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Introduction

Cognitive theories of episodic memory posit 
that memory retrieval involves patterns of 
neural activity returning to a previous state1, 2, 
resulting in the subjective experience of ‘men-
tal time travel’3� These cognitive models rely 
on a contextual representation that integrates 
information over long time scales, represent-
ing information about both the environment 
and internal states� When an item is encoded 
into memory, associations are formed between 
the item representation and the current state 
of context� This associative link allows for two 
different processes to occur: 1) a state of con-
text can be used to retrieve particular items 
from memory; and 2) particular items can be 
used to retrieve contextual information, such 
as the location or time in which they were 
studied� When an item is retrieved, the context 
in which it was studied may also be retrieved, 
causing the contextual representation to re-
turn to its prior state� A growing body of evi-
dence supporting the representation of item 
information within posterior cortical regions, 
as well as their reactivation during memory re-
trieval, will be reviewed� While there is ample 
support for the neural representation of item-
specific information, only recent investigations 
have begun to search for neural mechanisms 
that may mediate a contextual representation� 

Findings from the neuroimaging and neuro-
psychological literature that support the role 
of MTL and prefrontal regions in the process-
ing of contextual information will be reviewed� 

Reactivation of cortical activity during re-
trieval

Recent neuroimaging studies provide evidence 
that retrieval of a previously bound episode 
occurs when the cortical activity present when 
the memory is constructed is reactivated� 
Studies examining cortical reactivation typi-
cally have similar experimental form, in which 
a particular cue is presented during the encod-
ing of an episodic memory� Neural recording 
during retrieval, when participants typically 
perform an item recognition or source memo-
ry task associated with a specific cue, has pro-
vided evidence that cortical activity related to 
modality (auditory or visual)4, 5, encoding task 
(imagine or read)6, or type of odor7 reactivates 
during these retrieval tasks� Critically, the re-
activation of contextual details during these 
tests is driven by associative retrieval mecha-
nisms, as only the cue is presented during test� 
Studies of this nature have shown the reactiva-
tion in visual and auditory cortex during the 
associative retrieval of visual4, 8-11 and auditory 
information4, 5� These findings of reactivation 
in sensory association cortex are supportive 
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of context-based theories of episodic memory, 
which rely on a representation of item infor-
mation that activates when a specific item is 
presented during study, or retrieved through 
mnemonic processing�

In addition to the activation of associated per-
ceptual information, studies have revealed 
that activity specific to the type of processes 
engaged during encoding may also be reacti-
vated during retrieval� Work by Johnson and 
Rugg12 demonstrated cortical reactivation in 
left occipital cortex and anterior fusiform gy-
rus when participants imagined a verbally pre-
sented object in a visual scene, while activity in 
ventromedial prefrontal cortex was reinstated 
when the same stimulus was incorporated into 
a sentence� Work by Kahn and colleagues6 
showed cortical reactivation in the parahip-
pocampal place area (implicated in processing 
scene information13) for imagined items, while 
items that were read reactivated posterior ven-
trolateral prefrontal cortex (implicated in lexi-
cal tasks)� These findings suggest that contex-
tual information beyond sensory perception is 
bound into episodic memories�

The above neuroimaging studies rely upon 
the presentation of a cue during test in order 
to test for the associative retrieval of contex-
tual details� Context-based theories of episodic 
memory propose that retrieval may occur in 
the absence of an external cue, as memory 

search is guided by an internally maintained 
contextual cue� In support of the contextual re-
instatement hypothesis, Polyn and colleagues14 

found cortical reactivation in the visual pro-
cessing stream during a free recall task� In 
this study, fMRI data was collected while par-
ticipants studied images of famous celebrities, 
locations, or objects, and later retrieved them 
during a free-recall task� Using multivariate 
pattern analysis techniques, activity in fusi-
form gyrus, parahippocampal cortex, and in-
ferior temporal gyrus was shown to reactivate 
prior to the recall of celebrities, locations, and 
objects, respectively� These findings are con-
sistent with category-specific activity cuing 
memory retrieval� In line with the reactiva-
tion of task-specific activity in source memory 
studies, reactivation of task specific activity in 
occipital cortex, parietal cortex, and lingual 
gyrus was observed during a similar free-recall 
task15�

