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Abstract
To date, treatment of organophosphate (OP) poisoning shows several 

shortcomings, and OP-vic�ms might suffer from las�ng cogni�ve deficits and sleep-
wake disturbances. In the present study, long-term effects of soman poisoning on 
learning ability, memory and neurogenesis were inves�gated in rats, treated with 
the an�cholinergic atropine and the oxime HI-6 for reac�va�on of soman-inhibited 
acetylcholinesterase. We also inves�gated whether sub-chronic treatment with 
the reported neurogenesis enhancer olanzapine would s�mulate neurogenesis 
and possibly normalize the an�cipated long-term deleterious effects of soman 
intoxica�on. Animals were treated with HI-6 (125 mg/kg i.p.), followed a�er 30 
minutes by soman (200 μg/kg s.c.) and atropine sulphate (16 mg/kg i.m.) 1 minute 
therea�er. Soman poisoning led to an eleva�on of extracellular acetylcholine 
levels to 1500% over baseline values as assessed by striatal microdialysis. 
Brain acetylcholinesterase was inhibited over 95%. This was accompanied by 
short recurrent seizures las�ng for 40 minutes. Osmo�c minipumps releasing 
olanzapine (7.5 mg/kg/day) or vehicle were subcutaneously implanted 24 hours 
post-intoxica�on. A�er drug delivery for 4 weeks, newborn cells were BrdU 
labeled. Learning and memory performance were assessed 8 weeks a�er soman 
poisoning, followed by analysis of surviving newborn cells (BrdU) and neurogenesis 
(doublecor�n, DCX). Eight weeks a�er soman-intoxica�on a significantly impaired 
learning ability was found that was paralleled by significantly lower numbers of DCX-
posi�ve cells but no changes in the number of BrdU-labeled cells. Apparently, the 
present Olanzapine regime was ineffec�ve. We conclude that soman poisoning has 
long las�ng effects on learning ability, a finding that was accompanied by impaired 
neurogenesis. Although we confirm a correla�on between impaired neurogenesis 
and cogni�ve deficits, establishing the true causal rela�onship between these 
processes in OP exposed animals awaits future research. 
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1 Introduc�on
Organophosphates (OPs) like pes�cides and chemical warfare agents, 

irreversibly inhibit acetylcholinesterase (AChE), which leads to accumula�on of 
acetylcholine (ACh) and overs�mula�on in both central and peripheral synapses. 
This overs�mula�on results in epilep�form ac�vity, which may cause respiratory 
failure and death. The currently available treatment (atropine, oxime, diazepam) of 
OP-poisoning is insufficient in that  vic�ms s�ll suffer from persis�ng adverse effects 
on cogni�ve processes, mood, and sleep-wake rhythm (Dawson 1994; Lallement et 
al. 1998; McDonough 2002; Shih and McDonough, Jr. 1997; van Helden and Bueters 
1999; Willems et al. 1993). These effects are supposed to be due to progressive 
neurodegenera�on following the epilep�form ac�vity (Carpen�er et al. 2000; 
Kadar et al. 1995; Lallement et al. 1998). Brain areas involved in the OP-induced 
neurodegenera�on are the hippocampus, amygdala, striatum and prefrontal cortex 
(Baille et al. 2005). The dras�c effects of OP poisoning urge for research to prevent 
or stop neurodegenera�on and to s�mulate brain repair.

Over the past decade, it has become apparent that in par�cular parts of the adult 
brain new neurons are s�ll formed, a process called neurogenesis (Eriksson et al. 
1998; Gross 2000; Kuhn et al. 1996; Schinder and Gage 2004). In 2 main regions, i.e. 
the subventricular zone (SVZ) and the dentate gyrus (DG) of the hippocampus, the 
newborn cells undergo extensive migra�on before they become mature neurons 
(Schinder and Gage 2004). Adult hippocampal neurogenesis has been found in 
various species including humans (Boekhoorn et al. 2006; Eriksson et al. 1998) and is 
heavily regulated. It has furthermore been implicated in hippocampal learning and 
memory (Dobrossy et al. 2003; Dupret et al. 2007). Counterintui�vely, neurogenesis 
is also increased in responses to damage (Emsley et al. 2005) and pathological 
condi�ons like seizures or ischemia are powerful s�muli of neurogenesis in the sub-
granular zone (SGZ) of rodents shortly a�er injury (Collombet et al. 2005; Parent 
2007; Sharp et al. 2002; Wiltrout et al. 2007). On the other hand, a�er prolonged 
trauma�c brain injury, decreases in hippocampal neurogenesis occur, which is 
associated to decrements in cogni�on (Rola et al. 2006). Damage to the cholinergic 
circuitry projec�ng to the hippocampus has been shown to suppress neurogenesis 
(Cooper-Kuhn et al. 2004; Van der Borght et al. 2005). Therefore, both brain injury as 
well as cholinergic impairments following OP-poisoning could possibly interfere with 
neurogenesis and might therefore be involved in the cogni�ve deficits observed.

Chronic treatment of rats with several different classes of an�depressants has 
been shown to increase dentate neurogenesis. Also other studies indicate that 
an�depressants may act through promo�ng cell survival, structural plas�city and 
neurogenesis (Malberg et al. 2000), also in related brain areas (Kodama et al. 2004; 
Wang et al. 2004).

