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Abstract

Age is the main risk factor for Alzheimer’s disease (AD). With an increasingly aging popula-
tion, development of affordable screening techniques to determine cognitive status will help
identify population-at-risk for further follow-up. Because physical exercise is known to modu-
late cognitive performance, we used it as a functional test of cognitive health. Mice were
submitted to treadmill running at moderate speed for 30 min, and their brain activity was
monitored before and after exercise using electrocorticogram (ECG) recordings. After exer-
cise, normal, but not APP/PS1 mice, a well established AD model, showed significantly
increased ECG theta rhythm. At the same time normal, but not AD mice, showed signifi-
cantly enhanced performance in a spatial memory test after exercise. Therefore, we postu-
late that a running bout coupled to pre- and post-exercise brain activity recordings will help
identify individuals with cognitive alterations, by determining the presence or absence of
exercise-specific changes in brain activity. Work in humans using a bout of moderate exer-
cise plus electroencephalography, a clinically affordable procedure, is warranted.

Introduction

With an increasingly larger proportion of aged people in modern societies, cognitive loss in
the aging population is becoming a paramount problem for public health agencies. Hence, an
urgent need for early identification of individuals at risk of developing cognitive loss is widely
recognized [1]. Current clinical practice to determine the presence of cognitive problems relies
entirely on psychometric tests that are reliable but laborious, and require well-trained person-
nel [2, 3]. Furthermore, these tests are useful to detect early signs of cognitive disturbances,
already when deficits are present [3]. Intense focus on this problem has resulted in the appear-
ance of new diagnostic techniques based on biochemical parameters in cerebro-spinal fluid
(CSF) and in brain imaging. The first approach is problematic because CSF samples are not
easy to obtain. The second one is expensive and requires state-of-the-art facilities. In both
cases, highly trained professionals are a must. On top of that, any of these procedures have yet
been implemented for early diagnosis, prior to the appearance of cognitive disturbances.

As exemplified by cardiovascular screening programs, preventive screening procedures of
the general population are an optimal way to detect populations-at-risk, but difficult to support
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with available diagnostic procedures even by public health systems of developed countries.
Therefore, development of affordable and more objective tests would make much more feasi-
ble this goal. From this perspective, for the present study we chose clinical procedures of wide
use such as a bout of exercise (for cardiovascular screening) and electroencephalographic
recording (for neurological testing) and combined them to develop an easy-to-implement pro-
cedure. As a single bout of exercise has been shown to improve cognition both in humans [4,
5], and rodents [6], and physical fitness helps predict cognitive loss [7, 8], we reasoned that
cognitive status could be determined using exercise as an stimulus.

At the same time, exercise acutely modulates brain activity in humans [9], and rodents [10].
Brain activity can be monitored by a number of different techniques, but electroencephalogra-
phy (EEG) is probably the most extended and used. For many years, EEG recordings have
been extensively applied to AD patients with the idea of using this technique as a diagnostic
tool. Three major effects of AD on EEG have been observed: slowing of the EEG, reduced com-
plexity of the EEG signals, and perturbations in EEG synchronization [11, 12]. A major disad-
vantage of this technique for AD diagnosis is that the EEG changes observed in AD patients
are shared by other pathologies such as different types of dementia, mild cognitive impairment
[13], and encephalopathy [14]. Moreover, EEG recordings have been performed in AD
patients because AD is associated with an elevated risk for seizures. It is known that people
with AD are 10 times more likely to develop epilepsy than the age-matched general population
(for a review see [15]. However, only 1.5% of AD patients develop seizures. With the idea of
gaining additional support to the use of EEG as a diagnostic procedure in AD, and based on
these prior observations, we speculated that the pro-cognitive actions of acute exercise could
be lost in AD patients and could be reflected in specific alterations in the EEG pattern. For this
reason, and as an initial proof-of-concept experiment, we combined exercise with electrocorti-
cographic recordings in control and APP/PS1 mice to determine possible differences between
the two groups. The results show that an exercise-based test aids to identify cognitive deterio-
ration using electrical activity recordings of the brain as a read-out.

