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Abstract
Normal aging is often accompanied by impairments in forming new memories, and studies of aging
rodents have revealed structural and functional changes to the hippocampus that might point to the
mechanisms behind such memory loss. In this article, we synthesize recent neurobiological and
neurophysiological findings into a model of the information-processing circuit of the aging
hippocampus. The key point of the model is that small concurrent changes during aging strengthen
the auto-associative network of the CA3 subregion at the cost of processing new information coming
in from the entorhinal cortex. As a result of such reorganization in aged memory-impaired
individuals, information that is already stored would become the dominant pattern of the
hippocampus to the detriment of the ability to encode new information.

Introduction
Aging is often accompanied by cognitive decline across multiple performance domains [1].
For many individuals, cognitive aging is particularly associated with impairments in
remembering recent events and in learning complex associations [2,3]. Intriguingly, whereas
the ability to form memories of new events and associations declines with age, memories of
older events are often rigidly retained [4]. Could this paradox of cognitive aging provide a clue
as to why new memories fail in aging?

In this paper, we highlight three key characteristics of deficient episodic memories that are
associated with normal aging: loss of contextual details, susceptibility to interference, and an
attenuated response to novelty. We will then present recent findings from animal models of
cognitive aging that suggest a neurobiological and neurophysiological basis for these
impairments. We will review evidence that age-related memory loss is identified with
anatomically specific and subtle changes in brain connectivity, leading to structural and
functional changes within the hippocampus that might account for cognitive aging.
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Age-related difficulties with contexts, interference and novelty
Young people not only remember critical events from the past, but also can recall details about
where and when an event occurred or the source of information obtained. Fewer of these
contextual or source details are included in recently acquired memories of older adults [1]. For
example, in formal testing of verbal memory, the memories of aged individuals often lack
details such as the color, case or font of words presented visually, whether the speakers of
words were male or female, and even whether items were presented visually or aurally [1].
One crucial component of context is the spatial location where items were experienced. Aged
adults are impaired in multiple aspects of spatial memory, from recalling where an item was
located [5,6] to navigating through a recently learned environment [7,8]. In addition, memories
of aged individuals are more adversely affected by increased similarity between contexts or
objects [9,10]. These observations suggest that aging is associated with a decrease in the
amount of information stored in memory that can be brought to bear in distinguishing
experiences that share common elements of contextual information.

In addition, the elderly are disproportionately affected by interference from irrelevant
information [11]. Aged individuals often have more difficulty in forgetting stored information
that becomes irrelevant [11]. Consequently, memories of the elderly are particularly vulnerable
to proactive interference, which occurs when previously stored memories conflict with the
retrieval of new memories [12]. Conversely, in verbal learning, aged individuals are helped
more by a reduction of interference between target words and lures [10]. Thus, an age-
associated impairment in distinguishing experiences might also arise, in part, as a consequence
of failures to update or inhibit previously stored information.

Older individuals also have an attenuated response to novelty. In young adults, an unexpected
novel sound among repeated sounds causes an increase in neuronal synchronization ∼300 ms
later, named the P300 event-related potential [13]. Normal aging is associated with a decreased
amplitude and a longer latency of the P300 [14,15], and the deficit can be greater in cognitively
impaired individuals [16]. Similarly, a sudden occasional sound results in smaller physical
startle reactions and event-related potentials in elderly adults [17,18]. Furthermore, aging is
associated with an attenuated electrophysiological response to new items, and with
impairments in determining whether items are new or have been seen previously [14].
Weakened processing of novelty might extend the training required for aged individuals to
learn a novel environment [19].

