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ABSTRACT: As the nervous system ages, a variety of changes occur in metabolism supporting glial and
neuronal function, resulting in greater susceptibility to disease conditions. Changes with aging in the
metabolic unit (i.e., neurons, glial cells and blood vessels) have been reported to include alterations of
vascular reactivity, impaired transport of critical substrates underlying metabolism, enhanced reactive
oxygen species production and alterations in calcium signaling. Some diseases are focused on the elderly,
particularly cerebral ischemia, cognitive limitations, iatrogenic hypoglycemia, malignant brain tumors
(i.e., glioblastoma), and Alzheimer’s disease, partly due to metabolic alterations with aging. These
metabolic changes with aging are discussed in light of primary theories of aging of the brain, which
include mitochondrial, calcium dysfunction and enhanced oxidative damage. Here we focus on metabolic
changes with aging which can influence the susceptibility of the brain to ischemia and cognitive function.
Lastly, we describe treatment possibilities for these abnormal responses to aging, particularly the topic of

caloric/dietary restriction, and possible mechanisms underlying this treatment direction.
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The brain shows unique age-related changes in function
and metabolism, particularly enhanced vulnerability to a
number of insults and diseases [1-3]. This may be due to
decreased production of new cells [4-6] or increased
cellular damage associated with aging. A variety of
diseases show a higher incidence during advanced age,
including alterations in memory and cognitive function
[7], as noted particularly in Alzheimer’s disease,
Parkinson’s disease [8, 9], malignant intrinsic brain
tumors (i.e., glioblastomas [10]; as well as ischemia and
stroke.

Even in aged healthy individuals the brain’s innate
ability to respond to metabolic challenges can be altered,
resulting in enhanced cellular injury, fatigue, and altered
cognitive function in response to energy substrate
deprivation as well as increased metabolic demand [11-
13]. Moreover, the loss of plasticity of neuronal stem
cells with aging in response to milder partial

deafferentation [6] can also contribute to the cognitive
impairment with aging. Progressive deterioration of
cellular homeostatic reserves and alterations in calcium-
dependent signaling mechanisms have been proposed as
some of the key events associated with brain aging [14-
18]. Other processes associated with cellular aging
include increased reactive oxygen species (ROS)
production and mitochondrial dysfunction [19, 20].
There are two main approaches to describing
underlying theories of aging [17]. The first is that there
are programmed changes during aging which are
genetically determined but which may be considerably
delayed in onset. Such programmed changes may be
included under the concept of involution or programmed
senescence, similar to the concept of progressive
telomere shortening with each cell division. The second
general approach includes alterations of cells resulting
from damage or errors which accumulate over time (i.e.,

*Correspondence should be addressed to: Dennis A. Turner MA, MD, Professor, Neurosurgery, Box 3807, DUMC,

Durham, NC 27710. Email: dennis.turner@duke.edu
ISSN: 2152-5250

196


mailto:dennis.turner@duke.edu

P.K. Sherty et al

Metabolic Abnormalities with Aging

wear and tear changes). Such changes occur in joints,
for example, due to wear rates occurring faster than
repair rates. In the nervous system, it is likely that
enhanced susceptibility to metabolic stress may be due to
a combination of factors derived from both genetically
programmed alterations in metabolism as well as
accumulated damage from a variety of sources, such as
reactive oxygen species and secondary target damage,
nuclear and mitochondrial DNA mutations (from causes
such as radiation damage, faulty repair, etc), and
differences in Ca?* buffering and signaling.

This review has four main aspects. We will first
describe a number of general aging-related metabolic
changes which can lead to impaired metabolism, as
suggested by theories of aging. Next, we will discuss
two specific areas of impairment commonly noted in
aging: enhanced vulnerability to ischemic injury (i.e.,
stroke) and alterations in cognitive function both at the
cellular and systems level. Lastly, we will discuss
mechanisms of treatments which have been studied, to
attempt to reverse age-related alterations, particularly the
topic of caloric restriction. Our conclusion is that
genetically programmed changes in brain function and
repair, in combination with acquired aging damage can
lead to impaired responses to metabolic stressors, and
that some of these changes can be treated or possibly
even prevented.

Aging and metabolic impairments

Aging Related Decline in Cellular Energy Metabolism.
Analysis of the aging brain has generally shown signs of
overall reduced energy metabolism. For example,
positron emission tomography (PET) imaging of radio-
labeled glucose uptake in the brains of normal human
participants indicated widespread decreases in glucose
utilization with advancing age [21]. Similarly, several in
vivo studies have reported a progressive decline of
oxygen utilization with age [22]. These changes have
been often attributed to widespread neuronal loss or a
decrease of substrate supply, poor nutrition, or an
impaired neurovascular response to increased metabolic
demand with brain activation, rather than intrinsic
changes within the brain itself in bioenergetics.

Energy ATP stores and resting blood and brain
extracellular glucose are not significantly different
between aged and young adult animals [11, 23]. During
training or stress energy stores are rapidly utilized to
replace the neurotransmitter pool and to restore the
membrane potential. However, with such metabolic
challenges aging individuals appear to have a decreased
ability to cope with such a rapid increase in energy
demand, resulting in increased fatigability, decreased

performance and dysfunction that can lead to long term
damage. For example, several studies have demonstrated
that blood levels of glucose increase with training or stress
in young individuals in response to epinephrine release,
but do not similarly elevate in aging individuals,
decreasing their ability to cope with an increased energy
demand [24, 25]. In addition, during training the level of
glucose in the ECF was shown to be decreased with age.
Aged rats demonstrate a substantially larger decrease in
hippocampal extracellular glucose levels during training
and the depletion of glucose within the extracellular space
was of longer duration.

In aging subjects, failing to provide sufficient glucose
to the brain during training results in performance deficits
on a series of tasks. Increased glucose availability in
selective brain areas during cognitive task can positively
modulate performance (especially in aged animals during
high performance cognitive task). For example,
microinjection of glucose into the medial septum,
hippocampus, striatum and amygdala, can enhance
memory processing [24]. These observations indicate
that an aging individual may be at greater risk of exposure
to relative substrate deprivation, especially during
prolonged high demand cognitive tasks or training.
Susceptibility to varying levels of low glucose has not
been analyzed in aged brain tissue, particularly whether
there may exist irreversible damage at shorter intervals
compared to young brain tissue, as is true with ischemia
[26-28]. Analyzing metabolism may lead to long-term
preventative treatments, which could be used to improve
metabolic buffering in the CNS [29].

Mitochondrial Dysfunction with Aging. In addition to
changes in the delivery of metabolic substrate to the
brain, alterations of mitochondrial function in vulnerable
brain areas are likely another cause of decreased brain
metabolism (oxygen uptake) in aging individuals [1].
Mitochondrial dysfunction is considered part of the
aging process and has been reported to occur during
common  neurodegenerative  disorders such  as
Parkinson’s and Alzheimer’s [8, 30, 31]. Electron
microscopy studies have described a significant increase
of damaged mitochondria in several brain regions
including the hippocampus of aging rats , which includes
sign of edema, damaged cristae and disrupted
membranes, lysosome-like structures and lypofuscin
deposition [32]. In addition, alteration of the components
of the electron transport chain can occur with aging as a
result of oxidative stress-related damage or accumulation
of mitochondrial DNA (mtDNA) mutations in genes that
encode mitochondrial proteins resulting in defective
electron transport activity, and compromised energy
metabolism. In table 1 we have summarized most of the
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age-related mitochondrial alterations and their potential
contribution to the increased vulnerability to metabolic
stress during aging.
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Figue 1. Schematic diagram of a typical neuron shows Ca?*" dependent and reactive oxygen species (ROS) signaling that
modulate energy production in young adult (i.e., normal). Cellular response following neuronal stimulation includes an increase in
intracellular Ca2+ influx (via NMDA receptors and L-type calcium channels in particular) and increased metabolic activity in the
mitochondria. Oxygen turnover in the electron transport chain can generate superoxide anion at complex I and I11, which then leads to a
variety of ROS, which are subsequently normally degraded by glutathione, catalase, superoxide dismutase [194] and ascorbate. ROS
can lead to protein oxidation, lipid oxidation and somatic DNA mutations at both the mitochondrial (i.e., mtDNA) and nuclear levels.