Materials and methods
Animals

Male adult C57BL/6] mice (19-23 g, 4-6 months old; Harlan Laboratories, Spain) and in-bred
APP/PS1 mice of the same age and genetic background [16] were housed in standard cages
(48 x 26 cm?) with 5 animals per cage. Mice were kept in a room with controlled temperature
(22°C) under a 12-12h light-dark cycle; fed with a pellet rodent diet and water ad libitum. All
experimental protocols were performed during the light cycle. Animal procedures followed
European guidelines (2010/63/EU) and were approved by the local Bioethics Committee
(Madrid Government). The presence of brain amyloid deposits was confirmed by immunocy-
tochemistry in APP/PS1 mice (S1A Fig).

Electrocorticogram recordings in freely moving animals

Adult WT and APP/PS1 mice were anesthetized with isofluorane (2-3% for induction) mixed
with O2 (0.5-1 L/min) and placed in a stereotaxic device. The skin was cut along midline and
a craniotomy was made (0.5 mm diameter) on the parietal cortex (AP: -2, L: 4: V: 1 mm, from
the bone surface). A stainless steel macro-electrode of <0.5 MOhms was placed without dis-
rupting the meninges to register the electrical cortical activity (ECG), using a DSI Implantable
Telemetry device (Data Sciences International). After surgery to implant the transmitter
device, mice remain in their cages a minimum of 4 days to recover. Animals were then placed
in the treadmill chamber 15 or 30 minutes for familiarization. Animals were recorded after
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familiarization. ECG baseline was registered during 5 minutes (pre-running control period)
and another 5 minutes immediately after running. Animals run 15 minutes the first two days
and 30 minutes the following 2 days. Signals were stored in a PC using DSI software and fil-
tered off-line between 0.3-50 Hz with Spike 2 software (Cambridge Electronic Design, Cam-
bridge, UK). ECG segments of 5 minutes were analyzed by Spike 2 software, using the Fast
Fourier Transform algorithm to obtain the power spectra. The mean power density was calcu-
lated for 5 different frequency bands that constitute the global EEG: delta band (0.3-4 Hz),
theta band (4-8 Hz), alpha band (8-12 Hz), beta band (12-30 Hz) and gamma band (30-50
Hz). The total power of the five frequency bands were considered 100%, and the percentage of
each frequency band was calculated.

Recordings in anesthetized animals

Experiments were performed on 6 urethane anesthetized (1.6 g/kg ip) adult WT mice. Animals
were placed in a Kopf stereotaxic device in which surgical procedures and recordings were per-
formed. Supplemental doses of anesthetic were given to maintain areflexia. Local anesthetic
(lidocaine 1%) was applied to all skin incisions and pressure points. An incision was made
exposing the skull, and small holes were drilled in the skull over the parietal cortex (coordinate
as above) and over the CA1 hippocampal area (AP: -1.5, L: 2: V: 2 mm). ECG and hippocampal
field potential (HFP) were recorded with tungsten macroelectrodes (<1 MOhms World Preci-
sion Instruments, Sarasota, FL). Recordings were filtered (0.3-50 Hz), amplified via an AC
preamplifier (DAMS80; World Precision Instruments), and fed into a personal computer (sam-
ple rate 200 Hz) for off-line analysis with Spike 2 software. The mean power density was calcu-
lated from 5 minutes of spontaneous activity or when theta rhythm was evoked by sensory
stimulation (stroking the fur on the animal’s back). The percentage of theta rhythm was calcu-
lated in the ECG and HFP. Cross-correlations between the theta rhythm recorded in the ECG
and the HFP were calculated for 5 minutes of spontaneous activity or during sensory stimula-
tion. Previously, recordings were digital filtered between 4-8 HZ (theta frequency band) to iso-
late the theta rhythm.

