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Representations of Recent and Remote
Autobiographical Memories in Hippocampal Subfields

Heidi M. Bonnici, Martin J. Chadwick, and Eleanor A. Maguire*

ABSTRACT:  The hippocampus has long been implicated in supporting
autobiographical memories, but little is known about how they are
instantiated in hippocampal subfields. Using high-resolution functional
magnetic resonance imaging (fMRI) combined with multivoxel pattern
analysis we found that it was possible to detect representations of spe-
cific autobiographical memories in individual hippocampal subfields.
Moreover, while subfields in the anterior hippocampus contained infor-
mation about both recent (2 weeks old) and remote (10 years old) auto-
biographical memories, posterior CA3 and DG only contained
information about the remote memories. Thus, the hippocampal sub-
fields are differentially involved in the representation of recent and
remote autobiographical memories during vivid recall. © 2013 The
Authors. Hippocampus Published by Wiley Periodicals, Inc.
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There is wide agreement that the hippocampus is necessary for acquir-
ing autobiographical memories, the memories of our personal past experi-
ences, and for their recall in the short-term (Scoville and Milner, 1957).
By contrast, there is less consensus about the hippocampal role in recollec-
tion of autobiographical memories that are more remote. The standard
model of consolidation argues that declarative (including autobiographi-
cal) memories become less dependent on the hippocampus over time,
eventually abjuring the need for its involvement during retrieval (Marr,
1971; Teyler and DiScenna, 1985; Squire, 1992). Alternative theories,
multiple trace theory and scene construction theory, propose instead that
the hippocampus is necessary for retrieving vivid autobiographical memo-
ries in perpetuity (Nadel and Moscovitch, 1997; Hassabis and Maguire,
2007, 2009; Winocur and Moscovitch, 2011). Differential findings across
studies of amnesic patients with hippocampal lesions (reviewed in Wino-
cur and Moscovitch, 2011), as well as disparate results from functional
magnetic resonance imaging (fMRI) experiments (e.g., Maguire et al.,
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2001; Ryan et al., 2001; Maguire and Frith, 2003; Gil-
boa et al., 2004; Piolino et al., 2004; Rekkas and Con-
stable, 2005; Steinvorth et al., 2006; Viard et al., 2007;
Watanabe et al., 2012; but see Niki and Luo, 2002;
Pietke at al., 2003) contribute to the impasse.

In a recent high-resolution fMRI study, Bonnici et al.
(2012a) availed themselves of the opportunity afforded by
multivoxel pattern analysis (MVPA; Haynes and Rees,
2006; Norman et al., 2006; Chadwick et al., 2012) to
provide an alternative to conventional neuropsychological
and fMRI approaches by detecting representations of indi-
vidual autobiographical memories in patterns of fMRI
activity. They examined whether information about spe-
cific recent (2 weeks old) and remote (10 years old) auto-
biographical ~memories represented  in  the
hippocampus. They found that information about both
types of memory was detectable in the hippocampus, sug-
gesting that it plays a role in the retrieval of vivid autobio-
graphical memories regardless of remoteness. Interestingly,
they also reported that while recent and remote memories
were both represented within anterior and posterior hip-
pocampus, the latter nevertheless contained more infor-
mation about remote memories. Thus, the hippocampus
respected the distinction between the recent and remote
memories.

Functional differentiation down the long axis of the
hippocampus has been documented in a range of spe-
cies including humans (e.g., Moser and Moser, 1998;
Maguire et al., 2000; Gilboa et al., 2004; Rekkas and
Constable, 2005; Fanselow and Dong, 2010; Poppenk
and Moscovitch, 2011; Ranganath and Ritchey, 2012;
for a recent review see Poppenk et al., 2013). Bonnici

