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Review

Abstract
With the aging of the world population, there has been a 
notable increase in the incidence of Alzheimer disease (AD), 
the most prevalent neurodegenerative disease affecting the 
elderly. Several studies have reported a delay in the onset of 
AD symptoms and age-related cognitive dysfunction upon 
changes to a healthier lifestyle. These positive adjustments 
find support in the cognitive reserve hypothesis, which holds 
that the ability to defer disease inception and protect cognitive 
performance is related to healthier lifestyle habits such as 
cognitive and physical activity, social engagement, and sensorial 
stimulation. These lifestyle habits can be compounded under 
the umbrella of the environmental enrichment (EE) paradigm. 
The mechanisms underlying EE’s capacity to modulate disease 
expression remain unclear. Since ethical and methodological 
considerations rule out direct analysis of such changes in the 
human brain, researchers have resorted to animal models to 
carry out in-depth characterizations of post-EE structural and 
functional brain modifications using a variety of behavioral, 
electrophysiological, genetic, biochemical, and biophysical 
approaches. Moreover, given the shorter lifespan of animals 
compared to humans, it is possible to address the effects of 
aging in control and AD models. In this review we analyze 
and classify EE data from studies using AD murine models  
and compare the setup variables employed. We also delve into 
various aspects of neuroplasticity, under the posit that this 
property is the key mechanistic process underlying the benefits 
of EE in both animal and human subjects. 

Key words: Environmental enrichment, animal models, cognitive 
reserve, Alzheimer disease, dementias, behavior, neurodegenerative 
diseases.

Introduction

The brain has a remarkable capacity to reorganize 
itself at both the structural and functional 
level in response to intrinsic and extrinsic 

stimuli, following mechanisms collectively comprised 
under the umbrella of the term “neural plasticity” or 
“neuroplasticity” (1). This capacity is not limited to early 
periods of neurodevelopment and is currently assumed 
to persist throughout the lifespan of the individual (2). 

Though anatomo-functional changes during aging may 
negatively affect this capacity, there is evidence that their 
detrimental consequences can be attenuated by training 
via sensorial, cognitive, physical, and social stimuli of the 
nervous system (3, 4).   

EE is mostly studied in animal models and consists of 
interventions that facilitate sensory, cognitive, motor and 
social activity (5). The approach has been used to explore 
the connection between brain structure and function 
and it has been found that EE can alter the morphology 
and molecular biology of animal brains by increasing 
the number and volume of dendritic spines, enhancing 
neuroplasticity, and delaying memory decline in aged rats 
(3). 

There is growing interest in behavioral interventions 
that can positively modify the course of cognitive decline 
or other dysfunctional cognitive conditions, especially 
in view of the higher prevalence of age-related cognitive 
impairments in contemporary life. It is expected that 
the world’s population of people aged 65 and older will 
reach approximately 2.1 billion by 2050. Since aging is the 
highest risk factor for dementia, and Alzheimer disease 
(AD) is the most common form of dementia, the number 
of people suffering from AD will increase as the global 
population ages, reaching 115.4 million people by 2050, 
according to the World Health Organization (6, 7). The 
outcome of the many disease-modifying prophylactic or 
therapeutic endeavours has so far not been promising 
(8, 9). Improving and maintaining a healthy lifestyle 
during aging is one of the current focuses of research 
(4, 10). Indeed, an active lifestyle has been proposed as 
a means to delay the appearance of age-related deficits 
and promote the healthy aging of the brain, positively 
affecting brain plasticity (11, 12). Cognitive stimulation, 
physical activity and frequency of social activities have 
been shown in various studies to produce beneficial 
effects, thus encouraging the search for interventions 
and activities to promote the buildup of cognitive 
reserve (13, 14). Little is known about the effect of these 
interventions on human brain plasticity and structure, 
and in this scenario, animal models provide a useful 
alternative to investigate the brain mechanisms involved 
in the development of cognitive reserve triggered by 
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a positively stimulating environment (15). Compared 
with traditional drug and/or immune therapies, 
providing a stimulating environment is deemed to 
create stress-free, beneficial conditions for individuals 
with AD or other forms of dementia. This approach can 
improve mood, behavior, and communication as well 
as enhance cognition, enabling the level of medication 
to be reduced and thus avoiding the side effects of 
drug therapy (16). Numerous factors intervene in the 
aging process, modifying the likelihood of developing 
dementia, and it is known that the complex interaction 
between genes and life experiences plays a significant 
role in AD pathophysiology. Encouraging engagement in 
stimulating activities is therefore considered nowadays 
to be a promising strategy for providing neuroprotective 
functions (11, 17-19). 

This review explores environmental factors in relation 
to AD and critically discusses therapeutic strategies 
based on the biological and behavioral outcomes of EE 
interventions in animal models of AD and their possible 
translation into clinical practice for the treatment of AD 
in humans. Literature on rodent models of EE in the 
context of AD during the last decade were searched in 
PubMed using “Environmental Enrichment”, “Alzheimer 
Disease”, “Cognitive Reserve” and “Animal Models” as 
keywords. The variability in EE setups in the retrieved 
studies is examined and the findings critically discussed.

Alzheimer disease (AD) and environmental 
factors

Alzheimer Disease (AD) is the most prevalent form 
of dementia, currently representing around 60% to 70% 
cases of dementia worldwide (6). Autopsies of AD brain 
tissue reveal two histological hallmarks: extracellular 
deposits of the protein β-amyloid (Aβ) and intracellular 
accumulations of hyperphosphorylated tau protein, i.e., 
neurofibrillary tangles, mainly in brain regions involved 
in learning, memory, and emotional processes, like the 
hippocampus, cerebral cortex and amygdala (7). Both 
proteins progressively accumulate during the preclinical 
stage of AD, devoid of symptomatic cognitive decline, 
which may last up to 20 years (20). Other widely reported 
additional pathological features of AD (21) include brain 
atrophy, synaptic disintegration and neuronal loss, as well 
as dysregulation of certain elements like zinc, iron and 
copper. Current research focuses on the development of 
specific AD biomarkers (22) for detection in cerebrospinal 
fluid or blood assays as an aid to diagnosis, not as 
diagnostic tools themselves (23). 

