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Abstract The ability to discriminate and store similar inputs as distinct representations in memory is thought to rely
on a process called pattern separation in the dentate gyrus of the hippocampus. Recent computational and empirical
findings support a role for adult-born granule neurons in spatial pattern separation. We reviewed rodent studies that
have manipulated both hippocampal adult neurogenesis and assessed pattern separation. The majority of studies report
a supporting role of adult born neurons in pattern separation as measured at the behavioral level. However, closer
evaluation of the published findings reveals variation in both pattern separation tasks and in the interpretation of
behavioral performance that, taken together, suggests that the role of hippocampal adult neurogenesis in pattern
separation may be less established than is currently assumed. Assessment of pattern separation at the network level
through the use of immediate early gene expression, optogenetic, pharmacogenetic and/or in vivo electrophysiology
studies could be instrumental in further confirming a role of adult born neurons in pattern separation further. Finally,
hippocampal adult neurogenesis and pattern separation are not an exclusive pair, as evidence for hippocampal adult
neurogenesis contributing to the temporal separation of events in memory, forgetting and cognitive flexibility has also
been found. We conclude that whereas current empirical evidence for the involvement of hippocampal adult
neurogenesis in pattern separation seems supportive, there is a need for careful interpretation of behavioral findings
and an integration of the various proposed functions of adult born neurons.
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Introduction gyrus (Altman, 1962, 1969; Eriksson et al., 1998; Kemper-

mann, 2005). Not surprisingly given the well-established role

Since the discovery that the brain of adult mammals
(including humans) is able to produce new neurons, adult
neurogenesis has received considerable attention. Adult
neurogenesis is restricted to the subventricular zone of the
lateral ventricles (with neurons migrating into the olfactory
bulb) and to the subgranular zone of the hippocampal dentate
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of the hippocampus in memory, hippocampal adult neurogen-
esis has been implicated in learning and memory processes
(Shors et al., 2001; Shors et al., 2002) reviewed in (Abrous et
al., 2005; Deng et al., 2010; Koehl and Abrous, 2011; Marin-
Burgin and Schinder, 2012; Oomen et al., 2014). More
recently, adult born neurons were proposed by computational
studies to contribute specifically to pattern separation in the
dentate gyrus (Becker, 2005). Pattern separation is the process
by which a neural circuit reduces overlap between similar
input patterns, resulting in more dissimilar output signals
(Marr, 1971; McNaughton and Morris, 1987; Treves and



Martha Hvoslef-Eide and Charlotte A. Oomen

169

Rolls, 1992). It is thought that pattern separation facilitates
storage of unique representations, which decreases the
probability of interference at a later stage, i.e. during memory
recall (Neunuebel and Knierim, 2014). Since the first
empirical study in 2009 (Clelland et al., 2009), the number
of articles published on pattern separation and hippocampal
adult neurogenesis has currently risen to 102. In this review,
we evaluate current empirical evidence for an involvement of
adult neurogenesis in the hippocampus (referred to as ‘adult
neurogenesis’) in pattern separation in rodents, with a focus
on behavior. We describe and discuss common pattern
separation memory paradigms and emphasize critical test
parameters in the behavioral assessment of pattern separation.
Other measures by which pattern separation ability may be
assessed are also discussed. Finally, we argue that adult
neurogenesis and pattern separation may not be an exclusive
pair, as pattern separation has also been suggested to occur
outside of the dentate gyrus and thus may not rely on adult
neurogenesis exclusively. In addition, there is evidence for
other roles of adult neurogenesis in cognition such as
temporal separation, forgetting and cognitive flexibility.

Background: adult neurogenesis in
learning and memory

A multitude of studies have investigated how adult-born
neurons contribute to learning and memory processes (for
reviews see (Deng et al., 2010; Koehl and Abrous, 2011;
Marin-Burgin and Schinder, 2012; Oomen et al., 2014)).
Some studies have made use of factors that modulate
neurogenesis (e.g., exercise or stress) and inferred a role of
adult-born neurons from subsequent changes in cognitive
performance, although in such studies the role of a third
variable is difficult to exclude (Bekinschtein et al., 2011). A
more direct strategy for studying the function of adult
neurogenesis is to examine the consequence of adult
neurogenesis ablation or upregulation using X-ray irradiation,
chemical methods (methylazoxymethanol acetate or temozo-
lomide, which act as anti-mitotic drugs) or genetic tools. It has
been suggested that relative timing and age of the ablated
neurons may be critical in this (Farioli-Vecchioli et al., 2008)
making ablation methods less than straightforward to
interpret. In addition, no study has yet incorporated an
experimental group in which a similar number of adult
granule neurons is ablated, but see (Nakashiba et al., 2012),
which would better address the question whether adult
neurogenesis subserves a truly unique role. Some studies
have provided compelling evidence for a role of adult-born
neurons in general memory function e.g., (Dupret et al., 2007;
Shors et al., 2002; Zhang et al., 2008). Overall however,
publications on the effect of adult neurogenesis ablation on
behavioral outcomes have yielded mixed results (Deng et al.,
2010; Oomen et al.,, 2014). Indeed, adult neurogenesis
appears to have very little effect when using a broad range

of behavioral tasks, as demonstrated in a recent meta-analysis
of 98 data sets in which no significant effect of ablating
neurogenesis was found on contextual and cued fear
conditioning or spatial memory (Groves et al., 2013). In
light of this, the field has aimed increasingly at more specific
memory functions.