NMDAR; N-methyl-D-aspartate receptor, CaMKII; Ca*"/calmodul

in-dependent protein kinase I, cam; calmodulin, Cdk5; cyclin-

dependent kinase, ROS; reactive oxygen species, ATP; Adenosine-5'-triphosphate, mtDNA; Mitochondrial DNA, LTP; long term
potentiation, NAD; Nicotinamide adenine dinucleotide, NNOS — neuronal nitric oxide synthetase, TCA cycle; tricarboxylic acid cycle,

Arg; arginine, SOD; superoxide dismutase.

Age-Induced Alteration of Mitochondrial Electron
Transfer Activity and Respiration. Mitochondria
isolated from the brain of older animals showed overall
signs of mitochondrial dysfunction, such as a decrease in
the electron transfer activity, rate of oxygen consumption
and membrane potential (Table 1). However, changes
are specific for selected brain areas and may vary
between non synaptic and synaptic mitochondria [19, 33,
34]. Studies focused on measuring the specific activity of
the electron transport chain complexes have shown
consistently a decline in the electron transfer in complex

I and IV in mitochondria isolated from the whole brain
of >12 months rats [35-37] and in synaptosome free
mitochondria in aged mice [38]. In contrast, the activity
of complex 1/l was mostly unaffected in these
preparations. The decrease in the activity of complex I,
noted in 12-month old rats, becomes more severe in 22-
month old animals, and was greater in brain areas such
as the hippocampus, compared to the prefrontal cortex or
to the whole brain. Complex | activity decreased by 73%
and 30% in the hippocampus and in the cortex
respectively in mitochondria isolated from 22-month old
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rats versus 35% in the whole brain [33]  Similarly,
complex 1V was affected by aging (cytochrome oxidase);
its activity was decreased by 54% in the hippocampus
and by 36% in the prefrontal cortex of 22-month old rats
[33]. Interestingly, only few investigators have reported
a decrease in the electron transfer activity at the level of
complex 1I/11 of the electron transport chain [34, 38].
Interestingly, a decrease in the electron transfer activity
at the level of complex II/l1l of the electron transport
chain has seldom been reported [34, 38]. For example,
Kilbride et al. (2008) have described that in synaptic
mitochondria the activity of complex 1I/111 , and IV was
decreased in middle age rats [34].

Alterations in the electron transfer activity may result
in a decreased rate of proton extrusion with a consequent
decrease of the efficiency of oxidative phosphorylation
or mitochondrial respiration. Compared with younger
rats, only the rate of ADP stimulated respiration (state 3)
was decreased in brain mitochondria isolated from aging
rats, while the rate of respiration during resting condition
(state 4) was not altered [33, 39]. Consistent with a
deficit in complex | activity, the rate of respiration in
state 3 was decreased in synaptic and non-synaptic
mitochondria when measured in the presence of
glutamate and malate as a substrate both in old (~12
months) as well as in senescent rats (>24 months old)
[19, 37, 40]. In contrast, the respiratory rates with
succinate present as a substrate were less affected. The
percentage decrease in respiration (state 3- complex |
driven) was higher in the cortex and in the hippocampus
compared with the whole brain, suggesting that
mitochondria in these brain areas (especially the
hippocampus) are more affected by age [33]. The age-
dependent decrease in oxygen utilization was more
dramatic in synaptic mitochondria of 28 months old rats,
showing an 83% decrease of the rate of state 3 malate +
glutamate driven respiration compared to a 33% decrease
in non-synaptic mitochondria [40].

Over-expression of electron transport chain proteins
in part can compensate for age-induced alterations of the
electron transport chain activity [41] so that
mitochondria can maintain a normal rate of respiration
and adequate ATP supply during resting conditions.
However, from these findings investigators have
concluded that dysfunctional mitochondria may lack the
ability to respond to a sudden increase in metabolic
demand or may be more vulnerable to pathological
metabolic stress [19, 42] such as ischemia-reperfusion or
hypoglycemia.

Electron transport chain dysfunction can occur as a
result of direct damage by oxygen free radicals and
reactive nitrogen species to the structures constituting the
respiratory complexes [43]. In addition, mutations of the

mtDNA can result in altered protein synthesis of the
electron transport chain components. Based on the
oxidative-stress theory, aging cells with defective
electron transfer activity have higher rates of ROS
production which can possibly lead to further mtDNA
damage (Fig.2).

Somatic mtDNA Mutations. Somatic mutations of
mtDNA can also play a role in the decline of
mitochondrial oxidative metabolism in the brain during
aging. Because the mtDNA contains 37 genes that
encode for 13 proteins, all of which are subunits of the
respiratory chain complexes, mutations in genes that
encode for these proteins can compromise mitochondrial
function. Abnormalities of mtDNA have been shown to
accumulate with age. Both single-point mutations and,
more frequently, deletions of mtDNA have been reported
in the brain as well as in other tissues of aging
individuals (for review see: [44, 45]). The levels of
deleted mtDNA vary dramatically between tissues; in the
brain the most affected regions are in the cerebral cortex,
putamen and substantia nigra. Because the mutated
mtDNA can coexist with normal DNA strands
(heteroplasmic mutation), low levels of mutation are
considered as having little impact on the oxidative
phosphorylation. For example, it has been reported that
respiration-chain deficiency occurs only when the level
of mutation reaches a certain threshold of about 60%
mutation of the total mtDNA [46]. However, mtDNA
mutations can undergo clonal expansion leading to a
significant increase of mutated mMtDNA in each
individual cell.

The early analysis of mtDNA isolated from brain
homogenates reported a low frequency of mutation in the
brain of aging mice [44]. With the utilization of novel
approaches that can detect and quantify mtDNA deletion
in single cells, investigators recently demonstrated that
neurons in certain brain areas can accumulate high levels
of deletions that can eventually compromise cellular
function. For example, Bender and colleagues [47],
using real-time PCR analysis of mtDNA in single
neurons, were able to detect an age-dependent
accumulation of mtDNA deletions in the substantia nigra
of both Parkinson’s disease patients and age-matched
individuals. Further, it was demonstrated that the levels
of deletions were higher in cytochrome ¢ oxidase (COX)
-deficient neurons than in neurons with normal COX
activity [47, 48] strongly suggesting that accumulation of
mtDNA deletions with age may be responsible for the
development of respiratory chain deficiency. In
addition, expansion of mtDNA mutations can eventually
be responsible for cell loss, probably by apoptosis. For
example in aging individuals, it has been reported that
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cells in the substantia nigra die at the rate of 5% per 10
years [49].

There is experimental support for the hypothesis that
mutation of the mtDNA with age occurs as results of
accumulation of mutagenic oxidative lesions like 8-
oxodeoxyguanine in the mtDNA. Interestingly, a recent
study reported that increased oxidative damage to the
mtDNA in transgenic mice lacking a specific DNA
glycosylase repair system (8-oxoguanine glycosylase,
also known as OGG1) did not correlate with

HVAAN

mitochondrial respiratory chain dysfunction, suggesting
that additional mechanisms underlying mtDNA oxidative
damage may be responsible for age-related mtDNA
deletions linked to mitochondrial dysfunction [50].
Based on these results as well as data obtained from
studies in the “MtDNA mutator mice” Larsson has
recently proposed [44] that most mtDNA mutations may
be produced by replication error rather than oxidative
damage.
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Figure 2. The figure summarizes major changes that have been reported during aging processes involving neurons. Schematic
drawing illustrates increased L-type calcium channel expression, increased Ca®* entry, calpain activation, unregulated cdk5 activity and
accumulation of oxidative damage including protein oxidation and aggregation leading to decreased LTP retention, higher levels of
somatic mtDNA and nuclear DNA mutations, and eventually cognitive function. NMDAR; N-methyl-D-aspartate receptor, CaMKIl;
Ca2+/calmodulin-dependent protein kinase 1I, cam; calmodulin, Cdk5; cyclin-dependent kinase, ROS; reactive oxygen species, ATP;
Adenosine-5'-triphosphate, mtDNA; Mitochondrial DNA, LTP; long term potentiation, NAD; Nicotinamide adenine dinucleotide,
nNOS — neuronal nitric oxide synthetase, TCA cycle; tricarboxylic acid cycle, Arg; arginine, HSD; hypoxic synaptic depression,
PARP; Poly (ADP-ribose) polymerase, SOD; superoxide dismutase, PTP; permeability transition pore.

