whole brain homogenates in treated
mice [38,41]. Altogether, our results demonstrate that a single dose of 4 mg/kg of POX plus
the standard emergency treatment still generates radicals that damage lipidic membranes
and disrupts antioxidant defenses, leading to a state of oxidative stress in mice [42,43]. In
fact, this state has already been reported in several studies focused on OP intoxication in
humans [14,44,45] and rodents [40,41,46].

Oxidative stress and neuroinflammation after OP exposure are two connected pro-
cesses, as this imbalance between ROS and antioxidant enzymes may trigger changes in
redox homeostasis and neuroinflammation [23,47], which are implicated in the pathogene-
sis of various neurological disorders. In fact, previous studies have already demonstrated
that exposure to an acute dose of OP is enough to cause an inflammatory response. The
study carried out by Zare and colleagues (2020) demonstrated an increased number of
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GFAP-positive cells in rat PFC after treatment with a convulsive dose (0.7 mg/kg or
1 mg/kg) of POX [48]. Moreover, an acute exposure to DFP or soman in rats also evidenced
that astrogliosis is a strong neuronal response within days after suffering S.E. [49]. Fur-
thermore, Maupu and co-authors observed an increase in GFAP levels in the HP after an
acute DFP administration to mice [33]. The present study demonstrates that, although the
standard emergency treatment could increase survival rate [24] and ameliorate the acute
cholinergic syndrome induced by POX administration, survivor mice still possess increased
protein levels of GFAP 72 h after POX exposure in both brain areas tested, HP and PFC.
In fact, because inflammatory markers appear gradually over time, some studies have
suggested that inflammation is likely to contribute to neuronal damage in the mid-to-long
term rather than in the immediate lethality caused by the OP compound [50]. Moreover, it
must be pointed out that the astrogliosis observed in the present survival mouse model
of POX intoxication runs in parallel with the dysregulation of oxidative stress markers
discussed above, upholding evidence of a link between both processes.

It is known that OP compounds irreversibly inhibit AChE, which leads to an increase
in ACh in the synaptic cleft causing the cholinergic syndrome. In this sense, the NT analysis
performed in the current study revealed that total ACh levels remained elevated 72 h
post-POX exposure in the HP of POX-surviving mice, pointing to a widespread disruption
of cholinergic signaling beyond just synaptic clefts. This broader disruption may contribute
to persistence and/or exacerbation of neuronal damage in this brain region.

As mentioned previously, civilians and soldiers who underwent acute or repeated
OP exposure presented mid-/long-term neurologic and psychiatric impairments. Among
these deficiencies, there were attention and learning deficits, memory loss, depression-like
behavior, anxiety and psychotic episodes, as well as motor dysfunctions [18,29]. In the cur-
rent study, the survival mouse model of acute POX intoxication did not exhibit phenotypic
manifestations of depression, anxiety or motor coordination deficits. However, our results
demonstrated long-term recognition memory impairments assessed by NORT. Given the
well-established role of HP in memory and learning [51,52], it is noteworthy that such brain
area of POX-surviving animals showed a pronounced state of oxidative stress and astroglio-
sis, which could contribute to the memory deficits observed [24,32]. Furthermore, the HP
is modulated by cholinergic and DAergic systems, among others, and both NTs are crucial
for coordinating hippocampal functions like memory and learning [53,54]. Particularly,
some studies focused on the relationship between DA and hippocampal function have
demonstrated that low levels of DA or unbalanced DAergic system can significantly affect
hippocampal activity and are associated with cognitive deficits and altered plasticity [55,56].
In this sense, our results revealed a decrease in DA concentration and a significant reduction
in DAT expression in the HP of POX-surviving mice. These findings suggest a potential
disruption in DAergic signaling within the HP following POX-exposure, which could be
an important factor underlying the memory deficits observed. Although the effects of
POX on the DAergic system in hippocampal tissue remain not fully explored, a previous
study also demonstrated a decrease in hippocampal DA levels following sublethal doses
of O-Ethyl-S-[2(diisopropylamino)ethyl] methylphosphonothioate (also known as VX),
another OP compound, in mice [57].