Behavioral evidence for a role of adult
neurogenesis in pattern separation

Pattern separation in the dentate gyrus

Pattern separation may represent a more precise cognitive
construct by which adult-born neurons contribute to memory
function and thus offer a solution to the inconsistency with
which manipulation of adult neurogenesis has been shown to
affect behavioral outcomes. Pattern separation (the process by
which a neural circuit reduces overlap between similar input
signals, resulting in less similar output signals) is thought to
be necessary for the formation of unique, non- (or less-)
overlapping representations and through that, successful
memory storage (Marr, 1971; McNaughton and Morris, 1987,
Treves and Rolls, 1992). Some classical learning and memory
tasks may have inadvertently loaded on the construct of
pattern separation (thus yielding sensitivity to changes in
adult neurogenesis), while others did not (thus being
insensitive to adult neurogenesis manipulation). Within the
hippocampus the dentate gyrus is thought to perform pattern
separation, which in turn facilitates pattern completion
(retrieval of a complete memory from a partial cue) in the
downstream CA3 attractor circuitry (Treves et al., 2008).
Evidence for pattern separation in the dentate gyrus comes
from in vivo electrophysiological studies (Leutgeb et al.,
2007; Neunuebel and Knierim, 2014). These studies found
that small contextual changes (either by morphing the shape
of the surrounding open field, or by inducing a conflict
between local and global cues in the environment) induces
markedly different cellular responses in the dentate gyrus
versus CA3, whereby the dentate gyrus was found to be more
sensitive to small environmental changes. Direct evidence for
a role of pattern separation and completion in the dentate
gyrus-CA3 circuitry was found by increasing local-global cue
conflicts and simultaneously measuring dentate gyrus and
CA3 input/output signals. Increasing such conflict resulted in
less coherent dentate gyrus outputs (pattern separation)
whereas the downstream CA3 was able to retrieve more
coherent contextual representations, pointing at a pattern
completion-like mechanism (Neunuebel and Knierim, 2014).
Further evidence for a pattern separation function of the
dentate gyrus has been studied at the behavioral level. It was
found that an intact dentate gyrus is necessary for successfully
remembering similar, but not dissimilar spatial information in
rodents (Bekinschtein et al., 2013; Gilbert et al., 2001). In
humans, using high-resolution functional magnetic resonance
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imaging in healthy volunteers, the dentate gyrus/CA3 area
was found to be particularly active during trials that involve
encoding of highly similar items (Bakker et al., 2008). While
a discussion of the role of adult neurogenesis in pattern
separation focusing on human studies is beyond the scope of
this review, it is worth noting the clinical importance of
understanding potential deficits in pattern separation ability in
humans. This may be particularly interesting in the context of
memory loss during aging and/or age-related pathology
(Stark et al., 2010; Yassa et al., 2010; Stark et al., 2015).
Additionally, changes in pattern separation/pattern comple-
tion have been hypothesized to underlie stress-related
psychopathology, and in particular post-traumatic stress
disorder, as this is hallmarked by overgeneralization of fear
memories which may be indicative of a pattern separation
deficit (Kheirbek et al., 2012a; Segal et al., 2012; Besnard and
Sahay, 2016). Finally, pattern separation deficits have been
found in schizophrenic patients, which may be caused by
dentate gyrus pathology in this disorder (Das et al., 2014).

Adult neurogenesis and pattern separation

A role for adult neurogenesis in pattern separation was first
proposed by computational studies (Becker, 2005; Aimone et
al., 2006, 2009). Empirical evidence for this link was then
shown in rodents using two techniques for neurogenesis
ablation; focal X-ray irradiation and lentiviral expression of
dominant-negative version of the Wnt protein, accomplished
through intra-dentate gyrus injection (Clelland et al., 2009).
In this initial study both ablation methods produced
impairments in discriminating similar, but not dissimilar
locations in two different memory tasks: a delayed non-
matching to place task in a radial arm maze and a
touchscreen-based automated location discrimination task.
Since this first demonstration, the interest in neurogenesis and
pattern separation has increased substantially and the search
terms ‘pattern separation’ and ‘neurogenesis’ in PubMed
currently yields 100 results (two additional studies were
found via references). Of these 102 publications, 53, report
empirical findings; of these, 38 describe a manipulation of
adult neurogenesis in combination with an assessment of
pattern separation ability (listed in Table 1). The majority (31)
of these 38 studies conclude that adult-born neurons are
involved in pattern separation. However, the nature of the
experimental design varies across studies, both in terms of
methods and in the interpretation of behavioral results.
Behavioral pattern separation tasks are usually designed to
place a high demand on resolving the confusability of inputs
requiring discrimination (and memory formation) of, for
example, similar contexts, places, or episodes (Gilbert et al.,
1998; Gilbert et al., 2001; Yassa and Stark, 2011; Bakker et
al., 2008; Bekinschtein et al., 2013; Kesner, 2013). To ensure
that changes in task performance are caused by altered pattern
separation ability as opposed to general changes in learning
ability (or confounding factors), the inclusion of dissimilar

within-task control conditions is critical (Yassa and Stark,
2011; Kesner, 2013; Liu et al., 2016). A pattern separation
deficit can be inferred from impaired memory of the more
similar task condition specifically, and the graded nature of
memory impairments and a significant linear improvement in
performance as a function of decreased similarity, supports an
involvement of pattern separation specifically (Kesner, 2013).
Thus, in the event that an experimental manipulation does not
affect performance on the similar condition (or when both the
similar and dissimilar condition are affected) validation of
task parameters may be required to ensure that the similar
condition is sufficiently demanding and that the dissimilar
condition is sufficiently less taxing.

