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Combining physical and cognitive training has been suggested to promote further benefits on brain and cogni-
tion, which could include synergistic improvement of hippocampal neuroplasticity. In this paper, we investigated
whether treadmill exercise followed by a working memory training in the water maze increase adult hippo-
campal neurogenesis to a greater extent than either treatment alone. Our results revealed that ten days of
scheduled running enhance cell proliferation/survival in the short-term as well as performance in the water
maze. Moreover, exercised mice that received working memory training displayed more surviving dentate
granule cells compared to those untreated or subjected to only one of the treatments. According to these findings,
we suggest that combining physical and cognitive stimulation yield synergic effects on adult hippocampal
neurogenesis by extending the pool of newly-born cells and subsequently favouring their survival. Future
research could take advantage from this non-invasive, multimodal approach to achieve substantial and longer-
lasting enhancement in adult hippocampal neurogenesis, which might be relevant for improving cognition in

healthy or neurologically impaired conditions.

1. Introduction

Engagement in physical and cognitive activities has been shown to
benefit brain structure and function, revealing potential therapeutical
applications [1,2]. Preclinical evidence shows that exercised rodents
outperform their sedentary peers in tasks involving processes such as
spatial learning [3] or working memory [4], while those receiving
cognitive training (e.g. complex learning) perform better than controls
upon subsequent cognitive challenges [5,6]. In the same line, human
research have reported cognitive gains associated with aerobic exercise,
with robust effects on memory and executive function [7]. Training
based on exercising cognitive skills has also been linked to selective
improvements in human cognition, rather transferred to the targeted
cognitive domain [8]. Building on this promising foundation, growing
evidence has emerged suggesting that combining physical and cognitive
training yields better results than either treatment alone on counter-
acting cognitive decline, brain injury or neurological disorders in human
[9-11] and animal models [12-14], highlighting the clinical potential of
this multimodal approach.

At the neural level, both physical and cognitive stimulation promote
neuroplastic phenomena that may underlie their positive effects on
brain and cognition [15,16]. One of the structures targeted by such ef-
fects is the hippocampus [17,18], a limbic region known to play a key
role in learning and memory [19]. Behavioural experiences sculpt the
hippocampus through several adaptations including the continuous
addition of dentate granule cells (DGCs) throughout lifespan, so-called
adult hippocampal neurogenesis (AHN) [20]. The role of AHN in
hippocampal-related processes such as learning, memory or mood
regulation has been well established in animal studies [21], thus stim-
ulating research on methods to modulate, eventually potentiate this
phenomenon in order to improve cognitive function [22] or recovery
from neurological disorders [23-26]. It is widely known that aerobic
exercise upregulates AHN, mainly by extending the pool of proliferative
precursor cells in the dentate gyrus (DG) [27,28], which in turn un-
derlies enhanced learning and memory [29-32]. By contrast, stimuli
that putatively elicit hippocampal activity, such as environmental
enrichment (EE) or learning complex tasks, rather promote survival of
adult-born DGCs [33,34]. Considering such divergent cellular pathways,
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the sequential combination of physical exercise and
hippocampal-related cognitive stimulation may lead to a synergistic
improvement of AHN [35,36]. Evidence in this regard have been re-
ported in exercised rodents thereupon submitted to EE [37] or
hippocampal-dependant learning [38], but studies specifically designed
to address this issue are, however, still scarce.

In order to be functional, enhancement of AHN should not only
involve quantitative but also lasting effects [35,36]. This requires pre-
venting newly-generated DGCs from undergoing programmed cell
death, which mainly occurs one-to-two weeks after neural birth [39]. It
is known that facing cognitive challenges (e.g. learning complex tasks)
favours the rescue of DGCs within this critical window of survival
[40-43]. At this stage, cognitive stimulation may take advantage of an
exercise-induced expansion of proliferative DGCs to rescue more young,
potentially recruitable neurons into the hippocampal network upon
future environmental demands [44-47].

Following this rationale, we set out to test whether combining
physical and cognitive training leads to synergistic effects on AHN and
hippocampal plasticity, particularly on rescuing a cohort of DGCs within
a critical window of survival. For this purpose, we submitted mice to ten
days of treadmill exercise to increase a pool of proliferative DGCs, which
were labelled with bromodeoxyuridine (BrdU) during the first three
sessions of running. By the time these marked cells reached ~1 week of
age, animals were trained in a working memory task in the Morris water
maze (MWM) that has been proposed to be more ‘cognitively
demanding’ and better supports survival of adult-born DGCs compared
to the classical (i.e., hidden platform) version of the test [48].

2. Material and methods
2.1. Animals

C57BL/6 J male mice (N = 36) aged 10-week-old were obtained from
Janvier (Le Genest-St-Isle, France) and housed in groups of three/four
per cage on a 12-h light-dark cycle (lights on at 8 am). Animals were
maintained in a room with controlled ventilation, temperature (22
+2°C) and humidity (~40%) in standard laboratory cages provided with
nesting material, water, and food ad libitum. All experiments were
carried out in accordance with the European (Directive 2010/63/UE)
and Spanish (Real Decreto 53/2013 and 1386,/2018, and Ley 32/2007)
regulations for animal research and were approved by the Experimen-
tation Ethics Committee of the University of Malaga (CEUMA no.
29-2017-A).

