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Synopsis The definition of a hormone has been in part delineated by its journey to distant receptor targets. Following

activation of a receptor, a subsequent reaction facilitates the regulation of physiology and, ultimately, behavior. However,

a growing number of studies report that hormones can influence these events at a previously underappreciated high

speed. With the potential to act as neurotransmitters, the definition of a hormone and its mechanisms of action are

evolving. In this symposium, we united scientists who use contemporary molecular, electrophysiological, and biochemical

approaches to study aspects of rapid hormone action in a broad array of systems across different levels of biological

organization. What emerged was an overwhelming consensus that the use of integrative and comparative approaches fuels

discovery and increases our understanding of de novo hormone synthesis, local actions of neurohormones, and subse-

quent effects on neuroplasticity and behavior.

Introduction

In 1849, Arnold Berthold reported that castrated

cockerels behaved differently compared with their

intact conspecifics. He also replaced testes into the

abdominal cavity of castrated animals, an act that he

found restored their normal behavior. This discovery

catalyzed the field of behavioral endocrinology. Over

a century later, a principle focus of this field remains

the hormonal facilitation and mediation of behavior.

A large volume of work has accumulated on how

secreted signals can affect the brain and an impres-

sive range of behaviors. Along the way, studies have

noted that hormones can also work quickly, in man-

ners tantalizing and inconsistent with the current ap-

preciation of neuroendocrine processes. However, an

enormous gap in understanding lies in how hor-

mones influence rapid changes in behavior, and

how these behavioral changes are modulated by

mechanisms of hormonal provision and of response

to hormones.

Locally generated neurohormones can have acute

and chronic effects on several neurophysiological

endpoints, including behavior. The recent literature

on neuroendocrinology is rife with examples of the

rapidity of synthesis and release of hormones within

the central nervous system. For example, there now

exists evidence of the action of local neurosteroids in

every class of vertebrate, along with compelling evi-

dence that synthesis of neurohormones can be rap-

idly regulated by environmental and endogenous

factors. Understanding how neurohormones can

alter the function of specific areas of the brain, as

well as modulate the flow of information among

areas of the brain, will shed light on downstream

consequences for sensorimotor integration, behavior,

and ultimately evolution. This symposium drew on

exciting work currently being conducted in multiple

systems in the laboratory and field on de novo hor-

mone synthesis, local actions of neurohormones, and

subsequent effects on animal behavior, such as those

associated with reproduction, stress, sociality, season-

ality, learning, and even epilepsy.

A highlight of this symposium was the importance

of understanding how rapid provision of and
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response to estrogens in the brain can mediate be-

havior. Recent evidence implicates hormones such as

estrogens may also share important characteristics of

classical neurotransmitters (Remage-Healey et al.

2011; Remage-Healey 2012). For example, studies

have localized the estrogen-synthetic enzyme, aroma-

tase, to the synapse (Peterson et al. 2005; Rohmann

et al. 2007), suggesting a role for synaptic provision

of estrogen in neurotransmission. Remage-Healey

et al. (2010, 2012, 2013) have used an in vivo retro-

dialysis technique to directly assess the rapid effect of

estrogens on an auditory processing region in the

brain of a male zebra finch (Taeniopygia guttata).

They found that inhibition of estrogen production

rapidly affected behavioral responses to song, sug-

gesting a crucial role of neuroestrogen synthesis in

sensory encoding and behavioral response (Saldanha

et al. 2011). Evidence from wild-caught, seasonally

breeding European starlings (Sturnus vulgaris) sug-

gest that these effects have the potential to change

according to photoperiod and reproductive state

(Calisi et al. 2013), prompting further query into

how real-world scenarios have affected the adapta-

tion and application of this system.

Cornil et al. (2012) reported that it is synapto-

somal, not microsomal, aromatase that appears to

be rapidly modulated by ionic flux and phosphory-

lation. Hence, processes akin to synaptic currents

may affect synaptic aromatization and thus synaptic

transmission. Indeed, inhibition of local aromatiza-

tion in the passerine hippocampus, an area rich in

synaptic aromatase expression, but poor in somal

expression, impairs spatial memory function in

male finches (Bailey et al. 2013). It is also possible

that rapid responses to estrogens may critically mod-

ulate behavior. For example, Maney reported that the

expression of estrogen receptor alpha, encoded by

ESR1 might drive a behavioral polymorphism

found in white-throated sparrows (Zonotrichia albi-

collis) (Horton et al. 2014a, 2014b).

European starlings have served as a powerful model

for investigating the neural underpinnings of behav-

ior. Riters presented data collected from male starlings

that, in response to acquiring a nest box during their

breeding season, experience a rapid change (within

minutes to hours) in courtship vocalizations. These

changes are associated with a rapid increase in testos-

terone and its effect on androgen receptors in the

preoptic nucleus (Alger and Riters 2006; Riters and

Alger 2011). Riters pointed to mu-opioid receptor

activity as a mechanism by which testosterone in

the preoptic nucleus may rapidly affect courtship vo-

calization (Riters 2010; Kelm-Nelson and Riters

2013). Acquisition of nest boxes by European starlings

is also associated with a reduction in activity of the

hypothalamic neuropeptide gonadotropin inhibitory

hormone (GnIH) when compared with starlings with-

out nest boxes (Calisi et al. 2011; N. Amorin and

R.M. Calisi, submitted for publication). As GnIH

can have an inhibitory effect on the hypothalamic–

pituitary–gonadal axis, its decreased activity may

facilitate reproductive-associated behaviors (Calisi

et al. 2008, 2011; Calisi 2014; Ubuka et al. 2014).

