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© 2024 Herrera-Pérez, Hernández-Hernández,
Flores-Ramos, Cueto-Escobedo,
Rodrı́guez-Landa and Martı́nez-Mota. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 15 July 2024

DOI 10.3389/fpsyt.2024.1408878
The intersection between
menopause and depression:
overview of research using
animal models
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Menopausal women may experience symptoms of depression, sometimes even

progressing clinical depression requiring treatment to improve quality of life.

While varying levels of estrogen in perimenopause may contribute to an

increased biological vulnerability to mood disturbances, the effectiveness of

estrogen replacement therapy (ERT) in the relief of depressive symptoms

remains controversial. Menopausal depression has a complex, multifactorial

etiology, that has limited the identification of optimal treatment strategies for

the management of this psychiatric complaint. Nevertheless, clinical evidence

increasingly supports the notion that estrogen exerts neuroprotective effects on

brain structures related to mood regulation. Indeed, research using preclinical

animal models continues to improve our understanding of menopause and the

effectiveness of ERT and other substances at treating depression-like behaviors.

However, questions regarding the efficacy of ERT in perimenopause have been

raised. These questions may be answered by further investigation using specific

animal models of reduced ovarian function. This review compares and discusses

the advantages and pitfalls of different models emulating the menopausal stages

and their relationship with the onset of depressive-like signs, as well as the

efficacy and mechanisms of conventional and novel ERTs in treating depressive-

like behavior. Ovariectomized young rats, middle-to-old aged intact rats, and

females treated with reprotoxics have all been used as models of menopause,

with stages ranging from surgical menopause to perimenopause. Additionally,

this manuscript discusses the impact of organistic and therapeutic variables that

may improve or reduce the antidepressant response of females to ERT. Findings

from these models have revealed the complexity of the dynamic changes

occurring in brain function during menopausal transition, reinforcing the idea

that the best approach is timely intervention considering the opportunity

window, in addition to the careful selection of treatment according to the
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presence or absence of reproductive tissue. Additionally, data from animal

models has yielded evidence to support new promising estrogens that could

be considered as ERTs with antidepressant properties and actions in endocrine

situations in which traditional ERTs are not effective.
KEYWORDS

aging, perimenopause, estropause, ovarian hormones, accelerated ovarian failure,
middle age, ovariectomy, post-ovariectomy time frame
1 Introduction

There is significant epidemiological and clinical data to

unequivocally support the notion that women experience more

psychiatric problems, particularly mood and anxiety symptoms and

sleep disorders, at some point in their lives than men (1–3). It is also

known that for some women, this increased risk might be associated

with reproductive events, such as the premenstrual or postpartum

periods (4, 5), in which gonadal hormone levels drastically decrease,

resulting in consequences on neuronal excitability, brain metabolism,

and corticolimbic processing. Themenopausal transition, also termed

perimenopause, is defined as the phase in middle-age during which a

woman transitions from a reproductive to a non-reproductive period.

Perimenopause is characterized by sudden increases and decreases in

estrogen levels linked to the aging of ovaries, and the transition to a

non-reproductive life; this imbalance in the hormonemilieu produces

intense symptoms such as hot flushes, insomnia, irritability, and low

libido (6, 7). Fluctuations in estrogen levels during perimenopause

have also been linked to symptoms of depression, anxiety, and mild

cognitive complaints, which are particularly relevant in a subset of

middle-aged women with high sensitivity to extreme changes in

estrogen levels, as they might suffer from psychiatric disorders that

require treatment (4, 8, 9).

Natural menopause, that is, the last menstrual cycle, occurs

between 45-53 years in most women. At this age, women transition

out of the reproductive stage due to a drastic loss of ovulatory

function and cessation of menses. As antral ovarian follicles are

reduced, the levels of follicle-stimulating hormone (FSH) rise,

denoting the beginning of the menopausal transition. A group of

experts from the Stages of Reproductive Ageing Workshop

(STRAW) proposed the menstruation pattern as a better indicator

of the peri- and menopause stages, defining three stages as follows:

a) the early transition to menopause characterized by the

persistence of an irregular menstrual cycle, b) the late transition

to menopause characterized by a period of amenorrhea greater than

60 days in the last year, and c) early post-menopause, defined as the

interval of 12-24 months after the last menstruation (10). In terms

of endocrine aging, FSH increases in early perimenopause and post-

menopause with fluctuating levels; this hormone peaks before the
02
last menstruation and is associated with late perimenopause.

Perturbations in FSH release result in erratic levels of estradiol

(E2, the most abundant and potent estrogen produced by ovaries)

and progesterone, which gradually decline until relatively low and

stable concentrations are achieved (10). Notably, rapid fluctuations

in E2 levels may have implications for women’s mental health,

influencing factors such as the presence of depressive symptoms

during the transition to menopause (4).

The endocrine and neurobiological bases that underlie the

physiological and neuropsychiatric symptoms associated with the

transition to menopause have been investigated in animal models

that mimic the long-term effects of the absence of ovarian

hormones. Several aspects of natural and surgical menopause

appear to be similar between humans and other mammalian

species; however, other important characteristics may be species-

specific, thus limiting translational research (11). However, humans

and model animals show general similarities in hormone profiles

across menopausal transitions, with both showing the termination

of irregular cycles, declining fertility with age, changes in low- and

high-density lipoprotein cholesterol, a decline in serum

dehydroepiandrosterone, and alterations in temperature-

regulation systems (12). In addition, animal models respond

adequately to the beneficial effects of estrogen replacement

therapy (ERT), showed improvements in the alterations of bone

metabolism, lipid profiles, and cognitive changes. Interestingly, in

the long term, an increase in irritability, cognitive alterations,

deterioration of memory processes, as well as the onset of

anxiety- and depression-like behaviors have been observed in

model animals, all of which support their use in research to

understand the impact of the long-term absence of steroid

hormones in several organs, including the brain (13, 14). Thus,

the use of animal models can help to elucidate the mechanisms

involved in diseases and alterations during human menopause,

contributing to solving health problems at this physiological stage

in women. Additionally, these models allow us to understand the

physiological, endocrine, and neural mechanisms associated with

the menopausal transition, and to evaluate potential therapeutic

strategies to restore such alterations, which could contribute to

improving the quality of life of this group of women (15–17).
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1.1 Menopause and depression

Depression is the primary cause of the disability in women

worldwide producing a significant impairment of their normal

functioning and quality of life (1). Global studies have reported

that prevalence of depression in menopause women is 35.6% (95%

CI: 32.0–39.2%), ranging from 33.9% (95% CI: 27.8–40.0%) in

perimenopausal women to 34.9% (95% CI: 30.7–39.1%) in

postmenopausal women. These results come from studies with a

high degree of heterogeneity, highlighting that higher rates of

depression have been detected in the studies with poorer quality

and smaller sample size, which is a limitation for interpretation of the

findings (18). While multicentric cross-sectional studies have shown

contradictory results regarding the relationship between menopausal

status and higher rates of depression, longitudinal studies in women

aged 40-55 years old have identified relationships between the

naturally occurring endocrine changes in the menopausal transition

with mood disturbances. Increased vulnerability to depressive

symptoms has previously been reported in perimenopause with

odds ratios ranging from 1.33 to 1.79 in women with a history of

symptoms; this observation was replicated in women who previously

had mood complaints (19, 20), suggesting that menopause may

reduce the ability of women to cope with stressors, leading them to

experience a higher depression symptom burden. Interestingly,

structured evaluations applied to detect depression as a syndrome

in a small group of premenopausal women found that the rate of

depression doubled when women reached perimenopause, and

tripled in postmenopause, indicating that subsets of women may

suffer from more complex forms of depressive symptoms (8, 21).

Additionally, surgical menopause elicited by oophorectomy has been

associated with a higher risk of depression (22–24), as well as

augmented levels of anxiety (25), which are linked to an abrupt

reduction in sex steroid levels. Different studies have found that the

patient’s age at the time of surgery, the type of surgery (uni- or

bilateral), and additional extirpation of the uterus all modulate the

risk of depressive symptoms. Thus, women who were younger at the

time of surgery (25), in addition to women older than 51 years (26),

were both found to exhibit a higher risk of affective symptoms, while

an increased risk for depression (syndromic) and complaints in

general health are registered in women subjected to the extirpation

of the uterus and ovaries (27).

Symptoms of the climacteric period that are common among

menopausal women may contribute to discomfort and recurrence

of depressive symptoms (28, 29), such as hot flashes (found at a rate

of 60 to 89%) (5), or sleep alterations (experienced by 23 to 42% of

menopausal women) (30, 31). Psychological features in patients,

such as anxiety traits and neuroticism, may also contribute to an

increased vulnerability to depressive symptoms during

perimenopause (32), suggesting an interaction between

psychological and biological variables in resilience or vulnerability

to developing depressive symptoms during menopause.

1.1.1 Hypotheses to explain depression symptoms
or mood disorders in menopause

Several hypotheses have been proposed to explain the increase

in depression symptoms or mood disorders in menopause. At the
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neurological level, peri- and post-menopause have both been

associated with lower gray matter volume in several cortical

regions and subcortical structures (such as the hippocampus,

amygdala, and thalamus) that regulate emotions, concurrent with

a widespread loss of white matter in the major tracts

interconnecting the cerebral cortex and subcortical regions, as

well as hypometabolism in the parieto-temporal cortices (33).

Volumetric changes were further reported in a meta-analytic

review in which post-menopausal women (age 50-70 years old)

had lower hippocampal and amygdala volumes relative to

premenopausal women or men (34).