On the other hand, the PFC also plays a pivotal role in cognitive functions, including
memory and decision-making [58]. Parallel to what was seen in HP, our results demon-
strated that the PFC of POX-surviving mice also exhibited disruptions in oxidative stress
biomarkers as well as astrogliosis, both of which may also contribute to and/or exacerbate
the observed memory impairment [59–61]. However, in contrast to the NT analysis and
DAT density results in the HP, DA concentration and DAT protein levels were elevated in
the PFC of survivor animals following POX administration. This finding is in line with
other studies demonstrating that excessive DAergic system activation in PFC is linked to
impaired cognitive performance, including memory and attention [62,63] (for a review
see [64]). Moreover, Oswal and colleagues (2013) also demonstrated that low-dose sarin
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exposure, another OP nerve agent capable of producing memory impairments [65,66],
induced long-term increases in DA levels in mouse PFC [67].

Prior studies have reported that young animals exposed to OP compounds can show
changes in locomotor activity depending on age, OP compound, timepoint, species or strain
used, among other variables [16,68–75]. In this sense, our results demonstrated that Swiss
CD-1 male mice treated with POX (4 mg/kg, intraperitoneally [i.p.]) and the standard
emergency treatment exhibited a significant increase in basal locomotor activity 5 days after
POX administration. It is known that DA regulates locomotion activities, as procedures
that decrease DA activity in neural systems lead to hypoactivity, and several drugs that
increase DA transmission cause hyperlocomotion [76], particularly in STR [77]. Moreover,
some studies have also shown that POX exposure can acutely trigger increased DA release
in STR [78,79]. Therefore, we decided to analyze any changes in NT levels in this brain area.
However, no changes in DA content were observed in the STR. Thus, further studies are
needed to elucidate the exact mechanism responsible for such observed hyperlocomotion.

In summary, the survival mouse model of acute POX intoxication developed in the
present study showed long-term memory impairments that were correlated with dysregula-
tion of oxidative stress markers, astrogliosis, and disruption of DAergic neurotransmission
in brain regions involved in memory and cognition, such as the HP and PFC. Additionally,
the survivors also exhibited an increase in basal locomotor activity. Finally, our results
highlight the utility of this model to study the molecular, neurochemical and behavioral
consequences of acute OP exposure, especially those related to memory impairments, and
to subsequently develop potential treatments to mitigate the chronic morbidities associated
with OP poisoning.

4. Materials and Methods
4.1. Animals

Male (7–8 weeks-old) Swiss CD-1 mice (Janvier, Le Genest-Saint-Isle, France) weighing
30–40 g were used. Animals were housed 6 to 7 per cage and housing conditions were
the same for all mice, with controlled temperature (22 ± 1 ◦C) and with a cycle of 12 h
light/dark with availability of standard food and water at any time. Animal care and
experiments were carried out under the guidelines of the European Community Council
(2010/62/EU) and were approved by the Animal Ethics Committee of the University of
Barcelona under the supervision of the Autonomous Government of Catalonia. This study
fulfills the ARRIVE guidelines for experiments involving animals.

4.2. Drugs and Materials

Paraoxon-ethyl (ref. 04-C15850000) was purchased from Cymit quimica (Barcelona,
Spain) and was dissolved with cold Phosphate Buffered Saline 0.01 M. Atropine sulfate
(ref. A0257-5G) and 2-PAM (ref. P9053-5G) purchased from Sigma Aldrich (St. Louis,
MO, USA) and prepared in 0.9% NaCl. Diazepam (ref. D0899-100MG) was obtained from
Sigma Aldrich (St. Louis, MO, USA) and was dissolved in saline solution with 2% DMSO
(ref. SU01511000, Scharlab; Barcelona, Spain) and 5% Kolliphor (ref. 42966; Sigma, St.
Louis, MO, USA). All reagents were prepared immediately before administration. The
protease inhibitor cocktail (ref. 539131) and phosphatase inhibitor (sodium orthovanadate;
ref. 450243) were acquired from Sigma Aldrich (St. Louis, MO, USA). All the other reagents
were analytical grade and were obtained from different commercial sources. Crystalline
solid standards of DA hydrochloride (ref. H8502), DOPAC (ref. 850217), and ACh (ref.
A6625) were purchased by Sigma Aldrich (St. Louis, MO, USA). Isotopically labeled stan-
dards, such as DA-1,1,2,2-d4 (ref. TRC-D533782-1MG) and DOPAC-d5 (TRC-D454253)
were purchased from Toronto Research Chemicals (Toronto, ON, Canada). Stock standard
solutions of both unlabeled and labelled neurochemicals, were prepared at 1 µg µL−1 in
MeOH or ultra-pure water and kept at −20 ◦C in the dark (in silanized amber vial). How-
ever, standard solutions were prepared using 90:10 Acetonitrile (ACN)/ultra-pure water +
1% Formic Acid (FA) mixture as solvent. Internal standard mixture (ISM), containing all
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labeled standards, was prepared in the same solvent, and was used as the internal standard
for the entire analytical process. The ACN (LC–MS grade, ref. 1.00029.2500) was purchased
from VWR Chemicals (Leuven, Belgium). The FA (ref. 10780320) was acquired from Fischer
Scientific (Loughborough, UK). Ammonium formate (NH4COOH) (ref. 70221) was bought
from Sigma Aldrich (St. Louis, MO, USA). Ultra-pure water was obtained daily through
the Millipore Milli-Q purification system (Millipore, Bedford, MA, USA).

