Generating sexually differentiated songs

Darcy B Kelley

The past year has witnossed incressed confusion o

1o the role of gonadal hormones in the development of
naumeiiecion for senally differentabed wocaliations in
soveral specios. Are sex differences in levels of croulating
poradal hormones robus encugh to account for the Sl
spacirum of maletisTale diferences? Undensianding how
vocal behavicrs are generated has improved, pemitting
greater nsighls imo how diferences in csll number and type
coniribte to mals- and female-specific songa in koga and
birdls,
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introduction

‘The focus of this review i on how sexually differenristed
motl pragams sre genested. Counship voclizacioss,
in puriculer the songs of binds and frogs, have provided
experimental fodder for this gueston. Two corrent issoes
are the relacion berween hormones and mascudindzacion of
vocal syscems and the relation of cell namber and cype o
thie production of specific voos] feanares.

Sexusl differantistion

Adules generare sexually diffesemcisted momes programs
that urderdic male- and female-specific counship, re-
productive and parental behaviors [I]. Two distnce
developmental mochanisms, ‘genertic’ and ‘hormaonal”, are
commonly thought o account for sex differences. Fos
example, in the fruit fy (Drosagdils melanogacier), all cells
“read’ the sex chromosomesto-gucosome reso and sdjuss
their parterns of geme expression accordingly using sex-
specicfic splicing of messenger BMA o generate distinor
male or female béochemical envirnmens in every oell
[2]. In mice {amd probably humans as welll, chromosomal
mechanisms [i.e. the oy pene on the Y chromosoms)
oontrol only the developing gonad [3]. Once gonadal sex
iz determined, the ‘message” of femalensss or maleness
i¥ conveyod by hormooes sscreted by ovaries or eses
and reccived by distamt cells thar express maiching
intracellular recepeors [4]

How do neurceffectors for sex-specific
behaviors differentiate?

The CMS i @ major ganger for sex hormones, &8 anc comtan
specialized muscles devared ro repmductive bebavon [1].
Many of thess laimane tager differ deamabically —in
nismbes, mzs anl rype — herween males and females, and
they are serangly affecied by manipulating the cadogring
wate of voieng of edule snimals. Parsllel berwees med-
phalogical, hicehemical and behsviossl changes induced
by hsmome manipulations in rodents amd primares gave
nse o the prevailing concepr ther male- and female
specific behaviors can be teced o sex differences in
hoimones secrered by the gomads — androgens, cstrogens
and progesins —dunng dovelopment and in adulthoesd
{the ‘mammalian madel’), This orchedox viewpainl is now
being challenged by sudics (o othes verecbdares, sug-
gesting that pomsdal pecetion may ot be sulficient —o
even neosisary — for secondary sexual differsnsiacion and
raisang the possibilicy char more dicect genetic mechamisms
operare in vemebrates as well as in inverebraces.

Ar firm glance, masculinizacion of tho song sywem in the
South African clawed frog (Xmopes bomis) appears to follow
the mammalan model: cxegenous andiogens masculinize
a motor contral sysiem that includes the vesal organ ar
larynx and larympeal motor neuress [5). As aacsndrogens
in males block, and cesticuler ransplants in females
indisce, masculinizacion of momr neorons and muscle
fiber sumbers, endogenous androgens appear ococssary
fior masculimizarion. However, endogenous androgen levels
in males and fomabes are not wvery different during
development. and androgen of adrenal ongin i pressnt
cven befors the gonads form (6] Sex differcncss in
circulating androgen levels may not be sulfficiest w
aocount entirely for mamculnizaton, Ale, exsgencus
androgens do not mimas the cffects of iwaticular tansplants
on cell nambers [TA), though they da masculinize cell
trpe (9], Andropen-treated females do ot produce che
male vocal pattem, wherss testis-transplaped lemales
do. Andropen-treated females have higper vocal motor
ncurons and muscle fibers and have all fasc padich muscls
fibers, but their modor newron number snd lrmpgesl
musche fiber mumber are seill female-like, Both cell
number and type are masculimized in tess-mEnsplaneed
females; thus, cell oumber is more chosely correlaed with
the ability o produce male vocal behavion than (s cell
oype.

