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Abstract

Many animals engage in spectacular courtship displays, likely recruiting specialized neural,

hormonal and muscular systems to facilitate these performances. Male golden-collared manakins

(Manacus vitellinus) of Panamanian rainforests perform physically elaborate courtship displays

that include novel forms of visual and acoustic signaling. We study the behavioral

neuroendocrinology of this male’s courtship, combining field behavioral observations with

anatomical, biochemical and molecular laboratory-based studies. Seasonally, male courtship is

activated by testosterone with little correspondence between testosterone levels and display

intensity. Females prefer males whose displays are exceptionally frequent, fast and accurate. The

activation of androgen receptors (AR) is crucial for optimal display performance, with AR

expressed at elevated levels in several neuromuscular tissues. Apparently, courtship enlists an

elaborate androgen-dependent network that includes spinal motoneurons, skeletal muscles and

somatosensory systems. This work highlights the value of studying non-traditional species to

illuminate physiological adaptations and, hopefully, stimulates future research on other species

with complex behaviors.
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1. I Introduction

The courtship displays of some birds are spectacular wonders of nature. Worldwide, across

virtually all avian Orders, birds combine physical strength, stamina and coordination, with

colorful, unusual ornamentation and vocal and non-vocal sound production to produce these

natural spectacles. The extraordinary diversity of avian displays is underscored by the fact

that they can occur while in flight, while running on the ground, while jumping amongst

branches of trees, while swimming on the water or while using combinations of these

settings and forms of locomotion. Even more intriguing is that some species enhance their

displays by altering the physical environment in which this behavior is performed, with

bowerbirds being supreme examples (Johnsgard, 1994; Höglund and Alatalo, 1995).

Animal displays have long attracted the attention of biologists and the study of avian

courtship has served to shape modern biological thought. The core concept of sexual

selection, a fundamental tenet of evolutionary theory, was formed as Charles Darwin

pondered avian courtship (Darwin, 1871). The science of ethology grew out of the

comprehensive descriptions of many avian courtship displays (Pycraft, 1913), notably the

elegant and sexually coordinated dances of some grebes and ducks (Huxley, 1914; Dane and

Van Der Kloot, 1964). The origin and maintenance of elaborate courtship displays is one of

the most challenging problems of modern evolutionary biology (Zahavi, 2007; Candolin,

2003; Hau et al., 2010; Kotiaho et al., 2007; Jones and Ratterman, 2009; Prum, 2012). To

this day, scientists continue to explore avian courtship in order to increase the breadth and

depth of our understanding of many biological principles.

1.1. A brief history of the neuroendocrinology of courtship

Courtship has also long attracted the interest of behavioral endocrinologists, and recent

comprehensive reviews describe this interesting history and the relatively current state of the

field (i.e. Fusani, 2008; Hau et al., 2008; Wade, 2011; Zornik and Kelley, 2011). The earliest

era of research on birds established a role for the testes by showing that castration of males

eliminated or reduced masculine courtship phenotypes (physical ornaments, courtship

displays and song), while subsequent replacement with the testes restored these masculine

phenotypes. The testes were thought to make “stimulating” and “mysterious” “juices” that

were only recognized to be “hormones” after they were first described by Starling at the

beginning of the 20th century (Pycraft, 1913). The discovery, purification and synthesis of

testosterone (Koch, 1938) made it possible to confirm its primary role in the activation of

courtship (e.g. Beach and Inman, 1965; Erpino, 1969; Brockway, 1974). A subsequent phase

of investigation showed that the activation of male courtship by the testicular hormone

testosterone (T) occurred directly, or after T was converted in brain either to the more potent

androgen 5α-dihydrotestosterone or to estradiol for action on androgen and estrogen

receptors, respectively (Pietras and Wenzel, 1974; Hutchison and Steimer, 1984). Indeed the

complexity of courtship seems to have arisen as the result of a collection of motivational

states (Huxley, 1914) that include aggressive and sexual features where androgenic and

estrogenic pathways work somewhat independently to activate these distinct arousal states

(Hutchison, 1970; Belle et al., 2005; Fusani et al., 2001). These sex-steroids were then

shown to act on discrete sex-steroid receptors expressed by neurons within regions of what
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we now refer to as the “social” brain (Adkins-Regan, 1998; Newman, 1999; Goodson, 2005;

Goodson and Kabelik, 2009; O’Connell and Hofmann, 2011), such as the medial preoptic

area and septum, to boost the overall motivation for males to court females (Hutchison,

1967).

1.2. Courtship and avian vocalizations

Many male birds employ vocalizations in courtship and the study of these songs and calls

has been a particularly active area of neuroendocrine investigation and is of special

relevance in this review. In most birds, vocalizations are simple “calls” and there is good

evidence that midbrain nucleus intercollicularis (nICO) is a conserved steroid-sensitive pre-

motor site for the activation of calling behavior (Brown, 1965; Zigmond et al., 1973; Cohen,

1981). Thus, sex-steroids increase the motivation to perform behavior, but are also directly

involved in motor control of vocal output. This dual view of steroid action on the brain

achieved even greater realization with the discovery of the neural sites controlling song of

oscine songbirds (Nottebohm et al., 1976). Oscine song can serve in a variety of social and

aggressive functions, but is especially important as a male courtship signal. Multiple brain

areas are required for the learning, memory and performance of song as well as in the

processing of song-related acoustic signals, and most of these regions express receptors for

androgens and/or estrogens (Arnold et al., 1976; Gahr et al., 1993). Thus, sex steroids act on

the avian brain to control courtship via sensory, motor and cognitive pathways. The study of

this neural song system has generated new concepts regarding steroid action on the central

nervous system, such as their role in promoting large scale neural plasticity (Tramontin et

al., 2003). In the end, singing and calling arise from coordinated contractions of intricate

syringeal musculature and respiratory muscles; much of what we know about steroidal

control of motor aspects of avian courtship come from studies of the relatively minute

steroid-sensitive syrinx (Goller and Suthers, 1996; Suthers et al., 1999). We will return to a

discussion of the oscine neural song system as it more directly relates to more complex

courtship displays.

1.3. General considerations

Of course birds are not the only animals to participate in elaborate courtship e.g. (Pycraft,

1913); indeed, male courtship displays have arisen in virtually all vertebrate and invertebrate

taxa with some invertebrates serving as exceptional animal models for study (Greenspan and

Ferveur, 2000). Our focus here on birds serves not to ignore these other species, but rather to

provide an overview of concepts gained from our avian studies that can be applied to other

organisms. When this rich history is considered, we believe that a number of significant

questions remain unanswered or unexplored. Table 1 summarizes what we believe are some

of important open questions that have, in part, driven our own research program described

below.

