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The percentage of older people is increasing steadily in the
proportion of the total population of the world. In a recent
report published by the National Institute on Aging, in
March of 2016, it was estimated that 8.5 percent of people,
globally accounting for nearly 617 million, are aged 65 and
over [1]. Additionally, it is also predicted that this ratio is
going to double, reaching 17 percent of the global population
(1.6 billion elders) in 2050 [1]. Consequently, the incidence
of neurodegenerative diseases will continue to rise as a result
of the increase in life expectancy.

Emerging evidence suggests that mental health decline
due to neurodegenerative conditions constitutes the largest
cause of global disability, which is accountable for over 20%
of lifespan [2]. Data arising from family studies that com-
pared the age of death of monozygotic and dizygotic twins
suggested that approximately 25% of the variation in human
longevity could be due to genetic factors [3]. It is noteworthy
to remark that this genetic component appears to have a
larger impact at older ages. However, only a few genes have
been so far associated with lifespan, and the interaction
among these genes, epigenetic factors, and environmental
regulators are far from being well understood.

The neural plasticity processes occurring during aging
are astonishing. For instance, there is mounting evidence
supporting the concept that development, ageing, and brain
degeneration are not mutually exclusive. It is now quite clear

that once the brain is fully developed, it gradually shrinks at
different levels during the ageing process [4]. All aged brains
exhibit small distinctive alterations linked to neurodegenera-
tion, namely, progressive loss of structure, function, or num-
ber of neurons [5, 6]. Neurodegeneration is, to some extent, a
natural process occurring towards the end of life [7]. How-
ever, it is noteworthy to remark that developmentally related
processes, i.e., neurogenesis, can also occur within the adult
and ageing brain. In fact, approximately two decades ago, it
became evident that a new type of neuroplasticity, one that
is related to the addition of new neurons, occurs in the
human brain [8, 9]. One of the key brain areas where adult
neurogenesis occurs during the human’s lifetime is the den-
tate gyrus, a region of the hippocampus that is essential for
memory encoding [8, 10, 11]. There are a number of fac-
tors that can alter all of the neural plasticity changes that
occur during aging. The understanding of the impact they
exert particularly on the brain, and generally on the body,
may aid in the development of novel therapeutic strategies
to overcome the deleterious effects occurring during the
aging process.

Therefore, there is an increased need to expand the
knowledge on the different genetic, epigenetic, and molecular
pathways and environmental factors that affect brain plastic-
ity and healthy aging. Some of the topics covered in this spe-
cial issue include the following:
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(i) Environmental factors affecting healthy aging: possi-
ble impact of exercise and proton pump inhibitors
(PPI)

(ii) Genetic structural variants associated with healthy
aging

(iii) The updating of imaging studies to assess neural
plasticity during aging

(iv) Possible novel brain areas undergoing neural
plasticity

(v) Preclinical models of healthy aging: protective role
of environmental enrichment preventing declarative
learning and memory decline

Fourteen papers were submitted for this special issue.
Our distinguished reviewers from respective research fields
narrowed the field to seven papers, which were finally
accepted. The following is a short summary of the findings
of each of these papers.

Debate continues in regard to the possible impact of the
use of proton pump inhibitors (PPI) and its consequences
and links to dementia including Alzheimer’s disease. G.
Ortiz-Guerrero et al. reviewed preclinical and clinical studies
regarding the action of PPI on the central nervous system
and their possible implication in the pathophysiology of
dementia including Alzheimer’s disease. The authors sum-
marized a comprehensive amount of data from a neurobio-
logical and clinical perspective. They discussed both
possible neurotoxic and antineurotoxic actions of PPI. They
concluded that there is no real consensus on the role of PPIs
and the associated risk of dementia. Nevertheless, they gave a
word of caution stating that “nutritional and electrolyte mon-
itoring is required in patients who chronically use PPIs,
mainly older adults and patients with chronic malnutrition
or debilitating chronic conditions”.

With more than 350 million sufferers, depression con-
tinues to be the most prevalent mental health problem that
largely affects the elderly population worldwide. X. Liu et al.
designed a neuroimaging study that could be useful to predict
the impact of major depressive disorders on dementia. They
used resting-state functional magnetic resonance imaging to
study 16 patients who had mild cognitive impairment (MCI)
with depressive symptoms and 18 patients with nondepressed
MCI. The authors studied their brains to measure the ampli-
tude and synchronization of low-frequency brain fluctuations
(ALFF), functional connectivity density (FCD), and coupling,
which were quantified as the correlations between ALFF values
and their associated FCDs. The authors described specific dif-
ferences between the two experimental groups in some of these
parameters in brain areas such as the medial prefrontal cortex,
right precentral gyrus, andmedial temporal gyrus that could be
relevant to define the impact of depression on the neuropatho-
physiology of MCI.

Declarative learning involves memorizing concepts and
events of our life, which can be expressed explicitly. The
decline in memory performance is a distinctive feature of
the normal aging process. In their original mouse study, S.
Cintoli et al. described for the first time the protective role

of environmental enrichment in preventing declarative
learning and memory decline in aged mice. Thus, their excit-
ing results in mice suggest that exposure to stimulating envi-
ronmental conditions could be used as a powerful paradigm
to promote better memory performance during aging in the
elderly population.

Genetics plays an essential role in the aging process.
Interestingly, the genome of neuronal cells displays genomic
mosaicism, which includes DNA copy number variations
(CNVs). D. Villela et al. investigated for the first time the fea-
tures of somatic CNV mosaicism in nondiseased elderly
brains. In their original study, the authors demonstrated a
highly significant increase in the number of CNVs in two
brain areas (frontal cortex and cerebellum) when compared
with paired blood samples (same individuals). It is notewor-
thy to remark that almost all evidence of genome structural
variation in human brains is derived from studies describing
changes in single cells, which were interpreted as originating
from independent, isolated mutational events. In their stud-
ies, D. Vilella et al. indicated the occurrence of extensive
clonal mosaicism of CNVs within the human brain, which
reveals a novel type of variation that had not been previously
characterized.

Even though a decline in motor function is a common
phenomenon that takes place during aging, the functional
changes occurring in neural networks responsible for gener-
ating movement are far from being understood. Recordings
from the primary motor cortex during periods of steady mus-
cle contraction show oscillatory neural activity that is coher-
ent with the activity of contralateral muscles. M. E. Spedden
et al. investigated the functional oscillatory coupling between
activities in the sensorimotor cortex and ankle muscles dur-
ing static contraction in fifteen young and fifteen older sub-
jects. Their results show that there is an age-related
decrease in the strength of oscillatory corticospinal activity
during steady-state motor output. They also conclude that
their novel findings might be instrumental in developing
new preventive and therapeutic interventions that may
strengthen sensorimotor control in elderly subjects.

Mounting evidence suggests that exercise causes bene-
ficial effects on neural plasticity and cognition. Exercise
triggers the release of neurotrophins, which can increase
neurogenesis, synaptogenesis, and angiogenesis. Addition-
ally, exercise can induce neuroendocrinological changes,
which impact positively on cognitive, affective, and behav-
ioral functioning. Even though motor performance declines
during aging, learning capabilities remain intact. In their
original paper, L. Hübner et al. (in press) reveal for the first
time that acute exercise facilitates fine motor control perfor-
mance and learning, as well as electrophysiological process-
ing in healthy older adults. The authors suggest that their
findings could be translated into practice by implementing
acute exercise as a method to create successful experiences
in fine motor control performance, which ultimately could
contribute in motivating older patients’ rehabilitation pro-
cess (Lena Hübner et al. in press).

There are an estimated 47 million people worldwide that
suffer from dementia, a number that is projected to increase
to approximately 131 million by 2050. Alzheimer’s disease
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is the most common type of dementia accounting for 60-70%
of all of the dementia cases. Novel biomarkers for prediction,
diagnosis, and follow-up of this neurodegenerative condition
are very much needed. Interestingly, functional and patho-
logical mechanisms of the visual system share some similar-
ities with the CNS. In their comprehensive review “Visual
Features in Alzheimer’s Disease: From Basic Mechanisms
to Clinical Overview,” the authors summarize the current
evidence describing the pathophysiological alterations occur-
ring in the vision system of patients suffering Alzheimer’s
disease. The authors foresee that novel objective measure-
ment of vascular and inflammatory changes in the eye may
play an essential role in the evaluation of early stages of
dementia and AD.

We believe that this special issue would provide new
insights into important aspects of neural plasticity-associated
aging. The different research perspectives described in this
special issue might encourage the undertaking of novel pro-
jects aimed at developing novel therapeutic strategies and sci-
entific approaches to tackle some of the health issues that are
aggravated by the aging process.

Finally, we would like to give thanks to all of the authors,
the reviewers, the editorial board members, and the general
staff of Neural Plasticity for their concerted effort in con-
structing this special issue.
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Acute bouts of exercise have been shown to improve fine motor control performance and to facilitate motor memory consolidation
processes in young adults. Exercise effects might be reflected in EEG task-related power (TRPow) decreases in the beta band
(13–30Hz) as an indicator of active motor processing. This study aimed to investigate those effects in healthy older adults.
Thirty-eight participants (65–74 years of age) were assigned to an experimental (EG, acute exercise) or a control group
(CG, rest). Fine motor control was assessed using a precision grip force modulation (FM) task. FM performance and EEG were
measured at (1) baseline (immediately before acute exercise/rest), (2) during practice sessions immediately after, (3) 30 minutes,
and (4) 24 hours (FM only) after exercise/rest. A marginal significant effect indicated that EG revealed more improvement in
fine motor performance immediately after exercise than CG after resting. EG showed enhanced consolidation of short-term and
long-term motor memory, whereas CG revealed only a tendency for short-term motor memory consolidation. Stronger TRPow
decreases were revealed immediately after exercise in the contralateral frontal brain area as compared to the control condition.
This finding indicates that acute exercise might enhance cortical activation and thus, improves fine motor control by enabling
healthy older adults to better utilize existing frontal brain capacities during fine motor control tasks after exercise. Furthermore,
acute exercise can act as a possible intervention to enhance motor memory consolidation in older adults.

1. Introduction

Fine motor control performance declines with increasing age
[1], affecting activities of daily and professional life [2].
Although older adults are able to learn new and relearnmotor
skills [3], the consolidation ofmotormemory is diminished in
older adulthood [4–7]. Acute bouts of cardiovascular exercise
facilitate neuroplasticity in the primary motor cortex (M1)
and enhance corticospinal excitability [8]. These effects are
not specific to lower extremity motor areas and muscles
engaged during exercise but also apparent in motor areas
responsible for upper limbs, indicating that exercise has a gen-
eralized effect onM1 [9, 10]. Accordingly, several studies have
investigated the effect of acute exercise on upper extremity
visuomotor performance as well as acute exercise as a possible
intervention to trigger motor consolidation processes in
healthy young adults [11–18].However, previous studies were

inconsistent with respect to the time points of measurement,
definition of motor performance/learning, and respective
results, and were conducted only with young adults.

1.1. Effects of Acute Exercise on Motor Behavior. In the
present study, we distinguished between (fine) motor perfor-
mance, indicating a temporary status of motor behavior;
initial motor learning, representing the very early phase of
motor skill acquisition, and motor memory, characterized as
a stable improvement of motor performance relative to base-
line after a certain delay after practice [12, 19].

The influence of a bout of acute exercise onmotor perfor-
mance is usually assessed by performing a motor task imme-
diately after an exercise session. Findings in studies with
young adults are inconsistent: some indicate better fine
motor control performance immediately after moderate
intensity exercise than after rest [11], whereas others do not
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report such effects after moderate [15, 16] or high-intensity
exercise [14].

The effect of acute exercise on initial motor learning can
be measured by practicing the motor task immediately after
exercise. Two studies report enhanced learning after mod-
erate intensity exercise in young adults [11, 16], but others
did not find altered motor learning behavior after moderate
[15, 20] or high-intensity exercise [14, 18] in upper limb tasks.

Consolidation ofmotor memory refers to the transforma-
tion from a fragile to a stable memory trace evolving during
online and offline processes after motor practice [21–23].
Memory consolidation processes can be distinguished with
respect to different time scales, such as short-term, i.e.,
seconds to hours, and long-term memory, i.e., hours to
months [24]. Accordingly, motor learning and acute exercise
literature have assessed short-term motor memory up to one
hour after practice/exercise and long-term motor memory 24
hours or seven days after practice/exercise [12, 25]. In healthy
young adults, short-term motor memory in upper limb
motor tasks seemed unaffected by acute exercise (one hour
after exercise: [12, 14]). In contrast, participants revealed
improved upper limb performance compared to resting con-
trol groups 24 hours and seven days [12, 14, 17, 18] after a
bout of high-intensity exercise as well as 24 hours and seven
days after low-intensity exercise [18]. This indicates that
exercise triggers long-term motor consolidation processes,
probably mediated by enhanced levels of norepinephrine,
nerve growth factors, or metabolic signaling [14].

However, the influence of a bout of acute exercise on
motor performance, initial motor learning, or motor memory
in upper extremity fine motor tasks has not yet been studied
in healthy older adults [26]. Several studies have revealed that
acute exercise benefits cognitive performance in older adults
immediately after moderate cardiovascular exercise [27–29],
which was explained by higher arousal, improved informa-
tion processing, and attention [28, 30]. As older adults
require enhanced cognitive resources during motor perfor-
mance and initial motor learning [31–33], and as motor con-
solidation processes are diminished in older adults [4–7],
acute exercise might be an appropriate intervention to facili-
tate motor performance, initial motor learning, and motor
memory consolidation in this age group.

1.2. Effects of Acute Exercise on Electrophysiological Data.
Bilateral pre- and postcentral sensorimotor brain areas are
involved in fine motor control performance [34–37], initial
learning processes [38, 39], and consolidation of motor
memory [23]. Task-related power (TRPow) decreases in the
beta frequency band (13–30Hz) over sensorimotor areas as
obtained with electroencephalography (EEG) are discussed
to be indicative of enhanced cortical activation and active
processing of motor tasks [40–42]. In young adults, such
desynchronization of beta oscillations has been shown dur-
ing visuomotor force-matching tasks [41, 43, 44] and seems
to reflect the efficiency of online and feedback processing of
the motor system [45]. Furthermore, practicing a motor task
led to weaker beta TRPow decreases not only in sensorimotor
but also in frontal cortical areas in young adults [46–48],
probably indicating increased automaticity and therefore,

reflecting initial motor learning processes. With regard to
age-related differences, in older as compared to young adults,
stronger beta TRPow decreases during the performance of a
force modulation task were found [49]. Following these
results and as frontal brain activity is of particular interest
in aging research [50], we focused our analysis on frontal
and sensorimotor cortical areas by analyzing the beta
frequency band.

Cardiovascular exercises have a modulating effect on
activity in sensorimotor areas. For example, activity in the
M1 or the primary somatosensory cortex (S1) was increased
immediately after cardiovascular exercises [51–53]. In most
studies, the cortical EEG was measured after acute exercise
in young [54–57] and older adults [58] at rest. A recent study
by Dal Maso et al. [59] investigated event-related desynchro-
nization (ERD) during a power grip force modulation task
after a bout of high-intensity exercise in young healthy
adults. They revealed weaker ERD (analogous to less TRPow
decrease) over bilateral sensorimotor cortical areas during
early motor memory consolidation 30 to 90 minutes after
exercise as compared to rest [59].

The aim of this study was, first, to investigate whether a
moderate intensity cardiovascular exercise session facilitates
(1) motor performance, (2) initial motor learning immedi-
ately after exercise, (3) short-term motor memory (30 minutes
after exercise), and long-term motor memory (24 hours after
exercise) in older adults. This was examined using a force
modulation (FM) task performed with a precision grip.
While existing studies with similar motor tasks conducted
with young adults revealed controversial findings, effects
might be more explicit in older adults due to age-related
changes in motor processing. Greater improvement in fine
motor control was expected during the motor performance
and initial motor learning following acute exercise (experi-
mental group) compared to after rest (control group).
Furthermore, we hypothesized that the experimental group
would show enhanced short-term and long-term motor
memory consolidation, whereas the control group would not.

Secondly, this study aimed at investigating whether an
acute exercise session influences TRPow in the beta band
over the frontal and sensorimotor cortex during the perfor-
mance of an FM task at the measurement points after exer-
cise termination. We refer to TRPow decreases as indicators
of enhanced motor processing [41, 42] and hypothesized that
TRPow decreases were stronger directly after exercise as
compared to after the control condition. Throughout prac-
tice, we expected that the experimental group would learn
more than the control group, which might be reflected in
stronger declines of the TRPow decreases. Analyses of EEG
beta power at a reference spectrum at rest (before/after FM
performance) were performed to confirm that beta power
values did not differ between groups over time. Finally, we
examined whether changes in beta TRPow were associated
with changes in motor performance.

2. Methods

2.1. Participants. Forty-one older adults between the ages of
65 and 74 (69.51± 2.97 years of age, 22 female) participated
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in this study. Participants were recruited by local newspapers
and were screened for the following prerequisites using tele-
phone interviews: (1) age between 65 and 74, (2) absence of
neurological and cardiovascular diseases, (3) physically active
lifestyle, i.e., moderate intensity exercise for at least 150
minutes per week (in accordance to the recommendations
of the American College of Sports Medicine [60]), and (4)
right-handedness. The Ethics Committee of the Faculty of
Humanities of the Saarland University (4.3.13) approved
the study protocol. All participants took part voluntarily
and provided informed consent regarding the general study
information, receiving EEG and cardiovascular fitness tests,
and also provided consent from their personal physician to
complete the cardiovascular fitness test. Participants received
35 € as monetary compensation.

To validate the oral information and complete the
screening process, participants answered a questionnaire
assessing demographic information, education level (years
of education), subjective health status (“in general, how
would you say your health is?”—5-point Likert scale from
poor to excellent), and physical activity level (adapted version
of [61]). Participants were screened for dementia using the
Mini-Mental State Examination (MMSE) [62], inclusion cri-
teria≥ 27 [63]. Further, they conducted the Edinburgh hand-
edness inventory [64] to confirm their right-handedness
(score: 84.95± 24.57) as well as a questionnaire to assess sub-
jective hand use [65] to control for the exertion of fine motor
activities during daily life. To control for restrictions in fine
motor control, clinical manual dexterity was measured using
the Purdue Pegboard test (Purdue Pegboard test, model
32020, Lafayette Instruments, Lafayette, IN, USA) [66]. The
mean number of pins was calculated out of three trials placed
with the dominant right hand. In the Purdue Pegboard test,
all participants scored within the normative values for the
right hand [67].

After screening and exercise testing, participants were
assigned to an experimental (EG) or a control group (CG).

Participants were matched with respect to their gender, age,
MMSE score, and cardiovascular fitness level (VO2-peak, cf.
below). Three participants had to be excluded from data
analysis: one participant was not able to perform the fine
motor control task adequately (EG), one was regarded as
left-handed (CG) [64], and one due to noise in the EEG
signal (EG). Therefore, 38 participants between 65 and 74
(69.68± 3.04 years of age, 20 female) were included in further
analysis (descriptive statistics see Table 1). In the final
sample, groups did not differ with respect to gender, age,
education, subjective health, subjective hand usage, MMSE
score, Pegboard performance, maximum voluntary contrac-
tion (MVC, see MVC task), physical activity, or cardiovascu-
lar fitness level (see Table 1).

2.2. Measures

2.2.1. Cardiovascular Fitness Test. Cardiovascular fitness was
measured by spiroergometry (ZAN600, nSpire Health,
Oberthulba, Germany) on a stationary bicycle (Lode Corival
cpet, Groningen, the Netherlands) using a ramp protocol
to determine peak oxygen consumption (VO2-peak). The
protocol was adjusted according to the participant’s gender
and self-reported physical activity level to ensure an adequate
physical load. For this purpose, the participants were asked
how often they perform cardiovascular exercise per week
immediately before testing. If participants performed cardio-
vascular exercise less than three hours per week, a ramp pro-
tocol with a progressively increasing load of 10W/min,
starting with 10W, was chosen for female participants, and
a load of 15W/min, startingwith 10W,was used formale par-
ticipants. If participants exercised three hours or more per
week, a progressive protocol starting at 10W and increasing
load of 15W/minwere used for females, andmale participants
started at 20W and increased the load by 20W/min. All tests
were supervised by an experienced sports scientist. Electro-
cardiography (ECG, recorded with a ten-lead ECG fully

Table 1: Participant characteristics for EG and CG.

EG
(n = 17, 9 female)

CG
(n = 21, 11 female)

F-statistics

M SD M SD F(1, 36) p η2p

Age 68.17 3.18 70.48 2.75 3.39 .074 .09

Education 16.38 2.17 15.76 1.99 0.84 .365 .02

Subj. health 4.12 0.60 4.10 0.63 0.01 .912 <.01
MMSE 28.88 0.86 28.52 0.98 1.40 .244 .04

Subj. hand usage 19.18 4.93 18.57 4.73 0.15 .698 <.01
Pegboard 12.35 1.13 12.19 1.72 0.11 .740 <.01
MVC 55.53 16.14 58.28 16.12 0.77 .387 .02

Physical activity 39.44 18.40 39.03 15.41 0.01 .940 <.01
Maximum Watt 142.82 42.68 143.00 35.73 < 0.01 .989 <.01
VO2-peak 1.95 0.59 1.85 0.53 0.25 .619 .01

Notes. EG = experimental group; CG = control group; age = age in years; education = years of education; subj. health = self-rated health status in a Likert scale
from 1 (poor) to 5 (excellent); MMSE = sum score of the Mini-Mental State Examination; subj. hand usage = self-reported hand use (sum score of 9 items,
5-point scale); Pegboard =mean score of three trials with the right hand; MVC=maximum voluntary contraction of index finger and thumb, maximal value
out of three trials; physical activity = kcal/kg∗wk; maximum Watt =maximum Watt performed during cardiovascular fitness test; VO2-peak =VO2-peak
performed during cardiovascular fitness test in l/min.
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digital stress system; Kiss, GEHealthcare,Munich, Germany),
breath-by-breath respiration, heart rate, and blood pressure
were continuously monitored. All spiroergometry protocols
started with a three-minute rest period, then had participants
cycled until a respiratory exchange ratio of 1.05 was main-
tained for about 30 seconds, and were finished with a five-
minute cool-down period. Tests were terminated by volitional
exhaustion or the occurrence of risk factors (i.e., systolic blood
pressure> 230/115mmHg, heart rate approximately > [220 –
age]). The values of the highest complete performance level
(about ≥ 4-5 seconds) achieved by the participants were aver-
aged and regarded as VO2-peak, expressed as VO2 l/min.

2.2.2. Fine Motor Control Performance and Learning:
Apparatus and Setup. Fine motor control was measured with
a force transducer (FT, FX1901 OEM sensor, Variohm
EuroSensor, Heidelberg, Germany). The sensor plate (diam-
eter 25mm) was encased with a plastic sheath (diameter
2.6mm), which was located 45 to 71mm above the tabletop
on a 45× 50mm plastic pedestal (see Figure 1(a)). The FT
was placed on a table in front of the participants in a comfort-
able position. Participants were seated about 60 cm in front
of a 23.8-inch monitor (hardware resolution: 1920× 1080
pixels). The monitor presented online visual feedback about
the target (green) and applied force (yellow) on a black back-
ground. Target and applied force appeared on the right side
of the screen and moved to the left. Target force appeared
200ms before the applied force. Five seconds of force were
presented continuously on the x-axis. For the maximum
voluntary contraction (MVC) task, the y-axis was a fixed
window from 0 to 100N; for the force modulation (FM) task,
the y-axis was set to 0 to 16N. Force data were recorded at a
sampling rate of 120Hz and a resolution of 0.06N with a
customized LabVIEW program (LabVIEW 2015, National
Instruments Austin, TX, USA). Participants had to pinch
the FT with a precision grip, placing their thumb on the force
sensor and the index finger on the plastic backside of the
sensor (see Figure 1(b)). No participant had experience with
this fine motor task. Participants received no feedback in
terms of a quantified performance score.

2.2.3. MVC Task. Participants’ maximum voluntary contrac-
tion (MVC) was assessed by asking them to exert as much
power as possible with their thumb and index finger on the
FT (three trials of five seconds,≥30 seconds rest between trials).
The highest value out of the three trials was regarded asMVC.

2.2.4. Force-Matching Task (FM Task). For an overview of the
FM task procedure see Figure 2. First, familiarization for the
FM task was performed. Participants were instructed to try
out how the FT reacts during pinching with low forces
without a target curve (one trial, length: 10 seconds). Then,
participants had to apply force to match a target force as
accurately as possible (part 1: constant target line at 4N,
three trials, 5 seconds each; part 2: regular sine-wave patterns
between 1N and 5N, frequency of 0.4Hz, three trials, 6.67
seconds each). For all FM task sessions, participants were
again instructed to apply their own force to match the target
curve as accurately as possible.

The target curve of the actual FM task sessions consisted
of an irregular sine-wave pattern of eight sine waves with the
same minima (2N) and varying maxima (5.1N–11.3N; see
Figure 3). Sine-wave frequency (0.35Hz–0.78Hz) was
adapted to the varying maxima so that tracking velocity was
identical within each sine wave. The same sine-wave pattern
was performed repetitively throughout the whole experiment.
One trial had a length of 15 seconds. Trials were intermitted
by a four-second intertrial break, during which a white fixa-
tion cross appeared on a black screen. During baseline, partic-
ipants performed eight trials with the irregular sine wave.
During the FM practice sessions, participants performed four
blocks of eight trials immediately, 30 minutes, and 24 hours
after intervention. The blocks were intermitted by breaks of
approximately 30 seconds, during which participants were
asked to relax their hands.

2.2.5. Acute Exercise Session. The EG performed a moderate
intensity exercise session by cycling on a stationary ergome-
ter (Lode Corival cpet, Groningen, the Netherlands) for 25
minutes. The exercise started with a two-minute warm-up
without Watt resistance, followed by 20 minutes at 60% of
participants’ maximum Watt performed during the cardio-
vascular fitness test (range: 54W to 130W, mean: 86.53±
25.17W). The exercise session concluded with a three-
minute cool-down without Watt resistance. Heart rate was
monitored using a Polar A300 (Polar Electro Oy, Kempele,
Finland) with an H7 heart rate sensor (Polar Electro Oy,
Kempele, Finland).

2.2.6. EEG Recording. Continuous EEG data were recorded
with an active electrode system (actiCHamp, BrainProducts,
Gilching, Germany) at a sampling rate of 500Hz. Thirty-two
electrodes were placed according to a modified 10–20 system
[68] at the positions Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC3,
FC1, FC2, FC4, FC6, T7, C3, Cz, C4, T8, CP5, CP3, CP1,
CP2, CP4, CP6, P7, P3, Pz, P4, P8, O1, Oz, and O2. The
ground electrode was placed at position Fpz, and Fz was used
as the reference electrode. Participants were instructed to sit
comfortably on the chair and relax their facial muscles
before EEG measurement started. EEG was recorded dur-
ing the FM task as well as for 30 seconds immediately
before and after all FM sessions on day 2 (i.e., baseline,

(a) (b)

Figure 1: (a) Force transducer (FT). (b) Participant performs a
precision grip.
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Figure 2: Schematic illustration of the study design. Italic text represents practice time points of the FM task. The grey boxes denote time
points of EEG measurement. The white boxes on the right side represent measurement times of heart rate (HR) and subjective fatigue of
the participants.
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Figure 3: Example FM trials for one participant of each group (CG: a-b; EG: c-d) during baseline (B-block; a, c) and motor performance
(MP-block; b, d). The grey target curves represent the irregular sine wave pattern. The black lines characterize the force applied by the
participants. The black vertical dotted line symbolizes the start of data analyses.
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practice immediately after, and 30minutes after intervention)
to calculate a reference spectrum (EEG rest). During these
periods, participants were further instructed to sit calmly on
their chair with both hands laying on the table and look at a
white fixation cross on a black screen.

2.3. Procedure. Day 1: participants provided a written state-
ment of consent from their physician for the cardiovascular
fitness test and signed a declaration of consent for study par-
ticipation. Then, they performed the MMSE, the FM MVC,
and familiarization, followed by the cardiovascular fitness
test. Day 2: the delay between days 1 and 2 was at least 48
hours (to ensure full recovery from the cardiovascular fitness
test) and up to 14 days (mean: 5:27± 3:19 days). After EEG,
caps were mounted and heart rate monitor was placed,
participants started with the FM baseline measurement.
Subsequently, EG performed the 25-minute acute exercise
session in an adjoining room. CG stayed on the chair and
listened to an audiobook (narrative short story) for 25
minutes. Participants performed the first practice session of
the FM task immediately after the intervention (2 to 5
minutes). During the subsequent break (12 to 15 minutes),
participants stayed on the chair and talked to one of the
investigators. About thirty minutes (27 to 36 minutes) after
the end of the intervention, participants performed another
practice session. Participant’s heart rate was recorded contin-
uously during day 2 (see Figure 2; Table 2). EEG was
measured only during day 2. Day 3: 24 hours after the inter-
vention (range: 23.5 to 24.5 hours after the beginning of the
first FM practice session on day 2) participants performed
the last FM practice session. The order of testing days did
not vary between participants. Fatigue of the performing
right hand was controlled on a scale from zero (not at all
fatigued) to ten (totally fatigued, see Table 2) at different time
points on day 2 and day 3 (see Figure 2).

2.4. Data Analysis

2.4.1. FM Task Performance. Data analysis of the FM task
was processed in Matlab R2015b software (the MathWorks,

Inc., Natick, Massachusetts, US). The first 211 data points
(approximately 1.75 seconds, representing the first sine wave
of every trial) were excluded from analysis to avoid variation
due to differences in ramp time (cf. dotted vertical lines in
Figure 3). Fine motor control performance was quantified
using the root mean square error (RMSE) as a difference
of the target and applied force. A mean of eight trials
was calculated for baseline (= B-block), motor performance
(= MP-block, i.e., first block of the practice session immedi-
ately after intervention), initial motor learning (= iML-block,
i.e., block four of the practice session immediately after inter-
vention), short-term motor memory (= sMM-block, i.e., first
block of the practice session 30 minutes after intervention)
and long-term motor memory (= lMM-block, i.e., first block
of the practice session 24 hours after intervention). Outliers
were presumed per trial across all participants as standard-
ized z-scores greater than 3.29 or below −3.29 per trial
(n = 11, in 7 different participants) and were replaced accord-
ing to the last observation carried forward method [69].

2.4.2. EEG Data. When not stated differently, the following
preprocessing steps were performed identically for data from
EEG rest and EEG during FM task. Offline EEG data process-
ing was accomplished with the Brain Vision Analyzer
software (Version 2.1, Brain Products GmbH, Gilching,
Germany). A phase shift-free Butterworth infinite impulse
response (IIR) filter was applied with a low cutoff at 1Hz
and a high cutoff at 70Hz, with a slope of 48 db/Oct as well
as a notch filter at 50Hz to reduce line noise. Subsequently,
a raw data inspection (criteria: gradient with a maximally
allowed voltage step of 25μV, lowest allowed activity
of 0.5μV)was performed. The electrode C4 revealed continu-
ous artefacts for one participant. Accordingly, this channel
was recalculated with a topographic interpolation for all mea-
surement time points. To remove ocular artifacts, a semiauto-
matic ocular correction was conducted using an extended
infomax independent component analysis (ICA), with the
Fp1 electrode above the left eye detecting both vertical and
horizontal ocular movements. Visual inspection confirmed
that horizontal eye movements were detected and could be

Table 2: Descriptive results and F-statistics of heart rate and fatigue values at day 2 for EG and CG.

EG
(n = 17, 9 female)

CG
(n = 21, 11 female)

F-statistics

M SD M SD F(1, 36) p η2p

HR 1 69.71 10.72 71.14 9.41 0.17 .680 .01

HR 2 99.92 11.20 n.a. n.a. — — —

HR 3 74.94 11.84 69.63 9.44 1.97 .171 .06

HR 4 69.46 11.65 68.07 7.62 0.17 .677 .01

Fatigue 1 0.66 0.83 0.81 1.03 0.24 .630 .01

Fatigue 2 2.35 1.46 2.18 1.93 0.10 .757 <.01
Fatigue 3 2.47 1.87 2.57 1.57 0.03 .858 <.01
Fatigue 4 0.71 1.21 0.86 0.91 0.19 .663 .01

Fatigue 5 1.25 1.44 1.60 1.57 0.48 .495 .01

Notes. EG = experimental group; CG = control group; HR = heart rate; Fatigue = subjective fatigue of the performing hand (scale from 0 to 10). HR 1 + fatigue 1:
before baseline; HR 2: three minutes after acute exercise; HR 3 + fatigue 2: after practice session immediately after intervention; HR 4 + fatigue 3: after practice
session 30 minutes after intervention; fatigue 4 + 5: before and after practice session 24 h after intervention.
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removed. Continuous EEG data during FM task were cut into
segments from the beginning of the first trial of the force-
tracking task to the end of the last trial of each session on
day 2. Intertrial breaks and the first 1.75 seconds (correspond-
ing to the curve of each trial, see Data Analysis FM task) were
removed from the continuous EEG data during the task. All
data during EEG rest were cut into 20-second segments
(second 5 to 25 used for analysis). Continuous data were
further separated into epochs of two seconds (overlapping
segments of 150ms), resulting in 7 epochs per FM trial and
10 epochs per EEG rest. Bad segmentswith obvious remaining
artefacts were excluded based on visual inspection. In two par-
ticipants, electrode CP3 andCP4 had to be excluded from fur-
ther analyses for EEG rest 3, in one participant electrode CP4
had to be excluded for EEG rest 1.

After preprocessing, a fast Fourier transform (FFT) algo-
rithm was applied (output was set to power measured in μV2)
using full spectrum and a Hanning window of 10% for each
trial or each EEG rest, separately. Power spectra for the beta
band (13–30Hz) were calculated for six electrodes of interest,
which are presumed to overlie the left (C3) and right (C4)
M1, left (CP3) and right (CP4) S1, and the left (F3) and right
(F4) frontal cortex. As operating the precision grip during the
FM task required considerable activations of motor areas in
both hemispheres [34, 36], power was calculated bilaterally.
Power spectra were also calculated for each trial during FM
task/EEG rest and each electrode separately. Subsequently,
a mean power value for eight segments (corresponding to
eight trials of the FM task, i.e., baseline/one block of practice)
per electrode was calculated. Then, mean power values were
log-transformed [42]. Finally, log-transformed task-related
power (TR(logPowx)) was calculated by subtracting log-
transformed beta power during EEG rest (EEG rest 1, 2,
and 3, see Figure 2) from log-transformed beta power during
FM task for each electrode separately: TR(logPowx) = log
power taskx–log power restx [42, 70], abbreviated TRPow in
the following. For B-block, EEG rest 1 was subtracted from
the mean power value of B-block. For MP-block, EEG rest 2
was subtracted from the mean power value of the first block
directly after intervention. For iML-block, EEG rest 2 from
the mean power value of the fourth block directly after inter-
vention. For sMM-block, EEG rest 3 was subtracted from the
mean power value of the first block 30 minutes after interven-
tion (see Figure 2).