The no�on that OP-induced seizures due to persistent AChE inhibi�on produce 
neuronal loss and persis�ng decrements in cogni�on, prompted us to inves�gate 
whether drug-induced neurogenesis can be used to counteract OP-induced effects. 
In the present study, soman-poisoned rats were treated with HI-6 and atropine. ACh 
levels, AChE inhibi�on and the occurrence of seizures was measured in these animals. 
Long-term effects of the intoxica�on and of the neurogenesis enhancer olanzapine 
were inves�gated at the behavioral and cellular level. Because neurogenesis is 
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most abundant in the hippocampus, which is a preferred site for soman induced 
damage, acquisi�on and memory retrieval was tested in a hippocampus specific 
water maze paradigm 8 weeks a�er soman exposure. Neurogenesis was measured 
by immunohistochemistry for doublecor�n (DCX) and BrdU. 

2 Methods

2.1 Animals
Male Sprague Dawley rats, body weight 160-180 g at arrival, were obtained 

from Harlan, Horst, The Netherlands. Un�l surgery, the animals were housed in 
pairs and allowed to get accustomed to standard condi�ons for at least one week. 
Temperature was kept at 19-22 oC, rela�ve humidity was maintained at 55-65% 
and lights were on from 7 a.m. to 7 p.m. Acidified water and standard rodent chow 
(Teklad Global Diet, Harlan, Horst, The Netherlands) were available ad libitum. A�er 
the first surgery, animals were individually housed under standard condi�ons. The 
experiments described received prior approval from the Ethical Commi�ee on 
Animal Experimenta�on of TNO.

2.2 Chemicals
Acetylcholinesterase, choline oxidase, acetylcholine, choline, atropine 

sulphate and Triton-X100 were obtained from Sigma Chemical Co. (Zwijndrecht, 
The Netherlands). Kathon CG (1.5% 5-chloro-2-methyl-4-isothiazolin-3-one and 
2-methyl-4-isothiazolin-3-one) was provided by Rohm and Haas (Croyden, UK). 
LiChrosorb® NH2 was purchased from E. Merck (Amsterdam, The Netherlands). 
Hypnorm® (fentanyl/fluanisone) was purchased from Janssen Pharmaceu�ca 
(Beerse, Belgium) and Dormicum® (midazolam) was delivered by Roche Nederland 
BV (Mijdrecht, The Netherlands). Soman (pinacolyl methylphosphonofluoridate) 
was obtained from the stocks of TNO Defence, Security and Safety and of purity 
≥98% (GC). Olanzapine was kindly provided by Eli Lilly (Greenfield, IN, USA).The other 
chemicals used were of standard purity and purchased from renowned companies. 
For HPLC analysis the highest purity grade was used. All solu�ons were prepared 
with water tapped from a Milli-Q system (Millipore SA, Molsheim, France).

2.3 Experimental design
The experiment consisted of two parts (Fig. 1). In the first part of the study 

(Experiment A, groups 1 and 2, see Table 1), a rat model was established according 
to Shih et al. (1991). Extracellular ACh levels, EEG effects and AChE levels in blood 
and brain were determined upon intoxica�on with soman. To ensure survival, the 
animals were treated i.p. with 125 mg/kg HI-6, followed by soman 200 μg/kg s.c. 
30 min later. One minute a�er soman, the animals were injected i.m. with atropine 
sulphate (16 mg/kg). Clinical signs were registered and ACh levels and EEG were 
assessed during 4 hours a�er soman treatment. AChE ac�vity was measured at the 
end of the 4-hour period.
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Table 1. Group sizes and individual treatment protocols before and a�er intoxica�on. 

Group 
size
(n)

Pretreatment 
T= -30 min

HI-6
(mg/kg i.p.)

Intoxica�on 
T=0

soman
(μg/kg s.c.)

Treatment
T= 1min

atropine sulphate
(mg/kg i.m.)

Subchronic treatment
(28 days)

Olanzapine
(mg/kg/day)

Experiment A
1 (5) 125 200 16 none
2 (4) 125 0 16 none

Experiment B
3 (3) 125 200 16 0
4 (6) 125 200 16 7.5
5 (3) 125 0 16 0
6 (4) 125 0 16 7.5

The second part of the study was designed to establish long-term effects of 
the la�er soman-intoxica�on as well as those of subchronic treatment with the 
an�-depressant olanzapine (groups 3-6, see Table 1). The experimental �meline 
is shown in figure 1B. To this end, male sprague dawley rats were equipped with 
EEG electrodes and intoxicated by the aforemen�oned regimen or vehicle one 
week a�er surgery. A four week-las�ng treatment with olanzapine started one 
day later, directly followed by BrdU labeling over 6 days (200 mg/kg i.p.). Another 
three weeks later, the animals were trained for 5 days in the Morris Water Maze. 
A�er 2 days without training, spa�al memory was tested, immediately followed by 
prepara�on of the brains of the animals by means of perfusion fixa�on to determine 
histopathological effects and changes in neurogenesis.

 

Intoxication 
HI-6 125 mg/kg ip, soman 200 ug/kg sc 
Atropine 16mg/kg im 

Subchronic treatment with olanzapine 
Osmotic minipump; 7.5 mg/kg/day) 

Neurogenesis: BrdU labeling  
daily i.p. injections (200 mg/kg), 6 days 

Behavior: Learning 
Training Morris Water Maze, 5 daily sessions 

Behavior: Memory Neurodegeneration 
Retrieval Morris Water Maze Histological preparation 