Oxidative Stress in Aging. Reactive oxygen species anion radical formation (O," 7) [51] due to a small

(ROS) are continuously produced in brain cells as a
consequence of aerobic metabolism. Investigators have
recently estimated that under physiological conditions
~0.2 % of oxygen consumption results in superoxide

number of electrons that “leak” early to molecular
oxygen at various sites in the electron transport chain
[52]. This reaction starts a chain of events that eventually
results in the production of more reactive oxygen species
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such as of hydrogen peroxide (H,O;), hydroxyl radical
(*OH) and peroxynitrate (ONOQ") [53]. This last one is
generated by the reaction of O," " with nitric oxide (NO).
The brain has adapted to use ROS at low concentration
as specific signaling molecules that are essential to
maintain neuronal homeostasis. For example, NO, O,
and H,O, can modulate various aspects of synaptic
function and metabolism, as well as affect vascular
permeability to substrates. However, if the production of
ROS is higher and not adequately contained by the
antioxidant system, it can cause oxidative damage to
both cellular and mitochondrial macromolecules (Fig.2).
To prevent oxidative damage, the cell has numerous
scavenger mechanisms that are present both outside and
inside the cells, in particular in the mitochondria, such as
the glutathione redox system, superoxide dismutase
enzymes family and catalase.

The hypothesis that oxidative damage is responsible
for the aging process as well as age-related disease is
based on reports from numerous studies showing a
correlation between increasing age and the accumulation
of oxidation products of phospholipids, proteins, and
DNA. The content of oxidation product TBARS
(Thiobarbituric acid reactive substances) and protein
carbonyl indicate lipid peroxidation and protein damage
respectively, and both were consistently increased in
tissue homogenates of the liver and the brain of aged
animals[19].

Oxidative damage by ROS to certain components of
mitochondrial structures such as membrane phospholipids
may result in the alteration mitochondrial enzyme
function. For example, oxidative damage to cardiolipin
can alter directly complex I activity; these phospholipids
are localized in the inner mitochondrial membrane and
regulate several mitochondrial bioenergetics processes,
including the inner membrane super molecular assembly
and electron transport [37]. Supplementation of brain
mitochondria with cardiolipin, to correct the age-induced
decline of cardiolipin content due to oxidative damage,
restored the activity of complex I in 24 month old rats to
control level [37].

Significant age-related increase of oxidative damage
to the DNA, estimated by measuring 8-oxo0-7,8-dihydro-
2'-deoxyguanosine (0x08dG), has been observed in
numerous tissues, including the liver, muscle, kidney,
heart, and brain. In the brain the levels of 0x08dG were
particularly elevated because of the high metabolic
activity [54]. Although free radicals can be produced at
various levels in the cell, as discussed earlier, the
mitochondrial respiratory chain is considered the main
source of free radical generation and at the same time the
target for ROS induced damage. Mitochondria can
produce ROS at complexes I and I1I. However, in brain

mitochondria isolated from aged rodents increased
production of superoxide radicals and hydrogen peroxide
were observed predominantly in mitochondria respiring
on glutamate and malate (complex I specific substrates)
and supplemented with rotenone + NADH. These data
support the hypothesis that complex I dysfunction may
be responsible for age-dependent enhanced production of
ROS [37, 40, 43]. Free radical generation at complex I
has been implicated in aged-induced oxidative damage to
mitochondrial structures and DNA leading to the decline
of mitochondrial function. Analysis of DNA in human
brain tissue showed that the amount of 0x08dG is
increased with age in both nuclear and mitochondrial
DNA isolated from the cortex and the cerebellum of
individuals from 47 to 97 years of age, and in the
mtDNA this increase was 10-fold higher [55]. However,
not all investigators have confirmed these findings. Sanz
and collaborators [56] have reported that levels of
0x08dG in brain mitochondria were similar to younger
animals. Nevertheless, caloric restriction leads to a
decrease of the levels of DNA oxidation in both nuclear
and mitochondrial DNA (see further discussion below).

Additional evidence in support of the oxidative stress
theory of aging includes findings that ROS production is
lower in cells of long-lived than short-lived species, and
that therapeutic interventions can reduce the accumulation
of oxidative damage, prolonging the life span of certain
animal  species. ~However, because therapeutic
interventions, such as caloric restriction, do not
exclusively target free radical generation but can affect
various physiological processes, several investigators have
questioned these results [57]. To verify directly the role of
ROS on aging cells and mitochondria investigators have
recently studied transgenic mice that either under
underexpress or overexpress a wide variety of genes
encoding for antioxidant enzymes. Interestingly, many of
these genetic manipulations did not always affect the life
span of the animals.

For example, mice deficient in manganese superoxide
dismutase (Mn-SOD) and  glutathione peroxidase-1
(GPx1) showed increased oxidative damage and age
associated pathology, but not reduction in longevity [58].
A significant decrease in life span and demonstration of
phenotypes of accelerated aging, including hearing loss,
macular degeneration, and muscular atrophy, is found in
SOD1™ knockout mice (where the gene encoding for
copper and zinc superoxide dismutase (CuZn-SOD) has
been deleted). However, these mice have also a high
incidence of hepatocellular carcinoma suggesting that a
novel pathology due to the genetic manipulation may in
this case contribute to the reduced life span [57].

Conversely, the overexpression of antioxidant
enzymes such us Mn-SOD, CuZn-SOD, glutathione
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peroxidase, and catalase all resulted in increased
resistance to oxidative stress and reduction of
accumulation of oxidative damage with age [59], but
increased life span was observed only in few selected
cases [60]. Thus, increased ROS buffering may not in

itself promote a longer lifespan, limiting the power of the
simple oxidative stress hypothesis of aging.

Table 1: Age-related mitochondrial alteration contributing to increased vulnerability to metabolic stress

during aging

Decreased complex I activity (whole brain
and non-synaptic mitochondria)

Enhanced production of ROS. Alteration of oxidative
metabolism, inability to meet metabolic demand.

[19, 33, 35-37]

Decreased complex IV activity non
synaptic mitochondria and synaptic
mitochondria

Decrease in ADP stimulated respiration
(state 3)

Increased mutations of the mtDNA

Increased ROS generation at complex |

Parkinson’s disease. Decreased memory and exploratory
capacity

Impaired ability to respond to increased ATP demand.
Reduced ATP production. Cognitive deficits. Alzheimer
disease

Decrease in spare respiratory capacity, decline of
physiological function, inability to accelerate the rate of
oxidative metabolism during increased metabolic demand,
metabolic crisis, ischemia-reperfusion injury.

Respiratory chain deficiency, increased apoptosis.
Parkinson’s disease.

Mitochondria ultrastructural damage, inhibition of

[33, 35, 36]

[33, 40, 43]

[44, 45, 47].

complex I activity, Parkinson’s disease, and Alzheimer

[37, 52, 195]

disease, exacerbation of ischemia-induced neuronal

damage.
Increased oxidative stress
lipid peroxidation, protein damage, and
mtDNA oxidative lesions

Mitochondria depolarization (Ay,)

Mitochondrial swelling
and increased mitochondria fragility

Alterations in Calcium Buffering and Signaling.
Calcium influx into cells is a critical mediator of cellular
metabolism, since calcium regulates many metabolic
enzymes as well as mitochondrial function. Calcium
influx occurs via voltage-gated calcium channels as well
as N-methyl D-aspartate receptors (NMDA) glutamate
channels, and is likely as important as ADP for
enhancing rates of metabolic enzymes, particularly in the
tricarboxylic acid cycle (TCA). However, calcium itself
is highly toxic to cells at higher levels, and intracellular
levels (including within mitochondria) must be
maintained very low to keep signaling optimal [18, 61-
63]. A primary intracellular calcium buffer in neurons is
the endoplasmic reticulum (ER), which has specific
receptors and mechanisms for both calcium uptake and
calcium release, depending on cellular activity and
calcium levels. One long-held concept is that calcium

Damage to mitochondrial structures, inhibition of complex
I activity, mtDNA mutations

[19, 33, 35-37]

Increased oxidation of NADH and NADPH, inhibition of
glutathione reduction and increased ROS generation.

