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ARTICLE INFO ABSTRACT

Keywords: The efficiency of the memory system lies not only in its readiness to detect and retrieve old stimuli but also in its
Novelty ability to detect and integrate novel information. In this review, we discuss recent evidence suggesting that the
Famﬂia‘rity neural substrates sensitive to detecting familiarity and novelty are not entirely overlapping. Instead, these
Dopamine partially distinct familiarity and novelty signals are integrated to support recognition memory decisions. We
X::;l;?l:?e propose here that the mediodorsal thalamus is critical for familiarity detection, and for combining novelty
Hippocampus signals from the medial temporal lobe cortex with the relative familiarity outputs of computations performed in

other cortical structures, especially the prefrontal cortex. Importantly, we argue that the anterior hippocampus
has a prominent role in detecting novelty and in communicating this with midbrain and striatal structures. We
argue that different types of novelty (absolute or contextual) engage different neurotransmitter systems that
converge in the hippocampus. We suggest that contextual or unexpected novelty triggers dopaminergic hippo-
campal-midbrain coupling and noradrenergic-mediated pupil dilation. In contrast, absolute novelty triggers
cholinergic-mediated hippocampal encoding accompanied by diminished pupil dilation. These two, distinct
hippocampal encoding mechanisms both lead to later recollection but are sensitive to different types of novelty.
We conclude that this neurotransmitter-mediated hippocampal encoding establishes the hippocampus in an

encoding mode that briefly prevents the engagement of retrieval.

1. Introduction

Familiarity and recollection and to a lesser extent, novelty, have
been studied extensively in relation to the function of the structures of
the Medial Temporal Lobes (MTL) including the hippocampus, the
perirhinal (PRC), the entorhinal (ERC) and parahippocampal (PHC)
cortices and the amygdala. The hippocampus has a central role in
memory within this network of interconnected structures as is clearly
evident from the severe amnesia that occurs following hippocampal
damage [1,2]. Recent findings indicate that the structures of the MTL,
although having somewhat unique roles within this network, work
cooperatively with one another [3,4], as well as with an extended brain
network [5,6], to promote novelty detection, memory encoding and
retrieval. In this review, we will present evidence for the role of the
hippocampus (and the rest of the MTL) in novelty detection and the
relationship between this and its role in memory processing. Before, we
discuss the neural evidence, we will start by defining the diverse
meaning of novelty and we will provide a theoretical model, based on
empirical findings, regarding the way familiarity and novelty signals
contribute independently to recognition decisions. Subsequently, the
neural evidence will be presented and a special emphasis will be placed
on the potential role of the anterior hippocampus as a novelty detector

and its ability to communicate with other important structures within
the novelty network. We will propose a dual mechanism for the way
novel information is encoded and learnt, in a way that supports later
recollection, taking into account dopaminergic, noradrenergic and
cholinergic inputs to the hippocampus.

2. What is novelty detection, and what is it detecting?

Novelty detection results in a cascade of neural responses and be-
havioural outcomes that highlight its evolutionary significance [7] and
enable exploration [8] and flexible memory encoding of the novel in-
formation [9-11]. However, this novelty response is soon lost as re-
peated exposure to novelty results in fast neural adaptation across the
novelty network [12]. Novelty detection is therefore associated with a
series of distinct, although interrelated, processes each playing a unique
role; from the initial evaluation of a stimulus, the generation of mis-
match signals, and where relevant, the monitoring of unexpected out-
comes, the integration of novel stimuli into pre-existing representations
and thus the creation of new representations [13,14]. Each of these
processes is key to novelty detection but the specific function and neural
substrate of each process, remains, to a great extent, unspecified.

Therefore, novelty describes an attribute we can apply to a stimulus

* Corresponding author at: Division of Neuroscience & Experimental Psychology, University of Manchester, Manchester, M13 9PL, UK.

E-mail address: alexandros.kafkas@manchester.ac.uk (A. Kafkas).

https://doi.org/10.1016/j.neulet.2018.01.053

Received 31 July 2017; Received in revised form 25 January 2018; Accepted 27 January 2018

Available online 03 February 2018

0304-3940/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/03043940
https://www.elsevier.com/locate/neulet
https://doi.org/10.1016/j.neulet.2018.01.053
https://doi.org/10.1016/j.neulet.2018.01.053
mailto:alexandros.kafkas@manchester.ac.uk
https://doi.org/10.1016/j.neulet.2018.01.053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neulet.2018.01.053&domain=pdf

A. Kafkas, D. Montaldi

(however complex), when it lacks a pre-existing representation.
However, there are different sources, or types, of novelty that are dif-
ferentiated and determined by the nature of pre-existing representa-
tions. Therefore, a stimulus may be novel because it has not been ex-
perienced before and in this case, the novelty is for the stimulus itself.
We will call this absolute novelty to discriminate it from contextual
novelty. Contextual novelty, is the detection of novelty arising from a
mismatch between the components of an encountered stimulus-context
pairing. Context can be defined in terms of spatio-temporal or other
information, that when repeatedly paired with a stimulus, or stimulus
type, creates a representation. This may influence the way the stimulus,
or stimulus type, is later processed, whether alone, in that context or in
another context. Therefore, in an experimental environment, contextual
novelty may be triggered by stimuli that are incongruent with the
properties of an established context, or with neighbouring or con-
currently presented stimuli, which serve to establish a predictive con-
text. In the present paper, we focus on absolute and contextual novelty
as types of episodic novelty (i.e., related to episodic memory); con-
sideration of conceptual or semantic novelty (e.g., novel semantic
concepts) is beyond the scope of this paper.

The role of the hippocampus and adjacent PRC in novelty detection
has been explored over many years [13,15]. However, novelty detec-
tion engages a network of brain regions (see Section 4 below) whose
functional significance remains underexplored. Importantly, the degree
to which the hippocampus, along with the other brain regions that
contribute to novelty detection, might respond differently to different
types of novelty has not been investigated systematically [but see, 16].
Moreover, models of recognition memory, and its neural bases, have
generally overlooked the possibility that novelty may not simply be ‘no
familiarity’ but instead, novelty and familiarity may be two somewhat
independent functions that offer distinct contributions to recognition
memory decisions. Before we examine the role of the hippocampus, and
related structures, in novelty detection, we will discuss the relationship
between familiarity and novelty detection and their contribution to
recognition memory.

3. How might novelty and familiarity signals combine to
contribute to recognition memory?

There is a consensus that recognition memory can be supported by
two kinds of memory: familiarity and recollection [17-20]. Familiarity
is the feeling that a stimulus has been encountered before, without the
retrieval of additional contextual details about the encounter, while
recollection involves the cued recall of additional non-stimulus in-
formation associated with the cueing stimulus. Interestingly, although
cognitive models of memory incorporating aspects of novelty have been
proposed, to date, no theory of memory has explicitly focused on the
contribution of novelty detection to the evaluation of recognition
memory. Previous models, for example, stress the role of novelty in
learning new information and in memory updating [e.g., 21-23], but
they do not consider how the novelty signals combine with familiarity
signals to inform recognition decisions (or memory decisions in gen-
eral). Importantly, as will be discussed below, unlike previous cogni-
tive/memory models, here (and in the relevant empirical work,) we
propose that familiarity memory depends on the dynamic interaction
between novelty and familiarity brain signals.

The standard use of the terms ‘familiarity’ and ‘novelty’ implies that
something that is highly familiarity is by definition not novel and vice
versa. We have argued [5,24] that a simple ‘mirror-image’ relationship
between familiarity and novelty only explains the final, behavioural
output of a recognition decision (i.e., something judged as familiar is
not judged as novel; Fig. 1A), and does not accommodate findings de-
scribing familiarity and novelty signals in the brain. If the brain treats
familiarity and novelty as mirror images then there have to be brain
regions that respond to both familiar and novel stimuli in a graded
manner, either responding maximally to the most familiar or to the
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most novel stimulus, but honouring a full continuum; from strong fa-
miliarity to strong novelty (Fig. 1B). Instead, drawing on fMRI and
pupillometry data, we have reasoned [5,24] that the evidence so far is
more consistent with a dual mechanism supporting the interaction be-
tween separate familiarity and novelty signals.

The idea that the neural substrates sensitive to detecting familiarity
and novelty are not entirely overlapping is supported by findings from
single neuron activity studies with experimental animals [25-27] and
humans [28,29]. Consistent with the single neuron findings, evidence
from fMRI shows that familiarity and novelty activation effects are
identified in non-overlapping brain regions [30,31]. To directly explore
this, recent work [5,24] employed a paradigm in which participants
were asked to rate familiarity and novelty of old and new stimuli under
two conditions; emphasising either familiarity or novelty detection
(Fig. 2A). Subjective feelings of familiarity and novelty were rated on a
scale from 1 to 3, with 1 being weak, and 3 being strong familiarity or
novelty, respectively for each condition. Recollection responses were
reported using a separate response and excluded from the targeted fa-
miliarity — novelty analyses.