Implantation EEG electrode 
Implantation EEG 
electrode and 
microdialysis guide 

Intoxication: EEG and 
acetylcholine levels 

Experiment A 
Acute effects  

Experiment B 
Long-term effects 

Figure 1. Experimental �meline (ver�cal axis) of the two separate experiments performed. The microdialysis 
experiment (A) for determina�on of acute effects is shown at the le� side of the picture. The experimental �meline 
for determina�on of long-term effects is shown at the right side (B). Day 0 at the ver�cal axis represents the day 
of soman intoxica�on. The different experimental stages are defined by the colored blocks and flags. See methods 
sec�on for experimental details. 
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2.4 Surgical procedures
Male Sprague Dawley rats were anaesthe�zed with 2.7 ml/kg FFM-mix (2.5 mg/

ml fluanisone, 0.079 mg/ml fentanyl citrate and 1.25 mg/ml midazolam,) via a single 
i.p. injec�on a�er premedica�on with 0.05 mg/kg atropine sulphate to prevent 
respiratory arrest and 5 mg/kg Rimadyl® (both s.c.) as analgesia. A guide for a 
CMA10 microdialysis probe (CMA, Sweden) was stereotac�cally (KOPF Instruments, 
Tujunga, CA) inserted into the ventral striatum (A 0.5, L 3.0, V 3.0 mm) rela�ve to 
bregma and the dura mater). Addi�onally, two stainless steel screws (A3.0 and P3.0 
mm rela�ve to bregma and 3 mm from the sagi�al suture) placed at the dura mater, 
fixed to a plug, served as EEG electrodes. The microdialysis guide and the electrodes 
were fixed to the skull with dental cement. A hea�ng pad was used to maintain 
body temperature. Post-surgery analgesia with Rimadyl® (5 mg/kg s.c.) con�nued 
for another 2 days.

For the long-term experiments the rats were subjected to similar surgery in 
which stainless steel screws were placed at the dura mater and fixed with dental 
cement, but no microdialysis guide was placed.

Twenty-four hours a�er intoxica�on, rats were subcutaneously implanted for 
4 weeks with Alzet® osmo�c minipumps (Model 2ML4, Durect, Charles River, The 
Netherlands) with a delivery rate of 0.25 μl/hr. They were implanted under isoflurane 
anaesthesia (2-3%) in a subcutaneous pocket on the back of the rat. The dose of 
olanzapine was aimed at 7.5 mg/kg/day per rat, a dose which has been shown to 
lead to op�mal plasma concentra�ons (Kapur et al., 2003, Turrone et al., 2005). To 
this end, olanzapine was dissolved in Milli-Q, acidified with 1% glacial ace�c acid 
in a concentra�on of 37.5 mg/ml. A�er 4 weeks, the pumps were explanted under 
isoflurane anaesthesia, and checked for any residual fluid, which was maximally 200 
µl, poin�ng to an adequate delivery. The content of olanzapine and degrada�on 
products due to hydrolysis in the residual fluid was confirmed by electrospray MS/
MS. The es�mated concentra�on of olanzapine in the residual fluid was 28 mg/ml, 
resul�ng in an es�mated dose of 5 mg/kg/hr at the end of the study.

Pump removal was immediately followed by injec�on of the first BrdU dose (200 
mg/kg i.p.)(Heine et al., 2004). BrdU was dissolved at 20 mg/ml in PBS containing 
50 mM NaOH. In view of the longterm followup and to minimize varia�on, BrdU 
injec�ons were repeated for another 5 days, yielding a total of 6 BrdU injec�ons. 

2.4 Microdialysis procedure
Microdialysate samples were assayed for acetylcholine and choline using a HPLC 

system previously described by Damsma et al. (1987) with some modifica�ons. The 
system consisted of a LC-10AD VP pump (Shimadzu, Den Bosch, The Netherlands), 
a pulse damper (SSI, Alltech, Breda, The Netherlands), a refillable guard column 
(silica pellicular packing material, Alltech, Breda, The Netherlands), an EC 125/2 
Nucleosil 100-5 C18 AB analy�cal column (Aurora Borealis Control, Schoonebeek, 
The Netherlands), preloaded with 0.5% sodium lauryl sulfate, an enzyme reactor, an 
electrically actuated injector (VALCO VICI AG, Schenkon, Switzerland) with a 20 μl 
sample-loop, an DECADE poten�ostate equipped with a VT03 flow cell with Pt work 
electrode (Antec Leyden BV, Hazerswoude, The Netherlands) and a chromatography 
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data acquisi�on system (Azur, Gynkotek, Germering, Germany). The post-column 
enzyme reactor contained immobilized acetylcholinesterase (80 U), which converted 
acetylcholine to choline, and choline oxidase (40 U), which converted choline to 
hydrogen peroxide that was electrochemically detected at + 450 mV. The mobile 
phase consisted of a 166 mM potassium phosphate buffer (pH 8.5) containing 1 mM 
tetramethylammonium chloride, 0.79 mM EDTA and 250 μl/l Kathon CG. The system 
was run at 0.35 ml/min and temperature was maintained at 30 oC. Limit of detec�on 
was 1 pmol/ml. Linear calibra�on curves were obtained in the range from 5 – 1000 
pmol/ml (r > 0.990). The intra-assay coefficients of varia�on for 10 and 100 pmol/ml 
were 2.9 % and 4.1 %, respec�vely. Inter-assay variability could not be determined 
due to variable enzyme ac�vi�es in the post-column reactor between days.

All experiments started between 9 and 10 AM. At the beginning and end of 
each experiment, a 10 nM acetylcholine/ choline calibra�on standard was injected 
in duplicate, and if necessary correc�ons for reduced sensi�vity of the enzyme 
reactor during the experiment were made. The microdialysis probe was perfused 
with a Ringer solu�on at 2.0 µl/min delivered by a microinjec�on pump (CMA 
100, CMA microdialysis AB, Solna, Sweden). To obtain detectable quan��es of 
acetylcholine in the dialysate, 100 nM neos�gmine was added to the perfusate. 
The rat was connected directly to the sample loop, allowing on-line analysis of 
the microdialysates. The injec�on valve was automa�cally ac�vated every 10 min, 
resul�ng in an injec�on volume of 20 µl.

