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A B S T R A C T   

For decades, regulatory guidelines for safety assessment in rodents for drugs, chemicals, pesticides, and food 
additives with developmental neurotoxic potential have recommended a single test of learning and memory 
(L&M). In recent years some agencies have requested two such tests. Given the importance of higher cognitive 
function to health, and the fact that different types of L&M are mediated by different brain regions assessing 
higher functions represents a step forward in providing better evidence-based protection against adverse brain 
effects. Given the myriad of tests available for assessing L&M in rodents this leads to the question of which tests 
best fit regulatory guidelines. To address this question, we begin by describing the central role of two types of 
L&M essential to all mammalian species and the regions/networks that mediate them. We suggest that the tests 
recommended possess characteristics that make them well suited to the needs in regulatory safety studies. By 
brain region, these are (1) the hippocampus and entorhinal cortex for spatial navigation, which assesses explicit 
L&M for reference and episodic memory and (2) the striatum and related structures for egocentric navigation, 
which assesses implicit or procedural memory and path integration. Of the tests available, we suggest that in this 
context, the evidence supports the use of water mazes, specifically, the Morris water maze (MWM) for spatial 
L&M and the Cincinnati water maze (CWM) for egocentric/procedural L&M. We review the evidentiary basis for 
these tests, describe their use, and explain procedures that optimize their sensitivity.   

Introduction 

The brain is organized into a collection of networks that makes 
attributing specific functions to specific regions challenging. Neverthe-
less, it is possible to identify regions that primarily mediate the brain 
systems responsible for different types of learning and memory (L&M). 
Fortunately, these relationships have become better defined over the last 
50 years by significant advances in neuroscience with known circuits for 
spatial and egocentric learning and memory, path integration, and 
episodic memory (Bjerknes et al., 2018; Gofman et al., 2019; Obenhaus 
et al., 2022; Nagelhus et al., 2023; Ulsaker-Janke et al., 2023). 

Learning is a change in behavior that is the result of experience. 
Memory is the storage and retrieval of learned information. There are 
two general types of learning: associative and non-associative. Asso-
ciative learning includes priming, procedural (skills and habits), clas-
sical/Pavlovian, and instrumental. Non-associative learning includes 
habituation and sensitization. Memory is categorized as short-term or 
long-term. Short-term or working memory is retention of new 

information that requires attention and rehearsal and has a limited ca-
pacity, whereas long-term memory retains information relatively 
permanently. Long-term memory is categorized as explicit (declarative) 
and implicit (procedural). Declarative memory is memory for facts, 
location, and events (episodic memory); implicit memory is for skills, 
habits, conditioned responses, and priming. 

It is impractical to assess all these in safety studies. The specific tests 
used depends on the regulatory agency, whether it is for regulation of 
chemicals, conditions of exposure (e.g., workplace, consumer, fence-line 
[exposure to those living near plants that use or manufacture a given 
chemical], agricultural, household, commons [parks and recreational 
areas], drugs, foods, food additives, or dietary supplements). 

Given the complexity of L&M systems, the imprimatur in guidelines 
of the past was to require “a test of learning and memory”. But this is 
very limited and does not provide protection of the brain given the 
centrality of L&M to neurocognitive health. Today, our understanding of 
brain structure–function relationships is better than when safety 
guidelines were written. Some regulatory agencies recognize this and 
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have begun to request two tests for L&M. Those that make such requests 
sometimes ask for two different tests or one test given at different ages. 

Factors important in the selection of such tests are how translatable 
they are to humans and how practical they are to perform. Some tests 
meet these goals better than others. Spatial learning, for example, is an 
essential function in rodents and humans and is assessable in both spe-
cies in analogous ways. For rodents, there are water mazes that assess 
spatial navigation, whereas in humans there are virtual spatial mazes 
(Cornwell et al., 2008; Suthana et al., 2009; Baumann and Mattingley, 
2010; Brown et al., 2014; Guderian et al., 2015; Kolarik et al., 2016). 
There are limitations to water mazes, as there are with any test, but they 
have advantages too. In basic research when modeling human neuro-
psychiatric disorders, schedule-controlled operant methods are sug-
gested to be preferable to water mazes (Silverman et al., 2020), but 
operant methods have limitations for regulatory studies. For example, 
(1) they require food restriction which can be problematic if the test 
compound affects appetite, body weight, reward salience, or reinforce-
ment value, (2) teaching rodents the response requirements (nose- 
poking, touch screen, or lever press) to obtain reinforcement requires 
training before the animals can perform complex discriminations that 
mimic higher human abilities. Although more time consuming than 
water mazes, there is an extensive literature on operant methods used in 
neurotoxicity that are primarily focused on in-depth analyses of a prior 
screening test finding rather than for initial safety evaluation. Operant 
methods have the advantage that they are flexible and many different 
cognitive functions can be assessed in the same apparatus. 

Regulatory studies must consider multiple factors such as (1) the 
capacity, costs, and time to conduct large scale studies, (2) test effi-
ciency, (3) simplicity of the task when running large numbers of ani-
mals, (4) standardization, (5) test–retest and interlaboratory reliability, 
(6) interpretability, (7) construct, predictive, and face validity, and (8) 
the scientific literature underlying the test, which for the water mazes is 
extensive. Based on these considerations we suggest two different water 
mazes that meet these regulatory requirements for both hazard identi-
fication and determining dose-relationships. 

Tests of learning and memory 

Many tests of L&M are used in regulatory studies, including delayed 
matching to sample, olfactory conditioning, schedule controlled operant 
behavior, active and passive shock avoidance, the Biel water maze 
(BWM), Cincinnati water maze (CWM), radial arm maze (RAM), Morris 
water maze (MWM), and two-choice T, E, and M-shaped mazes (Tsuji 
and Crofton, 2012). Active and passive (or inhibitory) avoidance tests 
are straightforward, commercially available, automated, and have a 
long history of use in behavioral neuroscience. Both avoidance tests use 
foot-shock to motivate performance, and some strains learn well on 
these tasks and others do not, but all strains have a percentage of non- 
performers that must be accounted for, something that rarely occurs 
in water mazes. Moreover, there are data indicating avoidance tests are 
not sensitive to neurotoxicity. For example, passive avoidance was un-
affected in rats treated prior to weaning with methamphetamine 
whereas clear learning impairments were found in the MWM and in the 
CWM from this treatment in the same rats (Jablonski et al., 2017, 2019). 
In addition, shock tests are influenced by strain-specific activity levels 
and some strains freeze in response to shock, whereas locomotor activity 
levels do not affect swimming speed (Cravens, 1974). 

It is beyond our scope to review all the L&M tests in current use 
except to note that water mazes are widely used, including the BWM, 
and to a lesser extent the CWM. The CWM is more sensitive than the 
BWM, but this increase in sensitivity comes at a cost, in that the CWM 
takes longer to run. How much longer depends on the test procedure. In 
general, it takes 5 days to run the CWM with standard room lighting but 
3–4-times longer under infrared light. The upside to testing under 
infrared light is that it increases its sensitivity in part by reducing access 
to distal cues rodents could use for spatial navigation if lights are on. 

Infrared lighting forces the rat to use internal self-movement (egocen-
tric) cues to find its way (Fouquet et al., 2013). But consistent with our 
emphasis on L&M tests with established brain region underpinnings, we 
provide an overview of these associations for the CWM and several other 
widely used tests. 

Brain–behavior relationships  

1. Prefrontal cortex (PFC): Working memory: RAM, water radial arm 
maze (RWM), spontaneous alternation, operant methods. 

2. PFC: Social learning: Crawley social preference test, social interac-
tion test.  

3. Frontal and parietal cortices: Executive function: MWM reversal 
learning (cognitive flexibility), operant conditioning, 5-choice serial 
reaction time test (5-CSRTT).  

4. Striatum, thalamus, and hippocampus: Egocentric L&M: BWM, 
CWM, Stone maze, Whishaw test, figure-eight-maze (not to be 
confused with the figure-eight locomotor activity test).  

5. Hippocampus and entorhinal cortex: Spatial L&M: MWM, Barnes 
maze, hole poke/cheese-board maze.  

6. Dorsal hippocampus: Incidental learning: Novel object recognition 
(NOR), novel place recognition (NPR), and variations thereof.  

