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The Morris Water Maze (MWM) is the most commonly used assay for evaluating 
learning and memory in laboratory mice. Despite its widespread use, contemporary 
reviews have highlighted substantial methodological variation in experimental 
protocols and that the associated testing procedures are acutely (each trial) 
and chronically (testing across days) stressful; stress impairs attention, memory 
consolidation and the retrieval of learned information. Moreover, the interpretation 
of behavior within the MWM is often difficult because of wall hugging, non-spatial 
swim strategies, floating, and jumping off the escape platform. Together, these 
issues may compromise the reproducibility, generalizability, and predictability of 
experimental results, as well as animal welfare. To address these issues, and as an 
initial proof-of-principle, we first narrowed the spatial dimensions of the MWM 
by using a T-insert, which constrained and reduced the overall length of time/
distance that the animal must swim in order to navigate to the escape platform, 
thus reducing stress and off-task behavior. Given the robust performance observed 
across spatial acquisition (learning and memory) as well as during reversal learning 
(executive function), we further reduced (by 43%) the overall distance and time 
that the animal must swim in order to find the escape platform in a bespoke 
standalone Water T-Maze (WTM). We show, across five experiments, procedural 
refinements to our protocol and demonstrate robust, reliable and reproducible 
indicators of learning, memory and executive functioning in a task that is also 
significantly more efficient (3 days of testing within the WTM vs. 11 days of testing 
within the MWM). Taken together, our WTM apparatus and protocol are a significant 
improvement over other water-based apparatuses and protocols for evaluating 
learning, memory, and executive functioning in laboratory mice.
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1 Introduction

Poor reproducibility in preclinical research, the so-called 
reproducibility crisis, is often attributed to poor experimental design 
and conduct and poor reporting of experimental detail in published 
research (Bailoo et al., 2014; Ioannidis, 2005; Ioannidis, 2006; Baker, 
2016). Far less emphasis has been placed on investigating the effects 
of seemingly innocuous variables that might significantly affect the 
measurement and reproducibility of behavioral and other biomarkers 
(e.g., standards for housing and care, social behavior within the home-
cage, animal welfare) (Bailoo et al., 2010; Bailoo et al., 2018; Bohlen 
et al., 2014; Wahlsten, 2010a; D'Hooge and Deyn, 2001; Sorge et al., 
2014; Kafkafi et al., 2003; Kafkafi et al., 2005; Crabbe et al., 1999; 
Wahlsten et al., 2006; Arroyo-Araujo et al., 2022; Martin-Arenas and 
Pintado, 2014; Chacon-Teran et al., 2023; Liu et al., 2024; Gulinello 
et al., 2019; Schellinck et al., 2010; Sare et al., 2021; Richter et al., 2011; 
Mandillo et  al., 2008; Gygax et  al., 2024; Varholick et  al., 2019; 
Varholick et al., 2018; Dutton et al., 2018; Bennett et al., 2018). This is 
especially true for the Morris Water Maze (MWM)—the most 
commonly used task for the assessment of learning, memory and 
executive function—in the most common preclinical animal model, 
Mus musculus (Wahlsten, 2010a; D'Hooge and Deyn, 2001; Lang et al., 
2023; Macri and Richter, 2015; Malakoff, 2000; Wahlsten, 2010b; 
Kapadia et al., 2016).

The MWM task was first described in 1981, and later formalized 
as a protocol in 1984, as a means of evaluating spatial acquisition 
(learning and memory) in the laboratory rat (Morris, 1981; Morris, 
1984). Since then, the MWM protocol has been adapted to evaluate 
reversal learning (executive functioning), repeated learning, 
discrimination learning, latent learning and cued learning; spatial 
acquisition and reversal learning remain the most commonly 
evaluated behavioral outcomes, however (Vorhees and Williams, 2006; 
Brandeis et  al., 1989; Brown and Tait, 2010). Spatial acquisition 
training involves placing the animals at one of four pre-determined 
start locations and recording the latency to swim to a hidden escape 
platform or the distance traveled within the maze. Importantly, only 
one of these measures should be  reported to avoid issues of 
pseudoreplication, as both measures are generally significantly and 
positively correlated (Wahlsten, 2010a; Colegrave and Ruxton, 2018; 
Lazic, 2010). Generally, four trials are given per day, allowing for the 
counterbalancing of the four start locations (Vorhees and Williams, 
2006; Nunez, 2008). A trial limit of two minutes for rats, and one 
minute for mice, with an inter-trial interval (ITI) of 60 s is common. 
Spatial acquisition training occurs across five days; a probe trial, which 
evaluates the strength of the learned spatial association, generally 
occurs on a separate day, day six, as a single 30 s trial (Vorhees and 
Williams, 2006). Reversal learning, where the escape platform is 
moved to a new location, can be completed within a further five days 
of testing (Vorhees and Williams, 2006). Thus, 11 days of testing 
per animal are required to evaluate spatial acquisition and reversal 
learning in the MWM.

With the advent of gene targeting technology, the MWM protocol 
was subsequently used with mice, often in a generalized behavioral 

screening test battery for newly generated genetically modified mice 
(Wahlsten, 2010a; Crawley and Paylor, 1997) or as part of a behavioral 
test battery investigating deficits in learning and memory (Voikar 
et al., 2001; Leighty et al., 2004; Iida et al., 1999). Despite being the 
most common behavioral screening tool for the study of spatial 
learning and memory in mice, numerous reviews and protocols have 
highlighted significant variation in the operationalization and 
execution of the MWM protocol and, in turn, the validity of the 
derived experimental results (Wahlsten, 2010a; D'Hooge and Deyn, 
2001; Kapadia et al., 2016; Vorhees and Williams, 2006; Brandeis et al., 
1989). These factors range from the physical features of the apparatus 
and the extra-maze environment to the protocol itself. One systematic 
review identified 38 task parameters that were unsystematically varied 
across studies and, of which, five explained 33–59% of the variation in 
commonly measured primary outcome variables, e.g., distance 
traveled, latency to platform, swim speed, time in quadrant (Wahlsten, 
2010b). These results, as well as our own work, which has 
demonstrated the poor precision of automated tracking within water-
based maze tasks (Bailoo et al., 2010), highlight the unmet need for 
refinement of the MWM apparatus and protocol.

The interpretation of behavioral data derived from the MWM is 
often difficult because of various strategies adopted by mice when 
placed within the apparatus. For example, mice commonly display 
thigmotaxic and circling behavior, swimming from and returning to 
the periphery of the maze, which results in long training times and an 
increased probability that animals may not learn to find the platform 
(Wahlsten, 2010a; D'Hooge and Deyn, 2001; Vorhees and Williams, 
2006; Brandeis et al., 1989). Mice can also float passively, jump off the 
escape platform once reached and continue to swim (off-task 
behavior), or use non-spatial strategies (e.g., praxis and taxis 
strategies) to locate the platform. These off-task strategies have been 
shown to account for significantly more variation than the spatial 
memory factor that the MWM protocol is purported to measure in 
various mouse strains (Wolfer et al., 1998). Poor understanding of the 
task demands within the MWM leads to long training times and 
results in high levels of experienced stress (Francis et  al., 1995; 
Harrison et al., 2009; Holscher, 1999). Stress, in turn, has been shown 
to impair attention, memory consolidation and the retrieval of learned 
information, rendering the consequentially obtained results 
questionable (Kapadia et al., 2016; Francis et al., 1995; Holscher, 1999; 
Sandi and Pinelo-Nava, 2007).

The primary physiological stressor associated with the MWM 
protocol is the inability of mice to effectively thermoregulate when 
placed into water where the temperature is below its thermoneutral 
zone, i.e., < 30°C, resulting in hypothermia (Vorhees and Williams, 
2006; Nunez, 2008; David et al., 2013; Speakman and Keijer, 2012; 
Overton, 2010; Iivonen et al., 2003; Roder et al., 1996). Across studies, 
the water temperature within the MWM can range from 15 to 27°C, 
often without mention of whether or how the water temperature is 
maintained within a test session (Wahlsten, 2010b). Experimentally, 
it has been shown that swimming in 20°C (e.g., unheated water from 
a laboratory faucet) for 45 s trials, the average trial length in the 
MWM, is sufficient to cause a core body temperature decrease of 9°C, 
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and correspondingly, a significant decrease in swim speed (Iivonen 
et  al., 2003). These confounding effects can be  minimized by 
increasing the water temperature to 24–26°C and increasing the ITI 
to 13 min (Wahlsten, 2010b; Iivonen et  al., 2003). While these 
recommendations are sound and based on a well-grounded theoretical 
knowledge of mouse biology, they also render moot the standard 
MWM protocol as a quick means of screening for deficits in learning, 
memory and executive function.

Here, we establish an improved apparatus design over the existing 
MWM, a bespoke standalone water T-Maze (WTM), and develop and 
validate a protocol for spatial acquisition and reversal learning that 
addresses the above-listed issues with the MWM in non-impaired 
mice. Our refinements to the MWM make use of over a decade of 
experience with mouse behavioral testing while our synergistic 
research practices incorporate aspects of mammalian biology, animal 
welfare, and experimental design with a focus on reliability and 
reproducibility (Bailoo et al., 2010; Bailoo et al., 2018; Bohlen et al., 
2014; Liu et al., 2024; Varholick et al., 2019; Varholick et al., 2018; 
Bailoo et al., 2014; Bailoo et al., 2018; Bailoo et al., 2016; Bailoo et al., 
2020; Hintze et al., 2018). It should be noted, however, that while any 
proposed refinements to the MWM protocol should reduce the 
number and severity of stressors, it is impossible to completely remove 
experienced stress, as learning to escape in water-based mazes is 
predicated upon water-aversion-related-motivated behavior (D'Hooge 
and Deyn, 2001).

We employed a stepwise process to our refinements and detail 
them here to avoid unnecessary experimental duplication and animal 
use. Our overarching goals were: (1) to reduce-off task behavior and 
the use of non-spatial strategies to escape the maze; (2) to reduce 
experienced stress by minimizing the amount of time the animal 
spends in water below its thermoneutral range, and (3) to 
simultaneously develop a protocol that was methodologically efficient 
to reduce overall testing times.

2 Materials and methods

2.1 Mouse husbandry and housing

All mice used in the following experiments were maintained 
within the vivarium located at the Laboratory Animal Resources 
Center (LARC) at the Texas Tech University Health Sciences Center 
(TTUHSC), Lubbock Campus. Animals were kept on 14/10 light 
cycle, with lights off at 18:00 h. All mice were provided with ad libitum 
access to food (LabDiet® 5R53) and hyperchlorinated tap water 
treated using reverse osmosis.

