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Sex differences in hippocampal cognition and neurogenesis
Shunya Yagi1 and Liisa A. M. Galea 1

Sex differences are reported in hippocampal plasticity, cognition, and in a number of disorders that target the integrity of the
hippocampus. For example, meta-analyses reveal that males outperform females on hippocampus-dependent tasks in rodents and
in humans, furthermore women are more likely to experience greater cognitive decline in Alzheimer’s disease and depression, both
diseases characterized by hippocampal dysfunction. The hippocampus is a highly plastic structure, important for processing higher
order information and is sensitive to the environmental factors such as stress. The structure retains the ability to produce new
neurons and this process plays an important role in pattern separation, proactive interference, and cognitive flexibility. Intriguingly,
there are prominent sex differences in the level of neurogenesis and the activation of new neurons in response to hippocampus-
dependent cognitive tasks in rodents. However, sex differences in spatial performance can be nuanced as animal studies have
demonstrated that there are task, and strategy choice dependent sex differences in performance, as well as sex differences in the
subregions of the hippocampus influenced by learning. This review discusses sex differences in pattern separation, pattern
completion, spatial learning, and links between adult neurogenesis and these cognitive functions of the hippocampus. We
emphasize the importance of including both sexes when studying genomic, cellular, and structural mechanisms of the
hippocampal function.
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INTRODUCTION
Studying sex differences in various diseases and disorders has
become increasingly important as there are sex differences not
only in the prevalence of certain diseases but also manifestation of
the disease and in treatment efficacy [1–4]. We focus on the
importance of studying sex differences in cognition with an eye
toward a better understanding of the notable sex differences in
the prevalence and severity of memory symptoms in a number of
neurological diseases that favor either sex. This research is
important as cognitive deficits with neurological disease show
significant sex differences.
In both Alzheimer’s disease (AD) and depression, women show

a greater prevalence of disease and steeper declines in memory or
more severe cognitive symptoms in both disorders [1–3, 5]. On the
other hand, men with schizophrenia or Parkinson’s Disease show
greater cognitive impairments compared to women with these
same diseases [6–11]. Although underlying biological mechanisms
of these sex differences in cognitive impairment with neurological
disease are not completely elucidated, there are sex and sex
hormones differences in hippocampus structure and plasticity that
may contribute to the greater vulnerability within each sex by
disease type. Understanding sex differences in the contribution of
hippocampal plasticity to cognition can give us important clues on
the underlying mechanisms of disorders that involve disruptions
to cognition and hippocampal integrity in an effort to lead to
better treatments for patients with such disorders.
In this review, we focus on sex differences in hippocampal

cognition with an emphasis on understanding how sex differences
in hippocampal adult neurogenesis may contribute to cognition.
However, while we discuss sex differences in behavior and sex
differences in the structure and properties of the hippocampus,

we do not mean to suggest that sex differences in structure of the
hippocampus are the cause of sex differences in behavior. It is
equally possible that sex differences in structure may cause or
prevent sex differences in behavior [12]. Certainly, there are many
types of sex differences noted, including sex differences seen in
mechanism but no sex differences seen in behavior [13]. A
recurring theme throughout this review though will be that we
continue to be bereft of a full understanding of how males and
females differ in even a basic understanding of hippocampal
structure, connectivity, receptor dynamics, and function.
We concentrate on the hippocampus as it is a highly plastic

structure due in part to the presence of adult neurogenesis in the
dentate gyrus [14–16], fluctuations in dendritic spine/synapse
density, dendritic arbourization [17], and electrophysiological
plasticity with long-term potentiation (LTP) and long-term
depression (LTD) [18, 19]. This plasticity is modified in a sex
dependent manner either basally or may manifest after exposure
to stress or other experiences. The circuitry (reviewed in [20]), and
receptor characteristics of the hippocampus are well known, but
as mentioned above, an important caveat is that we know little of
how these characteristics may differ between males and females.
Importantly, sex differences in the hippocampus, at least in part,

relate to steroid hormone manipulations and it is important to
acknowledge that the hippocampus contains sex hormone
receptors such as androgen receptors (AR), and estrogen receptors
(ER)- α, β and G-coupled protein receptor (GPER). The relative
receptor density differs by sex in a region-specific way as the CA3
and CA4 regions of adult female rats contain a greater amount of
ER-β compared to male rats [21] whereas there are greater levels
of AR in male compared to female rats, dependent on estrous
cycle phase in the CA1 and dentate gyrus [22]. Furthermore, there
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are notable alterations in females in the distribution of ERα and β
and progesterone receptors across the estrous cycle [23]. While
beyond the scope of this review, there are notable sex differences
in AR and ER distribution in the hippocampus during development
[24]. Thus, it is important to note that there are sex, age, and
estrous cycle phase differences in the level of mRNA and protein
expression of these hormone receptors in the hippocampus.
Many of the sex differences in the hippocampus are also seen

following exposure to stress, and the hippocampus contains a
high concentration of glucocorticoid and mineralcorticoid recep-
tors (MR) compared to other brain regions, which makes the
hippocampus more vulnerable to chronic glucocorticoid exposure
via stress [25–27]. Although to our knowledge no studies have
directly compared the sexes, there are some hints in the literature
of sex differences in glucocorticoid receptor (GR) are that women
show a statistically significant reduction in GR expression in the
hippocampus with age, while men show only a trend for a
reduction [28]. However, it is important to note that this study had
a relatively small sample size of post-mortem tissue (12 males, 14
females). Sex differences in the pattern of MR and potential
changes in GR expression are seen during development in rodents
[29]. Unfortunately, the work to categorize sex differences in
receptor density characteristics of steroid hormone receptors and
other receptors within the hippocampus is not yet complete, and
we need to acknowledge that more differences in receptor
density and characteristics likely exist between the sexes.
In this review, we note the accumulated evidence for sex

differences in the morphology, connectivity, and physiology of the
hippocampus in humans and in rodents, then, we discuss sex
differences in the hippocampal adult neurogenesis focusing on
basal differences and after stress and learning. Lastly, we discuss
sex differences in hippocampus-dependent spatial learning and
fear conditioning with a focus on strategy use and when sex
differences in these tasks are expressed.

