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Abstract
Risk for Alzheimer's disease escalates dramatically with increasing age in the later decades of life.
It is widely recognized that a preclinical condition in which memory loss is greater than would be
expected for a person's age, referred to as amnestic mild cognitive impairment, may offer the best
opportunity for intervention to treat symptoms and modify disease progression. Here we discuss a
basis for age-related memory impairment, first discovered in animal models and recently isolated
in the medial temporal lobe system of man, that offers a novel entry point for restoring memory
function with the possible benefit in slowing progression to Alzheimer's disease.
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INTRODUCTION
As John Bayley wrote about his wife's illness in “Elegy for Iris” (Murdoch), “Alzheimer's,
in fact, like an insidious fog, is barely noticeable until everything around has disappeared
[1].”

Memory loss is a common complaint at older ages and is often worrisome as memory
problems can be the leading edge of an insidious fog, forecasting Alzheimer's disease (AD).
Although by no means a certain diagnosis for impending AD, for the elderly with amnestic
mild cognitive impairment (aMCI), who have memory impairment greater than would be
expected for their age, the conversion to AD is reported to occur at a rate of 8–15% per year
[2,3]. The field is fervently looking for markers that give a definitive diagnosis of incipient
AD. With the discovery of such markers it is hoped that promising therapies, now under
development, could be used to prevent the devastating damage to the brain and profound
clinical decline of patients who would otherwise succumb to dementia. Still the common
thread of memory loss, which runs through aging, MCI, and AD points to a specific system
in the brain. Today we understand how changes in the function of this system can serve as a
basis for memory loss in aged laboratory animals. Here we discuss the relevance of those
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findings for age-related memory loss in man, with the possible implication that this
condition could be permissive for the progression of AD.

The structures of the medial temporal lobe in the mammalian brain are critical for memory
functions that give us a record of our experience, in acquiring new facts and preserving
information about the events in our lives, the latter commonly referred to as episodic
memory [4]. This system provides communication between high order cortical circuits and
the hippocampal formation. It is appreciated that hippocampal damage at any age causes a
clear amnestic syndrome in brains that otherwise function well. Features of memory loss at
older ages, in humans and lab animals, resemble key features of this amnestic syndrome.
However, as distinct from amnesic patients with frank destruction of the hippocampus,
neurons and circuits remain largely intact in aging when deficits in memory occur [5,6].
Indeed, the basis for impaired memory in healthy aging is not neurodegeneration, as once
thought, but instead arises from more subtle functional alterations. Recent research has
shown how the ability to rapidly encode new information in the dentate gyrus (DG) and
CA3 subregions that receive input from the layer II entorhinal cortex is altered in the aged
hippocampus [7,8] (and see [9,10] for details on the model and Figure 1 for a schematic of
the circuits described further below).

Elegant studies recording from ensembles of single neurons in the brains of young
laboratory rats have confirmed what computational models have long predicted about the
network properties of cortical input into the DG/CA3. When young rats first explore a
familiar arena and then are placed in a second environment, CA3 cells with location-specific
encoding (e.g., place fields) rapidly form different patterns of spatial encoding for the two
environments [11,12]. In aged rats, on the other hand, hippocampal CA3 neurons can have
very similar representations across those two environments [13,7]. Hence, rather than
creating distinctive representations, aged rats tend to retrieve the same representation, a
process known as `pattern completion', distinguishing it from `pattern separation'. In every
day experience the complementary functions of pattern separation and pattern completion
are important for episodic memory. Encounters with a colleague or close friend can be
represented as distinct episodes while linked to a history of experience in the past with the
same person. In computational terms, the aged brain performs more pattern completion and
less pattern separation, diminishing the distinctive encoding of experiences.

A second feature of CA3 neurons in aged laboratory animals is tied to the computational
shift just described. Namely the CA3 neurons in aged animals with poor memory exhibit
excess activity, e.g. higher firing rates [7]. Perhaps this is not surprising because pattern
completion is mediated by excitatory autoassociative connections whereby collaterals of the
CA3 neurons synapse on many other CA3 neurons, forming the majority of CA3 inputs. A
shift in the balance between extrinsic cortical inputs that drive pattern separation and
autoassociative control that mediates pattern completion could both elevate CA3 activity and
prevent the encoding of new information.