7. Amygdala: Emotional learning: Cued conditioned freezing, resident- 
intruder test.  

8. Cerebellum and other regions: Classical conditioning: Eyeblink 
conditioning, shock avoidance. 

Pros and cons to these tests  

1. Working memory: the RAM is a test of trial-dependent memory, 
however there are procedures that permit it to be used for both trial- 
dependent and trial-independent memory by either baiting all arms 
or baiting some arms and not others. There are 8, 12, 16, and 17-arm 
versions of the RAM, although the 8-arm is the most common. It is an 
appetitive task; therefore, it requires food deprivation to incentivize 
rats to search for food located at the end of each arm. In the fully 
baited version, food is placed in all arms. In the combined working/ 
reference memory version some arms are baited and some are not. 
The number of potential errors with this test is small. In an 8-arm 
maze, if run with 4 baited and 4 un-baited arms the range of 
possible errors of each type is 0–4. Even in a 16-arm RAM with 12 
baited and 4 un-baited arms, control rats typically make 8–10 
working memory errors at the beginning and 2–3 by the end, and 6–7 
reference memory errors at the beginning and 4–5 at the end (Levin 
et al., 2001; Levin et al., 2002). In mice in an 8-arm RAM with 4 
baited and 4 un-baited arms, controls typically make 6–7 working 
memory errors at the beginning and ~1 by day 15, and ~12 refer-
ence memory errors at the beginning and 1–2 by day 15 (Zhou et al., 
2009). Low error rates limit detection sensitivity because the dy-
namic range is narrow and results in treatment effects of 2–4 error 
differences between groups. The narrow dynamic range, combined 
with food restriction, and test times of 10 min per trial, make the 
RAM slow to run which limits its practicality. In addition, one must 
carefully observe the pattern of arm visits as rats can obtain all re-
wards if they visit each arm serially (chaining), which defeats the test 
as an index of working memory. Chaining can be prevented by 
closing un-chosen arms on each trial until the rat returns to the 
center before opening all arms before the rat makes a new choice. 
The RAM has been used in both pharmacological (Olton, 1987) and 
neurotoxicity studies (Tsuji and Crofton, 2012) and many studies 
show treatment effects, e.g., (Buresova and Bures, 1982; Gibbs and 
Johnson, 2008; Kenney and Gould, 2008; Zlomuzica et al., 2009; 
Conrad, 2010Levin, 1988; Safaei et al., 2023) but it requires food 
restriction to maintain equivalent motivation in all rats, typically to 
85 % of their free feeding weight. 
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2. Egocentric L&M: One test that is used for egocentric learning in 
safety studies is the BWM and to a lesser extent the CWM (Vorhees, 
1987; Vorhees et al., 1991). Water mazes have large dynamic 
response ranges in terms of the number of errors made and latencies 
to escape and require less time to run than appetitive mazes and 
operant tasks. In the BWM or CWM in visible light, the task is learned 
in 5–6 days with 2 trials/day for rats. Rats typically make 15–50 
errors in the CWM rather than 15 or less as in the RAM and other 
mazes. Alternatively, the CWM, when run under infrared light takes 
18–21 days, 2 trials/day, and rats also make large numbers of errors 
anywhere from 50 to 125. Under infrared light, rats cannot even find 
the goal on the first few trials because of the complexity of the task, 
but once they find it, trial times decrease to under 1 min and errors 
decrease to as few as 5. Hence, water mazes are well suited for reg-
ulatory studies. The BWM and CWM have almost no non-performers 
when tested in the light and very few even when tested under 
infrared light. Examples of other egocentric mazes are the Stone 
maze (Knowlton et al., 1985; Ingram, 1988), the Hebb-Williams 
maze (Hebb and Williams, 1946), the Lashley III maze (Lashley, 
1929; Nasello and Ramirez, 1978), the Star maze (Fouquet et al., 
2013), and others, none of which are used in safety studies.  

3. Whishaw Maze: Wishaw developed a test of dead reckoning or path 
integration, a type of egocentric navigation. Thus far, this test has 
only been used in Whishaw’s lab (Whishaw et al., 1997; Whishaw, 
1998b,a). How sensitive it is to neurotoxic agents is unknown, but it 
is an interesting test and is discussed here because it assesses a form 
of navigation related to that assessed by the CWM. The Whishaw 
maze uses a large circular platform. The rat is food deprived and 
placed near the edge with food scattered across the area opposite the 
rat under standard lighting. After the rat explores and finds the food, 
the lights are turned off and the rat must navigate its way back to the 
start. There are several variations as well, but the concept is that the 
rat visits multiple locations outbound and therefore cannot retrace 
its path returning to the start especially when distal cues are removed 
when the lights are turned off and must use vector addition (path 
integration) to find a more direct path home.  

4. Spatial L&M: The MWM is the most widely used L&M test in the 
world (Morris, 1981; Morris, 1984; Stewart and Morris, 1993; 
Vorhees and Williams, 2006). Although physical specifications and 
testing procedures vary, the test is sensitive, reliable, and valid in 
many contexts and has appeared in thousands of articles. No other 
test in neuroscience, neurotoxicology, or experimental psychology 
comes close to the MWM in prevalence of use. This is because it is 
sensitive to hippocampal/entorhinal dysfunction (Morris et al., 
1986a; Morris et al., 1986b; Brandeis et al., 1989; Bach et al., 1995; 
Burgess et al., 2002; Buzsaki and Moser, 2013; Eichenbaum, 2017; 
Moser et al., 2017), is straightforward to setup, efficient to run, and 
inexpensive. The next most frequently used spatial test is the Barnes 
maze (Barnes, 1979). The Barnes maze is a valid spatial test but can 
produce variable data, has non-performer issues, and takes longer to 
run per trial than water mazes. However, its efficiency can be 
improved with modifications, for example, by placing a fan over the 
maze which rodents find aversive which motivates them to find the 
escape (Inman-Wood et al., 2000). The Barnes maze is a circular 
platform with holes at regular intervals around the perimeter with 
one of the holes leading to an escape box. Finding the goal relies on 
the rodent’s aversion to open spaces and/or blowing air. With or 
without blowing air, what slows the test is that rats engage in off-task 
behaviors, such as grooming, sniffing, urinating, defecating, and the 
general slow pace of a rat’s exploration of a new environment, be-
haviors not seen in water mazes. Even a fan above the maze which 
improves performance still does not make trials as efficient as water 
mazes (Inman-Wood et al., 2000). In a comparison of spatial L&M in 
the MWM and RAM (Hodges, 1996), there were minor differences 
when used repetitively in favor of the RAM, which makes sense given 
that in the RAM there is no transfer of learning from day to day 

unlike the MWM. However, in rats with ischemic brain injury, rats 
tested in the MWM had large deficits in latency, whereas the same 
rats in the RAM showed no significant deficits in either working or 
reference memory errors; latency was not assessed in the RAM. They 
(Hodges, 1996) also compared rats with ischemic brain lesions of the 
hippocampus in a working memory version of the MWM compared 
with operant delayed non-matching to position and found large la-
tency effects in the MWM as a function of lesion size but no effects on 
percent correct performance in the operant task. These results sup-
port the view that the MWM is more sensitive to hippocampal 
mediated injury than RAM or operant delayed non-matching to po-
sition, reinforcing the value of the MWM as a screening method to 
detect spatial L&M deficits.  

5. Classical conditioning: Eyeblink conditioning is a well-established 
test of classical conditioning. However, it is not simple, but is sen-
sitive to some drugs (Skosnik et al., 2008); it has not found use in 
guideline studies thus far. Active and passive avoidance are mixed 
methods with classical and instrumental components. For these 
procedures an initially neutral stimulus, such as a light, is paired 
with an unconditioned stimulus (foot-shock) that elicits an uncon-
ditioned response (running). When this pairing is repeated, eventu-
ally the light (conditioned stimulus) will elicit running as a 
conditioned response which in passive avoidance reinforces staying 
on the lighted side, and in active shuttle-box avoidance reinforces 
running to the lighted side in order to avoid shock.  

6. Emotional learning: Conditioned freezing/fear is a common method 
to assess emotional L&M. There are two common types of condi-
tioned freezing: Contextual and cued conditioning. Contextual con-
ditioning can be done with or without cues and uses a single test 
environment along with foot-shock. For this test, rats are placed in a 
new environment and allowed to explore after which they are given 
several foot-shocks. Contextual memory is assessed 1–24 h later by 
placing rats back in the same environment and measuring time spent 
immobile, i.e., freezing. A reduction in movement/increase in 
freezing reflects how well the rat remembers its previous surround-
ings. A variation of this is to give rats a pre-exposure day in which 
rats are allowed to explore the environment the first day and are 
returned to the same environment the second day and conditioned 
using foot-shock. The following day the rats are tested for contextual 
freezing in the same environment (Jablonski et al., 2012). Contextual 
memory is dependent on the hippocampus. For cued freezing, a light, 
tone, or both are paired with foot-shock on the conditioning day. 
Later, the rat is placed in a different compartment with different 
floor, walls, and ceiling and allowed to explore and then presented 
once again with the conditioning cues. Rats freeze to the extent that 
they recall the association between the cues and foot-shock. This part 
of the test is sensitive to stress and emotion mediated by the amyg-
dala. Conditioned freezing has seldom been used in regulatory 
studies. 

An alternate way to assess emotional (amygdala mediated) condi-
tioning is by using delayed versus trace cued fear conditioning. In 
delayed conditioning the unconditioned stimulus (foot-shock) is deliv-
ered immediately after the conditioned stimulus (light) whereas in trace 
conditioning there is a no-stimulus interval between the conditioned and 
unconditioned stimulus (Kong et al., 2023). The entorhinal cortex is 
essential for trace but not delay fear conditioning. If a distractor stimulus 
is added, the method can be used to test anterior cingulate cortex 
mediated attention (Han et al., 2003).  

1. Social learning: The Crawley social preference test (Crawley, 2007b) 
and social interaction test (Crawley, 2007a) have not been used in 
regulatory studies to our knowledge, although FDA has indicated 
that social tests may be appropriate in juvenile toxicity studies. The 
Crawley test has three connected compartments. The rat is placed in 
the center compartment and allowed to explore. One of the end 
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compartments contains a small cage that has a conspecific in it, a so- 
called stranger, and the other has an identical small empty cage or 
has an inanimate object in it (Rein et al., 2020). Control rats spend 
more time on the side with the stranger than the side without a 
conspecific and this preference is taken as its social preference. There 
are variations of this test as well. A related method is for direct social 
interaction. For this, two rats are put in the same cage and their in-
teractions are scored by hand from a list of behaviors related to how 
they behave toward one another. Both tests are time-consuming, 
variable, and have not seen use in safety studies.  