The t=scis may be more than an androgen pump, For
example it may sccreoe hormones other than seerdds
that are essential for masculinization or express a patiem
of hormone sccrotion mot mimecked by serosd implin.
Marked sex differcnces in the expressson of amdmgen
receprors in the wocal syssem are ales pecsent and



parallel the svare of proliferston and differencigtion of
laryngeal cells [10=12, 13} sex differences in sensmivicy
tn, mether than secreton of, andigen may be key oo
sepual differemmasion. Whar in tuen conrols sexully
differentaed recepend cxpacision i3 a mystery. In frogs,
even though males sre the homogamene sex (ZZ) [5],
a simple penetic eaplanation (g amstdropen ceepbar on
the & chremesome) dees nog fit with the observarion ghas
levels of andropen recepiod expresson are the @me m
males and femzles before mascubinmation beging [10,11],
Sreroad recepaos expression, however, has multipls levels
of conorod char include manseriprion, splicing, mEMNA
and progein sabilicy, nucleas sEnskecation, dimeriztion
and assocismeon with co-factors [4]. Thess regulatney
seeps ane candidace mechamisms for sexually diffesesriseed
semsitiviry m szeroid hormones.

The search for the harmonal basis of sexual differentiation
af the seng aystem in bird forchmain has provided an cven
meare radical challenge o the mammaltan model [14) The
songg syscem consises of @ serics al intescannecies forchiain
nischei {cymwarchitecranically dismner biain se@ons) thar
gooess the voral motor neurons peojecting o the syrins
{vocal ocrgan) via projection newrons in noclens RA
imbustos apchistnatalish. In many cecine (song) birds,
all forcbiain song nucles aro langer in yolume in sdulc
males [15] beciase they have more cells andior imorcased
newropil [16-18], The wang nuclel of female zobra Anches
can be masculinized by applying exopenous cstropgen
around che dme of haching [16,18,19]: these females go
an to produce male-like songs when they betome adulc
{1&-za).

Estrogen i a testestgrane metabolie; intraccllular conver-
sion {arnmanization) of esticubarly denved wstostorans
estradiod aces 1 mastulinize beadn nuclel associicd with
copualsry hehaviar in rodents via binding to the cstrogen
recepeor [14]. The demonstrstzon that the b foschiam
has very high levels of asomacise soiviey, suffcscns o
infleence circulating exmogen level elsewhens i the body,
supparted the ides thar mesculinization in bisds Folbowed
the mammalian model [21]. However, estrapen i anogher
ostablisbed role in bird sexusl differemcisian: W de-
mazcalinizes male copulatory (mownzing) bebaviors [20).
Both cffects are observed during the same developmental
porod [22]. To dere, no wearmens desipgned 1o decrcass
levels of endogenous estrogen (including ansiestrepsns
and castration) has been effective in demasculimizing
the song syseem of males [23-28]. M mapes 0 which
cxngenous estrogen masculinizes the song sysrem, thero
are no sex differences in the kevels of circulating androgems
{the substrate for sromatsss), circulating ceirogens {mostly
derved from brain aromatzation), of levels of aromatase
itscl. The song nuckei themselves do nod cxpress the
aromarzss gene [25); of the song nucletl, only the forcbmain
higher vocal cencer (HVe) expresses significant amounts of
the cstrogen mecepoor, and the levels are the ssms in both
sexes [14,26].

Recent smudies have cast sdditicns] doubs on whether
tespicular sswe conoribuces o sl oo sexel differentiation
af the somg systeme If developing zebra finches are ereieed
in atw with the gmomatise imhibites fedeozole, Eenctic
femabes develap pesticular elsue that sscrcies andlropcns,
bait the song mockel are mal mesculinged |27 28], In
pemetic males, the song nuclen remaimed mascubinmeed
aleer trestment despite a severe decreass in the levels of
Lraim CAEMORTIL. Taken iogother, the residlis sigpest that
sterald hormonss from the gonad of from the brin de no
govermn masculinizaton of the bird song sysem

5o what docs sccound For brain  masculingzation in
sunglirds! One possibilicy i that the presence of any
ovarien Essue blecks the masculinizing sction of the estes
sxogenous estrogen could act by imededng with this
nom-estraged oveman factor [23.37% 28], A more exticme
hypothesis [29] is that mesculinszacion and feminizatson
do nar resule from sex diffesences in circulsting harmones
bt From @ maore direcy genetic mechanisme for example,
cxpression of cemain genes on sex chromosomes in the
ChS. At peesent, although there i a greae deal of evidence
that storosd bormoncs play some role in the sexual
differennsman af the vocal svstem im sonphirds, the native
mechanksms imvolved have not ver been characte e,