Two weeks prior to testing, animals were individually housed 
within Tecniplast GM500 IVC cages, as aggressive behavior between 
male mice is commonly observed when group housed animals are 
reunited subsequent to testing. During this two-week period, 
animals were extensively handled as tail-handling has been shown 
to induce high levels of stress and anxiety and negatively impacts 
learning and memory performance (Bailoo et al., 2018; Bailoo et al., 
2018; Bailoo et al., 2020; Hintze et al., 2018; Novak et al., 2015; 
Gouveia and Hurst, 2013; Gouveia and Hurst, 2017; Gouveia and 
Hurst, 2019; Gerlai, 1999). Briefly, handling consisted of gently 
scooping the animal into the palm of the hand and allowing it to 
explore before returning it to the cage. A cage mate was then 

scooped, and the procedure repeated, with a maximum of 3–5 
scoops per session. In the initial handling sessions, mice were 
sometimes cupped (picked up between closed hands) and then 
transitioned to scooping once the animal no longer jumped away. 
An animal was considered ready for testing if it voluntarily stayed 
within the experimenter’s hand for at least 10 s.

2.2 Mice

The mice used in all experiments were derived from collaborative 
pilot experiments with J. D. Bailoo which involved testing various 
genetic mutants or modeling diseased states; only data from control/
wildtype animals are presented here (Table  1). The projects from 
which these control/wildtype animal data are derived were approved 
by the Institutional Animal Care and Use Committee at 
TTUHSC. Those projects were conducted in accordance with the local 
legislation, federal guidelines, and institutional requirements.

In these collaborative experiments, animals were always tested in 
groups of four and counterbalanced for sex and treatment (treatment/
control or knockout, mutant/wildtype). Thus, one male and one 
female control/wildtype mouse, that is, the mice used in this paper, 
were always represented within a block of four mice. The experimenter 
was blinded to treatment allocation during testing.

2.3 Apparatus

2.3.1 Experiment 1
In a standard MWM protocol, on each day of testing, animals are 

started from four randomized locations within the apparatus and 
have to use spatial cues within the room to locate a hidden platform 
to escape (Vorhees and Williams, 2006). However, many of the 
common variants of the MWM apparatus are made from opaque 
materials and filled with water to a height which prevents the animal 
from being able to map distal room cues in order to spatially navigate 
to the hidden escape platform (Figures  1A,B; Wahlsten, 2010b; 
Vorhees and Williams, 2006). These issues, coupled with the 
thigmotaxic and circling behavior and subsequent waterlogging of 
the animal, may result in experimental data that are artefactual 
and idiosyncratic.

To eliminate these issues, J. D. Bailoo designed a bespoke MWM, 
120 cm in diameter, made of clear acrylic, which permitted the 
animals to easily observe distal and proximal extra-maze room cues. 
The walls were 0.64 cm thick while the base was 1.27 cm thick to 
accommodate the weight of the water when filled. The walls were 
chemically welded to the base to ensure water tightness. A T-insert 
made of clear acrylic was used to narrow the swimmable spatial 
dimensions within the MWM. The walls of the T-insert were 0.64 cm 
thick, with each arm 55 cm in length and the center square 10 cm in 
length (Figures 1B,C). The square platform was also made of clear 
acrylic, with a platform area of 100 cm2 (10 × 10 cm) and a height of 
10 cm. Both the MWM and T-Insert were built by Maze Engineers 
and housed at the Garrison Institute of Aging (GIA) behavioral facility 
at TTUHSC.

Animals were placed within the start arm (Figure 1C, location 
designated by a yellow star) and allowed to explore the maze to locate 
the hidden escape platform either located in the left or right arm. The 
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maximum trial duration was 60 s; if the animal did not locate the 
platform within 60 s, it was placed onto the platform at the end of the 
first trial. On the first trial only, all animals remained on the platform 
for 30 s before being returned to its pre-warmed holding cage or 
forced air warming chamber (see Section 2.4.1). We predicted that by 
reducing the swimmable area to the “T,” off-task behavior such as 
swimming in concentric circles would be eliminated, making trial 
lengths shorter and improving learning performance (i.e., the latency 
to the escape platform) across simple discrimination (i.e., spatial 
acquisition) and reversal (i.e., executive functioning). Given our 
prediction of significantly shorter trial lengths, as well as our 
implementation of strategies to reduce thermoregulatory distress (see 
Section 2.4.1) a fixed ITI was not used; animals were tested 
immediately after the previous animal was tested.

2.3.2 Experiments 2–6
Given the robust performance observed in both spatial acquisition 

and reversal learning in Experiment 1, in Experiment 2 we  first 
explored whether experienced stress could be further minimized. To 
accomplish this, we further reduced the distance that the animal had 
to swim in order to find the escape platform by 43% (from 120 to 
70 cm), based on recommendations in the previous literature 
(Wahlsten, 2010b). Here, J. D. Bailoo designed, and with the assistance 
of A. Deonarine, built a bespoke, standalone WTM made of clear 
acrylic (Figure 2). The walls and base of the WTM were 0.95 cm thick 
to accommodate the weight of the water when filled. The walls were 
chemically welded to the base to ensure water tightness. The arms of 
the WTM were aligned and then chemically welded (fused) together 
such that there were no seams; this eliminated off-task behavior where 

TABLE 1 Description of mice by strain, replicate, sex and age across experiments.

Experiment Strain Replicate # Males # Females Total (n) Age (months)

1 B6STOCKF1.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze, 

Ssttm2.1(cre)Zjh/JL

N/A 3 6 9 4–5

2 C57BL/6NCrl N/A 5 0 5 2–3

3 C57BL/6NCrl N/A 7 0 7 2–3

4 C57BL/6J N/A 5 4 9 9–10

J:ARC(S) N/A 4 4 8 10–11

5 and 6 C57BL/6J 1* 5 4 9 9–10

2 4 6 10 9–10

3 2 2 4 9–10

4 3 4 7 9–10

5 8 7 15 9–10

J:ARC(S) 1* 4 4 8 10–11

2 4 4 8 10–11

3 4 4 8 10–11

4 4 4 8 10–11

5 7 6 13 10–11

*These are the same animals as Experiment 4.

FIGURE 1

(A) Example of a Morris Water-Maze sold by Noldus (Ethovision XT video tracking); (B) Example of a Morris Water Maze sold by Stoelting (ANY-Maze 
video tracking); (C) Top-view schematic of the T-insert within the Morris Water Maze; (D) The escape platform. Schematics in (C,D) not drawn to scale 
(created with BioRender.com).
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mice sometimes attempt to climb out of the maze when seams are 
present at joints in the apparatus (Vorhees and Williams, 2006). Using 
the same general procedures described in Experiment 1, we observed 
robust learning performance within our WTM, in both simple 
discrimination and reversal. This apparatus and these general 
procedures were used to further refine and validate our experimental 
protocol in Experiments 3–6.

2.3.3 Infrared backlighting
In all experiments, the apparatuses were placed upon bespoke 

infrared emitting (850 nm) lightboxes, designed by J.D. Bailoo, and 
built with the assistance of A. Deonarine, to improve the precision of 
automated behavioral tracking (c.f., Bailoo et al., 2010). A bespoke 
universal serial bus (USB) powered camera, with a Sony IMX322 
sensor, a 2.8–12 mm varifocal lens and an attached infrared pass filter 
(850 nm), was centered over the apparatus. The water level within 
both apparatuses was filled to a height of 11 cm (i.e., 1 cm higher than 
the platform) and rendered opaque using BLICK™ Essentials white 
non-toxic tempura paint (Item#:00057–1009). The animal’s behavior 
was automatically tracked using Noldus Ethovision XT v14  in 
Experiment 1 and with Stoelting’s ANY-Maze v6 in Experiments 2–6 
using our previously established methods (Bailoo et al., 2010).

2.4 Procedures

2.4.1 Methods used to decrease thermoregulatory 
distress

In Experiment 1, each animal was removed from its home-cage 
and individually placed into a holding cage (i.e., a Tecniplast GM500 
cage) lined with three paper towels during the testing period when 
the animal was not in the maze. These holding cages were placed 
upon a warming pad set to 30°C (i.e., thermoneutral; Overton, 2010; 
David et al., 2013). In Experiments 2–6, when the animal was not in 
the maze, it was removed from its home-cage and individually placed 
into one of the four chambers of a forced air warming unit (Datesand 
Group Mini Thermacage) that was maintained at 30°C during the 
testing period. All holding cages/chambers were thoroughly dried 
and cleaned with 70% isopropyl alcohol after testing of each group of 
four animals was completed. The paper towels used in the holding 
cages were also replaced.

In all experiments, the water temperature within the apparatus 
was maintained between 25 and 26°C, slightly below thermoneutrality, 
to motivate the animals to swim to the hidden escape platform (David 
et  al., 2013; Overton, 2010; Iivonen et  al., 2003). Here, the water 
temperature was measured 1 cm from the water surface at the start, in 
both the left and right arms before each group of four animals were 
tested. If the water temperature decreased below this range, the water 
was heated using a 1,500-watt immersion heater. If the water 
temperature range was surpassed (i.e., warmer), mixing with the water 
at lower depths using the unplugged immersion heater was sufficient 
to achieve the prescribed temperature range.

2.4.2 Habituation to the local test environment
Animals used in Experiment 1 were transported from the LARC 

and tested within the behavioral facility at the TTUHSC GIA 
behavioral facility. All of the remaining experiments were conducted 
within the LARC. For all experiments, animals were brought from 
their housing room to a holding area adjacent to the testing room 1 h 
before testing (i.e., at 17:00), as a means of habituation to the local test 
environment. At 18:00 (the start of the dark cycle), the light in the 
holding area was switched off and a Phillips PAR 38 red light emitting 
diode (LED) flood light was turned on. For behavioral testing, animals 
were brought from the holding room into the testing room, which was 
illuminated by a 40-lux white fluorescent light, to minimize anxiety-
like behavior (Martin-Arenas and Pintado, 2014; Chapillon and 
Debouzie, 2000). This light was located to the left of the apparatus and 
served as a distal spatial cue.

2.4.3 Protocol development and rationale
Our protocol in Experiment 1 was modeled after the MWM. The 

T-Insert was placed within the MWM which narrowed the swimmable 
area to within the “T” (Figure 1C); this served to reduce off-task 
behavior and to minimize the use of non-spatial strategies to escape 
the maze. The animal was released from the start arm (location 
designated by yellow star, Figure 1C). The escape platform was placed 
in the left arm for simple discrimination (i.e., spatial acquisition) 
during 3 days of training with four trials per day. On Day 4, the first 
trial for that day (trial 13) was used as a recall trial of the previously 
learned response. Thereafter (i.e., from trial 14), the platform was 
moved to the right side of the apparatus and an operationalized aspect 
of executive functioning (i.e., reversal learning) was evaluated next.

In Experiment 2, we further reduced the distance from the start 
location to the escape platform by 43% in our WTM. The associated 
protocol in Experiment 2, was also modeled after the MWM, with 5 
trials per day across 4 days of testing. The animal was released from 
the start arm (location designated by yellow star, Figure 2) and the 
escape platform was placed in the left arm for simple discrimination 
(days 1–2 of testing). On Day 3 (trial 11), the location of the escape 
platform was switched to the right side of the apparatus for evaluation 
of reversal learning (days 3–4 of testing).

