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Short abstract:
Here, we describe an experimental protocol to investigate cognitive impairments associated with inhalation of volatile solvents using Morris Water Maze in mice as animal model.

Long abstract:
As a global worldwide phenomenon, the intentional inhalation of volatile solvents is associated with devastating health and societal consequences. Cognitive impairments are among the most debilitating medical complications related to the chronic exposure to these substances. Here, we describe an adapted protocol of the Morris Water Maze (MWM) for testing cognitive impairments associated with inhalation of volatile solvents. Originally conceived by Richard G. Morris to assess spatial learning in rats, the MWM has since been used widely in Behavioural Neuroscience to investigate spatial memory-dependent and non-spatial memory dependent neurophysiological functions. The test is relatively simple and takes advantage of the strong motivation that the immersion into water provides for learning in rodents.

Introduction:
Overwhelming evidences from epidemiological studies and neuropsychological tests in solvents abusers indicate that the chronic abuse of inhalant substances lead to learning and memory deficits1,2,6. In spite of this, very few animal modelling studies have assessed the neuropathophysiology behind these cognitive impairments6.

In rodents, a substantial number of behavioural paradigms have been developed15. Each test is characterised by specific advantages and inherent disadvantages15. In Behavioural Neuroscience, Morris water maze has become, since its development by Richard G. Morris in 1982, the Gold standard behavioural test to assess spatial memory and learning performances in rodents3,4. The test (or its many modified versions) has been used in many different fundamental and translational applications5. 

Learning in the MWM has been shown to be faster possibly as a result of the aversive nature, in rodents, of immersion into water5. This advantage is also considered a source of stress that has been shown to be associated with neurophysiological changes that could potentially interfere with cognitive assessment15. A successful way to overcome this limitation and decrease the level of stress is pre-habituation8. Compared to dry-land mazes (such as T-maze, radial maze, complex ally maze) however, MWM does not suffer from the confounding factor of using olfactory cues to orient themselves in the pool. This sets the MWM as an ideal behavioural test for evaluating spatial learning and memory15. Recently, the MWM test was successfully used to investigate the cognitive disturbances that are precipitated by inhalation of volatile substances7. In this protocol, we describe an adapted version of the test to investigate the acute and chronic effects of paint thinner inhalation on spatial learning and memory function in mice.

Protocol:
All the results described in the current paper are based on the experiments conducted in the Laboratory of Pharmacology, Neurobiology and Behavior in Cadi Ayyad University. All the procedures are therefore in accordance with the Cadi Ayyad University Animal care. The video shootings of the protocol are however performed in LUMC and in strict accordance with LUMC animal Use committee guidelines.

NOTE: The overall timeline of the entire experimental protocol is shown in Figure 1.

1. Acute and chronic paint thinner inhalation
Note: The purpose of this protocol is to model solvent abuse in humans using mice. As outlined by Bowen6, a reliable approach to mimic abuse conditions should include: 1) An inhalation route of exposure, 2) A rapid onset of very high concentrations and 3) Brief periods of exposure. To achieve these conditions, a static system of solvents delivery is used as described below:

1.1. Construct a sealed Plexiglas chamber (L:30cm, W:17,5cm, H:15cm) as described previously13. Inject a fixed amount of paint thinner onto a filter paper within the chamber. Vary the injection amount of paint thinner into the chamber according to the desired final concentration of thinner in the chamber.

Note: This relationship should be calculated in advance using Gas Chromatography to determine the relative density of thinner in air samples taken from the chamber. A detailed description of the methodology used can be found in ref 14. Briefly, a standard linear curve describing the relation between the amount of solvent injected into the chamber and the density of thinner is drawn14. In a well-controlled and standard conditions, the slope of the curve will correspond to a conversion factor according to which a determined volume of paint thinner injected into the chamber will correspond to a defined concentration of thinner in the air of the chamber. In our system, the conversion factor was (1 μl ≈ 1.5 ppm).

1.2. One day before the exposure, let the animals (male Swiss mice, n=6 per group) to freely explore the chamber for 30 min. This habituation phase is essential to rule out any novelty-related stress that could potentially interfere with the performance of the animals in the MWM test following thinner exposure.

1.3. Expose the animals to the thinner individually. On the day of exposure, place a mouse in the bottom of the chamber and inject a desired amount of paint thinner into the filter paper and close the chamber.

1.4. Expose for 15 min twice separated by a 5 min interval. Bring the animals back to their home cage during the 5 min interval. At the end of exposure, the animals are ready to perform the MWM behavioural test.

Note: Control mice are subjected to the same procedure except that water, instead of paint thinner, is injected into the filter paper.

1.5. For the chronic regime of paint thinner inhalation, use the same procedure except that the duration of exposure is a 1 hour daily over 45 consecutive days. 