The pattern of brain activity revealed the existence of separate fa-
miliarity- and novelty- sensitive brain regions (Fig. 2C) that, never-
theless, appear to interact and converge at key brain sites. Specifically,
three classes of brain responses were identified: a) regions selectively
sensitive to either familiarity or novelty as revealed by monotonic in-
creases or decreases in activity with reported familiarity or novelty
strength, b) regions showing a relative familiarity effect, sensitive to the
full familiarity-novelty continuum from very strong novelty to very
strong familiarity and c) regions sensitive to reported strength irre-
spective of the status of the stimulus as old or new. Importantly, these
effects were not driven by any differences in performance levels as
performance on familiarity and novelty decisions was matched. These
findings strongly suggest that familiarity and novelty signals are, at
least in part, non-overlapping. Consistent with these findings and the
proposal of Kafkas and Montaldi [5] that familiarity and novelty signals
make independent contributions to familiarity-based recognition, a
more recent study [32] also showed that separate cortical and sub-
cortical sources of familiarity and novelty activity contribute in-
dependently to recognition memory performance.

It is worth noting that the processing of familiar and novel stimuli
also triggers distinct pupillary response patterns (Fig. 2B) [24,33]
perhaps driven by the differential engagement of the brain’s familiarity-
specific and novelty-specific networks. Moreover, fixation patterns, and
especially the duration of the first fixation, clearly discriminates be-
tween weakly familiar and weakly novel stimuli within 320 ms of sti-
mulus onset, with no significant differences in reaction time (Fig. 2B)
[24]. This point, between weakly familiar and weakly novel responses,
is the point on the continuum where the intersection between novelty
and familiarity occurs; where the behavioural responses, while accu-
rate, are less confident. Thus, these robust findings further support the
suggestion that separate mechanisms may well underpin novelty and
familiarity detection.

Familiarity and novelty signals, therefore, appear to be generated in
non-overlapping brain regions, drawing on separate mechanisms.
Critically, the familiarity and novelty signals converge to provide a
relative familiarity output (Fig. 3). The evidence for this proposal is
further discussed in the next section.

4. Two distinct familiarity and novelty networks

Regions lying along the ventral visual stream have generally been
considered to belong to the novelty network. In particular, in the study
discussed above [5] the novelty network (i.e., regions that responded
selectively to increased levels of reported novelty) included the primary
and secondary occipital cortex, the fusiform gyrus and critically the
PRC and anterior hippocampus (Figs. 2C and 3). Similar regions have
been identified in other studies exploring novelty detection using
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Fig. 1. Relationship between familiarity and novelty according to the
standard view. A) Familiarity and novelty as “mirror images” explain
the behavioural output, i.e., something that is more familiar is less
novel and vice versa. B) The familiarity — novelty continuum that
describes the hypothetical neural response to familiarity and novelty
if the two rely on the same neural substrates (consistent with the
“mirror image” view). If the full continuum explanation is correct,
assuming three levels to familiarity (F) and novelty (N) strength, a
graded brain response should be expected honouring the whole scale:
F3 (strong F) — F2 (moderate F) — F1 (weak F) — N1 (weak N) — N2
(moderate N) — N3 (strong N). Increased activity with increased fa-
miliarity strength is illustrated, but the opposite (i.e., increased ac-
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Fig. 2. Exploring familiarity and novelty detection: Eye tracking and brain responses. A) Participants encoded single objects using a perceptual matching-to-sample task. At retrieval,
inside the MRI scanner [5] or while undergoing eye tracking recording [24], participants engaged in two alternating tasks emphasising either familiarity detection (FT) or novelty
detection (NT). A rating scale was provided in both tasks to evaluate strength of familiarity or novelty and to indicate instances of spontaneous recollection and correctly rejected stimuli
(new items in FT; old items in NT). B) The duration of the first fixation and the pupil response discriminated between familiar and novel stimuli. C) Familiarity-selective and novelty-
selective activation patterns were identified in non-overlapping brain regions. Familiarity-selective regions included the mediodorsal thalamus, the dorsolateral and superior medial
prefrontal cortex, the anterior cingulate and the left angular gyrus. Regions along the ventral visual stream and critically the anterior hippocampus belong to the novelty-specific network.
F1 = weak; F2 = moderate; F3 = strong familiarity; N1 = weak; N2 = moderate; N3 = strong novelty. Figure adapted from [5,24].

different experimental paradigms [e.g., 34-37]. Indeed, different types
of novelty (stimulus absolute novelty, conceptual novelty, context no-
velty) have been shown [38] to activate similar, and to a great extent
overlapping, brain regions, most prominently across the ventral visual
stream, as in [5], despite key paradigm differences. Interestingly, fMRI
shows that the engagement of regions in novelty detection tasks, and
especially the medial PFC, the anterior hippocampus, and regions along
the ventral visual stream, decline with age [39,40]. Therefore, dys-
function of brain regions that appear critical for novelty processing, and
underlie successful memory encoding of novel information, may go
some way to explaining age-related memory decline. However, the
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specific functional role of the brain regions responding to novelty is not
well-specified. Further research may help characterise the specific no-
velty-related functions subserved by the regions within the novelty
network, although one should expect that their contribution would not
be limited to novelty detection.

Familiarity selective effects were identified in the mediodorsal
thalamus, the dorsolateral and superior medial prefrontal cortex, the
anterior cingulate and the left angular gyrus (Fig. 2C). It is critical to
note that these two networks are selective to either novel or familiar
stimuli, while convergence of the two was observed in lateral and
medial frontal, and inferior parietal regions, which were shown to be
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Fig. 3. Integration of familiarity and novelty signals in the brain. Computations from
novelty-selective and familiarity-selective regions converge to provide a relative famil-
iarity output. The mediodorsal thalamus (MDt) plays a central role in detecting famil-
iarity and in orchestrating convergence of novelty from the medial temporal cortical areas
to middle prefrontal regions (Middle Frontal Gyrus, MFG). MFG interacts with the inferior
parietal gyrus (IPG), where familiarity- and novelty-sensitive regions also converge to
provide a relative familiarity output. The anterior hippocampus detects novelty and
conveys novelty-related information to midbrain and striatal structures for salience
evaluation.

sensitive to relative familiarity (i.e., across the whole continuum) of
both novel and familiar stimuli (Fig. 3).

4.1. The thalamus as an integrator of familiarity and novelty signals

The thalamus, and especially the mediodorsal thalamic nucleus
(MDt), is part of the extended MTL cortical network that supports fa-
miliarity memory [41]. We have shown [5], that the MDt has a pro-
minent role in detecting increasing levels of familiarity (Figs. 2C and 3)
and this is consistent with other neuroimaging and neuropsychological
evidence that emphasises the role of this thalamic nucleus in famil-
iarity-based recognition [33,42, for a review see, 43]. Importantly, re-
cent evidence suggests that the MDt region appears to have a material-
independent role, showing functional connectivity across material-
specific regions within the PRC and PHC during the processing of fa-
miliarity decisions [44]. This critical role of the MDt in computing fa-
miliarity signals is consistent with its extensive connectivity with dor-
solateral, ventrolateral and medial PFC regions [45, for a review see,
46], identified by Kafkas and Montaldi [5] as supporting relative fa-
miliarity judgments. Based on this evidence, we propose here that the
MDt acts as a critical hub of information integration for the processing
of familiarity-based recognition. This proposal is consistent with the
accumulating evidence for the active role for the thalamus in informa-
tion integration and the promotion of subcortical-cortical and cortico-
cortical communication [e.g., 47-51]. According to our proposal here,
and as shown in Fig. 3, the MDt orchestrates familiarity decisions by
combining information from novelty-sensitive processing in the MTL
cortex (PRC and PHC) and the relative familiarity computations per-
formed in the PFC. The lateral and medial inferior parietal regions show
similar activation patterns to the PFC and are likely, therefore, to
support a similar role in computing the relative familiarity of both fa-
miliar and novel stimuli [5]. However, the relatively limited connec-
tions between the MDt and parietal regions [52] suggest that the par-
ietal relative familiarity role is likely mediated indirectly via its
extensive connectivity with the PFC [e.g., 53] (Fig. 3) (although addi-
tional connectivity with the MTL may also contribute).
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4.2. PRC, anterior hippocampus and midbrain structures: novelty detection
and evaluation

A contribution of the anterior hippocampus to novelty detection has
been reported in numerous studies [e.g., 31,32,37,54-57] but its
functional significance remains unclear. The anterior hippocampus
appears to be tuned to discriminate between novelty and familiarity
responses even at low levels of confidence as significantly greater ac-
tivation accompanies weak novelty than weak familiarity [unpublished
observation from the data in 5]. This pattern suggests the rapid en-
gagement of a familiarity and novelty discrimination system in which
the anterior hippocampus plays a critical role in detecting novelty, even
when it is weak.