Given that the average trial length observed within our WTM in 
Experiment 2 was significantly shorter than the average trial length 
observed when using the T-insert within the MWM, we hypothesized 
that our protocol could be further modified by increasing the number 
of trials per day from five to 10 and decreasing the overall number of 
days of testing from four to three. To evaluate the reliability of this 
modified protocol, in Experiment 3 animals completed three 
additional sessions of reversal learning, where the platform location 

FIGURE 2

(A) Top-view schematic of our WTM; (B) The escape platform. 
Schematics not drawn to scale (created with BioRender.com).
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was alternated between the left and right arms across the 10 trials of 
each session.

In Experiment 3, we noted that during simple discrimination only, 
animals may become waterlogged when performing 10 trials per day. 
In addition, asymptotic learning performance across serial reversals 
was already observed by trial 6 of each stage. These two observations 
highlighted another opportunity for protocol refinement, where the 
number of trials could be decreased from 10 to 6 trials per day and 
where simple discrimination and reversal learning testing could 
be completed across 3 days (nine trials per stage). Additionally, as 
Experiments 2 and 3 made use of only male mice, we further extended 
our evaluations to both sexes, in a common inbred and outbred strain 
of mouse, respectively.

In Experiment 4, animals displayed a robust learning response 
across simple discrimination and reversal, with no evidence of 
waterlogging. We next evaluated the generalizability and replicability 
of this finalized protocol in Experiment 5 by testing 4 additional 
replicates of male and female inbred mice and outbred mice, 
respectively.

It has previously been reported that mice in multi-arm-water-
based apparatuses may use non-spatial strategies to locate the 
platform in order to escape (D'Hooge and Deyn, 2001). For example, 
animals may either employ a sequence of movements to approach the 
platform (praxis strategy), use proximal cues to locate the platform 
(taxis strategy), or use distal cues within the spatial configuration of 
the apparatus (mapping/spatial strategy) (D'Hooge and Deyn, 2001). 
We predicted that animals would use a mapping strategy, attending 
to distal cues in order to locate the hidden platform within our 
WTM. We  evaluated this prediction in Experiment 6. Here, the 
animals used in Experiment 5 performed two extra trials (trial 19 and 
20) at the end of reversal learning, where the platform was located in 
the right arm. On the first trial, the animal was released from the left 
arm (instead of the start arm) while in the second trial, the animal 
was released from the start arm. If the animal employed a taxis 
strategy, it should swim into the start arm (trial 19) or to the right 
arm (trial 20). However, if as predicted a spatial strategy was used, 
the animal should swim directly to the escape platform, regardless of 
the start location (c.f., Figure 3).

2.5 Data checks and statistical analyses

Prior to analysis, the precision of automated tracking in each 
experiment was verified using our previously described methods 

(Bailoo et al., 2010). We also evaluated whether mice consistently 
displayed side-biased responses (e.g., always swam to the right 
arm); no side-biased responding was observed. Our primary 
outcome variable in all experiments was the latency of the animal 
to the escape platform on each trial. We predicted that the latency 
to the escape platform would be longer in the initial trials, during 
learning, and shorter in the later trials, once the animal had 
learned to swim to the escape platform in order to be removed 
from the water. We  therefore hypothesized that a logarithmic 
function would best describe the predicted relationship between 
our outcome variable and trials within a stage (i.e., simple 
discrimination or reversal). To evaluate this predicted relationship, 
a log-linear curve fitting regression approach was used in IBM 
SPSS v29. Sex was included as a control variable, where applicable 
(Experiments 1, 4, and 5). Stages, i.e., simple discrimination or 
reversal learning, and mouse strains (Experiments 4 and 5) were 
analyzed separately. In order to evaluate the strength of learning, 
we used a one-sided directional paired samples t-test to compare: 
(1) the latency to the escape platform between the first and last trial 
of each stage and (2) the latency to the escape platform between 
the last trial and first trial of each stage. To evaluate the 
confounding effects of waterlogging, we also used a paired samples 
t-test to compare the swim speed between (1) the first and last trial 
within a day and (2) trials when the stage was switched from 
simple discrimination to reversal learning or between reversal 
stages (Experiment 3 only).

3 Results

3.1 Experiment 1: evaluation of simple 
discrimination and reversal learning using a 
T-insert within a MWM

Compared to the MWM, where the average trial length is ~45 s 
(Wahlsten, 2010b; Vorhees and Williams, 2006; Brown and Wong, 
2007), the average trial length observed in our modified apparatus was 
notably shorter during simple discrimination [18.20 s] and reversal 
learning [11.87 s]. Mice therefore spent ~70% less time swimming in 
water close to their thermoneutral range compared to the MWM. The 
mean difference in latency to escape the maze between the first and 
last trial of simple discrimination and reversal learning was 39.74 s 
[t(8) = 8.21, p < 0.0001] and 29.34 s [t(8) = 8.33, p < 0.0001], 
respectively. This result demonstrated that animals rapidly learned to 

FIGURE 3

(A) Predicted behavioral response when released from the start arm in the WTM during the last 3 trials of reversal learning (trials 16–18); (B) Predicted 
behavioral response when released from the left arm in the WTM (trial 19); (C) Predicted behavioral response when again released from the start arm in 
the WTM (trial 20).
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navigate to the escape platform (Figure 4). The mean difference in 
latency to escape between the last trial of simple discrimination and 
the first trial of reversal learning was −28.44 s [t(8) = −7.42, 
p < 0.0001], highlighting that the change in platform location elicited 
a search response within the apparatus. By trial 5 (mouse trial 18), 
however, asymptotic learning performance was already achieved, with 
an average escape latency of 9.22 s.

The proportion of variance (R2) accounted for by our log-linear 
regression curve fitting approach was 45.23% [F1,115 = 95.00, 
p < 0.0001, β0 = 42.63; β1 = −14.08] and 65.80% [F1,97 = 186.67, 
p < 0.0001, β0 = 29.07; β1 = −10.81] for simple discrimination and 
reversal learning, respectively. Thus, a good model fit and consistency 
with the predicted log-linear relationship typical of learning and 
memory paradigms was observed across both stages.

The average swim speed during simple discrimination and 
reversal learning was 8.57 cm/s and 7.32 cm/s, respectively. No 
significant differences in swim speed were observed among trials 
within a day, except for day 4, when the location of the escape 
platform was changed (between trials 13–14). Here, the average 
swim speed was found to be significantly different between trials 13 
and 14 [t(8) = −2.81, p = 0.02], 13 and 15 [t(8) = −5.05, p = 0.001] 
and 14 and 15 [t(8) = −2.514, p = 0.04]. These differences were not 
due to thermoregulatory/waterlogging issues because swim speed 
increased, not decreased, when the location of the escape platform 
changed. Instead, these differences likely represent an increased 
search response that is expected when a learned contingency is 
changed. Altogether, these data highlight robust learning by 
narrowing the swimmable dimensions using a T-insert within the 
MWM. And, compared to the typical MWM protocol, our protocol 
is more efficient (6 days for the T-insert within the MWM vs. 11 days 
of testing for the MWM).

Given the robust learning performance observed by narrowing 
the swimmable area in the MWM to a “T,” we next explored whether 
a smaller, standalone apparatus, our WTM, would yield similarly 
robust data across simple discrimination and reversal learning.

3.2 Experiment 2: evaluation of simple 
discrimination and reversal learning using a 
standalone, dimensionally smaller, WTM

Within our WTM, animals more rapidly learned to navigate the 
maze to escape from the apparatus during simple discrimination and 
reversal learning, compared to the larger apparatus used in Experiment 
1. Consequently, mice spent less time swimming in water below their 
thermoneutral range compared to Experiment 1. During simple 
discrimination, the average latency to the escape platform on trial 1 
was 9.56 s compared to 43.06 s in Experiment 1. By trial 10, the last 
trial of simple discrimination, the average latency to the escape 
platform was 2.88 s compared to 13.50 s in Experiment 1. The mean 
difference in latency to escape the maze between the first and last trial 
of simple discrimination was 6.68 s [t(4) = 2.33, p = 0.04], 
demonstrating that animals rapidly learned to navigate to the escape 
platform within the WTM. Similar patterns of behavior were observed 
during reversal learning; the average latency to the escape platform on 
trial 1 (mouse trial 11, Figure 5) of reversal learning was 18.76 s (vs. 
35.56 s in Experiment 1). By the last trial of reversal learning (mouse 
trial 20, Figure 5), the average latency to escape was 3.72 s vs. 6.56 s in 
Experiment 1. The mean difference in latency to escape the maze 
between the first and last trial of reversal learning was 15.04 s 
[t(4) = 2.92, p = 0.02]. Compared to the MWM, where the average 
trial length is ~45 s (Wahlsten, 2010b; Brown and Wong, 2007), and 
to Experiment 1, the average trial length in our standalone version of 
the WTM was notably shorter during simple discrimination [5.62 s 
vs. 18.20 s] and reversal learning [7.82 s vs. 11.87 s]. The mean 
difference in latency to escape between the last trial of simple 
discrimination and the first trial of reversal learning was −15.88 s, 
[t(4) = −3.07, p = 0.02], highlighting that the change in platform 
location elicited a search response within the apparatus. By trial 3 
(mouse trial 13), however, approximate asymptotic learning 
performance was already achieved, with an average escape latency 
of 9.44 s.

FIGURE 4

Change in latency to platform across trials, within stage, in male and female C57BL/6J mice in Experiment 1. The dashed line represents the predicted 
log-linear regression fitted curve. Individual data points within a trial are jittered.
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FIGURE 6

Change in latency to platform across trials, within stage, in male C57BL/6J mice in Experiment 3. The dashed line represents the predicted log-linear 
regression fitted curve. Individual data points within a trial are jittered.

The proportion of variance (R2) accounted for by our 
log-linear regression curve fitting approach was 32.47% 
[F1,48 = 23.08, p < 0.0001, β0 = 9.929; β1 = −2.85] and 49.47% 
[F1,48 = 47.01, p < 0.0001, β0 = 17.77; β1 = −6.59] for simple 
discrimination and reversal learning, respectively. Similarly to 
Experiment 1, both a good model fit and consistency with the 
predicted log-linear relationship typical of learning and memory 
paradigms across both stages were observed. No significant 
differences in swim speed were observed between the first and 
last trial of testing within a day. All together these data highlight 
robust learning within our WTM (4 days of testing), relative to 
the MWM (11 days of testing) and to Experiment 1 (6 days 
of testing).

Given the robust learning performance observed in 
Experiment 2, we hypothesized that we could increase the number 
of trials performed per day to 10 (double that of the current 

experiment), while decreasing the number of test days from four 
to three.

3.3 Experiment 3: evaluation of the reliability 
of a modified protocol using a serial reversal 
learning paradigm within our WTM

In our modified protocol (10 vs. 5 trials per day), animals 
displayed robust learning across simple discrimination and reversal 
stages, similarly to Experiment 2, even when the number of trials per 
day was doubled. The mean difference in latency to escape the maze 
between the first and last trial was 31.51 s [t(6) = 3.59, p = 0.006] and 
34.02 s [t(6) = 5.20, p = 0.001], during simple discrimination and the 
first incidence of reversal learning, demonstrating that animals rapidly 
learned to navigate to the escape platform (Figure 6). The proportion 

FIGURE 5

Change in latency to platform across trials, within stage, in male C57BL/6J mice in Experiment 2. The dashed line represents the predicted log-linear 
regression fitted curve. Individual data points within a trial are jittered.
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of variance (R2) accounted for by our log-linear regression curve 
fitting approach was 40.86% [F1,103 = 71.17, p < 0.0001, β0 = 25.14; 
β1 = −9.35] and 55.53% [F1,68 = 84.93, p < 0.0001, β0 = 26.85; 
β1 = −12.49] for simple discrimination and reversal learning, 
respectively. Similarly to Experiment 1, a good model fit and 
consistency with the predicted log-linear relationship typical of 
learning and memory paradigms were observed across both stages.

