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Basic principles of the neurobiology of aging were reviewed within selected topic areas chosen for their potential re
to epileptogenesis in the aging brain. The availability of National Institute on Aging-supported aged mouse and rat stra
other biological resources for studies of aging and age-associated diseases was presented, and general principles of an
gerontological research were discussed. Neurobiological changes during normal brain aging were compared and contra
neuropathological events of Alzheimer’s disease (AD) and age-associated memory impairment (AAMI). Major themes ad
were the loss of synaptic connections as vulnerable neurons die and circuits deteriorate in AD, the absence of significa
loss but potential synaptic alteration in the same circuits in AAMI, and the effects of decreased estrogen on normal ag
“calcium hypothesis of brain aging” was examined by a review of calcium dyshomeostasis and synaptic communication
hippocampus, with particular emphasis on the role of L-type voltage-gated calcium channels during normal aging. Est
and potential mechanisms of hippocampal plasticity during aging were discussed, including long-term potentiation, ch
functional connectivity, and increased gap junctions, the latter possibly being related to enhanced network excitability
application of microarray gene chip technology to aging brain studies was presented and use of the hippocampal “zipp
preparation to study aged neurons was described.
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1. Introduction

In order to provide an improved understanding of
the potential neurobiological mechanisms that may
cause or contribute to the development of epilepsy in
the geriatric population, an overview of the neurobi-
ology of aging was presented. This overview began
with a review of principles of animal use in geronto-
logical research and subsequently focused on important
aspects of the anatomy, physiology, and molecular biol-
ogy of aging brain.

2. Animal models in gerontological research

Rodent models provide potent tools for investigat-
ing the genetics, cell biology, physiology, and behav-
ioral biology of normal aging and age-associated dis-
eases. Rat and mouse models also have a long his-
tory of contributing to the study of epilepsy, a com-
plex disease with multiple etiologies. There are several
variables requiring careful consideration when using
rodent models to study geriatric epilepsy. The first con-
sideration is animal age. Young control animals should
be fully mature, and aged animals should not be too old
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most commonly in biomedical research because they
provide genetic uniformity, which facilitates interpre-
tation of results and allows small sample sizes to
represent the population. However, the genetic uni-
formity of inbred mice and rats is associated with a
high incidence of strain-specific pathology, and strains
vary greatly from one another in both pathological
and normal values. When choosing a strain for a
particular study, strain-specific characteristics perti-
nent to experimental design and interpretation of data
should be considered carefully. One concern regarding
strain differences is the type and frequency of age-
associated pathology.Table 1summarizes some major
strain-specific pathologies in aged rats; the exam-
ple of pituitary adenomas indicates that there can be
both strain and gender differences, which could influ-
ence experimental outcomes in studies of convulsive
disorders.

There are differences between rodent strains in
behavioral characteristics, learning, the number and
proliferative potential of stem cells in the adult brain,
the aging of brain function, and susceptibility to
seizure disorders. The maximal electroshock seizure
threshold varies greatly among strains; for example,
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ecause distinguishing the effects of advanced age fr
he effects of underlying diseases can be difficult. Ch
cterization of age-related changes should also inclu
iddle-aged animals to help establish the time frame
hich these age-related changes occur. Sample size
nimals should be large enough to allow for mortali

n the aged group.
The genetic background of animals is of paramou

mportance in study design because it can greatly infl
nce many physiological variables and can define w

ypes of studies are possible. Inbred rodents are u
able 1
train-specific prevalence of common pathologies

F344a

(%)
BNa

(%)
F344BN
F1b (%)

ituitary adenoma (males) 12.9 1.2 19
ituitary adenoma (females) 33.9 16 23
lomerulonephropathy (males) 56 0 34
lomerulonephropathy (females) 22 0 19
ydronephrosis (males) 0 62 45

a FromLipman et al. (1999).
b FromLipman et al. (1996).
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Fig. 1. CC50 for maximal hind limb extension seizure. Data derived
from a study in the Mouse Phenome Database, showing the relative
sensitivity to electrogenic seizures (Frankel and White, 2003).

there is a three-fold difference between DBA/2J (low)
and C57BL/6J (high) mice strains (Ferraro et al.,
2002). C57BL/6 and DBA/2 mice also differ greatly
in susceptibility to audiogenic seizures; C57BL/6
mice are almost completely resistant to audiogenic
seizures, whereas DBA/2 mice are extremely sensi-
tive (Seyfried et al., 1986). Such strain differences
have been exploited for gene discovery (Seyfried et
al., 1986).

