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Abstract

The activity of neurons in the rodent hippocampus contributes to diverse behaviors,

with the activity of ventral hippocampal neurons affecting behaviors related to anxi-

ety and emotion regulation, and the activity of dorsal hippocampal neurons affecting

performance in learning- and memory-related tasks. Hippocampal cells also express

receptors for ovarian hormones, estrogen and progesterone, and are therefore

affected by physiological fluctuations of those hormones that occur over the rodent

estrous cycle. In this review, we discuss the effects of cycling ovarian hormones on

hippocampal physiology. Starting with behavior, we explore the role of the estrous

cycle in regulating hippocampus-dependent behaviors. We go on to detail the cellular

mechanisms through which cycling estrogen and progesterone, through changes in

the structural and functional properties of hippocampal neurons, may be eliciting

these changes in behavior. Then, providing a basis for these cellular changes, we out-

line the epigenetic, chromatin regulatory mechanisms through which ovarian hor-

mones, by binding to their receptors, can affect the regulation of behavior- and

synaptic plasticity-related genes in hippocampal neurons. We also highlight an

unconventional role that chromatin dynamics may have in regulating neuronal func-

tion across the estrous cycle, including in sex hormone-driven X chromosome plastic-

ity and hormonally-induced epigenetic priming. Finally, we discuss directions for

future studies and the translational value of the rodent estrous cycle for understand-

ing the effects of the human menstrual cycle on hippocampal physiology and brain

disease risk.
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1 | INTRODUCTION

The rodent estrous cycle is characterized by cyclic fluctuations in

hormones released by the hypothalamus, pituitary, and ovaries over a

4–5 day period through the coordinated function of the

hypothalamic–pituitary-gonadal (HPG) axis in females. While essential

for the maintenance of reproductive function, these hormones, partic-

ularly the ovarian hormones estrogen and progesterone, have pro-

found effects in diverse organs of the body, including the brain where

they act as potent neuromodulators.1,2 The estrous cycle in rodents

has a hormonal profile similar to that of the human menstrual cycle

(Figure 1A), and therefore provides a translational system to study the

biological mechanisms underlying the neurobehavioral effects of ovar-

ian hormones. Although the rodent estrous cycle is shorter and has

four hormonally distinct stages (proestrus, estrus, metestrus, and dies-

trus), the human follicular phase is mimicked by the proestrus phase

(marked by high estrogen and low progesterone) while the luteal

phase is mimicked by the early diestrus phase (marked by low
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estrogen and high progesterone) (Figure 1A). In general, the proestrus

phase is the only estrous cycle phase in rodents marked by high estro-

gen levels, while progesterone peaks in both the estrus and the dies-

trus phases (Figure 1A).

Initial studies on the neurobehavioral effects of ovarian hormones

were focused on brain regions that are dense in sex hormone receptor

expression such as the hypothalamus, where estrogen and progester-

one regulate sexual behavior,5,6 energy balance,7,8 temperature,9,10

and maintenance of the HPG axis.11,12 However, estrogen and pro-

gesterone receptors are expressed in neurons and glial cells distrib-

uted throughout the brain,13–15 and therefore affect numerous other

brain regions including the hippocampus.16,17 The hippocampus is well

characterized for its role in learning and spatial memory, though

recent studies have demonstrated that the hippocampus can be

divided into two functionally distinct subregions in rodents along the

dorsoventral axis4,18 (Figure 1B; anteroposterior axis in humans). The

rodent dorsal hippocampus (posterior in humans) plays an important

role in learning and spatial memory tasks, while the ventral hippocam-

pus (anterior in humans) is involved in anxiety and emotion regulation

(Figure 1B). Illustrating this behavioral distinction, either lesion or

optogenetic activation of ventral hippocampal neurons in rodents

affects anxiety-related behavior without affecting memory,19–23 while

the same manipulations of the dorsal hippocampus affect spatial

memory without affecting anxiety indices.20,21,24–26 Distinctions

between the ventral and dorsal hippocampus are also apparent at the

molecular level, as cells in these two rodent brain regions exhibit

divergent transcriptomes,27–30 proteomes,28 and epigenomes29,31 at

baseline or in response to environmental stimuli including stress and

environmental enrichment. Importantly, estrogen and progesterone

receptors are expressed in both the dorsal and ventral

hippocampus,13,15 and therefore ovarian hormones can have concom-

itant effects on the molecular and structural characteristics of both

regions and the behaviors associated with their respective function.

In this review, we highlight the role of cycling ovarian hormones

in dynamically regulating hippocampal physiology over the estrous

cycle. We describe the impact of these hormone fluctuations on the

hippocampus at multiple levels of analysis, including their effects on

hippocampus-dependent behavioral phenotypes, as well as their

underlying cellular effects on hippocampal neurons including changes

in dendritic spine density, hippocampal neurogenesis, and long-term

F IGURE 1 Fluctuating ovarian hormones and hippocampal function. (A) Ovarian hormone fluctuations occurring across the mouse estrous
cycle (left) and human menstrual cycle (right). Shaded are the proestrus and early diestrus phases, which mimic the human follicular and luteal
phases, respectively. The corresponding vaginal cytology used to determine each estrous cycle phase is shown below (adapted from Jaric et al.3).
(B) The hippocampus has two functionally distinct subregions, with the rodent dorsal hippocampus (dHIP) affecting behavior in learning and
memory tasks such as the depicted Morris water maze, and the ventral hippocampus (vHIP) affecting anxiety-related behaviors measured in tests
which include the elevated plus maze (shown below). Coronal brain sections showing the dHIP and vHIP (boxed) are also depicted (adapted from
Sunkin et al.4). Die, diestrus; Est, estrus; Met, metestrus; Pro, proestrus
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potentiation (LTP). Since, at a fundamental level, all of these effects

are initiated by the ovarian hormone-induced receptor signaling and

molecular changes in the hippocampus, we detail what has recently

been discovered regarding the epigenetic, gene regulatory mecha-

nisms underlying these effects. Lastly, we identify unanswered ques-

tions about the effects of ovarian hormones on the hippocampus and

discuss the translational value of the rodent estrous cycle for under-

standing the effects of the human menstrual cycle on hippocampal

physiology and brain disease risk.