‘was

et al.’s (2012a) findings clearly prompt further ques-
tions about what might be occurring within anterior
and posterior hippocampus during autobiographical
memory recall. But there is also another parcellation
of the hippocampus that needs to be considered. The
hippocampus is composed of a number of subregions
CA1l, CA2, and CA3 (Lorente de No, 1934), bor-
dered by the dentate gyrus (DG) and subiculum
(Amaral and Lavenex, 2007). The findings of Bonnici
et al. (2012a) gave no indication as to whether their
anterior/posterior differential effects were being driven
by all subfields, or by one or two in particular. Studies
in rodents and computational models suggest that key
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computations necessary for memory occur in the subfields,
such as pattern separation (in DG and CA3), the process of
distinguishing similar memories from each other, and pattern
completion (in CA3), which facilitates the retrieval of previ-
ously stored memories from partial cues (Marr, 1971; Treves
and Rolls, 1994; McClelland et al., 1995; Kesner et al., 2004;
Leutgeb et al., 2004, 2007; Leutgeb and Leutgeb, 2007;
Alvernhe et al., 2008; Hunsaker and Kesner, 2008; Gilbert and
Brushfield, 2009; Rolls, 2010; Aimone et al., 2011; O’Reilly
et al., 2011). To date, only one study has explored autobio-
graphical memory in relation to the hippocampal subfields.
Bartsch et al. (2011) reported that patients with transient
global amnesia had apparently focal lesions in CAl and a con-
comitant impairment in recalling both recent and remote auto-
biographical focal lesions to other
subfields were not examined in this study, so it is unknown

memories. However,
whether CA1 is particularly critical for autobiographical mem-
ory retrieval, or if a lesion to any subfield would be sufficient
to disrupt processing within the hippocampus leading to auto-
biographical memory recall deficits.

Given the dearth of knowledge about the role of hippocam-
pal subfields in supporting autobiographical memory retrieval,
in this study we set out to address three issues that have not
been investigated before. First, using high-resolution structural
and functional MRI combined with MVPA we sought to ascer-
tain if information about individual autobiographical memories
could be detected in specific hippocampal subfields of healthy
participants. If so, we aimed to examine whether recent and
remote autobiographical memories were differentially repre-
sented in those subfields. Third, considering the results of Bon-
nici et al. (2012a), we also investigated how representations of
the memories are related to a subfield’s anterior or posterior
hippocampal location.

A prerequisite for our study was the ability to delineate the
subfields. We followed a recently published scanning and sub-
field segmentation protocol that allowed us to manually iden-
tify and separate CA1, CA3 (which also included CA2), DG,
and subiculum (Bonnici et al., 2012b). This required high-
resolution T2-weighted structural MR images acquired on a
3T MRI scanner with an isotropic voxel resolution of 0.5 X
0.5 X 0.5 mm focused on the medial temporal lobes (see Sup-
porting Information for details). Given that sets of these scans
were available for the participants in the Bonnici et al. (2012a)
study of autobiographical memories, we identified CA1, CA3,
DG, and subiculum in each of these participants (Fig. 1), and
then reanalyzed the fMRI data from that study, this time focus-
ing our MVPA analyses on the hippocampal subfields.

The participants were 12 healthy right-handed, university-
educated subjects (9 female; mean age 27.5 years, SD 3.2,
range 22-33). All gave informed written consent to participa-
tion in accordance with the local research ethics committee.
Autobiographical memories were elicited 1 week before scan-
ning (see Bonnici et al., 2012a for full details, and also Sup-
porting Information). Recent and remote memories were
closely matched on factors such as vividness, level of detail,
emotional valence, ease of recall, and frequency of retrieval
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since the initial episode (see Table S1 in Supporting Informa-
tion). This was important in order to rule out differences in
these basic variables as driving differential effects that might be
detected in the fMRI analyses. One week later, participants
were scanned using high-resolution (1.5 mm® isotropic voxels)
fMRI scanning on a 3T MRI scanner (see Supporting Informa-
tion for details) while they recalled six autobiographical memo-
ries (three recent that were 2 weeks old at the time of
interview; 3 weeks old at the time of scanning—mean 13.3
(SD 2.7) days old; 3 remote that were 10 years old—mean
10.4 (SD 0.57) years old).

