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A B S T R A C T

Background: The Morris water maze (MWM) and the Barnes maze (BM) are among the most widely-used
paradigms for assessing spatial learning in rodents, with specific advantages and disadvantages for each appa-
ratus. Compared with the intense water-related stress exerted during the MWM, the BM exhibits a milder light-
induced stress, while suffering from biasing animals towards non-spatial strategies such as serial search, a
heuristic non-spatial search strategy. To overcome this problem, we have developed a modified Barnes maze
(MBM) apparatus that recapitulates natural environments more accurately without inducing undesirable ex-
ploration strategy bias.
New method: Apparatus. A circular 122 cm-wide table with 40 randomly placed holes. One target hole is leading
to an escape chamber. Task. Three target locations were examined, varying in their distance from the center.
C57BL6/j male mice were given three trials per day to find the target. Following acquisition, a probe test was
performed by removing the escape chamber.
Results: Spatial-encoding-depended reduction in latency to reach the target was observed, along with im-
provement in path efficiency with test progress. Mice tested with peripheral and distal targets outperformed
mice tested with a central target. A robust exploration pattern was identified in the probe test.
Comparison with existing method: The MBM mimics natural environment to a higher degree of accuracy than the
BM, without eliciting bias towards non-spatial searching strategies.
Conclusions: Spatial learning in the MBM is a target-location sensitive process, providing flexibility in task
difficulty. Along with overcoming biases towards non-spatial strategies, the MBM represents an improvement
over the well-validated BM.

1. Introduction

The maze (BM) is a well-established and widely used spatial-
learning task in rodents, first introduced by Carol Barnes (1979). The
BM provides an important tool for investigating spatial learning in a
variety of physiological and pathological conditions such as age-related
cognitive impairments (Krause et al., 2008), Alzheimer’s disease (AD)
(Puzzo et al., 2014), environmental enrichment (Bonaccorsi et al.,
2013), caloric restriction (Ma et al., 2014) and physical activity (Inoue
et al., 2015). Performance in navigation tasks primarily relies on net-
work integrity of hippocampal place-cells and para-hippocampal grid-
cells (Moser et al., 2008; Geva-Sagiv et al., 2015; Barak et al., 2015),
validating the BM as a spatial learning assay. A typical BM apparatus
consists of a circular table with holes located in its perimeter, with one

hole leading to a dark escape chamber (Scheme 1A). Since mice prefer
the safety of dark enclosures, the open illuminated environment of the
upper surface suffices to motivate them to find the target hole. In
contrast to the Morris water maze (MWM) (Morris, 1984), perhaps the
most widely used spatial-learning paradigm, the BM is a dry environ-
ment, eliminating water-induced stress and motor difficulties that may
emerge using the MWM in some transgenic mouse strains (Illouz et al.,
2019). Since the holes of the BM are located at the perimeter of the
table, the BM lacks the spatial-continuity of the MWM, namely, the
ability of mice to find their target in the entire maze-environment, ra-
ther than at the periphery alone. Moreover, the BM holes are placed at a
constant distance from each other, resulting in a highly discrete and un-
natural environment biased towards serial exploration (Illouz et al.,
2016a). Serial search is a non-spatial heuristic strategy in which animals
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enhance their chance to meet the target by visiting holes in a serial
manner, dismissing the need of spatial encoding of the environment. In
cognitively impaired animals, such results could mask the effect of
therapeutic interventions (Illouz et al., 2019), resulting in false-nega-
tive data. To overcome this, we have developed the modified Barnes
maze (MBM), which consists of a large circular table with 40 randomly
located holes (Scheme 1B, Supplementary figure S1). The MBM appa-
ratus, enables animals to explore the entire environment, eliminating
any bias towards the periphery. Importantly, since the holes are ran-
domly located, serial exploration is not likely to emerge. The MWM and
the BM elicit some common exploration strategies, with each apparatus
encompassing its own unique strategies (Illouz et al., 2019; Illouz et al.,
2016a; Illouz et al., 2016b). For example, in both the MWM and the BM,
full target acquisition is typically manifested as direct or corrected target
approaches that emerge at late stages of the experiment; Thigmotaxis, a
non-spatial strategy that implies high levels of anxiety is also a common
feature of these two paradigms (Illouz et al., 2016a, b). In contrast, the
swimming-related kinetics in the MWM may elicit the chaining strategy,
in which the mouse is performing small repeated circles in a chain-like
trajectory (Illouz et al., 2016b). This strategy is unique to the MWM as
such motion is not likely to occur in the walking environment of the
BM. Serial search, on the other hand, is unique to the BM, as the MWM
doesn’t inherently bias toward such pattern (Illouz et al., 2019; Illouz
et al., 2016a; Illouz et al., 2016b). We suggest that the MBM combines
the spatial-continuity of the MWM within the dry environment of the
BM.

