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REVIEW ARTICLE

Aging of the Cerebral Cortex

Tak Pan Wong*, Ph.D.

ABSTRACT Significant structural trimming of neuronal structures in the cerebral cortex has long
been considered as a primary cause of various age-related cortical dysfunctions. While recent findings
provided additional datato support thisnotion, current under standing of cortical neuronal functionsin
aging also revealed the relationship of neuronal plasticity and imbalances between different
neurotransmitter systems with the formation of age-related cortical dysfunctions. Manipulating these
age-related alterations in neuronal function may be a novel therapeutic approach in the treatment of
cortical dysfunctionsin aging. Thisreview will focus our current under standing of age-related changes
in neuronal structures and functionsin the cerebral cortex. Implication of these age-related alterations

will be discussed.

The importance of the cerebral cortex in various
motor and cognitive functions have drawn scientists
attention to the study of its age-related modificationsin
the last few decades. Although substantial structural and
neurochemical changesin the aged cerebral cortex have
been frequently reported, these changes displayed both
temporal and regional specificity with age. In the
following sections, critical findings regarding
modifications in the aged cerebral cortex will be
reviewed.

STRUCTURAL CHANGES

Shrinkage of the aged cerebral cortex

The most striking feature of aging brains is their
shrinkage (1-3). The advent of magnetic resonance
imaging (MRI) has provided an accurate non-invasive
proof of cortical shrinkage with age (4). This age-
related shrinkage also coincides with the weight loss
(5,6) and expansion of the ventricular volume in the
aged brain (7). For instance, human brains from
individuals over 60 years old have been shown to be
17% lighter than brains of young adults (8).
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It is important to note that this age-related shrinkage
isregion specific. For instance, Haug and coworkers (9)
have shown that areas 7 and 17 (parietal and occipital
cortex) exhibited no shrinkage in aged brains, while
>15% atrophy was found in areas 6 and 11
(extrapyramidal and orbital cortex).

Neuronal loss

Extensive neuronal loss in the aged brain has long
been suggested to be the primary factor explaining age
related neuronal shrinkage. Cortical neuronal lossin the
aged brain was first reported by Brody's group (1).
Further study of cell loss in the neocortex showed that
primarily large neurons are lost during aging (1,10,11),
although loss of small neurons have also been reported
(8,12). Indeed, Meier-Ruge and coworkers (13) have
hypothesized that 100,000 neurons in the human brain
disappear daily resulting in a 19.7% reduction in cell
number at the age of 80.

The occurrence of extensive neuronal loss in aged
brains was questioned by a finding from Haug and
coworkers (14). Haug's group found that using the
common method for tissue preparation, young
cortical tissue actually shrinks more than old tissue in
histological preparations. Since most studies of cell
count had been based on cell density measurement,
Haug's group raised the possibility that the number of
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neurons in young brains was overestimated. After
correcting for shrinkage, Haug's group observed no
neuronal loss but an increase in neuronal density
after a decrease in brain volume in the aged
neostriatum and cerebral cortex (15). An independent
study from Terry and coworkers also supported no
age-related cell loss in the cerebral cortex (11).
Recent findings of no age-related loss of cortical
neurons in both monkeys (16) and humans (17)
further weaken the significance of neuronal loss with
age (for review, see 18).

One of the major factors in causing the brain
shrinkage with age is the loss of white matter. MRI
studies have revealed significant loss of the white
matter in aged brains (19,20). In particular, Guttmann
and coworkers reported that the loss of white matter is
more serious than the loss of gray matter in the cerebral
cortex from aged human subjects. Similar findings were
obtained from Peters and coworkers using monkeys as
their animal models (21). They also showed that the loss
of white matter in the aged monkey neocortex
correlated closely with their age-related cognitive
decline. Damage of myelinated fibers with advancing
age has been shown to be the prime factor causing the
loss of white matter volume (22,23). Interestingly,
oligodendrocytes, which are responsible for the
formation of myelin in the brain, displayed various age-
related modifications, including swollen processes,
inclusion of aging pigments in their cell bodies, and
aggregation with other oligodendrocytes (24). These
changesin oligodendrocyte may be related to the loss of
myelinated fibers in aged brains. In summary, there is
no conclusive evidence supporting a significant loss of
neurons with age. Instead, loss of white matter could be
an important factor in contributing to the overt brain
shrinkage.

