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Morris water maze (MWM) is widely used to assess cognitive deficits in pre-clinical
rodent models. Latency time to reach escape platform is frequently reported, but
may be confounded by deficits in visual acuity, or differences in locomotor activity.
This study compared performance of Senescence Accelerated Mouse Prone-Strain
8 (SAMP8) and control Senescence Accelerated Mouse Resistant-Strain 1 (SAMR1)
mice in classical MWM, relative to performance in a newly developed olfactory-visual
maze testing protocol. Performance indicated as the escape time to rescue platform
for classical MWM testing showed that SAMP8 mice as young as 6 weeks of age
did poorly relative to age-matched SAMR1 mice. The olfactory-visual maze challenge
described better discriminated SAMP8 vs. SAMR1 mice than classical MWM testing,
based on latency time measures. Consideration of the distance traveled rather than
latency time in the classical MWM found no treatment effects between SAMP8 and
SAMR1 at 40 weeks of age and the olfactory-visual measures of performance confirmed
the classical MWM findings. Longitudinal (repeat) assessment of SAMP8 and SAMR1
performance at 6, 20, 30, and 40 weeks of age in the olfactory-visual testing protocol
showed no age-associated deficits in SAMP8 mice to the last age end-point indicated.
Collectively, the results from this study suggest the olfactory-visual testing protocol may
be advantageous compared to classical MWM as it avoids potential confounders of visual
impairment in some strains of mice and indeed, may offer insight into cognitive and
behavioral deficits that develop with advanced age in the widely used SAMP8 murine
model.

Keywords: morris water maze, olfactory sense, cognition, murine model, SAMP8 strain

INTRODUCTION

The Morris-Water-Maze (MWM) is a widely used visual-spatial learning technique of learning
and memory with a strong dependence on hippocampal integrity, synaptic plasticity and NMDA
receptor function (Vorhees and Williams, 2006). The MWM is based on the mouse utilizing
extra-maze cues (i.e., fixtures, or images positioned exterior to the water-maze tank), to help
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orientate itself and locate a rescue platform submerged beneath
the surface of the water. Prior to performance acquisition
measures in MWM, each mouse is repeatedly trained for up-
to 10 times over several days to learn to find the rescue
platform. During training, the rescue platform remains visible
and is positioned slightly above the water within a fixed
quadrant of the circular pool. Thereafter, for the acquisition
phase trialing, the rescue platform is slightly submerged beneath
the water within the same quadrant position as during training.
Acquisition performance therefore represents recall-memory of
the proximity of where rescue ordinarily occurs. Most studies
report MWM performance in different groups of animals, at
different ages. However, few studies report repeated-MWM
performance testing in the same group of mice as they age.
Nonetheless, a longitudinal-study design may be preferable to
consider associative memory loss, common in neurodegenerative
disorders such as Vascular Dementia and Alzheimer’s disease.

A number of studies have shown that cognitive performance
based on the latency-time to reach rescue platform during
acquisition trialing of classic MWM, may be confounded because
of age- or strain-associated differences in visual detection,
acuity, or pattern recognition (Robinson et al., 2001; Vaikar
et al, 2001; Carman and Mactutus, 2002; Thifault et al,
2002; Brooks et al., 2005; Clapcote et al., 2005a,b; Brown
and Wong, 2007). The classical MWM relies on processing
of visual cues located external to the maze in order for the
animal to orientate and locate a hidden platform. Whilst an
intra-maze visible platform task may be used as a “control”
for visual ability in classical MWM, the cued platform that
signals location may not be an appropriate surrogate for extra-
maze cues that are thought to guide classical MWM-behavior.
Moreover, mice with compromised vision may move slower in
spatial challenged settings, thereby confounding interpretation
of cognitive function. To avoid misinterpretation of classic
MWM performance because of differences in locomotor activity,
Yanai and Endo (2016) recommended that for Senescent
Accelerated Mouse Prone strains (SAMP) with an accelerated
aging phenotype, classic MWM spatial performance be reported
in the context of distance traveled, rather than latency time to
reach rescue platform. However, of the many SAMP-focused
studies, few report distance swum in MWM, or locomotor
speed.

