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Sleep plays an important role in supporting
long-term memory formation (Diekel-
mann and Born, 2010). Beyond preserv-
ing specific details from different events,
sleep can facilitate the abstraction of gen-
eralities across events (Ellenbogen et al.,
2007; Lewis and Durrant, 2011). Although
these two processes are seemingly incom-
patible, the complementary learning sys-
tems (CLS) model proposes that this can
be achieved through the interaction of
two separate memory systems (McClel-
land et al., 1995). The CLS posits that the
hippocampal system serves as a rapid
learning system that allows the preserva-
tion of event details through sparse cod-
ing, in which each event or stimulus is
coded only by a small proportion of
hippocampal neurons. In addition, the
model posits that during periods of sleep,
the hippocampus initiates replay of en-
coded memories, providing gradual train-
ing for the slow-learning neocortical
system (McClelland et al., 1995).

Support for this process of systems
consolidation comes from observations of
a coordinated hippocampo– cortical dia-
logue during sleep oscillations, alongside
neuronal replay of waking experience in

the hippocampus and neocortex, as well
as demonstration that both of these phe-
nomena are causally linked to memory
consolidation (Bendor and Wilson, 2012;
Maingret et al., 2016). Neural replay is
thought to facilitate the integration and
generalization of learned information
through recruiting overlapping represen-
tations in the neocortical system (McClel-
land et al., 1995). A role for replay in
strengthening memories for specific de-
tails within the hippocampus is not often
discussed, but Hanert et al. (2017) re-
cently posited that neural replay during
sleep facilitates pattern separation, result-
ing in more distinct memory representa-
tions for previously encoded information.

Pattern separation is thought to occur
during encoding, where the activation of a
small proportion of hippocampal neu-
rons minimizes representational overlaps
between distinct events (Hunsaker and
Kesner, 2013). Functionally, pattern sep-
aration reduces competitive interference
between related memoranda and thus fa-
cilitates more accurate retrieval. Sleep be-
fore learning appears to be essential for
effective pattern separation, because sleep
deprivation can impair the ability to dis-
criminate between similar items during
encoding (Saletin et al., 2016). However, it
is less certain whether periods of sleep fol-
lowing learning continue to facilitate pat-
tern separation of learned information.

A recent study by Hanert et al. (2017)
sought to address this with a widely used
behavioral paradigm for examining pat-
tern separation in humans (Stark et al.,

2013). Participants encoded several ob-
jects that were tested immediately and
tested again after a 10 h retention interval
that consisted of daytime wakefulness
(wake group) or a night of sleep (sleep
group). During the recognition test, par-
ticipants were shown items that were pre-
viously seen (Targets), items that were
similar to those previously seen (Lures),
and items that were new (Foils). They
were required to indicate whether each
item was “Old”, “Similar”, or “New”, and
pattern separation performance was de-
termined based on the successful identifi-
cation of Lure items as being Similar.

Comparing behavioral performance
on the immediate and the delayed test, the
authors demonstrated that pattern sepa-
ration performance declined over a pe-
riod of intervening wakefulness, but was
preserved across sleep. In addition, slow
oscillation density and spindle density,
both of which have been associated with
the occurrence of neural replay, were cor-
related with subsequent pattern separa-
tion performance in the sleep group.
Based on these observations, the authors
suggest that sleep stabilizes pattern sepa-
ration in the hippocampus, and speculate
that this relates to neural replay during
sleep.

Although Hanert et al. (2017) used a
well validated behavioral pattern separa-
tion task, it is not clear that the observed
sleep-related benefit can truly be attrib-
uted to stabilization of pattern separation.
When pattern separation is weakened
across a delay, we expect both a reduction
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in Similar responses, and an increase in
Old responses to Lure items. Although
Hanert et al. (2017) observed the former
in the wake group, there was no evidence
of an increase in false recognition (Old
responses to Lure items were 30.62%
and 32.08%, respectively). Additionally,
whereas impaired pattern separation
should more strongly affect lures of
greater similarity, the Wake group exhib-
ited the reverse pattern, with the decre-
ment being larger for lures with lower
similarity. The authors’ conclusion that
sleep stabilizes pattern separation is based
on this relative deterioration of perfor-
mance across wakefulness, but these in-
consistent findings may point toward an
alternative explanation.

