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Abstract

This brief commentary reviews key steps in the history of endocrinology that have resulted in 

important conceptual shifts. Our understanding of the “Fast Effects of Steroids” has now made 

substantial progress, including the major concept that steroids act rapidly on a variety of 

physiological and behavioral responses, via mechanisms that are too fast to be fully accounted for 

by classical receptor-dependent regulation of gene transcription. Several so-called ‘non-classical’ 

mechanisms have been identified and include binding to membrane receptors and regulating non 

genomic signaling cascades. We survey the discovery of steroids, the initial characterization of 

their intracellular receptors, key progress in the understanding of the genomic effects of steroids 

and then the progressive discovery of the rapid non-classical and membrane-initiated actions of 

steroids. Foundational discoveries about brain steroid synthesis in neural processes and terminals 

has converged with emerging evidence for the rapid actions of steroids on brain and behavior. Had 

the rapid effects of steroids in the central nervous system been discovered first, these molecules 

would likely now be considered as a class of neurotransmitter.

Keywords

neurosteroids; history of endocrinology; genomic effects of steroids; aromatase; behavioral 
neuroendocrinology

1. Introduction

The notion that a diffusible message can control male sexual attributes including sexual 

behavior is classically associated with the experimental work of Arnold Adolf Berthold. He 
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showed that the male characteristics disappear following castration but are reinstated by the 

graft of a testis, independently of where this testis is placed (Berthold, 1849). Later in the 

19th century, Charles-Edouart Brown-Séquard injected himself with aqueous extracts of 

dogs and guinea pig testes and claimed that this had restored his vigor and feeling of well-

being (Brown-Sequard, 1889) but effects were transient, and in retrospect presumably 

represented a placebo effect since testosterone is only very poorly soluble in water.

It took however nearly a century after Berthold to identify the chemical message responsible 

for these actions. In 1927, 20 mg of the sex steroid testosterone was isolated from about 20 

kg of bulls testes and were shown to masculinize phenotypic traits in roosters, rats and pig 

(Gallagher and Koch, 1929). Procedures to isolate the steroid from animal tissues were then 

designed in the following decade by the European pharmaceutical companies Schering 

(Germany), Organon (The Netherlands) and Ciba (Switzerland). Organon was the first to 

isolate and identify the hormone and named it testosterone (David et al., 1935). Its structure 

was identified by Butenandt and its synthesis from cholesterol was achieved almost 

simultaneously by Butenandt and Hanisch and by Zubicka (Butenandt and Hanisch, 1935; 

Ruzicka and Wettstein, 1935) which earned them the 1939 Nobel prize in chemistry 

(Freeman et al., 2001).

Physiological effects of compounds from ovarian origin, to be later called estrogens, were 

identified by Allen and Doisy at about the same time in 1923 (Allen and Doisy, 1923). 

Estrone was independently isolated and purified by Allen and Doisy and by Butenandt in 

1929 and estriol followed in 1930 (Parl, 2000). The most potent and best-studied estrogen, 

estradiol-17β was the last to be identified in 1933 (Lauritzen and Studd, 2005). It was then 

synthesized, chemically purified and its structure was determined by Doisy in 1935 

(MacCorquodale et al., 1935). A partial synthesis from cholesterol was developed in 1940 

and a full synthesis in 1948 (Lauritzen and Studd, 2005).

A colossal amount of progress has been made since these seminal discoveries of steroids. 

The study of hormone action has become an entire field of fundamental and applied research 

called Endocrinology (covering of course also actions of non-steroid hormones that are not 

covered here). This research has at several points reached a stage when most people could 

believe that all major questions had been solved and only details remained to be worked out. 

However new discoveries have repeatedly produced large magnitude shifts that challenge 

this belief and have led to major revisions of established concepts. One of the new concepts 

that started to emerge in the 1970’s but whose real importance was only realized about two 

decades ago concerns the rapid, non-classical and membrane-initiated effects of steroids on 

brain and behavior. A special issue of Hormones and Behavior is currently in preparation 

and will provide an overview of the current knowledge in this field. Here, we briefly 

summarize the major conceptual shifts that have taken place in Endocrinology during the 

last 50 years to provide context for our current understanding of this new mode of rapid 

steroid action. It is of course impossible to list here all discoveries that were made during 

this period but we will highlight a few significant findings that surrounded and prepared 

what we consider as the major recent rethinking of steroid signaling.
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2. The foundations of the endocrinology of steroid hormones