Participants recalled each memory 14 times in a pseudoran-
dom order, while ensuring that the same memory was not
repeated twice or more in a row. On each trial, a verbal cue
specified which of the six memories a participant should recall.
Following this, an instruction appeared on the screen indicat-
ing that participants should close their eyes and vividly recall
the cued memory. After 12 s, an auditory tone signalled them
to open their eyes. The participant was then required to pro-
vide ratings about the preceding recall trial. First, they rated
how vivid the memory was in the preceding recall trial (on a
scale of 1-5, where 1 was not vivid at all, and 5 was very
vivid). Second, they rated how consistently they had recalled it
relative to the unfolding of the event as it occurred originally
(where 1 was not consistent at all, and 5 was very consistent).
These ratings were used to select only the most vivid and most
consistently recalled (i.e., ratings of 4 or 5) memories for inclu-
sion in the MVPA analyses, ensuring that we captured genuine
re-experiencing. When trials that were not sufficienty vivid or
consistent were excluded, this resulted in an average of 11.58
(SD 0.30) trials for each of the three recent memories and an
average of 10.14 (SD 0.89) for each of the 3 remote memories,
with a mean of 63 (33 recent and 30 remote) trials in total per
participant that were entered into the MVPA analysis. After
scanning, participants rated on a five-point scale the effort
required to recall the memories, where 1 was very easy to
recall, and 5 was very difficult to recall. Both recent (mean
1.25, SD 0.32) and remote (1.58, SD 0.54) memories were
recalled with ease. They were also asked “Do you feel that
repeatedly recalling a memory changed the memory in any
way?,” where 1 was not at all, and 5 was very much. Partici-
pants indicated that the memories were hardly changed by
multiple repetitions (2.08, SD 0.79).

fMRI data were preprocessed using SPM8 (http://www.fil.io-
n.uclac.uk/spm). We then used a standard MVPA procedure
that has been described elsewhere (Chadwick et al., 2010; Bon-
nici et al., 2012a,b,c) involving a three-way linear support vec-
tor machine (SVM) classifier with 10-fold cross-validation (see
Supporting Information for details). A classifier was created for
each subfield in each hemisphere. Results for the left and right
hemispheres were highly similar, and therefore the data we
report here are collapsed across hemispheres. Each classifier was
trained on a portion of the fMRI data relating to the three
recent autobiographical memories and then tested on an inde-
pendent set of instances of these memories. This was also the
procedure for remote autobiographical memories. This resulted
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Subfield segmentation. (A) In the coronal plane—coronal sections through an

averaged T2-weighted image of the left and right hippocampus of an example participant. (B)
Subfield segmentation in the sagittal plane. (C) An example of subfield segmentation in 3D.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in two accuracy results for each subfield, one for the recent
autobiographical memories and one for the remote autobio-
graphical memories.

We first examined whether it was possible to discriminate
between the three recent autobiographical memories from the
activity across voxels in each of the four subfields. If informa-
tion was present in the patterns of fMRI activity that enabled
discrimination between the three recent memories, then the
classifier would produce a classification result significantly
above chance (33%). We found that information was present

in CAl and subiculum which permitted successful detection of
the three recent autobiographical memories significantly above
chance [CAl: #11) = 3.031, P = 0.011; subiculum: #(11) =
2.600, P = 0.025; Fig. 2, blue line]. This was not the case for
CA3 [«11) = 1.513, P = 0.158] or DG [#(11) = 1.663, P =
0.125], where the classifiers’ performance was not significantly
different from chance. We then examined the remote memories.
In contrast to the recent, we found that the three remote auto-
biographical memories could be detected significanty above
chance in all four subfields [CA1l: #11) = 3.786, P = 0.003;
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FIGURE 2. MVPA results for recent and remote autobiograph-
ical memories. Recent and remote memories were represented simi-
larly in CAl and subiculum. Only remote autobiographical
memories were detected significantly above chance in CA3 (*P <
0.05), with a similar trend (*) in DG. Error bars represent *1
standard error of the mean; chance = 33%. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

CA3: «11) = 3.773, P = 0.003; DG: «11) = 3.372, P =
0.006; subiculum: #(11) = 4.227, P = 0.001; Fig. 2, red line).

