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Abstract

Nearly one of every five US individuals aged twelve years old or older live with certain types of 

mental disorders. Men are more likely to use various types of substances, while women tend to be 

more susceptible to mood disorders, addiction, and eating disorders, all of which are risks 

associated with suicidal attempts. Fundamental sex differences exist in multiple aspects of 

functions and activities of neurotransmitter-mediated neural circuits in the central nervous system 

(CNS). Dysregulation of these neural circuits would lead to various types of mental disorders. The 

potential mechanisms of sex differences in the CNS neural circuitry regulating mood, reward, and 

motivation are only beginning to be understood, although they have been largely attributed to the 

effects of sex hormones on CNS neurotransmission pathways. Understanding this topic is 

important for developing prevention and treatment of mental disorders that should be tailored 

differently between men and women. Studies using animal models have provided important 

insights into pathogenesis, mechanisms, and new therapeutic approaches of human diseases, but 

some concerns remain to be addressed. The purpose of this chapter is to integrate human and 

animal studies involving the effects of sex hormone estrogens on CNS neurotransmission, reward 

processing, and associated mental disorders. We provide an overview of existing evidence for the 

physiological, behavioral, cellular and molecular actions of estrogens in the context of controlling 

neurotransmission in the CNS circuits regulating mood, reward and motivation, and discuss related 

pathology that leads to related mental disorders.
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1. INTRODUCTION

1.1. Central neurotransmitters regulate mood, reward and motivation

Nearly one of every five individuals aged twelve years old or older live with certain types of 

mental disorders in the United States 1,2. Mental illnesses, including substance use disorders 

such as drug addiction and opioid abuse, mood disorders, eating disorders, etc., affect 

millions of people and are prominent public health threats due to their continuously 

increased prevalence, difficulty in prevention and treatment, and hundreds of billions of US 

dollars being spent to care for the patients with mental disorders 3. Additionally, many 

mental disorders are associated with suicide attempts 4. Therefore, mental disorders take a 

heavy toll on public health and human livers with enormously high economic costs. We are 

in drastic need of a better understanding of underlying neurobiological mechanisms behind 

these disorders.

Several neural circuits within the central nervous system (CNS) regulate mood, reward and 

motivation, and are modulated by different types of stimuli that individuals respond to and 

consequently exhibit certain behaviors. These different types of reward stimuli that function 

as reinforcers to modulate reward circuits include natural rewards (e.g., food and sex) and 

non-natural rewards (e.g., drug, alcohol, and money). Different types of reward function as 

stimuli to provide pleasure, enjoyment, and arousal to individuals. While appropriate 

behavioral responses to reward are beneficial for survival, improper responses to reward, for 

example, dysregulation of neurotransmitters within the reward circuitry, could be 

detrimental. Take natural reward stimuli as an example, palatable foods high in calories are a 

strong reinforcer of neural circuits that control feeding behavior. Rogers and Smit termed 

compulsive seeking of natural food reward ‘food addiction’ 5, which could lead an 

individual to develop certain eating disorders and obesity. Similarly, uncontrolled 

compulsive non-natural reward seeking contributes to destructive substance overuse, 

potentially leading to substance addiction. Therefore, dysregulation of the CNS reward 

system serves as a biological factor contributing to the increased prevalence of substance use 

disorders and related addictions, as well as eating disorders and related obesity.

The reward system includes various brain anatomical regions and pathway structures in the 

CNS. The reward system is modulated by various neurotransmitters and neuromodulators 

including dopamine (DA), serotonin (5HT), glutamate, and gamma-aminobutyric acid 

(GABA); and is influenced by some circulating hormones, including satiety signals, 

adiposity signals and stress hormones, to alter responses to various types of rewards 6. The 

neural structures of the reward system are similar across species 6. Animal species from 

drosophila to humans share a core set of conserved genes 7. Accordingly, neural networks of 

the reward system also share conserved gene expression profiles across species 8. As animals 

evolved, different selection pressures likely have acted on distinct brain regions 8. Males and 

females have dissimilar internal homeostatic states and physiological needs to maintain 

energy homeostasis 9 and thus would have distinct responses to various types of reward 

stimuli. Due to specific societal niches held by each sex, selection pressures have had 

disparate impacts on underlying neural circuitry between the sexes. Albeit the overlapping 

reward system with similar structures between males and females, functional modulation of 
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shared circuitry by brain chemical messengers are different between the sexes 10 (see 

Section 2). Additionally, sex hormones interact with these chemical messengers to alter 

functions between the sexes (see Section 3). Furthermore, there may be more anatomical 

structural and pathway differences in the CNS reward circuitry between males and females 

than initially realized. Therefore, it may become cumbersome to define discrete functional 

differences due to modulations versus true underlying differences between the sexes.

1.2. Dysregulation of neurotransmission leads to mental disorders

The CNS reward system drives the relationship between reward stimuli from the external 

environment and the internal state of the individuals regulated by homeostatic mechanisms. 

Motivation to gain reward stimuli from the external environment can change depending on 

the internal physiological state of the individuals and established associations between 

external stimuli and reward circuitry from prior contexts. Therefore, the CNS reward system, 

external stimuli, and internal state of individuals integrate with one another to communicate 

needs versus costs and evaluate specific reward stimuli, before signals are sent to the 

regulatory control regions of the brain such as the hypothalamus and the brainstem. 

Maladjustment of neural circuits of the CNS reward system by either highly palatable foods 

or drugs of abuse is expected in both eating disorders and substance abuse disorders 11, and 

is evidenced by their high comorbidity rates 12.

In most of the available literature, areas of the CNS that drive hedonic regulation of food 

reward by palatable foods 13 and areas that drive homeostatic control of feeding have been 

studied independently from one another. In actuality, the hedonic circuitry regulating reward 

responses and the homeostatic circuitry regulating feeding overlap and directly influence one 

another, depending on each other for proper functioning 14,15. In order to successfully drive 

appropriate behavior to physiologically maintain whole-body metabolic homeostasis, 

integration of hedonic reward regions and homeostatic feeding regions with brain areas and 

neural circuits important for regulating emotion and decision making, along with motor 

circuits controlling execution of the behaviors occur to change feeding, energy expenditure, 

and foraging behavior. Such motivational responses due to modified reward circuits are 

beneficial and necessary for individuals to engage in specific behaviors in order to stay fit 

and survive. Eating palatable foods, engaging in sexual activity and reproductive behavior, 

and taking alcohol or other drugs, however, could change neurotransmitter function, neural 

activity, and modify the reward system 16; while some of these changes could be beneficial, 

others may be detrimental.

It is noteworthy that cross-sensitization between different types of natural and non-natural 

reward stimuli take place 17. For example, addiction to a natural reward and overuse of a 

non-natural reward could strengthen each other, leading to comorbidity between eating 

disorder and substance use disorders 18. This cross-sensitization could be due to distinctive 

types of natural and non-natural rewards converging on and activating common neural 

pathways. Even though distinct rewards may activate similar, overlapping anatomical brain 

structures, discrete neurochemical modulation may be involved. A better understanding of 

the reward system at both structural and molecular levels would contribute to our 
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understanding of how different reward stimuli and substances modify reward circuits, 

leading to mental disorders such as depression, anxiety, and food and substance addictions.

1.3. Sex differences in CNS neurotransmission-related mental disorders

The prevalence of mental disorders differs significantly between men and women. 

Fundamental sex differences are present in the development of eating disorders, obesity-

related metabolic diseases, and substance use disorders. Abundant evidence has established 

that women are more frequently diagnosed with psychiatric illnesses, in particular eating 

disorders, anxiety, and depression, compared to men 19,20. Indeed, the prevalence of eating 

disorders, depression, and anxiety, is about three-fold higher in women than in men 21,22. 

Although eating disorders, such as anorexia nervosa and bulimia nervosa 23,24 and obesity 
25, are more prevalent in women than in men, the incidence of metabolic disorders is more 

common in men than in women; potentially due to sex differences in fat distribution and 

energy metabolism 9,26. Contrastingly, while men are more likely to use various types of 

substances 27, women could become addicted more rapidly from casual drug use, and tend to 

be more susceptible to some key phases of addiction such as craving and relapse 28–30. 

Amongst mental disorders, mood disorders are the most strongly associated with suicidal 

attempts 4. Women have an increased risk of attempting suicide in the general population 31. 

Published studies in the literature have indicated that while men are at a greater risk of 

completing suicide than women, the prevalence of attempted suicide is significantly higher 

in women than men among U. S. population 31. It is noteworthy that, the prevalence of 

mental disorders is especially high in women during reproductive years following puberty 
32, suggesting that elevated and cyclic sex hormone estrogens could predispose women at 

reproductive ages to develop mental disorders.

It is not suppressing that sex differences exist in almost all aspects of reward- and 

motivation-related processes. Males and females perceive stimuli and process reward 

information in different ways and consequently carry out unlike behaviors based on their 

sex-specific roles. Specifically, males of many species play important roles in hunting and 

gathering, as well as territorial defense and protection; whereas females of many species 

play important roles in gestation, lactation and caregiving 9. Therefore, in order to optimize 

fitness, males and females would need to respond in different ways to metabolic and 

psychological stressors. Accordingly, decision-making and related behaviors in response to 

these external and internal pressures would need to be different. Therefore, different 

selection pressures due to the evolutionary origins of sex-specific reproductive roles and 

physiological needs of each sex have shaped physiological metabolic responses, 

psychological decision-making, and other behavioral responses between males and females 

in addition to neural circuitry. Consequential sex differences seen in susceptibility to 

psychiatric disorders such as addiction, eating disorders and mood disorders along with 

metabolic disorders are also apparent.

Importantly, not all sex differences in physiology and behavior are due to differences in 

socioeconomic status or cultural experience. Sex chromosomes and sex hormones contribute 

to sex-specific brain differentiation and brain activation during development and adulthood 

(see Section 2), and distinct sex hormone actions between the sexes play critical roles in the 
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CNS reward system (see Section 3). These sex differences suggest underlying dissimilarities 

in the brain reward circuitry 26,33. Specifically, dysfunction of reward circuitry is heavily 

implicated in addiction to food and drugs. The potential mechanisms for sex differences in 

addiction process and motivational behavior are not well understood. The initiative 

undertaken by the U.S. National Institutes of Health (NIH) to take sex differences into 

account in biomedical research is relatively recent 34. Uniform investigations into 

understanding the sex differences in reward circuitry has yet to take place, particularly for 

mechanistic molecular studies regarding processes involved in CNS neurotransmission.

1.4. Aim and focus of this chapter

The sex hormones estrogens along with their action are central to physiological regulation 

and pathological processes during health and diseases in both sexes. This includes 

behavioral responses involving the CNS reward system, tested using both animal and human 

models 35. We aim to provide the readers with an overview of current knowledge 

surrounding sex differences in neural circuits of the reward system involving 

neurotransmission in the CNS. In this chapter we discuss central estrogenic action in reward-

related behavior based on some of the most heavily studied brain regions and neural 

pathways, involving various neurotransmitters, with some directly but others indirectly 

activated by estrogens. It is important to note that many other neurotransmitters have been 

implicated in sex differences, but are beyond the scope of this chapter. Additionally, sex 

hormones androgens also play vital roles in regulating the reward system but are outside the 

current scope of focus.

In this chapter, we first introduce the interconnected circuitry including brain structures, 

neural pathways, and neurotransmitters. We review the studies that have investigated roles of 

estrogens and their receptors in the regulation of activities and functions of neural pathways 

involved in reward process. We then discuss current knowledge and questions about 

estrogenic actions in these pathways, and how these actions are involved in the regulation of 

reward, focusing on different brain regions and pathways of the reward circuits, involving 

various neurotransmitters, some directly but others indirectly activated by estrogens.

Although sex dimorphism is known for some circuits, it remains unknown in many other 

brain regions and pathways. The recent NIH policy promotes studies of animals and cells 

from both sexes and requests researchers to consider sex as a biological variable 34. Uniform 

practices in studying sex differences is not always followed, however. Many times 

researchers may include both males and females in their studies without actually taking sex 

differences into account. Nevertheless, we can speculate that more sex differences will be 

reported as more uniform investigations utilizing both males and females in biomedical 

research take place. Such sex differences could be anatomical in structure and morphology, 

or functional sex differences due to different modulation of same anatomical structure by sex 

hormones. This review highlights the gaps in the literature due to lack of examining sex 

differences and focuses on the effects of sex hormone estrogens on reward-related brain 

functioning. In light of vulnerability to mental disorders, such as mood disorders, eating 

disorders, and substance use disorders among females, future studies should try to 

understand these sex differences.
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2. CNS NEUROTRANSMISSION INVOLVED IN REWARD CIRCUITRY

2.1. Structurally interconnected circuitry

Recent studies highlight how brain regions and pathways traditionally studied in terms of 

discrete functions are currently known as interconnected circuits. For example, connections 

between metabolic, reward, emotional, and behavioral circuits are discussed with 

implications for comorbidity witnessed in mood and metabolic disorders 36–41. Similarly, 

therapeutic implications for a better understanding of eating disorders and associated 

obesity, either hedonic or homeostatic obesity from neural circuit perspectives, has been 

observed 36,42–45. Although it is important to understand difference between “hedonic” 

versus “homeostatic”, definitions are not as discrete as originally implied from the literature; 

as neural pathways of hedonic and homeostatic regulations are interconnected and depend 

on one another for normal functioning 42.