From the time when steroid hormones became available for experimentation, their synthesis 

pathways and mode of action were the subject of active research. Progress in the available 

biochemical methods was however needed and it is only in the 1960ies that the steroid 

synthesis pathways (see for review: (Feder, 1981)) and their intracellular binding sites began 

being uncovered in peripheral steroid-sensitive structures such as the uterus or the chicken 

oviduct (Jensen, 1962; Jensen and Jacobsen, 1962; Jensen et al., 1968; O’Malley et al., 

1969). The detailed mechanism of action remained however unclear until more recently (see 

(Tsai and O’Malley, 1994)). In 1967–68, i.e., 50 years ago, a basic knowledge about steroid 

action was beginning to emerge. The chemical structure of steroids and a substantial part of 

their synthesis pathway had been identified, biochemical studies had discovered and 

characterized steroid receptors in peripheral steroid-sensitive structures and their presence 

was suspected in the central nervous system even if it remained impossible to fully 

characterize them due to their lower abundance.

By the end of the 1960ies, the bases of endocrinology were established and this scientific 

enquiry had progressed enough that it became conceivable to attack the more difficult 

question of the role of steroid hormones in brain functioning. Soon thereafter, a number of 

prominent endocrinologists interested in brain function created the International 

Neuroendocrine Society under the presidency of Joseph Meites (Ramirez, 2017). One could 

believe that only details remained to be discovered but nothing was further away from the 

truth and many surprises were still in store. Entire new research areas were still to be 

identified and explored. We briefly discuss in this review the most significant of these 

fundamental discoveries, focusing to a large extent on steroid action in the brain, although it 

is impossible to cover all of them even superficially given the diversity and large number of 

topics.

3. Genomic action of steroids: The last 50 years

As already mentioned, in the 1960’s the detail of the interaction of sex steroids with their 

intracellular receptors and how the activated receptors mediate changes in transcription 

(enhancement or silencing) was still to be uncovered (Tsai and O’Malley, 1994) and 

progress is in fact still ongoing. The anatomical distribution of these receptors was first 

characterized by binding assays on (micro-) dissected tissue samples and subsequently by 

techniques providing more anatomical resolution, which allowed substantial progress 

especially for understanding steroid action in the brain. At approximately the same time in 

the late 1960’s, two laboratories developed the dry mount in vivo autoradiographic 

technique that allowed the visualization of steroid binding sites in the brain. This opened the 

route to the identification of the steroid-sensitive circuitry that mediates the activation of 

reproductive behaviors (Morrell et al., 1975; Pfaff and Keiner, 1973; Pfaff, 1968; Sar and 

Stumpf, 1972; Stumpf, 1968; Stumpf, 1970; Stumpf and Sar, 1976).

When molecular biology techniques including DNA sequencing became routine, the first 

cDNA encoding the glucocorticoid receptor was cloned (Hollenberg et al., 1985; Weinberger 

et al., 1985) followed rapidly by cloning of the cDNA encoding other steroid receptors 
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including the androgen (AR) (Chang et al., 1988; Lubahn et al., 1988) and the estrogen (ER) 

(Green et al., 1986) receptor. This was followed by the production of specific antibodies and 

in situ hybridization probes that allowed confirming distributions identified earlier by in vivo 
autoradiography (Simerly et al., 1990). Since immunohistochemistry and in situ 
hybridization are more sensitive and more specific, these techniques identified additional 

populations of brain cells that express low concentrations of these receptors that were later 

shown to have a clear functional significance (e.g. the low density of ER present in the 

telencephalon that modulate cognitive processes, (Gervais et al., 2017).

Detailed analysis of the sequence of cloned steroid receptors demonstrated that they all 

consist of six defined domains (labeled A through F) including domains that have a 

conserved sequence and function (Evans, 1988; Mangelsdorf et al., 1995). Purification of 

receptor proteins based on the affinity for their ligand or for DNA was incredibly 

challenging since these proteins are expressed at extremely low levels, especially in the 

brain. The identification of the conserved functional domains and the development of 

molecular biology tools greatly facilitated this work leading to the identification of new 

receptors in this family including orphan receptors that had no known ligand at the time they 

were identified (Rousseau, 2013). This resulted namely in the cloning of a second ER that 

was named ERβ to distinguish it from the previously identified receptor now renamed ERα 
(Kuiper et al., 1996; Mosselman et al., 1996; Tremblay et al., 1997).