AD can show heterogeneous cognitive deficits, such as 
visuospatial, language, or praxis difficulties, accompanied 
by the relative sparing of memory (24). Initial loss of 
episodic memory impeding the recollection of recent 
events in AD patients can develop into progressive 
cognitive decline along with other symptoms such as 
wandering, physical aggression and sleep disturbances, 

among others (25). Psychiatric features such as psychosis, 
apathy and depression (26, 27) are also quite frequent in 
AD patients, constituting an important source of distress 
and lowering their quality of life (28). The growing 
incidence of AD alongside lack of knowledge about 
its pathogenesis and pathophysiology makes further 
research in this area imperative (29). Familial cases of AD, 
the least prevalent (< 5%) form of the disease, are caused 
by genetic mutations (30), whereas in the predominant, 
sporadic, late-onset form of the disease (LOAD), 
environmental factors have been suggested to play a 
major role in its etiology, although some genetic factors 
may also contribute (31). Numerous epidemiological 
studies have identified education and occupational 
attainments as environmental factors that may affect the 
risk of developing AD, the risk diminishing significantly 
in those cases that include an enriched cognitive, physical, 
or social environment (4, 32). The most important non-
genetic risk factors are age and gender: women are more 
prone to develop AD, and though this has been attributed 
to their greater longevity, it has been suggested that there 
may be factors other than longevity accounting for this 
propensity, such as reproductive record and pregnancies, 
but the underlying mechanisms for this higher risk in 
women remain largely unclear (33).

The hypothesis of a linear cascade initiated by amyloid 
and leading to dementia, implying direct causation in 
the pathogenesis of AD, needs to be revised (34, 35). 
Although much remains unknown, there is evidence 
that the immune system plays a role in animal models 
of AD, showing a more pronounced impairment of the 
neuroimmunoendocrine network in transgenic murine 
models of AD than in normally aging mice (36, 37). 
There are conflicting reports in the literature regarding 
neuroplasticity in human brains and animal models, 
suggesting that AD pathology decreases neurogenesis 
and maturation of newborn neurons (38). Most of the 
studies report reduced neurogenesis in AD pathology, 
but the reason for this is not completely understood: 
some data suggest a direct toxic effect of Aβ deposition 
(33), whereas other factors such as neuroinflammation 
(36), loss of cholinergic input (39), and altered levels of 
growth factors, have also been associated with impaired 
neurogenesis in transgenic AD mice (40). 

Evidence in humans suggests that environmental 
stressors could also increase the risk of AD (Bisht et 
al., 41) and animal studies demonstrate that stress 
stimuli and stress hormones -biological proxies of 
human chronic stress- constitute risk factors for AD (18). 
Furthermore, increased stress exacerbates Aβ production 
and deposition in transgenic AD murine models, and 
several health factors, such as cardiovascular disease, 
ischemic strokes, type II diabetes and depression, result in 
increased risk of developing sporadic AD (29). 

It should be underlined that the presence of the 
characteristic histopathological features of AD is not 
necessarily associated with cognitive impairment or 
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functional deterioration, as normal elderly people may 
present these features too (17). A classic example is the 
Nun study, a longitudinal study of 678 catholic nuns 
between 75 and 107 years of age, carried out by Snowdon 
at the University of Minnesota. This study collected 
data on early and mid-life risk factors, annual cognitive 
and physical function assessment, and postmortem 
neuropathology, to present cases that resemble healthy 
aging. The main finding of this investigation was the lack 
of a direct relationship between disease neuropathology 
and cognitive function, manifested by the level of 
resistance to the clinical expression of brain pathology 
present in those individuals with a healthy lifestyle 
history (42). The severity of Aβ and tau accumulation has 
been shown not to be associated with cognitive function; 
however, other hallmarks like synaptic density appear 
to be correlated with dementia in postmortem studies, 
indicating that factors other than Aβ accumulation are 
associated with cognitive performance, as observed 
in murine models of AD (38). Moreover, some authors 
investigated the occurrence of cognitive reserve in a 
longitudinal study assessing the topography and extent 
of hypometabolism progression in patients with mild 
cognitive impairment (MCI), comparing aggressive 
versus smoldering conversion to AD dementia, and 
stratifying the groups according to educational level 
(years of schooling) (43). They found that brain regions 
associated with a higher metabolic resistance and slower 
clinical progression (middle and inferior temporal gyri) 
were different from those regions affected by education-
related reserve (posterior cortical areas), suggesting a 
specific topographic target for assessing the effect of 
lifestyle enrichment and risk factors associated with AD.

There has been growing interest in studying the 
environmental risk factors that modify the amyloid 
cascade and AD progression, leading to interventions 
for the prevention and treatment of AD symptoms and 
neuropathology, both in animals and humans (44). 
Research findings show that different lifestyle factors, 
including level of education, mental stimulation, social 
activities, and physical activity, correlate with both the 
delayed onset and lower incidence of AD, suggesting 
that there are modifiable environmental factors able to 
modulate the progression to dementia (12). 

The environmental enrichment (EE) paradigm

The concept of EE was originally introduced by Donald 
Hebb in the 1940’s as he tried to understand the role of 
experience in brain development. In his famous book, 
“The Organization of Behavior” (45) he argued that 
intelligence is not directly correlated with the integrity 
of brain structure, and that at least part of it is a product 
of experience. At that time, intelligence was considered 
an innate trait, unmodifiable by environmental stimuli. 
Soon it was demonstrated that enrichment had lasting 
and generalized effects on behavior and learning, and that 

these changes responded to substantial effects of EE on 
the structure of the brain; henceforth, interest therefore 
shifted to developing the idea of how experience shapes 
brain structure and function (44).

The EE paradigm has mostly been probed in animal 
models, facilitating motor, sensory and cognitive 
stimulation, thus providing the means to dissect and 
explore gene-environment interactions in diverse 
neurodegenerative diseases, such as AD, Huntington 
disease, Parkinson disease, fragile X syndrome, Down 
syndrome and various forms of brain injury (46). EE 
in animal models involves cages that are larger than 
standard housing, contain more animals per cage, and 
are equipped with different interactive objects intended 
to enhance sensory, cognitive, physical, and social 
stimulation. The key factor of the EE experimental 
paradigm is exposure to an enhanced, novel and complex 
milieu relative to standard housing conditions (3). 

The benefits of an enriched environment prompted 
further interest in studying its effects on behavioral 
function and brain structure under disease conditions. 
One encouraging observation was the first report that 
EE delayed the onset of symptoms in a genetic model of 
Huntington disease (47), later confirmed by Hockly and 
coworkers (48) and Spires and coworkers, who further 
found that Huntington disease-induced downregulation 
of BDNF and DARPP-32 protein levels is ameliorated by 
EE, suggesting potential therapeutic targets (49). In the 
case of animal models of AD, Arendash and coworkers 
found that EE improved cognition in aged mice, despite 
the occurrence of β-amyloid deposition in these animals 
(50). Similarly, EE and in particular its cognitive and 
social components were found to be of great importance 
in improving performance in the Tg-SwDi mouse, 
a transgenic model of cerebral amyloid angiopathy, a 
vascular pathological condition common to both aging 
and AD (51). In essence, EE in animal models mimics 
beneficial lifestyles in humans that promote plasticity for 
the build-up of cognitive reserve (52, 53). Overall, these 
studies have shown that EE exposure in these models 
of pathology can ameliorate cognitive deficits, though 
some findings provide confusing explanations of this 
functional improvement and furthermore the molecular 
mechanisms underlying these positive effects have not 
been fully elucidated (54). As summarized in Figure 1, the 
experimental EE model consists of four central elements 
(46, 52). 

