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a b s t r a c t

The hippocampus plays an integral role in certain aspects of cognition. Hippocampal structural plasticity
and in particular adult hippocampal neurogenesis can be influenced by several intrinsic and extrinsic fac-
tors. Here we review how hormones (i.e., intrinsic modulators) and physical exercise (i.e., an extrinsic
modulator) can differentially modulate hippocampal plasticity in general and adult hippocampal neuro-
genesis in particular. Specifically, we provide an overview of the effects of sex hormones, stress hor-
mones, and metabolic hormones on hippocampal structural plasticity and adult hippocampal
neurogenesis. In addition, we also discuss how physical exercise modulates these forms of hippocampal
plasticity, giving particular emphasis on how this modulation can be affected by variables such as exer-
cise regime, duration, and intensity. Understanding the neurobiological mechanisms underlying the mod-
ulation of hippocampal structural plasticity by intrinsic and extrinsic factors will impact the design of
new therapeutic approaches aimed at restoring hippocampal plasticity following brain injury or
neurodegeneration.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Neurogenesis in the mammalian adult brain, including humans,
has been widely studied for the last few decades (Altman, 1962;
Altman and Das, 1965; Cameron et al., 1993; Eriksson et al.,
1998; Kaplan and Hinds, 1977). Given its putative role as a modu-
lator of cognitive function (Bruel-Jungerman et al., 2007; Gould
et al., 1999a; Jessberger et al., 2009; Kee et al., 2007; Winocur
et al., 2006), the study of adult neurogenesis has focused not only
on mechanisms underlying the birth of new neurons but also in the
structural and functional features of these newly generated cells
and their relationship with the pre-existing neural circuitry (Kee
et al., 2007; Toni et al., 2007). Furthermore, since alterations in
adult hippocampal neurogenesis may underlie, at least in part,
the cognitive deficits associated with several neurodegenerative
diseases (Thompson et al., 2008; Winner et al., 2011) and given
the increasing incidence of these disorders in the world population
(Ferri et al., 2005; Prince et al., 2013), the elucidation of factors that
modulate adult hippocampal neurogenesis and neuronal plasticity
is a recognized priority (Gómez-Pinilla, 2008; Hillman et al., 2008;
Yau et al., 2014a).

The hippocampus is a key structure in learning and memory
(Anderson et al., 2007) and one of the few regions in the brain that
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retain the capacity to generate new neurons into adulthood
(Altman and Das, 1965; Eriksson et al., 1998). As such, this brain
region has been the focus of intense research regarding the rela-
tionship between adult neurogenesis, neuronal plasticity, and cog-
nitive function. Indeed, numerous studies have investigated how
modulating hippocampal neurogenic function can affect cognitive
performance (Bruel-Jungerman et al., 2007; Gould et al., 1999a;
Jessberger et al., 2009; Kee et al., 2007; Shors et al., 2001b;
Winocur et al., 2006; Yau et al., 2011). In this review, we will pre-
sent an overview of the various intrinsic and extrinsic factors
known to modulate hippocampal structural plasticity, giving spe-
cial attention to hormones and physical exercise.

2. The hippocampus, learning and memory

The hippocampus is a bilateral structure found in the medial
temporal lobes in the mammalian brain and is an integral part of
the limbic system. The major hippocampal regions include the
dentate gyrus (DG), the Cornu Ammonis (CA) 1 and the CA3.

It is generally accepted that the hippocampus is associated with
declarative memory (i.e., conscious or explicit memories of facts
and events), spatio-temporal contextualization of these memories,
and also spatial learning and memory (Anderson et al., 2007).
Impairments in these forms of memories and in learning processes
have been continuously observed in several animal models of hip-
pocampal disturbance (Lassalle et al., 2000; Morris et al., 1982;
Morris, 1981; Yartsev and Ulanovsky, 2013). In addition, such def-
icits are also observed in patients with damage to the hippocampus
and/or other areas of the medial temporal lobes as a consequence
of either direct lesions or progressive pathologies such as Alzhei-
mer’s disease (Corkin, 2002; Perl, 2010; Scoville and Milner, 1957).

The identification of place cells (which become activated when
an individual is placed in a specific location in a particular environ-
ment) in the hippocampus of different species has provided further
evidence that this structure, in collaboration with other brain
regions, plays a relevant role in the spatio-temporal organization
of events (Burgess et al., 2002; O’Keefe and Dostrovsky, 1971).

Particularly, the DG sub-region has been reported to exhibit a
crucial role in distinguishing similar patterns or events, a function
known as pattern separation (Clelland et al., 2009; Creer et al.,
2010; Sahay et al., 2011a). The CA3 sub-region is thought to be
involved in recalling previously stored information in response to
incomplete stimulus, a process known as pattern completion
(Kesner, 2007). In addition, the temporal organization of events
or spatial patterns has been related with the CA1 sub-region
(Kesner et al., 2004). Moreover, a recent study has demonstrated
that ocean cells from the entorhinal cortex play a major role in
spatio-temporal contextualization of memories before they even
reach the hippocampal formation (Kitamura et al., 2015).