2.2. Scheduled exercise

All behavioural procedures were performed between 8 am and 3 pm
and mice received habituation to the testing rooms for at least 30 min
prior any assessment began. After two weeks of acclimatation, animals
(12 weeks-old) were randomly assigned to sedentary (SED) or exercise
(EXE) conditions sacrificed 24 h (SED+24 h, n = 6; EXE+24 h, n = 6) or
9 days (SED+CAGE, n = 6; EXE+CAGE, n = 6) after the last running
session. The exercise protocol employed has been described previously
[49] and was carried out using a rodent treadmill (model 47,300 from
Ugo Basile, Varese, Italy) with four individual lanes (45 cm length, 5.5
cm width) settled to 0° inclination. To avoid novelty stress, EXE animals
were previously habituated for two days in which they were placed into
one of the lanes of the treadmill and allowed to explore the apparatus for
5 min. Then, they were subjected to running for 30 min/day at
increasing low speeds (from 3 m/min to 15 m/min). After habituation,
EXE animals were trained for ten consecutive days with 45 min running
sessions at a constant speed of 15 m/min (Fig. 1a,b), which is considered
of moderate intensity in untrained C57BL/6 J mice (~75-80% maximal
oxygen uptake [50,51]). When necessary, animals were encouraged to
run by a gentle tap in the tail using a plastic pipette. The treadmill was
carefully cleaned with a solution containing 30% ethanol between mice
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Fig. 1. Experimental design of the study. (a-b) Schematic of the procedures to
evaluate the acute/delayed effects of forced running (a) and the effects of
combined exercise and spatial training (b) on adult hippocampal neurogenesis.
Discontinued lines on treatments represent habituation sessions (days). (c) Di-
agram of the water maze protocol. BrdU: bromodeoxyuridine; d: day; DGCs:
dentate granule cells; Hab: habituation; IF: immunofluorescence; IHC:
immunohistochemistry.
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batches to remove odour cues. SED animals were maintained at home
cage inside the testing room during exercise sessions.

2.3. Bromodeoxyuridine administration

Mice were administered with BrdU (dissolved in 0.9% NacCl) to label
a cohort of DGCs generated de novo during the first three sessions of
treadmill exercise (experimental days 1 to 3; Fig. la,b). Animals
received intraperitoneal (i.p.) injections of BrdU for three consecutive
days at a rate of two daily doses (75 mg/kg) separated by six hours.

2.4. Spatial working memory training

Twenty-four hours after the last treadmill session, SED and EXE mice
were randomly assigned to conditions either trained in a MWM task
(SED+MWM, n = 6; EXE+MWM, n = 6) or maintained at home-cage
inside the testing room (SED+CAGE, n = 6; EXE4+CAGE, n = 6;
Fig. 1b). The MWM protocol employed was based on published reports
[48] and is depicted in Fig. 1c. The apparatus consisted of a circular pool
of 120 cm diameter filled with water (22+1°C) which was made opaque
using non-toxic white paint. A white plastic platform of 11 cm diameter
was used in cued and training sessions. Eight pseudorandom start lo-
cations (North, South, East, West, Northwest, Southwest, Northeast,
Southeast) were assigned for each trial to avoid egocentric learning.
Distal spatial cues were made visible around the room to facilitate
spatial orientation. On the first day, animals received habituation con-
sisting of two exploration trials of the empty pool (i.e., no platform) of
60 s each. Then, mice underwent five consecutive trials of visual-cued
training in which the platform protruded from the water surface and
was relocated each trial. A black polystyrene object (12 cm height) was
placed on top of the platform as a cue to enhance its visibility. In each
trial, mice were allowed to explore the pool until reaching the platform
or for a maximum of 60 s. Animals that did not find the platform within
60 s were guided to it. Inter-trial intervals (ITI) lasted 1 min during
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which mice were returned to home cage and allowed to dry. The
working memory training took place over the next seven consecutive
days at a rate of four trials per day with 1 min ITIL. The platform was
submerged 1 cm below the water surface and relocated every day but
remained in the same place during the four trials of each session. At the
beginning of each trial, animals were released into the pool from one of
the pseudorandom starting locations and could navigate until finding
the platform or for a maximum of 60 s. Once reached the platform,
animals stayed on its surface for 15 s before being removed from the
apparatus. The mice which could not find the platform in 60 s were
manually driven towards it and remained there for 30 s to favour spatial
orientation. All MWM sessions were recorded with a digital video
camera fixed to the ceiling of the room and connected to a computer
tracking system (RECORD-IT! MEDIA; Panlab, Barcelona, Spain) placed
in an adjacent room. Data were analysed using the Ethovision XT 12
software (Noldus, Wageningen, The Netherlands). Measurements of la-
tency to escape (s) and cumulative distance (cm) to the platform, as well
as swim speed (cm/s) were registered for each trial. Mice’s navigational
strategies for finding the platform were registered automatically using
the Rtrack package [52]. The frequency of use of allocentric (i.e., goal
directed search, corrected search, direct path, or perseverance, grouped
into ‘spatial’) and egocentric strategies (i.e., thigmotaxis, circling,
random, scanning, or chaining, grouped into ‘non-spatial’) was calcu-
lated for each trial.