Sex differences in the morphology, activation, and connectivity of
the hippocampus: findings from human studies
Men typically are reported to have larger volumes of both the left
and right hippocampus than women [30] but once total brain
volume or intracranial volume is used as a correction factor, there
is no longer a significant sex difference [31]. Recent studies show
no sex differences in hippocampal volume across development
[32]. One caveat in these studies is that a number of factors that
influence hippocampal volume are not often documented
including early adversity (reductions are often seen in men but
not in women: [33]), phase of menstrual cycle [34], parity status
[35], hormone therapy [36], menopausal status [37], genotype [38],
and testosterone levels in men [39]. Researchers are cautioned
that these variables need to be considered to obtain an accurate
understanding of sex differences in the volume of the
hippocampus.
Whereas whole hippocampal volume may not show a sex

difference, regional differences within the hippocampus and
connectivity to the hippocampus do exist between the sexes [40,
41]. For example, women have larger posterior hippocampus than
men [40], with differences between the sexes in structural
covariance and functional connectivity, indicating differences in
connectivity. Studies in humans indicate sex differences in
functional brain connectivity [42–45]. Women have more inter-
hemispheric connections compared to men, while men have
stronger intra-hemispheric connection compared to women [42–
44]. Furthermore, Filippi et al. [46] showed women have greater
intra-connectivity within the temporal lobe compared to men.
One study has argued that because there is no true distinct
dichotomy between the sexes in terms of MRI measures of
volume and connectivity that this suggest there is no true ‘male’
or ‘female’ typical brain [45]. But other researchers have argued
that the lack of a dichotomy (an extreme form of sex difference)

does not preclude the idea that there are patterns of connectivity,
and structural differences on a continuum that relate to a male-
typical or female-typical brain (see [47, 48] for more discussion).
fMRI studies in language processing show women have greater
bilateral activation of BOLD in the temporal and frontal lobes in
comparison to men [49, 50]. Furthermore, women have greater
activation in regions other than the hippocampus compared to
men during a virtual water maze task, such as prefrontal cortex
[51, 52]. This is particularly intriguing as it matches animal data
indicating a greater involvement of the prefrontal cortex in
female rats compared to male rats during the Morris water maze
task [53]. These types of studies are important to consider when
examining activation patterns without regard to stratifying the
data by sex.
Briefly, there are sex differences in neurodegeneration noted in

AD. The CA1 region of the hippocampus is one of the first sites of
damage in AD [54]. Atrophy of the CA1 region in AD and other
forms of dementia is associated with memory loss and spatial
disorientation during early stages of the disease [55–57]. Sex
differences exist in the areas that correlated with AD progress and
neuronal density with age in the hippocampus [58]. Negative
associations were seen in Alzheimer’s patients between Braak
stage and CA1 neuronal density in women but not men, while
these same associations were seen in the CA3 neuronal density in
men but not women [58]. In addition, elevated Braak-stage
resulted in decreased in CA1 neuronal density in women, but not
in men, whereas elevated Braak stage resulted in decreased CA3
neuronal density in men but not in women. Interestingly, total tau,
as well as, Aβ-42 levels in women were associated with a steeper
decline in cognition and volume of the hippocampus compared to
men [59] with more pronounced effects in the prodromal
condition of mild cognitive impairment (MCI). In addition, in MCI
patients with a higher risk to develop AD, women were found to
show greater cognitive decline and more total tau, Aβ-42 ratios
that were exacerbated by the presence of the apolipoprotein e4
allele [60]. Furthermore, studies suggest that women are more
likely to show associations of progression to AD with changes in
hippocampal volume and amyloid burden, while in men white
matter hyperintensities are more related to disease progression
[59, 61, 62]. This work is an important step to determine whether
sex differences can aid in our understanding of disease progres-
sion and possible treatment strategies that may need to differ by
sex.