To directly compare recent and remote autobiographical
memories, we performed a repeated measure ANOVA. We
found a strong trend for the main effect of memory type
[A(1,11) = 4.211; P = 0.065) and a significant interaction
between subfield and memory type [F(3,33) = 3.092; P =
0.04]. Post-hoc #tests revealed that remote autobiographical
memories were more readily detected than recent memories in
CA3 [«11) = —2.257; P = 0.045; Fig. 2). A similar trend
was also observed in DG [«(11) = —2.009; P = 0.07). No sig-
nificant differences in classifier performance for recent and
remote autobiographical memories were apparent for CAl
[#(11) = —0.845; P = 0.416] or subiculum [#11) = —1.267;
P = 0.231]. To summarize, we found that it was possible to
detect representations of autobiographical memories in individ-
ual hippocampal subfields. Moreover, while CAl and subicu-
lum contained decodable information about both recent and
remote autobiographical memories, information about remote
more so than recent memories was detectable in CA3 (with a
similar trend in DG).

We then divided the hippocampus into anterior and poste-
rior portions based on the protocol of Hackert et al. 2002 (see
also Bonnici et al., 2012a), where the anterior 35% of the hip-
pocampus was labeled as anterior and the remainder as poste-
rior (see Supporting Information for mean voxel numbers of
each subfield). The end of the uncus was used to delineate the
border between the two. MVPA was performed once again,
this time on the subfields in the anterior portion (for recent
and remote memories), and on the subfields in the posterior
portion. There were no significant effects of memory type or
subfield in the anterior hippocampal portion (all F < 1.99;
P < 0.285). By contrast, for the posterior portion there was a
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significant effect of memory type [F(1,11) = 7.635; P = 0.018]
and a significant subfield by memory type interaction [F(3,33)
= 2.9; P = 0.049]. Posthoc investigations revealed that remote
autobiographical memories were significantdy more detectable
than recent memories in CA3 and DG [CA3: f(11) = —4.041;
P = 0.002; DG: #11) = —2.332; P = 0.040; CAl: «11) =
—1.529; P = 0.155; subiculum: #11) = —1.491; P = 0.164;
Fig. 3).

To summarize, this analysis shows that while all subfields
(CA1, CA3, DG, and subiculum) in the anterior hippocampus
contained information about both recent and remote autobio-
graphical memories, posterior CA3 and DG only contained
decodable information about remote memories. Therefore,
while Bonnici et al. (2012a) reported that the hippocampus
seems to respect the difference between recent and remote
autobiographical memories, our results extend this observation
by now showing that it was in particular CA3 and DG that
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FIGURE 3. MVPA results for (A) the anterior and (B) the pos-

terior portions of the hippocampus. There were no significant dif-
ferences in classifier accuracies between recent and remote
autobiographical memories in any subfield in the anterior portion.
By contrast, for two of the subregions within the posterior hippo-
campus, CA3 and DG, only remote autobiographical memories
were detected significantly above chance (*P < 0.05). Error bars
represent =1 standard error of the mean; chance = 33%. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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drove this distinction, specifically the portions of these subfields
located in the posterior hippocampus. These results therefore
resonate with theories that suggest a role for the hippocampus
when vividly recollecting autobiographical memories regardless
of age (Nadel and Moscovitch, 1997; Hassabis and Maguire,
2007, 2009; Winocur and Moscovitch, 2011).

Perhaps these intrahippocampal distinctions simply reflect
qualitative differences between the recent and remote memo-
ries. However, the two memory types were highly similar on a
range of characteristics that included vividness, ease of recall,
and amount of detail (see Supporting Information, Table S1,
and Bonnici et al., 2012a for full details of memory matching).
Both types of memories were vividly re-experienced suggesting
that the remote memories were not more semanticized than
the recent memories. Similarly, other factors such as re-
encoding, reactivation, or the recall of the prescan interview,
which would have affected both recent and remote memories,
cannot easily explain the selective findings for remote memories
in specifically posterior CA3 and DG.