Huge progress was also made during the last 50 years in the understanding of how steroid 

receptors regulate gene expression and this work is still ongoing (Bain et al., 2014; Kumar 

and McEwan, 2012; Tsai and O’Malley, 1994). Early work indicated that nuclear steroid 

receptors require common cofactors that constitute a limiting factor when competition, or 

squelching, between different receptors takes place (Meyer et al., 1989). Confirmation of the 

existence of such cofactors was first obtained by Onate and colleagues in the O’Malley 

laboratory who cloned and sequenced an mRNA coding for the steroid receptor coactivator 1 

(SRC-1), a protein closely associated with progestin receptors (Onate et al., 1995). This was 

the beginning of a new chapter in the endocrinology of steroid receptors: the identification 

of the steroid receptor coregulators, a class of proteins that either enhance (co-activators) or 

decrease (co-repressors) gene transcription mediated by steroid receptors. More than 300 

members have now been identified in this family of proteins (see Nuclear Receptor 

Signaling Atlas at https://www.nursa.org/nursa/index.jsf) and their functional significance is 

still far from being elucidated (O’Malley et al., 2008; Wang et al., 2016).

Quite surprisingly it was also discovered that activation of steroid receptors could take place 

in the absence of steroids and play a significant functional role (Power et al., 1991). In 

particular, studies demonstrated that dopamine activates progestin receptors in the brain and 

in this way modulate female sexual receptivity (Mani et al., 1994; Mani and Blaustein, 

2012). This mechanism is however not limited to the progestin receptor and, for example, 

also concerns ER (Schreihofer et al., 2001). Along the same lines, it became clear in the 

1990’s that the conventional ‘reproductive’ hormones like estrogens and progestins could 

regulate distinctly non-reproductive neural endpoints, such as basal forebrain cholinergic 

pathways (Gibbs, 1997), and hippocampal plasticity (Woolley, 1998). Therefore, the 

complexity of steroid receptor signaling and neural targets became evident as non-steroid 
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molecules regulated steroid receptors, and ‘reproductive’ steroid hormones shaped 

behavioral arousal and memory encoding.

In a remarkable convergence, the source of steroids acting in the brain has also been 

completely revised during these last 50 years. It was initially thought that the male brain was 

essentially exposed to testosterone secreted by the testes while the female brain was mostly 

influenced by estrogens (estradiol) and progesterone of ovarian origin. The first important 

shift in this concept took place when Naftolin and colleagues discovered in the early 1970’s 

the presence of an active aromatase enzyme transforming androgens into estrogens in the 

brain (Naftolin et al., 1975; Naftolin et al., 1971; Naftolin et al., 1972). Subsequent work 

demonstrated that many actions of testosterone in the male brain are actually mediated by 

the aromatized estrogenic metabolites of this androgen (Balthazart and Ball, 2013). 

Testosterone can actually be metabolized in a variety of other steroids that either possess 

androgenic effects (e.g., 5α-dihydrotestosterone) or estrogenic effects (e.g., estradiol or 5α-

androstane-3β,17β-diol) or are inactive as sex steroids (e.g., 5β-dihydrotestosterone)

(Balthazart, 1989; Celotti et al., 1979). Furthermore research on the control of aggression 

prior to gonadal recrudescence in a songbird species demonstrated that sex steroids 

(testosterone and estradiol) are produced in functionally active quantities in the brain by 

local metabolism of dehydroepiandrosterone (DHEA) produced by the adrenal glands, when 

gonadal sources are virtually absent (Soma et al., 2008; Soma et al., 2002). Finally, a full 

line of research established that all steroid-synthesizing enzymes that are needed to 

synthesize sex steroids from cholesterol are expressed in the brain that should thus also be 

considered as an endocrine organ (Akawa et al., 1990; London et al., 2006). These steroids 

produced in the brain have been called neurosteroids and are responsible for a number of 

physiological effects even if their full functional significance remains to be established 

(Baulieu et al., 1999; Mellon et al., 2001; Robel and Baulieu, 1994).

Traditionally, the production and regulation of steroid hormones was considered to be under 

control of the hypothalamo-pituitary-gonadal (HPG) axis for sex steroids and the 

hypothalamo-pituitary-adrenal (HPA) axis for glucocorticoids. Steroids produced in the 

gonads or adrenals exert a negative feedback on their production in the brain and pituitary. 

