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Introduction

	 Organophosphorus Compounds (OP) irreversibly inhibit Cholin-
esterases (ChE) leading to a cholinergic syndrome, epileptic seizures 
and seizure-related brain damage, and for some of them organophos-
phorus-induced delayed neuropathy [1]. Despite the efficacy of exist-
ing drugs like ChE reactivators to prevent death, they have difficulties 
to cross the Blood Brain Barrier (BBB) and they cannot fully prevent 
damage in the central nervous system [2]. The Cerebrospinal Fluid 
(CSF) plays a key role in solute transport through the brain and has 
a major importance for the clearance of toxic molecules and metab-
olites [3]. This transport system notably depends on the integrity of 
the subarachnoid/perivascular spaces and the blood brain barrier [4,5] 
and could be used as a new therapeutic vector for drug accessibility 
to the CNS in case of OP intoxication. As a prerequisite, we studied 
the ChE activity within the blood and the CSF in an original large 
animal model consisting in juvenile male swine intoxicated by Para-
oxon (POX), the metabolite of the OP pesticide parathion [6]. We also 
evaluated the impact of POX intoxication on the cerebral parenchyma 
inflammation processes, which could lead to early and delayed neuro-
logical effects.

Materials and Methods
Animals

	 Animal care procedures were carried out in accordance with those 
promoted by our institute animal care and use committee in compli-
ance with French and European laws and regulations on laboratory 
animals. N=12 male Large White/Landrace swine (Sus scrofa scrofa, 
24 +/- 2.1kg) were purchased from a local supplier and housed in 
groups in an approved animal facility at the institute.

Intoxication

	 Animals received an intravenous injection of ethyl-paraoxon dis-
solved in 2mL saline solution containing 10% isopropanol (iPrOH), 
through an ear vein catheter. Intoxicated swine were split in two 
groups: Short IV injection and Slow 5-min long IV injection. Every 
intoxicated swine received a different dose as described in table 1.

Tissue sampling and evaluation of the enzymatic activity

	 Swine brains were extracted from the skull directly after animal 
sacrifice, carefully dissected in cold water, and prepared for immu-
nochemistry as described in the supplementary information.
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	 The key role of the Cerebrospinal Fluid (CSF) in solute transport 
and clearance through the brain makes it an interesting way to deliv-
er new therapeutic agents, by avoiding the complicated passage of 
the Blood Brain Barrier (BBB). Organophosphorus intoxication may 
lead to BBB breakdown, neuroinflammation and cellular damage 
within the brain, initially as a consequence of Cholinesterase Inhibi-
tion (ChE). In this pilot study, a swine model of paraoxon intoxication 
has been used to prove the existence of ChE activity within the CSF 
and early brain inflammation. This CSF ChE activity is strongly in-
hibited following exposure to paraoxon. We also provide evidence 
that despite the lack of brain immune cells activation 6 hours after 

poisoning, vascular cells adhesion molecule is expressed by endo-
thelial cells. This is the first time that CSF ChE activity is described in 
a large animal model. The role and origin of ChE in the CSF remains 
unclear and has to be explored. This finding can be useful to develop 
new therapeutic strategies to offset post intoxication brain cholines-
terase inhibition. Vascular inflammation should be considered and 
cured to avoid related post intoxication brain disorder.
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	 Blood and CSF samples were collected at time of sacrifice. ChE, 
Acetylcholinesterase (AChE) and Butyrylcholinesterase (BChE) 
activities were measured in whole blood and CSF, in duplicate, ac-
cording to the protocol described by Ellman and Callaway in 1961, a 
modified Ellman’s assay [7].

Results and Discussion
	 To validate our intoxication protocol, we first checked the blood 
ChE activity (Figure 1). Our results show that for POX doses from 
0.3 to 5mg/kg, total ChE, AChE and BChE are strongly inhibited. 
Residual enzymatic activity below 20% is associated with prolonged 
apnea and rapid death of the animal (Table 1; Figure 1). However, 
for doses of 0.2 and 0.1mg/kg, 60 % of residual BChE activity seems 
sufficient to preserve the animal from death despite drastic inhibition 
of the AChE activity (Figure 1; <10% for POX 0.1mg/kg). Despite 
the AChE predominance on BChE within the blood (4.11x10-4 vs. 
6.10x10-5 U.g.dL-1), surviving animals show at least 30% of resid-
ual blood ChE activity, originating from the limited inhibition of the 
BChE (Figure 1). This in accordance with findings in human cases 
[8].