Treadmill running

Before submitting animals to treadmill running, they were handled daily and familiarized with
the apparatus (Letica, Italy) to minimize novelty stress. The electrical shock system that
encourages the animals to run was disconnected to avoid pain stress. The exercise group ran
for 15 and 30 min in separate days and at a moderate speed: the first two minutes speed was
gradually increased to reach a final steady speed of 9 m/min. The control group remained for
the same time in the treadmill without running. We chose this mild intensity exercise regime
for two reasons: 1) to avoid changes in stress hormones that could interfere with post-exercise
behavioral assessment and 2) to avoid fatigue as the protocol is intended to be translated into
clinical testing. Additional groups of animals were used for behavioral testing (see below).

Y-maze

Working memory was assessed by recording spontaneous exploring behaviour in a Y-maze
[17]. The maze was made of black-painted wood and each arm was 25 cm long, 14 cm high, 5
cm wide and positioned at equal angles. Before treadmill running, and after the animals had
remained in the treadmill apparatus for ~30 minutes to adapt to the novel environment, they
were placed at the end of one of the arms of the maze and allowed to move freely during a 5
min session with one of the arms randomly blocked. Thereafter they were allowed to recover
for 90 minutes before running for 30 minutes in the treadmill. After running, they were placed
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again in the maze with all three arms opened (see S1B Fig). Number of entries in the “new”
arm were scored and compared to those to the “old” arms. The whole session was recorded by
video and analyzed later using Ethovision. Arm entry was considered to be completed when
the hind paws of the mouse were completely placed inside the arm. An alternative, shorter,
inter-trial test of 60 min was also used in another group of animals to determine whether sed-
entary mice could learn a less demanding procedure.

Blood lactate. Lactate was measured in blood before and after running to determine exer-
cise intensity. Blood was collected from the tail vein using a small puncture with a surgical
knife. First drop of blood was discarded and the second one was used to determine lactate lev-
els using a blood lactate analyzer and reagent strips by Lactate Plus® (Tanner, Fuller, Ross,
2012). Because the ECG device inserted on the head of the animals may cause physical alter-
ations, we determine lactate both in sham operated and ECG-operated mice; lactate values
were found to be similar and pooled together.

AB immunocytochemistry

Immunocytochemical assays were run as described before [16]. Animals were deeply anesthe-
tized with pentobarbital (50 mg/kg) and perfused transcardially with 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4 (PB). Coronal 50-um-thick brain sections were cut in a vibra-
tome and collected in PBS. Sections were incubated with 100% methanol and 0.03% H,O, to
eliminate endogenous peroxidase followed by incubation overnight at 4°C with primary anti-
body in PB- 1% bovine albumin- 1% Triton X-100. For immunocytochemistry of Af} plaques,
a pre-treatment of 70% formic acid was used before incubation with anti-human Af3 antibody
(1:50, Dako clone 6F/3D). After several washes in PB, sections were incubated with a biotin-
coupled secondary antibody (1:500, Pierce) followed by ABC amplification system (1:250,
Pierce) using diaminobenzidine as chromogen. Sections were dehydrated and mounted with
DEPEX. Omission of primary antibody was used as control. Panoramic pictures were obtained
with a Leica (Germany) microscope using the stitching tool.

Statistics

Statistical analysis was performed using GraphPad Prism 5 software (San Diego, CA, USA)
and SPSS. All results are shown as mean * s.e.m. After normal distribution was confirmed
using the Saphiro-Wilk test, we used the paired Student’s ¢-test when comparing pre- and
post-exercise data, the t-test for independent variables when comparing the two experimental
groups, and one-way analysis of variance followed by Bonferroni s test when comparing mul-
tiple groups. Probability values <0.05 were considered significant.