2.5. Tissue collection and immunoassays

Twenty-four hours after the last treadmill session (SED+24 h and
EXE+24 h groups; n = 6/group; Fig. 1a) or the last MWM session
(SED-+CAGE, SED+MWM, EXE+CAGE and EXE+MWM groups; n = 6/
group; Fig. 1b) animals were anaesthetised with sodium pentobarbital
(200 mg/kg, i.p.) and perfused transcardially with phosphate-buffered
saline (PBS 0.1 M pH 7.4) and 4% paraformaldehyde (PFA). Brains
were collected and post-fixed for 48 h at 4°C in 4% PFA and later
maintained for 72 h at 4°C in PBS with 30% sucrose. Brain hemispheres
were then splitted through the midline and cut into 40 pm coronal
sections using a vibratome (Microm H650V; Thermo Fisher Scientific,
MA, USA). Free-floating immunohistochemistry (IHC) and immunoflu-
orescence (IF) studies were performed following published protocols
[26] (details are provided in Suppl. Methods). The following primary
antibodies were employed for IHC procedures: rat monoclonal anti-BrdU
(1:500; Abcam, Cambridge, UK) to detect BrdU™ cells; mouse mono-
clonal anti-proliferating cell nuclear antigen (PCNA, diluted 1:1500;
MERCK Sigma-Aldrich, St. Louis, USA) to identify cells undergoing di-
vision; rabbit polyclonal anti-doublecortin (DCX, diluted 1:400; Abcam)
to detect immature neurons (up to ~3/4 weeks-old); rabbit monoclonal
anti brain-derived neurotrophic factor (BDNF, diluted 1:500; Abcam) or
mouse monoclonal anti-synapsin Ia/b (1:500; Santa Cruz Biotechnology,
TX, USA) to detect the expression of BDNF and synapsin I (SYN1) in the
hippocampus, respectively. Staining was visualized using the
biotin-avidin method with 5% diaminobenzidine peroxidase as a chro-
mogen. For MWM and CAGE conditions, neuronal differentiation of
BrdU" DGCs was assessed by double IF using rat monoclonal anti-BrdU
(1:500; Abcam) and rabbit polyclonal anti-DCX (1:400; Abcam) as pri-
mary antibodies and a mixture of Alexa Fluor®-conjugated secondary
antibodies (488 goat anti-rat and 594 donkey anti-rabbit, diluted 1:500
in PBS; Abcam).

2.6. Quantification procedures

The number of BrdU" and PCNA* DGCs were determined manually
employing an Olympus BX41 microscope (Olympus, Solms, Germany)
with a 100x oil immersion lens. One of every six sections containing the
DG were quantified (dorsal portion covering —1.34 mm to —2.80 mm
relative to Bregma; ventral portion covering —2.94 mm to —3.80 mm
relative to Bregma) [53]. Preliminary results yielded no detectable
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inter-hemispheric differences in the number of BrdU"™ or PCNA™ DGCs
(data not shown), thus the left hippocampus was randomly chosen for
IHC/IF analyses. DCX" cell count was performed manually in six sec-
tions representative of the DG along the dorsoventral axis (covering
—1.46 mm to —3.40 mm relative to Bregma) using the ImageJ software
(http://imagej.nih.gov/ij/) and high-resolution images taken at 10x
magnification in an Olympus BX53 microscope equipped with an
Olympus DP73 camera (Olympus). Attending their dendritic
morphology, DCX' neurons were classified into three different cate-
gories: proliferative stage (type-1), intermediate stage (type-2) and
postmitotic stage (type-3) [54]. The area of the granular cell layer (GCL)
of the DG was measured using the ImageJ software and high-resolution
images taken in the Olympus BX53/DP73 set up. Data were expressed as
number of cells per area (mm?). Double labelling of BrdU and DCX was
analysed in six sections representative of the DG along the dorsoventral
axis (covering —1.46 mm to —3.40 mm relative to Bregma) employing a
Stellaris 8 confocal microscope (Leica Microsystems; Wetzlar, Germany)
with a 40x oil immersion lens. The percentage of BrdU' DGCs that
co-expressed DCX was estimated on the basis of at least 40 BrdU™ DGCs
counted per animal. The hippocampal expression of BDNF and SYN1
was estimated by densitometry in four sections per animal using the
ImageJ software (details are provided in Suppl. Information).

2.7. Data analysis

Statistics were conducted in Statistica 8 (StatSoft Power Solutions
Inc., OK, USA) and IBM SPSS 20 (IBM, NY, USA). Between and intra-
group differences were determined by performing Student’s t tests,
one/two-way or repeated measures ANOVAs as required. When appro-
priate, the Duncan’s Multiple Range Test (DMRT) was conducted for
post-hoc comparisons. Relationships between variables were tested by
using Pearson’s bivariate correlations. A Principal Component Analysis
(PCA) with varimax rotation was performed to extract independent di-
mensions (i.e., factors) from MWM and [HC data. Eigenvalue > 1 was
chosen as criterion for component extraction and a factor score (i.e., a
standardised value indicating the relative position of each animal in
each factor) was computed by the regression method. Only significant
analyses (p < 0.05) are shown.