2 | THE ESTROUS CYCLE MODULATES
HIPPOCAMPUS-DEPENDENT BEHAVIORS

Given the expression of ovarian hormone receptors across the hippo-

campus, the estrous cycle can affect hippocampus-dependent behav-

iors, including dorsal hippocampus-dependent indices of learning and

memory as well as ventral hippocampus-dependent indices of anxiety,

as we will discuss in the following section.

2.1 | The effect of the estrous cycle on emotion
regulation

The activity of the rodent ventral hippocampus plays a direct role in

modulating anxiety-related behaviors18 and these behaviors are

altered as a function of the estrous cycle stage. In rats, for example,

multiple studies demonstrated that high-estrogenic proestrus females

exhibit lower anxiety-related behavior than low-estrogenic

females.32–35 Corroborating this finding, we recently found that the

same phenomenon is observable in mice across multiple anxiety para-

digms including the open field, light–dark box, and elevated plus maze

(Figure 1B). Across all behavioral tests, high-estrogenic proestrus

females consistently exhibit lower anxiety indices compared to low-

estrogenic diestrus females.3 The protective effect of the proestrus

state on measures of anxiety-related behaviors strongly implies an

anxiolytic-like effect of estradiol as the primary driver of these estrous

cycle-dependent effects. Supporting this hypothesis, both systemic

and, importantly, intrahippocampal administration of estradiol in adult

low-estrogenic34,36 or ovariectomized37,38 (OVX) female rodents

decreases their anxiety-related behaviors. The observation that hippo-

campal estrogen is sufficient to drive these estrous cycle-dependent

behaviors strongly supports the notion that cycling ovarian hormones

impact indices of anxiety behavior through their effects on the

hippocampus.

Although much of the available evidence indicates cycling estro-

gen levels are the primary determinant of the estrous cycle's effects

on anxiety-related behaviors, progesterone and its metabolites are

also probably involved. While progesterone itself can have direct

actions in the brain by binding progesterone receptors, it is important

to note that progesterone also acts as a precursor to other neuroac-

tive steroids, including allopregnanolone.39 Allopregnanolone is an

allosteric modulator of the gamma-aminobutyric acid (GABA)-A receptor

that has been extensively studied in rodents for its anxiolytic40–42 and

antidepressant-like effects.41,43 An intravenous formulation of allopreg-

nanolone (brexanolone) is also currently prescribed in humans for post-

partum depression treatment.44–46 Interestingly, estrogen, progesterone,

and allopregnanolone can all be locally synthesized in the rodent

brain.47,48 While levels of locally-synthesized estrogen and progesterone

tend to correspond to systemic levels over the estrous cycle,49 allopreg-

nanolone levels show more complex, locally determined regulation. For

example, allopregnanolone levels in rats peak in the hippocampus during

proestrus,50 while they are simultaneously at their nadir in the hypothala-

mus at this phase.51 Therefore, while the estrous cycle modulates the

levels of allopregnanolone, it does so in a locally controlled manner which

results in hippocampal levels peaking during proestrus, where allopregna-

nolone presumably acts additively to the anxiolytic-like effects of rising

hippocampal estrogen levels.41

2.2 | The effect of the estrous cycle on learning
and memory

The effect of the estrous cycle on learning and memory has been eval-

uated primarily using three paradigms including the Morris water

maze (Figure 1B), the novel object recognition test, and the novel

object placement test, all of which are thought to involve the dorsal

hippocampus, likely to different extents. While the dorsal hippocam-

pus is known to be essential in spatial memory tasks such as Morris

water maze and novel object placement, it is still debated whether this

region is required, or only involved, in object memory tasks such as

novel object recognition (we refer the readers to a recent review on

this topic52).

Studies examining the impact of the estrous cycle on spatial

memory performance in the Morris water maze have observed com-

plex, species and test stage-specific effects.2 In rats, it was observed

that proestrus females exhibit reduced performance compared to

estrus females,53 while another study found that the estrous cycle has

no effect on performance, except for an interaction effect with a

stressor.54 Notably, these studies both accounted for the estrous

cycle stage on the day of testing only, and therefore were addressing

the estrous cycle effects on memory retrieval. In contrast, a study in

mice recorded the estrous cycle stage just prior to training, and found

that both proestrus and metestrus females demonstrated improved

performance compared to estrus mice.55 Additional studies will be

necessary to clarify whether there are differential effects of the

estrous cycle on acquisition and retrieval in the Morris water maze.