Animals quickly updated their previously learned information when 
the platform was alternated to the left or right arm across stages in our 
serial reversal task (Figure 7). This was evidenced by a rapid decrease in 
mean latency to the escape platform across trials of each stage, as well as 
our fitted intercept and slope in our curve fitting approach (Figure 7 and 
Table 2). A significant difference in swim speed between the first and last 
trial of simple discrimination of day 1 was observed [X̄ = 5.1 cm/s, 
t(6) = −3.86, p = 0.004]. This result highlights that for the first day of 
simple discrimination only, waterlogging with a decrease in overall swim 
speed can occur when 10 trials are performed per day within our WTM 
(see Figure 6). Significant differences in swim speed were also observed 
between the last trial of a stage (e.g., simple discrimination) and the first 
trial of the subsequent stage (e.g., reversal #1). Similarly to Experiment 
1, these latter differences likely represent an increased search response 
that is expected when a learned contingency is changed, and were not 
related to thermoregulatory/waterlogging issues. This conclusion was 
supported by an observed increase in the average swim speed when the 
location of the escape platform was switched [Simple Discrimination to 
Reversal #1 = 4.26 cm/s; Reversal #1 to Reversal #2 = 2.56 cm/s; Reversal 
#2 to Reversal #3 = 1.41 cm/s; Reversal # 3 to Reversal #4 = 1.05 cm/s; 
Reversal #4 to Reversal #5 = 1.63 cm/s]. Altogether, these data highlight 
robust learning using our modified protocol within our WTM (3 days of 
testing) relative to our previous protocol (4 days of testing), Experiment 
1 (6 days of testing) and to the MWM (11 days of testing).

Visually, as well as quantitively, across reversals, animals achieved 
approximate asymptotic learning performance by ~trial 6, highlighting 
that the number of trials per day could be  reduced to 6, while 
achieving the same precision of readout with respect to learning 
ability within our WTM (Figure 7 and Table 2). Given that we also 
observed a decrease in swim speed between the first and last trial of 
simple discrimination, likely attributable to waterlogging, we next 

explored the prediction that reducing the number of trials to six per 
day would resolve this issue, as well as yield a more efficient protocol.

3.4 Experiment 4: evaluation of simple 
discrimination and reversal learning using a 
truncated protocol within our WTM in a 
commonly used inbred and outbred strain 
of mouse

In our truncated protocol (6 vs. 10 trials per day) within our WTM, 
animals displayed robust learning across simple discrimination 
(1.5 days) and reversal stages (1.5 days), similarly to Experiments 2 and 
3. The mean difference in latency to escape the maze between the first 
and last trial of simple discrimination was 34.41 s [t(8) = 5.66, 
p < 0.0001] and 14.83 s [t(7) = 2.96, p = 0.011], in C57BL/6J and 
J:ARC(S) mice, respectively. Similarly, the mean difference in latency to 
escape the maze between the first and last trial of reversal learning was 
30.98 s [t(8) = 3.996, p = 0.002] and 15.19 s [t(7) = 3.48, p = 0.005], in 
C57BL/6J and J:ARC(S) mice, respectively. Thus, animals in both strains 
rapidly learned to navigate to the escape platform across both stages 
(Figure 8). Compared to the MWM, where the average trial length is 
~45 s (Wahlsten, 2010b; Brown and Wong, 2007), the average trial 
length in our WTM using our truncated protocol was notably lower 
during simple discrimination [C57BL6/J = 14.93 s, J:ARC(S) = 6.80 s] 
and reversal learning [C57BL6/J = 8.43 s, J:ARC(S) = 6.33 s]. The mean 
difference in latency to escape between the last trial of simple 
discrimination and the first trial of reversal learning was −29.94 s, 
[t(8) = −3.885, p = 0.002] in C57BL/6J and − 14.94 s, [t(8) = −3.3.56, 
p = 0.005] in J:ARC(S) mice, highlighting that the change in platform 
location elicited a search response within the apparatus. This conclusion 
was supported by an overall increase in swim speed 
[C57BL/6J = 1.65 cm/s; J:ARC(S) = 1.86 cm/s] between the first trial of 
reversal learning to the last trial of simple discrimination. By the second 
trial, (mouse trial 11), approximate asymptotic learning performance 
was already achieved with an average escape latency of 7.81 s [C57BL6/J] 
and 4.80 s [J:ARC(S)].

The proportion of variance (R2) accounted for by our log-linear 
regression curve fitting approach was 45.3% [F1,79 = 65.452, p < 0.0001, 
β0 = 39.75; β1 = −17.45] and 41.5% [F1,79 = 56.02, p < 0.0001, 
β0 = 24.72; β1 = −11.45] for simple discrimination and reversal 
learning, respectively, in C57BL/6J mice. In J:ARC(S) mice, the 
proportion of variance (R2) accounted for by our log-linear regression 
curve fitting approach was 40.6% [F1,70 = 47.78, p < 0.0001, β0 = 16.07; 
β1 = −6.52] and 44.7% [F1,70 = 56.68, p < 0.0001, β0 = 14.92; β1 = −6.04] 
for simple discrimination and reversal learning, respectively. Thus, a 
good model fit and consistency with the predicted log-linear 
relationship typical of learning and memory paradigms were observed 
across both stages.

A significant difference in swim speed between the last trial of simple 
discrimination and the first trial of the reversal learning was observed 
[5.20 cm/s, t(8) = −3.102, p = 0.007]. These latter differences likely 
represent an increased search response that is expected when a learned 
contingency is changed, and were not related to thermoregulatory/
waterlogging issues, as the average swim speed increased when the 
location of the escape platform was switched. Altogether, these data 
highlight robust learning using a truncated protocol within our WTM 
(3 days of testing/6 trials per day), relative to the MWM (11 days of 

FIGURE 7

Change in latency to platform across trials and stages in Experiment 
3. The dashed line represents the predicted log-linear regression 
fitted curve. *Subset from Figure 5; only the first 10 trials are shown.
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testing/4 trials per day) and compared to our protocols within our WTM 
(4 days of testing/5 trials per day and 3 days of testing/10 trials per day). 
Given the robust learning observed in this version of our protocol, and 
what would be the final version of our WTM protocol, we next evaluated 
the generalizability of these observed results.

3.5 Experiment 5: generalizability of simple 
discrimination and reversal learning in the 
finalized WTM protocol across 
independent replicates and strains of mice

Mice of both strains displayed a robust learning performance 
during simple discrimination and reversal learning, regardless of 
replicate (c.f., Figure 9 and Table 3). The mean difference in latency 
to escape the maze between the first and last trial of simple 
discrimination, across all replicates, was 36.02 s [t(44) = 11.97, 
p < 0.0001] and 11.83 s [t(44) = 6.00, p < 0.0001], in C57BL/6J and 
J:ARC(S) mice, respectively. Similarly, the mean difference in latency 
to escape the maze between the first and last trial of reversal learning, 
across all replicates, was 28.28 s [t(44) = 8.90, p < 0.0001] and 12.68 s 
[t(44) = 7.70, p < 0.0001], in C57BL/6J and J:ARC(S) mice, 
respectively. While there was some heterogeneity within strain and 
across replicates in terms of the average latency to escape the maze 

on the first trial of each stage, the average latency to escape the maze 
on the per replicate basis already approximated the overall mean 
latency by trial 6 (Table 3). This result highlights the robustness of our 
WTM protocol, where, despite initial individual differences, 
non-impaired animals quickly learn to navigate to the hidden 
platform to escape (Figure 9 and Table 3).

The average proportion of variance (R2) accounted for by our 
log-linear regression curve fitting approach was 47.1% [F1,403 = 358.62, 
p < 0.0001, β0 = 40.54; β1 = −17.49] and 42.0% [F1,403 = 291.99, 
p < 0.0001, β0 = 26.76; β1 = −11.95] for simple discrimination and 
reversal learning, respectively, in C57BL/6J mice. In J:ARC(S) mice, the 
proportion of variance (R2) accounted for by our log-linear regression 
curve fitting approach was 30.1% [F1,403 = 173.66, p < 0.0001, β0 = 15.39; 
β1 = −5.58] and 37.4% [F1,403 = 240.98, p < 0.0001, β0 = 14.02; 
β1 = −5.36] for simple discrimination and reversal learning, 
respectively. Similar patterns were observed within strain and across 
replicates and stage (c.f., Table  3). Thus, a good model fit and 
consistency with the predicted log-linear relationship typical of 
learning and memory paradigms, across both stages, were observed.

Significant differences in swim speed were also observed between 
the last trial of simple discrimination and the first trial of reversal 
learning. These differences likely represent an increased search response 
that is expected when a learned contingency is changed, and were not 
related to thermoregulatory/waterlogging issues, as the average swim 

TABLE 2 Key descriptive statistics of latency to the escape platform across stages and from curve fitting approaches.

Mean latency to platform Curve fitting

Stage Trial 1 Trial 6 Last Trial Intercept (β0) Slope (β1) df F p R2

Simple discrimination 33.90 s 6.74 s 2.39 s 25.14 −9.35 1,103 71.17 < 0.0001 40.9%

Reversal #1 36.99 s 3.85 s 2.96 s 26.85 −12.50 1,68 84.93 < 0.0001 55.5%

Reversal #2 19.57 s 4.15 s 3.24 s 14.58 −5.69 1,68 60.06 < 0.0001 46.9%

Reversal #3 9.64 s 4.20 s 3.57 s 10.00 −3.32 1,68 29.38 < 0.0001 30.2%

Reversal #4 7.76 s 3.84 s 1.87 s 7.49 −2.02 1,68 28.15 < 0.0001 29.3%

FIGURE 8

Change in latency to platform across trials, within stage, in male and female C57BL/6J and J:ARC(S) mice in Experiment 4. The dashed lines represent 
the predicted log-linear regression fitted curves by species. Individual data points for C57BL/6J and J:ARC(S) mice are represented by closed and open 
circles, respectively.
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speed increased when the location of the escape platform was switched 
[C57BL/6J; Replicate 1 = 5.19 cm/s; Replicate 2 = 1.94 cm/s; Replicate 
3 = 1.51 cm/s; Replicate 4 = 4.31 cm/s; Replicate 5 = 1.65 cm/s and in 
J:ARC(S); Replicate 1 = 1.86 cm/s; Replicate 2 = 2.67 cm/s; Replicate 
3 = 0.85 cm/s; Replicate 4 = 0.93 cm/s; Replicate 5 = 2.13 cm/s]. 
Altogether, these data highlight robust learning using our finalized 
protocol within our WTM (3 days of testing, 6 trials per day), relative to 
the MWM (11 days of testing, 4 trials per day) and compared to our 
previous protocols within our WTM (4 days of testing, 5 trials per day 
and 3 days of testing at 10 trials per day). Given the robust learning 
observed in the final version of our WTM protocol, we next explored 
the prediction that mice used spatial strategies to navigate to the 
escape platform.