3. Results
3.1. Effects of treadmill exercise on adult hippocampal neurogenesis

To evaluate the effect of the treadmill protocol on hippocampal cell
proliferation and survival, a batch of mice was sacrificed 24 h after the
last exercise session (SED+24 h and EXE+24 h groups) and were
compared to animals submitted (or not) to running and perfused nine
days later (SED+CAGE and EXE+CAGE groups; Fig. 1a). Results from
two-way ANOVAs yielded significant EXE x time interactions for both
BrdU [Fexe x time(1,20) = 12.009, p = .002, 7% = .375] and PCNA
staining [FexE x time(1,20) = 4.458, p = .048, nzp =.182] in the DG. Post-
hoc analyses revealed that exercised mice sacrificed one day after the
last treadmill session showed higher amount of BrdU™ (p < .01 vs. all
other conditions; Fig. 2a,c) and PCNA' DGCs (p < .05 vs. all other
conditions; Fig. 2d,f), with no significant differences found between the
other groups (Fig. 2a-f). Further analyses indicated that such increase of
BrdU" and PCNA™ DGCs in EXE+24 h animals were significant in the
dorsal DG [BrdU: Fgxg x time(1,20) = 14.253, p = .001, nzp = 0.416;
PCNA’ FgxE x time(1,20) = 5.423, p = .031, nzp =.213] but not in ventral
DG. Post-hoc multiple comparisons revealed that the EXE+24 h mice
displayed more BrdU" (p < .01 vs. all other conditions; Fig. 2b) and
PCNA™ cells (p < .05 vs. all other conditions; Fig. 2e) in the dorsal DG,
while no significant differences were found between the other groups
(Fig. 2d,e). Overall, these results indicate that treadmill exercise
enhanced cell proliferation/survival in a transient manner, as both BrdU
and PCNA levels returned to baseline after nine days of cage rest.
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3.2. Effects of treadmill exercise on water maze performance

To evaluate mice’s ability to learn the working memory task in the
MWM (Fig. 1c), repeated measures ANOVAs (day x trial x group) were
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Fig. 2. Acute and delayed effects of treadmill
exercise on adult hippocampal neurogenesis.
(a) Forced running induced a short-term in-
crease in the number of bromodeoxyuridine
(BrdU) " cells in the dentate gyrus (DG). (b) The
exercised-induced acute increase in BrdU
expression was significant in the dorsal but not
the ventral DG. (c) Representative images of
BrdU immunostaining in the DG of each group.
(d) Cell proliferation in the DG was enhanced
shortly after exercise cessation but not after
nine days of home-cage rest. (e) Running
acutely increased cell proliferation in the dorsal
but not the ventral DG. (f) Representative im-
ages of proliferating cell nuclear antigen
(PCNA) immunostaining in the DG of each
group. Scalebars in (¢) and (f) represent 20 pm
and examples of positive labelling are indicated
by black arrows. Data are represented as mean
+ SEM, with dots indicating individual values.
Post-hoc multiple comparisons (DMRT): differ-
ence versus all other groups: *p < .05. DGCs:
dentate granule cells; GCL: granular cell layer;
EXE: exercise; ML: molecular layer; SED:
sedentary.
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group interactions, but rather trial x group effects, thus the results of trials
1-4 averaged over the seven-day training period (T1-4) are shown