The sensory stimulation component of the EE in animal 
models consists of elements of different textures and 
colors. The cognitive component involves stimulation via 
various tests and the novelty factor, thereby, promoting 
learning. The physical component comprises wheels, 
toys, tunnels, boxes, swings, and ladders in the cages 
that are useful for stimulating the animals’ voluntary 
exercise. Lastly, the social component results not from 
external objects but from the use of a sufficient number 
of individual animals per cage to generate socialization 
among them (3).
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Transgenic murine models expressing some sign 
or symptom of AD constitute an important resource 
to characterize the effects of EE on this disease (37). 
However, the ability of these models to predict clinical 
outcomes has often been challenged, as multiples issues 
surround their validity and predictability. Firstly, the 
biological differences between rodents and humans are by 
far the most important factor. Secondly, the complex and 
still obscure etiopathology and heterogeneity of AD make 
it unlikely that a given model, developed to incorporate 
a particular aspect of the disease, reflects the entire broad 
spectrum of (human) AD (55, 56). The researcher must 
therefore be aware of the limitations of the animal model 
approach, and select a model in accordance with the 
question to be addressed (57). The main types of AD 
mouse models used in EE studies on AD are listed in 
Table 1.

Mice with amyloid plaque pathology have been 
intensively studied in most EE studies, showing 
functional improvements under enriched conditions, 
though the effects of the latter on the course of the 
neuropathology are variable. Despite the broad 
availability of murine models to study AD, these 
discrepancies suggest that amyloid pathology, even 
though considered one of the central hallmarks in AD 
patients, may not be the primary variable that changes in 
response to stimulating activities in the animal models. In 
this regard, the complexity of the underlying mechanisms 
of responsiveness is still far from being understood 
(66). Overall, the EE paradigm has become one of 
the most successful general concepts in experimental 
biology and psychology as it allows researchers to 
explore the fundamental link between structure and 
function (37, 44). Revision of the literature points to 
the lack of a standardized setup model, as analyzed in 
the next section. Furthermore, large variations in the 
methodological paradigms employed by different studies 

are apparent, even though the central variables remain 
relatively similar.

EE setups

The lack of an agreed protocol for EE in AD has led 
to a wide variability in set-ups among different research 
groups and to difficulties in establishing comparisons. 
One of the many variables that contribute to this issue 
is the rodent model used. Even though most studies 
employed transgenic rodents with stable expression 
of AD-like pathology (e.g., 5xFAD, Tg2576, APP/PS1 
and 3xTg mice), some investigations used wild-type 
mice injected with induced AD-like pathology (36, 39, 
66-69). Only a few studies employed different models, 
e.g., a transgenic model (Tg-SwDI) of cerebral amyloid 
angiopathy (51), or a model of senescence-accelerated 
mice (64, 70).

Sex of the animals differ across studies too, even 
though the majority of enrichment studies used female 
animals. The reason why most of them prefer to use 
female rather than male animals is to avoid possible inter-
male aggressive behavior (71, 72).

There are also variations in the number of animals 
per group in EE versus standard housing. While some 
studies include the same number of animals in enriched 
environments as in standard environments, thus eluding 
the stimulation of the social component of the EE 
paradigm (70, 71, 73-81), other studies include social 
stimulation in EE housing, with animals ranging from 3 
(40, 50, 82-84) to around 20 per cage (31).

The age of the animals at onset of the EE training 
also varies widely among studies, with some addressing 
the effects of a stimulating environment commencing 
at postnatal life and/or infancy (18, 31, 36, 40, 54, 67, 
72, 75-79, 84-86), at pre-clinical stages of the disease 
using young adult mice (29, 37, 39, 53, 64, 66, 68, 80, 83, 
87-91), or at later stages, when the disease had already 
manifested (16, 50, 51, 73, 81, 82, 92). This parameter is 
worth considering, as enrichment can have a different 
impact depending on the age of the animals at the 
beginning of the experiment: if it commences prior 
to adulthood, there may be additional effects on the 
developing brain that would not be observed in those 
whose exposure began later in life (46).

The duration of the EE intervention also differed 
between studies, ranging from a couple of weeks (91) to  
over 12 months (93). In sum, the onset of exposure to EE, 
as well as the age of the animals at the beginning of the 
experiments, are not consistently unified variables and 
may account for some of the discrepancies of the results. 
We consider it important to address the differential 
capacity of the EE paradigms with explicit consideration 
of the age of exposure onset and its duration.

Lastly, the material setting was similar in almost all 
studies. Cages contained different colored objects, nesting 
material, toys, at least one running wheel for voluntary 

Figure 1. Essential components of the EE paradigm
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physical exercise, and other mice serving as social stimuli. 
Novelty is an essential factor that should be present to 
stimulate the cognitive component and promote learning 
(3), and it was present in almost all studies except for 
one (73) in which there was no periodical rearrangement 
and substitution of objects in the cages. Further research 
is required to quantitatively assess the value of each 
contributing factor in the outcomes reported in EE studies 
with the ultimate aim of dissecting their effect on the 
brain of AD mouse models.

EE outcomes in animal model trials of AD

At the anatomic and functional levels, the brains 
of animals exposed to EE significantly differ from 
those living in the deprived conditions of standard 
cages (94). Animal studies in the EE paradigm use 
two broad experimental measures -biological and 
cognitive outcomes- via analysis of molecular and/or 
supra-biological factors and performance in cognitive 
tasks, respectively (95). In the literature revised here 
involving specifically rodent model trials of EE in AD, 

the following outcomes, which can be grouped into five 
categories (Figure 2), were measured: growth factors 
and neurogenesis, impact on disease neuropathology, 
modifications of cholinergic mechanisms, neuroglia, and 
behavioral factors.

Growth factors and adult neurogenesis

The importance of growth factors, such as brain-
derived neurotrophic factor (BDNF), nerve-growth factor 
(NGF), glial cell derived neurotrophic factor (GDNF), 
and neurotrophin-3 (NT-3) -among others- lies in their 
role in adult  neural plasticity (3). There is evidence, 
albeit contradictory, that expression of a variety 
of cellular growth factors is augmented in AD brains 
upon EE. Some authors found a significant increase in 
BDNF levels in mice exposed to EE, suggesting that this 
neurotrophic factor may mediate the beneficial effects 
of EE (66, 73). In addition to BDNF, increased levels of 
NGF in the hippocampus of mice exposed to EE has also 
been reported (16, 54, 96). Hüttenrauch et al. [40] found 
alterations at the level of gene expression: BDNF mRNA 

Table 1. Murine wild-type and transgenic models of AD used in EE studies and their characteristic pathologies
Model Pathology Behavior Advantages Disadvantages References
Tg2576 Formation of giant Aβ plaques 

and vascular amyloid deposition 
at 9 months. Decreased number 
of cholinergic and
adrenergic neurons. Activated 
microglia.