Frankel and White (2003)analyzed strain differ-
ences in sensitivity to electrogenic seizures, illus-
trating differences such as the amount of stimula-
tion required for hindlimb extension seizures (Fig. 1).
Of note is the difference in sensitivity between
129S1/SvImJ and C57BL/6 mice. Most knockout mice
are generated by injection of 129S1/SvImJ embry-
onic stem cells into C57BL/6 embryos, resulting in
129S1/SvImJ× C57BL/6 chimeric mice. Even after
breeding the knocked-out gene to homozygosity, the
genetic background is a mixture of 129S1/SvImJ and
C57BL/6. In generating a knockout to study the role
of a specific gene in seizures, the mixed background
would be confounding. These strain differences illus-
trate why it is important to cross knockout mice onto
a uniform genetic background and why choice of that
background can influence results.

can
i and

affect experimental outcomes. Caloric restriction (CR)
extends the life span of rodents and reduces the inci-
dence of and/or delays the onset of many age-related
pathologies (Lipman et al., 1996, 1999; Turturro et
al., 1999). CR may be a particularly useful paradigm
for investigating physiological influences on geriatric
epilepsy; for example, raising seizure-prone El mutant
mice with CR delayed the onset of seizures in response
to handling (Greene et al., 2001). Ketogenic diets give
a similar result, and it is likely that manipulating the
energy sources in the brain alters multiple metabolic
pathways with the potential to influence the genesis of
seizures. The rodent model is a potent tool to investi-
gate these pathways because the diet and environment
can be controlled strictly.

Environmental enrichment, including social hous-
ing, exercise wheels, food enrichment, toys, activity
stimuli, and even training, has been documented to
reduce the effects of brain aging on plasticity and cogni-
tion (Van Praag et al., 2000; Kempermann et al., 2002).
Three weeks of environmental enrichment resulted
in an increased volume of the dentate granule cell
layer and suppression of seizures after lesioning with
kainate (Young et al., 1999). Such findings illustrate
important considerations for the housing of rodents
and suggest the potential use of cell transplantation
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Husbandry, diet, and environmental conditions
nfluence the health and behavior of rodents
nd other approaches aimed at ameliorating sei
nduced brain damage.

The National Institute on Aging (NIA) Resourc
age (http://www.nia.nih.gov/research/resources.h)
rovides a link to information on NIA-support
iological resources for studies on aging and
ssociated diseases. The NIA aged rodent colo
rovide barrier-raised aged rats and mice of a

ted number of strains: BN, F344, and F344BNF1 r
nd C57BL/6, BALB/cBy, CBA, DBA/2, B6C3F1
6D2F1, and 4-way cross mice. There is also a c

cally restricted (CR) rat colony with rats raised un
0% CR from 4 months of age, as well as ad libitu

ed controls. NIA resources include: a tissue bank f
he aged rodent colonies, which provides flash fro
issue and will soon include tissue arrays; the N
icroarray Facility providing mouse cDNA array
nd the Aged Cell Bank, which maintains a large n
er of human and animal cell lines, including cell lin

rom patients with different types of convulsive dis
ers. Assistance in the use of any of these resour
vailable atrodents@nia.nih.gov.

http://www.nia.nih.gov/research/resources.htm
mailto:rodents@nia.nih.gov


S8 K.M. Kelly et al. / Epilepsy Research 68S (2006) S5–S20

3. Life and death of neurons in the aging
cerebral cortex

In order to understand the neurobiological underpin-
nings of epilepsy in the geriatric population, it is impor-
tant to review certain neuropathological events that lead
to neurodegenerative disorders such as Alzheimer’s
disease (AD), and how these events are distinguished
from the neurobiological changes associated with nor-
mal aging that may be related to geriatric epilepsy
or functional decline, such as age-associated memory
impairment (AAMI). Data supporting three major con-
clusions regarding brain aging are discussed: (1) in
AD, synaptic connections are lost as selectively vul-
nerable neurons die and circuits deteriorate; (2) AAMI
occurs in the absence of significant neuron loss, yet
may involve synaptic alteration in the same circuits;
and (3) endocrine senescence (e.g., decrease in circu-
lating estrogen) interacts with neural aging and may
impact both cognition and related neural circuits.