4.3. In Vivo Treatment

Mice were injected s.c. with an acute dose of 4 mg/kg of POX, followed 1 min later by
an i.p. administration of atropine (4 mg/kg) and 2-PAM (25 mg/kg), thus increasing the
survival rate of the treated subjects (the dose of POX was chosen according to preliminary
experiments; see Section 2.1 in Results). Within 3 to 5 min of POX administration, mice
entered an S.E. that was monitored for 1 h using a modified Racine Scale [80,81] with scores
ranging from 0 to 6 (see Supplementary Materials). One hour after POX exposure, mice
were administered i.p. with 2-PAM (25 mg/kg) and diazepam (5 mg/kg) to control and
terminate seizures. The dose of diazepam was chosen according to previous studies [82].
At the end of the treatment, all subjects were administered 0.9% NaCl s.c. to counteract
possible dehydration from all the cholinergic symptoms. Control mice underwent the
same treatment, but were injected with all vehicles without the corresponding drugs. All
mice were closely supervised until the day of their euthanasia, by monitoring their weight,
appearance and behavior.

4.4. Behavioral Assays
4.4.1. Rotarod

To evaluate possible motor impairments, subjects underwent the rotarod test on day 4
after treatment. For this experiment, a Panlab RotaRod (Harvard Apparatus) apparatus
with the capability to test up to 5 subjects simultaneously was used. Subjects were placed
into the lanes of the rotor at an initial speed of 4 revolutions per minute (rpm) and with a
continuous acceleration rate of 20 revolutions/min2. The rod of the apparatus accelerated
up to a maximum velocity of 40 rpm, which was maintained over time. Mice falling
from the rod landed into the lever of the corresponding lane, thus stopping the timer
that reported the time spent on the rod and the speed at which the subject fell [83]. The
procedure was repeated for a total of 3 sessions per subject, with a separation of 2 h. The
latency time and the score of the speed were used as parameters for analysis.

4.4.2. HLA

Five days after POX administration, mice were placed into a black Plexiglas arena (25
× 25 × 40 cm) in a behavioral testing room under diminished light intensity and white
noise. Their basal locomotor activity was recorded by a digital camera and tracked by a
specific software program (Smart v3.0, Panlab, Barcelona, Spain) for 1 h. Four subjects
were recorded simultaneously as the apparatus is divided into 4 identical arenas. The total
distance travelled by each subject was analyzed [84].

4.4.3. Elevated Plus Maze (EPM)

This test is used to assess anxiety-related behavior in mice and is based on the aversion
of rodents for open bright spaces. The maze is made of grey PVC and consists of 4 arms (32
cm long × 6.5 cm wide) connected by a square center and elevated 43 cm from the floor.
Two of the arms are surrounded by 14 cm walls and are placed opposite the other 2 arms,
which are open without walls [85]. On day 8 after acute POX exposure, the maze was placed
in a behavioral testing room with dim light intensity (30 lux). Video-tracking software
(Smart v3.0, Panlab, Barcelona, Spain) was used to record and collect data automatically as
the subjects were allowed to freely explore the maze. The procedure consists of placing
the individuals in the center of the maze facing the open arm and recording their behavior
for 5 min. At the end of each session, subjects were removed from the maze, and it was
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cleaned with 70% ethanol, removing any scent from the previous individuals. The analysis
was made by calculating the number of entries and preference for each arm to measure
anxiety-like behavior, which is directly correlated with the predisposition for spending
more time in closed arms.