2. Incidental/recognition L&M: NOR and its variants (Bevins and 
Besheer, 2006; Barker et al., 2007; Heyser et al., 2013) are widely 
used in neuroscience, although their suitability for safety assessment 
is unclear. In these tests, rats are placed in a test chamber and 
exposed to 2 or 4 identical objects. Later, from 1 to 24 h later 
depending on whether testing short to long-term memory, rats are 
placed back in the chamber with one new object and the same 
original object(s). Most control rats will spend more time investi-
gating the new object versus the old one, a preference disrupted by 
lesions of the dorsal hippocampus (Clark et al., 2000). Object 
recognition tests can be finicky and not always replicable because of 
variability. Some rats spend little time attending to the objects from 
the outset which requires an inclusion/exclusion criterion to use only 
rats that reach a minimum performance level. These tests also have a 
narrow dynamic range, meaning that rats show preference in the 
range of 62–67 % versus chance (50 %). This narrow range limits the 
ability of the test to detect effects. Moreover, these tests are based on 
an inherently transient phenomenon. Whether rodent or human, 
seeing a new object attracts attention only briefly; as soon as the 
novelty wears off so does the preference. The fleeting nature of the 
behavior limits its reliability and validity. In addition, many studies 
do not control time spent with the objects during familiarization, 
which can lead to erroneous interpretations of retention data.  

3. Executive function: There are 12 generally recognized executive 
functions in humans: self-restraint, working memory, emotional 
control, focus, task initiation, planning/prioritization, organization, 
time management, defining and achieving goals, flexibility, obser-
vation, and stress tolerance. Many of these can also be evaluated in 
rats using tests that assess discrimination, cognitive flexibility, 
delayed discounting, impulse control, delayed alternation, differen-
tial responding to low rates of reinforcement (DRL), probabilistic 
learning, etc. In rats, executive function usually requires operant 
conditioning using nose-poke, lever-pressing, or touch-screen re-
sponses [see (Schindler, 1993)]. The 5-choice operant test uses 
schedule-controlled conditioning requiring extended training and 
food restriction. The 5-choice test is, however, well suited for 
assessing PFC-mediated behavior. These methods are valuable but 
because of their complexity have seen limited use in safety studies. 
These tests are best reserved for follow-up experiments when an ef-
fect is found that requires more detailed analyses. 

Regulatory guidelines for learning and memory 

As mentioned, regulatory guidelines have referred to “a test of L&M” 
but no single test provides general protection from adverse CNS effects, 
but if two tests measuring different types of L&M and different brain 
regions are used it significantly enhances neurotoxicity coverage. 

So far there is little guidance on how a two-test requirement should 
be implemented. One approach is to have one test of hippocampal/en-
torhinal cortex function, i.e., spatial navigation and one test of striatal/ 
hippocampal function, i.e., egocentric navigation. Another is to have 
one test given at two different ages or have two tests but give one early 
and the other later. 

Recommended test for hippocampal dependent spatial learning 
and memory  

A. Spatial L&M: The optimal choice for this form of L&M is the 
MWM (Morris, 1984; Stewart and Morris, 1993; Vorhees and 
Williams, 2006, 2014a). However, not all test procedures or 
apparatus are equal. Important factors are tank size, tank char-
acteristics, platform size, room cues, water temperature, trials/ 
day, number of test days, training, control trials, test phases, 
lighting, trial length, intertrial interval (ITI), and experimenter 
effects. Spatial L&M is largely mediated by the hippocampus. The 
hippocampus has a dorsal to ventral representation of an organ-
ism’s surroundings mediated by place cells, i.e., cells that respond 
to the size and features of the space surrounding it. This organi-
zation of the place cells in the hippocampus has implications for 
tank size; smaller mazes activate dorsal place cells whereas larger 
mazes activate ventral place cells (Kjelstrup et al., 2008; Moser 
et al., 2017). It is important to use appropriately sized mazes. If 
mazes are too small, rats are able to find platforms using non- 
spatial strategies in small mazes by swimming away from the 
wall in concentric circles until they touch the platform. The rec-
ommendations below are based on our experience of having 
published 60 papers using the MWM.  

B. Maze Size: We conducted experiments on the neurotoxicity of 
developmental methamphetamine that impairs spatial L&M. We 
tested rats in a MWM that was 183 cm (6 ft.) in diameter, one that 
was 210 cm (~7 ft.), and one that was 244 cm (8 ft.) in diameter, 
all with 10 cm diameter platforms. Comparing control rats in a 
122 cm versus 210 cm diameter maze, it took rats in the larger 
maze significantly longer per trial per day than those in the 
smaller maze, however, by day 4 the learning curves converged 
significantly but not completely (Vorhees and Williams, 2006). 
Later, we compared control rats in a 210 cm versus 244 cm 
diameter maze and showed that in the even larger maze rats took 
significantly longer to find the platform compared with those in 
the 210 cm maze on days 1–4 and although only small differences 
remained on days 5 and 6 they were not completely convergent 
(Vorhees and Williams, 2014a). We found significant differences 
in adult methamphetamine-treated rats as a function of maze 
size, see (Fig. 1). There were no significant methamphetamine- 
induced spatial learning deficits in a 210 cm diameter maze 
(Herring et al., 2008), whereas there were methamphetamine- 
induced deficits using a 244 cm maze (Gutierrez et al., 2018). 
Notice that the slope of the learning curves is also different be-
tween the two mazes and this parameter can be calculated. These 
data show that commonly used MWMs 210 cm in diameter and 
smaller are less sensitive than larger ones. Therefore, we recom-
mend mazes larger than 210 cm in diameter. Morris himself, after 
his first paper using a small maze, switched to a 200 cm diameter 
tank when testing drug or lesion effects. Adult or developmental 
neurotoxicity studies, where more subtle effects can occur, would 
significantly benefit from a larger maze, and this is why we 
recommend a 244 cm tank to detect a larger range of treatment 
effects. However, we have found effects in 210 cm MWMs. Ex-
amples include after exposure to kaolin that induces hydro-
cephalus (Williams et al., 2014), developmental exposure to some 
antidepressants, particularly citalopram (Sprowles et al., 2016; 
Sprowles et al., 2017), developmental exposure to manganese 
(Amos-Kroohs et al., 2017), developmental exposure to the 
pesticide deltamethrin (Pitzer et al., 2019), developmental 
exposure to the novel street drug 5-methoxy-N,N-diisopropyl-
trypamine (“Foxy”) and methylenedioxymethamphetamine 
(MDMA) (Skelton et al., 2009), developmental exposure to d- 
fenfluramine (Morford et al., 2002) and ionizing protons (Wil-
liams et al., 2020; Williams et al., 2022). The 244 cm maze size is 
not size prohibitive since it can be moved into a laboratory in 
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sections and chemically welded by a fabricator. Moreover, when 
custom made it can be constructed on legs with a conical bottom 
and center drainpipe to a floor drain for efficient water changes to 
keep the maze clean. Since tank size determines what regions of 
the hippocampus are activated, larger spaces (tanks) activate 
more place cells than smaller spaces (tanks) (Strange et al., 
2014). But tank size is also relevant to the age of rats being tested. 
For young rats around postnatal (P) day 25 (P25), a 152 cm in 
diameter (5 ft) maze may suffice. We have data showing that P30 
rats can learn well in 183 or 210 cm diameter mazes; rats as 
young as P21-25 may be able to learn in these size mazes, we 
simply have not tested rats of this age. It is important to appre-
ciate that the hippocampus is not fully developed in rats until 4 
weeks of age in terms of precision of spatial mapping (Ramsaran 
et al., 2023). Therefore, testing rats younger than P28 could 
create interpretational issues given that hippocampal cells 
needed for spatial learning are not all present prior to P28. In 
mice, tank sizes of 150 or 120 cm in diameter work well, how-
ever, tanks 75 cm in diameter make the task too easy and likely 
not a test of spatial L&M (Van Dam et al., 2006).  

C. Platform size: Platform size is a significant determinant of the 
rate of spatial learning. In a tank of a given size, when rats were 
compared using 5, 10, or 14 cm2 platforms, rats learned faster 
with progressively larger platforms as one might expect. The 
unexpected finding was that on the probe trial at the end of the 
hidden platform trials, rats that learned with the smallest plat-
form more accurately swam to the location of where the platform 
used to be than those that learned on the larger platform, indi-
cating better reference memory in rats that learned on the small 
platform. Hence, large platforms are not advisable. Platforms 
should be 10 cm or smaller to best assess spatial navigation 
(Mactutus and Booze, 1994).  

D. Tank characteristics: It is important that there are no cues inside 
the tank. Hence, the interior walls must be featureless without 
seams or other imperfections that a rat might use for orientation. 
In addition, the water level should be far enough below the edge 
that rats are not trying to jump out nor so low that the walls of the 
tank interfere with the rat’s ability to see the room cues on the 
walls.  

E. Water conditions: Some labs put milk powder or tempura paint 
in the water to make it opaque. This stems from what Richard 
Morris did in early experiments as a precaution to ensure that the 
submerged platform could not be seen. However, since then this 
precaution has proved unnecessary if attention is given to 
camouflaging the platform. We use a black tank with black or 
transparent platform. This makes the platform invisible to the rat 
at water level. We have shown that rats cannot see the platform as 

demonstrated by the fact that they do not notice it in early trials 
even if they swim close or bump it but ignore it and keep swim-
ming. After finding the platform a few times, rats still sometimes 
swim pass it very closely, which if they could see it they would 
not hesitate to climb on it to escape.  