The majority of studies exploring novelty, report that novelty de-
tection engages both the anterior hippocampus and the anterior para-
hippocampal gyrus, especially the PRC. This consistent pattern suggests
that both regions form part of the novelty network, which may appear
to be at odds with the dominant view that the PRC and the hippo-
campus contribute very differently to recognition memory decisions
[20,41]. However, as noted earlier, novelty displays itself in many ways
and it is therefore likely that its detection draws on several processes (as
does the detection of familiarity). Moreover, the PRC and the anterior
hippocampus exhibit similar connectivity profiles [58] and are there-
fore very well placed to work together, while potentially making dis-
tinct contributions to memory in response to novelty detection. We
therefore propose here that while the PRC and anterior hippocampus
are both sensitive to novelty signals, these signals are used to drive
somewhat independent mechanisms. The novelty signals computed in
PRC (and parahippocampal cortex) contribute selectively to a famil-
iarity memory mechanism, and through the above-mentioned MDt-PFC
network, responsible (with input from parietal cortex) for combining
novelty and familiarity signals, generate an estimate of the relative fa-
miliarity of stimuli. This is consistent with evidence from animal [e.g.,
26,59,60] and neuroimaging studies [e.g., 33,61] regarding the role of
the PRC in familiarity memory. Indeed, in a recent study [4] material-
selective familiarity effects were isolated in the PRC and ERC, for ob-
jects and the PHC for both objects and scenes. Also, the PRC is active
when strong familiarity is reported, and even when compared to
equally strong recollection [33]. Finally, lesions in rat PRC impair
discrimination between familiar and novel stimuli, while novelty de-
tection (i.e., exploration of pairs of novel items) remains intact [60,62].
Taken together, these findings converge to suggest that the PRC and
hippocampal signals differ in that the PRC novelty signal supports the
detection and evaluation of relative familiarity memory, while, as will
be discussed in detail below, the anterior hippocampal novelty signal
triggers the exploration and encoding of novel information.

The role of the novelty signal generated in the anterior hippo-
campus, we therefore argue, is distinct from that generated in the PRC,
as it relates directly to the role of the hippocampus (anterior and pos-
terior) in constructing new relational memories. In particular, the
anterior hippocampus contributes to the integration of new information
with that of already formed associations between events [63,64]. We
propose that the specific role played by the anterior hippocampus is
underpinned by its close functional connectivity with midbrain and
striatal regions [65,66], whereby the anterior hippocampus, and espe-
cially CA1, which is particularly densely represented in the anterior
part of the hippocampus [67], communicates the novelty signal to the
midbrain and the striatum (Fig. 3) [68]. Therefore, the anterior hip-
pocampus holds a ‘memory updating’ role by conveying critical no-
velty-related information to midbrain and striatal structures, which
mediate the evaluation of the signal.

Indeed, memory updating has previously been linked to enhanced
functional connectivity between the MTL and the midbrain [68]. Al-
though, this network of hippocampal-striatal/midbrain connections has
been systematically studied in relation to reward anticipation and re-
ward learning [e.g., 69-71], other studies have demonstrated that
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explicit reward or feedback manipulation is not a prerequisite for the
engagement of the hippocampal-striatal/midbrain regions during
learning or memory updating [68,72,73]. Therefore, the functional
coupling between the dopaminergic midbrain and the MTL (most pro-
minently the hippocampus) is not a function of the rewarding value of
the stimuli, although reward may result in engagement of this network.
Instead, we argue that the midbrain-hippocampal network is particu-
larly tuned to detecting, evaluating and encoding contextual novelty.
Indeed, we demonstrated [68] that although the anterior hippocampus
was active for absolute novelty [see also, 5], it was the contextual no-
velty of the stimuli that drove the functional connectivity between the
midbrain and the hippocampus. Moreover, in the same study, robust
substantia nigra/ventral tegmental area (SN/VTA) activation was found
when unexpected familiarity (i.e., contextual novelty) was contrasted
with expected absolute novelty. This strongly suggests that the novelty-
related dopaminergic modulation of the hippocampus is a function of
the expected, or surprising, nature of the stimuli within the current
context.

Therefore, the novelty signal in the anterior hippocampus [5,74] is
communicated to SN/VTA for novel stimuli of particular salience; for
example, in the case of contextual novelty, unexpected or surprising
information, or a particularly rewarding stimulus. The factor common
to all these types of stimuli is that they are motivational, potentially
guiding future action, and therefore the integration of the presented
information with existing knowledge is pivotal. This integration is
achieved through the bidirectional connections that characterise the
hippocampal-midbrain circuit. According to the influential model pro-
posed by Lisman and Grace [65] dopamine release from the midbrain
and specifically the SN/VTA converges on the hippocampus, triggering
long-term potentiation and enabling new learning. As highlighted
above, this mechanism appears to be specialised for motivationally
significant stimuli, and in the case of novelty detection, is implicated
when unexpected, (i.e., contextually novel) information is detected.
The ensuing memory encoding is likely to involve both the anterior and
the posterior hippocampus since the enhanced SN/VTA- hippocampal
connectivity involves both anterior and posterior aspects [68]. This is
consistent with recent evidence supporting the contribution of anterior
and posterior hippocampus to encoding [75], and provides an ex-
planation for previously reported inconsistences regarding the se-
lectivity of the role of the anterior hippocampus in novelty detection/
encoding [30,74,76-79]. Therefore, the initial detection of novelty
(either absolute or contextual) engages only the anterior hippocampus,
but then both anterior and posterior hippocampal encoding of novel
information occurs following midbrain/striatal dopaminergic facilita-
tion.

4.3. Distinct hippocampally-mediated novelty-driven encoding mechanisms:
dopaminergic, noradrenergic and cholinergic contributions

According to the explanation presented above the role of the ante-
rior hippocampus is to provide efficient, graded, novelty detection, and
to communicate the significance of the novelty to the striatum and the
dopaminergic midbrain, where its salience is further evaluated. The
hippocampus is subsequently re-engaged via the hippocampal-midbrain
circuit, and dopaminergic release triggers LTP affecting both anterior
and posterior hippocampal regions (Fig. 4). This enables effective
learning of the contextually novel information and perhaps integration
of episodic learning with pre-existing knowledge and/or experience.

As described above the hippocampal-midbrain circuit is selectively
engaged in the case of contextual novelty but not in the case of stimulus
absolute novelty [68]. Nevertheless, absolute novelty also activates the
anterior hippocampus [e.g., 5,37,76], but in this case it does so directly
and no dopaminergic involvement is required. This means that there
are potentially two encoding mechanisms that engage the hippocampus
and lead to the subsequent recollection of previously novel information.
The key difference is that the first mechanism, as described above,
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prioritises contextual novelty and is dopaminergic, while the second is
sensitive to novel information without the need for motivational sig-
nificance (Fig. 4A).

Indirect evidence for the existence of two distinct encoding me-
chanisms comes from recent eye-tracking and pupillometric data
(Fig. 4B). We have shown [68] that the detection of contextual novelty,
characterised by increased hippocampal-striatal/midbrain connectivity,
was accompanied by increased visual exploration (increased number of
fixations) and increased pupil dilation (Fig. 4B). A follow-up recogni-
tion task revealed that the later recognition of these contextually novel
stimuli was characterised by increased levels of reported recollection
(compared to contextually expected stimuli). Therefore, increased pupil
dilation is associated with the dopaminergic control of memory for-
mation, driven by the hippocampal-midbrain circuit. On the other
hand, we also showed that the encoding of novel stimuli (i.e., in-
formation with absolute novelty), that are not unexpected or con-
textually novel, but are also later recollected, are accompanied at en-
coding by reduced levels of pupil dilation (or pupil constriction) relative
to those stimuli which are subsequently found to be weakly familiar or
forgotten (Fig. 4B) [80, for a similar effect see 81]. This is highly
consistent with the well-documented reduced pupil dilation levels
characterising absolute novelty relative to familiarity (the pupil old/
new effect) [24,33,82].

The pupillometric effects accompanying the encoding of contextual
novelty (increased pupil dilation) and those accompanying the en-
coding of absolute novelty (decreased dilation or pupil constriction)
may therefore, be controlled by different neural systems. Indeed, we
propose here that these contrasting pupil effects characterising different
forms of novelty-related encoding, which both support later recollec-
tion, are controlled by the engagement of different neurotransmitter
systems (Fig. 4A). In the case of contextual novelty, dopaminergic re-
lease in the midbrain and striatum affects the sympathetically in-
nervated pupillary response via increased engagement of the nora-
drenergic system and the locus coeruleus (LC), where the majority of
noradrenergic neurons are located in the brain [83]. Norepinephrine
release from LC has been linked to increased phasic pupil dilation
[84-86], the attentional prioritisation of significant stimuli [87-89]
and more recently to novelty detection [90]. Furthermore, nor-
epinephrine production relies on the conversion of dopamine [91] and
the two systems are seen as working in a complementary fashion to
support learning and decision making [92,93]. Although there will be
functional differences between the contributions of the noradrenergic
system and the dopaminergic system to motivational learning [94],
they both appear to support cognitive processes that are engaged in the
detection of contextual novelty and the triggering of related encoding;
including, motivation, evaluation, reward and prediction (dopami-
nergic) [95-99], and attentional shift, cognitive flexibility, effortful
engagement and response to challenge or arousal (noradrenergic)
[100-103]. Critically, the hippocampus is a target of both neuro-
transmitter pathways; underpinning its functional connectivity with
midbrain and LC structures [83,104,105]. Therefore, contextual no-
velty triggers dopaminergic hippocampal-midbrain strengthening and
noradrenergic-mediated phasic pupil dilation, which also involves LC-
hippocampal interactions.