	 Within the CSF, total ChE activity is completely inhibited in 
non-surviving animals, due to 98% inhibition of the AChE activity 
(Figure 1). As described in the blood, BChE activity is minor in com-
parison with AChE activity within the CSF (3.40x10-5 vs. 2.35x10-4 
U.mg-1). In 0.1mg/kg and Slow 0.2mg/kg surviving animals, total 
ChE are more inhibited in the CSF than in the blood, suggesting that 
even if the symptoms are less visible, CSF ChE inhibition may lead to 
effects (Figure 1). Last but not least, the total ChE activity inhibition 
is modulated by the injected dose of paraoxon in a dose dependent 
way and by the injection rate. These results support the existence of 
a significant cholinesterase activity in the CS, that is subject to inhi-
bition by paraoxon. Organophosphorus compounds do penetrate into 
CSF after peripheral administration [9].

	 The origin and the molecular form of these cholinesterases and 
more interestingly, their role in a potential CSF cholinergic system are 
worth further studies.

	 Mechanisms that lead from intoxication to early and delayed neu-
rotoxic effects involve neuroinflammation [10]. We thus decided to  

briefly explore inflammation biomarkers (astrocyte activation, mi-
croglial activation and expression of Vascular Cell Adhesion Mole-
cule) in the 3 surviving swine exposed to slow IV to 0.1(n=1) and 
0.2(n=2)mg/kg paraoxon.

	 Quantification of GFAP and IbA1 (Figure 2) does not reveal any 
difference between control animals and animals exposed to 0.1 or 
0.2mg/kg POX at 6 h post intoxication. This may be explained by the 
absence of seizures, and possibly by a time point too early to detect a 
significant immune cells activation [11].

	 By contrast, Vascular Cells Adhesion Molecules (VCAM) are 
expressed early by endothelial cells to recruit macrophages from 
the blood. We observed that endothelial cells are expressing about 
2x more VCAM to start macrophages recruitment at 0.2mg/kg POX 
than the controls (Figure 2, Slow POX 0.2 vs. CTRL, p<0.05). It is 
worth noting that for the dose of 0.1-mg/kg POX swine showed fewer 

Animal Group Intoxication Clinical Symptoms Respiratory Assistance Time to Death

1 CTRL No No No 6 h

2 CTRL No No No 6 h

3 CTRL No No No 6 h

4 CTRL No No No 6 h

5 CTRL No No No 6 h

6 POX 0.1mg/kg 0.1mg/kg IV Chewing hypersecretion short apnea No Euthanized 1 h

7 POX 0.3mg/kg 0.3mg/kg IV Chewing apnea 3 to 60 min 1 h

8 POX 1mg/kg 1mg/kg IV Hypersecretion chewing limb tremors apnea 4 to 30 min 35 min

9 POX 1mg/kg 5mg/kg IV Hypersecretion whole body tremors apnea 5 to 35 min 36 min

10 POX 5mg/kg 0.1mg/kg Slow IV Limb hyperextension localized tremors no 6 h

11 Slow POX 0.1mg/kg 0.2mg/kg Slow IV Fasciculations muscles contraction hypersecretion chewing 
apnea 9 min 30 to 60 min 6 h

12 Slow POX 0.2mg/kg 0.2mg/kg Slow IV Fasciculations no 6 h

Table 1: Animal groups and their major clinical signs from intoxication to the time of death.

Figure 1: Blood and CSF cholinesterases activity. Figure A, B and C represent respec-
tively the blood total ChE, AChE and BChE activities at the time of death (Tfinal) for 
each group or single animal. This final enzymatic activity is compared and normalized 
to the basal enzymatic activity for each animal, evaluated before the intoxication. Fig-
ure D, E and F represent respectively the CSF total ChE, AChE and BChE activity 
normalized on the control group CSF enzymatic activity. Results are presented in av-
erage+SEM.
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clinical symptoms (Table 1) than at higher doses and that this was cor-
related to a lack of neurovascular inflammation, VCAM expression 
level being not different from that of the CTRL group (Figure 2, Slow 
POX 0.1 vs. CTRL, p>0.05). The presence of 10% VCAM reactive 
vessels in the CTRL group may be explained by the inflammation 
reaction due to the placement of the arterial and venous catheters used 
for the monitoring. The local inflammation may then spread through 
the expression of inflammatory molecules as recently described in by-
pass surgery [12].

	 Except for organophosphorus induced delayed neuropathy, the 
long-term effects of OP poisoning stay unclear. Cognitive decline, de-
mentia or neuropathy might be caused by a post poisoning neurotox-
icity or myelin impairment as observed in multiple sclerosis [13,14]. 
Therefore, it would be interesting to study neuronal death, myeliniza-
tion status and the different factors regulating these processes in this 
model and their relationship with cholinesterase’s activity.