In the novel object recognition task, a test which assesses mem-

ory of the identity of objects, studies in both mice and rats have noted

improved performance during the proestrus phase compared to either

the estrus or diestrus phases.56–58 Similarly, in the novel object place-

ment task, a test which involves both object identity and spatial mem-

ory, proestrus rats outperform diestrus rats.58,59 In these latter

paradigms, studies accounted for the estrous cycle before training and

performed the test later that day. These results indicate a role for

estrogen in improving performance in novel object recognition and
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placement. Interestingly, an increase in novel object placement perfor-

mance in rats has also been observed in estrus compared to

diestrus,59 and, in one study, in estrus compared to all other phases,60

indicating a possible effect of the estrus-associated peak in progester-

one (Figure 1A) on performance in this task.

The effect of the estrous cycle on learning and memory-

associated tasks is notably more complex than its effects on anxiety

indices. The discrepancy of results across paradigms has been sug-

gested to arise, in part, due to a shift in learning strategy across the

estrous cycle.61 For example, in spatial navigation tasks, proestrus rats

were observed to prefer a “place” strategy in which they remembered

the area of the maze where a reward was found, while estrus rats

were biased toward a “response” strategy in which they remembered

the action they took (e.g., making a right turn) to get the reward.61

Another factor to consider is that, relative to the human menstrual

cycle, the rodent estrous cycle is very short (Figure 1A), with a change

in phase occurring daily in most cases. While this is not a complication

for basic anxiety-related behavioral tests, which are short in duration

and can be performed in one session, learning and memory tasks

require multiple trials, often administered across multiple days, making

it difficult to parse the effects of a particular estrous cycle phase on

the outcome of the test.62 To address this, studies have used modified

protocols which allow for training and testing to occur on the same

day,55–60,62 though even in these cases training and testing can be

separated by several hours. In certain phases, such as proestrus, this

length of time can correspond with markedly different hormonal pro-

files (Figure 1A). Other studies have employed strategies such as sep-

arating training and testing by one estrous cycle,63 or by analyzing

behavioral data based on the different combinations of a female's

estrous cycle stage across training and testing days.64,65 While further

studies will be needed to accurately assess the role of the physiologi-

cal estrous cycle on object and spatial memory, studies utilizing ovari-

ectomy and hormone replacement have consistently demonstrated

that estradiol or specific ERα and ERβ agonists, when administered

directly to the dorsal hippocampus, reliably improve performance in

the Morris water maze,66 object recognition,67–70 and object place-

ment67,70 tasks in adult female rodents (we refer the reader to several

reviews on this topic2,62,71,72).

Lastly, while we discussed the behavioral distinction between the

ventral and dorsal hippocampus, it is interesting to note that fear con-

ditioning, which has both an anxiety and learning component,73,74 also

shows changes over the estrous cycle. Interestingly, in both context

fear conditioning and fear potentiated startle tests, it has been shown

that rats trained in diestrus but tested in proestrus exhibited reduc-

tions in fear learning.64,65 One explanation for this phenomenon is

that the fear memories formed during diestrus, in contrast to those

formed during proestrus, are state-dependent, requiring the diestrus

phase for appropriate retrieval.64 Another possibility is that testing

during proestrus obscures fear learning due to estrogen-induced

generalization,65 as studies in adult OVX rats have demonstrated that

administration of estradiol, either systemically75 or directly to the dor-

sal hippocampus,76 increases fear generalization to an unpaired

context.

Estrous cycle effects have also been observed in fear extinction

paradigms. In contextual fear conditioning, for example, it has been

found that diestrus rats undergo extinction more rapidly than proes-

trus rats.63 However, in cued fear conditioning, multiple studies have

shown that female rats in the proestrus phase undergo extinction

more quickly than rats at the other, low estrogenic phases of the

estrous cycle.63,77,78 Estrogen is implicated in driving this effect, as

administration of estrogen to metestrus females before or just after

extinction training reduced their freezing behaviors during recall.79

Together with the findings from single-trial anxiety tests discussed

earlier, these findings further support an anxiolytic-like effect of

estrogen.

To summarize, the estrous cycle affects hippocampus-dependent

behaviors including ventral hippocampus-dependent anxiety indices

and performance in dorsal hippocampus-dependent learning and

memory tasks. Experiments leveraging hormone administration dem-

onstrate that estrogen acts as an anxiolytic, and the bulk of evidence

indicates that estrogen also facilitates improvements in learning and

memory tasks. Importantly, the observation that intrahippocampal

manipulations of ovarian hormones in rodents can affect indices of

anxiety37,41 and learning and memory66–70,76 suggests that the cycling

ovarian hormones impact hippocampus-dependent behaviors through

their local actions on hippocampal cells. Since behavioral changes fol-

low from changes in the activity of neural circuits, we will focus in the

next section on the cellular mechanisms through which ovarian hor-

mones affect hippocampal physiology.

3 | THE HIPPOCAMPUS UNDERGOES
STRUCTURAL AND FUNCTIONAL CHANGES
OVER THE ESTROUS CYCLE

On a circuit-level, signals enter the hippocampus from the entorhinal

cortex through the perforant pathway (Figure 2A), where they are

transmitted across synapses with CA1 pyramidal neurons.80 The

estrous cycle can affect the excitability of this circuit by changing the

cellular morphology and the functional output of the neurons

involved, as discussed in this section.