Dendritic loss in aging

Dendrites in the brain are important neuronal
structures for synaptic contacts. They account for
90% of the total surface area of a neuron's receptive
surface area (25,26). Synapses make contacts on
dendritic shafts and specialized dendritic structures
called dendritic spines. Most synapses containing
excitatory neurotransmitters like glutamate establish
contacts on dendritic spines (27,28). Significant age-
related loss of dendrites in the cerebral cortex has
been first reported by Scheibel and coworkers (29).
These age-related dendritic losses include both
shortening (30,31)and fewer dendritic branches
(32,33). Losses in basal dendrites might have some
regional specificity. For instance, more accentuated
loss of basal dendrites was reported in the deeper
cortical layer V when compared to superficial layers

[1/111 (34,35). It is also important to note that dendritic
losses in aged brains are not an inevitable process. For
instance, no loss of dendrites in layer Il pyramidal
neurons has been reported in the entorhinal cortex of
aged rats (36).

Loss of dendritic spines is another consistent change
in aged pyramidal neurons. Spine loss on basal
dendrites has been frequently reported (see 30,31). This
lossis so prominent that up to 50% decrease in dendritic
spines could be found, representing a much higher rate
of loss than the mean of 10-20% loss of dendrites in the
age brain (37,38). Taken together, these studies provide
evidence for a substantive loss of dendrites and
dendritic surface of pyramidal neurons in aged brains.
This significant loss of dendritic structures may limit
the availability of postsynaptic substrate in aged brains
for synaptic connections.

Synaptic changes

Synapses are the most important structures for
neuronal communication. These structures link neurons
inside the brain by directionally conveying neuronal
information with different neurotransmitters. The
importance of these structures in cognitive function has
been recently addressed in the studies of synapticlossin
Alzheimer's disease (AD, see 39,40). Studies of
synaptic loss during normal aging have been massively
explored in the last two decades.

Quantitative studies using electron microscopy
revealed significant loss of synapses with age in
laboratory animals (41,42) and humans (43,44). This
age-related structural change also displays regional
specificity. For instance, in Wistar rats aged from 3 to
17 months, there was a 22% decrease in the synaptic
density of the associative cortex, but only a 9% decrease
in the motor-sensory cortex (45). In fact, some cortical
regions, such asthe piriform cortex, have been shown to
be devoid of aged-induced decline (46). In addition, not
every kind of synapse is altered equally with age.
Adams's group has reported age-related loss of
asymmetrical synapses, but not symmetrical synapses,
inthelayer | region of the somatosensory cortex in aged
humans (43).

Apart from synaptic loss, age-related modification
of synaptic structure has been reported. Adams and
Jones (41) showed that terminalsin the parietal cortex
of aged rats contain fewer mitochondria, synaptic
vesicles, reduced vacuolar and tubular cisternae, and
displayed smaller presynaptic area. Fewer
mitochondria were also observed in postsynaptic
dendritic spines in the same study. The loss of these
intracellular structures may compromise metabolism
and function of synapses in the aged brain. However,
loss of synapses and changes in presynaptic structure
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has been shown to be accompanied by an increase in
the mean length of postsynaptic active zone (47).
These structural modifications in the remaining
synapses of the aged brain may represent a
compensatory phenomenon to maintain normal
cortical synaptic function.