Recent evidence from animal models suggests that the cognitive deficits associated with normal
aging might arise from a common neurobiological source. Findings in amnesic patients and
studies of animals with experimentally induced hippocampal damage have long highlighted
the crucial role of the hippocampal region in learning and remembering events and spatial
relationships [20]. Recent studies of neural encoding in hippocampal subregions have
supported a specialized role for this system in episodic memory, whereby experiences that
share common elements of contextual information can be distinguished [21-23]. At the same
time, evidence has accumulated that hippocampal dysfunction is likely to be a key contributor
to age-associated memory impairment [2,3]. Here, we will suggest that a subtle reorganization
of hippocampal circuits during aging might have a profound impact on memory processing.
In particular, the following sections will present a neurobiological model of the aged
hippocampus that offers an explanation of how the encoding of new contextual details is
compromised by interference from previously stored memories.
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Neurobiology of the aging hippocampus
In young animals the hippocampus receives highly processed multi-modal information from
widespread cortical association areas [24]. Sensory information enters the hippocampus largely
via the perforant path, which projects from the entorhinal cortex (EC) to the dentate gyrus
(DG), area CA3 and area CA1 (Figure 1). Outputs of the principle neurons in the DG project
forward to CA3, then outputs of CA3 neurons project to the CA1 subregion, and thence to the
subiculum. Both CA1 and the subiculum are the origins of a major return pathway to the EC.
Three features of the circuit have especially important bearing in the context of neurocognitive
aging. First, the DG is composed of roughly four times as many projection cells as the EC or
CA3 [25]. This divergence and subsequent convergence of information has led to the idea that
the DG might reduce the similarity of input patterns (pattern separation) [26,27]. Second, CA3
is unique within the hippocampus for containing recurrent connections: greater than 95% of
input to each CA3 cell comes from CA3 collaterals. These so-called auto-associative fibers
might facilitate the completion of incomplete input patterns (called pattern completion) [28].
Third, each subregion of the hippocampus receives inputs from the EC directly, in addition to
its preceding subregion. This might enable comparison of the original cortical inputs with
hippocampus-processed inputs, and this comparator function is hypothesized to be particularly
important in CA1 [29]. The following sections will identify neurobiological changes in the
aging hippocampus, and these will be described, as far as the data allow, in a subregion-specific
manner.

Reduced connections from the EC to the hippocampus
Although hippocampal volume is reduced in elderly humans [30], there is no evidence that the
normal aged hippocampus contains fewer neurons [31]. This suggests that the volume loss
might arise from synapse loss [2,32]. However, there is no evidence for gross differences in
synaptic markers between aged rats that have memory impairments, aged rats that have intact
memory abilities, and young rats, suggesting that the aged hippocampus as a whole does not
undergo a widespread loss of connectional integrity [33]. Instead, synapse loss is highly
specific, affecting only the cortical inputs to the hippocampus. In aged rats, the DG receives
approximately one-third fewer synaptic contacts from the EC than in young rats [34,35]. The
loss of input affects not only the connections of layer II EC neurons onto DG granule cells but
also collaterals that feed forward onto CA3 pyramidal neurons [35]. Moreover, the extent of
synaptic reduction correlates with the degree of spatial memory impairment in aged rats [35].
Corresponding to the loss of synaptic markers, a loss of cortical input has been detected
electrophysiologically in studies showing that stimulation of the perforant path generates less
excitation of the DG in aged rats than in young ones [31].

In contrast to the loss of EC inputs to CA3 cells, synapses onto CA3 cells from their own
recurrent collaterals are not reduced in number during aging [35]. Furthermore, even among
those aged rats with the greatest learning impairments, the CA1 subregion does not suffer any
detectible loss in numbers of synapses, either in the stratum radiatum (CA3 inputs) [35,36] or
in the stratum lacunosum-moleculare (EC inputs) [35].

Recent findings in elderly humans have demonstrated that aged subjects who have memory
impairments possess a remarkably similar pattern of synapse loss in the perforant path. Scheff
et al. [37] reported that the number of synapses receiving EC input in the outer molecular layer
of the DG was reduced in elderly subjects who had mild cognitive impairment compared with
cognitively intact elderly subjects, and the extent of synapse reduction correlated with memory
ability. Furthermore, the use of diffusion-tensor imaging, a new magnetic-resonance imaging
(MRI) technique, has revealed a marked atrophy in the perforant path of aged memory-impaired
humans compared with young ones [38].
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Thus, for aged memory-impaired animals and humans, the primary cortical extrinsic input to
the early processing stages of the hippocampus is substantially reduced. Subsequent intrinsic
auto-associative connections of CA3 and its outputs to CA1 are, however, predominantly
spared.

