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Abstract

Aging is associated with impaired performance in behavioral pattern separation (PS) tasks
based on similarities in object features and in object location. These deficits have been
attributed to functional alterations in the dentate gyrus (DG)-CA3 region. Animal studies
suggested a role of adult-born DG neurons in PS performance. The present study
investigated the effect of aging in C57BL/6J mice performing PS tasks based on either object
features or object location. At the age of 18 months or more, performance was severely
impaired in both tasks. Spatial PS performance declined gradually over adult lifespan from 3
to 21 months. Subchronic treatment with the cognitive enhancer D-serine fully rescued
spatial PS performance in 18-month-old mice and induced a modest increase in the number
of 4-week-old adult-born cells in the DG. Performance of mice in these PS tasks shows an
age-dependence which appears to translate well to that found in humans. This model should
help in deciphering physiological changes underlying PS deficits and in identifying future

therapeutic targets.



1. Introduction

In everyday life, we often have similar experiences in similar contexts. Thus, the ability to
discriminate individual experiences based on specific memories appears particularly useful in
daily activities (Conway, 2009). In humans and animals, aging is known to affect
performance in tasks evaluating the ability to detect subtle changes in object position or
features between successive sample and test sessions (e.g., Reagh et al., 2014; Stark et al.,
2010; Toner et al., 2009). These tasks are often called behavioral pattern separation (PS)
tasks, in reference to the pattern separation computational model. This model defines a
system capable of orthogonalizing overlapping inputs into non-overlapping outputs which
could potentially resolve interference between similar memories (Marr, 1971; Rolls and
Kesner, 2006). Separation-like fMRI activity related to PS performance was reported in
medial temporal structures, especially within the dentate gyrus (DG)-CA3 region (Bakker et
al., 2008; Reagh and Yassa, 2014). Impaired PS performance in the elderly correlated with
altered DG-CA3 activation and reduced the integrity of medial temporal lobe connectivity
(Lacy et al., 2010; Yassa et al., 2011).

An involvement of the DG-CA3 region in behavioral PS was also repeatedly shown in animal
studies using various experimental approaches, from lesions to genetic manipulation (e.g.,
Deng et al., 2013; Gilbert et al., 2001; Goodrich-Hunsaker et al., 2008; Leutgeb et al., 2007).
Manipulation of the level of dentate adult neurogenesis and changes in dentate N-methyl-D-
aspartate receptor (NMDAR) functionality was shown to affect memory performance in PS
tasks based on object features, spatial location or context (e.g., Bolz et al., 2015; Clelland et
al., 2009; Creer et al. 2010; Kannangara et al., 2014; McHugh et al., 2007; Sahay et al. 2011,
Tronel et al., 2012). However, it must be noted that the role of adult-born DG neurons in a
PS-like computation within the DG has often been questioned (Deng et al., 2013; Groves et
al., 2013; Becker, 2016). Surprisingly, despite a growing literature investigating the neuronal
basis of behavioral PS in adult animals and extensive evidence for its high sensitivity to
aging in humans, only a few studies investigated PS in aged animals (e.g., Creer et al. 2010;

Gracian et al., 2013; Wu et al., 2015; Marrone et al., 2011). The rare attempts to restore PS



performance in aged mice were based on the neurogenesis hypothesis, and resulted in
mixed outcomes. Exercise provided only a moderate improvement in PS performance in 22-
month-old mice and their level of DG neurogenesis remained very low, whereas it boosted
both performance and neurogenesis in 3-month-old mice (Creer et al, 2010). Wu et al. (2015)
showed that exercise completely overcame severe PS deficits in 18-month-old mice
performing a contextual discrimination task, but with only a slight increase in the number of
new DG neurons.

The first aim of the present study was to characterize the effect of age on PS performance in
C57BL/6J mice. We developed two novelty detection tasks based on object features and
object location respectively, using a sample trial and a test trial in order to be as close as
possible to the computer-based tasks used in humans (Stark et al.,, 2013; Reagh et al.,
2014). The second aim was to restore spatial PS performance in aged mice by means of D-
serine, an endogenous co-agonist of NMDAR known to reverse age-dependent impairment
of synaptic plasticity and cognitive performance in rodents and humans (Mothet et al., 2015;
Avellar et al., 2016; Levin et al., 2015). Survival of new-born DG cells was subsequently
guantified to examine whether D-serine modulates neurogenesis in aged mice (Sultan et al.,

2013).