In contrast, the encoding of absolute novelty does not draw on ei-
ther the dopaminergic or the noradrenergic systems. Instead, here,
encoding that leads to recollection is accompanied by a tonic pupil
response, characterised by reduced dilation [80], potentially due to
disengagement or inhibition from the LC-noradrenergic system [83,84].
The pupil constriction accompanying this encoding [80,81] (Fig. 4B), is
controlled by the parasympathetic nervous system [106], which is
predominantly driven by cholinergic neurotransmitter pathways
(Fig. 4A). Indeed, there is a well-established link between acetylcholine
function and learning and memory [107,108], and disruption of cho-
linergic afferents disrupt hippocampal-mediated learning [109].
Moreover, acetylcholine increases in hippocampal CA1 when novelty is
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Fig. 4. Anterior hippocampal novelty detection and associated neurotransmitter-mediated encoding mechanisms for absolute and contextual novelty. A) Detection of contextual novelty
engages the dopaminergic SN/VTA [65,68] and affects the sympathetically innervated pupillary response via increased engagement of the noradrenergic system and especially the locus
coeruleus (LC). This results in dopamine and norepinephrine release in the hippocampus and ensures effective learning and integration of new information with pre-existing knowledge.
Detection of absolute novelty [80] engages the anterior hippocampus but in this case the cholinergic parasympathetic system facilitates learning. The novelty signal triggers the release of
acetylcholine into the hippocampus from the pendunculopontine nucleus (PPN) of the midbrain, possibly via the basal forebrain (not shown in the Figure). Both encoding mechanisms
enable efficient associative encoding resulting subsequently in recollection of information but are triggered by different types of novelty detected in the anterior hippocampus. B)
Contextual and absolute novelty at encoding are accompanied by distinct pupil response patterns although in both cases later memory is supported by recollection. Contextual novelty
results in increased phasic pupil dilation [left panel; 68], while absolute novelty is accompanied by a tonic pupil response, characterised by diminished dilation for subsequently
recollected stimuli [right panel; 80]. *p < .05. Panel B of the Figure adapted from [68,80].

detected [110]. Therefore, we believe that this cholinergic hippocampal
novelty detection and consequent encoding is selective to absolute (as
opposed to contextual) novelty and results in the parasympathetic
(cholinergic) control of pupil response. We have proposed before [80]
that this reduced pupil dilation (or increased pupil constriction) char-
acterising effective memory formation when absolute novelty is de-
tected (and encoded), reflects the restriction of internal processing to
the encoding of the novel information. Interestingly, a similar function
has been proposed for the role of acetylcholine in learning by Easton
et al, [111], relating it to the encoding prioritisation of novel
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information in the hippocampus. According to this model the role of
acetylcholine-mediated hippocampal novelty response and encoding is
to restrict the attentional focus and to aid the active suppression of
retrieval of interfering information during learning. Therefore, the
second encoding mechanism we propose is engaged in when absolute
novelty is detected, and triggers acetylcholine-mediated hippocampal
encoding (accompanied by diminished pupil dilation/constriction) that
leads to later recollection (Fig. 4).

In summary, we propose that novelty detection engages two distinct
encoding mechanisms involving the hippocampus. We stress the
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distinction between contextual novelty and absolute novelty in terms of
the different neurotransmitter-enabling mechanisms that support them,
whose triggered encoding leads to similar recollection outcomes (al-
though exactly what information is recollected and what further
memory systems might be activated remains to be explored). Further
fMRI and combined pharmacological-fMRI evidence will be needed to
explore the conditions under which dopaminergic/noradrenergic and
cholinergic inputs to the hippocampus promote learning.

As we have established in this section, novelty detection critically
engages the hippocampus ensuring the effective learning of new in-
formation. But, it also supports retrieval, and especially recollection.
The dual role of the hippocampus in both novelty detection/encoding
and in retrieval has challenged researchers for decades, and many
theories regarding the potential specialisation of hippocampal regions,
or subfields, have been put forward [for recent proposals and discus-
sions see 78,112]. While not a focus of this particular review, there may
be value in linking this question to our proposed specialisation of
neurotransmitter pathway-driven hippocampal encoding. It is likely
that novelty detection triggers an encoding mode in the hippocampus
via dopamine, norepinephrine or acetylcholine release, depending on
the type of novelty detected. In contrast, when no such release is trig-
gered, the hippocampus may return to a retrieval mode. According to
this argument, hippocampal structures would be critical for both en-
coding and retrieval, but their mode of function (i.e., their performed
computations) would differ. Some recent evidence supports this pro-
posal [75,113].

5. Conclusions and summary

We draw on our previous argument that familiarity and novelty
signals in the brain originate from somewhat distinct sources, and
propose that the way familiarity and novelty signals can be both dis-
tinct and integrated is critical to our understanding of the nature of
recognition memory. We highlight two distinct circuits; a mediodorsal
thalamic hub, mediating familiarity, and a hippocampal-MTL cortex—
ventral stream network mediating novelty, which interact via PFC and
parietal neocortex. Critically, we argue that novelty is heterogeneous,
with different types of novelty being defined by the kind of information
that is novel in each case. Thus, we propose the distinction between
absolute and contextual novelty, which, we argue, trigger different
novelty detection mechanisms. Within the novelty network, the ante-
rior hippocampus plays a critical role in detecting novelty and in trig-
gering different types of novelty salience evaluation, depending on the
type of novelty detected. We argue that contextual novelty generates
dopaminergic and noradrenergic input to the hippocampus, while ab-
solute novelty relies on cholinergic input to the hippocampus. Both of
these triggers encoding mechanisms, which result in the formation of
associative memories that are reported as instances of recollection at
retrieval. Finally, we argue that these hippocampal neurotransmitter-
mediated encoding mechanisms tune the hippocampus into an en-
coding-related algorithmic mode, and away from a retrieval mode.

Acknowledgment

AK is supported by the Wellcome Trust [grant number 094597/B/
10Z].

References

[1] W.B. Scoville, B. Milner, Loss of recent memory after bilateral hipocampal lesions,
J. Neurol. Neurosurg. Psychiatry 20 (1957) 11-21.

A.R. Mayes, J.S. Holdstock, C.L. Isaac, D. Montaldi, J. Grigor, A. Gummer,

P. Cariga, J.J. Downes, D. Tsivilis, D. Gaffan, A. Norman, Associative recognition
in a patient with selective hippocampal lesions and relatively normal item re-
cognition, Hippocampus 14 (2004) 763-784, http://dx.doi.org/10.1002/hipo.
10211.

[3] B.P. Staresina, J. Fell, A.T.A. Do Lam, N. Axmacher, R.N. Henson, Memory signals

[2]

66

[4

(5]

[6

[71

[8

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Neuroscience Letters 680 (2018) 60-68

are temporally dissociated in and across human hippocampus and perirhinal
cortex, Nat. Neurosci. 15 (2012) 1167-1173, http://dx.doi.org/10.1038/nn.3154.
A. Kafkas, E.M. Migo, R.G. Morris, M.D. Kopelman, D. Montaldi, A.R. Mayes,
Material specificity drives medial temporal lobe familiarity but not hippocampal
recollection, Hippocampus 27 (2017) 194-209, http://dx.doi.org/10.1002/hipo.
22683.

A. Kafkas, D. Montaldi, Two separate, but interacting, neural systems for famil-
iarity and novelty detection: a dual-route mechanism, Hippocampus 24 (2014)
516-527, http://dx.doi.org/10.1002/hipo.22241.

G. Pergola, B. Suchan, Associative learning beyond the medial temporal lobe:
many actors on the memory stage, Front. Behav. Neurosci. 7 (2013) 162, http://
dx.doi.org/10.3389/fnbeh.2013.00162.

E.N. Sokolov, J.A. Spinks, R. Néddtdnen, H. Lyytinen, The Orienting Response in
Information Processing, Erlbaum, Mahwah, NJ, 2002.

S. Kakade, P. Dayan, Dopamine: generalization and bonuses, Neural Netw. 15
(2002) 549-559.

B.C. Wittmann, N. Bunzeck, R.J. Dolan, E. Duzel, Anticipation of novelty recruits
reward system and hippocampus while promoting recollection, Neuroimage 38
(2007) 194-202.

E. Tulving, N. Kroll, Novelty assessment in the brain and long-term memory en-
coding, Psychon. Bull. Rev. 2 (1995) 387-390.

D.B. Fenker, J.U. Frey, H. Schuetze, D. Heipertz, H.J. Heinze, E. Duzel, Novel
scenes improve recollection and recall of words, J. Cogn. Neurosci. 20 (2008)
1250-1265.

