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Abstract

Galantamine, a drug used to treat Alzheimer’s disease, protects guinea pigs against the acute 

toxicity and lethality of organophosphorus (OP) compounds, including soman. Here, we tested the 

hypothesis that a single exposure of guinea pigs to 1xLD50 soman triggers cognitive impairments 

that can be counteracted by galantamine. Thus, animals were injected intramuscularly with saline 

(0.5 ml/kg) or galantamine (8 mg/kg) and 30 min later injected subcutaneously with soman (26.3 

µg/kg) or saline. Cognitive performance was analyzed in the Morris water maze (MWM) four days 

or three months after the soman challenge. Fifty percent of the saline-injected animals that were 

challenged with soman survived with mild-to-moderate signs of acute toxicity that subsided within 

a few hours. These animals showed no learning impairment and no memory retention deficit, when 

training in the MWM started four days post-soman challenge. In contrast, animals presented 

significant learning impairment when testing started three months post-challenge. Though the 

magnitude of the impairment correlated with the severity of the acute toxicity, animals that 

presented no or only mild signs of toxicity were also learning impaired. All guinea pigs that were 

treated with galantamine survived the soman challenge with no signs of acute toxicity and learned 

the MWM task as control animals, regardless of when testing began. Galantamine also prevented 

memory extinction in both saline-and soman-challenged animals. In conclusion, learning 

impairment develops months after a single exposure to 1xLD50 soman, and galantamine prevents 

both the acute toxicity and the delayed cognitive deficits triggered by this OP poison.
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Introduction

Organophosphorus (OP) compounds, including pesticides and the nerve agents soman, sarin 

and VX, are among the most toxic man-made chemicals. Although different OPs interact 

with specific targets in the peripheral and central nervous sytems (Albuquerque et al., 1985), 

their acute toxicity is characterized by overstimulation followed by desensitization of 

cholinergic muscarinic and nicotinic receptors that results in part from the irreversible 

inhibition of acetylcholinesterase (AChE) – the enzyme that hydrolyzes acetylcholine 

(Newmark, 2007).

Some of the nerve agents have been used with catastrophic results in wars and terrorist 

attacks (Coupland and Leins, 2005; Romano and King, 2001). The 1995 terrorist attack with 

sarin in the Tokyo subway is the largest documented exposure of a civilian population to a 

nerve gas. Approximately 95% of the victims who were admitted to hospitals and diagnosed 

as moderately or severely intoxicated were treated intravenously with atropine to block the 

muscarinic receptors and pralidoxime to reactivate OP-inhibited AChE; diazepam was used 

as needed to control the convulsions (Okumura et al., 1996). Extended follow-up studies of 

six months to ten years reported an increased incidence of post-traumatic stress disorder 

(Ohtani et al., 2004) and chronic memory decline (Hood, 2001; Nishiwaki et al., 2001) 

among victims of the sarin attack, suggesting that the approved treatments of OP poisoning 

did not effectively prevent the delayed development of neurological disorders.

Studies from multiple laboratories have successfully identified neurobehavioral deficits in 

rats, guinea pigs, and non-human primates following a single exposure to nerve agents. For 

instance, following low-level inhalation exposure to sarin, rats showed significant 

impairment in spatial discrimination in the Y-Maze (Kassa et al., 2002). In that study the 

levels of sarin were sufficiently low to trigger no or only mild signs of cholinergic 

hyperstimulation. Other studies reported that rats and mice that developed severe signs of 

acute toxicity, including convulsions, following a single subcutaneous (sc) exposure to 

1-1.2xLD50 soman presented acute and delayed cognitive impairments in the Morris water 

maze (MWM) (Filliat et al., 1999, 2007; Raveh et al., 2002). Of particular interest is a report 

that in asymptomatic, soman-challenged mice cognitive deficits could be detected at three 

months, but not one month following the challenge (Filliat et al., 2007).

Reports that the intensity and duration of convulsions in rodents exposed to soman correlate 

with the magnitude of neuropathology scores and behavioral deficits (McDonough and Shih, 

1997; Raveh et al., 2002) suggested that early management of soman-induced convulsions 

would be sufficient to reduce the neuropathology and the accompanying cognitive 

impairments. However, neurodegeneration and the resulting cognitive deficits observed in 

soman-intoxicated rodents can be significantly reduced by therapeutic interventions that, 

although unable to control the seizures, effectively decrease glutamate excitotoxicity (Filliat 

et al., 1999). Identifying an antidote capable of counteracting the delayed neurotoxic effects 
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of an exposure to nerve agents is crucial for management of a population exposed to these 

agents either during military operations or in the event of a terrorist attack.

It is well accepted that guinea pigs are the best non-primate model for predicting the 

effectiveness of antidotal therapies for OP poisoning in humans (Maxwell et al., 1987). We 

have demonstrated that galantamine, a drug approved for treatment of Alzheimer’s disease 

(Corey-Bloom, 2003), effectively counteracts the lethality and the acute toxicity of OPs in 

guinea pigs (Albuquerque et al., 2006). Functional analyses of synaptic transmission and 

plasticity, histological evaluation of neuronal viability, and magnetic resonance imaging 

(MRI) analysis of the structural integrity of the brains of nerve agent-challenged guinea pigs 

subjected to different treatments provided additional evidence that galantamine is an 

effective and safe antidote against the acute toxicity induced by OPs (Alexandrova et al., 

2010; Alkondon et al. 2009; Gullapalli et al., 2010).

The present study was designed to test the hypothesis that a single exposure of guinea pigs 

to soman triggers cognitive deficits that can be prevented by galantamine. To test this 

hypothesis, guinea pigs were tested in the MWM at four days or three months after their 

challenge with 1xLD50 soman and/or treatment with galantamine. Earlier studies have 

reported that AChE activity is quickly inhibited in guinea pigs injected with 1xLD50 soman 

(Lintern et al., 1998; Shih et al., 2005). Recovery of the enzyme activity is very slow and 

seven days following the soman challenge AChE activity remains significantly inhibited in 

some brain regions of guinea pigs (Lintern et al., 1998). Thus, studying the guinea pigs four 

days and three months after the initial soman challenge is essential to delineate the 

contribution of AChE inhibition to behavioral deficits induced by the nerve agent. The 

MWM, which was originally developed to assess spatial learning in rats (Morris, 1984), has 

proven to be a valuable task to assess spatial behavior, learning, and memory processes in 

guinea pigs (Byrnes et al., 2004; de Groot et al., 2001; Dringenberg et al., 2001; Filliat et al., 

2002; Lewejohann et al., 2010). The results presented here strongly support the hypothesis 

and demonstrate that galantamine is a highly effective medical countermeasure to prevent 

the delayed learning impairment that develops as a result of an acute exposure to soman.

Material and methods

Animal care and treatments

Female Hartley guinea pigs [Crl(HA)Br; Charles River Laboratories, Wilmington, MA] 

were housed in groups of four in stainless steel cages (60 × 60 × 25 cm) in a climate 

controlled animal-care facility (21 ± 0.5°C; 12-h light/dark cycle). Animals were 30–33 days 

old on arrival, and were acclimated for at least 48 h before any treatment. Food and water 

was available ad libitum. All investigators complied with the regulations and standards of the 

Animal Welfare Act and adhered to the principles of the Guide for the Care and Use of 

Laboratory Animals (Institute of Laboratory Animal Resources, 1996).