We have reviewed the 38 studies by evaluating the effects
of changes in adult neurogenesis on pattern separation
performance, according to the task requirements and inter-
pretation of findings described above. Of the 38 studies, 20
presented their work with the primary aim to directly
manipulate levels of adult neurogenesis, or affect function-
ality of adult born neurons specifically, whereas the remaining
studies were generally designed to study the impact of other
factors on hippocampal function thereby also affecting adult
neurogenesis (e.g., aging, exercise, hormonal changes). The
20 studies using direct adult neurogenesis manipulations will
be discussed in more detail below, grouped according to the
type of behavioral paradigm used (for task examples, see
Fig. 1) and include the following studies (Clelland et al.,
2009; Sahay et al., 2011; Burghardt et al., 2012; Cushman et
al., 2012; Kheirbek et al., 2012b; Luu et al., 2012; Nakashiba
etal., 2012; Niibori et al., 2012; Pan et al., 2012; Tronel et al.,
2012; Groves et al., 2013; Bekinschtein et al., 2014; Farioli-
Vecchioli et al., 2014; Garthe et al., 2014; Kesner et al., 2014;
Swan et al., 2014; Wu and Hen, 2014;Zhang et al., 2014;
Bonds et al., 2015; Wu et al., 2015).

Evidence from contextual fear memory

Many studies that directly manipulated adult neurogenesis
used contextual fear memory to assess pattern separation
(Sahay et al., 2011; Cushman et al., 2012; Kheirbek et al.,
2012a; Nakashiba et al., 2012; Niibori et al., 2012; Tronel et
al., 2012; Farioli-Vecchioli et al., 2014; Wu and Hen, 2014;
Bonds et al., 2015; Wu et al., 2015). Of those, most have used
an extended contextual fear discrimination paradigm (see Fig.
1A.), (Frankland et al., 1998). In this task animals (usually
mice) are exposed to context A, which is paired with a foot
shock on day 1. This is followed by extended discrimination
training in daily exposure sessions to context A (paired with
shock) alongside exposure to a similar context B (no shock).
Animals usually show equal levels of freezing on the first day
of exposure to both contexts indicating fear generalization.
Over time they gradually learn to inhibit freezing in the non-
aversive context (B). Acquired discrimination between
contexts was shown to require intact NMDA receptors in
dentate gyrus granule cells (McHugh et al., 2007). Using
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Table 1 Empirical animal studies of neurogenesis and pattern separation
Effect on task(s) Dissimilar Support role  Change in NG/experimental Species/Sex/Age Reference
condition? of NG in PS? manipulation
1 Impaired novel object No Yes Decreased NG after early Rat/m/- Perez-Garcia et al., 2016
in place recognition malnutrition
memory
2 No effect on location Yes No Increased NG after Rat/m/8+ weeks Svensson et al., 2016
discrimination electroconvulsive seazures
learning
(touchscreen)
3 Improved performance Yes Yes Innate higher levels of NG Rat/m and f/10+ weeks Yagi et al., 2016
on the DNMTP radial correlate positively with
arm maze task performance in male
spatial strategy users.
4 Improved performance No Yes Increased NG after Mice/m/ 3,7,12 months Efstathopoulos et al., 2015
on contextual fear fingolimod treatment
discrimination (in 3
month old mice)
5 No effect on contextual No No Decreased NG in a Mice/-/- Park et al., 2015
fear discrimination Dorfin homozygous
knockout mouse
6 No effect on trial-unique Yes No Increased neurogenesis Rat/m/8+ weeks Svensson et al., 2015
nonmatching to location after electroconvulsive
(touchscreen) seazures
7 Improved contextual No Yes Increased NG after Rat/m/5-8 weeks Chen et al., 2015
fear discrimination postnatal sevoflurane
treatment
8 Impaired learning in a Yes, Yes Decreased NG after Rat/f/5 months Winocur et al., 2015
high-interference low chemotherapy drug
condition of submerged interference treatment
T-maze paradigm
9 Improved contextual No Yes Decreased NG in aging, Mice/m/2,17 months Wau et al., 2015
fear discrimination after increased neurogenesis
running in aged animals after voluntary exercise
10  Improved novel object Yes Yes Increased NG after Mice/f/8+ weeks Bolz et al., 2015
recognition of similar, voluntary exercise
but not distinct objects
11  Impaired contextual No Yes Decreased survival and Mice/m/8 months Bonds et al., 2015
fear discrimination changed dendritic
complexity after PS1
knockdown of adult-born
neurons
12 Improved spontaneous Yes Yes Increased NG after Rats/m/8+ weeks Kent et al., 2015
location recognition systemic ghrelin
memory administration
13 Impaired performance No Yes Decreased NG in Mice/m/1-3 months Kesner et al., 2014
on a spatial metric task DNMT-1 knockout mice
and temporal object
association task
14  Impaired performance Yes No Decreased NG in Mice/m/8+ weeks Swan et al., 2014
on similar and GFAP-TK mice
dissimilar trials in the
location discrimination
task during reversal only.
15  Impaired No Yes Decreased NG due to Mice/f/8+ weeks Llorens-Martin et al., 2014
object-in-place inflammatory factors (and
memory normalization through
ibuprofen treatment)
16  Impaired spontaneous Yes Yes Decreased NG through Rats/m/8+ weeks Bekinschtein et al.,2014

location recognition
memory

viral delivery of Wnt




172 Adult neurogenesis in pattern separation
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Effect on task(s) Dissimilar Support role  Change in NG/experimental Species/Sex/Age Reference
condition? of NG in PS? manipulation