AD is marked by significant death of neurons in cer-
tain cortical regions and layers in which a particularly
vulnerable neuronal phenotype is prevalent. The cir-
cuits that are most vulnerable to degeneration are the
perforant path, which connects the entorhinal cortex
with the hippocampus, and the long corticocortical pro-
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providing these circuits are lost, but the circuits are still
largely intact (Fig. 2, Duan et al., 2003). In addition,
there are age-related changes in the perforant path pro-
jection such as a loss of presynaptic markers in rodents,
and a loss of postsynaptic glutamate receptors, par-
ticularly N-methyl-d-aspartate (NMDA) receptors, in
monkeys (Morrison and Hof, 2002). The electrophys-
iological properties of hippocampal neurons reflective
of NMDA receptor function are also compromised in
aged animals (see Section5 below, aging brain and
plasticity).

Several studies have demonstrated the links between
estrogen and the aging brain. These studies reinforce
the point that many of these circuits affected by aging
are amenable to restoration of function, and estrogen
appears to have profound effects on these circuits. Ear-
lier studies showed that estrogen causes an increase
in spines in CA1 in young rodents and that this effect
is NMDA receptor-dependent (McEwen, 2002). Our
more recent studies show that aged rats do not display
an increase in spine number in response to estrogen,
but that CA1 synapses have more NMDA receptors
after estrogen treatment in aged animals (Adams and
Morrison, 2003). The inability of aged rats to form
more spines in response to estrogen may be due to
the fact that there are far fewer estrogen receptors in
t
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ections that link association cortices such as infe
emporal cortex and prefrontal cortex (Morrison and
of, 2002). As these circuits degenerate, there is

ially a memory defect from the perforant path deg
ration, followed by dramatic loss of cognitive abilit
s the corticocortical circuits degenerate. Patients
moderate memory defect but lacking dementia

ften classified as having mild cognitive impairme
hese patients have received a great deal of atte
ecause they are the key to understanding the differ
etween AD and AAMI. Mild cognitive impairme
an represent the fairly stable condition of AAMI
he early stage of progressive AD, which will beco
uch more severe over time. As interventions em

hat are appropriate for AD, as opposed to AAMI, t
linical distinction within the mild cognitive impai
ent group will become of paramount importance
AAMI is seen in humans, monkeys, and rodents

s not accompanied by significant neuron loss, b
ore likely caused by synaptic changes. The co
cortical circuits that are vulnerable in AD are a
ffected in normal aging in that spines on the neu
he spines of aged rats than in young rats (Adams
nd Morrison, 2003). Recent monkey studies ha
hown that aged animals are quite responsive to e
en replacement by cognitive testing. In aged ova

omized monkeys, estrogen restored performanc
oth hippocampal- and prefrontal cortex-depen

asks compared with that demonstrated by a yo
ntact animal (Fig. 3, Rapp et al., 2003). Analyses o
pines in primates show that, unlike in the rat, h
ocampal spine number increases in response to
en in both young and aged animals, suggesting
ged monkeys may be more responsive to estrogen
ged rats (Hao et al., 2003). In addition, estrogen lea

o a dramatic increase in spine number in the prefro
ortex, which provides a neurobiological basis for
nhanced prefrontal function seen in this model (Tang
t al., 2003).

General conclusions are that: (1) both rats and m
eys exhibit AAMI and thus model similar non-A
ge-associated impairments in humans (monkey
articularly useful to model compromised prefron
ortical function); (2) these functional losses are
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Fig. 2. Examples of apical and basal dendritic segments with all spines shown, from pyramidal neurons in macaque monkey temporal association
cortex (superior temporal sulcus) that project to dorsolateral prefrontal cortex. These corticocortical circuits are vulnerable to age-related loss
of spines. (A) and (B) show apical and basal dendrites, respectively, of such a neuron from a young animal. (C) and (D) show apical and
basal dendrites, respectively, from a similar neuron in an aged animal. Note the comparative loss of spines in the aged dendrites (C) and (D).
Quantitative analyses showed that these corticocortically projecting neurons in aged animals consistently had 30–40% fewer spines in both the
apical and basal dendritic trees [Duan, H., Wearne, S.L., Rocher, A.B., Macedo, A., Morrison, J.H., Hof, P.R., Age-related Dendritic and Spine
Changes in Corticocortically Projecting Neurons in Macaque Monkeys,Cerebral Cortex, 2003, Vol. 13, No. 9, pp. 950–961, by permission of
Oxford University Press].

due to frank neuron loss or circuit degeneration but
more likely due to molecular and structural alterations
of select hippocampal and neocortical synapses; (3)
NMDA receptor-mediated neurotransmission is partic-
ularly vulnerable to aging; and (4) the primate data on
estrogen replacement suggest that age-related cogni-
tive decline and the underlying synaptic alterations are
amenable to intervention and restoration of cognitive
performance.