3.1 | The effect of the estrous cycle on
hippocampal dendritic spine density

As an example, the dendrites of hippocampal CA1 pyramidal neurons

can vary in the number of spines along their surface (Figure 2B). These

dendritic spines are structural elements that exhibit dynamic regula-

tion and are key determinants of neuronal excitability.83 Notably,

spine loss and formation have been associated with hippocampus-

dependent behavioral phenotypes. For example, hippocampal den-

dritic spine density in the mouse CA1 region is decreased following

chronic stress and rescued by antidepressant treatment, and these

changes in spine density are strongly correlated with the induction

and subsequent rescue of anxiety- and depression-related behavioral
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phenotypes.84 Further, dendritic spine density increases in the rat hip-

pocampus following spatial learning85 and CA1 spine density is associ-

ated with memory task performance.86

Seminal studies by Woolley and McEwen demonstrated that both

spine and synapse density in CA1 pyramidal neurons are higher in

proestrus compared to estrus rats81,82 (Figure 2B), which implicates

the physiological rise and drop in estrogen in this phenomenon. Inter-

estingly, using hormone treatment of OVX females, Woolley and

McEwen found that while estradiol drives this increase in spines and

synapses, the dissipation of estradiol is not sufficient to explain the

rapid decrease in spine density occurring over 24 h in the proestrus-

estrus transition.87 They find, in fact, that while coadministration with

progesterone initially augments estradiol's effects by further increas-

ing spine density, this is followed by a more rapid decline in spine den-

sity which more closely mimics the spine density phenotype (and

hormonal pattern) of cycling females transitioning from proestrus to

estrus.87 Testing this in a physiological context, they found that

administration of a progesterone receptor antagonist in cycling

females leads to an extension of the proestrus-induced increase in

CA1 spine density.87 These experiments demonstrate the complexity

of the estrous cycle, as replacements of single hormones in OVX

females are insufficient to reproduce the phenotypic pattern observed

in the physiological cycle, where fluctuating hormones act in concert

to elicit specifically timed effects.

While these earlier studies focused on the dorsal hippocampus,

we recently found the same pattern of dendritic spine density fluctua-

tions in the mouse ventral hippocampus over the estrous cycle, with

higher spine density in proestrus compared to diestrus mice

(Figure 2B).3 Considering the functional distinction across the dorso-

ventral hippocampal axis, the varying dendritic spine density in the

ventral hippocampus as a function of fluctuating estrogen levels is

likely to be important for anxiety-related phenotypes rather than for

memory. Dendritic spines therefore represent a cellular substrate

which is responsive to ovarian hormones72 and can provide a link

between hormonal rhythms and the electrophysiological changes that

would be required for hormones to alter hippocampus-dependent

behaviors.

3.2 | The effect of the estrous cycle on the
functional output of hippocampal neurons

Work focused on hippocampal electrophysiology has demonstrated

the ability of the estrous cycle and ovarian hormones to alter mea-

sures of LTP, or the persistent strengthening of a synapse following

high-frequency neuronal stimulation. It has been shown, for instance,

that proestrus rats exhibit enhanced measures of LTP in the CA1

region compared to estrus and diestrus rats.88,89 Estradiol has been

the focus of many of these studies, as it has been shown in vivo90 in

rats and in ex vivo slices91,92 to potentiate excitatory postsynaptic

potentials, and to have diverse effects on glutamate signaling.91,93

Fewer studies have investigated the effect of progesterone on hippo-

campal LTP, though it appears to decrease LTP in the CA1 through a

GABA-related mechanism94 which could be due to direct effects of

progesterone or through one of its metabolites such as allopregna-

nolone. In addition to LTP, a recent study measuring local field

potentials (LFPs) recorded from the rat hippocampus and medial

prefrontal cortex found changes in LFP synchrony between these

two brain regions occurring over the estrous cycle.95 Importantly,

LFP synchrony in these regions has been demonstrated in other

studies to be a critical factor in the expression of hippocampus-

dependent behaviors.23,96,97

F IGURE 2 Circuit and structure of the hippocampus and hippocampal neurons. (A) A schematic of hippocampal circuitry is depicted. Signals
enter from the entorhinal cortex (EC) through the perforant pathway (PP) where they synapse with CA1 pyramidal neurons and dentate gyrus
(DG) granule neurons, which undergo turnover via neurogenesis. DG neurons project to CA3 neurons via mossy fibers (MF), and CA3 neurons
project to CA1 via the Schaffer collateral (SC). CA1 neurons project to other brain regions, including the subiculum (Sub.). (B) A single CA1
pyramidal neuron is depicted, with an inset focusing on a dendrite. Work in both the dorsal81,82 and ventral3 hippocampus demonstrated rapid
changes in the density of dendritic spines on these neurons occurring between the high-estrogenic proestrus and lower-estrogenic estrus and
diestrus phases of the estrous cycle.
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3.3 | The effect of the estrous cycle on
hippocampal neurogenesis

Another cellular mechanism which has important implications for

hippocampal physiology is dentate gyrus neurogenesis. The prolif-

eration of new neurons in the rodent dentate gyrus (Figure 2A)

occurs throughout adulthood,98 with important implications for

both learning-99–101 and anxiety-related99,102,103 phenotypes. In

rats, it has been shown that during the proestrus phase there is an

increase in proliferating cells in the dentate gyrus compared to rats

in the estrus or diestrus phases.104 Further, there is a significant

decrease in hippocampal neurogenesis in adult female rats shortly

after OVX which can be rescued with estrogen treatment.104

While, again, most studies have focused on the role of estradiol,72

progesterone administration in male105,106 and OVX female107 rats

has been shown to increase hippocampal neurogenesis in vivo.