Variations in estrogen levels across perimenopause have been

considered as factors influencing the etiology of mood symptoms

(35). Estrogens play critical roles in modulating brain homeostasis,

neural plasticity, and neuroprotection. In the model of classic

actions of estrogens, these steroids were found to bind to the

estrogen cytoplasmic receptors of subtypes a (ER-a) and b (ER-

b), which are transported to the cell nucleus to stimulate

transcription, producing slow effects in different tissues. However,

estrogens also exert short-term effects mediated by non-traditional

rapid/non-genomic/membrane-initiated estrogen signaling in

different cell types, a mechanism mediated by calcium release and

protein kinases (36). Estrogens have further been found to be

involved in brain remodeling through the modulation spine

dendritic sprouting in areas predominantly associated with

cognition, anxiety, and mood, such as hippocampal formation,

cerebral cortex, lateral septum and amygdala (37–39), among

others. These steroids also participate in the synthesis, release,

and metabolism of neurotransmitters such as monoamines,

glutamate, acetylcholine, and GABA, and thus modulate neuronal

excitability. As a neuroprotector, E2 has been proven to reduce

NMDA excitotoxicity by influencing rapid actions mediated by

membrane receptors, as well as by increasing the transcription of

anti-apoptotic proteins by traditional intracellular mechanisms

(40). These oscillations in the concentrations of steroids and

neuropeptides impact serotonin and noradrenaline pathways

which underlie mood disorders in woman in the menopausal

transition or post-menopause; conversely, hormonal therapy in

perimenopausal transition decreases the transport and catabolism

of serotonin (41), and protects glucose metabolism in brain regions

such as the hippocampus, entorhinal cortex, medial temporal cortex

and posterior cingulate which have shown deterioration in women

without hormonal therapy (42).

In support of the estrogen hypothesis, studies have reported

that a longer duration of exposure to natural estrogens from the

menarche to menopause transition was significantly associated

with a reduced risk of depression in perimenopausal women,

while a similar result was found in women with a history of

prolonged use of oral contraceptives (43). Furthermore, women

with a history of perimenopausal depression who were treated

with E2 for three weeks, subsequently switching to placebo

treatment, experienced an increase in the severity of depression

symptoms; however, women with a history of depression that

remains in the E2 arm of the study, as well as women without a

history of depression in the arm with placebo, remained

asymptomatic (44).
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1.1.2 Use of hormone replaced therapy to relieve
depressive symptoms

In recent years, the life expectancy of the population has

increased, while psychiatric symptoms have been found to greatly

decrease the quality of life of women; as such, it is necessary to

develop treatments that relieve depression. Women experiencing

different health issues during menopause may favor estrogenic

hormone replacement therapy (HRT); however, in terms of mood

regulation or depression symptoms, double-blind clinical trials have

provided limited evidence regarding the efficacy of HRT in reducing

affective symptoms during menopause (45). However, HRT seems

to be more effective at reducing depressive symptoms in women in

the early transition to menopause than in those in the late transition

(46), thus strengthening the notion of an opportunity window for

therapeutic intervention. Evidence collected from prior clinical

studies have shown that methodological differences in aspects

such as the inclusion of participants with or without a depression

diagnosis (versus women with depression symptoms), or

conducting evaluations at different stages of perimenopause, may

contribute to a positive HRT response. Considering that the peri-

and post-menopause stages are associated with varying release of

estrogens and gonadotrophin levels in such a period, and

individuality in the response to hormones, it is not surprising to

find heterogeneity in the results of HRT with estrogens on

depression symptoms in menopause.

Traditional HRT may include either a single estrogen, a

combination of estrogens, or a combination of estrogens plus a

progestogen. This treatment has been recognized by some clinical

guides as a useful and effective therapy for the control of depressive

symptoms (with the limitations described above), or as an adjuvant

in the management of depression with antidepressant drugs (47).

New treatments for depression and anxiety symptoms during

menopause include synthetic estrogens, phytoestrogens, and

molecules derived from plants used in folk medicine, such as

flavonoids. The primary assessment of the efficacy and safety of

these therapeutic approaches, as well as the elucidation of their

mechanisms of action to induce antidepressant-like effects, have

predominantly been investigated in different animal models

of menopause.
2 Animal models for the study of HRT
and depression

In most mammalian species, females experience natural

reproductive senescence in mid- to late-life; however, most

species’ lifespans do not surpass their reproductive years.

However, currently, human females live one-third of their lives

after passing beyond the reproductive stage (48). Some aspects of

reproductive senescence are not readily accessible to humans; thus,

animal models are important tools for studying events occurring in

human menopause at multiple levels, including the organ, system,

cellular, molecular, and genomic levels. The endocrine and

neuroendocrine aspects of these model should resemble those of

human menopause to ensure translational validity. This will allow

the knowledge found in animal models to be translated to humans,
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human menopause and its therapeutic interventions, including the

discovery of new agents for HRT (49).

The use of non-human primates as animal models of

menopause is particularly useful because of their genetic,

physiological, behavioral, and reproductive similarities to humans;

however, these models are costly, and the study of reproductive

senescence in this model may require many years due to their long

lifespan. In this regard, rodents such as mice and rats have a short

lifespan of two to three-years, making them useful models to study

menopause, since rodent ovaries deteriorate with age. Rodent

models have been used to evaluate the effects of gonadal

hormones on various body systems, including developmental and

cognitive processes (48). Furthermore, the neurobiological features

of rodents make them excellent models for studying the expression

of stress-evoked responses, depressive-like behaviors (i.e., despair

and anhedonia), and other signs that often develop comorbid with

depression, such as anxiety and alert responses.

There are 3 types of menopausal models: intact aging (natural

menopause), surgical menopause or ovariectomy, and accelerated

ovarian failure (Figure 1). The choice of the animal model generally

depends on the study objectives.
2.1 The intact aging rat model (natural
reproductive senescence)

Humans and rats both follow similar stages of reproductive

senescence, transitioning from regular cycling to irregular cycling

to acyclicity. Further, they share multiple features and endocrine

changes, including a) a decline in follicles, b) irregular cycling and

steroid hormone fluctuations, and c) irregular fertility (50). In

rodents, the length of their estrous cycle starts to become irregular

at 8 months of age, indicating reproductive senescence, while at the

age of 21 months, rats do not show cyclic changes in serum E2,

progesterone, luteinizing hormone (LH), and FSH (51). The

reliability of these changes in laboratory rodents and similar

hormonal fluctuations in middle-aged rodents and women provides

a well-defined model of irregular cycles of human menopause (49).

One drawback of this model is that rodents do not present true

menopause, which is characterized by low to undetectable estrogen

levels. Instead, they undergo reproductive senescence, referred to as

‘estropause’, which is instead characterized by low but persistent

estrogen levels. Indeed, most aging rodents (60-70%) show a

spontaneous transition to a constant estrus, characterized by

sustained levels of E2 and low levels of progesterone that can last 10-

100 days (50, 51). Thus, aged animals (21 months) showed well-

developed ovarian follicles, but not corpora lutea, and further show

higher levels of hypothalamic GnRH, pituitary FSH, and prolactin

compared to estrus in 3-month-old cycling rats. Furthermore, pituitary

LH is significantly lower in old rats (52). The remaining 30-40% of

aging rodents transition from irregular cycling to anestrus

characterized by consistently low levels of E2, progesterone, LH, and

FSH (50, 51, 53); as such, these animals may represent a better model

of the human perimenopause to menopause transition. Although all

rodents enter a state of anestrus eventually, the period of constant
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estrus and anestrus may induce substantial differences in the rat brain

(49). Additionally, a pseudo-gestational state (permanent diestrus) has

also been described in aging rodents, as the ovaries of these animals

develop corpora lutea, which may be transitory, or last for the rest of

the rodent’s lifespan. Endocrinologically, this stage is characterized by

low E2 and FSH levels, but the considerable production of

progesterone (51, 53), a hormone that also induces permanent

changes in the brain of rodents.

Overall, it is clear that rodent aging is associated with

heterogeneous endocrine profiles, the least predominant being a

transition to anestrus, which better resembles the human

perimenopause-to-menopause transition. To increase the number

of animals in anestrus, one common strategy is to ovariectomize

rodents at an age when irregular cycles begin to develop, which

prevents the establishment of constant estrus and diestrus in aged

animals. However, this strategy introduces another variable that

would differentiate the model from human menopause, caused by

the loss of the ovaries, which are known to secrete hormones,

including testosterone and dehydroepiandrosterone (DHEA), in

menopausal women (54, 55).

2.1.1 Differences between human and
rodent senescence

Differences in reproductive senescence between humans and

rodents have been determined based on neuroendocrine

dissimilarities (Table 1). As women age, follicular reserves and

serum estrogen and progesterone levels gradually decrease. In
Frontiers in Psychiatry 05
contrast, in aging rats, as their ovaries retain follicles throughout

their lifespan, their estrogen levels do not decrease to undetectable

levels; thus, the persistent estrus state is caused by a slightly elevated

estrogen level, while the high progesterone levels in persistent

diestrus occur secondary to increased corpora lutea activity (53).

These data support the idea that the primary mechanism that

ultimately results in reproductive senescence in women is ovarian

follicle depletion, whereas in rats, it is an alteration in the

hypothalamic-pituitary-gonadal (HPG) axis (9).

Although the basic mechanism responsible for rodent

reproductive senescence differs from that of human menopause,

the aging rodent model can still be used to provide insights into the

general mechanisms or consequences of menopause.
2.2 Studies based on aged rat as a
menopause model for the study
of depression

Aged rats may be an ideal menopausal model to study the role

of ovarian hormones in the pathogenesis of depression and the

mechanisms underlying the antidepressant efficacy of drugs and

hormones. However, intact aged rats have been scarcely used for

this purpose because they show complex endocrine regulation,

resulting in the development several types of endocrine profiles,

as stated above. Thus, to prevent these different profiles,

ovariectomized aged rats are more frequently used.
A

B

C

FIGURE 1

Types of menopause rat models.
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2.2.1 Studies based on gonadally-intact aged
female rat

The few published studies using gonadally intact aged females

have provided limited information regarding the relationship

between ovarian hormones, menopause, and depression

symptoms; instead, these animals have been used to study the

novel mechanisms of anxiolytic or antidepressant actions of drugs

or E2. For example, one study showed that anxiety and depression

behavior in aged females (26 m.o.) were reduced by treatment with

a G protein-coupled estrogen receptor (GPER) agonist (G-1) which

also could increase intracellular ER-a and ER-b (56). Additionally,

one study evaluated the anxiolytic and antidepressant effects of

Cannabidiol in middle-aged intact rats (13 months old) exposed to

social isolation, finding that this drug reduced depressive and

anxiety behaviors induced by the stressor (57). Although

corticosterone has typically been associated with depressive

behaviors, recent data have suggested a putative antidepressant

effect of corticosterone (58). In this study, corticosterone was found

to exert mild antidepressant effects in aged intact female rats. These

data indicate an improvement in anxiolytic and antidepressant

behaviors; however, the mechanisms are not directly related to

endocrine changes associated with menopause.