While it is clear that scientific community is developing continuous advances in its 

neurobiological outlook, the one critical component missed is incorporation of how sex 

factors into the equation. This would be seemingly critical as fundamental sex differences 

exist in psychiatric disorders such as mood disorders, drug addiction, and eating disorders, 

as well as associated obesity and metabolic disorders 3,25. It is important to investigate how 

the CNS reward system is modulated and how reward is shaped by sex differences. One of 

the critical places to examine sex difference is from the angle of sex hormones, since sex 

hormones contribute most strikingly to reported sex differences found in physiology, 

behavior, and pathology 46. Additionally, estrogens play critical roles in neurobiology of 

feeding and reward regulation in mammals. This is seen in significant increases in food 

intake and body weight accompanied by behavioral changes of females when endogenous 

estrogens have been depleted. Sex hormones estrogens and their effects via estrogen 

receptors (ERs) are discussed in details in Section 3 of this chapter. This line of research that 

investigates physiological and behavioral events, and cellular and molecular mechanisms of 

estrogens would aid identifying sex-specific therapeutic targets into psychological and 

metabolic disorders. The more we understand about underlying sex differences in the CNS 

neurotransmission and the reward system, the more available sex-specific therapeutics for 

epidemics such as suicidal attempts and substance abuse will become.

2.2. Human and animal models

Due to advances in imaging technology such as positron-emission tomography (PET) and 

functional magnetic resonance imaging (fMRI), researchers are able to gain understanding 

from human studies. An important feature of functional neuroimaging studies is that one can 

view all changed brain regions simultaneously in human subjects. For example, all activated 

brain regions can be identified concurrently when testing subjects with hedonic stimuli 

under different metabolic states. This provides a better understanding of potential interaction 

among regions as witnessed in the comorbidity observed between mood and metabolic 

dysregulation. Notably, some human functional neuroimaging studies have demonstrated 

that, with various types of natural and non-natural reward stimuli, the brain regions involved 

in reward circuits of men and women are differentially activated 47–49. These studies have 

begun to provide neural mechanisms supporting sex differences in reward response and 
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related behavior. Specifically, obese subjects typically display greater differential activation 

in brain reward regions in response to pictures of high versus low energy-dense foods. It is 

clear that increased hedonic evaluation of foods may contribute to pathophysiology of 

obesity 50. In addition, pictures of food stimuli elicit greater activation in brain areas related 

to planning and execution behaviors in men and stronger activation in areas related to 

cognitive and affective processes in women 51. As mentioned in above Section 1.3 that sex-

specific reproductive roles and selection pressures may affect how reward stimuli are 

perceived and processed between males and females. Activation of brain areas in a sex-

specific manner 51 would lead to corresponding behavioral responses such as hunting and 

defending in men while caregiving in women 9. Other influences such as hormonal milieu, 

ethnicity, and societal variables need to be taken into account in human imaging studies, 

offering detailed insights about how much each factor contributes to sex differences in brain 

circuit activities 47.

There are noteworthy limitations to human studies. First, brain imaging studies indirectly 

measure neuronal activity based on detection of cerebral glucose metabolism using PET or 

detection of cerebral blood flow using fMRI. Second, there are many simultaneous factors 

related to cognition, mood, arousal, memory, experience, etc., that may affect brain 

responses, which are difficult to control in an experimental design, especially between-

subjects and within-subject designs. Third, human imaging studies identify brain regions 

with changed activity and offer functional understanding, but not mechanistic understanding 

at the biochemical, cellular or molecular level. For example, changed neural activity or 

blood flow could be due to either excitation or inhibition, either of which can be caused by 

different neurotransmitters. Thus, findings from human imaging studies are limited to 

identifying association, instead of cause-and-effect mechanisms. Fourth, human studies are 

limited to minor stimuli or low dosages of drugs that may not be comparable to the levels of 

patients or addicts. Nevertheless, findings from human imaging studies suggest regions with 

changed activity by reward stimuli, which is different between the sexes.

Due to the similarities of the CNS reward circuitry involving neurotransmitters between 

humans and animals, most of the current structural and molecular understanding of neural 

circuits controlling reward and related motivational behavior have come from studies 

utilizing animal models 6. While dysregulation of neurotransmission of the CNS reward 

system and related behavior have been shown in a number of animal species in the 

laboratory setting, they are most commonly investigated in non-human primates and 

laboratory rodents. For example, human infants, non-human primates, and laboratory rats all 

share similar hedonic and aversive facial expressions to taste, and the closer the species are 

to each other phylogenetically, the more similarities can be found 52–54. Specifically, taste 

reaction to salty sodium chloride solution by infants is less aversive when infants have 

previously been sodium deficient 55; similar findings are also found in rats 54. Furthermore, 

“liking” of a stimulus can be enhanced by a physiological state of depletion (i.e., being 

hungry) or be suppressed by caloric satiety in both rodents and humans 54. In addition, the 

female estrous cycle with differing levels of estrogens and progesterone are similar in 

rodents and humans 56. Ovariectomy (OVX) model of removal of the ovaries reduces 

endogenous circulating estrogens and estrogen signaling, and is commonly used in 

combination with exogenous estrogen replacement to test organizational versus activational 
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sex differences (see Section 2.4). Thus, animal studies offer benefits to understanding human 

diseases. Moreover, rodent models may provide us an architype of molecular mechanisms 

without any influence of gender pressure from society. Indeed, sex differences seen in 

reward circuit malfunctions such as addiction are similar between humans and rodents. It is 

noteworthy that fruit fly Drosophila melanogaster is a commonly used model organism that 

is especially beneficial for understanding genetic components of sex differences without 

confounding hormonal influence; whereas transgenic mouse models have offered insights on 

sex chromosome contributions versus activational effects of sex hormones.

2.3. More studies including female subjects and studying sex differences are needed

Sex differences exist in many aspects, including morphological differences of neural 

structures and activational differences of neurotransmitters 57, which could lead to sex 

differences in a diverse range of physiology and behavior. While we are discovering more 

about how sex hormones and different phases of the estrous cycles in females differentially 

affect reward circuitry 58–61, our current understanding in the reward system at a molecular 

level is mostly limited to the studies that include male subjects only. Such inadequate 

knowledge does not answer questions of sex differences, and therapeutic approaches based 

on these incomplete research findings that have solely used male subjects are likely not 

relevant or beneficial to females. We did a PubMed search on June 12, 2018 using (reward 

OR motivation OR addiction OR mood disorder OR eating disorder). The search returned 

439,489 hits. When we searched (sex difference OR gender difference) AND (reward OR 

motivation OR addiction OR mood disorder OR eating disorder), it returned 8,580 hits, 

which implies that only 1.95% of the publications of current literature has considered sex or 

gender differences. This leaves one to wonder if the most current understanding of 

physiological changes and molecular mechanisms underlying the CNS reward system and 

related disorders is not an incredibly accurate representation, with most of potential 

mechanisms controlling sex differences seen in physiology and behavior remaining 

unknown.

2.4. Sex differences in the CNS regulated by sex hormones

2.4.1. Organizational and activational effects of estrogens—Gonadal steroid 

hormones play important roles in organizing brain structures that control sexually dimorphic 

neuroendocrine responses and behaviors during critical periods of development. 

Organizational effects by gonadal steroid hormones are relatively permanent effects 62. 

Brain circuitry is masculinized or feminized by sex hormones during sexual differentiation 

that occur during early development stage, which are between week 10 and 20 of pregnancy 

in humans or from the end of embryonic period through the first postnatal day in rodents, 

when the surge in androgen secretion by the testes causes early masculinization of male 

brains 63. Androgens are aromatized to estrogens that masculinize the CNS neural structures 

and pathways 64 via its organizational effects on some of the components of brain circuitry 

during the developmental stage. Although it is known that in rodents, masculinization of 

male brains requires aromatization of androgens to estradiol via aromatase, an enzyme that 

catalyzes the last step of estrogen synthesis, whether this is the same in humans is unclear. 

Rodent female developing brains are protected from masculinization by α-fetoprotein that 

binds to maternal estrogens to form a complex that does not cross the placenta 65, while 
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human female developing brains may be protected by sex hormone-binding globulin 66. In 

contrast to the permanent, organizational sex-differentiating effects of gonadal hormones 

that occur early in development, activational effects occur during reproductive life stages. 

The activational effects modulate activity of brain circuitry and are often reversible. These 

activational effects work on anatomic structures that have been developed during sexual 

differentiation in order to differentially modulate brain circuitry between the sexes 62. Sex 

differences seen in the CNS neurotransmission can be due to organizational and/or 

activational effects of sex hormones.

2.4.2. Effects of estrogens on tissues and cells—The majority of sex hormones 

are synthesized in periphery from the gonads. In females, ovarian estrogens are synthesized 

from the substrate cholesterol via a series of biochemical reactions that are part of the 

steroidogenic pathways predominantly occurring in the ovaries. In males, relatively small 

amount of estrogens is produced by Leydig and germ cells of the testis 67. Some sex 

hormones, termed “neuroestradiol”, are made in the brain from aromatase-expressing 

neuronal cells that aromatize androgens into estrogens 68. Estrogens affect a wide range of 

physiological and behavioral functions.

In females, ovarian estrogens play important roles in regulating female secondary sexual 

characteristics and reproduction 69. Additionally, peripheral estrogens are synthesized at 

multiple sites throughout the body including the liver, adrenal glands, and adipose tissues 70, 

where estrogens carry out localized effects to regulate various processes unrelated to 

reproduction 71. Furthermore, estrogens exert regulatory action in a variety of tissues that do 

not secrete estrogens, including tissues in the nervous, cardiovascular, and immune systems, 

as well as at the breast, uterus, and bone 72–76. In the hypothalamus of the CNS, estrogens 

have been extensively studied for their roles in regulating sexual behavior, release of 

gonadotropins and prolactin, and regulation of stress response 77. Furthermore, 

neuroprotective effects of estrogens in neurodegenerative diseases have been demonstrated 

in cortical and subcortical nuclei within extra-hypothalamic regions 78, working through 

ERs, to contribute to lower prevalence of Parkinson Disease in females than in males 79. In 

general, estrogens are critical hormones that have profound effects on physiology and 

behavior via regulating mood, emotion, mental states, cognition, memory and cognition 
80,81.

Widespread distributions of aromatase-expressing neural cell bodies and fibers have been 

reported in male and female mouse brains 82. Additionally, aromatase-expressing neural 

cells are found at the median eminence of the hypothalamus in rats 83. Thus, CNS aromatase 

signaling that converts androgens to neuroestradiol is common in rodents. Neuroestradiol 

and ovarian estradiol may have complicated interactions. Neonate ovaries are quiescent and 

testes produce a surge of testosterone, which is converted into estrogens by aromatase-

expressing neural cells in the brain 68. Aromatized estrogens are responsible for the 

masculinization of neuronal pathways, via differentiation of aromatase-expressing neurons 

and subsequent arborizations in male brains, which leads to male-specific territorial behavior 
64. Within the first ten postnatal days of mice, androgens are important for masculinization 

of brain myelin, as androgens change arborization and synapses 84. Importantly, a greater 

aromatase signaling has been reported in brains of male mice than female mice 82. Using 
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male and female mice in which enhanced green fluorescent protein (EGFP) is transcribed 

following physiological activation of cytochrome P450 family 19 A1 gene, a gene that 

encode aromatase, aromatase expression indicated by EGFP-positive cell bodies is found in 

many brain regions, with the densest distribution in the bed nucleus of the stria terminalis 

and medial amygdala, and less dense distribution in the olfactory tubercle, medial 

amygdaloid nucleus and medial preoptic area 82. There is an apparent sex difference in the 

distribution of aromatase expression, with the density of EGFP-positive cell bodies and 

fibers being less in the bed nucleus and medial amygdala of female mice than male mice, 

implying that autocrine and paracrine effects of estrogens in the brain are more prominent in 

males than females.

Growing evidence have indicated that local neural origin estrogens influence many brain 

regions to modulate brain development and behavior. Whether or not neuroestradiol interacts 

with secretion and activity of neurotransmitters to impact reward circuitry is not well 

understood, but is highly possible. For example, estrogens are able to increase the release of 

neurotrophic factors from brain glia cells, which would affect plasticity of neural circuit 85. 