3.6 Experiment 6: discriminating between 
the use of taxis vs. spatial strategies in our 
finalized WTM protocol

In Experiment 5, during the last three trials of reversal learning 
(i.e., trials 16–18), 100% of all animals tested in both strains 
immediately swam to the escape platform (located in the right arm) 
when released from the start arm (Figure 4A). When animals were 
released from the left arm on trial 19, instead of the start arm, 44 out 
of 45 C57BL/6J mice [97.78%] and 45 out of 45 J:ARC(S) mice [100%] 
swam immediately to the escape platform located in the right arm (i.e., 

straight ahead, Figure  4B). In trial 20, when animals were again 
released from the start arm, all 45 C57BL/6J and J:ARC(S) mice 
[100%] swam immediately to the escape platform located in the right 
arm (i.e., straight ahead and then immediately turned right, 
Figure  4C). No statistical analyses were performed here, as the 
variance in these results was essentially zero. Together, these results 
highlight that the animals used distal cues to rapidly navigate to the 
hidden escape platform within our WTM.

4 Discussion

The overarching goals of this study were to establish our novel 
WTM apparatus and associated protocol as an efficient initial 
screening tool for learning, memory and executive function behaviors 
in laboratory mice. To accomplish these goals, we also incorporated a 
number of important factors into our testing procedures which have 
been shown to improve animal welfare, as well as performance and 
measurement of behavior in similar water-based assays: reduction of 
thermoregulatory distress, animal handling, and infrared backlighting 
(Bailoo et al., 2010; Iivonen et al., 2003; Roder et al., 1996; Gouveia 
and Hurst, 2013; Gouveia and Hurst, 2017; Gouveia and Hurst, 2019). 
As an initial proof of principle, we first narrowed the swimmable area 
within the MWM to a “T” and demonstrated that animals quickly 
learned to spatially navigate to the hidden escape platform during 
simple discrimination and reversal learning. By further narrowing the 

FIGURE 9

Change in latency to platform across replicates and trials, within stage, in male and female C57BL/6J and J:ARC(S) mice in Experiment 5. The dashed 
lines represent the predicted log-linear regression fitted curve per replicate. *Replicate 1 derived from Experiment 4.
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swimmable area by 43% in our standalone WTM, we demonstrated 
similar levels of robust learning but in a more efficient protocol. Our 
finalized protocol, requiring 3 days of testing, is also significantly 
shorter than the 11 days required for testing to obtain similar kinds of 
data within the MWM; animals therefore spend less time swimming 
in water below their thermoneutral range, which correspondingly 
results in shorter daily test sessions and lower levels of stress. 
Moreover, by constraining the swimmable area of the apparatus to a 
“T,” off-task behavior was eliminated in all experiments with 
our WTM.

Our WTM apparatus and protocol solve one of the more 
contentious issues with the MWM—the need for a probe trial to 
evaluate the strength of the learned response after a fixed number of 
training trials have been performed (Wahlsten, 2010b; Wahlsten et al., 
2005). Animals are placed within the MWM at locations that are not 
equidistant from the escape platform, and animals rarely swim in a 
straight line toward the escape platform. As a consequence, a data 
smoothing approach is used, where, for example, the average latency 
to the escape platform within a day is calculated. Thus, inference about 
the learning ability of mice within the MWM is difficult, if not 
impossible. In contrast, within our WTM, animals are always started 
from the same location and consequentially quickly learn to swim 

directly to the hidden escape platform. As such, there is no need to 
disambiguate a bewildering variety of complex paths that often vary 
within and between mice, typical of the MWM (Wolfer et al., 1998; 
Dalm et al., 2000).

Both the MWM and our WTM require that the animal 
extinguish its previously learned response during reversal 
learning. It can potentially be argued that this extinction process 
may be more complex within the MWM due to the variable start 
locations that are used within and between test sessions and the 
re-mapping of the previously acquired spatial-map within this 
context. While this may well be true, empirically addressing this 
question would require data from a large number of subjects. As 
far as we are aware, only one paper has systematically addressed 
this question by analyzing data from 1,400 mice and over 50,000 
swim tracks (Wolfer et  al., 1998). In that paper, the authors 
demonstrated that thigmotaxis and passivity accounted for 68% 
of the explained variance in the data while memory accounted for 
a mere 19% of the explained variation. The authors thus concluded 
that “more than two-thirds of the behavioral variability is 
accounted for by two factors that have no direct relation to spatial 
memory and learning.....” These data and conclusions are 
important because they fundamentally challenge the notion that 

TABLE 3 Key descriptive statistics of latency to the escape platform across stages and from curve fitting approaches.

Stage Replicate Mean latency to 
platform

Curve fitting

Strain Trial 1 Trial 6 Trial 9 Intercept (β0) Slope (β1) df F p R2

Simple 

discrimination

Replicate #1 39.10 8.14 4.69 39.75 −17.45 1,79 65.45 < 0.0001 45.3%

Replicate #2 57.27 8.57 6.45 51.77 −23.57 1,88 230.67 < 0.0001 72.4%

Replicate #3 C57BL/6J 46.23 12.03 5.93 47.79 −19.26 1,34 29.54 < 0.0001 46.5%

Replicate #4 41.91 5.33 3.16 41.18 −19.29 1,61 107.90 < 0.0001 63.9%

Replicate #5 29.48 10.37 4.78 31.29 −12.14 1,133 53.21 < 0.0001 28.6%

Replicates 1–5 41.00 8.89 4.98 40.54 −17.49 1,403 358.62 < 0.0001 47.1%

Replicate #1 17.94 3.15 3.11 16.07 −6.52 1,70 47.78 < 0.0001 40.6%

Replicate #2 15.11 3.69 2.89 13.61 −5.37 1,70 42.98 < 0.0001 38.0%

Replicate #3 J:ARC(S) 16.50 5.73 5.46 14.80 −4.94 1,70 33.43 < 0.0001 32.3%

Replicate #4 15.91 4.94 4.64 17.55 −6.19 1,70 37.57 < 0.0001 34.9%

Replicate #5 17.15 6.03 6.56 15.11 −5.14 1,115 30.42 < 0.0001 20.9%

Replicates 1–5 16.59 4.85 4.76 15.39 −5.58 1,403 173.66 < 0.0001 30.1%

Reversal Replicate #1 34.63 4.35 3.65 24.72 −11.45 1,79 56.02 < 0.0001 41.5%

Replicate #2 40.89 5.04 4.53 37.14 −17.01 1,88 114.07 < 0.0001 56.5%

Replicate #3 C57BL/6J 42.08 7.15 6.93 36.30 −15.47 1,34 36.02 < 0.0001 51.4%

Replicate #4 37.20 4.40 4.30 28.85 −13.21 1,61 58.68 < 0.0001 49.0%

Replicate #5 20.67 4.02 3.40 17.55 −7.35 1,133 72.06 < 0.0001 35.1%

Replicates 1–5 32.43 4.65 4.15 26.76 −11.95 1,403 291.99 < 0.0001 42.0%

Replicate #1 18.05 3.58 2.86 14.92 −6.04 1,70 56.68 < 0.0001 44.7%

Replicate #2 11.83 3.44 2.93 11.15 −4.10 1,70 61.74 < 0.0001 46.9%

Replicate #3 J:ARC(S) 14.85 5.88 4.23 14.38 −5.04 1,70 61.68 < 0.0001 46.8%

Replicate #4 20.84 4.11 4.20 15.77 −6.34 1,70 33.13 < 0.0001 32.1%

Replicate #5 15.94 4.95 3.65 13.93 −5.32 1,115 62.03 < 0.0001 35.0%

Replicates 1–5 16.26 4.45 3.58 14.02 −5.36 1,403 240.98 < 0.0001 37.4%
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the MWM protocol is a robust tool for the evaluation of spatial 
learning and memory. Correspondingly, these data challenge the 
assumption that reversal learning in the MWM is a more complex 
process than within our WTM, as thigmotaxis and passivity are 
not observed within our apparatus and protocol.

While WTMs for mice have been previously described in the 
literature, they vary unsystematically in apparatus dimensions and fail 
to establish key aspects of internal and external validity in their 
associated protocols; none of those studies have evaluated simple 
discrimination and reversal learning similar to the standard MWM 
protocol, which is the focus of our study (Cahill et al., 2015; Davis 
et al., 2017; Guariglia and Chadman, 2013; Wainwright et al., 1990). 
We demonstrated that our WTM apparatus and protocol show good 
internal validity and external validity; animals used distal cues to 
navigate to the hidden escape platform (Experiment 6), while 
behavioral performance in our WTM apparatus and associated 
protocol generalized to commonly used strains of mice, both sexes, 
ages, replicates, and even across minor procedural differences 
(Experiments 2–5). Methodologically, setup time was also more 
efficient as the volume of water that is filled, drained and heated is 91% 
smaller compared to a 120 cm diameter MWM filled to a height 
of 11 cm.

Non-water-based T-maze protocols have also previously been 
described in the literature, primarily for the assessment of spatial 
working memory-related, rewarded- or spontaneous- alternation 
behavior (Wenk, 1998; Spowart-Manning and van der Staay, 2004; 
Shoji et  al., 2012; Deacon and Rawlins, 2006; d'Isa et  al., 2021). 
Rewarded versions of that protocol are likely stressful because it 
involves long periods of food restriction to 85–90% the free feeding 
body weight (Deacon and Rawlins, 2006). In contrast, spontaneous 
alternation versions of the protocol, that do not involve food 
restriction, may be limited in their precision as only 5–6 trials are 
performed (d'Isa et al., 2021). For example, in one common protocol 
of spontaneous alternation, the authors concluded that the chance 
level for spatial working memory in a two-choice discrimination task 
within a T-maze was 50% (d'Isa et al., 2021); this threshold can only 
be considered accurate if each trial performed by a single mouse was 
considered independent from previous trials. In this particular 
example, only the first trial/arm entry and the second trial/arm entry 
(if the choice is the previously unexplored arm), can only 
be reasonably considered independent events (Dember and Richman, 
2012; Manning, 1973a; Manning, 1973b). Combining this issue with 
the expected results data which show that, on average, mice 
spontaneously alternate for only four of the five or six presented 
trials, calls into question the validity of the spontaneous alternation 
protocol (c.f., Figure  2) (d'Isa et  al., 2021). More importantly, 
however, is that these kinds of data would require significantly more 
trials to satisfy the assumptions of the appropriate statistical model 
[e.g., linear mixed effects modeling with a binomial error distribution, 
Markov Chain analyses etc. (Bailoo et al., 2018; Bailoo et al., 2018; 
Bailoo et  al., 2020; Gygax, 2014)]. These issues, coupled with a 
potential for off-task behavior in the absence of a motivating stimulus 
(c.f., sections on Troubleshooting and Advantages and Limitations, 
d'Isa et al., 2021), may make evaluation of data from a spontaneous 
alteration task questionable. Altogether, these issues with the 
non-water-based T-maze protocols, make our WTM apparatus and 
protocol an important novel alternative for screening spatial-related 
learning and memory impairments in laboratory mice.