Driven by these questions and others, our laboratories have focused our attention on the

remarkable courtship display of one species in particular, the golden-collared manakin

(Manacus vittelinus). Courtship of this bird (and related bearded manakins of the genus

Manacus) is physically intensive, acrobatic and involves vocal and non-vocal sound

production. This species is also reasonably common in certain Central American forests, so
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it is readily studied in the field and in captivity through facilities operated by the

Smithsonian Tropical Research Institute of Panama. It is our hope that by understanding

more about the biology of this species that we will contribute answers to some questions of

neuroendocrine function with broad application to all courting animals. This chapter will

review our work to date on these questions and we will return to these questions at the

conclusion of the review to see where advances have been made. Of course, the

neuroendocrine mechanisms that influence male courtship have not developed in a vacuum,

and a more comprehensive understanding requires consideration of the evolutionary

pressures that influence golden-collared manakin courtship and neuroendocrinology, as well

as the ecological implications of their anatomy and physiology. Our primary focus, however,

will be how the study of golden-collared manakin behavioral neuroendocrinology has

advanced the field and also raised new questions that might drive future research. To fully

appreciate the neural, hormonal, muscular and ecological scope of the neuroendocrine

mechanisms at work, it is essential for the reader to possess a clear sense of golden-collared

manakin biology and of the complexity of the male golden-collared manakin courtship

display, which is described in the next sections.

2. Manacus behavioral ecology

The great ornithologist Frank Chapman originally described these birds and their

extraordinary displays (Chapman, 1935). Additional insight has been provided by studies

from our lab as well as the study of related Manacus species (Bostwick and Prum, 2003;

Lill, 1974; DuVal and Goymann, 2011; Snow, 1962). All males in the genus Manacus

perform a similar visually and acoustically stunning display (Fig. 1; Supplementary video).

The speedy, gymnastic routine is noisy, with the production of “chee-poo” vocalizations and

a variety of non-vocal sounds, or sonations. The latter is largely a collection of remarkably

loud “wing-snaps” produced by the rapid and powerful lifting of their wings (Bostwick and

Prum, 2003). The males of this species are strikingly colored in lemon-yellows, blacks and

greens, whereas females and juvenile males are a cryptic dull-green. All birds have

conspicuous orange legs. Males also possess elongated throat feathers (their “beard”) that

they erect and present to females during their displays (Schlinger et al., 2008a).

Male manakins court females via a lek breeding system and thereby provide no parental care

duties. Approximately 2–15 males occupy a single ‘exploded’ lek of about an acre of forest

within which each male clears organic material on the forest floor (fallen leaves mostly)

from one or more elliptical arenas (∼30 × 50 cm). It is around these arenas that the males

display. In our study area, golden-collared manakins begin displaying at the beginning of the

dry season, usually in mid January (Fig. 2). Outside of their brief forays to feed on fruit

laden-trees near the lek, adult males remain close to their own individual arenas for months,

displaying daily, for as much as 6 or 7 months. They prefer second growth woods with a

relatively low canopy and thick ground vegetation. They also require forest with many small

upright roots or thin saplings that they use for their displays and dances (Schlinger et al.,

2008a).
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2.1. Courtship behavior and mate choice

2.1.1. Advertisement—During months of courtship, even when females are absent from

the lek, males can be quite active vocalizing frequently and producing their distinctive and

conspicuous mechanical sounds. Using their wings, males create a very loud single “snap”, a

“snapping whirr” or “rollsnap”, a soft “snip” and an unusual “reedy whir” or “grunt” that

sounds a bit like a duck-quack. Wingsnaps are exceptionally loud; Chapman wrote that he

could hear males wingsnapping at a distance of 300 yards [∼274 m] over still water on a

calm morning (Chapman, 1935). The snap is produced by a powerful upward lift of the

wings (Bostwick and Prum, 2003), while the rollsnap is produced by a rapid series of

wingsnaps (∼50 Hz). The snap is produced as the morphologically unique radii of the wings

collide (Bostwick and Prum, 2003; our unpublished data). Whereas single wingsnaps are

part of the courtship display, described below, the rollsnap may hold both agonistic and

advertisement functions (McDonald et al., 2001). All of these activities produce a great deal

of noise that is thought to attract females to the lek. Presumably, larger leks are noisier than

smaller leks and attract more females (see also Höglund and Alatalo, 1995). Once a female

is at the lek, males increase their activity as she moves about, eventually choosing a male to

observe closely and with whom she may eventually mate (Lill, 1974).

2.1.2. The display—Males produce single wingsnaps and “grunts” as part of their

acrobatic courtship display (Fig. 1). This display is performed alone, but if a female finds

the male to be of interest, she will join him in his dance (“duo dance”). When viewed in the

field, the male appears to bounce somewhat mechanically from stem-to-stem (on average 9

times/display) in a somewhat frenzied sequence, with the entire display sequence lasting

about 9 s. Powerful single wingsnaps are emitted with each male jump, and less frequently

the grunt is heard when a male jumps to the ground and back to a stem, often before

copulating with the female. Before landing at the end of each individual jump-snap, the male

rapidly turns in midair with a precise landing that allows him to rapidly turn his head to face

the female, thereby showing off his extended throat feathers (the beard-up display). All of

these elements of the display are difficult to discern with the naked eye, so we use very

high-speed digital photography (up to 1000 frames per second) to study the kinematics of

the behavior. When these videos are viewed in slow motion, the displays are seen to be

strikingly acrobatic, graceful and well-controlled (Fusani et al., 2007b; see Supplementary

video). Presumably, females are able to see the details of these courtship displays, given that

birds have a relatively higher flicker fusion frequency than humans (birds: 100–120 Hz;

humans: 25–30 Hz) and thus likely exhibit faster visual processing speed than humans

(Jones et al., 2007).

Frame-by-frame analysis of multiple high-speed video sequences from ten adults reveals

considerable individual variability in male performance (Fusani et al., 2007b). For example,

we documented an approximate 3-fold difference in the amount of time that males remained

on the perch before initiating a second jump as well as in the speed of the jump itself (in

m/s). Because many of the individual display elements are performed so quickly,

performance differences were often on the order of tens to hundreds of msecs. Although we

do not know why males differ from one another (i.e. differences in age, experience,
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genetics), these differences in speed and/or quality of the male display likely provide

information to females as they consider males for potential mating.

2.1.3. Female preference—Mate choice in golden-collared manakins has served as a

powerful driving force behind the evolution of the male phenotype. For example, the

brightness of the male’s yellow collar and the cleanliness of the court contribute to male

mating success (Stein and Uy, 2006; Uy and Endler, 2004). Using behavioral analysis of

both conventional and high-speed videos of individual males in which copulations with

females were observed, we found that just a few individual display parameters predicted

over 60% of the variance in male mating success (Barske et al., 2011). Notably, females

preferred to mate with males that performed their display bouts more frequently and also

more rapidly. For example, males that achieved a “beard-up” posture upon landing just tens

of milliseconds faster than other males obtained considerably more copulations (Barske et

al., 2011). Presumably, the speed and accuracy of these moves are physically challenging

and -provide information on male quality to females. Furthermore, our evidence that

courtship behavior predicts mating success fits well with the hypothesis that the courtship

display is the primary focus upon which females select males and that plumage color may

have evolved to enhance the intensity of the behavioral signal (e.g. Prum, 1998).

If speed and quality of the male’s performance is crucial for mating success, we would

predict improvement in malecourtship when females are watching. This is just what we find.

Males enhance their display performance when the female is present at the display court,

increasing both the number of wingsnaps per display and the speed of certain display

elements (Barske et al., unpublished data). Moreover, as in some other birds (e.g. Patricelli

et al., 2002; Akre and Ryan, 2011) females appear to challenge the male performance by

initiating jumps during their “duo” dance. These various analyses provide evidence that the

elaborate courtship display of the male golden-collared manakin evolved under considerable

sexual selection pressure, pressures that strongly influence male anatomy and physiology,

including the neuroendocrine basis of male courtship behavior.