There are several clues to suggest that
the reduced scores on pattern separation
might be driven by greater forgetting in
the Wake group. The clearest indication
comes from the recognition memory
score (i.e., correctly identifying target im-
ages as Old), where the Wake group
showed greater forgetting compared with
the Sleep group. This is consistent with
the expected mnemonic benefits of sleep
(Diekelmann and Born, 2010). Moreover,
the decrement in pattern separation per-
formance was driven by a larger increase
in the proportion of New responses to
Lure items made by the Wake group
(6.85–29.54%), which is also indicative of
general forgetting. Together, greater gen-
eral forgetting of the wake group appears
to be a more parsimonious account for the
observed results.

Although the results reported by Han-
ert et al. (2017) may not be attributable
primarily to better pattern separation fol-
lowing sleep, the premise that offline re-
play can support pattern separation in the
hippocampus is one that deserves greater
attention, because it may provide a mech-
anistic account for several observations
regarding sleep-dependent memory consol-
idation. As stated above, pattern separation
during encoding minimizes representa-
tional overlaps, and can reduce the inter-
ference between related memoranda.
Furthermore, recent work has shown that
competitive interference during learning
can drive the demand for pattern sepa-
ration in the hippocampus, and the suc-
cessful differentiation of competing
representations is related to reduced in-
terference (Hulbert and Norman, 2015;
Chanales et al., 2017). Sleep has been
shown to reduce both proactive and ret-
roactive interference (Abel and Bäuml,
2014), but this has primarily been attrib-
uted to systems consolidation, where

memory representations in long-term
neocortical stores are gradually strength-
ened, rendering them less susceptible to
disruption (Diekelmann and Born, 2010).
Pattern separation constitutes another
plausible mechanism to explain how in-
terference can be reduced following sleep.

At the neural level, pattern separation
within the hippocampus during periods
of sleep could be supported via a combina-
tion of synaptic potentiation during mem-
ory replay (Wilson and McNaughton, 1994)
and synaptic depression during the down-
scaling of memory networks (Tononi and
Cirelli, 2014). In the same manner that
representational overlaps are minimized
across repeated encoding events (Chanales et
al., 2017), neural replay provides an op-
portunity for such differentiation to
occur. This process could be further com-
plemented by the downscaling of syn-
apses, which has been proposed as a
means of preventing synaptic saturation
in memory networks. Synaptic downscal-
ing could eliminate weak/unstable syn-
apses associated with newly learned
information and enable the “sharpening”
of hippocampal representations. Such
a mechanism within the hippocampal
network could account for several obser-
vations linking reactivation of hippo-
campal-dependent memories during sleep
with more accurate recall and plasticity
(Rasch et al., 2007).

This combination of potentiation and
depression during sleep was proposed to
account for the formation of cognitive
schemata during systems consolidation
(Lewis and Durrant, 2011). Neurons that
code shared elements of memories were
suggested to be more strongly activated
across repeated replays and would there-
fore survive the downscaling process,
leading to the abstraction of commonali-
ties or “gist” and a loss of specific details
within cortical representations (Lewis and
Durrant, 2011). Here we propose that
similar mechanisms of targeted synaptic
potentiation and depression occurring
within the hippocampus could emphasize
the differences between sparsely coded
memoranda, rather than extract com-
monalities, resulting in enhanced pattern
separation.

A lasting role for hippocampal pattern
separation in memory is seemingly at odds
with the well established decline of retrieval-
related hippocampal activity over time
(Takashima et al., 2006). However, it has
been suggested that the hippocampus con-
tinues to be necessary for retrieving de-
tailed autobiographical memories (Nadel
and Moscovitch, 1997), and several imag-

ing studies have observed continued hip-
pocampal involvement in retrieval after a
night of sleep (Ritchey et al., 2015) and
also after longer delays (Bonnici et al.,
2012). It is therefore plausible that pattern
separation after initial encoding might
continue to contribute to the evolution of
memories over time.

