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The Barnes maze, a well-known spatial-learning paradigm, is based on the innate fear of rodents of large open spaces and their
drive to hide. However, additional aversive stimuli (strong light and threatening sounds) are often necessary to provoke the
hiding response while rendering the method cumbersome and more stressful. Our objective was to establish a Barnes maze-
learning paradigm in mice using palatable food as a reward. After habituating male C57BL6/] or NMRI mice to the reward,
the experimenter and the apparatus, either a slow (2 trials/day) or a massive conditioning schedule (4 trials/day), was run.
Acquisition training was carried out until mice could locate the reward box with a maximum of one hole error. Then, the box
was replaced to another location (reversal phase). Mice needed to relearn the new position with the same criterion. One week
later, retention trials were performed. Both strains could reach the learning criteria; in the massive training within a shorter
period. Spatial memory was demonstrated in the reversal and retention trials. Our results show that palatable food can be used
as an efficient motivator to acquire allocentric navigation in the Barnes maze with the additional advantage of being less stressful.

1. Introduction

The Barnes maze is a dry-land navigational model consisting
of an elevated circular platform with holes along the perim-
eter. Underneath one of the holes (target hole) is a box, so
called “escape box” or “target box,” through which a test
subject can enter. There are extra-maze cues placed around
the platform at the level visible from the platform surface.
The test subject is put in the middle of the platform, and
as rodents have innate tendencies to escape from an envi-
ronment that they regard as dangerous and have preferences
to darkness, the rodent searches for escape possibilities,
explores the maze, and enters the target hole that leads to
the escape box. Visuospatial memory is assessed by evaluat-
ing the ability of a subject to learn and remember the loca-
tion of the escape box using extra-maze cues.

The Barnes maze was originally developed for testing
rats [1], but mice are also tested [2] with alterations like a

smaller diameter of platform and longer protocol in general
[3]. The diameter of the platform can vary, but the study on
the sensitivity of the Barnes maze with different platform
diameters for assessing visuospatial learning and memory
showed higher sensitivity with a larger diameter. That is, a
larger diameter allows mice to utilize more of distant cues
and spatial search strategy and less of proximal cues and
serial search strategy [4].

The original version of the Barnes maze was performed
in a large television studio and used an open-space platform
and a bright overhead light to motivate rats to navigate and
find the escape box placed beneath one of the holes [5]. The
original setup did not use any other external stimuli, as plac-
ing the rodent in the middle of an open, brightly lit space
itself acts as the motivational factor. The Barnes maze has
the advantage of being less stressful than other commonly
used spatial learning and memory assays like the Morris
water maze and radial arm maze as it does not require
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swimming in water or long food restriction. On the other
hand, its potential drawback is that bright light itself as an
aversive stimulus may not be enough to drive mice to
perform the experiment [6]. To overcome this drawback,
other aversive stimuli, for example, white noise, buzzer,
and/or fans, are often added to enhance the motivation of
rodents to escape and search for the escape box [6-10].

In our lab, we began to use the Barnes maze with C57BL/
6] mice and faced the same difficulty; that is, they showed a
lack of motivation to find and enter into the escape box
under the aversive conditions we could create. The maximal
light intensity was 20 lux in our experimental room, and it
was not aversive enough to motivate the mice to escape.
We tried to increase the aversiveness by providing loud
white noise or playing a dog-barking sound, but they were
not successful. Therefore, we chose to provide appetitive
stimuli instead of aversive stimuli to instigate the animals
to perform the task. Our objective was to establish an appe-
titively motivated paradigm in the Barnes maze with highly
palatable food (chocolate cereals) in mice. In this way,
animals may be adequately motivated without being too
stressed; hence, confounding effects of stress on performance
may be avoided. This is a more animal-friendly version of
the Barnes maze that may assess spatial learning and
memory as sensitively as using aversive stimuli.

Appetitively motivated Barnes maze protocols in mice
are scarce in the literature, and most of them use water as
the reward [11-13]. Youn et al. [14] applied food reward,
but they used a special version of the Barnes maze with 44
holes scattered around the surface of the maze. Food-
motivated protocols for rats were published [15, 16].

We established a food-motivated task with a slow and a
massive training protocol. In the former, we compared the
performance of two mouse strains (NMRI and C57BL/6);
in the latter, we compared releasing the mouse from a start
box or the hand of the experimenter. We chose these mouse
strains because C57BL6/] and MRI mice are commonly used
in the literature, and there are some studies comparing their
navigational-learning capabilities in the Morris water maze
[17-20]; however, no direct comparison has been made in
the Barnes maze so far.

2. Methods

We performed 3 experiments. The first two experiments
involved a slow training protocol with NMRI mice (Expl)
or with C57BL/6 mice (Exp2). NMRI mice were bred in
our lab, while C57BL/6] mice were obtained from Janvier
Labs, Le Genest-Saint-Isle, France. During slow training,
the animals had 2 trials a day. In the third experiment, a
massive training protocol was used with NMRI mice
(Exp3) where the mice had 4 trials a day.