2. Material and methods

2.1. Animals
C57BL/6J male mice were obtained from Charles River Laboratories (France). Procedures
were in compliance with rules of the European Community Council Directive 2010-63 and
French Department of Agriculture Directive 2013-118, and approved by the local review
board (CREMEAS: AL/14/21/02/13, AL/11/18/02/13 and APAFIS#2154). Animal facilities
were approved for animal experimentation (H 67-482-13). Upon arrival, mice were group-
housed with food and water ad libitum, nesting material and additional food pellets on
bedding to promote natural behavioral patterns. The animal room was under controlled

temperature (23 + 1°C) and a 12/12-hour light/dark cycle (lights on at 8.00 am). Behavioral



testing took place during the light phase. Mice were single-housed for 1 week before testing,
due to a possible age-dependent confounding factor detected in previous pattern
discrimination studies: when unrelated C57BL/6J males were obtained at different ages, as
in the present study, a large subset of 5-to-12-month-old mice showed systematic aggressive
behavior, especially towards mice returning to the home cage after habituation and
discrimination sessions. C57BL/6J male mice fighting in the home cage is well documented,
and can cause variations in behavior and brain function (e.g., Greenberg et al., 2014).
General health status was checked with particular attention to exclude vibrissae alterations
(barbering) and eye abnormalities (e.g., cataract or closed eye) liable to bias PS
performance.
2.2.  Spatial pattern separation task

Rodents have a spontaneous tendency to preferentially re-explore an object displaced within
a familiar context (Ennaceur et al., 1997). In principle, PS ability should be evaluated with
object displacement close to the limits of behavioral detection. The task began with one or
two daily 10-min habituation sessions in the presence of two identical objects, never
experienced before, each positioned 30 cm from the walls on the midline of the open field
(92.5 x 92.5 x 35 cm; Ugo Basile, Italy; 30 lux in the center). On the following day(s), the
mice received a daily session consisting of a sample trial (duration specified for each
experiment), then 4 minutes in the home cage, and a 6-min test trial. For each sample-test
session, a new pair of identical objects was positioned on the diagonal of the open field (see
Figure 1a). For the sample trial, the fixed object was always 37 cm from the corner and the
second object 20 cm away from the fixed object. During the test trial, the second object could
be moved 10, 15, 20, 25, 30 or 35 cm further along the diagonal. Object exploration was
defined as active exploration with the nose pointing toward an object within 2 cm. Sitting on
or next to or licking or gnawing the object was not considered as exploration. Equal interest
for both objects during sample trials was systematically checked for each group (i.e.,
absence of location preference). Spatial discrimination performance was evaluated as time

spent exploring the displaced object as a percentage of total exploration time for the two



objects during the first 3 min of the test trial. This performance was expected to be higher
than the 50% chance level if the mouse detected the object displacement. For the last 3 min
of the test trial, performance was lower and closer to chance level, suggesting that mice
expressed novelty detection behavior mainly during the first 3 min. Objects (5 to 6.5 cm
diameter, 4.5 to 7 cm high) composing each pair were selected so as to induce similar
exploration times in preliminary studies: a napkin ring, a candlestick and an egg-cup, each
topped with marbles of different size and color. Habituation objects were less than 10 cm in
height and diameter.
2.3.  Object pattern separation task

Rodents also have a tendency to explore preferentially a new rather than a familiar object in
a familiar context (Ennaceur and Delacour, 1988). Object PS ability was evaluated using a
new object that was very similar to the familiar one. Two groups of mice (4 and 18 months
old) were familiarized for two days (10 min/day) with the open field (52 x 52 x 40 cm; 40 lux
in the center) in presence of two objects, renewed each day. The next two days, the daily
session consisted of a sample trial with a pair of identical objects, followed by 4 minutes in
the home cage, and a 10-min test trial with one of the pair of objects replaced by a new one
that was either very similar or not. The two objects were always positioned in the same
adjacent corners (10 cm from the walls). Absence of side preference was checked for each
group during sampling. The position of the new object and its level of similarity were
counterbalanced over groups and days. Two sets of objects with different levels of similarity
were used, one for each test day. Each triplicate of familiar objects was constructed from
Lego® bricks, with a fixed number of bricks per color. For each set of familiar objects, an
identical set of bricks was used to construct two novel objects with exactly the same shape
as the familiar objects, but one with high and the other with low similarity. All objects had an
identical gray Lego® sheet as a base, which could be secured to the floor with Patafix®
(UHU). Performance was evaluated as the percentage of total exploration time for the two
objects spent exploring the new object during the whole test trial. All other procedures were

similar to those described above.



Spatial navigation tasks
As aged mice showed profound deficit in the spatial PS task, we checked whether the same
mice would also show deficits in other spatial tasks routinely used in our laboratory, such as
the Morris water-maze task or the Barnes maze task (Moreau et al., 2008). Two subsets of
young and old mice evaluated in the spatial PS task (one per experiment) were subsequently
tested on one or other of these tasks (Supplementary Material and Methods).