Standardization of behavioral protocols has been repeatedly shown 
to improve reliability and reproducibility of derived experimental results, 
both across laboratories of the same investigator (Wahlsten et al., 2006) 
and across laboratories with different investigators (Arroyo-Araujo et al., 
2022). Unlike the MWM, where protocols vary in unsystematic ways 
(Wahlsten, 2010b; Kapadia et al., 2016), our WTM apparatus and protocol 
are robust against such issues, given the simplicity of the apparatus’ design 
and associated protocol. Moreover, the small amounts of space and 
associated infrastructure that are needed for its implementation renders 
it amenable to a high degree of standardization across a myriad of 
laboratory settings.

It is important to note that no single test of learning and memory 
is sufficient to understand the complexity of such phenomena, 
particularly in a diseased state. We therefore advocate for the use of 
our WTM apparatus and protocol, as an initial screening tool, in 
tandem with other behavioral tasks (e.g., operant tasks) which 
evaluate the same constructs (e.g., learning, memory, executive 
functioning). It is important to also understand how other tasks 
might be limited and the consequences of their associated procedures 
on the behavior under consideration. For example, operant tasks 
often require food restriction in order to motivate the animal to 
respond. Food restriction has a number of consequences on 
interoceptive states as well as with respect to behavioral readouts; 
impulsive and behavioral inflexibility is commonly observed using 
those tasks due to hunger/satiety (Bailoo et  al., 2018; Wahlsten, 
2010a; Bailoo et al., 2018; Bailoo et al., 2020; Harshaw, 2015; Wilcox 
et  al., 2024). With that being said, testing mice using our WTM 
apparatus and protocol as well as with, for example, a two-choice 
discrimination nose-poke initiated operant task, tells us more about 
the learning ability of mice than does either task by itself.

As an initial screening tool, we found that our WTM was sensitive 
enough to detect cognitive impairments in mouse models of 
Alzheimer’s disease, alternative polyadenylation, and where key brain 
transporters and/or proteins have been knocked out (data not shown). 
As with any screening tool, we recommend further interrogating the 
strength and specificity of these differences using other behavioral 
tasks within the domain of cognition. In our case, we are further 
evaluating some of these initially observed differences using attention 
set-shifting, judgment bias, gambling tasks, fixed and variable ratios 
tasks, etc. using operant conditioning.

Learning spatial relationships, as required by water-based assays such 
as the MWM and our WTM, often requires the suppression of competing 
tendencies, e.g., thigmotaxis, thermoregulation. If those tendencies 
overwhelm the behavioral and physiological capacities of the animal, then 
the interpretation of the correspondingly observed behavior is 
contentious. Our WTM apparatus and associated protocol minimize, if 
not completely eliminate, the most problematic tendencies (off-task 
behavior) observed within the MWM. We therefore conclude that our 
overarching goals, to establish our novel WTM apparatus and associated 
protocol as an efficient assay of learning, memory and executive function 
behaviors in laboratory mice, were met.

Data availability statement

The data in this paper are derived from control/wildtype animals 
used in ongoing projects. Thus, the raw data supporting the 
conclusions of this article will be made available by the authors, 

https://doi.org/10.3389/fnbeh.2024.1492327
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Bailoo et al. 10.3389/fnbeh.2024.1492327

Frontiers in Behavioral Neuroscience 14 frontiersin.org

without undue reservation, for the purpose of reproducing the 
described experimental results.

Ethics statement

The animal study was approved by the Institutional Animal Care 
and Use Committee at Texas Tech University Health Sciences Center. 
The study was conducted in accordance with the local legislation and 
institutional requirements.

Author contributions

JB: Writing – review & editing, Writing – original draft, Visualization, 
Validation, Supervision, Software, Resources, Project administration, 
Methodology, Investigation, Funding acquisition, Formal analysis, Data 
curation, Conceptualization. SB: Writing – review & editing, Resources, 
Investigation, Funding acquisition. IP: Writing – review & editing, 
Resources, Investigation, Funding acquisition. JW: Writing – review & 
editing, Investigation. BK: Writing – review & editing, Investigation. GC: 
Writing – review & editing, Resources. CM: Writing – review & editing, 
Resources. JL: Writing – review & editing, Resources. VG: Writing – 
review & editing. SS: Writing – review & editing. PP: Writing – review & 
editing. ST: Resources, Writing – review & editing. JV: Conceptualization, 
Writing – review & editing. MF: Writing – review & editing. AD: Writing 
– review & editing, Writing – original draft, Resources, Investigation, 
Funding acquisition, Conceptualization.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 

partially supported by the Kayla Weitlauf Endowment for Women’s 
Health (to SEB), by the National Institute on Alcohol Abuse and 
Alcoholism grant R01AA027096 (to IP) and by the National Institute 
of Environmental Health Sciences grants R03ES033333 (to AD, JB, 
and MF) and R03ES034194 (to AD and JB).

Acknowledgments

We thank the staff of the LARC at TTUHSC and Aveline 
Hewetson for the care of the animals used in this study. We also 
thank Dr. Volker Neugebauer for permitting us to use the 
TTUHSC GIA behavioral facility’s MWM and T-Insert in 
Experiment 1.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Jeremy Bailoo declares that he was an editorial board member of 
Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Arroyo-Araujo, M., Voelkl, B., Laloux, C., Novak, J., Koopmans, B., Waldron, A. M., 

et al. (2022). Systematic assessment of the replicability and generalizability of preclinical 
findings: impact of protocol harmonization across laboratory sites. PLoS Biol. 
20:e3001886. doi: 10.1371/journal.pbio.3001886

Bailoo, J. D., Bohlen, M. O., and Wahlsten, D. (2010). The precision of video and 
photocell tracking systems and the elimination of tracking errors with infrared 
backlighting. J. Neurosci. Methods 188, 45–52. doi: 10.1016/j.jneumeth.2010.01.035

Bailoo, J. D., Jordan, R. L., Garza, X. J., and Tyler, A. N. (2014). Brief and long periods 
of maternal separation affect maternal behavior and offspring behavioral development 
in C57BL/6 mice. Dev. Psychobiol. 56, 674–685. doi: 10.1002/dev.21135

Bailoo, J. D., Murphy, E., Boada-Sana, M., Varholick, J. A., Hintze, S., Baussiere, C., 
et al. (2018). Effects of cage enrichment on behavior, welfare and outcome variability in 
female mice. Front. Behav. Neurosci. 12:232. doi: 10.3389/fnbeh.2018.00232

Bailoo, J. D., Murphy, E., Varholick, J. A., Novak, J., Palme, R., and Wurbel, H. (2018). 
Evaluation of the effects of space allowance on measures of animal welfare in laboratory 
mice. Sci. Rep. 8:713. doi: 10.1038/s41598-017-18493-6

Bailoo, J. D., Reichlin, T. S., and Wurbel, H. (2014). Refinement of experimental design 
and conduct in laboratory animal research. ILAR J. 55, 383–391. doi: 10.1093/ilar/ilu037

Bailoo, J. D., Varholick, J. A., Garza, X. J., Jordan, R. L., and Hintze, S. (2016). Maternal 
separation followed by isolation-housing differentially affects prepulse inhibition of the 
acoustic startle response in C57BL/6 mice. Dev. Psychobiol. 58, 937–944. doi: 10.1002/
dev.21422

Bailoo, J. D., Voelkl, B., Varholick, J., Novak, J., Murphy, E., Rosso, M., et al. (2020). 
Effects of weaning age and housing conditions on phenotypic differences in mice. Sci. 
Rep. 10:11684. doi: 10.1038/s41598-020-68549-3

Baker, M. (2016). 1,500 scientists lift the lid on reproducibility. Nature 533, 452–454. 
doi: 10.1038/533452a

Bennett, A. J., Bailoo, J. D., Dutton, M., Michel, G. F., and Pierre, P. J. (2018). Psychological 
science applied to improve captive animal care: a model for development of a systematic, 
evidence-based assessment of environmental enrichment for nonhuman primates. PsyArXiv.

Bohlen, M., Hayes, E. R., Bohlen, B., Bailoo, J. D., Crabbe, J. C., and Wahlsten, D. 
(2014). Experimenter effects on behavioral test scores of eight inbred mouse strains under 
the influence of ethanol. Behav. Brain Res. 272, 46–54. doi: 10.1016/j.bbr.2014.06.017

Brandeis, R., Brandys, Y., and Yehuda, S. (1989). The use of the Morris water maze in 
the study of memory and learning. Int. J. Neurosci. 48, 29–69. doi: 
10.3109/00207458909002151

Brown, V. J., and Tait, D. S. (2010). Behavioral flexibility: Attentional shifting, rule 
switching and response reversal. Encyclopedia of Psychopharmacology. Berlin: Springer-
Verlag, 209–213.

Brown, R. E., and Wong, A. A. (2007). The influence of visual ability on learning and 
memory performance in 13 strains of mice. Learn. Mem. 14, 134–144. doi: 10.1101/
lm.473907

Cahill, S. P., Fifield, K. E., Thorpe, C. M., Martin, G. M., and Skinner, D. M. (2015). 
Mice use start point orientation to solve spatial problems in a water T-maze. Anim. Cogn. 
18, 195–203. doi: 10.1007/s10071-014-0789-1

Chacon-Teran, M. A., Bhattacharjee, S., Bailoo, J. D., Deonarine, A., and 
Findlater, M. (2023). Improved syntheses of an Arseno-fatty acid (as-FA 362) and an 
Arseno-hydrocarbon (as-HC 444). Synthesis 55, 4091–4095. doi: 
10.1055/a-2122-4287

Chapillon, P., and Debouzie, A. (2000). BALB/c mice are not so bad in the Morris 
water maze. Behav. Brain Res. 117, 115–118. doi: 10.1016/S0166-4328(00)00292-8

Colegrave, N., and Ruxton, G. D. (2018). Using biological insight and pragmatism 
when thinking about Pseudoreplication. Trends Ecol. Evol. 33, 28–35. doi: 10.1016/j.
tree.2017.10.007

https://doi.org/10.3389/fnbeh.2024.1492327
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pbio.3001886
https://doi.org/10.1016/j.jneumeth.2010.01.035
https://doi.org/10.1002/dev.21135
https://doi.org/10.3389/fnbeh.2018.00232
https://doi.org/10.1038/s41598-017-18493-6
https://doi.org/10.1093/ilar/ilu037
https://doi.org/10.1002/dev.21422
https://doi.org/10.1002/dev.21422
https://doi.org/10.1038/s41598-020-68549-3
https://doi.org/10.1038/533452a
https://doi.org/10.1016/j.bbr.2014.06.017
https://doi.org/10.3109/00207458909002151
https://doi.org/10.1101/lm.473907
https://doi.org/10.1101/lm.473907
https://doi.org/10.1007/s10071-014-0789-1
https://doi.org/10.1055/a-2122-4287
https://doi.org/10.1016/S0166-4328(00)00292-8
https://doi.org/10.1016/j.tree.2017.10.007
https://doi.org/10.1016/j.tree.2017.10.007