2.5. Statistical Analysis. All statistical analyses were con-
ducted using SPSS for Windows, version 25 (IBM Corp.,
Armonk, NY, USA). If not stated differently, p values < .05
were regarded as significant, and p values < .10 as marginally
significant (trend). The nominal alpha level was adjusted for
particular analyses using Bonferroni adjustment α = 1 –
1 – α 1/m ; m=number of analyses/comparisons to control
for multiple testing. Greenhouse-Geisser adjustment was
reported in case the sphericity assumption was violated.
Effect sizes were reported as partial eta squares (η2p). Demo-
graphic information (age, education, subjective health, and
subjective hand usage), cognitive status (MMSE), MVC, car-
diovascular fitness level (VO2-peak), and heart rate during

day 2 were compared using analysis of variance (ANOVA)
to assess any differences between EG and CG which may
have affected motor performance (cf. Table 1).

2.5.1. FM Task Performance. First, we performed a repeated
measures analysis of variance (RM-ANOVA) with TIME
(B-block, MP-block, iML-block, sMM-block, lMM-block) as
within-subject factor and 2 GROUP (EG, CG) as between-
subject factor to calculate the influence of the intervention
(acute exercise or control condition) on FM performance
and learning (Analysis 1). This was followed by three anal-
yses to answer our a priori determined research questions,
regardless whether the main effects of Analysis 1 were
significant. A 2 TIME (B-block, MP-block)× 2 GROUP
(EG, CG) RM-ANOVA (Analysis 1.1) was performed to
investigate the influence of the acute exercise session on
MP-block in the FM task. To examine the influence of acute
exercise on iML-block, a 2 TIME (B-block, iML-block)× 2
GROUP (EG, CG) RM-ANOVA (Analysis 1.2) was con-
ducted. Additionally, a 3 TIME (iML-block, sMM-block,
lMM-block)× 2 GROUP (EG, CG) RM-ANOVA was per-
formed to assess whether acute bouts of exercise facilitate
sMM- and lMM-block (Analysis 1.3). The nominal alpha
level was adjusted for Analyses 1.1–1.3 as well as for the post
hoc t-tests of Analysis 1.3 using Bonferroni adjustment.

2.5.2. EEG Data. A 4 TIME (B-block, MP-block, iML-block,
sMM-block)× 2 HEMISPHERE (contralateral, ipsilateral)× 3
REGION (frontal, central, centro-parietal)× 2 GROUP (EG,
CG) RM-ANOVA was calculated for TRPow (Analysis 2).
Again, to answer a priori determined research questions
and in correspondence to the behavioral FM task data, three
further analyses were performed per electrode of interest. 2
TIME (B-block, MP-block) (Analysis 2.1) as well as 2 TIME
(B-block, iML-block)× 2 GROUP (EG, CG) (Analysis 2.2)
RM-ANOVAs for TRPow were calculated. Due to technical
problems during EEG rest 1 and B-block with the EEG,
Analysis 2, 2.1, and 2.2 were conducted with n = 18 partic-
ipants (instead of n = 21) for CG. As EEG was not
assessed 24 hours after intervention, the last EEG analyses
consisted of 2 TIME (iML-block, sMM-block)× 2 GROUP
(EG, CG) RM-ANOVAs (Analysis 2.3).

Identical analyses were performed for EEG rest 1, 2, and 3
to test whether acute exercise influenced beta power at rest:
we conducted a 3 TIME (EEG rest 1, EEG rest 2, EEG
rest 3)× 2 HEMISPHERE (contralateral, ipsilateral)× 3
REGION (frontal, central, centro-parietal)× 2 GROUP
(EG, CG) RM-ANOVA (Analysis 3), followed by a 2 TIME
(EEG rest 1, EEG rest 2)× 2 GROUP (EG, CG) (Analysis
3.1) as well as a 2 TIME (EEG rest 2, EEG rest 3)× 2 GROUP
(EG, CG) (Analysis 3.3 RM-ANOVA. Note: EEG rest 2 was
used to calculate TRPow of MP-block as well as iML-block.
For EEG at rest only a priori defined follow-up analyses per
electrode were calculated. Again, the nominal alpha level
was adjusted for Analyses 2.1-2.3, 3.1, and 3.3 as well as post
hoc t-tests for Analysis 2 and 3 using Bonferroni adjustment
to control for multiple testing.

FM and EEG analyses were controlled for a possible
influence of participant age (see Table 1, marginal significant
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effect of age: p = 074). Age had no significant influence on
FM or EEG statistics. Therefore, results were reported with-
out the covariate age.

2.5.3. Association between Behavioral Performance, EEG
Data, and Load during Exercise. Subsequently, Pearson’s
correlation between FM performance (RMSE) and TRPow
in analyses with significant TIME×GROUP interactions
was performed to examine the association between behav-
ioral performance and electrophysiological data. Moreover,
Pearson’s correlation between the Watt values performed
during acute exercise and FM performance (RMSE) and
TRPow were conducted to explore a possible association
of exercise intensity and behavioral or electrophysiological
data. Correlation analyses were controlled for multiple
testing (Bonferroni adjustment).

3. Results

3.1. FM Task Performance. Figure 4 displays group means
and standard errors (SE) of the FM task. Performance of
EG and CG was similar at preintervention, differed
immediately after intervention, and converged after the
initial learning phase and motor memory consolidation.
Analysis 1 confirmed a significant improvement for both
groups from B-block to lMM-block (main effect of TIME:
F(4, 36) = 73.99, p < 001, η2p = 67), but no TIME×GROUP
interaction (F(4, 36) = 1.00, p = 388, η2p = 03) and no main

effect of GROUP (F(1, 36) = 0.52, p = 475, η2p = 01). Based
on our a priori hypotheses, we further detail the results from
three different analyses.

3.1.1. Analysis 1.1. Effect of acute exercise on FM motor
performance (MP-block; adjusted α = 017; see Table 3(a)).

Performance of EG and CG was similar at B-block (preinter-
vention) and improved in the first block of practice immedi-
ately after intervention (acute exercise or control condition:
listening to an audiobook), with a more pronounced
improvement in EG than CG. Figure 3 displays representa-
tive grip force profiles of one participant from CG and one
from EG, and illustrates the different development from
pre- to postintervention. More specifically, Figure 5 indicates
that both groups improved similarly at B-block, but that EG
learned more than CG atMP-block. We confirmed the devel-
opment of CG and EG by a RM-ANOVA revealing a main
effect of TIME on RMSE. TIME×GROUP interaction
remainedmarginally significant after adjusting α level. A post
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Figure 4: Means and SE of the FM task per group. Large circles indicate measurement time point included in statistical analysis:
B-block= baseline, MP-block=motor performance, iML-block= initial motor learning, sMM-block= short-term motor memory, and
lMM-block= long-term motor memory. Small circles indicate time points of practice blocks (B2-B4 =Block 2–4).

Table 3: F-statistics for (a) Analysis 1.1, (b) Analysis 1.2, and (c)
Analysis 1.3 for FM task performance (adjusted α = 017).

Analysis
F-statistics

F df p η2p

(a) 1.1

TIME 175.94 1 <.001 .83

GROUP 0.31 1 .579 .01

TIME×GROUP 4.91 1 .033 .12

(b) 1.2

TIME 101.43 1 <.001 .74

GROUP 0.20 1 .888 <.01
TIME×GROUP <0.01 1 .975 <.01

(c) 1.3

TIME 12.62 2 <.001 .26

GROUP 0.67 1 .420 .02

TIME×GROUP 1.28 2 .284 .03
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hoc t-test further affirmed that EG and CG did not differ pre-
intervention (B-block: F(1, 36) = 0.01, p = 918, η2p = 01).

3.1.2. Analysis 1.2. Effect of acute exercise on FM initial
motor learning (iML-block; adjusted α = 017; see Table 3(b)).
Exercise did not seem to foster motor learning during the first
practice session after intervention, as FM performance in EG
and CG improved similarly (see Figure 4). Analysis 1.2,
comparing performance in B-block and performance in the
last block of the first practice session (iML-block), resulted
in a significant main effect of TIME, but no GROUP or
TIME×GROUP interaction effect.

3.1.3. Analysis 1.3. Effect of acute exercise on FMmotor mem-
ory (sMM- & lMM-block; adjusted α = 017; see Table 3(c)).
Motor memory was assessed 30 minutes (sMM-block) and
24 hours (lMM-block) after this initial phase of motor learn-
ing. Both groups revealed better sMM-block and lMM-block
performance when compared to iML-block performance
(main effect of TIME). Although TIME×GROUP interac-
tion was not significant, we performed priori defined post
hoc tests to specifically investigate the influence of exercise
on short- and long-term motor memory consolidation. Post
hoc t-tests between iML-block, sMM-block, and lMM-block
per group (EG, CG) indicated that acute exercise significantly
enhanced performance in sMM-block (p < 001) and in ten-
dency in lMM-block (p = 027) compared to iML-block,
whereas CG only revealed a tendency toward improvement
in the sMM-block (p = 057), and no change in performance
in the lMM-block (p = 321).

3.2. EEG Data. Figure 6 shows TRPow group means and SE
for different measurement time points (see Table 4 for all

descriptive values for EEG beta power at rest and TRPow
for EG and CG).

For the contralateral electrodes (F3, C3, CP3), TRPow of
EG and CG was similar at B-block, different immediately
after exercise, and coincided again after the initial learning
phase. EG and CG did not differ for the ipsilateral electrodes
(F4, C4, CP4).

3.2.1. Analysis 2. Effect of acute exercise on TRPow. RM-
ANOVA confirmed a significant effect of TIME (see
Table 5(a) for all statistical results). As compared to B-block,
the TRPow decrease was stronger in MP-Block directly after
the intervention, weaker in iML-block, and even stronger
during sMM-block (both compared to MP-block). A signifi-
cant main effect of REGION revealed that TRPow decreases
were stronger at centro-parietal and central than at frontal
electrodes (centro-parietal/central vs. frontal: both p < 001,
centro-parietal vs. central: p = 156). Furthermore, a signifi-
cant TIME×HEMISPHERE interaction indicated that con-
tralateral electrodes developed differently over time than
ipsilateral electrodes. More specifically, TRPow decreases at
contralateral compared to ipsilateral electrodes were weaker
at B-block (F(1, 33) = 5.97, p = 020, η2p = 15), and stronger

at MP-block (F(1, 33) = 9.16, p = 005, η2p = 22). A significant
TIME×HEMISPHERE×GROUP interaction further indi-
cated that the TIME×HEMISPHERE interaction stemmed
mainly from regional differences in the EG group: TRPow
decreases of contralateral compared to ipsilateral electrodes
were weaker at B-block (F(1, 33) = 16.70, p < 001, η2p = 34)
and stronger at MP-block and iML-block (F(1, 33) = 12.08,
p = 001, η2p = 27; F(1, 33) = 16.21, p < 001, η2p = 33, respec-
tively). In contrast, post hoc t-tests did not reveal any signifi-
cant difference in CG between contra- and ipsilateral

EG
CG

Mean EG
Mean CG

1-8 9-16 17-24 25-32 33-40 41-48 49-56 57-64 65-72 73-80 81-88 89-96 97-104
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Figure 5: Mean and SE for all FM trials for EG and CG. The black (EG) and gray (CG) circles represent the means per block.
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electrodes at any time point (all p > 440). Finally, the
TIME×GROUP interaction was marginally significant, indi-
cating that the TRPow values of EG andCG tended to develop
differently over the experiment.

3.2.2. Analysis 3. Effect of acute exercise on EEG at rest (see
Table 5(b)). The overarching analysis for EEG at rest revealed
a significant TIME×HEMISPHERE×REGION×GROUP
interaction. Generally, beta power increased from EEG rest
1 to EEG rest 3 and from frontal over central to centro-
parietal electrodes but differed with regard to electrode and
hemisphere. Important to note, the follow-up TIME× -
GROUP interaction was not significant.

In line with our a priori hypotheses, EEG results were fur-
ther analyzed using three distinct analyses.

3.2.3. Analysis 2.1. Effect of acute exercise on TRPow during
FM MP-block (adjusted α = 017, see Table 6(a)). Figure 7
illustrates group means of the power frequency spectra for
EEG rest and during FM task separately for EG and CG for
electrode F3 and F4. For electrode F3, EG and CG started at
a similar beta power level during FM task (B-block), whereas
EG revealed a tendency for more beta power at EEG rest
(see also Figure 6, F3). After exercise during MP-block, beta
power for EG was higher at EEG rest and lower during FM
task compared to the B-block, reflecting a stronger TRPow
decrease during MP-block than during B-block (see Figure 7
upper row). In contrast, participants in CG revealed a TRPow
increase during MP-block (see Figure 7 upper row). This pat-
tern was affirmed when comparing group means (Table 6(a):
significant TIME×GROUP interaction) and calculating cor-
responding post hoc t-tests (EG: stronger TRPow decreases
immediately after exercise (F(1, 33)=12.53, p = 001,
η2p = 28); CG: marginally significant change from a small
TRPow decrease to a TRPow increase immediately after
intervention (F(1, 33)=4.08, p = 051, η2p=.11). In contrast,
such a group difference was not visible for electrode F4
(see Figure 7). Accordingly, statistical analyses confirmed
no significant TIME×GROUP interaction for TRPow.

Furthermore, the main effects of TIME were significant
for electrode CP3 and C4. For CP3, TRPow decreases became
stronger from B-block to MP-block; TRPow decreases for C4
became weaker from B-block to MP-block.

3.2.4. Analysis 2.2. Effect of acute exercise on TRPow during
FM iML-block (adjusted α = 017; see Table 6(b)). TRPow
decreases of contralateral electrodes at the end of the first
practice session were mainly affected by the intervention
(see Figure 6; significant TIME×GROUP interactions for
contralateral F3 and marginally significant for CP3). Post
hoc comparison for electrode F3 showed that TRPow
decreases were significantly weaker during iML-block than
during B-block in CG (F(1, 33) = 9.67, p = 004, η2p = 23),
whereas EG did not change significantly (F(1, 33) = 0.67,
p = 418, η2p = 02). In contrast, for electrode CP3, TRPow
decreases became significantly stronger in EG (F(1, 33) =
7.98, p = 008, η2p = 20), whereas CG did not change

(F(1, 33) = 0.04, p = 841, η2p < 01). As for MP-block, C4
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Figure 6: Means and SE of EEG TRPow (left y-axis) and EEG at rest
(right y-axis) values in beta frequency band of the contralateral
electrodes F3, C3, and CP3. Four measurement time points were
included in the statistical analysis for TRPow (circles): B-
block = baseline, motor performance (MP-block) iML-block= initial
motor learning, sMM-block= short-term motor memory, and three
for EEG at rest (triangles): EEG rest 1, 2, and 3.
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revealed a TIME effect only, showing more TRPow decreases
in EG and CG during iML-block after exercise compared to
B-block in ipsilateral sensorimotor cortex.

3.2.5. Analysis 2.3. Effect of acute exercise on TRPow dur-
ing FM sMM-block (adjusted α = 017; see Table 6(c)).
Thirty minutes after the intervention, TRPow values in
EG and CG converged again, similar to B-block (see
Figure 6). RM-ANOVAs comparing TRPow at iML-block
and sMM-block confirmed a significant effect of TIME
and TIME×GROUP interaction for electrode F3
(remained significant after adjusting alpha to α = 017).
TRPow during sMM-block in CG was accompanied by stron-
ger TRPow decreases in the contralateral frontal cortex com-
pared to iML-block (F(1, 36) = 15.98, p < 001, η2p = 31),
whereas TRPow for EG remained stable (F(1, 36)< 0.01,
p = 960, η2p < 01). Again, for C4, we found a main effect
of TIME, showing that TRPow decreases became stronger
for both groups from iML-block to sMM-block.

3.2.6. Analysis 3.1. Effect of acute exercise on EEG rest 2
(adjusted α = 025; see Table 7(a)). Although EG revealed a
trend for more beta power at electrode F3 for EEG rest 1
(as noted above) and rest 2 (see Figures 6 and 7), the main
effect of GROUP and TIME×GROUP interaction were
not significant. The main effect of TIME was significant
for electrode CP3 and marginally significant for C3, indicat-
ing a general increase of beta power from EEG rest 1 to EEG
rest 2.

3.2.7. Analysis 3.3. Effect of acute exercise on EEG rest 3
(adjusted α = 025; see Table 7(b)). Beta power increased

from EEG rest 2 to rest 3 at electrode F4 (TIME effect).
For F3, the TIME×GROUP interaction was significant.
Beta power increased for CG from EEG rest 2 to rest 3
(F(1, 33) = 7.33, p = 010, η2p = 17) but remained stable for

the EG (F(1, 33) = 0.84, p = 366, η2p = 02).

3.3. Association between Motor Behavior, EEG Data, and
Load during Exercise. A marginally significant correlation
between FM task performance (RMSE) and EEG data
(TRPow) was revealed for EG during sMM-block at electrode
C4 (r = − 443, p = 075), pointing to a better FM performance
with reduced TRPow decrease. However, after controlling for
multiple testing, none of the correlation analyses reached
statistical significance.

Correlation analyses between the Watt values performed
during acute exercise and FM task performance (RMSE)
indicated a marginally significant correlation (r = − 426,
p = 088) for lMM-block: better FM performance 24 hours
after exercise was associated with increasing Watt values
(see Table 8 and Figure 8). After controlling for multiple test-
ing, no correlation between Watt values performed during
acute exercise and EEG TRPow revealed a significant associ-
ation (see Table 9).

4. Discussion

This study examined the effect of an acute exercise session
on (1) behavioral performance and learning in a precision
grip force modulation (FM) task as well as on (2) the elec-
trophysiological correlates of FM task performance and
learning in healthy older adults. First, results revealed a
marginally significant trend indicating that, as compared

Table 4: Descriptive results for EEG beta power at rest and TRPow for EG and CG.

EEG rest EEG TRPow
1 2 3 B-block MP-block iML-block sMM-block

F3

EG .26± .10 .34± .13 .25± .09 .01± .05 −.23± .09 −.06± .12 −.06± .06
CG .17± .08 .12± .06 .35± .09 −.04± .07 .13± .07 .21± .07 −.09± .08

C3

EG .67± .08 .08± .09 .81± .08 −.24± .07 −.40± .06 −.28± .07 −.35± .05
CG .56± .06 .65± .06 .69± .06 −.28± .05 −.28± .04 −.22± .06 −.30± .06

CP3

EG .79± .06 .94± .08 .93± .06 −.23± .07 −.41± .06 −.37± .05 −.39± .03
CG .72± .06 .80± .04 .89± .06 −.29± .06 −.32± .04 −.27± .05 −.36± .05

F4

EG .13± .09 .13± .10 .26± .09 .10± .06 −.01± .08 .19± .11 −.13± .07
CG .28± .09 .31± 07 .40± .07 .01± .06 .02± .06 .11± .06 −.11± .06

C4

EG .71± 09 .75± .09 .82± .08 −.57± .08 −.35± .06 −.26± .06 −.39± .06
CG .53± .06 .66± .06 .70± 05 −.50± .04 −.24± .07 −.21± .06 −.30± .06

CP4

EG .83± .08 .86± 07 .90± .07 −.19± .08 −.23± .06 −.21± .06 −.23± .06
CG .67± .06 .81± .05 .85± .05 −.11± .04 −.21± .05 −.15± .05 −.24± .05
Note. Mean ± SEM; EG = experimental group; CG = control group; B-block = baseline; MP-block =motor performance; iML-block = initial motor
learning; sMM-block = short-term motor memory.
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to baseline, participants of the experimental group (EG)
improved their motor performance in the FM task imme-
diately after exercise more than the control group (CG)
after rest. Secondly, EG had steeper beta TRPow decreases
(i.e., higher activity) than CG directly after exercise (mea-
surement time point motor performance) at the contralat-
eral frontal electrode, probably indicating that acute
exercise facilitated motor compensation processes in the
aged brain.

4.1. Effect of Acute Exercise on Motor Behavior. Although
over the whole experiment both groups improved their per-
formance with practice, our analyses revealed that acute exer-
cise significantly influenced FM performance at particular
time points.

4.1.1. Motor Performance. In a sample of older adults, acute
exercise facilitated motor performance in the FM task imme-
diately after exercise in tendency more than a control condi-
tion. Similarly, Mierau et al. [71] reported more performance
improvement in a motor adaptation paradigm immediately
after exercise than after rest in young adults. The underlying
mechanisms of superior motor performance immediately
after exercise remain unknown. Findings from cognitive
research revealed improved information processing indi-
cated by electrophysiological markers (shorter latencies and
larger amplitudes of the P3) immediately after exercise in
older adults [29]. Skriver et al. [14] revealed that enhanced
motor performance correlated with enhanced norepineph-
rine release and higher lactate level immediately after exercise
in young adults. Furthermore, enhanced cerebral blood flow

Table 5: F-statistics of (a) Analysis 2 (TRPow) and (b) Analysis 3 (EEG rest).

F-statistics
F df p η2p

(a) Analysis 2: TRPow

TIME 5.03 3 .009 .13

HEMISPHERE 2.63 1 .114 .07

REGION 37.85 2 <.001 .53

GROUP 3.36 1 .076 .09

TIME×HEMISPHERE 4.65 3 .017 .12

TIME×REGION 2.03 6 .102 .06

TIME×GROUP 2.65 3 0.76 .07

HEMISPHERE×REGION 1.42 2 .250 .04

HEMISPHERE×GROUP 0.01 1 .920 <.01
REGION×GROUP 2.15 2 .131 .06

TIME×HEMISPHERE×GROUP 5.81 3 .007 .15

TIME×REGION×GROUP 0.76 6 .539 .02

TIME×HEMISPHERE×REGION 1.14 6 .343 .03

HEMISPHERE×REGION×GROUP 1.82 2 .169 .05

TIME×HEMISPHERE×REGION×GROUP 0.58 6 .669 .02

(b) Analysis 3: EEG rest

TIME 7.07 2 .002 .18

HEMISPHERE 0.19 1 .665 .01

REGION 136.45 2 <.001 .81

GROUP 0.83 1 .370 .02

TIME×HEMISPHERE 0.48 2 .623 .01

TIME×REGION 1.13 4 .344 .03

TIME×GROUP 0.76 2 .460 .02

HEMISPHERE×REGION 0.52 2 .594 .02

HEMISPHERE×GROUP 6.18 1 .018 .16

REGION×GROUP 2.65 2 .098 .07

TIME×HEMISPHERE×GROUP 3.42 2 .041 .09

TIME×REGION×GROUP 0.70 4 .504 .02

TIME×HEMISPHERE×REGION 0.68 4 .535 .02

HEMISPHERE×REGION×GROUP 6.21 2 .009 .16

TIME×HEMISPHERE×REGION×GROUP 2.95 4 .049 .08
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in the M1 during a finger tapping task [72] as well as an
increase in the resting-state connectivity of the sensorimotor
areas [73] in young adults immediately after exercise indi-
cated better preconditions for motor task execution (see
also Section 4.2).

4.1.2. Initial Motor Learning. As especially, the initial phase
of learning requires a high amount of cognitive resources
[33], and acute exercise was found to improve cognitive per-
formance in older adults [27–29], we examined whether
acute exercise impacts this very early stage of learning. How-
ever, there was no superior effect of acute exercise on initial
motor learning compared to a resting control condition in
older adults. Thus, the positive influence of acute exercise
on motor performance disappeared until the end of the prac-
tice session, revealing that the superiority of EG immediately
after exercise was compensated by a higher performance gain
of CG within the first FM practice session. We can only spec-
ulate about the underlying mechanism. One explanation
might be that exercise itself already brought EG closer to
their limits, whereas participants in CG made use of their
capacity to improve during the practice session.

4.1.3. Motor Memory Consolidation. There is a consensus
that older adults, in general, reveal diminished long-term
motor consolidation processes [4–7]. It was hypothesized
that acute exercise could be a proper intervention to facilitate
consolidation processes in older adults, because effects of
acute exercise on long-term motor memory consolidation,
but not short-term motor memory consolidation, have been

shown in young adults [12, 14, 17]. However, such a positive
effect of acute exercise could neither be confirmed on short-
term nor long-term motor memory consolidation in our
group of older adults. This seems to be in line with studies
examining the effect of acute exercise on (not motor related)
short- and long-term memory, exposing higher effects for
young than for older adults [74]. Interestingly, the a priori
post hoc tests revealed enhanced consolidation of short-term
and long-term motor memory for EG after exercise, but only a
tendency toward improvement of short-term motor memory
for CG after rest. Thus, based on our results we cannot
exclude that an acute exercise session might be a possible
intervention to enhance motor consolidation in a FM task
in older adults.

4.2. Effect of Acute Exercise on Electrophysiological Data. In
addition to the FM data, the electrophysiological correlates
of FM task performance were investigated. To this aim, beta
TRPow decreases in electrodes supposed to lie over the
frontal cortex, M1, and S1 were calculated as indicators of
task-related cortical activation of the corresponding brain
areas [41, 42].

In general, beta power at rest was highest over centro-
parietal and lowest over frontal electrodes. Consistent with
other studies [49, 75], also TRPow decreases were stronger
at centro-parietal and central than at frontal electrodes.
Although the exact origin of beta oscillations is unknown,
the latter finding indicates a strong sensorimotor cortical
activation during the motor task [76]. A trend for a
TIME×GROUP interaction revealed that TRPow of EG

Table 6: F-statistics of (a) Analysis 2.1, (b) Analysis 2.2, and (c) Analysis 2.3 for EEG TRPow (adjusted α = 017).

TIME GROUP TIME×GROUP
F df p η2p F df p η2p F df p η2p

(a) Analysis 2.1

F3 1.28 1 .266 .04 2.24 1 .144 .06 15.58 1 <.001 .32

C3 4.12 1 .051 .11 0.32 1 .577 .01 3.23 1 .081 .09

CP3 8.18 1 .007 .20 0.50 1 .825 <.01 3.59 1 .067 .10

F4 2.86 1 .100 .08 0.28 1 .603 .01 1.17 1 .287 .03

C4 28.75 1 <.001 .47 1.43 1 .240 .10 0.42 1 .524 .01

CP4 1.94 1 .173 .06 0.91 1 .348 .03 0.19 1 .670 .01

(b) Analysis 2.2

F3 2.49 1 .124 .07 1.12 1 .297 .03 7.59 1 .009 .19

C3 <0.01 1 .995 <.01 <0.01 1 .971 <.01 1.01 1 .322 .03

CP3 3.55 1 .068 .10 0.07 1 .795 <.01 4.69 1 .038 .12

F4 1.73 1 .197 .05 1.24 1 .273 .04 0.07 1 .799 <.01
C4 71.83 1 <.001 .69 0.52 1 .476 .02 0.07 1 .799 <.01
CP4 0.04 1 .844 <.01 1.50 1 .229 .04 <0.01 1 .951 <.01

(c) Analysis 2.3

F3 7.35 1 .010 .04 1.43 1 .240 .04 6.95 1 .012 .16

C3 2.83 1 .101 .07 0.49 1 .487 .01 0.01 1 .943 <.01
CP3 3.09 1 .087 .08 0.10 1 .753 <.01 1.27 1 .267 .03

F4 29.25 1 <.001 .45 0.15 1 .700 <.01 1.00 1 .336 .03

C4 9.36 1 .004 .21 0.68 1 .414 .02 0.36 1 .555 .01

CP4 2.42 1 .129 .06 0.08 1 .783 <.01 1.05 1 .312 .03
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and CG tended to develop differently throughout the
experiment. For specific electrodes and time points, this
was confirmed by our a priori defined analyses as discussed
in the following.

4.2.1. Motor Performance. The acute exercise session caused
stronger TRPow decreases at electrode F3 (but not C3 or
CP3), and therefore, higher activation of the contralateral
frontal cortex during the FM practice session immediately
after acute exercise. It has been shown that older as compared
to young adults need to activate more frontal brain resources
to successfully perform a motor task [50]. One prominent
theory claims that this additional activation reflects compen-
sation processes associated with maintained or enhanced
motor performance [77]. Therefore, the increased contralat-
eral frontal activity might indicate that acute exercise enables
healthy older adults to better utilize existing frontal brain
capacities during the FM task immediately after exercise.
Our findings are also supported by functional near-infrared
spectroscopy (fNIRS) studies, in which acute exercise as
compared to rest led to compensatory frontal brain activity
during the performance of a subsequent cognitive task in
older adults [78, 79].

4.2.2. Initial Motor Learning. It has been shown that practic-
ing visuomotor force-matching tasks in general leads to an
attenuation of beta TRPow decreases in frontal and sensori-
motor cortical areas in young adults, interpreted as that task
execution became less demanding due to increased

automaticity [46, 48]. In line with these results, the CG in
our study also revealed less contralateral frontal activation
(less TRPow decrease) at the end of the first FM practice ses-
sion compared to baseline. Interestingly, the contralateral
frontal activity of the EG also decreased again in the course
of the initial learning bock (after an initial increase of activity
immediately after exercise, cf. 4.2.1), resulting in a nonsignif-
icant effect from baseline to initial motor learning. As the
cognitive load during the performance of a motor task
decreases with practice [33], it might be that the initial strong
compensatory contralateral frontal activity of the EG was not
needed anymore to perform the FM task with ongoing prac-
tice. Furthermore, results indicate that acute exercise facili-
tated contralateral frontal beta activity directly after exercise
but had no further effect on frontal beta activity during the
learning course (similar to the behavioral FM data). In line
with this finding, acute exercise led to a positive effect on cog-
nitive performance only immediately after exercise in older
adults, but not after a certain time delay [27].

4.2.3. Motor Memory Consolidation. From the last block of
the first FM practice session after intervention (i.e., initial
motor learning) to the first block of the second FM practice
session after a very short consolidation period (i.e., short-
termmotor memory), CG but not EG revealed a strong reduc-
tion of contralateral frontal cortical activity (i.e., weaker beta
TRPow decreases). EG, in turn, did not change from initial
motor learning to short-term motor memory, resulting in
frontal TRPow decreases that did not differ significantly
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from the baseline level. Thus, the effect of the intervention
(exercise or control condition) as well as the effect of practic-
ing the FM task (first practice session) disappeared during the
15-minute break between FM practice sessions. Therefore,
different to young adults [59], in older adults, efficient
short-term motor memory consolidation was not reflected
by weaker beta TRPow decreases. The different results might
be related to the intensity of exercise, i.e., a moderate intensity
exercise might not be strong enough to triggermotormemory
consolidation in older adults or to a general age-related
decline in memory consolidation after acute exercise [74].

Interestingly, the significant effects of acute exercise on
EEG beta activity were restricted to the contralateral side;
no influence was found for the ipsilateral brain areas.
Although the FM task requires bilateral brain activity
[34, 36], especially in older adults [49], acute exercise seemed
to trigger the dominant contralateral brain side only.

A general increase of beta power at rest was revealed from
EEG rest 1 to 3. Beta power at rest was interpreted as a corre-
late of processing of content-specific information [80, 81].
Therefore, one might assume that both groups increased pro-
cessing throughout the FM practice on day 2 (regardless of
the intervention). The lack of TIME×GROUP interactions
for beta power at rest indicated that sweating did not system-
atically affect EEG data at rest.

4.3. Association between Motor Behavior, EEG Data, and
Load during Exercise. After, correcting for multiple compar-
isons, no significant associations between FM task perfor-
mance and TRPow during FM task were found. Thus, we
might conclude that our results confirm earlier studies
reporting no direct correlation between visuomotor perfor-
mance, task-related beta power, and electrophysiological data
[44, 82]. However, as the (marginally significant) correlation
during short-term motor memory consolidation at electrode
C4 for the experimental group was medium high, we might
carefully interpret that as that good short-term motor mem-
ory consolidation came along with weaker TRPow decrease.

This fits to our finding that TRPow decreases got weaker
with practice. In contrast, a motor sequence learning study
(without acute exercise) revealed that a high learning gain
(i.e., a high decrease of reaction times) correlated with a
high beta suppression after a short-term consolidation
phase of ten minutes in young adults [83]. Diverging results
might indicate different control strategies between the (key
pressing) motor sequence task and our FM task and/or
between age groups.

It was further investigated whether the individual
exercise load was associated with FM task performance after
exercise, as exercise loads varied highly within the EG (range:
54W to 130W). Although only marginally significant, there
was a moderate association between exercise load and long-
term motor memory consolidation, indicating better perfor-
mance in the FM task 24 hours after acute exercise with
higher exercise loads. The level of significance might be due
to the small sample size of n = 17 and the high variation in
the data. It has to be examined whether there is an objective
criterion (i.e., exercise load in Watt) or relative criterion
(exercise load as a percentage of maximum performance)
that triggers these processes. Based on the correlational
results, one could speculate that acute exercise needs to be
performed at a certain exercise load to increase motor
consolidation processes.

4.4. Limitations and Future Directions. To our knowledge,
this study revealed for the first time that acute exercise facil-
itates fine motor control performance and learning as well as
electrophysiological processing in healthy older adults. How-
ever, several factors might have influenced (or weakened) the
effect of an acute exercise session on motor processes.

The aim of the baseline measurement was to assess a
status quo of the initial fine motor performance of the
participants. Participants in both groups revealed high
improvements within these first eight trials of the FM task
(see Figure 5). As the rate of improvement was nearly
identical between the experimental and control groups, it

Table 7: F-statistics of (a) Analysis 3.1 and (b) Analysis 3.3 for EEG rest (adjusted α = 025).

TIME GROUP TIME×GROUP
F df p η2p F df p η2p F df p η2p

(a) Analysis 3.1

F3 0.08 1 .780 <.01 2.14 1 .153 .06 2.29 1 .139 .07

C3 5.34 1 .027 .14 2.43 1 .128 .07 0.76 1 .388 .02

CP3 11.43 1 .002 .26 1.83 1 .185 .05 0.82 1 .372 .02

F4 0.03 1 .869 <.01 1.71 1 .200 .05 <0.01 1 .969 <.01
C4 3.94 1 .056 .11 2.07 1 .160 .06 0.65 1 .426 .02

CP4 2.34 1 .136 .07 2.34 1 .136 .07 0.65 1 .426 .02

(b) Analysis 3.3

F3 1.28 1 .266 .03 21.55 1 .636 .01 6.21 1 .017 .15

C3 0.47 1 .449 .01 2.34 1 .135 .06 0.19 1 .665 .01

CP3 1.12 1 .298 .03 1.43 1 .239 .04 2.15 1 .151 .06

F4 6.37 1 .016 .15 0.16 1 .696 <.01 0.16 1 .696 <.01
C4 2.41 1 .130 .06 1.20 1 .281 .03 0.22 1 .644 .01

CP4 1.35 1 .253 .04 0.39 1 .535 .01 0.01 1 .910 <.01

15Neural Plasticity



rather represents a baseline familiarization than a baseline
fine motor performance level. Based on the mean values,
one could assume that the intervention time led to a
short-term motor memory consolidation. However, con-
sidering the particular trials within the analyzed blocks
during baseline and motor performance, we see that both
groups started at a slightly lower performance level than
the last trial of the baseline block. This contradicts the
assumption of a general short-term consolidation due to
the intervention break.

Although the intensity of exercise is discussed as an
important factor in acute exercise research [84], no system-
atic association can be derived from studies using motor par-
adigms with young adults. That is, exercise intensity did not
influence the consolidation of long-term motor memory sys-
tematically: better motor memory was found 24 hours after a
high intensity [12, 14, 17, 18] and after a low-intensity exer-
cise session [18], but, surprisingly, not after a moderate
intensity exercise session [15, 16]. These heterogeneous
results might have been influenced by the method of defining
exercise intensity (% of VO2-peak vs. % of estimated age-
related maximum heart rate vs. % of maximum Watt) or by
the exercise type (cycling vs. running). In the current study,
a moderate intensity exercise session was used, as this load
could be transferred from laboratory-based acute exercise
studies to the setting of rehabilitation, i.e., patients or persons
not experienced with exercise [8]. High-intensity exercise did
not seem appropriate, as it is performed by or recommended
only for older persons with exercise experience [85, 86]. Nev-
ertheless, exercise intensity might be a determining factor
and should be systematically analyzed in future studies.