Mitochondrial damage and cell death

[14, 34, 195]

[14, 32]

levels may slowly increase during aging, thus affecting
critical calcium signaling throughout cells, including
altering Ca*-stimulated currents (such as Ca**-mediated
after hyperpolarization) and affecting cellular activity
[64]. In addition, ER may decrease its calcium
buffering capacity in aged neurons in particular,
potentially shifting the burden of intracellular calcium
buffering onto mitochondria; however, this increased
calcium uptake into mitochondria can significantly affect
the signaling role which calcium assumes for rate of
metabolism, by changing TCA cycle enzyme activity.
Age-dependent alteration of intracellular Ca** buffering
may be more dramatic in selected brain areas. For
example, in the hippocampus of old animals the
expression of calcium binding proteins Calbindin-28 and
Calretinin is down-regulated and mitochondria have
reduced Ca”" buffer capacity. This will determine a
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prolonged Ca’* transient and a greater risk for Ca®*
dependent neurotoxicity and cell death after ischemia
[65]. Thus, calcium transients, normally useful for
intracellular signaling (Fig. 1), may become distorted
and amplified, potentially resulting in dysregulation of
ubiquitous calcium effects on enzymes and metabolic
processes [66] (Fig.2).

Perturbed energy homeostasis and metabolic stress
due to hypoxia/ischemia in aging

Increased Susceptibility to Ischemia with Aging. The
aging brain is more susceptible to hypoxia in addition to
hypoglycemic insults, with increased risk of developing
short-term as well long-term consequences [31, 67, 68]
(Table 2). Neuronal damage following cerebral ischemia
results in cell damage and cognitive impairment, which
are more dramatic in the aging population. Deprivation
of energy supply (oxygen and glucose) to the brain due
to a reduction of cerebral blood flow during cerebral
ischemia activates a cascade of events that eventually
results in cell death, especially in vulnerable brain areas
such as the hippocampus, caudate nucleus (striatum),
cerebral cortex and cerebellum. Hippocampal function is
crucial for acquisition of new information and damage to
the hippocampus can result in impaired learning ability.
Age represents a risk factor for post-stroke dementia,
which is correlated with an elevated risk of death and
stroke recurrence [69].

Cerebrovascular Changes in Substrate Supply. Changes
in the cerebrovascular system associated with aging may
underlie the increased incidence of ischemic stroke.
Structural alteration of the vasculature such as narrowing
of the intracranial arteries or small vessel occlusion due
to severe atherosclerosis may increase the susceptibility
to substrate deprivation. In addition, enhanced vaso-
constriction and impaired vasodilatation, in response to
increased energy demand, result in a decrease of cerebral
blood flow, reduced CMRO, and CGU even in healthy
aging individuals [70]. After an ischemic event, these
alterations of vascular reactivity may limit the energy
supply during reperfusion at the time at which tissue
energy demand is extremely elevated, leading to more
extensive damage [71]. Interestingly, investigators have
found that in animals exposed to brain ischemia the rate
of lethality increased with age [39, 72]; moreover, in
brain slices isolated from aged animals, the incidence of
cell death and synaptic failure after exposure to
hypoxic/ischemic insult is higher compared to slices
isolated from young adult animals [26, 73]. These
observations indicate that, in addition to systemic
changes, metabolic alterations [74] at the cellular level of

both neurons and astrocytes may also contribute to the
increased susceptibility of aged individuals to ischemia-
reperfusion injury.

Cellular Events Underlying Ischemia. The cascade of
cellular events occurring during ischemia includes a
dramatic decrease of neuronal ATP, membrane
depolarization, glutamate release and increase in
intracellular Ca®*, Na" and CI. The ion gradients
collapse and within a few minutes all neurons depolarize
due to the failure of the Na'/ K* ATPase and other
transport systems dependent on ATP [75]. These events
can be reversible following the ischemic episode during
reperfusion, or they can trigger neuronal death. Some of
the metabolic changes, such as the increase in
intracellular Ca*", are critical in determining irreversible
damage to the neurons after ischemia. The large
increase in cytosolic Ca®* causes the generation of free
radicals and the activation of intracellular proteases and
kinases that initiate cell death mechanisms ([76] for
review). High intracellular Ca®* can also trigger
mitochondrial injury. During ischemia and reperfusion,
excessive mitochondrial Ca?* sequestration compromises
mitochondrial ~ function, resulting in  respiratory
inhibition, ROS formation, dissipation of the
transmembrane mitochondrial gradient and transient loss
of mitochondrial membrane integrity (mitochondrial
permeability transition (MPT)) [77] (Fig.2). This chain
of events further results in the efflux of small molecules
and metabolites from the mitochondria to the cytosol
including: Ca* NAD*/NADH, and cytochrome c. After
reperfusion, depending on the degree of ATP depletion
and cytochrome c release, different downstream cell-
death pathways can be activated and cells can undergo
either apoptosis or necrosis [78].

Energy Homeostasis and Neuronal Vulnerability.
Although the mechanisms behind the increased
vulnerability to ischemia associated with aging are not
well understood, investigators have focused their
attention especially on mitochondrial dysfunction, a
decrease in glucose utilization [27, 73, 79], increased
oxidative stress, deregulation of ionic homeostasis, and
compromised glial function. See table 2 for a summary
of the cellular events that investigators have proposed
contributing to increased neuronal vulnerability to
hypoxic/ischemic insult with aging.

Despite the age-dependent deficiency in the electron
transport chain (as discussed above), ATP production
during resting conditions does not appear to be
compromised, as several investigators found no significant
age related changes in the concentration of high energy
substrates under normoxic condition [23, 27, 80]. For
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example, measurements conducted using the whole brain
or acutely isolated brain slices have found that ATP and
PCr levels were not altered in either middle aged (14-19
months old) or aged (24-29 month) rats, compared to
younger rats. However, reports have suggested that a
drop in ATP levels may occur earlier after exposure to
hypoxia in aged subjects, leading to earlier failure of the
membrane ion gradient and depolarization. Roberts et
al., reported that during anoxia in hippocampal tissue
slices isolated from aged rats the latency for developing
anoxic depolarization (AD) or hypoxic spreading
depression (HSD) was shorter in aged rats compared to
younger rats [27, 73]. In this case, the investigators
suggested that aging tissue has a decreased ability to up-

regulate anaerobic glycolysis to provide ATP for ion
pumping, leading to a faster increase of extracellular K*
during hypoxia. These findings, however, are in conflict
with a more recent study that did not find a significant
difference in the time to HSD between >22 months old
and younger animals [26]. Consistent with the notion
that aging compromises the ability to respond to
increased metabolic demand, slices of older rodents
show a slower rate of ATP recovery after they are
exposed to transient global ischemia [81], which is
accompanied by a slower recovery of the pH level in the
tissue.

Table 2: Cellular events contributing to increased neuronal vulnerability to hypoxia/ischemia with aging

Events

Regulation of the
cerebrovascular system

Glycolysis

Cellular respiration
stimulation

Young adult

Vasodilatation, in response to increased energy demand

Can utilize available glucose during hypoxia

Increased O, uptake in response to K* -induced

Aging

Enhanced vasoconstriction and impaired
vasodilatation. Narrowing of the intracranial
arteries or small vessel occlusion due to
severe atherosclerosis [70, 71]

Failure to up-regulate glycolysis during
hypoxia [27]

Decreased ability to increase O,
consumption after K* -induced stimulation
[78]

Latency to spreading
depression

PCr and ATP recovery

pH recovery

lonic homeostasis

ATP-ase activity

Hyperoxidation

Reperfusion/Reoxygenation Events.