Sex differences in morphology and electrophysiological properties
of hippocampal neurons: findings from rodent studies
Sex differences exist in the morphology and electrophysiological
properties of hippocampal neurons. However, researchers need to
be aware that estrous cycle significantly influences a number of
parameters in which sex differences are seen such as cell
proliferation [63, 64], hippocampal volume [65], LTP and LTD
[66, 67], CA1 apical spine density [68], and hippocampal AMPA
receptor stoichiometry [69]. Thus, if estrous phase is not taken into
consideration this may affect magnitude and appearance of sex
differences in these measures. Studies have reported that there
are sex differences in the morphology of granule neurons and CA3
pyramidal neurons [70–72]. Juraska et al. [72] found that male rats
had greater dendritic intersections in granule neurons of the
dentate gyrus compared to female rats. Galea et al. [73] indicated
that female rats had greater branch points in the basal dendrites
of CA3 pyramidal neurons compared to male rats and Gould et al.
[74] found that females had more primary dendrites in CA3 than
males, and that males had more thorny excrescences than
females. Another study found more dendritic spines in the CA3
pyramidal neurons in females than in males although the sexes
were not directly compared statistically in that study [70]. These
results suggest basal sex differences in the morphology of granule
and pyramidal neurons in the rat hippocampus (see Table 1).
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Gonadal hormone manipulations, estrous cycle phase and
exposure to stress can also reveal sex and hormone differences in
hippocampal morphology [68, 73, 75]. For example, proestrous
female rats have greater apical dendritic spine density in CA1
pyramidal neurons compared to males and diestrous females [68].
Acute stress increases apical dendritic CA1 spine density in males
but decreases it in females, dependent on estrous cycle phase [75].
Many of the structural differences in the dentate gyrus and CA3
regions show sex differences in response to gonadectomy, with
mossy fibers innervations increased in castrated males but not in
ovariectomized females [70]. In addition, castrated males have
longer dendrites and larger mossy fibers, while ovariectomy
decreases dendritic spine density in the CA3 region [70]. However,
this study did not directly compare the effects of gonadectomy
between the sexes statistically. Chronic stress decreases apical
dendritic complexity in male rats, and basal dendritic complexity in
female rats in the CA3 region of hippocampus ([73]; see Fig. 1). In
the dentate gyrus, granule neurons have greater dendritic
intersections in single-housed males than single-housed females,
whereas females raised in an enriched environment have larger
dendritic trees compared to males raised in an enriched environ-
mental [76]. Intriguingly, much like work in humans, early life
adversity reduces hippocampal volume, neurogenesis and impairs
spatial memory in male rodents (reviewed in [77]) but separate
studies indicate that females show resilience after early life
adversity with little effect on the hippocampus [78]. Even though
these studies did not directly examine sex differences, a number of
studies have corroborated these findings (reviewed in [77]). There
are sex differences in the manifestation of early life adversity on the
hippocampus and amygdala [79] with males, but not females,
showing more morphological changes after various forms of early
life stress [79]. These results collectively suggest that sex differences

in the morphology of hippocampal subregions exist under basal
conditions and that other sex differences are unveiled after
environmental or gonadal hormone perturbations (see Table 2).
In addition to the morphological differences, there are sex

differences in LTP in the hippocampus. Males exhibit larger early
and late-LTP compared to females in the dentate gyrus, CA3 and
CA1 regions [80–83]. Interestingly, proestrous females showed
greater magnitude of early-LTP compared to diestrous females
through the perforant path [84]. It is important to note however,
that during proestrus, seizure threshold is also decreased [85, 86]
and as such, it becomes more difficult to find an appropriate
tetanus [66], indicating greater excitability in the female
hippocampus during proestrus. Furthermore, the composition of
AMPA/NMDA receptors of CA1 pyramidal neurons is different
between males and females, as females show greater AMPA/
NMDA ratio than males [81, 84]. Oberlander and Woolley [87]
demonstrated that estradiol enhances presynaptic and postsy-
naptic potentials in the CA1 pyramidal neurons in both males and
females. However, postsynaptic sensitivity of male CA1 pyramidal
neurons is potentiated by ERβ while female CA1 pyramidal
neurons are potentiated by GPER1 [87]. In addition to sex
differences in the CA1 region of hippocampus, there are sex
differences in the neural plasticity at DG-CA3 synapses (see [88] for
review). In short, mossy fibers evoke larger population spikes in
CA3 pyramidal neurons in females during proestrus and estrus
relative to males, while male mossy fibers have stronger synaptic
connections to CA3 neurons than females [89, 90]. However, these
two studies did not compare males and female directly. These
anatomical and electrophysiological findings suggest that intra-
hippocampal circuitry and ER mechanisms are differently orga-
nized between males and females. Furthermore, the female
hippocampus is dynamic across the estrous cycle and through

Table 1. Basal sex differences in hippocampal plasticity

Morphology Study

Dentate Gyrus
(DG)

Male rats had greater dendritic intersections in granule neurons compared to
females.

Juraska et al. [72]

CA3 Female rats had greater branch points in the basal dendrites of pyramidal
neurons compared to male rats.

Galea et al. [73]

Female Sprague-Dawley rats have more primary dendrites than males, and
males had more thorny excrescences than females.

Gould et al. [74]

Pyramidal neurons of female Sprague-Dawley rats have more dendritic spines
compared to males (sexes were not directly compared statistically).

Mendell et al. [70]

CA1 Proestrous female Sprague-Dawley rats have greater apical dendritic spine
density of pyramidal neurons compared to males and diestrous females.

Woolley et al. [68]

LTP

DG Male rats exhibit larger early and late-LTP compared to females when a high
frequency stimulus is introduced in the dentate gyrus, CA3 and CA1 regions.

Yang et al. [82], Monfort et al. [81], Maren et al.
[80], Harte-Hargrove et al. [83]

Proestrous female Sprague-Dawley rats show greater magnitude of early-LTP
compared to diestrous females through the perforant path.

Qi et al. [84]

CA3 Mossy fibers evoke larger population spikes in CA3 pyramidal neurons in female
rats during proestrus and estrus relative to males, while male mossy fibers have
stronger synaptic connections to CA3 neurons than females (sexes were not
directly compared statistically).

Scharfman [89, 90]

CA1 Estradiol enhances presynaptic and postsynaptic potentials in the CA1
pyramidal neurons via ERβ in males and GPER in females.

Wooley et al. [68], Oberlander and Woolley
[87]

Neurogenesis

Dentate Gyrus
(DG)

Female Sprague Dawley rats during proestrus have greater cell proliferation
compared to non-proestrous females and males.

Tanapat et al. [64]

Female wild meadow voles have greater cell proliferation in the dentate gyrus
compared to males.

Galea and McEwen [107]; Spritzer et al. [111]

Male Wistar rats have more immature neurons (Doublecortin) compared to
females in adulthood.

Hillerer et al. [118]
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reproductive experience (for review, see [91]). Further research is
needed to elucidate the underlying cellular mechanisms of sex
differences in hippocampal physiology under basal and environ-
mental perturbations.