In the experiments for determina�on of acetylcholine accumula�on in the 
striatum, the animals were allowed to recover for a week from surgery. During this 
period, the rats were housed in their home cages with 2 animals per cage. One day 
before soman exposure, they were individually placed in a perspex cage (25 x 25 x 
40 cm) with free access to food and water. The following day, EEG measurements 
were started and a microdialysis probe was slowly lowered into the guide cannula, 
and allowed to stabilize for one hour, a�er which they received HI-6, soman and 
atropine as previously described. The measurement con�nued for 4 hours, a�er 
which the animals were euthanized by decapita�on, allowing collec�on of blood and 
brain �ssue for AChE determina�on. The hemisphere containing the microdialysis 
probe was fixed in 4% formaldehyde to verify probe placement.

2.5 Acetylcholinesterase ac�vity 
Brain parts  (hippocampus and striatum) were homogenized (900 rpm, 10 % w/v 

homogenate) in ice-cold TENT buffer, which consisted of 50 mM Tris, 5 mM EDTA, 
1 M NaCl and 1% v/v Triton X-100, pH 7.4. The homogenates were centrifuged at 
12000 g in an eppendorf centrifuge at 4 oC and supernatants were immediately 
frozen in liquid nitrogen and stored at -20 oC un�l analysis of enzyme ac�vity, within 
one month. Heparinized blood aliquots were 1:10 (v/v) diluted in 1% saponin and 
immediately frozen in liquid nitrogen.

Samples were analyzed for AChE ac�vity using a modifica�on of the method 
by Ellman et al. (1961). Shortly, a�er appropriate dilu�on, 10 µl samples were 
incubated with 0.8 mM 5,5’-dithio-bis-(2-nitrobenzoic acid) (Sigma Aldrich B.V.) 
and 0.8 mM acetylthiocholine iodide. Absorbance at 415 nm was measured directly 
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a�er the addi�on of the acetylthiocholine substrate and 40 minutes later. The 
increase in absorbance per µl homogenate per min at ambient temperature served 
as measurement for AChE ac�vity. 

2.6 EEG acquisi�on and analysis
EEG was obtained using PhysioTel telemetry system from Data Sciences Inc. (DSI) 

using the TA11ETA-F40 transmi�er body. The transmi�er was a�ached to the plug 
fixed on the skull of the rat. A receiver board consolidated and stored the signal 
from the transmi�er on an IBM-compa�ble personal computer via a Data Exchange 
matrix at 100 Hz sampling frequency. A�er storage, the data were converted into 
European Data Format (EDF) and seizure dura�on in the 180 minute evalua�on 
period was determined by visual inspec�on of the EEG trace. Seizures were defined 
as high-frequency spiking, at least 3 �mes eleva�ng form baseline. Animals were 
awake during the measurement.

2.7 Behavior: Morris water maze
To inves�gate behavioral deficits following soman intoxica�on, rats were tested 

for learning ability and memory forma�on in the Morris water maze 8 weeks 
a�er poisoning. The diameter of the container was 2 m, with an invisible Plexiglas 
pla�orm, placed 2 cm below the water surface. Water temperature was 21 oC, 
and figures a�ached to the wall served as visual spa�al clues. The swimming pool 
was divided into 4 imaginary quadrants, of which the one with the pla�orm was 
designated as goal quadrant. All movements of the rats were registered by a video 
camera, and later on digi�zed and analyzed with EthoVision tracking so�ware. 

The Morris water maze test was divided into two phases. The first phase consisted 
of a training period, in which the animals had to learn the posi�on of the pla�orm 
in the bath. The training period lasted for 5 sessions, one session per day. Prior to 
each session, the rat was placed on the pla�orm for 30 seconds, a�er which the 
first trial was started. In each session the rat was tested 4 �mes (trials), in which the 
animal was placed in each quadrant in a random order (similar for all rats). The trial 
lasted un�l the animal had reached the pla�orm or a�er 90 seconds of swimming. 
The �me taken to reach the pla�orm was defined as escape latency. Regardless of 
reaching the pla�orm, the rat was allowed to stay on the pla�orm for 30 seconds 
to establish a cogni�ve map. Acquisi�on performance was expressed cumula�vely 
(Gallistel et al., 2004) and the training curves were fi�ed using a mathema�cal 
model (Y=Ymax*(1-exp(-K*x)) using GraphPad Prism So�ware. Sta�s�cal differences 
between the training curves (Ymax) of experimental groups were tested using one-
way ANOVA followed by Dunnet’s post-hoc test, using the saline-vehicle group as 
control group. 

On the 3rd day a�er the last training session, the spa�al reten�on of the animals 
was measured during a retrieval or probe trial, in which the animals had to swim for 
90 seconds without a pla�orm and the �me spend in each of the pool quadrants 
was recorded. The crossing between two adjacent quadrants served as star�ng 
point. 
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2.8 Histology
2.8.1 Histological prepara�on

Directly a�er comple�ng the retrieval trial, i.e. between 12:00 and 14:00 h the 
animals were sacrificed for histological studies. Under deep sodium pentobarbital 
(Nembutal) anaesthesia the animals were transcardially perfused with 4% freshly 
prepared paraformaldehyde solu�on, a�er washing out blood with heparinized 
saline. A�er perfusion, the fixed animals were stored at 4 oC, and the brains were 
carefully removed form the skull 24 hrs later. The brains were stored at 4 oC in 
dissector buffer (PB) with 0.01% sodium azide, cryo-protected with a two-step 
15% to 30% sucrose solu�on in PB, directly followed by freezing and serial coronal 
sec�oning  on a sliding microtome into 40 µm thick slices and collected in PB with 
azide.