2.1. Animals. Subjects of Expl and Exp3 were six-week-old
male Win:NMRI mice (n=12 and n =16, respectively),
while in Exp2, twelve 6-week-old male C57BL/6] mice were
used. Animals were housed in groups of four in polycarbon-
ate cages (365 x 207 x 140 mm). The holding room had a
12:12-hour light-dark cycle, with lights on at 6:00am.
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Room temperature was 21-23°C and humidity 50-70%. Ani-
mals had restricted food access (commercial pellet rat feed
R/M -Z + H produced by SSniff) to prevent ad lib feeding-
induced obesity; the amount of the food was 8g per cage
given at 4pm. In Exp3, before the retention trials were
started (see 2.3. Procedure), mice had an intracage fight in
two cages at night and 2+ 2 of them were killed by their
cage-mates. Housing and all procedures carried out on
animals were authorized by the regional animal health
authority in Hungary (Pest County Government Office,
resolution number PE/EA/785-5/2019) and conformed to
the Hungarian welfare legislation, the EU 63/2010 Directive,
and ARRIVE guidelines.

2.2. Barnes Maze Apparatus. The Barnes maze (from Ugo-
Basile) was a 1 m diameter-wide circular blue metal platform
with evenly spaced 20 holes (diameter =5cm) along the
perimeter. The holes were numbered from 1 to 20 in clock-
wise direction. The distance between 2 adjacent holes was
14.5cm along the perimeter or 18-degree viewing from the
center. The “reward box” was a small black plastic chamber
with a magnetic top by which it could be attached to the
under-surface of the platform. Stairs were placed inside to
aid mice to enter into it smoothly. It also contained a piece
of chocolate cereal which served as the reward for the mice
when they found the target hole and entered the box. This
reward box was then placed under one of the holes (target
hole). To prevent odor-guided navigation, the same cereals
were stuck next to each hole beneath the platform.

The Barnes maze was placed in a white-walled moder-
ately lit room (20Ix intensity on the surface level of the
maze). In Expl, the extra-maze cues aiding navigation were
black-and-white-patterned cardboards on the wall, a
cupboard in the corner, and the door. In Exp2 and Exp3,
additional cues were introduced: a stand in another corner
and an aluminum foil on the wall.

A video camera was placed above the maze. The experi-
menter observed the trials on a computer placed outside the
experimental room. All sessions were recorded and analysed
by Smart v3.0 video-tracking system software (Panlab, Spain).

2.3. Procedure

2.3.1. Habituation. The experimental procedure started with
habituating the mice to chocolate cereal. Pieces of cereal
were placed into the home cage for two nights. Mice ate
the chocolate cereal by the next morning. At the same time,
all animals were handled by the experimenter for 15 minutes
a day, for 2 days.

The next step was habituating the mice to the reward
box: we put the cereal and the mice in the reward box and
placed it in the middle of the maze. Habituation took place
over 2 days. During this session, each animal was allowed
to stay in the box for 20 minutes (Expl and Exp2) or 15
minutes (Exp3) on the first day and for 15 minutes on the
second day.

2.3.2. Acquisition Phase. The following day after habituation,
the training started with two different schedules. In Expl
and Exp2, the animals were tested in 2 trials a day with 2-
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hour intervals in between (“slow training”). In Exp3, we ran
4 trials per day with 30-minute intervals between them
(“massive training”).

In Expl and Exp2, at the start of a trial, mice were placed
in the middle of the maze and covered with hands for 5
seconds and then released. In Exp3, we assigned the mice
into 2 subgroups: 8 mice were released out of hand as in
Expl and Exp2, whereas the other 8 mice were released from
a nontransparent box.

For each trial, mice were given 5 minutes to explore the
platform and find and enter the reward box which contained
a piece of chocolate cereal. If they failed to enter the box
within 5 minutes, they were gently guided into the box (only
2 mice in the NMRI group in Expl needed this help at the
first trial). After entering the reward box, the mouse was
allowed to stay there for 3 minutes; meanwhile, it could eat
the chocolate cereal. After this period or when they
occasionally came out from the box (whichever happened
earlier), the mice were taken back to their home cage.
Between trials, the platform and reward box were cleaned
with 10% alcohol to eliminate odor cues left over by the
previous mouse.

During a trial, the ID number of the holes visited and the
time of the visits were recorded by the observer. The move-
ment tracks of the animals were recorded by Smart Video
Tracking Program. From these data, the following parame-
ters were derived: (1) latency to find the target hole, (2)
latency to enter the reward box, (3) latency to the first visited
hole, (4) first visited hole’s distance from the target hole
(expressed in angle), (5) number of visited holes (excluding
repeated visits to the same hole), (6) number of hole visits
(including repeated visits to the same hole; this parameter
(minus 1) corresponds to the “error” variable in many of
the Barnes maze publications), (7) the distance travelled
(cm) until finding the target (with Smart Video Tracking
Program), (8) number of omission errors: visiting the target
hole but moving along instead of entering it, and (9) deci-
sion time of entrance: the time elapsed from initiation of
exploration of the target until entering it. The last two
variables we took from Popovi¢ et al. [21] and used them
to characterize the motivational state of the animals.