3. Neuroendocrinology of Manacus courtship

3.1. Hormones and courtship

Unlike male birds breeding in temperate or arctic latitudes that exhibit elevated levels of

testosterone when breeding (Wingfield and Silverin, 2002), reproductive levels of

testosterone are more variable in males of tropical breeding species (Moore et al., 2002;

Chastel et al., 2005; Osorno et al., 2010), with levels in birds of lowland rainforests tending

to be relatively low (Goymann et al., 2004). In golden-collared manakins, testosterone does

fluctuate seasonally (as depicted in Fig. 2) but breeding males have quite variable levels of

testosterone with many having levels as described for some other birds of wet tropical

lowlands (Goymann et al., 2004). Wikelski et al. (2003) reported that when compared to

other periods, males had relatively higher concentrations of testosterone during April, when

they were “territorial”. We sampled testosterone levels of adult males and females, as well

as juvenile males, from July–April (Day et al., 2007; Fusani et al., 2007a). Adult males

during the active courtship season consistently had higher levels of testosterone than any
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other group. Nevertheless, some adult displaying males had undetectable levels of

testosterone in blood whereas other males had testosterone levels up to 6 ng/ml.

In one group of males, we investigated plasma testosterone concentrations at two time

points, at the onset of displaying season, when males were re-establishing and clearing their

arenas, and then again three-to-four weeks later. As expected, testosterone levels were

initially elevated (on average ∼1 ng/ml), but then decreased to near basal concentrations at

the second bleeding. Importantly, this decrease occurred even though the birds were actively

displaying (Fusani et al., 2007a). This suggests that testosterone is important for activating

the display behavior at the onset of the breeding season, but that maintaining elevated levels

of this hormone is not necessary for continuous production of the display itself. The golden-

collared manakin may therefore stand in contrast to other lekking males in temperate

regions, as testosterone levels remain elevated in males of these species throughout the

entire displaying season, even though the season is much shorter (∼2 or 3 weeks) (Lisano

and Kaennamer, 1977; Alatalo et al., 1996). Although somewhat controversial, prolonged

high testosterone concentrations may be costly to males, such as in reduced immune

function and increased oxidative stress (Folstad and Karter, 1992; Roberts et al., 2004;

Mougeot et al., 2009; Edler et al., 2011) so manakins may need to limit such costs by

reducing peripheral testosterone secretion. One possibility is that aggressive or competitive

interactions between and among males within a lek, or even sexual interactions with

females, produce transient pulses in circulating testosterone that 58 do not always detect but

which serve to maintain testosterone-dependent properties in males at this time of year.

More work is needed to address this idea.

3.2. Hormone treatments

In most bird species investigated so far, courtship displays have been shown to be dependent

on androgens (Fusani, 2008). We suspected this would be the case for manakins as well. To

test whether testosterone influenced golden-collared manakin display behavior, we

implanted adult males, juvenile males and females in the non-breeding season (with

naturally low testosterone levels; Wikelski et al., 2003) with testosterone implants and

measured their behavioral response. Treatment with testosterone successfully induced the

expression of several components of courtship, such as wingsnapping, in all of these birds

(Day et al., 2007). These findings confirm that testosterone can activate courtship.

Interestingly, testosterone treatment in adult males that were already actively displaying at

their leks had no effects on behavior (Day et al., 2007). This finding was not surprising,

because we knew already that adult males display intensely even with low circulating levels

of testosterone (Fusani et al., 2007b). As discussed previously, male golden-collared

manakin courtship could be activated by androgen at the onset of the breeding season and

then maintained by alternate mechanisms, such that increases in testosterone above some

threshold level would yield no further increases in courtship. This concept that a threshold

level of testosterone activates behavior, but does not determine the magnitude of the

behavior, has been described many times for various male behaviors (Hews and Moore,

1997; Adkins-Regan, 2005; Fusani, 2008) and seems also to apply to some avian courtship

displays (Fusani and Hutchison, 2003).
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3.3. Treatment with AR antagonists

As will be discussed in more detail below, testosterone can serve a signaling function

through androgen receptors (AR) or, after its conversion into 17β-estradiol, via estrogen

receptors (ER). Previous work on species like quail and doves, indicated a significant role

for AR in the activation of male courtship (Adkins and Mason, 1974). To test the

involvement of AR in the maintenance of male manakin courtship activity we treated adult

courting males with flutamide, a competitive androgen receptor antagonist that had been

used previously to successfully inhibit territorial and sexual behavior of male birds (Hegner

and Wingfield, 1987; Schwabl and Kriner, 1991; Canoine and Gwinner, 2002). As

predicted, treatment of wild courting male manakins with a relatively low dose of flutamide

significantly decreased courtship activity for the first week after treatment. Surprisingly, this

effect disappeared during the second week of treatment, while several measures of courtship

actually increased during the third week after treatment (Fusani et al., 2007b). The

paradoxical results could not be explained by a failure of the treatment, as we confirmed the

efficacy of our flutamide implants (Fusani et al., 2007b). This led us to conclude that

flutamide (i) began to function as an AR agonist after 2 weeks of treatment (Shet et al.,

1997; Wirth and Froschermaier, 1997), (ii) up-regulated AR or other downstream signaling

mechanisms (Chen et al., 2004), (iii) or both. Regardless of these considerations, the data

clearly showed that disruption of AR impacts the expression of male manakin courtship.

Although we have some evidence that ER may synergize with AR to activate the full

courtship display (Day et al., unpublished data), our recent studies showing inhibition of

male courtship by use of another AR antagonist (Casodex) confirms that AR play a crucial

role in the activation, and perhaps maintenance, of the male manakin courtship display

(Fuxjager et al., unpublished data).

4. Anatomy and physiology of courtship

4.1. Oscine vs sub-oscine

Before proceeding further, it is important to describe more about the taxonomic position of

manakins with regard to other birds. Manakins of the family Pipridae, are members of the

Order Passeriformes that is generally further divided into the oscine and sub-oscine clades

(Barker, 2011). As described previously, the oscine songbird brain exhibits a highly

specialized circuitry (the neural song system) that is the basis for the learning and

production of the complex, learned syringeal-based vocalizations, or songs, produced by this

group of birds. Like other suboscine species (Kroodsma and Konishi, 1991; Gahr et al.,

1993), the golden-collared manakin is not thought to learn its vocalizations and does not

possess a recognizable song system when the brain is stained by a conventional Nissl stain

or by immunocytochemical-staining for the neuron-specific marker MAP5 (Saldanha et al.,

2000). Specifically, when directly compared to the zebra finch, we saw no evidence in the

golden-collared manakin for HVC, n. robustus arcopallii (RA), lMAN (lateral magnocellular

nucleus of the anterior neopallium) or area X, all prominent song nuclei within the zebra

finch forebrain. These data argue that the relatively simple “chee-poo” vocalization of the

manakin is not acquired by learning and is produced in the manner of the calls of non-

passeriform species with pre-motor control in the nucleus ICO (Brown, 1965; Cohen, 1981).

Although a song circuitry is not visible in the sub-oscine brain, the neurons in these brain
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regions may still participate in sub-oscine acoustic communication by invoking calls or even

non-vocal sonations, such as wing-snaps, in contexts that would invoke songs in oscine

species. Data on this latter point will be discussed in the section that follows on brain sex-

differences.