F. Water temperature: Early experiments used warm water 
(24–26 ◦C) under the assumption that this would prevent hypo-
thermia that might interfere with performance. However, we and 
others find that warm water slows swimming and delays learning 
(Sandi et al., 1997). The opposite is also true, that cold water 
slows learning. Average vivarium room temperatures around 
19–21 ◦C work well for adult rats. These water temperatures 
motivate rats to search but do not cause hypothermia when given 
4 back-to-back trials per day. However, young rats are different, 
they do benefit from spaced trials, as do mice, or their perfor-
mance will deteriorate from heat loss.  

G. Escape Platform: We use a 10 cm diameter platform as do most 
labs, but in some procedures we change the size of the platform 
since a smaller platform increases the search area to target ratio 
thereby making the task more difficult (Vorhees and Williams, 
2006). Many labs use the same size platform during initial 
learning (acquisition) and on reversal trials, i.e., moving the 
platform to the opposite quadrant. We typically do spatial 
learning to a hidden platform in three phases with three different 
platform sizes. The phases are acquisition, reversal, and shift, 
with shift placing the platform in one of the previously unused 
quadrants. We use a 10 cm platform for acquisition, a 7 cm 
diameter platform on reversal, and a 5 cm platform on shift.  

H. Start positions and time limits: If the maze is conceptually 
divided into four equal quadrants, it lends itself to four equidis-
tant cardinal locations around the perimeter used as start posi-
tions such that if each one of these is used once per day it results 
in 4 unique trials/day. Many other numbers of trials/day have 
been used, but 4 trials/day is the most widely used method. 
Similarly, there is nothing sacred about dividing the maze into 
four equal quadrants. It could be divided into 6 or 8 sectors just as 
easily, but what one gains with more divisions can be lost in the 
distinctiveness of the positions if they are close together. Nor is 
there anything requiring the four start positions to be only car-
dinal positions. In fact, using cardinal positions results in two 
start positions that are closer to the platform and two that are 
farther away. There is no complete solution to this near vs far 
problem, but it can be lessened by using two cardinal and two 
ordinal start positions such that all starts are distal to the plat-
form. In terms of timing, we use a 2 min time limit per trial. Some 
labs use 1.5 min, and a few labs use longer times. 

Fig. 1. Comparison of MWMs that are either 210 cm in diameter, panel A, or 244 cm in diameter, panel B, in rats treated with equivalent doses of methamphetamine 
(Meth). Data are for latency to the goal for acquisition and reversal, 4 trials/day for 5 days for each phase. Meth induced no significant effects in the 210 cm maze but 
significant effects in the 244 cm maze. 
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I. Time per Trial: We use 4 trials/day but there is no agreement in 
the literature on the optimal number and there are no studies we 
could find comparing different numbers to determine if there are 
numbers of trials per day that make the test more sensitive than 
others. The range of trials per day is large, with studies using as 
few as 1 trial/day (Fleischmann, 2003), 2 trials/day (Rudy and 
Paylor, 1987; Rudy and Paylor, 1988; Tees et al., 1990; Teixeira 
et al., 2006; Possin et al., 2016), 4 trials on day-1 and 2 trials/day 
for the remaining days (During et al., 2003), 3 trials/day (Burwell 
et al., 2004; Jo et al., 2007; Dupret et al., 2008), the most widely 
used method of 4 trials/day (Schenk, 1985; Upchurch and Weh-
ner, 1990; Lamberty and Gower, 1991; Conrad and Roy, 1995; 
Mogensen et al., 1995; van Rijzingen et al., 1995; Kraemer et al., 
1996; Whishaw and Tomie, 1997; Wolfer et al., 1998; Otnaess 
et al., 1999; Miyakawa et al., 2001; Commins et al., 2003; Iivonen 
et al., 2003; Sircar, 2003; Topic et al., 2007; Bannerman et al., 
2008; Zhang et al., 2008), 6 trials/day (Tonkiss et al., 1992; 
Guzowski et al., 2001), 8 trials/day (Devan et al., 1992; Packard 
and McGaugh, 1992; Carman and Mactutus, 2001; Bekinschtein 
et al., 2007), two day methods with 10 trials on day-1 and 12 
trials on day-2 (Rudy et al., 1987), 10 trials/day for 2 days and 4 
trials/day for 10 days (Deacon et al., 2002), 10 trials on only one 
day (Hoh et al., 1999), and 12 trials on one day (Wesierska et al., 
1990). Unfortunately, one cannot compare these different pro-
cedures across studies because of differences in tank size, plat-
form size, intertrial interval, strain, water temperature, use of 
assisted versus unassisted escape on time limit trials, lighting, 
number of days of testing, whether pretraining was given or not, 
distal cues, etc. In terms of intertrial interval, the general prin-
ciple that distributed trials increase learning compared with 
massed trials has been shown when comparing learning in the 
MWM with intertrial intervals of 1-min vs. 10-min (Commins 
et al., 2003). However, even though this effect was significant it 
was small. We find that rats learn well given four back-to-back 
trials/day. However, if one prefers distributed trials, rotating 
through the group giving each rat trial-1 until all rats complete 
trial-1 before starting over and giving each rat trial-2, also works 
well.  

J. Trial failures: There will be rats that fail to find the platform 
within 2 min. There are two approaches to this situation: (a) 
assisted escape and (b) unassisted escape. We use unassisted 
escape for the following reasons: First, it is a premise of research 
that intervention by the experimenter should be avoided because 
it runs the risk of biasing the outcome. Bias can be unintentional 
but still significant. Since it is easily avoided, there is no reason to 
use assisted escape. Another reason assisted escape is ill-advised 
is that no two experimenters and no two rats can be guided or 
pushed to the platform in the same way, thereby producing un-
even and potentially unequal assistance. Furthermore, if a higher 
percentage of experimental rats reach the time limit, then a 
higher percentage of experimental rats will require assistance, 
and that could result in reduced group differences, the opposite of 
what the experiment is designed to test. Moreover, assisted 
escape carries the implicit assumption that rats need help or they 
will not learn. This is easily disproven by the many published 
studies that get good learning without using assisted escape 
(Sutherland et al., 1982; Rudy et al., 1987; Upchurch and Weh-
ner, 1988b,a; Annett et al., 1989; Mandel et al., 1989; Morris, 
1989; Eichenbaum et al., 1990; Tees et al., 1990; Upchurch and 
Wehner, 1990; Grant et al., 1992; McNaughton and Morris, 1992; 
McDonald and White, 1994; Holscher, 1999; Williams et al., 
2002; Williams et al., 2003b; Williams et al., 2003a; Williams 
et al., 2003c; Vorhees et al., 2004; Able et al., 2006; Vorhees and 
Williams, 2006; Vorhees et al., 2008; Vorhees et al., 2009; Braun 
et al., 2012; Braun et al., 2015; Vorhees et al., 2015; Braun et al., 
2016a; Braun et al., 2016b) compared with those that do use 

assisted escape (Wade and Maier, 1986; Rudy et al., 1987; Rudy 
and Paylor, 1988; Wesierska et al., 1990; Devan et al., 1992; 
Packard and McGaugh, 1992; Tonkiss et al., 1992; Conrad and 
Roy, 1995; van Rijzingen et al., 1995; Guzowski et al., 2001; 
Carman and Mactutus, 2002; Commins et al., 2003; Blokland 
et al., 2004; Burwell et al., 2004; Kubik and Fenton, 2005; 
Teixeira et al., 2006; Bekinschtein et al., 2007; Jo et al., 2007; 
Zhang et al., 2008). To ensure that there are no experimenter 
effects and to prevent reducing group differences, assisted escape 
should be avoided. In cases where the rat reaches the time limit, it 
should be retrieved from wherever it is when time runs out and 
(a) placed briefly on the platform or (b) placed in a holding cage. 
If placed on the platform some labs leave the rat on for 30 s so it 
can ‘familiarize’ itself with distal cues. We find no evidence that 
this improves learning, therefore, we leave the rat on the platform 
for 5–10 s, long enough for the experimenter to set the software 
program for the next trial, pick the rat up, place it in the pool at 
the next start location, and start the trial.  

K. Intertrial intervals: Some labs towel dry rats after each trial, 
others put them under a heat lamp. These procedures apply when 
there is a significant intertrial interval, not when trials are run 
back-to-back. With massed trials, rats get four trials in a row and 
are then dried. While rats learn slightly faster using distributed 
rather than massed trials, this effect is modest in rats but signif-
icant in mice (Vorhees and Williams, 2014b). Giving trials in 
rotation while testing a cohort of rats yields good learning curves 
as does giving only one trial per day. The goal is to obtain 
learning curves that are neither too shallow (indicating the task is 
too difficult) nor too steep (indicating the task is too easy). In-
termediate slopes provide the best evidence that one will not 
encounter ceiling or floor effects.  

L. Strain: We use Charles River Sprague Dawley (strain 001) rats in 
most experiments, but we have used other strains, including F344 
(Vorhees, 1983; Schaefer et al., 2012), Dark Agouti (Vorhees 
et al., 1999), and Long-Evans as have others (Tonkiss et al., 
1992). Other common rat strains are Wistar, Brown Norway, 
Lister, etc. All rat strains tested learn the MWM. Several mouse 
strains have also been tested, and in mice strain differences are 
larger than in rats (Upchurch and Wehner, 1988b; Wahlsten 
et al., 2005).  