The acquisition phase of the training went on until the
group mean of the distance between the first visited hole
and the target hole became equal or less than 18, i.e., at
most, one hole error in locating the target.

2.3.3. Reversal Phase. Once animals reached the above learn-
ing criterion, the location of the reward box was changed to
another hole being 144" away from the original target hole.
Same procedures were followed as in the acquisition phase,
and mice had to learn to relocate the new target hole. In
the slow training protocol, replacement of the reward box
always took place between the first and second trial of the
day, while in the massive protocol, changing the target hole
happened from one day to another. The reversal phase lasted
until reaching the same learning criterion.

2.3.4. Retention Test. One week after the last trial in the
reversal phase, mice again underwent two trials in the maze

with the same target hole as in the reversal phase. Same
procedure was followed as in previous sessions. Mice did
not perform any tasks during the one-week interval.

2.4. Statistical Evaluation. Group means were calculated for
each variable in each trial. Statistical analyses of the obtained
learning curves were performed by repeated-measures
ANOVA with trials as the repeated measure factor (STATIS-
TICA software, version: 13.5.0.13). In Exp3, for comparison
of the two releasing methods, factorial repeated-measures
ANOVA was applied. To detect statistically significant dif-
ferences between trials, the post hoc Duncan test was used.
In Exp3, missing data of dead mice in the retention trials
were replaced by the group mean of the given trial.

Correlations between the measured parameters were also
calculated. Daily means of the given variable from all the
three experiments (n =123 data points) were used for the
correlation analysis.

3. Results

3.1. Latency to Find the Target Hole. These results are shown
in Figures 1(a)-1(c). In all the three experiments, two phases
of the acquisition curves can be distinguished: a steep, rapid
decrease in the first 3-5 trials followed by a slowly decreas-
ing, longer lasting, flatter part. Latency to find the target hole
dramatically increased at the first reversal trial, and time
courses of relearning the new target location were similar
to those in the acquisition phase in all experiments. Laten-
cies during retention trials did not significantly differ from
the last reversal trial performed a week before.

In Expl (ANOVA: F(43,473) =7.4975 and p < 0.001),
latency to the target hole in trials from trial 2 significantly
differs from the latency on trial 1 (p <0.001). There was
no significant difference among trials between trial 4
and trial 31 (the last acquisition trial). Trial 32 (the first
reversal trial) shows a significant increase (p < 0.001)
compared to the previous trial and a significant decrease
vs. trial 1 (Figure 1(a)).

In Exp2 (ANOVA: F(39,429) = 16.666 and p < 0.001), the
latency to the target hole was significantly shorter in trial 2 and
subsequent trials (p < 0.01) compared to trial 1, whereas no
significant difference was found among trials between trial 5
and trial 21 (the last acquisition trial). The latency in the first
reversal trial significantly increased compared to that in both
the previous trial and trial 1 (Figure 1(b)).

In Exp3, no significant difference was found between the
2 groups (“out of hand” and “out of box”) (ANOVA: F(1,
14) =0.446 and p>0.05) while the effect of “trials” was
highly significant (ANOVA: F(38,532) =24.105 and p<
0.001). Biphasic curves can also be seen in this experiment:
the latency to the target hole was significantly shorter
in trial 2 and subsequent trials (p <0.01) compared to
trial 1, whereas no significant difference was found
among trials between trial 3 and trial 20 (the last acquisition
trial). The latency in the first reversal trial significantly
increased compared to that in both the previous trial and trial
1 (Figure 1(c)).
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F1GURE 1: Latency to find the target hole (a—c) and latency to visit the first hole (d-f) in the food-motivated Barnes maze task. Mean + SEM
values are shown. Performance of NMRI (Exp1) (a, d) and C57BL/6 (Exp2) mice (b, e) in the slow protocol. (c, f) Performance of NMRI
mice in the massive protocol (Exp3). Black lines and symbols show the pooled data of the two subgroups (“out of hand” and “out of
box”). Gray lines and symbols show the data of the two subgroups. S.E.M. bars are omitted from these curves for the sake of clarity.
“5" < 0.05, p<0.01, and p <0.001 vs. 1st trial; *****p < 0.01 and p <0.001 vs. previous trial. The arrow indicates that the trial and
the following trials significantly differ from trial 1.

3.2. Latency to Visit the First Hole. This parameter—in con-  In Expl, ANOVA yielded a significant result
trast to the latency-to-find variable—did not change much  (F(43,473) =2.2709 and p < 0.001) due to the outstanding
during the whole course of the experiments with the excep-  value of the very first trial (resulted from an outlier animal
tion of the first trials in Expl and Exp3 (Figures 1(d)-1(f)). = having a latency of 287s), which significantly differed from
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all the other trials, while the latter did not significantly differ
from each other (Figure 1(d)).

In Exp2 (ANOVA: F(39, 429) = 2.8345and p < 0.001), the
latency ranged between 2.5 and 65, and no significant differ-
ences were found between trial 21 and trial 22 (i.e., at reversal)
and between trial 38 and trial 39 (retention test) (Figure 1(e)).