However the observations that steroids in the brain, in particular testosterone, are 

transformed into active or inactive metabolites and can be synthesized either from 

cholesterol or from other steroid precursors questions this traditional view. This complexity 

has been proposed to represent a “Balkanization” of the endocrine system in terms of 

localized, tissue-specific steroid synthesis, conversion, and action (Schmidt et al., 2008; 

Soma et al., 2008). The full consequences of this “Balkanization” still remain to be 

evaluated.

These are just a few of the relatively recent developments that have elucidated how steroids 

affect cells and specifically brain function by modulating gene transcription. More extensive 

reviews of the current state of the art have been published and it is clearly not the purpose of 

this short assay to cover this field exhaustively (see namely (Etgen and Pfaff, 2009b; 

McKenna, 2016)). However, the more we learn, the more we realize how little we know. 

Important questions remain unsolved about the metabolic pathways producing or 

metabolizing steroids (Miller, 2017) and, to date, only a handful of steroid co-regulators 
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have been purified and assigned a function. Additionally, the specific mechanisms by which 

activated receptors interact with the multiple proteins that constitute the transcriptional 

machinery to regulate DNA transcription are only understood in part.

4. Behavioral Neuroendocrinology

The availability of sex steroids in the 1930’s was rapidly followed by an explosion of 

experimental studies assessing their role in the control of reproductive behavior. William C. 

Young and colleagues had shown, through the careful observation of 449 reproductive cyles 

in 165 females!, that sexual receptivity in female guinea pig correlates with cyclic changes 

in ovarian morphology (Young et al., 1935). With the use of purified steroids, they could 

then analyze the hormonal specificity of this phenomenon and demonstrate that activation of 

female receptivity requires the sequential action of estrogens and progesterone (Collins et 

al., 1938). Various combinations of treatments revealed that estrogens injections had to 

precede the injection progesterone by a couple of days to be behaviorally active. This early 

observation was presumably influencial in establishing the notion that steroids modulate 

behavior with long latencies by mechanisms that would later be characterized as genomic.

A first synthesis of the work on the endocrine controls of reproductive behavior was already 

published in 1948 by Frank Beach (Beach, 1948), which in many respects marks the 

foundation of Behavioral Endocrinology (Etgen and Pfaff, 2009a).

In the following decades, all conceptual developments in basic endocrinology led to parallel 

progress in our understanding of the neuroendocrine controls of behaviors. It was soon 

established that the behavioral effects of sex steroids are mediated by their interaction with 

the same receptors and similar mechanisms as their morphological or other physiological 

effects. A large number of experiments performed on a variety of animal species established 

that the effects of androgens, estrogens, progestins and glucocorticoids on behavior are 

blocked by the concurrent administration of antagonists that block the access of the steroids 

to their receptor. More recently, developments in molecular biology and genetics allowed the 

generation of genetically modified mice in which these receptors are either constitutively or 

conditionally eliminated in a time- or tissue-specific manner (Chappell et al., 1999; Dubois 

et al., 2016; Rissman et al., 1997). This newer approach confirmed and in some cases refined 

the conclusions that had been drawn from the antagonist experiments.

The brain sites where these effects are produced were identified by the stereotaxic 

implantation of purified steroids or of their antagonists and comparing effective sites with 

the results of in vivo autoradiographic studies describing the distribution of steroid binding 

sites. In selected cases it was finally demonstrated that pharmacological blockade of either 

the transcription of DNA into mRNA or the translation of mRNA into proteins abolishes the 

effects of sex steroids on reproductive behaviors. Taken together these data confirmed that 

sex steroids activate behaviors to a large extent by biochemical mechanisms similar to those 

previously identified in peripheral tissue such as the uterus or chicken oviduct (For broad 

overviews, see (Etgen and Pfaff, 2009b; Pfaff et al., 2002; Pfaff and Joels, 2017).
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More recently, it was also demonstrated that the first steroid receptor co-activators that had 

been identified, namely SCR-1 or the CREB-binding protein modulate the action of sex 

steroids on the activation and sexual differentiation of reproductive behaviors. They are 

anatomically associated with sex steroid receptors and the inhibition of their expression by 

anti-sense technology markedly diminishes the effectiveness of the steroids (Auger et al., 

2000; Charlier and Balthazart, 2005; Molenda et al., 2003; Tetel et al., 2009).