In contrast to the anxiolytic and antidepressant effects observed

in intact aged rats, one study found no effects of E2 and prolame (a

synthetic estrogen) on anxious or depressive behavior in gonadally-

intact female rats coursing with irregular estrous cycles (14

months); however, when the aged rats were ovariectomized,

prolame exerted anxiolytic and antidepressant actions (59). Thus,
Frontiers in Psychiatry 06
to better understand the role of these hormones in depression and

its treatment, it would be useful to compare the endocrine statuses

of all animals. In this regard, one study evaluating the influence of

age (reproductive senescence) on the efficacy of fluoxetine in young,

middle-aged, and senescent rats in the metestrus/diestrus phase of

their estrous cycle found that as female rats aged, the antidepressant

effect of fluoxetine was reduced (60), suggesting that age-related

endocrine changes may reduce the efficacy of fluoxetine to alleviate

depressive behavior. Classic neuroendocrine studies have

demonstrated that the transition from the reproductive to non-

reproductive stages in rats alters the diurnal rhythm of

neurotransmitter release from the mesencephalic nuclei (61, 62),

suggesting that the estropause transition is associated with a

generalized alteration in neurotransmitter systems, such as those

relevant to the actions of antidepressant drugs.

2.2.2 Studies in ovariectomized aged female rats
Considering the endocrine complexity of aging females,

ovariectomized aged rats are most frequently used to study the

role of gonadal hormones in depressive-like behaviors, while several

hypotheses regarding the relationship between hormones (mainly

E2), depression, and the perimenopause-to-menopause transition

have been tested.

2.2.2.1 Ovariectomy induces depressive-like behaviors in
aged rats

To examine the effects of long-term ovarian hormone

deprivation on the development of depressive-like behaviors,

Sprague-Dawley rats were ovariectomized at 5 months of age,

four months later they were subjected to 6 weeks of chronic

unpredictable stress and tested in the forced swimming test (FST,

an animal model of depression) at 10 months of age. Overall, this

treatment increased depressive-like behavior in the FST and also

induced an anhedonic state. Long-term ovariectomy impaired the

negative feedback of the hypothalamus-pituitary-adrenal (HPA)

axis (57). These results suggest that ovarian hormones are relevant

for assessing the resilience to chronic unpredictable stress in aged

female rats, and that E2 restitution in ovariectomized aged rats may

confer resilience to stress and reduce depressive- or anxiety-

like behaviors.

2.2.2.2 E2 produces antidepressant-like effects in
aged rats

Prior research has shown that chronic E2 treatment (over 10

weeks), as well as vitamin D treatment, induces antidepressant

effects in ovariectomized middle-aged rats (12 months); both

compounds upregulate each other’s receptors and show

neuroprotective effects (63). In the chronic mild stress paradigm,

an animal model of anhedonia, a single injection of estradiol

valerate produced antidepressant-like actions in ovariectomized

middle-aged rats evaluated 3 weeks after surgery (64). It has also

been observed that ethinyl-estradiol (a synthetic analog of E2)

induces an antidepressant effect in middle-aged rats exposed to

FST one week after ovariectomy (63). In contrast with these studies,

data from our laboratory indicated that subacute (3 days) or chronic
TABLE 1 Key differences between rodent and human
reproductive senescence.

Women Female rats

Reproductive stage

Menstrual 28 days cycle. Estrous 4-5 days cycle.

Three phases/cycle:
Follicular, periovulatory
and luteal.

Four phases/cycle:
Metestrus, diestrus,
proestrus and estrus.

Similar ovarian hormone fluctuations.

Uterine lining is shed
via menstruation.

Uterine lining
is reabsorbed.

Reproductive
senescence

Appears at 45 – 55 years
of age.

Appears at 9 – 12
months of age.

Irregular cycles.

Decline in follicles.

Irregular ovarian hormone fluctuations.

Menopause: low to
undetectable levels of
estradiol and
progesterona, increased
levels of LH and FSH.

Estropause(persistent
estrus state): moderate
to high estradiol levels,
and moderate
progesterone, LH and
FSH levels.

Determined by complete
ovarian failure.

Determined by
deregulated

Hypothalamus-
Pituitary-Gonadal axis
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(26 days) E2 treatment failed to induce antidepressant effects in

middle-aged rats exposed to FST three weeks after ovariectomy;

however, in these studies, treatment with the synthetic estrogen

prolame effectively reduced depressive behavior (59, 65), indicating

that the antidepressant effects of estrogens may depend on the type

of estrogen.

2.2.2.3 Antidepressant-like effect of estrogen restitution
depends on timing of administration

It has been suggested that, the antidepressant-like effects of

estrogens observed in the ovariectomized aged female rat model

may depend on the time of treatment initiation. Indeed, there is

evidence to suggest that ethinyl-estradiol induces an antidepressant

effect in ovariectomized middle-aged rats (15 months) exposed to

the FST when administered at 1 week after ovariectomy, but not

after 3 weeks, suggesting that the administration of ethinyl-estradiol

is a crucial factor that contributes to its antidepressant-like effect

(63). The relevance of the time of hormone treatment after

ovariectomy in middle-aged rats has also been studied by other

groups; one study compared the effect of long-term versus short-

term post-ovariectomy E2 replacement and found that, in middle-

aged rats (20 months), one month of treatment immediately after

ovariectomy was more effective at reducing depressive behavior in

the FST than E2 treatment five months after surgery, suggesting that

a delay in hormone treatment reduces their favorable effects (66).

The importance of the delay in receiving an estrogen treatment was

recently studied in our laboratory, where experiments were

conducted in middle-aged ovariectomized rats; in this study, the

antidepressant effect of E2 or prolame (sub-acute treatment) was

evaluated 3, 8, 16 or 24 weeks after ovariectomy, with results

showing that E2 did not induce an effect at any post ovariectomy

time, in contrast, prolame had antidepressant effect only 3 weeks

after ovariectomy (63). In agreement with this finding, another

study found that ovariectomized middle-aged rats (12 months old)

that received an E2 capsule immediately after ovariectomy did not

show any reduction in depressive behavior when evaluated in the

FST after two weeks of treatment (67).

2.2.2.4 E2 synergizes with antidepressant drugs to
alleviate depressive-like behaviors

Some researchers have hypothesized that there is a synergistic

relationship between E2 and antidepressant drugs in the alleviation

of depression-like behavior. Indeed, one study reported that

ethinyl-estradiol synergized with citalopram (at non-effective

doses) to induce antidepressant effects in ovariectomized middle-

aged rats (15 months) one week after ovariectomy, as measured in

the FST (63). Another study showed that the combination of

ineffective doses of fluoxetine (1.25 mg/kg) and E2 (2.5 ug/rat)

reduced depressive behavior in aged rats (12-14 m.o.) exposed to

the FST, furthermore, the chronic treatment with the same

fluoxetine and E2 doses reversed the anhedonic state in middle-

aged rats exposed to the chronic mild stress paradigm (68). In

contrast, a single injection of a low dose of estradiol valerate (1 mg/

kg) failed to potentiate or shorten the latency of action of low doses

of chronic citalopram (5 mg/kg) (64). These data suggest that
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estrogen presentation and/or the type of SSRI may influence the

synergistic relationship between estrogens and SSRI to induce

antidepressant effects in middle-aged female rats.
2.3 Ovariectomy as a model of
surgical menopause

Natural menopause is a clinical term that indicates the end of

the reproductive period in women; however, a similar physiological

state can be induced by bilateral oophorectomy, which is commonly

referred to as surgical menopause. Both types of menopause in

women can cause low plasma and brain concentrations of E2,

progesterone, and other steroid hormones, as well as a marked

elevation of FSH concentrations. These changes can affect specific

brain neurotransmitter systems and peripheral physiological

processes, negatively affecting the quality of life (42). The long-

term absence of steroid hormones is associated with physiological

changes that predispose individuals to mood disorders such as

anxiety and depression, among others (42). In natural menopause,

such changes occur gradually, and require a long time to stabilize.

However, in surgical menopause, they are established over a shorter

period, thus influencing symptom severity (42, 69, 70).

In experimental animals, ovariectomy is commonly used to

evaluate the effects of gonadal hormonal deprivation, mainly

estrogens, and subsequent exogenous hormone treatments on the

brain and periphery. Rodent anatomy differs from that of humans;

for example, rodents have a bifurcated uterus called the uterine

horn (48), and the ovaries are located at the posterolateral poles of

the kidneys, each attached by a mesovarium to the dorsal body wall

of the abdominal cavity (71). The selection of the method for

ovariectomy is essential for the success of the surgery, particularly

when the number of animals is small, and the duration of the

experiment is short. In anesthetized rats, the ovaries can be removed

by three methods, as described below:
1. A single midline dorsal skin incision, 3 cm long, is made

between the middle of the back and the base of the tail. This

allows access to the peritoneal cavity, in which the ovary

can be observed surrounded by fat. Blood vessels must be

ligated to prevent bleeding, after which the connection

between the Fallopian tube and the uterine horn is cut,

the ovary is removed, and the incision is sutured;.

2. A single ventral transverse incision is made on the middle

part of the abdomen, further a small transverse peritoneal

incision of 0.4 to 0.6 cm is made with surgical scalpel blade

on the middle part of the abdomen slightly to the right,

immediately adjacent to the second right nipple of the rat.

After accessing the peritoneal cavity, the adipose tissue can

be pulled until the right uterine tube and the ovary

surrounded by a variable amount of fat can be identified

and exteriorized by gentle retraction. This procedure is

then repeated for the left ovary through the same incision.

The wound is then closed in two layers (muscle and skin)

using sterile sutures, the peritoneum and muscle with an
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Fron
absorbable suture , and the skin with a non-

absorbable suture;.

3. A double dorsolateral incision is made approximately 1 cm

long above the ovaries, with the use of dissecting scissors.