2.8.2 Histopathology and immunohistochemistry
Slices were mounted on Superfrost®Plus glasses (Menzel-Glâser) and Nissl-

stained with 0.25% cresyl-violet, for histological orienta�on. 
To detect BrdU labeling, free-floa�ng slices (40µm) were rinsed extensively 

with 0.1M phosphate buffer (PB) pH 7.4. Endogenous peroxidase ac�vity was 
blocked, using a 0.5% hydrogen-peroxide/PB solu�on. To denature DNA, slices were 
incubated for 2 hours in a 50% formamide/2xSSC solu�on at 65 °C, followed by a 
30 minute incuba�on in 2N HCl at 37°C. Slices were then incubated for 10 minutes 
in 0.1M boric acid pH 8.5. Murine an�-BrdU (Roche Diagnos�cs, The Netherlands) 
was used as a primary an�body diluted 1:1000 in diluens (0.1M PB/0.1% Bovum 
Serum Albumine (BSA) /0.5% Triton X-100/ 1% Normal Goat Serum (NGS) for 1 hour 
at room temperature (RT) and then overnight (ON) at 4°C. Subsequently, sec�ons 
were intermi�ently rinsed with PB and incubated with biotynilated sheep-an� 
mouse IgG second an�body (GE Healthcare UK Limited 1:200). Amplifica�on was 
performed with avidin-bio�n (ABC-kit, Vectastain, Brunschwig Chemie, Amsterdam) 
1:1000 for 2 hours. Labeled cells were visualized with 0,05% 3,3-diaminobenzidine 
tetrahydrochloride (DAB) and 0.01% hydrogen peroxide in 0.05M Tris buffer. 
Sec�ons were mounted on Superfrost®Plus glasses (Menzel-Glâser), counterstained 
with haematoxyline acc. to Ehrlich, rinsed with aqua dest, dehydrated through a 
graded series of alcohol and xylene and coverslipped with Entallan (Merck).

DCX-expressing neurons were visualized as described in Oomen et al. (2007b)  
and Lucassen et al. (2008). In short, sec�ons were rinsed with 0.05M Tris buffer 
and 0.9% saline pH 7.6 (TBS).  A�er blocking endogenous peroxidase ac�vity (0.5% 
hydrogen peroxidase)  and a-specific binding sites (2% milk powder, Campina 
Elk), free floa�ng sec�ons were incubated with polyclonal DCX primary an�body 
(1:1600, Goat Polyclonal IgG, SantaCruz®) in supermix (0.25% gela�ne/0.1% Triton 
X-100/ TBS) for 1 hour at RT and ON at 4 oC. With intermi�ent rinses in 0.05 M TBS, 
sec�ons were subsequently incubated with bio�nylated donkey an�-goat (Jackson, 
1:500) second an�body in supermix for 2 h at RT. Signal amplifica�on was carried 
out for 2 h at RT with ABC complex (1:800). Labeled cells were visualized with 0.05% 
DAB and 0.01% hydrogen peroxide in 0.05M Tris buffer. Slices were then further 
processed for quan�fica�on. 
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2.8.3 Quan�fica�on and stereology
Stereological quan�fica�on of the number of DCX-posi�ve cells was performed 

unilaterally by systema�c random sampling in every 10th sec�on using the 
StereoInves�gator System (Microbrigh�ield, Germany) on a Zeiss Axiophot 
microscope with a 1000x magnifica�on and the op�cal frac�onator probe in the 
so�ware (Oomen et al., 2007a). Cells were counted using a 60µm (X) by 60µm (Y) 
coun�ng frame, a dissector height (Z) of 14µm and upper and lower guard zones 
of 3µm, in a sampling grid of 100x100 µm. Cells were only considered if their cell 
bodies were located within the coun�ng frame or intersected by its inclusion edges 
(top and right edge). DCX cell-numbers were assessed using the following formula: 
Nobj = 1/ssf×1/asf×1/tsf×∑ Q (ssf = sec�on sampling frac�on, asf = area sampling 
frac�on, tsf = thickness sampling frac�on and ∑ Q is the sum of all objects in the 
dissector probe).

Due to restric�ons of the automated sampling process (clustering of cells and 
the rela�ve low number of BrdU posi�ve cells) BrdU cells were counted manually 
on a Zeiss microscope at 200x magnifica�on in every 10th hippocampal sec�on 
and mul�plied by 10 to es�mate the total number of BrdU posi�ve cells. Cells were 
assessed per hippocampal subregions of the hilus, sub-granular zone (SGZ) and 
granular cell layer (GCL), in a stereological approach over the en�re rostrocaudal 
extent of the hippocampus. The SGZ was defined as a two-to- three cell thick layer 
along the inner border between the GCL and the hilus. 

2.8.4 Morphology assessment
In the DCX-stained sec�ons, the prolifera�on stage of the DCX-posi�ve cells was 

assessed according to Plumpe et al. (2006). Groups of cells in the DG were assigned 
to a category of maturity dendri�c morphology, A through F. Category A represents 
cells with no dendrites at all, B short plump processes, both categories represen�ng 
cells in the prolifera�on stage. The intermi�ent stage is characterized by category 
C, cells with medium process, and category D, in which the dendrites of the cells 
reach the molecular layer. The final and post-mito�c stage of newborn neurons is 
represented by category E, cells with one strong dendrite branching in the molecular 
layer and category F, to which cells with delicate branching in the granule cell layer 
were assigned. 

