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Chapter 5
Ageing and Cognition

Sydney M. A. Juan and Paul A. Adlard

Abstract With an increasingly ageing population that is expected to double by 
2050 in the U.S., it is paramount that we further understand the neurological changes 
that occur during ageing. This is relevant not only in the context of “pathological” 
ageing, where the development of many neurodegenerative disorders is typically a 
feature of only the older population (and indeed, age is the primary risk factor for 
many conditions such as Alzheimer’s disease), but also for what is considered to be 
“normal” or “healthy” ageing. Specifically, a significant proportion of the older 
population are affected by “age-related cognitive decline” (ARCD), which is both 
independent of dementia and has an incidence 70% higher than dementia alone. 
However, whilst it is reported that there are pathogenic and phenotypic overlaps 
between healthy and pathological ageing, it is clear that there is a need to identify 
the pathways and understand the mechanisms that contribute to this loss of cogni-
tive function with normal ageing, particularly in light of the increasing life expec-
tancy of the global population. Importantly, there is an increasing body of evidence 
implicating zinc homeostasis as a key player in learning and memory and also 
potentially ARCD. Further research will ultimately contribute to the development of 
targeted therapeutics that will promote successful brain ageing. In this chapter we 
will explore the notion of ARCD, with a perspective on potential key neurochemical 
pathways that can be targeted for future intervention.
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 Introduction

By the year 2100, the population is estimated to increase by nearly 3.6 billion peo-
ple worldwide (United Nations 2017). This growth is largely due to previous 
advances in modern medicine, improved hygiene and the implementation of antibi-
otics and pesticides which have resulted in an increase in life expectancy, especially 
in developed countries (Lunenfeld 2008). That being said, developing countries are 
experiencing the highest growth in the ageing population. For instance, the elderly 
population in Singapore and Malaysia is expected to increase by 372% and 277% 
respectively by the year 2030 (Kinsella and Velkoff 2002). In contrast, France and 
the United Kingdom are predicted to see a 56% and 55% increase in the ageing 
population by the same year (Kinsella and Velkoff 2002). The elderly population is, 
therefore, growing at a faster rate than ever before. These demographic differences 
can be explained by the increase in birth and mortality rates. Indeed, birth rates 
remain much higher in developing countries (3.3 births per woman in Malaysia in 
2000) as compared to developed countries (1.7 births per woman in United Kingdom 
in 2000) (Kinsella and Velkoff 2002). Whereas developed countries have seen a 
large decline in mortality rates (39.3% of individuals in Japan aged 65 years or more 
will be older than 80 by 2030), so have developing countries (27.3% of individuals 
in Argentina aged 65 years or more will be older than 80 by 2030) (Kinsella and 
Velkoff 2002). Furthermore, it is estimated that 40% of the population aged 60 years 
or more is affected by ARCD (VanGuilder and Freeman 2011). Age-related cogni-
tive decline significantly hampers quality of life and these individuals therefore 
require specialized care. Unfortunately, developing countries with low economic 
power and less resources will experience more difficulty in taking care of the elderly 
as compared to developed countries (Lunenfeld 2008). For these reasons, a better 
understanding of the neurochemical basis underlying the ageing process will aid us 
in determining the specific biochemical pathways that contribute to cognitive 
decline, and thus will be critical for the development of targeted therapeutics in the 
pursuit of promoting healthy ageing.

 What is Ageing and What Causes It?

Ageing, which is a normal and complex biological process that remains poorly 
understood, is characterized by a steady decline in various physiological functions 
that result in both physical and cognitive impairment (Deary et  al. 2009). 
Physiologically, a number of biological changes occur to impact upon normal daily 
function. For instance, body composition is altered with age, such that lean muscle 
mass declines while fat mass increases (Bigby 2004). Because the amount of col-
lagen decreases with age, flexibility of ligaments, tendons, muscles and joints 
decline and this affects muscle function over time. This reduction in muscle tone is 
directly linked to reduced lung capacity and therefore reduced oxygen consumption 
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(Bigby 2004). Ageing also causes thinning of arterial walls and increases fat deposi-
tion within arteries. These cardiovascular problems, along with reduced lung capac-
ity, render physical activity a difficult task. It is therefore no surprise that the elderly 
are susceptible to a range of medical complications over time. Moreover, the skin 
undergoes changes in pigmentation, water content and elasticity via a decrease in 
elastin and collagen content which presents as wrinkles on the face and body (Bigby 
2004). Hair loss, which is perhaps one of the most well-known physical conse-
quence of ageing, is dependent upon genetics and involves thinning and de- 
pigmentation of hair follicles perceived as greying of the hair. In addition, bone 
density decreases with age and this is threefold greater in women than men (Bigby 
2004). Finally, vision and hearing loss are debilitating consequences of ageing to 
many individuals as well as decreased sensitivity to touch, smell and taste over time 
(Bigby 2004). It is therefore suggested that ageing is, for the most part, caused by 
the deterioration of these core biological functions (Deary et al. 2009).