V.P. Murty, I.C. Ballard, K.E. Macduffie, R.M. Krebs, R.A. Adcock, Hippocampal
networks habituate as novelty accumulates, Learn. Mem. 20 (2013) 229-235,
http://dx.doi.org/10.1101/1lm.029728.112.

C. Ranganath, G. Rainer, Neural mechanisms for detecting and remembering novel
events, Nat. Rev. Neurosci. 4 (2003) 193-202, http://dx.doi.org/10.1038/
nrn1052.

J. Schomaker, M. Meeter, Short- and long-lasting consequences of novelty, de-
viance and surprise on brain and cognition, Neurosci. Biobehav. Rev. 55 (2015)
268-279, http://dx.doi.org/10.1016/j.neubiorev.2015.05.002.

E. Tulving, H.J. Markowitsch, F.I.M. Craik, R. Habib, S. Houle, Novelty and fa-
miliarity activations in PET studies of memory encoding and retrieval, Cereb.
Cortex. 6 (1996) 71-79, http://dx.doi.org/10.1093/cercor/6.1.71.

P.P. Thakral, S.S. Yu, M.D. Rugg, The hippocampus is sensitive to the mismatch in
novelty between items and their contexts, Brain Res. 2015 (1602) 144-152,
http://dx.doi.org/10.1016/j.brainres.2015.01.033.

G. Mandler, Recognizing: the judgment of previous occurrence, Psychol. Rev. 87
(1980) 252-271.

D. Montaldi, A.R. Mayes, The role of recollection and familiarity in the functional
differentiation of the medial temporal lobes, Hippocampus 20 (2010) 1291-1314,
http://dx.doi.org/10.1002/hipo.20853.

A. Kafkas, E.M. Migo, Familiarity and recollection in the medial temporal lobe, J.
Neurosci. 29 (2009) 2309-2311, http://dx.doi.org/10.1523/jneurosci.5874-08.
2009.

H. Eichenbaum, A.P. Yonelinas, C. Ranganath, The medial temporal lobe and re-
cognition memory, Annu. Rev. Neurosci. 30 (2007) 123-152, http://dx.doi.org/
10.1146/annurev.neuro.30.051606.094328.

R.N. Henson, P. Gagnepain, Predictive, interactive multiple memory systems,
Hippocampus 20 (2010) 1315-1326, http://dx.doi.org/10.1002/hipo.20857.

S. Grossberg, Adaptive Resonance Theory: how a brain learns to consciously at-
tend, learn, and recognize a changing world, Neural Netw. 37 (2013) 1-47, http://
dx.doi.org/10.1016/j.neunet.2012.09.017.

J. Lisman, A.A. Grace, E. Duzel, A neoHebbian framework for episodic memory;
role of dopamine-dependent late LTP, Trends Neurosci. 34 (2011) 536-547,
http://dx.doi.org/10.1016/j.tins.2011.07.006.

A. Kafkas, D. Montaldi, The pupillary response discriminates between subjective
and objective familiarity and novelty, Psychophysiology 52 (2015) 1305-1316,
http://dx.doi.org/10.1111/psyp.12471.

F.L. Fahy, L.I. Riches, M.W. Brown, Neuronal activity related to visual recognition
memory: long-term memory and the encoding of recency and familiarity in-
formation in the primate anterior and medial inferior temporal and rhinal cortex,
Exp. Brain Res. 96 (1993) 457-472.

J.Z. Xiang, M.W. Brown, Differential neuronal encoding of novelty, familiarity and
recency in regions of the anterior temporal lobe, Neuropharmacology 37 (1998)
657-676.

G.C. Baylis, E.T. Rolls, Responses of neurons in the inferior temporal cortex in
short term and serial recognition memory tasks, Exp. Brain Res. 65 (1987)
614-622, http://dx.doi.org/10.1007/BF00235984.

1.V. Viskontas, B.J. Knowlton, P.N. Steinmetz, I. Fried, Differences in mnemonic
processing by neurons in the human hippocampus and parahippocampal regions,
J. Cogn. Neurosci. 18 (2006) 1654-1662.

U. Rutishauser, A.N. Mamelak, E.M. Schuman, Single-trial learning of novel sti-
muli by individual neurons of the human hippocampus-amygdala complex,
Neuron 49 (2006) 805-813.

M.A. Yassa, C.E.L. Stark, Multiple signals of recognition memory in the medial
temporal lobe, Hippocampus 18 (2008) 945-954, http://dx.doi.org/10.1002/
hipo.20452.

S.M. Daselaar, M.S. Fleck, R. Cabeza, Triple dissociation in the medial temporal
lobes: recollection, familiarity, and novelty, J. Neurophysiol. 96 (2006)
1902-1911, http://dx.doi.org/10.1152/jn.01029.2005.

M. de Chastelaine, J.T. Mattson, T.H. Wang, B.E. Donley, M.D. Rugg, Independent
contributions of fMRI familiarity and novelty effects to recognition memory and
their stability across the adult lifespan, Neuroimage (2017), http://dx.doi.org/10.


http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0005
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0005
http://dx.doi.org/10.1002/hipo.10211
http://dx.doi.org/10.1002/hipo.10211
http://dx.doi.org/10.1038/nn.3154
http://dx.doi.org/10.1002/hipo.22683
http://dx.doi.org/10.1002/hipo.22683
http://dx.doi.org/10.1002/hipo.22241
http://dx.doi.org/10.3389/fnbeh.2013.00162
http://dx.doi.org/10.3389/fnbeh.2013.00162
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0035
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0035
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0045
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0045
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0045
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0050
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0050
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0055
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0055
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0055
http://dx.doi.org/10.1101/lm.029728.112
http://dx.doi.org/10.1038/nrn1052
http://dx.doi.org/10.1038/nrn1052
http://dx.doi.org/10.1016/j.neubiorev.2015.05.002
http://dx.doi.org/10.1093/cercor/6.1.71
http://dx.doi.org/10.1016/j.brainres.2015.01.033
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0085
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0085
http://dx.doi.org/10.1002/hipo.20853
http://dx.doi.org/10.1523/jneurosci.5874-08.2009
http://dx.doi.org/10.1523/jneurosci.5874-08.2009
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094328
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094328
http://dx.doi.org/10.1002/hipo.20857
http://dx.doi.org/10.1016/j.neunet.2012.09.017
http://dx.doi.org/10.1016/j.neunet.2012.09.017
http://dx.doi.org/10.1016/j.tins.2011.07.006
http://dx.doi.org/10.1111/psyp.12471
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0130
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0130
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0130
http://dx.doi.org/10.1007/BF00235984
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0145
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0145
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0145
http://dx.doi.org/10.1002/hipo.20452
http://dx.doi.org/10.1002/hipo.20452
http://dx.doi.org/10.1152/jn.01029.2005
http://dx.doi.org/10.1016/j.neuroimage.2017.05.039

A. Kafkas, D. Montaldi

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

1016/j.neuroimage.2017.05.039.

A. Kafkas, D. Montaldi, Familiarity and recollection produce distinct eye move-
ment, pupil and medial temporal lobe responses when memory strength is mat-
ched, Neuropsychologia 50 (2012) 3080-3093, http://dx.doi.org/10.1016/j.
neuropsychologia.2012.08.001.

S. Yamaguchi, L.A. Hale, M. D’Esposito, R.T. Knight, Rapid prefrontal-hippo-
campal habituation to novel events, J. Neurosci. 24 (2004) 5356-5363, http://dx.
doi.org/10.1523/jneurosci.4587-03.2004.

C.M. Stoppel, C.N. Boehler, H. Strumpf, H.J. Heinze, J.M. Hopf, E. Duzel,

M.A. Schoenfeld, Neural correlates of exemplar novelty processing under different
spatial attention conditions, Hum. Brain Mapp. 30 (2009) 3759-3771.

M. Suzuki, J.D. Johnson, M.D. Rugg, Recollection-related hippocampal activity
during continuous recognition: a high-resolution fMRI study, Hippocampus 21
(2011) 575-583, http://dx.doi.org/10.1002/hipo.20781.

B.A. Strange, R. Hurlemann, A. Duggins, H.-J. Heinze, R.J. Dolan, Dissociating
intentional learning from relative novelty responses in the medial temporal lobe,
Neuroimage 25 (2005) 51-62.

C. Hawco, M. Lepage, Overlapping patterns of neural activity for different forms of
novelty in fMRI, Front. Hum. Neurosci. 8 (2014) 699, http://dx.doi.org/10.3389/
fnhum.2014.00699.

C.R. Bowman, N.A. Dennis, Age differences in the neural correlates of novelty
processing: the effects of item-relatedness, Brain Res. 2015 (1612) 2-15, http://
dx.doi.org/10.1016/j.brainres.2014.08.006.

C.I. Wright, A. Negreira, A.L. Gold, J.C. Britton, D. Williams, L. Feldman Barrett,
Neural correlates of novelty and face-age effects in young and elderly adults,
Neuroimage 42 (2008) 956-968, http://dx.doi.org/10.1016/j.neuroimage.2008.
05.015.