2.9 Data analysis
Data are represented as means +/- SEM. Sta�s�cal analysis was performed 

using one-way ANOVA and followed by Dunnet’s Post-hoc test or two-way ANOVA 
followed by Bonferoni’s post-hoc test whenever appropriate. Data were considered 
significantly different for p-values < 0.05.
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3 Results

3.1 Experiment A: acute effects
Soman poisoning with a dose of approximately 2LD50 (200 μg/kg s.c.) led to a 

very rapid and excessive increase of extracellular ACh levels (1500%) in the brain, in 
spite of pretreatment with a high dose of HI-6 (125 mg/kg i.p.) and post-intoxica�on 
treatment with atropine sulphate (16 mg/kg i.m.) (Fig. 2A). The highest level of ACh 
was reached in about 20 minutes a�er poisoning, a�er which a decline to baseline 
levels occurred in the following 20 minutes. In saline treated animals, no effects on 
ACh levels were observed. Recurrent short-las�ng seizure periods accompanied 
the excessive ACh levels a�er soman intoxica�on, which lasted un�l ACh levels had 
returned to baseline at approximately 40 minutes in most animals (Fig. 2B). It must 
be noted that only one of the animals showed con�nuous seizures, whereas seizures 
had stopped within 40 minutes in all other animals. During this period, animals also 
exhibited typical cholinergic signs, shown as heavy chewing-like movements which 
rapidly evolved into convulsive ac�vity represented by intense jerking of the body. 
The AChE ac�vity in the striatum and hippocampus, measured at 4 hours a�er the 
intoxica�on was inhibited >95%, whereas the AChE ac�vity in blood was inhibited 
to approximately 40% of control values (Fig. 2C).  All animals survived the 4-hour 
period.

Figure 2. A. Extracellular ACh levels in the striatum of rats before and a�er soman poisoning in saline (n=4, open 
dots)- or soman-treated animals (n=5, closed dots). (soman: 200 μg/kg s.c., t=0, pretreatment with 125 mg/kg HI-6 
i.p. at t= -30 min; treatment with 16 mg/kg AS i.m. at t=1 min) are shown. Significant (*, p<0.05, two-way-ANOVA 
followed by Bonferoni’s post-hoc test) eleva�on of ACh levels is present at 10-40 minutes a�er soman intoxica�on.   
B. Seizure dura�on in minutes (mean +/- SEM) of the soman-intoxicated animals synchronized with the 10-
min periods of the ACh sampling. C. Cholinesterase ac�vity at 4 hours a�er poisoning in blood, striatum and 
hippocampus. Soman poisoning induced significant inhibi�on in both blood and brain (* p<0.05, two-way-ANOVA 
followed by Bonferoni’s post-hoc test).
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3.2 Experiment B: long term effects
A dose of 200 μg/kg soman (s.c.) administered 30 minutes a�er a pretreatment 

with HI-6 (125 mg/kg i.p.) and post-treatment with atropine sulphate (16 mg/
kg i.m.) led to overt cholinergic signs and a survival rate of 67% at 24 hours. The 
cholinergic signs appeared within 3 minutes a�er soman injec�on. The convulsive 
ac�vity was accompanied by short-las�ng full-blown seizure periods on the EEG, 
for approximately 30 minutes (Fig. 3B). No differences between animals that were 
treated later with vehicle or olanzapine were present, ensuring a similar star�ng-
point a�er soman for both groups. A�er this period, the animals returned to a 
hyperreac�ve state without convulsions. 

Figure 3. A. Average rela�ve body weight of animals at different �me points during the experiment, for �meline 
see figure 1 (mean +/- SEM). B. The average dura�on of full-blown seizures in soman-poisoned animals (200 μg/kg 
s.c., pretreatment with 125 mg/kg HI-6 i.p. at t= -30 min; treatment with 16 mg/kg AS i.m. at t=1 min. The seizure 
periods are divided into 10-min periods a�er intoxica�on. Note that there are no differences in the seizure dura�ons 
of animals that were later treated with olanzapine or vehicle, ensuring a similar basal condi�on.

Histological evalua�on of the brain 24 hours a�er intoxica�on in a separate group 
of animals showed hardly any signs of gross morphological altera�ons or obvious 
indica�ons for neuropathology. The body weight of this group of animals showed a 
significant decline of approximately 10% at 24 hours a�er soman poisoning, which 
was significantly lower than that of saline-treated animals (Fig. 3A). Within one 
week the soman-intoxicated animals had reached body weights comparable to that 
of saline-treated animals, irrespec�ve of subchronic treatment with olanzapine. 