2.4.  Drug administration, immunohistochemistry and image analysis
In the last experiment, all mice received three intraperitoneal (IP) injections of 5-bromo-2-
deoxyuridine (BrdU; Sigma-Aldrich; diluted in 0.1 M phosphate buffer, pH 8.4, 40°C, 100
mg/kg/injection, 0.1 mL/kg/injection) at 9.00 am, 11.00 am and 2.00 pm in a single day,
exactly 28 days before testing spatial PS performance. This 4-week interval was based on
studies suggesting a role of 3-to-4-week-old DG neurons in spatial and contextual PS
performance (Imielski et al., 2012; Kheirbek et al, 2012; Nakashiba et al., 2012). For D-serine
(Sigma-Aldrich; diluted in 0.9% NaCl solution), we selected a subchronic 50 mg/kg IP
treatment known to improve both memory performance and survival of new DG neurons in
mice (Bado et al., 2011; Filali and Lalonde, 2013; Sultan et al., 2013). Mice were injected
with D-serine or vehicle (0.1 mL/kg) once per day (9:00 am) for seven consecutive days
beginning 18 days after BrdU injection and completed the day before the drug-free test
period. This treatment period (days 18-24) corresponded to a critical period of new-born DG
neuron maturation and survival (Snyder et al., 2009; Veyrac et al., 2013). Treatment was
applied a few days earlier than in the 28-day protocol used by Sultan et al. (2013), as a pilot
study showed that repeated injection during the test period had a deleterious effect on PS
performance.
One day after testing, mice were deeply anesthetized (120 mg/kg pentobarbital, 10mL/kg, I1P)
before intracardiac perfusion with phosphate-buffered saline (PBS, 0.1% heparin), followed
by 4% paraformaldehyde solution (Carl Roth GmbH + Co. KG, Germany; 0.1 M phosphate
buffer, pH 7.4, 4°C). Brains were postfixed 24 h in 4% PFA (4°C) and stored in PBS (4°C).

50-pm coronal sections (Leica Biosystems vibratome) were stored free-floating at -20°C in a



cryostorage solution (30% glycerol, 30% ethylene glycol, 0.026 M phosphate buffer). For
immunostaining, sections were PBS-rinsed and incubated 15 min in 2N HCI at 37°C. After
washing, they were incubated in 0.3% H,O, in methanol (30 min, room temperature) to
guench endogenous peroxidase activity, then extensive rinsing was followed by blocking in
5% normal goat serum in PBS- 0.5% Triton X100 before incubation in monoclonal rat anti-
BrdU antibody (1/500, Abcam) for 24h at room temperature. After several washes, sections
were incubated with biotinylated rabbit anti-rat (1/500, Vector Laboratories; 2h, room
temperature) followed by 30 min with avidin—biotin—peroxidase complex (Vector
Laboratories, Burlingame, California, USA) and staining development at room temperature
with 3,3'-diaminobenzindine (Vectastain ABC kit and DAB Kkit, Vector Laboratories,
Burlingame, California, USA).

BrdU-positive (BrdU") cells were quantified in the granule cell layer (GCL), including the
subgranular zone (defined as a 2-cell-body-wide zone bordering the GCL and the hilus) of
the dorsal DG. Counting was performed through the entire section thickness (40x objective)
in every fifth section (50 pum thick, 250 um apart) spanning -0.94 mm (first section) to -2.18
mm from the Bregma (5 sections per mouse). The fifth section was lost for two young mice.
The experimenter was blind to treatment, but the mouse’s age could easily be guessed. The
GCL area was measured for each section with ImageJ software on DG images captured with
the 4x objective of an Olympus AHBT3 microscope (Schneider et al., 2012). GCL volume for
each section was obtained by multiplying total GCL area (left GCL + right GCL) by section
thickness (50 um). For each mouse, BrdU" cell density was calculated by dividing total BrdU*
cell count by the total volume of GCL screened.

2.5. Statistical analyses

Discrimination and navigation performances were analyzed on 1-way ANOVA (Group) with
repeated-measures on one or more factors (Distance, Distance Category, Day, Obiject,
Order), followed by post hoc Newman—Keuls (NK) test. The performance of each group on
each task was compared to chance on Student t test. The Spearman rank correlation test

was used to check whether sampling exploration or BrdU" cell density correlated with PS



performance. A Student t test was used in the last experiment to compare BrdU® cell
densities between age groups. Differences were considered significant at p < 0.05. Data are

given as mean = SEM.

3. Results

3.1. Minimal object displacement detected by 6-month-old mice
After a 2-day familiarization period, two groups of 6-month-old mice were tested on one of
each distance category (short, medium or long) over three days (group A: 10, 20 and 30 cm,
n=13; group B: 15, 25 and 35 cm, n=16, Figure 1a). The order of the three distance
categories was counterbalanced over groups and days.
Globally, group B explored objects (20.9 + 0.9 s) slightly less than group A (25.0 £ 1.4 s)
during the 12-min sample trial (F(1,27)=5.63, p=0.025, with no effect of Distance Category or
Distance Category x Group interaction). The apparent significant difference seems to have
been due to an outlier: when one mouse (group A) with very long sampling time (60.1 s) is
removed from analysis, the group effect is no longer significant.
During the test trial, preference for the displaced object increased as a function of Distance
Category (F(2,54)=43.88, p < 0.0001, with no Group effect or interaction with Distance
Category; Figure 1b). Both groups detected changes for medium and long distances only
(from 20 cm onwards). The intermediate level of 20-cm performance indicated that
discrimination was particularly challenging at this distance, which was therefore subsequently
used to test spatial PS performance. The amount of object exploration during the sampling
trial did not influence subsequent performance on the medium Distance Category (Spearman
rank test. group A: p = -0.42, z=1.45, p=0.15; group B: p = -0.40, z=1.56, p = 0.12).
Performances were not sensitive to the Order of Distance Categories (Group x Distance
Category x Order: F(10,34) = 0.29, p > 0.10; no effect of Order or interaction with Order; data
not shown).