Conclusion
	 This pilot study has been useful to prove the presence of cholin-
esterases within determinate if using a nose-to-brain technic or an 
intrathecal injection to deliver drugs within the CSF can be useful 
to reactivate cholinesterases and preserve the brain from intoxication  

effects [15,16]. We have also demonstrated here that early neurovas-
cular inflammation is visible in surviving pigs. Even in the absence of 
any significant visible CNS involvement in anesthetized swine, these 
results call for further evaluation of the central inflammatory status 
following POX or other organophosphorus compound poisoning.
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Figure 2: Evaluation of cerebral inflammation biomarkers after a POX intoxication. 
Astrocyte activation was quantified with an evaluation of the GFAP staining (A-D). Mi-
croglial activation was quantified using Iba-1 (B-E). A ColIV staining was performed 
(F) associated with VCAM (G) to visualize and quantifiy the percentage of VCAM pos-
itive vessels (H-I). Inflammatory vessels are indicated with white arrows. Results are 
expressed as mean+SEM. Scale bar=20μm. *p<0.05, ns p>0.05. Kruskal-Wallis test.
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Animal anesthesia and preparation

	 Before experiment, each animal was pre-medicated with 1mg/kg 
xylazine and 20mg/kg ketamine IM. Lidocaine was sprayed in the 
animal’s throat to locally anesthetize before intubation that was per-
formed using a 6.0 endotracheal tube with the cuff covered with Tro-
notane gel. After intubation, anesthesia was maintained with sevo-
flurane 2% in a O2 25% - Air mixture, and a venous line was placed 
into one ear vein to 1) keep the animal hydrated with an 8mL/kg.h 
saline solution perfusion and 2) inject the POX solution.

	 A femoral and an external jugular vein catheter (PiCCO) were 
placed to allow arterial blood sampling and cardiac monitoring. Re-
spiratory parameters and temperature were checked with a complete 
monitoring system (Datex-Ohmeda) during at least 7 hours. At 
maximum 6 hours post intoxication, animals were sacrificed with an 
IV lethal dose of pentobarbital 180mg/kg.

Respiratory assistance

	 Basic respiratory assistance was given with the Datex-Ohmeda 
(Inspiratory assistance: 7mmHg and 4mmHg of Positive Expiratory 
Pressure). For this pilot study, we chose to put intoxicated animals 
under respiratory assistance after 3 minutes of apnea for 30 minutes 
or 1-hour depending on animals. We then checked if they were able 
to breathe on their own without assistance. If they did, animals were 
kept alive until the end of the experiment. If not, they were sacrificed 
with a pentobarbital injection as described above.

Samples preparation

	 Blood samples were collected in lithium heparin tubes at -30, 0, 
10, 20, 30, 60, 90, 120, 180, 240, 300- and 360-minutes post intoxi-
cation. For non-surviving animals, the last samples were taken before 
pentobarbital injection, when the animal was still under respiratory 
assistance. Blood was directly diluted ten times in water for injection 
and stored at -80°C for enzymatic analysis. Blood enzymatic activity 
was evaluated in duplicate and reported to the hemoglobin quantity of 
the sample (U.g.dL-1).
 
 
 
 
 
 
 
 
 
 
 

	 After pentobarbital injection, the CSF was collected via a lum-
bar puncture and directly frozen and stored at-80°C. For enzymatic 
activity evaluation, the CSF was centrifuged for 10 minutes at 4°C, 
10 000g and only the supernatant was used. CSF enzymatic activity 
was evaluated in duplicate and reported to the protein amount of the 
sample (U.mg-1). For blood and CSF enzymatic measurement, the 
maximum variation tolerated between duplicates was 10%.

Staining

	 Brains were extracted from the skull after animal sacrifice, and 
placed in cold water for injection for dissection. Tissue samples were 
then stored in a 4% paraformaldehyde solution for 24 hours, then in a 
20% sucrose PBS 1X solution for 4 days. Fixed tissues were included 
in an organic matrix to be stored at -80°C. Cryomicrotome-cut trans-
versal sections (12μm) of frontal cortex were collected on poly-lysine 
slides and stored at -80°C before processing immunochemistry. After 
3x15 min PBS baths, 500μL of a primary antibodies’ solution (PBS 
Tween 0.3%) was dropped on every slide, in a humid/dark chamber 
overnight. Primary antibodies were used as followed: GFAP (Glial 
fibrillary Acidic Protein) dilution 1:500 (Rabbit, DAKO), Col IV 
(Type IV collagen) dilution 1:500 (Goat, Southern biotec), VCAM 
(Vascular Cell Adhesion Molecule) dilution 1:500 (Rat, Biosciences) 
and Iba 1 (Anti Microglia) dilution 1:500 (Rabbit, Biosciences). After 
3 PBS baths, 500μL of a secondary fluorescent antibodies’ solution 
(PBS Tween 0.3%, antibodies dilution 1:500) were deposited during 
90 min on every slide in the humid/dark chamber. After 3 PBS baths, 
every slide was fixed with a DAPI mounting medium.

Statistics

	 For brain histological evaluation, we used at least 6 pictures per 
animal per staining. Results were analyzed with the help of PRISM 
software, with a Kruskal-Wallis statistic test.
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