Reduced modulation by the cholinergic system
The degree of modulation of the hippocampus mediated by ACh is attenuated in aged
individuals, and the extent of this loss correlates with the degree of memory impairment
[39-41]. The decrease in ACh-mediated modulation is reflected in reductions in the levels of
ACh-processing enzymes in the medial septum, which provides the major cholinergic
innervation to all three subregions of the hippocampus (see Figure 1 for modulation details)
[42-46]. Furthermore, there is a blunted response in aged animals in all three hippocampal
subregions to electrophysiological stimulation of cholinergic input fibers [47]. Direct
application of muscarinic ACh receptor agonists also results in a blunted response in aged
animals in tissue samples taken from the whole hippocampus [39,40] and, when measured at
higher anatomical resolution, in CA3 and CA1 but not in the DG [48]. In humans, ACh-
mediated modulation is also clearly reduced with normal aging: for example, levels of ACh-
processing enzymes are decreased in the hippocampus [49]. In young individuals, modulation
by ACh is believed to be crucial for switching between modes of recall and storage within the
hippocampus [29], and impaired ACh function in aging might reduce the relative influence of
new information in the hippocampus [50,51].

Reduced activity of inhibitory interneurons
Compounding the dysfunction of ACh-mediated modulation is a further loss of modulation
from inhibitory interneurons within the hippocampus. Markers for GABAergic cells are
reduced in aged rats for a wide variety of interneuron types and across the three hippocampal
subregions [52,53]. Specific losses have also been found for interneurons in the hilus that
express neuropeptide Y [54], and for GABAergic interneurons of CA1 but not those of DG or
CA3 [55]. These interneuron losses might disturb the delicate balance between excitation and
inhibition within the aged hippocampus.

Reduced modulation by the dopaminergic system
The hippocampal CA1 subregion receives dopaminergic projections from the ventral tegmental
area (and other midbrain nuclei), but with normal aging the ventral tegmental area loses neurons
[56] and dopamine-transport capabilities [57]. Furthermore, dopamine levels are reduced in
the dorsal hippocampus of aged rats [58], and the extent of these losses correlates with memory
ability [56,58]. In aged humans too, modulation by dopamine is weakened: dopamine receptors
are reduced in number in the aged CA1 hippocampus [59,60]. In young individuals, modulation
by dopamine has a critical role in facilitating plasticity in CA1 hippocampus [61], and the age-
related reduction in dopamine function might contribute to impairments in synaptic plasticity.

Weakened synaptic plasticity
For neuronal networks to encode new information, some connections must be rapidly
strengthened while others are weakened. In the hippocampus of aged rats, the ability of neurons
to undergo synaptic plasticity is compromised, as measured by long-term potentiation (LTP)
and long-term depression (LTD) (for excellent reviews, see Refs [31,62-64]). In the DG, the
perforant path connection in aged rats is less excitable [65] and requires greater stimulation to
induce LTP, suggesting an increased threshold [66]. Furthermore, potentiation in the DG
decays faster in aged rats than in young rats [67]. In CA3, LTP at the perforant path connection
also decays faster in aged rats [68] (the potentiation threshold has not yet been determined in
CA3). In CA1, there is no evidence for a higher induction threshold at the CA3 input, but LTP
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does not reach the same level of potentiation in aged animals as in young animals [31]. In all
subregions, enhanced levels of synaptic plasticity can be reached in aged memory-impaired
animals, suggesting that, although it is weakened in subregion-specific ways, the fundamental
capacity for LTP induction remains.

LTD in aged rats has been investigated at the connection between CA3 Schaffer collaterals
and CA1 neurons. As would be expected based on the deficits in ACh signaling, in aged
memory-impaired rats plasticity (LTD) is not induced by an ACh receptor agonist, whereas
LTD is induced by this method to similar levels in unimpaired aged and young rats [69].
Substantial alteration of NMDA-receptor-mediated LTD has also been observed. In one study,
NMDA-receptor-dependent LTD was enhanced in aged CA1 [70], whereas another recent
study reported a pronounced reduction [69]. These discrepant results might be due to
differences in strains of animals or methodological differences.