M. Days of Testing: We use 5 or 6 days of platform trials and both 
work well. Even in a 244 cm maze, by the fifth day rats are per-
forming well. We find that the sixth day does not show much 
improvement over the fifth day. Over-training is not useful. There 
can be effects of over-training on reversal learning where over-
learning facilitates reversal learning in simple two-choice tasks 
(Dhawan et al., 2019), but we see no evidence of this in the 
MWM. In most experiments, we find that rats improve across test 
phases, i.e., they do better on reversal than on acquisition, and 
better on shift than on reversal, presumably from transfer of 
training effects. To partially offset this training effect, we make 
each phase more difficult by reducing platform size.  

N. Test phases and Cognitive Flexibility: We test in 4 phases: 
acquisition, reversal, shift, and cued. Reversal and shift phases 
test cognitive flexibility an executive function. For reversal, the 
platform is moved to the quadrant opposite the one used for 
acquisition. For shift, the platform is moved to one of the adjacent 
quadrants. One can continue this process and do a second shift to 
the remaining quadrant and then start over (Williams et al., 
2003c). We showed that developmental methamphetamine 
exposure results in MWM deficits on acquisition, reversal, shift, 
and on a second shift with the magnitude of the effect largest on 
acquisition, shift, and second reversal with a smaller platform but 
not as large as on reversal. The cognitive flexibility required on 
shift trials appears more difficult perhaps because there is greater 
retroactive interference from having had two previous positions 
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to learn. Adding the shift phase adds some time to the task, but 
the addition of a few days, given the large investment in treating 
and testing rats in a large safety experiment, adds little to overall 
investment of resources and time. The fourth phase is cued and is 
a control procedure to ensure that rats do not have a sensorimotor 
or proximal cue learning deficit that might compromise inter-
pretation of hidden platform effects. For the cued phase, curtains 
are closed around the maze to block the rat from seeing room 
cues, and the start and platform positions are changed on every 
trial to discourage use of any residual room cues not covered by 
the curtains (e.g., the ceiling). The platform is made visible on 
these trials, so the rat can use direct line-of-sight to swim to the 
platform without needing distal cues. We use a 10 cm platform for 
this phase with a hole in the center of the platform into which a 
stainless-steel rod is inserted with a plastic ball mounted on top 
that is 10–12 cm above the water to make the location visible. 
This phase consists of 4 trials per day for 2 days with no probe 
trial. 

Transfer of training: It is important to appreciate that if there is a 
deficit in performance on acquisition in which the experimental group 
lags behind controls and fails to catch up by the last day, the experi-
mental group will start reversal having unequal learning compared with 
the control group. The same applies if a shift phase is used and the 
experimental group never caught up with controls during reversal. How 
serious this is when screening for neurotoxicity of test agents is not 
known but it is important in the interpretation of the results in terms of 
drawing inferences about whether these later phases reflect cognitive 
flexibility or a mixture of incomplete acquisition combined with 
compromised cognitive flexibility.  

O. Reference memory: In all MWM procedures, learning trials with 
the platform are followed by a probe trial for reference memory 
given at least 24 h after the last learning day. Reference memory 
for spatial learning is analogous to declarative memory in people, 
i.e., in people memory for faces, places, things, and events. 
Obviously, memory for people does not apply to rodents, but the 
MWM tests place memory, therefore it assesses the homologous 
function to declarative memory in people. If acquisition is 5 days, 
the probe trial is on day 6. For the probe trial there is no platform. 
Rather it is an unreinforced trial to measure where the rat spends 
the most time. Average distance from the former platform site, 
number of times the rat crosses the spot where the platform used 
to be, and time and distance in the target quadrant are assessed. 
The start position for the rat on a probe trial is a point around the 
perimeter distal to the former platform location that was not used 
on any of the platform trials during that phase. For example, if the 
platform is in the SW quadrant during acquisition with start po-
sitions of N, E, SE, and NW used as start positions in different 
orders on each day, the probe trial 24 h after the last acquisition 
trial would be from NE since this position was not used on any of 
the acquisition trials. The same would be done for reversal and 
shift, with the probe position being from none of the positions 
used on platform trials. Probe trials can be informative, but they 
are limited since they provide data from only a single, short trial. 
A common time limit on probe trials is 60 s, but we find that 45 s 
is sufficient. There are few data on the optimal probe trial length, 
but preference for the target quadrant in control rats drops pre-
cipitously after 30 s (Blokland et al., 2004) but some target 
quadrant preference continues after that. The reason is that it 
does not take long for rats to figure out that the platform is not 
where it used to be, and they start searching other places diluting 
the assessment of reference memory.  

P. Dependent variables: The classic measure on this test is latency 
(time) from the start of a trial until the rat reaches the platform. 
However, latency has the drawback that if a treatment affects 

swim speed, there might be an effect based on performance rather 
than learning. A measure that helps is path length. Path length is 
not affected by speed except at extremes of slow or fast swimming 
and path length is captured by commercial video tracking soft-
ware. A measure we find helpful is path efficiency. Path efficiency 
is unitless because it is the ratio of the length of a straight-line 
from the start to the goal divided by the path the rat takes on 
each trial. Path efficiency is low on early trials, 0.1–0.2 and im-
proves to 0.3–0.4 on later acquisition trials. Path efficiency often 
reaches 0.6 on late reversal trials. We find path efficiency a useful 
gauge of learning compared with latency or path length in part 
because speed does not affect it. Many tracking programs provide 
swim speed separately. Speed can be used to determine if there 
are rate differences between groups and if there are such differ-
ences, this may temper the interpretation of L&M effects. We 
have seen cases where experimental groups swim slower or faster 
than controls and in both cases path efficiency showed impaired 
learning. When the experimental group shows faster swimming 
than controls the interpretation is straightforward, but when the 
experimental group swims slower than controls it raises concerns 
about whether the L&M effects are secondary to speed. Most 
tracking programs calculate speed by dividing path length by trial 
time to give average swim speed, they do not provide second by 
second speed. Swimming speed is generally consistent across 
trials and phases and minor speed differences seldom correlate 
with learning measures and have seldom been found to be 
determinative.  

Q. Trial order: Choosing start positions for each trial is best done by 
making sure one does not inadvertently introduce orientation 
bias. It is advisable to use pseudo-random, balanced start posi-
tions relative to the position of the platform. If one labels the four 
cardinal positions as N, S, E, and W, and puts the platform in one 
quadrant, there are two long paths and two short paths to the 
platform from the far and near cardinal points. We reduce this 
difference by using two cardinal and two ordinal start positions. 
This makes the distances more similar. With 4 trials per day, we 
use four different start positions each day and arrange the starts 
so two start positions have the platform to the right of the rat and 
two to the left, i.e., one far right, one near right, one far left, and 
one near left but the sequence of these is quasi-randomized and 
balanced.  

R. Day-1: An issue that becomes relevant if a treatment causes a 
L&M deficit is whether the impairment is a learning or perfor-
mance deficit. One way to help resolve this is to analyze the Day-1 
data trial-by-trial. If rats have a performance deficit, they perform 
worse than controls from the outset even on the first and second 
trials. If, however, the rats have a learning deficit but no per-
formance deficit, the groups all start out the same and gradually 
diverge. We typically see groups being comparable on trials 1 and 
2, and sometimes trial 3 before controls improve more than the 
experimental group. Showing such data assures the reader that 
the experimental group does not have a pre-existing performance 
impairment.  

S. Stress effects: The most frequent criticism of the MWM and all 
water mazes is that putting rats or mice in water is stressful and 
since stress can interfere with learning, water mazes may impair 
the rate of learning or interact with the independent variable 
causing effects that would be different in a test that was less 
stressful. Examination of learning curves in MWM experiments 
where the parameters of tank and platform size are appropriate 
show that rats display graded learning curves that are neither too 
steep nor too shallow. Part of this concern may arise because 
people know the forced swim test (FST) is a method designed to 
induce stress, but FST effects are not comparable to water mazes 
where the subject can escape. It is well known that (a) moderate 
stress facilitates learning and (b) stress responses are influenced 
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by locus of control. A stressor from which there is no escape raises 
corticosterone levels far more than the same stressor where the 
subject can escape. 

One study compared serum corticosterone levels in two groups of 
C57BL/6J mice tested in the MWM versus the Barnes maze (Harrison 
et al., 2009). After 5 days of testing, 30 min after the last trial, serum 
corticosterone levels were elevated in both groups but were higher in the 
MWM group by approximately 35 % compared with the Barnes maze 
group. But is this difference enough to interfere with learning in the 
MWM? Apparently not because these authors report that the perfor-
mance of the mice on the last day of testing showed equal escape la-
tencies between mice in the Barnes and MWM, hence, the higher 
corticosterone levels in the MWM group did not affect the rate of 
learning. This study is often cited as a criticism of the MWM invoking the 
idea that this maze is stressful, but the study actually shows that learning 
in the two mazes is equivalent. We also reported increases in cortico-
sterone in rats immediately after the last trial in the MWM that 
decreased over time to normal levels by 60 min after the last trial 
(Skelton et al., 2007). In the Skelton (2007) study, even though there 
were no treatment differences in corticosterone levels after MWM 
testing, the rats treated neonatally with methamphetamine and tested as 
adults had deficits compared with controls and by 30 min levels were 
lower than in C57BL/6J mice in the Harrison et al. study (Harrison et al., 
2009). 

MWM Summary. The MWM is a valuable test of spatial learning and 
reference memory that is suitable for regulatory studies. However, 

getting the apparatus and testing procedure optimized makes a signifi-
cant difference in maximizing its sensitivity, reliability, and validity. 