Another example is that, during puberty, sex hormones continue to stimulate cellular 

neurogenesis in the anteroventral periventricular nucleus of the hypothalamus and the medial 

amygdala, along with increasing genesis of astrocytes in the medial amygdala, to maintain 

sex differences established from perinatal period 86.

It is clear that sex hormones lead to sex differences in brain structures, but this does not 

mean that structural differences could cause significant functional differences in behaviors 

between the sexes. De Varies 87 has proposed the dual-function hypothesis that, although it 

is possible that permanent sex differences in brain structure can develop, functional and 

behavioral differences may be compensated via modifying levels of sex hormones or gene 

expressions 87. Therefore, even if behavioral or functional phenotypes do not show an 

overall sex difference, underlying mechanisms may still differ between the two sexes. 

Diverse sex-specific signaling pathways may have opposite effects and thus abrogate sex 

differences, leading to sexual equivalence of overt phenotypes 87. Sex hormones, sex 

chromosomes, and environmental factors that function as epigenetic factors all contribute to 

establish sex differences in the brain and behavior 88,89. Many underlying molecular 

mechanisms controlling sex divergences in physiology and behaviors and sexual 

differentiation of the brain remain unknown. For example, it is unclear if sex steroid 

hormones promote neurogenesis, cell differentiation, migration, and death leading to sex 

differences in the brain and behavior through direct and/or indirect pathways, and the 

corresponding molecular mechanisms remain unknown 90.

2.4.3. Actions of estrogens via ERs—An organism’s responses to estrogens are the 

result of a complex interaction between genomic and non-genomic estrogenic signaling (Fig. 

1). Human estrogens comprise a group of structurally related steroid molecules, including 

estradiol, estrone and estriol, which are the most important regulators and probably the best-

characterized steroid hormones of female and male reproductive systems. Estrogenic cellular 

responses are mediated by a number of different subtypes of nuclear and membrane ERs that 

initiate a complex array of cellular events upon binding to estrogens (Fig. 1). Lipophilic 

estrogens can pass across cell membrane to enter cells 91 but also can accumulate within cell 
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membrane 92. Thus estrogenic responses are divided into two broad categories. One is a 

relatively slower, genomic response that is characterized by changes in gene transcription 

and occurs on a time frame of hours to days after estrogens bind to their classical nuclear 

ERα and ERβ. The other one induces rapid, non-genomic signaling events via cytosolic 

pathways involving production of second messengers and activation of intracellular 

signaling proteins that occur within seconds to minutes of cell stimulation after estrogens 

bind to non-classical membrane-associated ERs. The genomic mechanisms are relatively 

well characterized, while the non-genomic estrogenic signaling is less understood and is 

beginning to be explored.

Estrogen genomic actions via nuclear ERs: Two nuclear ER genes have been identified at 

distinct chromosomes 93–96. ERα, the first described nuclear ER, has been characterized 

with specific binding activity using extracts of rat uterus and vagina tissues 97, cloned 96, 

had its DNA sequenced 95, and its ligand-binding domain crystal structure determined 98. 

Later ERβ has also been cloned and sequenced 94. Both ERα and ERβ belong to the nuclear 

hormone receptor family that are presented primarily inside nucleus and are complexed with 

chaperones, and function as ligand-activated transcription factors. Briefly, binding of 

estrogens to nuclear ERs in the cytosol and in the nuclei of target cells form estrogen-ER 

complexes that lead to receptor conformational changes, chaperone dissociation from ER 

inhibitory protein complexes, and dimerization of the receptors. This is followed by receptor 

translocation to the nucleus to bind to estrogen responsive elements (ERE) on promoters of 

hormonally regulated genes, which further recruits co-activators or co-repressors that 

function as transcription factors, and leads to target gene transcription or alteration in the 

rate of gene expression 99–101. Ultimately estrogen genomic actions control cellular 

response, cell growth, cell differentiation, and many other functions 102. Estrogen-ER 

complex also could modulate gene expression by a non-ERE-mediated mechanism in which 

ERα and ERβ dimers bind to non-ERE promoter sites of the DNA and interact with other 

transcription factors through protein-protein interaction, to regulate estrogenic genomic 

actions. Furthermore, ERs may elicit ligand-independent transcriptional responses and 

interact with other transcription factors to regulate gene expression 103. In summary, 

estrogens mediate long-lasting effects via multiple genomic mechanisms in estrogen-

regulated tissues and cells.

The most abundant and potent estrogens that binds to nuclear ERs is estradiol. Other natural 

forms of estrogens such as estrone and estriol 104, along with some environmental and food 

compounds such as phytoestrogens 105, are also capable of binding nuclear ERs but with 

much lower affinity than estradiol. Pharmacological reagents are available for investigating 

estrogenic genomic action following activation of nuclear ERs, including selective ER 

modulators such as raloxifene and tamoxifen, ERα selective agonist 4,4′,4″-(4-Propyl-

[1H]-pyrazole-1,3,5-triyl) trisphenol (PPT) with 400-fold higher affinity for ERα than ERβ 
106, and ERβ selective agonists 2,3-bis(4-Hydroxyphenyl)-propionitrile (DPN) and WAY 

with 70-fold higher affinity for ERβ than ERα 107.

It is noteworthy that, ERα and ERβ are highly homologous in their DNA- and ligand-

binding domains, but lack homology in their transcriptional activation domains 103,108. 

Additionally, both ERα and ERβ are highly expressed in reproductive tissues and in the 
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CNS, but a greater density of ERα than ERβ is expressed in metabolic tissues such as the 

kidney, bone, white adipose tissue, and liver, whereas a greater density of ERβ than ERα is 

expressed in the lung, gastrointestinal tract, bladder, and hematopoietic cells 109,110. Within 

the CNS, both ERα and ERβ are expressed at the bed nucleus of the stria terminalis, 

amygdala, medial preoptic nucleus, and locus coeruleus. Differences in ER expression exist 

among species. For example, in rats, a small number of ERα and no ERβ are expressed in 

serotonergic neurons at the dorsal raphe nucleus (DRN) in each sex; whereas in mice, both 

ERα and ERβ are highly expressed in DRN serotonergic neurons in both sexes 111. ERβ 
expression is less intense than ERα in the suprachiasmatic region, supraoptic nucleus, 

arcuate nucleus, and amygdala 112. In macaques, ERβ mRNA has been detected using PCR 

and in situ hybridization in brain regions that lack ERα. Also in macaques, ERβ is highly 

expressed in the preoptic area, paraventricular nucleus (PVN), and ventromedial nucleus 

(VMN) of the hypothalamus; the substantia nigra (SN), caudal linear, DRN, and pontine 

nuclei of the midbrain limbic regions; the dentate gyrus, CA1, CA2, CA3, CA4, and 

prosubiculum/subiculum areas of the hippocampus; and the temporal lobe 112–114. The 

presence of ERβ mRNA in some monkey brain regions that lack ERα 112 would help to 

clarify molecular mechanisms by which estrogens act to regulate physiology, behavior and 

related disorders, such as hormone secretion, cognition, neuroprotection, reward behavior, 

and related neurological and mental disorders.

These differences in ERα and ERβ expression suggest differential physiological functions 

between ERα and ERβ, which is supported by characterizing ERα knockout (KO) and ERβ 
KO mice 115. Indeed, male and female ERα KO mice manifest metabolic dysregulation with 

diabetogenic and obese phenotypes 116, whereas ERβ KO mice appear to have improved 

glucose regulation 117, supporting that both ERα and ERβ mediate important estrogenic 

action in metabolism but with opposite effects 118. Additionally, dominant expression of 

ERβ in some brain regions suggests potential involvement of ERβ in regulation of anxiety 

and stress responses 108. Importantly, studies using ERβ KO mice have demonstrated 

behavior related to increased levels of depression, anxiety, stress response, and aggression in 

ERβ KO mice compared to their wildtype counterparts 67,119–123. Therefore, studies using 

transgenic mouse models have indicated that estrogens have differential effects via acting on 

respective ERα and ERβ.

Although the focus of this chapter is estrogenic effects, both estrogens and androgens 

contribute to sex differences in the CNS neurotransmission. Many published studies have 

demonstrated that differential expression of sex hormone receptors in the brain could lead to 

sex distinct behavior and biological responses. ERs and androgen receptors (ARs) are 

expressed in various areas of the brain, including the hypothalamus and the limbic system 

across species including rodents 111,124, birds 125, domestic species such as ewes and rams 
126, nonhuman primates 112, and humans 127. Additionally, different expression between 

ERs and ARs exists, which could contribute to sex different physiology and behavior. For 

example, in male mice, ERβ, but not AR, is expressed on DA projections from the VTA to 

the ventral caudate and to the basolateral amygdala; whereas AR, but not ERβ, is expressed 

on DA projections from VTA to NAc and the centromedial amygdala 128,129. These studies 

suggest that estrogens and androgens may have different abilities to carry out differential but 

coordinated actions on the mesolimbic dopaminergic system in male mice. Furthermore, 
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ER- and AR-positive cells are co-expressed with aromatase-immunoreactive cells in the bed 

nucleus, lateral septum, medial amygdala and hypothalamus, and often appear to be 

surrounded by aromatase-positive nerve fibers and terminals 82, suggesting that locally 

synthesized neuroestradiol in the brain could mediate biological effects by activating ERs 

and ARs.

Estrogen non-genomic actions via membrane ERs: In addition to estrogen genomic 

action via nuclear receptors that typically take several hours for the effects to be manifested 

due to the time needed for gene transcription and protein translation to complete 130, a 

growing body of evidence supports non-genomic action of estrogens that elicits rapid signal 

transduction events within minutes 131,132. Such rapid effects cannot be attributed to 

genomic effects involving transcriptional mechanism and protein biosynthesis that requires a 

comparably long time from minutes to hours, and thus have been characterized as non-

genomic action of membrane receptors that requires only milliseconds to seconds 72,133–137. 

Estrogen-binding membrane receptors include G-protein coupled ER (GPER) including 

GPR30 138–142 and Gq-mER 143–146, membrane subpopulation of ERs (mERα/β) 141,147, 

and ER-X 148,149. Membrane ERs are expressed in various tissues and cells, including 

reproductive tissues, neurons of the central and peripheral nervous systems, intestinal tissue, 

pancreatic islets, adipose tissues, skeletal muscle cells, cardiac muscle cells, and 

inflammatory cells. Different types of membrane ERs have been reviewed in great details 

previously 35, and we briefly describe the major processes below.

GPERs are highly expressed in many brain regions such as the hypothalamus, pituitary, 

hippocampus, brainstem, cortex, and striatum 150. Interestingly, sex difference in GPER 

expression has been reported in the brain 151, with a much higher expression in women than 

in men 152. Within the CNS, estrogens act on membrane ERs at the striatum to regulate DA 

release 153. Unlike most of other G protein-coupled receptors, GPER is also localized in the 

membrane of endoplasmic reticulum. Additionally, membrane ERs could couple to other 

membrane receptors. For example, estrogens can activate membrane ERs coupled to 

metabotropic glutamate receptors and activate second messenger signaling at the nucleus 

accumbens (NAc), a potential mechanism to activate female motivational circuit that is 

responsible for addiction and substance abuse 154. Estrogens bind to membrane ERs and 

rapidly mediate multiple intracellular pathways involving various types of second 

messengers and protein kinases associated with G protein signaling (Fig. 1) 140–142,155. 

Signaling mechanisms of membrane ERs include rapid activation of phospholipase C, 

increases in intracellular concentration of Ca2+, and protein kinase C 156, production of 

cAMP and activation of associated protein kinase A 157,158, activation of Src kinase and 

subsequent phosphoinositide-3 kinase (PI3K)/Akt, and RAS/mitogen-activated protein 

kinase (MAPK) activation 102.

Selective pharmacological reagents, such as GPER agonists including G1 159,160 and 

antagonists including G15 161 with high affinity and high selectivity for GPERs, are 

available for elucidating estrogenic non-genomic action following binding of membrane 

ERs. It is noteworthy that tamoxifen and raloxifene can bind to and activate both nuclear 

ERs and GPERs 107,141,162,163. Besides selective agonists and antagonists, a few genetic 
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mouse models lacking GPER gene have been used to advance our understanding in the 

physiological roles of GPERs 164–167.

The research field of estrogenic non-genomic action via membrane ERs has received 

increasing attention during the recent decades. A PubMed search on June 8, 2018 with the 

keywords “estrogen” and “non-genomic” yielded 799 published papers since 1979, with 708 

(88.61%) of these papers being published since 2000 in the current millennium. This 

focused area of understanding estrogen signaling has seen a surge of interest and represents 

one of the fastest emerging areas in the field of estrogen research.