Olfactory sense is critical for a range of mouse behaviors,
including navigation, foraging, escape, object recognition, and
behavioral elements (Doty, 1986; Schellinck et al., 1993; Brennan
and Keverne, 2004; Keverne, 2004; Restrepo et al., 2004; Kavaliers
et al., 2005). Olfaction is a central element of mouse species
behavior within their social domain and indeed, is the principal
sensory component in this species for associative learning and
memory. It is a reasonable proposition that olfactory cues
may be preferable to visual cues in spatial awareness water-
maze testing protocols such as MWM, particularly if there is
uncertainty as to the visual acuity of the strain with increasing
age. Studies by Wong and Brown (2006) reported that a
discriminatory odor challenge developed by Schellinck et al.
(2001, 2004) could be effective for exploring murine learning and
behavior and considered strain differences in cognitive ability

demonstrated by classical MWM vs. conditioned odor preference
tasks.

Pivotal to understanding cognitive effects with aging are in
vivo models that simulate what occurs in humans. An established
and widely used line of mice that feature accelerated aging are the
Senescence Accelerated Mouse Prone (SAMP) strains (Takeda,
1999). Three decades of research support the contention that
of these, SAMP strain-8 (SAMPS) is an appropriate model for
considering human-aging, because pathological traits are age-
dependent and occur as a consequence of epigenetic changes with
age and heightened glucocorticoid exposure that synergistically
promote oxidative stress (Flood and Morley, 1998; Hosokawa,
2002; Chiba et al., 2009; Grifian-Ferré et al., 2016a; Grinan-
Ferre et al., 2016b; Puigoriol-Illamola et al., 2018). SAMP8
mice show normal development, but thereafter, have early
loss of reproductive function and tend to demonstrate early
manifestation of neurodegenerative features including neuronal
cell loss and a reduction in neurotransmitter release (Sureda et al.,
2006; Pallas, 2012; Bernstein et al., 2014).

SAMP8 mice have been widely assessed for behavioral
disturbances and the literature was comprehensively reviewed
(Yanai and Endo, 2016). The SAMPS strain are suggested to have
spatial learning impairments from 12 weeks of age and spatial
memory deficits commencing from 16 weeks of age (Ikegami
et al,, 1992; Flood and Morley, 1998; Cheng et al., 2008). Passive
and active avoidance disturbances are reported as early as 12
weeks (Flood and Morley, 1993; Miyamoto, 1997) in SAMP8
mice and object recognition may be compromised in older age
SAMP8 mice (36 weeks) (del Valle et al., 2012). Collectively,
SAMPS8 mice have been indicated as a relevant non-transgenic
model for late-onset Alzheimer’s disease (AD).

Several studies have considered olfactory sensitivity in SAMP8
mice. Ueno et al. (2016) reported that the barrier properties
of the olfactory bulb deteriorate in pre-clinical rodent models
of dementia including SAMP8 mice, findings consistent with
clinical studies that suggest deterioration in olfaction as amongst
the earliest indicators of cognitive decline (Attems et al,
2015; Devanand et al., 2015; Marin et al., 2018). In SAMPS8
mice, Soriano-Cantén et al. (2015) reported that the Bl-neural
stem cells of the mouse sub-ependymal zone, which supports
ongoing production of the olfactory bulb interneurons, are
transiently expanded in young SAMPS8 mice relative control
senescent resistant SAMR1 mice. However, thereafter there
is premature loss of the Bl stem cells in SAMP8 mice and
by extension, possibly accelerated loss of olfactory associated
cognitive function. Consistent with the latter, Ohta et al. (Ohta
et al, 2002) utilized two-sets of non-spatial odor-odor pair
learning protocols and concluded that SAMP8 mice experience
age-dependent deficits in learning and memory of inferential
tasks, compared to senescent resistant control mice (SAMR1),
Spatially-cued challenges are considered a useful indicator of
hippocampal-dependent memory, hence spatial-olfaction testing
protocols may be a particularly helpful in the context of
understanding cognitive function in animal models of dementia,
that ordinarily have significant olfactory associative experiences.