Recommendations 

≥210 cm diameter tank with a 10 cm platform is recommended for 
rats and larger tanks have significant advantages, e.g., up to 244 cm in 
diameter. The platform should be clear or match the color of the inside 
of the tank (black for albino rats, white for black or hooded rats, or beige 
if using both). Rats do not need training prior to hidden platform trials 
and should begin with acquisition with the platform in a fixed position 
and with start positions in a pseudo-randomized balanced order on each 
trial for 4 trials/day for 5 days with two starts from cardinal positions 
and two from ordinal positions or from four cardinal positions. Each trial 
should have a 2 min limit and unassisted escape when the time limit is 
reached. Rats should be given 5–10 s on the platform between trials. On 
day-6 rats should be given a single 45 s probe trial with no platform 
starting from a novel location distal to the target zone. After acquisition, 
rats should be given reversal trials with the platform in the opposite 
quadrant for the same number of trials/day and same number of days 
with a single probe trial 24 h after the last platform trial. Adding a shift 
phase increases test sensitivity for assessing cognitive flexibility. Use 
room temperature water and change it once or twice a week depending 
on how many rats are tested. When cleaning, drain the maze at the end 
of one day and refill it the same day so the water has time to equilibrate 
to room temperature overnight. Record water temperature each day. 
Rats should be given 2 days of cued trials, 4 trials/day, at the end of the 

Fig. 2. A,B, Photographs of our MWM. A, at this angle one can see some of the wall cues. B, a top-down view showing a demarcation for the position of a platform in 
the NE quadrant. C, Schematic showing platform positions for acquisition, reversal, and shift. 
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shift phase with obscured distal cues, and random start and random goal 
positions. Rats as young as P30 can learn the MWM in a tank 183–210 
cm in diameter or even larger. There are limited data in rats younger 
than P30 making it unclear if spatial L&M or some other strategy is being 
evaluated at these ages. If an early L&M test is needed, the MWM 
starting on P30 works (Vorhees et al., 2007). 

MWM Example 

Fig. 2A shows our MWM, Fig. 2B has superimposed lines marking the 
cardinal points, and Fig. 2C shows the platform positions for the three 
phases of testing. Table 1 lists all recommended parameters of the task. 

Young rats: Adult rats do not need rest between trials, but young rats 
do. One approach is to test young rats in rotation so that for a given 
cohort, all rats receive trial-1, then trial-2 in rotation thereby providing 
approximately 10 min between trials. At young ages, place paper towels 
in the bottom of each cage and/or use a heat lamp or space heater to 
prevent hypothermia. 

Recommendation for a striatal dependent test of egocentric 
learning and memory 

A. Egocentric L&M: There are two types of egocentric or dead reck-
oning L&M, (a) wayfinding/pathfinding and (b) path integration. 
Mazes with channels such as the BWM, CWM, Stone maze, etc. assess 
pathfinding because what is learned is a set of sequential turns. Path 

integration is where an animal leaves their home base (burrow or 
nest) to forage for food and move to different locations and when 
they return home, they do not retrace their steps but navigate a more 
direct route back. The ability to chart a more direct return requires 
the integration of previous locations relative to where they started to 
determine a shorter way back. Whishaw developed a test for path 
integration as noted above (Whishaw et al., 2001). 

The predecessor to the CWM is the BWM (Fig. 3). Biel began by 
training rats to escape from a simple straight channel by blocking off the 
long corridor from the rest of the maze and recorded transit time to 
ensure that all rats had swimming experience, found the escape, and 
swam at comparable speeds. He then gave rats maze trials by starting 
them at point A and counted errors and time until they reached point B 
(Biel, 1940). No one used the BWM after that until Polidora et al. 20 
years later (Polidora et al., 1963; Polidora et al., 1966b,a). At first Pal-
idora et al. used the maze as Biel had, giving rats pre-maze trials in the 
long arm followed by learning trials from point A to B (Polidora et al., 
1963). In subsequent experiments they started the same way but after 
rats learned the path from A to B, they gave them additional trials to 
learn to swim from B to A (Polidora et al., 1966b,a). What they found 
was that rats made more errors swimming B to A than from A to B. Later 
the maze was used by Butcher and colleagues (Butcher, 1970; Butcher 
et al., 1970). Butcher also gave pre-maze trials in the long channel, then 
trials from A to B, followed by trials from B to A. Whereas Polidora used 
Long Evans rats, Butcher used Sprague Dawley rats and both strains 
readily learned the task. However, the task could only be used in 
younger rats. To test older rats, the maze had to be resized, therefore, 
one of us (CVV) redesigned the apparatus.  

B. Maze design: Today, there are two CWM designs, one has 9 multiple 
Ts (CWM9) and the other has 10 multiple Ts (CWM10). These are in 
contrast with the BWM that has 6 Ts. The first limitation of the BWM 
was that it had narrow channels. This limited the size of rats that 
could be tested and caused secondary issues. Adult rats could put 
their legs against the side walls at intersections and brace themselves 
to avoid swimming. Once rats started this behavior, they often 

Table 1 
Morris water maze (MWM)).  

Factor Specification 

Tank size-adults 183 (min.) 200–210 (OK) 244 (best) cm internal diameter 
Tank size-juveniles 150–210 cm internal diameter 
Tank depth 50 cm measured near tank wall, internal 
Construction Sloped bottom to drain, laminated polypropylene 
Curtains Ceiling mounted on tracks 
Water depth 25 cm 
Interior Opposite coat color of rats, or neutral (beige) 
Interior surface Uniform, no detectable seams or marks 
Platform size 10 cm diameter (or smaller, not larger) 
Platform color Clear or matching interior 
Water Tap water (nothing added) 
Water temperature 19–21 ◦C, allow at least 12 h to equilibrate to room temp 
Platform depth 1–1.5 cm below water surface 
Platform position Halfway between wall and center 
Starts during 

acquisition 
Platform SW, then starts N,W,E,S or N, NW, S, SE in 
pseudo-random order, 1 from each position/day 

Time limit 90 or 120 s per trial 
Intertrial interval If ≤4 trials/day then do back-to-back trials; alternatively 

test in rotation (mice always in rotation) 
Trial failures Remove rat and place on platform for ITI (unassisted 

escape) 
Training None for rats, 1 day for mice to visible platform 
Trials/day Usually 4, but can range from 1 to 12/day 
Number of learning 

days 
4–5 per phase 

Learning phases Acquisition, Reversal, Shift 
Cued phase Close curtains, 4 trials/day, 2 days, visible cue on 

platform; platform and starts changed on every trial 
Memory Probe trial, no platform, 24 h after each phase 
Probe length 45–60 s 
Rat strain Sprague Dawley, Long Evans, Lister, F344, Wistar, Dark 

Agouti and more 
Learning trial measures Latency, path length, path efficiency, speed (best to use 

camera and tracking software) 
Probe trial measures Cumulative distance from platform, time to first platform 

zone crossing, number of zone crossings (optional: 
quadrant time) 

Data analysis on 
learning trials 

Mixed general linear ANOVA-RM, Group × Sex × Day; if 
developmental include litter as a random factor 

Day-1 Analyze trial by trial; same ANOVA model 
Distal cues Prominent cues on walls 
Lighting Uniform and at a level that minimizes reflections  Fig. 3. Biel water maze (BWM).  
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continued doing it. Even when not bracing, rats often perseverated 
on corners and edges rather than search. This behavior, in turn, led to 
attempts to jump out or dive to try to find an escape. While these 
attempts failed, they represent off-task behaviors that disrupt 
learning. Widening the channels and changing the material from 
galvanized steel to acrylic eliminated these problems. The BWM cul- 
de-sacs are arranged such that there is a long channel at the end that 
runs the length of the maze (Fig. 3). Biel used this channel for pre- 
maze training. However, during maze trials a rat’s prior exposure 
with this part of the maze had the effect of cueing the location of the 
goal before the rat got there, essentially making the task a 5-unit T 
maze because the arm opposite the long arm was ignored. In the 
redesign, the long arm was eliminated, and a separate training 
channel was constructed and placed in a separate room so that room 
cues were also different.  

C. Maze asymmetry. As currently used, rats swim through the maze 
from point S to G (Fig. 4A). Fig. 4B shows T errors on the left and 
stem errors on the right. When rats are tested in path G to S and swim 
straight ahead, at each decision point there is a 50:50 chance of 
making a correct turn. By contrast, that same strategy when tested in 
path S to G when they reach a perpendicular wall, it is certain they 
will make an error regardless of whether they turn right or left. 

Between the two types of errors, there are 27 unique errors possible 
plus repeat errors. However, the probability of making an error is 
greater in the reverse path because of the way the cul-de-sacs are 
arranged in relation to how rats learn the maze. The S to G path 
increases the difficulty of the maze because rats swim straight until 
forced to turn and this strategy leads to far more errors than on path 
G to S. To reach the goal in path S to G, the rat must learn to back-
track and search for an alternate way out. The alternate way is to turn 
down an opening located halfway along the wall. Rats find this 
difficult and hence make many errors before learning to turn before 
reaching the end of a channel. Once rats enter a side channel for the 
first time, they confront the same difficulty a second time, then a 
third time, et cetera, until they reach the goal. 