3. EFFECTS OF ESTROGENS ON CNS NEURTRANSMISSION

3.1. Overview of effects of estrogens on neurotransmission-mediated CNS circuitry

Traditional neurotransmitters such as DA, glutamate, GABA, and 5HT; and non-traditional 

neurotransmitter such as endocannabinoids, along with their receptors and transporters, are 

expressed in different brain regions that are interconnected parts of the reward circuits (Fig. 

2), to regulate mood and reward-related behavior. The same neurotransmitters can be used in 

multiple pathways of the reward system. For example, DA can be used in mesolimbic 

pathway and mesocortical pathway (see Section 3.2). Additionally, one reward pathway can 

be activated by different types of reward stimuli (e.g., DA and 5HT neurotransmission are 

activated by palatable food reward and drug reward), while multiple pathways involving in 

different neurotransmitters can be activated by one same type of reward stimulus (i.e. cross-

sensitization; Section 1.2). For example, estrogens modulate responses to reward stimuli via 

regulation of multiple aspects and components of DA and 5HT systems in the mesolimbic 

nuclei and the hypothalamus in response to drug reward stimuli 168. The mechanism by 

which estrogens influence neurotransmission could be via nuclear and membrane-associated 

ERs. For example, estradiol treatment in OVX rats decreases mRNA levels of ERα in the 

amygdala and the hypothalamus and decreases mRNA levels of ERβ in amygdala; increases 

mRNA levels of DA receptors D1 in the hypothalamus, D2 in the midbrain, and D3 in the 

ventral tegmental area (VTA), while decreases D3 receptor mRNA levels in the midbrain; 

and increases 5HT2C receptor mRNA levels in the midbrain and the hypothalamus 168. 

Therefore, estrogens regulate expression of genes for various specific subtypes of DA 

receptors and 5HT receptors in a region-specific manner, to contribute to behavioral 

responses to changes of internal and external environment. In this section, we discuss sex 

differences and focus on the action of estrogens in interconnected CNS reward circuits 

regulated by traditional and nontraditional neurotransmitters.

3.2. Sex differences and modulation of dopamine pathway by estrogens

3.2.1. Dopaminergic pathway—DA is a critical neurotransmitter implicated in reward 

and motivation. A large amount of human and animal studies support that many rewarding 

stimuli, including palatable foods and various types of substance, regardless of their 

dissimilar action mechanisms, converge on a shared dopaminergic pathway. Specifically, 

dopaminergic cell bodies originate in the VTA of the midbrain, and dopaminergic axons 

project either directly or indirectly to various brain regions, predominantly terminating at the 

NAc in the ventral striatum, termed the mesolimbic VTA-NAc pathway, and less 
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predominantly projecting to amygdala, bed nucleus of stria terminalis, hippocampus, lateral 

hypothalamus, and the lateral septal area 169. DA activity in the mesolimbic projections from 

the VTA to NAc, a main dopaminergic pathway, is implicated in decision making, reward, 

motivation, cognition, prediction, validation and drug addiction 169. While the mesolimbic 

dopaminergic pathway is the major one involved in the reward pathway, other 

neurotransmitters including 5HT, norepinephrine, endogenous opioids, GABA, and 

glutamate transmission could also play critical roles 169. Activation of dopaminergic input 

from the VTA to NAc enhances DA signaling and neurotransmission 170. Specifically, 

presentation of a reward induces DA release from the VTA into the NAc and increases DA 

receptor binding affinity, both of which induce associated learning processes and multiple 

aspects of motivational behavior to obtain rewards 171.

DA signaling is modulated by sex hormones. Estrogens, the most important hormones 

affecting dopamine neurotransmission, account for many sex differences in the reward 

system and related behavior, and have been heavily studied in both animals and humans. DA 

has been tested in women as well as female gonadally intact rats and OVX rats with or 

without estrogen treatment. Below human and animal studies have indicated that estrogens 

lead to functional variation of the VTA-NAc dopaminergic pathway between the sexes 128, 

contributing to the sex differences in reward and motivational behavior such as addiction 172.

3.2.2. Sex differences and modulation of dopamine pathway by estrogens - 
human studies—Advance in imaging technology such as fMRI or PET combined with 

DA-specific binding has provided a better understanding of the reward circuits in humans. It 

has been reported that palatable foods simulate more brain activation than low-calorie foods 

in all groups in human brain imaging studies. Greater activation of DA signaling, especially 

in regions related to VTA-NAc dopaminergic pathway, has been reported in obese 

individuals than normal weight individuals 173, implying that greater activation of 

dopaminergic reward pathway could be a potential mechanism leading to elevated 

motivational and reward-associated behavior for consuming palatable foods in obese 

individuals.

Feeding is regulated by an interaction between physiological, homeostatic state and reward 

value of food. Striatum and orbitofrontal cortex (OFC), a prefrontal cortex (PFC) region in 

the frontal lobes, are involved in control of food intake that is associated with monetary and 

food rewards and interacts with circulating satiety signals 44,174. Specifically, ventral 

striatum is activated by “wanting” while OFC is activated by “liking” of food reward. 

Physiological hunger increases “wanting” of food, but does not increase “liking” of food. 

Thus metabolic needs and related satiety signals could change the activity of the CNS 

reward system to regulate hedonic evaluation of food reward and related motivational 

behavior. In studies that measure fMRI of adult women with a normal BMI range while 

performing monetary- or food-related reward during fasted or satiety state, activities of OFC 

and ventral striatum increase due to receiving money reward and/or food reward 44,174. Such 

activation of OFC and striatum is influenced by metabolic state, with fasted women having 

greater activation than satiated women 44,174. Therefore, physiological hunger state 

sensitizes the CNS reward system to stimulate feeding in healthy women. Contradictory to 

the activated reward system by fasting in healthy women, the reward systems of women with 
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anorexia nervosa are not activated by physiological hunger 174. The diminished sensitivity of 

reward response during hunger underpins potential neural mechanisms for why patients with 

anorexia nervosa are not motivated to eat when fasted.

Activation of the reward circuit to food cues in women depends on phase of the estrous cycle 
175, as the activity and sensitivity of neurotransmitters may fluctuate over the course of the 

female estrous cycles. Van Vugt and Reid have attested that female estrous cycle naturally 

represents different gonadal hormone environment that changes DA signaling for food and 

drug reward 175. Even though sex hormone-induced sex differences in reward pathways is 

widely accepted knowledge, only a few neuroimaging studies on food reward response have 

actually evaluated reward responses to food stimuli during different phases of the female 

estrous cycles 58–61. Therefore, there is a need to account for estrous cycle phase as a 

variable when include women in human imaging studies. Some human studies that have 

analyzed data based on different phases of the estrous cycles report that, women during 

luteal phase have less stimulation by amphetamine and cocaine than men; whereas during 

follicular phase when levels of estrogens are naturally higher than luteal phase, women 

experience greater stimulation by amphetamine and cocaine than men do 176–178. Thus, this 

finding suggests that reward stimulation by drugs are related to levels of estrogens.

To summarize, DA neurotransmission sensitivity may fluctuate over the course of the estrous 

cycle. The potential augmentation of modulatory effects of dopaminergic system by food 

and drug reward stimuli by estrogens suggest that DA responsiveness would be at its highest 

during the estradiol-dominated follicular and periovulatory phases of the estrous cycle in 

women. While results of many human imaging studies may be inconsistent due to factors 

such as the women estrous cycle not being accounted for, human imaging studies generally 

indicate greater sensitivity in DA response to reward in women than in men. Women show 

greater sensitivity to gamble win and loss than men do 179. The mesolimbic responses are 

more sensitive to reward in women than men, which is dependent on estrogens during 

various reward stimuli, including monetary 60, appetitive 175, and amphetamine and cocaine 
176–178.

3.2.3. Sex differences and modulation of dopamine pathway by estrogens - 
animal studies—Food and drug reward stimuli have been tested in animal studies. Female 

rats are more susceptible to palatable food than male rats, with greater expression of neural 

activation marker Fos in mesocorticolimbic regions of the reward circuits, whereas no sex 

difference is found in regions of the hypothalamus or amygdala 180, suggesting that 

increased sensitivity of female rats to palatable food is through “hedonic” mechanism, rather 

than “homeostatic” mechanisms which is regulated by the regions in the hypothalamus. This 

study provides initial evidence that palatable foods may be more rewarding to females than 

to males, possibly due to heightened responsiveness of neural substrates that mediate 

hedonic and motivational responses to palatable food, which in part, may underlie sex 

differences in binge eating proneness 180.

It is interesting that estrogens have opposite effects on feeding via hedonic and homeostatic 

mechanisms. The effects of estrogens on caloric intake is regulated by homeostatic 

regulation, while the effects of estrogens on macronutrient selection are dependent on 
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activation of the reward pathways. In terms of homeostatic regulation, estrogens suppress 

caloric intake 181 via activating anorexigenic neurons of the hypothalamus 182. Indeed, in 

many species caloric intake varies across the female estrous cycles, eating least during 

periovulatory estrous phase when estrogen levels are high and eating most during diestrus 

when estrogen levels are low 183. The decrease in feeding during estrus is due to smaller 

meal sizes and concurrently increases in meal frequency 183. Both meal size and meal 

frequency are two parameters of spontaneous feeding regulated separately in a homeostatic 

manner. In terms of hedonic regulation, estrogens are known for enhancing the sensitivity to 

highly palatable foods and for increasing DA responses of brain reward regions 184,185.

It is noteworthy that selection of macronutrients with various palatability also varies during 

the estrous cycles. Inconsistent findings in macronutrient selection, however, have been 

reported in rats, as one study reported increased carbohydrate intake but decreased fat intake 

during estrus 186, while other studies reported increased fat intake but decreased 

carbohydrate intake during estrus 187,188, comparing with other phases of the estrous cycle. 

These inconsistent findings in macronutrient selection observed among different studies 

could be due to different forms of macronutrients and food properties being tested. It is 

possible that different sweet and fatty tastes could also contribute to macronutrient selection.

Besides food reward stimuli, females are also more sensitive to drug reward than males. 

Many drugs such as cocaine and amphetamine produce sex-specific effects on neural activity 

at various brain regions. Adult female rats are more sensitive to cocaine than adult male rats. 

For example, there is a greater increase in striatal DA in response to cocaine 189 and 

amphetamine 190 administration in females than in males. Female rats require more self-

administration of cannabinoid 191, cocaine 168,192, and amphetamine 190 than male rats. 

OVX with reduced endogenous levels of estrogens reduces self-administration rates, and 

conversely estrogen treatment enhances the hyperactivity induced by cocaine in OVX rats 
168, implying the stimulating regulation of drug reward by estrogens.

It is noteworthy that female rats generally show increased neural activity with single cocaine 

exposure but reduced activity with repeated exposure, while male rats generally show a trend 

with opposite effects 193. Repeated exposure of drugs could affect various brain circuits 

involving a number of neurotransmitters modulating reward, learning, memory, emotion, 

visual process and locomotion in hippocampal, amygdala and midbrain areas.

3.2.4. Underlying mechanisms of modulation of dopamine pathway by 
estrogens

Effects of estrogens on sexual differentiation: Anatomical differences due to sex 

differentiation of the brain have been reported in some brain regions of the reward system, 

such as NAc and medial amygdala, leading to sex-distinct motivational behavior and 

susceptibility of related disorders. Such sex differentiation is at least partially attributed to 

brain masculinization by fetal sex hormones testosterone and estradiol. Estrogens that are 

converted from neonatal testosterone surge may be the cause of down-regulating excitatory 

synaptic dopaminergic input into the striatal NAc core in adult males comparing to females 
194. Specifically, increased synaptic excitability in female rats exists before puberty, which is 

abolished following neonatoal testosterone and estradiol treatment 194, implying critical 
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roles of sex hormones in sex differentiation of excitatory synaptic input to the NAc core 

during neonatal period. Long-term increases in tyrosine hydroxylase (TH) in SN and VTA 

have been reported in neonatal male rats receiving injections of testosterone that is 

aromatized to estrogens 195. It is noteworthy that sexual dimorphism in VTA-NAc 

dopaminergic pathway reported in polygynous rodent species may be missing in 

monogamous species. For example, Campi et al. 196 used immunohistochemical labeling of 

TH to compare number of dopaminergic neurons in the VTA and used tract tracing to 

accurately delineate boundaries of the VTA in male and female California mice, a 

monogamous species. They reported that no sex difference in either volume or number of 

TH-immunoreactive neurons in the VTA 196.

Compared to adult male rats, adult proestrous female rats have larger spine heads for the 

spines next to TH-immunoreactive neurons, greater spine density, and greater excitatory 

input onto medium spiny neurons of striatal region of the NAc core 185,197, suggesting more 

profound synaptic connectivity, glutamatergic input, and dopaminergic modulation in 

females than in males. Sex differentiation in the volume and functional connectivity in the 

medial amygdala has been reported in male and female prepubertal rats at 25-29 days of age 
198 and adult rats 199. Male prepubertal rats had about 80% more excitatory synapses than 

females, implying that sex difference in organization exists in the medial amygdala 198. 