4. Calcium dyshomeostasis and synaptic
communication in aged hippocampus

Research on Ca2+ dysregulation in CA1 pyrami-
dal neurons of aged rodents has contributed to the

formulation of the “Ca2+ hypothesis of brain aging
and dementia” (Landfield and Pitler, 1984; Thibault
and Landfield, 1996). Proposed initially in the early
to mid 1980s and based on the results of a handful
of investigators (Khachaturian, 1984; Landfield and
Pitler, 1984; Michaelis et al., 1984; Gibson et al.,
1986), the hypothesis states that alterations in Ca2+-
dependent processes during aging may affect Ca2+

signaling pathways and, consequently, impair plastic-
ity (Landfield, 1987; Disterhoft et al., 1993; Thibault
et al., 1998). In turn, impaired neuronal communi-
cation could have negative impacts on cognition and
memory.

Over the last 20 years, numerous aspects of intra-
cellular Ca2+ regulation and signaling have been
studied and elucidated during brain aging. Mecha-
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Fig. 3. Neuropsychological results in aged ovariectomized female
monkeys with vehicle and aged ovariectomized monkeys with estro-
gen replacement, compared to young intact animals. The top panel
shows results from delayed response (DR), a task dependent on
prefrontal cortex, and the bottom panel shows data from delayed
non-matching to sample (DNMS), a hippocampus-dependent task.
The DR data show a substantive increase in performance with estro-
gen treatment, effectively restoring performance to that of young
animals. The DNMS data show that the estrogen-treated animals
performed significantly better than the non-treated animals at delays
of 30 and 120 s, again restoring performance to that of a young ani-
mal. Thus, estrogen improves cognitive deficits in aged monkeys that
are linked to both hippocampus and prefrontal cortex [Reprinted
from The Journal of Neuroscience, Vol. 23, Rapp, P.R., Morrison,
J.H., Roberts, J.A., Cyclic estrogen replacement improves cognitive
function in aged ovariectomized rhesus monkeys, pp. 5708–5714,
copyright 2003 by the Society for Neuroscience].

nisms implicated in brain aging and/or associated with
altered synaptic function and cognitive decline include
Ca2+ uptake and release via the endoplasmic reticu-
lum and mitochondria, plasma-membrane-associated
influx and removal of intracellular Ca2+, and Ca2+

buffering content and power. Teasing apart these dif-
ferent mechanisms and their relationships, and ana-
lyzing them in the context of a single cell within a
defined set of Ca2+ microdomains and signaling path-
ways, has begun only recently. Moreover, it has not
been clear whether these homeostatic Ca2+ mecha-
nisms and their interactions influence net resting Ca2+

levels in intact hippocampal cells of aged animals, leav-
ing unanswered the important question of whether Ca2+

concentration during aging is directly correlated with
altered synaptic function.

Our studies have focused on measures of Ca2+ influx
pathways and the consequences of Ca2+ dyshomeosta-
sis on synaptic function in aged neurons. The first
indirect evidence for elevated neuronal Ca2+ influx
during aging came from measures of the slow Ca2+-
dependent afterhyperpolarization (AHP), which fol-
lows action potentials in CA1 pyramidal neurons and
affects synaptic throughput and excitability in the hip-
pocampus. Amplitude and duration measures of the
AHP were found to be significantly larger in aged
rats (Landfield and Pitler, 1984), suggesting an age-
related increase in neuronal [Ca2+]. In addition to the
AHP, Ca2+-dependent synaptic plasticity processes,
such as frequency facilitation (FF), measuring the
growth of the excitatory postsynaptic potential (EPSP)
d tion
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uring 5–10 Hz trains of synaptically activated ac
otentials, were markedly impaired in aged anim
Landfield et al., 1986). Measurement of Ca2+ poten-
ials and currents came later and provided the first d
vidence for elevated L-type Ca2+ currents with agin
Pitler and Landfield, 1990; Campbell et al., 199).
owever, the molecular mechanisms for these elev
lectrophysiological indices of Ca2+ signaling could
ot be determined without single channel analyse

he biophysical properties of voltage-gated Ca2+ chan-
els (VGCCs).