Decline in conditioning 
behavior and working 
and spatial memory at 10 
months.

Is widely available and 
has been one of the most 
used transgenic models 
of AD.

Does not exhibit neuronal loss 
despite the amyloid deposition. 
As other transgenic models, 
it is based on the expression 
of mutations in genes whose 
alteration is not present in most 
patients with AD.

(58, 59)

3xTg Aβ plaques at 6 months, 
tau pathology at 12 months, 
neurofibrillary tangles, activated 
microglia. Age-dependent 
synaptic disfunction and decline 
in long- term potentiation.

Decline in working and 
spatial memory at 4 
months.

Exhibits a broader 
spectrum of AD 
pathologies

Amyloid deposition starts in 
neocortex and progresses to 
hippocampus, while tau follows 
the opposite pattern. It expresses 
mutations atypical of most cases 
of AD.

(58, 60)

5xFAD Aβ deposits at 2 months, loss 
of cholinergic and adrenergic 
neurons. Astrogliosis and 
microgliosis. Synaptic 
degeneration at 9 months. 
Stimulation that induces long-
term potentiation in wild type 
mice can induce long term 
depression in 5xFAD.

Impaired working 
and spatial memory 
at 6 months, impaired 
learning at 9 months. 
Aberrant social behavior 
at 9 months. Motor 
deficits at 12 months.

One of the most widely 
studied models.

Early and aggresive presentation. 
Absence of tangles. Based on 
the mutations of genes whose 
alteration is not present or 
causative in most patients with 
AD.

(61)

APP/PS1 Aβ deposition at 6 weeks. 
Females develop plaques 
before males. No mature 
tangles despite the presence of 
phosphorylated tau processes. 
Dendritic spine loss. Activated 
microglia and astrogliosis. 
Impaired long term potentiation 
at 8 months.

Spatial memory deficits at 
7 months. Impaired rever-
sal learning at 8 months.

Useful for studying 
drugs that diminish 
α4β2 concentration (as a 
therapeutic approach) and 
early onset AD (EOAD).

Causes EOAD, the least prevalent 
clinical form of AD. Is based on 
the mutations of genes whose 
alteration is not present or 
causative in most AD patients 

(62, 63) 

Aged mice Pathological changes 
associated with age-dependent 
neurodegeneration: loss of 
synapses, apoptosis, presence of 
amyloid precursor protein and 
Aβ deposition in hippocampus.

Age-dependent mild 
cognitive impairment and 
dementia.

Is considered a suitable, 
naturally derived model 
of LOAD. It does not 
have the disadvantages 
of transgenic models. 
There are models in 
which senescence can be 
accelerated.

It does not express genetic 
mutations of the disease, just 
age-dependent decline that may 
progress to AD.

(64)

Wild-type mice with 
induced AD

Manifest the specific induced 
aspect of the disease, e.g., 
amyloid pathology after 
injecting soluble Aβ oligomers.

Cognitive impairment, 
working and spatial 
memory deficits. 

Suitable to study the 
sporadic forms of 
AD. It does not have 
the disadvantages of 
transgenic models.

It represents a narrower aspect 
of the disease determined by the 
induction procedure. 

(65)
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levels changed in the brains of enriched-housed AD mice, 
reaching the levels found in control wild-type mice. 

Several studies have examined adult neurogenesis 
in AD mouse models, with conflicting outcomes (33). 
Cotel et al. (79) did not find neurogenesis restored 
after EE exposure in AD transgenic mice (as found in 
wild-type mice), results that contradict those reported 
by Mirochnich et al. (97), who found that EE is able to 
increase adult neurogenesis at 6 and 18 months of age, 
and by Jeong et al. (91), who also find neurogenesis, 
specifically in the dentate gyrus. Other authors also 
found that hippocampal neurogenesis could be restored 
after living in an enriched environment (98). Herring 
and coworkers (86) found that EE was able to improve 
plasticity after 4 months of exposure, by increasing 
newborn hippocampal cells and upregulating plasticity 
associated molecules. Furthermore, higher synaptic 
densities were observed in the dentate gyrus after 
combining EE and magnesium intake by Huang et al. 
(93), along with a behavioral improvement presumably 
due to the activation of the N-methyl-D-aspartate 
receptor (NMDAR) pathway. 

Impact on disease neuropathology

As mentioned, earlier, the main histopathological 
hallmarks of AD are Aβ plaques and neurofibrillary 
tangles. It has been shown that exposure to EE at 
young ages attenuates amyloid deposition, but not if 
exposure was performed on 10 months-old animals (99). 
According to this study, this finding was independent of 
cognitive performance, as mice exposed to EE at the age 
of 5 months did produce cognitive benefits, even though 
their amyloid deposits did not differ from standard-
housed transgenic mice. Similarly, Jankowsky and 
coworkers (75, 100) found that EE rescued deficits in 
spatial memory despite an increased amyloid burden. 
Polito et al. (81) reported an amelioration of amyloid 
deposition after a long (18 months) but not after a short 
(8 months) exposure to EE. Griñán-Ferré et al. (80) found 

changes in AD markers after EE exposure: the enrichment 
paradigm prevented tauopathy and the amyloid cascade 
in transgenic female mice after 8 weeks of EE training. 
Zhang et al. (16) also found attenuated amyloid plaque 
deposition. Interestingly, Maesako et al. (101) found that 
the increased Aβ deposition resulting from a high-fat diet 
could be reversed by a 10 week-long EE exposure, even 
when the high-fat diet was sustained. However, other 
studies found no difference in Aβ plaque load between 
EE-type housing and standard housing (31, 37, 82, 84, 88). 
In pregnant mice, EE and voluntary exercise avoided Aβ 
pathology and vivified neurogenesis (33). 