Guinea pigs received an intramuscular (im) injection of saline (0.9% NaCl) or galantamine 

(8 mg/kg) in one hind limb 30 min before they were injected subcutaneously with 1xLD50 

soman (26.3 µg/kg) or saline between the shoulder blades. This dose of galantamine prevents 

the acute toxicity of 1xLD50 soman and is well tolerated by guinea pigs (Aracava et al., 
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2009; Gullapalli et al., 2010). Disposable tuberculin syringes with 26-gauge needles were 

used. Sterile saline was used to dissolve galantamine and to dilute the stock solution of 

soman (1.8–1.9 mg/ml). Injection volumes did not exceed 0.5 ml/kg.

Guinea pigs were monitored every 15 min during the first 2 h after the treatments, hourly 

during the next 6 h, and daily subsequently. Gross behavior and body weight were recorded 

daily. Acute reactions to treatments were scored according to a modified Racine scale 

(Aracava et al., 2009) as described in Results. The experimenter who performed the 

behavioral tests and analyzed the data was blind to the severity of the acute toxicity. Animals 

were euthanized according to the protocol approved by the Institutional Animal Care and 

Use Committee (IACUC) as soon as they developed life-threatening signs of intoxication, 

including gasping and unremitting motor convulsions.

Chemicals

Stock solution of soman (1.88–1.9 mg/ml) was obtained from the US Army Edgewood 

Chemical Biological Center via an agreement with the United States Army Medical 

Research Institute of Chemical Defense. Soman was stored, handled, and disposed 

according to the regulations set forth by the Institute. Galantamine.HBr was generously 

provided by Dr. Alfred Maelicke (Galantos Pharma, Mainz, Germany). The systematic 

names of the chemicals used are: (i) soman – methylphosphonofluoridic acid 1,2,2-

trimethylpropyl ester, and (ii) galantamine – (4aS,6R,8aS)-5,6,9,10,11,12-hexahydro-3-

methoxy-11-methyl-4aH-[1]benzofuro[3a,3,2-ef] [2] benzazepin-6-ol.

Apparatus

The water maze consisted of a large grey galvanized metal circular tank (180-cm diameter; 

60-cm tall) filled with tap water to a depth of 38 cm. Water was made opaque with non-toxic 

black tempera paint. The pool was located in a room with distinct three-dimensional distal 

cues that aided orientation. It was divided virtually into four quadrants (N, S, E, W). A black 

circular (20-cm diameter) escape platform was submerged (hidden) in the center of one of 

the quadrants. The platform consisted of two levels, which were designed to provide 

comfortable escape from water for guinea pigs, which are known to have difficulties with 

climbing on the platform (Filliat et al., 2002). The outer level, a 3.75-cm diameter strip, was 

located 2 cm below the center of the platform. Both platform levels had circular groves 4-

mm deep. The central platform level was submerged 3 cm below the water surface.

A video camera was mounted on the ceiling right above the center of the pool to capture 

images of the swimming animals. The video input of the camera was relayed to an online 

computer system running the video-tracking Any-Maze software (Stoelting Co, Wood Dale, 

IL). A curtain separated the pool from the computer system.

Behavioral testing

Training in the MWM started either four days or three months after the treatments (Figure 

1A). In tests that started four days after treatments, training consisted of four consecutive 

trials per day during five days. In tests that started three months after the treatments, training 
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lasted six days, primarily due to the slower learning of the adult animals compared to the 

younger, pre-pubertal guinea pigs. All tests were conducted between 11 AM and 4 PM.

On each training day, guinea pigs were transported to the drying room next to the testing 

room and allowed to acclimate for at least 2 h prior to testing. The hidden escape platform 

remained in the same position during the acquisition phase of the task.

As shown in a previous study (Wilber, 1959), water temperatures in the ranges of 28–40°C 

and 28–35°C maximize the swimming performance of guinea pigs weighing approximately 

400 g and 1000 g, respectively. In addition, mean body temperature of guinea pigs has been 

reported to decrease less than 0.5°C following 5-min forced swimming in water maintained 

at 30 ± 1°C (Wicke et al., 2007). In the present study, water temperature on the first day of 

training was 30 ± 0.25°C, as in Filliat et al. (2002), and was decreased 1°C each subsequent 

day. On the fifth training day and during the probe and the platform relocation tests, the 

water temperature was 26 ± 0.25°C. This experimental design provided the animals comfort 

of swimming as well as motivation for platform searching, while preventing excessive loss 

of body heat.

On the first training day, prior to the first trial, each animal was placed onto the submerged 

platform for 15 s, after which time they were placed into a cage adjacent to the maze for 10–

15 s prior to starting the first training trial. On each training day, animals received four 

consecutive swimming trials interspaced by placing them into the waiting cage for 10–15 s. 

Each trial was started by placing an animal into the water facing the wall, with the start 

locations varying pseudorandomly (N, S, E, or W). The animals were allowed a maximum 

of 90 s to locate and mount the hidden escape platform. After mounting the platform, the 

animal was allowed to remain on it for 15 s before beginning of the next trial. Animals that 

were unsuccessful in locating the platform within 90 s were guided there by the 

experimenter. After finishing the block of four trials, guinea pigs were placed in a cage with 

paper bedding under a ceramic infrared heating lamp until completely dry. When completely 

dried, they were transported back to their homeroom.

The acquisition phase was followed by two probe trials to test memory retention (Figure 

1A). The first trial was performed 24 h and the second, three weeks after the training. 

During the probe trial, the platform was removed and animals were allowed to freely explore 

the pool for 90 s. One hour after the first probe test, the platform was reinstalled in the same 

position as that used during the acquisition phase and the animals received one additional 

training trial. They were then dried as described above and transported back to their 

homeroom for three weeks, after which time the second probe test was performed.

Twenty four h following the second probe test, animals were trained for three consecutive 

days to find a different platform position per day (Figure 1A). The 4-trial/day training 

procedure was the same as that described for the acquisition phase and started each day by 

placing the animals on the platform for 15 s before the first trial. On the first day, the 

platform was positioned in the center of the quadrant opposite to that of the platform during 

the acquisition phase. On the second day, the platform was placed in the center of the 

quadrant adjacent to both previous locations. Finally, on the third day, the platform was 
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placed in the center of the quadrant opposite to that where the platform was in the second 

day.

Behavioral data acquisition and analysis

Data was collected and analyzed using the Any-Maze software. The software was set to turn 

off tracking at either 90 s after the beginning of each trial or when the animal stopped on the 

platform for at least 2 s. The minimum period of time on the platform was used because 

guinea pigs very often crossed the platform without stopping or immediately escaped from 

it. If they stopped on the platform for at least 2 s, they rarely escaped it.