4.2. Brain aromatase

An especially prominent neurochemical feature of the oscine songbird brain is that the

estrogen synthetic enzyme aromatase is expressed at exceptionally high levels in the

forebrain when compared to non-passeriform species (Saldanha et al., 2013). This enzyme is

a conserved feature of the vertebrate brain where it steers the actions of circulating

testosterone along estrogen-dependent pathways (Balthazart and Ball, 2013). In oscine

songbirds, high expression is most notable in caudal regions of the telencephalon within or

adjacent to auditory processing areas, the lateral ventricles and song system nuclei. In these

regions, aromatase contributes to song perception (Remage-Healey et al., 2010) and

production (Meitzen et al., 2007), and contributes to the conspicuous neuroplasticity

demonstrated by this group of birds (Tramontin et al., 2003). In contrast, nonpasseriform

species exhibit aromatase in more conventional regions of the “social” brain, including

nuclei of the diencephalon and septum (Schlinger and Balthazart, 2013).

Aromatase expression in the sub-oscine golden-collared manakin brain exhibits a pattern

that is somewhat intermediate between the oscine and non-passeriform species (Saldanha et

al., 2000). As determined by both biochemical measures of activity as well as

immunocytochemical staining for protein, aromatase was present in the hypothalamus-

preoptic area at levels comparable to what is seen in other bird species. By contrast, areas

rich in aromatase in oscine songbirds (the hippocampus and a forebrain auditory processing

region called NCM), but aromatase-poor in non-passeriform species, had readily detectable

levels of aromatase in the manakin, albeit lower than what is seen in typical oscine

songbirds (Saldanha et al., 2000). Given that estrogens facilitate song learning and

production in oscine birds (Schlinger and Brenowitz, 2009), it is possible that elevated

expression of aromatase in the forebrain evolved early in passerifrom species and in a

manner that is similar to the current sub-oscine clade. In turn, such elevated estrogenic

signaling may have predisposed the evolution of song and the neural song system in the

oscine clade. This idea needs to be confirmed by studies of aromatase in other suboscine

species.

As has been observed in other species (Balthazart et al., 1996), aromatase activity was

greater in the hypothalamus-preoptic area (HPOA) of male than female golden-collared

manakins (Saldanha et al., 2000). Presumably, estrogens synthesized in the male HPOA are

responsible for activating copulatory and aggressive behaviors (Schlinger and Balthazart,

2013), though we cannot dismiss a role in courtship as well (Hutchison, 1967) and we will

discuss this possibility in the next section.

Although our focus in this segment has been the brain, we have looked for aromatase

elsewhere as well. Aromatase is detected in the manakin spinal cord (Fuxjager et al., 2012b),

as has been seen in quail (Evrard et al., 2000), but we found no evidence for aromatase in

manakin skeletal muscles (Feng et al., 2010).
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4.3. A role for estrogens in male manakin courtship

Although we have direct and convincing data that AR signaling is crucial for the activation

and maintenance of manakin courtship, we cannot exclude a role for estrogens. We have

seen that treatment of non-breeding birds with a combination of estradiol and the potent

androgen, 5α-dihydrotestosterone (DHT) activated displays more potently than either

steroid alone, but only when DHT followed treatment with estradiol (Day et al., unpublished

data). Moreover, simultaneous treatment of non-breeding birds with testosterone and

fadrozole, an inhibitor of aromatase, reduced several display elements compared to males

treated with testosterone alone. These data suggest that estrogens participate in the activation

of the golden-collared manakin display behavior by combining with androgens; yet, exactly

how the signaling pathways of these two sex steroids synergize to fully activate courtship

remains an active area of investigation. We do detect ER expression in the male manakin

spinal cord (Fuxjager et al., 2012b), skeletal muscle (Feng et al., 2010) and in brain (Fusani

et al., unpublished data), though the amounts at which this receptor is expressed remain

lower than that of AR. Moreover, the distribution of ER in the manakin brain and spinal

cord resembles what has been described previously for ER expression for non-passerine

species having courtship displays of limited motoric complexity (Metzdorf et al., 1999;

Evrard and Balthazart, 2002). Thus, our work examining the distribution of ER throughout

the manakin brain provides little insight into the role for ER in the male golden-collared

manakin display and the remainder of this review will focus on androgen signaling

pathways.

4.4. Tissue distribution of androgen action

4.4.1. Brain—Using in situ hybridization and/or quantitative PCR procedures, we find that

AR are expressed abundantly in a variety of golden-collared manakin tissues, and this

suggests that androgenic action can occur in important positions throughout the body to

influence the neuromuscular control of the male’s courtship display. In the brain (Fusani et

al., 2003), we find significant AR expression in classical androgen-sensitive regions such as

the septum, preoptic area, and hypothalamus. Yet, we also found AR in the nucleus

subrotundus (SR) and in the cerebellum (Fusani et al. unpublished data). Notably, we

detected a large field of AR-labeled cells in the arcopallium, which is the area which

contains the RA of songbirds and the nucleus taeniae (nT), a homologue of the mammalian

amygdala. To our knowledge, this is the first report of AR expression in the forebrain of a

non-oscine passerine outside of nT (Gahr et al., 2000) suggesting a possible functional

relationship between AR expression in arcopallium and the acrobatic and/or acoustic

properties of courtship. The arcopallium has established pre-motor functions in passerines

(Suthers and Margoliash, 2002); thus, androgens might act in this part of the central nervous

system to facilitate the fine motor control required for jump-snap displays, wingsnaps, and

roll-snaps.

The cerebellum has a crucial role in complex motor function (Paula-Barbosa and Sobrinho-

Simoes, 1976; Tohyama, 1976; Paula-Barbosa et al., 1980; Smith et al., 1993; Molinari et

al., 2001; Rodriguez et al., 2005; Yoshida et al., 2007) and was found to express significant

AR in the golden-collared manakin. As in other vertebrates, limb movements of passeriform

species activate cerebellar immediate-early gene expression (Feenders et al., 2008), and
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lesions of the cerebellum disturb motor and cognitive performance (Spence et al., 2009).

Studies have also found that the volume of the cerebellum is associated with complex motor

and cognitive functions related to avian courtship (Day et al., 2005). Thus, androgens may

exert considerable influence over manakin courtship by their actions on the cerebellum. It is

also worth mentioning that in several birds and mammals, cerebellar Purkinje neurons and

the deep cerebellar express steroidogenic enzymes (Tsutsui and Ukena, 1999; London et al.,

2006) including the androgen synthetic enzyme cytochrome P450 17α-hydroxylase (London

et al., 2003). Cerebellar AR may therefore bind locally produced androgens as part one

component of androgen signaling in golden-collared manakins.

AR expressing cells in the nT and the preoptic area have been described in other oscine and

suboscine birds and probably function to motivate the performance of courtship (Hutchison,

1967; Jarvis et al., 1998; Heimovics and Riters, 2007; Riters and Ball, 1999; Alger and

Riters, 2006). In fact, these areas are thought to be part of a conserved network of steroid-

sensitive brain regions that underlie the basic components of animal sociality (Newman,

1999; Goodson, 2005; Goodson and Kabelik, 2009; O’Connell and Hofmann, 2011),

including courtship (Balthazart et al., 1998; Riters and Ball, 1999; Absil et al., 2002).