Using a mild dissociation procedure for optim
ng single-channel patch clamp recordings in the
ocampal slice (Gray et al., 1990), a large increas

n the functional density of available L-type VGC
n the membranes of aged neurons, relative to yo
dult and mid-aged neurons, was detected (Thibault
nd Landfield, 1996). This increase in L-type Ca2+

hannel activity appears to be a primary mechanism
riggering Ca2+ dyshomeostasis in brain aging. L-ty
GCC density also correlated negatively with m
ures of learning, suggesting that L-type VGCC fu
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Fig. 4. Confocal Ca2+ imaging in intact hippocampal CA1 neurons revealed elevated patterns of Ca2+ during physiological activation. Cells
were synaptically stimulated for 20 s at 7 Hz above action potential threshold (electrophysiology traces), which induced short-term FF of EPSPs.
Rest, FFearly (first second of stimulation), and FFlate (last second of the 20 s train) images are displayed for a young adult (top row) and an aged
cell (bottom row) [Reprinted fromThe Journal of Neuroscience, Vol. 21, Thibault, O., Hadley, R., Landfield, P.W., Elevated postsynaptic [Ca2+]i
and L-type calcium channel activity in aged hippocampal neurons: relationship to impaired synaptic plasticity, pp. 9744–9756, copyright 2001
by the Society for Neuroscience].

tion contributes to age-dependent cognitive decline.
However, increases in L-type Ca2+ channel density may
not necessarily result in net elevations of intracellu-
lar Ca2+ levels because CA1 pyramidal neurons have
multiple mechanisms for Ca2+ buffering and sequestra-
tion that are potentially capable of offsetting elevations
in L-type Ca2+ channels. Thus, direct measurements
of intracellular Ca2+ concentrations became necessary
to determine the potential impact of elevated L-type
VGCCs on Ca2+ levels and synaptic function. Using
confocal laser scanning microscopy of non-dissociated
slices of aged hippocampus, it was found that neuronal

[Ca2+] transients were elevated, whereas short-term
synaptic plasticity (FF) was impaired during physi-
ological patterns of synaptic activation (seeFig. 4)
(Thibault et al., 2001). This Ca2+-dependent impair-
ment in synaptic throughput could be mimicked in
young-adult neurons by selectively increasing L-type
VGCC activity. Thus, increased L-type VGCC channel
activity appeared to act either as a primary source or
trigger of elevated [Ca2+] transients with aging. One
postsynaptic mechanism by which elevations in Ca2+

levels could depress EPSP amplitudes in aged neurons
is the activation of a dendritic shunt carried by K+ efflux
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because Ca2+-activated K+ currents and potentials are
elevated in aged CA1 neurons.

Because the “aging” phenotype could be mimicked
in young-adult neurons by enhancing L-type VGCC
activity, an important test of the Ca2+ hypothesis is
the creation of a “young” phenotype in aged neurons
by specifically reducing L-type Ca2+ channel function.
This has been accomplished in some models with Ca2+

channel blockers (Disterhoft et al., 1993; Norris et al.,
1998; Thibault et al., 1998); however, recent studies
have found that the active metabolite of vitamin D
(Vit D) has strong neuroprotective effects against exci-
totoxic challenges in hippocampal cultures, possibly
mediated by reducing L-type VGCC activity (Brewer
et al., 2001). Preliminary studies in vivo revealed that
treatment of aged animals with Vit D reduced L-type
VGCC density to levels seen in young animals, whereas
Vit D had little effect in younger animals. Thus, the
effect of Vit D treatment was selective for aged ani-
mals. Additionally, a decrease in AHP amplitude and
an improvement in synaptic plasticity (FF) were also
found in slices from aged animals treated with Vit D.

Taken together, these data suggest that Ca2+-
dependent processes affect Ca2+ signaling pathways
and impair synaptic function in an aging-dependent
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conditions across a wide range of species (Barnes, 1990
and seeRosenzweig and Barnes, 2003for reviews).
A circular platform task was developed in the 1970s,
specifically for aged rats, where rats can use visual cues
in the room to navigate and escape into a dark tunnel.
Aged rats do not remember the location of the escape
tunnel, as do young rats, indicating age-related changes
in learning and memory and suggesting hippocampal
involvement.