Despite the intuitive appeal, further
experimentation is required to examine
whether sleep does indeed support pat-
tern separation in the hippocampus. The
work of Hanert et al. (2017) suggests that
this may be the case, but also highlights
the problems inherent in determining the
underlying mechanisms for the mne-
monic benefits of sleep, particularly when
inferring from behavioral data alone. Fu-
ture work would benefit from examining
how sleep and neural replay changes
memory representations for competing
information. Imaging techniques that ex-
amine patterns of activity associated with
individual memories, such as multivoxel
pattern analysis, will likely prove invalu-
able to determine whether pattern separa-
tion plays a role during sleep.
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Abel M, Bäuml KH (2014) Sleep can reduce proac-

tive interference. Memory 22:332–339. CrossRef
Medline

Bendor D, Wilson MA (2012) Biasing the con-
tent of hippocampal replay during sleep. Nat
Neurosci 15:1439 –1444. CrossRef Medline

Bonnici HM, Chadwick MJ, Lutti A, Hassabis D,
Weiskopf N, Maguire EA (2012) Detecting
representations of recent and remote autobio-
graphical memories in vmPFC and hippocam-
pus. J Neurosci 32:16982–16991. CrossRef
Medline

Chanales AJH, Oza A, Favila SE, Kuhl BA (2017)
Overlap among spatial memories triggers re-
pulsion of hippocampal representations. Curr
Biol 27:2307–2317.e5. CrossRef Medline

Diekelmann S, Born J (2010) The memory func-
tion of sleep. Nat Rev Neurosci 11:114 –126.
CrossRef Medline

Ellenbogen JM, Hu PT, Payne JD, Titone D,
Walker MP (2007) Human relational mem-
ory requires time and sleep. Proc Natl Acad Sci
U S A 104:7723–7728. CrossRef Medline

Hanert A, Weber FD, Pedersen A, Born J, Bartsch
T (2017) Sleep in humans stabilizes pattern
separation performance. J Neurosci 37:12238–
12246. CrossRef Medline

Hulbert JC, Norman KA (2015) Neural differ-
entiation tracks improved recall of competing
memories following interleaved study and re-
trieval practice. Cereb Cortex 25:3994 – 4008.
CrossRef Medline

Hunsaker MR, Kesner RP (2013) The operation
of pattern separation and pattern completion
processes associated with different attributes
or domains of memory. Neurosci Biobehav
Rev 37:36 –58. CrossRef Medline

Lewis PA, Durrant SJ (2011) Overlapping mem-
ory replay during sleep builds cognitive sche-

Poh and Cousins • Journal Club J. Neurosci., April 25, 2018 • 38(17):4062– 4064 • 4063

http://dx.doi.org/10.1080/09658211.2013.785570
http://www.ncbi.nlm.nih.gov/pubmed/23556992
http://dx.doi.org/10.1038/nn.3203
http://www.ncbi.nlm.nih.gov/pubmed/22941111
http://dx.doi.org/10.1523/JNEUROSCI.2475-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23175849
http://dx.doi.org/10.1016/j.cub.2017.06.057
http://www.ncbi.nlm.nih.gov/pubmed/28736170
http://dx.doi.org/10.1038/nrn2762
http://www.ncbi.nlm.nih.gov/pubmed/20046194
http://dx.doi.org/10.1073/pnas.0700094104
http://www.ncbi.nlm.nih.gov/pubmed/17449637
http://dx.doi.org/10.1523/JNEUROSCI.1189-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118106
http://dx.doi.org/10.1093/cercor/bhu284
http://www.ncbi.nlm.nih.gov/pubmed/25477369
http://dx.doi.org/10.1016/j.neubiorev.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23043857


mata. Trends Cogn Sci 15:343–351. CrossRef
Medline

Maingret N, Girardeau G, Todorova R, Goutierre
M, Zugaro M (2016) Hippocampo-cortical
coupling mediates memory consolidation
during sleep. Nat Neurosci 19:959 –964.
CrossRef Medline