The skin is cut, allowing access to the dorsal muscles and

peritoneal cavity. Subsequently, the operation is performed

in the same manner as modality 1. The muscle incisions do

not require suturing, and skin wounds can be closed

bilaterally with a single catgut suture (72, 73). Full

recovery from ovariectomy can be achieved within one

week. The reported advantages of transverse incisions in

abdominal surgery include less pain and a low incidence of

hernia formation (72–74).
Experimental interventions occur either at the time of

ovariectomy or commence once E2 has reached a low to

undetectable level in the plasma, which typically occurs within 1-

2 weeks. Thus, estrogen can be administered after ovariectomy,

alone or in combination with other ovarian hormones, with

variations in the type of estrogen administered, dose, route of

administration, and treatment duration, while controlling for

interactions with endogenous steroid hormones since the ovaries

have been removed (48).

2.3.1 Ovariectomy induces depressive-like
behaviors in young adult rats

Preclinical studies have shown that ovariectomy in the

medium- and long-term reduces the plasma and brain

concentrations of steroid hormones and other molecules, which

can negatively impact brain function (75, 76). Similar to endocrine

changes in women, FSH levels increase with time following

ovariectomy in mice, and are higher at 4 weeks than at 1-2 weeks

(77). In contrast, progesterone and E2 levels are lower at 4 weeks

than at 1-2 weeks post-ovariectomy and reach undetectable levels at

3 and 15 months post-ovariectomy, respectively (77, 78). Notably,

these hormonal changes have been associated with an increase in

anxiety- and depression-like behaviors, which depend on the time

elapsed after ovariectomy, a phenomenon termed the ‘post-

ovariectomy timeframe’. Anxiety-like behavior was higher in rats

at 12 weeks than at 3 weeks post-ovariectomy (79); interestingly, no

significant changes on anxiety-like behavior with respect to rats in

proestrus-estrus and metestrus-diestrus phases were observed 1-

week post-ovariectomy; however, 3 weeks post-ovariectomy, high

anxiety-like behavior was detected in comparison with that of rats

in the proestrus-estrus phase. Similar levels of anxiety-like behavior

were detected in rats at 6, 9, 12, and 15 weeks post-ovariectomy

(80), which coincided with a reduction in E2 and progesterone

levels. Moreover, in the FST, an increase in total time of immobility

was detected 2 weeks post-ovariectomy (81), which is considered to

indicate a depressive-like state; however, this behavior was higher at

6 weeks post-ovariectomy in rats in the proestrus-estrus and

metestrus-diestrus phases, and was maintained at high but similar

levels in rats at 9, 12, and 15 weeks post-ovariectomy (14, 80).

Anxiety- and depression-like behaviors are associated with a

reduction in the number of Fos-immunoreactive cells in the
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lateral septal nucleus, a brain structure involved in the

physiopathology of affective disorders, as well as the therapeutic

effects of antidepressant drugs (82). It is important to mention that

changes in Fos immunoreactivity in lateral septum cells and

anxiety- and depression-like behaviors associated with long-term

ovariectomy in rats were reversed by E2 treatment (80), highlighting

the role of these limbic structures (and possibly their connections)

in the regulation of stress-linked affective-like behaviors in

individuals with depression associated with sex hormones.

2.3.2 E2 produces antidepressive-like effect in
ovariectomized young rats

As ovariectomy induces drastic changes in neuronal, metabolic,

and cardiovascular functions that emulate those shown by women

subjected to bilateral oophorectomy in our laboratory and many

others, we have used the ovariectomy model in young adult female

rodents to understand the effects of ERT on depression-like behaviors

and their underlying mechanisms (65, 83, 84). In investigations of the

antidepressant-like effects of hormonal agents, researchers have used

different tests to reveal behavioral and neurochemical disturbances

related to clinical depression. In this regard, FST mice and rats

eventually develop passive behavior (immobility) that reflects despair.

Hormones and drugs with antidepressant-like activity show reduced

immobility and increased active behavior (14, 85, 86). Ovariectomy

increases depressive behavior in young adult rats; however, E2
replacement at physiological levels can reduce this behavior (87).

Furthermore, studies using FST have confirmed that the

antidepressant effects of estrogen depend on the type of estrogen,

age, endocrine condition, and the initiation time of estrogen

replacement after the estrogenic decline (88), termed the post-

ovariectomy time frame. Clinical and preclinical studies have

determined that the variability in the response to ERT may be

partly due to a critical period or window of opportunity during

which ERT must be started to alleviate depressed mood (89, 90).

2.3.3 Antidepressant effect of estrogen depends
on timing of administration in young adult

Estrada-Camarena et al. (91) found that the immobility

behavior observed in young adult ovariectomized rats was

reduced by acute E2 treatment when applied one or three weeks

after surgery, but not after 12 weeks. In contrast, an acute treatment

with the synthetic compound 17a-ethynyl-estradiol induced

antidepressant-like actions even 12 weeks after ovariectomy,

suggesting that the physicochemical features and bioavailability of

each estrogen may modify their effectiveness as antidepressant

drugs in a particular time frame of hormone deprivation (92).

According to this notion, results obtained from our laboratory using

a synthetic estrogen program have indicated its potential to reduce

despair usefulness timeframes in which E2 is not further effective,

particularly in middle-aged rats (59, 65). Together, these findings

show that the antidepressant-like effects of estrogens in the model of

surgical menopause are modulated by variables such as age and

post-ovariectomy time frame, and the therapeutic potential of

estrogens such as ethinyl-estradiol and prolame has been revealed

in studies on the time frame of ovariectomy.
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1408878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Herrera-Pérez et al. 10.3389/fpsyt.2024.1408878
In this regard, the window of opportunity is related to the effects

of estrogen on the structure and function of brain regions that

regulate mood. One study carried out on rats ovariectomized with

long hormone deprivation frames at 9- and 15-months showed

increased dendritic spine density in the CA1 in response to E2,

whereas longer hormone deprivation frames (19 months) did not

(93). The loss of E2 efficacy in the 19-month post-ovariectomy

group could be attributed to the duration of E2 deprivation rather

than age, as old rats ovariectomized at 20 months of age responded

to E2 replacement one month after ovariectomy when the rats were

21 months old (93). While structural changes in the CA1 region can

be generalized to mood regulation, the behavioral results in the FST

with E2 are contradictory (65, 66). This situation opens the

opportunity to explore different aspects related to the HRT

treatment of depression in menopause, such as the interplay

between the post-ovariectomy time frame and different estrogen

treatments, the metabolism of synthetic estrogens with potential as

HRTs, and the role of additional brain areas or circuits involved in

menopausal depression.

Recent studies using an ovariectomized rat model have been

conducted to evaluate other substances with promising effects, thus

expanding the therapeutic possibilities for alleviating depression in

women (Table 2). In these studies, ovariectomized rodents treated

with antidepressant drugs such as maprotiline, hormones such as

progesterone and allopregnanolone, phytoestrogens like puerarin

and genistein, dietary isoflavones, and flavonoids such as chrysin

showed reduced depressive-like behavior (95–99) in the FST.

Interestingly, at 4-weeks post-ovariectomy, rats treated with

curcumin (100 mg/kg/4 weeks), a secondary metabolite extracted

from Curcuma longa, showed reductions in the production of

inflammatory cytokines and reestablished concentrations of

dopamine, serotonin, and noradrenaline in brain structures

related to depression (100). These beneficial effects were similar

to those produced by E2 (100 mg/kg) and the antidepressant drug

fluoxetine (20 mg/kg). Similar effects have been reported in 8–12

weeks post-ovariectomy rats treated with the flavonoid chrysin (1

mg/kg), which reduced the total time of immobility in the FST,

similar to 1 mg/kg progesterone and 1 mg/kg allopregnanolone

(96). These data show the utility of long-term ovariectomy on

understanding the neurobiological basis underlying the long-term

absence of ovarian hormones produced by ovariectomy and the

identification of potential therapeutic substances for the treatment

of depression symptoms associated with surgical menopause (14).

Although ovariectomy appears to be the easiest model for

conducting studies in rodents, this evidence demonstrates that

this condition courses with dynamic changes at the molecular,

cellular, and structural levels that modify the behavior and response

to different stimuli. Knowledge of these processes is critical for the

selection of a specific post-ovariectomy timeframe according to the

study objectives. Evidence suggests that such a process may reveal

or veil the effects of treatments, such as restitution with estrogens. In

addition, the ovariectomy model has some limitations because the

majority of women during the transition to menopause preserve

their reproductive system intact, which must be considered when

carrying out translational research. Second, the most common

model of ovariectomy is in young adult animals, which usually
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exhibit regular estrous cycles before extirpation of the ovaries,

suggesting important differences in the hormonal profile and

regulation of the HPG axis compared to aged gonadally intact

females. Finally, the age at which ovariectomy is performed and the

period of hormonal deprivation (post-ovariectomy time) in rodents

must be considered, as these factors may influence the sensitivity to

hormonal treatment.
2.4 Accelerated ovarian failure as a model
of menopause

Although they show great utility, the aged rat and ovariectomy

models were unable to replicate all of the features of the transition

to menopause experienced by middle-aged women. For example,

the aged rat model does not allow the dissociation of the alterations

related to the transition from those due to aging, whereas the

ovariectomy model prevents females from gradually reducing

ovarian function, as it favors the abrupt depletion of estrogens.

This situation has generated an urgency to develop more adequate

models that emulate the neuroendocrine changes and health risks

linked to perimenopause. Certain classes of substances have been

shown to produce early ovarian failure in women (101). One such

compound is 4-vinyl cyclohexene diepoxide (VCD), a metabolite of

4-vinyl cyclohexene (VHC), used in the industrial production of

diepoxides and epoxy resins. VCD is an organic volatile compound

with alkylating properties that appears to be more potent than its

parent compound in producing ovotoxic effects, suggesting that this

metabolite is the active form of VHC (101). Two long-term studies

have identified that both toxicants induced ovarian and uterine

atrophy, accompanied by the loss of ovarian follicles and corpora

lutea in female mice, indicating that infertility may occur as a result

of the rapid exhaustion of primordial follicles. Notably, these studies

identified that rats are sensitive to VCD, but not to VHC, which

suggests that differences between species are probably associated

with their metabolism (102).

