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�
Abstract


The Morris water maze is a useful test for investigating cognitive function but its limitations should be recognised.  Performance in the Morris water maze is affected by a variety of technical as well as procedural variables.  To draw conclusions regarding effects on learning and memory, these non-associative effects must be excluded and this may not be possible in all situations.  Although the test is considered to be valid and have greater specificity than many other behavioural tests, changes in performance in the Morris water maze cannot be considered to exclusively represent effects on cognitive function.
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�
Introduction


The Morris water maze was first described in 1981 (Morris, 1981) as a new method to assess spatial memory.  Since then various modifications of the basic place-navigation task have been devised and it has become established as an apparatus offering several different approaches for the study of cognition.  It has been used widely in investigations of different aspects of learning and memory in rodents and in investigations of the variables that may affect the animals’ behaviour in the task (see reviews by Brandies et al., 1989; McNamara and Skelton, 1993; Stewart and Morris, 1993).  It has also been used as a tool to investigate chemically induced effects on learning and memory (e.g. Gayoso et al., 1994; Hass et al., 1995, 1999; Hougaard et al., 1999; McNamara and Skelton, 1992).  In the last decade there has been a heightened focus on the nervous system in regulatory toxicology and new requirements for certain studies to assess learning and memory (e.g. EPA, 1998; ICH, 1993).  The Morris water is, therefore, being increasing used in regulatory toxicity studies, particularly for evaluation of offspring of exposed pregnant female rats.  In many cases, however, the limitations of interpreting data from such studies as effects on cognitive function do not appear to be recognised.  The purpose of this short paper is to briefly describe the use of the Morris water maze for testing learning and memory and to introduce some of the concepts and points to consider in interpreting data obtained.


Cognitive Function


Cognitive function is often considered to encompass learning, memory and attention processes.  However, no exact definition of either learning or memory is agreed upon.  In general, learning is defined as the process by which new information is used to modify subsequent responses, while memory uses processed information to modify subsequent behavior.  From a logical standpoint it is also clear that memory is not possible without learning, and learning cannot occur if there is no memory.  In addition, because these processes are not directly observable, they cannot be measured directly and thus must be inferred from observed changes in behaviour over time.


Measures of cognitive function may also be influenced by sensory, motor, attention and motivational variables (Tilson et al., 1980; Pryor et al., 1983).  These factors are described as non-associative effects.  In the Morris water maze, for example, changes in locomotor ability or visual capacity may affect performance but not as a consequence of an effect on cognitive function.  In order to conclude that an agent affects learning and/or memory, non-associative effects must be excluded.  In practice, as measurement of learning and memory depends on adequate functioning in other categories, it is only possible to be confident of a specific learning or memory effect if other functions are unimpaired.


Method


For this paper the Morris water maze is considered to be an open field “tank” in which rats (or other small rodents) are trained to escape from water by swimming to a platform.  The basic equipment is described in detail by Stewart and Morris (1993) and a typical design is summarised below although a large range of procedures and equipment have been used successfully.  Typically, the maze consists of a large diameter (usually 0.8 – 2.2 m) circular pool with side walls approximately 60cm high.  The pool is filled with water at a temperature of 18-26(C to a depth of about 40cm.  Escape platforms are usually rigid with a rough surface to make it easy for the animals to climb on.  In the most basic procedure the top surface of the platform is hidden approximately 1cm below the surface of the water.  Other procedures use visible platforms, which can be either floating or rigid.  Visible platforms protrude 1-2cm above the surface of the water and may be painted in distinctive ways.  For adult rats in a 2 m pool, the hidden platform is usually 9-12cm in diameter.  A larger platform tends to be used for younger animals, gerbils or mice (rather than a smaller pool).  Often a video monitor and image analysis software are used to record trials and enable analysis on line or from videotape.  To enable easy tracking of albino animals the inside of the pool is painted matt black; for hooded rats a white pool is used or the water made opaque e.g. with milk powder.


The basis of the test is that rats (or other small rodents) can learn to swim, from any starting position, towards a hidden escape platform, which could be anywhere in the pool.  They do this using distal extra-maze cues that are remote from the actual place in the pool to which the animal is heading.  Therefore, the room containing the tank should have permanently positioned distinctive objects such as posters placed outside of the pool and/or on the walls.


In the simplest procedure, animals are trained with a hidden platform in a fixed location over a series of trials, usually conducted over several days.  Normal rats quickly learn to swim directly towards the platform from any starting position at the circumference of the pool.  Once animals are able to swim directly to the platform (i.e. attain a predefined level of performance) then usually a transfer (or “retention” or “probe”) test is conducted as the only trial on the final day.  In this aspect of the test the platform is removed from the pool and the rat is allowed to swim freely for a fixed time.  However, many other procedures can be used in which the number and position of extra maze cues, water temperature, platform size and/or its availability can also be varied.  The variations in procedure are considered to allow investigation of different aspects of cognitive function.  For example, if after training and achievement of stable performance the platform is moved rather than removed between trials on a particular day this is considered to assess short-term spatial memory (Kikusui et al., 1999).  In addition, although the water maze is used primarily to study spatial learning, various non-spatial protocols have been developed.  In visual discrimination learning the extra maze cues are removed (e.g. by putting curtains around the pool) and the rat has to learn to discriminate between two visually different platforms, one of which will provide an escape and one that will not (Robinson et al., 2001).