3. Structural plasticity in the dentate gyrus

3.1. Adult hippocampal neurogenesis

Under physiological conditions, neurogenesis (a form of struc-
tural plasticity) occurs in two germinal regions of the adult mam-
malian brain: the subventricular zone (SVZ) of the lateral
ventricles, and the subgranular zone (SGZ) of the hippocampal
DG (Lie et al., 2004).

In the hippocampal DG, adult neurogenesis is topologically lim-
ited. New DG granule cells are generated from a resident popula-
tion of neural stem cells (NSCs) located in the SGZ. Although
there is still some debate around the features and classification
of these neural progenitors, it is currently accepted that a popula-
tion of glial fibrillary acidic protein (GFAP)-positive/Nestin-

positive radial glia-like cells and Sox2-positive non-radial cells
constitute the putative NSCs (Zhao et al., 2008). These multipotent
adult neural stem cells divide asymmetrically to either self-renew
and maintain the NSCs population or give rise to intermediate pro-
genitors. These progenitors in the DG of the hippocampus prolifer-
ate, differentiate and migrate 20–25 lm away from the SGZ into
the granule cell layer (GCL), where they eventually mature and
integrate into the pre-existing neuronal circuitry, displaying simi-
lar features to those of DG neurons that were generated during
embryonic development (van Praag et al., 2002; Zhao et al.,
2008). The dendrites of the newborn granule cells project to the
molecular layer of the DG, where they receive inputs from the
entorhinal cortex, and their axons extend through the hilus of
the DG towards the CA3 region, integrating the mossy fibres
(Kempermann et al., 2004a, 2004b).

Notably, about 9000 new granule cells are produced daily in the
DG of young rats (Cameron and Mckay, 2001). Of these new gran-
ule cells, approximately 50% survive and at least 80% of these dif-
ferentiate into neurons (Cameron et al., 1993; Dayer et al., 2003).

Adult neurogenesis has been studied mainly in rodents, but
similar observations have been reported in other animals such as
birds (Goldman and Nottebohm, 1983), monkeys (Kornack and
Rakic, 1999), and humans (Eriksson et al., 1998; Knoth et al.,
2010; Spalding et al., 2013). Indeed, Spalding et al. (2013) observed
that about 700 newborn neurons are generated each day in the
hippocampus of adult human brains (Spalding et al., 2013). How-
ever, although neurogenesis occurs into adulthood, this form of
structural plasticity does decline progressively with age (Amrein
et al., 2011; Ben Abdallah et al., 2010; Gil-Mohapel et al., 2013;
Gould et al., 1999b; Kempermann et al., 1998; Knoth et al., 2010;
Kuhn et al., 1996; Ngwenya et al., 2015; Olariu et al., 2007). Of
note, some studies suggest that this age-induced decline in
hippocampal neurogenesis is greater in rodents than in primates
(including humans), which show a less severe decrease in hip-
pocampal neurogenic function (Ngwenya et al., 2015; Spalding
et al., 2013). Nevertheless, this age-dependent decrease in hip-
pocampal neurogenesis may contribute, at least in part, to the cog-
nitive impairments commonly associated with the normal ageing
process (Knoth et al., 2010; Kuhn et al., 1996; Rao et al., 2006).
In addition, not all neurons produced in the adult brain survive
and reach full maturity. Indeed, a large proportion of newborn neu-
rons (approximately 50%) degenerate within a few weeks after
being generated (Cameron et al., 1993; Dayer et al., 2003; Gould
et al., 2001, 1999a). Importantly, the survival of adult-generated
DG neurons is highly dependent on the ability of these cells to
react to experience, suggesting that overproduction of granule cells
prepares the DG for environmental conditions that might benefit
from the incorporation of more new neurons. In the absence of
stimulus, such as in laboratory controlled settings, these neurons
are not necessary and are therefore eliminated (Leuner and
Gould, 2010).

3.2. Morphology and physiology of newborn dentate granule neurons

Several studies have characterized the anatomical and physio-
logical properties of newly generated granule cells in the adult
DG. Experiments using retroviral labelling with green fluorescent
protein to specifically mark newborn neurons have shown that
these cells display the typical morphological features of dentate
granule neurons (Espósito et al., 2005; van Praag et al., 2002). Fur-
ther morphological characterization has determined that during
the first and second weeks after their birth, newborn immature
neurons start expanding dendritic processes towards the molecu-
lar layer and axon fibres towards the CA3 sub-region. At this stage,
spineless dendrites that have reached the inner molecular layer
start receiving functional excitatory GABAergic inputs. Subse-
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