In Exp3, a significant difference was found between the
two groups (ANOVA: F(1, 14) =7.8420 and p < 0.05); mice
released from the box had on average 2.1s higher latency
than those released from hand. Post hoc test of the
repeated-measures factor (ANOVA: F(38,532)=12.3151
and p < 0.001) showed that the latency in trial 1 was signif-
icantly higher than all the other values, while no significant
difference was detected between trial 20 and 21 (reversal)
and between trial 36 and 37 (retention) (Figure 1(f)).

3.3. First Hole Distance from Target Hole in Angle. Change
in this variable reflects spatial (navigational) learning
(acquisition of navigational strategy) where zero degree
indicates precise localization of the target hole. These
curves show a different time course from the latency to
find or distance travelled curves (Figures 2(a)-2(c)). A
common feature of them in all experiments is that the dis-
tance at the first reversal trial, which significantly differs
from those in both the first and last acquisition trials, is
about 144" which corresponds to the position of the target
hole in the acquisition phase.

In Expl (ANOVA: F(43,473) =2.8449 and p < 0.001),
no significant difference could be found between the first
trial and any other trial in the acquisition phase. Albeit dis-
tance in the retention trials (trial 43 and 44) was higher than
in the last reversal trial (trial 42), these differences were not
significant (Figure 2(a)).

In Exp2 (ANOVA: F(39,429) =6.2316 and p < 0.001),
only the last two acquisition trials showed significantly dif-
ferent values from the first trial. Similar to Expl, distance
in the retention trials (trial 39 and 40) was higher but not
significantly different from that in the last reversal trial (trial
38) (Figure 2(b)).

In Exp3, ANOVA revealed no significant group effect
and interaction, but significant time effect (ANOVA: F(38,
532)=11.552 and p<0.001). Post hoc test of the latter
showed significant difference between trial 1 and trials 5
and 9-20. Again, there was no significant difference between
the retention trials (37-39) and the last reversal trial (trial
36) (Figure 2(c)).

3.4. Distance Travelled. These results are shown in
Figures 3(d)-3(f). Common features of all the three curves
are as follows: (i) distance travelled significantly increased
at the first reversal trial compared to the last acquisition trial
and (ii) distance during retention trials did not significantly
differ from the last reversal trial performed a week before.
In Expl (ANOVA: F(43,473) =7.6181 and p < 0.001), a
biphasic curve can be seen in the acquisition phase, which
runs parallel with the “latency to find” curve. Distance trav-
elled until finding the target hole in trials from trial 2 signif-
icantly differed from the distance in trial 1 (p < 0.001). There

was no significant difference among trials between trial 7
and trial 31 (the last acquisition trial) (Figure 2(d)).

In Exp2 (ANOVA: F(39.429)=12.810 and p < 0.001),
the decrease of the travelled distance is rather gradual
during the acquisition phase. From trial 4, all the trials
significantly differ from trial 1, and no significant differ-
ence was found among trials between trial 8 and trial
20 (Figure 2(e)).

In Exp3, no significant difference was found between the
2 groups (ANOVA: F(1,14)=0.087, p>0.05) while the
effect of “trials” was highly significant (ANOVA: F(38,532)
=13.675 and p < 0.001). Distance travelled until finding the
target hole was significantly shorter in trial 2 and subsequent
trials (p < 0.05) compared to trial 1, whereas no significant
difference was found among trials between trial 4 and trial
20 (the last acquisition trial) (Figure 2(f)).

3.5. Omission Errors and Decision Time. In Expl, only one
omission error was detected during the whole training
period. In Exp2, 12 omission errors occurred (2.5% inci-
dence in all the trials) out of which 9 were committed by 5
mice within the first 5 trials. In Exp3 (massive training),
the incidence of omission errors was higher (7.4% and
8.0% in the two groups). About half of them were committed
by one animal in each group (responsible for 3.8% and 5.1%
incidence) which developed the “habit” of rapidly checking
the reward box at the target hole then continuing to explore
the maze and then returning to the box to consume the pel-
let. The decision time of entrance was low and quite uniform
in all experiments (3.9s, 5.0s, and 4.5s on average in Expl,
Exp2, and Exp3, respectively). Its change during training is
shown in the supplementary file, in Figure S1.

3.6. Correlation between the Various Learning Parameters.
Data are shown in Figure 3. The latency-to-find and
distance-travelled parameters showed the highest correlation
(r=0.85), whereas the latency-to-find and distance-from-
target-hole variables weakly correlated (r = 0.56).