There are, however, several factors that are likely to impact upon the rate and 
magnitude of the ageing process which varies greatly between individuals (Deary 
et al. 2009), such as changes in diet and lifestyle, inflammation, genetics and the 
presence of confounding illness. Individuals with co-morbidities such as cardiovas-
cular disease, for example, display increased ageing rates compared to healthy indi-
viduals (VanGuilder and Freeman 2011). Interestingly, diets high in antioxidants 
have been shown to improve cognitive function during ageing (Robertson et  al. 
2013). Furthermore, age-related chronic illness and stress may lead to inflammation 
initiating the release of pro-inflammatory cytokines such as tumor necrosis factor 
alpha (TNF-α) and interleukin-6 (IL-6), which only exacerbate the inflammatory 
response (Robertson et al. 2013). Finally, testosterone, which decreases with age, is 
suggested to have neuroprotective properties through the enhancement of hippo-
campal synaptic plasticity as well as limiting the aggregation of proteins involved in 
neurodegenerative diseases, namely amyloid beta (Maggio et al. 2012). Hence, it is 
suggested that amelioration of these factors that can be relatively easily controlled, 
such as diet for example, might promote “healthy” ageing and this is discussed in 
further detail in a subsequent section.

López-Otín et al. (2013) have proposed nine probable hallmarks contributing to 
the ageing process and these include genomic instability, mitochondrial dysfunc-
tion, telomere attrition, cellular senescence, stem cell exhaustion and altered inter-
cellular communication, epigenetics, proteostasis and nutrient sensing. Indeed, as 
individuals age, their genes become increasingly susceptible to damage from endog-
enous and exogenous sources. Errors in DNA replication, point mutations, reactive 
oxygen species (ROS) generation and alterations in DNA methylation all contribute 
to accelerated ageing (Moskalev et al. 2013). Evidence for this is supported by stud-
ies in transgenic mice that overexpress the BubR1 gene (a gene involved in chromo-
somal separation during mitosis), such that these mice exhibit an increased life 
expectancy and reduced chances of developing cancer (Baker et al. 2013). As such, 
ageing is favored by DNA damage and suppressed by DNA repair (Kirkwood 2005). 
DNA damage as a result of ageing occurs in a fairly random fashion, whereas the 
telomeres at the end of chromosomes are specifically vulnerable to damage with 
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increasing age (López-Otín et al. 2013). That is, telomeres bind to shelterin, a pro-
tein complex that prevents repair processes from restoring damaged DNA thereby 
causing persistent damage at telomeres with increasing age (Palm and de Lange 
2008). Experimental studies in mice have demonstrated that telomere attrition 
causes a decrease in lifespan (Armanios et al. 2009), and conversely that lifespan 
can be prolonged by telomere activation (López-Otín et al. 2013). As we age, ATP 
generation becomes less efficient causing mitochondrial dysfunction and increased 
ROS generation which ultimately leads to widespread cellular damage. Furthermore, 
adequate proteostasis is essential for the normal functioning of the proteome where 
misfolded proteins are repaired (Powers et al. 2009). During ageing, proteins are 
misfolded and/or aggregated and this can lead to a variety of neurodegenerative 
pathologies (Bishop et al. 2010). In addition, nutrient sensing, in which glucose is 
sensed by insulin and insulin-like growth factor 1 (IGF-1) is dysregulated in ageing 
such that genetic alterations of these factors or even dietary restriction has been 
shown to increase lifespan (Fontana et al. 2010). Finally, ageing has been linked 
with decreased stem cell function and altered intercellular communication ulti-
mately leading to global cellular senescence (López-Otín et al. 2013). As such, the 
following sections will more specifically interrogate the influence of ageing on the 
brain.