Bailoo et al. 10.3389/fnbeh.2024.1492327

Frontiers in Behavioral Neuroscience 15 frontiersin.org

Crabbe, J. C., Wahlsten, D., and Dudek, B. C. (1999). Genetics of mouse behavior: 
interactions with laboratory environment. Science 284, 1670–1672. doi: 10.1126/
science.284.5420.1670

Crawley, J. N., and Paylor, R. (1997). A proposed test battery and constellations of 
specific behavioral paradigms to investigate the behavioral phenotypes of transgenic and 
knockout mice. Horm. Behav. 31, 197–211. doi: 10.1006/hbeh.1997.1382

Dalm, S., Grootendorst, J., de Kloet, E. R., and Oitzl, M. S. (2000). Quantification of 
swim patterns in the Morris water maze. Behav. Res. Methods Instrum. Comput. 32, 
134–139. doi: 10.3758/BF03200795

David, J. M., Chatziioannou, A. F., Taschereau, R., Wang, H., and Stout, D. B. 
(2013). The hidden cost of housing practices: using noninvasive imaging to 
quantify the metabolic demands of chronic cold stress of laboratory mice. Comp. 
Med. 63, 386–391

Davis, K. E., Burnett, K., and Gigg, J. (2017). Water and T-maze protocols are equally 
efficient methods to assess spatial memory in 3xTg Alzheimer's disease mice. Behav. 
Brain Res. 331, 54–66. doi: 10.1016/j.bbr.2017.05.005

Deacon, R. M., and Rawlins, J. N. (2006). T-maze alternation in the rodent. Nat. 
Protoc. 1, 7–12. doi: 10.1038/nprot.2006.2

Dember, W. N., and Richman, C. L. (2012). Spontaneous alternation behavior. New 
York, NY: Springer.

D'Hooge, R., and Deyn, D. (2001). Applications of the Morris water maze in the study 
of learning and memory. Brain Res. Brain Res. Rev. 36, 60–90. doi: 10.1016/
S0165-0173(01)00067-4

d'Isa, R., Comi, G., and Leocani, L. (2021). Apparatus design and behavioural testing 
protocol for the evaluation of spatial working memory in mice through the spontaneous 
alternation T-maze. Sci. Rep. 11:21177. doi: 10.1038/s41598-021-00402-7

Dutton, M. B., Pierre, P. J., Bailoo, J. D., Warkins, E., Michel, G. F., and Bennett, A. J. 
(2018). A model quantitative assessment tool for nonhuman primate environmental 
enrichment plans. bioRxiv 8:341206.

Francis, D. D., Zaharia, M. D., Shanks, N., and Anisman, H. (1995). Stress-induced 
disturbances in Morris water-maze performance: interstrain variability. Physiol. Behav. 
58, 57–65. doi: 10.1016/0031-9384(95)00009-8

Gerlai, R. (1999). “Chapter 4.1 ethological approaches in behavioral neurogenetic 
research” in Techniques in the behavioral and neural sciences. eds. W. E. Crusio and R. 
T. Gerlai (Amsterdam: Elsevier), 605–613.

Gouveia, K., and Hurst, J. L. (2013). Reducing mouse anxiety during handling: effect 
of experience with handling tunnels. PLoS One 8:e66401. doi: 10.1371/journal.
pone.0066401

Gouveia, K., and Hurst, J. L. (2017). Optimising reliability of mouse performance in 
behavioural testing: the major role of non-aversive handling. Sci. Rep. 7:44999. doi: 
10.1038/srep44999

Gouveia, K., and Hurst, J. L. (2019). Improving the practicality of using non-aversive 
handling methods to reduce background stress and anxiety in laboratory mice. Sci. Rep. 
9:20305. doi: 10.1038/s41598-019-56860-7

Guariglia, S. R., and Chadman, K. K. (2013). Water T-maze: a useful assay for 
determination of repetitive behaviors in mice. J. Neurosci. Methods 220, 24–29. doi: 
10.1016/j.jneumeth.2013.08.019

Gulinello, M., Mitchell, H. A., Chang, Q., Timothy O'Brien, W., Zhou, Z., Abel, T., 
et al. (2019). Rigor and reproducibility in rodent behavioral research. Neurobiol. Learn. 
Mem. 165:106780. doi: 10.1016/j.nlm.2018.01.001

Gygax, L. (2014). The a to z of statistics for testing cognitive judgement bias. Anim. 
Behav. 95, 59–69. doi: 10.1016/j.anbehav.2014.06.013

Gygax, M., Fortes, M. S., Voelkl, B., Würbel, H., and Novak, J. (2024). Rattling the 
cage: behaviour and resource use of mice in laboratory and pet cages. Appl. Anim. Behav. 
Sci. 278:106381. doi: 10.1016/j.applanim.2024.106381

Harrison, F. E., Hosseini, A. H., and McDonald, M. P. (2009). Endogenous anxiety and 
stress responses in water maze and Barnes maze spatial memory tasks. Behav. Brain Res. 
198, 247–251. doi: 10.1016/j.bbr.2008.10.015

Harshaw, C. (2015). Interoceptive dysfunction: toward an integrated framework for 
understanding somatic and affective disturbance in depression. Psychol. Bull. 141, 
311–363. doi: 10.1037/a0038101

Hintze, S., Melotti, L., Colosio, S., Bailoo, J. D., Boada-Sana, M., Wurbel, H., et al. 
(2018). A cross-species judgement bias task: integrating active trial initiation into a 
spatial go/no-go task. Sci. Rep. 8:5104. doi: 10.1038/s41598-018-23459-3

Holscher, C. (1999). Stress impairs performance in spatial water maze learning tasks. 
Behav. Brain Res. 100, 225–235. doi: 10.1016/S0166-4328(98)00134-X

Iida, R., Yamada, K., Mamiya, T., Saito, K., Seishima, M., and Nabeshima, T. (1999). 
Characterization of learning and memory deficits in C57BL/6 mice infected with LP-
BM5, a murine model of AIDS. J. Neuroimmunol. 95, 65–72. doi: 10.1016/
S0165-5728(98)00259-8

Iivonen, H., Nurminen, L., Harri, M., Tanila, H., and Puolivali, J. (2003). Hypothermia 
in mice tested in Morris water maze. Behav. Brain Res. 141, 207–213. doi: 10.1016/
S0166-4328(02)00369-8

Ioannidis, J. P. (2005). Why most published research findings are false. PLoS Med. 
2:e124. doi: 10.1371/journal.pmed.0020124

Ioannidis, J. P. (2006). Evolution and translation of research findings: from bench to 
where? PLoS Clin Trials. 1:e36. doi: 10.1371/journal.pctr.0010036

Kafkafi, N., Benjamini, Y., Sakov, A., Elmer, G. I., and Golani, I. (2005). Genotype-
environment interactions in mouse behavior: a way out of the problem. Proc. Natl. Acad. 
Sci. USA 102, 4619–4624. doi: 10.1073/pnas.0409554102

Kafkafi, N., Lipkind, D., Benjamini, Y., Mayo, C. L., Elmer, G. I., and Golani, I. (2003). 
SEE locomotor behavior test discriminates C57BL/6J and DBA/2J mouse inbred strains 
across laboratories and protocol conditions. Behav. Neurosci. 117, 464–477. doi: 
10.1037/0735-7044.117.3.464

Kapadia, M., Xu, J., and Sakic, B. (2016). The water maze paradigm in experimental 
studies of chronic cognitive disorders: theory, protocols, analysis, and inference. 
Neurosci. Biobehav. Rev. 68, 195–217. doi: 10.1016/j.neubiorev.2016.05.016

Lang, B., Kahnau, P., Hohlbaum, K., Mieske, P., Andresen, N. P., Boon, M. N., et al. 
(2023). Challenges and advanced concepts for the assessment of learning and memory 
function in mice. Front. Behav. Neurosci. 17:1230082. doi: 10.3389/fnbeh.2023.1230082

Lazic, S. E. (2010). The problem of pseudoreplication in neuroscientific studies: is it 
affecting your analysis? BMC Neurosci. 11:5. doi: 10.1186/1471-2202-11-5

Leighty, R. E., Nilsson, L. N., Potter, H., Costa, D. A., Low, M. A., Bales, K. R., et al. 
(2004). Use of multimetric statistical analysis to characterize and discriminate between 
the performance of four Alzheimer's transgenic mouse lines differing in Abeta 
deposition. Behav. Brain Res. 153, 107–121. doi: 10.1016/j.bbr.2003.11.004

Liu, X., Gutierrez, A. G., Vega, A., Willms, J. O., Driskill, J., Panthagani, P., et al. (2024). 
The horizontal ladder test (HLT) protocol: a novel, optimized, and reliable means of 
assessing motor coordination in Sus scrofa domesticus. Front. Behav. Neurosci. 
18:1357363. doi: 10.3389/fnbeh.2024.1357363

Macri, S., and Richter, S. H. (2015). The Snark was a Boojum - reloaded. Front. Zool. 
12:S20. doi: 10.1186/1742-9994-12-S1-S20

Malakoff, D. (2000). The rise of the mouse, biomedicine's model mammal. Science 288, 
248–253. doi: 10.1126/science.288.5464.248

Mandillo, S., Tucci, V., Holter, S. M., Meziane, H., Banchaabouchi, M. A., Kallnik, M., 
et al. (2008). Reliability, robustness, and reproducibility in mouse behavioral 
phenotyping: a cross-laboratory study. Physiol. Genomics 34, 243–255. doi: 10.1152/
physiolgenomics.90207.2008

Manning, S. K. (1973a). A measure of spontaneous alternation. Behav. Res. Methods 
Instrum. 5, 501–502. doi: 10.3758/BF03200245

Manning, S. K. (1973b). A design comparing free- and forced-trial alternation in the 
rat at two interchoice intervals. Behav. Res. Methods Instrum. 5, 263–265. doi: 10.3758/
BF03200179

Martin-Arenas, F., and Pintado, C. (2014). “Results of the open field test at different 
light intensities in C57 mice,” in Proceedings of Measuring Behavior.

Morris, R. G. M. (1981). Spatial localization does not require the presence of local 
cues. Learn. Motiv. 12, 239–260. doi: 10.1016/0023-9690(81)90020-5

Morris, R. (1984). Developments of a water-maze procedure for studying spatial 
learning in the rat. J. Neurosci. Methods 11, 47–60. doi: 10.1016/0165-0270(84)90007-4

Novak, J., Bailoo, J. D., Melotti, L., Rommen, J., and Wurbel, H. (2015). An exploration 
based cognitive Bias test for mice: effects of handling method and stereotypic behaviour. 
PLoS One 10:e0130718. doi: 10.1371/journal.pone.0130718

Nunez, J. (2008). Morris water maze experiment. J. Vis. Exp.