3.2.  Spatial pattern separation performance in 20-month-old mice
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After a 2-day habituation period, a new batch of 6- and 20-month-old mice (n=7/group) were
tested at the shortest, longest and most challenging distances (10, 35 and 20 cm,
respectively; Figure 2a) in pseudo-randomized order over a 3-day period. As old mice often
show short exploration times, the sample trial was increased from 12 to 15 min for all the
following experiments.
Despite the extended duration, old mice explored less than young ones during sampling for
all distances (young: 45.1 =+ 2.5 s; old: 31.1 + 2.3 s; Age effect: F(1,24)=15.53, p=0.002; no
Distance effect or interaction with Age).
During the test trial, performances on the three distances varied as a function of age (Age x
Distance: F(2,24) = 3.58, p = 0.04; Distance effect: F(2,24) = 10.1, p = 0.0007; no Age effect:
F(1,24) = 1.06, p = 0.32; Figure 2b). Both groups did not detect the 10-cm displacement, but
easily detected the 35-cm displacement. At the challenging 20-cm distance, younger mice
performed very well (NK post-hoc: p < 0.05 10-cm vs. 20-cm distance), whereas old mice
performed close to chance level and very poorly compared to young mice (NK post-hoc: p <
0.05 young vs. old at 20-cm distance, not significant at 10- and 35-cm distances). There was
no significant correlation between sampling exploration and 20-cm performance (Spearman
rank test. All mice: p = 0.25, z=0.91, p = 0.36; young mice: p = -0.25, z=0.61, p=0.54; old
mice: p =-0.71, z=1.75, p = 0.08).
After a 7-day rest period, the spatial navigation performance of the same mice was
determined in a Barnes maze task. Old mice performed as well as young mice during the
training phase (Figure S1a) and the 28-day delayed probe test (Figure S1b).

3.3. Age-dependent evolution of spatial pattern separation performance
The above results suggested that spatial PS performance was affected by normal aging. We
therefore characterized age-related changes in 20-cm performance using groups of different
ages: 3, 7, 11, 16 and 21 months (Figure 2b).
To limit a possible impact of age-dependent variation in sampling exploration on subsequent
discrimination performance (as noted previously), mice exploring less than 15 s or more than

40 s during the 15-min sampling trial were discarded from the data set (1 < 15 s at 3 months,
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final n=13, sampling exploration: 25.6 + 2.5 s; 2 > 40 s at 7 months, final n=13, sampling
exploration: 29.8 £ 1.8 s; 2 > 40 s at 11 months, final n=12, sampling exploration: 29.1 + 2.1
s; 2 < 15 s at 16 months, final n=11, sampling exploration: 22.2+1.0s;3<15sand1>40s
at 21 months, final n=11, sampling exploration: 27.2 + 1.9 s). There was no significant
difference in sampling exploration between groups (F(4,55) =2.29, p = 0.071).
During the test trial, performance was significantly affected by age (F(4,55) = 5.92, p =
0.0005). The deficit appeared around middle age, as the 3-month-old group outperformed all
groups aged 11 months and over. At the ages of 16 and 21 months, mice performed close to
chance level. There was no significant correlation between sampling exploration and PS
performance (Spearman rank test. All groups: p = -0.14, z = 1.11, p = 0.26, each individual
group: -0.59 < p<0.05,z<1.87, p > 0.05).
After a 7-day rest period, subgroups of the 7- and 21-month-old mice tested above were
submitted to a classical version of the spatial water-maze task; older mice performed as well
as younger ones during the training (Figure S1c) and 7-day delayed probe test (Figure S1d).
3.4.  Object pattern separation performance in 18-month-old mice
As aging appeared to affect spatial PS performance, we tested young and old mice (4 and 18
months old, n=13/group) in a different task designed to evaluate object PS performances
using two sets of objects with different levels of similarity (Figure 3a).
The 15-40 s criterion used previously still left some doubt as to a possible impact of age-
dependent variation in sampling exploration on subsequent PS performance. Each old
mouse was therefore paired with a young one, so that the sample trial of the young mouse
was terminated after 10 min or when it reached the total object exploration time performed by
the paired old mouse during the 10-min sampling trial (young mice: 9.0 £ 0.5 s; old mice: 9.4
+ 0.6 s; Age x Day: F(1, 24) = 0.03, p > 0.10; no effect of Age or Day).
During the test trial, object discrimination performances were globally affected by age
(F(1,24) = 13.0, p < 0.002) and object similarity (F(1,24) = 22.83, p < 0.0001). More
importantly, the age effect on performance depended on the level of similarity of the novel

object (Age x Object: F(1,24) = 6.52, p < 0.02) (Figure 3b). Young mice showed a significant
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preference for the novel object, whatever its level of similarity with the familiar one; old mice
discriminated novel objects with low similarity as well as young mice, but their performance
dropped to chance level for objects with high similarity.