 The Impact of Ageing on the Brain

Ageing is the biggest risk factor for the development of neurodegenerative diseases 
including Alzheimer’s disease (AD) and other disorders such as Parkinson’s disease 
and Huntington’s disease. Whilst such diseases will precipitate degenerative changes 
in the brain, their evolution and progression may be impacted by normal age-related 
changes in various pathways. These concepts on the intersection between ageing 
and neurodegenerative disease have been reviewed extensively in the past (Celsis 
2000; Harada et al. 2013; Hulette et al. 1998) and are not the focus of this current 
chapter. Rather, we will explore the biochemical and anatomical changes that occur 
across the lifespan that may contribute to ARCD.

During normal ageing, various neuroanatomical regions are affected but these 
structural changes are not identical in all brain regions. In early adulthood, grey 
matter volume but more specifically the prefrontal cortex, decreases in size (Harada 
et al. 2013). In fact, the whole brain volume, as estimated in longitudinal studies, 
decreases in size by 0.2–0.5% every year (Fjell and Walhovd 2010). That being said, 
white matter changes during ageing are more prominent than that of grey matter 
changes (Harada et al. 2013). While there is a steady increase in structural grey mat-
ter alterations from childhood to adulthood, the white matter undergoes significant 
alterations in adulthood where this plateaus and resumes in old age (Madden et al. 
2008). For example, diffusion tensor magnetic resonance images (DT-MRI) com-
paring white matter integrity between young and old individuals show greater 
anisotropic diffusion of water molecules and therefore greater white matter density 
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in young individuals as compared to older individuals (Head et al. 2004). Depending 
on where these structural alterations occur in the white matter tracts, these will have 
varying functional outcomes. The largest volumetric changes recorded include the 
putamen, accumbens, thalamus and frontal and temporal cortices (Fjell and Walhovd 
2010). Interestingly, the ventricular system has been shown to increase in size dur-
ing ageing. Clinical data from Rogalski et  al. (2012) demonstrates reductions in 
parahippocampal white matter volumes in healthy aged participants. They suggest 
that this plays a role in age-related memory impairment as the parahippocampal 
tract is involved in the relay of sensory information between the hippocampus and 
the entorhinal cortex. Indeed, axon myelination greatly reduces with increasing age 
therefore impeding upon axonal signal transduction (Fjell and Walhovd 2010). 
Similarly, Madden et al. (2008) suggest that decreased integrity of a portion of the 
corpus callosum during ageing leads to reduced perceptual speed and memory 
retrieval. Furthermore, functionality of posterior regions of the brain also decline 
with age, particularly the ventral visual cortex that exhibits less neural selectivity to 
inputs from the visual system (Park et al. 2004).

It is clear, therefore, that there are widespread changes throughout various 
regions of the brain across age. The hippocampus, however, is an area of particular 
interest in ageing and cognition as it governs spatial learning and memory; pro-
cesses that are intimately linked to cognitive decline (VanGuilder and Freeman 
2011). Hippocampal atrophy is one of the defining anatomical alterations that occur 
as a result of ageing, and is likely due to a reduction in synaptic density and neuro-
nal size (Harada et al. 2013). The hippocampus is made up of several structures 
namely the cornu ammonis areas CA1-4 which together form what is known as the 
“hippocampus proper” and along with the dentate gyrus and the subiculum are col-
lectively known as the “hippocampal formation”. During normal ageing, neuronal 
loss has been demonstrated in the dentate gyrus and the subiculum but not in the 
hippocampus proper (Jagust 2013). Some have suggested that the hippocampus 
may serve in the discrimination of “healthy” and “pathological” ageing. Indeed, 
studies have shown that neuronal loss in the dentate gyrus and subiculum of the hip-
pocampus are due to age-related changes only, whereas neuronal loss in CA1 and 
the entorhinal cortex are implicated in neurodegenerative diseases and particularly 
in Alzheimer’s disease (Jagust 2013). In contrast to this view, others have suggested 
that older adults display decreased volumes of the dentate gyrus and the CA3 region 
of the hippocampus (Shing et al. 2011) while others have found smaller volumes of 
CA1 in memory impaired individuals (Yassa et al. 2010). Therefore, while there is 
a current disagreement in the field as to which hippocampal regions are affected or 
spared during ARCD, this may be due to the fact that few studies have investigated 
the link between volumetric changes in hippocampal sub-regions and subsequent 
changes in functional endpoints – a notion discussed in greater detail in the follow-
ing section. Nonetheless, these morphometric changes in the ageing brain may only 
be partly attributed to neuronal loss, rather, it seems that reductions in spine density 
and decreased neuron sizes and number of synapses more likely contribute to the 
volumetric alterations observed during normal ageing (Fjell and Walhovd 2010). 
During ageing, neurons undergo drastic morphological changes via a decrease in 
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synaptic branching and the number and length of dendritic spines (Harada et  al. 
2013) and this has been demonstrated in humans, rats and non-human primates 
(Morisson and Baxter 2012). Interestingly, increased neuronal activity in the pre-
frontal cortex has been reported during normal ageing and it is suggested that this 
functions to compensate for the overall dampened activity in other neuroanatomical 
regions (Reuter-Lorenz 2002). This compensatory mechanism is thought to be evi-
dence of the brain’s adaptation to ageing (Ballesteros et al. 2009). Indeed, during 
memory tasks, the activation of the brain’s memory networks becomes bilateral 
perhaps due to the decreased activation in other areas specifically involved in mem-
ory (Peters 2006). Furthermore, functional reorganization of dendritic synapses via 
dendritic sprouting has been suggested to compensate for cell death during ageing 
(Peters 2006).