SEX DIFFERENCES IN ADULT NEUROGENESIS IN THE
HIPPOCAMPUS
Adult neurogenesis in the dentate gyrus plays important roles for
some forms of learning and the stress response [92–94]. For
instance, reduction of hippocampal adult neurogenesis leads to an
impairment in trace eye blink conditioning [95], pattern separation
[94], contextual fear conditioning [96, 97], proactive interference
and forgetting [98–100], long-term, but not short-term, spatial
memory [101], and reversal learning [102, 103], although sex
differences were not analyzed in these studies. However, one
study has noted that the ablation of adult neurogenesis did not
influence memory for novel object placement in either male or
female rats [104]. It is not known whether there are sex differences
in the functional outcome of reducing adult neurogenesis but
there are differences in neurogenesis levels after learning and
stress that are discussed below.

Net increases or decreases in the amount of neurogenesis are
determined by changes in cell proliferation, migration, differentia-
tion, and survival either independently or in orchestration
together. Sex differences are seen in some of these responses to
manipulations as prenatal alcohol exposure decreases neurogen-
esis in female, but not male, rats via reduction in the ratio of new
cells differentiating into neurons without affecting cell prolifera-
tion or survival, although the sexes were not directly compared
across studies [105, 106]. We next discuss basal sex differences in
cell proliferation [64, 107], but not survival of these new neurons
(see the section 'Sex differences in basal adult neurogenesis'), and
in the production and survival of adult-born neurons in response
to stress or hippocampus-dependent learning [64, 108–110] in the
sections 'Sex differences in adult neurogenesis after exposure to
stress' and 'Sex differences in adult neurogenesis after learning'
below.

Sex differences in basal adult neurogenesis
Some studies find basal sex differences in cell proliferation but
not in survival of new neurons in the dentate gyrus. In Sprague
Dawley rats and meadow voles, females have greater levels of
cell proliferation compared to males that may depend on phase
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Fig. 1 a Photomicrograph of a coronal section of a rodent hippocampus. b Acute predator odor stress (TMT) decreases cell proliferation in the
dentate gyrus of male rats, but not in female rats ([110]; modified from original with permission). c Chronic restraint stress for 21 days decreases
apical dendritic complexity in male rats, the same stress decreases basal dendritic complexity in female rats in the CA3 region of hippocampus
[73]. Figures are reprinted with permission from Falconer and Galea [110] and Galea et al. [73]. d Neural stem cell marker Nestin-expressing
cells (red) in the dentate gyrus merged with DAPI (blue). e Ki67-expressing cells (green) in the dentate gyrus merged with DAPI (blue).
f Doublecortin-expressing cells (red) in the dentate gyrus. g Double staining of NeuN (green) and BrdU (red) in the dentate gyrus 3 weeks after
BrdU injection. DCX doublecortin, DG dentate gyrus, TMT trimethylthiazoline (main component of fox feces), BrdU bromodeoxyuridine
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of estrous cycle or season [64, 107, 111]. Galea and McEwen
[107] showed that female wild meadow voles have greater cell
proliferation in the dentate gyrus only during the non-breeding
season compared to males. Furthermore, Tanapat et al. [64]
showed that female Sprague Dawley rats during proestrus have
greater cell proliferation compared to non-proestrous females
and males. However, some studies have failed to find sex or
estrous differences in cell proliferation in mice [112, 113], but
others show the estrous cycle effect in mice [114]. In contrast to
cell proliferation, most studies indicate that there are no
significant sex differences in the survival of new neurons in
rats, mice, or voles [64, 111, 112, 115, 116] though Dalla et al.
[117] found sex differences favouring male rats. Some studies do
show sex differences, favouring males, in immature neurons in
adulthood [118]. Sex hormones such as androgens and
estrogens are potent modulators of adult neurogenesis in the
hippocampus but a lengthy discussion of these effects is beyond
the scope of this review. Briefly, estrogens modulate neurogen-
esis in females but to a lesser extent in males [116], whereas
androgens modulate neurogenesis in males [119, 120] but it is
not known if they modulate neurogenesis in females (for a
review see [121]).

Sex differences in adult neurogenesis after exposure to stress
Stress acts on adult neurogenesis in a sex-dependent manner
[110, 118]. For example, acute predator odor decreases cell
proliferation in male, but not female rats [110] and this was not
dependent on levels of testicular hormones in adult males [122] or
ovarian hormone levels in adult females [110]. Similarly, repeated
restraint stress reduced the number of proliferating stem cells in

adult males, but not females [118]. However, 9 days after 12 days of
restraint stress, neurogenesis was reduced in adult females, but not
adult males [118], suggesting that the duration of time after stress
exposure had more impact in females compared to males. Other
studies find that both males and females show reduced neurogen-
esis to stress (footshock, water restraint) and these discrepancies are
likely dependent on the nature of the stressor [114]. Together, these
studies indicate the nature, duration and timing of the stressor as
well as what aspect of neurogenesis is measured (proliferation,
immature neurons, mature neurons) will affect the expression of sex
differences on neurogenesis in the dentate gyrus.
Sex differences in adult neurogenesis after stress are dependent

on the nature of the stressor but also when during the lifespan
stress is given, with males more affected by short-term pre-
weaning stress and females more affected by stress during
puberty on adult neurogenesis. Early life stress, caused by
alterations in bedding or maternal deprivation (postnatal day
2–9), reduces neurogenesis in adult male but not adult female
mice [123]. However, maternal postpartum corticosterone across
the entire postpartum (preweaning to weaning) decreases
neurogenesis in adult female offspring but not in adult male
offspring [124, 125]. In addition, 24 h of maternal deprivation on
postnatal day 3 reduced DCX-expressing cells in females, but
increased DCX-expression in males on postnatal day 21 [126], but
it is not clear whether this difference would be seen in adulthood.
Stress during adolescence (restraint stress) reduces neurogenesis
in adult female, but increases neurogenesis male rats [127]. It is
clear that stress can reveal sex differences in neurogenesis that
depend on the timing of exposure to stress and the nature of the
stressor, and for a comprehensive review on sex differences after