3.2.1 Morris Water Maze
Acquisi�on in the Morris Water Maze was measured in the 8th week a�er 

soman intoxica�on. The cumula�ve latency per trial is demonstrated in figure 4A 
indica�ng that learning ability of soman-intoxicated animals was affected. The fi�ed 
maximum cumula�ve latency is significantly higher for soman-intoxicated animals 
compared to saline-treated animals (p<0.05, ANOVA followed by Dunne�’s post-
hoc test, saline-vehicle as control group). Subchronic olanzapine had no effect on 
learning ability in saline-treated animas, but it tended to affect the learning ability 
further in soman-intoxicated animals, as Ymax of the soman-olanzapine group was 
significantly higher than that of the soman-vehicle group (p<0.05, ANOVA followed 
by Dunne�’s post-hoc test, soman vehicle as control group). 
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Swim speed and �me spent in the target quadrant during the probe trial in the 
different groups of animals was unaffected (Two way ANOVA, p>0.05, Fig. 4B and 
4C). The animals subchronically treated with olanzapine, showed a trend towards 
a shorter �me spent in the goal quadrant, whereas soman-vehicle-treated animals 
showed a trend towards an increased �me spent in the goal quadrant. This is 
probably caused by a lower swimming speed in the goal quadrant of the soman-
vehicle treated animals than in other quadrants of the pool.

3.3.2 Histology and immunohistochemistry
Nine weeks a�er soman intoxica�on no signs of overt cell loss or obvious 

neuropathology were observed in any of the experimental groups. Subchronic 
olanzapine treatment did not affect the total number of surviving BrdU-labelled 
cells, nor their number in the different subregions of the DG (Fig. 5A and 5B).

Soman-poisoned animals showed a significantly lower number of DCX-labelled 
young neurons in the DG of the hippocampus (p<0.05, ANOVA followed by Dunne�’s 
post-hoc test, saline vehicle as control group, Fig. 5C). Subchronic treatment with 
olanzapine did not affect the number of DCX-posi�ve cells in either saline-treated 
or soman-intoxicated animals (Fig. 5C).

Figure 4. Performance in Morris water maze. A. Average cumula�ve seconds to reach the pla�orm (mean +/- 
SEM). The curves are fi�ed using a mathema�cal model (Y=Ymax*(1-exp(-K*x)) using GraphPad Prism So�ware 
and checked for sta�s�cal differences. Soman-intoxicated animals used significantly more �me to find the pla�orm 
irrespec�ve of subchronic treatment with olanzapine or its vehicle than saline-injected animals (Ymax, one-
way ANOVA followed by Dunne�’s post-hoc test vs saline-vehicle). B. Swim speed and C. Time spent in the maze 
quadrants  during a retrieval trial in the Morris water maze. The colors represent the coloured maze qudrants, of 
which the balck one is the goal quadrant. No significant differences were observed between groups regarding swim 
speed or �me spent in the different maze quadrants (two-way ANOVA).
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Assessment of the morphology of DCX-labelled cells showed no differences 
between the groups in the different developmental stages of individual DCX-
posi�ve neurons. In all groups, over 70% of the cells were found to be in a mature 
post-mito�c stage (E-F), as was clear from their strong dendri�c branching into the 
molecular and granular layer.

Figure 5. A. Es�mated numbers of BrdU-posi�ve cells in DG of rats in the different treatment groups. B. The number 
of BrdU posi�ve cells  in different brain areas. No significant differences between groups were observed in either 
brain area. C. Es�mated numbers of DCX-posi�ve cells in different treatment groups determined by stereological 
quan�fica�on. The number of DCX- posi�ve cells in both soman-intoxicated groups is significantly lower than that 
of saline-treated animals (one-way ANOVA followed by Dunnet’s post-hoc test, p<0.05 compared to saline-vehicle 
exposed animals).
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4 Discussion
A major objec�ve of the present study was to inves�gate long-term effects of 

soman-poisoning on cogni�on. In spite of life-saving treatment with HI-6 and 
atropine, soman intoxica�on led to an excessive ACh accumula�on in the striatum 
which lasted approximately 40 minutes. During this period, there was some 
recurrent seizure ac�vity, which mostly remained limited to the primary stage of 
accumula�on. Without the above treatment, animals generally die during or a�er 
this primary stage of ACh accumula�on (Bueters et al. 2002; van Helden et al. 1998). 
Although we did not measure other neurotransmi�ers, our results are in agreement 
with data reported by Shih and McDonough (1997) showing a cholinergic phase 
that lasted about 40 min, which is followed by a glutamatergic phase characterized 
by recurrent full-blown seizures leading to excitatory amino acid-mediated 
neuronal death. However, in the present study a clear recurrent seizure pa�ern 
in a glutamatergic phase did not occur, because of the therapeu�cally effec�ve 
doses of HI-6 and atropine sulphate used. Similar an�convulsive effects, even with 
lower doses of atropine are reported by Shih et al. (1999). The absence of recurrent 
seizures is in line with our histological data obtained at 24 hours a�er soman 
intoxica�on, indica�ng that hardly, if any, signs of neurodegenera�on were present. 

A�er the primary cholinergic stage, ACh levels returned to control values 
indica�ng a nega�ve feedback on ACh release. The striatum was chosen as 
representa�ve brain area for ACh microdialysis, as this brain area is more sensi�ve 
to ACh accumula�on during AChE inhibi�on than the hippocampus (Joosen and 
van Helden 2007).  As AChE inhibi�on levels do not considerably differ between 
brain areas upon soman poisoning (Shih et al. 2005), which we also found in  the 
present study regarding the striatal and hippocampal AChE ac�vity, significant 
ACh accumula�on in other brain areas, such as the hippocampus, was most likely 
present. Four hours a�er intoxica�on, brain AChE ac�vity was inhibited over 95%, 
and in blood to approximately 40% of basal AChE ac�vity, which can be explained by 
the fact that unlike HI-6, soman easily passes the blood brain barrier. As such, HI-6 
cannot properly reac�vate the inhibited AChE (Kassa and Bajgar 1998). 