A second feature lacked by the BM compared with the MWM is
flexibility in task-difficulty. We previously showed that platform size
influences target acquisition in the MWM (Illouz et al., 2016b). For
example, platform-to-arena surface area ratio of 0.0014 results in spa-
tial memory formation (Illouz et al., 2016b). However, when using
smaller platforms with a platform-to-arena ratio lower than 0.0014,
efficient spatial learning is no longer sustainable, since place-cells re-
solution exceeds platform size. Platform size alterations provide im-
portant flexibility in the MWM that cannot be manipulated in the BM.
Testing cognitively-impaired mouse models might require low-diffi-
culty task, while testing treatments for enhanced neurogenesis in WT
mice will require more challenging conditions (Lev-Vachnish et al.,
2019). The BM however, does not provide this flexibility due to full
radial symmetry and constant hole diameters. To investigate whether

the MBM can facilitate differential task difficulty, we tested two cohorts
of mice trained to acquire different targets locations. Our findings in-
dicate that spatial memory formation in the MBM is a target-location-
sensitive process, and by that the MBM provides task-difficulty flex-
ibility.

2. Methods

2.1. Animals

Male mice (n= 10, 8-week-old) from a C57bl/6 genetic back-
ground, were purchased from Jackson Laboratories (Bar Harbor, ME).
Animals were housed in a reversed 12:12hr cycle. Animal care and
experimental procedures followed Bar-Ilan University’s guidelines and
were approved by the Bar-Ilan University Animal Care and Use
Committee.

2.2. Apparatus

A circular 110 cm-high, 122 cm wide white Perspex table with 40
randomly placed holes, each with a diameter of 5 cm, located at least
7 cm from each other and at least 5 cm from the perimeter (Scheme 1B).
Six holes were fabricated to function as an optional escape chamber.

2.3. Environment

Illumination was kept at 1300 lx to motivate the animals to search
for the target hole. Four extra-maze visual cues were presented on the
walls surrounding the MBM table.

2.4. Paradigm

Mice were given three 120 s trials per day to find the target hole,
separated by an inter-trial interval of 30 s. This procedure was repeated
daily until no significant improvement in performance was identified.
Following acquisition, a probe test was performed by removing the
escape chamber from the target hole. In one cohort, a novel target
acquisition and probe test were also conducted.

Scheme 1. Barnes maze and MBM apparatuses. (A) The Barnes maze consists of a 90 cm round table with 18 holes in its perimeter (B) the MBM table is consisted of a
122 cm table with 40 randomly-located holes, with inter-hole interval greater than 7 cm.
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2.5. Protocol

1. Habituation.
1.1. Place the first animal in an opaque cone placed at the center of

the MBM table.
1.2. Remove the cone.
1.3. Allow the animal to explore the environment for up to 60 s.
1.3.1. If the animal found the target hole, allow it to stay in the

escape chamber for 30 s.
1.3.2. If the animal failed to find the target hole, gently direct it by

hand to the target and down to the escape chamber. Allow the animal to
stay in the chamber for 30 s.

1.4. Repeat sections 1.1-1.3 for all animals.
1.5. Repeat sections 1.1-1.4 for an additional day.
2. Acquisition
2.1. Change the location of the target hole to a novel location (at

day 1 of acquisition only).
2.2. Place the first animal in an opaque cone placed at the center of

the MBM table.
2.3. Remove the cone.
2.4. Allow the animal to explore the environment for up to 120 s.
2.4.1. If the animal found the target hole, allow it to stay in the

escape chamber for 30 s.
2.4.2. If the animal failed to find the target hole, gently direct it by

hand to the target and down to the escape chamber. Allow the animal to
stay in the chamber for 30 s.