One study found that even though EE reduced 
microvascular amyloid deposition in the thalamus 
compared to the standard-caged mice, socially stimulated 
mice alone showed even less vascular amyloid pathology 
compared to fully enriched mice, i.e., those exposed 
to all the components of the EE simultaneously (51). 
Herring et al. (77) concluded that EE can counteract 
AD’s neurovascular dysfunction in transgenic mice 
by increasing angiogenesis and suggested that these 
neurovascular changes may be partly responsible for 
the reduction in Aβ plaques and amyloid angiopathy 
(although soluble brain and blood soluble Aβ levels 
remained unchanged in this study). Jeong and coworkers 
showed that even though EE diminishes the increase 
in stress-induced tau levels in the hippocampus, it did 
not alter amyloid plaque deposition or soluble Aβ levels 
(91), in contrast with the study of Berardi et al. (83), who 
found that hyperphosphorylated tau was not reduced by 
EE. Lastly, one study found changes in the regulation of 
micro-RNA levels relevant to AD pathology upon EE in 
AD transgenic mice, thereby ameliorating α-synuclein 
accumulation (78). Some authors (66) found a reduced 
burden of neurofibrillary tangles after EE, and Dong 
et al. (70) found that the combined treatment of EE 
and memantine reduced tau protein aggregation and 
decreased amyloid precursor protein (APP) levels in the 
hippocampus. Interestingly, the changes in the levels of 
APP were not observed in mice exposed to EE alone.

Modifications of cholinergic mechanisms

Cholinergic neurotransmission in cortical and 
hippocampal brain regions is involved in the adequate 
functioning of several cognitive processes such as 
attention, learning and memory (102), and in brain 
plasticity and homeostasis (103). The cholinergic system 
comprises cholinergic neurons, whose most important 
innervation emerges from the basal forebrain, reaching 
cortical and subcortical regions (7), as well as muscarinic 
and nicotinic acetylcholine receptors. The former are 
G-protein coupled receptors involved mainly in 
autonomic functions, whereas brain nicotinic receptors 
are ligand-gated ion channels with an important 
participation in memory and learning processes (104). 
The normal process of aging involves a gradual loss 
of cholinergic function, caused by dendritic, synaptic 

Figure 2. Categories of outcomes in AD animal model 
trials upon environmental enrichment 
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and axonal degeneration, which leads to brain atrophy 
and the normal cognitive decline observed in elder 
individuals. In contrast, AD is characterized by a more 
severe alteration of the cholinergic system, even though 
the diminution of cholinergic innervation has only been 
reported in advanced and not preclinical or prodromal 
stages (7). The integrity of the cholinergic system, 
especially nicotinic receptors, is considered to be essential 
for the maintenance of cognitive performance and is a 
promising therapeutic target for mitigating the symptoms 
of AD (105, 106). 

Despite the importance of the cholinergic system in 
AD pathophysiology and as a therapeutic target, only 
three studies involving the EE paradigm consider the 
cholinergic function and they explore only one aspect 
of the cholinergic system, namely acetylcholinesterase 
activity, upon EE interventions. Findings were 
contradictory: one study found no differences 
between transgenic mice exposed to EE and controls 
(39), whereas another study found decreased levels of 
acetylcholinesterase in hippocampus and cortex in AD 
model mice reared in an enriched environment (16). 
Berardi and coworkers (83) reported that EE entirely 
prevented the loss of the acetylcholine synthesizing 
enzyme, choline acetyltransferase-positive neurons in 
the nucleus basalis of Meynert and the medial septum-
diagonal band of Broca. Considering its importance 
in AD etiopathology, modifications to the cholinergic 
system upon EE should be further explored in future 
investigations.

Neuroglia

Evidence suggests that neuroinflammation is a 
significant contributor to AD pathogenesis, and that the 
brain’s immune system, particularly the microglia, would 
play a major role in producing/sustaining/reducing 
inflammation, contributing on the one hand to both 
neuronal dysfunction and apoptosis and on the other, 
to reduction of the inflammatory processes. Herring et 
al. (76), for example, have reported a downregulation 
of pro-apoptotic caspases, pro-inflammatory and pro-
oxidative mediators upon housing enrichment, as well 
as an induction of an anti-oxidative defense mechanism. 
In this context, EE may require the presence of non-
neuronal cells, such as microglia, for exerting its benefits. 
However, though the role of microglia in AD has been 
extensively studied, the influence of microglia on AD 
pathobiology in relation to EE has barely been addressed 
(36). Among the few studies on this subject, Arranz et al. 
(89, 90) found that EE can reverse the adverse effects of 
aging on the neuroimmuno-endocrine axis, extending 
lifespan of transgenic mice upon exposure to EE. This 
appears to constitute a good strategy for stimulating the 
immune system in brain, with an overall enhancement 
of its functions. For example, Cao and coworkers (84) 
found that the physical component of EE can rescue 
neuroinflammation and glial activation in transgenic 

AD mice, counteracting even the detrimental factors 
of social isolation, i.e., lack of the social component of 
EE. Xu et al. (36) found that prolonged EE increases 
microglia density in the hippocampus and results in 
a prominent neutralization of the neuroinflammation 
induced by β-amyloid oligomers. It also enhances the 
immune response of the microglia, showing a protective 
effect on AD at the level of central nervous system 
immune response. Changes in microglia were only seen 
in the hippocampus and not in cortical areas. In line 
with this, Stozicka et al. (96) found that EE prevented the 
inflammatory processes promoted by the upregulation 
of microglia, rescuing functional impairment without 
altering the levels of tau pathology. Moreover, 
independently of the mouse model used, Aβ deposition 
leads to a decline in the number of immature neurons 
and proliferation, i.e., impaired neurogenesis, which 
can be circumvented by exposure to EE and voluntary 
running. This vivifies neurogenesis and rescues apoptosis, 
suggesting an overall beneficial effect of EE on the 
survival of neurons. According to Ziegler-Waldkirch 
et al. (33), this mechanism is most likely driven by the 
abundance of phagocytic microglia. Apparently, changes 
in microglia are in part due to running opportunities, 
pointing to this activity as being responsible for microglial 
activation. This mechanism could also account for the 
restoration of impaired neurogenesis in transgenic mouse 
models. In contrast, one study reported a diminution 
of microglia upon EE exposure. The discrepancy 
might be due to the different transgenic lines and age 
of the animals (87). Another study found no changes 
in microglia upon EE exposure (37), whereas Stuart et 
al. (73) found that transgenic mice show an increased 
number of phagocytic microglia upon EE, in contrast with 
those from standard housing. The role of microglia in AD 
has been extensively studied, but studies concerning the 
effects of EE exposure on microglia are still not conclusive 
and show contradicting results. Further research with 
detailed description of the setups is needed to clarify the 
mechanisms involved.

Only one study on astroglia was found in the literature 
search (107). These authors reported that EE can modulate 
and prevent the early pathological alterations induced 
by astrocytes in the hippocampus of an adult transgenic 
mouse model of AD and promote morphological changes 
like those found in healthy mice. More research is 
required on this topic.