The primary objective of this study was to determine if a
modified MWM challenge protocol that utilized combinatory
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olfactory and visual cues would better discriminate cognitive
strain performance differences between SAMP8 and SAMRI
control mice, compared to classic MWM testing protocols. The
olfactory-visual water maze challenge described in this study
included the provision of the olfactory cue positioned on the
rescue platform above the water during the acquisition testing
phase. Training for the olfactory-visual water maze challenge
was provided once-only at a baseline age of 6 weeks and then
repeatedly assessed in the same mice for a total of 4 times up to 40
weeks of age. The longitudinal design was to consider potential
changes in associative memory with aging and we deliberately
studied mice preceding substantial frank cognitive deficits that
are suggested in SAMP8 mice to develop at greater than ~50
weeks of age The olfactory-visual cue challenge indicated, was
compared to the commonly adopted testing protocol for classic
MWM protocols, which was to train and test once-only, but in
mice of different ages, that being at either 6, 20, 30, or 40 weeks
of age.

MATERIALS AND METHODS

Animals

Male Senescence Accelerated Mouse Prone-Strain 8 (SAMPS)
and their age-matched controls, Senescence Accelerated Mouse
Resistant-Strain 1 (SAMR1) mice were obtained from the Animal
Resources Centre (Murdoch, Western Australia). Mice were
assigned to either the classical MWM testing procedure, with
single training/acquisition testing at either 6, 20, 30, or 40 weeks
of age (n = 10-15 per age group, per strain). Alternatively, mice
were assigned to the modified combined olfactory-visual cued
water maze protocol, where the same mouse was trained and
assessed at 6, followed by repeated acquisition trialing thereafter
at 20, 30, and 40 weeks of age (n = 19 per strain). All procedures
were conducted as per National Health & Medical Research
Council approved methods (AEC_2014/27).

Maze Apparatus and Training Regime
Apparatus

The water maze apparatus was constructed as described
previously (Mamo et al, 2017). The water maze apparatus
consisted of a white circular pool (120 cm width x 60 cm height),
a transparent rescue platform (10cm in diameter x 30cm in
height) submerged 1cm below the water surface for classical
water maze trialing. Pool temperature was maintained at 26 +
1°C. The latency, swim path and locomotor ability of each mouse
during each trial was tracked and recorded (HVS Image Software;
Buckingham, U. K).

Classical Morris Water Maze

Prior to assessment, all mice were subjected to 2 days of training
with a submerged rescue platform, marked with an intra-maze
visual cue, a black flag centrally placed on the transparent
platform extending 5cm above the water surface. Each mouse
was lowered into the water, facing the pool wall and allowed 90 s
to navigate around the pool and find the platform. Once on the
rescue platform, each mouse had to stay on the platform for 30s.
Each training day consisted of 10 trials starting semi-randomly

chosen compass points (N, S, E, W), with ~10 min between each
inter-trial interval (Vorhees and Williams, 2006).

Following training, the black flag on the platform was
removed and each mouse went through a 5-day assessment with
the hidden platform submerged 1cm below the water surface.
Large posters with distinct black shapes were also placed on the
walls outside the pool as an extra-maze visual cue (Figure 1A).
Identical to the training days, maximum swim time was set to
90's and mice remained on the platform for 30s. The platform
remained in the same position, however, mice were placed in the
pool from N, S, E, W positions, facing away from the platform.
Each day consisted of 4 trials per mouse.

Olfactory-Visual Water Maze

The protocol for the combined olfactory-visual cued water maze
adopted a 5-day training/test regimen. In order to minimize
the potential confounder of altered visual acuity with aging,
alternate symbols of X and = were positioned on X and Y
position of the inner wall of the water tank (Figure 1B). The
rescue platform remained positioned above the water line (5 mm)
throughout training and acquisition, fitted with a ventilated
50 mL Falcon tube (11 cm high, 3cm in diameter) containing
3 g freshly crushed chocolate and 2 mL almond essence on gauze
refreshed on each day of training. Throughout the training and
acquisition trials, the platform was fixed in the N quadrant, and
position of all cues remained at the same position.