17  Impaired contextual fear No Yes Decreased NG (dorsal Mice/m/7+ weeks Wu and Hen, 2014
discrimination (use of versus ventral) through
randomized and X-ray irradiation
non-randomized version)

18 Impaired contextual fear No Yes Decreased NG (Btgl Mice/-/8+ weeks Farioli-Vecchioli et al., 2014
discrimination and mice) and normalization
subsequent normalization using

voluntary exercise

19  Impaired DNMTP in the Yes Yes Decreased NG in Ezh2 Mice/m/- Zhang et al., 2014
radial arm maze at both knockout mice
small and large separations

20 More perseverance in the No Yes Decreased NG in Mice/f/8+ weeks Garthe et al., 2014
Morris water maze, less Cyclin-D2 knockout mice
precise search patterns.

21 Impaired contextual fear No Yes Decreased NG in Mice/-/- Darcy et al., 2014
discrimination (reported in Ras/Grfl knockout mice (Jin et al., 2013)
separate study: Jin et al., 2013)

22 No effect on contextual No No Increased NG in Pet Mice/m/8-10 weeks Diaz et al., 2013
fear discrimination knockout mice

(serotonin depletion)

23  No effect on DNMTP in Yes No Decreased NG in Rats/m/8 weeks Groves et al., 2013
the radial arm maze at small GFAP-TK rats
or large separations

24  Impaired performance on Yes Yes Decreased NG in Mice/m/8+ weeks Coba et al., 2012
small separation in TNiK knockout mice
touchscreen location
discrimination

25  Impaired and improved Yes Yes Decreased NG in Mice/m/4-6 months Chen et al., 2012
novel object in place SREB2 transgenic mice/
memory Increased NG in SREB2

knockout mice

26  Impaired cognitive flexibility No Yes Decreased NG in Mice/m/10+ weeks Burghardt et al., 2012
GFAP-TK mice and after
X-ray irradiation

27  Impaired contextual fear Yes, Yes Deletion of NR2B of the Mice/m/14-16 weeks Kheirbek et al., 2012
discrimination in a separate NMDAR in adult born

experiment neurons only;

28 Impaired contextual fear Yes, Yes Inhibited neurotransmission Mice/m/14+ weeks Nakashiba et al., 2012
discrimination after NG in a separate of adult granule cells in
ablation (main finding: experiment combination with
improved performance upon decreased NG after
inhibited neurotransmission X-ray irradiation.
of adult cells)

29  Impaired performance ona No Yes Decreased NG after Rats/m/3+ months Luu et al., 2012
high interference odor X-ray irradiation
discrimination paradigm

30 Impaired DNMTP in the Yes Yes Decreased NG in ERK5 Mice/m/12 weeks Pan et al., 2012
radial arm maze at both inducable knockout
small and large separations (adult born neurons only)

31 Improved contextual fear No No Ablation of postnatal NG Mice/m and f/ 3—5 months ~ Cushman et al., 2012
discrimination in males, in DNMT1 knockout
no effect in females mice

32 Impaired contextual fear Yes Yes Ablation of NG using Mice/m/10 weeks Niibori et al., 2012

conditioning

HSV-tk under the nestin
promotor and by means
of systemic temozolomide
treatment
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(Continued)

Effect on task(s) Dissimilar

condition?

Support role

Change in NG/experimental Species/Sex/Age
of NG in PS? manipulation

Reference

33 Impaired performance on an No Yes
adapted version of the

Barnes’ maze in NG
34 Improved performance ina Yes
submerged radial arm maze

(and a lack thereof in

knockout animals)

NF-kB knockout results in
a (pathological) increase

Increased NG in control
animals after enrichment;
and a lack thereof in mice
with conditional knock-out

Mice/m/- Imielski et al., 2012

Mice/f/2—5 months(?) Lopez-Atalaya et al., 2011

of CREB binding protein

35 Improved (and impaired) No
contextual fear discrimination
(normal absence of fear

memory in novel context) irradiation.

36 Impaired contextual fear No

discrimination

37 Improved location
discrimination learning
(touchscreen)

38 Improved location Yes
discrimination learning

and improved DNMTP in

the radial arm maze (on

similar conditions only)

knockdown

Increase (and decrease) in
NG through genetic
manipulation and X-ray

Decreased NG in Nestin
rtTA/Tet mice

Increased NG after running

Decreased NG after
X-ray irradiation and
viral delivery of Wnt

Mice/m and f/14-18 weeks Sahay et al., 2011

Mice/m/8 weeks Tronel et al., 2010

Mice/m/3 and 22 months Creer et al., 2010

Mice/f/8+ weeks Clelland et al., 2009

PS = pattern separation; NG = adult hippocampal neurogenesis; (-) indicates that this information is not clearly reported; DNMTP = delayed nonmatching to

place.