Several recent studies point to potential mechanisms underlying the weakened synaptic
plasticity at the CA3–CA1 connection in aged rats. First, a reduction in the size of perforated
synapses, and therewith AMPA receptors, located in the CA1 stratum radiatum might render
those synapses less effective [71]. Indeed, a reduction in the excitability of CA3–CA1 synapses
has been observed electrophysiologically in vitro [65,72] (but see Ref. [69]). Second, reduced
cholinergic input decreases the excitability of CA1 neurons [73]. Third, the excitability at CA3–
CA1 connections is attenuated by a prolongation of the afterhyperpolarization, and this
furthermore does not decrease with learning in aged memory-impaired rats [63]. Finally, the
regulation of intracellular Ca2+ levels in CA1 pyramidal neurons is dysfunctional in aged rats,
and this could impede synaptic plasticity [62]. In summary, memory impairment in aging is
associated with alterations in the extent and form of plasticity in the connectivity of
hippocampal networks.

Summary of the neurobiology of the aging hippocampus
Small changes within the circuitry of the hippocampal system might contribute significantly
to age-associated memory impairment. Unlike Alzheimer's disease, which encompasses
profound neuronal death and extensive loss of cholinergic input in the medial temporal region
[74], normal aging is associated with a far more subtle pattern of deterioration in hippocampal
circuitry leading to a shift in the balance of the components of the neural network. Nevertheless,
these subtle changes might account for a subset of the cognitive deficits that accompany normal
aging in some individuals.

Information processing by hippocampal place cells of aged animals
To examine how subtle age-related changes in hippocampal circuits affect information coding,
we and others have recorded the activity of hippocampal neurons in behaving animals. As a
rat explores a spatial environment, CA1 and CA3 neurons fire selectively when the animal
occupies particular locations within the environment. These ‘place cells’ are believed to reflect
elements of a cognitive map of the environment [75] or representations of places where
significant events occur within episodic memories [76,77]. Characterization of age-associated
changes in the firing patterns of place cells might shed light on disturbances in memory
processing in the aged hippocampus.

Spatial coding by place cells is altered in aged rats in several experimental settings [64] (I.
Wilson, PhD thesis, University of Kuopio, Finland, 2005). Of particular importance here,
numerous studies have shown that CA3 and CA1 place cells of aged rats fail to encode new
spatial or task information rapidly [78-82]. After young rats have explored one environment
until it becomes highly familiar, introduction into a novel environment typically results in the
creation of a new spatial representation, reflected in spatial firing patterns of hippocampal
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neurons that are drastically different from those associated with the familiar environment
[83,84]. By contrast, in aged rats, place cells often retain the spatial firing patterns observed
in the familiar environment when the animal is moved to the novel environment (Figure 2).
Furthermore, the extent of the ‘rigidity’ of place cells in old rats predicts the magnitude of
spatial memory impairment [80]. Remarkably, rigid hippocampal representations occur almost
exclusively in the CA3 subregion and not among CA1 cells [82]. These observations parallel
the impairments that arise with proactive interference in aged humans, suggesting that the aged
hippocampus fails to encode appropriate new contextual information owing to proactive
interference from prior related experiences.

Studies of place cells have also provided a window into failures by the aged hippocampus in
retrieval of previous experiences. Barnes et al. [85] characterized the spatial representations
of CA1 cells in young and aged rats exploring an initial environment. Then, following a tour
of several new environments (without recording cellular activity), the rats were placed back
into the original arena. In young rats, the same spatial representations were consistently re-
generated, whereas in aged rats, some cells exhibited a distinct and new pattern of spatial
activity. In this situation, where substantial proactive interference was applied, the
hippocampus of aged rats failed to recall an earlier learned spatial context [86], and instead
lapsed into fluctuations between multiple stable representations.