Behavioral factors

According to the reviewed literature, the predominant 
effect of EE on animals is an improvement in certain 
behavioral outcomes. EE enhances working memory, 
with clearer benefits in females (108), although two 
other studies have not been able to reproduce such 
an improvement (40, 79). Less contradictory results 
have been reported regarding spatial learning and 
memory, with almost unanimous reports on improved 
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performance upon EE (31, 33, 50, 64, 66, 81, 82, 84, 91, 
92, 99, 100, 108). Berardi et al. (83) suggested that EE 
can delay the onset of memory deficits. The exception 
is a study (40) suggesting that EE intervention might 
be too mild to counteract fast progression in the early 
onset familial subtype of AD (EOAD). These authors 
hold that stimulation must consider the severity and 
subtype of pathology. Object and social recognition have 
also been reported to be enhanced upon EE (39, 99). 
Learning and memory performance, in general, were 
improved following EE (16, 73, 88, 99), though long-
term memory performance in transgenic mice was not 
as enhanced as in wild-type mice subjected to EE (73, 
88). One study analyzed the effect of EE combined with 
memantine and found that both treatments enhanced 
spatial learning and memory in senescence-accelerated 
mice, and that this effect was stronger when the two 
treatments were combined than either alone (70, 93), who 
studied the combined effect of EE and magnesium intake, 
also reported an amelioration of memory deficits in a 
transgenic model.

According to the study of Jeon and coworkers, EE 
compensates the effects of stress on cognitive impairment 
(91). Peterman et al. (29) concluded that EE does not 
prevent isolation-induced cognitive deficits in contextual 
fear-conditioning tests, in contrast to the results of Cao 
et al. (84), which suggest that the physical component of 
EE is able to reduce these isolation-induced deficits in 
cognition. Lastly, exploratory and locomotor behavior 
have been less studied, with one study reporting that EE 
enhanced both, while reducing anxiety-like behavior (71). 
However, the EE paradigm shows inconsistent effects on 
some anxiety-related responses (72, 82, 108).

To sum up, the environment directly and indirectly 
impacts on various behavioral processes at multiple 
layers. Many different mechanistic perspectives on this 
paradigm are possible and no single factor appears to 
explain the complexity of the EE model, pointing to the 
need to consider a more integrative approach to the study 
of the mediators that give rise to the reported effects (44). 
Cognitive changes occur mainly via the alteration of 
neuroplasticity, i.e., neural factors that support behavioral 
changes. These allow for improvements in functions 
such as learning and cognition, a desirable outcome 
for elderly people at risk or already suffering from a 
neurodegenerative disease (80), or even to promote 
successful aging in the absence of the disease (32).

EE on synaptic architecture and functional 
plasticity 

The strategies that an individual chooses can 
determine the construction of cognitive reserve along life. 
This points to the modifiable nature of healthy factors 
and strategies that intervene in preventing cognitive 
decline and aid neuroprotection (32, 53, 92). Experience 
has the capacity to modify brain structures, building 
the shelter needed for maintaining brain function and 

increasing brain resilience to future pathological and/
or natural brain damage (1, 17). Undoubtedly one of the 
key underlying mechanisms responsible for the long-
lasting structural and functional changes that the brain 
undergoes upon exposure to an enriched environment 
is neuroplasticity, a concept derived from Hebb´s 
rule (“neurons that fire together, wire together” (45)). 
This important concept pieced together the functional 
networking capacity of neurons with a cognitive process, 
associative learning. It is the synapses that ultimately 
sense the firing together of the neurons and connect 
them. In doing so, they undergo structural plasticity, 
which involves morphological changes in synapses 
and dendritic spines, and functional plasticity, which 
emphasizes the physiological changes that accompany 
the structural plasticity (109). These modifications can be 
short- or long-termed, and manifested as diminished or 
enhanced activity of the synapse (short- and long-term 
depression (STD or LTD) or potentiation (STP or LTP), 
respectively) (110). The correlation is quite dramatic: LTP 
promotes the formation of multiple spines between a 
single axon and a single dendrite (111) and leads to the 
enlargement of the dendritic spine (112), concomitant 
with increases in its F-actin content (113) and changes 
in the actin free monomer/polymeric actin ratio (114)
that modify the shape of the spine, which acquires a 
mushroom-like appearance (115). LTD, in contrast, is 
associated with the reversible shrinkage (116) and thining 
of the dendritic spine (115, 117). The most important 
aspect of synaptic plasticity is that it is required for spatial 
memory and learning (118).

In animal studies following EE exposure, several 
outcomes have been reported over the years: increased 
dendritic branching and length (119), augmented size 
of dendritic spines and synapses (120), dentate gyrus 
neurogenesis (121), LTP (122), induced expression of 
growth factors (123, 124), incresed synaptic protein 
biosynthesis (125), including specific neurotransmitter 
receptor subunits (126), resulting in improvements in 
learning and memory at the behavioral level, even under 
neuropathological conditions as found in AD (127). 

In humans, studies are carried out mainly using 
functional approaches that report on the connectivity 
of brain regions, e.g., functional magnetic resonance 
imaging (fMRI) studies. Increased activity in certain areas 
of the brain, like the left frontal cortex, is associated 
with preserved cognitive functions such as memory, and 
higher level of protective factors, such as education or 
IQ, in advanced age and AD (128). Neural modifications 
are more robust if a stimulating environment is applied 
during specific time windows, i.e., critical periods in 
postnatal life during which the brain is hyperplastic and 
sensitive to acquire adaptive signals from external cues 
(129). However, even during the less sensitive span of 
adulthood, the brain is still capable of external-induced 
plastic changes (2). Studies from EE suggest that even in 
the presence of severe AD neuropathology, environmental 
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stimulation could be a feasible complement to current 
therapeutic approaches, since even at advanced stages 
of disease, an enriched environment can still improve 
cognitive function (130). Animal studies have prompted 
efforts to apply the constructive principles of the EE 
paradigm in AD patients, to design appropriate 
rehabilitation schemes to improve their quality of life (99). 

Among the main findings of EE studies, it has been 
reported that EE prevents cognitive impairment in a 
transgenic AD model by a mechanism that enhances 
secretion of exosomal microRNA from the choroid 
plexus, inhibits astrocytic inflammation, and increases the 
number of synapses and their density in the subiculum 
(37). Wild-type mice injected with Aβ oligomers and 
subsequently subjected to prolonged EE showed 
increased branching complexity of their neurons in the 
dentate gyrus (36). Some authors have observed changes 
in synaptic markers induced by EE in healthy aging 
mice, but not in transgenic mice: the latter may have 
been studied at stages when irreversible AD-related 
pathology had already occurred (88). Barak et al. (78)
found an EE-induced improvement of synaptic function 
as reflected in an increase in the level of the presynaptic 
protein synaptophysin, an essential molecule for normal 
synaptic neurotransmission, and a decrease in tomosyn, 
a protein that inhibits synaptic neurotransmission. Cao 
et al. (84) also showed an increase in synaptic proteins 
in mice reared under EE conditions. EE has also been 
reported to produce an increase in synaptic density in 
the CA1 area of the hippocampus, suggesting that this 
area may be capable of experience-dependent plasticity in 
response to EE despite the presence of accumulating Aβ 
(88). One study reported that the regulation of synaptic 
plasticity in the hippocampus was accompanied by a 
reduction in the expression of APP and a diminution 
of the deposition of Aβ, thus mitigating the behavioral 
manifestations of cognitive decline and delaying the onset 
of AD (64). In a recent study, EE was found not to affect 
the dendritic architecture or spine density of newborn 
neurons in wild-type or transgenic mice but promote 
dendritic development and appearance of of newborn 
neurons in the dentate gyrus of transgenic mice 6 months 
after undergoing an EE regime (16). This series of studies 
strongly suggests that EE impinges on synapse number 
and distribution, and that changes in synaptic plasticity 
may be one of the mechanisms underlying the beneficial 
effects of EE on AD, a subject that calls for further basic 
neurobiological research. 