Summary of studies in which effects of adult neurogenesis manipulations are studied at the level of behavioral pattern separation; discussed in the text or
referred here (Creer et al., 2010; Lopez-Atalaya et al., 2011; Coba et al., 2012; Imielski et al., 2012; Diaz et al., 2013; Llorens-Martin et al., 2014; Bolz et al.,
2015; Chen et al., 2015; Efstathopoulos et al., 2015; Kent et al., 2015; Park et al., 2015; Svensson et al., 2015; Winocur et al., 2015; Pérez-Garcia et al., 2016;

Yagi et al., 2016).

genetic ablation of adult neurogenesis, Tronel and colleagues
(2012) were the first to show that adult-born neurons are also
required for contextual discrimination of similar contexts,
which was later replicated using focal X-ray irradiation
(Sahay et al., 2011). Of interest, the latter study showed that
genetically increasing adult neurogenesis is sufficient to
improve contextual discrimination (Sahay et al., 2011).
Furthermore, specific deletion of NR2B-containing NMDA
receptors from adult-born granule cells impaired contextual
fear discrimination of similar, but not dissimilar contexts
(Kheirbek et al., 2012b). Deletion of PS-1 (again, in adult
born neurons only) yielded similar impairments (Bonds et al.,
2015). Finally, mice that lack the antiproliferative gene Btgl
had reduced levels of adult neurogenesis and show deficits in
discriminating between contexts in this paradigm (Farioli-
Vecchioli et al., 2014). Exposing mice to voluntary exercise
normalized both adult neurogenesis and fear discrimination in
this study. Cushman and colleagues (2012) ablated neurogen-
esis in juvenile animals by genetically blocking postnatal
DNMT-1, resulting in a smaller granule cell layer. Of interest,
this led to unimpaired discrimination of similar contexts in
female animals and enhanced discrimination in male mice.
Although this finding seems unexpected, it may be in line
with another study that blocked neurotransmission in
postnatally-born adult granule cells with a subsequent
improvement in contextual discrimination (Nakashiba et al.,
2012). This highlights a potential role for both immature and

mature neurons in contextual discrimination and thus the
importance of cell heterogeneity within the dentate gyrus.

Given the number of inter-study replications, the con-
textual fear discrimination is useful as a behavioral read-out
in experiments that manipulate adult neurogenesis. However,
the paradigm generally does not incorporate a dissimilar
within-task control. Therefore, differences in discrimination
performance may be caused by differences in general learning
abilities such as the capacity to learn to inhibit freezing, and
not pattern separation per se. Additionally, performance may
be confounded by differences in anxiety or fear responsive-
ness, which is particularly relevant in the context of adult
neurogenesis as animal models with less adult neurogenesis
show increases in anxiety-related behaviors (Revest et al.,
2009; Seo et al., 2015; Yun et al., 2016), whereas increasing
adult neurogenesis was found to result in reduced stress and
anxiety-related behavior (Kannangara et al., 2011; Hill et al.,
2015). Ideally, contextual discrimination ability of animals
should be tested between the shock-context (context A) and a
similar context (context B) and between the shock context
(context A) and a dissimilar context (C) within the same
experiment using a counterbalanced design. Some studies in
which adult neurogenesis was manipulated have addressed
this issue, by providing additional experiments on fear
conditioning performance (Sahay et al., 2011) or fear
discrimination learning (Kheirbek et al., 2012b) using more
dissimilar contexts.
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Evidence from place learning with reinforcement

Paradigms using place learning have frequently been
employed to assess the effect of adult neurogenesis. For
example, delayed non-matching to place has been used in a
radial arm maze (Fig. 1B), (Clelland et al., 2009; Pan et al.,
2012; Groves et al., 2013; Zhang et al., 2014). Furthermore,
location discrimination learning has been implemented using
a touchscreen-equipped operant chamber (Clelland et al.,
2009; Swan et al., 2014). From those studies, most report a
functional role of adult neurogenesis in pattern separation
with the exception of Groves et al. (2013).

Closer examination of the positive findings however,
highlights issues at the level of data interpretation. First,
Pan and colleagues (2012) studied inducible and conditional
knockout of the gene coding for ERKS mitogen activated
protein kinase, exclusively in neural progenitor cells. In this
study reduced neurogenesis was paralleled by impaired
memory performance at both the similar and dissimilar
spatial separations in the radial arm maze (90 and 180
degrees). The performance impairments therefore suggest a
general memory deficit, as opposed to (or in addition to) a
pattern separation deficit. Similarly, impaired pattern separa-
tion ability has been inferred in mice with a specific ablation
of the gene for Enhancer of zeste homolog 2 (Ezh2) in dentate
gyrus neural progenitor cells, which caused a robust reduction
of adult-born neurons (Zhang et al., 2014). Again, memory
deficits in the radial arm maze were found on both spatial
separations, precluding a specific pattern separation deficit.
Finally, Swan and colleagues (2014) used GFAP-TK mice to
reduce adult neurogenesis and test animals on the touchscreen
based location discrimination task. In this study, performance
impairments were also found on both the small and large
separation condition, but only during the reversal phase,
which led the authors to conclude adult neurogenesis is
mainly involved in cognitive flexibility. In Groves et al.
(2013), delayed nonmatching to sample in the radial arm
maze was not impaired in rats with genetic neurogenesis
ablation (GFAP-TK rats). This may be due to the fact that
performance level (even at the smallest separation) was still
relatively high (70% correct in control animals). Although
speculative, it is therefore possible that an increase in the load
on pattern separation through the use of a smaller separation
would have yielded a separation-dependent effect of genetic
ablation.