The order of acute exercise and practicing the motor task
might also be an important factor. Roig et al. [12] found that
practicing a motor task before acute exercise led to better
long-term motor memory than practice after exercise. How-
ever, this finding was not supported by another study (using
a motor adaptation paradigm), revealing that the order of
practice and exercise did not influence the effect of exercise
[87]. Thus, we decided to perform the practice sessions after
exercise, as this design has been repeatedly shown to facilitate
cognitive performance in older adults [27–29].

Furthermore, the physical activity/cardiovascular fitness
level of the participants might mediate results. We generated
a controlled sample in terms of the physical activity level,
which could prevent generalizability to the general popula-
tion of older adults. However, homogenizing the sample
was necessary, as the physical activity level seems to mediate
plasticity of the brain [88, 89] and the response to acute exer-
cise sessions [90]. Further influencing factors might be the
specific kind of upper extremity motor tasks (motor sequence
learning: [91–94]; motor adaptation paradigms: [71, 87]), the
kind of (cardiovascular) exercise [95], timing, or the duration
of exercise. In sum, further studies with older adults are
needed that systematically vary the potential influencing
factors [26].

With respect to associated neural mechanisms, we
restricted our analysis to the beta band (cf. introduction for
argumentation). In addition, alpha oscillations (8–13Hz) of
the sensorimotor cortex were described as possible markers

Table 8: Correlations between the Watt load performed during
exercise and FM performance (RMSE) after different time points
of exercise (adjusted α = 013).

RMSE
Watt load during exercise
r p

MP-block −.291 .257

iML-block −.300 .242

sMM-block −.157 .547

lMM-block −.426 .088

R2 linear = 0.181
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Figure 8: Scatterplot of the FM performance during long-term
motor memory block (lMM-block) and the Watt load during
acute exercise.

Table 9: Correlations between the Watt load performed during
exercise and TRPow after different time points of exercise
(adjusted α = 017).

TRPow
Watt load during exercise
r p

MP-block .217 .403

C3 .227 .381

CP3 .142 .585

C4 .334 .190

CP4 .378 .134

F3 −.069 .793

iML-block .006 .981

C3 .336 .188

CP3 .195 .453

C4 .373 .140

CP4 .345 .175

F3 .112 .669

sMM-block −.081 .758

C3 .171 .513

CP3 .559 .020

C4 .474 .054

CP4 .328 .198

F3 .377 .135
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of sensorimotor processing [96, 97]. We did not find any
acute exercise-related effects on EEG alpha power at rest or
TRPow in our data (results not reported) and abstained from
including it in the current report.

5. Conclusions

A moderate intensity acute exercise session tended to
improve fine motor control performance immediately after
exercise in a precision grip FM task in healthy older adults
more than a resting control condition. Therefore, acute exer-
cise might be a potential candidate to enhance motor perfor-
mance in older adults. This could have important practical
implications for the setting of rehabilitation: acute exercise
could be implemented as a method to create successful expe-
riences in fine motor control performance and therefore, to
contribute in motivating older patients in the rehabilitation
process. Further, the stronger contralateral frontal beta
TRPow decreases immediately after the exercise session com-
pared to after the control condition was interpreted as higher
frontal brain activity [41, 42]. This higher beta activity might
indicate enhanced compensation processes, implicating that
acute exercise facilitates the ability to better use existing fron-
tal brain capacities during fine motor control tasks.
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Alzheimer’s disease (AD) is the leading cause of dementia worldwide. It compromises patients’ daily activities owing to progressive
cognitive deterioration, which has elevated direct and indirect costs. Although AD has several risk factors, aging is considered the
most important. Unfortunately, clinical diagnosis is usually performed at an advanced disease stage when dementia is established,
making implementation of successful therapeutic interventions difficult. Current biomarkers tend to be expensive, insufficient, or
invasive, raising the need for novel, improved tools aimed at early disease detection. AD is characterized by brain atrophy due to
neuronal and synaptic loss, extracellular amyloid plaques composed of amyloid-beta peptide (Aβ), and neurofibrillary tangles of
hyperphosphorylated tau protein. The visual system and central nervous system share many functional components. Thus, it is
plausible that damage induced by Aβ, tau, and neuroinflammation may be observed in visual components such as the retina,
even at an early disease stage. This underscores the importance of implementing ophthalmological examinations, less invasive
and expensive than other biomarkers, as useful measures to assess disease progression and severity in individuals with or at risk
of AD. Here, we review functional and morphological changes of the retina and visual pathway in AD from pathophysiological
and clinical perspectives.

1. Introduction

Alzheimer’s disease (AD) is the most prevalent progressive
neurodegenerative disease in humans and the main cause of
dementia worldwide [1]. Together with vascular dementia,
AD corresponds to 60%–80% of all dementia cases [2].
According to the World Alzheimer Report [3], an estimated
47 million people worldwide currently have dementia, a
number that is projected to rise to approximately 131 million
by 2050. Several modifiable and nonmodifiable risk fac-
tors have been described for AD, although aging remains
the most significant [4]. Consequently, after 65 years of
age, AD prevalence is expected to double every 5 years
[5]. According to the US National Institute on Aging-
Alzheimer’s Association workgroup, there are three different
stages of AD: preclinical AD (presymptomatic with early

AD-related brain changes observed by neuroimaging or
other biomarker studies such as amyloid and tau studies in
cerebrospinal fluid (CSF)), mild cognitive impairment
(MCI) caused by AD (mild cognitive decline but still able
to perform daily activities), and dementia caused by AD
(major cognitive decline that interferes with daily activities)
[6]. Globally, AD has significant direct and indirect costs,
which increased from US$ 604 billion in 2010 to US$ 818
billion in 2015, totaling around 1% of the worldwide gross
domestic product (GDP) [3].

Two types of AD have been characterized based on age of
onset: early-onset AD (EOAD), referred to as familial, and
late-onset AD (LOAD), which is regarded as sporadic.
EOAD presents before the age of 65 and corresponds to
around 5% of AD cases [7], while LOAD appears after
65 years of age and represents the most common type of
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AD, accounting for >90% of AD cases [8]. No direct cause
has been described for LOAD, but its disease development
is influenced by various environmental and genetic risk
factors [9]. The main risk factors include aging, genetics
(presenilin 1 (PSEN1), PSEN2, and APP1 genes) [7, 10],
hypertension, diabetes, hypercholesterolemia, stroke, obesity,
sedentary lifestyle, depression, low socioeconomic status, and
alcohol and tobacco use [1, 4, 9].

AD is characterized by formation and aggregation of
extracellular plaques of abnormal amyloid-beta (Aβ) pep-
tides, as well as presence of intracellular aggregates of hyper-
phosphorylated tau protein, known as neurofibrillary tangles
(NFT) [11, 12]. In AD, Aβ peptides are produced from
abnormal cleavage of the amyloid precursor protein (APP)
by the beta-site amyloid precursor protein cleaving enzyme
1 (BACE-1 or β-secretase) and γ-secretase complex [13].
Aβ peptides promote intracellular tau phosphorylation, with
hyperphosphorylated tau protein posteriorly aggregating
into NFT [11, 14]. Aβ and NFT activate astrocytes and
microglia, inducing production of proinflammatory factors
such as interleukins and nitric oxide (NO), and ultimately
resulting in excessive neuroinflammation, oxidative stress
(OS), neuronal damage, and cell death [15–17].

Currently, the diagnosis and classification of AD are
based on clinical and neuropsychological examinations
complemented by neuroimaging studies. Nonetheless, a
conclusive diagnosis still relies on pathological examination
of postmortem brain tissue [18]. While many exploratory
biomarkers have been proposed for AD, cerebrospinal fluid
levels of tau and Aβ levels, together with imaging studies
(such as positron emission tomography carbon 11-labeled
Pittsburgh compound B), are the most widely accepted
[19]. Unfortunately, these techniques are not easily accessible
to patients with dementia worldwide owing to elevated costs
and a lack of adequate medical facilities. Therefore, it is
important to find easy-to-acquire, cost-effective methods
that can provide information on the main disease manifesta-
tions, even at early stages, to favor timely interventions and
improve the quality of life for patients. In this regard, a recent
strategic roadmap aimed at improving early diagnosis of AD
based on biomarkers was proposed and is centered on several
phases that evaluate analytical validity, clinical validity, and
clinical utility [20].

The visual system may be a helpful marker for the early
stages of AD. Brain alterations in AD can be accompanied
by ocular symptoms [21–24] which may be related to pro-
gression, cognitive deterioration, and disease severity [25].
This may be explained because the visual system shares the
same embryological origin, namely, the neural tube of the
brain, and indeed is considered an extension of the dienceph-
alon [26]. In addition, both components have several
functional and structural similarities, including microvascu-
lature and neuronal projections [27]. Furthermore, examina-
tion of the visual system may provide markers for identifying
dementia subtypes, thereby helping to differentiate AD from
vascular dementia [28].

Hence, the aim of this review is to describe functional and
morphological changes of the eye and visual pathway that are
observed in AD from a clinical and pathophysiological

perspective. Considering that the visual system shares vascu-
lar and cellular components with the central nervous system
(CNS), ocular alterations observed in patients with AD may
represent an initial manifestation of the disease and serve
as possible candidates for complementary diagnostic bio-
markers of MCI and the early stage of AD.

2. Pathological Mechanisms of Aβ and Tau
Toxicity in the Eye

2.1. General Mechanisms of Aβ and Tau Production. Senile
plaques (SP) are formed from extracellular aggregation of
Aβ deposits, which are derived from excessive or inadequate
cleavage of APP by BACE-1 and the γ-secretase complex
[13]. PSEN1 and PSEN2 are part of the γ-secretase complex,
which also includes nicastrin, anterior pharynx-defective 1,
and presenilin enhancer 2 [29]. Although its function is not
fully understood, APP has been involved in regulation of
synaptic plasticity and acts as a cell adhesion molecule that
participates in several neurodevelopmental aspects such as
migration, neurite outgrowth, growth cone pathfinding, and
synaptogenesis [30, 31]. Inadequate cleavage of APP may
lead to formation of abnormally long peptides, such as
Aβ1–42 fragments, which are more likely to oligomerize
and form plaques, compared with shorter fragments such
as Aβ1–40 [32]. Although the precise neurotoxic mecha-
nisms of Aβ are not yet fully elucidated, the presence and
aggregation of these peptides compromise the function of
various cells including astrocytes, microglia, and neurons,
leading to systemic failure of brain activity, mainly related,
but not limited, to cognitive aspects [33, 34].

In vitro evidence indicates that Aβ induces the release of
proinflammatory factors from astrocytes and microglia,
including interleukin-1β (IL-1β), IL-6, NO, and tumor
necrosis factor alpha (TNFα) [15, 16]. In addition, Aβ oligo-
mers may generate free radicals and induce mitochondrial
dysfunction via abnormal activation of glial cells [35, 36].
Other pathological mechanisms include glutamate-induced
neuronal excitotoxicity [37], GABAergic dysfunction [38],
and reduced cerebral glucose intake [39, 40]. Ultimately,
accumulation of Aβ peptides may trigger intracellular signal-
ing for tau hyperphosphorylation, with formation of tau
oligomers and NFT [11, 14] leading to neuronal degenera-
tion [41]. Tau appears to be involved in disease progression,
as tau aggregates propagate in a prion-like fashion, initiating
a self-amplifying cascade and spreading to other brain
regions [42]. In AD, these aberrant proteins are deposited
in several brain areas including the frontal, parietal, tempo-
ral, and occipital lobes and cause neuroinflammation, OS,
metabolic dysfunction, excitotoxicity, and perturbation of
synaptic plasticity [43–48].

2.2. Aβ Mechanisms in the Retina. Retinal cells share a
common embryonic origin with the brain and indeed are a
projection of the CNS [49]. Further, they have similarities
in vasculature, glial cells, neurotransmitter systems, and
connectivity with the visual cortex [50]. Moreover, insoluble
aggregation of Aβ peptides in the eye of double transgenic
AD mice has been observed in different retinal layers, mainly
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the ganglion cell layer (GCL), nerve fiber layer (NFL), photo-
receptor layer, and inner plexiform layer (IPL), leading to
neuronal damage and visual symptoms [51]. Although this
has not been confirmed in humans, it is hypothesized that
similar changes may occur.

Glial cells play a crucial role in the biochemical and
molecular mechanisms that induce neurodegeneration and
are highly expressed in the mammalian retina, optic nerve,
and retinal blood vessels. Astrocytes predominate in the
NFL, interacting with retinal ganglion cells and in close rela-
tionship with blood vessels of the inner nuclear layer (INL)
[52]. Thus, Aβ-induced toxic effects on astrocytes and
microglia may generate alterations in the eye and visual
system like those found in other nervous tissues, such as
the hippocampus or cortex.

Moreover, Aβ has been shown to produce changes in
Müller cells, the main glial cells resident in the retina. An
in vitro model using the immortalized human Müller cell
line MIO-M1 reported that treatment with Aβ1–42 induced
caspase-independent apoptosis through activation of the
purinergic receptor P2X7 in these cells [53]. A subretinal
injection of Aβ1–42 in C57BL/6 mice stimulated the develop-
ment of gliosis and a proinflammatory phenotype in Müller
cells, together with an increase in protein expression of
cyclooxygenase 2 (COX-2), glutamine synthetase (GS),
the inwardly rectifying potassium channel Kir4.1, and the
aquaporin-4 (AQP-4) water channel [54]. However, studies
in AD animal models have found contradictory results. A
study using the triple transgenic mouse model, 3x-TG-AD
[55], observed strong gliotic responses and increased pro-
cesses in Müller cells close to amyloid deposits, while a more
recent study using the APPSWE/PS1ΔE9 mouse model failed
to see any significant gliotic response or changes in GS
expression [56].

Aggregation of Aβ plaques can lead to inflammatory
reactions, reactive gliosis, and cellular and neuronal apopto-
sis in both the brain and retina [43, 57]. At the very early
disease stage, an increase in macular layer size is observed
in amnestic MCI patients, which may correspond to inflam-
matory processes and/or gliosis [58]. Also, astrocytes induce
the release of vascular factors such as prostaglandins, NO,
and arachidonic acid, which may lead to neurovascular
dysfunction in AD as indicated by pathological and experi-
mental studies [59–61]. Similarly, it has been shown that
levels of complement (C1q) are elevated in close vicinity to
amyloid plaques and astrocyte processes in transgenic mice
[62]. In addition, C1q activation generates endothelial cell
adhesion in human dermal microvascular endothelial cells
[63]. Together, these mechanisms may affect retinal vessels
and metabolic supply and increase metabolic injury in the
GCL of the retina in the early stage of AD as well as during
MCI (Figure 1).

Several studies in humans and animal models have iden-
tified Aβ plaques in the photoreceptor layer, GCL, NFL, IPL,
and outer plexiform layer (OPL), which manifest at the early
stage of disease, even before the appearance of neurological
symptoms [64–66]. The retinal and visual effects of these
plaques are not entirely clear, but activation of astrocytes
and microglia, together with neuroinflammatory changes

induced by Aβ, lead to an initial increase in the retinal epi-
thelium (RPE) and GCL degeneration in a transgenic rodent
model of AD [64, 67]. In addition, an increase in the number
of astrocytes and astrocyte/neuron ratio (which is associated
with increased neuronal loss), especially in the superior and
inferior quadrants of the retina, has been reported in humans
[68]. Similar changes where neuronal numbers are reduced
and nonneuronal cells are increased have been observed in
human brain regions such as the hippocampus and cerebral
cortex [69], as well as in the visual cortex [70]. Nonetheless,
despite the previous observations of Aβ effects on the eye,
there are limitations to mimic the clinical findings in animal
models, which may point to other endogenous mechanisms
present in these models and diverse adaptive changes in early
phases of AD [71, 72]. Additionally, it is noteworthy to
remark that Aβ aggregation was also shown within the eye
of individuals undergoing normal cognitive aging; however,
this pathophysiological process is quite distinct from the
one described in patients suffering AD as it is discussed below
in Section 2.4.

2.3. Tau Mechanisms in the Retina. One of the hallmarks of
AD is the presence of intraneuronal hyperphosphorylated
tau protein. These tau oligomers assemble in large insoluble
fibrillar structures, known as NFT, and spread between cells
in both the brain and retina. Tau oligomers seem to be one
of the main structures that promote inflammation in the
retina at the early disease stage. Tau oligomers induce
neuroinflammation in a perpetuating feed-forward cycle,
propagating neural damage, augmenting tau oligomer pro-
duction, and consequently triggering the appearance of more
inflammation [73]. Other studies detected tau accumulation
in the retina at an early phase of AD: before the onset of
cognitive impairment and even before tau aggregation in
the brain in the mouse model of AD. In the retina, tau
accumulates principally in GCL dendrites and intraretinal
axons, but is depleted in optic nerve axons [74]. Some studies
have demonstrated predominant accumulation of tau in
GCL, but it has also been observed in the INL, IPL, OPL,
and NFL [65, 75]. Conversely, hyperphosphorylated tau has
not been found in other structures such as optic nerve,
cornea, and lens in AD transgenic mice [76, 77]. Tau
accumulation causes dysfunction in anterograde axonal
transport, which is a feature of neuronal impairment that
occurs before the appearance of retinal cell death [74]. Tau
aggregation inhibits mitochondrial transport towards the
GCL periphery, leading to loss of energy production and
formation of reactive oxygen species (ROS). Altogether,
retinal neurons in AD tend to be more susceptible to OS,
produce hyperphosphorylated tau aggregates, and prolong
the delay in vesicular transport that is necessary for synapse
function and cellular growth [75]. Future studies comparing
tau aggregation between AD patients, MCI, and individuals
undergoing healthy aging could be useful to clarify if tau
plays any role in retinal changes in AD pathology.

2.4. Aβ, Aging, and Age-Related Macular Degeneration.
During aging, the brain and retina develop extracellular
deposits recognized as plaques and drusen, respectively.
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“Drusen” in the retina are deposits of insoluble cellular debris
and lipids localized beneath the RPE and inner collagenous
layer of Bruch’s membrane (BM) [71]. Two types of “drusen”
have been identified (hard and soft which differ in their
location, and in their clinical and morphological appear-
ance). Both soft and hard “drusen” have similar composi-
tions; however, some authors suggest that each type of
“drusen” may be composed by a certain variety of proteins
or may be constituted by different amounts of the same
components. Differences in “drusen’s” morphology, compo-
sition, physical properties, and location (peripheral or
central) could most likely be based on different formative
mechanisms that may contribute to macular susceptibility
for age-related macular degeneration (AMD) progression.
Although “hard drusen” can appear everywhere in the retina,
they are usually located in the peripheral retina and are
characterized by hemispherical structures with well-defined
borders. “Hard drusen” are considered part of the normal
aging process. “Soft drusen” are located exclusively in the
macula, characterized by poorly defined borders and
larger size [78]. They are linked to the early stage of AMD
[72, 79]. AMD is a slow, progressive disease that

compromises the macula and the primary cause of irre-
versible blindness during aging [43].

Two types of AMD have been described: dry AMD type,
characterized by significant atrophy of RPE and the photore-
ceptor layer, and wet, or exudative, AMD type, with invasive
blood vessels through the blood–retinal barrier [43]. These
invasive vessels come from the choroid and proliferate in
the retinal layers between BM and RPE or sometimes
proliferate between RPE and the neurosensory retina. In
turn, this leads to vascular leakage and fluid accumulation,
with formation of fibrovascular disciform scars in the retina
that can be observed by ophthalmoscopy [79].

The extracellular deposits in the brain and retina share
the presence of Aβ, ApoE, proteoglycans, immunoglobulins,
metal ions, acute-phase reactants, fibrinogen, prothrombin,
membrane debris, and protease elements [43, 72]. Aβ forma-
tion is found in both AD and AMD, suggesting a common
mechanism related to proteinopathic Aβ1–42 peptide depo-
sition [80, 81] and imbalance between increased Aβ synthesis
and reduced Aβ removal [12]. Specifically, in the aging eye,
Aβ accumulation occurs primarily in the outer segments of
photoreceptors and at the interface between RPE and BM
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Figure 1: Pathophysiological events in the retina during Alzheimer’s disease progression. Amyloid-beta (Aβ) induces microglia and astrocyte
activation, synaptic dysfunction, and neurodegeneration. These interactions can be observed by noninvasive ophthalmological examinations
in the retina at different stages of Alzheimer’s disease (AD). Reduction in the peripapillary region and macular volume has been described in
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[82]. This process appears to initiate at the apical region of
the outer segments and progresses through the retinal layers
with age, also accumulating in choroidal blood vessels. In
drusen, Aβ is localized in vesicular components known as
“amyloid vesicles” or “amyloid assemblies” [43, 78] and
exhibits several shapes, diameters, and fusion processes. In
addition, some drusen are described as a single large vesicle
occupying a sizable portion of the drusen, or densely packed
with several amyloid vesicles [43]. Amyloid vesicles are
formed by amyloid oligomer cores composed of toxic olig-
omeric Aβ1–42 peptides that are centrally organized in a
ring structure [82], in close proximity to the inner collage-
nous layer of BM [71]. Aβ1–42 interacts with different dru-
sen components, including complement proteins (HF1,
C3b/iC3b, and C5), interleukins (IL-1β, IL-8, and IL-33),
and lipids (cholesterol and phosphatidylcholine) to form
mature Aβ fibrils, which compose the shell of amyloid
vesicles [43, 82].

Overall, these interactions increase ROS production,
which contributes to formation of glycation and lipoxidation
end products [79]. Additionally, it is hypothesized that Aβ
promotes retinal microglia translocation from the inner
retina (normal position) to the subretinal space, inducing
changes in RPE cells and leading to secretion of proinflam-
matory, chemotactic, and proangiogenic molecules [82].
Furthermore, complement proteins appear to play a key role
in the pathophysiological mechanisms of AD owing to
activation by membrane proteins, lipids, cholesterol, and
Aβ deposits. Complement molecules promote inflammatory
stimuli [72], disrupt the RPE junctional complex [82], impair
trans-epithelial permeability, and induce mitochondrial
damage. Moreover, they also promote an increase in angio-
genic factors, such as vascular endothelial growth factor
(VEGF), and decrease in anti-angiogenic factors, such as
pigment epithelium-derived factor [43, 83].

The role of tau in AMD is debated and likely underesti-
mated, as tau has not been found in drusen, but has been
reported in OPL, INL, IPL, and NFL of patients with AD.
Some studies suggest that tau aggregation in aged retina
causes defective transportation of molecules, cells, and
proteins, which may promote drusen formation and subse-
quently AMD [75].

2.5. Apolipoprotein E Mechanisms. ApoE is involved in the
transport of cholesterol and triglycerides and is considered
one of the most important risk factors for development of
AD [84]. ApoE protein is mainly expressed in the brain on
astrocytes, but also in microglia, neurons, pericytes, smooth
muscle cells, and brain endothelial cells [85]. Of the different
ApoE alleles (ε2, ε3, and ε4), ApoE4 shows a strong relation-
ship with increased risk of developing AD, while ApoE2
provides protection against AD [86]. ApoE4 interacts with
Aβ to increase Aβ aggregation [87]. Furthermore, the risk
of amyloidosis in AD is suggested to be related to the interac-
tion between ApoE, aging, and amyloid burden [88].

ApoE4 is associated with vascular pathology in AD and
promotes cerebral amyloid angiopathy. Further, ApoE4 is
related to other vascular diseases such as atherosclerosis,
stroke, cerebrovascular disease, and coronary heart disease.

Consequently, it has been proposed that the pathological
effects of ApoE4 are initiated by cerebrovascular insult,
which subsequently leads to neurodegeneration. In the retina
of transgenic mice, ApoE4 is implicated in reduced vascular
density and increased vascular buds and branching in early
postnatal days, which ends during the neonatal period. These
findings are associated with decreased synaptic expression
after the neonatal period, due to low VEGF levels in ApoE4
models. VEGF is implicated in angiogenesis and vascular
plasticity and as a neuronal growth factor in retina develop-
ment. This determined that ApoE4 has transitory synaptic
and vascular effects during retinal development, before and
after the neonatal period, respectively. Moreover, VEGF in
aged retina has proangiogenic effects that promote macular
edema, diabetic retinopathy, and macular holes [89, 90].

ApoE can be expressed in RPE, GCL, and BM and is
synthesized in Müller cells [89]. ApoE is involved in uptake,
processing, transport, and clearance of lipids for retinal
metabolism; therefore, disturbance of this process may lead
to cholesterol and lipid accumulation in BM [43]. Distinct
to AD, ApoE4 confers protection against AMD because it
improves BM permeability, facilitates lipid transportation,
and consequently leads to reduced debris accumulation in
drusen formation. In contrast, ApoE2 increases the risk of
AMD apparition because it induces VEGF as a proangiogenic
agent [43, 89, 91, 92]. Contradictorily, some studies have
shown increased AMD in AD patients [93], while others
show no association [94].

3. Functional and Pathological Findings in the
Visual System

Neuronal and synaptic dysfunction in AD may compromise
visual system pathways in associated cortical and subcortical
brain structures, as well as peripheral nerves. Complex visual
disruptions are described in AD, which are related to neural
dysfunction and modifications in varied eye structures.
Depending on the area affected, these lead to diverse clinical
manifestations, making the visual system a potential diag-
nostic aid [95].

3.1. Cortical, Subcortical, and Brainstem Regions. Aβ and
NFT aggregation as well as neurodegeneration and axonal
damage are found in different brain structures related to
visual system functioning [50]. For instance, in the primary
cortex (Brodmann areas 17 and 18) of AD patients, has been
described a decrease in neuronal density, and increase in glial
density only in area 17. These cellular changes are related
with the presence of Aβ-plaques and NFT [70]. In the case
of the secondary visual cortex, involvement of the cuneal
and lingual areas of the occipital lobe of AD cases may corre-
spond with impairment in selective visual attention, emotion,
and visual processing [96–98]. Meanwhile, reduced glucose
metabolism in the visual association cortex and inferior
parietal cortex might be related to abnormalities in figure
copying, color vision tested by isochromatic plates, and
stereopsis [99].

Regarding subcortical structures, Aβ aggregation and
neuritic plaques have been found in the pulvinar nucleus of
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the thalamus of AD postmortem samples. This nucleus
participates in visual attention and in the control of eye
movements [100]. Similarly, amyloid pathology in the lateral
geniculate nucleus of the thalamus, the initial processor of
visual information, has been reported. In this regard, a reduc-
tion in the number of parvocellular neurons andmagnocellu-
lar gliosis was found [101]. Indeed, the magnocellular system
is involved in recognition of movement, spatial perception,
and luminosity, meanwhile parvocellular on identification
of color and form. Correspondingly, color and motion per-
ception is affected in AD patients [21]. Another structure
involved would be the suprachiasmatic nucleus, responsible
of the circadian cycle, sleep, melatonin secretion, pupil regu-
lation, and learning. In fact, clinical and animal models of
AD indicate severe disturbance in the circadian rhythms, as
well as neurodegeneration in brain structures which control
those cycles [102–105]. Altogether, cortical and subcortical
dysfunction of the visual systemmay partially explain the dif-
ficulties AD patients have with writing, reading, color and
structure differentiation, facial recognition, and visual acuity.

Amyloid aggregation, NFT, and neuritic plaques in the
superior colliculus, responsible for the onset of ocular
movements, have been reported in postmortem samples
from the brainstem of AD patients [106, 107]. Accumu-
lation of Aβ has also been observed in the Edinger-
Westphal nucleus of the parasympathetic oculomotor
system (which is responsible for pupillary constriction),
resulting in degeneration, neuronal loss, and decreased ace-
tylcholine (ACh) in this nucleus, with consequent pupillary
reflex alterations [22, 46]. The sympathetic system, involved
in the dilatation of the pupil, is also affected in more
advanced AD stages [46].

ACh is well known as an excitatory neurotransmitter in
the learning and memory process [108] and is compromised
in AD. Indeed, changes in neurotransmitter function may
explain retinal and visual dysfunction in early AD and MCI
before neurodegeneration is established. Different studies
have shown neurotransmitter synthesis in amacrine cells,
and nicotinic receptors in bipolar cells, horizontal cells,
photoreceptors, and the GCL [108, 109]. In the retina of a
transgenic mouse model of AD (Tg-SwDI), specific choliner-
gic cell loss together with reactive gliosis was found [108].
Cholinergic dysfunction induced by Aβ is established at
distinct levels: neurodegeneration of cholinergic cells [110],
ACh depletion [111], impaired ACh release [112], and finally
Aβ-induced impairment of muscarinic [113] and nicotinic
acetylcholine receptors (e.g., α7-nAChR) [114], as well as
associated effectors (e.g., potassium voltage-gated channels,
KCNQ) [115–117]. In older animal models, downregulation
of α4, α7, α9, and α10 nAChR, and m4 and m5 muscarinic
acetylcholine receptor (mAChR) subunits, was found. These
changes are observed in photoreceptors and INL cells,
accompanied by cholinergic cell loss in the retina [108].
Contrast sensitivity and visual attention has been found to
be deteriorated in AD patients [118]. In this regard, the use
of cholinergic drugs such as donepezil leads to improvement
in visual selective attention [119]. Similarly, donepezil also
increases contrast sensitivity and accuracy in non-AD sub-
jects [120]. Therefore, the stimulation of the cholinergic

system in AD patients not only may generate improvement
in learning and memory processes but also might improve
visual alteration at retinal, subcortical, and cortical levels.

3.2. Retina. In the retina, GCL, NFL, IPL, and the photore-
ceptor layer can generate Aβ, as each layer expresses APP
[30]. As described earlier, aberrant APP cleavage leads to
neurotoxic Aβ aggregation, enabling inflammatory process-
ing, degeneration, and thinning in all quadrants of the retina
in these layers, but mainly in the superior and inferior
quadrants. These layers are present in a third of the macula;
therefore, any alterations can contribute to reduced macula
and fovea volume, which may partially explain the ocular
manifestations that these patients exhibit [25, 48, 121–124].
Study in retinas from postmortem patients with AD found
a reduction in the number of GCL neurons related to pro-
gressive aging [125]. In contrast, GCL thinning was aggra-
vated in patients with AD and not related to aging in other
studies [126]. AD ocular findings in human studies are
summarized in Table 1, and findings in animal studies are
summarized in Table 2.

3.3. Optic Nerve. Analysis of the optic disc has been per-
formed in AD patients, with increased cup-to-disc ratio
[50], higher pallor area-to-disc area ratio, and decreased disc
rim area of the optic nerve observed as indirect signs of
axonal damage [21, 127, 128]. These optic nerve alterations
are due to degeneration of axons and larger cells of the
GCL and NFL [127] in the central and peripheral portions
of the retina, which are involved in the magnocellular path-
way and ensure greater optic nerve caliber [129]. In addition,
reduced hemoglobin percentage in the neuroretinal rim and
increased cup-to disc ratio (by 39%–43%) have been demon-
strated [128, 130, 131]. Nonetheless, despite significant
reduction of the density of axons from the optic nerve in
AD when compared with the age-matched control subjects,
no correlation between optic nerve volume and cerebral
volume in AD patients was observed [132].

3.4. Retinal Vasculature. Regarding the vasculature, Aβ
protein can be found in the walls of retinal blood vessels.
Its integrity is important in maintaining the blood–brain
barrier [44]. However, with aging, Aβ protein aggregates
and accumulates in blood vessels of the cerebral and retinal
vasculature [126]. As already described, retinal microvascula-
ture has the same embryological origin as brain microvascu-
lature, sharing disease-specific pathological mechanisms
[44]. Different clinical studies have shown venular narrowing
[133] with a decrease in flow, vessel diameter [134, 135],
arteriolar–venular fractal dimension [133], and branching
pattern [136] in AD. Similarly, increased arterial tortuosity
has been observed in clinical studies [133], with standard
deviation of vessel width [136] and amplitude of arterial
pulsation [126, 133, 136, 137]. Moreover, these findings
relate to cognitive impairment, disease progression, and
reduction in NFL diameter in the superior quadrant
[21, 26, 27, 138–140]. Although other studies differ in these
conclusions, no significant variations were shown for

6 Neural Plasticity



T
a
bl
e
1:
A
D

oc
ul
ar

fi
nd

in
gs

in
hu

m
an

st
ud

ie
s.

O
cu
la
r
hi
st
op

at
ho

lo
gi
ca
lh

al
lm

ar
ks

in
hu

m
an

st
ud

ie
s

R
ef
.

P
op

ul
at
io
n
(m

ea
n
ag
e,
ra
ng
e
ye
ar
s)

T
is
su
e
an
al
yz
ed

A
D

st
ag
e

(e
ar
ly
vs
.l
at
e-
on

se
t)

Fi
nd

in
gs

W
ill
ia
m
s
et
al
.2
01
7
[1
98
]

A
D

n
=
17

(7
7)

C
on

tr
ol
s
n
=
2(

77
)

R
et
in
a,
le
ns
,a
nd

op
ti
c
ne
rv
e

La
te

N
o
pr
es
en
ce

of
ta
u,
A
β
,u
bi
qu

it
in
,T

D
P
-4
3,

or
a-
sy
nu

cl
ei
n.

T
sa
ie
t
al
.2
01
4
[6
7]

A
D
n
=
10

(6
3–
95
)

C
on

tr
ol

n
=
10

(6
3–
95
)

N
as
al
an
d
te
m
po

ra
lr
eg
io
ns

of
th
e
re
ti
na

N
S

A
β
pl
aq
ue
s
in

re
ti
na

an
d
re
du

ce
d

ch
or
oi
da
lt
hi
ck
ne
ss
.

H
o
et
al
.2
01
4
[2
04
]

A
D

n
=
11

(8
2/
61
–9
2)

C
on

tr
ol
s
n
=
6
(7
4/
66
–8
6)

P
er
ip
he
ra
ln

as
al
re
ti
na
,p

os
te
ri
or

re
ti
na

in
cl
ud

in
g
th
e
m
ac
ul
ar

re
gi
on

an
d
op

ti
c
ne
rv
e
he
ad
,a
nd

pe
ri
ph

er
al

te
m
po

ra
lr
et
in
a

La
te

D
efi
ni
te
A
D
(n

=
9)

P
ro
ba
bl
e
A
D

(n
=
2)

C
yt
op

la
sm

ic
α
-s
yn
uc
le
in

po
si
ti
vi
ty
,b
ut

no
t
A
β
de
po

si
ts
an
d
ab
no

rm
al
ta
u

ac
cu
m
ul
at
io
n.

Sc
hö

n
et
al
.2
01
2
[7
7]

A
D
n
=
6(

37
–7
9)

C
on

tr
ol
s
n
=
4
(5
3–
60
)

R
et
in
a

E
ar
ly
an
d
la
te

H
yp
er
ph

os
ph

or
yl
at
ed

ta
u
bu

t
no

A
β

pl
aq
ue
s
or

fi
br
ill
ar

ta
u
ag
gr
eg
at
es
.

K
or
on

yo
-H

am
ao
ui

et
al
.