Fig. 3. Mice’s performance in the spatial
working memory training. (a) Representa-
tive heat map plot of sedentary and exer-
cised animals in T1 and T4. Colour scale
represent the probability of mice to be
present at a given location. (b) Both
sedentary and exercised conditions required
significantly less time to reach the platform
at the end of the training sessions. (c)
Sedentary and exercised animals showed a
significant reduction in the cumulative dis-
tance to the platform at the end of the
training sessions, but the values in T1 and
T4 were significantly lower in the running
group. (d) Exercised animals showed less
cumulative distance to reach the previous
location of the platform during the first
daily trials. (e) No differences were found
between groups in swimming velocity dur-
ing the water maze training. (f) Example
images depicting the search strategies
assessed in the water maze training
(‘circling’ not shown as animals did not
used this strategy in any trial). (g) No dif-
ferences were found in the use of spatial
strategies in T1-4 between sedentary an
exercised animals. (h-i) The use of spatial
strategies was inversely correlated with the
latency to escape from the pool (h) and the
cumulative distance to reach the platform
(i) in T4. Data in (b-e) and (g) is presented
as mean + SEM. Dots in (d), (g) and (h-i)
represent individual values. Post-hoc multi-
ple comparisons (DMRT): difference be-
tween variables connected by lines: *p <
.05; difference between T1 and T4 in the
same group: ##p < .01. Student’s t-test:
difference between groups: “p < .05. EXE:
exercise; SED: sedentary; T1-4: trial 1-4
(averaged on the 7-day training period).
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(daily results are detailed in Suppl. Table 1). Both sedentary and exer-
cised animals required less time to reach the platform in T4 compared to
T1 [Fuial x group(3,30) = 3.412, p = .030, 5, = .254; Fig. 3a,b]. No
between-group differences were found within the same trial but there
was a non-significant trend of running mice to be faster to find the
platform in T1 (p = .090) and T4 (p = .163; Fig. 3b). Further, both
experimental conditions showed a reduction in cumulative distance to
the platform in T4 compared to T1 [Fyial x group(3,30) = 3.528, p = .027,
nzp =.261; Fig. 3a,c]. However, post-hoc analyses revealed that exercised
animals showed a lower cumulative distance in T1 (p = .039) and there
was also a strong non-significant trend for this group to show a lower
cumulative distance in T4 (p = .073) compared to the sedentary mice
(Fig. 3c). Taken together, our results suggest that both groups of animals
were able to learn the task, but running mice outperformed their
sedentary counterparts. Moreover, a lower cumulative distance to the
previous day’s platform location in T1 was observed in exercised ani-
mals [t(10) = 3.331, p = .008, d = 1.923; Fig. 3d], indicating that they
were better able to retain learned information in the long-term. An
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additional analysis revealed an overall reduction of swim speed in T2-4
compared to T1 [Fy41(3,30) = 12.157, p < .001, 1721, =.549; Fig. 3e] with
no significant group or interaction effects, suggesting that physical
fitness of sedentary and exercise conditions was similar during the MWM
task and therefore would not account for differences in performance.

Animals’ navigational strategies to find the platform were also ana-
lysed (Fig. 3f), as they provide valuable information about the degree of
hippocampal involvement during MWM performance [55]. No
between-group differences were found regarding the percentage of use
of ‘spatial’ strategies in T1-4 (Fig. 3g). Further analyses revealed a
significant relationship between the use of allocentric strategies and the
performance measures registered in T4 (latency: r = —.735, p = .007;
Fig. 3h; cumulative distance: r = —.747, p = .005; Fig. 3i). Overall, these
results suggest that better MWM outcomes were associated with the use
of spatial (i.e., hippocampal-related) search strategies.

Fig. 4. Effects of combining treadmill
exercise and working memory training
on adult hippocampal neurogenesis. (a)
The combination of running and Morris
water maze (MWM) training signifi-
cantly increased cell survival in the
dentate gyrus (DG). In contrast, MWM
training downregulated survival of new-
born dentate granule cells (DGCs) in
sedentary mice, which was evidenced
by a reduced population of bromo-
deoxyuridine (BrdU)"™ cells. (b) The
f combination of exercise and MWM
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BrdU*/DCX* DGCs (%)

Total DG

300+ training enhanced cell survival in the
dorsal DG. On the contrary, in the
sedentary mice that received MWM
200 training the expression of BrdU was

reduced in the dorsal and the ventral
portions of the DG. (c¢) No treatment
effects were found regarding the
neuronal fate of the BrdU" DGCs. (d)
Overall, exercised mice showed more
doublecortin (DCX)"™ DGCs in post-
mitotic stage than sedentary groups in
the total DG. (e) The animals that
received combined treatments
expressed significantly more postmitotic
DCX " DGCs in the dorsal DG, while no
differences were found in the ventral
DG. (f) No between-group differences
were found in cell proliferation at the
end of experiment. (g,i,j) Representative
immunostaining of BrdU (g), DCX (i)
and proliferating cell nuclear antigen
(PCNA) (j) of each group. Examples of
positive signals are indicated by black
arrows (for DCX data, the numbers
represent examples of type 1-3 cells);
(h) Representative images of DCX and
BrdU double immunofluorescence. Ex-
amples of positive labelling (DCX and
BrdU channels) and co-labelling (merge
channel) are indicated by black and
white arrows, respectively. Scalebars in
g-h represent 20 pm. Data are repre-
sented as mean + SEM, with dots indi-
cating individual values. Post-hoc
multiple comparisons (DMRT): differ-

ence versus all other groups: *p < .05;

100

PCNA* DGCs/mm?

Total DG

difference between variables connected by lines: *p < .05; difference versus sedentary groups: 3p > .05. GCL: granular cell layer; EXE: exercise; ML: molecular layer;

SED: sedentary.
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3.3. Effects of combined treadmill exercise and water maze training on
adult hippocampal neurogenesis and hippocampal plasticity