3.7. Search Strategies. Figure 4 shows track samples of the
routes mice travelled during trials in Exp2. On the first trial,
mice travelled randomly across the maze and along the
perimeter until they finally found the target hole
(Figure 4(a)). On trial 5, mice travelled more along the
perimeter, visiting holes serially (Figure 4(b)). At the end
of the acquisition training, on trial 21, mice immediately
headed to the target hole (Figure 4(c)). In the reversal phase,
on the first trial after the displacement of the reward box
(trial 22), tracks were initially concentrated around the pre-
vious target hole. This phase was followed by checking the
neighbouring holes with recurrent returning to the former
target. Finally, the mouse found the new target location by
serial search (Figure 4(d)). On trial 27, the first hole to visit
was still the previous target hole, but soon after, the mouse
switched to serial search and found the new target location
(Figure 4(e)). In the last trial of the reversal training, mice
directly ran to the target hole.
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mice in the massive protocol (Exp3). Black lines and symbols show the pooled data of the two subgroups (“out of hand” and “out of

box”). Gray lines and symbols show the data of the two subgroups. S.E.M. bars are omitted from these curves for the sake of clarity.

0™ h <0.05, p<0.01, and p <0.001 vs. st trial; "+

p<0.01 and p <0.001 vs. previous trial. The arrow indicates that the trial and
the following trials significantly differ from trial 1.
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4. Discussion

In all the 3 experiments, mice successfully learned the loca-
tion of the target holes with at most a one-hole error, i..,
using spatial navigation as a cognitive tool in the Barnes
maze. The animals reached this level without aversive moti-
vation, reflecting the effectiveness of palatable food reward
as a motivator.

4.1. Biphasic Learning during Acquisition. Comparison of
the latency to find curves to initial error data suggests that
spatial navigation learning consisted of 2 phases. During
the first 3-5 trials, a steep decrease can be seen in the latency
to find the target hole reaching a significant level already
from trial 2 compared to the first trial. In contrast, first hole
distance from the target hole (initial error) did not decrease
during this phase (Expl and Exp2) or only moderately
decreased (Exp3). During this phase, mice learned the con-
text of the task, namely, that the reward box (which they
had already been familiar with) was under one of the holes,
and they could enter it and consume the reward. Their ini-
tial random search strategy (moving across and along the
periphery of the maze) progressively and relatively quickly
switched to serial search strategy (they ran out to the edge
of the platform and then moved around the perimeter until
they found the reward box). This transition from random
to serial search strategy underlay the steep decrease in the
latency to find the reward box. Nevertheless, both random
and serial searches are nonspatial strategies that do not
utilize distal cues to find the target; thus, their location
accuracy is low. In the second phase of learning character-
ized by a slow, gradual decrease in latency from trials 3 to 5
up to the last acquisition trial, the initial error decreased

and reached the level of one-hole accuracy. During this
phase, mice learned to use the extra-maze cues to locate
the target hole; that is, they switched to the spatial naviga-
tion search strategy.

4.2. Reversal: The Initial Error Shows That Mice Used Spatial
Strategy. Once mice reached our set learning criterion, i.e.,
when the mean of distance between the first visited hole
and the target hole reached equal or less than one-hole
deviation, we displaced the reward box to another hole, 8
holes (144°) away from the original target location, and
carried out the same procedure as in the acquisition phase.
In the first reversal trial, latency to find the target hole, first
hole distance from the target hole, and total distance trav-
elled until finding the target hole, but not latency to visit
the first hole, showed significant increase compared to the
last acquisition trial. Such significant increase resulted from
mice first heading to the previous target hole indicated by
the first hole distance from the target hole being about
144°. The tracks and the video recordings showed that mice
were heavily engaged in recurrently exploring the former
target hole while intermittently visiting adjacent holes for
long periods. In Exp2 and Exp3, this insistence on the pre-
vious target even resulted in significantly greater latency
and distance values than those in the very first acquisition
trial. These results undoubtedly show that the animals
indeed learned to precisely locate the reward box in the
first phase of training. Relearning the new location of the
target hole involved similar phases as in the acquisition tri-
als: first is a random search (only in the very first trial),
then serial search (often already in the first trial), then
spatial navigation.
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FIGURE 4: Sample track images showing tracks travelled by mice in Exp2. (a—c) Acquisition phase; (d-f) reversal phase. “S” represents the

place where mice started navigation; red dot represents the target hole.

4.3. Partial Memory after One-Week Pause. Once mice
learned to locate the new target hole with less than one-
hole deviation on average, we took a 1-week break in train-
ing to assess navigational memory in a retention trial. The
performance of mice at these occasions did not significantly
differ from that in the last reversal trials in either experi-
ment; nevertheless, their location accuracy somewhat
decreased (44-53°). Although the animals could not exactly
locate the target hole, they searched it in the right quadrant,
suggesting that they still had traces of spatial memory.