In general, levels of performance appeared slightly lower in the object task than in the spatial
task. In the object PS task, it rapidly became clear that making stepwise changes in Lego
arrangements was less straightforward than changing the distance between two objects:
mice showed more graded reactions in relation to graded spatial changes. Therefore, D-
serine was tested in the more flexible spatial PS task, to increase the chance of detecting
beneficial effects in aged mice.

3.5.  Effect of D-serine on spatial pattern separation performance in 18-month-old mice
The effects of D-serine were tested in 18-month-old mice as Wu et al. (2015) showed that
complete rescue of PS performance was possible at this age. Daily injections of D-serine (50
mg/kg, IP) or vehicle were given during the week preceding behavioral testing (Figure 4a).
Groups were constituted of 3-month-old mice treated with vehicle (n=11) and 18-month-old
mice treated with vehicle or D-serine (n=11/group). The group of 3-month-old mice was used
as an internal control for task reliability in case D-serine had no effect, and also to compare
the performance of the two older groups against an optimal level of performance (see Figure
2b). One old vehicle-treated mouse was eliminated as it did not explore the objects. During
the second day of habituation, mice were tested on a 0-cm distance test to improve
familiarization with the test schedule and to check that they would explore both objects
equally when there was no change (young vehicle: 48.2 + 4.0 %; old vehicle: 44.6 + 2.6 %j;
old D-serine: 48.9 + 2.8 %; F(2, 29) = 0.51, p > 0.10). The next two days, mice were tested
on the easy 35-cm distance and then the challenging 20-cm distance (Figure 4b).

The young/old pairing procedure applied to the young and old vehicle-treated groups was
again successful in minimizing the effect of age on total exploration during the sample trials
(young vehicle: 22.6 + 0.8 s; old vehicle: 21.7 £ 1.1 s; old D-serine: 24.1 + 0.9 s; F(2, 29) =

1.66, p > 0.10; Group x Day interaction: F(4, 58) = 1.14, p > 0.10).
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D-serine had no effect on the high performances obtained in the 35-cm distance test (Group:
F(2,29) = 0.14, p > 0.10). On the challenging 20-cm distance, there was a significant effect of
group (F(2,29) = 6.80, p < 0.004). D-serine-treated old mice performed nearly as well as
young vehicle-treated mice and both groups performed significantly better than vehicle-
treated old mice. The severe deficit in the latter group was not related to sample exploration
(Spearman rank test. P = 0.18, z = 0.53, p = 0.60; all groups: p =0.15, z=0.86, p = 0.39).

As a first approach to identify one possible mechanism involved in the beneficial effect of D-
serine, we analyzed the impact of treatment on the survival of 4-week-old GCL cells in all
mice (except for one young mouse, due to technical problems). As classically found, younger
mice had higher mean BrdU" cell density than vehicle- or D-serine-treated older mice (F(2,
28) = 118.69, p < 0.0001, Figure 4c). When only aged groups were considered, there was a
small increase in BrdU" cells in the D-serine group that just reached significance (t = 2.14, df
=19, p = 0.046). There was no correlation between PS performance and BrdU" cell density
in young vehicle-treated mice, but we found an intriguing negative correlation for each aged
group (Spearman rank test. 3-month vehicle: p =-0.08, z = 0.24, p = 0.81; 18-month vehicle:

p=-0.71,z=2.16, p = 0.031; 18-month D-serine: p =-0.63, z = 2.00, p = 0.046).

4. Discussion

The main aim of the present study was to characterize the effect of aging on PS performance
in C57BL/6J male mice. We first designed two PS tasks, as close as possible to those used
in humans. These tasks were based on behavioral detection of subtle changes in object
features and in spatial location of an object. We showed that i) PS performance was severely
impaired in object and in spatial tasks at the age of 18 months; ii) spatial PS performance
gradually declined between the ages of 3 and 21 months, with a significant deficit already
detected at the age of 11 months; and iii) D-serine treatment fully rescued the performance
of 18-month-old mice in the spatial PS task.