Perhaps the most compelling evidence of reac-
tivation of neural activity, driven through the 
hippocampus, comes from electrophysiologi-
cal recordings of hippocampal neurons and 
their surrounding local field potentials from 
patients with intractable epilepsy� Gelbard-Sa-
giv and colleagues16 recorded activity in single 
neurons of the human hippocampus while pa-
tients first viewed cinematic episodes, and later 
recalled these episodes� A subset of recorded 
neurons exhibited selective firing throughout 

Figure 1:  Schematic diagram mapping cortical regions implicated in 
maintaining and updating context (blue), representing the features of  
items (red), and forming associations between items and the context in 
which they are encountered (green). PHG, parahippocampal gyrus. 
Hc, hippocampus. DLPFC, dorsolateral prefrontal cortex. IT, 
inferior temporal gyrus.

Free-recall task: 
A memory paradigm in 
which participants study 
a list of items on each 
trial, and are prompted 
to recall the items in any 
order, without a retrieval 
cue.
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the presentation of the encoded materials� Re-
activation of these neurons preceded recall of 
the encoded material, directly linking hippo-
campal firing and human recollection during 
memory search� Reactivation of oscillatory 
activity in the gamma band has also been ob-
served during successful encoding during a 
free-recall paradigm17� This activity, localized 
to prefrontal, hippocampal, and left temporal 
lobe electrodes was shown to reactivate dur-
ing the recall of studied items� Reactivation 
occurred first within the hippocampus, before 
the pattern of activity in cortex was reinstated� 
Findings of this nature are suggestive of recall 
of past experience originating in the MTL, and 
propagating to association cortex, where ac-
tivity reflects the subjective experience of the 
recollected memory� 

Bridging cognitive models and neural mecha-
nisms

In the following section, evidence for the neu-
ral substrates mediating the major cognitive 
processes proposed by context-based theories 
will be briefly reviewed� These theories pro-
pose that activity in neocortical association 
cortex reflects information about individual 
items recently encountered in the environ-
ment� In addition, a context representation 
contains information about the recent history 
of items that have been active in association 
cortex; these theories propose this activity is 
represented in either prefrontal18 or parahip-
pocampal19 regions� Finally, these theories 
propose that the hippocampus mediates the 
binding of item and context representations, in 
the formation of distinct episodes that may be 
later retrieved� The recall of a specific item, co-
incident with cortical reactivation of the pat-
tern of neural activity representing said item, 
is enacted by similar hippocampally mediated 
Hebbian learning� In this manner, these mod-
els provide a means to explain the phenom-
enon of cortical reactivation during episodic 
remembering (depicted in Figure 1)�

Extant neuroimaging evidence speaks to the 
role of the hippocampus in the successful 

encoding12, 20-23 and retrieval 23-26 of episodic 
memories� There is also a consensus in terms 
of object representations in association cortex 
based on modality: superior temporal gyrus 
for auditory representations, and inferior tem-
poral gyrus for visual representations� Within 
the ventral visual pathway, specific cortical re-
gions encode specific stimuli, such as the fu-
siform face area27, the parahippocampal place 
area13, and object responsive areas in lateral 
occipital cortex28� Given the recent advent of 
context-based theories of episodic memory, 
limited but promising progress has been made 
towards identifying potential substrates that 
mediate a contextual representation� In the 
following section, evidence supporting para-
hippocampal cortex activity mediating a tem-
poral context representation will be reviewed� 
Evidence for the role of the dorsolateral pre-
frontal cortex (DLPFC) in manipulating, or 
shaping the information stored in this repre-
sentation will also be considered�

Contextual maintenance and integration

The existence of a slowly changing contex-
tual representation is essential to models of 
episodic memory� According to the temporal 
context model1, changes in context are driven 
by perceptual inputs to the system, with the 
similarity of context to prior states decaying 
in an exponential manner with additional in-
puts� In order for a region to represent context, 
patterns of neuronal firing must be capable of 
changing firing rates based on external inputs 
(proposed here to reflect perceptual inputs due 
to feature information), as well as maintain 
persistent firing over delay periods� Persistent 
firing enables the maintenance of information 
in the absence of external stimuli, a critical 
property of context representations� Persistent 
firing of cortical assemblies has been recorded 
in prefrontal cortex29, 30, limbic regions, includ-
ing entorhinal cortex31, 32, perirhinal cortex33, 34, 
and lateral amygdala35 of nonhuman primates 
and rodents (for a review, see work by Wang36)�

Parahippocampal cortex

Oscillatory activity:
Synchronized activity of 
a large number of neu-
rons firing at a specific 
frequency.