4.4. Sudden Changes in the Performance of C57BL/6 Mice. In
Exp2, presumably owing to the enriched extra-maze cues,
C57BL/6 mice showed a faster increase in their navigational
accuracy (i.e., a quicker decrease in the first hole distance
from the target hole) than NMRI mice did in Expl. How-
ever, sudden impairments can be seen in the performance

in trial 13 in the acquisition phase and trial 29 in the reversal
phase. C57BL/6 mice partially lost the accuracy they had
already acquired reflecting a reduced use of spatial search
strategy and more of serial search strategy. These unex-
pected impairments may be accounted for due to a change
in the experimenter. The person who began the experiment
got ill, and a new experimenter substituted and took over
her job from trial 13. Then, the former experimenter
returned on the day of trial 29 and carried on with the
remaining experiment. We assume that the change of the
experimenter meant a stressful situation for the mice at both
occasions, which may have temporarily impaired their per-
formance. This assumption is supported by the findings
from Schwabe et al. [22] showing that acute stress induced
a shift in search strategy from hippocampus-based spatial-
learning strategy to caudate-based stimulus-response-
learning strategy in mice.
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4.5. Massive Training. With the training protocols used in
Expl and Exp2, Barnes maze learning is a long experiment.
In Exp3, we wanted to investigate whether it can be short-
ened with massive protocol training. The results
demonstrate that both the acquisition and reversal phases
can take place within a week to reach maximum one-hole
deviation in accuracy—a criterion usually not set and not
achieved in the literature. In this experiment, we also inves-
tigated whether there is any difference between two release
methods: (i) releasing the mouse from the hands of the
experimenter and (ii) releasing it from a pot. The signifi-
cant difference found in the latency-to-first-hole variable
was due to a short period after lifting the covering pot
needed for the mice to look around and recognize where
they are. However, we did not find significant difference
between the two groups in the essential learning parame-
ters (latency to find, distance travelled, and initial error)
or motivational variables (number of omission errors and
decision time of entrance) suggesting that both release
methods can be used in the Barnes maze. However, the
effect of the experimenter change in Exp2 shows that in
case of releasing from hand, the experimenter should
remain the same person throughout the experiment to pre-
vent the mice’s eventual stress reaction.

4.6. Comparison with Other Studies Using Appetitive
Motivation in the Barnes Maze. There are few papers on
an appetitively motivated version of the Barnes maze. Three
of them used 22-hour water restriction to motivate animals,
which itself renders the task too stressful [11, 12, 23].
Another study on the Barnes maze with appetitive motiva-
tion [24] did not provide enough information on how the
appetitive motivation was carried out. We found 3 evalu-
able studies using food reward as an incentive. Youn et al.
[14] compared the effects of aversive and appetitive motiva-
tions on 2 strains of mice (C57BL/6] and DBA) using a
modified Barnes maze. They found that on the aversive ver-
sion, C57BL/6] mice performed better, but on the appetitive
version, both strains were equally competent. However, it
has to be noted that Youn et al. [14] utilized the modified
Barnes maze that has 44 holes scattered on the platform
surface in which the arrangement makes it difficult to
clearly define the search strategy of the animals and
compare it with our result.

The studies done by Williams et al. [16] and Heimer-
McGinn et al. [15] in rats are the most comparable to ours
in that they both used the classic Barnes maze and motivated
their animals with highly palatable food rewards. They also
performed 2 trials per day that is equivalent to our proce-
dure in Expl and Exp2. However, Williams et al. only ran
the training for 5 days and obtained contrasting results: on
day 5, the latency-to-target hole was 190 seconds for male
rats and 250 seconds for female rats. Although these values
reflect some improvement in performance as the latency
was more than 400 seconds on day 1, this improvement does
not verify spatial learning as this time may well have been
enough for the animals to find the target hole by serial or
even random search strategy, compared with our study,
where the latency to target was already less than 20 seconds
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and less than 10 seconds in trial 10 in Expl and Exp2,
respectively. Furthermore, the latency to the first hole was
30 seconds on day 5 in the rat study, which in our case
was 6 seconds in Expl and 4 seconds in Exp2. The quite long
latencies in this study raise doubt on how motivated the ani-
mals were. In our study, the low number of omission errors
and the short decision times (beside the short latencies)
reflected a high level of motivation. Heimer-McGinn et al.
[15] compared socially housed and nonsocially housed
Long-Evans rats, and the training in the Barnes maze went
on for 8 days. Within this time frame, animals reached short
latency to find the target (less than 65, which is similar to
our values) but mostly relied on the serial search strategy
as was emphasized by the authors. Only on the last two days
were there signs that some of the rats were switching from
serial to direct search.

In conclusion, our results demonstrate that palatable
food reward as a motivator was effective in the Barnes maze
in mice. Animals learned to locate the target hole with less
than one-hole deviation by using genuine allocentric spatial
navigation. Spatial memory in mice was demonstrated on
reversal and retention trials. Our appetitively motivated par-
adigm was equally competent for assessing spatial learning
and memory in mice compared with the classic Barnes maze
protocol regarding the achievable performance level as well
as the learning speed (cf. with data from [10, 25, 26]). How-
ever, the here presented paradigm bears several advantages:
(i) it is less stressful than the aversive version or the water-
deprivation protocol; (ii) no need of special equipment like
fans, reflectors, and sound sources; (iii) spatial navigation
can be acquired within a week (with the massive training
protocol); thus, the method is comparable to the Morris
water-maze training in terms of time demand. Although
prior habituation of the mice to the rewarding box and to
the experimenter is time consuming, this step is essential
to prevent possible stress reactions of the animals. Besides
animal welfare aspects, the less stressful character of the
method may prove to be remunerative in longitudinal stud-
ies or when the mice are simultaneously tested in several
cognitive assays. Further studies are needed to extend the
applicability of the method to additional mouse strains.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Ethical Approval

The animal study conformed to the Hungarian welfare law
and the EU 63/2010 Directive and was reviewed and
approved by the Government Office of Pest County,
Hungary, resolution number: PE/EA/785-5/2019.