4.4.2. Spinal cord—The brain communicates with most peripheral muscle tissues by way

of the spinal cord. These circuits can be relatively simple; that is, descending neural fibers

from central motor centers can synapse directly onto spinal motoneurons, which in turn

project onto muscles in the periphery. At the same time, some of these circuits can be

complex, polysynaptic pathways, whereby descending fibers synapse onto spinal

interneurons, rather than motoneurons. While these interneurons eventually connect to

motoneurons, they also receive input from other descending pathways and somatosensory

fibers. Thus, spinal interneuron pools are capable of integrating various sources of

information from the brain and from the body to control movement, balance, and reflexes

(Kiehn, 2006).

Because of the spinal cord’s role in guiding physical movement, this part of the nervous

system is a prime target on which androgenic hormones might act to potentially modulate

male golden-collared manakin motor skills. Wild, adult males and females given tritiated-

testosterone (3H-T) accumulate 3H-steroid throughout much of their spinal cord, though

most of this accumulation is observed in the cervical and lumbosacral spinal enlargements

(Schultz and Schlinger, 1999). These areas of the spinal cord contain the motoneurons that

innervate the muscles that control the wings and legs, respectively; thus, the data suggest

that testosterone is able to act within the golden-collared manakins’ spinal tissues and exert

its most concentrated effects at the motor circuitry responsible for controlling motions of the

appendages and reflexes.

Equally interesting is that this study also shows that males accumulate higher levels of 3H-T

in their spinal cord than females (Schultz and Schlinger, 1999). This sex difference of course

suggests that the enhanced ability to detect androgens in spinal tissues is associated with the

sexually dimorphic ability to produce wing-snap and jump-snap displays. Androgen-spinal

interactions may therefore represent a physiological phenotype that has evolved to facilitate

complex motor coordination for courtship.
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Subsequent work from our lab suggests that effects of testosterone on the spinal cord likely

occur through AR, rather than through ER (after testosterone is aromatized to E; see above).

To show this, wild male and female manakins were injected in their wing and leg muscles

with retrograde, fluorescent tracers that back-fill (and thus label) motoneuron somas in the

spinal cord. AR mRNA in these tissues was then labeled using in situ hybridization, and the

results showed that the motoneurons controlling wing and leg muscles expressed

considerable amounts of AR (Fuxjager et al., 2012b) (Fig. 3a). Thus, androgenic hormones

can signal directly on the cell bodies of motoneurons involved in activating the complex

movements associated with their display signals. To this end, this same data set also

revealed that AR was expressed in the dorsal root ganglia, which convey information of

sensory afferent fibers from the wing and leg muscles to spinal cord interneurons (Fig. 3b).

It, thus, appears that androgens are capable of modulating the neural fibers that transmit

somatosensory feedback from the periphery to the CNS.

Somewhat surprisingly, we found that male and female golden-collared manakins do not

differ in their relative levels or patterns of spinal cord AR expression. In fact, females appear

to express slightly more AR in their spinal cords than males (Fuxjager et al., 2012b). This

result at first seems at odds with our prior studies showing that females do not accumulate as

much 3H-steroid in their spinal cord as males after 3H-T injections (Schultz and Schlinger,

1999). However, it is possible that this discrepancy results from sex differences in androgen

metabolism (Jurman et al., 1982; Breedlove and Arnold, 1983) or AR protein half-lives. The

enzyme 5α-reductase (see below) is expressed at high levels in the male golden-collared

manakin spinal cord (Fuxjager et al., unpublished data) suggesting that testosterone

metabolism may be the more important consideration. We are currently optimizing

conditions for use of AR antibodies to assess their protein levels in golden-collared manakin

tissues. From a functional perspective, it is also intriguing that female golden-collared

manakins maintain high levels of AR in their spinal tissues, particularly if this phenotype

contributes to male-typical sexual display behavior. It is likely that the abundant AR in

females has minimal function, because birds of this sex have low levels of circulating T and

thus little capacity to actually activate these receptors (Wikelski et al., 2003; Day et al.,

2007).

Exactly how does androgenic action within the male manakin spinal cord affect behavioral

output? The answer to this question is not completely clear, mostly because there are few

studies that examine how sex steroids influence avian spinal tissues and function (but see

Evrard and Balthazart, 2002). Our findings suggest that the enhanced ability of the golden-

collared manakin spinal cord to detect androgenic hormones is unique among passerine

birds (Fuxjager et al., 2012b), though more comparative work is required. Nonetheless, these

findings are consistent with the idea that this special spinal phenotype underlies some of the

complex motor characteristics of displaying males. There is certainly a precedent for this

line of thinking, especially in mammals. For example, in rodents, AR modulates functional

and morphological features of motoneurons in the spinal nucleus of the bulbocavernosus

(SBN) (Breedlove and Arnold, 1981; Kurz et al., 1986; Matsumoto et al., 1988). These cells

control the bulbocavernosus (BC) and levator ani (LA) muscles (Rand and Breedlove,

1992), which in turn govern penile reflexes critical for successful copulation (Holmes and
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Sachs, 1994). Thus, similar to findings in golden-collared manakins, studies of the SBN-

BC/LA neuromuscular circuitry suggest that selection has linked the regulatory effects of

masculine sex steroids with sex-related reflexes and locomotor ability.

4.4.3. Skeletal muscles—The jumping, twisting, turning and many postural adjustments

that are employed during the manakin courtship display involve coordinated contractions of

a diversity of skeletal muscle systems. What stands out, however, are those skeletal muscles

that control wing kinematics leading to the wing- and roll-snap behaviors. Birds lift their

wings largely by contraction of the ventral supracoracoideus (SC) and retract the wings by

contraction of the ventral pectoralis (PEC) muscle (Dial, 1992). During wingsnaps,

manakins likely also lift their wings, or control the wing upon lift, by contraction of the

scapulohumeralis caudalis (SH) muscle, a muscle noticeably hypertrophied in the golden-

collared manakin (Lowe, 1942). Each of these muscles shows specializations that indicate

that they are adapted for the production of the powerful and fast movements of the wing-

and roll-snaps (Lowe, 1942; Schultz et al., 2001). One such feature of the muscle tissue

itself is its remarkable sensitivity to androgen hormones, as golden-collared manakin wing

muscles express considerably more AR mRNA than other oscine and suboscine passerine

species (Fig. 4a) (Feng et al., 2010). Indeed, AR expression in golden-collared manakin

musculature is relatively more robust than its expression in other known androgen targets,

like the brain, spinal cord, and gonads.

This unique pattern of AR expression in golden-collared manakins is detected in both

breeding and non-breeding males, as well as in females. The relative stability of high AR

expression in skeletal muscle across reproductive state and sex implies that a permanent

genetic (or even epigenetic) mechanism evolved to constitutively sustain robust production

of this protein. Again, because females maintain low levels of circulating T, it is unlikely

that muscular AR is ever activated in this sex in a way that induces strong physiological

effects to the female musculoskeletal system.