There was also an extensive research effort aimed at characterizing the significance of 

steroid metabolism (in particular testosterone) for the control of reproductive behaviors 

(Balthazart, 1989). In particular, it was demonstrated that in many species of birds and 

mammals, the aromatization of testosterone in the brain mediates in part or almost entirely 

the effects of the androgen on the sexual differentiation and activation of sexual behavior 

(Balthazart and Ball, 2013). However, this is not a universal phenomenon and in some 

species including many fishes, amphibians and reptiles and even in some mammals such as 

guinea pigs, rabbits and some strains of mice, male sexual behavior is efficiently activated 

by non-aromatizable androgens such as 5α-dihydrotestosterone (Balthazart, 1989). The 

same difference in endocrine specificity also applies to the sexual differentiation of behavior 

that is induced by estrogenic metabolites of testosterone in some species such as rats but by 

non aromatizable androgens in others such as guinea pigs, but this topic is beyond the scope 

of the present review (see (McCarthy et al., 2009b) for more information).

5. Another twist: The rapid effects of steroids on the brain

The above overview summarizes about 80 years of research on the now “classical” genomic 

mode of action of steroids. In the 1970’s another story started to develop in parallel, and its 

importance became clear in the 1990’s. Following transcriptional initiation, new messenger 

RNA and the protein product can be detected within 5 min and one hour respectively 

(Clayton, 2000). However, to produce functional responses, most proteins have to undergo 

post-translational modifications and translocate to their site of action (e.g., acquire 

enzymatic activity, be integrated in functional complexes at the membrane or synapse). 

Therefore genomic actions of steroids take hours and often days to develop fully (Etgen and 

Pfaff, 2009b; Vasudevan and Pfaff, 2008).

In the early 1970’s, a few studies began to identify faster actions of steroids in the brain that 

could not possibly be mediated by this type of mechanism. Initially, studies noted that 

excitability of hypothalamic neurons changes more rapidly as a function of the endocrine 

state of the animal than could be expected based on genomic mechanisms (reviewed in 

(Ronnekleiv and Kelly, 2009)) and in 1973, a first study showed that significant changes in 

the firing rate of preoptic-hypothalamic neurons take place already 16 min after a single 

injection of estradiol (Yagi, 1973). The first unequivocal demonstration of a direct 

electrophysiological effect of estradiol was obtained in 1976 by Kelly, Moss and Dudley 

who showed that microelectrophoresis of estradiol changes the single-neuron firing rate 

activity of preoptic neurons within seconds in female rats (Kelly et al., 1976). Similar studies 

progressively accumulated, so that in the 1990’s it had become clear that other mechanisms 

of steroid action required explanation. The first review papers supporting this notion of acute 

steroid effects began to appear even if the specific mechanisms largely remained to be 
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established (Levin, 1999; McEwen, 1991, 1994; Ramirez et al., 1996; Razandi et al., 1999; 

Schumacher, 1990). At the behavioral level, which is of central interest here, rapid effects of 

all classes of steroids also began to emerge in the 1980’s and 1990’s.

Progesterone was known to exert rapid anesthetic effects (Selye, 1941) and to activate 

lordosis behavior within a few hours in females rodents primed with estrogens. There was 

even an early report of lordosis induction within minutes in hamsters (Kent and Liberman, 

1949) although this finding could apparently not be replicated (Lisciotto and DeBold, 1991). 

These data suggested that non-genomic mechanisms might be involved at least in part. 

Interactions with various intracellular signaling mechanisms were initially postulated (Beyer 

and Canchola, 1981) and actions at the cell-membrane were confirmed with the use of 

progesterone linked to Bovine Serum Albumin (BSA) that prevents the entry of the steroid 

into cells (DeBold and Frye, 1994; Frye et al., 1990). Many aspects of the membrane-

initiated effects of progesterone have since been elucidated even if numerous questions 

obviously remain (Mittelman-Smith et al., 2017).

One of the first rapid behavioral effects of steroids that was firmly identified concerned 

corticosterone. It was shown in rough-skinned newts (Taricha granulosa) that stress rapidly 

inhibits courtship behavior and a similar inhibition is observed within a few minutes 

following a single injection of corticosterone (Moore and Miller, 1984). Additional 

experiments indicated that this rapid effect of corticosterone was largely mediated by 

changes in GABAergic transmission (Boyd and Moore, 1990). Specific, saturable and high 

affinity binding sites for corticosterone were subsequently identified in membranes purified 

from Taricha brains (Orchinik et al., 1991). This putative receptor was independent from the 

GABA receptor thus supporting the notion that these behavioral effects can be membrane-

initiated via interaction with a membrane corticosterone receptor (Moore et al., 1995). Rapid 

effects of corticosteroids initiated at the neuronal cell membrane are now clearly accepted 

and documented in various experimental models (de Kloet et al., 2008).