J.P. Aggleton, M.W. Brown, Episodic memory, amnesia, and the hippocampal,
anterior thalamic axis, Behav. Brain Sci. 22 (1999) 425-444, http://dx.doi.org/10.
1017/S0140525X99002034.

N.M.J. Edelstyn, J.A. Grange, S.J. Ellis, A.R. Mayes, A deficit in familiarity-driven
recognition in a right-sided mediodorsal thalamic lesion patient, Neuropsychology
30 (2016) 213-224, http://dx.doi.org/10.1037/neu0000226.

G.A. Carlesimo, M.G. Lombardi, C. Caltagirone, F. Barban, Recollection and fa-
miliarity in the human thalamus, Neurosci. Biobehav. Rev. 54 (2015) 18-28,
http://dx.doi.org/10.1016/j.neubiorev.2014.09.006.

A. Kafkas, E. Keene, A. Mayes, D. Montaldi, Functional Connectivity Between the
Dorsomedial Thalamus and the Medial Temporal Lobe Supports Familiarity
Memory, Cognitive Neuroscience Society, San Francisco, 2017.

T.E.J. Behrens, H. Johansen-Berg, M.W. Woolrich, S.M. Smith, C.A.M. Wheeler-
Kingshott, P.A. Boulby, G.J. Barker, E.L. Sillery, K. Sheehan, O. Ciccarelli,

A.J. Thompson, J.M. Brady, P.M. Matthews, Non-invasive mapping of connections
between human thalamus and cortex using diffusion imaging, Nat. Neurosci. 6
(2003) 750-757, http://dx.doi.org/10.1038/nn1075.

A.S. Mitchell, The mediodorsal thalamus as a higher order thalamic relay nucleus
important for learning and decision-making, Neurosci. Biobehav. Rev. 54 (2015)
76-88, http://dx.doi.org/10.1016/j.neubiorev.2015.03.001.

R.W. Guillery, S.M. Sherman, Thalamic relay functions and their role in cortico-
cortical communication, Neuron 33 (2002) 163-175, http://dx.doi.org/10.1016/
S0896-6273(01)00582-7.

S.N. Haber, R. Calzavara, The cortico-basal ganglia integrative network: the role of
the thalamus, Brain Res. Bull. 78 (2009) 69-74, http://dx.doi.org/10.1016/j.
brainresbull.2008.09.013.

S.M. Sherman, Thalamocortical interactions, Curr. Opin. Neurobiol. 22 (2012)
575-579, http://dx.doi.org/10.1016/j.conb.2012.03.005.

Z.V. Guo, H.K. Inagaki, K. Daie, S. Druckmann, C.R. Gerfen, K. Svoboda,
Maintenance of persistent activity in a frontal thalamocortical loop, Nature 545
(2017) 181-186, http://dx.doi.org/10.1038/nature22324.

L.I. Schmitt, R.D. Wimmer, M. Nakajima, M. Happ, S. Mofakham, M.M. Halassa,
Thalamic amplification of cortical connectivity sustains attentional control, Nature
545 (2017) 219-223, http://dx.doi.org/10.1038/nature22073.

M. Giguere, P.S. Goldman-Rakic, Mediodorsal nucleus: areal, laminar, and tan-
gential distribution of afferents and efferents in the frontal lobe of rhesus monkeys,
J. Comp. Neurol. 277 (1988) 195-213, http://dx.doi.org/10.1002/cne.
902770204.

J.D. Burks, L.B. Boettcher, A.K. Conner, C.A. Glenn, P.A. Bonney, C.M. Baker,
R.G. Briggs, N.A. Pittman, D.L. O’'Donoghue, D.H. Wu, M.E. Sughrue, White matter
connections of the inferior parietal lobule: a study of surgical anatomy, Brain
Behav. 7 (2017) e00640, http://dx.doi.org/10.1002/brb3.640.

B.A. Strange, A. Duggins, W. Penny, R.J. Dolan, K.J. Friston, Information theory,
novelty and hippocampal responses: unpredicted or unpredictable? Neural Netw.
18 (2005) 225-230.

M.M. Kishiyama, A.P. Yonelinas, M.M. Lazzara, The von Restorff effect in amnesia:
the contribution of the hippocampal system to novelty-related memory enhance-
ments, J. Cogn. Neurosci. 16 (2004) 15-23, http://dx.doi.org/10.1162/
089892904322755511.

N.M. Dudukovic, A.D. Wagner, Goal-dependent modulation of declarative
memory: neural correlates of temporal recency decisions and novelty detection,
Neuropsychologia 45 (2007) 2608-2620.

W.-C. Wang, K.S. Giovanello, The role of medial temporal lobe regions in in-
cidental and intentional retrieval of item and relational information in aging,
Hippocampus 26 (2016) 693-699, http://dx.doi.org/10.1002/hipo.22578.

I. Kahn, J.R. Andrews-Hanna, J.L. Vincent, A.Z. Snyder, R.L. Buckner, Distinct
cortical anatomy linked to subregions of the medial temporal lobe revealed by
intrinsic functional connectivity, J. Neurophysiol. 100 (2008).

J.P. Aggleton, M.W. Brown, M.M. Albasser, Contrasting brain activity patterns for

67

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Neuroscience Letters 680 (2018) 60-68

item recognition memory and associative recognition memory: insights from im-
mediate-early gene functional imaging, Neuropsychologia 50 (2012) 3141-3155,
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.018.

M.M. Albasser, C.M. Olarte-Sanchez, E. Amin, M.W. Brown, L. Kinnavane,

J.P. Aggleton, Perirhinal cortex lesions in rats: novelty detection and sensitivity to
interference, Behav. Neurosci. 129 (2015) 227-243, http://dx.doi.org/10.1037/
bne0000049.

B.P. Staresina, J. Fell, A.T.A. Do Lam, N. Axmacher, R.N. Henson, Memory signals
are temporally dissociated in and across human hippocampus and perirhinal
cortex, Nat. Neurosci. 15 (2012) 1167-1173, http://dx.doi.org/10.1038/nn.3154.
L. Kinnavane, E. Amin, C.M. Olarte-Sanchez, J.P. Aggleton, Detecting and dis-
criminating novel objects: the impact of perirhinal cortex disconnection on hip-
pocampal activity patterns, Hippocampus 26 (2016) 1393-1413, http://dx.doi.
0rg/10.1002/hipo.22615.

M.L. Schlichting, J.A. Mumford, A.R. Preston, S.M. Smith, T.E. Nichols, Learning-
related representational changes reveal dissociable integration and separation
signatures in the hippocampus and prefrontal cortex, Nat. Commun. 6 (2015)
8151, http://dx.doi.org/10.1038/ncomms9151.

0.S. Vinogradova, Hippocampus as comparator: role of the two input and two
output systems of the hippocampus in selection and registration of information,
Hippocampus 11 (2001) 578-598, http://dx.doi.org/10.1002/hipo.1073.

J.E. Lisman, A.A. Grace, The hippocampal-VTA loop: controlling the entry of in-
formation into long-term memory, Neuron 46 (2005) 703-713, http://dx.doi.org/
10.1016/j.neuron.2005.05.002.

R.M. Krebs, D. Heipertz, H. Schuetze, E. Duzel, Novelty increases the mesolimbic
functional connectivity of the substantia nigra/ventral tegmental area (SN/VTA)
during reward anticipation: evidence from high-resolution fMRI, Neuroimage 58
(2011) 647-655, http://dx.doi.org/10.1016/j.neuroimage.2011.06.038.

P. Zeidman, E.A. Maguire, Anterior hippocampus: the anatomy of perception,
imagination and episodic memory, Nat. Rev. Neurosci. 17 (2016) 173-182, http://
dx.doi.org/10.1038/nrn.2015.24.

A. Kafkas, D. Montaldi, Striatal and midbrain connectivity with the hippocampus
selectively boosts memory for contextual novelty, Hippocampus 25 (2015)
1262-1273, http://dx.doi.org/10.1002/hipo.22434.

B.C. Wittmann, B.H. Schott, S. Guderian, J.U. Frey, H.-J. Heinze, E. Diizel, Reward-
related fMRI activation of dopaminergic midbrain is associated with enhanced
hippocampus-dependent long-term memory formation, Neuron 45 (2005)
459-467, http://dx.doi.org/10.1016/j.neuron.2005.01.010.

R.A. Adcock, A. Thangavel, S. Whitfield-Gabrieli, B. Knutson, J.D.E. Gabrieli,
Reward-motivated learning: mesolimbic activation precedes memory formation,
Neuron 50 (2006) 507-517, http://dx.doi.org/10.1016/j.neuron.2006.03.036.
V.P. Murty, R.A. Adcock, Enriched encoding: reward motivation organizes cortical
networks for hippocampal detection of unexpected events, Cereb. Cortex. 24
(2014) 2160-2168, http://dx.doi.org/10.1093/cercor/bht063.

D. Shohamy, A.D. Wagner, Integrating memories in the human brain: hippo-
campal-midbrain encoding of overlapping events, Neuron 60 (2008) 378-389.
D. Zeithamova, C. Manthuruthil, A.R. Preston, Repetition suppression in the
medial temporal lobe and midbrain is altered by event overlap, Hippocampus 26
(2016) 1464-1477, http://dx.doi.org/10.1002/hipo.22622.