Interestingly, progesterone seems to antagonize estrogen's effects

on neurogenesis when they are coadministered to OVX rats,107

which could play a regulatory role in the context of intact cycling

females, similar to what was observed with changes in dendritic

spines.87 In mice, however, a study examining the effects of the

estrous cycle on dentate gyrus neurogenesis did not find an effect,

indicating potential species-specific effects of ovarian hormones

on this process.108

Taken together, studies have demonstrated effects of the estrous

cycle on hippocampal cell structure and function, including changes in

dendritic spine and synapse density in both the dorsal and ventral hip-

pocampus as well as changes in dentate gyrus neurogenesis. These

cellular changes are accompanied by changes in hippocampal LTP,

indicating that these cellular effects have functional consequences on

neuronal activity. By altering the activity of hippocampal circuits,

these cellular mechanisms represent a substrate through which fluctu-

ating ovarian hormones can have direct effects on hippocampus-

dependent behavioral outcomes.

4 | MOLECULAR MECHANISMS
UNDERLYING SEX HORMONE-DEPENDENT
CHANGES IN HIPPOCAMPAL STRUCTURE
AND FUNCTION

Behavioral and structural changes across the estrous cycle

described above have been well-known in the field of neuroendocri-

nology for decades now. However, molecular mechanisms that

underlie these brain and behavioral dynamics have only been

described in the last couple of years, representing an important and

exciting new development in the field.3,36 In this section, we will

discuss recently revealed epigenetic mechanisms through which

cycling ovarian hormones affect hippocampal physiology, and the

efforts that have been made to link these mechanisms to steroid

hormone receptor mechanisms. We start by describing estrogen

and progesterone receptor signaling and their downstream effects

including changes in gene expression.

4.1 | Ovarian hormone receptor mechanisms

Upstream of structural and functional changes in the hippocampus,

any direct effects of the estrous cycle on hippocampal physiology

depend on the binding of ovarian hormones to their cognate recep-

tors expressed in hippocampal cells (Figure 3A). There are a variety of

these receptors expressed in the neurons and glia of the hippocam-

pus, including estrogen receptor alpha (ERα) and beta (ERβ),17 as well

as progesterone receptor isoforms PRa and PRb.13 Upon binding

estrogen or progesterone, these intracellular hormone receptors enter

the nucleus where they act as transcription factors, regulating the

expression of genes by binding to estrogen response elements (EREs)

or progesterone response elements (PREs) throughout the

genome109,110 (Figure 3A). In addition to these genomic effects, sex

steroid receptors such as ERα and ERβ can also integrate into the

membrane and trigger rapid effects through the activation of various

kinase pathways111–113 (Figure 3A). Several other membrane recep-

tors have also been identified which bind sex steroids and act through

similar rapid mechanisms, including G protein-coupled estrogen recep-

tor114 (GPER), progesterone receptor membrane-associated compo-

nents13 (PGRMCs) and the seven transmembrane domain

progesterone receptors13 (referred to broadly as membrane proges-

terone receptors (mPRs) (Figure 3A). In addition to rapid cellular

effects, activation of these membrane-associated receptors can also

cause indirect genomic effects which result from kinase pathways

activating other transcription factors, such as Egr1115 (Figure 3A).

4.2 | Dynamic neuronal gene expression across the
estrous cycle

Since the actions of ovarian hormones in the hippocampus are likely

to result in large part from changes in gene expression, studies have

explored whether the estrous cycle regulates the hippocampal tran-

scriptome. We and others have recently demonstrated significant

alterations in hippocampal gene expression that occur over the rodent

estrous cycle.3,116,117 Importantly, in the mouse ventral hippocampus,

we observed cyclic expression of more than a 100 genes implicated in

neuronal excitability, synaptic plasticity, and anxiety-related

behaviors,3 linking hormone-dependent gene expression to the

observed structural, functional and behavioral phenotypes across the

cycle. To more clearly represent the connection between gene expres-

sion dynamics and dynamic structural and behavioral alterations

across the estrous cycle, we select two genes as examples. One exam-

ple is the gene Dlk1 (encoding Delta like noncanonical notch ligand 1)

implicated in anxiety-related behavior.118 Dlk1 has been identified as

a transcriptional marker of the ventral hippocampus119 and its dele-

tion in male mice is sufficient to induce increased anxiety indices.118

However, in females, we see the expression of this gene naturally

cycling in the ventral hippocampus, reaching low levels in the low-

estrogenic diestrus phase when we observe higher anxiety-like behav-

ior.3 We also observed changes in expression of genes related to den-

dritic spine regulation, including our second example the Ptprt gene

6 of 14 ROCKS AND KUNDAKOVIC
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(encoding protein tyrosine phosphatase, receptor type T).120 The

functional role of Ptprt in dendritic spine regulation has been estab-

lished in cultured hippocampal neurons, in which an overexpression of

Ptprt increases dendritic spine density and the number of synapses,

while knockdown of Ptprt results in a decreased number of dendritic

spines and reduced synapse formation.120 Consistent with this, across

the estrous cycle, Ptprt reaches its highest expression levels as estro-

gen levels peak during proestrus, corresponding to the peak in den-

dritic spine density observed during this phase.3 In summary, cycling

ovarian hormones affect hippocampal expression of genes implicated

in structural120 and behavioral118 changes that we and others have

observed over the estrous cycle,3 providing a link between the molec-

ular actions of ovarian hormones and their dynamic effects at the

structural and behavioral level. However, it is of critical interest to

understand the molecular mechanisms that underlie cyclic changes in

gene expression induced by ovarian hormones, which will be

addressed in the following section.