2.5. Repeat sections 2.2-2.4 two more time (3 trial per animal per
day).

2.6. Repeat sections 2.2-2.5 for all animals.
2.7. Repeat sections 2.2-2.6 daily (8–10 days), until no significant

improvement is observed for 2 consecutive days.
3. Probe test
3.1. Remove the escape chamber.
3.2. Place the first animal in an opaque cone placed at the center of

the MBM table.
3.3. Remove the cone.
3.4. Allow the animal to explore the environment for 90 s.
3.5. Repeat sections 3.2-3.4 for all animals.
4. Novel target acquisition (optional).

4.1. Remove the escape chamber and place it under a novel hole,
preferably remotely from the original target.

4.2. Repeat sections 2–3.

2.6. Statistical analysis

The data presented as mean ± SEM were tested for significance in
the unpaired t-test with equal variances, one-way ANOVA, repeated-
measures (RM) two-way ANOVA, two-sample Kolmogorov-Smirnov
test, Pearson’s correlation coefficient or the χ2 test for independence.
post-hoc tests were conducted using the Tukey or Bonferroni correc-
tions. All error bars represent SEM were calculated as =SEM std x

n
( ) for

all numeric variables and as =

−SEM p p
n

(1 ) for all binomial variables.
Post-hoc power analysis revealed that for repeated-measures two-way
ANOVA with samples size of n= 10 mice per group and α=0.05, the
power of the test (1-β) is 0.811 and the partial effect size is η2= 0.5, as
calculated using the g-power software (Faul et al., 2007). Significant
results were marked according to conventional critical P values: *
P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

3. Results

3.1. MBM Task difficulty is target-location sensitive

To characterize the learning capacity of mice in the MBM, we tested
two cohorts of mice using two target location: a distal target, located at
a radius of 0.33m, and a more central target located at a radius of
0.22m. We hypothesized that central target locations will be harder to
acquire due to several reasons: (a) the periphery of the table serves as
an intra-maze cue; (b) extra-maze cues are easier to detect and associate
from the periphery of the table and (c) the center of the table is sur-
rounded by more holes than peripheral locations. Indeed, we found that
during acquisition, the latency to target entrance was reduced using the
distal target compared with the central one (20.63 ± 3.88 s and
40.67 ± 10.99 s respectively by the ninth day, P < 0.0001, main ef-
fect for target location, Fig. 1A), suggesting that the distal location can
be more easily acquired. Supporting this, travel distance was reduced
using the distal target, compared with the central target

Fig. 1. Long-term spatial memory formation in the MBM is target-location sensitive. Two cohorts of 8-week-old C57BL6/j male mice were tested in the MBM
acquisition task using distal or peripheral target location. (A) Latency to reach the target, (B) total distance travelled, (C) path efficiency, calculated as the distance
between the starting and ending points divided by the total trajectory distance of the animal, (D) entries to non-target holes, (E) time spent in non-target holes and
(F) averaged speed. RM-Two-way ANOVA, *P < 0.05, **P < 0.01, ****P < 0.0001, n.s (not significant).
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(2.24 ± 0.42m and 2.74 ± 0.79m respectively by the ninth day,
P < 0.01, main effect for target location, Fig. 1B). Accordingly, path
efficiency, defined as the distance between the starting and ending
points divided by the total distance covered by the animal, was higher
in the distal target group (0.48 ± 0.078 and 0.37 ± 0.06 respectively
by the ninth day, P < 0.05, main effect for target location, Fig. 1C).
Furthermore, compared with the central target group, the distal target
group exhibited lower number of entries to non-target holes
(17.06 ± 4.32 and 7.96 ± 1.68 entries by the ninth day, respectively
P < 0.0001, main effect for target location, Fig. 1D) and reduced time
spent in non-target holes throughout the experiment (14.99 ± 3.42 s
and 5.31 ± 1.32 s by the ninth day, respectively, P < 0.0001, main
effect for target location, Fig. 1E). Importantly, traveling speed did not
differ between groups (0.06 ± 0.004m/s, 0.06 ± 0.006m/s by the
ninth day, P= 0.95, main effect for target location, Fig. 1F), ruling out
motor and anxiety-related confounds. As demonstrated here, the MBM
is a target-location sensitive task, manifested by delayed target acqui-
sition in the central target group. This was qualitatively evident in the
heat maps and trajectory plots (Fig. 2A), as both groups exhibited a
uniform distribution of presence in the MBM table in the first day
(Fig. 2A, left circles). By the last day, a stronger preference for the
target hole was evident in the distal target group (Fig. 2A, right circles).
This was quantified by calculating the percentage of table covering by
the animals’ trajectories (0.36 ± 0.05 % for the distal target cohort
and 0.42 ± 0.07 % for the central target cohort by the last day,
P < 0.01, main effect for target location, Fig. 2A, B). Finally, the
success rate in the MBM acquisition task was higher in the distal target
group than the central target group, starting from the second day of the
task (0.63 ± 0.08 and 0.26 ± 0.08 respectively by the second day,
P < 0.0001, main effect for target location, P < 0.01, specific effect
for the second day, Fig. 2C). Taken together, these findings provide a
strong evidence that under the same conditions, central MBM target
locations are harder to acquire than distal locations, possibly due to
suboptimal inputs to the hippocampus during long-term spatial
memory formation (i.e. reduced detection of extra-maze cues, higher
number of surrounding holes). Target location is thus an important
variable that can be manipulated according to the required task

