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Figure 1 Stress animal models applicable to both sexes. (a) Physical stress models. (i) Electric foot shock and (ii) restraint of mice in a narrow space
are two methods used to induce stress in mice. Both male and female mice repeatedly experiencing inescapable foot shocks or restraint stress may
develop a learned helpless phenotype resembling depression. (b) Early life stress models. (i) Removal of home cage bedding reduces nesting and
parenting behaviors in females, leading to permanent changes in the behavior of offspring. (ii) Social isolation of male and female mice during early
developmental stages can induce changes in social behaviors and basal stress levels in adulthood. (c) Social defeat stress models. In the classic model for
male mice, experimental subjects are introduced into the home cage of different CD1 mice daily, where they are physically attacked by CD1 males for
approximately 5 min. For the remaining time, experimental subjects are separated by a transparent perforated divider, allowing continuous exposure to
olfactory and visual stimuli from CD1 males. This procedure is typically repeated for more than 5 days to induce anxiety and depression-like behaviors.
In the social defeat stress model for females, three variations exist: (i) manually stimulating the ventromedial hypothalamus (VMH) of CD1 males to
induce attacks on female subjects; (ii) temporarily removing the male from pair-housed Swiss Webster (CFW) mice, causing the CFW female to attack
the introduced female subject; and (iii) exposing female subjects to visual observation of other mice being physically attacked, which can induce stress
responses (Some components sourced from BioRender.com)
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Figure 2 Sexually dimorphic regions in the mouse brain involved in regulating anxiety and depressive disorders. Oxytocin (OXT) and corticotropin-
releasing factor (CRF) from the paraventricular nucleus of the hypothalamus (PVN) innervate the medial prefrontal cortex (mPFC). In females, OXT
receptor-expressing interneurons (OxtrINs) in the mPFC modulate estrous cycle-specific social behavior, while in males, they exert a more pronounced
effect on anxiety behaviors. CRF also innervates various brain regions associated with anxiety and depressive disorders, including the locus coeruleus
(LC), amygdala, medial preoptic area (MPOA), and bed nucleus of the stria terminalis (BNST). Notably, the female LC is more sensitive to CRF. The
arginine vasopressin (AVP) and neuropeptide Y (NPY) systems also exhibit sexually dimorphic characteristics. AVP regulates the BNST, while NPY
functions in the amygdala, BNST, and PVN, antagonizing CRF effects. Additionally, most anxiety and depressive disorder-associated brain regions
express estrogen (Es) receptors, which are influenced by peripheral sex hormones. The BNST and MPOA display distinct sexual dimorphism in
structure and function. The male BNST generally has a larger volume, while the female MPOA is regulated by peripheral sex hormones, mediating
anxiety and depressive disorders caused by fluctuations in peripheral sex hormone levels. ARC: arcuate nucleus; AVP: arginine vasopressin; BNST: bed
nucleus of the stria terminalis; CRF: corticotropin-releasing factor; Es: estrogens; LC: locus coeruleus; mPFC: medial prefrontal cortex; MPOA: medial
preoptic area; NPY: neuropeptide Y; OXT: oxytocin; OxtrINs: oxytocin receptor interneurons; PVN: paraventricular nucleus of the hypothalamus (Some
components sourced from BioRender.com)
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Anxiety and depressive disorders are prevalent mental health conditions that significantly burden individuals and society.
Notably, these disorders exhibit substantial sex differences, with women showing a markedly higher prevalence and more
severe symptoms compared to men. However, the neural mechanisms underlying these sex differences remain poorly
understood. This review summarizes recent findings from human and animal studies that illuminate the sex-specific neural
underpinnings of anxiety and depressive disorders.

Neuroimaging studies in human populations have revealed sex differences in the activation and functional connectivity
of brain regions implicated in emotion processing and regulation, such as the amygdala, prefrontal cortex, and insular
cortex. Women exhibit heightened amygdala reactivity to negative emotional stimuli and greater activation of the anterior
cingulate cortex in anxiety and depressive disorders. In contrast, men show stronger amygdala-prefrontal connectivity and
activation of the left inferior frontal gyrus and anterior insula in response to emotional information. Sex differences in
neurotransmitter systems, particularly serotonin and dopamine, have also been observed in the frontal and cingulate
cortices. Clinical pharmacological research suggests that antidepressants targeting the serotonin system may contribute to
sex differences in treatment efficacy. Moreover, genetic and epigenetic analyses have identified sexually dimorphic risk
loci and genes involved in processes such as DNA methylation and long non-coding RNA modulation, which may
contribute to the sex differences in these disorders.

Studies using animal models have provided valuable insights into the molecular and cellular mechanisms underlying sex
differences in anxiety and depressive disorders. Traditional models, such as learned helplessness, early life stress, and
chronic social defeat stress, have been largely limited to male animals. However, recent efforts have focused on developing
and optimizing these paradigms for female animals. Modified early life stress protocols and chronic social defeat stress
models have been successfully employed to induce anxiety- and depression-like behaviors in female rodents. These
advancements have paved the way for investigating sex-specific mechanisms of anxiety and depression at the molecular,
cellular, and neural circuit levels.

Sex hormones and neuropeptides play a crucial role in the observed sex differences in anxiety and depressive disorders.
Sex hormones are essential for establishing and maintaining sexually dimorphic neural circuits. Estrogens, progesterone,
and androgens regulate neurotransmitter release, and their receptors are widely distributed among brain regions implicated
in anxiety and depressive disorders. Fluctuations in sex hormones, particularly during specific phases of the menstrual
cycle, pregnancy, and menopause, have been associated with an increased risk of developing anxiety and depressive
disorders. Neuropeptides, including corticotropin-releasing factor, oxytocin, neuropeptide Y, and vasopressin, exhibit sex
differences and are involved in stress regulation, contributing to the sexual dimorphism in anxiety and depressive disorders.

In conclusion, current studies have highlighted significant sex disparities in anxiety and depressive disorders. However,
our understanding of the neural mechanisms underlying these sex differences remains limited. Few studies include females,
and clinical research still lacks comprehensive evaluation of treatments for women. Although many genetic loci and genes
associated with sex differences in anxiety and depressive disorders have been identified, their functions are poorly
understood. Future research integrating molecular, cellular, circuit, and behavioral levels will deepen our understanding of
the mechanisms underlying these sex differences, facilitating the development of sex-specific diagnostic and therapeutic
strategies.

sex difference, anxiety, depression, affective disorders
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