In the 1980’s, studies in domestic chicks also showed that testosterone modulates memory 

processes with latencies of 10 to 20 min (Clifton et al., 1982) (reviewed in (Andrew, 1983)). 

This research expanded during the last 30 years; intracellular effects of the androgen were 

identified (e.g., modulation of ion channels and of intracellular calcium concentrations) and 

interactions with the cell membrane were demonstrated even if a specific membrane 

androgen receptor (mAR) had not been cloned until recently (Foradori et al., 2008; Heinlein 

and Chang, 2002). One candidate mAR, the zinc transporter ZIP9 coupled to an inhibitory G 

protein, was identified in a fish species in 2004 ((Thomas et al., 2017a) for review) and 

shown to be expressed and functional in human prostate cancer cells (Thomas et al., 2017b). 

The neuroanatomical distribution of this receptor has however not yet been fully explored 

and it is too early to determine whether this receptor mediates all rapid effects of 

testosterone identified so far. Research on rapid effects of androgens on behavior has not 

been as active as for other classes of steroids but there is nevertheless evidence that such 

effects do actually exist at least in selected animal models (Lord et al., 2009; Mangiamele 

and Thompson, 2012; Remage-Healey and Bass, 2004, 2006) (see also (Foradori et al., 

2008).
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6. Rapid effects of estrogens on behavior

Interestingly, although the first rapid cellular effects of steroids concerned estradiol-induced 

modifications of electrophysiological properties of preoptic neurons (Kelly et al., 1976) and 

although currently rapid effects of steroids are probably best documented for estrogens, the 

rapid effects of these steroids on behavior were the last ones to be clearly identified. In 1991, 

Hayden-Hixon and Ferris showed that a single injection of E2 in the anterior hypothalamus 

slightly increases flank marking frequency in male golden hamsters but it is only in 1999 

that an unambiguous effect of a single injection of E2 was observed on precopulatory 

behaviors (chemo-investigation and mounting) in castrated male rats after latencies of less 

than 35 min (Cross and Roselli, 1999). This has been followed in the following decade by a 

host of studies indicating that estrogens, in addition to their relatively slow genomic effects, 

exert more rapid effects, often shown to be membrane-initiated on various aspects of 

reproductive behavior in multiple vertebrate species ranging from fishes to mammals (see 

(Cornil et al., 2012; Remage-Healey and Bass, 2006) for review).

Estrogens have also been demonstrated to affect by similar rapid mechanisms a number of 

other aspects of behavior and physiology including aggression (Heimovics et al., 2015), 

vocalizations ((Remage-Healey and Bass, 2004, 2006)) and the central processing of 

auditory information (Pawlisch and Remage-Healey, 2015; Remage-Healey et al., 2010; 

Remage-Healey et al., 2012). A whole new field of research has also developed in the past 

20 years investigating rapid effects of estrogens on memory formation and consolidation 

(Ervin et al., 2015; Ervin et al., 2013; Frick, 2015; Frick et al., 2017; Luine et al., 1998; 

Sheppard et al., 2017; Vahaba and Remage-Healey, 2015). Effects are observed as early as 

15 min after treatment with estrogens and concern social as well as non-social learning 

paradigms (object recognition, object placement, inhibitory avoidance, Morris water maze). 

They are largely the result of estrogen action on the hippocampus (e.g., (Phan et al., 2015)) 

but other brain regions such as the medial amygdala also seem to be implicated (Lymer et 

al., 2018).

These rapid behavioral effects of estrogens raised the question of the mechanisms mediating 

these responses. Multiple intracellular signaling cascades including several protein kinases 

are obviously implicated (Abraham et al., 2003; Abraham and Herbison, 2005; Frick, 2015; 

Glidewell-Kenney et al., 2007; Guerra et al., 2004; Kow and Pfaff, 2016; Vasudevan et al., 

2005) but how these cascades are rapidly activated by estrogens is not entirely clear.