J. Spaniol, P.S.R. Davidson, A.S.N. Kim, H. Han, M. Moscovitch, C.L. Grady, Event-
related fMRI studies of episodic encoding and retrieval: meta-analyses using ac-
tivation likelihood estimation, Neuropsychologia 47 (2009) 1765-1779.

A. Ben-Yakov, M. Rubinson, Y. Dudai, Shifting gears in hippocampus: temporal
dissociation between familiarity and novelty signatures in a single event, J.
Neurosci. 34 (2014) 12973-12981, http://dx.doi.org/10.1523/JNEUROSCI.1892-
14.2014.

B.A. Strange, P.C. Fletcher, R.N. Henson, K.J. Friston, R.J. Dolan, Segregating the
functions of human hippocampus, Proc. Natl. Acad. Sci. U. S. A. 96 (1999)
4034-4039, http://dx.doi.org/10.1073/PNAS.96.7.4034.

J. Poppenk, A.R. McIntosh, F.ILM. Craik, M. Moscovitch, Past experience mod-
ulates the neural mechanisms of episodic memory formation, J. Neurosci. 30
(2010) 4707-4716, http://dx.doi.org/10.1523/jneurosci.5466-09.2010.

J. Poppenk, H.R. Evensmoen, M. Moscovitch, L. Nadel, Long-axis specialization of
the human hippocampus, Trends Cogn. Sci. 17 (2013) 230-240, http://dx.doi.
org/10.1016/j.tics.2013.03.005.

M.A. Yassa, C.E.L. Stark, Pattern separation in the hippocampus, Trends Neurosci.
34 (2011) 515-525.

A. Kafkas, D. Montaldi, Recognition memory strength is predicted by pupillary
responses at encoding while fixation patterns distinguish recollection from fa-
miliarity, Q. J. Exp. Psychol. 64 (2011) 1971-1989, http://dx.doi.org/10.1080/
17470218.2011.588335.

M. Naber, S. Fréssle, U. Rutishauser, W. Einhduser, Pupil size signals novelty and
predicts later retrieval success for declarative memories of natural scenes, J. Vis.
13 (2013) 11, http://dx.doi.org/10.1167/13.2.11.

M.L.-H. V6, A.M. Jacobs, L. Kuchinke, M. Hofmann, M. Conrad, A. Schacht,

F. Hutzler, The coupling of emotion and cognition in the eye: introducing the pupil
old/new effect, Psychophysiology 45 (2007), http://dx.doi.org/10.1111/7.1469-
8986.2007.00606.x 071003012229007-???.

E. Szabadi, Functional neuroanatomy of the central noradrenergic system, J.
Psychopharmacol. 27 (2013) 659-693, http://dx.doi.org/10.1177/
0269881113490326.

E. Eldar, J.D. Cohen, Y. Niv, The effects of neural gain on attention and learning,
Nat. Neurosci. 16 (2013) 1146-1153, http://dx.doi.org/10.1038/nn.3428.

M.S. Gilzenrat, S. Nieuwenhuis, M. Jepma, J.D. Cohen, Pupil diameter tracks
changes in control state predicted by the adaptive gain theory of locus coeruleus
function, Cogn. Affect. Behav. Neurosci. 10 (2010) 252-269, http://dx.doi.org/10.


http://dx.doi.org/10.1016/j.neuroimage.2017.05.039
http://dx.doi.org/10.1016/j.neuropsychologia.2012.08.001
http://dx.doi.org/10.1016/j.neuropsychologia.2012.08.001
http://dx.doi.org/10.1523/jneurosci.4587-03.2004
http://dx.doi.org/10.1523/jneurosci.4587-03.2004
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0175
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0175
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0175
http://dx.doi.org/10.1002/hipo.20781
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0185
http://dx.doi.org/10.3389/fnhum.2014.00699
http://dx.doi.org/10.3389/fnhum.2014.00699
http://dx.doi.org/10.1016/j.brainres.2014.08.006
http://dx.doi.org/10.1016/j.brainres.2014.08.006
http://dx.doi.org/10.1016/j.neuroimage.2008.05.015
http://dx.doi.org/10.1016/j.neuroimage.2008.05.015
http://dx.doi.org/10.1017/S0140525X99002034
http://dx.doi.org/10.1017/S0140525X99002034
http://dx.doi.org/10.1037/neu0000226
http://dx.doi.org/10.1016/j.neubiorev.2014.09.006
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0220
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0220
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0220
http://dx.doi.org/10.1038/nn1075
http://dx.doi.org/10.1016/j.neubiorev.2015.03.001
http://dx.doi.org/10.1016/S0896-6273(01)00582-7
http://dx.doi.org/10.1016/S0896-6273(01)00582-7
http://dx.doi.org/10.1016/j.brainresbull.2008.09.013
http://dx.doi.org/10.1016/j.brainresbull.2008.09.013
http://dx.doi.org/10.1016/j.conb.2012.03.005
http://dx.doi.org/10.1038/nature22324
http://dx.doi.org/10.1038/nature22073
http://dx.doi.org/10.1002/cne.902770204
http://dx.doi.org/10.1002/cne.902770204
http://dx.doi.org/10.1002/brb3.640
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0270
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0270
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0270
http://dx.doi.org/10.1162/089892904322755511
http://dx.doi.org/10.1162/089892904322755511
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0280
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0280
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0280
http://dx.doi.org/10.1002/hipo.22578
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0290
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0290
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0290
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.018
http://dx.doi.org/10.1037/bne0000049
http://dx.doi.org/10.1037/bne0000049
http://dx.doi.org/10.1038/nn.3154
http://dx.doi.org/10.1002/hipo.22615
http://dx.doi.org/10.1002/hipo.22615
http://dx.doi.org/10.1038/ncomms9151
http://dx.doi.org/10.1002/hipo.1073
http://dx.doi.org/10.1016/j.neuron.2005.05.002
http://dx.doi.org/10.1016/j.neuron.2005.05.002
http://dx.doi.org/10.1016/j.neuroimage.2011.06.038
http://dx.doi.org/10.1038/nrn.2015.24
http://dx.doi.org/10.1038/nrn.2015.24
http://dx.doi.org/10.1002/hipo.22434
http://dx.doi.org/10.1016/j.neuron.2005.01.010
http://dx.doi.org/10.1016/j.neuron.2006.03.036
http://dx.doi.org/10.1093/cercor/bht063
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0360
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0360
http://dx.doi.org/10.1002/hipo.22622
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0370
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0370
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0370
http://dx.doi.org/10.1523/JNEUROSCI.1892-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.1892-14.2014
http://dx.doi.org/10.1073/PNAS.96.7.4034
http://dx.doi.org/10.1523/jneurosci.5466-09.2010
http://dx.doi.org/10.1016/j.tics.2013.03.005
http://dx.doi.org/10.1016/j.tics.2013.03.005
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0395
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0395
http://dx.doi.org/10.1080/17470218.2011.588335
http://dx.doi.org/10.1080/17470218.2011.588335
http://dx.doi.org/10.1167/13.2.11
http://dx.doi.org/10.1111/j.1469-8986.2007.00606.x
http://dx.doi.org/10.1111/j.1469-8986.2007.00606.x
http://dx.doi.org/10.1177/0269881113490326
http://dx.doi.org/10.1177/0269881113490326
http://dx.doi.org/10.1038/nn.3428
http://dx.doi.org/10.3758/CABN.10.2.252

A. Kafkas, D. Montaldi

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

3758/CABN.10.2.252.

P.R. Murphy, R.G. O’Connell, M. O’Sullivan, I.H. Robertson, J.H. Balsters, Pupil
diameter covaries with BOLD activity in human locus coeruleus, Hum. Brain
Mapp. 35 (2014) 4140-4154, http://dx.doi.org/10.1002/hbm.22466.

M. Mather, D. Clewett, M. Sakaki, C.W. Harley, Norepinephrine ignites local
hotspots of neuronal excitation: how arousal amplifies selectivity in perception
and memory, Behav. Brain Sci. 39 (2016) €200, http://dx.doi.org/10.1017/
S0140525X15000667.

G. Aston-Jones, J.D. Cohen, An integrative theory of locus coeruleus-nor-
epinephrine function: adaptive gain and optimal performance, Annu. Rev.
Neurosci. 28 (2005) 403-450, http://dx.doi.org/10.1146/annurev.neuro.28.
061604.135709.

J. Markovic, A.K. Anderson, R.M. Todd, Tuning to the significant: neural and
genetic processes underlying affective enhancement of visual perception and
memory, Behav. Brain Res. 259 (2014) 229-241, http://dx.doi.org/10.1016/j.bbr.
2013.11.018.