The failure to retrieve a correct representation reliably might arise from a failure to encode the
representation sufficiently strongly. CA1 place fields of aged rats demonstrate less backward
expansion of their fields than do those of young rats as they run repeatedly around a circular
track [87]. This well-studied plasticity-dependent phenomenon shows that repeated neuronal
sequences in young rats become strong predictors of future sequences, therefore eliciting earlier
activity from subsequent neurons [88,89]. Importantly with respect to aged memory-impaired
rats, it illustrates that deficient synaptic plasticity can have significant effects on processing
[87] and possibly even retrieval [85] of spatial information.

Thus, studies of place cells are helping to explain failures by the aged hippocampus to encode
and retrieve memories. They suggest that encoding of new spatial contexts is weakened by
proactive interference from representations of already-stored contexts, and the associations
between external context and internal representation are apparently not strong enough to
reliably support recall following interfering experiences.

A model of information processing in the aged hippocampus
Based on the neurobiological and neurophysiological findings, we suggest a model of
information processing in the aged hippocampus (Figure 1) that might account for failures to
encode new contextual details due to interference from previously stored memories. Each
hippocampal sub-region might make its own unique contribution to the impairment, as
indicated in the model.

Models of information processing describe two major functions that take place in the
hippocampal network, pattern separation in the DG and pattern completion in CA3 [26,27].
For young rats, the hippocampal system is simulated as an attractor network, capable of
maintaining a representation despite minor changes in external input from the EC. However,
when the change in external context is sufficient, the circuit switches to a dramatically different
representation [28,90-93]. Upon entry into an environment, the balance of incoming sensory
and stored information causes the hippocampal network to settle upon either the previously
stored representation or a newly created representation. As revealed in place-cell recordings,
in young rats a relatively modest change in environment or in task demands is sufficient to
induce the switch from recalling a stored representation of the familiar environment to creating
a new representation for the changed environment [83,84]. By contrast in aged rats, CA3 place-
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cell recordings indicate a propensity to recall stored representations rather than create new ones
[82]. Several factors affecting the DG and CA3 in the aged brain are consistent with a condition
in which the balance between the processes of pattern separation and pattern completion is
altered, and these alterations, in addition to other intrinsic changes, also alter CA1 function.
These features are incorporated into our model of neurocognitive aging.

Dentate gyrus
Processing in the DG of aged individuals suffers from reduced synaptic input and reduced
electrophysiological excitation from EC layer II [35,94]. Reduced inputs might not transmit
sufficient details to resolve changes in external contextual information that would normally be
used to induce a switch from pattern completion to pattern separation. Based on this, the rigidity
of encoding observed downstream in CA3 place cells [78-82] might be due, at least in part, to
failure in the DG to reduce the similarity of input patterns sufficiently (e.g. pattern separation).
Notably, reduced input from EC layer II in rats is paralleled in humans [37], and indications
of DG hypofunction have been reported in aged rats, non-human primates and humans [95,
96]. Indeed, Small et al. have emphasized the DG as a signature region of dysfunction in normal
aging [95,96]. Thus, our model suggests that failures to encode new memories in aged
individuals arise from insufficient pattern separation in a hypoactive DG.

CA3
In area CA3 of memory-impaired individuals, reduced inputs from the EC and reduced
modulation by ACh might impair processing, forcing CA3 to rely on its own internal storage
of the external world. In the young brain, ACh-mediated modulation is thought to contribute
to switching between modes of recall and storage within the hippocampus. Increased activity
of the cholinergic system seems to set the stage for new learning, whereas decreased activity
encourages maintenance of an existing representation [29]. In CA3, the auto-associative
network of powerful recurrent collaterals promotes completion of the familiar pattern, and
reduced cholinergic input releases the CA3 auto-associative fibers from inhibition [29]. Thus,
in aged animals, decreased cholinergic input might reduce the relative influence of new
information through the perforant path, and subsequently favor the reactivation of stored
information in the CA3 auto-associative network [50,51]. Reduced ACh-mediated modulation,
in combination with fewer external details arriving at the reduced number of entorhinal
synapses, might therefore bias the aged CA3 subregion towards maintenance of the original
representation, and this is exemplified by rigidity of CA3 place cells [82]. Owing to the
combined effects of aging in this sector of the hippocampus (i.e. effects on EC–DG–CA3
connections), our neurobiological model asserts that the CA3 of aged individuals strongly
favors pattern completion to a greater extent than the CA3 of young animals (Figure 3).