The activation of skeletal muscle AR seems to have functional consequences in golden-

collared manakins. Testosterone treatment of non-breeding male manakins that have

naturally basal levels of circulating androgen causes an increase in mRNA expression of

parvalbumin (Fig. 4c) and IGF-I, two genes that are important for modulating basic muscle

physiology (Fuxjager et al., 2012a). Parvalbumin enhances the way in which Ca2+ is

shuttled from the muscle’s contractile machinery to its sarcoplasmic reticulum, effectively

increasing the speed of muscle relaxation and hastening the muscle contraction cycle

(Heizmann et al., 1982; Muntener et al., 1995; Arif, 2009). IGF-I acts on IGF-I receptors

expressed locally in muscle tissues to promote muscle fiber hypertrophy and increase the

strength of effected muscle (Coleman et al., 1995; Sacheck et al., 2004). Thus, androgen-

dependent up-regulation of these gene products may represent functional mechanisms by

which androgens optimize muscle performance in a manner consistent with this species’

muscular needs for courtship. From a broader perspective, this study provides a template

from which we can deduce how trade-offs in the transcriptional program of a cell or tissue

may ultimately facilitate and coordinate shifts in life history tactics, such as the transition

from non-breeding to breeding states.
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Androgen action on skeletal muscle AR may influence more than simply the muscle itself;

that is, it may also change spinal motoneurons that innervate the targeted muscle. This has

been widely demonstrated in rodents, using the AR-sensitive SBN-BC/LA neuromuscular

circuit as a model. This work shows that activation of AR within the LA muscles itself

changes the morphology of the innervating motoneuron cell bodies within the SBN (Rand

and Breedlove, 1995). This is thought to occur in part as a result of AR-dependent

expression of brain-derived neurotrophic factor (BDNF) in the muscle cells, which is

retrogradely transported from the muscle to the motoneuron soma (Verhovshek et al., 2010;

Verhovshek et al., 2013) where it then acts via its receptor, tyrosine-related kinase B (trkB),

to enhance motoneuron size and dendritic arbor (Verhovshek and Sengelaub, 2010). IGF-I

produced locally in muscle tissue is also retrogradely transported to the spinal cord to induce

neurotrophic effects (Kaspar et al., 2003; Dobrowolny et al., 2005). Thus, given that

androgens up-regulate muscle signaling hormones, like IGF-I (Fuxjager et al., 2012a), in the

golden-collared manakin, androgenic signaling in the peripheral wing muscles may similarly

impact general maintenance and plasticity in spinal motor circuits that guide these tissues.

This hypothesis supports the notion that androgen action outside of the central nervous

system plays a critical role in modulating the properties that underlie activation and/or

production of acrobatic manakin display maneuvers.

4.4.4. Muscle 5α-reductase—The enzyme 5α-reductase converts testosterone into 5α-

dihydrotestosterone (DHT), a compound that binds and activates androgen receptors more

potently than testosterone and is crucial for androgen action on many tissues (Martini et al.,

1996). Research in mammals suggests that the local 5α-reduction of circulating testosterone

is an important step in the regulation of facilitating androgen-dependent muscle function

(Aizawa et al., 2010, 2011). Thus, we hypothesized that this enzyme influences how

androgens affect manakin muscles used in courtship. Therefore, we examined this enzyme

in two muscles involved in the male manakin courtship display, the wing-lifting SC and the

gluteal muscle used for jumping and we compared activity in manakins to that seen in the

zebra finch, a species that lacks a complex physical courtship (Feng et al., 2010).

Interestingly, 5α-reductase was readily measureable in both muscles of both species and, in

the manakins, the enzyme was present at comparable levels in males and females (Feng et

al., 2010). Across species, 5α-reductase was more active in the SC muscle of the manakins

compared to zebra finches (Fig. 4b), with the opposite pattern observed in the gluteal. Thus,

when circulating T levels are elevated in male manakins, 5α-reductase may increase the

local concentration of DHT in the SC to promote the wingsnap display. Why 5α-reductase is

elevated in the zebra finch gluteal is unknown. However, androgens do regulate gene

expression in zebra finch skeletal muscle, as we have seen in golden-collared manakins

(Fuxjager et al., 2012a), so 5α-reductase may play an important role in the skeletal muscles

of these birds as well. The widespread action of androgens on avian skeletal muscle is ripe

for further study.

4.5. Neuroanatomical specializations

4.5.1. Sexual dimorphism in brain—Emboldened by our previous experience

visualizing the highly conspicuous neural song system of oscine songbirds (that controls the

relatively small but complex muscular syrinx (Nottebohm et al., 1976), we assumed that an
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examination of the male golden-collared manakin brain would reveal a conspicuous neural

circuitry controlling the numerous and massive muscles that produce their courtship display.

Inspection of the manakin brain, however, revealed no gross morphological features of

motor control brain regions that might subserve complex courtship (Day et al., 2011). As is

the case of oscine songbirds (Nottebohm and Arnold, 1976) and most other vertebrates, the

brains of male and females can differ markedly in structure and function and, whereas sex

steroid hormones are known to participate in this sexual differentiation process, sex-

chromosome effects cannot be ignored (Wade et al., 1999; Arnold, 2004; Juntti et al., 2010;

McCarthy et al., 2012). When we directly compared the brains of adult male and female

manakin, several sexually dimorphic features were detectable that give us some clues as to

regions that might participate in the courtship circuitry.

Most notably,we found that relative to the telencephalon, the arcopallium was larger in

volume in males manakins compared to females (Day et al., 2011). Recall that we find AR

widely distributed throughout the golden-collared manakin arcopallium further piquing our

interest in this brain region. Sub-regions of the avian arcopallium are known to contribute to

sensorimotor (anterior) and limbic (posterior) functions (Zeier, 1971; Sadananda et al.,

2007; Saint-Dizier et al., 2009) including involvement in copulation and courtship displays

(Charlier et al., 2005; Sadananda et al., 2007). Thus, we measured soma sizes and density in

five sub-regions of the golden-collared manakin arcopallium to look for sex-differences that

might provide clues into arcopallial function and/or specializations in this species. We found

no overall sex differences in any regions of the arcopallium but we found that regions were

cytoarchitecturally distinct. Furthermore, the pattern of cytoarchitectural differences was

different across the sexes with nT most neuron dense in females and least cell dense in

males. The significance of these differences in cell density requires further study.

We also found that relative to the telencephalon, the hippocampus of male manakins was

larger than that of females. This regions is closely associated with spatial abilities in birds

and mammals (Brownlie and Sherry, 1996; Hampton and Shettleworth, 1996; Clayton and

Reboreda, 1997; Biegler et al., 2001; Bingman and Able, 2002; Day et al., 2008; Sherry and

Hoshooley, 2010). Although the hippocampus may not be involved in courtship per se,

golden-collared manakin males have extreme site fidelity with the same bird being found

displaying at the same arena for several years. These sites are abandoned during the rainiest

time of year (Fig. 2) when birds migrate elsewhere (Chapman, 1935) and the birds return for

breeding the following year. Relocating this small patch of forest for courtship might require

exceptional spatial memory capabilities in males, and thus an enlarged hippocampus.

Females also disperse and return to leks as well, but females may be guided by the acoustic

signals of the males rather than relying on their own spatial memory.