HSD ~5 min after the onset of hypoxia

Rapid recovery after 5 min of ischemia (20 min)

Rapid recovery after 5 min of ischemia (20 min)

Complete recovery of extracellular [K*] after hypoxia
during reoxygenation

Substantial upregulation (800%) of Na*/K* ATP-ase
activity 1hr after an ischemic insult of 15 min

No hyperoxidation after 2.5 min of hypoxia
post HSD

Early during

HSD ~4 min after the onset of hypoxia [73]

Slower recovery (60 min) [81]

Slower recovery (50 min) [81]

Incomplete recovery extracellular [K*]
after hypoxia during reoxygenation [73]

Limited upregulation (300%) of Na*/K*
ATP-ase activity 1hr after an ischemic
insult of 15 min [91]

Hyperoxidation after 2.5 min of hypoxia
post HSD [26]

and the membrane potential. Tissue Po, measurements

reoxygenation, mitochondria accelerate the rate of
oxidative metabolisms utilizing all the available oxygen
to generate ATP needed to restore the ionic homeostasis

demonstrate that in young animals following hypoxia of
2.5 min duration (post HSD) tissue oxygen levels
remained severely depressed after reoxygenation due to
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increased oxygen uptake, and the recovery of tissue Po,
to pre-hypoxic levels is slow [82]. However, in 22-
month old rats exposed to the same insult, the tissue Po,
recovered earlier after reoxygenation, reaching levels
that were significantly higher than the pre-hypoxic
baseline levels [26]. These observations suggest that in
aged rats, tissue oxygen uptake (and mitochondrial
oxygen utilization) was decreased probably due to the
inability of the mitochondria to fully restore respiratory
function after reoxygenation in spite of the immediate
availability of an excess of oxygen.
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Fig.3: The vulnerability of synaptic responses to hypoxia
increases with age. Hippocampal slices from 1-2, 3-6, 12-20,
>22 months old rats were exposed to varying lengths of hypoxia
following the induction of hypoxic spreading depression (HSD)
(0.25, 2.5, 5 and 10 min). Slices from >22 months old rats (45 +/-
49%, n=8) showed less fEPSP recovery after 2.5 mins compared
to 3-6 months old rats (114 +/- 45%, n=9) (* p<0.05). Five
minutes of hypoxia post-HSD resulted in partial fEPSP recovery
in 1-2 month old rats but was lethal in all older age groups
(modified from Foster et al. 2008).

In young rats, mitochondrial respiratory capacity is
impaired during ischemia and recovers toward control
levels within the first hours after reperfusion. Oxygen
uptake measurements performed in brain homogenates
collected from the focal and perifocal tissue at different
time points after exposure to middle cerebral artery
occlusion (in young rats), showed a progressive decline
of ADP stimulated and uncoupled respiration; in
contrast, basal respiration was preserved. Similar
experiments also showed that mitochondria develop
lower membrane potential during ischemia and early
reperfusion. The extent of mitochondrial recovery during
reperfusion depends on the severity of the insult; in
mitochondria collected from the core of the ischemic
lesion, the recovery is slower and sometimes incomplete
[83]. Despite a transient recovery, later during

reperfusion  mitochondria undergo a secondary
deterioration of the respiratory function which precedes
and contributes to the development of irreversible
neuronal injury. For example, in wvulnerable brain
regions, such as the area CAl in the hippocampus,
mitochondrial respiratory capacity declines later after
exposure to transient global ischemia, leading to delayed
cell death [84]. Because of underlying dysfunction,
exposure to hypoxia/ischemia may have more
detrimental effects in mitochondria of aged rats,
resulting in a more severe impairment of the respiratory
function. If mitochondrial dysfunction persists during
reperfusion, the rate of ATP production may fall below
ATP demand resulting in metabolic failure.

Foster et al. [26] showed that synaptic responses in
hippocampal slices isolated from aging rats were more
vulnerable to hypoxia compared to younger rats; for
example, after hippocampal slices were exposed to
hypoxia and reoxygenated at 2.5 min post-HSD
occurrence, the fractional recovery of orthodromic field
potentials (FEPSPs) was significantly lower in slices
from 22-month old rats compared to younger rats (Fig.
3). Note that the time to onset of HSD was similar in
young and aged rats, but slices from aged rats were
much more sensitive to prolonged periods of post-HSD
hypoxia (ie, > 30 sec) indicating much less reserve
metabolic function in the aged tissue slices in the
persistent absence of oxygen.

During reoxygenation, as the tissue Po, recovers
there is a progressive switch of the NADH/NAD" redox
state toward oxidation due to elevated respiration, and
eventually NADH fluorescence falls below baseline
levels, indicating hyperoxidation and mitochondrial
damage. Because the decrease of NADH fluorescence is
partially irreversible, several investigators have proposed
that a net loss of NAD" from the mitochondrial pool due
to induction of MPT may contribute to the
hyperoxidation [26, 85]. Aged rats were more vulnerable
to hyperoxidation after hypoxia compared to young rats
exposed to similar insult [26] consistent with the
hypothesis that the sensitivity to permeability transition
pore (PTP) opening increases with age [86]. Several
factors that contribute to MPT and hyperoxidation may
be exacerbated by aging, in particular increased ROS
production, altered calcium buffer ability and
mitochondrial dysfunction.

As described earlier, calcium accumulation during
ischemia and ROS bursts occurring during reperfusion
appears to facilitate the opening of mitochondria PTP,
which facilitates the diffusion of NAD"® from the
mitochondria to the cytosol. This event is usually
accompanied by a transient collapse of the mitochondrial
membrane potential and proton gradient, which result in
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the uncoupling of the oxidative phosphorylation and
interruption of ATP synthesis. Despite reperfusion and
recovery of the mitochondrial membrane potential, the
induction of MPT initiates a cascade of events that
contribute to irreversible neuronal injury. Consistent
with the hypothesis that these events may be exacerbated
by aging, investigators have reported that cellular
markers of degeneration were higher in hippocampal
slices from 24-month old rats, which release higher
levels of LDH after exposure to analogous OGD insults
compared to middle aged or young adult animals [87].

Recently, investigators have demonstrated that
induction of MPT exacerbated ROS and NO generation
after ischemia [88], which are both key mediators of
apoptotic cell death. Moreover, oxidative stress after
ischemia contributes to further cytosolic/nuclear NAD
loss via the activation of poly-ADP ribose polymerase-
1(PARP-1); this enzyme hydrolyses its substrate
nicotinamide  adenine  dinucleotide (NAD") to
nicotinamide and transfers poly (ADP-ribose) chains to a
variety of other nuclear proteins to repair ROS-induced
DNA damage during reperfusion [26]. Availability of
metabolic cofactors, such as NAD, is critical during
reperfusion, when the mitochondria accelerate the rate of
oxidative metabolism to rapidly restore ATP levels and
to maintain cellular function. Depletion of NAD" causes
inhibition of several energy pathways including
glycolysis, TCA cycle, and oxidative phosphorylation.
Rats treated with nicotinamide after stroke had elevated
NAD" levels in the brain several hours after the injury
[89] and attenuated neuronal death.

Limiting the loss of ATP levels is very important for
neuronal function when energy production is impaired,;
for example, during hypoxia, which results in a rapid
loss ionic homeostasis [90]. Maintenance of the
electrochemical gradient across the membrane largely
depends on the work of the NA'/K" ATP-ase and is
critical for brain function, such as generating, processing
and transmitting impulses. Investigators have reported
that the activity of the ATP-dependent membrane pump
is enhanced after ischemia both in vivo [91] and in vitro
[92], and the activation persists for several hours to
allow for the recovery of transmembrane ion gradient. In
aging rats, investigators reported a deficit in the up-
regulation of the activity of the NA"/K" ATP-ase 1hr
after ischemia compared to younger rats, possibly due to
insufficient levels of ATP. Failure to restore ionic
homeostasis early after an ischemic/hypoxic insult
delays the recovery of synaptic transmission, exacerbates
the accumulation of intracellular Ca** and can contribute
to the activation of a downstream cell death signal [91]
such as the release of cytochrome c¢ from the
mitochondria.

Interventions during energy deprivation that limit
ATP depletion or promote ATP recovery can also result
in long-term protection by preventing the release of
cytochrome-c and further mitochondrial dysfunction that
may take place during reoxygenation [92], probably by
restoring earlier ionic homeostasis and limiting
intracellular and intra-mitochondrial calcium overload
[92]. Especially in an aging model, restricting Ca®*
uptake during hypoxia prevented hyperoxidation and
improved the recovery of synaptic transmission in
hippocampal slices of 22-month old rat exposed to
hypoxia and reoxygenated 2.5 min post HSD [26].

Metabolic and aging interactions with cognitive
alterations and long-term potentiation

Another example of aging related events is cognitive
decline, which can commonly occur even in the absence
of clear pathological conditions such as Alzheimer’s
disease; such decline may be related indirectly to
deterioration of metabolic activity, cerebrovascular
changes, cellular signaling, antioxidant defense
mechanisms and blood electrolyte regulation [7]. In the
search for a cellular correlate of cognition, long-term
potentiation (LTP) has been intensely debated as a
possible candidate, due to many similarities between
LTP and learning, and indeed a tight correlation exists
between learning and acquisition in vivo and LTP both
in vivo and in vitro, particularly in brain slice
preparations. We will first discuss the correlation
between memory and LTP, then metabolic alterations
affecting LTP during aging and how glycogen may relate
to be involved with LTP.