20
11

[6
6]

A
D

n
=
8
(8
0/
48
–9
4)

n
=
5
(7
9/
65
–9
2)

C
on

tr
ol
s
n
=
5
(7
6/
66
–8
5)

R
et
in
a

La
te
(n

=
9)

E
ar
ly
(n

=
1)

A
β
40

pl
aq
ue
s.

Sy
ed

et
al
.2
00
5
[2
05
]

A
D
n
=
12

(8
1.
9
±
6.
54
/6
9–
84
)

C
on

tr
ol
s
n
=
13

(7
8.
5
±
8.
57
/6
6–
82
)

O
pt
ic
ne
rv
e

La
te

T
he

de
ns
it
y
of

ax
on

s
w
as

re
du

ce
d
in

bo
th

th
e
ce
nt
er

an
d
pe
ri
ph

er
al
po

rt
io
ns

of
th
e

op
ti
c
ne
rv
e
w
it
h
pr
ef
er
en
ti
al
lo
ss

of
th
e

sm
al
le
r-
si
ze
d
ax
on

s.

B
la
nk

s
et
al
.1
99
6
[6
8]

(G
FA

P
-i
r)
A
D
n
=
12

(6
4–
88
)

C
on

tr
ol
s
n
=
19

(6
3–
89
)

N
eu
ro
na
la
nd

ce
ll
nu

m
be
rs

(G
C
L)

A
D

n
=
11

(1
6
re
ti
na
s
45
–9
2
ye
ar
s)

C
on

tr
ol

n
=
9
(1
1
re
ti
na
s
60
–8
9
ye
ar
s)

R
et
in
a

La
te

E
xt
en
si
ve

ne
ur
on

al
lo
ss
in

th
e
en
ti
re

re
ti
na

(3
6.
4%

),
m
os
t
pr
on

ou
nc
ed

in
th
e
su
pe
ri
or

an
d
in
fe
ri
or

qu
ad
ra
nt
s,
th
ro
ug
ho

ut
th
e

m
id
pe
ri
ph

er
al
re
gi
on

s
(4
0–
49
%
),
an
d
in

th
e
fa
r
pe
ri
ph

er
al
in
fe
ri
or

re
ti
na

(5
0–
59
%
).

In
cr
ea
se

in
th
e
as
tr
oc
yt
e
:n
eu
ro
n
ra
ti
o.

A
ls
o,
m
or
e
ex
te
ns
iv
e
la
be
lin

g
of

gl
ia
l

fi
br
ill
ar
y
ac
id
ic
pr
ot
ei
n
im

m
un

or
ea
ct
iv
it
y

(G
FA

P
-i
r)
in

as
tr
oc
yt
es

in
th
e
G
C
L,

in
th
e

M
ül
le
r
ce
lls
,a
nd

in
ra
di
al
pr
oc
es
se
s.

C
ur
ci
o
an
d
D
ru
ck
er

[2
06
]

A
D
n
=
4(

67
–8
6)

C
on

tr
ol
s
n
=
4
(6
6–
86
)

R
et
in
a

La
te

N
o
ev
id
en
ce

of
G
C
L
lo
ss
be
tw
ee
n
A
D

an
d
co
nt
ro
ls
.

B
la
nk

s
et
al
.1
99
1
[2
07
]

A
D
n
=
11

(1
3
re
ti
na
s
83
/6
9–
93

ye
ar
s)

C
on

tr
ol
s
n
=
11

(1
4
re
ti
na
s
78
/6
0–
98

ye
ar
s)

R
et
in
a

La
te

T
he

fo
ve
a
sh
ow

s
a
lo
ss

of
ne
ur
on

s
w
it
hi
n

th
e
G
C
L,

m
ai
nl
y
in

la
rg
e
an
d
sm

al
l

ga
ng
lio

n
ce
lls
.

Sa
du

n
an
d
B
as
si
19
90

[1
29
]

A
D

(1
0
op

ti
c
ne
rv
es
,3

re
ti
na
s
76
–8
9
ye
ar
s)

C
on

tr
ol
s
(8

op
ti
c
ne
rv
es
,2

re
ti
na
s
70
–7
9
ye
ar
s)

O
pt
ic
ne
rv
e
an
d
re
ti
na

La
te

P
re
do

m
in
an
t
lo
ss

of
th
e
la
rg
es
t
cl
as
s
of

re
ti
na
lg
an
gl
io
n
ce
lls

(M
ce
lls
).
R
et
in
a
of

1/
3
A
D

pa
ti
en
ts
al
so

sh
ow

ed
de
ge
ne
ra
ti
on

of
G
C
L
an
d
th
ei
r
ax
on

s
in

th
e
N
FL

.

7Neural Plasticity



T
a
bl
e
1:
C
on

ti
nu

ed
.

O
cu
la
r
hi
st
op

at
ho

lo
gi
ca
lh

al
lm

ar
ks

in
hu

m
an

st
ud

ie
s

R
ef
.

P
op

ul
at
io
n
(m

ea
n
ag
e,
ra
ng
e
ye
ar
s)

T
is
su
e
an
al
yz
ed

A
D

st
ag
e

(e
ar
ly
vs
.l
at
e-
on

se
t)

Fi
nd

in
gs

B
la
nk

s
et
al
.1
98
9
[2
08
]

A
D
n
=
16

(7
6–
93
)

C
on

tr
ol
s
n
=
19

(6
0–
91
)

O
pt
ic
ne
rv
e
an
d
re
ti
na

La
te

D
eg
en
er
at
io
n
in

th
e
G
C
L
is
ch
ar
ac
te
ri
ze
d

by
a
va
cu
ol
at
ed

ap
pe
ar
an
ce

of
th
e

cy
to
pl
as
m
.A

bs
en
ce

of
ne
ur
ofi

br
ill
ar
y

ta
ng
le
s,
ne
ur
it
ic
pl
aq
ue
s,
or

am
yl
oi
d
an
gi
op

at
hy
.

H
in
to
n
et
al
.1
98
6
[1
28
]

A
D
n
=
10

(1
0
op

ti
c
ne
rv
es
,4

re
ti
na
s
73
–8
9
ye
ar
s)

C
on

tr
ol
s
n
=
10

(7
3–
89
)

O
pt
ic
ne
rv
e
an
d
re
ti
na

La
te

W
id
es
pr
ea
d
ax
on

al
de
ge
ne
ra
ti
on

in
op

ti
c

ne
rv
es
,d
ec
re
as
ed

in
th
e
nu

m
be
r
of

ce
lls

in
G
C
L,

an
d
re
du

ct
io
n
in

th
e
th
ic
kn

es
s
of

N
FL

.T
he
re

w
as

no
re
ti
na
ln

eu
ro
fi
br
ill
ar
y

de
ge
ne
ra
ti
on

or
am

yl
oi
d
an
gi
op

at
hy
.

8 Neural Plasticity



T
a
bl
e
2:
A
D

oc
ul
ar

fi
nd

in
gs

in
an
im

al
st
ud

ie
s.

O
cu
la
r
ha
llm

ar
ks

in
ex
pe
ri
m
en
ta
la
ni
m
al
m
od

el
s

R
ef
.

M
od

el
Fi
nd

in
gs

O
liv
ei
ra
-S
ou

za
et
al
.2
01
7
[1
08
]

T
g-
Sw

D
I
m
ic
e

6.
5
to

15
m
on

th
s

U
pr
eg
ul
at
io
n
of
A
C
hR

ge
ne

ex
pr
es
si
on

an
d
si
gn
ifi
ca
nt

ce
ll
lo
ss
in

th
e
ph

ot
or
ec
ep
to
r
la
ye
r
an
d
in
ne
r
re
ti
na

on
yo
un

g
gr
ou

ps
.S
pe
ci
fi
c
ch
ol
in
er
gi
c
ce
ll
lo
ss
an
d
in
cr
ea
se
d
as
tr
oc
yt
ic
gl
io
si
s
in

th
e
m
id
dl
e-
ag
ed

an
d
A
C
hR

do
w
nr
eg
ul
at
io
n

in
ol
de
r
ad
ul
t
gr
ou

ps
.

Jo
ly
et
al
.2
01
7
[2
09
]

T
g
A
P
P
sw

e/
P
S1
D
E
9
m
ic
e

3
to

13
m
on

th
s

N
o
A
β
or

am
yl
oi
d
pl
aq
ue
s
w
er
e
de
te
ct
ed

in
th
e
T
g
re
ti
na
s.
H
ow

ev
er
,t
he

C
T
Fb

/C
T
Fa

ra
ti
o
w
as

si
gn
ifi
ca
nt
ly
lo
w
er
.

R
es
po

ns
e
m
ed
ia
te
d
by

co
ne
s
w
as

pr
es
er
ve
d.

R
et
in
al
-s
pe
ci
fi
c
pr
oc
es
si
ng

of
am

yl
oi
d
m
ay

co
nf
er

pr
ot
ec
ti
on

ag
ai
ns
t

A
D

an
d
se
le
ct
iv
el
y
pr
es
er
ve

co
ne
-d
ep
en
de
nt

vi
si
on

du
ri
ng

ag
in
g.

N
ils
on

et
al
.2
01
7
[7
3]

P
30
1L

m
ou

se
H
ta
u
m
ou

se
T
au

ol
ig
om

er
s
co
lo
ca
liz
e
w
it
h
as
tr
oc
yt
es
,m

ic
ro
gl
ia
,H

M
G
B
1,
an
d
in
fl
am

m
at
or
y
ce
lls

in
th
e
re
ti
na
.

C
hi
as
se
u
et
al
.2
01
7
[7
4]

3x
T
g
m
ic
e

3
to

6
m
on

th
s

A
ge
-r
el
at
ed

in
cr
ea
se

in
en
do

ge
no

us
re
ti
na
lt
au

ac
cu
m
ul
at
io
n,

pr
ev
io
us

to
th
e
re
po

rt
ed

on
se
t
of

be
ha
vi
or
al
de
fi
ci
ts
,

an
d
ta
u
ag
gr
eg
at
io
n
in

th
e
br
ai
n.

T
au

bu
ild

-u
p
oc
cu
rr
ed

in
G
C
L
so
m
a
an
d
de
nd

ri
te
s,
bu

t
no

t
in

ax
on

s.

C
hi
dl
ow

et
al
.2
01
7
[5
6]

T
g
A
P
P
SW

E
/P
S1
ΔE

9
m
ou

se
3
to

12
m
on

th
s

N
o
pr
es
en
ce

of
am

yl
oi
d
pl
aq
ue
s,
dy
st
ro
ph

ic
ne
ur
it
es
,n

eu
ro
na
ll
os
s,
m
ac
ro
-
or

m
ic
ro
gl
io
si
s,
O
S,
ta
u

hy
pe
rp
ho

sp
ho

ry
la
ti
on

,o
r
up

re
gu
la
ti
on

s
of

pr
oi
nfl

am
m
at
or
y
cy
to
ki
ne
s
in

th
e
re
ti
na
.

G
up

ta
et
al
.2
01
6
[4
7]

T
g
A
P
P
/P
S1

m
ic
e

13
to

16
m
on

th
s

In
cr
ea
se
d
A
β
de
po

si
ti
on

in
th
e
re
ti
na
s
w
it
h
th
in
ni
ng

in
in
ne
r
re
ti
na
ll
ay
er
s
an
d
de
cl
in
e
in

sc
ot
op

ic
th
re
sh
ol
d

re
sp
on

se
.R

ed
uc
ti
on

of
ax
on

al
de
ns
it
y
in

th
e
op

ti
c
ne
rv
e.

D
u
et
al
.2
01
5
[6
5]

O
ct
od
on

de
gu
s

6.
7–
70

m
on

th
s

A
β
de
po

si
ti
on

in
th
e
in
ne
r
an
d
ou

te
r
se
gm

en
t
of

th
e
ph

ot
or
ec
ep
to
rs
,N

FL
,a
nd

G
C
L.

A
β
ex
pr
es
si
on

w
as

hi
gh
er

in
th
e
ce
nt
ra
lr
et
in
al
re
gi
on

th
an

in
th
e
re
ti
na
lp
er
ip
he
ry
.P

ho
sp
ho

ry
la
te
d
ta
u
w
as

se
en

m
or
e
co
ns
is
te
nt
ly
in

N
FL

-G
C
L

re
ga
rd
le
ss

of
ag
e.

P
og
ue

et
al
.2
01
5
[8
0]

T
g
5x
FA

D
T
g-
A
D
m
ic
e

0–
5
m
on

th
s

P
re
se
nc
e
of
A
β
42

pe
pt
id
es
in

th
e
br
ai
n
an
d
re
ti
na
,a
cc
om

pa
ni
ed

by
in
fl
am

m
at
or
y
m
ar
ke
rs
su
ch

as
cy
cl
oo
xy
ge
na
se
-2

an
d
C
-p
ro
te
in

re
ac
ti
ve
.

M
ah
ar
sh
ak

et
al
.2
01
6
[9
0]

A
po

E
3
an
d
A
po

E
4
ta
rg
et
ed

re
pl
ac
em

en
t
m
ic
e

4–
7–
12
–1
20

da
ys

ol
d

T
ra
ns
ie
nt

ch
an
ge
s
in

va
sc
ul
ar

br
an
ch
in
g
an
d
de
cr
ea
se

in
re
ti
na
ls
yn
ap
ti
c
de
ns
it
y
in

th
e
ap
oE

4
m
ic
e.
A
dd

it
io
na
lly
,

lo
w
er

le
ve
ls
of

re
ti
na
lV

E
G
F
w
er
e
ob
se
rv
ed

in
ap
oE

4
m
ic
e
co
m
pa
re
d
to

th
e
A
po

E
3
m
ou

se
re
ti
na
s.

T
sa
ie
t
al
.2
01
4
[6
7]

T
gF
34
4-
A
D

ra
t

14
–1
9
m
on

th
s

R
ed
uc
ti
on

in
ch
or
oi
da
lt
hi
ck
ne
ss
,h
yp
er
tr
op

hi
c
re
ti
na
lp

ig
m
en
te
pi
th
el
ia
lc
el
ls
,i
nfl

am
m
at
or
y
ce
lls
,A

β
pl
aq
ue
s,
an
d

up
re
gu
la
ti
on

of
co
m
pl
em

en
t
fa
ct
or

C
3
in

th
e
re
ti
na
.

W
ill
ia
m
s
et
al
.2
01
3
[2
10
]

T
g
25
76

m
ic
e

14
m
on

th
s

N
o
si
gn
ifi
ca
nt

ch
an
ge
s
in
G
C
L
sy
na
pt
ic
de
ns
it
ie
s
bu

ta
hi
gh
ly
si
gn
ifi
ca
nt

ch
an
ge

in
m
it
oc
ho

nd
ri
al
m
or
ph

ol
og
y.
G
C
L

de
nd

ri
ti
c
at
ro
ph

y
pr
ec
ed
ed

ce
ll
lo
ss
,a
nd

th
is
m
ay

be
du

e
to

th
e
ac
cu
m
ul
at
io
ns

of
A
β
.

Z
ha
o
et
al
.2
01
3
[7
6]

T
g
A
P
P
/P
S1

m
ic
e

H
yp
er
ex
pr
es
si
on

of
ph

os
ph

or
yl
at
ed

ta
u
w
as

de
te
ct
ed

in
re
ti
na
,a
cc
om

pa
ni
ed

w
it
h
an

in
cr
ea
se

in
se
ni
le
pl
aq
ue
s
an
d

N
FT

s.
T
he

in
cr
ea
se
d
ta
u
ph

os
ph

or
yl
at
io
n
w
as

as
so
ci
at
ed

w
it
h
a
si
gn
ifi
ca
nt

au
gm

en
t
in

th
e
pr
od

uc
ti
on

of
p3
5
an
d

p2
5,
an
d
up

re
gu
la
ti
on

of
ca
lp
ai
n.

Sc
ho

n
et
al
.2
01
2
[7
7]

T
g
P
30
1S

m
ic
e

In
vi
vo

de
te
ct
io
n
of

fi
br
ill
ar

ta
u
in

th
e
re
ti
na

an
d
th
e
pr
og
re
ss
io
n
of

ta
u
pa
th
ol
og
y
ov
er

se
ve
ra
lm

on
th
s

w
as

de
m
on

st
ra
te
d.

K
or
on

yo
-H

am
ao
ui
et
al
.2
01
1
[6
6]

T
g
A
P
P
SW

E
/P
S1
ΔE

9
m
ou

se
7–
17

m
on

th
s

R
et
in
al
A
β
pl
aq
ue
s
w
er
e
de
te
ct
ed

fo
llo
w
in
g
sy
st
em

ic
ad
m
in
is
tr
at
io
n
of

cu
rc
um

in
in

T
g,
pr
ev
io
us

to
th
e
ap
pe
ar
an
ce

of
A
β
pl
aq
ue
s
in

th
e
br
ai
n.

P
er
ez

et
al
.2
00
9
[6
4]

T
g
A
P
P
SW

E
/P
S1
D
el
ta
E
9
m
ou

se
12
–1
9
m
on

th
s

A
β
pl
aq
ue
s
ap
pe
ar
ed

in
th
e
O
P
L
an
d
IP
L
of

th
e
re
ti
na
,d

is
pl
ay
in
g
sy
nt
ax
in

1
an
d
C
hA

T
,b
ut

no
ne
ur
on

al
de
ge
ne
ra
ti
on

w
as

ob
se
rv
ed
.E

R
G
re
ve
al
ed

re
du

ct
io
n
in

th
e
am

pl
it
ud

es
of

a
an
d
b
w
av
es
.

9Neural Plasticity



arteriolar–venular caliber, branching angle, or venular
tortuosity in AD patients [133].

4. Visual Impairments in AD: Clinical Features

AD affects different structures of the visual system in a
similar pathological manner as the brain, with manifestation
of distinct signs and symptoms that can be determined by
adequate clinical history and ophthalmological examination.
To our knowledge, there are no studies showing the chrono-
logical clinical manifestations specifically correlated with
changes in the retina in patients with AD. Therefore, it is
important to conduct clinical prospective studies in order
to clarify this aspect. Regarding structural changes in the
retina, thinning of the superior or inferior quadrants has
been described in AD patients associated with visual field
impairment. Other visual findings have been correlated with
alterations in the brain [141]. Regarding early visual manifes-
tations, it has been observed that contrast sensitivity is the
first visual dysfunction found in animal models and AD
patients [142, 143]. The rest of visual symptoms are evident
depending on the compromised brain structure [22, 95, 144].

Complex visual disturbances are described in patients
with AD, including constructional and visuoperceptual
disorientation, specifically difficulties in searching for objects
(figure–ground discrimination), finding their way in familiar
surroundings (environmental agnosia) [99, 145], and spatial
recognition or spatial order memory (spatial agnosia) [146].
Additionally, distinct alterations in daily life activities due
to deterioration in visual attention [147] and impairments
in tasks requiring semantic access from visual information
(e.g., disproportionate reading [148] and facial recognition
[149]) are observed. With facial recognition, transient
misidentification, abnormal self-identification, Capgras syn-
drome (denial of a familiar person and identifying them as
a replacement, imposter, or double), and in some cases
prosopagnosia (disordered recognition of familiar faces)
have been described [150]. These disturbances are due to
disordered visual processing because of disrupted cortico-
cortical projections as a result of alterations in cortical
and visual pathways (i.e., occipito–parietal and occipito–
temporal) [151, 152]. Disordered visual processing can lead
to complications in perceiving and comparing visual stim-
uli, alterations in processing visual stimuli, and impair-
ments in long-term memory and generating verbal or
action responses [148].

Another visual disturbance identified in AD is Balint’s
syndrome. This is an uncommon and incompletely under-
stood visuospatial defect reported in patients with bilateral
parieto-occipital damage associated with Brodmann’s area
7b in the posterior parietal lobe (which is involved in control
of pursuit ocular movements and target gaze on a stimulus)
and superior occipital cortex areas 17, 18, and 19 (which
are involved in visual field construction) [153]. Balint’s syn-
drome is characterized by simultanagnosia (difficulties in
locating, reaching, or attending to multiple items in a visual
space), ocular motor apraxia (inability to maintain fixation
on a specific point located in the peripheral visual field),

and optic ataxia (inappropriate coordination of voluntary
movements in response to a visual stimulus) [149].

Recently, alterations in ophthalmologic examination of
AD patients have been described. These alterations include
decreased visual acuity, with difficulties in writing and
reading [154] increasing along with disease progression
[139, 155, 156]. Similarly, compromised contrast sensitivity
(ability to distinguish an object on a background of different
frequencies) [142–144, 157] has been observed as a principal
manifestation during the initial disease stage, with progres-
sive impairment throughout the disease course [143].
Contrast sensitivity is associated with damage to the magno-
cellular pathway in the geniculate nucleus of the CNS, which
is involved in the ability to identify luminosity and motion
perception [158]. Another manifestation in AD patients is
fluctuations in color perception, mainly errors in color recog-
nition, due to involvement of the parvocellular pathway,
which is characterized by smaller axons of the optic nerve
[159]. Additionally, pupillary reflex deficits are reported as
a deficiency of the sympathetic and parasympathetic systems,
with the principal findings being decreased amplitude, speed,
and latency of reflexes. Further, smaller resting pupil diame-
ter and maximum dilatation velocity in the dark [160] as well
as reduced amplitude and 75% recovery time of the light
reflex response [22, 160] are also reported. Other abnormal-
ities in ocular movement, decreased movement perception,
and stereopsis dysfunction have been observed in patients
with AD [46]. These abnormalities include inability to focus
on an object (less relative fixation time) [161], irregular
convergence angle, difficulty performing saccadic ocular
movements [162, 163], poorer heading and speed perception
at lower temporal periodicity [24], and inability to identify
three-dimensional objects [164]. Finally, loss of the visual
field mainly occurs in the inferior quadrant and is related
to GCL damage in the superior quadrant of the correspond-
ing retina [96]. Visual field loss is characterized by accumula-
tion of larger SP and greater amounts of NFT in the cuneal
gyrus than lingual gyrus of the visual cortex, which is where
nerve fiber projections of the GCL in the superior and
inferior quadrants terminate, respectively [135].

5. Paraclinical Visual Studies in AD

Different noninvasive imaging methods have been devel-
oped to study structures of the visual system and visual
pathways in AD patients. In this section, we describe find-
ings obtained by optical coherence tomography (OCT) and
bioelectrical changes through electrophysiological exami-
nations, specifically electroretinograms (ERG) and visual
evoked potentials (VEP).

5.1. Optical Coherence Tomography in the Retina. In the ret-
ina, different OCT methods based on cross-sectional images
of the retinal layers have been performed in AD patients,
including spectral domain-optical coherence tomography
(SD-OCT). Using SD-OCT, thinning and thickening of
NFL in the superior and inferior quadrants, respectively, of
the nasal and temporal regions were related [165] to
cognitive impairment [131, 166, 167]. Degeneration of NFL,
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GCL, and IPL has been related to AD duration, with longer
disease duration associated with greater damage to the retinal
layers. The most affected quadrants were the temporal,
temporal–inferior, and temporal–superior sectors, with
increased nasal/temporal ratio reflecting higher temporal
sector commitment. In addition, reduction of the GCL was
associated with axonal degeneration, which may predict
greater disease severity [168].

Among other OCT studies, progressive compromise of
the NFL was shown between an intermediate group with
MCI and different disease stages. Thinning of NFL in the
superior quadrant was gradually affected among patients
with MCI and mild AD. The inferior quadrant was involved
in severe disease stages, demonstrating engagement of the
NFL throughout disease progression [169]. In addition,
another study detected a decrease in NFL in AD and MCI
groups in the inferior quadrant, with the superior quadrant
significantly compromised in AD patients only [170]. Con-
trarily, NFL thinning was evident in all MCI and AD groups,
indicating that NFL involvement is observed in the early
disease stage [171]. Furthermore, significant NFL thinning
was identified in patients at the early stage of AD [165]. A
meta-analysis of 51 articles in the last 5 years recognized that
loss of NFL mainly occurred in the superior quadrant, yet
corresponded to visual field impairments in the inferior
quadrant. This deterioration in NFL was related to disease
duration in AD [140].

When comparing AD patients and healthy controls, a
significant NFL reduction has been observed in AD patients,
more prominent in the inferior [172, 173] and superior quad-
rants [140, 174]. A meta-analysis including 887 AD patients
and 864 controls evidenced peripapillary NFL thinning in
the superior and inferior quadrants of the retina in AD
patients that was not present in controls [175]. Additionally,
AD patients had reduced thickness in GCL, NFL, IPL, and
outer nuclear layer (ONL) compared with controls [176].

In contrast, a relationship between NFL involvement
(through OCT) and cognitive impairment by Mini-Mental
State Examination (MMSE) was reported in AD patients,
suggesting that measurement of NFLmay be used as a disease
progression marker [177]. However, other studies have
observed NFL thinning in all quadrants, especially the
nasal region, with no relationship to the MMSE and AD
severity [178].

5.2. Optical Coherence Tomography in the Macula. The
macula is the principal structure affected at the early stage
in AD patients. By OCT, decreased macula volume was
observed in the four internal quadrants and one temporal
external quadrant, with no significant difference in decrease
in peripapillary region volume in AD patients [179]. How-
ever, a recent meta-analysis has shown that AD and MCI
patients had lower peripapillary retinal NFL compared with
controls [180]. Using SD-OCT, increased macular size and
IPL was shown in patients with MCI and those at risk of
developing AD, suggesting an inflammatory process and
reactive gliosis in the early disease stage before establishment
of AD [172, 174]. Conversely, macular thinning was identi-
fied in MCI [178] and in all sectors except the fovea, mainly

in NFL of the superior quadrant in AD [156]. Decreased IPL
in the inferonasal, inferotemporal, and superotemporal
sectors was observed, as well as reduced NFL in the temporal
sector in patients with MCI who developed AD two years
later. Corroboratively, these results were related to cognitive
impairment [176]. Macular atrophy has been described as
the first manifestation in patients with AD and is related to
degree of cognitive impairment in the MMSE [140]. By
frequency domain optical coherence tomography in AD,
NFL, GCL, and IPL are shown to be reduced in size in the
macula, except in the inferior external quadrant. Again, this
thinning is related to MMSE results [181].

5.3. Optical Coherence Tomography in the Choroid. Choroid
reduction and thinning are observed in AD. Using SD-
OCT, thinning of the choroid was measured in the macula
at 13 locations (separated by 500mm) in elderly compared
with healthy subjects. A significant decrease in the choroid
was shown in all 13 locations, but principally in two locations
temporal to the fovea. This indicates that compromise in the
choroid is not related to age [182]. By OCT examination over
a period of 12 months, greater choroid reduction was charac-
terized in AD patients compared with controls of the same
age [183]. Another study measured thickness of GCL in the
macula, the choroid, and external retina, and compared them
with MMSE results. GCL thinning in the superior and infe-
rior quadrants of the macula was observed, with significant
thinning of the choroid in all regions. Further, a relationship
was observed between GCL thinning in the macula and
MMSE results, but not with choroid thinning, which was
unrelated to severity of cognitive damage [173].

5.4. Electrophysiological Examination. Electrophysiological
examinations (i.e., bioelectrical changes in the visual system)
such as VEP and ERG have been performed in patients with
AD [140]. VEP extracts signals directly from the visual
cortex, which are dependent on adequate integrity of the
visual system (eye, retina, optic nerve, and visual cortex). In
patients with AD, decreased amplitude of P2 or P100 compo-
nents are observed at 100ms [45, 46, 48, 96, 138–140, 175,
184–186]. Yet, other studies have shown no changes in
pattern-VEP nor association with NFL thinning [187] in
the peripapillary or macular regions [188].

The pattern ERG (PERG) test presents three peaks: nega-
tive–positive–negative, which are observed at 35–50–95ms,
respectively [46]. Most studies show decreased amplitudes
and time delays, mainly in N35, P50, and N95 components,
in PERG of patients with AD [140, 189]. In contrast, only
reduced P50–N95 amplitudes with increased implicit P50
time [190] were shown in other studies, while a compromised
magnocellular pathway was also reported [158]. All these
findings relate to damage at the GCL level (N95) [190]. Con-
versely, further studies detected no PERG changes [191]. In
another type of exam, the multifocal ERG, which evaluates
macula functionality, even in early or intermediate states of
the disease in patients with AD, a statistically significant
reduction in the electric activity of the macula has been
registered, especially in the foveal and parafoveal regions,
due to the decrease in the amplitude of the P1 component
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[145]. In PERG, reduced mean amplitudes in these compo-
nents were observed in patients with AD. This anomaly
may be due to axonal depletion within the optic nerve as well
as GCL degeneration [192]. Additionally, PERG at different
frequencies showed amplitude reductions at high frequencies
in patients with AD [193]. In other types of examination,
namely, pattern-reversal VEP and ERG, no alterations were
detected, but delays were occasionally demonstrated in the
second positive component of flash VEP [192]. Scotopic
and photopic flash ERG and oscillatory potentials show no
alterations between both methods in patients with AD,
suggesting no visual pathway involvement [194]. With
VEP, decreased latency in the magnocellular pathway was
observed in AD patients [158].

6. Future Clinical Directions

The clinical study of the visual system offers several benefits
owing to the relatively scarce invasiveness of the examina-
tion, as well as the associated low cost of procedures. Struc-
tural eye components such as the cornea, lens, retina, and
optic nerve can be observed with an ophthalmoscope. Addi-
tionally, functional aspects related to autonomic features,
such as pupillary reflex, can be directly studied. Further, a
wide array of visual paraclinical tests have been developed
including VEP, ERG, tonometry, and OCT. These proce-
dures are not limited to evaluating aspects of the visual
system and can also be used to examine neurological or
systemic components of many conditions. This has led to
the proposition that studying the visual system is a helpful
and complementary approach with biomarker potential in
neurodegenerative conditions, including AD [45]. Many
visual changes manifest in AD patients (as already dis-
cussed), including alterations in visual acuity, color percep-
tion, contrast sensitivity, the visual field, pupillary reflexes,
ocular movements, and stereopsis. All can be examined by
simple, noninvasive, and easily accessible methods such as
adequate ophthalmologic examination, OCT, and electro-
physiological examinations. These are supporting diagnostic
tools that could potentially even be used in the early disease
stage. Current biomarkers for AD tend to be either expensive
or invasive, and in particular for countries with poor and
inadequate healthcare systems. Moreover, no current bio-
markers predict with absolute confidence, conversion of
MCI to AD, or development of sporadic AD. For a recent
review on the advantages and disadvantages of current AD
biomarkers, refer to [20]. Several findings in the visual system
point to the useful role of eye examinations for determination
of AD. One of the challenges of this approach is to differ-
entiate changes related to normal aging from those of
pathological origin. To date, three structural components
of the eye, the retina, eye vasculature, and lens, have
emerged as interesting research areas in AD [45].

Study of the retina and associated structures has shown
AD-related changes in preclinical (phase 1) animal explor-
atory models, thereby providing hints for their utility as
biomarkers in humans. Many of these studies have been
performed in transgenic humanized rodent models express-
ing AD characteristics. Accumulation of Aβ in plaques was

observed at 12 months in the retina of transgenic APPswe/
PS1ΔE9 mice. These plaques localized mainly in the OPL
and IPL and increased in number and size with age [64]. Sim-
ilar results were also observed in transgenic APPswe/PS1ΔE9
rats, with Aβ plaque-like structures present in the retina,
together with choroidal thinning [67]. Aβ peptides were
observed in the inner and outer segments of photoreceptors,
NFL, and GCL, with higher expression in the central retinal
region, in the Chilean rodent, Octodon degus [65], which
has been suggested as a possible natural model of AD [195].
Some studies in transgenic mice have even reported earlier
appearance of plaques in the retina than brain [42]. Further-
more, changes in retinal plaques can be individually
monitored in real time following glatiramer acetate immuni-
zation in mice [66]. Regrettably, these results using similar
animal models have not always been consistent, with contra-
dictory findings reported. In a recently published study on
APPswe/PS1ΔE9 mice, researchers were unable to demon-
strate the presence of amyloid plaques, dystrophic neurites,
neuronal loss, macro- or microgliosis, aberrant cell cycle
re-entry, OS, tau hyperphosphorylation, or upregulation of
proinflammatory cytokines or stress signaling molecules in
the retina [56]. Despite promising results obtained in pre-
clinical models, more investigations are needed to address
the reasons why AD-related changes are not constant in
all animal models and explore the mechanisms inducing
cellular and molecular alterations in the retina. Compre-
hension of these questions is vital if visual components
are to be translated from basic science to clinical practice
as reliable biomarkers.

Changes in the human retina have also been reported in
relation to AD. A recent meta-analysis, which included 25
studies comprising 887 AD patients, 216 MCI patients, and
864 healthy controls, concluded that AD and MCI patients
show decreased retinal thickness measured by OCT [180].
Another meta-analysis, which included a lower number of
studies and patients, reached a similar conclusion, corrobo-
rating the role of OCT and retinal measurement in assess-
ment of AD [123, 196]. Accordingly, retinal measurements
in humans may help distinguish between different neurode-
generative conditions. Patients with frontotemporal degener-
ation have a thinner outer retina, including a thinner ONL.
In contrast, AD patients tend to exhibit inner retinal thinning
[197]. Despite these encouraging results, in a similar fashion
to the animal models, some reports challenge this evidence.
In a recent paper, Tau, Aβ, transactive response DNA-
binding protein 43, ubiquitin, and α-synuclein were exam-
ined by immunohistochemistry in postmortem AD patient
brains, showing no evidence of inclusions, deposits, or
accumulation of other proteins in any part of the ocular globe
[198]. As in preclinical experiments, human studies need
to be expanded to clarify these controversial aspects of
AD-induced changes in the retina and visual system.

Other aspects of the eye and visual system are also
reported to show alterations related to AD, although the
retina is the component that has been most thoroughly
studied. In the lens, some but not all clinical studies show
Aβ deposition [199], while others have concluded that cata-
ract grade or lens opacity is unlikely to provide a noninvasive
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measure of the risk of developing AD dementia [200]. These
controversial results do not support the use of lens examina-
tion as a biomarker of AD, underscoring the importance of
conducting more detailed, controlled clinical studies with a
larger number of patients. Ocular vascular changes have also
been reported in AD patients [26, 201], which suggest similar
microvascular damage in the eye as the well-described
cerebral amyloid angiopathy owing to vascular Aβ deposi-
tion [202]. Direct and minimally invasive observation of
eye vasculature, mainly retinal, provides an advantage to
using vascular changes as a marker of AD. Unfortunately,
the current evidence is not strong enough to offer a definitive
answer on using this approach as a biomarker for AD. A
recent systematic review, which included all published
studies applying fundus camera imaging to examine associa-
tion between retinal vasculature/retinopathy and any form of
dementia, foundmany inconsistent results regarding changes
in vessel caliber, tortuosity, and fractal dimension, although
the authors concluded that retinopathy was more prevalent
in dementia [203]. One possible explanation for the variation
in results was suggested to be the absence of histopathological
confirmation of AD diagnosis as well as lack of dementia
severity reports. However, some studies using immunohisto-
chemistry have reported absence of markers for AD in the
visual system (Tables 1 and 2). A recent investigation done
on postmortem eye tissue obtained from AD patients failed
to report any indication of tau, Aβ, TDP-43, ubiquitin, or
α-synuclein and showed no evidence of inclusions, deposits,
or other protein accumulation in any region of the globe
[198]. A similar result was obtained in another postmortem
study, where no Aβ deposits or abnormal tau accumulations
were detected in the lens, retina, or other structures in the
eyes of AD patients [204]. Another study found hyperpho-
sphorylated tau but not Aβ aggregates in postmortem retinas
from AD patients [77]. These results contrast previously
mentioned studies where AD pathological changes in the
eyes were found. Differences in experimental procedures or
in AD disease stage may partly explain some of these
discrepancies. Nonetheless, the reported absence of AD
markers in the eye may suggest that the disease compromises
or develops in a dissimilar manner in the brain and in the eye.
As well, other biochemical, structural, or imaging markers
(i.e., OCT) in the visual system may be more adequate than
Aβ or tau in the eye. This points to the need for developing
future studies with more precise inclusion/exclusion criteria,
larger patient populations with clear AD severity classifica-
tions and staging (for example, MCI, EOAD, and LOAD),
and standardized measurements for vasculature analysis.