In the cerebral cortex, the available evidence so far
points to significant structural loss with age. They
include disappearance of dendrites, dendritic spines,
and synapses in the aged cerebral cortex. Since the
number of neurons probably remains rather stable in
the aged cerebral cortex, the loss of these pre- and
postsynaptic structures would result in a substantial
loss of interneuronal connections in the aged cerebral
cortex. In the following section, | will summarize age-
related modification of two different
neurotransmitters, which play important roles in
neuronal communication.

NEUROCHEMICAL CHANGES

Age-related modification of different neuro-
transmitter systems in the cerebral cortex has been
extensively documented. The present evidence would
indicate that neurotransmitter systems are affected
differentially by aging. For instance, studying the
concentration of serotonin, norepinephrine, and
dopaminein the cerebral cortex of rat brains at different
developmental stages has shown that while serotonin
concentration remains unchanged until very old aged (3
years), levels of norepinephrine and dopamine
progressively decrease starting at 1 year of age (48).
Thus, instead of resulting from a genera decline in
neurotransmission, the reduction of neuronal functionin
the aged brain is more likely caused by an imbalance
between different neurotransmitter systems. The
following passages will discuss the major excitatory
and inhibitory neurotransmitters, which are glutamate
and g-aminobutyric acid (GABA), respectively.

Glutamate

Glutamate is the most important amino acid in
mediating excitatory synaptic transmission of the
cerebral cortex (49,50). Efferent fibersfrom the cerebral
cortex to either extracortical or cortical regions utilize
glutamate as aneurotransmitter (51,52). Most glutamate
immunoreactive neurons are pyramidal neurons. Since
glutamate also plays important roles in cellular
metabolism, its role as a neurotransmitter has been
historically debated vigorously (53,54); however, its
role as a major neurotransmitter is widely accepted
today. There are four major types of glutamate receptors
(55,56). N-methyl-D-aspartate (NMDA) receptors, a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

(AMPA) receptors, and kainate receptors belong to the
family of ligand-gated ion channels. The last group of
glutamate receptors is the G protein-coupled
metabotropic glutamate (mGIuR) receptor.

The multiplicity of glutamate functions in the
nervous system makes the presence of glutamate a poor
indicator of glutamatergic synaptic function. Indeed,
both decrease (57,58) and no change (59,60) in the
basal glutamate level have been observed in aged rat
brains. Studying the evoked release of glutamate also
revealed conflicting results. For instance, using the
same strength of electrical stimulation that elicited an
increase in glutamate release in the prefrontal cortex of
young rats failed to induce any change in glutamate
release in the same cortical region from aged rats (61).
However, glutamate release caused by high
extracellular potassium, which induced depolarization
of neurons, is actually higher in brain tissue from older
rats (62).

By far the most consistent age-related change in the
glutamatergic system is the loss of glutamate receptors.
Significant decreases in the mRNA level of glutamate
receptors were found in the aged cerebral cortex (63).
Among different glutamate receptors, NMDA receptors
are preferentially altered in the aged cerebral cortex.
Decreases in NMDA binding was shown in the
monkey's parietal and occipital cortex (64,65). In
rodents, decreases in the number of NMDA receptors
with age has also been shown (66,67).

Apart from a decrease in NMDA receptors in the
aged cerebral cortex, studies of the change in different
NMDA receptor subunits with age also displayed
significant age-related modifications. For instance,
MRNA level of both NR1 and NR2B subunits of the
NMDA receptor have been shown to decrease
preferentially in the aged cerebral cortex, whereas no
age-related change was observed in the NR2A subunit
(68). The modification of subunit expression may alter
the receptor composition of NMDA receptor in the aged
brain and lead to age-related changes in the binding
properties of this receptor (69,70) and/or physiological
properties such as desensitization (71).