Other studies repor�ng poisoning with other an�-cholinesterase agents have 
shown that recovery of inhibited brain AChE ac�vity is rather slow. On average 
the recovery of AChE ac�vity in different brain regions is about 20% per 10 days 
(Abou-Donia et al. 2002; Kobayashi et al. 2007). We therefore predicted that at the 
start of our Morris water maze training, i.e., 50 days post poisoning, AChE would 
have recovered to baseline values in all brain regions. Nevertheless, we observed 
a decrement in learning ability as soman-poisoned and oxime/atropine-treated 
animals needed more �me to learn to find the pla�orm than control animals. The 
la�er finding is consistent with data showing that the current treatments of OP 
poisoning, that consist of reac�va�on of the organophosphate-inhibited enzyme 
with oximes, an�cholinergic treatment with atropine and the an�-epilep�c drug 
diazepam, does not provide complete protec�on of the CNS and may result in long-
term neuronal deficits (Anderson et al. 1997; Dawson 1994; Shih et al. 1999; van 
Helden and Bueters 1999).
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Other inves�gators have shown impaired cogni�on 3 months a�er soman 
poisoning without neurodegenera�on at short term (Filliat et al. 2007). In our study, 
the impaired learning ability in the soman-poisoned animals was accompanied by 
significantly fewer newborn DCX+ neurons compared to saline treated animals. 
Various studies have implicated levels of neurogenesis in structural plas�city and 
hippocampal learning (Gould et al. 1999a; Imayoshi et al. 2008; Kempermann 
2008; Leuner et al. 2004; Shors et al. 2001). As shown by Dupret et al. (Dupret et 
al. 2007; 2008) and Dobrossy et al. (2003), spa�al learning regulates neurogenesis 
in the DG of the hippocampus. Our DCX-staining iden�fies newborn neurons from 
4-14 days of age, and represents new cells from approximately one week before 
the start of training un�l the end of the retrieval trial. Since before the start of 
the training, no differences were observed in the number of BrdU labeled cells 
in the DG of the hippocampus, the survival phase of the new born cells does not 
appear to be affected but rather indicates a shi� in differen�a�on towards less new 
neurons. Although it is temp�ng to speculate that the significantly fewer DCX-+ 
cells in soman-exposed rats may causally relate to the different learning ability, this 
requires further inves�ga�on. The changes in cogni�on and neurogenesis might e.g. 
also relate to the cholinergic dysfunc�oning, as described by Mohapel et al. (2005), 
who have shown that neurogenesis and spa�al memory were both impaired a�er 
lesion of the forebrain cholinergic input. 

A second objec�ve of the present study was to inves�gate whether subchronic 
treatment with olanzapine would s�mulate hippocampal neurogenesis and could 
counteract any cogni�ve deficits. With the present experimental design, we could 
not detect an effect of olanzapine on the number of BrdU-labeled, and hence on 
the survival of the newly born cells. Although other studies have shown s�mula�ng 
effects of subchronic treatment of olanzapine on neurogenesis (Kodama et al. 2004; 
Wakade et al. 2002; Wang et al. 2004), some discrepancies exist with the present 
study. First of all, the first BrdU injec�on was administered a�er termina�on of the 
olanzapine treatment, which implies that at the �me of BrdU incorpora�on into 
DNA, olanzapine was absent. Although olanzapine is likely to affect survival and 
neuronal survival anyway, early s�mulatory effects on the prolifera�ng progenitor 
popula�on are less likely. In the above men�oned previous studies, BrdU was 
injected during olanzapine treatment, which suggests that olanzapine should be 
available during the en�re process of neurogenesis including the early prolifera�on 
phase. The aim of the present study, however, was to s�mulate the en�re process 
of neurogenesis with olanzapine. Another explana�on could be that prolifera�on 
enhancement by olanzapine has remained undetected because the newborn 
neurons did not survive un�l the �me of sacrifice. The la�er possibility seems less 
probable since in other studies 89% of the newborn neurons in the DG promoted by 
olanzapine were NeuN double-posi�ve while these cells were reported to survive 
for at least 28 days (Kodama et al. 2004), a�er which it is unlikely that they will die 
(Dayer et al. 2003; Gould et al. 1999b).

A third ques�on in the present study was whether olanzapine had effects 
on learning ability. As discussed, the lack of effect of olanzapine treatment on 
neurogenesis may parallel the absence of improved learning and memory ability 
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compared to animals not treated with olanzapine. Moreover, both for learning 
ability as well as for memory performance, olanzapine even has a tendency to 
decrease learning and memory ability. This might be explained by reported effects of 
olanzapine on cholinergic pathways, such as inhibi�on of choline acetyltransferase 
(Terry, Jr. et al. 2002; Terry, Jr. and Mahadik 2007),  and an�-muscarinic ac�ons 
(Chew et al. 2006). In soman-poisoned rats, the cholinergic pathway has already 
been affected, which is why an even more pronounced adverse effect of olanzapine 
on learning behavior in soman-poisoned animals could occur. Also, cholinergic 
pathways are involved in the regula�on of neurogenesis and of learning and 
memory (Cooper-Kuhn et al. 2004; Mohapel et al. 2005). 

In conclusion, the present study showed that, in spite of life-saving treatment 
with HI-6 and atropine, an acute soman-intoxica�on led to excessive central 
acetylcholine accumula�on and a las�ng impairment of learning ability which 
was accompanied by a decline in neurogenesis. In the protocol used, subchronic 
olanzapine treatment neither enhanced the process of neurogenesis in the 
hippocampus, nor prevented the cogni�ve deficit. The causal rela�onship between 
impaired neurogenesis and cogni�ve deficits in OP exposed animals should be 
target of future research. 
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