Adult male rats have larger neuron size than adult female rats that is accounted for by 

circulating androgen 199, whereas adult males have a greater number of neurons than 

females that cannot be explained by circulating androgen 200. These findings suggest that 

while the greater number of neurons in the medial amygdala is an organized sex difference 

occurring during perinatal period, the larger neuron size and volume of the medial amygdala 

in males are maintained during adulthood by male sex hormones 200.

Effects of estrogens on DA neurotransmission: DA neurotransmission of the VTA-NAc 

pathway associated with motivation is modulated by estrogens, which leads to functional 

differences of the mesolimbic dopaminergic pathway, accounting for many sex differences 

in the reward process and related behavior reported in human and animal studies 128. In 

general, elevated circulating levels of estrogens in rodents, either naturally during their 

estrous cycles or exogenously by estrogen treatment, contribute to elevated dopaminergic 

signaling. Estrogens affect multiple aspects of dopaminergic neurotransmission both 

presynaptically and postsynaptically, including (1) DA synthesis, release, and degradation; 

(2) presynaptic and postsynaptic receptors; and (3) DA transporters that uptake DA from 

synapse to terminate DA neurotransmission. The mechanisms by which estrogens influence 

dopaminergic system could be via nuclear and membrane-associated ERs. Pertinent to the 

effects of estrogens on the CNS reward system, ERs are distributed in dopaminergic 

pathways involved in reward 129,201. In male mice, dopaminergic projections from the VTA 

to the ventral caudate express ERβ, while dopaminergic projections to the dorsal caudate do 

not express ERβ. Dopaminergic projections to the basolateral amygdala also express ERβ 
129. Estrogens also act rapidly via membrane-associated ERs on dopaminergic cells in the 

striatum to affect DA release 153,202.

First, estrogens increase activity of TH and thus DA synthesis in the NAc 203 via acting on 

nuclear ERs 204 and membrane ER 205,206; induces presynaptic DA release 207 in the 
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striatum 208,209; and decrease DA turnover in the NAc and reduce clearance and degradation 

of DA so that DA remains at synapse for a longer period 210. Consistent with changes by 

estrogen treatment, OVX reduces TH immunoreactivity in neurons of the SN and VTA 211, 

which is restored by estrogen replacement 211. OVX also reduces DA content in the VTA 
212, and estrogen replacement increases DA release in NAc as measured by microdialysis in 

adult female OVX rats 184. The majority of studies that explore sex differences have used 

rodents. One study shows that dopaminergic neuron densities in the SN are much greater in 

gonadally intact female nonhuman primates African green monkeys than male and OVX 

female monkeys 213.

Second, estrogens and testosterone regulate DA receptor density and function. DA receptor 

density can be measured using receptor autoradiography. Testosterone decreases D1 and D2 

receptors in the NAc 214, while estrogens upregulate the density of D1 receptor in the 

striatum 215. Additionally, naturally elevated estrogen level during luteal phase across the 

female estrous cycle upregulates D2 receptor at caudate nucleus and putamen 216 and at 

striatum 217; whereas OVX reduces D2 receptor densities at striatum 217. Therefore, 

estrogens upregulate D1 and D2 receptors.

D1 receptors are a crucial determinant of risk-taking behavior in probability discounting, 

defined as decrease in subjective value of a reward as the likelihood of receiving this reward 

decreases 218,219. Treatment with D1 antagonists, either systemically 220 or locally in NAc 

or PFC decreases risk-taking in probability discounting 219,221. In contrast, treatment with a 

D1 agonist increases risk taking in this task 219,221. Adult male rats have a higher density of 

D1 in the striatum than females, but this difference does not appear until puberty 222. The 

dependence of striatal D1 density on hormonal environment may explain increased basal 

level of risk taking in testosterone-treated males. The sex difference and effects of estrogens 

in D1 receptor density may underlie the tendency for increased risk taking under influence 

of substances exhibited in males.

Estrogens also upregulate D2 receptor, which is associated with sex differences seen in 

reward-related behaviors in humans 216,223. Downregulation of D2 receptor is associated 

with obesity in humans. Human neuroimaging studies using PET and D2 receptor 

radioligand [C-11]raclopride that assess and compare D2 receptor availability between 

normal weight and obese individuals have reported reduced striatal D2 receptor availability 

in obese people 224. Additionally neuroimaging studies have revealed exaggerated responses 

in motivation and reward neural circuits and emotion regions in response to food images in 

obese individuals, with greater activations in PFC and limbic regions comparing to healthy 

weight individuals 225. In rodent studies, comparing to lean rats, obese rats that binge daily 

on sucrose show greater consumption of palatable sucrose that is resistant to disruption by 

compulsive-like feeding behavior, an aversive conditioned stimulus, continuously increased 

release of DA in the NAc 226 and downregulation of striatal D2 receptors 227. Additionally, 

lentivirus-mediated knockdown of striatal D2 receptors rapidly accelerates the development 

of addiction-like reward deficits and the onset of compulsive-like food seeking in rats with 

extended access to palatable high-fat foods 227. Therefore, downregulation of D2 receptors 

due to elevated DA release is associated with compulsive-like feeding behavior and obesity 

in both humans and rodents.
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Comparing to food reward stimuli, effects of estrogens on DA receptors following drug 

reward stimuli are more complicated. Febo et al. has reported that, one week of estrogen 

treatment increases D2/D3 receptor-induced G-protein activation in cingulate cortex, lowers 

D2/D3 receptor-induced G-protein activation in the VTA of cocaine-sensitized OVX rats, 

and no difference in striatum NAc between OVX rats with and without estrogen treatment 

after cocaine administration 228. Thus, cocaine-induced changes in D2/D3 receptor 

activation and function are regulated by estrogens in a region-specific manner, which could 

be an underlying mechanism by which estrogens regulate behavioral sensitization to 

cocaine.

It is notable that, although estrogens have an overall facilitating effect on dopaminergic 

neurotransmission, both stimulating 207,229 and inhibiting 230,231 effects of estrogens on 

dopaminergic neurotransmission can be found in the literature. For example, chronic 

treatment of estradiol at a supraphysiological dose (1 μg twice a day for 2 weeks) reduces 

DA content in NAc and VTA 232. Such chronic 2-week of estrogen treatment has little effect 

on D1 and D3 receptor expression in VTA or NAc, but downregulates D2 receptor in dorsal 

and ventral striatum 233, while 3-week estrogen treatment in OVX rats increases D3 receptor 

in VTA 168.

Third, another critical player involved in DA neurotransmission is DA transporters. There 

are some discrepancy regarding to effects of estrogens on DA transporters. For example, 

estrogens reduce DA transporters in NAc shell to delay the termination of DA 

neurotransmission 234; while a different study has reported reduced DA transporter 

expression in NAc in OVX rats 235. DA transporter in the NAc has been reported to be 

upregulated 236, decreased 231,234, or not changed 237 during proestrus or by estrogen 

treatment. The discrepancies of estrogenic effects on DA system is not surprising 

considering inconsistent assays utilized for assessing DA transporters, and could be 

explained by dissimilar methods of estrogen treatment used in different studies, such as 

administration mode, dose, duration, and testing time following treatment.

It has been recently shown, in a model of relapse to cocaine, that estrogens have significant 

effects on extracellular DA levels induced by cocaine challenge in dorsolateral striatum of 

female rats 238. These results represent a new research line for the role of estrogens in 

compulsive drug seeking. At the behavioral level, it has been shown that amphetamine 

administration to OVX rats does not produce place preference behavior 239, a behavioral 

paradigm widely used in neurobiological studies of addiction to drugs of abuse. In this work, 

replacement with estradiol or ERβ-selective agonist DPN restores the effect of amphetamine 

in the place preference behavior test 239. In other behavioral paradigms, it has been observed 

that administration of estradiol increases locomotor activity and behavioral sensitization 

induced by cocaine in OVX rats 240. Lastly, in an animal model of cocaine self-

administration, one of the most important model for evaluating all stages in addiction, it has 

been observed that female rats have a higher number of lever responses at low and high 

doses of cocaine as compared to males 241. In contrast, OVX rats have a lower lever 

responding than intact females 241. Indeed, OVX induces depressive-like behaviors, such as 

decrease in sucrose preference and decrease in escape-related behaviors when animals are 
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exposed to drugs of abuse 242, similar as the animals with inhibition of VTA dopaminergic 

neurons.

To summarize, although some of the literature may be contradictory, most studies have 

indicated that estrogens enhance DA neurotransmission and are particularly potent in 

activating DA function in the reward system, which accounts for the sex differences seen in 

reward-related behaviors.

3.3. Sex differences and modulation of serotonergic pathway by estrogens

3.3.1. Serotonergic pathway—The central 5HT pathway originates from 5HT-

producing neurons in the midbrain and hindbrain, including the DRN and medial raphe 

nuclei of the midbrain. The serotonergic neurons of the DRN project to the PFC and the 

hippocampus that regulate integrative cognition and memory processes from higher order 

functions, to the limbic system for arousal control and balancing mood, and to the 

diencephalic thalamus and the hypothalamus that regulate pituitary hormone secretion, 

energy homeostasis, controlling eating behavior and mediating satiety, stress, and sexual 

behavior 243. The serotonergic neurons of the caudal nuclei project to the spinal cord and 

interact with numerous autonomic and sensory systems. Dysregulation of 5HT 

neurotransmission would impact cognition and memory, resulting in mood disorders such as 

depression and anxiety 244, and would disturb emotions related to eating and shaping the 

hedonic response to food 245,246. 5HT has been identified as a key signal mediating 

physiological and behavioral functions linked to stress response and feeling of satiety.

The 5HT system is complex. At least seven major families and 15 different subtypes of 5HT 

receptors, including G-protein coupled 5HT receptors and ligand-gated ion channels, have 

been characterized for intracellular signal transduction 247. 5HT and its agonists have been 

used to activate serotonergic pathways in human studies and animal studies that study 5HT 

neurotransmission as one of the mechanisms linking mood disorder and eating disorders 

such as anorexia nervosa and bulimia nervosa and 248.

There may be species differences in the effect of estrogens on 5HT neural function. In 

general, findings from human and animal studies suggest that females have an overall higher 

level of 5HT in the CNS than males 249 and estrogen treatment increases 5HT levels in the 

CNS. Both ERα and ERβ are expressed in serotonergic neurons in the hypothalamus, while 

ERβ but not ERα is expressed in serotonergic neurons at the DRN in guinea pigs 250 and in 

nonhuman primates 251,252, suggesting that estrogens act via ERβ at the serotonergic 

neurons in the DRN to regulate gene expression. Changes in the expression of multiple 

genes by estrogens could be associated with an increase in 5HT neurotransmission.

Serotonergic neurotransmission is dependent on a multitude of processes, including (1) 5HT 

synthesis regulated by tryptophan hydroxylase (TPH), the rate-limiting enzyme in 5HT 

biosynthesis; (2) 5HT signaling via 5HT2A and 2C receptors 253; (3) 5HT release from the 

firing neurons whose activity is inhibited by 5HT1A autoreceptor; receptor expression and 

binding; (4) serotonin transporter (SERT) for 5HT reuptake, predominantly located 

presynaptically at nerve terminals and also present on cell bodies and dendrites 254. SERT 

moves 5HT from the synaptic cleft into the presynaptic serotonergic neuron to be degraded 
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by monoamine oxidase (MAO). Thus SERT reduces 5HT concentration at synaptic cleft and 

terminates 5HT neurotransmission 255. Dysfunction of SERT-mediated 5HT uptake has been 

implicated in depression and anxiety disorders. SERT is the site of action of widely used 

antidepressants known as selective serotonin reuptake inhibitors (SSRIs). By altering the 

expression or activity of SERT, estrogens could alter serotonergic neurotransmission. SSRIs 

block SERT for 5HT reuptake to increase 5HT levels in synaptic cleft, usually ameliorate 

depressive symptoms in humans, suggesting that serotonergic system is critical in 

psychiatric illnesses such as depression. Additionally, 5HT projection of GABA neurons 

could either stimulate or inhibit release of GABA in different brain regions. Thus 

unravelling sex differences in serotonergic action and how it is influenced by estrogens 

could be complex.