Currently, several clinical trials are being conducted to
help clarify the use of visual components as possible bio-
markers for AD. The National Institutes of Health- (NIH-)
supported webpage that is responsible for the registry of
clinical trials (https://clinicaltrials.gov/) has 38 studies related
to AD and the eye. These studies have a wide range of objec-
tives including measurement of saccades and eye-tracking,
visuospatial attention, retinal thickness, and amyloid deposi-
tion. Although studying optic changes in AD is not without
controversy, it represents a promising target that needs to
be carefully studied in the future, both in preclinical and

clinical studies, as the potential benefit of eye examinations
as biomarkers for AD, in particular for detection of early
changes, could have a significant impact in clinical practice.

7. Conclusions

The visual systemmight rise to be an important biomarker of
AD because the functional and pathological mechanisms
with the CNS are similar. AD patients manifest a reduction
in thickness of the retina, explained by a selective neurode-
generative process induced by Aβ. Although the precise
reason why certain retinal layers or quadrants are affected
is not clear, neuronal loss is the result of the presence of
several mechanisms such as inflammation, oxidative stress,
and vascular dysfunction. There are divergent points of view
about the relationship between ocular manifestations that
need to be clarified. However, a better knowledge of patho-
physiological mechanisms could lead to the development of
new biomarkers during early stages of the disease. Ocular
and visual examinations in AD would be a less invasive and
more cost-effective method, than the techniques that are
currently used. Noninvasive ophthalmological assessment
could complement the AD diagnosis and would be a helpful
tool to evaluate the disease progression. Novel functional
studies of the visual system, as well as objective measure-
ments of vascular and inflammatory changes in the eye,
may play an important role in the evaluation of early stages
of AD, including MCI and people at risk of dementia.
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Decline in declarative learning andmemory performance is a typical feature of normal aging processes. Exposure of aged animals to
an enriched environment (EE) counteracts this decline, an effect correlated with reduction of age-related changes in hippocampal
dendritic branching, spine density, neurogenesis, gliogenesis, and neural plasticity, including its epigenetic underpinnings.
Declarative memories depend on the medial temporal lobe system, including the hippocampus, for their formation, but, over
days to weeks, they become increasingly dependent on other brain regions such as the neocortex and in particular the prefrontal
cortex (PFC), a process known as system consolidation. Recently, it has been shown that early tagging of cortical networks is a
crucial neurobiological process for remote memory formation and that this tagging involves epigenetic mechanisms in the
recipient orbitofrontal (OFC) areas. Whether EE can enhance system consolidation in aged animals has not been tested; in
particular, whether the early tagging mechanisms in OFC areas are deficient in aged animals and whether EE can ameliorate
them is not known. This study aimed at testing whether EE could affect system consolidation in aged mice using the social
transmission of food preference paradigm, which involves an ethologically based form of associative olfactory memory. We
found that only EE mice successfully performed the remote memory recall task, showed neuronal activation in OFC, assessed
with c-fos immunohistochemistry and early tagging of OFC, assessed with histone H3 acetylation, suggesting a defective system
consolidation and early OFC tagging in aged mice which are ameliorated by EE.

1. Introduction

Aging of the brain is a complex biological process associ-
ated with decline in sensory, motor, and cognitive func-
tions. In particular, a decline in declarative learning and
memory performance is a typical feature of the normal aging
process. Human and animal model data are in accordance to
show that during aging, changes in neuronal morphology
and density as well as changes in synaptic density, function,
and plasticity are specific to each area of the brain [1–3];
brain areas crucial for declarative memory formation, such

as hippocampus and other medial temporal lobe structures,
show differential volume decline with age, associated with
loss of synaptic density, changes in neuronal electrophysio-
logical properties, deficits in synaptic plasticity [1, 3, 4], and
changes in gene transcription [5, 6] and in epigenetic mech-
anisms, leading to reduction in plasticity factors necessary for
the induction and local consolidation of synaptic efficacy
changes [7, 8]. Aged rodents have contributed a crucial part
of these data [1, 9, 10].

Environmental enrichment (EE) is an experimental pro-
tocol classically defined as “a combination of complex
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inanimate and social stimulation” [11] which provides ani-
mals with the opportunity to attain high levels of voluntary
physical activity on running wheels and to enhance explora-
tion, cognitive activity, and social interaction. EE causes
brain changes at functional, anatomical, and molecular level,
including changes in plasticity factors and mechanisms (see
[9]), with clear benefits for learning and memory [12–15],
particularly evident in aged animals [9, 12, 16]. Most of the
studies have been conducted in aged rodents, but EE has been
found to provide cognitive benefits also in other aged
mammals (see [9]). Positive effects of EE on cognitive pro-
cesses have been found in young, adult, and aged rodents both
for hippocampal-dependent and hippocampal-independent
learning and memory [9, 12–22]. For instance, EE improves
spatial memory, (see [9, 23, 24]), object recognition memory
[9, 24], social novelty [9, 24], and fear memory [25] in aged
mice and in mouse models of neurodegeneration (see [26]).
These beneficial effects in aged animals have been related to
EE action on neurogenesis, neurotrophic factors (BDNF),
IGF-I, synaptic plasticity, and neurotransmitter systems (see
[9]). In particular, the improvement in declarative learning
and memory performance in EE aged rodents has been corre-
lated with EE attenuating the age-related changes in hippo-
campal dendritic branching, spine density, neurogenesis,
gliogenesis, and neural plasticity, including its epigenetic
underpinnings [9, 20–22, 26–31].

Declarative memories (memories for facts and events)
are not acquired in their definitive form but undergo a grad-
ual process of stabilization over time to allow long-term
maintenance [32–34]. In animals, typical protocols to test
declarative memory are those testing spatial memory, recog-
nition memory, and in general associative memory. In the
process of associative memory formation, consolidation,
and maintenance, the hippocampus is believed to integrate,
in the form of an anatomical index, information transmitted
from distributed cortical networks that support the various
features of a whole experience [34], rapidly merging these
different features into a coherent memory trace. Consolida-
tion of this new memory trace at the cortical level would
then occur slowly via repeated and coordinated reactivation
of hippocampal-cortical networks in order to progressively
increase the strength and stability of corticocortical connec-
tions that represent the original experience. Therefore,
these types of memories depend on the medial temporal
lobe system, including the hippocampus, for their forma-
tion, but, over days to weeks, they become increasingly
dependent on other brain regions such as the neocortex
and in particular the prefrontal cortex (PFC) [20–23]. This
process of time-dependent gradual reorganization of the
brain regions supporting remote memory storage is known
as systems-level memory consolidation or system consoli-
dation [24–28]. Recently, it has been shown that early tag-
ging of cortical networks is a necessary neurobiological
process for remote associative olfactory memory formation
using the social transmission of food preference (STFP)
paradigm, an ethologically based form of associative olfac-
tory memory [29–31], and that this tagging involves epi-
genetic mechanisms in the recipient orbitofrontal (OFC)
areas [35, 36].

Whether EE can enhance system consolidation in aged
animals has not been tested; in particular, whether the early
tagging mechanisms in OFC areas demonstrated by Lesbur-
gueres et al. [36] in young animals are deficient in aged ani-
mals and whether EE can ameliorate them is not known.

This study aimed at testing whether EE could affect sys-
tem consolidation in STFP in aged mice. As already pointed
out, aged mice are considered a good model of aging, with
translation value [10]. For instance, deficits in the same types
of memory appear in aged humans and mice, increases in
oxidative stress parameters and neuroinflammation, which
are typical alterations of the aged brain, are present in both
aged humans and mice [9, 10], and, even if amyloid plaques
are not found in aged mouse brain, recent work has shown
that aged mice do show an increase in amyloid oligomers,
which also characterize human aging [37]. Regarding the
estimated correspondence between murine and human age,
some comparative studies have estimated [38] that senes-
cence begins in mice around eighteen months of age; the
age of mice in the present paper (15-16 months) would then
correspond, approximately, with the upper limit of human
adulthood (65 years).

We have studied whether EE could affect system consol-
idation in STFP, a protocol particularly suitable to study
recent and remote associative memory [39], in aged mice,
using the same protocol used by Lesburgueres et al. [36] to
demonstrate for the first time a role for histone acetylation
in the early tagging of OFC in young animals. We found that
only EE mice successfully performed the remote associative
olfactory memory recall task and showed neuronal activation
in OFC, assessed with c-fos immunohistochemistry. Early
tagging of OFC, assessed with histone H3 acetylation [36],
was found in EE but not in SC aged mice.

2. Materials and Methods

2.1. Animal Treatment.Male and female C57BL/6 mice of 14
months of age were used in this study. All the procedures
were approved by the Italian Ministry of Health. Animals
were housed in the animal house with a 12h/12 h light/dark
cycle and with food and water available ad libitum. At 14
months of age, animals were assigned to one of the following
rearing conditions for 40 days: environmental enrichment
(EE mice, n = 32) or standard condition (SC mice, n = 40).
SC rearing condition consisted of 26× 18× 18 cm cages hous-
ing 3 animals per cage. EE rearing condition was achieved
using a large cage (44× 62× 28 cm) containing several food
hoppers, one running wheel for voluntary physical exercise,
and differently shaped objects (tunnels, toys, shelters, and
stairs) that were repositioned twice a week and completely
substituted with others once a week. The rearing conditions
were maintained throughout the behavioral tests.

2.2. Social Transmission of Food Preference (STFP) Test. For
the STFP test, mice, male and female, were transferred in
same-sex littermate groups (2–5 animals per box) in Plexiglas
cages. The test was performed during the light phase of the
cycle. The STFP task is based on food neophobia in rodents.
Mice show a preference for eating a food that is cued with an
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odor previously experienced in the breath of a conspecific,
over a flavor cued with a novel scent [40, 41]. In this protocol,
“observer” mice interact, during the learning phase, with a
“demonstrator” mouse that has recently eaten a novel food.
When observer mice are subsequently presented with a
choice between the food eaten by the demonstrator and some
other novel foods, they prefer the food eaten by the demon-
strator, the familiar food. This phenomenon depends on
the observer mice detecting olfactory cues in the breath of
the demonstrator mouse during their interaction within the
learning phase (sniff interaction). The subsequent food pref-
erence serves as a measure of memory for those olfactory
cues. Before starting the test, one mouse from each cage
was designated as the “demonstrator” and the others as the
“observers.” For the behavioral experiments we have used a
total of 17 EE animals and 23 SC animals: in the EE group,
13 EE animals performed the behavioral tasks as observers
and 4 EE mice served as demonstrator mice; in the SC group,
16 SC animals performed the task as observers and and 7 SC
mice served as demonstrators.

The STFP task consisted of three distinct phases as
described in the protocol of Wrenn et al. [41, 42]. To mini-
mize neophobia during the experiments, mice were habitu-
ated to eat powdered rodent chow from 4oz (113.40 g) glass
food jar assemblies (Dyets Inc., Bethlehem, PA). Jars were
approximately 7 cm in diameter and 5 cm in depth [41].
The jar assemblies have been selected in order to prevent
mice from crawling and digging into the food and spilling
the food from the jar.

Before the first phase, the experimenter prepared the
food jar assemblies using flavored food and recorded the
weights of the jars. Cocoa-flavored chow was obtained
by mixing ground cocoa with plain powdered chow to give
a 2% (w/w) cocoa mixture. Cumin-flavored chow was
obtained by mixing cumin with plain powdered chow to give
a 0.5% (w/w) cumin mixture [36].

In phase I, the demonstrators were exposed to cocoa-
flavored food during a 1 h feeding session in a cage without
water. At the end of phase I, the jar assemblies were removed
and weighed: the demonstrator that did not eat at least 0.2 g
of food was not used in the further steps of the experiment.
In phase II, the learning phase, the demonstrators, immedi-
ately after the 1 h exposure to the flavored food, were placed
into the cages containing their respective observers: mice
were allowed to interact freely for 30min. During phase II,
the experimenter constantly watched the demonstrator from
a distance of ≅50 cm and recorded the number of times that
each “observer” sniffed the muzzle of the demonstrator. A
sniff is defined as a close (<2 cm) orientation of the observer’s
nose toward the front or side of the demonstrator’s muzzle
[41]. The scoring of observer sniffs of the demonstrator’s
muzzle can provide critical data showing that the impair-
ment in food preference is not due to changes in social
behavior and insufficient social interaction. Phase III, the
choice phase, started after a selected retention interval
(1 h, 24 h, or 30 days). Each observer was placed in an indi-
vidual cage with two jars in the opposite side of the cage for
counterbalancing the position. One jar contained the famil-
iar food (cocoa-flavored), consumed by the demonstrator

observer mice had interacted with, the other one the novel
food (cumin-flavored). After 1 h of feeding period, the jars
were removed from the cages and weighed; the amount of
food eaten from each jar was recorded. The preference for
the familiar food over the novel food was taken as an
index of memory for the familiar food. For all three
phases, the experimenter was blind to the rearing conditions
of the mice.

To control for the effects of extra handling, novel food
sniffing, and consumption and interaction with the demon-
strator mouse on c-fos activation and histone H3 acetylation,
we used pseudolearning (PL) mice; these animals experi-
enced arena exploration, jar exploration, food consumption,
and interaction with the demonstrator, but no learning was
involved. Indeed, PL subjects (12 PL-EE and 12 PL-SC) did
not detect any olfactory cue in the breath of the demonstrator
mouse during the interaction period, since demonstrator
mice (3 EE and 5 SC) did not eat any food before interaction.
In this way, we can control for differences in c-fos expression
or H3 acetylation simply due to extra handling, exposure to
the arena, food, and demonstrator mouse, in the learning
group and isolate the effect of learning on c-fos activation
and H3 acetylation.

For c-fos-positive cell analysis, we used, at 24 h retention
interval, EE (n = 4), SC (n = 4), PL-EE (n = 4), and PL-SC
(n = 4); at 30-day retention interval, EE (n = 4), SC (n = 4),
PL-EE (n = 4), and PL-SC (n = 4); for histone H3 acetylation
analysis in the OFC, we used EE (n = 4), SC (n = 4), PL-EE
(n = 4), and PL-SC (n = 4).

A possible confounding factor is the presence of an
innate flavor preference for one of the flavors used in the
experiment. Over the years, several different flavorants have
been successfully used in the basic procedure of STFP [43].
The pairs of flavorant used in the present paper and their spe-
cific concentrations were based on literature data [36] and on
pilot data indicating that by giving naïve mice a choice
between the two flavors used in our experiment, mice ate
the same amount of each flavored food in the absence of
STFP training (n = 5, paired t-test cocoa-flavored versus
cumin-flavored p = 0 359).

2.3. Immunohistochemistry. We used the procedure previ-
ously described in [44]. Mice were anaesthetized and per-
fused via intracardiac infusion with 0.1M PBS and then 4%
paraformaldehyde (PFA, dissolved in 0.1M phosphate
buffer, pH7.4) 90min after completion of phase III (choice
phase) or 60 minutes after phase II (learning phase) for c-
fos and histone H3 acetylation, respectively. Brains were
removed, fixed overnight in PFA, and then transferred to
30% sucrose solution and stored at 4°C. Coronal sections
were cut at 40μm thickness on a freezing microtome (Sliding
Leica microtome SM2010R, Leica Microsystems) and proc-
essed for immunohistochemistry.

For c-fos immunohistochemistry, after a blocking
step in 10% NGS and 0.5% Triton X-100 in PBS, free-
floating sections were incubated using anti-c-fos rabbit
polyclonal antibody (1 : 3000 rabbit anti-c-fos polyclonal
antibody, Calbiochem, USA) for 36 h at 4°C. Subsequently,
sections were transferred in a solution containing 1% NGS,
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0.1% Triton X-100, and 1 : 200 anti-rabbit biotinylated anti-
body (Vector Labs) in PBS. This was followed by incubation
in ABC kit (Vector Labs) and final detection with DAB reac-
tion kit (Vector Labs). Sections were finally mounted on gela-
tinized slides, dehydrated, and sealed with DPX mounting
medium (VWR International, UK).

For acetyl-histone H3 immunohistochemistry, after a
blocking step in 10% NGS and 0.05% Triton X-100 in
PBS, sections were incubated in a solution containing 10%
NGS, 0.05% Triton X-100, and anti-acetyl-histone H3
monoclonal rabbit antibodies (Lys14, 1 : 200 rabbit anti-
acetyl-histone H3 monoclonal antibodies, Millipore, USA)
overnight at 4°C. Subsequently, sections were transferred
in a solution containing 3% NGS, 0.05% Triton X-100,
and 1 : 400 Alexa Fluor 568 goat anti-rabbit IgG antibody
(Life Technologies) in PBS (Ciccarelli et al., 2013). Sections
were then mounted on gelatinized slides with VECTA-
SHIELD (Vector Labs).

2.4. Quantitative Analysis of c-fos-Positive Cells. We used the
procedure previously described in [44]. Counting of c-fos-
positive cells in different brain areas was performed using a
CCD camera (MBF Bioscience, Germany) mounted on a
Zeiss Axioskop (Zeiss, Germany) microscope and the Stereo
Investigator software (MBF Bioscience). Brain structures
were anatomically defined according to a mouse brain atlas
(Paxinos and Franklin, 1997), and the regions of interest
selected for measurement of c-fos-positive nuclei in the
orbitofrontal cortex (OFC) were (numbers indicate the dis-
tance in millimeters of the sections from bregma) medial
orbital cortex (MO, +2.80mm), ventral orbital cortex (VO,
+2.80mm), lateral orbital cortex (LO, +2.80mm), and dor-
solateral orbital cortex (DLO, +2.80mm). The number of c-
fos-positive cells was counted at 20x magnification, in 5–10
fields (50× 50μm or 100× 100μm) per section according to
the size of brain structure and their density calculated
(cells/mm2), using at least 5 sections for each structure. The
experimenter counting c-fos-positive cells was blind to the
rearing condition and treatment of the animals.

2.5. Quantitative Analysis of Immunohistochemical Signal of
Histone H3 Acetylation in the OFC. The imaging of brain
areas was performed using a CCD camera (MBF Bioscience,
Germany) mounted on a Zeiss Axioskop (Zeiss, Germany)
microscope and QCapture software (QImaging, Canada).
Brain structures were anatomically defined according to a
mouse brain atlas (Paxinos and Franklin, 1997). Images were
acquired at 20x magnification in one field of 200× 300μm
per section, keeping constant both microscope settings
and fluorescence-field intensity. The collected images were
imported to the image analysis system MetaMorph (molecu-
lar devices), and for each animal, the relative signal intensity
of AcH3-immunopositive cells was calculated using at least 5
sections for each structure. The relative signal intensity of
AcH3-immunopositive cells was calculated as the ratio
between the mean intensity of AcH3-immunopositive cells
and the intensity of background signal measured in sample
areas surrounding AcH3+ cells. All image acquisition and
analysis were carried out in blind.

2.6. Statistics. All results were expressed as mean± SEM, and
all statistical analyses were performed using statistical soft-
ware package SigmaStat (SigmaStat, version 3.5). For STFP
performance in phase III, a two-way analysis of variance
(ANOVA) for repeated measures (RM) was performed
for each retention interval (1 h, 24 h, or 30 days), consider-
ing both factor condition (EE or SC or PL-EE or PL-SC) and
factor flavor (familiar or novel), with post hoc analysis Holm-
Sidak method. The number of c-fos-positive cells in each
OFC area was analyzed with a two-way ANOVA, factor con-
dition and retention interval, with post hoc analysis Holm-
Sidak method. The level of histone H3 acetylation in each
OFC area was analyzed with a two-way ANOVA, factor con-
dition, and area, with post hoc analysis Holm-Sidak method.

3. Results

3.1. Long-Term STFP Memory Deficit in Aged Mice Is
Ameliorated by EE. Aged C57BL/6 mice, housed in EE
or SC for 40 days, were subjected to the STFP task. Dur-
ing the learning phase (phase II), interactions between
demonstrator and observer mice were scored to control
for possible differences between EE and SC mice in the
amount of interactions (a schematic diagram of the experi-
mental protocol is reported in Figure 1).

Indeed, a difference in interaction with the demonstra-
tor during the learning phase would affect performance in
the choice phase: an observer mouse is expected not to
show any preference for the cued food if it has not ade-
quately interacted with the demonstrator during the learning
phase. We found no difference in the amount of interac-
tions between EE and SC mice (t-test, EE (n = 13) versus
SC (n = 16), p = 0 111; data not shown).

Then, we evaluated olfactory memory abilities in the
choice phase (phase III) of the STFP task: in this phase,
observer mice, after a retention interval, were placed in indi-
vidual cages allocating two jars: one jar contained a familiar
food identical to that consumed by the demonstrator and
the other containing a totally novel food. After 1 h spent in
the choice phase, the jars were removed from the cage and
weighed in order to assess the amount of food eaten from
each jar. The choice phase was performed at three different
intervals, that is, 1 h, 24 h (day 1), or 30 days (day 30) after
the end of phase II.

At 1 h retention interval, we found a clear preference for
the familiar food in both groups of animals which underwent
associative learning of familiar food in the breath of the dem-
onstrator, SC (n = 8) and EE (n = 5) (two-way RM ANOVA,
post hoc analysis Holm-Sidak method, familiar food versus
novel food, p = 0 007 for SC, p < 0 001 for EE; Figure 1); on
the contrary, at retention intervals 24 h (day 1) and 30 days
(day 30), we found a significant familiar food preference
only for EE mice, while SC mice displayed no preference
at either interval (two-way RM ANOVA post hoc analysis
Holm-Sidak method, familiar food versus novel food at
day 1, p = 0 153 for SC mice (n = 4), p = 0 001 for EE mice
(n = 4); at day 30, p = 0 095 for SC mice (n = 4), p = 0 021
for EE mice (n = 4); Figure 2).
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As expected, no food preference was displayed by PL-SC
and PL-EE mice, which did not undergo associative learning
(two-way RM ANOVA, post hoc analysis Holm-Sidak
method, novel versus familiar; p > 0 05 at both retention
intervals; Figure 2).

The good performance of SC mice at 1 h retention inter-
val rules out the possibility of olfactory deficits hampering
the preference for the familiar food in aged SC mice. Thus,
their failure in eating significantly more the familiar food at
day 1 and day 30 indicates a long-term STFP memory deficit
in aged SC mice, which is rescued by EE.

3.2. c-fos Expression in the OFC of Aged SC and EE Mice
following a Retention Interval of 1 or 30 Days. After the
end of the choice test at day 1 and day 30, when SC and
EE mice significantly differed in their memory perfor-
mance, mice were sacrificed and the expression of c-fos
protein was assessed as an indicator of neuronal activity
in the OFC, the final olfactory memory storage site. c-fos
immunohistochemistry is currently used in developing
adult and aging animals as a reliable, surrogate marker for
neuronal activity, particularly when spatial distribution of
neuronal activity and comparison of neural activation
between different brain regions is of interest (see, e.g., [10,
44–50]). We separately counted c-fos-positive cells in 4
OFC subregions, medial orbital cortex (MO), ventral orbital
cortex (VO), lateral orbital cortex (LO), and dorsolateral
orbital cortex (DLO). No difference was present between
the two control groups, PL-EE and PL-SC mice, in any
OFC region at any retention interval (two-way ANOVA,

post hoc analysis Holm-Sidak method, PL-EE versus PL-
SC, p > 0 05; Figure 3), suggesting that EE and SC condition
per se does not affect c-fos expression in the areas of inter-
est during the choice test.

At day 1, we found significant neuronal activation in
OFC both for EE and SC mice: indeed, the number of c-
fos-positive cells was higher in SC and EE mice with respect
to their controls (PL-SC and PL-EE mice) in all OFC areas
in EE mice and in LO and DLO in SC mice (two-way
ANOVA, post hoc analysis Holm-Sidak method for condi-
tion, EE versus PL-EE (p < 0 01) for all areas; SC versus PL-
SC (p < 0 01) for LO and DLO; SC versus PL-SC (p > 0 05)
for MO and VO; Figure 3). No difference was present
between EE and SC mice in any OFC regions (two-way
ANOVA, post hoc analysis Holm-Sidak method for condi-
tion, EE versus SC (p > 0 05) for all areas; Figure 3).

At day 30 retention interval, we found significant neuro-
nal activation only in EE mice: in particular, we found an
increased number of c-fos-positive cells in all OFC areas of
EE mice (two-way ANOVA, post hoc analysis Holm-Sidak
method for condition, EE versus PL-EE (p < 0 001) in all
areas; Figure 3). No increase in the number of c-fos-
positive cells was present in any OFC area at day 30 in SC
mice with respect to their controls (two-way ANOVA, post
hoc analysis Holm-Sidak method for condition, SC versus
PL-SC (p > 0 05) in all areas; Figure 2), indicating lack of
neuronal activation. A comparison between EE and SC c-
fos expression at day 30 showed a greater neuronal activation
in EE with respect to SC mice in all OFC areas (two-way
ANOVA, post hoc analysis Holm-Sidak method for housing
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Figure 1: Schematic diagram of the experimental protocol.
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condition, EE versus SC, p = 0 003 for MO and p < 0 001 for
VO, LO, and DLO; Figure 3).

In the comparison between c-fos activations at day 1
and day 30, we found a significantly higher number of
c-fos-positive cells at day 30 with respect to day 1 in EE mice
in all OFC areas but MO (two-way ANOVA, post hoc analy-
sis Holm-Sidak method 30 versus 1 in EE, p = 0 181 in MO;
p < 0 001 in VO; p = 0 004 in LO; p = 0 035 in DLO;
Figure 3); on the contrary, no significantly higher activation
of OFC areas was found at day 30 with respect to day 1 in
SC mice; rather, we found a decrease in c-fos expression in
LO for the SC group (two-way ANOVA, post hoc analysis
Holm-Sidak method 30 versus 1 in SC, p = 0 018 in LO;
p > 0 05 in MO, VO, and DLO; Figure 3).

Thus, preserved memory at day 30 in EE mice was asso-
ciated with a significant activation of OFC and with increased
OFC activation with respect to day 1 recall.

3.3. Increased Histone H3 Acetylation in the OFC of EE Aged
Mice 1 h after the Learning Phase. Epigenetic changes are cru-
cially involved in memory consolidation [35, 51]. Lesbur-
gueres et al. [36] have shown that the setting of synaptic
tags during system consolidation of STFP memory involves
epigenetic mechanisms, in particular increased acetylation
of histone H3 in the OFC shortly (1 h) after the learning
phase; preventing the increase in H3 acetylation impaired
remote memory, assessed 30 days later, while pharmacologi-
cal maintenance of a higher level of acetylation resulted in
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Figure 2: Performance of SC, EE, PL-SC, and PL-EE mice in the STFP. (a) 1-hour retention interval: there is a significant preference for the
familiar food (open columns) with respect to the novel food (filled columns) for SC and EE groups, which underwent associative learning of
familiar food in the breath of the demonstrator (two-way RMANOVA post hoc analysis Holm-Sidak method, familiar food versus novel food
for SC (p = 0 007) and EE (p < 0 001)). (b) 24-hour retention interval (day 1). There is a significant preference for the familiar food with
respect to the novel food only for EE group (two-way RM ANOVA post hoc analysis Holm-Sidak method, familiar food versus novel food
for EE (p = 0 001)). (c) 30-day retention interval (day 30): there is a significant preference for the familiar food with respect to the novel
food only for EE group (two-way RM ANOVA post hoc analysis Holm-Sidak method, familiar food versus novel food for EE (p = 0 021)).
There is no preference for the familiar food in pseudolearning mice, PL-SC and PL-EE, for any time interval (two-way RM ANOVA post
hoc analysis Holm-Sidak method (p > 0 05) for all comparisons). ∗p < 0 05; ∗∗p < 0 01; error bars = SEM.

6 Neural Plasticity



0
200
400
600
800

1000
1200
1400
1600
1800

VO

0
100
200
300
400
500
600
700
800
900

c-
fo

s c
ou

nt
s (

ce
ll/

m
m

2 )
c-

fo
s c

ou
nt

s (
ce

ll/
m

m
2 )

MO LO

DLO

Day 1 Day 30 Day 1 Day 30

Day 1 Day 30 Day 1 Day 30

SC
EE

PL-SC
PL-EE

⁎⁎ ⁎⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎⁎

⁎⁎

⁎

⁎⁎

⁎⁎

⁎⁎⁎ ⁎⁎⁎⁎⁎

⁎

⁎

⁎

⁎⁎ ⁎⁎⁎

⁎⁎

(a)

(b)

Figure 3: (a) c-fos expression in subregions of OFC for SC (open columns), EE (filled columns), PL-SC (dotted columns), and PL-EE
(hatched columns) mice subjected to choice phase at day 1 and day 30. MO: two-way ANOVA, factor condition (p < 0 001), factor time
(p = 0 613), condition× time (p = 0 530), post hoc analysis Holm-Sidak method. SC versus PL-SC and PL-SC versus PL-EE (p > 0 05)
for all retention intervals. Statistical differences were found between EE versus PL-EE at day 1 (p = 0 001) and day 30 (p < 0 001); EE
versus SC significant at day 30 (p = 0 003). LO: two-way ANOVA, factor condition (p < 0 001), factor time (p = 0 688), condition× time
(p = 0 004), post hoc analysis Holm-Sidak method. PL-SC versus PL-EE (p > 0 05) for all retention intervals. Statistical differences were
found between SC versus PL-SC at day 1 (p = 0 004); EE versus PL-EE at day 1 (p = 0 001) and day 30 (p < 0 001); EE versus SC
significant at day 30 (p < 0 001). Statistical differences within group were found between day 1 and day 30 for SC group (p = 0 018)
and for EE group (p = 0 004). VO: two-way ANOVA, factor condition (p < 0 001), factor time (p = 0 054), condition× time (p = 0 015),
post hoc analysis Holm-Sidak method. SC versus PL-SC and PL-SC versus PL-EE (p > 0 05) for all retention intervals. Statistical
differences were found between EE versus PL-EE at day 1 (p = 0 001) and day 30 (p < 0 001); EE versus SC significant at day 30 (p <
0 001). Statistical differences within EE group were found between day 1 and day 30 (p < 0 001). DLO: two-way ANOVA, factor condition
(p < 0 001), factor time (p = 0 913), condition× time (p = 0 059), post hoc analysis Holm-Sidak method. PL-SC versus PL-EE (p > 0 05)
for all retention intervals. Statistical differences were found between SC versus PL-SC at day 1 (p = 0 003); EE versus PL-EE at day 1
(p = 0 002) and day 30 (p < 0 001); EE versus SC significant at day 30 (p < 0 001). Statistical differences within EE group were found
between day 1 and day 30 (p = 0 035). ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001; error bars = SEM. (b) Representative panel of c-fos protein
expression in DLO for SC, EE, PL-SC, and PL-EE mice, following recall at day 1 and day 30; scale bar: 50μm.
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improved remote memory retrieval. Using Lesburgueres et al.
protocol, we have assessed AcH3 levels in OFC 1h after the
learning phase.

We found that the signal intensity of histone H3 acetyla-
tion on lysine 14 was significantly increased with respect to
control PL mice only in EE mice, and this was found in all
subregions of OFC (one-way ANOVA, p < 0 01, post hoc
analysis Holm-Sidak method, EE versus PL-EE, p < 0 01 for
all subregions; Figure 4); no intensity difference was found
between SC and PL-SC or between PL-EE and PL-SC mice
(one-way ANOVA, p < 0 01, post hoc analysis Holm-Sidak
method, SC versus PL-SC, p > 0 05 for all subregions;
Figure 4). Intensity of H3 acetylation in EE mice was signifi-
cantly higher than in SC mice in all OFC regions (one-way
ANOVA, p < 0 01, post hoc analysis Holm-Sidak method,
EE versus SC, p < 0 01 for all subregions; Figure 4).

Thus, the preserved remote memory recall in aged EE
mice is associated with enhanced OFC histone acetylation
early in the system consolidation process, which suggests a
preserved early tagging of OFC.

4. Discussion

Brain aging is a complex physiological process character-
ized by a progressive deterioration of cognitive functions,

especially in the learning and memory domains. Major defi-
cits are particularly evident at the level of declarative memory
abilities requiring the precise recall of detailed information, a
process initially mediated by the hippocampus and other
medial temporal lobe structures [1, 4] and subsequently
supported by the process of system consolidation. System con-
solidation consists in the functional and structural reorganiza-
tion of cerebral regions prompted by the reactivation of
hippocampal-cortical pathways and the strengthening of cor-
ticocortical connections, leading to formation of a cortical
memory trace which supports remote memory recall [36,
52]. Many papers have investigated the effects of EE on local
memory consolidation in the aged hippocampus, responsible
for formation and early maintenance of hippocampus-
dependent memory; for instance, EE ameliorates CA1 plastic-
ity and cell excitability and reverses age-related epigenetic
changes and other age-related negative processes (see, e.g.,
[20–22, 31, 53]). However, to our knowledge, the effects of
EE on system consolidation, that is, on the recruitment of cor-
tical activity to support remote memory, have not been inves-
tigated in aged animals. In particular, we found no study on
the effects of EE on the early tagging in prefrontal cortex as a
correlate of remote memory retrieval.

In this study, we showed that exposure to EE in aged mice
modulates system consolidation and enhances performance in
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Figure 4: (a) H3 acetylation on L14 in subregions of OFC for SC (open columns), EE (filled columns), PL-SC (dotted columns), and PL-EE
(hatched columns) mice 1 hour after the learning phase. PL-SC did not differ from PL-EE mice. Only EE animals showed significant
differences with respect to their controls in OFC areas; (one-way ANOVA (p < 0 01), post hoc analysis Holm-Sidak method, SC versus
PL-SC and PL-SC versus PL-EE (p > 0 05) for all subregions). MO: EE versus SC (p < 0 001), EE versus PL-EE (p = 0 001). LO: EE versus
SC (p < 0 001), EE versus PL-EE (p = 0 007). VO: EE versus SC (p = 0 004), EE versus PL-EE (p = 0 013). DLO: EE versus SC (p = 0 001),
EE versus PL-EE (p = 0 008). ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001; error bars = SEM. (b) Representative panel of histone H3 acetylation in
DLO for SC, EE, PL-SC, and PL-EE mice 1 h after learning; scale bar: 50 μm.
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the STFP declarative memory task. STFP is a hippocampus-
dependent task which exploits the natural tendency of
rodents to prefer food sources based on a previous sampling
of their odor in the breath of littermates. In this task, the
behavioral performance can be efficiently measured in a sin-
gle trial session and, given that the underlying memory traces
are long-lasting, it allows researchers to perform a character-
ization of possible changes in the expression levels of poten-
tial transcription factors involved in memory acquisition and
in the recall phases. Olfactory memories activated by STFP
are eventually transferred to the OFC, via a system consolida-
tion process which requires early tagging of cortical networks
in this structure [36].