Note: The aim of this protocol is to assess the long-term and lasting effect of chronic inhalation of paint thinner on learning and spatial memory. Unlike the acute paradigm, do not start behavioural tests immediately following the last exposure episode. Rather, a period of at least 24 h should separate the last exposure and the behavioural test in order to allow the animals to recover from the acute and short term effects of paint thinner inhalation

2. The Morris Water Maze test
Note: The MWM is a behavioural test widely used to assess spatial memory and learning in rodents5. The test takes advantage of the natural aversion of rodents toward immersion into water to provide a strong motivation for learning. Animals use distinct and fixed visual cues to locate a submerged escape platform in a large pool of water. The procedure used for MWM test is based on previously described protocol8,9.

2.1. Use a large circular pool of about 90 cm in diameter and 35 cm high. Fill the pool with water for which the temperature is maintained within two degrees of 22 °C.

Note: If using black mice, a white background in the pool should be used. If however, if testing white mice, then a black pool should be used. For mice, the diameter of the pool can oscillate between 75 and 150cm5.

2.1.1. Use a home-made plastic stand with circular top measuring 12 cm in diameter as the escape platform. Submerge the platform 1.5 cm below the surface of the water.

2.2. Place few (3 to 5) distinct visual cues around the pool in the experimental room. Keep the location of these cues close and constant throughout the days of the experiment. 

Note: According to our experience, black and white striped objects yield better learning performances.

2.3. Before starting the training phase of the test, administer a cued version of the test on day 1 to all animals of your experimental groups.  This test consists of 4 consecutive trials during which the animals learn that the platform is an escape location.

2.3.1. For these trials, while still submerged 1.5 cm below the surface of water, make the platform visible by placing a striped cue above it. This cued version of the test aims to rule out any sensory-motor related differences between the experimental groups before starting the learning phase.

Note: Both the MWM apparatus and the experimental room are now ready to administer the test.

2.4. Perform the MWM test over 9 days that consist of 2 phases; a learning phase of 5 consecutive days and a single day of probing. Separate the two phases by a retention period of 3 days during which the animals are returned and kept in their home cages.

2.5. Expose the animals to a desired concentration of paint thinner (see steps 1.3-1.4).

2.6. To start the learning phase, divide the MWM tank into four virtual equal quadrants. Place the escape platform in one of the four quadrant labelled henceforth the target quadrant. Through the entire learning phase, maintain the platform in the same target quadrant.

2.6.1. Train the animals for four trials per day for 5 consecutive days to navigate towards and locate the platform using distal cues. To prevent the animals from developing egocentric spatial strategies to find the platform, alternate the starting points randomly between each trail.

2.7. Begin a trial by placing the mouse into the water facing the wall of the pool at one of the starting points. Give the mouse 60 s to find the hidden platform. If a mouse failed to locate the platform within this period, gently guide it to the platform and allow it to stay on the platform for 30 s before being returned to their cage.

2.8. On day 9, 72 h after the last learning trial, administer a similar trial as in the learning phase, except that the hidden platform is removed from the pool. Use the preference that the animal has for the target quadrant (as measured by the percentage of time spent swimming in the quadrant) as a measure of spatial memory consolidation. In this trial, do not pre-expose the animals to paint thinner.

2.9. The parameters measured depend on the phase of the test;
[bookmark: _GoBack]2.9.1  For the cued version of the test, use the latency to find the platform (time separating the start of the trial and the finding of the platform) and the velocity of swimming (Distance travelled while swimming per time unit) as indicators of respectively visual and motor performances. Any differences between the experimental groups in these parameters should be account for in the interpretation of results from the learning and the probe trials.

Note: Among the acute effects of thinner inhalation, sedation induces a significant deterioration of sensory and motor abilities that impact on the performances of the animals in the MWM test7. When conducting a MWM test to assess the acute effect of thinner inhalation on spatial memory learning, it is therefore mandatory to precede the learning trials with a cued version of MWM. Only when the sedative effect of thinner inhalation has dissipated that the learning trials could start.

2.9.2 For the learning phase, use the evolution over days of the escape latencies –defined as the time between the start of a trial and the finding of the hidden platform– as a measure of spatial learning. In normal mice, escape latencies decrease gradually over the 5 learning days to reach less that 10s in the last trials of Day 5 (Figure 2A,B).

Note: The shortening of swimming path length over the 5 days of learning phase could also be used as an indication of spatial learning. 

2.9.3 During the probe phase, use the relative time spend by the animals swimming in the target quadrant compared to other quadrant of the maze as a measure of spatial memory consolidation (Figure 2C).

Note: All these parameters could be monitored and obtained manually while conducting the assays. If however, video recording is used to film the behavioural tests, then the parameters could be extracted from the videotapes.