Other pathways contributing to the ageing process include reduced vascular den-
sity, elevations in inflammation and oxidative stress, compromised neurotransmitter 
performance such as GABA (Rozycka and Liguz-Lecznar 2017) and the dysregula-
tion of a number of key hippocampal proteins namely the glutamate receptors 
AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA 
(N-methyl-D-aspartate) and other pre and post-synaptic proteins involved in learn-
ing and memory processes (VanGuilder and Freeman 2011). A number of these 
processes, which will be discussed in further detail in the next section, play key 
roles in the development of ARCD.

 The Impact of Ageing on Cognition

Cognition involves complex information processing, planning and reasoning 
(Buckner and Fridland 2017). During ageing, specific cognitive domains decline 
such as reasoning, memory and processing speed (Ballesteros et al. 2009). While 
some of these domains decline throughout the lifespan, some decline only during 
late life whilst other cognitive domains are relatively preserved (Hedden and 
Gabrieli 2004). For example, a consequence of ARCD that is widely agreed upon in 
the field is a decrease in episodic memory which occurs at around 70 years of age 
(Celsis 2000; Salthouse 2011). In an MRI study consisting of 50 elderly healthy 
participants, Kramer et al. (2007) reported that decreased grey matter and hippo-
campal volumes were associated with impaired episodic memory. Furthermore, 
processing speed and working memory have also been reported to decrease linearly 
across the lifespan (Hedden and Gabrieli 2004). For example, Meijer et al. (2009) 
showed that middle-aged adults (50–60 years old) displayed longer reaction times 
to a word processing task than did younger adults (25–35 years old), demonstrating 
that this cognitive domain is already susceptible to decline in mid-life. The decline 
in this cognitive domain can pose an important threat to society as the elderly are at 
higher risk of car accidents due to their reduced processing speed, executive func-
tion and visual processing (Harada et al. 2013). In contrast, short-term memory and 
tasks involving world knowledge show little decline until late life (Hedden and 

S. M. A. Juan and P. A. Adlard



113

Gabrieli 2004). In addition, emotional processing is a cognitive function that has 
been reported to be well preserved into old age (Hedden and Gabrieli 2004). For 
instance, Mather (2006) reports that older individuals remember positive memories 
more in comparison to younger adults who recall negative information more, sug-
gesting that age-related changes in processing emotional information dictates which 
emotional memories are remembered. Moreover, there have been inconsistent 
reports regarding verbal ability during normal ageing. Longitudinal data, for exam-
ple, have suggested that verbal ability declines with age particularly after 60 years 
of age (Hedden and Gabrieli 2004). In contrast, Ballesteros et al. (2009) suggest that 
verbal ability and general knowledge do not deteriorate with age but instead show 
improvements, perhaps owing to the compensatory process discussed above. Indeed, 
Meunier et al. (2014) reported that age-related reductions in grey matter density in 
language areas lead to functional reorganization of the network via an increase in 
functional connectivity which results in the recruitment of new areas closely located 
to core language regions. Overall, these data highlight that ARCD has the potential 
to negatively impact upon the daily life of those affected and over time can greatly 
limit the breadth of activities one can perform.