To determine whether treadmill exercise and MWM training pro-
moted synergic effects on AHN, two-way ANOVAs (EXE x MWM) were
conducted on BrdU, BrdU+DCX, DCX and PCNA immunolabelling
levels. A significant interaction effect on the amount of BrdU* DGCs was
found [Fexg x mwm(1,20) = 23.739, p < .001, nzp = .543]. Post-hoc
multiple comparisons revealed that the exercised animals subsequently
trained in the MWM showed more BrdU-labelled cells in the DG (p < .05
vs. all other conditions), while the sedentary mice submitted to the
MWM exhibited a significant reduction in this cell population (p < .05
vs. all other conditions). No significant differences were found between
the other groups (Fig 4a,g). This suggests that sequential exposure to
treadmill exercise and MWM training promoted survival of new-born
DGCs to a greater extent than each treatment alone, while isolated
MWM training had a negative impact on AHN. Further analyses revealed
significant interaction effects on the expression of BrdU" in the dorsal
DG [Fgxg x mwm(1,20) =17.413,p < .001, ;121, =.465] and the ventral DG
[Fexe x mwm(1,20) = 5.067, p = .036, nzp = .202]. Post-hoc analyses
revealed an overall increase in the amount of BrdU" cells in the dorsal
DG in the exercised animals trained in the MWM (p < .01 vs. SED+MWM
and EXE+CAGE, marginal significance of p = .052 vs. SED+CAGE;
Fig. 4b). On the other hand, the SED--MWM group showed fewer BrdU™*
cells than the SED+CAGE (p = .016) and the EXE+MWM mice (p < .001)
in the dorsal DG and compared to all groups (p < .05) in the ventral DG
(Fig. 4b). No significant differences were found between the other
conditions (Fig. 4b). Together, these results indicate dynamic effects of
the MWM training along the dorsoventral axis of the DG depending on
the presence/absence of previous exercise. It was also found that BrdU™"
DGCs differentiated mainly into neurons as most of them expressed DCX
(Fig. 4¢,h), with no significant interaction or single-factor effects of the
treatments in the percentage of co-labelling of both markers.

Pertaining to DCX immunostaining analysis, we found a significant
effect of exercise on the number of type-3 DCX' cells in the DG
[Fexe(1,20) = 4.649, p = .043, nzp = .189] in absence of interaction or
MWM effects. Post-hoc multiple comparisons revealed that, overall,
exercised animals showed more type-3 DCX" DGCs compared to
sedentary mice (p = .044; Fig. 4d,i). However, when the analysis was
restricted to the dorsal DG, an EXE x MWM effect was revealed [Fgxg x
mwMm(1,20) = 9.903, p = .005, nzp = .331]. The density of type-3 DCX"
DGCs was increased in the dorsal (but not the ventral) DG of exercised
animals trained in the MWM (p < .05 vs. all other groups), while no
significant differences were found between the other groups (Fig. 4e).
Therefore, rather than uncovering an overall effect of exercise, it is likely
that the conflicting results observed in the MWM-trained groups masked
a global interaction effect in the DG that did reach significance in its
dorsal portion. No significant interaction or single-factor effects were
found regarding cell counting of type-1/2 DCX™ cells (Suppl. Fig. 1)
indicating that both proliferative and highly immature DGCs pop-
ulations (respectively) were unaltered at the end of the experiment.
There were also no significant differences between groups in the number
of DCX* neurons in the total DG (data shown in Suppl. Table 2).

To evaluate proliferative activity in the DG shortly after MWM
training (preceded or not by exercise), we quantified the level of PCNA
immunostaining in the DG of the different groups. A two-way ANOVA
yielded no significant interaction or single-factor effects regarding the
number of PCNA™ DGCs (Fig. 4f,j), suggesting that the rates of hippo-
campal cell proliferation remained at basal levels after the behavioural
treatments.

To better understand the relationship between treadmill exercise,
MWM performance, hippocampal demand, and AHN, a PCA was per-
formed including the following variables: latency to escape in T4, cu-
mulative distance in T4, use of spatial strategies in T4 and number of
BrdU™" DGCs per area. Sample adequacy tests revealed that the data was
suitable for PCA [Kaiser-Meyer-Olkin test = 0.678; Bartlett’s test: X%(6)
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= 32.716, p < .001]. A single factor accounting for 70.76% of variance
was extracted from the analysis, with high factor scores indicating low
cumulated distances and latencies in T4, high use of spatial strategies in
T4 and greater amount of BrdU" DGCs (Fig. 5a). Further analyses
revealed that EXE+MWM mice showed a significantly higher factor
score in the dimension extracted in the PCA compared to the
SED+MWM condition [t(10) = 2.374, p = .039; d = 1.371; Fig. 5b],
suggesting a consistent interrelationship between the combination of the
behavioural treatments and the rescue of DGCs in a critical phase of cell
survival by the time of facing hippocampal-related cognitive
stimulation.

Interestingly, we found no between-group differences regarding the
expression of BNDF or SYN1 in CA1, CA3 or the DG of the hippocampus
(Suppl. Fig. 2), suggesting that the increase in AHN observed in the
EXE+MWM group was not related to changes in plastic processes
involving these specific proteins. Probably, the inconsistency of these
findings with previous evidence [56,57] may be explained by method-
ological issues (e.g., delay in tissue collection) [58,59].

