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Hummingbirds have developed a wealth of intriguing features,
such as backwards flight, ultraviolet vision, extremely high meta-
bolic rates, nocturnal hibernation, high brain-to-body size ratio
and a remarkable species—specific diversity of vocalizations' ™,
Like humans, they have also developed the rare trait of vocal
learning, this being the ability to acquire vocalizations through
imitation rather than instinct™. Here we show, using behaviour-
ally driven gene expression in freely ranging tropical animals, that
the forebrain of hummingbirds contains seven discrete structures
that are active during singing, providing the first anatomical and
functional demonstration of vocal nuelei in humminghirds, These
structures are strikingly similar to seven forebrain regions that
are involved in vocal learning and production in songbirds and
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parrots”"*—the only other avian orders known to be vocal
learners”. This similarity is surprising, as songhirds, parrots and
hummingbirds are thought to have evolved vocal learning and
associated brain structures independently™, and it indicates that
strong constraints may influence the evolution of forebrain vocal
nuclei.

We conducted our study at a Nature Reserve of the Musen de
Biologia Mello Leitio (Espirito Santo, Brazil], an enclave of the
Atlantic Tropical Forest with over 30 hummingbird species™. We
focused on the sombre hummingbird (Aphantochroa cirrhochloris)
and the rufous-breasted hermit (Glawcis hirsiia) (Fig. 1), We
identified brain areas involved in vocal communication, by moni-
toring expression of the transcriptional regulator ZENK (an acro-
nym for Zif-268, Egr-1, NGFI-A and Krox-24) in freely ranging
birds after hearing and vocalizing behaviours. ZENK messenger
RNA synthesis in the brain is driven by neuronal depolarization,
and its detection can be used to identify sclect regions that are
activated by specific stimuli or behaviours'. This methodology has
allowed us to map vocal communication areas throughout the
brains of songbirds™" and a parrot' (in both laboratory and
natural" settings) without disrupting the natural behaviour of the
birds. This is important as hummingbird singing behaviour can be
difficult to obtain under captivity, and it is currently not possible to

| identify relevant brain areas in freely ranging small animals using
other methods such as electrophysiology.

Hummingbirds often sing while perched on a tree branch, and
feed on nectar from nearby flowers between singing houts, We
located tree perches where individual birds sang most frequently,
and set feeding traps consisting of a sugar-water bottle {a flower
substitute) inside a small cage on nearby tree branches. The birds
were caught upon entering the cage at a specific time after a certain

| behavioural state. We compared three groups: silent controls (hirds
| caught early in the morning before the start of the dawn chorus):
hearing only (birds caught around the same time after hearing a 25—
| 30-min conspecific song playback, but that did not sing in
response); hearing and vocalizing (birds caught carly in the
maorning after hearing song and singing one or more song bouts

Aphantochroa

Glaucis

Figure 1 Song sonograms (frequency versus time) of the hummingbird species studied:
Aphantoctire cirtochioris and Glaueis hirsuta'™. Aphanloctiros has a stereotyped sang,
cangisting of an intrgductory note followed by several renditions of a two-note sequence:
indivicual nofes have complex frequancy modulations, Gisucis sings a mora varled
whistia-like song consisting of saveral introduciony notes (et shawn) fallowed by nate
seuences of ascending and descending frequencias that can be produced in different
arders (A, Ferreira of al, parsonal commanication),
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per min during the 25-30-min period) n = 3 males per group for
Aphartochroa and one male per group for Glaucis. The birds were
killed immediately upon capture and their brains processed for
ZENK mRNA expression'"”,