4.4.4. FST

This behavioral assay was performed to assess potential despair-like states in the
treated mice. Eight days after acute POX exposure, mice were placed in a glass cylindrical
tank (24 cm high × 11.5 cm diameter) filled up with water set at a stable temperature
(23–25 ◦C). Their behavior was recorded with a digital camera for 6 min and at the end of
each session, mice were taken out of the tank and dried with a towel. Active and passive
behavior was evaluated by analyzing the last 4 min of the recording, thus indicating the
state of the animal. Active behavior is defined as climbing, swimming and making quick
movements. Immobility time is understood as the absence of any movement except for
those necessary for floating and keeping the nose above the water [86]

4.4.5. NORT

In this test, mice were placed into a V-shaped [87] grey plexiglass maze of 37 × 20 ×
8 cm in a behavioral testing room with attenuated and controlled light intensity (30–50
lux). The test consisted of 3 sessions separated by 24 h, which were carried out on days 9,
10 and 11 after treatment, to assess long-term recognition memory. Mice were habituated
individually in the first session, allowing them to freely explore the arena for 9 min. On
the second day, two identical objects were placed in the extremities of the maze leaning
into the wall and subjects were able to explore them for 9 min while being recorded with a
digital camera. On the day of the test (third day), one of the familiar objects was replaced
by a novel object, and subjects were placed in the maze to explore them for 9 min while
being recorded. Objects varied in shape, color and texture and were previously validated
to guarantee no preference. The maze and the objects were cleaned between individuals
with 70% ethanol to eliminate any scent from other subjects. The DI was determined by the
difference in the time of exploration of the novel and familiar object divided by the total
time of exploration and was used for evaluating preferences. Low preference for the novel
object (lower DI) is widely linked to an impairment in recognition memory [87].

4.5. Bio- and Neurochemical Assays
4.5.1. Tissue Sample Preparation and Protein Extraction

Mice were euthanized by cervical dislocation 72 h after POX treatment to extract
protein for performing Western Blotting. The HP, STR and PFC were quickly dissected out
and kept at −80 ◦C until use. Tissue samples were homogenized at 4 ◦C in 20 volumes
of Tris–HCl lysis buffer with protease inhibitor cocktail and phosphatase inhibitors. The
homogenate samples were vortexed for 15 s and placed in an orbital shaker for 2 h at
4 ◦C with a shake and roll program. Samples were afterwards centrifuged at 15,000× g
for 30 min at 4 ◦C and supernatants were collected and kept at −80 ◦C until use. Protein
concentration was measured by using the Bio-Rad Protein Reagent (ref. #5000006; BioRad,
Hercules, CA, USA).

4.5.2. Western Blotting and Immunodetection

A general Western blotting and immunodetection protocol was followed to analyze
the expression of antioxidant enzymes such as SOD1, GPx1 and CAT, as well as the lipid
peroxidation final product 4-HNE. Moreover, the protein GFAP was also studied through
this technique and the expression of the DAT. For each sample, 10–15 µg of protein was
mixed with sample buffer (0.5 M Tris–HCl, pH = 6.8, 10% glycerol, 2% (w/v) SDS, 5%
(v/v) 2-β-mercaptoethanol, 0.05% bromophenol blue), boiled 5 min at 95 ◦C and loaded
onto 10–12% acrylamide gels. Gels were electrophoresed and immediately transferred to
Polyvinylidene Fluoride (PVDF) membranes (Immobilon-P; Merck, Darmstadt, Germany).
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Membranes were blocked 1 h at room temperature with WestVision Block and Diluent for
Western Blots (Vector Laboratories, Newark, NJ, USA) and incubated overnight at 4 ◦C with
a primary rabbit polyclonal to 4-HNE (ab46545, Abcam [Cambridge, UK]; dil. 1:1000); rabbit
monoclonal to GPx1 (ab108427, Abcam; dil. 1:1000); sheep polyclonal anti-SOD Cu/Zn
(#574597, Calbiochem [San Diego, CA, USA]; dil. 1:5000 ); rabbit monoclonal antibody to
CAT (#14097, Cell Signaling [Danvers, MA, USA]; dil. 1:1000); rabbit polyclonal anti-GFAP
(Z0334, Dako Omnis [Santa Clara, CA, USA]; dil. 1:5000); and mouse monoclonal anti-DAT
(NBP2-22164, Novus Biological [Centennial, CO, USA]; dil. 1:1000). After washing with
Tris-buffer plus 0,1% Tween-20, membranes were incubated 1 h at room temperature with
their respective horse-radish peroxidase-conjugated anti-IgG antibody as follows: goat
anti-mouse IgG (ab205719, Abcam; dil. 1:10,000); goat anti-rabbit IgG (ab6721, Abcam;
dil. dil. 1:10,000); and rabbit anti-sheep (ab6747, Abcam; dil. 1:15,000). To visualize
immunoreactive proteins, a chemiluminescence-based detection kit (Immobilon Western,
Millipore, Burlington, MA, USA) and a BioRad ChemiDoc XRS gel documentation system
(BioRad, Inc., Hercules, CA, USA) were used following the manufacturer’s instructions.
Band densities in scanned blots were analyzed using a Bio-Rad Image Lab Software (Image
Lab Software for PC Version 6.1) and protein expression levels were presented as percentage
compared to control samples. As loading controls, monoclonal anti β-Actin antibody
(A5441, Merck; dil. 1:2500) or monoclonal anti-GAPDH (MAB374, Sigma Aldrich; dil.
1:5000) were used, which normalized differences in protein expression.