Various findings suggest that kainate and AMPA
receptors may exhibit greater resistance to age-related
change than NMDA receptors. Binding studies
performed with homogenized cerebral cortex revealed
significant decrease in NMDA but not AMPA and
kainate receptors (72). Thislack of changein the AMPA
and kainate subtype may be due to several factors. First,
the age-related change of AMPA and kainate receptors
may be restricted to fewer cortical regions than the
NMDA subtype (73). In addition, the loss of AMPA and
kainate receptors may occur at a later time point of
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aging than NMDA receptors (74). Finally, the smaller
decrease in AMPA receptor with age may be due to its
plasticity towards age-related insults. For instance,
separating the age cohort by their cognitive
performance revealed an increased in the binding of
AMPA receptors in the aged-impaired group (75).
Although little has been done on the age-related change
in metabotropic receptors binding, a decrease in the
density of metabotropic receptors has also been
reported in the frontal cortex (74). Taken together, these
findings support a significant loss of postsynaptic
glutamatergic receptors, especially the NMDA subtype,
in the aged brain.

It is however important to note that a decrease in
receptor density does not always give rise to lower
excitatory synaptic function in the brain. For instance,
while the density of NMDA receptor decreased in an
accelerated senescence mice model, the level of
glutamate and the amount of glutamate release in both
the hippocampus and cerebral cortex was increased
(76). In addition, decrease in NMDA receptor density
has been shown to paralel by an increase in the
affinity of these receptors in aged brain (66,77).
Whether these potential compensatory changes in
receptor function could maintain a normal excitatory
synaptic function in the aged cerebral cortex remains
to be established.

GABA

GABA isthe major inhibitory neurotransmitter in the
cerebral cortex (78). This neurotransmitter is present
mainly in intrinsic neurons (79,80). Indeed, 10-15
percent of cortical neurons have been shown to be
GABAergic (81). GABA receptors in the cerebral
cortex can be separated into the GABAA and GABAB
subtypes.

Decrease in GABAergic parameters with age has
been frequently reported. For instance, the level of
GABA in the cerebrospinal fluid from aged human is
lower than in younger controls (82,83). In the cerebral
cortex, decrease in the GABA content with age has
been reported in preparations using either
synaptosomes (84) or microdissected tissues (58).
GABA transport also decreases significantly with age
(85). Finally, a decrease in GABAB receptor mediated
postsynaptic current has been observed in the aged
brain (86).

While there is evidence to support a decline in the
level of GABA with age, no evidence supported a
decrease in GABAergic neurons in the aged cerebral
cortex (87,88). Unlike glutamate receptors, binding
studies revealed inconsistent aterations in the level of
GABA receptors in the aged cerebral cortex. For

instance, binding of GABAA receptorsin aged brainsis
either lower than (89,90) or similar to the level of that
in young brains (65,91). Interestingly, although
significant decreases in the level of mRNA of different
GABAA receptor subunits with age have been reported
(92,93), there was not an age-related change in protein
expression of different GABAA receptor subunits (94).
Finally, no change in the binding of allosteric ligands at
GABAA receptors with age was observed. Studying the
binding of benzodiazepine site at the GABAA receptors
also revealed no change with age (95,96). Binding of
GABAB receptors also revealed little modification with
age (97). These observations suggest that GABAergic
receptors could be less vulnerable than glutamate
receptors in aging.

Despite the lack of any modification in the binding
of GABAA agonists and modulators, binding of the
GABAA receptor-coupled ionophore in the cerebral
cortex is decreased significantly in the aged brain
(91,92). A decrease in picrotoxin binding, which
requires an open receptor/channel, was also observed
in the aged cerebral cortex (98). These findings
suggest that the kinetic/structural properties the
GABAA receptors, instead of its density, are affected
in aging. However, it is not clear whether these
changes would result in a substantial decrease in the
inhibitory neurotransmission in the aged cerebral
cortex.