Considering reasons for our findings, we need to take into
account both the posterior hippocampal location of the differ-
ential effect for remote memories, and also the selective
involvement of CA3 and DG. The posterior hippocampus has
been associated with spatial processing (e.g., Moser and Moser,
1998; Maguire et al., 2000). Bonnici et al. (2012a) suggested
that the posterior hippocampus may implement the spatial
framework for scenes into which the elements of a memory are
reconstructed (Hassabis and Maguire, 2007, 2009), in line
with findings from patients with hippocampal damage who
have lost the ability to construct spatially coherent scenes (e.g.,
Hassabis et al., 2007; Race et al., 2011; Mullally et al., 2012—
but see Squire et al., 2010 and Maguire and Hassabis, 2011
for a response). Bonnici et al. (2012a) further speculated that
recent memories may be experienced as coherent scenes or
events that are temporarily represented in the hippocampus
(utilizing anterior and posterior aspects), with neocortical con-
solidation happening relatively quickly. The constituent ele-
ments of autobiographical memories are then the preserve of
the neocortex. At retrieval, this piecemeal information is auto-
matically funneled back into the hippocampus, but in order to
be assembled into a coherent form; this requires the scene con-
struction process that takes place in the posterior hippocampus.
They suggest this is why remote memories were discernible to
a greater degree in posterior hippocampus, because they rely on
this process more than do recent memories.

By contrast, CA3 and DG are linked with pattern separation
and CA3 with pattern completion (Marr, 1971; Treves and
Rolls, 1994; McClelland et al., 1995; Kesner et al., 2004;
Leutgeb et al., 2004; Leutgeb and Leutgeb, 2007; Leutgeb
et al., 2007; Alvernhe et al., 2008; Hunsaker and Kesner,
2008; Gilbert and Brushfield, 2009; Aimone et al., 2011;
O'Reilly et al., 2011). We hypothesize that if remote autobio-
graphical memories have to undergo more reconstruction than
recent memories, then the accumulation of memory elements
and spatial contexts in posterior hippocampus might trigger
CA3-mediated pattern completion to a greater extent. Clearly
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this is speculative, and additional studies are required to
explore this further, as well as to establish precisely what each
of the subfields do, both anteriorly and posteriorly, and the
functional connectivity between them. The high-resolution
structural and functional MRI approach adopted here, and the
ability to separate the hippocampal subfields, demonstrates that
these kinds of questions are now tractable, presenting new
opportunities to examine how autobiographical memories are
processed and represented at this fundamental level.

Acknowledgments

This work was supported by the Wellcome Trust.

Thanks to Antoine Lutti, Nikolaus Weiskopf, and Demis
Hassabis for technical assistance. HMB and EAM designed the
study, HMB collected the data, and HMB and MJC analyzed
the data with input from EAM, EAM, and HMB wrote the

article.

REFERENCES

Aimone ]B, Deng W, Gage FH. 2011. Resolving new memories: A
critical look at the dentate gyrus, adult neurogenesis, and pattern
separation. Neuron 70:589-596.

Alvernhe A, Van Cauter T, Save E, Poucet B. 2008. Different CAl
and CA3 representations of novel routes in a shortcut situation.
J Neurosci 28:7324-7333.

Amaral DG, Lavenex P. 2007. Hippocampal neuroanatomy. In Ander-
son P, Morris R, Amaral D, Bliss T, and O’Keefe , editors. The
Hippocampus Book. New York: Oxford University Press. pp 37—
114.

Bartsch T, Dohring J, Rohr A, Jansen O, Deuschl G. 2011. CAl neu-
rons in the human hippocampus are critical for autobiographical
memory, mental time travel, and autonoetic consciousness. Proc
Natl Acad Sci USA 108:17562-17567.

Bonnici HM, Chadwick M]J, Lutti A, Weiskopf N, Maguire EA.
2012a. Detecting representations of recent and remote autobio-
graphical memories in vmPFC and hippocampus. ] Neurosci 32:
16982-16991.

Bonnici HM, Chadwick M]J, Kumaran D, Hassabis D, Weiskopf N,
Maguire EA. 2012b. Multi-voxel pattern analysis in human hippo-
campal subfields. Fron Hum Neurosci 6:290.

Bonnici HM, Kumaran D, Chadwick MJ, Weiskopf N, Hassabis D,
Maguire EA. 2012c. Decoding representations of scenes in the
medial temporal lobes. Hippocampus 22:1143—1153.

Chadwick M]J, Bonnici HM, Maguire EA. 2012. Decoding informa-
tion in the human hippocampus: A user’s guide. Neuropsychologia
50:3107-3121.

Chadwick M]J, Hassabis D, Weiskopf N, Maguire EA. 2010. Decod-
ing individual episodic memory traces in the human hippocampus.
Curr Biol 20:544-547.