It is important to note that the rate and degree of cognitive decline varies widely 
across individuals and there are various reasons to explain this. In the same way that 
there is heterogeneity in the onset and progression of disease, there is heterogeneity 
in the lifestyle of each individual which can ultimately influence the degree and 
susceptibility to ARCD development. For example, individuals may have inherent 
differences in plasticity based on differing life experiences or even due to differing 
levels of physical activity throughout their lives (Hedden and Gabrieli 2004). Based 
on their genetic background and epigenetic influences throughout the lifespan, cer-
tain individuals are more susceptible to cognitive decline. Education level has also 
been implicated, with highly educated individuals being less susceptible to cogni-
tive impairment such as memory loss and language ability (Celsis 2000).

Cognition is intimately linked to synaptic function and neuronal activity 
(VanGuilder and Freeman 2011). During ageing, neuronal synapses at the hippo-
campus become dysregulated which may be due to morphological alterations of the 
synapse itself, impaired neurotransmitter signaling or changes in protein and/or 
gene expression. Decreased synaptic density has been demonstrated in the dentate 
gyrus and the CA3 region of the hippocampus but not in the CA1 region, as evi-
denced in aged rats exhibiting a loss of axospinous synapses in these regions (Hara 
and Morrison 2014). Similarly, in a study of aged female monkeys, there was a 
reduction in the number of presynaptic boutons and thus, fewer connections made 
in multiple synapses of the dentate gyrus and this reduction in synaptic strength was 
correlated to ARCD (Hara et al. 2011). Interestingly, the loss of excitatory synapses 
is correlated with cognitive disability in aged monkeys, even though the amount of 
both excitatory and inhibitory synaptic loss during ageing is similar (Petralia et al. 
2014). Morisson and Baxter (2012) report that during ageing, the hippocampus 
loses the large perforated mushroom synapses that modulate learning and memory 
while the prefrontal cortex loses thin spines, which they suggest causes a decrease 
in cognitive performance. Interestingly, old rats in which protein kinase C is 
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 activated (a protein believed to modulate synaptic growth), demonstrate an increase 
of mushroom-like spines which improves spatial memory (Petralia et  al. 2014). 
Moreover, synaptic release of neurotransmitters modulates memory, executive func-
tion, hormone release and motor function amongst other things and is therefore 
essential for normal functioning of the central nervous system (Azpurua and Eaton 
2015). During ageing, both excitatory and inhibitory neurotransmitters play a role 
in the destabilization of the synaptic machinery which significantly contributes to 
cognitive decline. Indeed, changes in the activity of excitatory glutamatergic syn-
apses during ageing, which are heavily implicated in learning and memory, are evi-
denced via a number of anatomical and chemical mechanisms. Firstly, key 
hippocampal proteins are decreased in aged mice namely the glutamate receptors 
AMPA and NMDA, the presynaptic protein SNAP25 and postsynaptic protein 
PSD95 (Adlard et al. 2010; Canas et al. 2009). In addition, several markers of syn-
aptic plasticity such as CaMKII (calmodulin-dependent kinase II) and synaptophy-
sin have also been shown to decrease in aged mice (Adlard et al. 2014; VanGuilder 
and Freeman 2011). Smith et al. (2000) reported a decrease in CA3 hippocampal 
synaptic terminals in aged rats that correlated with the observed deficits in spatial 
learning, from which they concluded that synaptic loss within the hippocampus is 
implicated in ARCD.  On the other hand, inhibitory neurons function to control 
overall excitability of neural circuits, thereby maintaining homeostatic balance in 
the brain (Rozycka and Liguz-Lecznar 2017). During ageing, this control is impaired 
and therefore contributes to cognitive disability in old age. As such, neuroplasticity 
therefore functions to overcome these alterations in order to promote homeostatic 
balance of excitatory and inhibitory activity within the synapse (Rozycka and 
Liguz-Lecznar 2017). Indeed, impaired GABA signaling has been well character-
ized in the ageing synapse. In the hippocampus of aged rats, Stanley et al. (2012) 
observed a decrease in inhibitory dendritic input and reduced GABA release in the 
entorhinal cortex. Additionally, it has been demonstrated via patch-clamp electro-
physiology that the ageing hippocampus exhibits a decrease in inhibitory postsyn-
aptic potential frequency and in the frequency and amplitude of currents mediated 
by GABA (McQuail et al. 2015). Together, these data suggest that the disruption in 
synaptic integrity and neurotransmission greatly contributes to ARCD (Petralia 
et al. 2014). Furthermore, these synaptic alterations further contribute to cognitive 
decline by prohibiting the induction of long-term potentiation (LTP; one of the pri-
mary cellular mechanisms underlying learning and memory) and encouraging long- 
term depression (LTD; which opposes LTP) (Barnes et  al. 2000).  For instance, 
Barnes et al. (2000) found that there was an increased threshold for LTP induction 
in cognitively impaired old rats compared to middle-aged and young controls, sug-
gesting that reduced NMDA signaling at the synapse causes a decrease in neuro-
plasticity in aged mice. Over time, this decrease in synaptic health and plasticity 
results in impaired learning and memory abilities (Celsis 2000). These cognitive 
deficits are substantiated via a decreased ability of aged mice to perform on the 
Morris Water maze, a well-established spatial memory task (Adlard et al. 2014). On 
the other hand, we can genetically modify mice to increase specific proteins that are 
normally decreased with age in order to enhance learning and memory via increases 
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in LTP. An example of this are mice where the voltage-dependent Ca2+ channel β 
subunit is knocked out, causing them to exhibit an increase in NMDA receptor 
expression in the hippocampus and therefore an increase in LTP (Lee and Silva 
2009). This was evidenced by increased performance on a range of learning and 
memory tasks such as novel-object recognition and contextual fear conditioning 
(Lee and Silva 2009). Another example of this are transgenic mice where increasing 
CREB levels, a transcription factor regulated by cAMP-PKA/phosphatase signal-
ing, leads to increased memory (Lee and Silva 2009). Indeed, increasing CREB 
levels is suggested to increase the expression of proteins required for memory and 
neuroplasticity (Lee and Silva 2009).