Results

Exercise modifies electrocorticogram activity and improves cognitive
function in control but not AD mice

Each animal run in independent sessions and in separate days for 15 and for 30 minutes, at
moderate speed in the treadmill. For each running session, electrocorticogram recordings
(ECG) were carried out in the parietal cortex in freely moving conditions before and after exer-
cise. As shown in Fig 1, control, but not AD mice showed a significant increase in the theta fre-
quency band of the ECG after exercise.

WT mice increased theta frequencies after 15 min or 30 min of exercise (13.8% in control
t0 22.7%, p<<0.001 vs. pre-exercise; or to 18.8%, p<0.001, vs. pre-exercise, respectively). No
statistical differences were observed between the percentage of frequency bands after 15 or 30
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Fig 1. Differences in baseline and post-exercise electrocorticogram activity in APP/PS1 mice. A, A bout of moderate exercise specifically increases
theta frequencies in the elecorticogram (ECG) of wild type mice (T = -5,72; df = 33; *p<0.05; n = 9). B, No changes are seen in APP/PS1 mice (n = 9) after
exercise. Pre: 5 min ECG recordings before exercise; Post: 5 min ECG recordings after exercise. Results are the mean of pooling together ECG recordings
performed by each mouse after 15 and 30 min of exercise in independent days. C, Electrophysiological simultaneous recordings of the ECG (upper record)
and of the hippocampal CA1 region (lower record) when theta rhythm was evoked by sensory stimulation (Raw Data). Dashed vertical lines indicate the
correspondence of positive peaks of hippocampal theta rhythm with positive peaks in the ECG. Lower plot shows the CC of the hippocampal theta rhythm
respect to ECG activity after digital filtering between 4-8 Hz. Periodic peaks implies phase-locking of both theta rhythms. D, Baseline ECG recordings in wild
type and APP/PS1 mice show differences in various frequency bands (Delta: t = 4,8; df = 68,56; Beta: t = -3,76; df = 72; Gamma: t = -2,04; df = 72; *p<0.05;
**¥p<0.001; n =9 per group). Results shown are mean + S.E.M.

https://doi.org/10.1371/journal.pone.0178247.9001

min of exercise and for this reason the results were pooled together in the figures. In contrast,
APP/PS1 mice did not alter the proportion of frequency bands after 15 or 30 min of exercise.
The power of the theta frequency band was 3.2 £ 1.2% (p>0.05,n = 9) and 2.1 + 1.1% (p>0.05,
n = 9) after 15 and 30 minutes of exercise, respectively.

In WT mice, exercise induced an increase of theta waves in the parietal ECG. The origin of
theta waves may be the hippocampus where an increase of theta rhythm after exercise has been
demonstrated [18]. To test if theta waves recorded in the ECG are generated in the hippocam-
pus, ECG and hippocampal field potentials (HFP) were recorded simultaneously under con-
trol conditions and during sensory stimulation in urethane anesthetized WT mice (n = 6). In
control conditions, theta rhythm represented 8.3% and 11.5% of the ECG and HFP, respec-
tively. These percentages increased up to 15.5% and 20.9%, respectively, during sensory
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Table 1. Blood lactate changes in wild type (WT) controls and AD (APP/PS1) mice after 15 and 30 minutes of moderate running exercise.

Pre-exercise 15 min 30 min

(mean * sd) (mean * sd) (mean * sd)
wT 1.92+0.93 3.28 £ 0.86 2.77+1.43
APP/PS1 2.61%0.24 2.94%0.25 2.72%0.26

https://doi.org/10.1371/journal.pone.0178247.t001

stimulation of the animal’s back. Raw data showed theta activity in the HFP during sensory
stimulation while the ECG showed theta oscillations between larger delta waves evoked by the
anesthetic (Fig 1C, Raw Data). Moreover, cross-correlation (CC) of theta rhythm recorded in
the ECG and HFP showed that theta rhythms during sensory stimulation were in phase
because the CC showed periodic peaks around the zero reference (Fig 1C, lower plot). Thus,
the fact that both theta rhythms changed similarly in both conditions strongly suggests that the
theta rhythm recorded in the parietal cortex reflect, at least in part, the hippocampal theta
rhythm.