While early tagging of cortical networks has been previ-
ously investigated in adult rodents, no evidence for similar
mechanisms has been provided, so far, in aged animals. We
first report that, while aged SC animals displayed severe def-
icits in memory recall at both recent (1 day) and remote (30
days) time intervals, EE preserved cognitive performance in
the STFP task at both intervals. The performance of aged
EE mice thus resembles that of standard-reared young adult
rats, performing well both recent and remote STFP memory
recall [36].

Focusing on c-fos expression as a marker of neuronal
activity, we analyzed the activation of the final recipient
of SFTP memory, namely, OFC, during recent and remote
recall. A marked environment-dependent effect was found
in the OFC, with enriched mice displaying higher c-fos
expression levels compared to SC animals at the 30-day
interval, in agreement with the differences in recall abilities
displayed by enriched versus SC animals in the SFTP
declarative memory task at this time point. Importantly,
the absence of OFC activation displayed by SC aged mice
at the 30 days of retention interval was not dependent on
general olfactory discrimination deficits, as demonstrated
by the intact performance displayed by the same group
at shorter intervals (1 h). Comparable amounts of OFC
activation were instead found in SC and EE animals at
the 1-day retention interval, when both groups displayed
increased c-fos expression compared to their respective
controls; however, this activation of OFC areas was paral-
leled by marked behavioral deficits evident at this time
point. These results indicate that OFC activation recorded
24 h past the end of the acquisition phase is not sufficient
for, or not correlated with, mouse mnemonic performance.
This is in accordance with the late role for OFC in system
consolidation and its dispensability for recent memory
recall [36, 52, 54, 55].

Looking for possible epigenetic changes acting as an early
tagging mechanism for memory formation in olfactory corti-
cal networks, we found an increased H3 acetylation in all
analyzed OFC areas of EE subjects compared to SC animals.
H3 acetylation levels were found to be enhanced with respect
to control animals in EE mice, but not in SC animals. These
results suggest a deficit in the initial steps of cortical tagging
of memory traces associated with brain aging in SC com-
pared to EE animals and demonstrate that exposure to stim-
ulating environmental conditions preserves remote recall of
declarative memory abilities in aged mice by promoting

system consolidation through the activation of epigenetic
regulatory processes crucial for coding and consolidation
of cortical mnemonic traces. System consolidation is the
process of time-dependent gradual reorganization of the
brain regions supporting remote memory storage. Within
this process, early tagging of cortical circuits is a necessary
step for the formation of enduring associative memory
[35, 36]. In particular, early tagging of OFC cortical net-
works is a prerequisite for the establishment of remote
olfactory memory of the STFP. Synaptic tags may serve
as an early and persistent signature of activity in the cor-
tex that is necessary to ensure the progressive rewiring of
cortical networks that support remote memory storage.
The early increase in histone H3 acetylation following
STFP learning phase is involved in the formation of the
early synaptic tags in OFC supporting STFP remote mem-
ory retrieval: preventing the increase in H3 acetylation
impaired remote memory, assessed 30 days later, while
pharmacological maintenance of a higher level of acetyla-
tion resulted in improved remote memory retrieval probed
30 days later [36]. Our results show that in the absence of
H3 acetylation following learning, as is the case of aged SC
mice, there is a strong memory deficit. EE ameliorates
memory performance in aged mice, allowing a good
retrieval of memory 30 days after learning and this is asso-
ciated with an increased H3 acetylation in OFC of EE
mice. This suggests that EE preserves a good early tagging
in aged mice and strengthens the hypothesis that early tag-
ging is important for system consolidation.

It has been previously reported that an increased activ-
ity of histone acetyltransferase (HAT) enzymes during a
hippocampus-dependent task can be accompanied by
increased histone acetylation acting as a specific epigenetic
tagging for memory consolidation [56]. It is well known that
environment-induced beneficial effects on brain plasticity
and memory abilities may involve HAT activation [9, 28].
The increased AcH3 found in our EE mice might suggest
an involvement of HAT activation; however, further work
would be necessary to elucidate the mechanisms underlying
this increased acetylation.

At the 24 h retention interval, OFC activation in SC mice
was enhanced with respect to their PL controls, reaching
levels not significantly different from those displayed by EE
mice; however, differently from EE mice, in SC mice, OFC
activation at the 24 h of retention interval was not preceded
by any early tagging process, suggesting that it is the lack of
early tagging and not the lack of general recruitment of
OFC areas that is responsible for the main deficits in remote
associative memory formation displayed by SC aged mice.
Indeed, the crucial and irreplaceable role of early tagging is
that of topographically specifying, by means of epigenetic
signature [35, 36], which sets of cortical neurons will partic-
ipate to the hippocampal-cortical dialogue during the course
of systems-level consolidation. In the absence of early tag-
ging, that is, of the specification of the recipient circuits in
OFC, the general activation of OFC would be unlikely to sus-
tain the fine process of transferring specific information
from the hippocampus to OFC to sustain formation of
enduring associative memory.
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EE is well known to affect synaptic function not only
in young or adult but also in aged animals, where EE
ameliorates many of the deficits in synaptic physiology, den-
sity, and plasticity induced by age (see [1, 9, 20, 22]). We can-
not exclude that these effects of EE might have contributed to
our results, for instance, via a better encoding/local consoli-
dation process in the hippocampus, especially in the case of
the better performance of EE animals at the 24 h interval,
where early tagging in PFC is not supposed to play a key role;
enhanced synaptic function and plasticity in EE animals
might also have contributed to our results enhancing the effi-
cacy of the hippocampal-cortical dialogue during formation
of the cortical trace which supports remote memory.

In conclusion, our results show that exposure to stimulat-
ing environmental conditions can be used as a powerful par-
adigm to promote good system consolidation of associative
memory in aged mice and suggest that system consolidation
may be a crucial target for treatments aimed at ameliorating
memory dysfunctions in elderly subjects.
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Aging is a complex process strongly determined by genetics. Previous reports have shown that the genome of neuronal cells
displays somatic genomic mosaicism including DNA copy number variations (CNVs). CNVs represent a significant source of
genetic variation in the human genome and have been implicated in several disorders and complex traits, representing a
potential mechanism that contributes to neuronal diversity and the etiology of several neurological diseases and provides
new insights into the normal, complex functions of the brain. Nonetheless, the features of somatic CNV mosaicism in
nondiseased elderly brains have not been investigated. In the present study, we demonstrate a highly significant increase in
the number of CNVs in nondiseased elderly brains compared to the blood. In two neural tissues isolated from paired
postmortem samples (same individuals), we found a significant increase in the frequency of deletions in both brain areas,
namely, the frontal cortex and cerebellum. Also, deletions were found to be significantly larger when present only in the
cerebellum. The sizes of the variants described here were in the 150–760 kb range, and importantly, nearly all of them
were present in the Database of Genomic Variants (common variants). Nearly all evidence of genome structural variation
in human brains comes from studies detecting changes in single cells which were interpreted as derived from independent,
isolated mutational events. The observations based on array-CGH analysis indicate the existence of an extensive clonal
mosaicism of CNVs within and between the human brains revealing a different type of variation that had not been
previously characterized.

1. Introduction

Aging is a complex process that involves altered cellular func-
tion, oxidative stress, longevity, and related diseases [1]. An
important challenge for future research is to understand
how genetics influences cognition and the neurobiological
mechanisms underlying normal and pathological aging. It

is expected that genetic variants may contribute to the con-
siderable individual differences in cognitive aging by altering
brain plasticity [2, 3]. Interestingly, previous reports have
shown that individual neurons display somatic genomic
mosaicism [4]. Although the effects of this somatic mosai-
cism are not fully understood, it is expected that alterations
in the genome of neuronal cells will influence both the
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normal and the diseased brains. The forms of somatic geno-
mic mosaicism identified in the human brain include aneu-
ploidy [5], mobile genetic element insertions (MEIs) [6, 7],
single-nucleotide variants (SNVs), indels [8], and, more
recently, DNA copy number variations (CNVs) [4, 9].

CNVs represent a prevalent form of genetic variation that
contributes to phenotypic diversity, numerous diseases, and
complex traits in human populations [10]. The mechanisms
by which copy number changes may affect gene expression,
and phenotypic traits comprise alteration of gene dosage
and disruption of coding sequences or regulatory elements
[10]. McConnell and colleagues were the first to demonstrate
increased levels of CNVs in cortical neurons derived from
postmortem specimens and human-induced pluripotent stem
cell (hiPSC) fibroblast-derived neurons compared to blood
samples using a single-cell sequencing strategy [11]. The
authors identified in both samples a subset of aneuploid neu-
rons as well as numerous subchromosomal CNVs. Because of
the long lifespan of neurons and their central role in synap-
ses, it is speculated that the accumulation of somatic muta-
tions within neural progenitor cells or in postmitotic
neurons could influence neuronal development, complexity,
and function. In this regard, genomic mosaicism in single,
sporadic Alzheimer’s disease neurons characterized by an
increase in total DNA content and amyloid precursor protein
(APP) gene copy number was reported [12]. The authors also
showed large differences in the total DNA content between
different brain areas, which may indicate distinct functional-
ity for genomic mosaicism in the central nervous system.

The existence of region-specific somatic mosaicism of
DNA content was also demonstrated in nondiseased human
brains, suggesting that sporadic brain diseases may depend
on which pathogenic loci are altered [12, 13]. However, the
features of mosaic CNV in nondiseased elderly brains have
not been characterized. It is not clear yet when and what pro-
motes CNV formation in human brains or how does it relate
to aging. Moreover, it is worth to mention that nearly all evi-
dence of genome structural variation in human brains comes
from studies detecting changes in single cells, either by FISH
for detection of chromosomal aneuploidy or by total DNA
sequencing of single cells for chromosomal structural rear-
rangements. The genomic changes observed in single cells
were interpreted as derived from independent, isolated muta-
tional events. In this study, based on a comparative array-
comparative genomic hybridization (array-CGH) analysis
of two brain tissues and blood-isolated postmortem samples
from the same individuals, we report the existence of an
extensive clonal mosaicism for CNV in and between the cer-
ebellum and the frontal cortex compared to the blood, which
probably reflects a higher mutation rate in neural tissues.

2. Materials and Methods

2.1. Postmortem DNA Samples. All the samples used in this
study were provided by the Brain Bank of the Brazilian Aging
Brain Study Group (BBBABSG) [14, 15]. The clinical and
functional status of all subjects was assessed through the closest
family member to the deceased who completed questionnaires
on whether or not the subject was demented or suffered from

other possible neural conditions, including a previous history
of stroke, epilepsy, or Parkinson’s disease. All questionnaires
were based on a validated clinical protocol that includes a
series of semistructured scales covering major functional abili-
ties [16, 17] and cognitive evaluation by the Clinical Dementia
Rating Scale [18] and the Informant Questionnaire on Cog-
nitive Decline in the Elderly [19]. As a standard protocol for
neuropathological diagnosis, the brain was examined macro-
scopically, and 15 brain regions were sampled for microscopic
evaluation. Neuropathological examinations were carried out
using immunohistochemistry following internationally
accepted guidelines [20–23]. BBBABSG’s procedures are
approved by the Ethical Board of the University of São Paulo
Medical School, and the next of kin agreed to participate and
signed an informed written consent. Initially, investigations
on CNV frequencies were derived from array-CGH data taken
from 24 blood and 71 cerebellum independent samples (differ-
ent individuals). Subsequently, 19 paired blood/cerebellum
samples from the same individuals were used to confirm the
differences in CNV frequencies between the two tissues. In
addition to the paired samples from 19 individuals, we
obtainedmatched frontal cortex tissues from 10 of the individ-
uals. Table 1 presents the characterization of all individuals
classified from the paired analysis cohort.

2.2. Array-CGH. CNVs were identified using comparative
genomic hybridization based on microarrays (array-CGH)
containing 180,000 oligonucleotides (Oxford Gene Tech-
nologies, UK). Briefly, samples were labeled with Cy3-
and Cy5-deoxycytidine triphosphates by random priming.
Purification, hybridization, and washing were carried out as
previously reported [24]. Scanned images of the arrays were
processed using Feature Extraction software, and data were
analyzed with the Genomic Workbench software, both soft-
ware from Agilent Technologies (Santa Clara, CA, USA).
CNVs were identified using the aberration detection method
2 statistical algorithm (ADM2) with a sensitivity threshold of
6.7. A genomic segment was considered duplicated or deleted
when the log2 ratio of the test/reference fluorescent intensi-
ties of a given region encompassing at least three probes
which were above 0.3 or below −0.3, respectively. The equiv-
alency between the log2 ratios of the test/reference for dupli-
cations is 0.58 and for deletions is −1. Detected CNVs were
compared to CNV data from oligoarray studies documented
in the Database of Genomic Variants (DGV).

2.3. Statistical Analyses. Data are presented as the mean
± SEM. Statistical analyses (GraphPad Prism 6.0 software,
San Diego, CA, USA) were performed using the nonparamet-
ric Mann–Whitney U test for the comparison between two
groups. One-way ANOVA followed by Bonferroni’s post hoc
test was applied to estimate themean differences between three
groups. Two-way ANOVA was used to compare the mean dif-
ferences between groups with two independent variables.

3. Results

The investigation of CNVs by array-CGH in independent
samples of nondemented elderly individuals revealed a highly
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significant increase in the frequency of CNVs in postmortem
samples from the cerebellum (n = 71) compared to blood
samples (n = 24) (Mann–Whitney U test, p < 0 0001)
(Figure 1(a)). This finding was later confirmed in 19 paired
blood/cerebellum samples taken from the same individuals
(Mann–Whitney U test, p < 0 001) (Figure 1(b)). Figure 1(c)
shows an example of many more copies of a segment of
chromosome 8 in the cerebellum than in the blood. For some
of the paired cerebellum/blood samples, we were also able to
obtain matched frontal cortex tissue and determine the
distribution of CNVs between these two neural tissues within
the same individuals.

The distribution of absolute CNV numbers in the
frontal cortex and cerebellum revealed high heterogeneity
both between individuals and tissues (two-way ANOVA,
p < 0 001) (Figure 2(a)). Further inspection using a Venn
diagram (Figure 2(b)) shows the proportion of CNVs
observed exclusively either in the frontal cortex or in the
cerebellum (referred to as unique CNVs). In total, 75% of
the CNVs correspond to unique mutations to one of these
two neural tissues (43% in the frontal cortex and 32% in the
cerebellum). The remaining 25% refers to CNVs in common
to both tissues, suggesting that they were acquired earlier
during brain development. All the 159 CNVs identified in
these two brain areas are presented in Supplementary
Table 1. We also evaluated the CNVs regarding the
frequency of deletions and duplications, their length, and
gene content. For both in common and in unique CNVs
from the frontal cortex and cerebellum, the frequency of
deletions was higher than that of duplications (two-way
ANOVA, p < 0 05, Figure 2(c)). Comparing the lengths of
the CNVs, the mean sizes of duplications and deletions
differed significantly among groups (∗p < 0 05, one-way

ANOVA), and the unique deletions from the cerebellum
were significantly larger than the ones in common
(Bonferroni’s test, p < 0 05). Nonetheless, in the present
data, neither the length nor gene content of the unique
CNVs from the frontal cortex and cerebellum areas were
significantly different from each other (Table 2).

Importantly, nearly all the observed CNVs in this study,
either present in both brain tissues or exclusively to one of
them, had already been described in the Database of Genomic
Variants (DGV) as polymorphic, beingmost of them segmen-
tal duplications (Figure 2(d)). Figure 3 shows two examples of
somatic duplications that are present in the frontal cortex but
absent in the cerebellum. As in most of the CNVs observed in
this study, the amplified segment involves a gene family with
variable copy number variation in the population.

Using the ingenuity pathway analysis (IPA) software
(QIAGEN Inc., https://www.qiagenbioinformatics.com/
products/ingenuitypathway-analysis), we retrieved the
predicted target pathways of all the CNVs identified in the
frontal cortex and cerebellum and found enrichment for
antigen presentation and regulation cytokine production
pathways, respectively (Figure 4); the top diseases/function
of all networks retrieved from both neural tissues are
presented in Supplementary Table 2.

4. Discussion

Several studies have demonstrated that neuronal genomes
exhibit somatic genomicmosaicism compared to other tissues
including CNVs [4]. Notably, genome structural variation in
the human brain has been reported in single cell studies, using
either FISH orDNA sequencing involving large-scale changes
such as aneuploidy and structural rearrangements of more

Table 1: Clinical data of all individuals classified as nondemented included in the paired analysis cohort.

Case Sex Age at death Schooling (years of formal education) Neuropathological diagnosis Cause of death

1 M 83 14 Normal Ischemic cardiomyopathy

2 F 97 4 Normal Dilated cardiomyopathy

3 F 73 12 Normal Acute infarction myocardial

4 F 77 3 Normal Tromboembolism pulmonar

5 M 64 4 Normal Acute infarction myocardial

6 F 66 4 Normal Healed myocardial infarction

7 F 67 4 Normal Bilateral bronchopneumonia

8 F 62 1 Normal Hemopericardium

9 F 70 4 Normal Myocarditis

10 M 63 11 Normal Acute infarction myocardial

11 F 81 11 Normal Pulmonary edema

12 F 77 2 Normal Hemopericardium

13 M 81 13 Normal Bronchopneumonia

14 F 65 11 Normal Acute infarction myocardial

15 M 76 4 Normal Acute lung edema/myocardiopathy

16 F 75 4 Normal Acute lung edema

17 M 50 13 Normal Hypertensive cardiopathy

18 F 89 8 Normal Acute infarction myocardial

19 M 85 2 Normal Pulmonary edema
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than 7Mb [11, 25]. Our study is the first to investigate the
clonal CNV burden within different neural tissues in nondi-
seased elderly brains using direct microarray analysis.

In contrast to previous studies on single cells using either
FISH or DNA sequencing, our results, based on array-CGH
analysis, represent genomic changes in DNA pools from a
large number of cells from each tissue investigated, which
indicates that at least some of these increase in CNV variation
in human brains relative to the blood must occur as extensive
clones rather than isolated events. The presence of extensive
clones involving different CNVs indicates that these CNVs
must either have been present in the germline (constitutive)
or have originated early in embryonic development and could
be distinguished from partial chromosome aneuploidies or
large copy number variations as detected by FISH and/or
sequencing of single cells [11, 26, 27]. The frequency of unique
CNVs in each tissue is probably proportional to the CNV
mutation rate for each tissue and should reflect CNV

mutation rate differences between tissues. Significantly, nearly
all the observed CNVs, both CNVs in common to both neural
tissues and presumptively new mutations, had already been
described in the Database of Genomic Variants (DGV) as
polymorphic, and the amplified segment involves a gene
family with variable copy number variation in the population,
being most of them segmental duplications. This evidence
suggests that many of these variants arose commonly and
perhaps involve similar mechanisms in their origin, the
nonallelic homologous recombination [10].

The CNV distribution within different human brain
areas was highly heterogeneous both between individuals
and tissues. A previous study based on flow cytometry
demonstrated that the frontal cortex exhibits more variation
in DNA content than the cerebellum [13] Although we did
not quantify variation in DNA content across our DNA
samples from the frontal cortex and cerebellum, we exam-
ined whether such differences in DNA content described by
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Figure 1: Increase frequency of DNA copy number variation (CNVs) in neural tissue compared to the blood. (a) The mean of the total CNVs
detected in independent blood (n = 24) and cerebellum tissue (n = 71) samples; ∗∗∗p < 0 0001, Mann–Whitney U test. (b) The mean of the
total CNVs detected in paired blood and cerebellum samples from 19 random individuals; ∗∗p < 0 001, Mann–Whitney U test. (c)
Example of a CNV absent in the blood and observed in the cerebellum. Images extracted from Genomic Workbench software.
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Westra et al. might be caused by increased rates of deletion
and/or duplication in the frontal cortex compared to the
cerebellum. Albeit not statistically significant, we observed
an increase in the frequency only of duplications in the fron-
tal cortex compared to the cerebellum. However, neither the

length nor gene content of the unique CNVs from either
these two neural tissues were significantly different from each
other. Although Westra et al. reported that the variation in
DNA content averaged ~250Mb more DNA in the frontal
cortex compared to the cerebellum by flow cytometry, this
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Figure 2: Distribution of DNA copy number variations (CNVs) between two neural tissues from the same individuals. (a) Comparison of the
absolute number of CNVs detected in the frontal cortex and cerebellum from 10 paired individuals; ∗∗p < 0 001 for comparison between
individuals, two-way ANOVA. (b) Venn diagram showing the proportion of CNVs observed in the frontal cortex and cerebellum. (c)
Total number of deletions and duplications observed in the CNVs in common to both neural tissues and in the unique CNVs from the
frontal cortex and cerebellum; ∗p < 0 05 for comparisons between the compared groups as well as deletions and duplications, two-way
ANOVA. (d) Proportion of segmental duplications identified in the CNVs in common to both neural tissues and in the unique CNVs
from the frontal cortex and cerebellum.

Table 2: Comparison of length and gene content of the in common and unique CNVs from the frontal cortex and cerebellum.

Copy number variation CNVs in common to both tissues Unique CNVs (frontal cortex) Unique CNVs (cerebellum)

Mean size of CNVs (kb) 319± 85/n = 40 295± 60/n = 68 436± 84/n = 51
Deletions (Kb) (p < 0 05)∗# 151± 32/n = 29 299± 88/n = 42 478± 103/n = 39
Duplications (kb) (p < 0 05)∗ 760± 261/n = 11 290± 72/n = 26 301± 125/n = 12
Gene content (kb) 1.33± 0.23/n = 40 1.57± 0.19/n = 68 1.38± 0.27/n = 51
CNVs: DNA copy number variations. (∗p < 0 05) One-way ANOVA, significant difference among means. (#p < 0 05) Bonferroni’s posttest, in common CNVs
versus unique CNVs from the cerebellum.

5Neural Plasticity



difference could not be directly related to DNA copy num-
ber variation. Further, their results are possibly explicable
by a much higher involvement of retrotransposition in
the neural cortex than the cerebellum culminating in a

significantly wider variation in DNA content, similar to
the differences induced by a higher number of L1 transpo-
sitions in the human hippocampus compared to the cau-
date nucleus [6].
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Figure 3: Unique DNA copy number variations (CNVs) from neural tissues. Two examples of somatic duplications that are present in the
frontal cortex but absent in the cerebellum. Images extracted from Genomic Workbench software.
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IPA analysis was performed to investigate whether this
increase of CNVs in the brain could be explained by an
enrichment of pathways specific for central nervous system
function. Based on the fact that the predicted target pathways
of all brain CNVs are not specific for the central nervous sys-
tem functioning, our array-CGH analyses indicate either an
increased genomic instability or a less stringent selection
against genomic imbalances in brain tissues compared to
the blood, resulting in an increased frequency of clonal CNVs
in neural tissues. Nonetheless, the exact mechanisms leading
to such neuronal genomic instability are still a matter of spec-
ulation, but retrotransposon insertion has been demon-
strated to mediate the formation of CNVs in various brain

tissues [6] and also to involve double-strand DNA breaks
[28]. Even so, CNVs represent a significant source of genetic
variation in the human genome and have been implicated in
several disorders and complex traits, representing a potential
mechanism that contributes to neuronal diversity. Besides,
the highly significant increase of CNVs that we reported here
potentially contributes to physiologic variability and neuro-
nal plasticity and can provide new insights into the complex
functioning of the brain.

In summary, this study demonstrates an extensive
clonal mosaicism for copy number variation between two
different brain tissues. The investigation of genomic
changes based on tissue DNA instead of single cells
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Figure 4: Top canonical pathways identified in ingenuity pathway analysis (IPA). The x-axis represents the top canonical pathways calculated
by IPA based on all DNA copy number variations (CNVs) identified in the frontal cortex (a) and cerebellum (b). The yellow line represents
the threshold of p value < 0.05 as calculated by Fischer’s test.
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revealed a different type of variation than previously
reported. The variation detected in tissue (clonal) seems
to involve smaller segments, which are variable in number
in the population, likely having a smaller phenotypic
impact than the aneuploidies or chromosome alterations
seen in single cells. Even so, they reflect a higher genomic
instability or less stringent selection in the brain than in
the blood, which deserves attention.
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Neuroimaging studies have demonstrated that major depressive disorder increases the risk of dementia in older individuals with
mild cognitive impairment. We used resting-state functional magnetic resonance imaging to explore the intrinsic coupling
patterns between the amplitude and synchronisation of low-frequency brain fluctuations using the amplitude of low-frequency
fluctuations (ALFF) and the functional connectivity density (FCD) in 16 patients who had mild cognitive impairment with
depressive symptoms (D-MCI) (mean age: 69.6± 6.2 years) and 18 patients with nondepressed mild cognitive impairment (nD-
MCI) (mean age: 72.1± 9.7 years). Coupling was quantified as the correlations between the ALFF values and their associated
FCDs. The results showed that the ALFF values in the D-MCI group were higher in the left medial prefrontal cortex (mPFC)
and lower in the right precentral gyrus (preCG), and the FCD values were higher in the left medial temporal gyrus (MTG) than
those in the nD-MCI group. Further, correlation analyses demonstrated that, in the D-MCI group, the mPFC was negatively
correlated with the MTG. These findings may relate to the characteristics of mood disorders in patients with MCI, and they
offer further insight into the neuropathophysiology of MCI with depressive symptoms.

1. Introduction

Mild cognitive impairment (MCI) is a neurological disorder
that is associated with minimal cognitive impairments that
are beyond those expected based on a person’s age and
education, but the changes are not severe enough to interfere
with daily living, and they do not meet the criteria for demen-
tia [1]. The conversion rate fromMCI to dementia is approx-
imately 12–16% per year [2]. Depression is a common
symptom among individuals with MCI, with a prevalence
of 32% [3].

Gao et al. [4] reported that depression was a major risk
factor for the incidences of dementia and MCI. Further,
recent meta-analyses showed that depressive symptoms

increase the risk of MCI progressing to dementia and that
depressive symptoms predict conversion from any type of
MCI to all-cause dementia [5]. Neuroimaging studies have
demonstrated that structural abnormalities in several brain
regions are involved in the pathological process of depressive
symptoms in MCI. Xie et al. [6] reported that depressive
symptoms in MCI are related to grey matter volume loss in
several brain regions, including the dorsal cingulate cortex,
orbitofrontal cortex (OFC), ventromedial prefrontal cortex
(vmPFC), posterior middle temporal gyrus (pMTG), and
insula. Sacuiu et al. and Gonzales et al. [7, 8] also reported
that MCI with depressive symptoms showed increased
cortical atrophy in the anterior cingulate and the frontal lobe.
Studies have also shown that, compared with those with
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nondepressed MCI (nD-MCI), patients with MCI and
depression (D-MCI) have more white matter atrophy and
white matter microstructural disruptions in the frontal, pari-
etal, and temporal brain regions, especially in the hippocam-
pal cingulum and fornix tracts [9–11]. Recently, researchers
have used resting-state functional magnetic resonance imag-
ing (R-fMRI) technology to study the functional changes in
the brains of people with D-MCI. By analysing functional
connectivity (FC), Zheng et al. [12] reported that, compared
with nD-MCI, D-MCI was associated with higher effective
connectivity between the right amygdala and the right lingual
gyrus, right calcarine gyrus, and bilateral supplementary
motor areas. Xie et al. [13] reported that, for people with
MCI, scores on the Geriatric Depression Scale were positively
correlated with functional connectivity in the network
connecting the bilateral posterior cingulate cortex (PCC),
middle temporal gyrus, and left dorsolateral prefrontal cortex
(DLPFC). By analysing the amplitude of low-frequency
fluctuations (ALFF), Li et al. [14] found that abnormal ALFF
values in the left inferior frontal gyrus and left precuneus
could effectively differentiate nD-MCI from D-MCI.
Currently, the preliminary results showed that the affective
network and the default mode network might be simulta-
neously damaged in patients with D-MCI.

FC and ALFF are two fundamental fMRI parameters. FC
characterises the degree of synchronisation between low-
frequency fluctuations in the resting brain and requires the
definition of a relation (e.g., Pearson correlation) between
the features of different voxels. Therefore, FC describes net-
work properties, while the ALFF represents the amplitude
of resting-state spontaneous brain activity by calculating the
voxel-wise total power of a given fMRI time course within
the low-frequency band [14]. These two measures have been
shown to have a close relationship [15–17] and to be altered
within the affective network and the default mode network in
both MCI and major depressive disorder [12, 13, 18]. Com-
pared with healthy elderly subjects, AD and MCI patients
show absent FC density-ALFF coupling in the anterior and
posterior cingulate cortex and the temporal cortex [15].
Similar methods have been used to observe changes in func-
tional brain features in erythaematosus and epilepsy patients
[16, 17]. Thus, we believe that the coupling patterns between
these two parameters may provide a new measure that can
help us understand the underlying neuropathophysiology of
D-MCI and enhance its identifiability by resting-state fMRI.

We, therefore, utilised the measures of ALFF and FC
density (FCD), a global and voxel-wise measure of FC,
to investigate alterations in amplitude-connectivity coupling
in D-MCI. Given the common differences that have been
reported in the brain networks of patients with D-MCI
[13–17], we hypothesised that those with D-MCI would have
altered brain fluctuations in brain regions associated with
cognitive and emotional regulation.

2. Materials and Methods

2.1. Patients. Eighteen patients with nD-MCI and 16 with D-
MCI were recruited from the outpatient department of
Tongde Hospital in Zhejiang Province, China, from July

2013 to August 2016. The study was approved by the local
ethics committee, and all participants gave their written
informed consent before the MR scanning. All participants
were right-handed, and the groups did not significantly differ
in age, sex, or years of education.

A diagnosis of MCI includes memory impairment that
does not meet the criteria for dementia. The criteria for
MCI [19] were as follows: (a) impaired memory performance
on a normalised, objective verbal memory test; (b) recent
history of symptomatic worsening in memory; (c) normal
or near-normal performance (score> 24) on the Mini-
Mental State Examination (MMSE), as well as on the
activities of daily living scale (score> 24); (d) a global rat-
ing of 0.5 on the clinical dementia rating scale; and (e) the
absence of dementia.

Depressive symptoms were identified by professional
psychiatrists according to the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition [20]. The severity
of depressive symptoms was evaluated using two clinical
scales: the Hamilton Depression Rating Scale (HAMD) [21]
and the Neuropsychiatric Inventory (NPI) [22]. We consid-
ered HAMD scores≥ 7 and NPI scores≥ 4 in the depression
domain to be clinically significant [23].

Patients were excluded if they had a history of psychi-
atric disorders, alcohol or substance abuse/dependence
during the prior five years, MMSE scores< 24, a history
of neurological disease, MRI contraindications, or unstable
chronic medical conditions.

2.2. MRI Scan. All scanning was collected using an 8-
channel head coil in a 3T Siemens scanner (Siemens
Magnetom Verio; Siemens Medical Systems, Erlangen,
Germany) at Tongde Hospital in Zhejiang Province. All
patients were asked to keep their heads still and their eyes
closed during image acquisition. T1-weighted high-
resolution anatomical images were acquired using a 3D
magnetisation-prepared rapid gradient echo sequence with
the following parameters: repetition time= 1900ms, echo
time= 3.44ms, inversion time=900ms, flip angle = 9°, 128
sagittal slices, field of view=256mm, and slice thick-
ness = 1mm. Functional resting-state fMRI images were
acquired using a T2

∗-weighted echo-planar imaging
sequence with the following parameters: 33 axial slices, thick-
ness/gap=4.8/0mm, in-plane resolution=3.4× 3.4mm2,
repetition time=2000ms, echo time=30ms, flip angle = 90°,
and field of view=200mm. Each condition lasted for 6min
40 s, and 200 functional volumes were obtained.

2.3. Data Preprocessing. All fMRI data were preprocessed
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and Data
Processing Assistant for Resting-State fMRI (http://www.
restfmri.net). The first ten time frames were discarded to
ensure an MR steady state. The preprocessing steps com-
prised slice-timing correction for interleaved acquisitions,
3Dmotion correction, linear drift removal, spatial smoothing
with a Gaussian smoothing kernel (full width at half maxi-
mum=6mm), and spatial normalisation to the standard
Montreal Neurological Institute (MNI) brain space with a
resampling resolution of 3× 3× 3mm3. Subjects were
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discarded if head motion exceeded 1.5mm translation in x, y,
or z directions or 1.5° of maximum rotation about the three
axes. All remaining smoothed images were filtered using a
typical temporal bandpass (0.01–0.08Hz) to reduce low-
frequency drift and physiological high-frequency respiratory
and cardiac noise. Linear trends were also removed within
each time series.

2.4. ALFF Calculation. ALFF was calculated using the REST
software (http://www.restfmri.net). Briefly, for a given
voxel, the time series was first converted to the frequency
domain using a fast Fourier transform. The square root of
the power spectrum was computed and then averaged
across 0.01–0.08Hz. This averaged square root was taken
as the ALFF at the given voxel [24]. Then, the ALFFs were
standardised by dividing by the whole-brain average of the
ALFF at each voxel, which measures the absolute strength
or intensity of spontaneous low-frequency oscillations.

2.5. FCD Calculation. We performed voxel-based whole-
brain correlation analysis on the preprocessed R-fMRI data,
as has been well described in previous studies [25]. Pearson’s
correlation coefficients (r) were computed between the time
series for all pairs of grey matter voxels within a grey matter
mask. The FCD for a given voxel was calculated as the sum of
the significant connections between a given voxel and all
other voxels by thresholding each correlation at r > 0 25.
Finally, to improve the normality of the data, the voxel-
wise FCD values were transformed into a Z-score map
using a Fisher Z transformation. Because of the uncertain
interpretation and the detrimental effects on test-retest
reliability, only positive correlations were considered in
the FCD calculations.

2.6. Statistical Analysis. To examine ALFF and FCD differ-
ences between the groups, a two-sample t-test was performed
between the two groups using REST. The 3dClustSim pro-
gram, which is based on Monte Carlo simulation and imple-
mented in AFNI (http://afni.nimh.nih.gov), was used for
multiple comparison correction [26]. The statistical thresh-
old was set at P < 0 005 and cluster size> 28 voxels, which
corresponded to a corrected P < 0 05.

2.7. Coupling of ALFF and FCD. To test the proposal that
alterations in amplitude-connectivity coupling in D-MCI
and, thus, to differentiate D-MCI from nD-MCI, we
computed the coupling between the FCD and ALFF across
subjects in each group. Based on the two-sample t-test
results of ALFF and FCD, subject-specific ALFF and FCD
values were first extracted from the abnormal brain regions,
respectively. Then, we performed a voxel-by-voxel Pearson
correlation analysis between ALFF and FCD values in
regions with alterations (between amplitude and FC) in each
group, respectively.

3. Results

3.1. Neuropsychological Results.Age (t=0.898, P = 0 376), sex
distribution (χ2 = 0.161, P = 0 735), and years of education
(t=0.464, P = 0 645) did not differ between the two groups.

Detailed demographics and the corresponding statistical tests
are presented in Table 1.