FUNCTIONAL CHANGES

Decreases in the functional capacity of the central
nervous system with age occur universally in all
living organisms. For instance, significant alteration
in the gait control, sleeping cycle, and learning and
memory with age are the three commonest neural
impairments in aged humans (for review, see 99).
While these functional alterations in aged brains may
be related to the structural and neurochemical
modifications | have summarized in the last few
sections, mechanisms underlying these age-related
deficits are still largely unknown. The formation of
complex behavioral responses relies on an even more
complicate activation and inactivation of different
group of neurons, whose activities are in turn
determined by countless synaptic inputs. Age-related
modification of cortical activities from systemic to
synaptic levels will be discussed.

Systemic level

Knowing that performing certain cognitive or
sensorimotor task can evoke reproducible brain
activities in particular cortical area, alteration in the
response pattern with age can be an indication of the
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age-related functional modification of the studied
cortical area. Using electroencephalography (EEG),
which reveals electrical activities from a group of
cortical neurons or a cortical area, cortical brain
potentials evoked by performing memory tasks have
been shown to be diminished and delayed in the
elderly (100,101). Brain potentials in response to
sensory inputs also have a longer delay in aged
subjects (102,103). Measurements of EEG in rodents
also revealed significant decreases in amplitude
(104,105) and a delay in the appearance of evoked
brain potential (106). Apart from a decline in evoked
cortical activities, alteration of the pattern of brain
potentials can also be found in the aged cerebral
cortex (107).

Using functional magnetic resonance imaging (fMRI)
also revealed a positive correlation between the
reduction in cortical activation and cognitive
performance. For instance, decrease in cortical
activities in aged people has been matched with the
decline in working memory formation (108).
Comparing the activation of cortical tissue upon
auditory stimulation also revealed significant age-
related decreases (109). Thus, results from these
noninvasive recording techniques support a decline in
evoked cortical activity with age.

Cellular level

Studies of spontaneous activities of cortical neurons
found significant decrease in the firing rate (110,111).
In addition to single unit recordings, measurement of
activity from multiple neurons simultaneously in the
parietal cortex also revealed significant decrease in
discharge rate in aged rats (112). However, a decrease
in neuronal firing rate is not necessarily a universal
phenomenon of aging. Lack of age-related change in
spontaneous neuronal firing rate has also been
reported (113,114). The inconsistency in age-related
changes in neuronal firing rates may be due to the
methodology used in these studies. Alternatively, loss
of spontaneous neuronal activities may be restricted to
specific brain areas only. In addition, factors which
determine the firing of a neuron, including the
threshold for the action potential, strength of
excitatory and inhibitory synaptic inputs, can be
differentially affected in aging (for a review, see
(115)). Thus, understanding the change in these
cellular and synaptic parameters with age may provide
important information to the modification of neuronal
firing in the aged cerebral cortex.

Apart from decreasesin firing rate, modification of neuronal
firing pettern with age may play important rolesin age-related
deficits. For instance, neurons in the suprachiasmatic nucle
from aged rats displayed aberrant firing patterns, which may

be the basis for the decline in circadian rhythms with age
(1126). However, no evidence so far shows a similar
modification of cortica neurond firing pattern with age.

Synaptic level

While the loss of synaptic structures with age is a
widely accepted modification in the aging cerebral
cortex, little is known about the functional significance
of this structural loss in the cerebral cortex. Most of our
current understanding of age-related changes in synaptic
function stems from studies of the hippocampus.

In the CA1 region, significant loss of synapsesin the
CA1 area have been shown to match with a decrease in
evoked synaptic potential (117). Loss of evoked
monosynaptic GABAB-mediated synaptic potential
IPSPs has also been observed in the CA1 area (86,118).
However, compensatory changes to maintain the
magnitude of synaptic potential have also been
reported. For instance, studying the modification of
perforant path - dentate granule cell synapses in aged
rats showed a significant reduction in the maximal field
excitatory synaptic potential in aged rats, which is
matched with the loss of synaptic terminalsin this area.
However, for a given magnitude of stimulation, alarger
synaptic potential was obtained in aged rats, suggesting
that the strength of remaining synapses in aged rats are
in fact higher (119,120). Indeed, compensatory changes
in the CA1 area of aged rats have also been reported.
For instance, the NMDA receptors mediated EPSP has
been shown to increase in the aged CA1 region (121).
These compensatory alterations in synaptic function
may explain a relatively slight or minimal age-related
functional change concomitant with a substantial
structural loss in aged brains (122).