It has previously been shown that VCD favors atresia of the

primordial and primary follicles through the activation of apoptotic

pathways involving the Bcl-2 family and caspase-3, as well as the

mitogen activated protein kinase family (103, 104). Furthermore,

studies using culture of ovaries of rats at 4PND, which are rich in

primordial and primary follicles, identified that the KITLG

neurotrophic factor reduced the ovotoxicity of VCD, which binds

to its oocyte-associated receptor KIT, stimulating downstream

signaling, whose function is oocyte growth and follicle survival. In

vitro assays have further demonstrated that VCD directly inhibits

autophosphorylation of the KIT receptor located on the plasma

membrane of the oocyte, interfering with this signaling and

producing atresia (105, 106).

2.4.1 Ovarian failure induced by VCD in
female rodents

The most common treatment for ovarian failure in mice and

rats is the intraperitoneal administration of VCD at doses ranging

from to 80-160 mg/kg, over at least 15 days (107, 108). Depending

on the dose and duration of VCD treatment, lengthening of the
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TABLE 2 Effects of timing post-ovariectomy and some pharmacological treatments on depression-like behaviors in mice and rats.

Animal/
Weeks
post-OVX

Effect of OVX on depres-
sion-like behavior / Test

Evaluated
substance

Dosage Treatment effect Reference

Effect of several weeks post ovariectomy on depression-like behavior

C57BL/6 mice / 2 No effect / CUS+FST – – – Lagunas
et al., 2010

C57BL/6 mice / 2 No effect / FST
Increases / TST

-
-

-
-

-
-

Carrier et al., 2015

Wistar rats / 1, 3 No effect / FST – – – Puga-Olguıń et al.,
2019 (80)

Wistar rats / 8 No effect / FST – – – Dornellas
et al., 2018

Wistar rats / 12, 60 No effect / FST – – – de Chaves et al.,
2009 (78)

Wistar rats / 6, 9,
12, 15

Increases / FST – – – Puga-Olguıń et al.,
2019 (80)

C57BL/6 mice / 16 Increases / CUMS+FST – – – Lagunas
et al., 2010

Effect of several hormones and other substances on depression-like behavior

C57BL/6 mice /1-2 No effect / TST Progesterone 10 mg/kg Reduces depression-
like behavior

Frye, 2011

Wistar rats / 2 Increases / FST 17b-estradiol
Phytoestrogen genistein

0.5 mg/rat/2 weeks
10 mg/kg/2 weeks

Reduces depression-
like behavior

Sapronov and
Kasakova, 2008

Wistar rats / 3 Increases / FST 17b-estradiol
Ethinyl-estradiol

5 and 10 mg/rat 2.5
and 5 mg/rat

Reduces depression-
like behavior

Estrada-Camarena
et al., 2003 (94)

Wistar rats / 3 Increases / FST Ethinyl-estradiol 5 mg/rat Reduces depression-
like behavior

Vega-Rivera
et al., 2013

Wistar rats / 2 No effect / FST Progesterone 0.8, 1.6, and 3.0
mg/kg

Reduces depression-
like behavior

Martıńez-Mota
et al., 1999

Wistar rats / 2 Increases / FST 17b-
estradiol maprotiline

0.3, 1 and 3 mg/rat
0.6 mg/rat

Reduces depression-
like behavior

Okada et al.,
1997 (95)

Wistar rats / 2 Increases / FST Progesterone,
allopregnanolone,
and chrysin

1 mg/kg Reduces depression-
like behavior

Cueto-Escobedo
et al., 2020 (96)

Wistar rats / 7 Increases / FST 17b-estradiol 150 mg/rat/week Reduces depression-
like behavior

Diz-Chaves
et al., 2012

Wistar rats / 8 Increases / FST 17b-estradiol 0.09 mg/kg Reduces depression-
like behavior

Puga-Olguıń et al.,
2019 (80)

Wistar rats / 8 Increases / FST Progesterone 0.5, 1 and 2 mg/kg Only 1 and 2 mg/kg P reduce
depression-like behavior

Rodrıǵuez-Landa
et al., 2020 (97)

ICR mice / 8 Increases / FST
Increases / TST

Phytoestrogen puerarin 1 mg/kg E2 and 100
mg/kg

Both treatments reduce
depression-like behavior

Tantipongpiradet
et al., 2019 (98)

Wistar rats / 8 Increases / FST Progesterone 5 mg/kg Reduces depression-
like behavior

Rodrıǵuez-Landa
et al., 2020 (97)

Wistar rats / 9 Increases / FST 17b-estradiol 25 mg/day/6 weeks Reduces depression-
like behavior

Khayum et al.,
2020 (99)

Wistar rats / 12 No effect / FST 17b-estradiol 0.25 mg/rat No effect Boldarine
et al., 2019

Sprague-Dawley / 4 Increases / FST 17b-estradiol +
dietary isoflavones

0.25 mg/kg/2 weeks Reduces depression-
like behavior

Russell et al., 2017
F
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Behavioral test used to evaluate the effect of ovariectomy and drugs: CUS, chronic unpredictable stress; FST, forced swim test; TST, tail suspension test. OVX, ovariectomy.
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estrous cycle may be observed, accompanied by fluctuating levels of

E2, which, after a certain time, tend to decrease, while the levels of

LH/FSH increase (109, 110). Interestingly, ovarian failure is elicited

before an increase in gonadotropins can detected, confirming that

the primary target of VCD is the ovaries (104, 108). A VCD-

induced menopause model in rats has been recently explored, with

longitudinal studies identifying an endocrine pattern similar to that

experienced in women in perimenopausal transition. To

summarize, at 100 days after treatment, VCD produced low levels

of progesterone and anti-Mullerian hormone, reduced levels of

androgens, no changes or increased levels of E2, and no changes in

FSH and corticosterone levels (111). Changes in gonadal and

pituitary hormones related to follicle depletion may account for

the abnormalities in the behavior of rats evaluated using different

tests of depressive-like behavior.

Studies in juvenile (usually postnatal day [PND] 28) female mice

and rats have demonstrated that repeated doses of VCD administered

over a longer period are necessary to induce the complete loss of

reproductive capacity; females showed a significant reduction in

primordial and primary follicles after treatment for 10 days, while

all primordial and primary follicles were lost after a treatment of 20

days (107). In turn, doses administered over long periods also

significantly reduced the onset of ovarian failure from 135 days

post-treatment to 52 days post-treatment (107). This generates a

significant reduction of time in the establishment of a menopause-like

stage, relative to natural decline of ovarian function in middle-aged

females. In addition, the identification of different stages of

menopause (pre-, peri-, and post-menopause) in the model of

VCD-induced ovarian failure would allow the characterization of

neurobehavioral disturbances and their associated mechanisms at

specific points in time, which is a frequent limitation of studies

enrolling women. A possible restriction in the interpretation of the

results is that natural estropause occurs at older ages, mainly in rats;

hence, the earlier onset of ovarian failure induced by VCD appears to

be indicative of the induction of premature or precocious menopause.

Interestingly, recent reports have described that VCD can also

induce ovarian failure in adult and middle-aged females (48, 109,

112), which strengthens the validity of VCD administration in

modeling menopause.

2.4.2 VCD-induced ovarian failure is related to
depressive-like behaviors in rodents

In support of the notion of the existence of perimenopausal

stage in the VCD model, mice treated with VCD developed

abnormalities in the locomotion in the open field test, showing

reductions in the time spent in the center and the distance traveled

in the open field, which is indicative of high levels of anxiety. These

females also showed high levels of corticosterone after exposure to

the test and relative to the controls without VCD (113), revealing a

facilitation in the HPA axis in peri-estropausal females in

challenging conditions. Another study was designed to evaluate

the time course of neurobehavioral disturbances in mice at 20, 35,

and 52 days after treatment with VCD. A time-response effect was

detected in the expression of depression-like behavior in the tail

suspension test; females had higher levels of immobility for 35 days
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post VCD treatment, an effect that was maintained at 52 days post

VCD treatment. In turn, high anxiety levels in the plus maze test

were observed at 20 days post-VCD treatment relative to the

control, gradually reducing to lower levels at 52 days post-

treatment. Alterations in sleep were also observed in VCD-treated

females, showing a reduction in REM sleep during the inactive and

active periods. In these females, a remarkable reduction in the

percentage of time spent in proestrus manifested mainly at 52 days

post-VCD treatment, together with a decrease in ovarian and

uterine indices (110). Similar to mice, a transversal study in rats

treated with VCD showed that females exhibited a lower number of

entries into the open arms of the elevated plus maze relative to

controls, and increased time in the corner of an open field test,

expressed in a consistent manner, and increased anxiety-like

behavior in different tests (112, 114). Altogether, these findings

strengthen the idea that VCDmodel rodents display set of signs that

emulate menopausal mood symptoms.

Healthy cognitive systems are required to face daily life events.

Hence, alterations in cognition may represent a challenge for women

transitioning tomenopause, increasing the risk of developing affective

disorders. One study designed to induce follicular failure in middle-

aged rats showed that females experienced an impairment of working

memory that started in the early transition, which was amplified in

mid- and post-follicular depletion. This observation attributed to

reproductive perturbations rather than aging, as untreated age-

matched controls did not exhibit cognitive failures (49).

Longitudinal evaluation of these females revealed that in the post-

follicular condition, middle-aged rats retained the impairment of

working memory relative to younger VCD-treated animals,

suggesting additive effects between age and ovarian failure on

hippocampal-dependent memories. Interestingly, cognitive

flexibility is not affected in younger or older females (49),

indicating that some cognitive domains are more affected by the

interruption of ovarian function than others. The results also implied

that the different stages of transition to a non-reproductive stage had

an impact on the severity of neurobehavioral disturbances.

With due caution, these abovementioned signs observed in

VCD-treated females may support the notion of a causal

relationship between the cessation of ovarian function and the

cognitive, neurobehavioral, and mood symptoms experienced by

women undergoing menopause.

2.4.3 Effect of E2 in the depressive-like behaviors
induced by VCD

Studies in rats have shown that HRT can reduce depression-like

signs in females with ovarian failure. For example, middle-aged

VCD rats (11-12 months-old) were treated for 21 days with E2 plus

levonorgestrel, with results showing that this treatment regimen

improved the entry of females to the center of an open field,

indicating a reduction in anxiety, while combinations of E2 plus

levonorgestrel and E2 plus progesterone were effective in reducing

immobility behavior in the FST, denoting antidepressant-like effects

(114). In addition, the cognitive evaluation of middle-aged VCD

rats showed divergent results related to the E2 treatment schedule.