An additional consequence of the alterations in functional circuitry described so far is
hyperactivity of CA3 cells in aged rats. Using slice recordings, Hasselmo et al. [29] showed
that reduced cholinergic input, similar to that seen in aging, releases the CA3 auto-association
fibers from inhibition. Consistent with this observation in the slice preparation, aged CA3, but
not CA1, place cells have abnormally high firing rates [82]. In addition to factors such as
reduced function of cholinergic neurons, alterations intrinsic to CA3 might contribute to altered
excitability. Notably, in situ hybridization has shown that expression of GABA receptor α5
subunit (Gabra5) mRNA is robustly reduced in CA3 (but not in CA1) of cognitively impaired
aged rats compared with young rats (M. Gallagher and R. Haberman, personal
communication); this form of the GABAA receptor mediates tonic inhibition of pyramidal
neurons in the hippocampus [97]. Thus, age-related hypofunction in the DG, together with
hyperfunction in CA3, might fundamentally change the ability of the hippocampus to switch
from previously stored to newly created representations.
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CA1
The effects of aging on the information processing functions of CA1 reflect not only the
downstream consequences of alterations in the DG and CA3 but also changes intrinsic to the
CA1 subregion itself. A common feature of CA1 place cells as studied in many different
settings is a loss of reliable encoding in aged rats. The inconsistencies in CA1 encoding are
perhaps best exemplified by the fluctuations between multiple stable representations observed
when aged rats are returned repeatedly to the same environment after intervening experience
[85]. With similar inconsistency, spatial representations in aged rats rotate with rotated
landmarks on some occasions but not others [81]. Furthermore, rigidity can be evident in the
encoding properties of CA1 cells [78-81], but this is not as invariable in CA1 as it seems to be
in CA3 [82]. As we now describe further, in our model these inconsistencies in CA1 might
represent shifts between dependence on CA3 inputs and direct EC inputs to the CA1 subregion.

In young rats, encoding in CA1 can arise independently of changes in CA3 encoding [98,99],
and CA1 place cells are able to encode environment-specific information despite a lesion of
CA3 [100] or suppression of CA3 output by septal inactivation [101]. Information processing
in CA1 that lacks CA3 inputs relies on the direct input provided by EC layer III [100]. In aged
rats, several factors might combine to increase the impact on CA1 of direct EC input and reduce
the impact of input from CA3. First, in contrast to the loss of EC layer II input to the DG and
CA3 regions, the synaptic input from EC layer III to CA1 is preserved in aged rats [35]. Second,
reduced dopamine-mediated modulation in aging might bias CA1 activity towards dependence
on its EC inputs. In young individuals, modulation by dopamine has a critical role in facilitating
plasticity in the CA1 hippocampus when novelty has been detected, by reducing the impact of
direct cortical inputs to CA1, while having little effect on the input from CA3 [61,102,103].
The age-related weakening of dopamine-mediated modulation might shift this balance by
strengthening the impact of the EC inputs on the CA1 subregion while not affecting the impact
of its CA3 inputs. Third, CA1 cells of aged rats are less excited by CA3 stimulation than are
CA1 cells of young rats [72], perhaps arising from the smaller, less effective synapses found
at CA3–CA1 connections [71]. These factors would be expected to alter the comparator
function of CA1 in processing inputs from CA3 and those coming directly from the EC.

Regardless of the input source, the properties of aged CA1 cells themselves further compromise
their ability to encode new information with sufficient strength to support reliable
representations. In considering this deficient encoding in CA1, we note the weakened synaptic
plasticity of aged CA1, where LTP is not able to reach the same level of potentiation as in
young rats [31]. In the CA1 of aged memory-impaired rats, the afterhyperpolarization is
prolonged [63], decreased ACh input reduces neuronal excitability [73], the synapses might
not contain as many AMPA receptors [71], and the regulation of intracellular Ca2+ levels is
dysfunctional [62]. These factors might combine such that representations supported by CA1
plasticity have reduced strength. One specific example of weakened plasticity in aged CA1
representations is a failure of place-field expansion, which is normally observed as a function
of experience in young rats [87].