Dependent measures of performance during the acquisition phase and the training to 

relocated platforms included escape latency (time it took for guinea pigs to escape onto the 

hidden platform) and distance traveled. During the probe tests, number of crossings of the 

target platform was compared to crossing of areas equal to the platform area that were 

virtually positioned in the center of non-training quadrants. These areas are designated as 

virtual platform positions. The same type of comparison was performed for an extended 

platform area referred to as annulus-40, i.e. the 40-cm diameter area around the center of the 

quadrant (Markowska et al., 1993). Such comparison allows excluding the possibility that 

number of platform crossings relates to the pattern of swimming rather than to the 

preference of the training site. A schematic representation of the different areas of the water 

maze is presented in Figure 1B.

The effects of galantamine and soman on the performance of the animals were examined 

using a two-way repeated measures analysis of variance (ANOVA) with pretreatment 

(galantamine or saline) and challenge (soman or saline) as between-animal factors, and 

training day, quadrant position, platform position, or annulus-40 position as a repeated 

measure factor. Whenever interactions between the repeated measure factor and pretreatment 

or challenge were significant, one-way ANOVA followed by Fisher’s LSD post-hoc test was 

performed to evaluate differences between experimental groups. One-way ANOVA followed 

by Dunnett’s post-hoc test was used to compare preference to training vs. non-training 

quadrant, platform position, or annulus-40 position. Statistical analyses were done using the 

SPSS software (SPSS Inc., Chicago, IL).

Fluoro Jade-B staining of guinea pig brain slices

Guinea pigs were injected with saline (0.5 ml/kg) or galantamine (8 mg/kg) intramuscularly. 

Thirty minutes later guinea pigs were subcutaneously injected with saline or 1xLD50 soman. 

Two days after the injections, animals were anesthetized with ketamine (75 mg/kg, ip) and 

perfused with 300 ml of 0.1 M phosphate-buffered 10% formalin via the ascending aorta, 

while clamping the descending aorta. Their brains were removed post-fixed overnight in 

10% formalin, cryoprotected in 30% sucrose, and frozen in −75°C isopentane. Frozen brains 

were cut in 20-µm thick slices, which were post-fixed with freshly prepared 4% 

paraformaldehyde in phosphate-buffered saline, dehydrated in 70% and 100% alcohol and 

stored at −80°C until further processing. On the day of the staining, slides were thawed to 

−20°C, then to 4°C, and finally allowed to thaw further in ice-cold 100% ethanol for 5 min. 

This was followed by three washes in 70% ethanol, 50% ethanol, and water, each for 1 min. 
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The slides were subsequently washed in PBS and water for 3 min each. The slides were 

immersed in 0.06% potassium permanganate solution for 15 min on a rotating platform, 

rinsed in water for 1 min, and finally transferred to the Fluoro Jade-B staining solution for 

30 min, gently shaking in the dark. The staining solution was prepared from a 0.01% stock 

solution of Fluoro Jade-B (Chemicon, Temecula, CA) that was made by dissolving 10 mg of 

the dye powder in 100 ml of distilled water. To make up 100 ml of staining solution, 4 ml of 

the stock solution was added to 96 ml of 0.1% acetic acid vehicle. This results in a final dye 

concentration of 0.0004%. The stock solution, when stored in the refrigerator, was stable for 

3 months, whereas the staining solution was prepared within 15 min of use and was not 

reused.

Slides were rinsed with water, dried on a slide warmer (50°C), immersed in xylene, and 

cover slipped with Cytoseal® mounting media (Richard Allan Scientific, Kalamazoo, MI). 

Slides were imaged with a Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ 

camera controlled by NIS-Elements BR 3.0 SP4 software (Nikon Instruments Inc., Melville, 

NY). The fluorescence intensity was visualized using a fluorescein isothiocyanate filter set 

(Excitation: 465 nm; Emission: 520 nm). All imaging was done at room temperature and 

files saved as jpeg format with each field subjected to ‘auto-white balance’ before capturing, 

with no other manipulation.

Results

Acute signs of intoxication presented by guinea pigs challenged with 1xLD50 soman

The modified Racine scale described in Aracava et al. (2009) was used to define 

qualitatively the severity of the acute signs of intoxication presented by guinea pigs that 

were challenged with 1xLD50 soman (26.5 µg/kg, sc). Animals in stage 0–1, 2–3, and 4–5 

(see Table 1) were considered mildly, moderately, and severely intoxicated, respectively. In 

animals that reached stages 0–3, signs of acute intoxication were not life-threatening and 

subsided within a few hours after the soman challenge. In the present study, animals were 

euthanized according to the IACUC-approved protocol as soon as they reached stages 4–5 

because, in more than 80% of these animals, signs of acute toxicity quickly become life-

threatening (Alexandrova et al., 2010). Twenty six out of the 50 soman-injected guinea pigs 

presented signs of acute toxicity that did not advance beyond stage 3 and were tested 

behaviorally at four days or three months after the injection of the nerve agent.

Guinea pigs that were treated with galantamine (8 mg/kg, im) and 30 min later injected with 

saline (0.5 ml/kg, sc) or 1xLD50 soman survived with no apparent signs of acute toxicity. As 

in other studies (Alexandrova et al., 2010; Aracava et al., 2009; Gullapalli et al., 2010), daily 

weight gain and gross behavior of galantamine-treated animals were comparable to those of 

control animals (data not shown).

Acquisition of the MWM task four days after the injections of guinea pigs with galantamine 
and/or soman

All guinea pigs learned to find the hidden platform and escape onto it during the acquisition 

phase of the MWM task when training began four days after their treatments (Figure 2A). 
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Escape latency decreased with the training days, and all animals reached a near-asymptotic 

level of performance, with latencies of approximately 20–24 s between days three and five 

of training (Figure 2A). Two-way repeated measures ANOVA with pre-treatment 

(galantamine or saline) and challenge (soman or saline) as between animal factors and 

training day as the repeated measure showed significant main effect of the training day on 

both escape latency [F(4,164) = 122.81, p < 0.001] and distance travelled [F(4,164) = 55.41, 

p < 0.001] (Figure 2A, 2B). Pre-treatment and challenge had no significant main effect on 

escape latency or distance travelled. In addition, there were no significant interactions 

between these two factors and the training day (Figure 2A, 2B).

Swimming speed was not affected by the treatments. The mean swimming speed of all 

animals increased between days one and two of training, and remained constant thereafter 

(see Table 2).

Memory retention of animals that had been challenged with soman and/or treated with 
galantamine four days before the acquisition phase of the MWM task

Spatial memory retention was assessed during two probe tests. In these tests, the escape 

platform was removed from the pool and the animals were allowed to swim freely for 90 s, 

as described in Materials and methods.

The first probe test was performed 24 h after the last training session. One-way ANOVA 

followed by Dunnett’s post-hoc test revealed that, despite their treatment (saline or 

galantamine) and challenge (soman or saline), all animals expressed bias toward the target 

quadrant, i.e. the quadrant where the training platform was positioned during the acquisition 

phase. Similar to saline/saline-injected animals, all tested animals spent more time (Figure 

3A) and swum longer distances (data not shown) in the target quadrant than in the other 

quadrants. Two-way repeated measures ANOVA with pre-treatment (galantamine or saline) 

and challenge (soman or saline) as between animal factors and quadrant position as the 

repeated measure revealed a significant main effect of the quadrant position [F(3,123) = 

22.01, p < 0.001] on time spent in the quadrants. There were no significant main effects of 

pre-treatment and/or challenge and no significant interactions of the factors.