Overton, J. M. (2010). Phenotyping small animals as models for the human metabolic 
syndrome: thermoneutrality matters. Int. J. Obes. 34, S53–S58. doi: 10.1038/ijo.2010.240

Richter, S. H., Garner, J. P., Zipser, B., Lewejohann, L., Sachser, N., Touma, C., et al. 
(2011). Effect of population heterogenization on the reproducibility of mouse behavior: 
a multi-laboratory study. PLoS One 6:e16461. doi: 10.1371/journal.pone.0016461

Roder, J. K., Roder, J. C., and Gerlai, R. (1996). Memory and the effect of cold shock 
in the water maze in S100 beta transgenic mice. Physiol. Behav. 60, 611–615. doi: 
10.1016/S0031-9384(96)80038-2

Sandi, C., and Pinelo-Nava, M. T. (2007). Stress and memory: behavioral effects and 
neurobiological mechanisms. Neural Plast. 2007:78970. doi: 10.1155/2007/78970

Sare, R. M., Lemons, A., and Smith, C. B. (2021). Behavior testing in rodents: 
highlighting potential confounds affecting variability and reproducibility. Brain Sci. 
11:522. doi: 10.3390/brainsci11040522

Schellinck, H. M., Cyr, D. P., and Brown, R. E. (2010). “Chapter 7 - how many ways can 
mouse behavioral experiments go wrong? Confounding variables in mouse models of 
neurodegenerative diseases and how to control them” in Advances in the study of behavior, 
Vol. 41. eds. H. J. Brockmann, T. J. Roper, M. Naguib, K. E. Wynne-Edwards, J. C. Mitani and 
L. W. Simmons (New York, NY: Academic Press), 255–366.

Shoji, H., Hagihara, H., Takao, K., Hattori, S., and Miyakawa, T. (2012). T-maze forced 
alternation and left-right discrimination tasks for assessing working and reference 
memory in mice. J. Vis. Exp. 60:3300. doi: 10.3791/3300-v

Sorge, R. E., Martin, L. J., Isbester, K. A., Sotocinal, S. G., Rosen, S., Tuttle, A. H., et al. 
(2014). Olfactory exposure to males, including men, causes stress and related analgesia 
in rodents. Nat. Methods 11, 629–632. doi: 10.1038/nmeth.2935

Speakman, J. R., and Keijer, J. (2012). Not so hot: optimal housing temperatures for 
mice to mimic the thermal environment of humans. Mol. Metab. 2, 5–9. doi: 10.1016/j.
molmet.2012.10.002

https://doi.org/10.3389/fnbeh.2024.1492327
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1126/science.284.5420.1670
https://doi.org/10.1126/science.284.5420.1670
https://doi.org/10.1006/hbeh.1997.1382
https://doi.org/10.3758/BF03200795
https://doi.org/10.1016/j.bbr.2017.05.005
https://doi.org/10.1038/nprot.2006.2
https://doi.org/10.1016/S0165-0173(01)00067-4
https://doi.org/10.1016/S0165-0173(01)00067-4
https://doi.org/10.1038/s41598-021-00402-7
https://doi.org/10.1016/0031-9384(95)00009-8
https://doi.org/10.1371/journal.pone.0066401
https://doi.org/10.1371/journal.pone.0066401
https://doi.org/10.1038/srep44999
https://doi.org/10.1038/s41598-019-56860-7
https://doi.org/10.1016/j.jneumeth.2013.08.019
https://doi.org/10.1016/j.nlm.2018.01.001
https://doi.org/10.1016/j.anbehav.2014.06.013
https://doi.org/10.1016/j.applanim.2024.106381
https://doi.org/10.1016/j.bbr.2008.10.015
https://doi.org/10.1037/a0038101
https://doi.org/10.1038/s41598-018-23459-3
https://doi.org/10.1016/S0166-4328(98)00134-X
https://doi.org/10.1016/S0165-5728(98)00259-8
https://doi.org/10.1016/S0165-5728(98)00259-8
https://doi.org/10.1016/S0166-4328(02)00369-8
https://doi.org/10.1016/S0166-4328(02)00369-8
https://doi.org/10.1371/journal.pmed.0020124
https://doi.org/10.1371/journal.pctr.0010036
https://doi.org/10.1073/pnas.0409554102
https://doi.org/10.1037/0735-7044.117.3.464
https://doi.org/10.1016/j.neubiorev.2016.05.016
https://doi.org/10.3389/fnbeh.2023.1230082
https://doi.org/10.1186/1471-2202-11-5
https://doi.org/10.1016/j.bbr.2003.11.004
https://doi.org/10.3389/fnbeh.2024.1357363
https://doi.org/10.1186/1742-9994-12-S1-S20
https://doi.org/10.1126/science.288.5464.248
https://doi.org/10.1152/physiolgenomics.90207.2008
https://doi.org/10.1152/physiolgenomics.90207.2008
https://doi.org/10.3758/BF03200245
https://doi.org/10.3758/BF03200179
https://doi.org/10.3758/BF03200179
https://doi.org/10.1016/0023-9690(81)90020-5
https://doi.org/10.1016/0165-0270(84)90007-4
https://doi.org/10.1371/journal.pone.0130718
https://doi.org/10.1038/ijo.2010.240
https://doi.org/10.1371/journal.pone.0016461
https://doi.org/10.1016/S0031-9384(96)80038-2
https://doi.org/10.1155/2007/78970
https://doi.org/10.3390/brainsci11040522
https://doi.org/10.3791/3300-v
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1016/j.molmet.2012.10.002
https://doi.org/10.1016/j.molmet.2012.10.002


Bailoo et al. 10.3389/fnbeh.2024.1492327

Frontiers in Behavioral Neuroscience 16 frontiersin.org

Spowart-Manning, L., and van der Staay, F. J. (2004). The T-maze continuous 
alternation task for assessing the effects of putative cognition enhancers in the mouse. 
Behav. Brain Res. 151, 37–46. doi: 10.1016/j.bbr.2003.08.004

Varholick, J. A., Bailoo, J. D., Palme, R., and Würbel, H. (2018). Phenotypic variability 
between social dominance ranks in laboratory mice. Sci. Rep. 8:6593. doi: 10.1038/
s41598-018-24624-4

Varholick, J. A., Pontiggia, A., Murphy, E., Daniele, V., Palme, R., Voelkl, B., et al. 
(2019). Social dominance hierarchy type and rank contribute to phenotypic variation 
within cages of laboratory mice. Sci. Rep. 9:13650. doi: 10.1038/s41598-019-49612-0

Voikar, V., Koks, S., Vasar, E., and Rauvala, H. (2001). Strain and gender differences 
in the behavior of mouse lines commonly used in transgenic studies. Physiol. Behav. 72, 
271–281. doi: 10.1016/S0031-9384(00)00405-4

Vorhees, C. V., and Williams, M. T. (2006). Morris water maze: procedures for 
assessing spatial and related forms of learning and memory. Nat. Protoc. 1, 848–858. doi: 
10.1038/nprot.2006.116

Wahlsten, D. (2010a). Mouse behavioral testing: How to use mice in behavioral. New 
York, NY: Academic Press.

Wahlsten, D. (2010b). “Chapter 13 - task refinement and standardization” in Mouse 
behavioral testing (London: Academic Press), 215–233.

Wahlsten, D., Bachmanov, A., Finn, D. A., and Crabbe, J. C. (2006). Stability of inbred 
mouse strain differences in behavior and brain size between laboratories and across 
decades. Proc. Natl. Acad. Sci. U. S. A. 103, 16364–16369. doi: 10.1073/pnas.0605342103

Wahlsten, D., Cooper, S. F., and Crabbe, J. C. (2005). Different rankings of inbred 
mouse strains on the Morris maze and a refined 4-arm water escape task. Behav. Brain 
Res. 165, 36–51. doi: 10.1016/j.bbr.2005.06.047

Wainwright, P. E., Ward, G. R., Winfield, D., Huang, Y. S., Mills, D. E., Ward, R. P., 
et al. (1990). Effects of prenatal ethanol and long-chain n-3 fatty acid supplementation 
on development in mice. 1. Body and brain growth, sensorimotor development, and 
water T-maze reversal learning. Alcohol. Clin. Exp. Res. 14, 405–412. doi: 
10.1111/j.1530-0277.1990.tb00495.x

Wenk, G. L. (1998). Assessment of spatial memory using the T maze. Curr. Protoc. 
Neurosci. 4:bs04. doi: 10.1002/0471142301.ns0805bs04

Wilcox, S. L., Bannerman, D. M., Peirson, S. N., and Vyazovskiy, V. V. (2024). The 
effect of food timing on torpor propensity and characteristics in laboratory mice during 
a common food restriction paradigm. F1000Research 829, 1–13. doi: 10.12688/
f1000research.151246.1

Wolfer, D. P., Stagljar-Bozicevic, M., Errington, M. L., and Lipp, H. P. (1998). Spatial 
memory and learning in transgenic mice: fact or artifact? News Physiol. Sci. 13, 118–123. 
doi: 10.1152/physiologyonline.1998.13.3.118

https://doi.org/10.3389/fnbeh.2024.1492327
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.bbr.2003.08.004
https://doi.org/10.1038/s41598-018-24624-4
https://doi.org/10.1038/s41598-018-24624-4
https://doi.org/10.1038/s41598-019-49612-0
https://doi.org/10.1016/S0031-9384(00)00405-4
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1073/pnas.0605342103
https://doi.org/10.1016/j.bbr.2005.06.047
https://doi.org/10.1111/j.1530-0277.1990.tb00495.x
https://doi.org/10.1002/0471142301.ns0805bs04
https://doi.org/10.12688/f1000research.151246.1
https://doi.org/10.12688/f1000research.151246.1
https://doi.org/10.1152/physiologyonline.1998.13.3.118

	A bespoke water T–maze apparatus and protocol: an optimized, reliable, and repeatable method for screening learning, memory, and executive functioning in laboratory mice
	1 Introduction
	2 Materials and methods
	2.1 Mouse husbandry and housing
	2.2 Mice
	2.3 Apparatus
	2.3.1 Experiment 1
	2.3.2 Experiments 2–6
	2.3.3 Infrared backlighting
	2.4 Procedures
	2.4.1 Methods used to decrease thermoregulatory distress
	2.4.2 Habituation to the local test environment
	2.4.3 Protocol development and rationale
	2.5 Data checks and statistical analyses

	3 Results
	3.1 Experiment 1: evaluation of simple discrimination and reversal learning using a T-insert within a MWM
	3.2 Experiment 2: evaluation of simple discrimination and reversal learning using a standalone, dimensionally smaller, WTM
	3.3 Experiment 3: evaluation of the reliability of a modified protocol using a serial reversal learning paradigm within our WTM
	3.4 Experiment 4: evaluation of simple discrimination and reversal learning using a truncated protocol within our WTM in a commonly used inbred and outbred strain of mouse
	3.5 Experiment 5: generalizability of simple discrimination and reversal learning in the finalized WTM protocol across independent replicates and strains of mice
	3.6 Experiment 6: discriminating between the use of taxis vs. spatial strategies in our finalized WTM protocol

	4 Discussion

	References