A selection of studies that do not directly set out to assess
pattern separation nevertheless report interesting results.
Using the Morris water maze, memory impairments after
adult neurogenesis ablation were reflected by less precise
search patterns, which the authors suggest may involve
pattern separation (Garthe et al., 2014). Furthermore,
Burghardt and colleagues (2012) implemented an active
place avoidance paradigm on a round platform that was
rotated to create interference conditions (requiring animals to

update the place-shock association) for which adult neuro-
genesis was critical. The study concluded that adult
neurogenesis is necessary for cognitive flexibility, which
may depend on pattern separation ability.

Overall, with the exception of Clelland et al. (2009), these
examples of place learning tasks do not conclusively support
a role of adult neurogenesis in pattern separation. This is
based on the observation that in some studies pattern
separation load is either not challenging enough (Groves et
al., 2013) or too challenging (Pan et al., 2012; Swan et al.,
2014; Zhang et al., 2014), which could be addressed by
further optimisation of task parameters. For findings in the
water maze paradigm and during active avoidance learning,
pattern separation may be involved but is not directly tested
(Burghardt et al., 2012; Garthe et al., 2014).

Evidence from spontaneous location recognition memory

Spontaneous location recognition memory tasks have gen-
erally generated data in support of a role for adult-born
neurons in pattern separation (Bekinschtein et al., 2014;
Kesner et al., 2014). In a so-called metric spatial processing
task, spatial displacement of two objects was used. Adult
neurogenesis ablation in DNMT-1 knockout mice resulted in
impaired metric processing, suggestive of impaired pattern
separation. Due to their one-trial learning structure, the
spontaneous location recognition memory tasks allow for the
study of the different stages of memory processing in pattern
separation. Indeed, in a different spontaneous location
recognition paradigm for pattern separation (Fig. 1C),
brain-derived neurotrophic factor (BDNF) in the dentate
gyrus was shown to be important specifically during the
consolidation (but not retrieval) of memories for similar (but
not dissimilar) spatial locations in an open field. BDNF was
found to interact with adult-born neurons in the service of
pattern separation (Bekinschtein et al., 2013; Bekinschtein et
al., 2014).

Evidence from other tasks

One study involving direct ablation of adult neurogenesis
inferred a pattern separation deficit using a task that does not
involve space or context (Luu et al., 2012). In this study, an
odor discrimination paradigm was implemented in which rats
were required to discriminate between two odors. After
acquisition of a number of odor pairs, a second set of odor
pairs was learned in which previously remembered odors
were repeated to introduce interference, prevention of which
arguably involves pattern separation (Kent et al., 2016).
Reducing adult neurogenesis, which was restricted to
hippocampal- and not olfactory bulb neurogenesis, impaired
performance on this task. Although this study is particularly
interesting with regards to the involvement of adult
neurogenesis in memory for non-spatial information, no
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A Contextual fear memory
Example: the extended contextual fear discrimination paradigm

etc.

Day 1

Day2 Day3

Day 4 Day 5 Day6 Day7 Day8 Day9 Day10

B Place learning

Example: delayed non-matching to place in the radial arm maze

Sample > Choice
Start arm ]& Start ar&b

s
P

R

Small separation Intermediate separation Large separation

Cc Spontaneous location recognition memory

Example: spontaneous location recognition (SLR) memory task for pattern separation

®
® Small separation
o (similar-SLR)
®
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Figure 1 Pattern separation task examples. (A) Contextual fear discrimination in which animals are trained to discriminate context A
(paired with a foot shock) from a safe context (B) Delayed non-matching to location in the radial arm maze. Trial example (top): during the
sample phase animals collect a reward from one arm (sample arm) and after a delay, are required to choose between the sample arm
(incorrect, unbaited) and a novel arm (correct, baited) during the choice phase. Below, three different choice phase configurations are
shown, taxing similarity between the sample arm and novel arm by presenting them at different separations (2, 3 or 4). Note; arms and
locations should vary between trials. S = start arm. (C) The spontaneous location recognition paradigm for pattern separation. Animals
explore three identical copies (A1, A2, A3) of objects during a sample phase (left) and after a delay, memory is assessed using preference
for the object placed in a novel location (A5) compared to the familiar location (A4) in the choice phase (right). Two trial types are used in
randomized order, implementing a small or large distance between objects A2 and A3 thereby varying pattern separation load. (Figures
drawn based on task descriptions in Tronel et al., 2012; Clelland et al., 2009 and Bekinschtein et al., 2013.)
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explicit dissimilar control condition was implemented, which
may hamper the interpretation of these findings in terms of
pattern separation specifically.