difficulty.

3.2. Exploration patterns in the MBM probe test

To measure the strength of the long-term spatial memory formation,
as well as memory plasticity in the MBM, both cohorts were tested in
the probe test following acquisition. In the probe test, the escape
chamber was removed from the table and mice could explore the en-
vironment for a set period of 90 s. In contrast to acquisition, traveling
distance did not differ between groups in the probe test (8.22 ± 0.42m
for distal target, 7.2 ± 0.87m for central target, P= 0.15, Fig. 3A). In
accordance with acquisition, mean speed did not differ as well
(0.09 ± 0.004m/s for distal target, 0.08 ± 0.05m/s for central
target, P= 0.15, Fig. 3B), suggesting that neither exhaustion nor lack of
motivation was experienced by the mice. Interestingly, target location
had no effect on the mean distance from target (0.28 ± 0.0.02m for
distal target, 0.31 ± 0.02m for central target, P= 0.23, Fig. 3C).
Additionally, mean number of entries to the target hole did not differ
between groups (6 ± 1.14 and 5.4 ± 0.87, P= 0.7, main effect for
target location, P < 0.0001, main effect for zone type, Fig. 3D, sup-
plementary figure S2A-B). Qualitatively, heat maps and trajectory plots
reveal a strong preference for the target area in both groups (Fig. 4A,
upper panels). However, different patterns of table occupancy emerges,
as mice that were trained with a distal target tend to occupy the lower
hemi-table, neglecting the upper hemi-table (0.7 ± 0.02 of the time
was spent in the bottom hemi-table, indicated with a dashed line,
P < 0.0001 Fig. 4A, left-bottom panel, Fig. 4B), while mice trained
with the central target occupied a central-diagonal axis along the table,
neglecting off-axis areas (0.73 ± 0.04 of the time was spent in the
central axis area, indicated with a dashed line, P < 0.0001 Fig. 4A,
right-bottom panel, Fig. 4C). In total, no difference in the percentage of
table coverage was observed (1.81 ± 0.05 % for distal target,
1.03 ± 0.11 % for central target, P= 0.13, Fig. 4D). Interestingly,
when testing the fraction of time spent by the animals in varying radii
around the target location, mice that were tested with the central target
exhibited elevated fraction of time spent in the 5 and 10 cm radii
around the target (0.21 ± 0.023, 0.13 ± 0.026, for the 10 cm radius,