Given the plastic properties of synapses, they are key 
candidates as targets of environmental stimulation at the 
ultrastructural level. Furthermore, synapse loss is a strong 
correlate of cognitive decline in AD (46, 131, 132) (Figure 
3). This section summarized the main conclusions of 
studies describing changes in synaptic plasticity upon EE 
in animal models of AD. Current therapeutic approaches 
aim at restoring neuroplasticity via environmental 
interventions that may help delay the onset of cognitive 
decline and dementia (131, 133-135).

In contrast, EE promotes changes in brain cytoarchitecture and synaptic plasticity, 
as it increases dendritic arborization, dendritic spine size and density, and 
enhances synaptic plasticity and transmission. 

C o g n i t i v e  r e s e r v e  a s s o c i a t e d  w i t h 
environmental enrichment: from rodent 
experiments to human behavior

It has been widely proposed that a healthy lifestyle 
and environmental factors have an important influence 
on cognitive health, triggering interest in the biological 
mechanisms underlying cognitive, social, and physical 
activities in the human brain (10). Despite its importance, 
the impact of these factors on brain neurobiology 
has been poorly investigated to date, due to obvious 
limitations on human experimentation (136). Here we 
propose cognitive reserve as the mechanism whereby 
experimental outcomes in animals can be extrapolated to 
human behavior. 

In human behavior, the term cognitive reserve, initially 
used in the context of AD, is often applied in reference 
to the lack of correlation between the degree of cerebral 
lesion or pathology and the manifestations of clinical 
symptoms (17, 137) owing to  the use of compensatory 
cognitive abilities (15, 19). In normal aging, the cognitive 
reserve accumulated by individuals from childhood 
to adulthood -even at an advanced age- delays the 
manifestation of decline and supports normal cognitive 
function. For those individuals already presenting 
biomarkers of diseases such as AD, cognitive reserve 
helps to delay the onset of symptoms. Cognitive reserve 
is also a functional ability, and though mediated by 
biological factors, is largely attributable to the activities 
carried out by the individual. In other words, cognitive 
reserve strongly depends on the context and life 
experiences of the individual (11, 17, 138). 

The term cognitive reserve is subject to different 
interpretations. Cabeza and coworkers (139, 140) define 
reserve as a broad dynamic mechanism through which 
the brain can accumulate neural resources with the 
potential to mitigate the effects of neural decline caused 
by aging or age-related diseases. This mechanism is 

Figure 3. In a mouse model of AD, mice exposed 
to standard housing show lower levels of dendritic 
arborization, paucity of dendritic spines and less 
efficient synaptic transmission 
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one of the processes purported to mediate some of the 
effects of the interaction between genetic background and 
environmental influence on aging, at both the structural 
and functional levels. Cabeza and coworkers disagree 
with the definition proposed by Stern and coworkers, 
who divide the concept of reserve into cognitive reserve 
and brain reserve (17, 44). 

Cognitive reserve accounts for the functional 
processes (i.e., networks of brain regions and patterns of 
interactions between them) that underlie the differential 
susceptibility of cognitive abilities to brain aging and 
pathology, whereas brain reserve is put on a qualitatively 
different level, referring to the neurobiological capital (i.e., 
variations in structural factors such as synaptic density) 
that allows some people to better cope with aging and 
brain pathology (11, 17, 139, 140). Stern and coworkers 
suggest that cognitive reserve remains a black box, and 
animal models will be required to elucidate it at the 
neurobiological level. Animal studies are able to directly 
address the main questions about cognitive and brain 
reserve, making experimental approaches a way to link 
the two concepts and unify the term “reserve”. 

Despite the above lack of consensus on the operational 
definitions of reserve(s), there is general agreement on 
the role of engaging in stimulating activities such as 
a higher educational and/or occupational attainment 
and cognitive leisure activities to promote structural 
and functional modification of the human brain, leading 
to the buildup of cognitive reserve that can diminish 
the manifestations of cognitive decline and dementia. 
Thus a person with biomarkers for a disease like AD but 
who has a high cognitive reserve can delay the onset of 
symptoms or reduce the rate of decline, as compared to 
a person with the same level of neuropathology but with 
a lower cognitive reserve (141). For this reason, reserve is 
proposed as an essential concept for understanding the 
link between the experimental/biological measures and 
human behavior. For the purpose of the current review 
the two concepts are taken as synonymous, as it is our 
understanding that all cognition depends on the healthy 
function and structure of the brain, and the two aspects 
cannot be separated. However, our preference is to use 
“cognitive reserve”, as it emphasizes the behavioral/
functional aspect of the reserve.

The concept “reserve-builders” refers to the activities 
that enhance cognitive reserve. The more intensely 
and assiduously such activities are pursued along 
an indiviudual’s lifespan, the higher are the chances 
of building up cognitive reserve and the lower the 
risk of developing AD or other forms of dementia. 
Reserve builders are considered proxy measures of the 
components that are stimulated in EE. Reserve-builders 
that stimulate the cognitive component are activities such 
as reading,  painting, poetry, song writing, sculpture, 
and attending lectures and discussions. Premorbid 
IQ and years and type of schooling and occupational 
attainment are considered static proxy measures of the 