Memory and LTP Correlation. The first evidence of a
long lasting increase in synaptic strength was described
in 1973 [93], based on recorded synaptic strength from
granule cell layers of dentate gyrus of hippocampus
following stimulation of the perforant path. Later it was
eventually termed as long term potentiation (LTP) [94].
LTP is often differentiated into early phase LTP (short
term memory; <1hr) and late phase LTP (long term
memory; > 3hr).

In general, both phases of LTP are characterized by a
series of three events: LTP induction, LTP maintenance,
and LTP expression. LTP induction mechanisms are
focused mainly on activation of postsynaptic NMDA and
AMPA receptors by glutamate through repetitive high
frequency stimulation of presynaptic terminals and
postsynaptic processes; the critical interaction includes
activation of synapses while post-synaptic depolarization
occurs. Initially, glutamate activates AMPA receptor and
causes depolarization of the postsynaptic membrane by
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enhancing the permeability to Na®, and K" ions. The
resulting depolarization of the postsynaptic membrane
can be sufficient to displace the Mg block inherent to
NMDA receptors, and allow Ca?* to flow into the cell
through NMDA receptors, beginning a cascade of events
initiated by Ca®* for maintaining LTP. The early phase
of LTP is dependent on posttranslational modifications
such as protein phosphorylation, whereas later phases of
LTP require new gene transcription and protein synthesis
[95, 96]. Once LTP is consolidated then LTP can be

expressed by synaptic stimulation. Eventually LTP
demonstrates a decrease in the potentiation of synaptic
strength, generally termed as LTP decay, over a time
period of days to weeks in vivo, which is enhanced in
aged animals [3]. The major differences in LTP
induction and LTP maintenance with aging are described
in the table below (Table 3).

Table 3. Differences in LTP induction and maintenance during aging

LTP Induction
Robust High intensity stimulation protocol (50
MA at 100 Hz for 1sec)

Lower amplitude current (fewer stimulus) Normal

LTP Maintenance and decay

Robust high intensity stimulation protocol (50  E-LTP-normal
MA at 100 Hz for 1sec)
NMDA dependent LTP Normal

NMDA independent LTP (vdccLTP)
Voltage dependent L-type Ca?*channels (vdcc)

1 Hz paired pulse (vdcc)

Experiments performed to study whether the
induction of LTP in the Schaffer collateral fibers to the
CAL pyramidal cells is affected by aging have produced
mixed results due to several factors, including
differences in rat ages, strains, experimental preparation
and stimulation parameters used to induce LTP [97, 98].
There are many ways in which age-related deficits in
memory, such as a spatial learning task, can be studied.
Spatial learning in rodents can be studied using an eight
arm radial maze [99], Barnes circular platform [97], T-
maze [100], or the widely used Morris water maze.
Correlation between LTP and memory deficits in aged
animals was first observed with experiments using the
Barnes maze [97] showing that aged rats took longer
path lengths and a greater amount of time to solve a
spatial memory task. Subsequent studies [98, 100] also
demonstrated that aged rats showed increased rate of

Normal induction

L-LTP is normal

Normal [198]

Induced early phase of LTP

Normal induction [3, 103]
Deficit in induction [196]

Deficits in induction in CA1 region [133]
Normal in dentate gyrus [102]

Deficits in maintenance over longer time
scale in vivo [3] and 3hr after induction in
vitro [106]

E-LTP is normal with robust stimulation
[133]

Decreased [197]

Increased [197]

Induced both E-LTP and L-LTP [108]

decay for the memory of the escape box and LTP was
nearly twice as fast as young rats. Moreover, aged rats
consistently show LTP induction deficits at the Schaffer
collateral CA1 synapse and the perforant path-granule
cell synapse [9, 101, 102].

Although there are age-related deficits in
enhancement of the population spike observed in the
CALl region during high frequency stimulation, high
frequency LTP induction threshold above the normal
level shows no difference in LTP induction in aged rats
[103, 104]. However, long term LTP (L-LTP) decayed
twice as fast in aged compared to young rats [3,100, 105]
under these conditions. Furthermore, Bach et al [106]
uncovered age related LTP maintenance deficits in CAl
of old mice after 3h using the in vitro slice preparation.
Correspondingly, spatial memory studies with 8-arm
radial maze in aged rats showed faster decay rates for
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hippocampal LTP [107]. Taken together, the current
available data indicate that spatial learning and memory
deficits reported in aged rats and mice parallel the
deficits observed during induction and maintenance of
LTP. The different protocols applied to study the change
in LTP with aging may give rise to distinct changes in
metabolic activity with aging. In addition, a recent study
also indicated a different form of age related
enhancement of L-LTP induced by paired pulse
stimulation (PP-1 Hz, 1min) and this form of L-LTP
appears to be inversely correlated with memory ability
[108].

Metabolic Interactions in Hippocampal LTP. Long-
term potentiation in the hippocampus involves synaptic
activation of afferent fibers (by high frequency
stimulation), resulting in a long lasting increased
efficacy of synaptic transmission [109], which includes
the elevation of intracellular Ca®* concentrations in the
postsynaptic cell [110, 111], particularly via NMDA
glutamate receptors [112]. The surge in calcium influx
through NMDA receptors stimulates a series of cellular
signaling cascades involving calmodulin, calpain and
other gene regulation pathways [15, 18, 62, 63, 113-115]
(Fig.1). Most importantly the induction of LTP also
depends on the neuronal energy metabolic state. Studies
have shown that inhibition of LTP induction occurs
during glucose deprivation in slices [116-118] and in
hypoglycemic rats [119]. One point of interaction
between insufficient energy supply, low ATP levels and
altered LTP induction may be due to changes in the
phosphorylation of key proteins [120]. Other interactions
include nitric oxide [121] and insufficient LTP
consolidation [122].

Changes in LTP characteristics were related to
several alterations observed with aging brain. For
example this may be due to reduction in the actual
number of perforant-path synaptic contacts on granule
cells [102, 123]. The loss of functional synaptic contacts
in CA1 was connected to decrease in Shaffer collateral
induced fEPSP in CALl region [100, 124, 125]. The
changes in the dynamics of neuronal assembly that occur
with aging was similar to that of blockade of NMDA
receptor in young rats [126]. Typically NMDAR
dependent LTP was severely affected in aged rats,
however NMDAR independent LTP occurs distinctly in
aged rats [127].

NMDA Receptor Function. Induction of LTP depends
on the release of glutamate from the presynaptic terminal
and its binding to postsynaptic NMDA and AMPA
receptors [128, 129], and leads to depolarization of
postsynaptic membrane. The NMDARs are glutamate-

gated ion channels that are pivotal in the regulation of
synaptic function in the CNS and are mainly localized to
postsynaptic densities (PSD), where they are structurally
organized in a large macromolecular signaling complex
of synaptic scaffolding and adaptor proteins which are
physically linked to the Kkinases, phosphatases and
downstream  signaling  proteins and group |
metabotrophic glutamate receptors. NMDARs are
heterogenic assemblies of NR1, NR2 and NR3 subunits,
which are co-translationally assembled in the
endoplasmic reticulum (ER) to form functional channels
with differing physiological and pharmacological
properties, and distinct patterns of synaptic targeting.
Normal NMDAR activity requires accurate delivery and
targeting to the synapses. However, in older ages, in
vitro, when the majority synapses are formed, NMDAR
subunits are recruited more gradually in the form of
clusters containing a small number of receptors to
nascent synapses [130]. Thus, dendritic transport and
synaptic recruitment of NMDARs might occur via
distinct mechanisms at differing ages in vitro [131].