Relative 1o silent controls, hearing only birds showed hearing-
induced ZENK expression in seven brain areas that are conserved
among avian species'™"": five telencephalic (NCM, CMHV, PC, Ndc,
Ai); one thalamic (IXIP}; and one mesencephalic {MLd) (Figs 2 and
3a; for all abbreviations, see Box 1). Relative to hearing only birds,
hearing and wvocalizing birds showed vocalizing-induced ZENK
expression in eight discrete areas. Of these, seven are telencephalic,
which we named and placed into three groups: first, a ‘posterior-
medial cluster’ containing two nuclei { VMN and VMH); second, an
‘anterior cluster’ containing three nuelei (VAH, VAN and VAP); and
last, a ‘posterior-lateral cluster’ containing two nuclel (VLN and
WA} (Figs 2 and 3a). The most marked vocalizing-induced expres-
sion occurred in VAN and VLN (Fig. 2b). The eighth structure was
DB in the mesencephalon (Figs 2a and 3a), a conserved avian vocal
nucleus'™"™, ZENK expression in these eight structures was propor-
tional to the number of song bouts produced during the 25-30-min
singing period (Fig. 3b),

All seven forebrain structures with vocalizing-induced expression
have distinct histological features that differentiate them from
surrounding tissues (Fig. 2d). The same seven structures were
found in NissI-stained sections from males of two other humming-
bird species that we caught at the Museu Mello Leitio: swallow-
tailed (Eupetomena macronra) and white-throated {Leucochloris
albicollis). The four species that we studied cover the two humming-
bird lineages, CGlancis being one of the most ancient Phaethornithi-
nae [hermits), Aphantochroa and Eupetomena two  ancient
Trochilinae (non-hermits), and Lencochloris a more recently derived
Trochilinae {ref. 15 and K. L. Schuchmann and R. Bleiweiss, personal
communication). Thus, forebrain vocal nuclei appear to have been

Box 1
Anatomical structures

A, archistriaturn; Adc, cenfral nucksus of the anterior archistriatum; AC,
anterior commissure; ACM, caudomedial archistriatum; Al, intermeadiate
archistriatum; Area X, area X of the paleastrigtum; Av, nucleus avalancha;
Cb, ceraballum: cp, choroid plexus; CMHY, caudomedial hyperstriatum
ventrala; DIF, dorsointermediate nuckeus of the postenor thalamus; DLW,
medial nuclaus of the dorsolateral thalamus; DM, dorsomedial nucleus;
Dtim, magnocelular nucleus of the dorsomeacdial thalarmus; ex,
extensions of LFOm; HA, hyperstriatum accassoriurm; HD, hyperstriatum
dorsale; Hp, hippocampus; HY, hyperstriatum ventrale; HVC, high vocal
canter; Hviea, complex including the oval nuclews of the hyperstriatum
ventrale and surrounds; 1Co, intercollicular nucleus of tha mesence-
phalon; L2, primary telencephalic auditory area; IAHY, lateral nuckeus of
the anterior hyperstriaturm ventrale; AN, lateral nuclaus of the antericr
neostriatem; LPOm, magnocsliular nucleus of the parolfactory lobe;
MAN, magnocelular nuclees of the antercr neostriatum; MLd, dorsal
part of the lataral mesencephalic nuckeus; M, neostrigtum (not the same
as the mammalian neostriatum); MAos, complex inchuding the oval
nucleus of the antarior necstriaum and surrounds; NG, caudomedial
necstiatum; Ndc, dorsocaudal neastriztum;: MIDL, neostriatum inter-
rmedium pars dorsclateralis; M, nuclaus interfacialis; MLe, central
rucleus of the lateral neostriaturn; nkiits, tracheosyringaal subdivision of
the hypoglossal nucleus; DT, optic chiasm;, OM, occipitomesencephalic
tract; OT, optic tectum; Ov, nuclaus ovoidalis of the thalamus; P,
palecstiaturm; PC, caudal palecstriatum; PP, palaostriatum primithum;
RA, robust nucleus of the archistriatum; S, septurm; T, thalamus; v,
vantricke; VA, vacal nuclews of the archistriatum; VaH, vocal nuclaus of
the antaricor hyparstriatum vantraks; VAN, vocal nucleus of the anterior
naostriatum; VAP, vocal nuckeus of the anterior paleostriatum; YLMN, vocal
nucleus of the lateral neostriatum; YMH, vocal nucleus of the medial
hyperstriatum ventrale; YMMN, vocal nucleus of the medial neostrigtum.
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present early among hummingbirds. Vocal learning has been
-:‘.llzlm‘JrJ.-tlr:!lt.'d directly by raising birds in isolation from conspecifics
tor one species of the Trochilinae lineage, and indirectly through the
analysis of individual variability in seven species of the Phaethor-
nithinae lineage*~". Thus, it is generally assumed that vocal learning
was also present early in hummingbirds,