Many of the rapid effects of estrogens were shown to depend on membrane receptors. High 

affinity membrane-binding sites for radioactive E2 were first identified on endometrial cells 

(Pietras and Szego, 1977) and subsequently in synaptosomal membranes prepared from the 

adult rat brain (Towle and Sze, 1983). Their membrane association was later confirmed 

using radioactive E2-BSA (Zheng and Ramirez, 1997).

Initially studies trying to characterize the mechanisms of rapid E2 action concentrated on a 

search for new receptors that would be specifically located at the membrane. Some rapid 

effects of E2 could be assigned to membrane receptors that are members of the G protein 

coupled transmembrane receptor (GPCR). One of them named Gq–mER could be 
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distinguished by its pharmacological characteristics, namely its activation by a 

diphenylacrylamide compound called STX. This receptor has been associated with a host of 

intracellular signaling cascades that appear to be specific to different brain nuclei and 

physiological responses. Its definitive characterization awaits cloning of the corresponding 

gene (Kelly and Ronnekleiv, 2002; Ronnekleiv and Kelly, 2017).

An additional line of research identified another orphan GPCR that binds estradiol with high 

affinity and could be initially linked to the estrogen-mediated activation of adenylyl cyclase 

(Filardo and Thomas, 2005). The neuroanatomical distribution of this receptor initially 

named GPR30 but now usually mentioned as GPER-1 (G protein estrogen receptor) has now 

been studied in several species by in situ hybridization (see (Ronnekleiv and Kelly, 2017) for 

review) and its implication in the control of sexual behavior activation and memory 

enhancement has been demonstrated (Ervin et al., 2015; Ervin et al., 2013; Gabor et al., 

2015; Long et al., 2017; Lymer et al., 2017). A specific agonist (G1) and an antagonist 

(G15) for this receptor have been developed and have allowed major progress in the analysis 

of the functions of this receptor.

The existence of another membrane-associated ER enriched in caveolar-like microdomains 

has also be postulated to be present in postnatal but not adult cortical membranes. This 

putative receptor named ER-X is highly responsive the estradiol-17α as compared to 

estradiol-17β (E2) but it has been so far impossible to clone this receptor and confirm its 

existence (Toran-Allerand et al., 2002).

Most importantly, it was discovered that the two classical nuclear ER (ERα and ERβ) can 

also, following some post-translational modifications (e.g., a palmitoylation; (Meitzen et al., 

2013)), translocate to and associate with the cell membrane where they mediate rapid effects 

of estrogens (Razandi et al., 1999). Many rapid effects of E2 can indeed be activated by E2-

BSA or by the selective ERα and ERβ agonists (propylpyrazoletriol, PPT and 

diarylpropionitrile, DPN respectively) and are lost in knock-out mice where these receptors 

have been deleted. The functional changes in cellular physiology or behavior are proposed to 

be mediated by these membrane-associated ERα or ERβ interacting with metabotropic 

receptors 1a or 2/3 (mGluR1a, 2/3)(Boulware et al., 2005; Dewing et al., 2007)) although the 

exact nature of this interaction is not known.

These membrane-initiated behavioral effects of estrogens clearly interact with the genomic 

actions of these steroids at least in rodents (Vasudevan and Pfaff, 2008) and quail 

(Seredynski et al., 2013). The mechanisms mediating these interactions have been partly 

elucidated (Kow and Pfaff, 2004; Vasudevan et al., 2001) but many questions obviously 

remain. Recent work in quail has suggested that rapid membrane-initiated actions of 

estrogens would be mainly concerned with the activation of sexual motivation whereas 

slower genomic effects would be needed to activate copulatory performance (Seredynski et 

al., 2013) and it has been argued that this distinction motivation/performance and 

membrane-initiated/nuclear might be more general (Cornil et al., 2015).

Besides the fact that membrane-initiated effects of estrogens are mediated via binding to at 

least 4 different receptors (others are possibly waiting to be discovered), the effects are also 
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mediated by multiple intracellular signaling cascades. These cascades namely involve 

several protein kinases including Protein kinase A, Protein kinase C, MAPkinase-induced 

CREB phosphorylation, adenylyl cyclase and phospholipase C resulting in changes in 

intracellular calcium concentrations (see namely (Ronnekleiv and Kelly, 2017)). Some of 

these cascades ultimately affect synaptic activity (Oberlander and Woolley, 2016; Woolley, 

2007), dendritic spine density (Phan et al., 2015; Sellers et al., 2015; Srivastava et al., 2010) 

or even gene transcription e.g., via CREB activation (Boulware et al., 2005), producing what 

has been called the “indirect genetic effects” (see (Mittelman-Smith et al., 2017)).