Other evidence for a role of adult
neurogenesis in pattern separation

Changes in pattern separation after neurogenesis manipula-
tion can also be measured using read-outs other than behavior.
An elegant contextual fear conditioning study by Niibori et al.
(2012) involved mapping activity-dependent genetic markers.
They showed that reducing adult neurogenesis led to an
increased overlap in the CA3 neurons active in similar
contexts (showing no involvement for adult born neurons in
dissimilar contexts). In other words, the population code in
the CA3 was less able to ensure the separation of similar
patterns in the absence of adult neurogenesis. This study
presents a valuable approach to identifying pattern separation
changes beyond those at the behavioral level. Furthermore, in
vivo electrophysiological measures of the degree of overlap in
neural signaling (by measuring the degree of remapping) in
downstream CA areas would greatly contribute to the
involvement of adult neurogenesis in pattern separation.
This was previously implemented in, for example, a mouse
model of NR1 deficiency in the dentate gyrus (McHugh et al.,
2007) and in a mouse model in which neurotransmission in
adult dentate granule cells was blocked (Nakashiba et al.,
2012). However, to our knowledge, this in vivo electro-
physiological approach has not been implemented in studies
aimed directly at the role of adult neurogenesis in behavioral
pattern separation.

Pattern separation and adult neurogenesis
may not be an exclusive coupling

In addition to the methodological issues associated with the
field of neurogenesis and pattern separation, it is worth
considering that pattern separation is not the only behavioral
function that has been attributed to adult-born neurons. Vice
versa, adult-born neurons may not be the only neural
population supporting pattern separation, as this process has
also been attributed to areas of the brain lacking adult
neurogenesis (reviewed in Kent et al., 2016). Some of the
evidence challenging an exclusive relationship between
pattern separation and adult neurogenesis is presented below.

Temporal separation of events

Electrophysiological studies have shown that adult born
neurons exhibit intrinsic and synaptic hyperexcitability
(Schmidt-Hieber et al., 2004; Ge et al., 2007) and thus may
act as ‘pattern integrators’ (Aimone et al., 2010; Marin-
Burgin et al., 2012). From these observations it may be
assumed that events occurring at the same time will activate

cells from the same immature granule cell population,
whereas events occurring days or (more likely) weeks apart
will activate a different set of immature granule cells. The
activation of these different populations would therefore
increase the ability to “pattern separate” events across a
temporal scale (Aimone et al., 2006, 2009), but see (Alme et
al., 2010). Indeed, behavioral studies have found that adult
born neurons are important for the temporal context of events
(Sisti et al., 2007; Kesner et al., 2014).

Recently more direct evidence for this was found using in
vivo electrophysiology (Rangel et al., 2014). In rats,
temporally separated experiences (i.e. exposure to an
environment) were coded by selective sets of neurons,
whereby temporal separation resulted in an increase in the
percentage of cells that fired more specifically to one context
only (instead of firing non-specific in multiple contexts). Of
particular interest, a reduction in adult neurogenesis after
temozolomide treatment (which acts as an anti-mitotic drug)
resulted in a reduced percentage of cells firing specifically to
one (or two) contexts and an increase in the percentage of
cells firing non-selectively, indicating that adult-born neurons
are involved in coding of specific events when segregated
across time.

Memory clearance

Adult neurogenesis results in the integration of new neurons
into established connections in the dentate gyrus and may
therefore serve as an on-going, nonspecific decay function
helping to clear encoded memories (Deisseroth et al., 2004;
Frankland et al., 2013). This is supported by the observation
that reduced adult neurogenesis results in slowing of the
decay of long-term potentiation (LTP) in dentate gyrus
perforant path synapses (Kitamura et al., 2009).

As the level of non-developmental neurogenesis is higher
in infancy than in adulthood, infancy amnesia (whereby few
episodic memories are retrievable in adulthood) may be
explained by memory clearance through neurogenesis.
Indeed, infant mice not only show high levels of neurogen-
esis, but also are able to retain contextual fear memory for
only 1 day after exposure, while adult mice show a
comparable reaction up to 28 days after shock (Akers et al.,
2014). Reducing neurogenesis in infancy was found to
improve contextual fear memory. Contextual fear condition-
ing was also disrupted in adult mice if increases in
neurogenesis occurred between encoding and retrieval
(induced by running, among others), (Akers et al., 2014),
but see (Van der Borght et al., 2007). This impaired freezing
was not observed if the running-induced increase in
neurogenesis was limited genetically (Akers et al., 2014).
The experiments in Akers et al. (2014) used a post-acquisition
neurogenesis manipulation, focusing on assessing the effect
of neurogenesis on established memories. Similarly, post-
acquisition exercise (which increased neurogenesis) disrupted
Morris water maze retention in adult mice, but resulted in
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initial improved performance when platform locations were
reversed, presumably due to a weakened memory of the
original platform location (Epp et al., 2016). Furthermore,
neurogenesis-induced facilitation of learning a second pair of
odor-place associations only occurs when the second pair are
a reversal of previous reward contingencies (but not when
using a novel pair; Epp et al., 2016, also see Van der Borght et
al., 2007). This indicates that a degree of conflict, or
interference with previously established associations, is
necessary for changes in neurogenesis to be critical.
Importantly, whilst impaired retention performance following
exercise has been evident on traditionally hippocampus-
sensitive tasks (contextual fear conditioning, incidental
context learning, Morris water maze, odor-place paired
associates learning), it has not been observed in a conditioned
taste aversion paradigm (Akers et al., 2014).