Fig. 2. Distal target location elicits a stronger memory formation than central target in the MBM. (A) Heat maps of group’s occupancy (upper panels), individual
trajectory plots, (superimposed, bottom panels), trials longer than 20 s are plotted in red, trials shorter than 20 s in blue, (B) percentage of MBM table surface area
covered by animals’ trajectory, (C) success rate in the MBM acquisition task. RM-Two-way ANOVA, χ2 test, **P < 0.01, ****P < 0.0001.
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P < 0.05, specific effect, Fig. 4E). This finding directly associates with
the fact that central targets are surrounded by more holed that distal
targets, arresting the attention of the animals in the peri-target radius
for a higher fraction of time. To further investigate mice’ search pat-
terns in the MBM probe test, we measured the distance of each mouse
from the target in 1 s bins. This time-series analysis revealed a distinct
pattern of behavior that was robust between mice and between target
locations (Fig. 5A). This pattern was conserved after averaging the time
series of the two cohorts (Fig. 5B). Mice of both cohorts exhibited three
phases of exploration: (a, 0−20 sec) approaching the target at the be-
ginning of the trial, characterized by a steep reduction in distance from
the target, reaching a minimum of 16.3 cm (Fig. 5B-C); (b, 20−70 sec)
revelation of target absence, leading to wandering phase, in which the
animals moved away and towards the target in an oscillatory manner,
with an average of 38.5 cm from the target (Fig. 5B-C); (c, 70−90 sec)
re-approaching the target, as the memory of its location did not un-
dergo extinction, this phase features a second steep reduction in the
distance from target reaching a minimum of 22.6 cm from the target
(Fig. 5B-C). Importantly, when averaging the results from both cohorts,
all the above components are conserved (Fig. 5B), suggesting this
proposed exploration pattern is an inherent feature of the MBM probe
task. To further establish the robustness of this phenomena, correlations
of corresponding time point between the two cohorts were calculated.
For the total time series, distance from the distal and central targets at
corresponding time-points were positively correlated (Pearson’s
r= 0.49, P < 0.0001, Fig. 5D upper-left panel). Specific correlation
for different exploration phases were also performed. Approaching
phase: r=0.82 (P < 0.0001, Fig. 5D upper-right panel), wandering
phase: r=0.61 (P < 0.0001, Fig. 5D bottom-left panel) and re-ap-
proaching phase: r=0.93 (P < 0.001, Fig. 5D bottom-right panel).
Unassociated time-point from the end of the time-series were included
in the correlation for the total time-series and are indicated in red

(Fig. 5D, upper-left panel). High correlations between the two target
locations in the approaching and reproaching phase support our hy-
pothesis for a typical pattern of exploration in the MBM. Reduced, yet
significant correlation in the wandering phase is associated with the
oscillatory nature of exploration in this phase. To further characterize
mice exploration in these three phases, orientation analysis was per-
formed. Briefly, vectors of the animals’ movement, calculated in 500ms
bins, were averaged across mice to produce movement maps in the
MBM apparatus (Fig. 6A). Next, the angles between each movement
vector and the target location were calculated and presented using
color-coding. Movement toward the target features low angles (in red
arrows), and movement away from the target features high angles (in
yellow arrows). This analysis reveals that during the approaching phase
most of the movement vectors were towards the target (mean angle of
73.84 ± 3.31 degrees, Fig. 6A left panel, Fig. 6B, Supplementary figure
S3A). In contrast, the wandering phase exhibited spread movement
around the MBM table, consisting of target-oriented movement along
with exploration at opposite directions (mean angle of 88.53 ± 1.75
degrees, Fig. 6A middle panel, Fig. 6B, Supplementary figure S3A). This
finding corresponds with the oscillatory nature of this phase (Fig. 5B).
Interestingly, the re-approaching phase is characterized by re-occur-
rence of target-oriented movement (mean angle of 74.42 ± 4.09 de-
grees, Fig. 6A right panel, Fig. 6B, Supplementary figure S3A). Differ-
ence in mean angle from the target was found significant between the
wandering phase and the two approaching phases (P < 0.01, Fig. 6B).
Distributions of angles were found different between the approaching
and wandering, and the re-approaching and wandering, but not be-
tween approaching and re-approaching (two-sample Kolmogorov-
Smirnov, P < 0.001, P < 0.01, P= 0.89, respectively, Supplementary
Figure S2A). Superimposing distance from target and angle to target
time-series, reveals resemblance between the two signals (Pearson’s
r= 0.38, P < 0.01, Fig. 6C, D). This is not surprising since re-

Fig. 3. Similar performance in the probe test using distal and central target locations. Following acquisition, probe test was performed, revealing consistent per-
formances using central and distal targets. (A) total distance travelled, (B) average speed, (C) mean distance from the target, and (D) number of entries to target and
non-target holes. Unpaired t-test, equal variance, Two-way ANOVA, ****P < 0.0001.
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angulation towards the target necessarily results in reduced distance
from the target milliseconds later. Taken together, our data suggest a
robust and typical pattern of behavior in the MBM probe task. This
analysis could be used to quantify deviations from this canonical pat-
tern in cognitively impaired animals.