In control conditions (before exercise), WT mice (n = 9) showed a 34.4% of delta waves,
13.9% of theta, 9.7% of alpha, 19.4% of beta and 22.6% of gamma frequency bands. However,
APP/PS1 mice (n = 9) showed a significant decrease of the percentage of delta waves (19.5%;
P<0.001) and an increase of beta (26.9%; p<0.001) and gamma (27.9%; p = 0.04) frequencies.
Theta and alpha frequencies did not change in APP/PS1 mice (15.0% and 10.7%, respectively)
respect to values of WT animals, suggesting that the cortical activity is faster in APP/PS1 mice
at rest (Fig 1D).

Interestingly, as reported in human patients [19], blood lactate levels in APP/PS1 mice were
higher at rest, but did not increase after running, whereas in control mice a moderate increase
was seen (Table 1).

We submitted another group of exercised mice (30 minutes) to a Y maze, a test that mea-
sures spatial working memory [20]. The sedentary group remained in the treadmill without
running, for the same time. Under the relatively prolonged inter-trial conditions used in this
test, control exercised mice entered the novel arm significantly more times and spent more
time in it than the sedentary group, indicating that exercise enhanced working memory (Fig
2). Importantly, both sedentary and exercised mice were able to learn in the Y maze to the
same extent when using a shorter inter-trial time (S1C Fig). However, while both control and
APP/PS1 mice behaved similarly in the acquisition phase of the Y maze (Fig 2A), after exercise
the latter did not improve their performance in the Y maze (Fig 2B and 2C).

Discussion

In this proof-of-concept study we have taken advantage of the cognitive-promoting actions of
exercise [21, 22], its association to cognitive fitness [7, 8], and its effects on brain activity [23],
to show that normal mice improve cognitive skills in the Y maze after exercise. In parallel,
mice showed exercise-induced changes in the ECG pattern, specifically in the theta wave. Con-
versely, APP/PS1 mice did not improve memory skills after exercise and did not show changes
in theta after exercise. Collectively, these data indicate that exercise-induced increases in theta
-an ECG frequency associated to attention [24], and memory [25], result in improved memory
in healthy mice, but not in APP/PS1 mice, a well-established model of AD-like amyloidosis
and cognitive deterioration.

Most studies on the effect of exercise on the EEG have reported increased activity in the
alpha frequency band, which may reflect a state of decreased cortical activation in comparison
with states with high cognitive activity that increase beta and gamma and reduce alpha

PLOS ONE | https://doi.org/10.1371/journal.pone.0178247 May 22,2017 6/11


https://doi.org/10.1371/journal.pone.0178247.t001
https://doi.org/10.1371/journal.pone.0178247

@° PLOS | ONE

Exercise and cognition

A B
154
3 Control —I— —I—
3 APP/PS1 _ 20- -

10- S T 3 Sed
2 8 == 3 Exe
5 ¢ 101 T
& 5 i

5 2

2 o0 r r
o
£ T
0 T T T E -10- J_
A B c S
Arms S
Z -20- Control APP/PS1
C
1501 *

H T L

e gy

= 100+

©

S 1

(]C) . -

f

5 50

£

'—

Sed Exe sed Exe

Control APP/PS1

Fig 2. Y maze performance after exercise. A, Both control and APP/PS1 mice performed similar in the acquisition phase of the Y maze before exercise,
showing a similar rate of entries in each of the three arms of the maze. B, However, while control mice significantly improved their performance after exercise
in the Y maze, as determined by increased preference for the novel arm, APP/PS1 did not. C, Improved performance was corroborated by increased time
spent in the novel arm only in control mice. Sed: sedentary; Exe: exercised (n = 6 per group; one-way ANOVA (exercise x genotype interaction): F = 28.78,
df = 17; ***p<0.0001 control vs APP/PS1; post-hoc t-test: *p<0.05 vs sedentary).