While the evidence for a role of adult neurogenesis in
forgetting may seem at odds with the literature on adult
neurogenesis and pattern separation, the two may well work
in parallel. As the focus of studies using pattern separation as
a readout have mainly studied the effects of adult neurogen-
esis on anterograde memories (that is; how does manipulating
adult neurogenesis affect the learning of new information),
studies focused on forgetting have instead studied the effects
of adult neurogenesis on retrograde memories (that is; how
does manipulating adult neurogenesis affect the retention of
previously learnt information; Frankland et al., 2013).
Importantly, the role of neurogenesis in forgetting has not
been assessed using a pattern separation task, raising the
possibility that these experiments are highlighting an
alternative role for neurogenesis that does not include pattern
separation. It is worth noting however that Frankland and
colleagues would predict the same effect of an post-
acquisition neurogenesis manipulation irrespective of specific
content within the range of hippocampal tasks (Frankland et
al., 2013).

Cognitive flexibility

Another proposed role for adult neurogenesis in cognition is
that of cognitive flexibility. Burghardt ef al. (2012) showed
that mice without adult neurogenesis were impaired on an
active place avoidance, but only under conditions of conflict.
In this study, animals were placed on a round platform
surrounded by spatial cues. A shock was delivered when the
mouse entered a certain zone of the platform. Mice without
adult neurogenesis showed normal acquisition of the place-
shock association and were unaffected during the extinction
of this association. Subsequently, a conflicting condition was
created by rotating the platform 180 degrees, which required
animals to update information on the precise location of
shock zone in the same environment. Neurogenesis ablation
was found to hamper re-learning during this conflict
condition, which indicates that adult neurogenesis may be
involved in cognitive flexibility. In line with these findings,

animals without adult neurogenesis show more perseverance
in a Morris water maze reversal learning paradigm (Pan et al.,
2012; Garthe et al., 2014). In addition, using touchscreen
location discrimination and reversal, impaired place memory
was found to occur only during reversal (Swan et al., 2014),
while a study using touchscreen location discrimination in a
rat model of electroconvulsive shocks (which increased adult
neurogenesis), found that this improved performance on the
reversal learning phase only, without this correlating with the
number of adult-born neurons (Svensson et al., 2015).
Again, it is possible that the experimental evidence for a
role of adult neurogenesis in cognitive flexibility could be
compatible with the studies of adult neurogenesis in pattern
separation. Notably, manipulating adult neurogenesis appears
to specifically affect performance when there is a requirement
to learn new information that directly conflicts with old
information (Burghardt et al., 2012; Svensson et al., 2015;
Epp et al., 2016). Although speculative, this sensitivity to
interference is not unlike the sensitivity in pattern separation
tasks to manipulations of similarity of simultanecously
presented stimuli. It is possible that adult born neurons
serve a role in resolving interference both when two similar
stimuli are presented simultaneously, as well as when new
information overlaps significantly with a previous memory.

Pattern separation without adult neurogenesis

Finally, there is evidence that pattern separation is not unique
to the dentate gyrus. For example, tasks designed to test the
use of “pattern-separated” or interference-reducing conjunc-
tive object representations are reliably impaired by perirhinal
cortex lesions, but are completely unaffected, or even
facilitated, by hippocampal lesions e.g., (Saksida et al.,
2006, 2007). It has been argued that unique conjunctive
representations that reduce interference exist throughout
ventral visual stream, continuing into the temporal lobe
(Barense et al., 2005; Cowell et al., 2010; Nadel and Peterson,
2013; Kent et al., 2016). Pattern separation during processing
of reward values has also been suggested, whereby the
amygdala is involved in identifying relative small (but not
large) differences in reward value (Gilbert and Kesner, 2002).
The ability to produce outputs that are less correlated than
their inputs is likely a ubiquitous property fundamental to
neural networks in general, and although plasticity mechan-
isms involved in non-hippocampal pattern separation are not
fully understood it seems that pattern separation (as a
behavioral readout) does not solely rely on the presence of
adult born hippocampal neurons.

Conclusion and discussion

A specific role for adult-born neurons in pattern separation
presents a promising and exciting avenue of research and
several studies have generated convincing evidence for this
idea. In addition, pattern separation (and the potential
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involvement of adult born neurons therein) may provide an
interesting novel angle in human memory research in the
context of aging and psychopathology. However, whereas the
majority of current empirical findings seem to suggest an
established role for adult neurogenesis in pattern separation,
there are a number of methodological considerations and
issues at the level of interpretation of results. As discussed, in
order to measure changes in pattern separation specifically,
1) tasks should ideally include a dissimilar condition;
2) similarity should be sufficiently taxed; and 3) only if an
experimental manipulation changes performance in similar
but not (or to a lesser extent) in dissimilar conditions may an
effect on pattern separation be concluded. When applying
these criteria, it becomes challenging for several of the studies
reviewed here to claim a definite role for adult born neurons in
pattern separation. Furthermore, pattern separation does not
solely rely on adult neurogenesis as other plasticity mechan-
isms (such as BDNF, Bekinschtein et al., 2013) have been
found to be involved in this process, and because pattern
separation likely occurs outside of the hippocampal dentate
gyrus as well. Overall, this emphasizes the need for a degree
of caution in concluding an established role for adult
neurogenesis in pattern separation.

Finally, there are a number of ideas on the role of adult
neurogenesis in memory as discussed here (such as pattern
separation, temporal separations of events, forgetting and
cognitive flexibility). Whether these views represent com-
plementary processes or whether they can be integrated,
remains to be shown. So far, no studies we are aware of have
tested experimental hypotheses of different theories against
each other, which would be a valuable contribution to the
field.
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