Finally, the dysregulation of neuronal synapses observed during ageing are also 
influenced by age-related changes in gene expression, otherwise known as epi-
genetics. Ageing individuals undergo changes in histone methylation, acetylation 
and DNA demethylation which have been reported to modulate the observed age- 
related changes in synapse loss and structural changes (Azpurua and Eaton 2015). 
The expression of certain gene categories changes with increasing age. For exam-
ple, the gene categories involved in the stress response, inflammatory response, 
metal ion homeostasis, myelin-related proteins and glial genes are all increased 
during ageing in humans (Bishop et al. 2010). In contrast, those gene categories 
involved in neural plasticity, synaptic function and inhibitory interneuron function 
decrease in ageing humans (Bishop et al. 2010). Guan et al. (2009) overexpressed 
histone deacetylase 2 (HDAC2) in wild-type mice and demonstrated a decrease in 
the number of synapses, dendritic spine density but also synaptic plasticity and 
memory formation in the CA1 pyramidal neurons of the hippocampus. Moreover, 
memory formation has been shown to transiently increase acetylation of histone H3, 
and the administration of HDAC inhibitors in mice was demonstrated to increase 
LTP induction (Levenson et al. 2004). Similarly, Peleg et al. (2010) showed that 
aged mice exhibit changes in acetylation of histone H4 lysine 12 (H4K12) during 
learning which prevents the expression of specific hippocampal genes that are 
required for memory consolidation. They further demonstrate that expression of 
these memory-consolidating genes can be repaired via reestablishment of H4K12 
acetylation and that this improves cognitive ability.

 How Can We Intervene to Prevent Cognitive Failure 
with Age?

