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Since Marr’s (1971) classic work, theories of the hippocampus
have been guided by four assumptions.

1. The hippocampus rapidly and automatically acquires infor-
mation.

2. The hippocampus is a limited capacity storage system and
consequently is subject to relatively rapid forgetting.

3. Information originally stored in the hippocampus becomes
permanently stored in the cortex and independent of the hip-
pocampus.

4. The hippocampus plays a critical role in the genesis of the
cortical memories.

The last three assumptions form the basis of what is called the
standard theory of systems consolidation (Squire and Alvarez
1995). The major premise of this theory is that there is a dynamic
reorganization in the location of memories as a function of their
age. As new memories are formed, old memories get moved from
the hippocampus to cortex. In its strong form, this theory pre-
dicts that, provided enough time, memories once dependent on
the hippocampus can survive even if the hippocampus is com-
pletely removed. Numerous studies of humans and other animals
with damage to the hippocampus have been conducted to evalu-
ate this view.

Recently, Bontempi, Frankland, and their colleagues (Bon-
tempi et al. 1999; Frankland et al. 2004; Maviel et al. 2004) have
applied a different methodology to investigate the retention of
new and old memories. They measured neuronal activity in dif-
ferent brain regions induced by a retention test of memories
thought to initially depend on the hippocampus. Their impor-
tant finding was that activity in the hippocampus and regions of
the prefrontal cortex (PFC) changed significantly as a function of
the age of the memory. For recently acquired memories, there
was high activity in the hippocampus and low activity in the PFC
regions, whereas the opposite pattern was observed for older
memories (Fig. 1).

In their recent review work, Frankland and Bontempi (2005)
interpreted these results in the context of the standard theory of
systems consolidation, suggesting that PFC regions play the same
role in retrieving old memories that hippocampus plays in re-
trieving new memories. Thus, memories initially acquired in the
hippocampus become consolidated into the PFC and other cor-
tical areas, with the PFC being a critical locus of consolidation
because of its broad patterns of interconnectivity with other
brain areas (which is similar to that of the hippocampus). Their
hypothesis accounts for why the patterns of regional brain activ-
ity depend on the age of the memory and why inactivating the
relevant PFC regions has no effect on retrieving a new memory
but impairs retrieval of an old memory (Frankland et al. 2004;
Maviel et al. 2004).

Alternative theory
We suggest an alternative explanation that leverages existing
theories that emphasize the importance of PFC for cognitive con-
trol and top-down attention (O’Reilly et al. 1999; Miller and Co-
hen 2001). Specifically, we argue that the differential involve-
ment of the PFC in older memories simply reflects the conse-
quences of natural forgetting. Due to either decay or interference,
older memories become weaker and more difficult to retrieve.
These weaker memories require additional activation from the
PFC to be retrieved.

There is considerable evidence from the human literature
that PFC plays an important role in strategic activation and recall
of memories (Fletcher and Henson 2001; Miyashita 2004; Ran-
ganath et al. 2004). Furthermore, mechanisms have been pro-
posed that enable the PFC to be activated in response to a po-
tential retrieval failure. For example, weak (old) memories may
lead to diffuse patterns of neural activation that trigger conflict
detectors in the anterior cingulate cortex (Botvinick et al. 2001).
Indeed, Frankland and Bontempi’s work (Bontempi et al. 1999;
Frankland et al. 2004; Maviel et al. 2004) revealed that this region
becomes active when mice were retrieving old memories.

According to our view, PFC activity does not represent the
activation of a cortical component of the old memory trace that
has been consolidated into this region. Instead, it represents ac-
tivation in response to a potential failure of the retrieval cues to
access the degraded memory trace. In this case, the PFC can pro-
vide a signal to boost activity in regions that contain the trace.
New memories are unaffected when PFC is inactivated because
they have not degraded and are easily retrieved through hippo-
campal memory traces (see Fig. 2).