These indirect effects explain why it is more accurate to refer to ‘non-classical’ and 

membrane-initiated effects rather than non-genomic effects of steroids. These non-classical 

and membrane-initiated effects of estrogens are clearly not based on homogenous 

mechanisms and a huge amount of work remains to be done in order to identify the relevant 

signaling cascades and hopefully produce at least some degree of generalization. It is 

important to note that the ‘non-classical’ actions of steroids on neural circuits involve 

intracellular signaling cascades and transduction pathways that can be both rapid as well as 

independent of specific actions at membrane steroid receptors.

It has for example been shown that E2 phosphorylates Akt (protein kinase B) within an hour 

in the ventromedial nucleus of the hypothalamus in wild type mice. This response is lost in 

ERα knock out mice but restored in the ERα−/− AA mice in which a mutated ERα has been 

knocked-in that exerts genotropic signaling via protein-protein interactions with other 

transcription factors such as AP1 (activator protein-1) or SP1 specificity protein-1), but not 

via the classical ERE (Park et al., 2011). This therefore suggests the existence of rapid 

intracellular non-classical responses to E2.

This deeper layer of complexity is consistent with the fact that mechanisms mediating rapid 

effects of estrogens and other steroids include binding to nuclear, extranuclear and 

membrane receptors that activate various signaling cascades (for reviews see: (Hammes and 

Levin, 2007; Levin, 2009; Levin and Hammes, 2016; McDevitt et al., 2008)). Therefore, 

while it has been tempting to consider the rapid actions of steroids as those that occur 

exclusively via membrane receptor actions, the prevailing evidence suggests that the 

broadest definition of rapid, ‘non-classical’ effects of steroids includes mechanisms at the 

cellular membrane but also within the bounds of the cell itself.

In recent years, it has also become evident that some effects of steroids persist long after the 

steroid has been cleared from the circulation and the corresponding receptors are no longer 

occupied. These lasting effects are partly mediated by morphological changes in brain 

structure (neurogenesis, development of dendritic spines, synapses) but recent work also 

points to a prominent role of epigenetic modifications of DNA and the associated proteins 

(Hunter et al., 2015). These changes incidentally are also fundamentally implicated in the 

process of steroid-induced sexual differentiation of brain and behavior (McCarthy et al., 

2017; McCarthy et al., 2009a; Nugent et al., 2015).

It should finally be noted that a substantial part of the rapid effects of steroids are triggered 

by steroids produced at least in part in the brain itself either because they are derived from 
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another steroid secreted at the periphery (e.g., estradiol produced by aromatization of 

testicular testosterone, sex steroids derived from metabolism of DHEA of adrenal origin) or 

because they are true neurosteroids produced in the brain from cholesterol. The enzymes 

producing these steroids in the brain are themselves subject to rapid changes in enzymatic 

activity (Balthazart, 2017; Soma et al., 2008) thus potentially producing transient endocrine 

signals that could be at the basis of the rapid membrane-initiated actions of steroids in the 

brain. A large number of questions remain however open at this level namely because 

quantifying steroids in the brain itself has been and remains quite challenging due in part to 

the large amount of lipids in this structure that potentially interfere with assay methods 

(Schumacher et al., 2015).

This brief review is of course far from being exhaustive and it would now require a multi-

volume treatise to cover the field of Endocrinology or even specifically Behavioral 

Neuroendocrinology. As announced at the beginning of this assay, a special issue of 

Hormones and Behavior on ‘Fast Effects of Steroids’ will soon review the current state of 

knowledge concerning rapid effects of steroids on behavior. These rapid effects have now 

become so obvious and prominent that in retrospect it is clear that if they had been 

discovered first, brain steroids would be considered as neurotransmitters rather than 

hormones (Rudolph et al., 2016) and this special issue would appear in a journal of 

neurochemistry instead of a journal dedicated to neuroendocrinology.
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Highlights

• Steroids affect brain by binding to nuclear receptors that modify transcription

• Steroids acting in the brain originate in the periphery or are produced locally

• Steroids also exert fast effects on brain/behavior that can be membrane-

initiated

• Rapid neural effects concern estrogens, androgens, progestins and 

corticosteroids

• Membrane receptors have been identified for most classes of steroids
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