cognitive component. Reserve-builders that promote 
physical stimulation in humans are activities such as 
running, trekking, biking, swimming, dancing, doing 
yoga and skiing (95). Physical exercise in general is 
beneficial for the functional autonomy of patients with 
cognitive impairment and/or dementia, with  significant 
benefits for cognition being attributed to aerobic exercise 
in particular. Aerobic exercise promotes adherence and 
compliance and is largely preferred by patients over 
balance, flexibility or strength exercises. Patients with 
dementia or those at risk of developing dementia 
should therefore be encouraged to undertake aerobic 
exercise, with a focus on the patient’s adherence rather 
than on a fixed amount of exercise (142). Despite WHO 
recommendations to engage in a daily routine of physical 
activity and exercise to prevent sedentarism and avoid 
the development of risk factors such as diabetes and 
cardiovascular diseases, many elderly people particularly  
in developing countries  do not have an active lifestyle. 
The above-mentioned risk factors in turn increase 
the chances of developing AD, which is why one of 
the therapeutic goals is to encourage older adults to 
gradually incorporate physical exercise in their daily 
routine (143). Reserve-builders of the social component 
are activities like playing structured games, volunteering, 
and social activities (95). Clinical trials assessing the 
effect of social interventions have concluded that being 
socially active correlates with a higher prevention of 
cognitive decline, whereas social isolation is correlated 
with a greater risk of developing AD. As a powerful 
protective factor, stimulation of the social component 
must be considered for patients as well as for people in 
care homes (144, 145). Other factors promoting cognitive 
reserve are for example bilingualism, continuing 
education, a healthy lifestyle including the type of diet, 
sleep hygiene, and limiting caffeine or nicotine (95). In the 
specific case of AD, cognitive reserve is a key variable that 
links AD neuropathology with loss of cognitive function 
(10). Stimulating activities are associated with a lesser risk 
of developing dementia (4, 32); however, risk factors such 
as psychosocial stressors, inappropriate medication, or 
other comorbid pathologies may reduce cognitive reserve 
capacity and accelerate the onset of symptomatic AD 
(20). One study suggested that improvement in vascular 
function, especially in hypertensive individuals, may 
account for the delayed cognitive decline in patients 
with mild cognitive impairment, after participating 
in a 7-month training program aimed at stimulating 
cognitive, social and physical factors (146). Another 
longitudinal study associated a cognitively active lifestyle 
with a delay in the onset of AD dementia by 5 years, 
whereas less cognitively active individuals presented 
an earlier age of onset (147). This means that the decline 
in cognitive performance is a convolution of multiple 
protective factors combined with risk factors that either 
ameliorate or harm cognitive and brain health. From 
a biological standpoint, cognitive reserve may reflect 
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increased neuronal connectivity in brain regions 
involved in cognitive processes like learning and 
memory, and which respond to the healthy lifestyle and 
enriched environment, compensating and withstanding 
detrimental pathophysiological mechanisms of dementia 
before they manifest clinically (17).

 Interventions addressing lifestyle improvements 
in general, i.e. covering  multiple risk and protective 
factors, have a higher probability of preventing cognitive 
impairment effectively. For example, the Finnish Geriatric 
Intervention Study to Prevent Cognitive Impairment 
and Disability (FINGER study) is a multicomponent 
intervention that considers multiple lifestyle factors and 
serves as a guide for combination therapy trials, which 
integrate non-pharmacological, pharmacological, and 
nutrition-based approaches. The underlying hypothesis 
is that as AD and dementia are of a multifactorial 
nature, simultaneous targets of intervention are needed 
to promote cognitive reserve and prevent undesired 
symptoms, achieved by addressing lifestyle factors 
such as diet, exercise, cognitive training, and vascular 
risk monitoring (148-150). It has been shown that 
this intervention is effective regardless of individual 
differences in cardiovascular conditions, baseline 
cognition, sociodemographic or socioeconomic status 
(150). Based on the FINGER study, other multidomain 
lifestyle interventions have been designed and some 
have also been adapted for application in virtual (digital) 
contexts, all of them showing significant potential to 
enhance cognitive reserve (151). Other programs aimed 
at enhancing cognitive performance in patients already 
suffering cognitive impairment have also shown positive 
results.  The combination of cognitive and physical 
stimulation appears to be most effective towards this 
end (152-154). However, non-pharmacological treatments 
can be combined with pharmacological treatments as 
a broader therapeutic strategy. Acetylcholinesterase 
inhibitors are the most frequently used drugs to 
diminish cognitive symptoms in AD. Hence, drug 
therapy is usually combined with stimulation therapy, 
which most commonly includes physical and/or 
cognitive stimulation. The combined stimulation 
+ drug treatment has a significant positive impact on 
cognitive performance in contrast to pharmacological 
treatment alone, offering a promising therapeutic 
strategy to enhance cognitive reserve and delay the 
onset and progression of AD (155, 156). Additionally, 
these strategies could be combined with novel emerging 
drugs that are aimed not at curing the disease but at 
improving its course indirectly (like statins in the primary 
prevention of vascular risk factors (157)), and nutritional 
supplements such as Ginkgo biloba (158) or vitamin 
E (159); however, these approaches are not currently 
recommended due to their low proven efficiency (160).

Environmental stimuli can also have positive effects on 
those already suffering dementia: for example, one study 
demonstrated that enriched gardens (which stimulate 
cognition, independence in daily activities and motor 

functions) can improve cognitive and motor abilities, in 
contrast to standard (i.e., not stimulating) gardens (161). 
Other authors carried out longitudinal studies on the 
effects of cognitive reserve on clinical AD progression, 
finding that a higher cognitive reserve, assessed through 
a quantitative scale, was associated with lower rates of 
conversion to dementia, thus concluding that reserve 
can affect the progression of the disease by delaying its 
onset. Patients with higher levels of cognitive reserve 
showed a more pronounced decline once the cognitive 
deterioration began, whereas those with lesser cognitive 
reserve had an earlier but more gradual decrease in 
cognitive functioning (162). Thus the neurobiological 
mechanism by which cognitive reserve ameliorates the 
manifestation of cognitive decline and dementia appears 
to be exerted through the development of  stronger 
neuronal connections that can withstand a greater amount 
of neuropathology before manifesting the behavioral 
symptoms of the disease (128). Neurobiological studies in 
human tissue are a needy area, particularly with regard to 
the protective role of cognitive reserve against cognitive 
decline and dementia (163).

Concluding remarks 
The incidence of AD is increasing at an alarming pace, 

leading to concerns about the ensuing social, biomedical 
and financial burdens. The urge to contain or ameliorate 
the tempo of this neurodegenerative disease is clear, but 
our ignorance about its etiopathology has precluded 
efficient interventions. The combination of lifestyle and 
environmental adjustments offers promising strategies. 

Special focus should be given to therapeutic 
approaches that help restore or enhance neuroplasticity, 
which is altered in AD, and to studying the main 
mechanisms underlying the benefits that environmental 
interventions bring to cognitive health. The complexity 
of biological interactions with environmental factors is 
far from being understood, and the basis of processes 
that contribute towards delays in cognitive decline 
and dementia need to be studied in greater depth. 
Comprehending the multiple biological bases underlying 
human cognitive reserve and its deterioration in AD, 
in particular relating to neuroplasticity, and the way in 
which these properties can be modified by environmental 
factors, is an important step towards developing more 
efficient prophylactic and therapeutic strategies in AD 
and other forms of dementia. 
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