T. Takeuchi, A.J. Duszkiewicz, A. Sonneborn, P.A. Spooner, M. Yamasaki,

M. Watanabe, C.C. Smith, G. Fernandez, K. Deisseroth, R.W. Greene,

R.G.M. Morris, Locus coeruleus and dopaminergic consolidation of everyday
memory, Nature 537 (2016) 357-362, http://dx.doi.org/10.1038/nature19325.
R.M. Weinshilboum, N.B. Thoa, D.G. Johnson, I.J. Kopin, J. Axelrod, Proportional
release of norepinephrine and dopamine-f-hydroxylase from sympathetic nerves,
Science (80-.) 174 (1971).

S. Bouret, S. Ravel, B.J. Richmond, Complementary neural correlates of motiva-
tion in dopaminergic and noradrenergic neurons of monkeys, Front. Behav.
Neurosci. 6 (2012) 40, http://dx.doi.org/10.3389/fnbeh.2012.00040.

C.W. Harley, Norepinephrine and dopamine as learning signals, Neural Plast. 11
(2004) 191-204, http://dx.doi.org/10.1155/NP.2004.191.

C. Varazzani, A. San-Galli, S. Gilardeau, S. Bouret, Noradrenaline and dopamine
neurons in the reward/effort trade-off: a direct electrophysiological comparison in
behaving monkeys, J. Neurosci. 35 (2015).

E.S. Bromberg-Martin, M. Matsumoto, O. Hikosaka, Dopamine in motivational
control: rewarding, aversive, and alerting, Neuron 68 (2010) 815-834, http://dx.
doi.org/10.1016/j.neuron.2010.11.022.

W. Schultz, P. Dayan, P.R. Montague, A neural substrate of prediction and reward,
Science (80-.). 275 (1997).

G. Morris, A. Nevet, D. Arkadir, E. Vaadia, H. Bergman, Midbrain dopamine
neurons encode decisions for future action, Nat. Neurosci. 9 (2006) 1057-1063,
http://dx.doi.org/10.1038/nn1743.

K.C. Berridge, The debate over dopamine’s role in reward: the case for incentive
salience, Psychopharmacology (Berl). 191 (2007) 391-431, http://dx.doi.org/10.
1007/500213-006-0578-x.

P.E.M. Phillips, M.E. Walton, T.C. Jhou, Calculating utility: preclinical evidence
for cost-benefit analysis by mesolimbic dopamine, Psychopharmacology (Berl).
191 (2007) 483-495, http://dx.doi.org/10.1007/500213-006-0626-6.

68

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Neuroscience Letters 680 (2018) 60-68

J. von der Gablentz, C. Tempelmann, T.F. Miinte, M. Heldmann, Performance
monitoring and behavioral adaptation during task switching: an fMRI study,
Neuroscience 285 (2015) 227-235, http://dx.doi.org/10.1016/j.neuroscience.
2014.11.024.

R.D.S. Raizada, R.A. Poldrack, Challenge-driven attention: interacting frontal and
brainstem systems, Front. Hum. Neurosci. 1 (2007) 3, http://dx.doi.org/10.3389/
neuro.09.003.2007.

S. Bouret, S.J. Sara, Network reset: a simplified overarching theory of locus
coeruleus noradrenaline function, Trends Neurosci. 28 (2005) 574-582, http://dx.
doi.org/10.1016/j.tins.2005.09.002.

S.J. Sara, S. Bouret, Orienting and reorienting: the locus coeruleus mediates cog-
nition through arousal, Neuron 76 (2012) 130-141, http://dx.doi.org/10.1016/j.
neuron.2012.09.011.

C.W. Berridge, B.D. Waterhouse, The locus coeruleus-noradrenergic system:
modulation of behavioral state and state-dependent cognitive processes, Brain Res.
Rev 42 (2003) 33-84, http://dx.doi.org/10.1016/50165-0173(03)00143-7.

S.G. Walling, R.A.M. Brown, J.S. Milway, A.G. Earle, C.W. Harley, Selective tuning
of hippocampal oscillations by phasic locus coeruleus activation in awake male
rats, Hippocampus 21 (2011) 1250-1262, http://dx.doi.org/10.1002/hipo.20816.
S.R. Steinhauer, G.J. Siegle, R. Condray, M. Pless, Sympathetic and para-
sympathetic innervation of pupillary dilation during sustained processing, Int. J.
Psychophysiol. 52 (2004) 77-86.

R.M. Ridley, P.M. Bowes, H.F. Baker, T.J. Crow, An involvement of acetylcholine
in object discrimination learning and memory in the marmoset, Neuropsychologia
22 (1984) 253-263, http://dx.doi.org/10.1016,/0028-3932(84)90073-3.

M.E. Hasselmo, The role of acetylcholine in learning and memory, Curr. Opin.
Neurobiol. 16 (2006) 710-715, http://dx.doi.org/10.1016/j.conb.2006.09.002.
A. Easton, R.M. Ridley, H.F. Baker, D. Gaffan, Unilateral lesions of the cholinergic
basal forebrain and fornix in one hemisphere and inferior temporal cortex in the
opposite hemisphere produce severe learning impairments in rhesus monkeys,
Cereb. Cortex. 12 (2002) 729-736, http://dx.doi.org/10.1093/cercor/12.7.729.
M. Giovannini, A. Rakovska, R. Benton, M. Pazzagli, L. Bianchi, G. Pepeu, Effects
of novelty and habituation on acetylcholine, GABA, and glutamate release from
the frontal cortex and hippocampus of freely moving rats, Neuroscience 106
(2001) 43-53, http://dx.doi.org/10.1016,/50306-4522(01)00266-4.

A. Easton, V. Douchamps, M. Eacott, C. Lever, A specific role for septohippo-
campal acetylcholine in memory? Neuropsychologia 50 (2012) 3156-3168,
http://dx.doi.org/10.1016/j.neuropsychologia.2012.07.022.

B.A. Strange, M.P. Witter, E.S. Lein, E.I. Moser, Functional organization of the
hippocampal longitudinal axis, Nat. Rev. Neurosci. 15 (2014) 655-669, http://dx.
doi.org/10.1038/nrn3785.

E.J. Barbeau, P. Chauvel, C.J.A. Moulin, J. Regis, C. Liégeois-Chauvel,
Hippocampus duality: memory and novelty detection are subserved by distinct
mechanisms, Hippocampus 27 (2017) 405-416, http://dx.doi.org/10.1002/hipo.
22699.


http://dx.doi.org/10.3758/CABN.10.2.252
http://dx.doi.org/10.1002/hbm.22466
http://dx.doi.org/10.1017/S0140525X15000667
http://dx.doi.org/10.1017/S0140525X15000667
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135709
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135709
http://dx.doi.org/10.1016/j.bbr.2013.11.018
http://dx.doi.org/10.1016/j.bbr.2013.11.018
http://dx.doi.org/10.1038/nature19325
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0455
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0455
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0455
http://dx.doi.org/10.3389/fnbeh.2012.00040
http://dx.doi.org/10.1155/NP.2004.191
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0470
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0470
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0470
http://dx.doi.org/10.1016/j.neuron.2010.11.022
http://dx.doi.org/10.1016/j.neuron.2010.11.022
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0480
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0480
http://dx.doi.org/10.1038/nn1743
http://dx.doi.org/10.1007/s00213-006-0578-x
http://dx.doi.org/10.1007/s00213-006-0578-x
http://dx.doi.org/10.1007/s00213-006-0626-6
http://dx.doi.org/10.1016/j.neuroscience.2014.11.024
http://dx.doi.org/10.1016/j.neuroscience.2014.11.024
http://dx.doi.org/10.3389/neuro.09.003.2007
http://dx.doi.org/10.3389/neuro.09.003.2007
http://dx.doi.org/10.1016/j.tins.2005.09.002
http://dx.doi.org/10.1016/j.tins.2005.09.002
http://dx.doi.org/10.1016/j.neuron.2012.09.011
http://dx.doi.org/10.1016/j.neuron.2012.09.011
http://dx.doi.org/10.1016/S0165-0173(03)00143-7
http://dx.doi.org/10.1002/hipo.20816
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0530
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0530
http://refhub.elsevier.com/S0304-3940(18)30064-8/sbref0530
http://dx.doi.org/10.1016/0028-3932(84)90073-3
http://dx.doi.org/10.1016/j.conb.2006.09.002
http://dx.doi.org/10.1093/cercor/12.7.729
http://dx.doi.org/10.1016/S0306-4522(01)00266-4
http://dx.doi.org/10.1016/j.neuropsychologia.2012.07.022
http://dx.doi.org/10.1038/nrn3785
http://dx.doi.org/10.1038/nrn3785
http://dx.doi.org/10.1002/hipo.22699
http://dx.doi.org/10.1002/hipo.22699

	How do memory systems detect and respond to novelty?
	Introduction
	What is novelty detection, and what is it detecting?
	How might novelty and familiarity signals combine to contribute to recognition memory?
	Two distinct familiarity and novelty networks
	The thalamus as an integrator of familiarity and novelty signals
	PRC, anterior hippocampus and midbrain structures: novelty detection and evaluation
	Distinct hippocampally-mediated novelty-driven encoding mechanisms: dopaminergic, noradrenergic and cholinergic contributions

	Conclusions and summary
	Acknowledgment
	References