4. Discussion

In this work, we provided evidence that the sequential combination
of exercise and hippocampal-dependant memory training yields syner-
getic effects to increase AHN in mice. Our major finding is that animals
submitted to ten days of treadmill exercise and then trained in a working
memory task in the MWM displayed substantially more surviving DGCs
(BrdU™, generated 8-10 days before training) than those subjected to
either running or MWM training alone. The combination of treatments
also increased the amount of postmitotic DCX " neurons in the dorsal DG,
possibly reflecting enhanced survival of BrdU-labelled and/or additional
populations of DGCs, although accelerated maturation of neurons
generated before/during the treatments cannot be ruled out. To the best
of our knowledge, this is the first demonstration that combining exercise
with subsequent hippocampal-dependant learning synergistically en-
hances AHN in mice. Studies specifically designed to assess the effects of
sequential (not-overlapping) behavioural strategies on adult neuro-
genesis are scarce. In this regard, additive effects on AHN have been
reported using voluntary exercise followed by EE as method for stimu-
lating hippocampal activity and thereby survival of adult-born DGCs
[37]. However, whether hippocampus-dependant learning comple-
ments the pro-neurogenic effects of exercise in mice remained unknown.
In rats, combining wheel running with working memory training in the
MWM may extend a population of surviving DGCs (8-10 days old by the
time of training) to a greater extent that single treatments or conditions
in which the cognitive task was delayed for more than a week or did not

a Cumulative distance in T4 b
-.972) o
1.00 o
PC o
o
.50 »
BrdU* ‘h ) [
DGCs/mm? L_atgegscy inT4 O
(.527) " (-.955) S
“—
O
o

Use of spatial strategies in T4
(.833)

Fig. 5. Multivariate relationship between Morris water maze (MWM) perfor-
mance and adult hippocampal neurogenesis in sedentary and exercised animals.
(a) A principal component (PC) indicative of low cumulative distance and la-
tency in T4, high use of spatial strategies in T4, and increased amount of bro-
modeoxyuridine (BrdU)™ dentate granule cells (DGCs) was extracted. The scale
is represented in absolute values. Numbers represent factor loadings. (b)
Exercised mice showed higher scores in the PC extracted by the analysis thus
indicating, altogether, better MWM performance, greater use of hippocampal
navigational strategies and higher survival of DGCs. Data are expressed as mean
+ SEM, with dots indicating individual values. Difference between groups: *p <
.05. T4: trial 4 (averaged on the 7-day training period).
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rely on hippocampal activity [38]. Our findings agree with this evi-
dence, revealing that such multimodal approach for improving AHN can
be extended to mice, the most employed species in neurobehavioural
research nowadays [60].

Our results support the hypothesis that the positive effects of exercise
on AHN could be potentiated if proper hippocampal stimulation is
provided during the critical window of cell survival. The cohort of
BrdU™ DGCs was generated ~1 week prior to the beginning of the MWM
task, thus in the key phase (i.e., 1-3 weeks after neural birth) in which
cognitive, hippocampal-related stimuli may prompt cell survival [43,
47]. When reaching 1 week of age, immature DGCs begin to establish
synaptic contacts within the hippocampal network and express
enhanced synaptic plasticity compared to pre-existing mature neurons
[45,61]. These properties make adult-born DGCs particularly prone to
be rescued from death and subsequently recruited in later
hippocampal-dependant learning experiences [43,47]. Exercise would
generate a highly plastic microenvironment, including an extended
reservoir of new-born cells, that may ‘prime’ the hippocampus for up-
coming relevant stimuli [36]. However, our data revealed that this effect
wear off in absence of any pro-survival stimuli. By sequentially intro-
ducing a hippocampal-dependant training, we take advantage of the
exercise-induced enhanced plasticity to achieve a larger pool of sur-
viving DGCs potentially recruitable upon future cognitive challenges.

Interestingly, we found a significant reduction in survival of BrdU*
DGCs in sedentary mice trained in the MWW, as opposed to previously
exercised animals. One study in rats supports that the working memory
task employed here promote cell survival to a greater extent than the
hidden platform version of the MWM, an effect attributed to increased
cognitive demand [48]. It is possible that our findings are contradictory
due to different AHN dynamics between rodent species [62]. Never-
theless, studies employing slightly different settings have described no
differences in cell survival between rats submitted to working memory
training in the MWM (4-7 days) and those untrained or subjected to a
reference memory task [38,63], which makes it difficult to draw reliable
conclusions. Working memory paradigms in the MWM could also reduce
AHN in rats but only when learning is extended over time [63]. By
contrast, 8 days of such MWM training may be enough to reduce survival
of ~1 week-old DGCs in mice, perhaps as a prerequisite for avoiding
interference when learning constantly changing information [64].
However, it would not explain why we and others [38] have found the
opposite effect in previously exercised animals. Major methodological
inconsistences between studies (e.g., different animal species employed,
working memory protocols, etc.) make any comparison difficult. So far,
how MWM training interacts with AHN remains unclear. The complex
temporal interplay between neural birth and spatial learning [40,42,65]
may explain why improvements [33,47] but also reductions [66] and
non-significant effects on cell survival [28,67] have been reported,
mainly under reference memory paradigms. Likewise, it may also
explain why we did not find any significant change in the expression of a
wide range of immature (DCX") DGCs in the SED+MWM group.