3.3.2. Sex differences and modulation of 5HT pathway by estrogens - human 
studies—While the prevalence of depression in women is much higher than in men, this 

sex difference is manifested in women of reproductive ages 256. Mood disorders and eating 

disorders associated with reproduction in women are of a varied nature, as precipitated 

depressive symptoms could be due to elevated cyclic levels of sex hormones in some women 

but due to loss of sex hormones in others 252. The roles of CNS 5HT in the severity of 

depression and in the loss of emotional wellbeing are examined using a combined PET and 

5HT transporter radiotracer with fMRI in men and women 257. Men present a strengthened 

connectivity to the OFC, while women present a strengthened projection to the ventral 

striatum. Both brain regions are involved in mediating emotional response to reward stimuli 

such as palatable food. This study suggests that 5HT connections to other brain regions of 

the reward circuitry is different between men and women. In women, severity of depression 

is positively correlated with BMI and with the activity in ventral striatum 257, suggesting 

that increased body mass may convey to other mood aspects in women.

3.3.3. Sex differences and modulation of 5HT pathway by estrogens - animal 
studies—Besides acting on reward pathway, serotonergic neurotransmission regulates 

feeding in animals 258, but sex differences in serotonergic control of feeding is not 

conclusive due to inconsistent literature. In one study, eating-inhibitory effect of a SSRI 

fenfluramine is more evident in intact, cycling rats during estrus than during diestrus 259, 

and more evident in female rats than in male rats, indicating that estrogens upregulate 5HT-

mediated feeding inhibition. In another study, no difference in eating responses to 5HT 

agonists and an SSRI fluoxetine between female and male rats 260. Furthermore, one study 

has showed that estradiol treatment in OVX rats increases effects of fenfluramine in feeding 

suppression 261, but another study does not show any difference in the effect of chronic 

fenfluramine treatment between OVX rats with and without estradiol treatment 262. Such 

discrepancy could be due to different duration and dosages of estrogen treatments, and 

different aspects of 5HT neurotransmission targeted by different chemicals.

3.3.4. Underlying mechanisms of modulation of 5HT pathway by estrogens—
First, estrogens upregulate expression and activity of TPH to increase 5HT biosynthesis. 

Estrogen administration has been found to increase TPH mRNA level 263. In OVX guinea 

pigs, estrogen treatment alone increases the protein expression of TPH at the DRN 250. 
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Similarly, in spayed nonhuman primate macaques, estrogen treatment increases TPH mRNA 

level 263 and protein level 264 compared to control-treated and progesterone-treated spayed 

macaques, suggesting that estrogens induce expression of TPH. Interestingly, while estrogen 

treatment alone increases levels of TPH mRNA and TPH protein, it does not affect 5HT 

content; rather, combined treatment of estrogen and progesterone increases 5HT levels at the 

DRN and at the projected medial basal hypothalamus in guinea pigs 250. Thus there is a 

discrepancy in the sex hormone regulation of TPH mRNA and TPH protein levels versus 

5HT production in estrogen-treated animals, possibly due to activity of TPH that is regulated 

by phosphorylation by protein kinase A 265. Only phosphorylated TPH has catalytic activity 
266. It is possible that progesterone treatment increases protein kinase A expression and 

activity of TPH. Based on these information, we can speculate that postmenopausal women 

would have a lower level of 5HT synthesis due to lower levels of estrogens and 

progesterone, and consequently lower levels of TPH mRNA and TPH protein. However, not 

all postmenopausal women are depressed 256. It is possible that after loss of ovarian 

function, there may be an adjustment in the 5HT neurons so that TPH protein levels recover 

in many women. This also suggests that mechanism related to lower TPH expression is a 

potential point of vulnerability in pre- and postmenopausal women who experience mental 

disorders such as depression related to decreased level of 5HT.

Second, estrogens regulate 5HT receptors 5HT2A and 2C, which are G protein-linked 

protein molecules and exhibit classic features of G protein-coupled receptors.

5HT2A receptor has been implicated in suicide and depression, and its mRNA are found in 

the brain areas relevant for controlling mood, mental state, and cognition 267. In humans, 

5HT2A receptor mRNA is localized in cortex and hippocampus, but not in DRN, striatum, 

SN, or cerebellum 268. Estrogens increase 5HT2A receptor mRNA and binding site densities 

in male rat brain. There is a general agreement between rat and monkey regarding the 

localization of 5HT2A mRNA in the hypothalamus. In macaque hypothalamus 5HT2A 

receptor mRNA is expressed in the periventricular nuclei, supraoptic nucleus, mammillary 

bodies, subthalamic capsule, and moderately expressed in the thalamus as determined using 

in situ hybridization 269. Healthy men have significantly higher levels of 5HT2A receptor 

binding capacity than healthy women in the frontal and cingulate cortices as determined 

with PET and radiotracer 18F-labeled altanserin 270. Findings from human and rat studies 

suggest that estrogens increase 5HT2A binding in higher forebrain regions although little 

regulation has been observed at the mRNA level in the macaque hypothalamus.

The NAc receives major inputs from the amygdala and projects to the cortex and 

hypothalamus. These regions are essential for cognition, emotion, mental state, mood, and 

neuroendocrine control. Thus, estrogen-stimulated increase in 5HT2A receptor densities in 

these stated regions to control behavior and mood. A single injection of estradiol in OVX 

rats induces a significant increase in 5HT2A receptor labeling in the NAc, the amygdala, 

DRN, anterior frontal, anterior cingulate and primary olfactory cortex 271,272. Moreover, at 

the time of spontaneous estrogen-induced LH surge, 5HT2A receptor densities increase 

compared to diestrous females or males in the frontal and cingulate cortex, olfactory tubercle 

and NAc 273. OVX reduces 5HT2A receptor mRNA and protein levels, and long-term 

estrogen replacement reverses this effect in frontal cortex 274,275.
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5HT2C, a key contributor of many psychiatric and neurological disorders 253, is the most 

prominent 5HT receptor subtype in rat brain 276. 5HT2C mRNA and protein are found in 

discrete regions of rat brain such as the choroid plexus, olfactory bulb, NAc, amygdala, SN, 

and hypothalamus 277–279. In the primate hypothalamus, using in situ hybridization, dense 

populations of 5HT2C mRNA-labeled cells are found in the anterior hypothalamus, 

periventricular nuclei, VMN, dorsal hypothalamic area, lateral hypothalamus, arcuate 

nucleus, and infundibular nucleus 269. Estradiol treatment increases 5HT2C receptor content 

in the dorsal part of the caudal brainstem, but not in the hypothalamus 280, suggesting that 

estradiol increases 5HT signaling by increasing the numbers of 5HT2C receptors in the 

caudal brainstem. Interestingly, estrogen treatment in spayed female macaques decreases 

5HT2C receptor mRNA in the VMN, dorsal and posterior hypothalamus, but not other 

hypothalamic areas 269. VMN, but not dorsal or posterior hypothalamus, contains neurons 

that express ERs. The decrease in 5HT2C receptor mRNA in the VMN could be due to a 

direct action of estrogens through ERs. Downregulation of 5HT2C receptor gene in the 

dorsal and posterior hypothalamus that devoid of ERs could be due to changes of other 

processes of 5HT neurotransmission.

Third, estrogens regulate 5HT autoinhibition via 5HT1A autoreceptor. 5HT1A autoreceptor 

suppresses 5HT synthesis via inhibiting firing of serotonergic neurons at DRN and median 

raphe 281 and inhibiting 5HT release in the hippocampus 282,283. Therefore, blocking 

5HT1A receptors has antidepressant-like activity 284. Estrogen treatment reduces 5HT1A 

mRNA level in the dentate gyrus, CA2 region of the hippocampus, and DRN of OVX rats 
285 and in the DRN and median raphe of spayed rhesus monkeys 286 measured by in situ 
hybridization. The 5HT1A autoreceptor is linked to an inhibitory G protein of Gi/o/z family 
287. Estrogens decrease basal and activated GTP binding in the DRN 288. In summary, the 

majority of evidence suggests that, in rodents and nonhuman primates, estrogens 

downregulate the activity and expression of 5HT1A autoreceptor, as well as decreases the 

availability of GTP binding, to enhance 5HT effects.

Fourth, estrogen treatment reduces 5HT uptake to presynaptic cells, via decreasing gene 

expression, translation, protein phosphorylation, trafficking, and stability of SERT 254. 

Estrogens reduce SERT mRNA signal in the DRN of estrogen-treated spayed rhesus 

monkeys compared to the spayed control group 289, and decrease [3H]paroxetine binding, a 

selective indicator of 5HT reuptake sites, in the hippocampus of estrogen-treated rats 290. 

Acute estrogen administration decreases SERT mRNA levels 289 and 5HT1A mRNA levels 

and binding 291. Thus, we can speculate that estrogen replacement therapy in 

postmenopausal women would decrease expression of SERT gene and SERT protein, thus 

5HT may remain in the extracellular space for a longer period of time to continue 

neurotransmission. However, such reasoning does not explain the observations that humans 

with depression having lower levels of 5HT reuptake sites than healthy humans 292,293. It is 

possible that there is blunted 5HT release and reduced levels of 5HT in humans with 

depression to begin with, there is also less 5HT reuptake.

Fifth, estrogens decrease 5HT metabolism via degradation by MAO after 5HT is taken up 

into the presynaptic neurons. A decrease in the activity of MAO-A or -B would be reflected 

by a relative increase in availability of active 5HT and a decrease in its metabolites, 5-
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hydroxyindoleacetic acid (5HIAA) and homovanillic acid (HVA). In support, MAO 

inhibitors increase the concentration of 5HT and decrease the concentration of 5HIAA in rat 

brain and in human plasma 294. MAO-A and MAO-B mRNA are found in the DRN and 

similar nuclei of the hypothalamus known to contain ERs of the nonhuman primate macaque 
295. Additionally, treatment of ovarian hormones, estrogen and progesterone, decrease gene 

transcription of MAO-A at DRN and hypothalamic PVN, LH and VMN; and decrease gene 

transcription of MAO-B at hypothalamic POA, LH and VMN, but not at DRN, of spayed 

macaques 295. Similarly, estrogen treatment in OVX rats reduces MAO-A activity in the 

hypothalamus and amygdala 296–298. If this change in gene expression is reflected by a 

change in protein, then ovarian hormones can increase extracellular concentrations of 5HT, 

by decreasing their metabolic oxidation.

To summarize, estrogens enhance 5HT signaling via increasing 5HT biosynthesis, 

upregulating expression and binding of receptors 5HT2A and 5HT2c, downregulating 

activity and expression of 5HT1A autoreceptor, decreasing expression of SERT gene and 

SERT protein and allowing 5HT remain in the extracellular space for a longer period of time 

to continue neurotransmission, and decreasing 5HT metabolism.

3.4. Sex differences and modulation of glutamatergic and GABAergic pathways by 
estrogens

3.4.1. Glutamatergic and GABAergic pathways—Glutamate is the main excitatory 

neurotransmitter whereas GABA is the most abundant and widely distributed inhibitory 

neurotransmitter in the CNS. There are multiple glutamatergic pathways, including (1) the 

descending cortical brainstem pathway that projects from cortical pyramidal neurons in the 

PFC to brainstorm neurotransmitter centers at VTA/SN to regulate DA release; (2) the 

descending pathway that projects from the PFC to the striatum NAc; (3) the ascending 

thalamocortical pathways that project from the thalamus to pyramidal neurons in the PFC; 

(4) the descending pathway that projects from the PFC to the thalamus; and (5) projections 

among cortical pyramidal neurons 299. Glutamate acts mostly via its N-methyl-D-aspartate 

(NMDA) receptor in a few brain regions that underlie cognitive functions, including the 

hippocampus, amygdala, and PFC with glutamatergic projection to VTA and NAc, 

especially potentiates the rewarding effects of use of substances 300. Gluatmatergic 

transmission onto medium spiny neurons in the NAc core, a ventral striatum region where 

abnormal functioning is implicated in patients with eating disorders 174,301,302.

In contrast to the excitatory effects carried out by glutamate, GABAergic neurotransmission 

is known to inhibit signaling and function of other neurotransmitters, such as DA 303,304 and 

5HT 305,306, through GABA receptors GABAA and GABAB that are highly expressed in the 

cortex, hippocampus, thalamus, basal ganglia and cerebellar brain areas. A sequence of 

neurons consists of a glutamate-GABA-DA neurocircuit loop that starts from glutamatergic 

neurons in the PFC, fires on GABA interneurons to release GABA, and leads to 

dopaminergic neurons in the mesolimbic VTA/SN regions. Dopaminergic system contains 

GABAergic projection that inhibits DA release. This loop allows an accurate amount of DA 

and dopaminergic activity to occur to maintain appropriate, non-psychotic states. Removal 

of this GABAergic inhibition on VTA/SN DA neurons, such as during substance use, would 
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increase DA neuron firing rates and activity, and thus induce reward-related bursts 307. 

Among a number of structures, NAc is a major source of GABAergic input to the VTA 

inhibits the activity of dopaminergic neurons at the VTA 308. Additionally, a recent study has 

demonstrated that D1 dopamine receptor expressing cells in specific sub-regions of the NAc 

project to VTA in mice to regulate motivational behavior 309. Therefore, CNS glutamate and 

GABA neurotransmission mediate multiple brain areas to respond to reward stimuli via 

modulating neurotransmission of other neurotransmitters.