To further examine accuracy of performance during the first probe test, number of crossings 

of the target platform area positioned in the center of the training quadrant was compared 

with crossing of equivalent areas virtually positioned in the center of non-training quadrants 

(virtual platform positions). One-way ANOVA followed by Dunnett’s post-hoc test showed 

that despite of their treatment and/or challenge, all animals showed bias toward crossing the 

target platform area in the center of the training quadrant (Figure 3A). Two-way repeated 

measures ANOVA revealed significant main effect of the platform position [F(3,96) = 23.9, 

p < 0.001], but no significant main effect of pre-treatment and challenge, in addition to no 

significant interactions of the factors.

The second probe test was performed three weeks after the acquisition of the MWM task. In 

this test, none of the experimental groups showed spatial bias toward the training quadrant 

(Figure 3B). However, one-way ANOVA followed by Dunnett’s post-hoc test indicated that 

all galantamine-pretreated animals showed spatial bias expressed as crossing of the target 
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platform position (Figure 3B). Two-way repeated measures ANOVA revealed a significant 

main effect of pre-treatment (galantamine or saline) [F(1,41) = 6.7, p < 0.05] and platform 

position [F(3,123) = 8.2, p < 0.001], in addition to a significant pre-treatment × platform 

position interaction [F(3,123) = 4.44, p < 0.05]. One-way ANOVA followed by Fisher’s 

post-hoc test showed that guinea pigs injected with galantamine prior to the challenge with 

saline or soman crossed the target platform position significantly more times than saline/

saline-injected (control) and saline/soman-injected animals (Figure 3B).

To further assess the accuracy of the performance of the animals in the second probe test, the 

distance traveled in a 40-cm-diameter zone around the center of the quadrants (annulus-40; 

Markowska at al., 1993) was analyzed. One-way ANOVA followed by Dunnett’s post-hoc 

test confirmed that all galantamine-pretreated animals showed spatial bias toward the area 

that included the target platform position (Figure 3B). Two-way repeated measures ANOVA 

revealed significant main effect of the annulus-40 position [F(3,123) = 4.47, p < 0.01] and 

significant pre-treatment × annulus-40 position interaction [F (3,123) = 3.87, p < 0.05]. One-

way ANOVA followed by Fisher’s post-hoc comparison indicated that guinea pigs treated 

with galantamine and subsequently injected with saline or soman travelled significantly 

longer distances in the target annulus-40 area than did control and saline/soman-injected 

animals (Figure 3B). Therefore, the second probe test demonstrated that galantamine given 

alone or as a pre-treatment to the soman challenge has long-lasting effects on memory 

retention.

After the second probe test, the guinea pigs were required to learn to find the platform 

positioned in the quadrant opposite to the training quadrant, as described in Materials and 
Methods. During this training to the new platform position, there was no significant main 

effect of pre-treatment and challenge on the escape latency [F (3,43) = 1.08, p = 0.39] or 

distance traveled [F (3,43) = 1.03, p = 0.39] (Figure 1). There were also no significant 

interactions between the factors.

Acquisition of the MWM task three months after a single challenge with 1xLD50 soman 
and/or pre-treatment with galantamine

A second set of MWM-naïve animals was trained in the MWM three months after they were 

injected with saline or galantamine and subsequently challenged with soman or saline. At 

this time, guinea pigs were slightly over four months old. None of the animals showed 

deficiency in their swimming ability. On the third day of training, all 4-month old animals 

reached swimming speeds that were comparable to those of younger guinea pigs on the 

second training day (Table 2). However, 4-month old animals did not climb onto the 

platform as easily as the prepubertal (~40-day-old) animals. The larger size of the 4-month 

old compared to the prepubertal animals (700–900 g vs. 400–450 g) may have contributed to 

the problem with climbing and to the slower task acquisition of the older animals.

As with the younger animals, escape latency decreased with the training days. All 4-month 

old guinea pigs reached a near-asymptotic level of performance between days four and six of 

training, with mean escape latencies in the range of 30–35 s (for animals that had received 

three months earlier injections of saline/saline, galantamine/saline, or galantamine/soman) 
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and 60–65 s (for groups that had been injected three months earlier with saline/soman) 

(Figure 4A).

Two-way repeated measures ANOVA with pre-treatment (galantamine or saline) and 

challenge (soman or saline) as between animal factors and training day as the repeated 

measure showed significant main effects of training day [F(5,150) = 91.94, p < 0.001] and 

challenge F(1,30) = 5.96, p < 0.001] on escape latency (Figure 4A). The analysis also 

revealed the following significant interactions: pre-treatment × challenge [F(1,30) = 12.83, p 

< 0.01], challenge × training day [F(5,150) = 2.52, p < 0.05], and pre-treatment × challenge 

× training day [F(5,150) = 2.79, p < 0.05]. There was a significant main effect of training 

day [F(5,150) = 118.47, p < 0.001] and a significant pre-treatment × challenge interaction 

[F(1,30) = 2.79, p < 0.05] on traveled distance. One-way ANOVA comparison of individual 

means for each day of training followed by Fisher’s LSD test revealed that animals that had 

been injected three months earlier with saline followed by soman did not learn the task as 

effectively as control animals (Figures 4A, 4B). Two of the eleven saline/soman-injected 

guinea pigs were unable to learn the task during the 6-day acquisition phase; based on our 

experience with such OP-exposed animals, it can take them more than two weeks to learn 

the task.

The learning curve of galantamine/soman-injected animals was similar to that of control 

(saline/saline-injected animals); escape latency and distance traveled for galantamine/

soman-injected animals were not significantly different from control (Figures 4A, 4B). The 

learning curve of galantamine/saline-injected guinea pigs was also comparable to control 

(Figure 4A, 4B). Exception is made to the second day of the training, when animals that had 

been injected with galantamine/saline were locating the platform more slowly than control 

animals (Figure 4A).

To reveal the nature of the learning impairment induced by soman and the learning delay of 

animals that had been treated with galantamine, we analyzed time and distance travelled in 

the wall zone. Swimming close to the wall is a natural defensive behavior referred to as 

thigmotaxis (Simon et al, 1994; Treit and Fundytus, 1988). To estimate thigmotactic 

behavior, for each trial, time spent in the wall zone was expressed as a percentage of the 

escape latency, and distance in the wall zone was expressed as a percentage of the total 

distance traveled.

Two-way repeated measures ANOVA revealed that the thigmotactic behavior of all animals 

decreased over the course of training, reaching near-asymptotic levels between training days 

four and six (Figures 5A, 5B). There were significant main effects of training day on both 

time [F(5,150) = 83.5, p < 0.001] and distance [F(5,150) = 51.22, p < 0.001] swum in the 

wall zone. There were also significant main effects of pre-treatment [F(1,30) = 6.57, p < 

0.05] and challenge [F(1,30) = 4.75, p < 0.05], in addition to a significant pre-treatment × 

challenge interaction [F(1,30) = 7.43, p < 0.05] on the distance the animals swam in the wall 

zone (Figure 5B). Although there were no significant main effects of pre-treatment and 

challenge on the time spent on the wall zone ([F(1,30) = 2.61, p = 0.117] and [F(1,30) = 3.4, 

p = 0.075], respectively), there was a significant pre-treatment × challenge interaction 

[F(1,30) = 4.46, p < 0.05]. Time and distance traveled in wall zone were significantly longer 
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for animals that had been injected with saline/soman three months earlier than for control 

animals (p < 0.05 for most training days; Figure 5A, 5B). Thigmotactic behavior of animals 

that had been injected with galantamine/saline or galantamine/soman was not significantly 

different from that of controls (Figure 5A, 5B).