Olfactory-Visual Water Maze Training

Prior to assessment, all mice were handled and trained for 2 days
(Day 1-2). On Day 1, each mouse was placed on the olfactory-
visual cued circular rescue platform located in the N quadrant of
the pool, hosting the chocolate/almond charged ventilated Falcon
tube. Mice were allowed to remain on the rescue platform for
180 s to familiarize and to orientate themselves with the maze and
cues and showed significant interest in the Falcon tube. Of the
few mice who left the platform during training (<5%), these were
gently guided back to the platform. On the second day of training
(Day 2), each mouse was afforded three training trials. For trials
1, 2, and 3, mice were gently placed in the pool ~30, 60, and
90 cm away from the platform, respectively (in the W quadrant),
always facing the rescue platform hosting the charged Falcon
tube (Figure 1C). Mice had a maximum of 20, 25, and 30s for
the progressive training trials, respectively, to reach the platform
and thereafter, allowed to sit on the platform for 180s. Mice
who failed to reach the platform within the allocated time were
guided by the operator to the platform. Three familiarization
(day 1) and three training trials (day 2) were separated by 2 h per
trial.

Olfactory-Visual Water Maze Acquisition Trials

Acquisition trials (Days 3-5) commenced 1 day following day 2
of training. The olfactory-visual cued platform was fixed in the
same position (N quadrant). On Day 3, each mouse was released
into the water facing ~60 cm distance (mid-W quadrant) facing
the rescue platform hosting the charged Falcon tube (Figure 1C).
During each trial, a maximum swim time was set to 60 s to reach
the platform, and in failure to do so, the experimenter guided
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FIGURE 1 | Graphical representation and comparison of the (A) Classical Morris Water Maze and (B) The Olfactory-Visual Water Maze. The Olfactory-Visual Water
Maze is characterized by a combination of intra-maze cues (X and = symbols positioned on the X and Y position of the inner walls of the water tank) and a rescue
platform positioned at N, 5mm above the water surface fitted with a ventilated 50 mL Falcon tube containing freshly crushed chocolate and almond essence. (C) The
chronology of the modified Visual-Olfactory Water maze regimen is indicated where all mice are subjected to a 5-day training/test regimen; 2 days of training (Day 1-2)

followed by acquisition trials (Day 3-5). (D) Chronology of modified Visual-Olfactory Water maze.

the mouse to the cued platform where the mouse was allowed to
stay on the platform for 90s. Three repeat trials were completed.
The test conditions remained constant on Day 4 and 5, however,
the starting point was varied between each trial (W, S, and E)
(Figure 1C).

Longitudinal Assessment of Performance Over the
Lifespan of SAM Mice

Following training at 6 weeks of age, each animal was subjected
to the exact 3-day acquisition protocol, as described above, upon
reaching 6, 20, 30, and 40 weeks of age.

Statistical Analysis

For the cued learning and spatial acquisition trials for both the
classic MWM and new olfactory-visual water maze protocols, the
mean latency to reach the platform was calculated for each test
day. For classical MWM, 10-12 male SAMP8 mice were studied
at 6, 20, 30, and 40 weeks of age. For SAMRI mice, 10 and up to
15 mice were studied. For the longitudinal olfactory-visual testing
protocol, data was collected for n = 19 mice per strain (SAMP8
and SAMRI1) to 40 weeks of age. Normalisation of variance was
by way of the the Kolmogorov-Smirnov analysis and significance
level is indicated on the figures.