We were struck by finding sex differences in visual processing areas of the brain, with the

volume of a downstream nucleus of the tectofugal visual pathway, the ventrolateral

mesopallium (MVL) being larger in females than in males. As pointed out previously,

females are able to discriminate minute temporal and perhaps postural features of the male

displays and use different visual cues to select males for mating (Uy and Endler, 2004;

Barske et al., 2011). These abilities may be associated with MVL specialization in the

female manakins as the MVL is thought to modulate visually guided behavior via striatal-
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brainstem pathways (Krutzfeldt and Wild, 2004) and to have associative functions. Thus, it

is tempting to speculate that MVL is larger in females to assist the visually tracking males

during their display. Perhaps use of a rapid visual processing capability by females in

selecting males for copulations has driven the evolution of the rapid physical movements of

the males’ courtship display. Studies to evaluate visual processing speed in manakins,

especially compared to other bird species, could shed light on this possibility.

4.6. New directions

4.6.1. Cardiovascular system and steroids in manakins—The preceding material

has focused on tissues and systems that have conserved functions in courtship, as well as

some new perspectives, such as the elevated androgen sensitivity of golden-collared

manakin skeletal muscles. There are likely other anatomical and physiological systems that

might be targets of sex-steroids to enable male courtship. As one example, we focus on the

heart. During male golden-collared manakin courtship, heart rates rise to unprecedented

levels, as high as 1300 beats/minute (Barske et al., 2011) almost six times their resting heart

rate. The most successful males perform up to 140 such displays per day suggesting they

might possess cardiovascular specializations (Höglund and Alatalo, 1995). Mammalian

studies show that the heart is a target of sex steroids (McGill et al., 1980; Malhotra et al.,

1990; Nahrendorf et al., 2003; Handelsman, 2009; Bhupathy et al., 2010). We are currently

investigating steroid sensitivity, morphometrics and patterns of gene expression in the

golden-collared manakin heart to ascertain if steroids impact optimal function. If plasma

testosterone does impact heart rate, it could do so directly on the myocardium or indirectly

via the CNS. AR are found in the central cardiovascular regulatory regions in

mammals(Peuler et al., 1990; Pouliot et al., 1996) and androgens can influence sympathetic

tone and parasympathetic control the heart (El-mas et al., 2001). Future studies might

investigate such links in avian heart.

5. Conclusions

So, let us return to some of the issues that were raised at the outset and delineated in Table 1

and ask how our research on manakins can offer insight into more general current questions

regarding the neuroendocrine control of courtship behavior.

1. With regard to motor control of complex courtship, it seems likely that androgens

can indeed have widespread actions on the complete neuromuscular circuitry

linking motor elements in the brain, through the spinal cord, to skeletal muscles,

and returning back to the central nervous system via somatosensory systems.

Whether and how signals might ultimately return to motor or cognitive circuits in

the brain remains unexplored. Moreover, how central cortical, striatal, mid- and

hind- brain circuits are linked to coordinate the numerous motor elements of

complex courtship and how, or whether, androgens are involved remain an

outstanding questions as well. Nevertheless, with regard to golden-collaed

manakins, these birds have evolved numerous anatomical and physiological

specializations to enable courtship, with androgens appearing to serve as a

dominant switch to activate this fascinating behavior (Fig. 5).
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2. The spinal cord may prove to be an especially interesting site of hormone action for

enabling the specific motor patterns that are employed during courtship. There is

good evidence from work on other species, including humans, that upon

appropriate activation, spinal circuits hold a great deal of the patterning of motor

behavior (Courtine et al., 2009). This may well be the case for features of complex

courtship itself. Undeniably, sex steroids play a crucial role in facilitating muscular

contractions involved in reproductive systems like the bulbocavernosus muscles

(Sachs and Leipheimer, 1988). We believe it will be of value to explore hormone-

dependent spinal circuits in the context of complex behaviors, like courtship.

3. Although we have not yet fully defined the motor control pathways of even the

some of the most conspicuous elements of the manakin courtship display, our data

point to hormone-dependent pre-motor and motor control pathways that likely

contribute to performance of courtship displays. As discussed previously, there are

likely multiple motivational influences that contribute to all of the display

elements, so the connectivity from motivational to pre-motor areas, and the roles of

androgens and estrogens on these pathways remain important unsolved pieces of

the overall puzzle.

4. Whereas skeletal muscle has long been viewed as a target of androgens, especially

in humans, its role as an androgen-dependent organ system controlling natural

animal behavior has received less attention. In golden-collared manakins, skeletal

muscle appears to be a key target for sex steroids in promoting complex physical

movements of courtship. Not only do androgens appear to promote optimal gene

expression in some muscles to enable contraction capabilities appropriate for

displays, but hormone action or muscle use itself might serve to retrogradely signal

to the spinal cord and brain to optimize and coordinate motor output.

5. We were surprised to discover that treatments with testosterone could activate some

complex components of male courtship in female golden-collared manakins. We

conclude from this that the neuromuscular systems have not undergone sexual

differentiation and are readily available to be activated in the presence of the

gonadal hormone signal. Do females utilize the same circuits, but in a sub-optimal

way, when they dance with males? Does testosterone serve only to optimize the

performance? Might it be problematic to create sexually dimorphic neuromuscular

systems when most, if not all, of those muscles are used also in normal locomotion

and postural control? We are attempting to explore the extent to which testosterone

can activate other elements of male manakin courtship to perhaps shed light on

some of these questions.

6. There is the tantalizing possibility that neurons in the arcopallium that have

evolved in the pre-motor control of syringeal function (i.e. in one form of acoustic

communication) are exploited in golden-collared manakins for the production of

wingsnaps (a non-vocal form of acoustic communication). Our current results do

not allow us to reach this conclusion yet, but we are working on this problem.

There is the intriguing idea that neural control of vocal structures arose from

circuits that served to control limb movements in other species (Bass and
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Chagnaud, 2012). In humans, this idea has been used to argue that gesturing is

neuroanatomically related to speech in their communication functions. Perhaps

wingsnapping in Manacus species arose in a similar fashion and from a similar

neural circuitry as a secondary (or even primary) form of acoustic communication.

7. We have good evidence from our combined many hours of field observations of

manakins that juvenile males must learn to excel at their acrobatic and speedy

courtship displays. Young males, with a green-plumage like females (having not

yet grown their adult male plumage), often create transient arenas near established

leks where they perform shortened, relatively slow displays and produce weak

snaps. In some cases, these juvenile males enter the lek and join an adult in a “duo

dance”; the unsuspecting adult appears unable to discriminate juvenile males from

reproductively accessible females. Whether the males simply improve by practicing

an innate behavior or actually learn features of the dance from adult males is

unknown but a question we are attempting to answer. No doubt, breeding

experience can influence the frequency of courtship displays (Cheng et al., 1986),

but whether display elements are acquired and perfected via experience is not well

established.

8. Golden-collared manakins only perform courtship in a defined, if not lengthy,

season of courtship and, as we have pointed out above, the exact role of circulating

hormones is not entirely clear. Some birds, especially many species of waterfowl,

engage in courtship throughout the winter (e.g. Dane and Van Der Kloot, 1964),

even under conditions of extreme cold when it would be suboptimal for the gonads

to be active and steroidogenic. Whether steroids play any role in courtship under

these conditions is unknown but worthy of exploration. Perhaps, a pro-hormone

like dehydroepiandrosterone (DHEA) circulates at elevated levels during the non-

breeding season as has been detected in some birds (Soma and Wingfield, 2001). In

the presence of the steroid-metabolic enzymes 3β-HSD, 17β-HSD and aromatase,

DHEA could be converted locally in brain into active androgens and/or estrogens

to promote the motivation to court with little impact on tissues lacking these

enzymes (Schlinger et al., 2008b). Alternatively, steroids may play no role in

courtship outside of the breeding season. This degree of steroid-independence

would alter our conceptions about the reliance of these avian courtship behaviors

on gonadal function. Dissociation between gonadal activity and courtship behavior

has been described previously in snakes (Crews et al., 1984). Thus, we should not

be surprised to find diverse neurohormonal mechanisms controlling courtship

across the many varied species of birds.