Mot all mammaks conform o the mammalian model, [n
the tammar wallaby, some aspecr of the develapment of
secondary sexual meits do not depend an gonadal sresnids;
inspead, chey are associed wich sex chsomosomes: the
scroml and mammary anlage differenciare before the
porads form and are thus not repulated et this cardy
stags by sex steroids [30]. It is not yoo choar whesher
these different paticins of sexual differcatatson reflect
highly specci-ipocifie developmental mechandims oF
whether mechanisms exaggesaed in other venehemes and
ewhetian mammalian syeema asc also present in kb
mammals; we may have o reexamine the mammalan
hypethesis w see if sex differences in levels of cisculating
ponadal hosmomes are toly rohust emough i account for
the full spectrum of male/female differences,

Gansrating male-spacific motor programs
Oine of the reasons why soention s pasd @ czll namber in
sang nucled is ies srrang cormelaian with absliny 1o produscs
masculing behaviors, In boch bards and fraps, females with
masculinized cell numbers produce male songs, wheress
those with only masculimized cell sze of type do anc
[19.51], Hew baving moee eells scaally conribuses oo
behavioral expression i pot clear, mostly beause how the
mator proprams are executed v not known in detail. The
past pwo yean have scen signifcant imprevement in our
understanding of how songe are pemcrted by the CNS
and musscles, and how hormmones affect actviey, dewn 16
the level of channe! kimerics.

In the songherd NS, the hicrarchical molos of RA and
HVc in song production have been clanfed. Syringeal



missiles e topographically mprescneed i the metor
mucleus [32] amd, 1n tarn, in RA [33]. Electncal smulation
of H¥c dissoats syllables and song patteming, wheacas
RA sumaulation bas only the fist effects (M) A majpor
advance has been recosdings from HYe and RA of singing
birds [35**], showing thar HVc scriwiry is oed oo syllabic
ergandizagion, whereas A sctiviry i tied to the noge, a saub-
ayllabic scousic event. Cheomic recordings Trom the syninx
of singing birds have demonstravcd thar aieflow cheoagh
cach sude of the svrinx can be independently contenlled
and ehat dorsal and veneral museles differ i panemed
actrviey during sang [36], Song praducton by the syring s
hateralized [37). Recordings from singing beown thrashers
(whemsg spe permats semultancous necording from swmngeal
muscles and mondtoring of anflow m che bronchl) reveal
that ealy the dorsal mascles parmicipate i patang airflew
(58], The venrral mascles, which are more numeroiss, &g
sctive on hoth sides, an abservagion thit eay belp resolve
# longsmnding purzle of why the bied CNS song syseem
i3 fumcteonally bur mor morphologically kcemlized. The
pontrel of phonarion is complex snd the serviey of che
four pairs of vemwoal muscles can now be med o specific
synergistic and anwagonistic actions, sounds produced and
phases of respireson [35%).

Hecordmgs From forchrann structures and =yrine have boen
carried out cnly in male binds. We do not yer know whether
the wocal organ lesclf (the gyrnz in bads can be highly
dimorphic i size within the scxss) contribubss 6 sex
differences in vogal behavears, as is the cass in other song
systema. In Kevapar dames, male amd female vocalizations
differ murkedly in empors]l pamesn, e apd dusson
[40]. Merve stimulation of the solated laryna poduces
sounds thar closely resemble acroal calls [41], Whes the
male larynx is stimulaced vis the nerve with ereins whose
cemporal festures mimick the maing call, the male larysx
produces chis sdwvemisement call; when the female laryox
i3 srimulared wich meies thae mimeck cicking, the female
larynx prodsces chis release call, The female leryng cannog
produce mating calls, Thus, this ver da eitre preparation
provides & physiological link berween sex-specific songs
and bormaonally drives cellalar and molecular mechanisma,

While the empora] paness 5 gencrated by the CNE
eellulir and molecular charsteristics of larmgeal muscls
fibers and the laryngeal svnapse Impose sex-specific
limitations on sound prosdiacizon |#1]. Female mizscle Bbers
cannod gonorbs the mpsd onlls of male mate calling
becsusc they are mostly slow owisch [B]. Males can
penemace rapid contrectians (up o 100 Hz); chis abilicy &
associated with expression of o laryngeal-specific myosin
heavy chaim gene (LA [42]. Recemt snsdies sugpess
that the developmental unsicion in males from slow
w fast cwicch fibers [43] relies on sndrogen regulation
of LM expression [44]. Unbike females, males cannos
genenee muscle action pocentisly i csponss 1o single
shocks delivered 1w the laryngesl nerve; instcad, they

rely on factlicasian 1o ceaing of activiny de peoduce muscls
cankractions and ndls [45].