RESULTS

In this study, cognitive performance of SAMP8 and SAMRI1
was assessed using the classical extra-maze spatial-awareness
MWM protocol determined in groups of mice trained and
tested at either 6, 20, 30, or 40 weeks of age. Performance in
classic MWM was compared to a combination olfactory-visual
maze protocol assessed in a longitudinal lifespan context, which
included training and testing at 6 weeks of age, followed by
repeat acquisition testing of the same mice again at 20, 30, and
40 weeks of age. Figure 2 frame A, depicts time to the hidden
rescue platform for the classic MWM in male mice trained and
tested at one age, either 6, 20, 30, or 40 weeks. Performance in
the classic MWM showed little variability within each age/strain,
indicative of a carefully administered classic MWM protocol. In
this study, the classic MWM demonstrates for the first time at 6
weeks of age, significant strain difference in latency-time to reach
the hidden platform. The strain difference shown by the classical
MWM in male mice at 6 weeks was also present at 20, 30, and
40 weeks of age, consistent with previous reports. However, in
addition, we now show that when performance in classic MWM
is assessed once but at different ages, there is no evidence of an
age-associated divergence between SAMP8 and SAMRI control
mice up to 40 weeks of age.
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FIGURE 2 | Maze latency times are presented (mean latency + SEM for each test day) (A) The latency time for male SAMP8 and SAMR1 mice to reach a hidden
rescue platform in classic MWM at 6, 20, 30, or 40 weeks of age. (B) Latency time to reach rescue platform in the olfactory-visual water maze in the same group of
mice tested at the baseline age of 6-weeks and retested thereafter at 20, 30, and 40 weeks of age. The olfactory maze included a combination of intra-maze olfactory
and visual cues positioned within the confines of the tank. (C) The distance swum for male SAMP8 and SAMR1 mice to reach a hidden rescue platform in classic
MWM at 6, 20, 30, or 40 weeks of age. (D) Distance swum time to reach rescue platform in the olfactory-visual water maze in the same group of mice tested at the

baseline age of 6-weeks and retested thereafter at 20, 30, and 40 weeks of age. Normalization of variance was by way of the Kolmogorov-Smirnov analysis and

significance level is indicated.

To consider potential locomotor effects for classic MWM
time-to-reach-platform measures indicated in Figure 2 frame A,
the distance traveled to reach the hidden platform is also reported
(Figure 2, frame C). The SAMP8 mice assessed at the earliest age
of 6 weeks were found to have traveled ~2-fold more than age-
matched control SAMRI mice. Thereafter, there was progressive
attenuation of the distance traveled in SAMP8 mice when trained
and assessed at 20 weeks of age and with a further decline in
distance traveled if assessed at 30 weeks of age. Indeed, the total
distance traveled in classic MWM by SAMPS8 mice at 30 and 40
weeks of age was comparable to SAMRI controls of same age
(Figure 2, frame C).

An olfactory-visual water maze protocol was developed to
potentially capitalize on the dominant olfactory spatial-cue
driver in rodent species. Moreover, the spatial olfactory-visual
water maze was administered in a longitudinal context, because
repeat measures in the same animals would notionally be more
indicative of associative memory experience changes that are
relevant to cognitive decline in human dementia disorders. Male
SAMP8 and SAMRI mice were trained and assessed at 6 weeks of
age and thereafter, the same mice underwent repeated acquisition
trialing at 20, 30, and 40 weeks of age. Figure2, Frame B,
depicts longitudinal time-to-reach rescue platform performance
for each strain. At 6 weeks of age, SAMP8 mice took almost

three times longer to reach the olfactory-visual rescue platform
compared to age-matched SAMR1 mice. The findings are
qualitatively consistent with that indicated for classic MWM at
same age (Figure 2, frame A), however the strain differences were
substantially more separated for the olfactory-spatial water maze
challenge protocol. Interpretation of SAMP8 performance in
the olfactory-visual water maze challenge without consideration
of locomotor activity immediately suggest significant functional
impairment in the SAMP8 mice as early as 6 seeks of age, however
consideration of the distance traveled (Figure 2, frame D) shows
that total actual distance swum by SAMP8 mice was similar
to SAMRI mice at 6 weeks of age. The slower time to reach
the olfactory-visual rescue platform was therefore a consequence
of either significantly slower processing of the olfactory-visual
cue, or poorer locomotor functioning. The comparable distances
swum by SAMP8 and SAMRI mice in the olfactory-spatial water
maze challenge at 6 weeks of age, completely contrasts with that
indicated for classic MWM at 6 weeks, where SAMP8 mice had
substantially greater swimming distance recorded than SAMRI1
mice. Consistent strain differences in the latency time to reach
the rescue platform in the olfactory-visual water maze challenge
(Figure 2, frame B), but similar strain performances for the actual
total distance swum (Figure 2, frame D) were realized in SAMP8
and SAMRI mice when repeat tested at 20, 30, or 40 weeks
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of age. The longitudinal measures for either latency-time, or
distance swum in the olfactory-visual water maze challenge, did
not demonstrate and associative memory loss in SAMP8 mice to
40 weeks of age.