4.3 | Dynamic epigenetic regulation in
hippocampal neurons across the estrous cycle

We recently implicated an epigenetic mechanism, the dynamic

reorganization of chromatin, in neuronal gene regulation across the

estrous cycle.3,36 Chromatin is the dynamic structure, including DNA

and its associated proteins (mostly histones), which can undergo

conformation changes through various mechanisms to regulate gene

expression121 (Figure 3B). Accessible or open chromatin structure

within gene regulatory regions, such as promoters and enhancers,

promotes the binding of transcription factors and gene activation,

while closed chromatin configuration is not permissive for transcrip-

tion.121 In addition to local accessibility (1D chromatin, Figure 3B),

chromatin conformation includes complex three-dimensional

(3D) arrangements122 (3D chromatin, Figure 3B). Features of 3D chro-

matin that can affect gene expression include chromosome compart-

ments, chromatin CCCTC-binding factor (CTCF) loops, and enhancer-

promoter (E-P) interactions, which allow interactions of genes with

their distant cis-regulatory elements regulating transcription.122

In dividing cancer cell lines, it has been known for a long time that

changes in chromatin are an important feature of the genomic effects

of ovarian hormones.123–125 However, we recently demonstrated that

features of both 1D and 3D chromatin are dynamically regulated by

the estrous cycle in postmitotic neurons of the ventral hippocam-

pus.3,36 To profile changes in 1D chromatin (Figure 3B) we performed

the assay for transposase-accessible chromatin using sequencing

(ATAC-seq), a procedure that involves sequencing of DNA enriched

from accessible chromatin,126 on ventral hippocampal neurons from

proestrus and diestrus female mice. Strikingly, we found that approxi-

mately 30% of the profiled genomic regions change chromatin acces-

sibility across the estrous cycle and these regions are enriched nearby

genes critical for neuronal function.3 For example, pathway analysis

indicated estrous cycle-driven chromatin changes occurring near

F IGURE 3 Molecular mechanisms underlying ovarian hormone actions in the hippocampus. (A) A schematic showing, in the cell body of
hippocampal neurons, ovarian hormones acting through membrane or intracellular receptors, whose actions converge in the nucleus where both
pathways can elicit genomic effects. (B) In the nucleus, chromatin acquires 3D structure that includes chromatin loops. Differential loops and
other 3D chromatin interactions over the estrous cycle exhibit enrichment of estrogen response elements (EREs)36 (implicating the nuclear
estrogen receptor [ER] in 3D chromatin regulation). On the level of 1D chromatin, regions which gain accessibility during the proestrus phase are
enriched for Egr1 binding sites (implicating the membrane ER) and are proximal to genes important for neuronal function.3 GPER, G protein-
coupled estrogen receptor; mPR, membrane progesterone receptor; PGRMCs, progesterone receptor membrane-associated components; PR,
progesterone receptor.

ROCKS AND KUNDAKOVIC 7 of 14

 13652826, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jne.13216 by A

lbert E
instein C

lg O
f M

ed, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



genes involved in synaptic plasticity, and, importantly, serotonergic

signaling, which has been strongly linked to anxiety-related behaviors

in rodents.127,128 The two genes mentioned previously, Dlk1 and

Ptprt, both show increased chromatin accessibility in their putative

regulatory regions during proestrus, when expression of these genes

is high, compared to diestrus, when their expression is low.3 The rising

of estrogen, therefore, promotes chromatin opening and transcription

in a dynamic fashion, for these genes.

To profile changes in 3D chromatin (Figure 3B), we performed the

unbiased chromosome conformation capture (Hi-C) assay, which

involves sequencing DNA regions that are proximal in physical space,129

on ventral hippocampal neurons from these same groups. We demon-

strated that the estrous cycle can dynamically alter 3D chromatin at all

levels of organization and impact gene expression.36 For instance, we

observed that anxiety-related genes such as Htr2c (encoding the seroto-

nin receptor 2c),130 and Adcyap1 (encoding pituitary adenylate cyclase

activating polypeptide)131 have differential 3D interactions in ventral

hippocampal neurons between diestrus and proestrus females which

are associated with changes in gene expression.36 Proestrus-specific 3D

chromatin changes are partially recreated by estrogen replacement in

OVX female mice,36 confirming the role of estrogen fluctuation in the

dynamic chromatin organization across the estrous cycle.

Together, these findings indicate that sex hormone-driven chro-

matin dynamics regulates gene expression in ventral hippocampal

neurons, underlying synaptic and behavioral plasticity across the

estrous cycle.

4.4 | Chromatin dynamics as a broader feature of
the “cycling neuron”

As described above, chromatin (re)organization is a dynamic process that

is typically involved in transcriptional regulation across organs and cell

types including hippocampal neurons.3,36,121 Dynamic chromatin regula-

tion is with no doubt critically important for the regulation of female brain

function since, in addition to changes in chromatin organization

(as demonstrated by ATAC-seq and Hi-C), we also observed changes in

the expression of chromatin remodeling factors (identified by RNA-seq),

across the estrous cycle.3,36 However, there are many genes that exhibit

cycling chromatin states without changes in gene expression, suggesting

that chromatin reorganization is involved in other regulatory functions in

the female brain, beyond the control of transcriptional initiation. As an

example, there are more than 2000 differential E-P interactions across

the estrous cycle, but only 10% of differentially expressed genes exhibit

changes in E-P interactions.36 In the epigenetics field there is a phenome-

non of “epigenetic priming”, described in the areas of learning132 and

immunological memory,133 where epigenomic changes were shown to

precede changes in gene expression requiring another stimulus to be

expressed. Accordingly, we propose the model of “hormonal epigenetic

priming” where cycling hormones alter the neuronal epigenome but the

epigenomic changes are not necessarily translated into gene expression

changes unless there is another physiological (or pathological) stimulus.