Before further discussing our results, it is necessary to consider whether the PS performance

deficits of the older mice were due to impaired cognition or to non-cognitive age-related
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alterations. Firstly, it should be noted that PS performance deficit was still found in older mice
after controlling for age-related decrease in sample exploration, either globally or individually
across ages. Age-dependent decrease in motivation for novelty-driven object exploration is
unlikely to have contributed, as young and aged groups were equally efficient in low-similarity
trials on both object and spatial tasks. In addition, aged mice performed very similarly to
young mice in the two spatial navigation tasks, especially in the water-maze task, which was
shown by Yassine et al. (2013) to be critically dependent on vision. The same study showed
that 21-month old blind mice from a mixed SJL (blind) and C57BL/6 genetic background
performed efficiently in an object location task and in an object recognition task using objects
of different shapes. Thus, subtle changes in the visual capacities of our aged mice may have
marginally contributed to their deficits in the object PS task, but are very unlikely to be
responsible for deficits in the spatial PS task. Lastly, the clear improvement in spatial PS
performance obtained with D-serine treatment, without affecting other behavioral measures
such as sample exploration, also pleads in favor of a cognitive deficit. Thus, age-related
impairment in PS performance appears to be mainly due to altered cognitive processing
rather than to defects in gross sensorimotor, visual or motivational aspects of the task.

To the best of our knowledge, this is the first study in a single animal model to show the
deleterious effect of aging on PS ability for both object location and object features, as
reported in humans (Stark et al., 2013; Reagh et al., 2014). Deficits in spatial PS
performance in aged rodents mainly affect tasks based on place learning in a maze and
object location discrimination learning in a touchscreen paradigm (Creer et al. 2010; Gracian
et al., 2013). Deficits in object PS performance were previously reported in aged monkeys
performing an object discrimination learning task and in aged rats performing a learning task
or a two-trial task similar to ours (Burke et al., 2011; Johnson et al., 2017).

The present study also uniquely characterized the progression of spatial PS performance in
mice throughout adulthood (from 3 to 21 months). Deficits were already significant at the age
of 11 months, and the 21-month-old group performed at chance level. Interestingly, learning

and memory performance in the Barnes maze and Morris water-maze tasks were spared in
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aged mice that were nevertheless severely impaired in the spatial PS task. The spatial PS
task is quite different from spatial navigation tasks, which rely on extensive training and
strong motivation to navigate toward a goal to escape from water or bright light; moreover,
multiple training trials may allow older mice to learn the goal location as accurately as
younger mice by the end of spatial navigation training. We concluded that these spatial
navigation tasks were not sensitive enough to be affected by subtle age-related alterations
such as those detected in the spatial PS task. Conversely, spatial PS abilities may not be
essential for successful navigation based on easily identifiable distal cues (McHugh et al.,
2007; Imielski et al., 2012). Taken together, the present results highlight the exceptional
sensitivity of our spatial PS task to aging in C57BL/6J mice. It is noteworthy that the gradual
decline in performance during mouse adulthood was reminiscent of that reported in humans
from the ages of 20 to 89 years (see Figure 2b in Stark et al., 2013). This striking similarity
suggests a high degree of translational validity of our mouse model, and confirms the
hypothesis of common age-dependent alterations in the mechanisms underlying PS across
species (Burke et al., 2011).

Human fMRI studies have repeatedly shown an involvement of the DG-CA3 region in PS
tasks taxing domains as different as object features and object location, as well as temporal
or environmental information (Azab et al., 2014; Bakker et al., 2008; Kyle et al., 2015; Lacy et
al., 2010; Reagh et al., 2014). More recently, it was suggested that interference resolution
capacity increases while domain selectivity decreases as information proceeds along the
ventral “object” stream (perirhinal cortex, lateral entorhinal cortex) and the dorsal “spatial”
stream (parahippocampal cortex, medial entorhinal cortex), which both provide major input to
the DG (Reagh and Yassa, 2014). In other words, upstream medial temporal lobe cortices
may contribute to specific aspects of discrimination processes, while the downstream DG-
CA3 region may separate more multidimensional representations. This hypothesis could
shed some light on a long-lasting debate in animal studies concerning the structure or
structures involved in object PS ability. Several studies in rats showed that an intact

perirhinal cortex was required to discriminate objects with overlapping features (Bussey et
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al., 2005; Bartko et al., 2007; but see Hales et al., 2015). Alternatively, interruption of object-
related information flow along the ventral stream by perirhinal lesions may affect further steps
in object discrimination processing. It is noteworthy that, to the best of our knowledge, only
one animal study explored (and supported) the role of adult DG neurogenesis in an object
PS task (Bolz et al., 2015). Thus, object PS deficits in aged animals have so far been mainly
attributed to the deterioration of perirhinal functionality (Burke et al., 2011; Burke et al., 2012;
Burke et al., 2014).