3.3. Peripheral target elicits a rapid long-term spatial memory formation

In order to demonstrate that the MBM provides differential task-
difficulty levels, depending on target location, we tested the central-
target cohort of mice in a novel target task. Following acquisition and
probe test, these mice were introduced with a second acquisition phase,
using a novel, hyper-distal target, located at the periphery of the MBM
table.

This phase of the task assesses behavioral plasticity, as extinction of
the old target location memory is necessary for acquisition of the novel
target. In this study, the novel target task also serves as an internal
control, to provide evidence that the delayed acquisition found in the
central target condition is not due to cognitive impairments. In ac-
cordance with our hypothesis, central targets are harder to acquire than
distal targets. Here we tested this hypothesis using a peripheral target,
located at a radius of 0.51m, predicted to be an easy task compared
with the central target location. Indeed, mice tested with the peripheral
target reached optimal performance in just 4 days, as latency to reach
the target was dramatically lowered compared with corresponding
time-points at the central target acquisition (19.72 ± 3.01 s,
87.83 ± 5.58 s by the fourth day, P < 0.0001, main effect for target
location, Fig. 7A). Accordingly, traveling distance were also reduced
using the peripheral target (1.03 ± 0.082m, 5.66 ± 0.69m at the
fourth day, P < 0.0001, main effect for target location, Fig. 7B), sug-
gesting that the path of the animals was much more direct. To confirm

these, path efficiency was calculated and found to be elevated in the
peripheral target condition (0.66 ± 0.037, 0.16 ± 0.03 by the fourth
day, P < 0.0001, main effect for target location, Fig. 7C). Furthermore,
both the number of entries and the time spent in non-target holes were
lower in the peripheral condition (7.06 ± 0.69 entries, 30.33 ± 3.29
entries, 5.96 ± 1.13 s, 35.76 ± 3.43 s, respectively, by day 4,
P < 0.0001, main effect for target location, Fig. 7D-E). Importantly, no
speed-related confounds were found, as speed did not differ between
the two conditions (0.064 ± 0.008m/sec, 0.06 ± 0.006, P=0.46,
main effect for target location, Fig. 7F). These findings suggest that
peripheral target locations are significantly easier to acquire, even in
the presence of a residual old target location memory. Additionally, it
serves as an evidence that the delayed acquisition found with the same
cohort in the central target condition is due to task-difficulty and not
cognitive impairment nor stress. Heat maps and trajectory plots reveals
a clear preference to the novel target even in the first day of acquisition
(Fig. 8A, left panels), which was enhanced by the last day (Fig. 8A, right
panels). This was quantified by calculating the percentage of table
covering by the animals’ trajectories (0.19 ± 0.01 %, 0.82 ± 0.09 %
by the fourth day, P < 0.0001, main effect for target location, Fig. 8B).
Lastly, the success rate was higher in the peripheral target condition
than the central target condition, starting from the first day of the task
(1 ± 0.0, 0.56 ± 0.09 by the fourth day, P < 0.0001, main effect for
target location, P < 0.001, specific effect for the first day, Fig. 8C).
Taken together, these data confirm that different task difficulties could
be obtained by manipulating the target location in the MBM.

4. Discussion

Hippocampus-dependent spatial learning paradigms are widely
used in behavioral neuroscience but are also increasingly used by