Importantly, this molecular priming is consistent with female reproductive

physiology where many events across the reproductive cycle including

thickening of the uterus wall and likely brain structural changes are prepa-

ratory rather than functionally relevant events. Notably, the estrous

cycle-dependent E-P interactions are enriched for genes involved in neu-

rological disorders and serotonergic transmission and anxiety, providing a

possible molecular basis for hormonally-driven, female-specific vulnerabil-

ity for certain brain disorders such as anxiety and depression, which may

require another risk factor (or stimulus) such as stress to be expressed.

Finally, we would like to highlight the unusually high dynamics of the

3D genome organization of the X-chromosome across the estrous cycle.36

We found that �16% of the X-chromosome shows changes in Hi-C com-

partmental signal, typically associated with transcriptional activity,122 in

ventral hippocampal neurons of proestrus versus diestrus female mice.36

These chromatin changes are partially associated with gene expression

changes. We describe for the first time the estrous cycle-dependent “X-
escapee genes” in these neurons, which are X-linked genes that appear to

be biallelically expressed in only one stage of the estrous cycle (e.g., the

above mentioned Htr2c gene). In fact, our findings strongly indicate that

the inactive X (Xi) chromosome undergoes a partial decondensation and

increase in volume during the high estrogenic phase of the cycle.36 This is

important because hormone-induced Xi volume change may have a global

effect on cellular environment, affecting not only X-linked genes but also

the expression and function of autosomal genes.134

In summary, intensive chromatin dynamics appears to be an impor-

tant feature of “cycling hippocampal neurons”, undergoing cyclical expo-
sure to ovarian hormones, which extends beyond immediate, local

effects on gene regulation. Phenomena such as hormone-induced epige-

netic priming and X-chromosome plasticity are very intriguing, and are

possibly involved in cellular memory associated with cycling events. Fur-

ther research in this area is warranted as it may offer radically new

mechanistic insights into female-specific neuronal function with critical

implications for female physiology and disease risk.

4.5 | Linking epigenetic changes to receptor
mechanisms across the estrous cycle

As mentioned previously, sex hormones can elicit their effects

through either membrane or nuclear receptors, which, in both cases,

are likely to lead to changes in gene expression (Figure 3A). Although

more mechanistic studies will be required to fully delineate the contri-

bution of these two pathways to the chromatin and gene regulation

by ovarian hormones in hippocampal neurons across the cycle, analy-

sis of ATAC-seq and Hi-C datasets give some preliminary indications

about which pathways are at work.

Our ATAC-seq data indicate the involvement of membrane-

bound estrogen signaling in the regulation of chromatin accessibility

and gene expression across the estrous cycle (Figure 3A). Motif analy-

sis of genomic regions specifically open in proestrus (closed in dies-

trus) showed the enrichment for binding sites of Egr1 and several

other transcription factors, but not the enrichment of EREs, implicat-

ing the membrane ER in estrogen-induced chromatin opening and

gene expression (Figure 3B). We were able to confirm the localization
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of ERβ to the membrane in ventral hippocampal neurons3 (Figure 3A).

Interestingly, the expression of Egr1 is responsive to estrogen level

changes, reaching its highest expression in proestrus when we see

increased accessibility of Egr1 binding sites and increased expression of

genes enriched for the Egr1 motif.3 Indeed, previously mentioned

example genes, Dlk1 and Ptprt, with elevated expression during proes-

trus, contain Egr1 binding sites within their putative regulatory regions

which gain chromatin accessibility during the high-estrogenic proestrus

phase. The model here implies that rising estrogen levels during proes-

trus would activate membrane-bound ERs, leading to downstream acti-

vation and binding of Egr1, chromatin opening and transcriptional

activation of the Egr1 target genes such as Dlk1 and Ptprt (Figure 3A).

Since immediate early gene products such as Egr1 were recently

revealed as initiators of chromatin opening in neurons,135,136 we pro-

pose that Egr1 is a candidate estrogen-dependent regulator of chroma-

tin and gene expression in the ventral hippocampus across the estrous

cycle. Egr1 was also suggested as a regulator of the estrous cycle-driven

gene expression in the prefrontal cortex,137 indicating a potential

shared mechanism for the effects of cycling ovarian hormones on chro-

matin and gene regulation across brain regions.

Intriguingly, motif analysis of Hi-C data identified the enrichment

of EREs in estrous cycle-dependent 3D chromatin changes consis-

tently, across all levels of higher order chromatin organization36

(Figure 3B). We also find ERα localizing in the nucleus of ventral hip-

pocampal neurons, indicating that nuclear ERα is involved in mediating

estrogen-driven changes in 3D genome organization36 (Figure 3A),

consistent with earlier studies performed in breast cancer cells.123,124

Together, these analyses suggest a cooperative role of membrane-

bound and nuclear ER signaling in estrogen's effects on chromatin

organization in ventral hippocampal neurons (Figure 3A,B).