Tonic administration of E2 via an osmotic pump over 12 days
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improved learning in 11-to 12-month-old rats (115); however, daily

E2 injections were ineffective at improving learning in the water

maze (114). The combination of E2 and levonorgestrel, but not E2
plus progesterone, was found to improve learning relative to vehicle,

E2, progesterone, or levonorgestrel alone (114). These results

indicate the important additive effects of estradiol and

levonorgestrel in the treatment of depressive-like signs and

cognitive symptoms in menopause. Levonorgestrel, a synthetic

progestin, is a 19-nortestosterone derivative used in emergency

contraception. Similar to progesterone, levonorgestrel exerts a

significant androgenic activity (116), which may account for the

behavioral differences detected in middle-aged females with ovarian

failure. Altogether, these findings suggest that some hormone

combinations used in menopausal hormone restitution may be

more successful in managing affective symptoms in women with

follicle-depleted ovaries than in those with surgical menopause.

2.4.4 Effect of E2 in brain targets in the model
of VCD

E2 interacts with the serotonergic system through several

pathways to modulate depression (117). In the VCD model,

ovarian failure was found to be related to the reduced expression of

ER-b mRNA and tryptophan hydroxylase (TPH) immunoreactivity

in the dorsal raphe nucleus (DRN), as well as low levels of serotonin

in dorsal hippocampus, which were increased with a treatment of E2
(21 days, pellet implant) (118). One study further analyzed the

changes in the CA1 hippocampal region in VCD-treated mice,

which showed a reduced number of spines and terminals

expressing ER-a with respect to the controls treated with the

vehicle (119). ER-a is critical in the rapid regulation of NMDA

receptors to facilitate neuroplasticity and neuroadaptation to

environmental changes. Indeed, one study demonstrated that VCD

reduced the serum levels of E2 and progesterone in follicle-depleted

female mice, as well as serotonin synthesis in the DRN and the

number of fibers arriving at the basolateral amygdala (120). These

changes were accompanied by the facilitation of long-term

potentiation mediated by glutamate release in the amygdala, which

was restored to normal levels following treatment with E2 (120). It

would be interesting to investigate the effect of a combination of E2
with progesterone and levonorgestrel, or even the effect of new

estrogens proposed to regulate depression in menopause, serotonin

levels, and ER in brain structures related to depression and

mood regulation. Finally, questions regarding whether different

estrogens in combination with antidepressant drugs are effective in

reducing depression in females with accelerated ovarian failure

remain unanswered.
3 Discussion

Preclinical studies have shown that the antidepressant-like

effects of different estrogen treatments may vary depending on

the animal model of menopause used in the investigation. The most

consistent findings on the therapeutic potential of estrogens in

depression have been found in the ovariectomized rat model, with

E2, estradiol valerate, ethinyl estradiol, and prolame (63, 68, 84, 94).
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These effects were found independent of female age, as rats ranging

from 2.5 to 15 months of age showed a response to estrogens

including a reduction in despair or anhedonia. Preclinical studies

have further suggested that factors such as the post-ovariectomy

timeframe and timing of treatment may improve or limit the

effectiveness of estrogen treatments in the middle-aged

population (14, 63, 65–67, 80).

Notably, the model of the natural transition to estropause in

middle-aged females is challenging in the sense that it produces

greater variability in the antidepressant-like effect of estrogens, and

may even cancel the actions of these treatments (59). Middle-aged

intact females have several characteristic endocrine features, such as

high and low serum levels of E2, low-to-moderate but persistent

levels of progesterone, and low levels of androgens (121); estrogens

and progesterone act coordinately through the ER and progesterone

receptors, respectively, to regulate brain homeostasis in young

cycling females. However, these cyclic changes in progesterone

levels are lost in middle-aged females (121), suggesting that

sustained levels of this steroid may alter the effects of estrogen on

brain function. Varying levels of E2 can affect the distribution of

intracellular and membrane estrogen receptors in the hippocampus

of female rats (122), and these changes may interfere with the ability

of estrogen treatment to alleviate depression. Interestingly, residual

ovaries in gonadally-intact aged and VCD-treated females retain the

synthesis of androgens (i.e., androstenedione), which are not

present in ovariectomized females (109, 115), indicating the

presence of a hormonal profile similar to that observed in

postmenopausal women (54, 55). Such an androgenic state may

render phenotypes with different sensitivities to respond with

antidepressant-like behavior to ERT or estrogen in combination

with progestins.

It has previously been reported that aging in females impairs the

amplitude of day–night differences in multiunitary activity in brain

regions that play a role in controlling biological rhythms (123), which

affects the release of neurotransmitters that interact with estrogens to

regulate mood and exert antidepressant effects. Studies using the

accelerated ovarian failure model have confirmed that female mice

transitioning to a post-follicular depletion phase exhibit diminished

brain connectivity between the hippocampus and frontal cortex, in

addition to a shorter latency to mount the wheel in the running wheel

test, and an increased total activity in the wheel during the light

periods when control animals sleep (124). Running in a wheel is an

elective behavior that denotes motivation in rodents; hence, these

results suggest that periestropausal mice are more driven to run to

obtain rewards that alter normal wake-sleep cycles. These findings,

together with alterations in serotonergic neurotransmission in the

basolateral amygdala (120), the expression of different mRNA brain-

derived neurotrophic factor exons, and the reduction of dendritic

spines in hippocampal regions (119), support the notion that the

progressive change from a reproductive to a non-reproductive stage

in females may account for deficiencies in brain communication that

affect affective-like behavior.

The results of our study in addition to others in the literature

have demonstrated that ovariectomy in middle-aged rats cancels

irregularities in endocrine oscillations, permitting the observation

of the potential therapeutic effects of treatments such as estrogens
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and antidepressants. This model thus offers opportunities to

evaluate the pharmacological and behavioral effects of treatments

on time frames in the lives of females, in which classic hormonal

and antidepressant treatments are not effective. In turn, the

behavioral and physiological outcomes in the ovarian failure

model confirmed its face validity and usefulness in research on

the specific mechanisms associated with the transition

to menopause.
3.1 Mechanism of depression in
menopause models

The post-ovariectomy time frame induces neuroadaptations in

different brain structures that participate in the regulation of

depressive-like behavior and stress responses. One to three weeks

after ovariectomy, a reduction in dendritic spines and

synaptophysin density occurs in the pyramidal neurons of the

CA1 layer of the hippocampus in rats, indicating structural

changes in areas involved in the regulation of cognition and

emotions (125, 126). At four weeks post-ovariectomy,

neuroadaptations in GABAA receptors can be inferred by a

reduction in mRNA of the a2- and a3- subunits of this receptor
in the amygdala, a region involved in expression of fear and

emotional responses to stress. Interestingly, the 5 alpha-reduced

metabolite of progesterone, allopregnanolone, is a ligand for sites in

the GABAA receptor that modulates depressive-like behavior in the

FST (127, 128). It is possible that neuroadaptations in GABAA play

a role in the reduction of stress resilience in long-term

ovariectomized females, as well as in the decline of interactions

between estrogens and receptors associated with a poorer

antidepressant response to estrogens. In agreement with changes

in GABAA receptors, serotonin neurotransmission in the superior

areas appears to be interrupted at the post-ovariectomy timeframe

of four weeks (129), since the mRNA of TPH and the serotonin

transporter (SERT) is reduced in the DRN at this time (130). This

change may be associated with reduced activation of structures,

such as the lateral septum, which participates in the regulation of

fear and response to antidepressant drugs (80). Interestingly,

estrogen receptor subtypes decline as the time after post-

ovariectomy increases. Studies have demonstrated a reduction in

the mRNA levels of estrogen receptor subtypes in the hippocampus

and prefrontal cortex of ovariectomized females, 8 to 9 weeks post-

ovariectomy (131), in conjunction with a reduction in the

antidepressant-like effect of different ERT, and the limited effects

of some ERTs in middle-aged to old ovariectomized rats.

Many neurotransmitters, including monoamines, GABA, and

glutamate, have all been associated with depressive-like behaviors

and responses to ERTs in mice and rats. Interestingly, a new

mechanism has emerged to explain the behavioral changes related

to ovariectomy and hormone deprivation. In this regard, the

mechanisms underlying central inflammation seem to play a

major role in depression-like behaviors. Ovariectomy in adult

female C57BL/6 mice was found to increase depression- and

anxiety-like behaviors five weeks after surgery in the FST (132),

sucrose preference test, tail suspension test, open field test, and
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elevated zero maze. Those behavioral changes occurred

simultaneously to an increase in pro-IL-1b and pro-IL-18; IL-1b

and IL-18 protein and mRNA in hippocampus but not in the

prefrontal cortex and amygdala (133). NLRP3 inflammasome

components increased in OVX mice, including NLRP3 mRNA,

and cleaved caspase-1 P10 (active caspase-1) protein, but not the

ASC protein; followed by increased in the level of TLR-2 and TLR-4,

active NF-kB which regulates the production of cytokines. These

results have been replicated in Sprague-Dawley rats 10 weeks after

ovariectomy, with results showing an induction in anxiety- and

depression-like behaviors in the FST, sucrose preference test,

elevated plus maze, and novelty-suppressed feeding test, while

simultaneously increasing proinflammatory cytokines, neural

apoptosis and microglial activation from immunoregulatory to

proinflammatory phenotype in the hippocampus and reinforced

NFkB (134, 135).

Ovariectomy-induced depression- and anxiety-like behaviors,

as well as increases in inflammatory proteins can be reversed by E2
and ER-b agonist, but not ER-a agonist treatments in mice (133).

Additionally, experiments in female Sprague–Dawley rats with a

post-ovariectomy timeframe of 8 weeks showed that ovariectomy

triggered high levels of depression-like behaviors in the tail

suspension test associated with a decrease in BDNF levels in the

hippocampus but not in the prefrontal cortex; these alterations were

ameliorated by 8 weeks of exercise on a treadmill or E2

administration (136). Changes in cytokine levels in the prefrontal

cortex have only been observed in Wistar rats 9-11-weeks post-

ovariectomy, resulting in the induction of heart failure. These rats

further had higher levels of IL-2 and IL-6 and decreased mature

BDNF in the prefrontal cortex compared to intact rats and

ovariectomized rats without heart failure; E2 replacement or the

pro-inflammatory cytokine synthesis inhibitor pentoxifylline

ameliorated these changes at the experimental level (137, 138).