On the other hand, animal studies focusing on spatial and contextual aspects of PS ability
are generally in favor of a key role of the dorsal DG and an involvement of local adult
neurogenesis (e.g., Deng et al., 2013: Gilbert et al., 2001; Goodrich-Hunsaker et al., 2008;
Sahay et al., 2011). The production of new DG neurons is known to decrease markedly with
age (e.g., Ben Abdallah et al., 2010; Morgenstern et al., 2008). Our 18-month-old mice
showed a much lower proportion of BrdU+ cells in the DG than 3-month-old counterparts. As
stereological methods were not used here, it is possible that age-related volumetric changes
in the DG could have contributed to this large age-related difference in BrdU+ cell density.
Voluntary exercise was repeatedly reported to boost both neurogenesis and PS performance
in young adult mice (Bolz et al., 2015; Creer et al., 2010). As further discussed below, the
relationship between neurogenesis and PS performance may be affected by aging or put into
guestion, as exercise does not necessarily improve both performance and neurogenesis in
aged mice (Creer et al., 2010; Wu et al., 2015). The scarcity of studies investigating this
issue in aged animal models emphasizes our limited knowledge of the neuronal changes
underlying age-related deficits in PS performance.

D-serine is considered to be a promising therapeutic approach, with minimal side effects, for
age-related cognitive decline (Mothet et al., 2015). In the present study, 1 week’s
pharmacological treatment with D-serine completely reversed the deficits of 18-month-old
mice in the spatial PS task. This finding is in agreement with an important role of dentate
NMDAR in PS performance and in the maturation of young adult-born neurons (Kannangara

et al, 2014; Kheirbek et al., 2012; McHugh et al., 2007; Sultan et al., 2013). As shown by
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Tashiro et al. (2006), activation of dentate NMDAR was also necessary for young neuron
survival around 18 days after birth, a critical period covered by the D-serine treatment
initiated 18 days after BrdU injection. Nevertheless, aged mice treated with D-serine showed
a modest increase in the number of 4-week-old BrdU+ cells in their dorsal GCL, which
remained much lower than found in young mice. On the other hand, the D-serine-treated
mice performed nearly as well as young mice in the spatial PS task. These findings do not
support a simple quantitative relationship between number of 4-week-old GCL cells and PS
performance. Moreover, the negative correlation between BrdU" cell density and spatial PS
performance, specifically found in aged mice, appeared rather counterintuitive in this regard.
This intriguing result should be confirmed by more detailed investigation of neurogenesis
(e.g., phenotyping BrdU" cells and stereology). On the other hand, similar small increases in
neurogenesis induced by other neurogenic treatments have been shown to improve other
aspects of cognition in aged rodents (Gibbons et al., 2014; Pardo et al., 2016). Thus, a small
increase in the number of dentate cells may trigger large-scale experience-dependent
changes downstream the hippocampal network, due to the large impact of sparse dentate
cell firing on the activity of CA3 pyramidal cells (Rebola et al, 2017). Alternatively, D-serine
may have improved spatial PS performance by acting on the excitability and/or morphology
of adult-born DG cells. Taken together, the present results suggest that the link between
neurogenesis and PS performance, if any, is far more complicated than the current “the more
the better” hypothesis (see also Wu et al., 2015). Therefore, alternative targets must be also
be considered for the behavioral effect of D-serine, especially since chronic systemic
administration is expected to induce a long-lasting increase in whole-brain D-serine contents
(Bado et al., 2011). One possibility is that its beneficial effects may be mediated through
NMDARs of other DG cells, or an upstream medial temporal lobe structure such as the
entorhinal cortex. As a more specific approach, stimulation of local production and/or release
of endogenous D-serine within the suspected structure of aged mice, with subsequent testing

on the spatial PS task, could help resolve this anatomic issue.
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In conclusion, the present study showed that aged mice were severely impaired in both
object and spatial PS tasks and that spatial PS deficits, which appear gradually as a function
of age, can be reversed by a subchronic D-serine treatment. Our model of age-related
deficits in two different PS tasks has the advantage of imposing minimal constraints on
(aged) animal welfare. The model should be very helpful in identifying the specific changes in
the medial temporal lobe which impair PS performance. Improving our knowledge on such
issues is of even broader interest, since impairment in PS ability has been suggested to
contribute to episodic memory deficit in normal and pathological aging, and in other human

brain disorders (Das et al., 2014; Déry et al., 2015; Bakker et al, 2012; Stark et al., 2013).
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Figure Legends

Figure 1. Behavioral novelty responses to a wide range of object displacements in 6-month-
old C57BL/6J mice. a) Each group, A and B, was tested on three distance categories: short,
medium and long displacement of the object between sample trial and test trial. b) Test trial
performances for each group and for each distance category are shown as mean (x SEM)
percentage time spent exploring the displaced object during the first 3 min. NK post-hoc test:
*p < 0.05 and ** p < 0.01 versus medium-distance performance within a group. Student t-

test: $ p < 0.05 and $3$ p < 0.001 versus 50% chance level.
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Figure 2: Age effect on behavioral novelty responses to object displacements in C57BL/6J
mice. a) Performances of 6- and 20-month-old mice on 10 cm, 20 cm and 35 cm
displacement distances. Aged mice were impaired on the challenging 20-cm distance
compared to young mice (NK post-hoc test: * p < 0.05). b) Performances of independent
groups of mice tested on the 20-cm distance at the ages of 3, 7, 11, 16 and 21 months (NK
post-hoc test: * p < 0.05 and ** p < 0.01 versus the 3-month-old group; 8 p < 0.05 versus the
7-month-old group). Data are shown as mean (x SEM) percentage time spent exploring the
displaced object during the first 3 min of the test trial. Student t test for both graphs: $ p <