Evidence is now accumulating that the basis of age-related memory impairment in
laboratory rats just described may also apply to the aged human brain. In memory tests
specifically designed to probe pattern separation abilities in humans, aged subjects exhibit
an increased tendency to engage in pattern completion at the expense of pattern separation
[14]. Here items were presented in a recognition memory task. Instead of the customary
judgments of `old' or `new', indicating whether an item presented was already viewed in the
set of presented items, subjects were given a third option of `similar'. The similar judgment
was an accurate response to items that resembled, e.g., shared some common elements, with
a previous item but was not an exact repeat. Compared to the accuracy of young adults on
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those similar items, aged participants were more likely to judge them as repetitions, calling
them `old', providing behavioral evidence of diminished pattern separation in aging.

A similar computational basis for pattern separation in the DG/CA3 component of the
hippocampal network has also been observed in the human brain. Recent research using
high-resolution functional magnetic resonance neuroimaging (fMRI) has demonstrated
activation in the DG/CA3 consistent with this function in young adults [15]. When subjects
viewed an item that was similar but not identical to an item seen before, activation in the
DG/CA3 region, but not other components of the hippocampal system, was consistent with
encoding of new information in contrast to the activation observed on exposure to a repeated
item.

If hippocampal processing is shifted in the aged human to pattern completion, is there also
an emergence of greater activity driven by the autoassociative network? Until recently high-
resolution fMRI has not been used to address this question. Some earlier reports, however,
highlighted greater hippocampal activation observed during memory encoding in MCI
[16,17,18,19]. In another recent study of aged individuals (not MCI) increased hippocampal
activation was similarly seen in those subjects with poorer memory performance [20]. New
evidence has now localized elevated activity in such conditions to the DG/CA3 region. In a
three-choice recognition task, as described in the behavioral memory study above — using
new, old, similar judgments — increased activation localized to the DG/CA3, but not other
subregions of the hippocampal system, was observed in aMCI participants compared to age
matched controls (Yassa, M. unpublished data). Those aMCI subjects, compared to their
age-matched controls, also had a corresponding deficit in making accurate memory
judgments, more often identifying similar items as repeats. Thus, while aging itself, as
reported by Toner et al. [14], can impair memory performance when pattern separation is
taxed, a further loss is seen in aMCI, along with elevated activation in the DG/CA3 network.

Some have viewed the fMRI activations in MCI as a compensatory phenomenon, suggesting
that greater activation is recruited in response to a failing memory system and needed to
maintain memory function. The computational account offered here, based on animal
studies, suggests otherwise, namely that excess activity is due to a shift in network
properties that cause memory failure. If excess activity is not beneficial, moreover, it could
have further deleterious consequences in the aged brain contributing to pathophysiology in
AD [21]. That suggestion is consistent with evidence, albeit from relatively small-scale
studies, of increased hippocampal activation in MCI as a predictor for further cognitive
decline and conversion to AD [22]. At the very least it is important to understand what role,
if any, the condition associated with memory impairment may have in driving disease
progression.

The answer to that important question is not yet forthcoming. It is widely recognized that the
earliest pathological markers of AD are found in the hippocampal system, most notably in
layer II entorhinal neurons where synaptic failure (at DG/CA3 connections) is thought to
precede neuronal degeneration [23,24]. CA1 neurons, which are highly sensitive to
excitotoxicity are also lost in large numbers in AD brains, suggesting that excess drive from
CA3 could have deleterious effects. If lowering excess activity can shift the DG/CA3
network from autoassociative control to allow improved encoding by extrinsic cortical input,
as recent animal studies now suggest, such treatments might also have a benefit in
dampening processes that contribute to progressive destruction of this critical brain system.
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Fig. (1). Schematic of the circuits in the hippocampal formation
The entorhinal cortex (EC) provides cortically processed information, via layer II neurons,
to the dentate gyrus (DG) and distal dendrites of CA3 principal pyramidal neurons. CA3
afferents, in addition to innervation of CA1, form a massive autoassociative input to CA3.
Recurrent CA3 input produces generalization/pattern completion. EC input, which is
weakened in aging and comprises a significant early lesion in AD, is essential for pattern
separation/specific new encoding.
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