In mice, ovariectomy triggered cognitive impairments in

variables of the Y-Maze, Novel object recognition and Morris

water maze test at 30-60 days post-surgery. These results were

associated with increases of malondialdehyde (a product of lipid

oxidation), a reduction of superoxide dismutase and catalase

activity in hippocampus and a significant increase in mRNA of

proinflammatory cytokines (IL-1b, IL-6, and tumor necrosis factor

a), whereas mRNA expression of the estrogen-mediated gene PI3K

decreased in the hippocampus of OVX mice compared with sham

controls (139). Similar results were observed in the Y maze test in 4-

month-old Sprague-Dawley rats 12 weeks after ovariectomy, with

impairments linked to the TLR4/NF-kB inflammatory pathway and

excessive activation of microglia in the hippocampus (140). Both

cognitive impairment and hippocampal alterations have been

observed in preclinical and clinical studies of depression.
3.2 Antidepressant mechanisms of
estrogens – evidence from menopause
animal models

In women, the effects of E2 have been observed in brain regions

known to be closely involved in mood regulation (141). Evidence
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suggests that the modulatory mood effects of estrogen are largely

dependent on changes in the serotonergic pathways. As E2 can

regulate gene expression after coupling with estrogen receptors

(142), which are expressed within the midbrain raphe nucleus (the

main reservoir of serotonergic neurons) (143, 144), this treatment

may modulate the expression of genes that regulate serotonin

neurotransmission implicated in depression. E2 has been

implicated in increased serotonin synthesis, decreased serotonin

breakdown, and modulation of serotonergic receptors (145). Thus,

assessment the close relationship between E2 and the serotonergic

system may provide insight into why some women experience

increased susceptibility to mood symptoms during periods of

hormonal fluctuation.

There is significant evidence from rodent models of menopause

to suggest that the antidepressant properties of estrogens are

mediated by the intracellular content of ER-a or ER-b (84),

which are distributed in areas relevant to affective disorders

(limbic cortices, amygdala, hippocampus, and hypothalamus) that

are innervated by serotonergic and noradrenergic neurons (146).

The mechanism by which ERs exert these effects is transcriptional;

when activated, these receptors bind to estrogen response elements

in the promoter region of genes relevant for antidepressant effects

(117, 147–149).

Several hypotheses have been proposed to explain the

development depressive disorders and their treatment, including

monoaminergic, chemical, and neural network hypotheses, which

are complementary and may explain the different steps of

antidepressant drug action (150). Remarkably, the evidence suggests

that E2 modulates the mechanisms involved in each hypothesis.

3.2.1 Estrogens modulate
monoaminergic neurotransmission

According to the monoaminergic hypothesis, depression is

caused by a deficiency in central monoamines (serotonin,

noradrenaline, and dopamine), which may be restored by

antidepressants. The evidences indicates that estrogens increase

the serotoninergic tone by several presynaptic mechanisms: a)

increasing the expression of TPH, the rate limiting enzymes in

the synthesis of serotonin, in raphe nuclei (151–153); b) down-

regulating the activity of monoamine oxidase (MAO), an enzyme

that breaks down serotonin, in the hypothalamus and amygdala of

female ovariectomized rats (154); c) reducing serotonin

autoinhibition through the down-regulation of the serotonin-1A

receptor (5HT1A) mRNA and serotonin-1B receptor (5HT1B)

mRNA autoreceptors in the hippocampus (dentate gyrus and

CA2 region) and dorsal raphe nuclei (155, 156).

In addition to presynaptic effects, E2 has been shown to

modulate postsynaptic 5HT1A and 5HT2A receptors, which are

the most studied receptors in relation to affective disorders. In

this regard, the female Flinders Sensitive Line, a genetic animal

model of depression, showed lower serotonin-2A receptor (5-HT2A)

mRNA expression in the perirhinal cortex, piriform cortex, and

medial amygdala than in control rats (157). Ovariectomy further

decreased the levels of 5HT2A mRNA receptor in the prefrontal

cortex of female Fisher rats (158), and E2 treatment increased
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5HT2A mRNA and receptor binding in the cortico-limbic areas of

ovariectomized female rats (158, 159). Regarding 5HT1A receptors,

E2 treatment downregulates mRNA levels in the cingulate, piriform,

and perirhinal cortices, and the amygdala (157, 160), and decreased

5HT1A receptor binding in the hippocampus, amygdala, and

prefrontal cortex (161, 162). These data indicate that E2 up-

regulates postsynaptic 5HT2A receptors and down-regulates

postsynaptic 5HT1A receptors, thereby contributing to central

serotonergic neurotransmission. In addition, E2 increases SERT

expression in the DRN of female rat brains (163).

ER-b expression has been detected in noradrenergic neurons in

the locus coeruleus (164), as well as dopaminergic neurons in the

ventral tegmental area and substantia nigra (165). As such, E2 can

influence noradrenergic and dopaminergic neurotransmission. In

support of this, this hormone stimulates the gene expression of the

enzymes required for noradrenaline synthesis (tyrosine hydroxylase

and dopamine b-hydroxylase) in the rat locus coeruleus (166), and

increases the activity of striatal tyrosine hydroxylase (167).

Additionally, estrogen increases noradrenaline turnover, enhances

its release in the hypothalamus (168), increases the release of

dopamine from the central amygdaloid nucleus (169) and

increases dopamine D2 receptor expression in the striatum,

nucleus accumbens, and dopamine transporter in the middle

striatum (170, 171). Finally, experiments using human cell culture

have demonstrated that E2 decreases the protein levels of catechol-

O methyltransferase, an enzyme that degrades noradrenaline and

dopamine (172).

Overall, these data indicate that E2 can increase monoamine levels

by enhancing the capacity for synthesis while reducing degradation.

3.2.2 Estrogens stimulate BDNF synthesis
The chemical hypothesis of depression suggests that the

antidepressant effect of relevant drugs is related to the increased

expression of neurotrophic factors such as BDNF; in this context,

estrogens have been shown to upregulate BDNF in the rat

hippocampus (173–175). Although a putative estrogen response

element has been identified within the BDNF gene (174), the

colocalization of ER and BDNF is sparse (a) or null (b) in the

hypothalamus, amygdala, prelimbic cortex, and ventral

hippocampus of female rats (176). It has further been reported

that cortical ER-b is almost exclusively localized to parvalbumin-

immunoreactive GABAergic neurons (177), while further analysis

through double labeling of ER-b/parvalbumin indicated that axons

from cortical ER-b inhibitory neurons innervated BDNF

immunoreactive pyramidal neurons, suggesting a transsynaptic

regulation of BDNF synthesis (176). Furthermore, a more recent

study from the same group identified that estrogens may regulate

BDNF expression by a two-step transsynaptic mechanism as

follows: estrogen up-regulates GABA levels in ER-b expressing

cells, which inhibits the non-bearing ER GABAergic neurons,

leading to the downregulation of GABA. This effect causes the

disinhibition of BDNF-producing neurons and increases BDNF

expression (178).

The neurotrophic factor IGF-I is another molecule involved in

the antidepressant response (179) whose its activity is regulated by
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1408878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
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estrogens. In support of this, studies have shown that ovariectomy

down-regulates IGF-I receptor densities in the hippocampus,

hypothalamus, and parietal cortex, and E2 treatment restores

IGF-I receptor levels (180).

3.2.3 Estrogens induce neurogenesis and
synaptic plasticity

The neural network depression hypothesis posits that

antidepressant treatments restore neuronal connectivity through

modulating neuroplasticity. The colocalization of Ki-67 mRNA (an

endogenous cell proliferation marker) and either ER-bmRNA or ER-

a mRNA in the dentate gyrus suggests a direct influence of ERs on

cell proliferation in female rats (180). In this regard, the

administration of E2 or ER−a and ER−b selective agonists (propyl

pyrazole triol, PPT, and diarylpropionitrile, DPN, respectively)

induces cell proliferation in the adult rat dentate gyrus (181–183).

In addition, ovariectomy decreases cell proliferation and expression

of PSA-NCAM (a neural cell adhesionmolecule expressed by granule

cells during differentiation) in the dentate gyrus of female rats, while a

single injection of E2 completely reverses these effects (184). The effect

of estrogen on hippocampal neurogenesis may be partially explained

by its effects on monoaminergic neurotransmission and neurotrophic

factors, as suggested by evidence indicating that the inhibition of

serotonin synthesis prevents the effect of E2 on hippocampal cell

proliferation (184), and that BDNF and IGF-I, neurotrophic factors

regulated by estrogens, may increase the survival and proliferation of

newborn cells in the dentate gyrus (185–187).

In addition to neurogenesis, estrogen induces synaptic

plasticity. Activation of ER-b increases key synaptic proteins,

such as PSD-95, synaptophysin, and the AMPA receptor subunit

GluR1, in the hippocampus of mice. In addition, ER-b activation

enhances LTP in hippocampal slices and increases dendritic

branching and spine density in hippocampal neurons, and

improved cognitive performance has been observed in several

memory tests (188).

The effects of E2 on the serotonergic system have been

reproduced in a primate model of menopause. In this study, long-

term loss of E2 in ovariectomized monkeys was found to decrease

the global availability of this monoamine, and was associated with

fewer serotonergic neurons and a reduced expression of TPH-2,

SERT, and 5-HT1A receptors compared to intact animals (189). In

addition, E2 treatment in ovariectomized macaques increased the

expression of TPH-2, MAO-A, and MAO-B mRNA (190).

Furthermore, the estrogen postsynaptic effects found in rat

models agree with the findings in menopausal women; by

downregulating 5-HT1A auto-receptors and upregulating 5-HT2A

receptors, E2 increases serotonin availability for postsynaptic

transmission (6). Thus, these data demonstrate the translational

validity of the rat menopause models.