Probe tests and training to relocated platforms for animals that had been challenged with 
soman and/or treated with galantamine three months before the acquisition phase of the 
MWM task

The first probe test was performed 24 h after the last training of the acquisition phase 

performed three months after the injections. Two saline/soman-challenged guinea pigs that 

showed no progress in platform searching and stayed swimming close to the wall during the 

6-day acquisition phase were excluded from the probe tests.

Two-way repeated measures ANOVA with pre-treatment and challenge as between animal 

factors and quadrant position as the repeated measure revealed no significant main effect of 

pre-treatment and challenge and no significant interaction between the factors on time in the 

quadrants. There was, however, a significant main effect of the quadrant position [F(3,84) = 

3.48, p < 0.05] on time spent in the quadrants. Only animals that had been pre-treated with 

galantamine and challenged with soman spent more time in the training quadrant (p < 0.05, 

Dunnett’s post-hoc test) (Figure 6A).

When platform position was used as the repeated measure, ANOVA revealed no significant 

main effect of pre-treatment and challenge on number of crossings of platform areas 

virtually positioned in the center of the quadrants. There was, however, a significant main 

effect of the platform position [F(3,84) = 11.01, p < 0.001] and a significant pre-treatment × 

challenge × platform position interaction [F(3,84) = 3.68, p < 0.05]. Control animals showed 

significant bias toward the training platform area only when compared to the virtual platform 

area in the quadrant opposite to the training quadrant (p < 0.05, Dunnett’s post-hoc test) 

(Figure 6A). Soman-challenged guinea pigs that had been pre-treated with galantamine 

showed preference to the training platform area vs. any of the virtual platform areas (p < 

0.05, Dunnett’s post-hoc test) (Figure 6A).

During the second probe trial, performed three weeks after the first, there was no significant 

main effect of quadrant position, challenge or pre-treatment and no significant interactions 

among these factors (Figure 6B). However, analysis of number of crossings of platform 

areas virtually positioned in the center of the quadrants revealed significant main effect of 

position of the areas [F(3,84) = 2.8, p < 0.05]. Again, spatial bias was present only in the 

group of animals that had been treated with galantamine before the soman challenge. These 

animals showed preference to crossing the platform area in the center of the training 

quadrant vs. the platform area in the center of the opposite quadrant (p < 0.05, Dunnett’s 

post-hoc test) (Figure 6B).

A series of trainings to three different platform positions was completed after the second 

probe trial to further evaluate spatial navigation of animals. The two soman-challenged 

animals that did not learn how to escape onto the platform during the 6-day acquisition 

phase of the task were excluded from the training to relocated platforms. Two-way repeated 
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measures ANOVA of escape latency (Figure 7A) and distance traveled (Figure 7B) with pre-

treatment and challenge as between animal factors, and reversal training day as the repeated 

measure revealed no significant main effect and no significant interaction of the factors. 

These results suggest that the learning impairment observed during the acquisition phase of 

the MWM task performed three months after the exposure to soman was more likely due to 

procedural learning impairment, rather than deficits in spatial navigation.

Correlation between the severity of the acute toxicity induced by soman and the 
magnitude of the learning impairment detected three months after the soman injection

The qualitative scores of acute toxicity presented by the animals soon after their exposure to 

1xLD50 soman were plotted against the mean escape latency during the acquisition phase of 

the MWM task (Figure 8A). The mean escape latency was taken as a learning index; the 

longer the latency was, the more learning impaired the animals were. A Pearson correlation 

analysis revealed no significant correlation between the severity of the acute toxicity and the 

learning index of guinea pigs tested four days after their exposure to soman (r2 = 0.14, p = 

0.16). In contrast, there was a positive correlation between the severity of the acute signs of 

intoxication and the learning index of guinea pigs tested three months post-soman challenge 

(r2 = 0.51, p = 0.014). Thus, the more severe the signs of acute intoxication were, the larger 

the magnitude of the learning impairment was. However, when compared to control animals, 

guinea pigs that had been considered mildly intoxicated (scores 0–1) still showed some 

degree of learning impairment three months after the soman challenge (Figure 8B).

Fluoro Jade-B staining of the brains of saline- or galantamine-pretreated guinea pigs that 
are subsequently exposed to soman

Guinea pigs were injected with saline (0.5 ml/kg, im) or galantamine (8 mg/kg, im) and 

thirty min later with soman (1xLD50, sc). The brains of saline/soman-injected guinea pigs 

classified as mildly to moderately intoxicated and of all galantamine/soman-injected guinea 

pigs were processed 48 h later for Fluoro Jade-B staining as described in Materials and 

methods. Fluoro-Jade B is known as a high-affinity fluorescent marker for localization of 

neurodegeneration during acute neuronal distress (Schmued and Hopkins, 2000). As shown 

in Figure 9A, large numbers of Fluoro Jade-B-positive cells were detected in the pyriform 

cortex, amygdala, and striatum of a guinea pig that scored 2 in the modified Racine scale 

following the injection of 1xLD50 soman. Only few Fluoro Jade-B-positive neurons were 

seen in the CA1 field of the hippocampus (Figure 9A) and no labeled neuron was visualized 

in the CA3 field of the hippocampus or in the dendate gyrus of this animal. As shown in 

Figure 9B, pre-treatment with galantamine prevented the soman-induced neurodegeneration. 

Fluoro Jade-B-positive neurons were not seen in the brains of galantamine/soman-injected 

animals.

Discussion

The present study demonstrates that guinea pigs considered mildly to moderately intoxicated 

when challenged with 1xLD50 soman present learning impairment in the MWM task three 

months after the challenge, despite the fact that neurodegeneration is detectable as early as 

48 h following the challenge.. Evidence is also provided that pre-treatment with a clinically 
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relevant dose of galantamine effectively counteracts the soman-induced neurodegeneration 

and cognitive deficits. Mechanisms that contribute to the deleterious effects of soman and 

the effectiveness of galantamine are discussed herein.

Delayed cognitive impairment induced by a single exposure to soman may be accounted 
for by deficits in procedural learning

While four days after presenting mild-to-moderate signs of acute toxicity when injected with 

1xLD50 soman guinea pigs learned the MWM task as well as did control animals, three 

months later soman-injected animals were learning impaired when compared to controls. 

These findings are in agreement with previous reports that immediate cognitive impairments 

are evident only in rodents that experience severe signs of acute toxicity, particularly 

prolonged convulsions, when exposed to 1-1.2xLD50 soman (Filliat et al., 1999, 2007).