Representative results:
By using MWM, recent studies have investigated the cognitive abnormalities induced by acute and chronic inhalation of paint thinner in mice7,9. Figure 2 depicts representative results9. The mean escape latencies decreased progressively and significantly over the learning days. After acute inhalation of thinner, the performances of the animals was not affected (Figure 2A). This lack of a significant effect of acute inhalation of paint thinner was attributed to the relative low doses of thinner used9. Recently Gmaz et al. (2012) exposed rats to 30 min of 5,000 ppm of toluene. In this study, 5,000 ppm of toluene induced an acute sedative effect that impacted on sensory-motor abilities of rats during the performance of the MWM test7. None of the doses used in our study impaired the sensory-motor performances of the animals.

In contrast to acute exposure to thinner, chronic 1 h daily inhalation of paint thinner for 45 days lead to significant impairment of spatial learning. This is evidenced by a significant increase in escape latencies in 450 and 600 ppm-treated mice compared to controls in day 2 and 3 of the learning phase (Figure 2B). The results of the probe trial show that 450 and 600 ppm treated nice spent significantly less time in the target quadrant where the hidden platform was previously located (Figure 2C). Taken together, these results indicate that exposure to paint thinner is associated with significant cognitive deficits that could be modelled and investigated using MWM.

Figure Legends:
Figure 1: Schematic representation of the overall timeline of the experimental protocol. Head arrows represent sessions of the acute exposure of paint thinner preceding behavioural tests. When assessing the chronic effects of paint thinner, exposure sessions are performed well before behavioural testing. In this case, the timing of inhalation relative to MWM testing depends on the question investigated.

Figure 2: Representative results of the effect of different concentrations of paint thinner inhalation on the Morris Water Maze test in mice. Chronic (B) and not acute (A) inhalation induces impairment on the acquisition of spatial learning. (C) During the probe trial, 450 and 600ppm-treated mice spend significantly less time swimming in the target quadrant showing an impairment of spatial memory. N=6 mice for each group. *P<0.001 by ANOVA. (A and B have been modified from ref 9).

Discussion:
The deliberate inhalation of volatile substances is a worldwide health issue widespread mainly among adolescents of low income social class2. The abuse of these substances is associated with a wide range of neurological and neuropsychological sequels2,6. The intentional abuse of solvents should be distinguished from occupational exposures6. Abuse patterns involve usually inhalation of high concentrations of solvents over repetitive short periods of time (10-15 min)6,9. Occupational exposures in contrast refer to the chronic presence of low levels of inhalants in the work place over long periods of time (6 hours or more)6.

In an attempt to mimic those two modes of intoxication, animal model studies are generally designed to replicate either the occupational or the abuse pattern of inhalation6. Two types of solvents delivery setups are used in these studies; static and dynamic systems6. In static systems, as the one we describe here, animals are placed for a short duration of time within a sealed chamber and a fixed volume of inhalant is injected onto a filter paper. In dynamical delivery systems, a constant concentration of inhalant is delivered through a continuous flow of air connected to the exposure chamber via an inlet and evacuated through an outlet13.

To model the abuse pattern of solvents inhalation, it is very important to expose animals to repetitive short periods (no more than 15min) of solvents. The rationale of using 2 x 15 min separated by 15 min in our protocol is twofold. First, epidemiological studies have revealed that the average duration of repetitive sessions of inhalations among abusers approximates 15 min10. The second reason is related to the accumulation of carbon dioxide (CO2) over time in the inhalation chamber. Reaching a certain threshold, CO2 could potentially influence the outcome of subsequent behavioural testing. To avoid this, the 30 min duration of inhalation was divided in 2 x 15 min separated by 5 min during which the animals were allowed to breathe fresh air in their home cage. By comparison, and due to the continuous flow of new air in dynamical delivery systems, the possibility of CO2 accumulation is avoided. This characteristic makes dynamical systems more suitable for modelling occupational, long term exposition to solvents.

While conducting the MWM, few crucial practical points should be considered; 1) If the experimental room is not sound-proof, it is recommended to use ‘white noise’ as a background to neutralize potential external noises from the surrounding animal facilities that could distract animals from performing behavioural tests, 2) Environmental factors such as light and temperature are potential sources of stress to animals11 and should therefore be monitored and kept constant throughout the testing, 3) The majority of solvents such as paint thinner induce a constellation of acute complications including sedation and sensory-motor dysfunctions. These alterations do affect the performance of the animals in the MWM7 and should therefore be taken into account in the protocol designs and interpretation of MWM results, And finally 4) Although the MWM is primarily designed to assess spatial learning and memory3,4, the test paradigm could be modified to investigate other physiological functions such as working memory, reference memory and task strategy5. 

Such MWM versions are relevant in studying other cognitive impairments associated with solvents abuse. For example Gmaz et al. used the reversal version of MWM test to study the cognitive inflexibility precipitated by inhalants7. The reversal learning is performed after the learning phase and consists of a trial in which the animals learn to locate the hidden platform after its replacement in a new location. The amount of time spend searching for the platform in its previous location versus its new location is an index of perseveration and cognitive inflexibility12. In rats, acute toluene exposure have been found to severely impair reversal learning in the MWM test7.
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