3.2. ALFF Results. The two-sample t-tests revealed several
related brain regions in which the ALFF values dif-
fered significantly between the D-MCI and nD-MCI
groups (P < 0 005, 3dClustSim-corrected; Table 2). In partic-
ular, we found that the D-MCI group exhibited significantly
higher ALFF values than the nD-MCI group in the right pre-
central cortex and significantly lower ALFF values in the left
medial prefrontal cortex (Figure 1).

3.3. FCD Results. Similar to the ALFF values, the two-sample
t-tests revealed significant differences in FCD between the D-
MCI and nD-MCI groups (P < 0 005, 3dClustSim-corrected;
Table 2). Specifically, we found that FCD values in the right
middle temporal gyrus were greater in those with D-MCI
than in those with nD-MCI (Figure 1).

3.4. Altered Coupling between ALFF and FCD. Correlation
analyses between the abnormal ALFF and FCD brain regions
revealed a negative correlation between mPFC and MTG
coupling in the nD-MCI (Figure 2) but not in the D-MCI
group. Thus, for patients with nD-MCI, coupling was high
in the mPFC when it was low in the MTG and vice versa.

4. Discussion

Here, we investigated alterations in ALFF-FCD and coupling
of ALFF with FCD in patients with D-MCI and nD-MCI.
The D-MCI group exhibited significantly higher FCD in the
right MTG, significantly higher ALFF in the left mPFC, and
significantly lower ALFF in the right precentral gyrus
(preCG) than the nD-MCI group. We also found a negative
correlation between ALFF-FCD coupling in the mPFC and
the MTG but only in patients with D-MCI.

The mPFC is an important node in the cortico-striato-
pallido-thalamic loops and in the medial network, contribut-
ing to emotional processes and regulation [27]. Several neu-
roimaging studies have demonstrated that the mPFC is a
key brain region in depressive symptomatology. Xie et al.
[6] reported that depressive symptoms in MCI are related
to grey matter volume loss in several brain regions, including
the mPFC, posterior MTG, and insula. Furthermore, Sacuiu

Table 1: Demographics and neuropsychological data.

D-MCI
group

nD-MCI
group

t/χ2 P value

Gender, n (M/F) 16 (6/10) 18 (7/11) 0.007 1.000

Age, years 69.6± 6.2 72.1± 9.7 0.898 0.376

Education, years 8.3± 2.1 8.5± 1.8 0.464 0.645

MMSE 26.6± 1.1 26.6± 1.0 −0.037 0.971

HAMD 11.7± 3.1 0 16.0652 0.000

D-NPI 7.19± 2.3 0 13.3614 0.000

Data represent mean ± SD. Data were analysed using independent-samples
t-tests. D-MCI: mild cognitive impairment with depression; nD-MCI:
nondepressed mild cognitive impairment; M: male; F: female; MMSE:
Mini-Mental State Examination; D-NPI: depression domain on the
Neuropsychiatric Inventory; HAMD: Hamilton Depression Rating Scale.
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et al. and Gonzales et al. reported that D-MCI patients have
increased cortical atrophy in the anterior cingulate and the
frontal lobe, and decreased left mPFC thickness was associ-
ated with increased negative affect [7, 8]. Other studies have
also demonstrated that depressed individuals with MCI had
more white matter atrophy in the frontal, parietal, and
temporal cortices than those with no-symptom MCI did
[9–11]. Based on R-fMRI and ALFF analyses, Wang
et al. [28] found that MDD patients had abnormal ALFF
values in the mPFC, precentral gyrus, and other regions.
Using magnetic resonance spectroscopy, McEwen et al.
[29] reported that glutamate levels in the mPFC were
higher in women with postpartum depression than in con-
trols. Savitz et al. [30] found that dysfunction of the
serotonin-1A receptor in the mPFC might play a role in
the genesis of MDD. Additionally, a recent animal study
[31] suggested that synaptogenic activity in the mPFC is
associated with a rapid antidepressant response to keta-
mine. Thus, our results are in line with previous findings,
suggesting that the altered spontaneous ALFF values in the
mPFC might be a characteristic of the neurological
impairments of MCI with depressive symptoms.

A neuroimaging study reported that the preCG was
involved in MDD [32]. Peng et al. [33] observed decreased
cortical thickness in the preCG in patients with untreated
first-episode MDD. Using voxel-based morphometry, Taki
et al. [34] found that male patients with subthreshold depres-
sion had significantly smaller right preCG volumes than
healthy controls. Several studies have also demonstrated that
grey matter structural changes in the right preCG can predict
the subsequent onset of MDD and pose an increased risk for
mood disorders [35–37]. A study by Ho et al. [38] revealed
that the symptom of alexithymia that occurs in MDD was
associated with reduced functional connectivity in the right
preCG and several other right hemisphere regions that are
associated with cognitive regulation in the default mode net-
work (DMN). They found that subjective pleasantness was
related to the preCG, right cerebellum, and right inferior
frontal gyrus [39]. The preCG is located at the primary motor
cortex, which is required for the initiation of purposeful
movements via integration of information sent from the
sensorimotor cortex [40]. Several studies have confirmed
the association between psychomotor retardation, poor

action planning, and alterations in the preCG [41, 42]. There-
fore, the abnormal ALFF in the preCG of our study might be
related to the depressive symptoms in our D-MCI patients.

MTG is an important node within the DMN and the
affective network (AN), which are involved in self-
referential processing, emotion, and regulation [43–45].
Neuroimaging evidence has demonstrated that altered FC
occurs in MDD patients between the MTG and other nodes
within the DMN and AN. For the FC of the right MTG,
Ma et al. [46] found that patients with treatment-resistant
depression as well as those with treatment-responsive
depression showed abnormal connectivity mainly in the
DMN. Based on FC analyses of the subgenual anterior cingu-
late cortex (sgACC), MDD patients showed disruptions in
FC between the sgACC and MTG [47]. Du et al. [48] investi-
gated the brain-circuit mechanisms of suicidal ideation (SI)
in MDD, finding that the SI group exhibited decreased
intrinsic FC among the rostral anterior cingulate cortex
(rACC), the orbitomedial prefrontal cortex, and the right
MTG compared with healthy controls and those with MDD
without SI. In the SI group, the FC strength between the right
rACC and the MTG positively correlated with SI severity.
The altered FCD in the MTG in the present study expands
the knowledge gained from previous studies of abnormal
FC in MDD patients by investigating the FC in the right
MTG. MDD is characterised by the presence of negative
thoughts about oneself, the world, or the future. We hypothe-
sised that the altered FC in the right MTG might contribute
to the negative thoughts and negative emotions observed in
patients with MCI and depressive symptoms.

Interestingly, we found a negative correlation between
ALFF-FCD coupling in the mPFC and the MTG but only
in the nD-MCI group. De Bellis and Hooper [49] reported
that maltreated youth with depressive disorders had signifi-
cantly weaker activation of the mPFC in response to
attentional targets and stronger activation in the MTG in
response to sad distracters during an emotional oddball task
than controls. They concluded that maltreated youth with
depressive disorders had dysfunctional cognitive and emo-
tional processing because of the mPFC involvement in cogni-
tive control circuits and the MTG involvement in ventral
emotional circuits. Du et al. [48] also reported that depressed
patients with suicidal ideation had decreased intrinsic FC
between the mPFC and the right MTG, and they suggested
that the disrupted frontolimbic circuits might impact
decision-making and emotional processing in depressed
patients with suicidal ideation. The mPFC and right MTG
are two nodes within the DMN. According to previous neu-
roimaging studies, the DMN can be generally divided into
anterior (aDMN) and posterior (pDMN) subnetworks. The
former is related to self-referential thought, and the latter is
related to episodic memory retrieval and scene construction
[50–52]. The aDMN mostly consists of the mPFC, anterior
cingulate cortex, anterior temporal lobe, and inferior frontal
gyrus, whereas the pDMN mostly contains the posterior cin-
gulate cortex (PCC), precuneus, angular gyrus, hippocam-
pus, and temporal lobe. A recent fMRI study revealed that
the activation within these subsystems and the connectivity
between the aDMN and pDMN contribute differently to

Table 2: Brain regions with significantly lower ALFF-FCD values in
the D-MCI group than in the nD-MCI group.

Brain regions Voxels BA
MNI

coordinates t value
X Y Z

ALFF

Prefrontal_medial_L 32 10 −9 63 27 4.6674

Precentral_R 28 6 27 −3 51 −5.7117
FCD

Temporal_mid_R 117 37 51 −66 6 4.9394

D-MCI: mild cognitive impairment with depression; nD-MCI: nondepressed
mild cognitive impairment; MNI: Montreal Neurological Institute; BA:
Brodmann area.
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future-oriented thoughts [53]. How the brain creates
emotions is complex and esoteric. Using a psychological
constructionist approach, Lindquist et al. hypothesised that
several brain regions, including the mPFC, medial temporal
lobe (MTL), and PCC, are important for realising instances
of emotional experiences and perceptions [54]. The negative
correlation in ALFF-FCD coupling between the mPFC and
the MTG in our study might contribute to decision-making,

future-oriented thoughts, and experiences and perceptions of
emotion in MCI with depressive symptoms.

This study had several potential limitations. First, the
sample size was relatively small, which might have resulted
in low statistical power and the absence of correlations
between FCD/ALFF and physiological measurements.
Second, previous studies have suggested that neuronal oscil-
lations in various frequency intervals have different specific
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Figure 1: Brain regions showing differences in FCD or ALFF values between the D-MCI and nD-MCI groups (contrast =D-MCI− nD-MCI).
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properties and physiological functions [14]. While short- and
long-range FCD have been used in fMRI studies [55], further
investigations into coupling between long- or short-range
FCD with ALFF at various frequency intervals should be
performed. Finally, the choice of a clinical assessment scale
is very important. In our study, we selected the HAMD and
the NPI to evaluate depressive symptoms in MCI, as a
previous study did [9]. However, other studies have used dif-
ferent scales, such as the Geriatric Depression Scale [56], the
Cornell Scale for Depression in Dementia [57], and the
Center for Epidemiologic Studies Depression Scale [58].
Evaluating depressive symptoms comprehensively and accu-
rately in MCI is difficult because of the cognitive impairment.
Therefore, in future studies, we should evaluate clinical
depressive symptoms with multiple scales, based on the
characteristics of each scale.

5. Conclusions

In the current study, we observed differences between D-
MCI and nD-MCI in terms of FCD and ALFF values that
were derived from R-fMRI. We also examined differences
in ALFF-FCD coupling in D-MCI and nD-MCI. The findings
indicated that pathological factors lead to dysfunctional
ALFF-FCD coupling between the mPFC and the MTG in
D-MCI. Investigation of imaging coupling provides a syner-
gistic approach to unravelling the features of the functional
changes in MCI and provides a new insight into the underly-
ing neural mechanism of MCI with depressive symptoms.
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Aging is accompanied by impaired motor function, but age-related changes in neural networks responsible for generating
movement are not well understood. We aimed to investigate the functional oscillatory coupling between activity in the
sensorimotor cortex and ankle muscles during static contraction. Fifteen young (20–26 yr) and fifteen older (65–73 yr) subjects
were instructed to match a target force by performing static ankle dorsi- or plantar flexion, while electroencephalographic (EEG)
activity was recorded from the cortex and electromyographic (EMG) activity was recorded from dorsi- (proximal and distal
anterior tibia) and plantar (soleus and medial gastrocnemius) flexor muscles. EEG-EMG and EMG-EMG beta band (15–35Hz)
coherence was analyzed as an index of corticospinal activity. Our results demonstrated that beta cortico-, intra-, and
intermuscular coherence was reduced in old versus young subjects during static contractions. Old subjects demonstrated
significantly greater error than young subjects while matching target forces, but force precision was not related to beta
coherence. We interpret this as an age-related decrease in effective oscillatory corticospinal activity during steady-state motor
output. Additionally, our data indicate a potential effect of alpha coherence and tremor on performance. These results may be
instrumental in developing new interventions to strengthen sensorimotor control in elderly subjects.

1. Introduction

Aging is accompanied by increased incidence of gait and bal-
ance problems, greater movement variability, reduced force
steadiness, and worsened coordination [1–3], but age-
related changes in neural control of motor function have
yet to be fully elucidated. Previous studies have primarily
focused on characterizing structural mechanisms, whereas
knowledge regarding functional changes in the neural net-
works involved in generating movements is limited. A better
understanding of how activity patterns in descending tracts
controlling motor function are modified with age is of partic-
ular importance, as these tracts directly mediate motor sig-
nals from the brain to the spinal cord.

The corticospinal tract is a major descending pathway
governing voluntary movement in humans and appears to
be vulnerable to age-related deterioration. Diffusion tensor

imaging has revealed declining fractional anisotropy (FA)
in the posterior limb of the internal capsule, indicating
degeneration in white matter microstructure [4, 5]. The func-
tional significance of these declines is supported by associa-
tions between internal capsule FA and motor performance
[6]. Input-output characteristics of the corticospinal system
also appear to be modulated with age. Studies using transcra-
nial magnetic stimulation indicate that the amplitude of
motor-evoked responses is lower in old than in young adults
[7–9], which suggests that aging may entail reduced excitabil-
ity in the corticospinal pathway.

Another functional marker of corticospinal integrity is
corticomuscular coherence, which quantifies the degree of
task-related oscillatory coupling between the sensorimotor
cortex and contralateral muscle. In healthy young adults,
coherent oscillations are present between the cortex and
muscle at beta frequencies (15–35Hz) during isometric
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contractions and are mediated by the corticospinal tract
[10–16]. Coherent beta oscillations may also be seen between
different pools of motor neurons in synergists and within the
same muscle [15, 17–19]. This intra- and intermuscular
coherence shares several similarities with corticomuscular
coherence and is generally assumed to be generated by simi-
lar mechanisms, and both inter- and intramuscular coher-
ence are therefore often used as an indirect measure of the
corticospinal activity [18, 19]. Coherent oscillations are also
present in the alpha band (5–15Hz) between pairs of motor
units [17] but are only rarely seen between the cortex and
the muscles [20, 21]. The origin of alpha coherence is
debated, but some evidence suggests a central origin [21]
and a relation to physiological tremor [22].

Previous investigations of age-related changes in beta
band coherence have produced equivocal results. Studies
have demonstrated reduced [23], increased [24], and
unchanged [25] amplitudes of corticomuscular coherence
in old versus young adults, whereas studies examining inter-
or intramuscular coherence have shown both unchanged
[26, 27] and increased [27, 28] magnitudes. However, the
use of different motor tasks and muscle groups may
render direct comparisons across studies inappropriate
or, in the least, less straightforward. Studies exploring
age-related changes in coherence have primarily focused
on hand and arm muscles [23–25, 28]. Less is known
about the cortical control of ankle muscles, which is of
interest due to their important role in postural control
and gait. For example, during gait, ankle dorsiflexors lift
the toes in order to clear the ground in the swing phase,
and plantar flexors play a crucial role in forward propul-
sion during the late stance phase [29]. To date, age-
related changes in intermuscular coherence in ankle
muscles during a simple phasic task [26] and during
uni- and bipedal stance [27] have been explored, but investi-
gation of the direct corticomuscular coupling is lacking.

We aimed to investigate cortico-, intra-, and intermuscu-
lar coherence in ankle muscles during static dorsi- and plan-
tar flexion in old versus young adults. It was hypothesized
that older adults would display less beta coherence than
young adults, indicative of reduced oscillatory corticospinal
activity. Additionally, we wanted to explore if beta coherence
estimates were positively associated with task performance.

2. Methods

2.1. Subjects. Fifteen young (mean: 22.1± 1.7, range 20–26 yr;
7 men) and fifteen older (mean: 68.3± 2.7, range 65–73 yr;
7 men) participants were recruited (see Table 1). The sam-
ple size was chosen based on previous studies comparing
coherence between groups [24, 25]. Subjects were free from
neurological disorders and afflictions impairing leg motor
function. No subjects were taking medication expected to
affect neuromuscular function. There was no indication of
cognitive impairment in any subjects as determined by the
Mini-Mental State Examination (MMSE; all scores≥ 26 out
of 30) [30]. According to the Waterloo Footedness Question-
naire [31], 21 subjects were right-footed, 2 were left-footed,
and 7 were equally right- and left-footed.

Prior to participation in the study, subjects provided
written, informed consent. All procedures were approved
by the ethics committee for the Capital Region of Denmark
(approval number H-16021214), and experiments were con-
ducted in accordance with the Helsinki declaration.

2.2. Protocol. Subjects were seated in a rigid chair with the left
foot firmly fastened to a force pedal containing a strain gauge
that measured force exerted on the pedal. The leg was posi-
tioned with ~90° flexion at the hip joint, ~115° flexion at
the knee joint, and ~120° dorsiflexion at the ankle joint.

First, subjects performed three maximal isometric dorsi-
flexion contractions (MVC), separated by 30 s rest, as a mea-
sure of maximal voluntary dorsiflexion strength. Online
visual feedback of force production was projected onto the
wall in front of subjects as a moving yellow trace on a black
background. The projector (TDP-T 255; Toshiba) was
attached to the ceiling 148 cm from the wall, resulting in a
screen size of 125 cm by 167 cm. During MVC, verbal
encouragement was provided to ensure maximal efforts.
MVC was determined as peak force production across the
three trials.

Subsequently, subjects performed a static contraction,
where they were asked to maintain a force level of 10%
MVC during isometric dorsiflexion for two minutes. The tar-
get force level was displayed on the wall as a horizontal line,
and subjects were instructed to follow this line as precisely as
possible with the moving yellow trace depicting real-time
force production (Figure 1).

Following a short rest, subjects repeated the MVC proce-
dure and static contraction for plantar flexion. During
periods where data was recorded, subjects were asked to relax
face and neck muscles to minimize artifacts in electroenceph-
alographic (EEG) signals.

2.3. Electrophysiological Recordings. EEG and electromyo-
graphic (EMG) activity were recorded using active surface
electrodes (BioSemi, The Netherlands) and ActiView acqui-
sition software (version 6.05). EEG was measured using 64
pin electrodes plugged into a headcap (BioSemi) that ensured
positioning in accordance with the 10/20 layout system.
EMG was recorded from four pairs of electrodes placed on
left lower leg muscles (interelectrode distance~ 1.5 cm) after

Table 1: Subject characteristics.

Group Young (n = 15) Old (n = 15)
Age (years) 22.1± 1.7 68.3± 2.7
Gender (M/F) 7/8 7/8

Body mass (kg) 72.95± 15.89 81.45± 14.12
Height (m) 1.76± 0.08 1.73± 0.11
BMI 23.43± 4.29 27.31± 4.14∗

MMSE (score out of 30) 29.0± 1.1 28.9± 1.0
Footedness (R/L/B) 11/1/3 10/1/4

Values are presented at mean ± standard deviation where applicable.
Significant differences between young and old groups are indicated by
∗p < 0 05. MMSE: Mini-Mental State Examination. Footedness
indicates foot preference. R: right; L: left; B: both.
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preparation of the skin with shaving, abrasion, and cleaning
with alcohol. Pairs of EMG electrodes were positioned
over the proximal (TAprox) and distal (TAdist) ends of
the anterior tibial muscle (mean distance between elec-
trode pairs~ 12 cm) and over the center of the medial gas-
trocnemius (MG) and soleus (SOL) muscles. As per the
BioSemi system design, signals were recorded in reference
to a common mode sense active electrode, while a driven
right leg electrode was used to cancel signals measured
at the common mode sense electrode. Analog signals were
sampled at 2048Hz, and offset was contained to ±25μV.

2.4. Data Analysis and Statistics. All data analysis was per-
formed in MATLAB (Version R2016b, MathWorks, MA,
USA). Electrophysiological data was preprocessed using the
EEGLAB toolbox (v14.0.0). Initially, EEG and EMG signals
were downsampled to 256Hz. EEG signals were then rerefer-
enced to an average reference excluding noisy and high
impedance channels and band pass filtered between 0.5 to
120Hz. Independent component analysis was performed in
EEGLAB [32] and was used to remove EEG signal compo-
nents displaying unequivocal spatial and temporal character-
istics of eye blinks and/or face and neck muscle activity [33].
EMG signals were band pass filtered between 5 and 120Hz
then full-wave rectified to emphasize information about tim-
ing of motor unit action potentials in the signals [34] and to
improve coherence detection [35].

In order to examine the coupling between EEG-EMG and
EMG-EMG signals in the frequency domain, coherence esti-
mates were constructed [36]. Coherence describes the linear
association between two signals at each frequency of interest
and is a measure of phase consistency between signals.

Coherence estimates are defined over the range [0, 1] where
0 indicates no association between signals and 1 indicates a
strong association. To calculate coherence, auto- and cross-
spectra were constructed by dividing signals into nonover-
lapping segments, after which discrete Fourier transforms
were performed on each segment and averaged. Coherence
was then determined as the squared modulus of the cross-
spectrum for the two signals f xy λ normalized by the prod-
uct of the two autospectra, f xx λ and f yy λ :

Rxy λ 2 =
f xy λ

2

f xx λ f yy λ
1

EEG-EMG coherence thus quantifies the strength and
frequency range of the coupling between cortical and muscu-
lar activity, whereas EMG-EMG coherence quantifies com-
mon rhythmic drive to two muscles or motor neuron pools.
The statistical significance of individual coherence estimates
was assessed according to an upper 95% confidence limit
determined as

1 − 0 05
1

L−1 , 2

where L indicates the number of data segments used for the
analysis [36].

For data obtained during static dorsiflexion, coherence
was calculated between EEG and TAprox; EEG and TAdist;
and between TAprox and TAdist. For static plantar flexion,
coherence analysis was likewise performed for EEG and
SOL; EEG and MG; and between SOL and MG. For all

TAprox EMG

TAdist EMG

TAprox EMG

TAdist EMG

GM EMG
SOL EMG

Target line
10% MVC

DF

PF

EEG (64 channels)

DF force
produced

Figure 1: Experimental setup and static contractions. Subjects sat in a chair with their left foot fastened to a force pedal and maintained a
force level of 10% of their maximal voluntary contraction (MVC) for 2min, first for dorsiflexion (DF) and subsequently for plantar flexion
(PF). The target force level was projected onto the wall as a horizontal line that subjects were asked to follow as precisely as possible with
a yellow force trace showing online force production. During contractions, electroencephalographic (EEG) and electromyographic (EMG)
signals from the proximal and distal ends of the anterior tibial muscle (TAprox and TAdist), soleus (SOL), and medial gastrocnemius (GM)
were recorded.
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analyses, 120 seconds of data and a frequency resolution of
1Hz were utilized.

Initially, EEG-EMG coherence was calculated for all EEG
electrodes. Scalp plots indicated that beta band (15–35Hz)
coherence was localized at the vertex (Cz), assumedly corre-
sponding to the sensorimotor cortex (Figure 2). Accordingly,
further analysis was performed using coherence at the Cz
electrode (see example in Figure 3).

All EMG-EMG coherence data was visually inspected for
signs of crosstalk, that is, high coherence across a wide range
of frequencies and close to zero lag synchronization in the
time domain as evidenced in cumulant density plots [37].
No data was observed displaying these characteristics, so all
data was included in pooled analyses.

To undertake a population analysis, coherence for each
age group was pooled, resulting in single group estimates at
each frequency of interest. Group differences were investi-
gated using the χ2 extended difference of coherence test
[38], a nonparametric test that provides the amount of
pooled coherence difference between groups at each fre-
quency in relation to an upper 95% confidence interval limit.

Coherence was also quantified as the sum (i.e., area) of
alpha (5–15Hz), total beta (15–35), low (15–25Hz), and high
(25–35Hz) beta coherence. These values were transformed
logarithmically to symmetrize distributions for statistical
analyses. Additionally, we registered the frequency at which
peak beta coherence occurred as well as the sum of EMG
power in alpha and beta bands.

Performance during static contractions was quantified as
the root mean square (RMS) error, that is, the RMS deviation
of the raw force signal from the target force level.

One-way ANOVA was used to evaluate effects of age
group on dependent variables, that is, logarithmic coherence
area estimates, frequency for peak beta coherence, summed
EMG power, RMS error, and subject characteristics (MMSE
score, height, weight, and body mass index (BMI)). Model
assumptions were checked by visual inspection of residual
and normal probability plots. ANOVA was also utilized to
explore if gender and/or laterality (footedness) affected the
area of beta coherence.

Associations between task performance and coherence
estimates, as well as performance and power were assessed
by means of Pearson correlations. The significance level used
to reject the null hypothesis was α = 0 05, but tendencies were
also noted for p < 0 1. Values are presented as mean± stan-
dard deviation where applicable.

3. Results

Subject characteristics are summarized in Table 1. Young and
old subjects were comparable in height (p = 0 349), body
mass (p = 0 133), andMMSE score (p = 0 726), whereas older
subjects had significantly greater BMI (p = 0 018).

EEG, EMG, autospectra, and coherence results from a
single young subject during static dorsiflexion are shown in
Figure 3. For this subject, sizeable coherence peaks were
observed in the beta band (~20Hz) for both cortico- and
intramuscular coherence.

3.1. EMG Power. Figure 4 shows summed EMG power for
young and older subjects. Alpha EMG power was greater in
old subjects for TAdist (p = 0 011) and SOL (p = 0 023),
whereas group differences were not significant for TAprox
(p = 0 312) or GM (p = 0 218). In the beta band, old sub-
jects had significantly greater power for TAprox (p = 0 005),
but no other differences were detected (TAdist, p = 0 413;
SOL, p = 0 666; GM, p = 0 363).

3.2. Coherence during Static Dorsiflexion. Pooled coherence
for young and old groups during the dorsiflexion task is pre-
sented in Figure 5. For both groups, pooled beta coherence
estimates exceeded significance levels for cortico- and intra-
muscular coherence measures and indicated greater coher-
ence in young than in old subjects (Figures 5(a), 5(c), and
5(e)). The χ2 extended difference of coherence test confirmed
that group means differed significantly at beta frequencies for
both cortico- and intramuscular coherence (Figures 5(b),
5(d), and 5(f)). The χ2 test also revealed significant group dif-
ferences in intramuscular coherence in the alpha band
(~10Hz), where young subjects had greater coherence than
old subjects.

Estimates for coherence area in alpha, beta, and high and
low beta bands are presented in Figure 6. Differences between
young and old subjects were most consistent in the high beta
band, where coherence area was greater for young than old
subjects for all three coherence measures, though group dif-
ferences in total and low beta area were also significant for
TAprox-TAdist coherence and tended towards significance
for the total beta band in Cz-TAprox. Using this approach,
no differences between young and old subjects were present
in the area of alpha coherence.

Visual inspection of pooled group plots suggested that
coherence in old adults appeared to be slightly shifted toward
earlier frequencies, but review of single-subject plots indi-
cated that this trend was driven by three older subjects show-
ing pronounced coherence at alpha to early beta frequencies.
In addition, the frequency at which peak beta coherence
occurred did not differ significantly between groups for
corticomuscular coherence (Cz-TAprox, p = 0 420, Cz-TAdist,
p = 0 742), although it tended to be lower in old subjects for
intramuscular coherence (TAprox-TAdist, p = 0 088).

No significant effects of gender (all p > 0 2) or footedness
(all p > 0 3) on beta band coherence area during dorsiflexion
were present.

3.3. Coherence during Static Plantar Flexion. Pooled coher-
ence data from the plantar flexion task demonstrated trends
similar to those observed for the dorsiflexion task, though
amplitudes were lower in both age groups (Figures 7(a),
7(c), and 7(e)). Group estimates indicated statistically signif-
icant beta coherence in both young and old subjects for all
three measures. Pooled plots suggested that the magnitude
of beta coherence was consistently larger for young subjects,
which was corroborated by the χ2 extended difference of
coherence test (Figures 7(b), 7(d), and 7(f)). For intermuscu-
lar coherence, pooled estimates indicated the presence of
alpha coherence in both age groups, but group differences
at these frequencies did not reach the significance level. Thus,
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the χ2 test indicated that group differences were confined to
the beta band.

The area of beta coherence differed between groups in a
more widespread manner than for dorsiflexion (Figure 6);
Cz-SOL coherence only tended to be greater in young sub-
jects for the high beta band, whereas for Cz-GM and SOL-
GM, significant differences in total, low, and high beta bands
were observed. In the alpha band, a significant group differ-
ence was observed for Cz-GM, where coherence area was
greater in old subjects.

Similar to what was observed in dorsiflexion, pooled
coherence data suggested that coherence in old subjects was
present at slightly lower frequencies than in young subjects.
Upon inspection of individual coherence estimates, it was
again apparent that the same three old subjects were respon-
sible for this trend. Correspondingly, the frequency at which
peak beta coherence occurred did not differ in young and old
adults for Cz-GM (p = 0 754) or SOL-GM (p = 0 673), but a
tendency towards lower frequency beta coherence in older
adults was present for Cz-SOL (p = 0 081).

As for dorsiflexion, beta band coherence during plantar
flexion was neither affected by gender (all p > 0 4) nor foot-
edness (all p > 0 3).

3.4. Task Performance and Associations with Power and
Coherence. Figure 8 shows group differences in force

precision during static dorsi- and plantar flexion contrac-
tions. RMS error during dorsiflexion was greater for
old (14.5± 8.2mV) than for young (9.5± 3.1mV) adults
(p = 0 035). During plantar flexion, RMS error for old adults
(16.8± 6.3mV) was likewise greater than for young adults
(11.1± 3.1mV; p = 0 004).

To examine if low-frequency rhythmicity in EMG bursts
was related to task performance, associations between EMG
alpha power and RMS error were explored. EMG alpha
power in TAprox was positively associated with RMS error
(r = 0 47, p = 0 008), and a tendency towards a positive
correlation between TAdist and RMS error was also present
(r = 0 36, p = 0 054), while alpha power in SOL and GM
was not related to RMS error during plantar flexion
(SOL, p = 0 323, GM, p = 0 776).

Furthermore, we investigated possible associations
between coherence estimates and performance. Surprisingly,
neither cortico- nor intramuscular beta coherence area was
correlated with RMS error during the dorsiflexion task
(Cz-TAprox, p = 0 783; Cz-TAdist, p = 0 745; TAprox-TAdist,
p = 0 306), suggesting that the amount of beta coherence
was not related to task performance. For the plantar
flexion task, RMS error was also unrelated to beta coher-
ence area (Cz-SOL, p = 0 327; Cz-GM, p = 0 870; SOL-
GM, p = 0 946). Correlations between RMS error and low
and high beta coherence were similarly nonsignificant for
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Figure 2: Coherence head plots. Spatial localization of summed beta band (15–35Hz) corticomuscular coherence for single young (a, c) and
old (b, d) subjects during static dorsiflexion (a, b; EEG-TAprox coherence) and plantar flexion (c, d; EEG-SOL coherence).
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Figure 3: Raw EEG and EMG traces, autospectra, and coherence results from a single young subject. EEG from Cz (a), EMG from proximal
(b), and distal (c) ends of the anterior tibial muscle (TAprox and TAdist, resp.); autospectra for Cz (d), TAprox (e), TAdist (f); and coherence for
Cz-TAprox (g), Cz-TAdist (h), and TAprox-TAdist (i) during static dorsiflexion. Dashed lines on coherence plots indicate upper 95% confidence
interval limits.

6 Neural Plasticity



both dorsi- and plantar flexion tasks (range for p values:
0.175–0.971). Interestingly, alpha coherence area was posi-
tively correlated with RMS error for both tasks in five out
of six coherence measures (range for p values: 0.010–0.062,
range for r: 0.34–0.46), demonstrating that greater coher-
ence in the alpha band was accompanied by less precision
in force production across groups.

4. Discussion

The aim of this study was to examine age-related changes in
cortico-, intra-, and intermuscular beta band coherence in
lower leg muscles during static dorsi- and plantar flexion.
We found that beta band coherence estimates were signifi-
cantly lower in old versus young adults for all coherence
measures during both tasks. Error during force tasks was
greater for old than young subjects, but no associations were
observed between task performance and coherence area in
the beta band. Collectively, our results suggest an age-
related reduction in oscillatory corticospinal activity in the
beta band during a simple task requiring steady state motor
output, but the amount of beta coherence was not related to
precision in force production. Interestingly, our data indicate
a potential effect of alpha coherence and EMG alpha power
on task performance.

4.1. Beta Band Coherence. For subjects with significant coher-
ence, cortico-, intra-, and intermuscular coherence was most
prominent in the beta band, which agrees with previous
results demonstrating beta coherence during isometric con-
tractions [10, 11, 13–17, 20]. That this oscillatory coupling
in the beta band specifically reflects task-related corticospinal
activity is confirmed by multiple lines of evidence. In the
monkey, it has been demonstrated that local field potentials
in the primary motor cortex are coherent with EMG in the
beta band during static contractions, and that these local field
potentials were phase-locked with pyramidal cell firing,

indicating that corticomuscular coherence is, in the least,
partially mediated by the corticospinal tract [39]. Moreover,
beta coherence is weakened or absent in patients with central
stroke [40]. The use of EEG, MRI, and TMS in combination
has also shown, in healthy humans, that corticomuscular
coherence is localized at the same site as the muscle’s hotspot
for TMS [41]. Finally, it has been shown that subthreshold
TMS increases corticomuscular coherence, suggesting a role
for cortical cells in the generation of beta band coherence
[42]. Cortico-, intra-, and intermuscular coherence are
thought to generally reflect the same oscillatory corticospinal
activity [19], but when considering the indirect measures of
intra and intermuscular coherence, contributions from other
common neural drives cannot be excluded.

4.2. Age-Related Changes in Beta Band Coherence. Our find-
ings of reduced beta band coherence in older subjects are in
line with results from a previous study suggesting weakened
corticomuscular coherence in older adults during static con-
tractions of arm muscles [23], although other studies have
demonstrated unchanged or greater beta coherence in older
adults [24–28]. These inconsistencies are not easily recon-
ciled, but considering that beta coherence is task-dependent,
differences in task details across studies are likely of utmost
importance. One study examined intermuscular coherence
in ankle muscles during a simple motor task across the adult
lifespan and found no evidence of age-related changes in beta
coherence amplitude [26]. However, this study utilized a task
consisting of brief phasic dorsiflexions, where visual feedback
of EMG traces was provided, but where contraction strength
was not controlled, which may contribute to explaining the
seemingly divergent results. What is more, this study only
examined the corticomuscular coupling indirectly, that is,
via intermuscular coherence.

Another recent study investigated intermuscular coher-
ence in triceps surae muscles during stance and found greater
beta band coherence in older versus young adults during the
uni- but not bipedal posture [27]. These findings indicate
that older adults deployed greater oscillatory corticospinal
activity during a demanding task, possibly as a strategy to
manage their increased postural sway. Interestingly, beta
coherence was not greater in older adults during the simpler
task, that is, bipedal stance, suggesting that task difficulty
may modulate the age-related mobilization of oscillatory cor-
ticospinal activity. Our task differed considerably from uni-
and bipedal stance, making direct comparisons difficult, but
one interesting factor may be differences in the costs of fail-
ure in task performance; for static dorsiflexion, there is no
consequence to poor performance, whereas during unipedal
stance, there is likely a perceived risk of falling that could
affect the neural strategy employed.