0.05 and $$ p < 0.001 versus 50% chance level.
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Figure 3: Age effect on object pattern separation performance in C57BL/6J mice. a) Pictures
of the two sets of familiar objects with corresponding high- and low-similarity objects. b)
Performance of 4- and 18-month-old mice for new objects with high and low similarities with
the familiar object. Data are shown as mean (x SEM) percentage time spent exploring the
new object during the 10-min test trial. NK post-hoc test: ** p < 0.0005 aged group versus
young group; 88 p < 0.0005 versus performance on low-similarity trial. Student t test: $$ p <

0.0001 versus 50% chance level.
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Figure 4: Effects of D-serine on novelty detection performance in 18-month-old C57BL/6J
mice. a) Daily D-serine or vehicle treatment was applied 18 to 24 days after BrdU injection
and before the 4-day behavioral test period. b) Performances were first determined on the
easy 35-cm distance and then on the challenging 20-cm distance in 3-month-old mice
treated with vehicle and in 18-month-old mice treated with vehicle or D-serine (50 mg/kg, IP).
Data are shown as mean (x SEM) percentage time spent exploring the displaced object
during the first 3 min of the test trial. NK post-hoc test: * p < 0.05 versus 18-month D-serine
group, ** p < 0.01 versus 3-month vehicle group. Student t test: $$ p < 0.001 versus 50%
chance level. ¢) Representative micrographs of one section immunostained for BrdU for each
group (x10 for micrographs, x40 for inserts). The graph shows the effect of D-serine on the
mean (+ SEM) 4-week-old BrdU* cell count per 102 mm?® GCL volume for each group. This
particular scale was chosen as mean GCL volume per section was 1.09 + 0.03 102 mm?®. * p

< 0.05 versus 18-month vehicle group. ** p < 0.01 versus each 18-month group.
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Supplemental methods

Standard spatial navigation tasks. The Morris water maze task was performed as
described in Moreau et al (2008) except that the water maze consisted of a 150-cm diameter
pool (Ugo Basile, Italy). Mice were trained for 5 days (4 trials/day) to find a submerged
platform in the North-East quadrant. After a 7-day delay they received a 60-s probe trial with
no platform. The Barnes maze task was performed as described in Moreau et al (2008)
except that the maze was a 120-cm diameter board with 20 holes (Ugo Basile, Italy). Mice
were trained for 5 days (3 trials/day) to find the fixed target hole which lead to their home
cage and after a 28-day delay they received a 120-s probe trial with no hole connected to the
home cage. After each trial, the board was wiped and rotated to avoid odor-based strategies.
For each trial, the order of hole-visits was recorded to calculate the number of errors (visits to
non-target holes) and the percentage of visit to four equidistant holes including the target
hole during the probe trial. Trajectories in both tasks were analyzed for latency and distance

traveled to reach targets using a video-tracking system (ANY-maze 4.3; Ugo Basile, Italy).

Supplemental data

Legend of Figure 1S: Performances of 6-month and 20-month old C57BL/6J mice in
standard spatial navigation tasks. Barnes maze task: a) training latencies to reach the target
hole was similar in aged and young mice (Latency: Day F(4,48) = 24.22, p < 0.0001; Error:
Day F(4,48) = 3.81, p < 0.009; Distance: Day F(4,48) = 10.97, p < 0.0001; Data not shown
for errors and distance; no effect of Age or Age x Day interaction). b) After a 28-day delay,
young and old mice performed similarly in the probe test. Note that one old mice died before
completing the probe. For both groups, the percentage of visits to the target hole was higher
than the mean percentage of visits to the opposite hole and those located 90° on the right
and the left of the target hole (Hole: F(3,33) = 12.28, p < 0.0001; no Age effect or Age x Hole
interaction). Water maze task: c) training latencies to reach the platform were similar
between young and aged mice (Latency: Day F(4,48) = 9.75, p < 0.0001; Distance (data not

shown): Day F(4,48) = 5.05, p < 0.002; no effect of Age or Age x Day interaction; Speed
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(data not shown): no effect of Age, Day or or Age x Day interaction). d) Both groups spent
more time in the target quadrant compared to other quadrants (Quadrant: F(3,36) = 20.73, p
< 0.0001; no effect of Age or Age x Quadrant interaction). Data are shown as mean + SEM. *
p < 0.05 versus the mean of other holes (b) or quadrants (d). @ p < 0.05 and == p < 0.001

versus 5% chance level (b) and 15 s chance level (d).
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