https://doi.org/10.1371/journal.pone.0178247.9002

frequency bands [26, 27]. However, new evidence suggests that regular physical activity can
impact cortical function and facilitate plasticity. Aerobic exercise has the capacity to induce
short-term neuroplasticity within the human motor cortex, as assessed through cortical cir-
cuits evoked by transcranial magnetic stimulation [28]. Our findings agree with these results
indicating that the hippocampal theta rhythm -involved in rodents in many plasticity processes
such as LTP [29], increases after exercise. APP/PS1 mice did not increase the power of the
theta frequency band after exercise, suggesting that plasticity processes may be reduced.
Accordingly, the EEG of AD patients shows an increase in slow frequencies (11-12).

Exercise is nowadays one of the most promoted approaches for prevention and treatment
of Alzheimer s disease [30]. In all cases, based on pre-clinical studies, chronic exercise of vari-
ous intensities has been considered the appropriate regime. However, our results extend its
utility as a potential diagnostic tool when used acutely. We consider that this wide utility of
exercise is based on its ample neuroprotective actions, including increased brain perfusion,
neurotrophic input and metabolic fitness [31-36]. All these beneficial actions, necessary to
preserve normal levels of brain activity, may be partially diminished during aging, leading to
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gradual cognitive deterioration. We postulate that a bout of exercise unveils this gradual loss of
exercise neuroprotection before cognitive deterioration develops. This is reflected in an abnor-
mal pattern of brain activity recorded in the ECG in response to exercise; namely, no changes
in theta activity.

Brain activity patterns previously reported using ECG in AD mice had shown general
abnormalities [15] together with progressive changes along aging in all spectral frequencies
[37], or specifically in theta and delta bands [38]. Other reports also indicate the existence of
specific changes in theta and gamma activities [39-42], or in the whole ECG pattern [43].
These varied observations are probably due to the different types of AD mouse models used.
However, collectively these data suggest that AD animal models exhibit altered cortical excit-
ability and hippocampal dysrhythmicity. Our findings in APP/PS1 animals show cortical
hyperexcitability because they exhibited a decrease of delta power and an increase in faster fre-
quency bands at rest. These results are in agreement with the presence of seizure activity in
AD animal models [44] and with the already mentioned fact that people with AD are more
likely to develop epilepsy [45]. Our observations add to the growing potential translability of
rodent studies to humans using electrophysiological recordings [46].

Indeed, with the idea of translating these observations to the clinical practice, our results
indicate the feasibility of an easy-to-carry-out test to determine cognitive health in the general
population based on accessible diagnostic tools. Similar translation studies from rodents [47]
to humans [48] has proven successful for exercise as a protective measure against AD. There-
fore, a simple diagnostic procedure derived from our observations and others [49], would con-
sist in submitting test subjects to moderate exercise in conjunction with recording EEG
activity before and after exercise. Individuals not showing changes after exercise in EEG activ-
ity will be categorized as “at-risk” and should undergo further testing. On-going studies in
healthy volunteers and cognitively deteriorated subjects will help clarify the possible transla-
tion of this test to the clinic.

Supporting information

S1 Fig. A, AP immunostaining of control (WT) and APP/PS1 (AD) show the presence of
small deposits (AP plaques) only in the latter. B, Time line of experimental procedure for Y
maze plus exercise used in the experiments shown in Fig 2. C, Both sedentary (white bars) and
exercised (grey bars) wild type mice learn the Y maze task as indicated by increased entries to
the novel arm of the maze when using a shorter (60 min) inter-trial time (F = 15.774; df = 30;
***p<0.001; n = 9 per group).

(JPG)
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