Fig. 4. Target location alters exploration areas in the probe test. Heat maps of the groups’ occupancy and individual trajectory plots reveals different exploration
patterns of distal and central target locations. (A) Heat maps of the groups’ occupancy (upper panels) and individual trajectory plots (superimposed, bottom panels),
reveals preference for the bottom hemi-table in the distal target group, and central-diagonal axis in the central target group (dashed lines). (B) Fraction of time spent
in the bottom hemi-table, (C) fraction of time spent in the central-diagonal axis (D) percentage of MBM table surface area covered by animals’ trajectory (E) time
spent in varying radii surrounding the target location. Unpaired t-test, equal variance, Two-way ANOVA, *P < 0.05, ****P < 0.0001.
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multidisciplinary research that involved cognitive neuroscience with
immunology, microbiome and metabolism (Illouz et al., 2019; Lev-
Vachnish et al., 2019; Deshpande et al., 2019). This increased interest
in spatial learning by diverse research groups calls for reliable and
accurate behavioral tasks (Geva-Sagiv et al., 2015; Morris, 1984). Since
spatial learning heavily relies on a milieu of hippocampal and para-
hippocampal cells such as place, grid, head direction and conjunction
cells (Moser et al., 2008; Geva-Sagiv et al., 2015; Barak et al., 2015), the
integrity and function of hippocampal-associated networks can be
measured using such paradigms. Both the MWM and BM has important
implications for many pathologies in which learning is impaired such as
aging, Alzheimer’s disease, neurodevelopmental disorders, mental re-
tardation and assessment of drug efficiency (Krause et al., 2008; Puzzo
et al., 2014, Bonaccorsi2013; Ma et al., 2014; Inoue et al., 2015).

Attar and collages (2013) revealed cognitive impairment in 4m
3xTg mouse model of Alzheimer’s disease, using a shortened protocol of
the BM. The earliest cognitive deficit reported in this strain have been
shown at 6m of age (Attar et al., 2013). Taib et al. (2017) used the
reversal learning task of the BM to provide evidence for the involve-
ment of neuroinflammation in demyelination and late cognitive dis-
order in a mouse model of mild traumatic brain injury (Taib et al.,
2017). Nithianantharajah et al. (2008) showed that environmental
enrichment ameliorates a HD deficit in spatial learning in the BM
(Nithianantharajah et al., 2008). Illouz et al. (2019) found that vacci-
nating Ts65Dn mouse model of Down Syndrome against Amyloid-β
ameliorates cognitive impairment in the probe test of the BM (Illouz
et al., 2019). These reports emphasize the importance of developing
accurate tools for measuring spatial cognitive abilities in a variety of

disease models and therapeutic interactions. To accurately assess the
complex cognitive phenotype of transgenic mice, it is crucial to de-
termine which spatial exploration strategies are utilized by the animals,
beyond measuring the latency to reach the target. Several machine-
learning tools were developed to address the issue of automated
strategy classification in behavioral testing (Illouz et al., 2016a, b;
Vouros et al., 2018; Dalm et al., 2000). Such analysis often reveals non-
spatial strategies, such as serial search in the BM and circling in the
MWM. The two cases however, are not identical. In contrast to the
MWM, serial search in the BM is caused by the imbalanced nature of the
environment. A few previous attempts have addressed this issue. Faizi
et al. (2012) and Feng et al. (2017) used a delayed-matching-to-place
paradigm, based on the BM, which encompasses 40 holes ordered in
three concentric rings in varying distance from the center (Faizi et al.,
2012; Feng et al., 2017). Indeed, this apparatus provides a more uni-
form environment then the classic BM. However, since the holes are
ordered in rings and in constant distance from each other, bias towards
serial search still exist in this setting. Youn et al. (2012) developed a
different modification of the BM, in which 44 holes are located without
an obvious pattern, according to a constant intra-quadrant order (Youn
et al., 2012). Each of the symmetrical quadrants contained two holes,
three holes and six holes in the inner, middle and outer rings respec-
tively, with the target located always in the middle ring. This setting is
indeed more continuous, however it is not fully uniform or randomized,
since no holes located at the center of the table.