Hebbian learning: 
An associative learning 
process in which con-
nected neurons that ex-
hibit simultaneous firing 
strengthen their synaptic 
connections to one an-
other.
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Given the firing patterns observed in parahippocampal 
regions, their afferent sensory inputs, and extensive recip-
rocal connections to the hippocampus, activity in para-
hippocampal cortex is well suited to mediate a contextual 
representation37, 38� Studies examining working memory in 
humans have identified a dissociation between the mainte-
nance of novel information, supported through MTL func-
tion, in contrast to familiar stimuli, supported in part by 
increased prefrontal activation39� Similar work has identi-
fied that successful encoding of novel visual information 
is supported by the parahippocampal gyrus40, which can 
be reduced through the application of the muscarinic cho-
linergic antagonist, scopolamine, prior to scanning41� Loss 
of cholinergic modulation, and consequently recurrent fir-
ing, to entorhinal cortex also produces reduced encoding 
of novel, but not familiar odors, in rats42� 

The most compelling evidence for a temporal context rep-
resentation supported through activity within the MTL 
comes from recent electrophysiological studies recording 
from the MTL in humans� Work by Manning and col-
leagues43 found direct support for contextual reinstate-
ment, evidenced by the reactivation of oscillatory patterns 
of brain activity recorded in local field potentials, while pa-
tients with intractable epilepsy studied a list of nouns and 
performed free recall� In their analysis, they identified a 
slowly changing, autocorrelated signal while patients stud-
ied specific items- a contextual representation� Critically, 
just prior to the recall of individual items, the pattern of 
contextual activity recorded from temporal lobe electrodes, 
including the hippocampus, returned to a prior state� Re-
cent recordings from within the MTL have also revealed 
autocorrelated patterns of neuronal firing, which return to 
a previous state of firing during a continuous recognition 
task44� These studies build on a growing body of evidence 
from rodent45, 46, nonhuman primates47, and humans48, 49 for 
the encoding and maintenance of temporal context within 
the MTL�

Dorsolateral prefrontal cortex

The DLPFC has been proposed to act as central locus for 
a contextual representation18, 50, due to its sustained delay 
period activity in working memory tasks, as well as defi-
cits in source memory51-53, and recency judgments54, 55 with 
frontal lesion pathology (although explicit contextual en-
coding remains intact in frontal amnesics56, 57)� Further-
more, patients with frontal lobe lesions have been shown to 
have spared automatic encoding of temporal information, 

but deficits in the processing of this information58� Func-
tional neuroimaging evidence also points to the role of 
DLPFC in the selection of action from memory59, 60 rather 
than maintenance of information (reviewed by Curtis and 
D’Esposito61)� Recent evidence from neural decoding of 
a prospective memory tasks supports the role of prefron-
tal cortex in modifying the contents of working memory, 
which could be decoded in posterior cortical regions (but 
not task-sensitive regions in anterior and lateral prefrontal 
cortex)62� This top-down modulation of contextual repre-
sentations fits in line with the temporal patterns of firing in 
electrophysiological recordings of DLPFC63, as well as le-
sions studies of DLPFC and inferior temporal cortex64� This 
evidence speaks to an interactive role of the DLPFC, with 
a potential role in the organization of information stored 
in context�

Recent neuroimaging work investigating the role of DLPFC 
provides evidence for its role in organizing currently active 
representations held in working memory65� In this study, 
participants encoded a list of three items, and either per-
formed rote rehearsal or reordered the items according to 
their weight, during a delay period� This reordering task re-
quires additional manipulation of the contents of working 
memory, as compared to the rehearsal control task� Consis-
tent with the theorized role of DLPFC in the organization 
of currently maintained representations, activity in DLPFC 
was greater for reordering, relative to rehearsal, of items 
in working memory� Increased activity within DLPFC has 
also been linked to subsequent relational memory effects66, 