Contrary to the idea that global deterioration of
the brain occurs during normal aging, experimental
observations indicate that there is widespread preser-
vation of function in the aged brain and, in general, the
changes that do occur are relatively specific to differ-
ent subregions of the hippocampus (seeBarnes, 1994;
Rosenzweig and Barnes, 2003for reviews). Addition-
ally, compensatory processes can occur in the aged
brain. The numbers of principal cells in the hippocam-
pus do not change across the lifespan during normal
aging, regardless of the species. Most physical prop-
erties of hippocampal neurons do not change with
age, including resting membrane potential, input resis-
tance, height of the action potential, time constant,
and EPSP rise time and half-width. One exception
to this is the increased afterhyperpolarizing potential
in aged CA1 pyramidal neurons described in Section
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anner, consistent with the Cahypothesis of brai
ging and dementia. Although synaptic plasticity m
e depressed in aging, elevated Ca2+ signals in age
eurons could trigger greater K+ efflux, which may
ontribute to elevations in synchronized burst fir
ithin the hippocampus (Patrylo et al., 1994), possi-
ly participating in the ontogenesis of epilepsy. T
ole of aging-related changes in brain Ca2+ homeosta
is in epilepsy and overall excitability remains to
lucidated.

. Aging brain and plasticity

There are a number of neurobiological alterati
esponsible for memory changes that occur du
ging. One function of the mammalian hippocampu
cquiring spatial knowledge, which allows us to n

gate through large-scale space. Acquisition of
patial maps is defective in aged organisms, inclu
umans, monkeys, dogs, rats, and mice. Spatial l

ng and memory processing can be tested under si
. Aging-related changes that do occur are prima
n connectivity and functional responsiveness. Th
ppears to be fewer axon collaterals from entorh
ortex synapsing on the dendrites of dentate gra
ells (Fig. 5). However, with axon collateral prunin
he synaptic contacts that remain are more powerfu
given input, i.e., the amplitude of the unitary EPS
ged animals is actually greater. Thus, in aged gra
ells, there appears to be a compensatory mechan
eep the overall throughput in the granule cells cons
y the strengthening of synaptic connections. T

s no similar change in the Schaffer collaterals go
rom CA3 to CA1, but there appears to be either fe
ctual or functional synaptic contacts on CA1 pyra
al cells. The efficacy of individual synaptic conta

n CA1 does not change. Thus, CA1 synapses do
ompensate for the reduction in functional syna
onnectivity in the same manner, as do granule ce

Another area for neurobiological correlates of a
elated impaired memory is the plasticity characte
ics of the aged hippocampus. Much is known ab
he physiology, pharmacology, and molecular b



K.M. Kelly et al. / Epilepsy Research 68S (2006) S5–S20 S13

Fig. 5. Summary sketch of the differences in functional connectivity between young and old rats that have been discovered in electrophysiological
experiments. Top: schematic diagram of granule cells in the hippocampus of young (left) and old (right) rats. Axonal collaterals from the entorhinal
cortex are pruned in old rats, but the synaptic connections that remain are individually more powerful in the old animals (larger circles), suggesting
a possible compensatory mechanism that may keep the overall throughput in these cells approximately constant during aging. Bottom: schematic
diagram of CA1 pyramidal cells in the hippocampus of young (left) and old (right) rats. This is not an age-related change in the number of
axonal collaterals (Schaffer collaterals) that project from CA3 pyramidal cells during aging, nor is there a difference in the synaptic strength
of Schaffer collateral synapses between young and old rats. There is, however, a reduction of actual or functional synaptic contacts onto any
given CA1 cell in older animals [Reprinted fromTrends in Neuroscience, Vol. 17, Barnes, C.A., Normal aging: regionally specific changes in
hippocampal synaptic transmission, pp. 13–18, 1994, with permission from Elsevier].

ogy underlying the processes of long-term potentia-
tion (LTP) in the hippocampus. LTP at hippocampal
synapses may represent the experimental activation of
processes that normally subserve information storage.
With respect to aged neurons, there is no deficit in
inducing LTP when robust induction parameters are
used; however, synaptic strength decays more quickly

in aged neurons. After training young and aged animals
to the same level of performance for the circular plat-
form task, forgetting rates in escape time were about
twice as fast in aged animals (Fig. 6). Within each age
group, spatial memory accuracy was correlated with
the decay speed of LTP in individual animals. In stud-
ies using perithreshold induction parameters, an LTP
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Fig. 6. Schematic drawing of spatial forgetting rates and LTP decay rates in young and old rats. Data are drawn after the data presented inBarnes
and McNaughton (1985)in which young and old rats were assessed with respect to behavioral forgetting in the circular platform task, and with
respect to decay of LTP at the perforant path—granule cell synapse. Old rats forget spatial information faster (over a 60-day period) and show
faster decay of LTP (over a 30-day period) than do younger rats.

induction deficit was observed in aged animals. Con-
versely, long-term depression in aged animals is easier
to induce compared to young animals. In summary,
LTP is more difficult to achieve in older animals and
decays more quickly when it is induced robustly (see
Barnes, 2003for review). In this way, one of the most
important mechanisms for information storage in the
nervous system is compromised in older animals.