A number of indices of performance in the water maze may be used.  The simplest measure is escape latency and others include path length (distance travelled by the animal), swimming speed (calculated by dividing path length by the latency), directionality (a measure of the direction of travel a specified distance from the start) and quadrant times (amount of time spent in specified sectors of the pool).  Typically, measures are recorded remotely, often with the assistance of a video recorder and image analyser. 


Interpretational difficulties


Performance indices in the Morris water maze can be significantly influenced by a variety of technical as well as procedural variables.  These variables include: strain and sex of rats (Cimadevilla et al., 1999; Hort et al., 2000; Kanit et al., 1998; Lukoyanov et al., 1999; Roof and Stein, 1999; Tees, 1999), dimensions of the pool, the water temperature (Kikusui et al., 1999), different schedules of training (Kanit et al., 1998), task parameters (Roof and Stein, 1999), age (Brandeis et al., 1989; Cimadevilla et al., 1999; Kanit et al., 1998; Lindner, 1997; Lukoyanov et al., 1999; Shukitt-Hale et al., 1998), pre-natal stress (Aleksandrov et al., 2001; Hayashi et al.,1998), pre-natal nutritional status (Tonkiss et al., 1997), post-natal nutritional status (Brandeis et al., 1989; Daniel et al., 1999), hormonal status (Daniel et al., 1999), day of oestrus cycle (Healy et al., 1999), body temperature (Hunter and Roberts, 1988; Panakhova et al., 1984) and home cage environment (Daniel et al.,1999; Tees et al, 1990; Tees, 1999)


The influence of many non-associative variables can be minimized relatively easily as age, sex and strain, environmental conditions (both home cage and water maze) and schedules of training will normally be carefully controlled to be essentially identical for all animals.  However, particularly where Morris water maze tests are part of large developmental neurotoxicity studies, it may not be possible to control all potential confounders.  For example, maternal stress will typically be greater in high dose animals due to the requirement to have a measurable level of maternal toxicity.  In turn, this may lead to maternal neglect and/or reduced nurturing behaviour that may result in undernutrition.  Even transient periods of undernutrition can result in changes in learning behaviour (Bedi, 1992).  Typically oestrous cyclicity and body temperature are not recorded and tests of visual acuity are crude or absent.


Ambiguities of interpretation also exist.  For example, persistent swimming in a training quadrant during a transfer or probe test is generally interpreted as an index of good memory.  However, variations in this “perseverating” performance within or across treatment groups could equally be regarded as reflecting a diminishing capacity of animals to react appropriately to information that the escape platform is now absent.  Should an animal that swims to the correct location, searches there accurately for only a short period, and then swims elsewhere be scored as having a poor memory?  Similarly, should this same animal be considered impaired in comparison to the animal that, on finding no platform, successfully searches and finds one in a new location (see Haas et al, 1999)?  Clearly such differences between exposure groups demonstrate different behaviours that may be attributable to the test substance under investigation.  However, interpretation as to the basic function causing the effect and whether these differences represent abnormal behaviour or an adverse outcome for the animal is more difficult.


Extrapolation to man


Neurobehavioural deficits in animals are less directly translatable to humans than many other toxic end-points (e.g. pathological change).  This is primarily because behaviours tend to be highly species specific and adapted to the survival needs of the species.  Spatial learning is a good example of behaviour that rats and other rodents are particularly good at but is not generally as well developed or used as an end-point to assess cognitive function in humans.  Therefore, direct extrapolation of results of a Morris water maze task is probably ill advised.  Nevertheless, the underlying functional mechanisms of the brain and their involvement in behaviours are shared across most mammalian species.  Therefore, changes in rat behaviour are likely to model effects in humans where the same functions are shared, although the precise behaviours may be different.  


Conclusion


The Morris water maze is a valuable tool for assessing spatial learning in the rat.  Measures of performance in the Morris water maze are not, however, direct measures of cognitive function.  Conclusions about cognitive function can only be drawn after excluding known potential confounders.  Even then, it is possible that unrecognised non-associative effects may be influencing the results (e.g. visual acuity, anaemia and response to stress) making a conclusion about cognitive function unreliable.  Differences in performance between experimental groups may represent differences in behaviour that are attributable to treatment and may represent changes in basic function.  However, changes in performance do not always represent changed cognitive function and should not automatically be considered adverse.
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