67, and subsequent clustering68 and memory69 of studied 
materials during free recall� These findings support a role 
for the DLPFC in the encoding of associations between 
currently active item representations; activity in this region 
may directly interact with inputs to a contextual represen-
tation, allowing individual items presented across longer 
time scales to be associate to similar contextual states� Fu-
ture studies investigating how activity within DLPFC dur-
ing working memory tasks influences item representation 
in posterior cortical regions may provide further insight 
into the functional role of the DLPFC�

In addition to supporting relational encoding of items, 
neuroimaging studies of lateral prefrontal cortex function 
suggest it may mediate temporal context encoding� As pre-
viously mentioned, lesions to prefrontal cortex often cause 
deficits in recency discrimination54, 70-72� Motivated by evi-
dence from the neuropsychological domain, Jenkins and 
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Ranganath48 examined prefrontal and MTL contributions 
to the encoding of temporal-order memory� In this study, 
participants encoded a series of four stimuli, and after an 
eight second delay, were required to indicate from which 
position a test probe was encoded in the list� Activity dur-
ing trials in which subjects correctly assessed the position 
of the probe was compared to activity during incorrect tri-
als� This contrast of fine temporal memory encoding re-
vealed activity in parahippocampal cortex� In addition to 
this within-trial measure of temporal context encoding, 
participants were given a post-scan test in which they in-
dicated the temporal position an item was presented in on 
a time line representing the duration of the experiment� 
Activity in rostrolateral prefrontal cortex, DLPFC, and an-
terior hippocampus promoted the encoding of coarse tem-
poral memory� To test if the pattern of activity in any of 
these regions represented a gradually changing contextual 
representation, a multivariate pattern analysis of activity in 
regions showing temporal memory effects was conducted� 
In this analysis, patterns of activity were constructed in 
each region of interest, and the similarity of these patterns 
was compared to adjacent trials� Trials with accurate coarse 
memory were associated with a dissimilar pattern of activ-
ity, relative to neighboring trials� If this pattern of activ-
ity in fact represents the encoding of temporal context, the 
distinct temporal context may facilitate subsequent tem-
poral order judgments� Alternatively, if items are encoded 
with similar contextual states, it may be more difficult to 
distinguish when they occured, relative to other items in 
the list� These findings, as well as other reports of DLPFC 
activity supporting subsequent temporal order memory in 
similar studies49 supports the role of prefrontal processes in 
supporting the encoding of temporal context�

Conclusion

Recent findings suggest that activity in the MTL may 
mediate a contextual representation, critical for episodic 
memory� The manner in which information is gated into 
the medial temporal lobe may be controlled by activity in 
prefrontal frontal cortex, allowing for control over the cur-
rent contextual representation� Future studies should em-
phasize how interactions between prefrontal cortex and the 
medial temporal lobe shape the current state of context�

References

1� Howard, M� W� and Kahana, M� J� A distributed representation 
of temporal context� Journal of Mathematical Psychology 46, 

269–299 (2002)�

2� Polyn, S�  M�, Norman, K�  A�, and Kahana, M�  J� A context 
maintenance and retrieval model of organizational processes 
in free recall� Psychological Review 116(1), 129–156 (2009)�

3� Tulving, E� What is episodic memory?  Current Directions in 
Psychological Science 2(3), 67–70, June (1993)� ArticleType: 
research-article / Full publication date: Jun�, 1993 / Copyright  
1993 Association for Psychological Science�

4� Wheeler, M� E�, Petersen, S� E�, and Buckner, R� L� Memory’s 
echo: Vivid remembering reactivates Sensory-Specific cortex� 
Proceedings of the National Academy of Sciences 97(20), 
11125–11129, September (2000)�

5� Nyberg, L�, Habib, R�, McIntosh, A�  R�, and Tulving, E� 
Reactivation of Encoding-Related brain activity during 
memory retrieval� Proceedings of the National Academy of 
Sciences 97(20), 11120–11124, September (2000)�

6� Kahn, I�, Davachi, L�, and Wagner, A�  D� Functional-
neuroanatomic correlates of recollection: implications for 
models of recognition memory� The Journal of neuroscience: 
the official journal of the Society for Neuroscience 24(17), 
4172–4180, April (2004)� PMID: 15115812�

7� Gottfried, J� A�, Smith, A� P� R�, Rugg, M� D�, and Dolan, R� J� 
Remembrance of odors past: human olfactory cortex in cross-
modal recognition memory� Neuron 42(4), 687–695, May 
(2004)� PMID: 15157428�

8� Vaidya, C�  J�, Zhao, M�, Desmond, J� E�, and Gabrieli, J� D� E� 
Evidence for cortical encoding specificity in episodic memory: 
memory-induced re-activation of picture processing areas� 
Neuropsychologia 40(12), 2136–2143 (2002)� PMID: 12208009�

9� Wheeler, M�  E� and Buckner, R�  L� Functional dissociation 
among components of remembering: control, perceived 
oldness, and content� The Journal of neuroscience: the official 
journal of the Society for Neuroscience 23(9), 3869–3880, May 
(2003)� PMID: 12736357�

10� Wheeler, M�  E� and Buckner, R�  L� Functional-anatomic 
correlates of remembering and knowing� NeuroImage 21(4), 
1337–1349, April (2004)� PMID: 15050559�

11� Wheeler, M�  E�, Shulman, G�  L�, Buckner, R�  L�, Miezin, 
F� M�, Velanova, K�, and Petersen, S� E� Evidence for separate 
perceptual reactivation and search processes during 
remembering� Cerebral cortex (New York, N�Y�: 1991) 16(7), 
949–959, July (2006)� PMID: 16162854�

12� Johnson, J�  D� and Rugg, M�  D� Recollection and the 
reinstatement of encoding-related cortical activity� Cerebral 
cortex (New York, N�Y�: 1991) 17(11), 2507–2515, November 
(2007)� PMID: 17204822�

13� Epstein, R� and Kanwisher, N� A cortical representation of the 
local visual environment� Nature 392(6676), 598–601, April 
(1998)�

14� Polyn, S. M., Natu, V. S., Cohen, J. D., and Norman, K. A. 
Category-Specific cortical activity precedes retrieval during 
memory search. Science 310(5756), 1963 –1966, December 
(2005).

15� Polyn, S� M�, Kragel, J� E�, Morton, N� W�, McCluey, J� D�, and 
Cohen, Z� D� The neural dynamics of task context in free recall� 
Neuropsychologia  (2012)�



VOLUME 5 | 2013 | 57VANDERBILT REVIEWS NEUROSCIENCE

C A N D I D A T E 
R E V I E W S

16� Gelbard-Sagiv, H., Mukamel, R., Harel, M., Malach, R., and 
Fried, I. Internally generated reactivation of single neurons 
in human hippocampus during free recall. Science 322(5898), 
96–101, October (2008).

17� Sederberg, P� B�, Schulze-Bonhage, A�, Madsen, J� R�, Bromfield, 
E� B�, Litt, B�, Brandt, A�, and Kahana, M� J� Gamma oscillations 
distinguish true from false memories� Psychological Science 
18(11), 927–932, November (2007)�

18� Polyn, S� M� and Kahana, M�  J� Memory search and the neural 
representation of context� Trends in Cognitive Sciences 12(1), 
24–30, January (2008)�

19� Howard, M� W�, Fotedar, M� S�, Datey, A� V�, and Hasselmo, M� E� 
The temporal context model in spatial navigation and relational 
learning: Toward a common explanation of medial temporal lobe 
function across domains� Psychological Review 112(1), 75–116 
(2005)�

20� Davachi, L�, Mitchell, J�  P�, and Wagner, A�  D� Multiple routes 
to memory: Distinct medial temporal lobe processes build item 
and source memories� Proceedings of the National Academy of 
Sciences 100(4), 2157–2162, February (2003)�

21� Ranganath, C�, Johnson, M�  K�, and D’Esposito, M� Prefrontal 
activity associated with working memory and episodic long-term 
memory� Neuropsychologia 41(3), 378–389 (2003)�

22� Kirwan, C� B� and Stark, C� E� L� Medial temporal lobe activation 
during encoding and retrieval of novel face-name pairs� 
Hippocampus 14(7), 919–930, January (2004)�

23� Prince, S� E�, Daselaar, S� M�, and Cabeza, R� Neural correlates of 
relational memory: Successful encoding and retrieval of semantic 
and perceptual associations� The Journal of Neuroscience 25(5), 
1203–1210, February (2005)�

24� Buckner, R� L�, Koutstaal, W�, Schacter, D� L�, Dale, A� M�, Rotte, 
M�, and Rosen, B�  R� Functional–Anatomic study of episodic 
retrieval: II� selective averaging of Event-Related fMRI trials to 
test the retrieval success hypothesis� NeuroImage 7(3), 163–175, 
April (1998)�

25� Nyberg, L�, Mclntosh, A� R�, Houle, S�, Nilsson, L�, and Tulving, E� 
Activation of medial temporal structures during episodic memory 
retrieval� , Published online: 25 April 1996;  doi:10�1038/380715a0 
380(6576), 715–717, April (1996)�

26� Konishi, S�, Wheeler, M� E�, Donaldson, D� I�, and Buckner, R� L� 
Neural correlates of episodic retrieval success� NeuroImage 12(3), 
276–286, September (2000)�

27� Kanwisher, N�, McDermott, J�, and Chun, M�  M� The fusiform 
face area: A module in human extrastriate cortex specialized for 
face perception� The Journal of Neuroscience 17(11), 4302–4311, 
June (1997)�

28� Malach, R�, Reppas, J� B�, Benson, R� R�, Kwong, K� K�, Jiang, H�, 
Kennedy, W� A�, Ledden, P� J�, Brady, T� J�, Rosen, B� R�, and Tootell, 
R�  B� Object-Related activity revealed by functional magnetic 
resonance imaging in human occipital cortex� Proceedings of the 
National Academy of Sciences 92(18), 8135–8139, August (1995)�

29� Fuster, J� M� and Alexander, G� E� Neuron activity related to Short-
Term memory� Science 173(3997), 652–654, August (1971)�

30� Romo, R�, Brody, C�  D�, Hernaacutendez, A�, and Lemus, L� 
Neuronal correlates of parametric working memory in the 
prefrontal cortex� Nature 399(6735), 470–473, June (1999)�

31� Egorov, A� V�, Hamam, B� N�, Franseacuten, E�, Hasselmo, M� E�, 

and Alonso, A� A� Graded persistent activity in entorhinal cortex 
neurons� Nature 420(6912), 173–178, November (2002)�

32� Yoshida, M�, Fransén, E�, and Hasselmo, M� E� mGluR-dependent 
persistent firing in entorhinal cortex layer III neurons� European 
Journal of Neuroscience 28(6), 1116–1126, September (2008)�

33� Navaroli, V�  L�, Zhao, Y�, Boguszewski, P�, and Brown, T�  H� 
Muscarinic receptor activation enables persistent firing in 
pyramidal neurons from superficial layers of dorsal perirhinal 
cortex� Hippocampus , September (2011)�

34� Kholodar-Smith, D�, Boguszewski, P�, and Brown, T� Auditory 
trace fear conditioning requires perirhinal cortex� Neurobiology 
of Learning and Memory 90(3), 537–543, October (2008)�

35� Egorov, A�  V�, Unsicker, K�, and Von Bohlen  und Halbach, 
O� Muscarinic control of graded persistent activity in lateral 
amygdala neurons� European Journal of Neuroscience 24(11), 
3183–3194, December (2006)�

36� Wang, X� Synaptic reverberation underlying mnemonic persistent 
activity� Trends in Neurosciences 24(8), 455–463, August (2001)�

37� Burwell, R� D�, Witter, M� P�, and Amaral, D� G� Perirhinal and 
postrhinal cortices of the rat: A review of the neuroanatomical 
literature and comparison with findings from the monkey brain� 
Hippocampus 5(5), 390–408, October (2004)�

38� Suzuki, W�  A� The anatomy, physiology and functions of the 
perirhinal cortex� Current Opinion in Neurobiology 6(2), 179–
186, April (1996)�

39� Stern, C�  E�, Sherman, S�  J�, Kirchhoff, B�  A�, and Hasselmo, 
M� E� Medial temporal and prefrontal contributions to working 
memory tasks with novel and familiar stimuli� Hippocampus 
11(4), 337–346, August (2001)�

40� Schon, K�, Hasselmo, M�  E�, LoPresti, M�  L�, Tricarico, M�  D�, 
and Stern, C� E� Persistence of parahippocampal representation 
in the absence of stimulus input enhances Long-Term encoding: 
A functional magnetic resonance imaging study of subsequent 
memory after a delayed Match-to-Sample task� The Journal of 
Neuroscience 24(49), 11088–11097, December (2004)�

41� Schon, K�, Atri, A�, Hasselmo, M� E�, Tricarico, M� D�, LoPresti, 
M�  L�, and Stern, C�  E� Scopolamine reduces persistent activity 
related to Long-Term encoding in the parahippocampal gyrus 
during delayed matching in humans� The Journal of Neuroscience 
25(40), 9112–9123, October (2005)�

42� McGaughy, J�, Koene, R�  A�, Eichenbaum, H�, and Hasselmo, 
M� E� Cholinergic deafferentation of the entorhinal cortex in rats 
impairs encoding of novel but not familiar stimuli in a delayed 
Nonmatch-to-Sample task� The Journal of Neuroscience 25(44), 
10273–10281, November (2005)�

43� Manning, J.  R., Polyn, S.  M., Baltuch, G.  H., Litt, B., and 
Kahana, M.  J. Oscillatory patterns in temporal lobe reveal 
context reinstatement during memory search. Proceedings 
of the National Academy of Sciences 108(31), 12893–12897, 
August (2011).

44� Howard, M�  W�, Viskontas, I�  V�, Shankar, K�  H�, and Fried, I� 
Ensembles of human MTL neurons “jump back in time” in 
response to a repeated stimulus� Hippocampus , April (2012)�

45� Fortin, N�  J�, Agster, K� L�, and Eichenbaum, H� B� Critical role 
of the hippocampus in memory for sequences of events� Nature 
Neuroscience , March (2002)�

46� Manns, J�  R�, Howard, M�  W�, and Eichenbaum, H� Gradual 



VOLUME 5 | 2013 | 58 VANDERBILT REVIEWS NEUROSCIENCE

C A N D I D A T E 
R E V I E W S

changes in hippocampal activity support remembering the order 
of events� Neuron 56(3), 530–540 (2007)�

47� Naya, Y� and Suzuki, W�  A� Integrating what and when across 
the primate medial temporal lobe� Science 333(6043), 773–776, 
August (2011)�

48� Jenkins, L.  J. and Ranganath, C. Prefrontal and medial 
temporal lobe activity at encoding predicts temporal context 
memory. The Journal of Neuroscience 30(46), 15558–15565, 
November (2010).

49� Tubridy, S� and Davachi, L� Medial temporal lobe contributions 
to episodic sequence encoding� Cerebral Cortex 21(2), 272–280, 
February (2011)�

50� Braver, T�  S�, Barch, D�  M�, Keys, B�  A�, Carter, C�  S�, Cohen, 
J�  D�, Kaye, J�  A�, Janowsky, J�  S�, Taylor, S�  F�, Yesavage, J�  A�, 
Mumenthaler, M�  S�, Jagust, W�  J�, and Reed, B�  R� Context 
processing in older adults: Evidence for a theory relating 
cognitive control to neurobiology in healthy aging� Journal of 
Experimental Psychology: General 130(4), 746–763 (2001)�

51� Baldo, J�  V�, Delis, D�, Kramer, J�, and Shimamura, A�  P� 
Memory performance on the california verbal learning Test–II: 
findings from patients with focal frontal lesions� Journal of the 
International Neuropsychological Society 8(04), 539–546 (2002)�

52� Janowsky, J�  S�, Shimamura, A�  P�, and Squire, L�  R� Source 
memory impairment in patients with frontal lobe lesions� 
Neuropsychologia 27(8), 1043–1056 (1989)�

53� Duarte, A�, Ranganath, C�, and Knight, R� T� Effects of unilateral 
prefrontal lesions on familiarity, recollection, and source memory� 
The Journal of Neuroscience 25(36), 8333–8337, September 
(2005)�

54� Milner, B�, Corsi, P�, and Leonard, G� Frontal-lobe contribution to 
recency judgements� Neuropsychologia 29(6), 601–618 (1991)�

55� Shimamura, A� P�, Janowsky, J� S�, and Squire, L� R� Memory for 
the temporal order of events in patients with frontal lobe lesions 
and amnesic patients� Neuropsychologia 28(8), 803–813 (1990)�

56� Thaiss, L� and Petrides, M� Source versus content memory in 
patients with a unilateral frontal cortex or a temporal lobe 
excision� Brain 126(5), 1112–1126, May (2003)�

57� Diana, R� A�, Yonelinas, A� P�, and Ranganath, C� Medial temporal 
lobe activity during source retrieval reflects information type, 
not memory strength� Journal of Cognitive Neuroscience 22(8), 
1808–1818 (2009)�

58� Mangels, J�  A� Strategic processing and memory for temporal 
order in patients with frontal lobe lesions� Neuropsychology 
11(2), 207–221 (1997)�

59� Rowe, J�  B�, Toni, I�, Josephs, O�, Frackowiak, R� S�  J�, and 
Passingham, R�  E� The prefrontal cortex: Response selection 
or maintenance within working memory?  Science 288(5471), 
1656–1660, June (2000)�

60� Pochon, J�, Levy, R�, Poline, J�, Crozier, S�, Lehéricy, S�, Pillon, B�, 
Deweer, B�, Le Bihan, D�, and Dubois, B� The role of dorsolateral 
prefrontal cortex in the preparation of forthcoming actions: An 
fMRI study� Cerebral Cortex 11(3), 260–266, March (2001)�

61� Curtis, C�  E� and D’Esposito, M� Persistent activity in the 
prefrontal cortex during working memory� Trends in Cognitive 
Sciences 7(9), 415–423, September (2003)�

62� Gilbert, S�  J� Decoding the content of delayed intentions� The 

Journal of Neuroscience 31(8), 2888–2894, February (2011)�

63� Goldman-Rakic, P� Handbook of Physiology, chapter Circuitry 
of primate prefrontal cortex and regulation of behavior by 
representational memory, 373–517� American Physiological 
Society, Washington, DC (1987)�

64� Petrides, M� Without title� Experimental Brain Research 133(1), 
44–54 (2000)�

65� Blumenfeld, R�  S� and Ranganath, C� Dorsolateral prefrontal 
cortex promotes Long-Term memory formation through its role 
in working memory organization� The Journal of Neuroscience 
26(3), 916–925, January (2006)�

66� Blumenfeld, R� S� and Ranganath, C� Prefrontal cortex and Long-
Term memory encoding: An integrative review of findings from 
neuropsychology and neuroimaging� The Neuroscientist 13(3), 
280–291, June (2007)�

67� Murray, L�  J� and Ranganath, C� The dorsolateral prefrontal 
cortex contributes to successful relational memory encoding� The 
Journal of Neuroscience 27(20), 5515–5522, May (2007)�

68� Long, N�  M�, Öztekin, I�, and Badre, D� Separable prefrontal 
cortex contributions to free recall� The Journal of Neuroscience 
30(33), 10967–10976, August (2010)�

69� Staresina, B� P� and Davachi, L� Differential encoding mechanisms 
for subsequent associative recognition and free recall� The Journal 
of Neuroscience 26(36), 9162–9172, September (2006)�

70� McAndrews, M� P� and Milner, B� The frontal cortex and memory 
for temporal order� Neuropsychologia 29(9), 849–859 (1991)�

71� Butters, M� A�, Kaszniak, A� W�, Glisky, E� L�, Eslinger, P� J�, and 
Schacter, D�  L� Recency discrimination deficits in frontal lobe 
patients� Neuropsychology 8(3), 343–354 (1994)�

72� Duarte, A�, Henson, R� N�, Knight, R� T�, Emery, T�, and Graham, 
K�  S� Orbito-frontal cortex is necessary for temporal context 
memory� Journal of Cognitive Neuroscience 22(8), 1819–1831 
(2009)�

73� Ranganath, C�, Cohen, M�  X�, and Brozinsky, C�  J� Working 
memory maintenance contributes to long-term memory 
formation: neural and behavioral evidence� Journal of Cognitive 
Neuroscience 17, 994–1010 (2005)�

----------------------------------------------------------------------------------

Correspondence: james�e�kragel@vanderbilt�edu

Further information: http://www�vanderbilt�edu/allylab