There are two learning components in the classical version of the MWM that uses a hidden 

platform and extra-maze distal cues (reviewed in Izquierdo et al., 2006). During the 

procedural learning of the task, animals learn to swim in order to escape onto the hidden 

platform. During the spatial learning, animals learn to use the extra-maze cues to guide 

themselves toward the platform. Procedural and spatial learning are heavily dependent on 

the functional integrity of the striatum (McDonald and White, 1994; Packard and McGaugh 

1992) and the hippocampus (Morris et al., 1986), respectively, and are modulated by the 

amygdala (Packard et al., 1994) and thalamic nuclei (Cain et al., 2006). Anterior thalamic 

nuclei contain a large population of cells that control head direction (Taube, 1995), which 

appears to be important for acquisition of efficient strategies to navigate in novel 

environments. In fact, lesions that damage thalamic nuclei of water maze-naïve rats increase 

thigmotactic behavior and impair learning of the classical version of the MWM task, while 

having no significant effect on a purely procedural version of the task (Cain et al., 2006).

The findings that, three months after their exposure to soman, guinea pigs performed as well 

as control animals in the probe test and in learning to find the platform relocated to different 

quadrants suggest that their learning impairment during the acquisition phase was due to 

deficits in procedural, rather than spatial learning. The limited neurodegeneration seen in the 

hippocampi of guinea pigs that presented mild-to-moderate signs of intoxication when 

challenged with 1xLD50 soman is in line with the finding that hippocampal-dependent 

spatial learning is not impaired by the nerve agent.

A recent magnetic resonance imaging study reported time-dependent increases in T2-

weighted signal intensities in the thalamus of soman (1xLD50)-challenged guinea pigs that 

showed signs of acute toxicity ranging from 0 to 3 in the modified Racine scale (Gullapalli 

et al., 2010). The increase in T2-weighted signal intensity, which is suggestive of 

extracellular edema (Gröhn et al., 1998), reached significance by seven days after the soman 

challenge. Thus, it is tempting to speculate that progressive damage to the thalamus 

contributed to the learning impairment observed months after animals showed mild-to-

moderate signs of acute toxicity when exposed to soman. The involvement of the striatum 

and other brain regions on the soman-induced learning impairment cannot be ruled out, 

however, particularly in light of the large numbers of Fluoro Jade-B-positive neurons 

detected in the striatum, amygdala, and other cerebral cortical regions of guinea pigs 48 h 
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after their challenge with 1xLD50 soman. It is likely that the early neurodegeneration 

induced by the nerve agent leads to time-dependent aberrant remodeling of the neuronal 

circuitries that, in turn, contributes to the development of cognitive deficits.

Thigmotaxis is known to inhibit acquisition of spatial relationships of contextual cues, and, 

thereby, impair performance in the MWM (Acheson et al., 2011; Kallai et al., 2005). 

Although typically considered a measure of anxiety (Simon et al, 1994; Treit and Fundytus, 

1988), thigmotaxis in the MWM can be seen in the absence of anxiety-related behavior in 

the open field. Specifically, striatal lesions trigger thigmotactic behavior in the MWM, 

without inducing anxiety-related behavior in the open field (Devan et al., 1999). Thus, it 

remains to be determined whether thigmotactic behavior of soman-exposed animals in the 

MWM, which can contribute to the learning impairment presented by the animals, is a result 

of the recently reported anxiety-inducing effect of the nerve agent (Mamczarz et al., 2010).

The severity of acute toxicity induced by soman correlated positively with the magnitude of 

the delayed learning impairment. This finding is in agreement with other reports that rodents 

exhibiting severe signs of acute toxicity after a single exposure to soman have impaired 

cognitive performance in the MWM (Filliat et al., 1999). However, in the current study, 

guinea pigs that exhibited very mild or no signs of acute toxicity still presented learning 

deficits three months after the initial challenge with 1xLD50 soman. Another study 

examined the MWM performance of male guinea pigs at seven days and three months after 

they had been injected once a day for ten days with a non-convulsant dose of soman 

(0.4xLD50) (Johnson et al., 2008). In that study, soman-exposed animals showed neither 

immediate nor delayed learning impairment in the MWM. However, the animals that were 

tested three months after the exposure to soman were not naïve to the MWM; they had 

already been tested at seven days post-exposure. Assuming that the delayed learning deficit 

induced by soman is the result of impaired procedural learning, it would have been detected 

only if the animals were naïve to the task at the time of testing.

Brain AChE activity is rapidly inhibited following an exposure of guinea pigs to 1xLD50 

soman (Lintern et al., 1998). Shih et al. (1995) reported that AChE activity in red blood cells 

is inhibited by approximately 80% and 90–95% at 5 min and 10 min, respectively, after the 

sc injection of 1xLD50 soman in guinea pigs. Recovery of AChE activity in the brain is time 

dependent and region specific, with activity returning to control levels in many regions by 

seven days after the exposure (Lintern et al., 1998). Therefore, it is unlikely that at three 

months after a single challenge with 1xLD50 soman AChE remains inhibited to any 

significant extent to contribute to the delayed effect of soman on learning.

The long time span between the exposure to soman and the development of learning deficits 

suggests that these deficits may be the result of changes in expression of genes that control 

synaptic plasticity and/or neuronal viability in specific areas of the brain. Such changes 

could be indirectly triggered by: (i) excessive activation followed by desensitization of 

nicotinic and muscarinic receptors during the time AChE activity is inhibited by soman, (ii) 

activation or inactivation of second messenger mechanisms secondary to direct interactions 

of soman with specific neurotransmitter receptors (Lau et al., 1988; Silveira et al., 1990), 
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and/or (iii) direct activation by soman of intracellular pathways that control gene expression 

(Osterreicher et al., 2007).

Effectiveness of galantamine as a medical countermeasure to prevent soman-induced 
learning impairment

Galantamine has emerged as a safe and effective medical countermeasure against acute 

intoxication with soman and other OP compounds (Albuquerque et al., 2006). When 

administered to guinea pigs 30 min before their challenge with 1xLD50 soman, galantamine 

(6–10 mg/kg, im) prevents the lethality and acute toxicity of the nerve agent. No additional 

supportive therapy is necessary (Aracava et al., 2009; Pereira et al., 2010). A recent MRI 

study also demonstrated the effectiveness of galantamine in preventing or limiting the brain 

damage induced by soman over time (Gullapalli et al., 2010). Of clinical relevance, doses of 

galantamine needed to prevent the acute toxicity and the brain damage induced by OP 

compounds are compatible with human use (Albuquerque et al., 2006).

The results presented here demonstrate for the first time that learning impairment and 

thigmotactic behavior developed months after an acute exposure to 1xLD50 soman are 

effectively prevented by galantamine. Other studies have reported the beneficial effects of 

galantamine on acquisition of the MWM task in learning-impaired rodents (Sweeney et al., 

1988, 1990; Woodruff-Pak and Santos, 2000; Woodruff-Pak et al., 2001).

When testing started four days after treatment of the guinea pigs with galantamine alone, 

acquisition of the MWM task was not different from that of control animals. These results 

are in agreement with reports that in normal mice galantamine does not alter acquisition of 

the MWM task, even when applied before every training session (Van Dam et al., 2005). 