9. Inasmuch as steroids employ actions on nuclear receptors and membrane receptors,

and can regulate gene expression, intracellular second messenger systems and

membrane ion channels to facilitate behavior (McCarthy, 2008), we have little

doubt a multiplicity of mechanisms are employed to enable the numerous

coordinated behaviors of complex courtship. Rapid actions of steroids on skeletal

muscle may be a particularly promising area of research (Sachs and Leipheimer,

1988; Monks et al., 2004). This area of research is timely and worthy of our

attention.

Schlinger et al. Page 18

Front Neuroendocrinol. Author manuscript; available in PMC 2014 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



10. Finally, there is enormous body of work citing mate choice as the crucial impetus

for the evolution of the male’s courtship display. Thus we can surmise that the

female’s auditory and visual detection and processing of the male’s signals is

central to considerations of how and why the male’s display evolves as it does. We

can then easily image that the neurobiology of female sensory systems may be

particularly suited for the male’s signals, or that his display evolves to meet the

demands of her capabilities. Our results suggest that female manakins may indeed

possess properties of the visual processing system that differ from males. Further

work understanding the basis of these differences and whether they apply to

courtship are now warranted. Although we are often biased to focusing on males

when considering the neurendocrine basis of male behavior, perhaps it is time to

place the spotlight on females and consider what it is about the neurobiology/

endocrinology of females that makes males do what they do.
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Fig. 1.
A schematic moving clockwise of the courtship dance of the male golden-collared manakin (Manacus vitellinus) being observed

by a female, the solid gray bird perched above the male. The display begins (1) with the male sitting rigid on a upright stem. He

launches his body from the perch with a powerful thrust of his legs (2). Midflight, he makes a single powerful and rapid wing

stroke (3) that produces the loud single snap. He retracts his wings and holds them in place, sailing across the arena while still

holding his “beard” solidly out in front. Just before landing, he makes a quick partial wing flap that turns him in midair and he

lands squarely on the second stem (4). He holds this position briefly rigidly until embarking on the next jump and wingsnap. The

thick arrow indicates that this complete sequence is repeated, on average, about nine times per complete courtship display. Note

that in some cases, the female joins the male in a “duo dance” but she flies, not jumps, across the arena and her movements

appear more awkward.
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Fig. 2.
Schematic illustrating the male golden-collared manakin courtship season in central Panama (green) that peaks between mid-

January to mid-June relative to relative mean plasma testosterone levels (orange) and relative monthly rainfall amounts (blue).

Note plasma T levels are very variable during the dry-season when courting is at its peak.
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Fig. 3.
Photomicrographs of androgen receptor (AR) expressing cells in the golden-collared manakin spinal cord. The top panel (a)

shows spinal motoneurons that innervate the wing-lifting supracoracoideus (SC) muscle, whereas the bottom panel (b) shows

cells in the dorsal root ganglia, which relay somatic information from the SC to the spinal cord. On the left, photomicrographs

show cells labeled with fluorescent tracers under ultraviolet illumination. On the right, photomicrographs show the same tissue

under dark-field illumination to illustrate hybridization of the AR in situ probe. In the center, photomicrographs show an overlay

of the images from the left and right; this image indicates that fluorescent cells express abundant AR mRNA. White arrows

point to the same cell in all three images. Reference bar = 40 μm. Figures are modified from (Fuxjager et al., 2012a).
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Fig. 4.
Expression and function of androgen receptors (AR) in the male golden-collared manakin supracoricoideus (SC) wing muscle.

The top figure (a) shows that AR mRNA expression is significantly higher in golden-collared manakin SC than in the SC of

either the ochre-bellied flycatcher (a tropical suboscine) or the zebra finch (a classic oscine model). The middle figure (b) shows

that activity levels of the 5α-reductase enzyme are greater in the golden-collared manakin SC as compared to the zebra finch

SC. As such, the manakin SC has a greater capacity to locally covert testosterone to the more potent 5α-DHT. The bottom graph

(c) shows that, in golden-collared manakins, testosterone increases expression of parvalbumin mRNA in the SC. This indicates

that muscular AR in this species is functional. All significant differences are denoted by asterisks (*) above the relevant bars,

and data represent mean ± 1SEM. Data are taken from (Feng et al., 2010; Fuxjager et al., 2012a).
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Fig. 5.
Summary schematic of a reproductively active male golden-collared manakin and an androgen sensitive neuromuscular circuit

that presumably underlies his remarkable courtship display. The male is perched and is repeatedly snapping his wings together

above its head to produce a roll-snap sonations. The thin arrows point to tissues within the manakin on which androgens, like

testosterone (T), act to influence wing-snap behavior (by their high expression of androgen-receptors). These tissues include the

brain (highlighted in orange), the spinal cord (highlighted in yellow), and the three main muscles that control the wing

(highlighted in pink). The largest of the three highlighted muscles is the pectoralis (PEC), which retracts the wing upon

contraction. Deep to the PEC, however, is the supracoicoideus (SC), which is depicted by a darker pink and the dashed lines

running through the PEC. The SC helps raise the wing when it contracts. The final muscle is the dorsal scapulohumeralis

caudalis (SH) that helps stabilize and elevate the wing upon contraction (Dial, 1992; Schultz et al., 2001; Bostwick and Prum,

2003). The thick arrow points to the manakin’s radius (highlighted in green). Preliminary evidence from our laboratory shows

that this bone is flattened as compared to other species and thus may facilitate sounds production of wing-snaps.
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Table 1

Questions underlying our research on the neuroendocrinology of complex courtship.

1 Courtship displays can require extraordinary motor skill, so what is known about the motor control of the many neuromuscular systems
involved in complex
courtship?

2 What role do spinal circuits play in the intensively coordinated performances of some courtship displays?

3 Are premotor and motor circuits in the brain and spinal cord regulated by gonadal hormones?

4 As observed in the syrinx, are peripheral muscles involves in courtship sensitive to gonadal hormones?

5 Much like the brain regions controlling song of oscine songbirds, are courtship muscles, and their central control neural circuits, sexually
dimorphic and do they
demonstrate significant seasonal plasticity?

6 Are neural circuits controlling vocal acoustic communication related to those involved in non-vocal sound production?

7 Like oscine bird song, do males need to learn behavioral elements of their courtship displays and are there specific neural circuits devoted
to motor learning?

8 Some males perform their courtship behaviors outside of the breeding season. Do traditional sex steroids activate courtship at these times
and, if so, where are the
steroids produced?

9 It is also now well established that neural steroid receptors can affect behavior by both the relatively slow process of modulating gene
expression in the nucleus or
by more rapid modulation of cell membranes and intracellular signaling systems. This raises the question as to whether there are discrete
roles for these relatively
slow and fast mechanisms in the control of male courtship displays.

10 Inasmuch as females choose males for mating in part based on these courtship displays, do females express unique sensory or cognitive
attributes that enable their
discrimination of male motor function?
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