Table 2. Sex differences in hippocampal plasticity revealed after gonadectomy, stress, or learning

Morphology Procedure Male vs female Study

DG Dendritic intersections of granule neurons in Long-Evans rats. Single housing M > F Juraska et al. [76]

Size of dendritic trees of granule neurons in Long-Evans rats Enriched environment F >M

CA3 The number, length and size of mossy fiber increases in castrated male
Sprague-Dawley rats. Ovariectomy decreases dendritic spine density but
no effect on other parameters. (sexes not directly compared)

Gonadectomy M <mossy
fibers
F < spines

Mendell et al. [70]

Apical dendritic complexity decreases in male Sprague-Dawley rats,
whereas basal dendritic complexity decreases in female Sprague-Dawley
rats.

Chronic stress M < apical
F < basal

Galea et al. [73]

CA1 Apical dendritic spine density increases in male Sprague-Dawley rats but
decreases in females, dependent on estrous cycle phase.

Acute stress M>
F<

Shors et al. [75]

Cell proliferation decreased in male, but not female Sprague-Dawley
rats.

Acute stress M<
F=

Falconer and Galea
[110]

The number of proliferating stem cells decreases in male, but not female
Wistar rats.

Repeated Stress M<
F=

Tzeng et al [114];
Hillerer et al. [118]

After a stress incubation period, neurogenesis was reduced in females,
but not males.

F<
M=

Hillerer et al. [118]

Maternal postpartum corticosterone (preweaning) decreases
neurogenesis in adult female offspring but not in male offspring
(Sprague-Dawley rats).

Corticosterone M > F Gobinath et al. [125,
128]

Early life stress causes by alterations in bedding or maternal deprivation,
reduces neurogenesis in adult male but not adult female mice or rats.

Chronic stress M < F Naninck et al. [123]

Stress during adolescence (restraint stress) reduces neurogenesis in
adult female, but increases neurogenesis in male rats.

Chronic stress M > F (Stress) Barha et al. [127]

New neuron survival increases males but not females. MWM M> F (Learning) Chow et al. [129]

Survival of new neurons increases in female, but not male, rats in the
ventral dentate gyrus.

Trace eyeblink
conditioning

M > F (Basal) Dalla et al. [117]

Male place-strategy learners show greater adult neurogenesis than
female rats (dorsal).

RAM M> F (Learning) Yagi et al. [109]

DG dentate gyrus, MWM Morris water maze, RAM radial arm maze
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stress on neurogenesis the reader is directed to other reviews
[121, 128].

Sex differences in adult neurogenesis after learning
Adult neurogenesis is modulated by learning differently based
on sex (Fig. 2), the direction of which is modified by sex
differences in task performance [109, 117, 129]. Chow et al. [129]
found that male rats outperformed female rats in acquiring the
spatial version of the Morris water maze, which resulted in an
enhancement of new neuron survival in the dentate gyrus of
males but not females. Conversely, Dalla et al. [117] showed that
diestrous female rats outperformed male rats in the trace
eyeblink conditioning, which resulted in learning-enhanced
survival of new neurons in female, but not male, rats in the
ventral dentate gyrus. Yagi et al. [109] demonstrated through
that males showed better performance in separating similar
patterns and greater adult neurogenesis in the dorsal dentate
gyrus than females. These results do not mean to suggest that
females do not use the new neurons they create after learning
as correlations are seen in the activity of new neurons in relation
to performance in females but not in males [129]. Interestingly,
male place learners with poor learning ability are more likely to
show enhanced neurogenesis in response to spatial training
compared to better learners [130]. Collectively, these findings
indicate that task difficulty may be differently related to the
neurogenic response by sex and/or that sex differences in the
functional incorporation and integration of new neurons into
the existing circuitry may be differently related to the degree of
contribution of the hippocampus for learning.