4.5.3. Neurotransmitter Extraction and Analysis

The extraction procedure of the target NTs was adapted from a previous study about
NTs characterization in mouse brain [88]. Three brain areas (HP, PFC and STR) were
analyzed. First, 300 µL of a cold extractant solvent (ACN:H2O 90:10 + 1% FA) were added
to the samples, which were placed in Eppendorf tubes. All tested samples were spiked
with ISM. Then, 3 stainless steel beads (3 mm diameter) were introduced in each sample.
Eppendorf tubes were placed in a bead mill (TissueLyser LT, Quiagen, Hilden, Germany) to
homogenize them, at 50 osc/min for 90 s. After, samples were centrifuged at 13,000 rpm for
20 min at 4 ◦C. The supernatant was filtered using 0.22 µM nylon filters (Scharlab, Barcelona,
Spain) and kept in chromatographic vials at −80 ◦C until the LC–MS/MS analysis.

To analyze NTs, an Exion LCTM liquid chromatograph coupled to a triple quadrupole
mass spectrometer (Triple Quad 7500 System-QTrap® Ready, SCIEX, Framingham, MA,
USA) equipped with an electrospray ionization source (ESI) was used. An Acquity UPLC
BEH Amide (150 mm × 2.1 mm, 1.7 µm) and an Acquity UPLC BEH Amide pre-column (5
mm × 2.1 mm, 1.7 µm) (Waters, Milford, MA, USA) were used. For solvent A, a mixture of
Milli-Q water and ACN (H2O:ACN; 95:5) containing 100 mM ammonium formate was used,
and Milli-Q water and ACN (H2O:ACN; 15:85) containing 30 mM ammonium formate was
used as solvent B. The pH was adjusted to 3 in both solvents by using FA (SensionTM +
PH3, HACH®, Loveland, CO, USA).

In regards with the MS/MS method optimization, individual standard solutions of
1000 ng/mL were used for each of the compounds of interest. First, the wide mass-range
SCAN method was performed to optimize the parent ion mass. Once this was obtained,
Product Ion (PI) methods were created for each analyte using the optimal parent ion mass.
These methods contained 5 experiments, each analyzed at the same m/z range applying
different Collision Energies (CEs) to the precursor ion specified. Once the chromatograms
were obtained, the CEs that gave the two most intense fragmentation peaks were selected
to optimize two transitions for each compound (precursor ion). To complete the CE
optimization, one PI method was created for each fragmentation, studying two CE values
above and below the selected ones, for example, 6, 8, 10, 12 and 14 V. Next, the Q0D values
for each transition of the compounds were optimized choosing the value that gave the
highest intensity. Finally, the Spray Voltage (SV) of the analytes was optimized studying a
range from 1500 to 5500 V, the value that gave better shape and more intense peaks was
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chosen. Samples with NT levels below the limit of quantification (LOQ) were excluded
from the study.

4.6. Data Analysis

Data were expressed as mean ± SEM. Differences between groups were analyzed
using unpaired Student’s t test and one-way ANOVA or two-way ANOVA of repeated
measures followed by Tukey post-hoc test, when data were normally distributed. The
alpha was set at 0.05. The statistical analysis was calculated with GraphPad Prism (version
8.0) software. Outliers were excluded following ROUT’s method (Q = 0.1%).
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