A marked exploration pattern was identified in the animals’ distance
from the target. Three exploration phases typical for the MBM probe
test were found: approaching, wandering, and re-approaching, each

Fig. 5. Emergence of a typical and robust searching pattern in the MBM probe test. Time-series analysis of distance from the target in 1 s bins reveals a typical and
robust exploration pattern in the MBM probe test. (A) time-series of distance from the target exhibit similar components, (B) averaged time-series from both distal
and central locations conserves the main components found in individual time-series (C) range of exploration from the target in the different phases: approaching
(red), wandering (yellow) and re-approaching (orange), target is indicated in black. (D) Correlation of corresponding time-points between the two time-series: upper-
left: total time-series, unassociated time-points are indicated in red, upper-right: approaching phase, bottom-left: wandering phase, bottom-right: re-approaching
phase. Pearson’s correlation and linear regression.
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with unique manifestation and range from the target. The approaching
phase features a robust monotonic event of reduction in distance from
the target at the first 20 s of the probe trials, accompanied by target-
oriented movement. The wandering phase exhibits oscillations in dis-
tance from the target, demonstrating mixed target-oriented and be-
yond-target exploration. Namely, following failure to find the target,
the animals explore other holes, repeatedly moving towards and away
from the target in an oscillatory manner. The re-approaching phase

features a second reduction in distance from the target and target-or-
iented movement at ∼70 s. Since the target was not found elsewhere,
the mice return to the acquired target location for a second approach.
Measuring the latencies of these three stages and the deviations from
the canonical pattern among different experimental groups, can provide
insights on spatial memory strength and extinction.

Previous reports highlighted the superiority of mice over rats in the
BM due to their innate curiosity and desire to escape through small

Fig. 6. Orientation maps reveals time-dependent changes in exploration behavior in the MBM probe test. Orientation maps were produced by averaging movement
vectors across mice and calculating the angle from the target location. (A) Orientation maps of the approaching, wandering and re-approaching phases, each arrow
represent one averaged movement vector, color coding represents the angle from the target, indicated in white. (B) Mean angle to the target (C) overlays of distance
from target and angle to target time-series, 1 s bins, standardized using Z-scores. (D) Correlation of distance from target and angle to target at corresponding time
points. One-way ANOVA, Pearson’s correlation and linear regression, **P < 0.01.

Fig. 7. Peripheral target elicits a rapid long-term spatial memory formation. Following probe test, the central target cohort performed a novel target acquisition task
using hyper-distal peripheral target location. (A) Latency to reach the target, (B) total distance travelled, (C) path efficiency, calculated as the distance between the
starting and ending points divided by the total trajectory distance of the animal, (D) entries to non-target holes, (E) time spent in non-target holes and (F) averaged
speed. RM-Two-way ANOVA, ***P < 0.001, ****P < 0.0001.
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holes (Gawel et al., 2019). The original apparatus proposed by Barnes
(1979) (Barnes, 1979) consisted a 122 cm tables with 18 9.5 cm holes.
This apparatus is suitable for testing both mice and rats. When using
rats, previous publications used a 100−122 cm table with 18–20 uni-
formly distributed 9−10 cm peripheral holes (Gawel et al., 2016;
Greferath et al., 2000; Morel et al., 2015). The apparatus characterized
here consist of a 122 cm table with 40 5 cm randomly distributed holes,
is suitable for mice. To adjust this method to rats, hole-diameter must
be increased, thus a bigger table or a smaller number of holes is needed.

Our previous study revealed that platform size holds importance for
spatial memory formation in the MWM. While mice tested in the MWM
with platform sizes of 14× 14, 12× 12, 8× 8 and 5×5 cm success-
fully acquire the target location, mice tested with a 3×3 cm target
failed to do so, resulting in the emergence of non-spatial exploration
patterns (Illouz et al., 2016b). As indicated, when the ratio between
place field size and the surface area of the explored environment is
lower than 0.0014, efficient spatial learning is no longer sustainable,
setting a limit on spatial capacity. In a classic BM apparatus of a 90 cm
table-diameter and a target hole diameter of 5 cm, the target-to-arena
ratio is 0.0031, whereas in the 122 cm-MBM this ratio is 0.0017. The
MBM is thus not only ∼1.8-times more challenging than the BM in
terms of target-to-arena ratio, but it is also set close to the cognitive
capacity limit of spatial learning in mice. This feature makes the MBM a
useful tool to investigate subtle differences in learning capacity in
neurogenesis enhancement studies, otherwise undetectable in easier
navigation tasks.

The MBM provides a significant improvement of the BM, due to its
continuous nature, elimination of the inherent bias towards serial search
and granting the researcher with the possibility to manipulate target
location and task difficulty. Thus, the MBM has the potential to improve
spatial learning assessment in the important field of animal’s cognition
and behavior.
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