SEX DIFFERENCES IN HIPPOCAMPUS-DEPENDENT COGNITION
Sex differences in learning strategy
Previous studies in both humans [131–133] and rodents [134–
136] demonstrate that males and females differentially rely on
two different learning strategies during spatial navigation tasks
(Fig. 3). Place strategy engages the hippocampus, while response
or cue strategy engages the striatum [137–139]. Men are more
likely to use geometric cues and women are more likely to use
landmark cues to reach a destination [140, 141]. In rodents,
female rats preferentially use response strategies when ovarian
hormones are low, while male rats preferentially use the place
strategy to solve the same tasks [135, 141–143]. Studies have
found that strategy choice varied in part by testosterone levels in
male rats and ovarian hormones in female rats. Removal of
testicular hormones by castration slightly reduced the preference
for a place learning strategy [136] and low testosterone
increased the use of a response strategy while high testosterone
led to a preference for a place strategy in dual-solution water
maze [144]. In contrast, female rats relied more on landmark cues
during non-proestrous phases (lower levels of estradiol), and a
place strategy during the proestrous phase (higher estradiol
levels; [145]). This is consistent with other studies showing that
higher levels of estradiol are associated with a place strategy and
lower levels of estradiol with response strategies in female rats
[63, 134, 146, 147]. These sex differences in the preference of the
two learning strategies suggest that males and females may rely
on different brain regions during spatial training, and may
contribute to sex differences in performance during spatial
navigation.
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Sex differences in spatial learning and memory
Meta-analyses indicate that males outperform females on tasks of
spatial navigation and working memory, in both human and
rodent studies [148–150]. For instance, Galea and Kimura [141]
demonstrated that men made fewer errors to recall a learned
route on a map, but intriguingly women remembered more
landmarks along the route than men, indicating differential
attention to cues in men versus women while route learning. In
agreement with human studies, male rodents outperform female
rodents in a variety of spatial navigation and working memory
tasks [150]. However, a number of studies have failed to
demonstrate sex differences in spatial navigation tasks. This
inconsistency may be due to types of spatial tasks, strategy use,
stress exposure, cues that can be used to solve the task, and/or
hormone levels. As described in the previous section ('Sex
differences in learning strategy'), males and females have different
tendencies to rely on the hippocampus-dependent place strategy
or the striatum-dependent response strategy. Indeed, a sex
difference favouring males exists in the standard reference
memory version of the Morris water maze task; but there is no
sex difference observed during a cue competition task in which
subjects can use both the place and response strategy to solve the
task [147]. Furthermore, the environmental cues within the task
can dictate whether sex differences in performance are seen. Men
perform more accurately to find a platform location than women
when more geometric spatial cues exist in the virtual water maze,
whereas there is no sex difference when more landmark cues exist
[151]. These findings imply that males and females use different
strategies, or exhibit differential cue use, to solve the same maze.

Indeed, males attend to geometric cues while females attend to
landmark and visual cues to solve spatial tasks in both humans
and rodents [141, 142]. Thus, it is important to ensure that cues
are considered when using both males and females in spatial
tasks, as these may significantly influence whether sex differences
will be seen.
Reviews in neuroscience suggest that studies are under-

powered to detect sex differences [152]. However, this review
fails to appreciate that conditions of testing are important in the
outcome of sex differences on learning such as cue availability
affecting strategy use, housing, hormone levels, and temperature
of the water, that all contribute to whether sex differences in
spatial acquisition are seen or not. Indeed, Button et al. [152]
suggests that sample sizes of 68–134 are required to demonstrate
a sex difference. We suggest that the sample size needed to
detect a sex difference in spatial performance is much lower if
attention is paid to parameters such as cue choice. The
heterogeneity in findings on sex differences in spatial ability, are
more likely due to variability in protocols and experimental
conditions, affecting effective strategy use rather than whether a
true sex difference in spatial ability exists. Variability in cognitive
testing has lead more than one researcher to suggest the use of
standardized protocols/testing [153] and new efforts are under-
way to share and compare data via platforms such as http://
mousebytes.ca/home to improve our understanding of biological
variations influence learning.
While there are fewer studies, studies examining the ability to

perform pattern separation indicate that males perform more
accurately in challenging spatial pattern separation tasks

Morris Water maze Dual T-maze

Training Training

Probe trial Probe trial

CuE response
strategy

Place strategy Proprioceptive
response strategy

Place stategy

♂♀ ♂♀

a b

Fig. 3 Schematic illustrations for sex differences in spatial learning strategies in the (a) Morris Water Maze and (b) Dual T-Maze Task. Males are
more likely to use geometric cues (place strategy) and females are more likely to use landmark cues (cue response strategy) or proprioceptive
cues (proprioceptive response strategy) to reach a destination [135, 140–143]
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compared to females [109]. For example, comparing two different
studies where sex was not compared statistically, male mice were
able to distinguish two adjacent arms in the radial 8-arm maze
[92], while a different research group reported that females failed
to distinguish the two adjacent arms in this same task [94].
However, both sexes performed equally well in distinguishing
between distant arms in that task [92, 94]. Although these data are
only suggestive, these studies were conducted using mice with
different genetic backgrounds, and thus conclusive evidence for
sex differences in the ability for pattern separation cannot be
established using those two studies. Yagi et al. [109] found sex
differences in pattern separation performance (see Fig. 2). In
separate analyses of arms, we showed that males were better at
pattern separation of similar, but not distinct, patterns. However,
an a priori analysis revealed that male place strategy users
outperformed female place strategy users when separating similar
patterns during a pattern separation task, whereas there were no
significant sex differences among response strategy users [109].
Although not originally reported the effect size (Cohen’s d) for the
sex difference favouring males in performance on similar arms was
1.73, and 0.6 for distinct arms. This study also demonstrated that
male place strategy users had greater number of adult born
neurons in the dorsal dentate gyrus than all other groups.
Furthermore, the number of new neurons in the ventral dentate
gyrus was more strongly associated with the ability to distinguish
two adjacent arms (similar patterns) in female place strategy users,
although a trend existed in males and caution should be noted as
the sample size was small. These results suggest that new neurons
in the dorsal hippocampus are more responsive to enhancing
effect of spatial learning on survival of new neurons in males.

Whereas, the relationship of neurogenesis in the ventral
hippocampus in females with performance suggests that female
performance is more sensitive to stress and/or that different
connectivity patterns may exist between males and females in the
dorsal versus ventral hippocampus, an effect detected in humans
[40].