NMDARs are highly permeable to Ca’* and Ca®*
influx through NMDARs is essential for synaptogenesis
during synaptic remodeling and long lasting changes in
synaptic efficacy such as long term potentiation and long
term depression. An age- related decreased expression of
the NMDA receptor subtypes has been noted in the CAl
region of the brain. A decreased ability to mobilize the
surface expression of the NMDA receptors is one of the
possible reasons for these events [132]. Young animals
show a significant increase in the surface expression of
NR1 and NR2A subunits, which is not seen in aged
animals. Similarly, aged animals fail to show an increase
in NMDA receptor mediated current associated with
LTP stimulation. Furthermore, in aged rats induction of
LTP has been repeatedly observed in the hippocampus
when, robust high frequency stimulation protocols well
above the minimum threshold for the LTP were used [3,
104]. However, use of fewer stimulus pulses and lower
amplitude stimulus currents to induce LTP in old rats do
show LTP induction deficits in the Schaffer collateral-
CA1 synapse compared to their younger counter part [9,
133]. Furthermore, at the perforant path granule cell
synapse, larger amplitude current injection is necessary
for LTP to be induced in old rats when weak presynaptic
stimulation is paired with direct depolarization of the
postsynaptic granule cells [102].

Apart from changes in the expression of the isoforms
of NMDA receptor subunits, deterioration of cellular
energy metabolism is also involved in the alteration in
the LTP process. Most of the NMDARS receptors
dysfunction in the hippocampus of aged animals has
been demonstrated by multiple groups using variety of
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techniques [134, 135]. Depolarization of the postsynaptic
membrane (Na’*/K* conductance) through AMPA
receptors would be required to displace the Mg®*
blockage on NMDAR activity to allow Ca?* influx for
LTP events [2, 136-139]. NR2A subunit confers lower
affinity for glutamate, distinctly faster kinetics, greater
channel open probability and more prominent Ca®*
dependent desensitization than does the NR2B subunit,
which confers the slower channel kinetics and reduced
open probability [140]. NR2C and NR2D subunits are
characterized by low conductance opening and reduced
sensitivity to Mg* block and NR3 subunit confers
reduced Ca”* permeability and reduced surface
expression.

CaMKIIl and ROS. LTP induction in the CAl region
requires elevation of the intracellular Ca?* concentrations
in the postsynaptic cell, as shown in Fig. 1 [110, 111]
through the N-methyl-D-aspartate glutamate receptor
[112] stimulating cellular signaling cascade system
involving calmodulin, calpain and gene regulation [15,
18, 62, 63, 113-115]. Landfield and his colleagues [63]
have found deficits in several aspects of calcium
regulation during aging and also an increased density of
L-type calcium channels in the old rats (schematized in
Fig. 2). This age related change in calcium channel
expression may contribute to enhanced long term
depression (LTD). Aging animals also have more
difficulty to strengthen the synapses as well as to form
new memories [141]. Moreover, evidence also suggests
that depotentiation is easier to induce in hippocampal
slices from old rats than from adult rats [142]. Transient
calcium influx into cells is a critical mediator of cellular
metabolism, but increased deregulation of calcium
homeostasis during aging may result in deficit in cellular
function.

Ca?'Calmodulin  dependent protein  kinase I
(CaMKII) [143] is highly enriched in postsynaptic
densities (10-30% of protein content), and regulates
some of the key events responsible for LTP. CaMKIll is a
multimeric enzyme composed of several catalytic
subunits (CaMKIl o &B) which are activated by
Ca?"'CaM through phosphorylation. Recent models of
LTP show that CaMKII, together with other protein
kinases (protein kinase C, tyrosine kinases), affect the
functioning of postsynaptic AMPA receptors either by
direct phosphorylation or by regulating the synaptic
targeting or trafficking of AMPA receptors at the
membrane [144]. Recently, a study showed that CaMKI|I
is very susceptible to oxidative damage, which decreased
CaMKII activity in hippocampal slices [145].
Autophosphorylation of CaMKIIl and its binding to
NMDA receptors is also affected by the oxidation of

calmodulin by ROS [146]. Therefore cellular redox
potential plays a critical role in regulating the memory
performance during aging.

The major antioxidant in the brain is glutathione,
which is readily oxidized by H,0, into three forms of
oxidized glutathione derivatives: oxidized glutathione,
glutathione disulfide dioxide, or monoxide. These
glutathione derivatives can alter the cysteine residues of
many proteins in vitro, including CaMKII [145, 147].
Moreover, the aged brain also exhibits an increase in
oxidative damage [148, 149] with higher level of
reactive oxygen species [150] and decreased oxidative
buffering capacity [149, 151], due to decrease in the
cellular glutathione [152, 153]. Furthermore, a recent
study also demonstrated that the age related shift in
intracellular redox states contributes to the decline in
NMDAR response through CaMKII and altered synaptic
plasticity [61]. Although several studies have showed a
relationship between reactive oxygen species, cellular
metabolism, and memory in aged animals, a direct effect
of ROS on NMDA receptor mediated cellular signaling
is still unclear. Increased ROS production together with
increased activity of L-type voltage gated channels and
the rise of Ca®* during postsynaptic potential generation
observed with aging animals have a direct implication
with functional aspects of the CaMKII. These functional
differences in aging can be related to abnormal
posttranslational modifications (phosphorylation) rather
than the number of NMDA subunits with aging.

Interestingly, cyclin-dependent kinase 5 (Cdk5), a
member of cdk family expressed only during postnatal
development, is known to be hyper-activated during
oxidative stress due to cleavage of its regulator p35 (p39)
by calpain [154] (Fig.2). Peroxiredoxin | and Il are
family of peroxidases efficiently involved in scavenging
reactive  oxygen  species was regulated by
phosphorylation by Cdk5 [155]. Phosphorylation of
these peroxidases by Cdk5 efficiently compromises the
ROS scavenging system, thereby increasing neuronal
toxicity during neurodegenerative conditions [155, 156].
However, the expression of the p39/p35 complex was
decreased during aging, leading to uncontrolled cleavage
of p35 by calpain, hyperactivating the Cdk5 function
during aging [157]. Moreover, hyperactivation of Cdk5
will result in altered phosphorylation of both NMDA
receptor and CaMKIIl therefore altering synaptic
potentiation.

Glycogen and LTP. The brain has a very low capability
of storage of carbohydrates in the form of glycogen and
is highly dependents upon oxidative metabolism.
Glycogen is stored exclusively in astrocytes (3-6 pmol
glycosyl units/g) [158], but can act as a buffer against
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hypoglycemic effects on neurons [116, 159, 160] but
may be insufficient during severe hypoglycemic
conditions. Like ATP, there is no significant difference
in glycogen levels observed during aging. Although the
brain accounts for 2% of the total body weight it depends
on 20 % of the total systemic oxygen consumption.
When the cellular oxygen supply is reduced to a critical
level, as occurs in hypoxia and ischemia, damage to
brain cells occurs and can also lead to depletion of the
brain glycogen storage. However the detailed study of
the effects of glycogen stores on induction and
expression of LTP during aging is still unclear. A more
pertinent question focuses on the impact of energy
metabolism during aging on LTP

Summary and treatment approaches - caloric
restriction

We have highlighted a number of metabolic changes
during aging, which can alter the ability to respond to
physiological increase of metabolic demand or metabolic
insults such as ischemia-reperfusion injury. Several
treatment approaches, including administration of dietary
supplements such as vitamins and antioxidants, have
been tested to prevent age-related alteration of cellular
function and to improve outcome after hypoxic/ischemic
events. Moreover, dietary interventions such as caloric
restriction and intermittent fasting which alter the
substrates underlying metabolism and its efficiency, have
gained a lot of attention as life-span extending strategy.

Strategies to Improve Hypoxic/lschemic tolerance in
Aging. Pyruvate can be easily transported into neurons
via high affinity MCT and can be used effectively as an
alternate metabolic substitute for glucose to prevent
neuronal damage caused by hypoglycemia [161] or
oxygen-glucose deprivation [162]. However, its
application as a potential supplement for enhancing
mitochondrial function in neurons during aging remain
to be analyzed [76]. Creatine is also very important in
energy metabolism, and augmentation of creatine levels
has been suggested to be neuroprotective [163-165].
Metabolic neuroprotection may be one aspect of clinical
stroke treatment, depending on critical mechanisms. For
example, an improvement of cellular energetics can be
achieved with administration of L-carnitine, coenzyme
Q10, and nicotinamide, which can ameliorate cellular
energy deficits [29, 166, 167]. Interestingly, under
resting conditions, levels of energy stores such ATP and
glycogen are not significantly altered in aging
individuals, but this alteration may become relevant in
condition of sustained metabolic demand, and alter the
ability of neurons to respond to functional and metabolic

stress [64]. Studies in isolated cortical neurons, for
example, reported that aging was correlated with a larger
drop of ATP during oxygen and/or glucose deprivation.