D. Paths: Early users of the BWM ran A to B and B to A paths sequen-
tially. When the CWM9 was developed this sequence was retained. 
But then one of us (CVV) tested which configuration was the most 
sensitive to experimental perturbation. For this, prenatal exposure to 
the antiepileptic drug phenytoin was used. To compare the CWM9 
with the BWM, rats were run in the CWM9 or in the BWM. There 
were 3 doses of phenytoin (100, 150, and 200 mg/kg) and vehicle 
controls gavaged daily from embryonic day (E)7–18. All rats were 
given the A to B or G to S path first and the B to A or S to G path 

Fig. 4. CWM9. A, the maze with 9T-shaped cul-de-sacs. S = Start, G = Goal. B (right), shows stem errors when started at G and swimming to S; B (left) shows T errors 
when started at S and swimming to G. Note there are 9 unique stem error types in the version on the right and 18 unique T arm error types in the version on the left. 
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second. The high dose group had impaired learning on the A to B or G 
to S path in the mazes, but there were no effects in the lower two dose 
groups. In the B to A and S to G path, the effects were large at all 
doses in both mazes but were larger in the CWM9 than in the BWM. 
Thus, comparison of littermates run in the two mazes in parallel 
showed that the CWM better differentiated the groups than the BWM 
(Vorhees, 1987).  

E. Path Order: Next CWM9 and BWM performance were tested by 
splitting offspring from multiple litters into different sets with each 
set tested differently. Rather than two different mazes, arms in the 
CWM9 were blocked off to create a BWM without the long arm. Two 
doses of phenytoin (100 and 200 mg/kg) dosed as above were used in 
this study (Vorhees et al., 1991). The first experiment confirmed that 
the CWM was more sensitive than the BWM. With the second set of 
offspring, path order was tested in the CWM9. Half the rats in this set 
were tested in the G to S path followed by the S to G path and the 
other half received the S to G path first followed by the G to S path. 
The data showed no main effects on the G to S path regardless of 
whether it was given first or second, but there were big differences on 
the S to G path that depended on order. The S to G path showed clear 
effects of phenytoin at both doses, but the magnitude of the effect 
was larger when the S to G path was first. This showed that the S to G 
path better differentiated the effects of the drug when run in the 
absence of prior experience in the G to S path. Hence, the data 
showed that the G to S path was not adding value, in fact it reduced 
group differences on the S to G path due to transfer of training effects 
and was, therefore, counterproductive. Accordingly, we only use the 
S to G path.  

F. Escape assistance: The third set of offspring from these litters was 
used to test the effects of assisted versus unassisted escape when rats 
reached the trial time limit without finding the goal. Both phenytoin 
groups were significantly impaired under both conditions, but the 
rats tested with unassisted escape made more errors than those with 
assisted escape. Since the point of most experiments is to test for 
treatment effects, the data showed that unassisted escape better 
differentiated the effects of the drug than assisted escape. In addi-
tion, unassisted escape saved time and eliminated human in-
teractions with the rats during testing. This removed the risk of 
experimenter effects as discussed earlier (Vorhees et al., 1991).  

G. Interim Summary: At this point, we had improved the maze 
significantly over Biel’s design and procedure. Our refined CWM9 
method used only the S to G path with unassisted escape when a rat 
reached the time limit. Rats received 2 trials/day for 5–6 days with a 
5 min rest between trial-1 and trial-2 if it reached the time limit or 
back-to-back trials if it found the goal in <5 min on the first trial of 
the day. With this procedure, Sprague Dawley control rats make 
about 30 errors on trial-1 of day-1 and get down to about 1 error by 
trial-12 on day-6. 

What the CWM measures 

As we began testing different compounds in the CWM9 and MWM we 
saw divergence where an effect was larger in one maze than the other. 
This led us to investigate the basis of these differences which led to a 
question about what kind of L&M the CWM9 reflected. Much was known 
about the MWM as a test of spatial learning and it was backed by many 
studies where it was shown to depend on activation of place cells in the 
hippocampus and grid cells in the entorhinal cortex that create cognitive 
maps of a subject’s surroundings (Morris et al., 1982; Morris et al., 
1986a; Morris et al., 1986c; Morris et al., 1986b; Morris, 1989; 
Eichenbaum et al., 1990; Morris et al., 1990; Davis et al., 1992; Jeffery 
and Morris, 1993; Morris et al., 2006; Ekstrom et al., 2014; Moser et al., 
2014; Brown et al., 2016; Eichenbaum, 2017; Hardcastle et al., 2017; 
Moser et al., 2017). However, we knew little about what brain region or 
type of navigation the CWM was measuring. It was known that spatial 
L&M relies on distal cues to active place cells in the hippocampus, 

therefore, one of us (MTW) decided to test whether eliminating distal 
cues would reveal whether rats used distal cues in the CWM9. First, we 
tried using red lights. This slowed the rate of learning, but the effect was 
minor. Next, we tried hoods to cover the rat’s eyes. This failed because as 
soon as thehoods got wet, rats pried them off. Next, we turned the room 
lights off and evaluated performance wearing night vision goggles. Rats 
took longer to learn than under red light, but infrared goggles hum and it 
appeared to provide rats an auditory reference point to find their way 
through the maze. Next, we eliminated the night vision googles and 
mounted an infrared sensitive camera above the maze and used infrared 
LEDs to illuminate the maze and fed the image to a monitor in an 
adjacent room where the experimenter evaluated performance (Atana-
sova et al., 2022). This also eliminated the need to have a person in the 
room during testing. Rats now made more errors but still solved the 
maze efficiently. Next, we stood in the room until fully dark-adapted to 
look for sources of light. It became evident that light was leaking around 
the door, so we had the door sealed on all sides. Now the rats made many 
more errors and showed no signs of orienting to the door or any other 
feature in the room. 

What brain region did rats use to find their way through the maze in 
complete darkness? There were studies implicating head direction cells 
in the thalamus with connections to the striatum and the hippocampus, 
therefore, one of us (MTW) suggested using 6-hydroxydopamine injec-
ted into the dorsal striatum, dorsolateral striatum, dorsomedial stria-
tum, ventral striatum (nucleus accumbens), and PFC to determine which 
regions were important for this form of learning (Braun et al., 2012; 
Braun et al., 2015; Braun et al., 2016a). Without describing these ex-
periments in detail, the data showed that striatal and nucleus accumbens 
dopamine damage caused large impairments in CWM9 learning in the 
dark. There were also MWM deficits in these rats, but proportionately 
the MWM deficits were less severe than those in the CWM. 6-Hydroxy-
dopamine injections into the PFC had no effects. It takes rats signifi-
cantly longer to learn in total darkness, 18–21 days, versus 5–6 days 
under visible light (CWM9 or CWM10). Since adopting the infrared 
testing procedure, we have seen more examples of treatments that affect 
the CWM differently than the MWM. Later, it was shown that there are 
egocentric sensitive cells in the striatum, analogous to place cells in the 
hippocampus (Hinman et al., 2019) and that egocentric learning also 
depends on head direction cells (Bjerknes et al., 2018; Gofman et al., 
2019). Collectively, the data show that the CWM under infrared lighting 
assesses egocentric or route-based L&M as distinct from the spatial or 
allocentric L&M assessed in the MWM.  

A. Age Effects: We typically test rats in the CWM between P50 and 
P180. At these ages, rats learn the maze well with no age- 
dependent differences. We know rats learn the MWM even at 
P360, and rats of this age can probably learn the CWM as well, 
but we have not tested this. At the other end of the spectrum, 
young rats have difficulty learning the CWM. We tested rats at 
P30, and they learned it only if we reduced the complexity from 9 
to 7 T-shaped cul-de-sacs (CWM7). At this level of complexity, 
P30 rats could learn the maze under infrared lighting (Jablonski 
et al., 2017). Since the BWM is simpler than the CWM7, P30 rats 
should be able to learn the BWM under infrared lighting as well if 
one wanted to use it that way. There are no published data for the 
CWM or BWM for rats younger than P30. Extrapolating from 
available data suggests that P25 rats should be able to learn the 
CWM7 under visible light and maybe under infrared light, how-
ever, it would be advisable to conduct a preliminary experiment 
to prove this before adopting it for use. Also, for young rats, a rest 
period between trials is needed since at these ages, rats, like mice, 
lose body heat rapidly.  

B. Retesting: There is no evidence that using the same test at two 
ages offers advantages over testing two different types of learning 
at different ages. One cannot rule out cases where a chemical 
might result in an effect at P25 with recovery by the time they 

C.V. Vorhees and M.T. Williams                                                                                                                                                                                                            



Current Research in Toxicology 6 (2024) 100151

12

reach P60. Or the opposite, one could imagine a worse effect at 
P60 than at P25 if the compound had cumulative effects, how-
ever, this should be interpreted cautiously if using the same maze 
at both ages because once rats learn a maze they remember it well 
making the retest less sensitive to any treatment effect. For this 
reason, it is preferable to use different tests if one is going to test 
L&M at different ages.  

C. Trials: In the CWM with 2 trials/day under visible light, adult rats 
learn in 5–6 days, similarly 2 trials/day under infrared light, it 
takes at least 18 days and 21 days is better.  

D. CWM10: After using the CWM9 for a number of years it needed to 
be replaced. We used the opportunity to make design re-
finements. If you examine the CWM9 design, you will notice that 
it can accommodate an additional T-shaped cul-de-sac at the 
start. Therefore, we had the new maze fabricated with 10 mul-
tiple Ts rather than 9 (Fig. 5A,C). As one would predict, rats make 
more errors in the 10 T version, have longer latencies, and take 
more days to become proficient than in the CWM9. In fact, the 

CWM10 is sufficiently more difficult that rats hit the time limit on 
multiple days (4–6) before finding the goal for the first time. This 
is why 21 days of testing is preferable to 18 days. Observation-
ally, the CWM10 is approaching the limit of what rats can learn, if 
it were made any more complex more rats would fail so often that 
they might stop searching and create non-learner problems. 
Because the maze is asymmetric, we also constructed a mirror 
image version (Fig. 5B) in order to test a kind of reversal learning.  