Sex differences in spatial learning and memory: relationship to
stress
The idea that female performance may be more sensitive to stress,
may explain some sex differences seen in the Morris water maze.
When rats were pre-exposed to the environment these studies
failed to demonstrate the sex difference in spatial performance
[150, 154]. Pre-exposure to the water maze reduces the stress
levels and circulating levels of stress hormones during the testing
sessions and it is possible that females perform better under a less
stressful environment [155, 156]. However, studies in meadow
voles that used a pre-exposure baseline session consistently
showed sex differences favouring males (for review see [157]). It is
important to understand that the sex differences in learning also
depend on factors such as maternal care experience [158] and
gonadal hormone concentrations in males and females (for review
see: [91]). While beyond the scope of this review, estradiol levels in
females drive spatial acquisition, and as such, lower estradiol in
females is associated with better performance in both rodents and
in women ([159, 160]; see [91] for review). Given that stress
increases estradiol levels in females [161], it may be that this
initially exposure to stress serves to increase estradiol levels,
pushing the trajectory to poorer performance in females relative
to males.

zif268

CA1 CA1

CA3 DG CA3 DG

Place  >  Response Place  <  Response

F>M

F<M

No sex difference

cfos

No strategy dif

F>M

F<M

No sex difference

F>M

F<M

No sex difference

Fig. 4 Summary for sex and strategy differences in different (zif268, cfos) immediate early gene (IEG) expression in the hippocampus 90min
after memory retrieval in different hippocampus-dependent tasks (data compiled from [109, 147]). Female place strategy users have greater
zif268 expression in the CA3 compared to female response strategy users and males, while male place strategy users have greater cfos
expression in the CA3 compared to all other groups after a cue competition task [147]
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Studies examining learning after stressful experiences show sex
differences in performance [162, 163]. Repeated restraint stress
(21 days) reduces dendritic complexity in the apical or basal
dendrites of CA3 pyramidal neurons of males and females,
respectively [73]. However, this same stress regime results in
opposing effects on spatial acquisition with impairments in males
but improvements in females although the sexes were not directly
compared in one study for learning outcomes (reviewed in [164]).
Thus, seemingly small differences (apical vs basal) to the
architecture of dendrites can lead to opposing effects on spatial
memory between the sexes. This association of a reduction in
branching leading to an improvement in learning outcomes, or an
increase in spines related to a time of impairments in learning
outcomes, is a pattern that is often seen in females. It is possible
that the signal to noise ratio is different between males and
females, and given the greater excitability of the hippocampus in
females, female neurons may require pruning of hippocampal
neurons to achieve better learning outcomes. This opposing
pattern of stress on outcome in males versus females is also seen
in studies examining transcriptome after stress, with female mice
showing an greater increase compared to males in DNA
methyltransferase 3a gene expression, which is an important
regulator for synaptic plasticity, in the nucleus accumbens (NAc)
after subchronic variable stress [165]. Unfortunately, there are very
few studies on the ‘sexome’ done to date [166]. The few studies
completed do suggest a number of differences between males
and females in gene expression in the hippocampus with aging
and disease [167–170] that may be related to sex differences in
cognition. For instance, the number of upregulated genes with
aging in the hippocampus of women is two times greater than
that of men [169]. These up-regulated genes include genes
regulating cell apoptosis, cytokine activity and cell metabolism,
which directly or indirectly interact with cell aging and cell death.
Studies examining transcriptomic analyses in the hippocampus
indicate that there are sex differences [171, 172]. For example,
hippocampal mRNA expression for heat-shock proteins, that are
proposed to regulate dendritic spines, is greater in adult male
compared to adult female mice [171]. More studies directly
comparing males and females are essential for further under-
standing of underlying mechanisms of sex differences in
hippocampal function. These transcriptome results give us
important clues how sex may interact with hippocampal function,
and more research is needed to elucidate the molecular
mechanisms of sex differences. As stress modulates learning and
memory, and plasticity-related gene expression in the hippocam-
pus differently between sexes, researchers should carefully control
experimental environment of research subjects. Furthermore,
future studies should include detailed information about experi-
mental procedures especially factors that potentially influence
behavioral outcomes such as length of handling, housing
conditions, and water temperature of water maze.

Sex differences in immediate early gene (IEG) expression after
memory retrieval
Cellular activity in response to spatial memory can be examined
by quantifying expression of IEG proteins such as zif268, cfos and
Arc, which are rapidly induced after learning and regulate
learning-related neural plasticity [173, 174]. Although LTP is not
required for c-fos induction [175, 176], the IEG zif268 encodes the
zinc finger transcription factors zif268/Egr1 (early growth response
protein1) which plays a critical role in the maintenance of LTP in
the hippocampus and in the consolidation of long-term memory
[174, 177, 178]. Only a few studies have examined sex differences
in response to spatial and non-spatial learning on IEGs (see Fig. 4).
Yagi et al. [147] found that in the CA3 male place learners showed
greater cfos expression, while female place learners showed
greater zif268 expression. Intriguingly, there were sex by strategy
use differences in activation with female place strategy users

showing greater zif268 expression but less cfos expression in the
CA3 compared to cue strategy users. This same relationship in the
CA3 region was seen after pattern separation with greater zif268
expression in females, but more cfos expression in males [109].
These sex differences in the expression of IEGs were only seen in
the dorsal hippocampus, which is intriguing as the dorsal area is
more tightly linked to spatial reference memory [179]. Further-
more, none of these same sex differences in IEG expression were
present in the CA1 or DG. These results suggest that greater
number of zif268-expressing CA3 pyramidal neurons in response
to memory retrieval in female compared to male rats, may help
recruit LTP, as zif268 is strongly associated with LTP. Intriguingly,
changes in cfos expression after spatial memory retrieval are seen
across the estrous cycle with rats in proestrous having greater cfos
expression in the dentate gyrus than rats not in proestrus [147].
While a few studies have examined sex differences in the
expression of cfos and zif268, no studies have been conducted
using Arc to determine underlying mechanisms of sex differences
in spatial learning ability, or Arc expression of newly produced
neural dendrites in the dentate gyrus, which is a clear gap in the
literature.
One study has reported sex differences in activation of adult-