It is clear, then, that there are a variety of pathways (genetic, environmental, behav-
ioural etc) that can lead to cognitive decline, many of which are no doubt additive in 
nature. As such, there is a large number of different pharmacological and behav-
ioural approaches that have been used in an attempt to enhance cognitive function 
with ageing. For instance, increased physical activity, social involvement and taking 
part in intellectually demanding activities such as computer use, reading and music 
have shown to increase cognitive performance (Harada et  al. 2013). Indeed, 
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physical activity induces proteins that improve cognitive function, learning and 
memory (Chen et al. 2007) with, for example, profound effects shown on critical 
proteins such as brain-derived neurotrophic factor (BDNF) in both health and dis-
ease (Adlard and Cotman 2004, Adlard et al. 2005a, b). Indeed, BDNF levels were 
shown to significantly increase following 4  weeks of exercise in rats who also 
showed improved performance on the Morris water maze, a well characterized 
learning task (Adlard et al. 2004). Alternatively, cognitive training has been shown 
to increase individuals’ performance in day to day activities. The advantage to this 
is that cognitive training is a method accessible to most of the population as it can 
be delivered within a clinical setting or at home on video (Harada et al. 2013). These 
behavioural methods of either preserving, or enhancing, cognition with age may 
also be augmented through the use of targeted therapeutics. In this regard, there 
have been innumerable compounds tested for their ability to enhance cognition 
(Froestl et al. 2012, 2013a, b), largely via actions on discrete proteins or signaling 
cascades, or on other auxiliary pathways that may either directly or indirectly influ-
ence cognition (such as through the use of growth factors to enhance neuronal health 
and function with the hope of a downstream impact on gross function).

With the number of possibilities open to testing, the use of techniques such as 
gene profiling in the hippocampus during aging, for example, has enabled the more 
targeted study of specific pathways that impact upon cognitive function (VanGuilder 
and Freeman 2011). These advancements in the field have allowed for the identifica-
tion of specific molecules and pathways that are dysfunctional or altered during 
ageing and which may represent tractable therapeutic targets.

Finally, whilst efforts over many decades have gone into targeting specific hip-
pocampal proteins that are dysregulated in ageing, recent evidence suggests that 
there may be a crucial link between zinc levels in the brain and cognitive function. 
Specifically, the decline in cognitive performance observed during ageing has been 
linked to the dysregulation of zinc homeostasis (Hancock et al. 2014; Mocchegiani 
et al. 2006).

 Is Zinc Dyshomeostasis a Common Pathway for Age-Related 
Cognitive Decline?

Zinc is essential for the normal functioning of the brain and there is an increasing 
body of evidence to suggest that zinc plays an important role in ARCD. The levels 
of zinc in the brain are tightly controlled as it is essential for various cellular and 
molecular processes, enzymatic activity and transcription factors (Levenson and 
Tassabehji 2007). In fact, the concentration of zinc in the brain surpasses that of the 
body by ten-fold (Portbury and Adlard 2017). While the majority of zinc is bound 
to proteins or amino acids, around 10% of zinc remains as chelatable, or free, zinc 
(Levenson and Tassabehji 2007). Under normal conditions, chelatable zinc is 
located within vesicles of presynaptic glutamatergic neurons and therefore plays a 
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crucial role in modulating neuroplasticity and cognition (Besser et  al. 2009). 
Approximately 300 μM of zinc is released with glutamate into the synapse upon 
depolarization (Assaf and Chung 1984; Frederickson et al. 2005). Zinc acts via a 
range of transporters, ion channels (such as voltage-gated Ca2+ channels), synaptic 
receptors namely the AMPA and NMDA receptors and post-synaptic factors such as 
TrkB for example (Besser et al. 2009), in order to mediate synaptic communication 
and neuroplasticity (Paoletti et al. 2009).

Under healthy conditions, zinc levels are maintained by a variety of zinc trans-
porters and other transporter proteins that balance its export/import into discrete 
cellular compartments (in fact, when these transporters are decreased or dysfunc-
tional, significant pathologies can result) (Kambe et al. 2015). Of particular rele-
vance here is the zinc transporter-3 protein (ZnT3), which was shown to be 
responsible for loading zinc into pre-synaptic vesicles in the hippocampus (Cole 
et  al. 1999, Linkous et  al. 2008, Palmiter et  al. 1996). For example, Saito et  al. 
(2000) demonstrated that reduced ZnT3 expression causes a decrease in synaptic 
zinc levels in the hippocampal mossy fiber pathway. This decreased synaptic zinc 
leads to excitotoxicity due to excessive glutamate release ultimately impairing 
learning and memory. Furthermore, studies in mice exhibiting accelerated ageing 
present with brain atrophy and impaired learning and memory functions probably 
due to reduced zinc levels at the synapse (Saito et al. 2000). Indeed, studies have 
shown that the onset of age-related cognitive decline is influenced by ZnT3 muta-
tions (Rocha et al. 2014). Impaired memory has also been observed in ZnT3 knock 
out mice and there is a reduction in ZnT3 protein levels in the cortex of aged mice 
and humans (in both health and disease) (Adlard et al. 2010).