Disclosure

A part of this study was presented as a poster at the Hun-
garian Neuroscience Society 2022 conference.



BioMed Research International

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

The authors thank Ildiké Csontos Kerekesné for her valuable
technical assistance. Open access funding was provided by
Semmelweis University. The work was funded by the
National Excellence Program of Hungary within the frame-
work of the Hungarian National Brain Research Program
(NAP 2.0), contract# 2017-1.2.1-NKP-2017-00002, and the
Higher Education Institutional Excellence Program of the
Ministry of Human Capacities in Hungary (FIKP 2020),
within the framework of the neurology thematic programme
of Semmelweis University, with the support provided by the
Ministry of Innovation and Technology of Hungary from
the National Research, Development and Innovation Fund,
financed under the TKP2021-EGA-25 funding scheme.
Open access funding was enabled and organized by the
Electronic Information Service National Programme.

Supplementary Materials

The supplementary files contain results of decision time of
entrance as a function of training trials (Figure SI).
(Supplementary Materials)

References

[1] C. A. Barnes, “Memory deficits associated with senescence: a
neurophysiological and behavioral study in the rat,” Journal
of Comparative and Physiological Psychology, vol. 93, no. 1,
pp. 74-104, 1979.

[2] M. E. Bach, R. D. Hawkins, M. Osman, E. R. Kandel, and
M. Mayford, “Impairment of spatial but not contextual mem-
ory in CaMKII mutant mice with a selective loss of hippocam-
pal LTP in the range of the 6 frequency,” Cell, vol. 81, no. 6,
pp. 905-915, 1995.

[3] K. Gawel, E. Gibula, M. Marszalek-Grabska, J. Filarowska, and
J. H. Kotlinska, “Assessment of spatial learning and memory in
the Barnes maze task in rodents-methodological consider-
ation,” Naunyn-Schmiedeberg's Archives of Pharmacology,
vol. 392, no. 1, pp. 1-18, 2019.

[4] T. P. O'Leary and R. E. Brown, “Optimization of apparatus
design and behavioral measures for the assessment of visuo-
spatial learning and memory of mice on the Barnes maze,”
Learning & Memory, vol. 20, no. 2, pp. 85-96, 2013.

[5] C. A. Barnes, “Long-term potentiation and the ageing brain,”
Philosophical Transactions of the Royal Society of London.
Series B: Biological Sciences, vol. 358, no. 1432, pp. 765-772,
2003.

[6] A. Attar, T. Liu, W. T. Chan et al., “A shortened Barnes maze
protocol reveals memory deficits at 4-months of age in the
triple-transgenic mouse model of Alzheimer’s disease,” PLoS
One, vol. 8, no. 11, article e80355, 2013.

[7] S. M. Hong, Z. Liu, Y. Fan et al., “Reduced hippocampal neu-
rogenesis and skill reaching performance in adult Emx 1
mutant mice,” Experimental Neurology, vol. 206, no. 1,
pp. 24-32, 2007.

15

[8] S. L. Inman-Wood, M. T. Williams, L. L. Morford, and C. V.
Vorhees, “Effects of prenatal cocaine on Morris and Barnes
maze tests of spatial learning and memory in the offspring of
C57BL/6] mice,” Neurotoxicology and Teratology, vol. 22,
no. 4, pp. 547-557, 2000.

[9] O. Myhre, K. E. Zimmer, A. M. Hudecova et al., “Maternal
exposure to a human based mixture of persistent organic pol-
lutants (POPs) affect gene expression related to brain function
in mice offspring hippocampus,” Chemosphere, vol. 276, article
130123, 2021.

[10] S.S. Patil, B. Sunyer, H. Hoger, and G. Lubec, “Evaluation of
spatial memory of C57BL/6] and CD1 mice in the Barnes
maze, the multiple T-maze and in the Morris water maze,”
Behavioural Brain Research, vol. 198, no. 1, pp. 58-68, 2009.

[11] J. P. Harloe, A. J. Thorpe, and A. H. Lichtman, “Differential
endocannabinoid regulation of extinction in appetitive and
aversive Barnes maze tasks,” Learning ¢ Memory, vol. 15,
no. 11, pp. 806-809, 2008.

[12] L.E. Wise, J. P. Harloe, and A. H. Lichtman, “Fatty acid amide
hydrolase (FAAH) knockout mice exhibit enhanced acquisi-
tion of an aversive, but not of an appetitive, Barnes maze task,”
Neurobiology of Learning and Memory, vol. 92, no. 4, pp. 597-
601, 2009.