DISCUSSION

In rodents, odor processing involves processing within the
sensory neuron to the olfactory bulb, decoding in the
piriform cortex and thereafter, in downstream neurons in
the hippocampus (Wilson and Stevenson, 2006). Some studies
suggest olfactory challenges can be reliably utilized to assess
long-term associative memory in mice (Schellinck et al., 2001)
but this has never been explored directly. In this study, we
compared from a young age of 6 weeks cognitive and motor
performance of SAMPS in an olfactory-visual spatial water maze
task administered longitudinally. The spatial olfactory-visual
water maze challenge affirms findings in classic MWM that
time to reach a rescue a platform is delayed in SAMP8 mice
compared to SAMRI1 mice and that this strain difference is
apparent from as young as 6 weeks of age. The markedly greater
strain differential in latency time to reach the rescue platform in
the olfactory-visual water maze challenge compared to the classic
MWM, might be indicative of significant olfactory processing
deficits in the SAMPS strain. Consistent with the latter, Soriano-
Canton et al. (2015) reported a substantially reduced density of
the mouse sub-ependymal zone in SAMP8 mice compared to
SAMRI at 2 months of age. In other studies, Ohta et al. (2002)
reported age-associated learning and memory deficits in SAMP8
mice challenged with non-spatial odor-odor trialing. However, in
Ohta’s report, SAMP8 performance differences relative to SAMR1
mice were not realized until ~4 months of age. The olfactory-
visual water maze challenge protocol, may discriminate olfactory
deficits in SAMP8 mice as young as 6 weeks of age.

An alternative explanation for the marked strain differences in
time-to-reach rescue platform indicated by the olfactory-visual
water maze challenge is that the SAMP8 mice have locomotor
deficits, taking longer to reach the rescue platform. However,
performance of SAMP8 and control SAMRI1 mice was also
determined using a classical MWM protocol, that requires the
rodent to find a hidden platform based on spatial cues alone,
that are external to the maze tank. The classic MWM confirmed
strain differences in time to reach rescue platform, however at 6
weeks of age, the total distance swum was twice that of SAMP8
mice tested for the first time at 6 weeks of age in the olfactory-
visual water maze challenge (Figure 2, frame C vs. frame D).
The paradoxical findings of distance swum for the olfactory-
visual water maze challenge vs. the classic MWM in SAMPS8
mice at 6 weeks of age, suggests that a locomotor defect was not
responsible for the slower time-to-reach platform performance
in the olfactory-visual water maze challenge protocol. Rather,
strain differences in olfactory cue processing is more likely to
explain the latency-time performance measures. The repeat test
measures of latency time to reach rescue platform and total

distance traveled in the olfactory-visual water maze challenge
were consistent in SAMP8 mice when at 20, 30, or 40 weeks of
age, suggesting no further age-associated decline in performance
to 40 weeks of age (Figure 2, frames C and D).

A number of age-related changes in SAMP8 mice suggest
them to be a good model for late-onset AD and indeed, reported
to serve as a useful model for understanding basic cellular
processes modified with aging that are likely to impact upon
cognitive function. Odor deficits have been demonstrated early
in AD patients (Albers et al., 2018) and are also present in
genetic models of AD (Van Dijck et al,, 2008; Young et al,
2009; Montgomery et al, 2011). This study adopted for the
first time an integrated olfactory and visual cue protocol that is
easily administered, shows limited variability within treatment,
and enables longitudinal assessment with consideration of
compensatory changes in visual and olfactory cue processing.
The protocol is physiologically relevant for considering potential
confounding factors often present in the classic MWM. To 40
weeks of age, utilizing intra-maze olfactory-visual cues during
a water maze challenge, the present study suggests that strain
differences in MWM performance may be confounded by
olfactory processing deficits. The findings complement a vast
body of literature in SAMP8 mice that demonstrate central
nervous system physiological aberrations preceding loss of spatial
and associative memory. Extension of the olfactory-visual maze
testing protocol at older age and its relevance to physiological and
pathological aberrations would be informative.
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