Cruanzal analyses of vocal synapses bave localized the scx
differenee in synapaic cfficacy 1o the presynaptsc torminal
of the motwr nerve; males relesse less nearooEismMiner
than females [#6]. The subdhreshold, facilitcing lirmmgeal
synapses of males are associared with the peoduction of
amplirude-modulaced wills, amacher sexually diffensntiaed
crait [45). Through juvenile sages, both male and female
wocal synapses are suhchreshald (e, quanal concent & low
of malelikelk symapric swength increases st reproductive
maturity in females, probably in response o escnagen
secrerion [47). As larynges]l mocor neurons do not appesr
n express estrogen recepoor [48], the soengrhening of
the synapse could be smribumble o @ rerogrede signal
from the muscle fiber. The molecwlar mechamisms for
weak-male and strong-female vocal synapses are unknown:
candidate mechanizms must ke imo accowne the ecent
obcrvation that facilitated mebease evoked by paired pulses
o trains of stimuli 15 che same in boch sexes [49%].

Fusher eellular insights meo hosmone action ea motar
wvaems have come from the sexually differenizared “senps”
of weakly eleceric fish: elecoie organ dachaepes (EDODs)
produced by elecorocyres, modified muscle cells [50).
In Stermsgpgur, male EQODs are low frequency, wheress
female EQDs are high frequency; androgen lowers EQD
frequency in females and increases the scuon potencial
duration of cleorocyres (51 EOQD frequency refleces
kimetic feanures of che sodiem curment: andmgen treatmens
raises inactivation timeo constambs in clectrocybes [51],
wheroas csfrogen treatment lowers them |52°%] . A decrease
i the inactivation ome constant of the ssdum current
should e I"i.rin; raices, whescas an mercase  should
depress fimimg. This has boen observed oven when
clectramwotor newrons and thear afferemts were solated in
an an patrw slice prepanation [33%%), [ndependent, opposing
actions of androgons and cstogens on motor neurons and
muscle oells may undedic sexually dimorphsc features of
the elecme communicatary signal.

Future directions - females that sing
Underseanding how sexually differentiared bebaviors are
gencrated has profited from models of courtship song in
which sex differcnces are dramatic: males sing and females
do not. Pamdoxically, this dramasic difference has proved
2 limimtion. ldentifying which of the very lape number
of sex differences present in somg systems are Koy to
mabe=specific moror programs b been difficule because
females rypically have all or most of the effeonors = nevral
and muscular — used g0 produce seng, albeir in different oo
dimimished fosm, A s¥sem i which the sexes sang songs
that diffcecd in a number of ways (ner simply thar ooe
sex aimps while the sther docs por) would permic a more
refined underseanding of the relation berween cellubar ond
behavioral sex differences.



Mewly discovered songs in Femabe Newager could provide
an oppamaniry o eeckle che difficuln question of how sex
diffcrences ar the cellular bevel conmibue o different
mocor programs 81 the behaviorl level. When (emale
Newapur sre abour 1w eviposin, they produce @ fereiliy
slvenisement call, mpping, that cvokes micme calling
and arreimpeed copulation m mabes [54*). The non-owa-
latimg, sexnally wunicceptive fomale produces a different
call, veking [40], but can be swicched fiom ricking
sappiag within 6hours following gonadorropin injectian
[54%], The descovery of mpping provides a rich arena in
which te examine the cellular contral of vocal bebhaviors,
such as whether the propeortics of the laryngeal synapse are
alrgred dusing the swinch between ticking and rapping.

A dnmiguing aspect of walizations o birds i3 sex
differemces in learning. In the zebea fnch, both soxes
produce the losg call thar containg leamed compunents m
males bur not femalbes, Predsetion of the long ol aself
does not rely on che HVe=RA-sviingeal-mos-neumon
puthway; acoustic feamares thar reflect keaming do require
thas pathway [55]. Eardy estrogen cressment cavses females
to prduce male-like learmed call feamares char are
abalizhed by lesion of this pathway [56]. Which aspecrs
of brain scx differcnces are responsible for the alessrion
of weeal belmaviors by auditory cxpericnee in one sex but
mal the other are ol known. Dhoacts sung by maleffemals
pairs are present in over 1N spoisss of songhbicd |57
maleffemale duers affer aparher pogential evsrem in which
to cxaming these guestsons. Males and females usually
sing sex-specific songs, hur can leam the song of the oeler
sex il reared in solacion [SBL Given recent peogiess in
recording from song nuclei of behaving birds, the sumpe s
i Far Furiher stindy of sex differences im leaming barth of
lang calls and of songs produced during duers.
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