Summary of the model
According to the model presented here, alterations in each subregion of the hippocampus
combine to the detriment of overall hippocampal function. The DG might not manage to resolve
and reduce the similarity of new input patterns, the auto-associative fibers of CA3 might be
overly entrenched in pattern completion, and the CA1 might be unable to encode with sufficient
strength. As a result, age-related memory impairments emerge from failures by the aged
hippocampal system to encode new contexts with sufficient distinction from already-stored
memories.
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Concluding remarks
Memory serves to guide our actions based on past experience. We learn from new situations
so that future challenges can be addressed appropriately and quickly. Our brain is designed to
take away the surprises and dangers of novelty, seeking to find familiarity in the regeneration
of previous patterns of representation when confronted with new situations. Aging therefore
might be considered a lifelong adaptation in which the acquisition of wisdom is associated with
the gradual elimination of novelty. An untoward consequence of this adaptive strategy is that
many aged individuals are beset by interference from older, stored memories when confronted
with new contexts and episodes that should evoke new learning rather than recovered
memories. Here, we have argued that the aged hippocampal network might account for such
impairment in memory associated with aging. Information processing in the DG and CA3
subregions is biased towards maintenance of representations of familiar contexts. Normal aging
is associated with highly specific alterations in the balance of information processing, resulting
in weakened processing of new information and consequent strengthening of the processing
of previously stored patterns.
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Figure 1.
A neurobiological model of the aged hippocampus. Thick arrows represent the classic
trisynaptic pathway, including the CA1 outputs to the entorhinal cortex (EC) via the subiculum
(Sub). See main text for further description of this pathway. Age-related deteriorations in
functional connectivity dealt with in this article are denoted by red broken lines, whereas
connections depicted with green arrows remain intact (or have not yet been tested). With aging,
the EC provides less input to the dentate gyrus (DG) and CA3, the medial septum (MS) provides
less ACh-mediated modulation, interneuron (int) activity is decreased, the ventral tegmental
area (VTA) provides less dopamine-mediated (DA) modulation, and the DG and CA1 are less
excitable (depicted with red broken boxes). These changes might increase the activity of CA3
recurrent collaterals (auto-associative fibers, thickest arrow).
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Figure 2.
Examples of young and aged CA3 place fields. (a) Experimental setup, in which rats explore
a familiar cylindrical open-field environment and a novel square open-field environment, and
then are re-exposed to the familiar environment. (b,c) The recording sites, the place fields, the
tetrode waveforms and the firing-rate scale in spikes per second are shown for two cells
recorded simultaneously in CA3 of a young rat (b) and in CA3 of an aged rat (c). Each row
represents the activity of one cell over the entire experiment shown in the firing-rate maps.
Note that young CA3 cells created new spatial representations and often some were active in
only one environment (e.g. (b) cell 1). By contrast, the aged CA3 cells used similar place-field
representations for both environments and scarcely changed their abnormally high firing rates.
Adapted, with permission, from Ref. [82].
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Figure 3.
Model of CA1 and CA3 transformations of input. Age-related changes are denoted by red
dashed lines. The CA1 subregion responds in a linear manner to changes in input. In response
to two inputs, CA1 processing of both young and aged individuals generates two outputs whose
difference is equal to the difference between the two inputs. The CA3 region responds in a
non-linear manner to changes in input. In response to two inputs, CA3 processing of aged
individuals generates two outputs whose difference is relatively smaller than that generated by
CA3 processing of young individuals. Thus, the CA3 of aged individuals performs excessive
pattern completion. In this model, the linear responses of aged CA1, with its greater
independence from CA3 (see main text), are not affected by the CA3 deficiencies. Adapted,
with permission, from Ref. [28].
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