Early immediate genes have been studied as poten-
tial mediators of long-lasting plasticity.Zif 268, a
transcription factor, is robustly induced in the dorsal
hippocampus after LTP-inducing stimulation.Zif 268
is activated powerfully in both young and aged ani-
mals and is therefore not likely to contribute to aging-
related changes associated with LTP induction. How-
ever, induction of c-fos mRNA following LTP induc-
tion was greater in aged animals compared to young
animals and was confined to the dorsal hippocampus
(Lanahan et al., 1997). This selective change in the
aged hippocampus suggests another signaling pathway
potentially involved in LTP maintenance deficits.

Two examples of changes that occur uniformly,
rather than specifically, throughout the hippocampus
during aging are a decline in functional cholinergic

transmission, as measured by slow EPSP amplitudes
(Shen and Barnes, 1996), and a change in gap junctional
connectivity, as measured by dye-filling of neurons
(Barnes et al., 1987). Although the several different
aging-related changes described to this point would
result in decreased excitability of aged neurons, electri-
cal connections via gap junctions may be more exten-
sive in aged hippocampal neurons and result in an
overall lowering of the threshold for action potential
discharge, i.e., a mechanism demonstrating the poten-
tial for increased excitability in aged neurons. The pos-
sible relationship of increased aging-related gap junc-
tional connectivity and enhanced network excitability
with the increased expression of epilepsy in the elderly
awaits further investigation.

6. Aging brain and microarray gene chips

DNA microarrays are rectangular surfaces made out
of glass or plastic, and coated with chemicals (probes)
that enable microarrays to detect and quantify the pres-
ence of thousands of different mRNA species. Microar-
rays can be divided into two groups based on their
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Fig. 7. Affymetrix probe set, a spot does not equal a gene. In this design, a family, or set, of probes is used to detect the presence and quantity
of a particular mRNA species. Specific features (individual squares) on the probe set (lower) contain probes designed to detect discrete regions
of an mRNA species (upper).

printing technologies: spotted arrays and photolitho-
graphic arrays (Affymetrix proprietary). Spotted arrays
usually require two different biological samples per
chip, and a ratio of their binding is calculated for
each spot, whereas Affymetrix arrays measure a sin-
gle sample per chip using a more intricate ‘family’ or
‘set’ of probes (Fig. 7) (Blalock, 2003). Using these
approaches, researchers are able to measure a much
larger portion of the transcriptome (the total mRNA
that a single organism/tissue/cell type is capable of
producing) simultaneously than was possible prior to
microarray technology. Although microarrays repre-
sent a tremendous gain with regard to assessing the
behavior of the transcriptome in various experimen-
tal and clinical settings, their use also is hindered by
statistical noise and difficulties associated with bioin-
formatic analyses (Miller et al., 2001; Blalock et al.,
2003, 2004).

In order to generate an integrative model of age-
related memory problems, Affymetrix microarrays
(RG-U34A) were used to examine age-related changes
in hippocampal transcriptional profiles as they related
to cognitive deficits in rodents (Blalock et al., 2003).
Earlier studies of brain aging have confirmed the pres-
ence of markers previously implicated in aging (e.g.,
inflammation). However, these studies were often hin-
d for
t ittle
p ran-