FST has been used to elucidate the primary mechanisms of action

of antidepressants, with research showing that antidepressants acting

on the serotonergic system increase swimming behavior, whereas

those interacting with the noradrenergic or dopaminergic systems

facilitate climbing behavior (85). The data obtained in our laboratory

indicate that estrogen (E2 and prolame) treatment significantly

increased swimming behavior in young rats at 3 and 8 weeks after
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ovariectomy without modifying climbing behavior. The same effect

was observed in middle-aged rats three weeks after ovariectomy

treated only with prolame (65), suggesting that the antidepressant-

like effects of both estrogens are related to the regulation of the

serotonergic system, in agreement with the mechanisms described

above, possibly by activating ER. Our data further support the idea

that under long-term estrogen deprivation or advanced age, the

inefficacy of some estrogenic treatments (such as E2 and prolame)

in inducing antidepressant-like effects is related, at least partially, to

their inability to improve serotoninergic system activity.
3.3 Stress and estrogens in
menopausal depression

Exposure to psychosocial factors (8, 19), either in early life or

currently (191), is a strong predictor of depression in midlife. Once

the stress axis is activated, the neurons of the paraventricular

nucleus (PVN) are stimulated to release peptides, such as

corticotropin-releasing hormone (CRH) and vasopressin (AVP),

which act on the corticotropes of the anterior pituitary to stimulate

the release of the adrenocorticotropic hormone (ACTH) into the

portal system. ACTH activates its receptors in the adrenal glands,

eliciting the release of cortisol (in humans) and corticosterone (in

rodents) to cope with environmental demands. High levels of

corticosterone bind to receptors in the PVN, thus decreasing the

release of peptides through negative feedback, and controlling HPA

activity. Interactions between stress and the estrogen system may be

related to the dysregulation of brain function in females with erratic

estrogen levels, including as in perimenopause. Corticosterone

reduces the release of CRH from the PVN, while E2 increases,

whereas chronic exposure to high levels of corticosterone interferes

with estrogen release, indicating a bidirectional relationship

between the HPA and HPG axes. In rats, ER-b is the

predominant form in the PVN, and the ER subtype is most

closely related to the anxiolytic- and antidepressant-like effects of

estrogens (192). Treatment with estrogens reduces ER-b activity in

the nucleus, whereas treatment with synthetic glucocorticoids

increases the expression of this receptor (193). The physiological

relevance and translation of these results to the vulnerability to

stress in perimenopause is complex; however, one interpretation is

that higher levels of glucocorticoids would increase the sensitivity of

the PVN neurons to estrogens, facilitating their actions, while high

levels of estrogens would reduce the sensitivity of these neurons,

controlling the effects of estrogens on the HPA axis (193).

Serotonergic neurons in the DRN, which co-express

glucocorticoid receptors (GR) and ER-b, have been implicated in

the stress response (194). GR and ER-b have opposing effects on

depressive behavior. In ovariectomized animal models subjected to

the FST, administration physiological dosages of E2 and DPN

activated ER-b, decreased depressive behavior, increased the

mRNA expression of TPH in the DRN, and promoted swimming

behavior (195). In turn, the GR responds to high levels of

corticosterone and induces depressive behavior in rats, while

glucocorticoid treatment decreases TPH mRNA levels in the

raphe nuclei (196). Interestingly, high dosage E2 can increase
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corticosterone levels by about two to three-fold, in addition to

enhancing the action of corticosterone mainly through ER-a but

not through ER-b (195). In addition, studies using various dosages

of E2 have reported that SERT mRNA is upregulated in the DRN of

ovariectomized rats (163). These studies have indicated that

ovariectomy or hypoestrogenic stages are related to serotonin

deficiency, which facilitates maladaptive stress responses and the

development of depression.

Altogether, there is strong evidence to suggest that the

interaction discussed in this section may play a role in the higher

sensitivity to estrogen fluctuations experienced by perimenopausal

women and would account for an increase in anxiety and greater

risk of depression. In support of this idea, association studies in

women showed that the longer exposure to estrogens fluctuations

were positively associated with increased risk of perimenopausal

depression (197, 198). The effects of estrogenic treatments, alone or

in combination with antidepressants, should be evaluated based on

these hypotheses.
3.4 Considerations for the research of
depression in menopause in animal models

Animal models are useful in the investigation of menopause

under highly controlled conditions, allowing the exploration of the

causal effects of isolated variables; however, menopause has many

complex multifactorial influences. For example, a higher prevalence

of vasomotor symptoms (more frequent and problematic hot

flashes) during menopause has been associated with higher

temperatures and lower altitudes, but not with seasonal variations

in temperature, in Spanish-speaking women from Santiago de Chile

(Chile), Guayaquil and Quito (Ecuador), Panama City (Panamá),

andMadrid (Spain) (199). In another example, Korean women aged

45–69 years with healthy dietary habits (high intake of whole-grain

rice, legumes, vegetables, fruits, and fish) were found to have a

significantly lower risk of depressive symptoms, as measured with

the Beck Depression Inventory-II (200), while exercise decreased

alterations in bone mineral density, sleep, anxiety, depression, and

fatigue in peri- and post-menopausal women (201). Psychological

factors such as personality, self-esteem, and coping skills, as well as

relationship issues and social support, may contribute to the onset,

course, and repose to perimenopausal period (202). All these factors

pose a challenge in preclinical research on menopause and highlight

the need for and importance of personalized medicine in

clinical populations.
4 Conclusions

Overall, the significant evidence discussed in this review

demonstrates the validity and utility of different models of

menopause in the investigation of depression and its treatment.

Findings from the ovariectomy model highlight the importance of

this model in the detection of new hormone therapies with potential

antidepressant-like activity. In turn, models of early ovarian failure

and naturally aged females have advantages in the study of the
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transition to a non-reproductive stage characterized by depleted but

hormonally active (i.e., releasing androgens) ovarian follicles. The

selection of a specific model may depend on the organismic and

pharmacological variables relevant to the investigation of

menopausal depression.

Endocrine changes related to menopause produce an imbalance

in steroid hormones, neurotransmitter systems, oxidative stress,

and neuroinflammatory processes, together with changes in

neuroanatomical structures, such as the raphe nucleus,

hippocampus, prefrontal cortex, hypothalamus, amygdala, and

lateral septal nucleus, involved in stress, anxiety, and depression

(42, 203, 204). These modifications follow a time course that must

be considered for the proposed investigation and constitute a

scientific basis for explaining the critical window during which

estrogen replacement is beneficial for alleviating depression and its

symptoms. In this regard, this review also shows that the

effectiveness of estrogen treatments in reducing depression in

menopause is modulated by factors such as the stage of

menopause (i.e., transitioning to menopause or post-menopause),

timing of treatment initiation, and type and duration of treatment

with estrogens.

A comparison of findings from different models of menopause

revealed the complexity of dynamic changes occurring in brain

functions during the transition, reinforcing the idea that the best

approach is timely intervention considering the opportunity

window, with careful selection of treatment according to the

presence (or absence) of reproductive tissue. In this regard, there

is evidence to suggest that several new promising estrogens could be

considered ERTs with antidepressant properties highlighting their

actions in endocrine conditions in which traditional ERTs are not

effective. Overall, menopause is a condition for which personalized

medicine is strongly needed, while the investigation of classic and

new molecules in different models of menopause is required to

expand the possibilities of treatment to increase resilience to stress

and alleviate depressive symptoms in women.
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36. Wnuk A, Przepiórska K, Pietrzak BA, Kajta M. Emerging evidence on membrane
estrogen receptors as novel therapeutic targets for central nervous system pathologies.
Int J Mol Sci. (2023) 24:4043. doi: 10.3390/ijms24044043
frontiersin.org

https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1101/cshperspect.a039198
https://doi.org/10.1159/000531588
https://doi.org/10.1210/clinem/dgz181
https://doi.org/10.1210/clinem/dgz181
https://doi.org/10.1210/jc.2016-2348
https://doi.org/10.1007/s40266-013-0100-1
https://doi.org/10.1016/j.maturitas.2024.107974
https://doi.org/10.1016/j.ogc.2011.05.011
https://doi.org/10.1210/jc.2011-3362
https://doi.org/10.1095/biolreprod.102.005215
https://doi.org/10.1007/s11010-020-03879-4
https://doi.org/10.1016/j.coemr.2023.100434
https://doi.org/10.1016/j.coemr.2023.100434
https://doi.org/10.3389/fnbeh.2022.829274
https://doi.org/10.3389/fnbeh.2022.829274
https://doi.org/10.3390/ijms24119718
https://doi.org/10.1186/s13765-024-00897-4
https://doi.org/10.1186/s13765-024-00897-4
https://doi.org/10.3390/antiox13060637
https://doi.org/10.1016/j.jad.2024.05.051
https://doi.org/10.1001/archpsyc.61.1.62
https://doi.org/10.1001/archpsyc.61.1.62
https://doi.org/10.1016/j.jad.2007.01.034
https://doi.org/10.1016/j.jad.2007.01.034
https://doi.org/10.1176/appi.ajp.161.12.2238
https://doi.org/10.3390/jcm7100366
https://doi.org/10.1097/GME.0000000000000712
https://doi.org/10.1097/gme.0b013e318174f155
https://doi.org/10.1097/GME.0000000000001229
https://doi.org/10.1097/GME.0000000000001913
https://doi.org/10.1097/GME.0000000000001913
https://doi.org/10.1016/j.tjog.2020.09.017
https://doi.org/10.1016/j.tjog.2020.09.017
https://doi.org/10.1055/s-0030-1262900
https://doi.org/10.1177/00048674241253944
https://doi.org/10.1089/jwh.2013.4472
https://doi.org/10.3390/jcm13020428
https://doi.org/10.1016/j.ogc.2018.07.007
https://doi.org/10.1038/s41598-021-90084-y
https://doi.org/10.3389/fnagi.2023.1158001
https://doi.org/10.1097/gme.0b013e31818d635f
https://doi.org/10.1097/gme.0b013e31818d635f
https://doi.org/10.3390/ijms24044043
https://doi.org/10.3389/fpsyt.2024.1408878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
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68. Récamier-Carballo S, Estrada-Camarena E, Reyes R, Fernández-Guasti A.
Synergistic effect of estradiol and fluoxetine in young adult and middle-aged female
rats in two models of experimental depression. Behav Brain Res. (2012) 233:351–8.
doi: 10.1016/j.bbr.2012.05.034
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