It is nevertheless clear from our results that the MWM training
interacted with physical exercise to promote the opposite effect of
boosting AHN. This is consistent with evidence indicating that such
training favours cell survival in rats under exercise but not sedentary
conditions [38]. A possible explanation is that MWM training caused
stress-related deleterious effects on AHN [63,68] that were prevented by
previous exercise [31,69]. However, our mice received proper habitu-
ation to the task, which should have prevented potential stressful effects
of MWM training [68]. The increase in AHN showed by the EXE+MWM
mice could also be explained by sustained aerobic activity due to
swimming in the pool after exercise cessation. Contrary to this idea, such
synergistic enhance of AHN may not be replicated employing other
(hippocampal-independent) MWM protocols, suggesting that this
outcome relies on the presence of a cognitive challenge [38]. Another
(non-excluding) explanation relates to the ability of exercise to promote
neuroplastic phenomena within the hippocampus that are relevant for
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learning (e.g. release of neurotrophins or enhancement of synaptic
plasticity) [70-72]. Central to the relationship between learning and
AHN is not only the degree of cognitive challenge, but the individual
experience during the task and the degree of mastery achieved [35]. In
our experiment, exercised animals were more efficient at solving the
MWM task and better able to retain information than their sedentary
peers. It is possible that physical stimulation provided exercised animals
with more neurocognitive resources to successfully cope with the MWM
training, which may have changed task processing and mastery and
thereby AHN regulation. For instance, running facilitates spatial pattern
separation [29] as well as learning and memory storage [3], and those
processes are in turn related to increased AHN [3,22,33]. Supporting
this rationale, the multivariate analysis of our data revealed that
improved MWM performance, the use of hippocampal strategies and the
survival of new DGCs integrated a single factor that was differentially
modulated by physical activity, being significantly greater in exercised
animals.

Our results also corroborated that ten days of moderate-intensity
treadmill exercise upregulated AHN in the short-term, as previously
described [73]. Shortly after exercise cessation (~24 h), we observed a
significant increase in the number of recently divided (PCNA™) DGCs in
the running mice, in line with studies indicating that it prompts cell
proliferation in the hippocampus [28,31,73]. An increase in the number
of BrdU' DGGCs (8-10 days-old) was also found in these animals.
Whether this reflects additional effects of exercise on cell survival is
unclear, as it may rather reflect a net increase in neurogenesis as a result
of enhanced cell proliferation [28,74]. Importantly, we observed a sig-
nificant decay in PCNA and BrdU expression nine days after exercise
cessation, suggesting transient and probably activity-dependant effects
of running on cell proliferation/survival. While it has been suggested
that extended running contributes to maintain high rates of adult neu-
rogenesis [31,74], this is uncertain as some other studies reported
non-cumulative [27,75] or even negative [76,77] effects on AHN after
long periods of exercise. Interestingly, the DGCs generated de novo under
treadmill running conditions could be prone to death after exercise
cessation [78,79], calling into question their functional relevance upon
future cognitive demands. For a sustained improvement of
exercise-induced AHN, additional, more specific stimuli might therefore
be required [27,36]. In this sense, cells that survive as a result of
cognitive challenges seem to play a consistent role in later learning ex-
periences [47,80,81], which suggest functional integration in the hip-
pocampal network. We speculate that our MWM task served as such a
source of stimulation promoting long-lasting benefits on AHN greater
than those that could be generated by a stand-alone exercise protocol.

Altogether, our results support the notion that combining physical
and cognitive interventions promote synergistic effects on AHN. Animal
models have revealed that enhancing AHN may be useful to counteract
cognitive impairment [3,22,32] and pathological conditions such as
neurodegenerative [25], mood [23,24] or substance use [26] disorders.
On this basis, the development of more effective and long-lasting stra-
tegies to improve AHN is a major goal. In this work, we propose a
behavioural, non-invasive method to address this issue, which provides
remarkable advantages by avoiding side effects and favouring potential
transfer to human research and clinical practice. Strategies based on
physical or cognitive training have shown positive results in promoting
cognitive function in healthy and cognitively impaired populations [2,
15]. Importantly, the combination of both interventions appears to
produce even greater benefits [10,82,83] that may correlate with
functional changes in brain networks involved in spatial learning,
including the hippocampal formation [84]. In humans, whether AHN
plays a role in these synergistic pro-cognitive effects remains unknown,
but studies in rodents suggest that increased AHN may underly the
benefits of combining physical and cognitive training in addressing
brain injury or neurocognitive disorders [12-14]. Although the role and
features of human AHN are still a matter of intense scientific debate,
there is no reason to rule out that the improvement of this phenomenon
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may have relevant functional implications for mental health and well-
being [85], which might be elucidated in future studies.

5. Conclusions

In this study, we demonstrated synergistic effects of combined
physical and cognitive training on increasing AHN in mice. Treadmill
exercise transiently expanded the pool of new-born hippocampal cells
while improving spatial learning in the MWM. By adding subsequent
working memory training, survival of DGCs generated de novo during
exercise was significantly increased over control and single-intervened
conditions. Further research may take advantage of this brief, sched-
uled behavioural protocol to promote greater and longer-lasting im-
provements of AHN, which may be useful for enhance cognition or
treating neurological disorders.
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