A body of literature has indicated that estrogens enhance glutamatergic synaptic 

transmission in the hippocampus 310 while reduce GABA-mediated signaling in 

hippocampal, amygdala, and midbrain areas in vivo 304,311. Additionally, estrogens suppress 

GABAergic input in cultured rat hippocampal neurons in vitro 312. Consequently, due to 

hippocampal modulation by the interaction between estrogens and glutamatergic and 

GABAergic pathways, estrogens affect memory, long-term potentiation, and associated 

responses to reward stimuli.

3.4.2. Sex differences and modulation of glutamatergic and GABAergic 
pathways by estrogens - cell culture and animal studies—There is a scarcity of 

human studies on sex differences in or effects of estrogens on glutamate or GABA 

neurotransmission. The impact of sex hormones on the glutamatergic and GABAergic 

systems has been mostly studied in vitro using cultured hippocampal cells 313, in ex vivo 
brain slices 306,310, and in vivo animal models 303,304,314.

Estrogens facilitate glutamatergic neurotransmission in vitro 313. In vivo functional 

glutamatergic neurotransmission and glutamate receptor expression in the PFC following 

repeated stress paradigm are seen in female rats and estrogen-treated male rats, whereas 

glutamatergic neurotransmission and glutamate receptor expression are reduced in stressed 

males 314. Additionally, endogenous estrogens of female rats and exogenous estrogen 

treatment in male rats increase resilience to stress and preserve hippocampal functioning in 

rats 314,315. Thus, function of the hippocampal-amygdala-PFC glutamatergic pathway is 

dependent on functional estrogen signaling to provide protection against repeated stress. 

Furthermore, blocking of aromatase, the enzyme of estrogen synthesis, results in stress-

induced glutamatergic deficits and memory impairment in female rats 314. Therefore, female 

rodents have an endogenously synthesized estrogen source, termed neuroestradiol (see 

Section 2.4) to counter insults such as stress and maintain normal function. In vivo studies 

using rats 304 and baboons 303 also have demonstrated that estrogens reduce GABAergic 

activity to increase DA content in the mesolimbic VTA-NAc pathway. Overall, findings 

support that estrogens enhance glutamatergic pathways and suppress GABAergic pathways.

3.4.3. Underlying mechanisms of modulation of glutamatergic and 
GABAergic pathways by estrogens—Estrogens facilitate glutamatergic signaling, via 

upregulating the expression 316 and increasing the distribution 317 of NMDA glutamate 

receptor in neurons, and via potentiating neuronal sensitivity to synaptic input mediated by 

NMDA receptor 318. In contrast, blockade of NMDA receptors with antagonists attenuates 

the impact of estrogens on neural cells that correlate of memory, such as long-term 

potentiation 319. It is noteworthy that estrogens act on both neural cells and astrocytes to 
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mediate neuroprotective effects in the hippocampus of estradiol-treated female rats 320. 

Specifically, estradiol treatment improves density of neural cells, upregulates glutamine 

synthetase activity, and increases astrocyte glutamine transporter expression in the 

hippocampus. Therefore, neuroprotective properties of estrogens are reasonably linked to 

astrocytic activity 320.

Estrogens act on various subtypes of ERs, including nuclear ERα and ERβ and membrane 

ERs, to potentiate glutamatergic pre- and post- synaptic transmission in CA1 pyramidal 

neurons of the hippocampus of male and female rats 310. Selective ER agonists have been 

used to investigate sex differences in the mechanisms underlying estrogen-induced 

potentiation. Interestingly, presynaptic effects of estradiol is similarly initiated by a selective 

ERα agonist PPT in males, but by a selective ERβ agonist WAY in females 310. 

Additionally, the effects of estradiol of increasing postsynaptic transmission activity are 

mimicked by a selective ERβ agonist WAY in males, but by a selective GPER agonist G1 in 

females, 310. Therefore, although estrogens potentiate glutamatergic transmission at 

hippocampus in both sexes, sex-specific mechanisms with activation of distinct subtypes of 

ERs are involved in presynaptic and postsynaptic events. Besides acting on various subtypes 

of ERs, estrogens also activate membrane ERs that are coupled to metabotropic glutamate 

receptors to activate second messenger signaling at the NAc, known as ER/mGluR signaling 
154, a potential mechanism to activate female motivational circuit that is responsible for 

addiction and substance abuse. Furthermore, a selective ERβ agonist DPN can regulate 

growth factor / trophic factor signaling to modulate glutamatergic and cholinergic synapse 

pathways, as well as retrograde endocannabinoid signaling, to provide neurogenesis, 

neuromodulation and neuroprotection in the hippocampal formation of OVX rats 321.

To summarize, sex differences in molecular regulation of excitatory synapses in the 

hippocampus exist, suggesting that different therapeutics that target distinct ERs would 

affect sex-specific excitatory hippocampal activity in males and females.

3.5. Sex differences and modulation of endocannabinoid pathway by estrogens

3.5.1. Endocannabinoid pathway—The CNS endocannabinoid system is a 

neuromodulatory system composed of endocannabinoids, cannabinoid receptors CB1 and 

CB2, along with many intracellular proteins involving endocannabinoid signal transduction. 

The endocannabinoid system regulates diverse biological, physiological and behavioral 

actions such as pain processing, inflammation, energy metabolism and sexual behavior 

engaging the CNS, various peripheral organs and tissues (e.g., gut, liver, pancreas, and 

adipose tissue), and circulating hormones including gonadal hormones. The 

endocannabinoid system has implication in eating disorders and addiction 322.

There are over 60 cannabinoid compounds including Δ9-tetrahydrocannabinol (THC), the 

primary psychotropic constituent. Endocannabinoids, such as anandamide and 2-

arachidonoyl glycerol (2AG), are two major endogenous cannabinoids, produced from fatty 

acid metabolism, and function as lipid-based retrograde neurotransmitters 323. 

Endocannabinoids bind to two G protein-coupled cannabinoid receptors CB1 and CB2 
324,325, with CB1 mostly presented in the CNS cortex, PVN and VMN of the hypothalamus, 

hippocampus, brainstem, and mesocorticolimbic brain regions including amygdala, NAc, 
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and SN to increase appetite 326,327; and CB2 mostly presented in immune cells and in 

peripheral organs and tissues, including the intestine, liver, and adipose tissue, to regulate 

lipid and glucose metabolism 328.

CNS endocannabinoids are responsible for psychological effects of caloric intake via 

modulating feedback loop involved in hypothalamic appetite regulation by acting on its 

endocannabinoid receptors. Peripheral orexigenic ghrelin increases the levels of 

hypothalamic endocannabinoids anandamide and 2AG 329, while anorexigenic adiposity 

hormone leptin decreases anandamide and 2AG 330. Endocannabinoids regulate appetite 

mostly via their action on CB1 receptor. The administration of CB1 receptor agonists into 

hypothalamic nuclei such as the PVN 331 and VMN 332 increases energy intake. Besides 

CB1 and CB2, G-protein-coupled receptor 55 (GPR55) also has binding affinity for 

endocannabinoids. Dysfunction of endocannabinoid system appears to be a risk factor for 

anorexia nervosa. Loss of GPR55, as seen in some patients diagnosed with anorexia nervosa, 

induces less phosphorylated ERK when cells are treated with anandamide. Thus, low-

functioning of GPR55 increases vulnerability to the development of eating disorders, such as 

anorexia nervosa 333. In the NAc, activation of CB1 inhibits effects of GABA, glutamate, 

and acetylcholine transmission 334 and increases DA release 335; while antagonists of CB1 

decrease alcohol, cocaine, and opiate consumption 336,337. These studies suggest that 

activation of endocannabinoid system increases motivation to consume alcohol and other 

drugs 336,337.

Sex differences and effects of estrogens in cannabinoid system have been documented in 

both humans and animal models. The striking sex differences in the regulation of 

endocannabinoid pathway regulating motivation and energy homeostasis are pervasive and 

far-reaching based on available literature, including endocannabinoid-mediated neonatal 

development of the amygdala 338 and hippocampal neurogenesis 339, learning and memory 

during adolescence and adulthood 340, energy metabolism 341,342, and drug addiction 343.

3.5.2. Sex differences and modulation of endocannabinoid pathway by 
estrogens - human studies—Population-based surveys of adolescents found a sex 

difference in the prevalence rate of marijuana smoking, with males being highly frequent 

cannabis users comparing to females, identified in several clinical studies and in anecdotal 

observations 344. It is possible that cannabis smoking is associated with different emotional 

or mental states in men versus women. Moreover, some possible bias in the results coming 

from epidemiological studies may occur because women appear to receive more health care 

information than men, possibly due to women’s superior communication skills in general. 

Another survey has also revealed sex differences in correlation of frequent and heavy 

cannabis use. In particular, comparing with adolescent males, adolescent females appear to 

be less influenced by cannabis use of their peers and by the social environment established 

in school 345. Additionally, adolescent females reporting relatively poor mental health are at 

greater risk for frequent and heavy cannabis use than adolescent males 345, suggesting that 

mental health status is correlated with female’s, but not male’s, cannabis use.

Differences in a variety of cannabinoid effects exist between the two sexes. In women, the 

circulating levels of anandamide are higher during follicular phase and highest during 
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ovulation when levels of estrogens are increasing and peak, and lower during the luteal 

phase when levels of estrogens are decreasing 346,347. Physiological and behavioral effects 

of endocannabinoids are different between the sexes, which could be related to sex 

differences in body fat distribution and related drug disposition. High concentrations of 

lipophilic cannabinoids are sequestered in adipose tissues. Women have a higher percentage 

of body fat than men do 25, which could retain more endocannabinoids and their metabolites 

at adipose tissues and reduce their circulating levels. Consequently women would experience 

weaker effects of cannabinoids than men do.

Sex differences exist in the endocannabinoid regulation of appetite. Most studies using 

cannabinoids or cannabinoid receptor agonists to increase energy intake and to ameliorate 

lack of appetite and body wasting in the treatment of cancer- and HIV/AIDS-related 

cachexia include only male participants 348–350. One study with similar percentages of male 

and female participants, however, failed to show increase in appetite by THC or cannabis 

extract 351, suggesting that estrogens attenuate endocannabinoid regulation of appetite. The 

RIO-North American clinical trial with approximately 80% women participants, in contrast, 

has demonstrated anti-obesity effects of Rimonabant, a CB1 receptor antagonist, such as 

effective reduction in body weight, adiposity, and waist circumference 352. It is noteworthy 

that more than 40% of women in the RIO-North American clinical trial are either peri- or 

post-menopausal women. Thus, it is possible that estrogen-induced attenuation of 

endocannabinoid signaling is not manifested due to decreasing levels of estrogens in these 

woman participants.

The potential attenuation of modulatory effects of cannabinoid system on appetite by 

estrogens suggests that cannabinoid responsiveness is at its lowest during estradiol-

dominated follicular and periovulatory phases of the estrous cycle in women. Under 

hypoestrogenic states such as during primary amenorrhea (as seen in anorexia nervosa) or 

secondary amenorrhea (as seen in menopause), cannabinoid responsiveness would proceed 

to its full extent. Indeed, a man-made cannabinoid dronabinol that contains THC 

significantly increases weight gain in women with anorexia nervosa 353.

3.5.3. Sex differences and modulation of endocannabinoid pathway by 
estrogens - animal studies—Sex differences in cannabinoid-induced behavior have 

been found to attribute to activational effects of sex hormones. Research findings have 

suggested that estrogens alter endocannabinoid signaling via modulating expression of 

various proteins in the endocannabinoid system.

First, the levels of endocannabinoids are different between males and females 354, which 

could be altered by estrogens. Female rats have higher content of a major endocannabinoid 

anandamide than males in the hypothalamus and the anterior pituitary gland 355. The content 

of anandamide in the hypothalamus and the anterior pituitary gland also fluctuates across 

various phases of female estrous cycle, with peak values during the estrus and the nadir 

values during diestrus in the anterior pituitary gland, and an opposite tendency in the 

hypothalamus 355. In contrast, the content of the other major endocannabinoid 2AG is not 

different between males and females, and does not change during the female estrous cycle 
343,355.
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Second, expressions of genes and proteins of endocannabinoid-associated proteins including 

CB1 receptor are different between sexes, which could also be regulated by estrogens 355. 

For example, male rats have higher levels of CB1 receptor mRNA transcripts in the anterior 

pituitary gland than normal cycling female rats at the different stages of the estrous cycle 
355. Additionally, CB1 receptor mRNA transcripts fluctuate during the female estrous cycle, 

reaching maximum magnitude in diestrus when estrogen levels are low and reaching 

lowermost value in estrus immediately after estrogen’s peak 355. Furthermore, CB1 receptor 

mRNA levels are lower in estradiol-treated OVX rats than OVX rats without estrogen 

replacement 355. Therefore, estrogens suppress the expression of CB1.