The age-related reduction we observed in beta coherence,
indicative of decreased oscillatory corticospinal activity, is
plausibly related to both structural and functional declines
in the nervous system. There does not appear to be an age-
related loss of neurons in the primary motor cortex [43],
but the deterioration in white matter microstructure that
occurs with aging likely affects corticospinal connectivity
[4, 5]. Decreases in synaptic density [44] and dendritic
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Figure 4: EMG power. Summed EMG power in alpha (5–15Hz)
and beta (15–35Hz) bands for young and old subjects during
dorsiflexion (white background) and plantar flexion (grey
background). Significant differences between young and old
groups are indicated by ∗p < 0 05; ∗∗p < 0 01. TAprox: proximal
end of anterior tibial; TAdist: distal end of anterior tibial; SOL:
soleus; GM: medial gastrocnemius.
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arborization [45] may likewise contribute to reduced corti-
comuscular coherence in older adults.

Age-related changes in the functional organization of
sensorimotor networks have also been demonstrated. Func-
tional MRI studies suggest that aging entails greater and
more widespread cortical activation including regions
involved in sensory processing and cognitive control, even
during simple motor tasks [46–48]. The reduction we
observed in functional corticospinal involvement is not
necessarily inconsistent with these findings but may rather
be a consequence of age-related de-differentiation of net-
works, that is, more defocalized and nonspecific activation
patterns may entail a less focused and effective corticosp-
inal coupling. Alternatively, decreased corticospinal
involvement may represent a fundamental decline in the
sensorimotor system compelling compensatory activation
in, for example, cognitive or sensory processing regions.
Synchronous activity has been theorized as a particularly
efficient mode of corticospinal interaction in tasks with
relatively low computational demands [39, 49]; accord-
ingly, decreased coherence in older adults may indicate
decreased efficiency in the corticospinal system necessitat-
ing compensatory strategies in order to perform a given
task. The relationship between age-related reductions in beta
coherence and modifications of sensorimotor networks
should be explored in future studies.

When we examined group estimates for pooled coher-
ence, we noticed that the area of significant coherence was
shifted towards lower frequencies (late alpha-early beta) in
older subjects. However, this shift appeared to be primarily
driven by three older subjects and was not statistically evi-
dent when comparing the frequency for peak beta coherence
in old versus young groups. We only investigated this appar-
ent shift within the confines of the beta band, as the origin
of this activity is well-established, but it is possible that the
frequency band reflecting oscillatory corticospinal activity
shifts slightly with aging and is thus present at somewhat
lower frequencies (~10–25Hz). This would be in line with
previous results indicating that cortical activity and corti-
comuscular coherence slow with aging [24]; thus, this
potential shift towards lower frequencies should be explored
in further projects.

It should be noted that we found higher BMI in the older
subjects, but we do not believe that this could explain the
observed differences in coherence. Although more subcuta-
neous fat could affect the EMG amplitude, it would not be
expected to affect the frequency of the signals, which is what
is used for coherence analyses.

4.3. Mechanisms Contributing to Decreased Performance in
Older Subjects. The functional significance of the observed
decline in beta band coherence is unclear. We expected that
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Figure 5: Pooled coherence during dorsiflexion. Pooled coherence estimates for young (black areas) and old (light grey areas) groups during
static dorsiflexion (a, c, e) and χ2 test statistics as a function of frequency (b, d, f) illustrating frequencies at which group means differed.
Shaded boxes in b, d, and f mark the beta band (15–35Hz). Dashed lines indicate upper 95% confidence interval limits. TAprox: proximal
end of anterior tibial muscle; TAdist: distal end of anterior tibial muscle.
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greater oscillatory corticospinal activity would be positively
related to precision in force production, as suggested by a
previous study [49], but our results indicated no association
between beta coherence and force precision; older adults
demonstrated greater error and less beta coherence, but the
two parameters were not related. As a more challenging

visuomotor task was used by Kristeva and colleagues [49],
requiring subjects to respond precisely to an applied force
of 4% MVC, this divergence may reflect that our task was
not sufficiently demanding to detect a positive effect of beta
coherence on performance. On the other hand, other studies
have found that greater beta coherence was associated with
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Figure 6: Coherence area estimates. Logarithmic coherence area in alpha (5–15Hz), beta (15–35Hz), low (15–25Hz), and high (25–35Hz)
beta during static dorsiflexion (a) and plantar flexion (b) for young and old subjects. Significant differences between young and old groups are
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worsened precision [14, 25], which emphasizes that the func-
tional significance of beta coherence probably also differs
according to task demands.

We also investigated the presence of age-related physio-
logical (or essential) tremor as a possible explanation for
decreased force precision in older adults [50]. EMG power

in the alpha band was greater in TAdist and SOL for old ver-
sus young subjects, indicating greater tremor in older sub-
jects in these muscles, as would be expected. Alpha power
was also positively associated with RMS error across groups
for TAprox and tended strongly to be associated with error
for TAdist, which suggests that the degree of rhythmic
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Figure 7: Pooled coherence during plantar flexion. Pooled coherence estimates for young (black areas) and old (light grey areas) groups
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bursting in EMG had a negative effect on the ability to
precisely maintain the target force. Interestingly, we also
found positive correlations between the area of alpha
coherence and RMS error for five out of six coherence
measures. It has been suggested that alpha coherence is
related to the central component of physiological tremor
[22, 51]; however, group differences in the area of alpha
coherence were only significant for Cz-GM, indicating that
the area of alpha coherence is not a likely explanation for
worsened force precision in older subjects but rather a fac-
tor contributing to individual differences in the ability to
maintain a target force precisely. This is also supported
by the observation that young subjects had greater magni-
tude of intramuscular alpha coherence at ~10Hz when
coherence was compared between groups at each fre-
quency of interest. Altogether, the significance of these
correlations is ambiguous, particularly when taking into
account the low magnitudes of alpha coherence area esti-
mates, but the consistency of correlations across different
muscles and coherence measures warrants further investi-
gation in future studies.

Nonetheless, greater physiological tremor in older adults
may by some means be related to the lack of association
observed between beta band coherence and force precision.
Though speculative, it is plausible that mechanisms leading
to increased tremor in older subjects may have a detrimental
effect on the ability to effectively regulate force precision via
beta oscillations and thus obscure any positive influence of
beta coherence on performance.

5. Conclusion

We have shown that the amount of beta band cortico-, intra-,
and intermuscular coherence in ankle muscles is reduced in
old versus young adults during static contraction, suggesting
an age-related decrease in the strength of oscillatory corti-
cospinal activity during steady-state motor output. Our data
also indicate a potential effect of alpha band coherence and
tremor on precision control of muscle force. These results
may be instrumental in developing new preventive and
therapeutic interventions that may strengthen sensorimotor
control in elderly subjects. Future projects should focus on
delineating the relationship between beta band coherence
and specific motor deficits in older adults and exploring
mechanisms underlying the observed reduction in effective
corticospinal coupling.
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Alzheimer’s disease (AD) is the most common type of dementia, mainly encompassing cognitive decline in subjects aged ≥65 years.
Further, AD is characterized by selective synaptic and neuronal degeneration, vascular dysfunction, and two histopathological
features: extracellular amyloid plaques composed of amyloid beta peptide (Aβ) and neurofibrillary tangles formed by
hyperphosphorylated tau protein. Dementia and AD are chronic neurodegenerative conditions with a complex physiopathology
involving both genetic and environmental factors. Recent clinical studies have shown that proton pump inhibitors (PPIs) are
associated with risk of dementia, including AD. However, a recent case-control study reported decreased risk of dementia. PPIs
are a widely indicated class of drugs for gastric acid-related disorders, although most older adult users are not treated for the
correct indication. Although neurological side effects secondary to PPIs are rare, several preclinical reports indicate that PPIs
might increase Aβ levels, interact with tau protein, and affect the neuronal microenvironment through several mechanisms.
Considering the controversy between PPI use and dementia risk, as well as both cognitive and neuroprotective effects, the aim
of this review is to examine the relationship between PPI use and brain effects from a neurobiological and clinical perspective.

1. Introduction

Dementia is a clinical syndrome that represents a wide
spectrum of cognitive dysfunction and leads to progressive
and chronic deterioration of social and occupational activi-
ties. According to the World Alzheimer Report, over 46.8
million people worldwide lived with dementia in 2015, with
a predicted increase of cases to 74.7 million by 2030 and
131.5 million by 2050. In addition, 63% and 68% of all people
with dementia will live in low- and middle-income countries
by 2030 and 2050, respectively [1]. Because of this increased
number of cases, the high cost of dementia is another issue
that health systems will be dealing with in the future.

Currently, the cost is estimated at $18 billion per year in
the US, with an increase expected over upcoming years.
Owing to the economic and social impact caused by demen-
tia, the World Health Organization designated dementia a
public health priority [2]. There are different types of demen-
tia, with Alzheimer’s disease (AD) being the most prevalent
in humans, accounting for 50–70% of all cases [3]. The
prevalence rate for AD increases predominantly with age,
surging from 3.5% in people aged 75 years old to 46.3%
in people aged 95 years old or older [4]. The histopatho-
logical hallmarks of AD include extracellular deposition
of amyloid-β (Aβ) plaques, formation of neurofibrillary
tangles (NFTs) from hyperphosphorylated tau protein, and
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neurodegeneration caused by progressive loss of neurons and
their processes [5]. Moreover, the most accepted theory to
explain the pathogenesis of AD is the amyloid hypothesis,
which states that the cognitive disease phenotype is due to
Aβ dyshomeostasis [6].

Proton pump inhibitors (PPIs) are a class of drugs used to
treat gastric acid-related disorders, such as gastroesophageal
reflux and peptic ulcer disease, and which act mainly as irre-
versible inhibitors of the H+/K+-ATPase pump to decrease
gastric acid production [7]. PPIs have an excellent safety pro-
file and have become one of the most prescribed drugs in
recent years. According to the National Health and Nutrition
Examination Survey, from 1999 to 2012, the percentage of
adults aged 40–60 who received a prescription for PPIs
almost doubled from 4.9% to 8.3% in the United States,
surging concerns about their widespread use among this
age group [8, 9]. Furthermore, various studies have shown
that 50–70% of patients prescribed PPIs do not have the
correct indication, especially in hospitalized elderly patients
[10–12]. Overall, long-term use of PPIs has increased,
leading to potential adverse effects such as nutritional defi-
ciencies (vitamin B12, magnesium, and iron), renal damage,
osteoporotic fracture, infection by Clostridium difficile, rhab-
domyolysis, anemia, and thrombocytopenia [13]. Because of
these adverse effects, their safety and role in cognitive
function (including risk of developing dementia and AD)
have been questioned lately. Several studies described associ-
ation between PPIs and greater risk of developing dementia
and AD in older people [9, 14, 15]. However, other study
has not shown that PPIs were associated with greater risk
of dementia neither AD [7]. In addition, a recent case-
control study conducted in German primary care patients
reported decreased risk of dementia with PPI use [16]. In
fact, neuroprotective effects of PPIs have been recently
described [17, 18]. Due to these controversial findings, and
also the role of PPIs in progression from mild to severe
cognitive dysfunction, the aim of this article is to review the
relationship between PPI use and basic mechanisms of
neuronal dysfunction. In this regard, we discuss if PPI use
is associated with greater susceptibility to developing demen-
tia, focusing on a neurobiological basis of AD. Consequently,
we propose new hypothesis regarding the physiopathological
mechanisms of cognitive impairment induced by acute and
chronic PPI use and examine some associated factors that
increase dementia susceptibility after PPI exposure.

2. The Effect of PPIs on the Central
Nervous System

One of the human genes encoding H+/K+-ATPase (ATP12A/
ATP1AL1) is expressed in the brain, colon, and placenta,
while the other gene (ATP4A) is only expressed in gastric
epithelial cells [19]. Accordingly, there is evidence of H+/
K+-ATPase activity in the central nervous system (CNS),
with certain isoforms expressed [20]. Proton pumps have
several physiological functions in neurons and contribute to
acid–base and potassium homeostasis [19]. Vesicular proton
pumps (H+-ATPases or V-ATPases) create the proton
gradient that is required for packaging of neurotransmitters

into synaptic vesicles. Furthermore, new evidence indicates
that vesicular H+/K+-ATPase plays an interesting role in
both exocytosis and endocytosis in nerve terminals [21, 22].
Ca2+-ATPase, Na+/K+-ATPase, and H+/K+-ATPase are
included in the PII subfamily of P-type ATPases [23].
P-type ATPases share common structural motifs and likely
arise from a common ancestral gene [19]. Interestingly, the
primary structure of the α subunit of gastric H+/K+-ATPase
is 98% homologous within species and highly homologous
to the catalytic subunit of Na+/K +-ATPase (~63%) and sar-
coplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA)
(~25%) [24, 25].

Proton pump inhibitors (e.g., omeprazole, lansoprazole,
dexlansoprazole, rabeprazole, pantoprazole, and esomepra-
zole) effectively block acid secretion by covalent and irrevers-
ible binding to H+/K+-ATPases on the luminal surface of the
parietal cell membrane [26, 27]. The site of reaction on the
enzyme differs according to the particular PPI. However, all
PPIs react with cysteine 813 in the active E2 configuration
(ion-site-out) [27]. Considering the high homology between
P-type ATPases, it is possible that PPIs can inhibit other
ionic pumps in different organs or even induce systemic
physiological changes. Indeed, the CNS may be one system
affected, with its interaction facilitated by pathological condi-
tions exhibiting reduced pH in the brain, cerebrospinal fluid,
and blood (i.e., metabolic stress).

Passage of PPIs through the blood-brain barrier (BBB)
has been calculated. After administering 10mg/kg intrave-
nous (IV) omeprazole to male Sprague Dawley rats, the area
under the curve (AUC) of concentration versus time in the
brain divided by AUC in blood was calculated [28]. The
resulting blood-to-brain distribution coefficient was 0.15,
indicating that up to 15% of a single IV dose of omeprazole
can reach the CNS and potentially affect cognitive function
with either acute or repetitive long-term use. Corrobora-
tively, in vitro and in vivo pharmacokinetic studies have
shown that lansoprazole may also penetrate the BBB [29].

Some PPIs, such as lansoprazole, esomeprazole, and pan-
toprazole, are reported to cause adverse neurological effects,
mainly headaches [30, 31] and dizziness/vertigo [32]. Other
adverse effects that involve the CNS (at a frequency of
<1%) include depression, diplopia, disturbed sleep, drowsi-
ness, insomnia, nervousness, and tremor. There have also
been reports of sensoperceptual abnormalities (i.e., halluci-
nations) [33, 34] and delirium [35]. Neurological side effects
induced by chronic PPI use may be related to indirect
systemic abnormalities (i.e., magnesium and vitamin B12
deficiency) [36] or direct effects on neurons after passage
through the BBB. Although the exact mechanisms on brain
circuits have not been fully described, most neurological side
effects are reported with chronic administration of PPIs.

3. PPIs and Physiopathological
Effects in Dementia

PPI drugs can facilitate tau and Aβ-induced neurotoxicity,
which may increase AD progression and cognitive decline.
Below, we discuss relevant physiopathological mechanisms.
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3.1. PPIs and Aβ Plaques.One of the most described effects in
dementia relates to increased production of Aβ plaques by
PPIs [37]. As already stated, one of the major hallmarks of
AD is extracellular accumulation of Aβ plaques, which lead
to oxidative and inflammatory damage in the brain [3]. These
Aβ species are produced by cleavage of amyloid precursor
protein (APP) by β-secretase (also known as β-site APP-
cleaving enzyme 1 [BACE1]) and γ-secretase [38]. Although
the total number of Aβ plaques does not correlate well with
AD severity, there is a direct effect on cognition and cell
death in APP/tau transgenic mice because of neuronal loss
and the astrocyte inflammatory response [39]. In 2013,
Badiola et al. [37] investigated the effect of PPIs on Aβ pro-
duction using cell and animal models and suggested a novel
hypothesis: they suggested that PPIs act as inverse γ-secretase
modulators (iGSM), which change the γ-secretase cleavage
site and thereby increase Aβ42 levels and decrease Aβ38
levels. In addition, PPIs can increase BACE1 activity, raising
production of Aβ37 and Aβ40 levels. In AD, the major
pathological species is thought to be Aβ42, but the most
produced is Aβ40 [38]. Ultimately, PPIs (specifically lanso-
prazole) may alter media pH, amplifying the activity of other
proteases, such as memprin-β, and generating Aβ2-x pep-
tides (e.g., Aβ2-37, Aβ2-40, and Aβ2-42 species). Moreover,
Badiola et al. were able to demonstrate that lansoprazole
enhances Aβ production using in vivo and in vitro models,
supporting the theory that PPIs effect AD by boosting Aβ
production [37]. It has also been shown that PPIs can inhibit
vacuolar proton pumps, which acidify lysosomes by pump-
ing protons from the cytoplasm to the lumen of vacuoles in
microglia and macrophages [40, 41]. Normally, this acid
environment in lysosomes permits degradation of fibrillary
Aβ. As PPIs can cross the BBB, they act on V-ATPases in
an inhibitory manner, causing less degradation of fibrillary
Aβ and hence a reduction in its clearance [28, 41]. To date,
there are few studies that explain the relationship between
the effects of PPIs and presence of Aβ plaques. It would be
interesting if future studies determine why Aβ plaque pro-
duction increases or their clearance decreases with PPI use.

3.2. PPIs and Tau Protein. Currently, AD diagnosis is based
on neuropsychological tests (cognitive criteria), neuroimag-
ing (i.e., MRI and amyloid deposits by PET), and tau/amyloid
in CSF (biomarker criteria) that rule out other causes of
dementia [42–44]. However, a definitive diagnosis can only
be confirmed histopathologically by the extensive presence
of Aβ and NFTs in the neocortex of postmortem brain
tissue [45]. The main component of NFTs is paired helical
filaments (PHFs) formed from hyperphosphorylated tau
protein [46, 47]. Tau protein plays an important role as a
microtubule-associated protein in neuronal axons, stabilizing
microtubules and inducing their assembly [48]. When tau
protein is hyperphosphorylated, it is unable to bind and sta-
bilize microtubules, which leads to degeneration of affected
neurons [49]. According to the neuroimmunomodulation
theory of AD, the earliest CNS changes before the clinical
onset of AD result from a chronic inflammatory response,
which leads to abnormal tau phosphorylation and induces
formation of PHFs and tau protein aggregates, ultimately

resulting in cytoskeletal alterations [50]. Consequently, these
lesions are present before the presentation of clinical symp-
toms of AD [51]. The first NFT lesion appears in the transen-
torhinal cortex and is proceeded by the entorhinal cortex and
hippocampus and finally the neocortex [52]. Several studies
have shown that NFTs correlate with cognitive decline and
severity in AD, positioning tau NFTs as suitable targets for
therapy and diagnosis in AD patients. Several researchers
have focused on developing different radiotracer components
based on their high affinity for tau protein. This will allow
future quantification of tau burden using noninvasive diag-
nostic imaging such as positron emission tomography
(PET) [53]. Okamura and coworkers have found that PPIs
show high affinity to tau protein. They screened more than
2000 compounds to develop agents for use in PET and
identified quinoline and benzimidazole as high affinity com-
ponents of NFTs rather than senile plaques [51]. Subse-
quently, Rojo and colleagues found that lansoprazole, a
Food and Drug Administration- (FDA-) approved PPI with
a benzimidazole ring structure, had nanomolar binding affin-
ity for tau aggregates, in agreement with Okamura’s findings.
They also showed that lansoprazole has high lipophilicity
and can cross the BBB, reaching the brain within 37min after
administration and therefore showing suitability as a radio-
tracer for PET imaging. However, during kinetic analysis,
lansoprazole interactions with tau NFTs did not fit the classi-
cal one-site or two-site binding models [29]. We hypothesize
that this can be explained by the six tau protein isoforms
expressed in the human CNS. These tau isoforms are divided
into two sets with three (3R) and four (4R) microtubule-
binding domains. In usual conditions, both sets of isoforms
are expressed in an equal ratio, while under pathological con-
ditions, different tauopathies show different isoform ratios
with diverse morphologies [54]. Additionally, tau undergoes
multiple posttranslational changes resulting in conforma-
tional modifications in aggregates, as well as alterations in
binding affinities and binding sites of tau protein [55].
Further, Rojo et al. performed docking studies and identified
strong hydrogen bond interactions between the NH group of
the benzimidazole ring of lansoprazole and the C-terminal
hexapeptide (386TDHGAE391) of the tau core [29]. Corro-
boratively, studies by Fawaz and coworkers determined that
replacing the NH group of the benzimidazole ring affected
tau protein affinity, which has enabled development of new
radiotracers with higher affinities, such as [18F]N-methyl
lansoprazole [53]. This research field is based on the study
of lansoprazole, and indeed its high affinity to tau protein is
a striking and open avenue for researchers to create and
improve noninvasive techniques for diagnosing AD in the
early stages. Many of these studies are still in preclinical or
early clinical trial stages. Further investigations are needed
to specifically understand PPI interactions with tau protein.

3.3. PPIs and Vitamin B12 Deficiency. Gastric acidity is
necessary for absorption of vitamin B12, which is an essen-
tial water-soluble vitamin obtained from different dietary
sources such as fish, meat, dairy products, and fortified cereal
[56]. Statistically, approximately 6–20% of American adults
have vitamin B12 deficiency, likely as a natural phenomenon.
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Nonetheless, the risk of B12 deficiency increases with age
[57]. During digestion, vitamin B12 binds to salivary R pro-
teins and then to intrinsic factors, reaching the whole
intestine and ileum terminal intact, where B12 absorption
occurs. B12 is firmly bound to proteins and consequently
requires acid-activated proteolytic digestion. Use of PPIs
causes hypochlorhydria, which results in vitamin B12 malab-
sorption as B12 remains tightly bound to proteins in the
stomach [58]. Several studies have shown controversial
results between long-term PPI use and vitamin B12 defi-
ciency. For instance, in a case-control study, patients treated
with PPIs for 2 years or longer showed a statistically signifi-
cant association with increased risk of B12 deficiency [59].
In contrast, in a cross-sectional study, patients prescribed
PPIs for 3 years or longer had similar B12 levels as non-PPI
users [60]. It is important to note that most of these trials
show association and not causation. Likely, other factors will
contribute to these findings in addition to acid-suppressive
therapy [61].

Vitamin B12 deficiency caused by PPI use has been
associated with dementia and cognitive impairment [62].
Vitamin B12 is required for one-carbon transfer reactions
such as methylation, which are needed for processing
and production of nucleotides, phospholipids, and mono-
amine neurotransmitters [63]. Usually, vitamin B12 removes
a methyl group from tetrahydrofolate, turning it into methyl-
cobalamin. Methylcobalamin then presents its methyl group
to homocysteine, which is finally converted to methionine by
methionine synthase [62]. Thus, vitamin B12 deficiency is one
of the main causes of hyperhomocysteinemia. Both hyperho-
mocysteinemia and B12 deficiency are considered risk factors
for brain atrophy, cognitive impairment, and dementia [64].
Studies have shown that hyperhomocysteinemia may acti-
vate several protein kinases, such as glycogen synthase
kinase 3β (GSK-3β), cyclin-dependent kinase-5 (Cdk-5),
c-Jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), and p38 mitogen-activated protein kinase
(MAPK), and inhibit protein phosphatase 2A (PP2A) (41),
which are all pivotal enzymes in regulating the phosphoryla-
tion state of tau protein [65]. Among these enzymes, PP2A
plays a crucial role as it is the main brain serine/threonine
phosphatase and prevents tau hyperphosphorylation [66].
Decreased methylation may affect PP2A function by leading
to hyperphosphorylation and aggregation of tau protein [62].
In animal models, aside from inducing tau protein hyper-
phosphorylation, hyperhomocysteinemia can increase Aβ
production, while folate/vitamin B12 supplementation may
attenuate these effects [67–69]. Based on these findings,
high homocysteine levels are a strong and independent risk
factor for developing AD [70]. Alternative mechanisms for
linking AD with vitamin B12 deficiency have also been
described, which are distinct from PP2A inactivation and
tau hyperphosphorylation. Using the structure and function
of vitamin B12 inside cells, Rafiee and colleagues (38) [62]
studied direct binding between B12 and tau protein in vitro
by fluorometry and circular dichroism. Because vitamin B12
can interact with thiol groups, they determined that cobala-
min can directly bind to tau via cysteine residues on tau pro-
tein. Hence, the resulting B12/tau protein complex prevents

tau protein fibrillation. Besides, tau aggregation is inhibited
by vitamin B12 capping on cysteine residues of tau. In sum-
mary, the effect exerted on neurodegeneration by vitamin
B12 deficiency and hyperhomocysteinemia is not only due
to PP2A inactivation and tau hyperphosphorylation but also
direct binding of vitamin B12 to tau protein, inhibiting its
fibrillation and aggregation [62].

Although different mechanisms have been described to
explain the effects of vitamin B12 deficiency in dementia,
more clinical trials are needed to understand this relation-
ship. In addition, more studies are required to establish if
vitamin B12 deficiency is a causal event in dementia or an
associated factor, as shown in other studies.

4. PPIs and Antineurotoxicity

In contrast to the effect of PPIs on Aβ plaque production, tau
protein, and vitamin B12 deficiency in AD development,
different studies have shown antineurotoxic effects of PPIs
on astrocytes and microglia [17]. In AD patients, activated
astrocytes exist in close relationship with senile plaques and
neuronal degeneration [71]. These activated cells release
powerful neurotoxic products, including proinflammatory
cytokines, reactive oxygen species, and nitric oxide [72, 73].
Although astrocytes show neuroprotective activity, activated
astrocytes may aggravate neurodegenerative diseases [74].
Hashioka et al. [17] demonstrated that lansoprazole and
omeprazole decrease interferon- (IFN-) γ-induced astrocytic
neurotoxicity as a result of inhibition of signal transducer
and activator of transcription 3 (STAT3) activation. They
also confirmed that PPIs slightly reduce production of T-cell
alpha chemoattractant (I-TAC) by IFN-γ-activated astro-
cytes, although only lansoprazole shows a significant effect.
These findings are in agreement with another study by
Hashioka et al. [18] showing that lansoprazole and omep-
razole may suppress tumor necrosis factor- (TNF-) α pro-
duction from THP-1 cells and decrease human microglial
and monocyte neurotoxicity. In addition, they showed that
nonsteroidal anti-inflammatory drugs (NSAID) can increase
antineurotoxic effect of PPIs due to their synergic effect. Fur-
thermore, a recent study identified lansoprazole as a liver X
receptor (LXR) agonist [75]. LXRs are transcription factors
that modify expression of genes related to cholesterol metab-
olism. Hence, lansoprazole increases ATP-binding cassette
transporter (Abca1) and apolipoprotein- (Apo-) E levels in
primary astrocytes, both genes regulated by LXR [75]. More-
over, ApoE lipid complexes mediated by ABCA1 inhibit Aβ
plaque aggregation, thereby supporting the theory that lanso-
prazole can act as a therapeutic agent in AD [17].

5. Clinical Association between PPIs and Risk of
Dementia, AD, and Cognitive Impairment

Based on a systematic review from 2017, four European
observational studies have investigated association between
PPI use and dementia. Three studies have found a positive
association between dementia and omeprazole, esomepra-
zole, lansoprazole, and pantropazole, with an approximately
1.4-fold increased risk of any dementia in cohorts using PPIs
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(95% CI, 1.36–1.52; P < 0 001) [76]. Similarly, in a recent
prospective cohort study in Asian population (n = 15726,
7863 PPI users), an association with dementia has been
found (aHR, 1.22; 95% confidence interval, 1.05–1.42) [15].
In contrast, the fourth European report included in the
systematic review found a negative association (OR dementia
with PPI use = 0.94 (95% CI, 0.90–0.97) P = 0 0008) [76].
Herghelegiu and colleagues [77] conducted a single-center
case-control study that compared 148 PPI users (aged at least
65 years old) with a control group of nonusers during an
8-month period. They confirmed statistically significant
association between PPI use and dementia. However, bias
was influenced by the small study sample. Further, they did
not take into account fundamental cofounders such as age,
sex, history of stroke, and smoking status, which are consid-
ered risk factors for dementia. Conversely, Booker and
coworkers [16] found statistically significant reduction
between dementia and PPI use with a case-control study
using a database of general practice medical records in
Germany and including 11,956 patients with initial dementia
diagnoses over a 4-year period. This study was considered to
have a moderate risk of bias due to codes being entered by
general practitioners. The other two cohort studies per-
formed by Haenisch et al. and Gomm et al. [9, 14] used data
from two different German databases (KNDD and AgeCoDe,
resp.) which reported positive association between PPI use
and dementia. Although both studies included a wide range
of cofounders, neither took into account either hypertension
or family history of dementia (again well-known risk factors
for dementia) nor sugar intake, physical exercise, or air
pollution, recently considered risk factors for dementia
[76]. In contrast, Haenisch et al. [14] performed the only
study to include a subgroup for evaluating AD risk. Their
results were in favor of elevated risk for AD associated with
PPI use. Besides, exclusion of cofounders (such as age, sex,
education, ApoE4 allele status, polypharmacy, depression,
ischemic heart disease, and stroke) did not influence the
effect of PPI use on AD.

In the same systematic review, weak association between
PPI use and acute cognitive impairment was demonstrated in
a series of case reports and small observational studies [76].
Regarding these, four were hypomagnesemia-associated
delirium or confusion cases [78, 79], one was associated
with hyponatremic delirium [80], and one was delirium
of unknown cause [35]. PPIs were implied as a main cause
in these effects because they can lower magnesium and
sodium levels, and the majority of studies were associated
with omeprazole use [35, 78, 80]. In one case, withdrawing
esomeprazole therapy provided symptomatic relief and
reestablishment of magnesium levels [78]. With these
observational studies, data on PPI use and risk of delirium
was incorporated [81, 82]. For instance, Otremba and
coworkers performed a cross-sectional study, including 675
patients of 60–100 years old, who were admitted to a sub-
acute geriatric ward over a 12-month period. They found that
PPI use was a predictive factor for developing delirium in
these patients. The Confusion Assessment Method and
Delirium-O-Meter were the scales used for diagnosing
delirium and its severity, respectively [82]. However, Fujii

and coworkers, who compared incidence and severity of
delirium in H(2) blocker users and PPI users, found that
delirium can be reduced by switching H(2) blockers to PPIs
[81]. However, there are major difficulties in evaluating
these studies as the data does not contain reliable informa-
tion. Also, the majority of studies used different group
characteristics, which makes comparisons among them
challenging [76].

Other studies have focused on short-term PPI use and its
influence on different cognitive functions. For instance,
Akter et al. used the Cambridge Neuropsychological Test
Automated Battery (the well-known CANTAB software) to
evaluate each PPI and its effect in different cognitive domain
functions of young patients (20–26 years old) over 7 days
[12]. CANTAB software can accurately determine amyloid-
related cognitive decline and quantify the severity of impair-
ment in prodromal AD patients [83]. This study found that
taking different PPIs may influence several degrees of cogni-
tive capacity. For instance, omeprazole led to deterioration of
visual and episodic memory, motor and mental response
speed, new learning, short-term and sustained attention,
retention and manipulation of visuospatial information,
and strategy development [12]. Lansoprazole, in addition to
the mentioned effects of omeprazole, can restrict manipula-
tion of remembered memory to generate a complex task or
strategy and also limit retention of spatial information. Con-
trary to lansoprazole and omeprazole, esomeprazole induced
difficulties in maintaining sustained attention, retaining and
manipulating spatial memory, and planning strategy [12].
In contrast, a very recent study including data from the
Nurses’ Health Study II has not shown association between
PPI use and cognitive dysfunction or dementia risk. How-
ever, this study indicates a modest association for psychomo-
tor speed and attention among PPI users [84]. To explain
some acute and chronic cognitive effects, it is possible that
PPIs may preferentially affect the hippocampus and associa-
tive neocortex via a neuroplasticity mechanism. Still to our
knowledge, there is no evidence of in vivo or in vitro
experiments using long-term potentiation protocols to
confirm this theory.

6. Final Considerations and Conclusion

There is currently no consensus on the role of PPIs and
the associated risk of developing dementia. Because of
the multifactorial origin of dementia (Alzheimer–vascular
spectrum dementia), future studies are required to con-
sider associated environmental and genetic factors, as well
as biomarkers (i.e., APOE-ε4) and other covariates (i.e.,
chronic stress) that may increase the risk of dementia in
patients who consume PPIs. It is possible that the cogni-
tive effects of PPIs are due to drug interactions, especially
in polymedicated elderly patients. For instance, omeprazole
may increase blood levels of diazepam (a γ-aminobutyric
acid [GABA]-A agonist) by decreasing plasma clearance
(via cytochrome P450) and then increasing neurological side
effects [85]. In a retrospective study in six residential care
homes in England (n = 133), it was found that 9.2% of older
people with dementia were prescribed with two or more
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potentially inappropriate medications, including PPIs and
long-acting benzodiazepines [86]. In addition, an FDA
study has shown that some adverse events with PPIs
(including omeprazole, lansoprazole, and pantoprazole)
could be associated with benzodiazepine drug interactions
[87]. As long-term benzodiazepine use might increase
dementia risk [88, 89], it is possible that combined treatment
of GABA-A agonists and PPIs may increase this susceptibil-
ity, considering the close association between GABAergic
system dysfunction and the physiopathology of AD and mild
cognitive impairment [90]. In fact, cognitive impairment
has been reported after lorazepam treatment in patients
with higher risk for AD (APOE-ε4 allele carriers) [91]. At
recommended doses, a pharmacokinetic interaction between
benzodiazepines and PPIs is less probable with pantoprazole,
lansoprazole, and rabeprazole than with omeprazole [92–94].
Accordingly, those PPI drugs might be considered in poly-
medicated subjects.

Cumulative evidence indicates that chronic treatment
with NSAIDs (e.g., ibuprofen) may delay AD onset and
reduce AD rate of progression [95, 96]. As mentioned earlier,
in vitro evidence indicates that PPIs might have neuroprotec-
tive and anti-inflammatory effects that act synergistically
with NSAIDs. Some limitations of in vitro studies include
the experimental duration, as well as complex specific micro-
environment factors observed only in vivo [97]. In fact,
dementia and AD are chronic neurodegenerative diseases
with a complex physiopathology and several compensatory
neuronal-glial mechanisms after long-term Aβ peptide expo-
sure. To simulate environmental cellular conditions of AD, it
is necessary to design durable in vitro studies that involve
persistent oxidative stress and metabolic dysfunction.

Vascular and BBB dysfunctions have been observed in
AD patients [98]. Taking into account age-related changes
of BBB function, as well as vulnerability to disruption by
external factors such as hypertension and drugs [99, 100],
we suggest that neurological susceptibility to PPIs may be
related to changes in BBB permeability, as well as changes
in the brain microenvironment related to aging. However,
more studies are necessary to identify other factors that
contribute to this susceptibility.

Although the mechanisms of brain dysfunction induced
by PPIs are not known with certainty, it is possible they
influence ionic pumps controlling the membrane potential
and electrochemical gradient in neurons. Considering the
preferential effects of PPIs on Aβ and tau protein, as well as
on endothelial function, further studies are needed to con-
template differential susceptibility between AD and vascular
dementia. Taking into account the effects of PPIs on vitamin
B12 levels, and possibly indirect effects on membrane ionic
transporters, nutritional and electrolyte monitoring is
required in patients who chronically use PPIs, mainly older
adults and patients with chronic malnutrition or debilitating
chronic conditions. Also, it is necessary to determine the pre-
vious cognitive status of patients and whether they have risk
factors for dementia, as well as pharmacokinetic drug
interactions. Altogether, it is necessary to consider the risk–
benefit of chronic PPI use and, above all, strictly establish
an adequate therapeutic indication.
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