[13] J. B. Bott, M. A. Muller, J. Jackson et al., “Spatial reference
memory is associated with modulation of theta-gamma cou-
pling in the dentate gyrus,” Cereb Cortex, vol. 26, no. 9,
pp. 3744-3753, 2016.

[14] J. Youn, B. A. Ellenbroek, I. van Eck, S. Roubos, M. Verhage,
and O. Stied]l, “Finding the right motivation: genotype-
dependent differences in effective reinforcements for spatial
learning,” Behavioural Brain Research, vol. 226, no. 2,
pp. 397-403, 2012.

[15] V. R. Heimer-McGinn, T. B. Wise, B. M. Hemmer, J. Dayaw,
and V. L. Templer, “Social housing enhances acquisition of
task set independently of environmental enrichment: a longi-
tudinal study in the Barnes maze,” Learning & Behavior,
vol. 48, no. 3, pp. 322-334, 2020.

[16] M. T. Williams, T. L. Blankenmeyer, T. L. Schaefer, C. A.
Brown, G. A. Gudelsky, and C. V. Vorhees, “Long-term effects
of neonatal methamphetamine exposure in rats on spatial
learning in the Barnes maze and on cliff avoidance, corticoste-
rone release, and neurotoxicity in adulthood,” Developmental
Brain Research, vol. 147, no. 1-2, pp. 163-175, 2003.

[17] K. Klapdor and F. J. van der Staay, “The Morris water-escape
task in mice: strain differences and effects of intra-maze con-
trast and brightness,” Physiology & Behavior, vol. 60, no. 5,
pp. 1247-1254, 1996.

[18] A. A. Salari, H. Samadj, J. R. Homberg, and M. Kosari-Nasab,
“Small litter size impairs spatial memory and increases anxi-
ety- like behavior in a strain-dependent manner in male mice,”
Scientific Reports, vol. 8, no. 1, article 11281, 2018.

[19] P. Vicens, M. C. Bernal, M. C. Carrasco, and R. Redolat, “Pre-
vious training in the water maze,” Physiology ¢ Behavior,
vol. 67, no. 2, pp. 197-203, 1999.

[20] P. Vicens, R. Redolat, and M. C. Carrasco, “Effects of early spa-
tial training on water maze performance: a longitudinal study
in mice,” Experimental Gerontology, vol. 37, no. 4, pp. 575-
581, 2002.

[21] N. Popovi¢, J. A. Madrid, M. A. Rol, M. Caballero-Bleda, and
M. Popovié, “Barnes maze performance of Octodon degus is
gender dependent,” Behavioural Brain Research, vol. 212,
no. 2, pp. 159-167, 2010.


https://downloads.hindawi.com/journals/bmri/2023/6625491.f1.docx

16

(22]

(23]

[24]

(25]

[26]

L. Schwabe, S. Dalm, H. Schéchinger, and M. S. Oitzl, “Chronic
stress modulates the use of spatial and stimulus-response
learning strategies in mice and man,” Neurobiology of Learning
and Memory, vol. 90, no. 3, pp. 495-503, 2008.

S. W. Fowler, J. M. Walker, D. Klakotskaia et al., “Effects of a
metabotropic glutamate receptor 5 positive allosteric modula-
tor, CDPPB, on spatial learning task performance in rodents,”
Neurobiology of Learning and Memory, vol. 99, pp. 25-31,
2013.

E. Trofimiuk, P. Wielgat, and H. Car, “Selective H3 antagonist
(ABT-239) differentially modifies cognitive function under the
impact of restraint stress,” Frontiers in Systems Neuroscience,
vol. 14, article 614810, 2021.

T. P. O'Leary, V. Savoie, and R. E. Brown, “Learning, memory
and search strategies of inbred mouse strains with different
visual abilities in the Barnes maze,” Behavioural Brain
Research, vol. 216, no. 2, pp. 531-542, 2011.

M. W. Pitts, “Barnes maze procedure for spatial learning and

memory in mice,” Bio-Protocol, vol. 8, no. 5, article e2744,
2018.

BioMed Research International



	Using Appetitive Motivation to Train Mice for Spatial Learning in the Barnes Maze
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Barnes Maze Apparatus
	2.3. Procedure
	2.3.1. Habituation
	2.3.2. Acquisition Phase
	2.3.3. Reversal Phase
	2.3.4. Retention Test

	2.4. Statistical Evaluation

	3. Results
	3.1. Latency to Find the Target Hole
	3.2. Latency to Visit the First Hole
	3.3. First Hole Distance from Target Hole in Angle
	3.4. Distance Travelled
	3.5. Omission Errors and Decision Time
	3.6. Correlation between the Various Learning Parameters
	3.7. Search Strategies

	4. Discussion
	4.1. Biphasic Learning during Acquisition
	4.2. Reversal: The Initial Error Shows That Mice Used Spatial Strategy
	4.3. Partial Memory after One-Week Pause
	4.4. Sudden Changes in the Performance of C57BL/6 Mice
	4.5. Massive Training
	4.6. Comparison with Other Studies Using Appetitive Motivation in the Barnes Maze

	Data Availability
	Ethical Approval
	Disclosure
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