born cells in the dentate gyrus relating to performance [129]. In
that study, zif268 protein expression was examined after
memory retrieval in the Morris water maze 20 days after cell
birth. Spatially-trained rats showed greater activation than cue-
trained rats with no overall sex differences in expression of
activated new neurons. However, greater activation of new
neurons was strongly associated with better performance in
female rats but not in male rats, suggesting the pattern of the
associations are different between males and females, although
the correlations were not statistically compared in the original
paper, in doing so now these correlations are statistically
different (z=−2.05, p= 0.04). This sex difference may be due to
sex differences in excitability of 20 days old neurons, in the
timing of expression of zif268, and/or the maturation rate of
new neurons and further research is encouraged in these areas.
Researchers should also be aware that production of these IEG

proteins after learning has different time courses dependent on
the IEG [180, 181]. For instance, zif268 protein expression reaches
peak levels 60 min after learning [180], whereas, albeit to different
stimuli (pentylenetetrazol-induced seizures), cfos protein expres-
sion reaches its peak at 60–120min after the seizure [181]. These
differences in induction time courses must be carefully considered
when comparing the different IEG expression after learning. We
suggest that these sex differences in IEG expression seen after
learning may be due not only to different IEGs being recruited
during different tasks, but also different regions may show
different IEG expression responses, and there may be different
timing in IEG expression between the sexes that contribute to
these differences.

Sex differences in contextual fear conditioning
The hippocampus is also important for contextual fear learning
and memory. Women show a greater prevalence of posttraumatic
stress disorder (PTSD) with more generalization of fear memories
compared to men [182, 183]. Furthermore, women show greater
pain sensitivity and anxiety within the context of previously
experienced painful event [184]. Female rats demonstrated
greater generalization of fear related contextual memory and
prolonged fear memory compared to male rats [185]. Lynch et al.
[186] examined fear memory generalization using two different
contexts: one with electric foot shock and the other without foot
shock. They examined passive avoidance of fear (foot shock)
related context 1d, 3d, 5d, and 7d after conditioning. Females
gradually showed increased fear related response in the neutral
context while male rats did not show such an increase and even at
7d after conditioning, male rats showed the ability to discriminate
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between the two contexts. These studies and others [187]
demonstrate that females may have more fear generalization
than males which may contribute to the findings that women are
more susceptible to fear generalization disorders such as PTSD.
Females show less extinction to contextual fear conditioning

than males [188, 189], but males show stronger retention and
more freezing to the conditioned stimulus especially after pre-
exposure [185, 187, 190]. Males are typically found to have
stronger or greater long-term retention of contextual fear
conditioning [187], which coincided with increased levels of
phosphorylated ERK in the ventral hippocampus of males but not
females. Using a context pre-exposure paradigm that relies on the
integrity of the dentate gyrus, gonadetomized males and intact
males were found to have stronger contextual fear conditioning
than females [185, 190]. A caveat with respect to these findings is
that researchers have traditionally used freezing as an index of
fear memory. However, females show more active patterns of fear
expression termed ‘darting’ [191], and thus care must be taken in
fear conditioning paradigms to assess the appropriate behaviors
in males and females.
These sex differences in conditioned fear responses may be

related to sex differences in activation with greater neural
activation (cFos) in the basal amygdala of females and in the
dorsal hippocampus of males [185, 192]. Keiser et al. [185] suggest
this may have to do with the competition between the amygdala
and hippocampus but it is also possible that different IEGs or
different time points may find a different pattern of activation
after fear conditioning. Sex differences in neural patterns may be
seen even when there are no sex differences in conditioning
strength, as work from the Shansky laboratory as noted sex
differences in the prefrontal cortex to amygdala circuits, even
when there were no overt sex differences in behavior [193]. It is
clear that care must be taken when studying sex differences in
fear conditioning, including type of conditioning (cue, contextual),
behavior measured (freezing, darting), and pre-exposure to the
context.

FUTURE DIRECTIONS AND CLINICAL IMPLICATIONS
Studying sex differences in hippocampal cognition and neural
plasticity, while potentially controversial, is important, as it will aid
in elucidating the underlying mechanisms of sex differences in
prevalence or manifestation of disorders that disrupt hippocampal
integrity and result in cognitive disruption. Furthermore, studying
sex differences in cognitive outcome may be important in
understanding precision medicine. For example, studies indicate
that exercise can offset cognitive decline with the type of exercise
related to differential efficacy in men versus women [194] and
indeed physical activity can increase hippocampal subregions
differently in women versus men [195]. It is vital to understand
what exercise regimen (or any type of treatment) may be more
beneficial to men versus women to combat disease and aging-
related cognitive decline [194]. A number of studies demonstrate
sex differences in associations between hippocampal adult
neurogenesis and cognition. These findings imply that sex-
specific approaches for clinical treatment to increase the
treatment efficacy for cognitive decline or disruption may be
needed. We emphasize the importance of studying sex differences
in measures of hippocampal function. We also caution the
community as while the use of both sexes has been mandated
in NIH-sponsored clinical trials since 1993 (NIH, 1993), the
appropriate sample size, and analyses have not always been
reported in the literature. Furthermore, this sex-inclusion mandate
does not extend to clinical trials that are not sponsored by NIH,
and these trials form the majority of clinical trials listed on
clinicaltrials.gov (over 85%). Researchers are encouraged to
include males and females in their experiments, and to analyze
their data stratified by sex adhering to issues on statistical

interpretations of an interaction effect [196]. Furthermore, it is
equally important to consider age and hormone status in their
studies to gain a clearer picture of how sex differences may be
contributing to measures of interest. These efforts will provide the
academic and clinical communities with invaluable information
that we hope will lead to more efficient clinical treatment for both
men and women.
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