Fanselow MS, Dong HW. 2010. Are the dorsal and ventral hippocam-
pus functionally distinct structures? Neuron 65:7-19.

Gilbert PE, Brushfield AM. 2009. The role of the CA3 hippocampal
subregion in spatial memory: a process oriented behavioral assess-
ment. Prog Neuro-psychopharm Biol Psychiatry 33:774-781.

Gilboa A, Winocur G, Grady C, Hevenor SJ, Moscovitch M. 2004.
Remembering our past: functional neuroanatomy of recollection of
recent and very remote personal events. Cereb Cortex 14:1214—
1225.

Hippocampus



854 BONNICI ET AL.

Hackert VH, den Heijer T, Oudkerk M, Koudstaal PJ, Hofman A,
Breteler MM. 2002. Hippocampal head size associated with verbal
memory performance in nondemented elderly. Neurolmage 17:
1365-1372.

Hassabis D, Maguire EA. 2007. Deconstructing episodic memory
with construction. Trends Cogn Sci 11:299-306.

Hassabis D, Maguire EA. 2009. The construction system of the brain.
Philos Trans R Soc Lond B Biol Sci 364:1263-1271.

Hassabis D, Kumaran D, Vann SD, Maguire EA. 2007 Patients with
hippocampal amnesia cannot imagine new experiences. Proc Natl
Acad Sci USA 104:1726-1731.

Haynes JD, Rees G. 2006. Decoding mental states from brain activity
in humans. Nat Rev Neurosci 7:523-534.

Hunsaker MR, Kesner RP. 2008. Evaluating the differential roles of the
dorsal dentate gyrus, dorsal CA3, and dorsal CA1 during a temporal
ordering for spatial locations task. Hippocampus 18:955-964.

Kesner RP, Lee I, Gilbert P. 2004. A behavioral assessment of hippo-
campal function based on a subregional analysis. Rev Neurosci 15:
333-352.

Leutgeb JK, Leutgeb S, Moser MB, Moser EI. 2007. Pattern separa-
tion in the dentate gyrus and CA3 of the hippocampus. Science
315:961-966.

Leutgeb S, Leutgeb JK. 2007. Pattern separation, pattern completion,
and new neuronal codes within a continuous CA3 map. Learn
Mem 14:745-757.

Leutgeb S, Leutgeb JK, Treves A, Moser MB, Moser EI. 2004. Dis-
tinct ensemble codes in hippocampal areas CA3 and CAl. Science
305:1295-1298.

Lorente de No, R. 1934. Studies on the structure of the cerebral cor-
tex II. Continuation of the study of the ammonic system. ] Psychol
Neurol 46:113-117.

Maguire EA, Hassabis D. 2011. Role of the hippocampus in imagina-
tion and future thinking. Proc Natl Acad Sci USA 108:E39.

Maguire EA, Frith CD. 2003. Lateral asymmetry in the hippocampal
response to the remoteness of autobiographical memories. ] Neuro-
sci 23:5302-5307.

Maguire EA, Henson RN, Mummery CJ, Frith CD. 2001. Activity in
prefrontal cortex, not hippocampus, varies parametrically with the
increasing remoteness of memories. Neuroreport 12:441-444.

Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J,
Frackowiak RS, Frith CD. 2000. Navigation-related structural
change in the hippocampi of taxi drivers. Proc Natl Acad Sci USA
97:4398-4403.

Marr D. 1971. Simple memory: A theory for archicortex. Philos Trans
R Soc Lond B Biol Sci 262:23-81.

McClelland JL, McNaughton BL, Reilly RC. 1995. Why there are
complementary learning systems in the hippocampus and neocor-
tex: Insights from the successes and failures of connectionist mod-
els of learning and memory. Psychol Rev 102:419-457.

Moser MB, Moser EI. 1998. Functional differentiation in the hippo-
campus. Hippocampus 8:608-619.

Mullally SL, Intraub H, Maguire EA. 2012. Attenuated boundary
extension produces a paradoxical memory advantage in amnesic
patients. Curr Biol 22:261-268.

Nadel L, Moscovicch M. 1997. Memory consolidation, retrograde
amnesia and the hippocampal complex. Curr Opin Neurobiol 7:
217-227.