In support of the idea that hippocampal memory traces de-
grade with age, Frankland, Bontempi and colleagues (Bontempi
et al. 1999; Frankland et al. 2004; Maviel et al. 2004) reported
that activation in the hippocampus was significantly less when
the retrieved memory was old than when it was new (see Fig. 1).
Although forgetting was not always revealed by the behavioral
measures used in their studies, there was clear forgetting in the
Bontempi et al. (1999) experiment. Where forgetting was absent,
we would argue that the activity boost provided by PFC enabled
successful retrieval. Furthermore, we suggest that more subtle
measures of forgetting would reveal that the old memory trace
had degraded. For example, it is known that as a memory ages, it
can be retrieved by a broader range of stimulus cues (i.e., the
generalization gradient broadens; Riccio et al. 1992).

These two accounts of the contribution of the PFC can be
empirically evaluated. For example, a key implication of our ac-
count is that the age of the memory is a correlate, but not the
critical variable determining when the PFC will be activated. In-
stead, it is the strength of the memory trace. To the degree the
trace is degraded or weak, PFC neurons will be activated. Thus, it
should be possible to reverse the age-related changes in PFC ac-
tivation and the effects of inactivating PFC at the time of re-
trieval. One can evaluate this idea by testing retrieval of a weak
new memory and a strong old memory. Our account predicts
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that PFC will be active when the new memory is weak in com-
parison to when the memory is old but strong.

Consistent with our position, Bunge et al. (2004) have re-
cently reported fMRI data with people that support our conten-
tion that the strength of the memory may be an important di-
mension regulating ACC. They directly manipulated memory
strength of visual associations by varying the number of encod-
ing trials. They found that activation in ACC and hippocampus
was negatively correlated on trials with weak associations. When
activity in hippocampus was low, activity in ACC was high. This
pattern suggests that ACC was recruited when the recollection
processes dependent on the hippocampus needed a boost. Based
on their analysis of activation patterns associated with weak and
strong visual associations, and other data, Bunge et al. (2004)
suggested that, “These convergent findings suggest that this sub-
region within ACC is differentially engaged under retrieval con-
ditions in which recollection is poor”. It is interesting to note
that Thomas et al. (2002) also have suggested that the engage-
ment of anterior cingulate during retrieval of fear memories may
be related to the strength of the fear memory.

Our account also raises the important question of how the
PFC is informed that there is a potential retrieval failure. What is
the signal that activates PFC when memory is about to fail and
how does it promote successful retrieval? We have suggested that
it may be an ACC-mediated conflict-like signal, but there may be
other alternatives that could be explored.

Conclusion
Frankland and Bontempi (2005) have offered an interesting and
new conception of the role of PFC regions in the retention and
retrieval of new and old memories. We hope that by offering an
alternative account that is consistent with considerable existing
data about the function of the PFC, that researchers will be mo-
tivated to experimentally evaluate the different implications of
the two views. If the Frankland and Bontempi (2005) view is
correct, then the standard model of systems consolidation would
be greatly strengthened. If we are correct, however, the standard
theory of systems consolidation draws no support from the
Frankland and Bontempi studies (Bontempi et al. 1999;
Frankland et al. 2004; Maviel et al. 2004).

We have offered an alternative to Frankland and Bontempi’s
systems consolidation hypothesis that assumes that the content
of the memory is transferred to the PFC as the memory ages.
However, although we question their account, it should be ap-
preciated that our hypothesis—that PFC facilitates the retrieval
of weak memories in other regions of the brain—is in no way
incompatible with the general idea that as memories age they
can become independent of the hippocampus.
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Figure 1. The relative neuronal activity in the hippocampus and pre-
frontal cortex during retention as a function of the age of the memory
(based on the collective results of Bontempi et al. 1999; Frankland et al.
2004; Maviel et al. 2004). In the Frankland and Bontempi (2005) model,
activity in the hippocampus and PFC are inversely related, because as the
memory ages, the memory trace moves into the PFC (see Frankland and
Bontempi 2005).

Figure 2. The theoretical relationship between neuronal activity in the
hippocampus and PFC during retention. According to our view, activa-
tion in the hippocampus and PFC are inversely related because neurons
in PFC become activated when there is a potential for a retrieval failure.
This potential would be determined by the strength of the memory trace
and can be independent of the age of a memory. Weak traces require a
boost from the PFC in comparison to strong traces.
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