E. Scoring: Originally, an error was defined as a rat swimming to 
the end of a T-shaped cul-de-sac, turning right or left and entering 
one of the arms. We observed that as rats learn, at first they enter 
all the way into the arms before turning around, but as they learn 
they enter the stem, stop, and turn around and start backtracking. 
Therefore, we now also define stem entries as errors. Rats learn in 
stages through a process of gradual elimination of errors. They do 
not exhibit sudden improvements but gradually improve as they 
recognize certain turns as incorrect. They do this gradually until 

Fig. 5. CWM10. A, Schematic of the CWM10 where S is the start and G is the goal. B, Schematic of the mirror image CWM10. C, photograph of the CWM10. The 
perforated floor is to allow water to flow to a canonical subfloor to a drain connected to a room floor drain for cleaning. 
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they make mostly stem and few arm errors, until they eventually 
make few errors of either type.  

F. Failures to Escape: One issue in complex mazes occurs when a 
rat stops searching and treads water. These rats make few errors, 
perhaps 10, whereas rats that actively search can easily make 80 
errors. If data such as these are analyzed with some making many 
errors and with some making few errors and never finding the 
way out it skews the data and adds error variance. Latency does 
not have this issue since a rat that stops searching has a latency of 
5 min, the same as a rat that actively searches but fails to find the 
goal. Hence, the time limit truncates latency data. Errors should 
be scaled similarly for rats that reach the time limit and stop 
searching during the trial. We do this by assigning such rats an 
error score that reflects the upper boundary of number of errors 
made by the rat that makes the most errors. This increases the 
correlation between errors and latency, but we still find effects 
that are significant on one measure and not the other.  

G. Recommendations: The CWM9 and CWM10 are more sensitive 
than the BWM. The G to S path is counterproductive and reduces 
the sensitivity of the test and is not recommended. The S to G path 
is more sensitive and sufficient in and of itself. Two trials/day 
with a 5 min time limit works well and prevents fatigue on trials 
where rats reach the time limit. If rats reach the goal in < 5 min 
they should receive trial-2 immediately. If rats reach the time 
limit, they should be removed from the maze without help and 
rested for at least 5 min before trial-2. If tested in the light, the 
maze is a mixed egocentric/allocentric test. To optimize it as a 
test of egocentric L&M, it should be run in darkness under 
infrared LED lighting. Under infrared lighting, rats should be 
tested for 18–21 days recording errors and latency and for ana-
lyses errors should have a correction. Rats as young as P30 can be 
tested using the first 7 Ts (CWM7). If time constraints make 
testing under infrared light prohibitive we recommend the CWM 
under lighted conditions which requires only 5 days for either the 
CWM9 or CWM10. A summary of the CWM10 procedures is 
provided in Table 2.  

H. If two test ages are needed, we recommend the MWM starting at 
P30 in 4 phases and the CWM for adults, preferably under 
infrared lighting. However, CWM7 can be used in rats as young as 

P30. Start rats in the CWM9 or CWM10 at P50 or later and only 
after pre-maze trials in a straight swimming channel.  

I. BWM vs. CWM: It is clear from the data that the CWM10 and 
CWM9 are more sensitive than the BWM. There are no data 
comparing the BWM to the CWM7 or the BWM to the CWM under 
infrared lighting but from existing data it may be inferred that the 
BWM is less sensitive than the CWM7 which is less sensitive than 
the CWM9 or 10 under visible or infrared light. Since these mazes 
are more sensitive under infrared than visible light, the easiest 
way to increase sensitivity is to test under infrared light. Would 
the BWM under infrared light have adequate sensitivity? Perhaps, 
but there are no data on this. For adult rats, the CWM9 or CWM10 
under infrared light are the best choices. 

If a regulatory agency is flexible, start testing at P30 with straight 
channel training trials the day before maze trials would be better than 
testing at ages younger than this. If different ages are tested, use a 
CWM10 maze for the adults and block off channels to make it a CWM7 
maze for young rats. 

J. Infrared Lighting: Most infrared LEDs come in one of two wave-
lengths, 850 and 940 nm. We recommend using 940 nm infrared 
lights because they are invisible to humans, and presumably to ro-
dents, whereas 850 nm infrared lights give off a faint red glow. We 
have not tested 850 nm infrared lights to determine if rats can detect 
such light but since 940 nm infrared lights are readily available these 
are the safer choice. 

CWM Details 

To illustrate how the CWM is constructed, we provide details in 
Fig. 6. 

Value of Two Tests: The value of two tests of L&M does not arise 
from testing at different ages, but rather from assessing two L&M sys-
tems. In this context, testing egocentric and allocentric L&M would 
achieve this. Two tests add value since they tap different brain regions 
and provide a broader assessment of higher brain function. If two ages 
are required by the regulatory agency, then it can be the MWM in 
younger rats and CWM in older rats, or vice versa. When the CWM is 
used it is done around P30 and the CWM is the most sensitive under 
infrared light. 

Conclusions 

Regulatory guidelines that encourage two tests of L&M are taking a 
significant step forward in safety assessment for higher brain function, 
functions more relevant to human health than more rudimentary tests 
included in most current neurobehavioral test batteries. We recommend 
two tests of L&M that are supported by evidence and have proven re-
cords of detecting neurotoxic effects without being overly burdensome 
in terms of time or resources and have clear homology to the equivalent 
functional domains in humans. These characteristics facilitate inter-
pretation of any effect observed and are a significant advantage over 
many other tests. While both tests we recommend are water escape tests 
and are aversively motivated, they are less aversive than foot-shock tests 
because swimming is an innate behavior in rodents, it requires no 
intervention unlike food deprivation, and rats learn these tests effi-
ciently. Of course, no test is perfect, but we suggest that comparatively, 
water mazes offer distinct advantages compared with appetitive, shock, 
and spontaneous tests. Appetitive tests require food deprivation with 
daily adjustment, electric shock is highly aversive and can cause non- 
performing animals, and tests that rely on spontaneous behaviors have 
narrow dynamic ranges that are subject to influences unrelated to the 
independent variable. Moreover, MWM reversal testing captures 
cognitive flexibility, an assessment otherwise requiring time-consuming 
operant methods. 

Table 2 
Cincinnati water maze (CWM).  

Factor Specification 

Tank size-adults Rectangular 94 × 72 in. 
Maze 

dimensions 
See Fig. 6 

Tank depth 76 cm to subfloor; 49 cm to perforated floor at edge 
Construction 2.54 cm black polypropylene 
Lighting Infrared (940 nm wavelength) 
Water depth 25 cm 
Platform size 15 cm × 15 cm submerged 
Platform color Black polypropylene 
Water Tap water (nothing added) 
Water 

temperature 
19–21 ◦C, allow at least 12 h to equilibrate to room temp 

Platform depth 1.5 cm below water surface 
Time limit 5 min per trial 
Intertrial 

interval 
Back-to-back If goal found on trial-1 of each day, 5 min if rat 
reaches time limit; or in rotation in cohorts 

Trial failures Remove rat and place in cage with paper towels (unassisted 
escape) 

Training 4 trials in 244 cm straight channel day before maze trials 
Trials/day 2 
Number of days 18–21 (or 5 if run in visible light) 
Rat strain SD, LE, Lister, F344, Wistar, Dark Agouti and more 
Measures Latency and errors (errors corrected for rats reaching the time 

limit) 
Data analysis Mixed general linear ANOVA-RM, Group × Sex × Day; if 

developmental include litter as a random factor  
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Drawbacks to water mazes are few. The CWM error scoring does 
require adjustment for non-searching rats, but the adjustment is 
straightforward. Water mazes require regular cleaning and temperature 
regulation but are otherwise free from other implementation issues. The 
mazes we recommend are just that, recommendations. We are not sug-
gesting there are no other tests of L&M that are sensitive to neurotoxic 
effects, we are simply presenting the case for two L&M tests that offer a 
number of advantages for regulatory safety studies and would be im-
provements over the current practice of having only one test of L&M. 

In closing we quote compelling new experimental evidence of the 
central importance of hippocampally mediated higher cognitive func-
tion: “We developed a brain-machine interface to test whether rats can 
do so [navigate] by controlling their hippocampal activity in a flexible, 

goal-directed, and model-based manner. We found that rats can effi-
ciently navigate or direct objects to arbitrary goal locations within a 
virtual reality arena solely by activating and sustaining appropriate 
hippocampal representations of remote places” (Lai et al., 2023). There 
is no clearer evidence than this that rats have cognitive abilities that 
approximate those of people, making them suitable predictors of these 
functions in humans. 
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Fig. 6. CWM10. Top, layout of the CWM showing the dimensions of the maze in inches for the benefit of American fabricators and the dimensions of the outer tank 
and ancillary specification. Front, the profile view shows the height and internal structure and dimensions including the perforated floor and sloping subfloor to the 
drain and the overflow outlet to prevent flooding if someone fails to shut off the water when refilling the maze after cleaning. Not shown are the PVC drain pipes from 
the drain at the bottom of the subfloor and overglow that extend under the maze to a shutoff valve and then to a floor drain. 
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