The work discussed here provides a framework for understanding

the molecular mechanisms underlying the dynamic effects of the

estrous cycle on the hippocampus-based structural and behavioral

phenotypes. In the ventral hippocampus, for example, our data sup-

ports a model in which estrogen, acting through both nuclear and

membrane pathways, triggers a neuronal transcriptional program dur-

ing proestrus that affects genes implicated in the cellular and behav-

ioral phenotypes associated with the proestrus state (Figure 3). This

transcriptional program involves altered levels and activity of tran-

scription factors, such as Egr1 and ERs, which can affect transcription

by binding gene enhancer and promoter regions and through initiating

changes in 1D and 3D chromatin organization. While the studies dis-

cussed so far provide important insights into the mechanisms through

which cycling ovarian hormones affect the hippocampus across the

estrous cycle, there are still many questions that need to be

addressed. We will discuss these questions in the next section.

5 | FUTURE DIRECTIONS

Despite significant recent progress, many details surrounding the

actions of cycling ovarian hormones in the hippocampus are still

unknown and below we provide several future directions for the field.

First, we need to provide a stronger functional link between

hormone-induced chromatin dynamics and structural and behavioral

changes across the estrous cycle. We can do this: (i) by using a classic

hormone replacement approach (with which we already confirmed

estrogen's role in neuronal 3D genome organization and anxiety-

related behavior36); or (ii) by genetically manipulating our candidate

hormone-driven chromatin regulators (e.g., Egr1), as a novel approach

to model the estrous cycle stage-specific transcriptional program(s).

Second, while described genomic assays were performed with cell

type-specific resolution, using purified neurons,3,36 leveraging single-

cell sequencing methods will help us further dissect cellular subtypes

and neuronal clusters in the hippocampus that are responsive to

cycling hormones and possible drivers of cyclic changes in chromatin

and behavior across the estrous cycle.

Further, to determine the relative contributions of different hor-

mone receptor isoforms, and the contributions of nuclear or

membrane-bound pathways, future studies should take advantage of

specific hormone receptor agonists and antagonists, receptor knock-

out animal models, as well as bovine serum albumin (BSA)-bound hor-

mones that are impermeable to the cell membrane, coupled with

behavioral, cellular, and molecular assays.

Additionally, much of the work described here has focused on the

role of estradiol, and future studies should aim to further elucidate

the role of progesterone and its metabolites, solely and in combina-

tion with estrogen, on hippocampal function. Of note, in the cases

where it is necessary to use OVX females and administer hormones,

researchers should always be aware of ovariectomy-induced adapta-

tions and dose-dependent effects of hormones and work within the

naturalistic context of the estrous cycle whenever possible.

Last but not least, furthering our studies on the above-discussed

hormonal epigenetic priming and hormone-induced plasticity of the X

chromosome may lead to exciting new discoveries with important

implications for both basic neuroscience and clinical research.

In summary, the findings described here establish an exciting new

field of dynamic, sex hormone-driven gene regulation in the female

brain, with important implications for women's health as we will dis-

cuss in the following section.

6 | THE TRANSLATIONAL VALUE OF THE
ESTROUS CYCLE STUDIES FOR
UNDERSTANDING HUMAN BRAIN
PHYSIOLOGY AND DISEASE RISK

As mentioned previously, hormonal profiles of the estrous and men-

strual cycle are very similar (Figure 1A). In general, these hormonal

cycles have the same role in the human and the mouse reproductive

function. It is, therefore, not surprising that, regardless of stark differ-

ences in complexity, fluctuating ovarian hormones induce comparable

changes in brain structure and behavior between humans and mice.

For instance, multiple studies have reported changes in hippocampal

gray matter across the menstrual cycle in humans,138–141 with gray

matter increase typically following increased estrogen levels.140 In

ROCKS AND KUNDAKOVIC 9 of 14

 13652826, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jne.13216 by A

lbert E
instein C

lg O
f M

ed, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



addition, both changes in emotion regulation142,143 and cognitive

function142 were reported as a function of the menstrual cycle

stage. There is also strong clinical evidence supporting the role of

fluctuating ovarian hormones in increased female risk for anxiety

and depression disorders, and we refer the reader to the recent

review article on this topic.144 Overall, comparable sex hormone-

induced brain dynamics between mice and humans, indicates that,

indeed, studying the estrous cycle can help us understand the

molecular mechanisms underlying the dynamic regulation of hippo-

campal physiology by fluctuating ovarian hormones in humans.

Most importantly, considering the comparable physiology, a mouse

model could, in this case, have a rare constructive validity for

studying the increased female risk for depression and anxiety dis-

orders induced by naturally-cycling ovarian hormones. As such,

combined mechanistic studies of the estrous cycle in mice with

translational studies of hormonally-induced risk in humans is likely

to reveal novel sex-specific targets for treatment.

7 | CONCLUSION

Here, we discussed dynamic changes in hippocampal physiology

occurring over the rodent estrous cycle. Cycling ovarian hormones

impact hippocampus-dependent behaviors, including indices of anxi-

ety and performance in learning and memory tasks. Changes in hippo-

campal structure and function, including dendritic spine density and

LTP, have been observed over the estrous cycle, providing a cellular

mechanism through which cyclical estrogen and progesterone can

impact hippocampus-dependent behaviors. Importantly, recent work

has implicated epigenetic mechanisms, namely dynamic chromatin

changes, in the hippocampus-based structural and behavioral effects

of ovarian hormones. Future studies will yield translationally-relevant

insights into the dynamic regulation of hippocampal physiology by

fluctuating ovarian hormones with important implications for the

health of women and other menstruating individuals across the

gender.
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