Mechanism of Caloric Restriction. Caloric or dietary
restriction (CR) of food intake has consistently enhanced
lifespan across a number of species, through a variety of
mechanisms [168-172]. Caloric restriction may be
achieved through as little as a 20% decrease in daily
caloric intake, or alternatively, through intermittent
fasting (IF) (ie, food intake every other day). This
lowered substrate diet appears to result in Kketosis,
decreased fat stores, and possibly acts through both
altered gene expression (i.e., sirtuins and Foxo) as well
as simply decreasing metabolic needs, perhaps leading to
decreased ROS and secondary damage [173]. A number
of mechanisms have been proposed as underlying this
effect.

For example, possible mechanisms of CR converge
on changes in mitochondrial function. ROS signaling
may change considerably, with CR inducing Sirt3, which
in turn enhances glutathione via IDH2 [173]. Additional
effects may include changes in insulin/IGF-1 signaling,
MTOR responses and changes associated with decreased
glucose consumption [168]. The major effects of the
intermittent fasting includes reduced blood glucose
levels and enhanced fat utilization leading to ketosis,
drastically affecting how the brain is supplied with
nutrients, particularly ketone bodies rather than glucose.
Thus neurons, rely less on glucose utilization via
glycolysis, but oxidize ketone bodies directly in the
mitochondria to support their activity. In addition, the
induction of mitochondrial uncoupling during CR/IF can
reduce ROS formation by increasing proton leakage
across the mitochondrial membrane and thus
disconnecting oxidative phosphorylation from the
electron transport chain [174, 175].

But, there are some limitations of CR. If the caloric
restriction is begun too late in life then it has little effect
(possibly after age 60 in humans), so this needs to be a
life-long approach. Likewise, since part of the efficacy
of the diet comes from fasting, then muscle and bone
loss appear to occur with the caloric restriction, unless
offset by changes in exercise. In some ways, exercise
may recreate some of the effects, particularly in humans
over age 60, where the side effects of the actual caloric
restriction may be deleterious on overall health.

Aging related changes occur in gene regulation and
secondary DNA damage occur as well [176], including
an enhanced “stress” response, leading to decreased
secondary sprouting and axonal repair mechanisms. One
example in Drosophila suggests a trade-off between
reproduction and lifespan, with CR (or even specific
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amino acid enhancement/reduction) leading to longer
lifespan but reduced fecundity, and greater caloric intake
enhancing fecundity but lowering life span [170]. There
is considerable interest in locating effects of CR which
might be reduced to altering protein or genetic targets
with pharmaceuticals, hence providing some of the
benefit of CR but without the necessary fasting required.
Although CR leads to an improvement in lifespan of
the individual, the precise mechanisms of CR induced
lifespan extension and longevity are not very well
understood.  Therefore, finding the  molecular
mechanisms whereby CR regulates lifespan has
attractive potential in aging studies. Recently it has been
reported that neuroprotective effects of CR and exercise
are mediated, in part, by changes in gene transcriptions
in which down-regulation of microRNAs (miRNAs) has
been observed. They target the mRNAs encoding cell
survival proteins in the beneficial effects of CR on the
aging brain. These miRNAs (miR-34a, miR30e and
miR181-a-1*) are short non-coding RNAs that typically
bind to the transcripts and inhibit translation of the
targeted mMRNA. These miRNAs are significantly lower
in brain tissue samples from old mice (24-28 months-
old) that had been maintained on a CR diet (40% CR
beginning at 4 months of age) compared to mice on the
usual ad libitum diet. Interestingly, all three of these
miRNAs were predicted to have at least one target site
for Bcl2, an anti-apoptotic protein previously been
shown to increase with CR. CR also results in decreases
in pro-apoptotic genes such as Bax and several caspases
[177, 178]. Recent studies also highlighted the
pl6INK4a gene, a cyclin-dependent kinase inhibitor,
which is believed to play an important role in tumor
growth suppression and cell senescence. pl6INK4a
suppression by glucose restriction contributes to human
cellular lifespan extension through SIRT1-mediated
epigenetic and genetic mechanisms [179]. The
accumulation of pl6 contributes to senescence by
negatively regulating the cell cycle in vitro and in vivo.

Caloric Restriction and Cerebrovascular Disease.
Hypertension is a major risk factor for both coronary
artery disease and stroke. There are many studies with
CR documenting an improvement in healthy life span in
rodents, monkey and humans. When rats are maintained
on CR they exhibit enhanced cardiovascular adaptation
to stress by rapid recovery of blood pressure (BP) and
heart rate (HR) upon removal from the stress. When rats
are maintained with CR, their resting BPs are
significantly decreased whereas monkeys on the CR diet
exhibit improved glucose regulation, decreased body fat,
and reduced BP. Rats maintained on intermittent fasting
(IF) are similar to those on a CR diet in exhibiting an

increased resistance to kainic acid induced degeneration
of neurons [180]. Additionally, CR leads to decreased
low density lipoprotein (LDL) cholesterol and increased
high density lipoprotein cholesterol suggesting one
mechanism associated with improved cardiovascular
function [181]. CR also reduced inflammatory processes
that likely contribute to atherosclerosis, as indicated by
the reduced levels of leukocytes and circulating levels of
tumor necrosis factor and other inflammatory cytokines
[182]. Moreover studies have also showed that CR can
suppress inflammatory responses to damage to vascular
endothelial cells, neurons and cardiac myocytes. CR also
decreased pro-inflammatory cytokines [183]. CR also led
to reduced levels of oxidative stress in the cardiovascular
system as indicated by decreased oxidative modifications
of protein (The heart oxidative protein markers N°*'°"-
(carboxyethyl) lysine (CEL), N®""-(carboxymethyl)
lysine (CML), N®*""_(malondialdehyde)lysine (MDA-
lys), and glutamic semialdehyde) and DNA and
decreased levels of lipid peroxidation in the heart [184,
185].

Caloric Restriction and Nervous System Function. CR
imposes a mild stress on brain cells, which appears to
enhance their ability to resist more severe stress, possibly
through increased brain-derived neurotrophic factor
(BDNF) levels. Therefore, neurons from rats on a CR
diet are more resistant to being killed by oxidative,
metabolic and excitotoxic insults, presumably by the
increasing in stress resistant proteins and BDNF [186],
and interestingly, administration of 2-Deoxy-D-glucose
also increases the production of stress resistant protein.
These results suggest the possibility that reduced intake
of glucose would increase the resistance of neurons to
stroke. Apart from increasing BDNF, CR also causes
decreased activity of the sympathetic nervous system in
both rodents and humans, which may play an important
role in the ability of CR to decrease BP and
cardiovascular morbidity [187]. Measurements of
concentration of ACTH and corticosterone under non
stress and stress conditions revealed differences in
activity of the hypothalamic pituitary adrenal axis; for
example, basal levels of ACTH and corticosterone are
increased with an IF diet, however these levels are
significantly attenuated with stress compared to controls
[188].

Food intake and active life style also play important
roles with age associated cognitive decline. Reports
show, for example, that improving the diet of older
people rich with B-vitamins, antioxidants and omega-3s
delay the onset of age associated cognitive decline [189-
191]. Studies also showed an active and socially
integrated lifestyle in late life may protect against
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dementia [192] notably by decreasing the risk factors
associated with aging. Participation with activities that
stimulate brain function has been shown to reduce
cognitive decline. NMDA dependent LTP deficit seen in
aged animals may be at least in part due to a decrease in
expression of the NR1 subunit. However, lifelong caloric
restriction can prevent this loss of NMDA subunit
expression and may also prevent age-related deficits in
LTP [135]. Enhanced newly generated neurons from
stem cells and other factors may also collectively
increase synaptic plasticity and promote increased
survival of neurons [193].

Summary. There are several similarities in the two
examples we have provided of specific alterations in
age-related responses to ischemia/hypoxia and reduced
cognitive enhancement possible with aging, which are
mirrored at the whole animal level. A number of
programmed and acquired abnormalities can affect
metabolism in aged brain tissue, including changes at the
vascular, glial and neuronal aspects of the metabolic
unit. Normal functioning of the tissue for ongoing brain
perception and interaction with the environment
continues in most individuals with successful aging, but
clearly in some there are pathological consequences.
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