However, galantamine-treated guinea pigs were slightly impaired on the second day of the 

training that started three months after treatment. The cause underlying this delayed 

learning, which was not detected in soman-challenged guinea pigs that had been pre-treated 

with galantamine and could not be accounted for by increased thigmotactic behavior, 

remains to be determined.

Galantamine had a long-lasting effect on memory retention. In the first probe test performed 

24 h following the acquisition phase of the training that started four days after treatment, 

galantamine-treated animals showed the same bias as control animals to the training 

quadrant or the training platform area. During the second probe test, performed three weeks 

after the first one, control animals showed no significant bias to the training quadrant or the 

training platform area. However, regardless of whether they had been injected with saline or 

1xLD50 soman, galantamine-pretreated guinea pigs continued to show preference to the 

training platform area. Improved memory retention was also detected in the older guinea 

pigs that had been pre-treated with galantamine and subsequently challenged with soman. A 

similar finding has been reported in a study of transgenic mice overexpressing the human 

amyloid precursor protein (Vam Dam and De Deyn, 2006). In that study, mice received a 

prolonged treatment with galantamine and were tested in the MWM three weeks after 

withdrawal of the drug. While galantamine had no significant effect on acquisition, it 

improved memory retention in the probe test performed four days after the last training 

session (Vam Dam and De Deyn, 2006). A recent study revealed that galantamine, via 
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activation of ERK1/2 through the allosteric potentiation of nAChRs, ameliorates 

methamphetamine-induced memory impairment in rats (Noda et al., 2010). It is, therefore, 

tempting to speculate that allosteric potentiation of nAChRs contributes to the memory-

enhancing effect of galantamine in guinea pigs.

Potential molecular mechanisms underlying the effectiveness of galantamine to prevent 
soman-induced learning impairment

Although there was a positive correlation between the severity of the acute intoxication and 

the magnitude of the learning impairment presented three months after the initial exposure to 

soman, animals that showed no or only mild signs of toxicity still developed learning 

deficits. Thus, the ability of galantamine to curtail the acute toxicity of soman is not the sole 

mechanism that prevents the delayed learning impairment. A number of concurrent 

mechanisms may contribute to the effectiveness of galantamine to counter soman-induced 

learning deficits.

Reversible inhibition of brain AChE by galantamine may protect a significant pool of the 

enzyme from irreversible inhibition by soman (Albuquerque et al., 2006). Such action can 

prevent prolonged overactivation followed by desensitization of cholinergic receptors, which 

are known to be coupled to intracellular mechanisms that regulate cognitive functioning 

(reviewed in Albuquerque et al., 2009). Second, galantamine has neuroprotective actions that 

curtail soman-induced neurodegeneration (Gullapalli et al., 2010; see also Figure 9B). Third, 

as a nicotinic allosteric potentiating ligand, galantamine can increase the activity of nAChR-

associated signaling mechanisms (Albuquerque et al., 2009) to prevent changes in gene 

expression that are likely to contribute to the delayed effects of soman on cognitive 

functions.

In conclusion, the results presented herein support the hypothesis that learning deficits 

develop months after mild-to-moderate acute intoxication with soman and are effectively 

counteracted by pre-treatment with a clinically relevant dose of galantamine.
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Figure 1. Flow chart of the treatments and behavioral testing the guinea pigs were subjected to 
and schematic representation of the zones in the water maze
A. Flow chart showing the times the animals were injected with saline, soman, and/or 

galantamine and the times at which they were subjected to the different tests in the MWM. 

B. Diagram shows that, for purposes of analyses, the water maze was virtually divided into 

four quadrants and a 15-cm wide zone along the wall of the maze. The inner doted circles in 

the centers of non-target quadrants represent areas of hypothetical platforms and the outer 

doted circles represent the annulus-40. The filled circle in the target (training) quadrant 

represents the target platform and the outer circle represents the annulus-40 in the target 

quadrant.

Mamczarz et al. Page 21

Neurotoxicology. Author manuscript; available in PMC 2017 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Acquisition of the MWM task starting four days after injection of guinea pigs with 
saline, soman and/or galantamine
Experimental groups consisted of animals that were injected with: saline (0.5 ml/kg, im)/

saline (0.5 ml/kg, sc), galantamine (8 mg/kg, im)/saline (0.5 ml/kg, sc), saline (0.5 ml/kg, 

im)/soman (1xLD50, sc), or galantamine (8 mg/kg, im)/soman (1xLD50, sc). Inter-injection 

intervals were 30 min. Four days after the injections, animals received five days (four trials/

day) of reference memory training, followed three weeks later by training to find the hidden 

platform positioned in the quadrant opposite to the training quadrant. Graphs of escape 

latency (A) and distance traveled (B) per training day revealed no significant difference 

among the test groups during the acquisition phase and the training to new platform position. 
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Data points and error bars represent mean and SEM, respectively, of results obtained from 

10–15 animals/group.
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Figure 3. Peformance of guinea pigs in probe tests performed one day and three weeks after 
completion of the acquisition phase of the MWM training started four days following the 
injections of saline, soman, and/or galantamine
Results are from the same animals as those that completed the MWM training shown in 

Figure 2. A. Data are from the probe test performed 24 h after completion of the acquisition 

phase. Top graph shows the time animals spent in each of the four quadrants of the pool. 

Bottom graph shows number of crossings of the platform areas virtually positioned in the 

center of each quadrant of the pool. Within each experimental group, animals showed bias to 

the target quadrant and to the platform area in the center of the training quadrant (* p < 0.05 

according to one-way ANOVA followed by Dunnett post-hoc test). B. Data are from the 
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probe test performed three weeks after completion of the acquisition phase. Top graph 

depicts the time spent in each quadrant of the pool. Middle graph shows the number of 

crossings of the platform areas virtually positioned in the center of each quadrant. Bottom 

graph shows the distance travelled in the pre-defined 40-cm annulus surrounding the center 

of each quadrant. Within each experimental group, animals showed no bias to the target 

quadrant. However, animals pre-treated with galantamine showed preference to crossing the 

platform and the annulus-40 area vitually positioned in the center of the training quadrant (* 

p < 0.05 according to one-way ANOVA followed by Dunnett post-hoc test). In addition, 

galantamine-pretreated animals showed significantly better performance than saline-

pretreated expressed as a higher number of the target platform crossings and larger distance 

traveled in the target annulus-40 zone (# p < 0.05 vs. saline/saline, † p < 0.05 vs. saline/

soman according to one-way ANOVA followed by Fisher’s LSD post-hoc test). In A and B, 

the training (target) area was used as the reference against which the other three areas were 

named as shown in Figure 1. Graph and error bars represent mean and SEM, respectively, of 

results obtained from 10–15 animals. The horizontal dotted lines in the top graphs represent 

the chance level (22.5 s).
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Figure 4. Acquisition of the MWM task starting three months after injection of guinea pigs with 
saline, soman and/or galantamine
Female prepubertal guinea pigs were injected intramuscularly with saline (0.5 ml/kg) or 

galantamine (8 mg/kg) 30 min prior to the sc injection of 1xLD50 soman (26 µg/kg) or 

saline (0.5 ml/kg). Three months later, animals received six days (four trials/day) of 

reference memory training. Graphs of escape latency (A) and distance traveled (B) per 

training day revealed that saline/soman-injected animals showed significant learning 

impairment. Galantamine/saline-injected animals also presented a delay in their ability to 

learn to find the hidden platform; on the second day of training, their escape latency was still 

longer than that of control (saline/saline-injected) animals. Data points and error bars 
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represent mean and SEM, respectively, of results obtained from 7–11 animals/group. * p < 