Furthermore, metallothioneins (MTs) which are molecules that bind zinc and 
other metals, have been shown to increase with age. Because plasma levels of zinc 
decrease with age, this suggests that MTs retain zinc intracellularly thereby causing 
an overall decrease in extracellular zinc (Mocchegiani et  al. 2006). However, 
although both vesicular and synaptic zinc levels have been demonstrated to reduce 
with increasing age, the overall amount of zinc is unchanged in ageing humans and 
rodents (Takahashi et al. 2001).

It is becoming increasingly apparent that zinc dyshomeostasis may play an 
important role in ARCD.  As such, several pharmacological strategies that target 
zinc have been assessed for their therapeutic efficacy in both cognitive ageing and a 
range of neurodegenerative diseases over the last decade. An example of this is a 
recent study that showed that PBT2 (Prana Biotechnology), an 8-hydroxy quinolone 
that functions as a cellular chaperone for zinc, works by redistributing zinc within 
the brain and increasing the amount of total zinc within the hippocampus of aged 
mice (Adlard et al. 2014). This lead to an improvement in cognitive performance, 
neurogenesis and increased synaptic plasticity that was underscored by changes in 
a suite of relevant synaptic proteins (Adlard et al. 2014). A related compound, clio-
quinol, was similarly shown to restore cognition in ZnT3 KO mice (Adlard et al. 
2015). These studies corroborate the idea that redistribution of zinc within different 
compartments of the brain, and therefore re-establishment of zinc ion homeostasis 
may prove to be a valuable avenue for preventing age-related cognitive decline.
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Zinc dyshomeostasis has also been shown to have a number of implications for 
other age-related and non-ageing diseases. For example, zinc dyshomeostasis has 
been identified as a key player in the onset and progression of AD. In fact, PBT2 
treatment of transgenic mice exhibiting an AD-like phenotype has previously been 
shown to improve cognitive function and to reduce disease pathology (Adlard et al. 
2008). Further, zinc has also been implicated in the cognitive failure associated with 
non-ageing disorders such as schizophrenia, depression, attention-deficit 
hyperactivity- disorder (ADHD) and malnutrition in children. Research has shown 
that malnutrition in young infants may lead to zinc deficiency and that dietary zinc 
supplements may have favorable effects on cognitive performance (Black 2003). 
Zinc deficiency has also been linked to schizophrenia, ADHD and depression. In 
depression, when low plasma zinc levels are restored, the depressive symptoms are 
reduced (Levenson and Tassabehji 2007). Similarly, Scarr et al. (2016) increased the 
expression of zinc transporter SLC39A12 (which was shown to be higher in schizo-
phrenia patients in comparison to controls) in CHO cells and found an increased 
uptake of zinc in these cells, suggesting that zinc homeostasis may be altered in 
schizophrenia due to dysregulation of the SLC39A12 zinc transporter. Finally, 
ADHD is caused by the dysfunction of the dopamine transporter which has been 
shown to have a high affinity binding site for zinc (Lepping and Huber 2010). As 
zinc binds to the dopamine receptor, this causes inhibition of dopamine re-uptake. 
There has been cumulative evidence to suggest that zinc deficiency is involved in 
ADHD such that various groups have reported that children with ADHD have 
decreased plasma zinc levels and that this zinc deficiency is positively correlated 
with more severe ADHD symptoms (Arnold et al. 2005). Taken together, these data 
highlight the impact that zinc dyshomeostasis can have on cognitive decline and 
demonstrate its potential as a therapeutic target in the prevention of age-related 
cognitive decline.

 Summary and Conclusion

Currently, there is no treatment available for age-related cognitive decline. This is 
due to the fact that our current knowledge on normal ageing is still relatively lim-
ited, perhaps because there is more urgency in understanding the pathology of neu-
rodegenerative diseases. However, future research into the biological implications 
of ageing will help reveal what aberrant processes contribute to cognitive decline in 
both normal and pathological ageing. As outlined in this chapter, one avenue under 
investigation is zinc, which may represent a tractable therapeutic target for a num-
ber of disorders where a failure in zinc ion homeostasis is implicated either more 
generally in the pathogenesis of disease or specifically in the cognitive deficits asso-
ciated with the condition. While the research is ongoing, immediate efforts should 
work to maximize and preserve cognitive function in order to improve the quality of 
life of those affected.
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