Environmental stressors can affect these reproduc-

tive behaviors. Dickens has been investigating the

role aromatase, a key enzyme responsible for the

biosynthesis of estrogens, plays in suppressing the

sexual behavior of Japanese quail (Coturnix japonica).

She and colleagues reported that acute stress and

sexual interactions rapidly (less than 5–15 min)

alter the activity of brain aromatase, and the region

of influence and timeframe of change can be sex-

specific (Dickens et al. 2011; de Bournoville et al.

2013). However, Dickens posited that by only using

aromatase activity as a proxy for mechanisms involv-

ing estradiol, we may not be comprehending the

full effects of the regulation of estradiol. Data she

presented highlighted a catabolic pathway—the

endocannabinoid system—as a potential rapid mod-

ulator of the stress response, although in birds this

system has yet to be fully characterized.

Other steroidogenic enzymes are also potential

candidates for the study of the rapid regulation of

behavior. For example, Pradhan and Soma reported

in 2010 that production of 3-beta-hydroxysteroid

dehydrogenase/Delta 5-Delta 4-isomerase (3-beta-

HSD), which eventually yields androstenedione in

the brain, responds rapidly (510 min) to acute

stress in adult zebra finches and song sparrows

(Melospiza melodia). 3-beta-HSD can also respond

rapidly (530 min) to a territorial encounter in male

song sparrows. Soma presented further work on the

acute and chronic effects of locally-synthesized ste-

roids and their potential to act via both genomic and

non-genomic mechanisms (Heimovics et al. 2012;

Prior et al. 2014).

The idea that rapid alterations in the provision of

hormones can affect neuronal function and behavior

is not limited to birds. Woolley demonstrated the

acute modulation of synaptic currents by estradiol

and a role for estrogens, synthesized in the rat hip-

pocampus, on neuronal excitability (Smejkalova and

Woolley 2010; Huang and Woolley 2012; Tabatadze

et al. 2013; May et al. 2014). These effects are not

modest. Alterations in neuronal excitability appear to

directly translate into seizures at the behavioral level,

underscoring the dramatic role of neurally synthe-

sized hormones in the brain and in behavior.
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Bergan, inspired by the real-world adaptations of

the avoidance of predators has been investigating the

mechanisms of information-processing by the vom-

eronasal system. He and colleagues (2014) reported

that sex-specific and species-specific responses in the

mouse medial amygdala can rapidly alter sexual be-

havior in hormone-dependent and sex-specific man-

ners. Additionally, they found that the development

of such circuits is dependent on organizational

effects by steroid signaling at about the time of

puberty (Bergan et al. 2014).

Perhaps the most dramatic evidence of rapid

changes within the arena of socially-driven, hor-

mone-dependent neural physiology comes from

studies in fish, like cichlids (Astatotilapia burtoni),

bluehead wrasses (Thalassoma bifasciatum), and

zebrafish (Danio rerio). Both Maruska and Godwin

provided evidence of transformations in neurophys-

iology and behavior occurring minutes after removal

of dominant morphs or males (Godwin 2010; Semsar

and Godwin 2003, 2004; Maruska and Fernald 2010,

Marsh-Hunkin et al. 2013; Maruska et al. 2013a,

2013b; Maruska 2014). While other hormone-depen-

dent changes can take longer, the fact that aggressive

and reproductive behaviors can change within min-

utes during transitions in social context generates

many questions as to how behaviors we know to

be hormone-dependent can be modulated indepen-

dently of changes in signals of circulating hormones.

Conclusion

Hormones have long been thought of as chemical

signals secreted from various glands in the body,

which, via passage through the vasculature, take a

reasonably long time to reach their distant target

tissues. There they regulate processes like gene ex-

pression and morphological change. Given the ex-

tended temporal framework of hormonal action, a

question has arisen: what then mediates rapid shifts

in hormonally-regulated behavior? The ability of

hormones to act acutely has been known for some

time, but only recently have the finite processes by

which these effects occur come into focus. This sym-

posium highlighted this fundamental shift in our ap-

preciation of the spatial and temporal precision of

hormonal action. Hormones can be produced locally

at the area of their action, even at individual neural

synapses, and therefore would not require passage in

blood to have a rapid effect on behavior. The turtle

seems to have morphed into the hare! By uniting a

diverse group of scientists who study a broad array

of systems using different techniques across a range

of behavioral endpoints, new lines of investigation

emerged. This comparative approach offers promise

for increasing our understanding of the rapid mod-

ulation of neuroendocrine action.
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