0.05 vs. saline/saline according to one-way ANOVA followed by Bonfferoni test.
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Figure 5. Thigmotactic behavior during the acquisition phase of the MWM initiated three 
months after injection of guinea pigs with saline, soman and/or galantamine
Results presented here are from the same animals as those in Figure 4. Thigmotactic 

behavior was defined by the time the animals spent swimming close to the wall (A) and the 

distance they swum close to the wall zone (B). Data points and error bars represent mean 

and SEM, respectively, of results obtained from 7–11 animals per treatment group. * p < 

0.05 according to one-way ANOVA followed by Fisher’s LSD post-hoc test.
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Figure 6. Peformance of guinea pigs in probe tests performed one day and three weeks after 
completion of the acquisition phase of the MWM training initiated three months following the 
injections of saline, soman, and/or galantamine
Results are from the same animals as those that completed the MWM training shown in 

Figure 4. A and B show data from the probe test performed 24 h and three weeks, 

respectively, after completion of the acquisition phase. Top graphs show the time animals 

spent in the each of the four quadrants of the pool. Bottom graphs shown the number of 

crossings of the platform areas virtually positioned in the center of each quadrant of the 

pool. The training (target) quadrant was used as the reference against which the other three 

quadrants were named. In A, galantamine/soman-injected animals showed bias to the target 

quadrant and to the platform area in the center of the training quadrant (* p < 0.05 according 

to one-way ANOVA followed by Dunnett post-hoc test). In B, galantamine/soman-injected 

animals showed preference to crossing the target platform area in comparison with the 

platform area virtually positioned in the opposite quadrant (* p < 0.05 according to one-way 

ANOVA followed by Dunnett post-hoc test). Graph and error bars represent mean and SEM, 

respectively, of results obtained from 7–9 animals. The horizontal dotted lines in the top 

graphs represent the chance level (22.5 s).
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Figure 7. Performance of guinea pigs to find relocated platforms following the acquisition phase 
of the MWM training initiated three months after injections of saline, soman and/or galantamine
Results are from the same animals that completed the second probe test after the MWM 

training initiated three months after the injections. Each day animals were trained to find the 

platform in a different position as described in Materials and Methods. They received four 

trials per day. There were no significant differences among the experimental groups. Data 

points and error bars represent mean and SEM of results obtained from 7–9 animals/group.
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Figure 8. Relationship between scores of acute toxicity and mean escape latency
A. Plot of mean escape latency vs. score of acute toxicity. The escape latency across five or 

six days of training was averaged for each animal. Lines through the data points are the 

linear regressions. The Pearson correlation coefficients (r2) of the linear regressions of data 

from animals tested four days and three months after their injection with saline/soman were 

0.14 and 0.51, respectively. The correlation between the severity of the acute toxicity and the 

learning impairment the animals presented three months after their injection with saline/

soman was significant (F = 9.35, p = 0.014). The higher the toxicity score was, the longer 

the mean escape latency was. B. When tested three months after their treatments, mean 
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escape latency of saline/saline-injected animals was significantly shorter than that of saline/

soman-injected animals that showed either no or only mild signs of acute toxicity (scores 0–

1). * p < 0.05 according to one-way ANOVA. Graph and error bars are mean and SEM of 

results obtained from 8–11 animals.
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Figure 9. Fluro Jade-B staining of different regions of the brains of guinea pigs treated with 
galantamine or saline and subsequently challenged with 1xLD50 soman
Guinea pigs were injected with saline (0.5 ml/kg, im) or galantamine (8 mg/kg, im) and 

thirty min later with soman (1xLD50, sc). Saline/soman-injected guinea pigs classified as 

mildly to moderately intoxicated and all galantamine/soman-injected guinea pigs were 

euthanized 48 h after the treatments. Their brains were processed for Fluoro Jade-B staining. 

Photomicrographs are representative of the pyriform cortex, amygadala, CA1 field of the 

hippocampus, and striatum of a saline/soman-injected guinea pig that scored 2 in the 

modified Racine scale (A) and of a galantamine/soman-injected animal (B). No Fluoro Jade-
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B-positive cells were seen in the brains of galantamine/soman-injected guinea pigs. Results 

are representative of each treatment group, which had four animals. Calibration bar: 50 µm.
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Table 1

Qualitative classification of toxic signs of intoxication presented by guinea pigs challenged with lxLD50 

soman

Score Signs of toxicity Classification of toxicity

0 No abnormal gross behavior
Mild

1 Facial twitches, pawing at whiskers and mouth, chewing

2 Head tremor and/or nodding, short periods of immobility
Moderate

3 Forelimb clonus

4 Rearing with no loss of balance, strong grinding, gnashing or bruxism
Severe

5 Rearing with loss of balance, frank convulsions

The severity of the soman-induced acute toxicity was classified as described in Aracava et al. (2009).
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Table 2

Swimming speed of prepubertal and young adult guinea pigs that had been subjected to various treatments 

four days or three months before training in the MWM.

Saline/Saline Saline/Soman Galantamine/Saline Galantamine/Soman

Training day Daily swimming speed (m/s) (Start of training: 4 days after injections)

1 0.25 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 0.24 ± 0.01

2 0.32 ± 0.01 0.33 ± 0.05 0.31 ± 0.01 0.31 ± 0.01

3 0.34 ± 0.01 0.34 ± 0.01 0.34 ± 0.01 0.33 ± 0.01

4 0.34 ± 0.01 0.33 ± 0.01 0.34 ± 0.01 0.32 ± 0.01

5 0.34 ± 0.01 0.33 ± 0.01 0.34 ± 0.01 0.32 ± 0.01

Training day Daily swimming speed (m/s) (Start of training: 3 months after injections)

1 0.24 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.21 ± 0.01

2 0.27 ± 0.01 0.24 ± 0.05 0.26 ± 0.02 0.26 ± 0.02

3 0.32 ± 0.03 0.27 ± 0.02 0.29 ± 0.03 0.29 ± 0.03

4 0.33 ± 0.01 0.29 ± 0.03 0.32 ± 0.02 0.32 ± 0.03

5 0.33 ± 0.02 0.31 ± 0.03 0.34 ± 0.04 0.32 ± 0.02

6 0.35 ± 0.01 0.31 ± 0.03 0.35 ± 0.02 0.33 ± 0.02

Prepubertal guinea pigs received injections of: (i) saline (0.5 ml/kg, im) followed 30 min later by saline (0.5 ml/kg, sc); (ii) saline (0.5 ml/kg, im) 
followed 30 min later by soman (26.3 µg/kg, sc); (iii) galantamine (8 mg/kg, im) followed 30 min later by saline (0.5 ml/kg, sc); or (iv) galantamine 
(8 mg/kg, im) followed 30 min later by soman (26.3 µg/kg, sc). Data are presented as mean ± SEM of results obtained from 7–11 animals/group.
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