Third, behavioral responses to cannabinoids are sex-specific and are regulated by estrogens. 

One example is that the endocannabinoid system may be differentially sensitive in its 

modulation of appetitive behavior in females versus males. Sex differences in the 

cannabinoid regulation of caloric intake has been demonstrated in rodents. Administration of 

a cannabinoid CP 55,940 into the fourth ventricle stimulates consumption of sweetened 

condensed milk in male rats at a much lower dose than that observed in female rats 356, 

suggesting that male rats are more sensitive to cannabinoid’s effects. Similarly, male guinea 

pigs are more sensitive to hyperphagic and hypophagic effects of CB1 receptor agonist WIN 

55,212-2 and antagonist AM251, respectively, than female guinea pigs 357. Specifically, 

CB1 agonist WIN 55,212-2 has larger increases in caloric intake, meal size and meal 

duration in males than in females, and CB1 antagonist AM251 has larger decreases in 

caloric intake and meal frequency in males than in females 357. Such sex differences persist 

even in the absence of sex hormones. CB1 agonist WIN 55,212-2 stimulates caloric intake to 

a greater extent in orchidectomized males than in OVX females 357, suggesting 

organizational effects of sex hormones on cannabinoid system. Interestingly, estradiol 

replacement in OVX females reduces energy intake, and rapidly and markedly attenuates the 

increase in energy intake caused by a CB1 receptor agonist WIN 55,212-2 342, suggesting 

activational effects by estrogens on cannabinoid system. Therefore, estrogens could have 

both organizational and activational effects on cannabinoid signaling to regulate appetite 

behavior. Another example is that the endocannabinoid system is more sensitive in its 

modulation of reward behavior in females versus males. Intravenous self-administration of 

the CB1 receptor agonist WIN 55,212-2 in female Long Evans and Lister Hooded rats is 

more rapidly acquired, more robustly maintained, and more slowly extinguished than in their 

male counterparts 191. Moreover, after both drug and cue priming, gonadally intact female 

rats reinstate responding for the cannabinoid at higher level than males and OVX females 
343. Perinatal exposure to THC, the primary psychoactive ingredient in marijuana, decreases 

endogenous opioid polypeptide hormone proenkephalin gene expression in the caudate-

putamen of female but not male rats 358; while female, but not male, rats that have been 

perinatally exposed to THC self-administer more morphine once they are adults 359. In 

general, cycling females respond more sensibly to THC-induced effects when tested in 

estrous with relatively higher levels of estrogens than in diestrous 360. Furthermore, 

endocannabinoids may be differentially metabolized to active and inactive metabolites in 

male and female rats 361. Levels of THC metabolites in brain tissues are higher in females 

than in males, likely contributing to the greater behavioral effects of THC in female 

compared to male rats 362.
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3.5.4. Underlying mechanisms of modulation of endocannabinoid pathway 
by estrogens—In general, estrogens modulate endocannabinoid signaling in a CNS 

region-specific manner via multiple mechanisms such as regulating CB receptor expression, 

density, and affinity, to regulate responses to cannabinoids.

First, estrogens suppress CB1 receptor expression. As mentioned in above section 3.5.3 that 

male rats have greater gene expression levels of CB1 receptor in the anterior pituitary gland 

than cycling female rats 355. In addition, CB1 receptor gene expression in the anterior 

pituitary fluctuates throughout the female estrous cycle, increasing to peak value when 

estrogen levels decrease in diestrus while decreasing to nadir following estrogen peak 355. 

Furthermore, estrogen replacement in OVX rats reduces CB1 receptor mRNA levels in the 

anterior pituitary 355. Similarly, high levels of estrogens, as seen in cycling females and 

estrogen-treated OVX females, downregulate hypothalamic CB1 receptor gene expression 

and lower CB1 binding relative to low estrogen levels as seen in male rats and OVX female 

rats respectively 363.

Second, estrogens regulate density of CB receptors in the medial basal hypothalamus of 

female rats, with the highest density of CB receptors during diestrus and the lowest during 

estrus 364. Additionally, OVX reduces CB1 receptor density in the limbic forebrain 364, 

hippocampus and the amygdala 363, but the opposite is seen in the hypothalamus 363, all of 

which can be reversed by estradiol treatment 363,364.

Third, estrogens reduce binding affinity of CB receptors to cannabinoids. The binding 

affinity of CB receptors to cannabinoids is higher when level of estrogens is lower in the 

limbic forebrain, hypothalamus, and hippocampus, but opposite in the amygdala. 

Specifically, binding affinity of receptors to cannabinoids is the highest during diestrus and 

the lowest during estrus in the limbic forebrain, mesencephalon, and striatum 364; is higher 

in male rats and lower in cycling females 364; increases following OVX, which is normalized 

by estrogen treatment in the limbic forebrain, mesencephalon, and striatum 364 and is 

upregulated by OVX in the hypothalamus and the hippocampus 363. In agreement with the 

reduced CB1 receptor expression and affinity in the hypothalamus and related CNS feeding 

circuits induced by estrogen treatment in OVX rats, estrogen replacement in OVX females 

attenuates the ability of CB1 receptor agonist WIN 55,212-2 to increase energy intake 
342,343. In contrast, males and OVX females have lower magnitude of cannabinoid receptor 

binding in the amygdala relative to cycling females and estrogen-treated OVX females 363.

To summarize, estrogen fluctuation along the estrous cycle as well as changes of estrogens 

after OVX and estrogen replacement modulate endocannabinoid signal transduction via 

changing CB receptor expression, density, and affinity. Such responses occur in a brain 

region-dependent and sex-specific manner. These findings corroborate sex hormone-

dependent differences in the sensitivity of certain neuronal processes to cannabinoid 

treatment, which are different between sexes, fluctuate along the estrous cycle, and are 

changed by OVX and estrogen treatment. Additionally, these findings provide putative 

endocannabinoid signaling-related molecular and biochemical mechanisms mediating 

behavioral and physiological effects of estrogens on energy metabolism, mood, memory, 
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motivation, and many other CNS functions 365 by modulating the endocannabinoid system 

in the brain.

4. CONCLUSIONS

The culmination of human and animal studies from recent decades has revealed extensive 

sex differences in CNS neurotransmission and neural circuits in different species, many of 

which are regulated by estrogens. Although these studies have elucidated considerable 

mechanistic insights underpinnings essential differences in central neural circuits involving 

various neurotransmitters to regulate physiology and behavior between males and females, 

they also urge more demands to be accomplished, especially regarding cellular and 

molecular events regulated by estrogens learned from animal studies to be effectively 

translated to the human conditions and to be appropriately tailored into therapeutic strategies 

in men and women, thus to be leveraged to better serve human health and to combat and 

cure mental disorders.

Sex as a biological factor has been receiving more attention in biomedical research. 

Although some neural circuits have known sex dimorphism, sex difference remains 

unknown for many others in the literature. Differential effects of male and female sex 

hormones substantially influence many aspects of physiology, behavior, metabolism and 

related diseases. The knowledge of sex differences in CNS neurotransmission that impact 

the reward system and associated motivational behavior, along with how neurotransmission-

mediated CNS circuitry is influenced by sex hormones is critically important for continued 

function and vitality in women, as they are linked to risks of developing mental disorders 

with greater prevalence in women than in men, especially nowadays women live long past 

menopause. Experimental intervention in humans is frequently difficult to interpret due to 

problems in symptom variability and inconsistency in diagnosis, categorization, inclusion 

and exclusion criteria of human subjects in clinical trials. Appropriately, animal studies 

incorporating both male and female subjects in scientific premise such as physiological and 

behavioral responses to various types of stimulants, stressors, metabolic challenges, 

pharmacological treatments, genetic manipulations, etc. are on the rise. Up till now, 

however, many of available animal studies either use only male subjects, or use both male 

and female subjects but data are not analyzed separately at the disregard of confounding sex-

related variables. Studies that including female subjects or examining sex differences at 

cellular and molecular levels are lacking. Thus more research incorporating both females 

and males in all aspects of neuroscience and behavioral research is needed.

A few concerns need to be addressed in order to drive research forward. First, it is open to 

debate whether evaluating different phases of the female estrous cycle would be a poor or 

wise choice to accurately represent sex differences seen in everyday life. Some researchers 

do not include phase as a factor because they believe that this would be an inaccurate 

representation of sex differences that is witnessed in real life. Other researchers do not 

include phase as a factor simply because a large number of female subjects are needed for 

comparison among different phases. In some published studies, sex differences are not 

established until phases of estrous cycle are analyzed separately 366,367. In order to advance 

our understanding, different phases are recommended to be analyzed as a factor to reveal sex 
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differences that may not be seen when various phases are analyzed together. Second, while 

the combination treatment of OVX with hormone replacement provides us an experimental 

model of manipulating hormones to study the effects of sex hormones on neurotransmission 

in neural circuits, and to differentiate potential organizational versus activational effects of 

hormones, this model does not represent natural variations in hormonal milieu seen in 

menopausal women. It is challenging to find an appropriate animal model for human 

menopause. OVX is an accepted animal model that simulates human menopause. OVX 

however induces prompt menopause and skips perimenopause period of irregular estrous 

cycles, thus does not satisfactorily mimic hormonal changes during perimeopausal period. 

Third, young-adult and middle-aged female subjects, with drastic differences in neural 

circuitry activities and functions from aging or aged female animals, are usually included in 

OVX and hormone treatment studies. Thus, better animal models with similarities in 

endocrine, neural, and reproductive attributes as menopausal women are needed.

In conclusion, although some important insights into the neuroendocrine bases of sex 

differences in neurotransmission of brain circuits and related mental disorders have been 

achieved, investigation of these topics is still at an early stage. In recent decades preclinical 

and clinical researches have paid attention to include female subjects, although females are 

still underrepresented in many lines of investigation. A considerable part of clinical studies 

is based on preclinical research that are female predominant. Due to high prevalence of 

anxiety-related disorders and eating disorders in women 19,20,21,22, preclinical studies that 

exclude female subjects appear inevitably incomplete and biased. With regard to preventing 

and treating mental disorders in men and women, there is an urgent need to study both sexes. 

As investigators are asked to consider sex as a biological factor to ensure that women get the 

same benefits from medical research as men 34, there is no longer a justification for limiting 

research to only one sex. We can speculate that more sex differences would be reported in 

future. If both preclinical animal studies and human studies routinely included subjects of 

both sexes, greater progress in the field would be reached in a shorter time.
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Abbreviations

2AG 2-arachidonoyl glycerol

5HT serotonin

CNS central nervous system

ER estrogen receptor

DA dopamine

fMRI functional magnetic resonance imaging
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GABA gamma-aminobutyric acid

MAO monoamine oxidase

NAc Nucleus accumbens

NMDA N-methyl-D-aspartate receptor

OFC orbitofrontal cortex

OVX ovariectomy

PET positron-emission tomography

PFC prefrontal cortex

PVN paraventricular hypothalamic nucleus

SERT serotonin transporter

SN substantia nigra

SSRI selective serotonin reuptake inhibitor

TH tyrosine hydroxylase

TPH tryptophan hydroxylase

VMN ventromedial hypothalamic nucleus

VTA ventral tegmental area
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Figure 1: 
Schematic overview of (1) estrogen-mediated nongenomic signaling pathways via G 

protein-coupled estrogen receptors and membrane subpopulation of estrogen receptors, and 

(2) genomic signaling pathways via nuclear estrogen receptors in neural cells.

Akt: protein kinase B; ER: estrogen receptor; ERK: extracellular-regulated kinase; GPER: G 

protein-coupled estrogen receptor; MAPK: mitogen-activated protein kinase; PI3K: 

phosphoinositide-3 kinase; PKA: protein kinase A; PKC: protein kinase C; PLC: 

phospholipase C; RAS: RAS protein; Src: Src kinase; TF: transcription factor.
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Figure 2: 
Schematic image of a sagittal rodent brain section illustrating common, interconnected 

networks of neural circuits among species, involving classic neurotransmitters, including 

dopamine (blue), serotonin (pink), glutamate (green), and GABA (red), in reward, addiction, 

and motivation. Pathways with greater activity in females or enhanced by estrogens are 

indicated using solid lines. Pathways with lower activity in females or suppressed by 

estrogens are indicated using dashed lines. For clarity only major projections of most 

prominent neurotransmitter represented within each brain region are shown.

Amg: Amygdala; DRN: dorsal raphe nucleus; NAc: nucleus accumbens; PFC: prefrontal 

cortex; SN: substantia nigra; VTA: ventral tegmental area.
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