Another well-known modification of synaptic
function in the aged hippocampus is the reduced
capability in the formation of long term potentiation
(LTP). Repeatedly stimulated afferent fibers have been
shown to induce an enduring increase in synaptic
transmission, which has been regarded as a cellular
mechanism of learning and memory (123). Both
activation of NMDA receptors and nitric oxide have
been shown to be important in the LTP induction (for
review, see (124)). In aged rats, the threshold for the
induction of LTP isincreased (125,126), and the decay
of LTP is accelerated (127,128).

Plasticity

Significant plastic changes in aged brain have been
widely reported. In the presence of substantial synaptic
loss, both an increase in the number of dendrites (129)
or enlargement of remaining synaptic boutons (130)
have been shown in aged tissues. Interestingly, the
topographic organization of sensory inputs in the
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somatosensory cortex is modified with age (131). In
addition, performing the same cognitive function can
activate different cortical structures in young and aged
brains (132)). Since topographic rearrangement of
sensory inputs in the cerebral cortex can be induced
after damages of sensory afferents (for review, see
133,134), the topographic changes in aged brain may be
the consequence of age-related structural loss in the
aged cerebral cortex.

Although aged cerebral cortex still displayed a
certain degree of neuronal plasticity, various evidences
point to areduced tolerance of the aged cerebral cortex
towards lesion or detrimental influence. For instance,
stress induced increase in glutamate release is five
times higher than the level found in younger animals
(135). This increase in extracellular levels of
excitatory neurotransmitters could result in damage of
neuronal tissues in the aged brain (for review, see
(136). Lesion studies also revealed similar decline in
plasticity of the aged cerebral cortex. Lesions of the
cerebral cortex after hypoxic insults are more severein
old rats than in younger controls (137). While lesion of
the nucleus basalis magnocellularis caused an
upregulation of GABA receptors in the frontal cortex
of young rats, no modification of GABA receptors was
observed in aged rats (138). Indeed, the structural and
functional changes in the aged cerebral cortex
discussed above may limit the available resource for
coping with insults.

CONCLUSION

While the majority of studies in the literature regard
age-related reduction in cortical synaptic structures as
the primary substrates of age-related declinein learning
and memory, the characteristics of these age-related
structural losses also shed light for possible
manipulation of the loss of cortical functions in aging.
Firstly, reduction of synaptic structures in aged cerebral
cortex displays regional and temporal specificity. For
instance, glutamatergic and GABAergic have been
shown to exhibit different extent of modification in
aging. The imbalance between these neurotransmitter
systems may have a more direct impact to cortical
functions than solely a morphological trimming of
synaptic structures in aged brains. Interestingly, we
have shown that the ratios of spontaneous glutamatergic
and GABAergic synaptic event in normally aged and
aged impaired rats are different (139). Restoring the
imbalance between different neurotransmitters in aging
may be a novel therapeutic approach in treating age-
related cortical dysfunction. In addition, while aged
brains exhibited compromised neuronal plasticity, aged
brains still possess remarkable compensatory capability.
For example, we have showed that while pyramidal

neuronsin aged brain receive fewer synaptic inputs than
young rats, frequency of spontaneous synaptic inputs
between young and aged rats are similar (140). These
compensatory potential in aged brain may be another
therapeutic targets for correcting aged-related
functional deficits, which in turn not only will benefit
the life quality of the aged population, but also will
reduce the financial burden of treating aged related
dysfunctions in our society.
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