McClelland JL, McNaughton BL, O’Reilly RC
(1995) Why there are complementary learning
systems in the hippocampus and neocortex: in-
sights from the successes and failures of connec-
tionist models of learning and memory. Psychol
Rev 102:419–457. CrossRef Medline

Nadel L, Moscovitch M (1997) Memory consol-
idation, retrograde amnesia and the hip-
pocampal complex. Curr Opin Neurobiol
7:217–227. CrossRef Medline

Rasch B, Büchel C, Gais S, Born J (2007) Odor
cues during slow-wave sleep prompt declara-
tive memory consolidation. Science 315:
1426 –1429. CrossRef Medline

Ritchey M, Montchal ME, Yonelinas AP, Ranganath
C (2015) Delay-dependent contributions of
medial temporal lobe regions to episodic mem-
ory retrieval. eLife 4:05025. CrossRef Medline

Saletin JM, Goldstein-Piekarski AN, Greer SM,
Stark S, Stark CE, Walker MP (2016) Hu-
man hippocampal structure: a novel bio-
marker predicting mnemonic vulnerability to,
and recovery from, sleep deprivation. J Neu-
rosci 36:2355–2363. CrossRef Medline

Stark SM, Yassa MA, Lacy JW, Stark CE (2013)
A task to assess behavioral pattern separation
(BPS) in humans: data from healthy aging and

mild cognitive impairment. Neuropsycholo-
gia 51:2442–2449. CrossRef Medline

Takashima A, Petersson KM, Rutters F, Tendol-
kar I, Jensen O, Zwarts MJ, McNaughton BL,
Fernández G (2006) Declarative memory
consolidation in humans: a prospective func-
tional magnetic resonance imaging study.
Proc Natl Acad Sci U S A 103:756 –761.
CrossRef Medline

Tononi G, Cirelli C (2014) Sleep and the price of
plasticity: from synaptic and cellular homeo-
stasis to memory consolidation and integra-
tion. Neuron 81:12–34. CrossRef Medline

Wilson MA, McNaughton BL (1994) Reactiva-
tion of hippocampal ensemble memories dur-
ing sleep. Science 265:676 – 679. CrossRef
Medline

4064 • J. Neurosci., April 25, 2018 • 38(17):4062– 4064 Poh and Cousins • Journal Club

http://dx.doi.org/10.1016/j.tics.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21764357
http://dx.doi.org/10.1038/nn.4304
http://www.ncbi.nlm.nih.gov/pubmed/27182818
http://dx.doi.org/10.1037/0033-295X.102.3.419
http://www.ncbi.nlm.nih.gov/pubmed/7624455
http://dx.doi.org/10.1016/S0959-4388(97)80010-4
http://www.ncbi.nlm.nih.gov/pubmed/9142752
http://dx.doi.org/10.1126/science.1138581
http://www.ncbi.nlm.nih.gov/pubmed/17347444
http://dx.doi.org/10.7554/eLife.05025
http://www.ncbi.nlm.nih.gov/pubmed/25584461
http://dx.doi.org/10.1523/JNEUROSCI.3466-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26911684
http://dx.doi.org/10.1016/j.neuropsychologia.2012.12.014
http://www.ncbi.nlm.nih.gov/pubmed/23313292
http://dx.doi.org/10.1073/pnas.0507774103
http://www.ncbi.nlm.nih.gov/pubmed/16407110
http://dx.doi.org/10.1016/j.neuron.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24411729
http://dx.doi.org/10.1126/science.8036517
http://www.ncbi.nlm.nih.gov/pubmed/8036517

	Is There a Role for Pattern Separation during Sleep?
	References