Niki K, Luo J. 2002. An fMRI study on the time-limited role of the
medial temporal lobe in long-term topographical autobiographic
memory. ] Cogn Neurosci 14:500-507.

Hippocampus

Norman KA, Polyn SM, Detre GJ, Haxby JV. 2006. Beyond mind-
reading: multi-voxel pattern analysis of fMRI data. Trends Cogn
Sci 10:424-430.

O’Reilly RC, Bhattacharyya R, Howard MD, Ketz N. 2011. Comple-
mentary learning systems. Cogn Sci (in press)

Piefke M, Weiss PH, Zilles K, Markowitsch HJ, Fink GR. 2003. Dif-
ferential remoteness and emotional tone modulate the neural corre-
lates of autobiographical memory. Brain 126:650-668.

Piolino B Giffard-Quillon G, Desgranges B, Chetelat G, Baron JC,
Eustache E 2004. Re-experiencing old memories via hippocampus:
A PET study of autobiographical memory. Neuroimage 22:1371-
1383.

Poppenk J, Moscovitch M. 2011. A hippocampal marker of recollec-
tion memory ability among healthy young adults: Contributions of
posterior and anterior segments. Neuron 72:931-937.

Poppenk J, Evensmoen HR, Moscovitch M, Nadel L. 2013. Long-
axis specialization of the human hippocampus. Trends Cogn Sci
17:230-240.

Race E, Keane MM, Verfaellie M. 2011. Medial temporal lobe dam-
age causes deficits in episodic memory and episodic future thinking
not attributable to deficits in narrative construction. ] Neurosci 31:
10262-10269.

Ranganath C, Ritchey M. 2012. Two cortical systems for memory-
guided behaviour. Nat Rev Neurosci 13:713-726.

Rekkas PV, Constable RT. 2005. Evidence that autobiographic mem-
ory retrieval does not become independent of the hippocampus:
An fMRI study contrasting very recent with remote events. ] Cogn
Neurosci 17:1950-1961.

Rolls ET. 2010. A computational theory of episodic memory forma-
tion in the hippocampus. Behav Brain Res 215:180-196.

Ryan L, Nadel L, Keil K, Putham K, Schnyer D, Trouard T,
Moscovitch M. 2001. Hippocampal complex and retrieval of recent
and very remote autobiographical memories: Evidence from func-
tional magnetic resonance imaging in neurologically intact people.
Hippocampus 11:707-714.

Scoville WB, Milner B. 1957. Loss of recent memory after bilateral
hippocampal lesions. ] Neurol Neurosurg Psychiatry 20:11-21.
Squire LR. 1992. Memory and the hippocampus: A synthesis from
findings with rats, monkeys, and humans. Psychol Rev 99:195-

231.

Squire LR, Van der Horst AS, McDuff, SGR, Frascino JC, Hopkins
RO. 2010. Role of the hippocampus in remembering the past and
imagining the future. Proc Natl Acad Sci USA 107:19044-19048.

Steinvorth S, Corkin S, Halgren E. 2006. Ecphory of autobiographical
memories: An fMRI study of recent and remote memory retrieval.
Neuroimage 30:285-298.

Teyler TJ, DiScenna P. 1985 The role of hippocampus in memory: A
hypothesis. Neurosci Biobehav Rev 9:377-389.

Treves A, Rolls ET. 1994. Computational analysis of the role of the
hippocampus in memory. Hippocampus 4:374-391.

Viard A, Piolino B, Desgranges B, Chetelat G, Lebreton K, Landeau B,
Young A, De La Sayette V, Eustache E 2007. Hippocampal activa-
tion for autobiographical memories over the entre lifetime in
healthy aged subjects: An fMRI study. Cereb Cortex 17:2453-2467.

Watanabe T, Kimura HM, Hirose S, Wada H, Imai Y, Machida T,
Shirouzu I, Miyashita Y, Konishi S. 2012. Functional dissociation
between anterior and posterior temporal cortical regions during
retrieval of remote memory. ] Neurosci 32:9659-9670.

Winocur G, Moscovitch M. 2011. Memory transformation and sys-
tems consolidation. ] Int Neuropsychol Soc 17:766-780.