scriptome of the aging brain. For microarray experi-
ments, a novel statistical design in which both group
testing (1-way analysis of variance [ANOVA]) and
behavioral correlation (Pearson’s test) strategies were
used to identify Aging and Cognition Related Genes
(ACRGs) was employed. Fischer 344 rats of three dif-
ferent ages, 4, 14, and 24 months (9–10 animals/group),
were behaviorally characterized (Spatial Water Maze
and the Object Memory Task). In both tasks, there
was a non-significant trend towards decreased perfor-
mance by mid-age rats, and a significant drop-off in
cognitive performance by old age rats. Hippocampi
were removed and the CA1 region isolated for microar-
ray analysis. Each animal’s tissue was hybridized to
a single microarray, maintaining a 1:1 relationship
between the behavior and the microarray for each ani-
mal. Although other pooling strategies could be used
effectively with statistical discovery (Peng et al., 2003),
maintaining this relationship between behavior and
microarray data was vital for the correlation approach
employed. The microarray data were filtered prior to
statistical testing based ona priori criteria. This pro-
cess allowed a reduction of the total number of sta-
tistical tests (as well as the number of false positives
that arise by the error of multiple testing). Probe sets
were removed that were rated absent, were undefined
( ntain
a oups.
T sets
ered by low replication and fold-change criteria
he selection of interesting genes, affording them l
ower to discover more subtle changes in the t
expressed sequence tags [ESTs]), or did not mai
sustained change from the young to the aged gr
hese settings reduced the total number of probe
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Fig. 8. Possible ontogeny of age-related cognitive decline. (1) Altered Ca2+ signaling in neurons (N) leads to decreased (2) activity-dependent
signaling, (3a) energy metabolism, and (3b) biosynthesis. This may result in downregulated (4) synaptic plasticity and axonal regression. Our
work points to a reflexive increase in (5) demyelination, stimulating both (6a) remyelination in oligodendrocytes (O) as well as (6b) antigen
presentation in microglia (M) and a feed forward cycle of increasing (7a) immune response. Downstream altered glial metabolism, astrocytic
hypertrophy (A) and extracellular matrix could contribute importantly to impaired cognition and neuronal vulnerability. (Reprinted fromBlalock
et al. (2003)with permission from J. Neurosci.)
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to be tested statistically from∼9000 to∼2000. Statis-
tical testing (1-way ANOVA;p < .025) identified 233
age-related genes, 161 of which were also correlated
with behavior. This latter set was regarded as ACRGs.
ACRGs were functionally grouped to determine which

physiological processes were associated with the age-
related decline in cognitive performance. Several cat-
egories previously shown to change with aging (e.g.,
↑ inflammatory markers,↓ energy metabolism, and
↓ neurite/ synaptic plasticity) were identified, provid-

F
i
h
r
S

ig. 9. Applying zipper technology to epilepsy research. (A) Photomic
s a highly significant (**p < .01; t-test) reduction in L-type Ca2+ current m
ippocampus using cell-attached patch clamp recording technology.
eveals a significant correlation between mRNA and average ensembl
pearman correlation).
rograph of an ‘unzipped’ hippocampal slice from a kindled rat. (B) There
easured from the soma of pyramidal cells of the CA1 layer of the

(C) Subsequent cell collection and quantification of L-type mRNA (�1D)
e current amplitude from control (blue) and kindled (red) animals (p < 0.01;
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ing a positive control for other, novel categories that
were also identified (e.g.,↓ transcriptional regulators
and↑ cholesterol synthesis). Interestingly, for nearly
every gene identified as an ACRG, at least half of
the total change in expression had occurred by mid-
age, a time point at which no significant cognitive
deficits had been observed. Thus, changes in gene
expression at the transcriptional level may precede and
predict later cognitive decline. Together, these find-
ings lead to the proposal of an integrated model of
age-related cognitive decline (Fig. 8) (Blalock et al.,
2003).

Because of the lack of neuronal specificity in tissue
collection associated with microarrays, a parallel
electrophysiological and molecular characterization
of single neurons obtained from kindled rats using
‘zipper slice’ technology was developed (Chen et al.,
2000; Blalock et al., 2001). In the microarray studies,
a brain region (hippocampal CA1) relatively enriched
in neurons compared with other central nervous
system (CNS) cell types (e.g., oligodendrocytes and
microglia) was excised; however, other cell types are
present in the homogenized extract and may dilute or
occlude neuron-specific changes (Chen et al., 2000;
Blalock et al., 2001). Based on ‘zipper slice technol-
ogy’ (Gray et al., 1990), a method for recording from
a ed,
a t
a g
t el
o ease
i –3
m een
L
m

eri-
m lica-
t es, a
n d in
w ting
r -
m ,
2 est
t ore
m di-
t ited
t nal
c ysio-

logically characterized neurons will include strategies
for mRNA amplification and assessment by microarray
technology.

7. Conclusion

This very brief summary of the neurobiology of
aging demonstrates that many new and exciting tools
are becoming available to elucidate the mechanisms
of brain aging. Hopefully this will inspire a greater
use of the appropriate models to better understand the
changes occurring in the brain with the passage of time
and, moreover, the mechanisms of epileptogenesis in
the aging brain.
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