To our knowledge, our results represent a first anatomical and
functional demonstration of wvocal control brain nuclei in
hummingbirds. Moreover, we have identified a whole set of fore-
brain vocal control structures in a vocal learning order—something
that has taken years in other species using different methodologies,
This now provides a map for future anatomical, physiological
and behavioural investigations. Interestingly, both songhirds and
budgerigars (a parrot), have also been shown to have exactly seven
forebrain structures with singing-induced ZENK expression'™",
Three of these nuclei are at the same relative positions in the
anterior telencephalon in parrots, hummingbirds and songhirds
(Fig. 4, structures in red). The other four nuclei are in different
locations of the posterior and/or lateral telencephalon (Fig. 4,

structures in yellow) but within the same brain subdivisions
(Table 1}. These nuclei have marked morphological similarities
acrass orders. For example, parrot NLc'"™, hummingbird VLN [ Fig.
2) and songbird HVCT bulge into the overlying ventricle. Parrot
AAc hummingbird VA (Fig. 2) and songbird BA” have an oval
shape and constitute cytoarchitectonically very distinct nuclei
within the archistriatum. The posterior-lateral nuclei in songbirds
and budgerigars (Fig. 4, structuras in vellow) are part of a pathway
whose output is to the syriny''*, and in songbirds controls produc-
tion oflearned vocalizations™"*, The anterior nuclei (Fig, 4, structures
in red) control vocal learning in songhirds®, and are part of a pathway
comparable to cortico-basal ganglia-thalamo-cortical loops'™ "™ in
mammials, which participate in the learning and maintenance of
sequential motor actions dependent on sensorimotor integration®.
Our findings have implications for the evolution of brain strue-
tures thal control a complex behaviour. Vocal learning is a rare trait
known to occur in anly three groups of hirds {parrots, humming-
birds and songbirds) and three groups of mammals (humans,
cetaceans (whales/dolphing) and bats)**™** Because they are

Figure 2 Identification of vocal control brain areas. a, Camera lucida drawings of
parasagitial sections from Aohantocires. Dashed lines. regions of vocalizing-induced
ZEMK expression. Numbers indicate mm from midline, b, Dark-field views of ZENK
hybnidized sections, Wiile-silver grains, ZENK exprassion; red fackground, Niss! stain
Onily MNCh and CMHY ara shown for hearing-induced regions. e, Detailed drawinos of
brain regions from the hearing and wocalizing bird in b, d, Bright-field vew of Nissl-stained
reference sections containing voralizng-induced arsaz, at higher magnification than in b
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and e for visualization of cytoarchitectonic features: YWIH containg cells larger than tha
surround; VN is rectangular with cells organized into columng; VAH is small and fiat; VAN
i gemi-round with cells larger than the surround; VAR (Missl not shown) is crescent-
shaped and contains a sub-population of laroe cells; WA 5 oval, darkly staining, and with
higher cell density than the surround, VLM bulges inta the overlying ventricle. Orientation
dorzal is up, anteriar o the right, Scale bars, 1 mm al; 0.25 mm b—d). For abbreviations
san Bow 1,
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Figure 3 Quzntification of ZENK expression. a, Regions with hearing-induced expression
fleft, £, 0.0 to <0,0001), vocalizing-induced expression (centre, £ 0.02 1o <0.000%), o
no induced expression (right, £, 0.2 o 0.84; two-tailed unpaired tast). OF the latier, thrae
are part of the auditory (v, L2) or vocal {DLM} pathways, and do not show induction in
songbirds and budgerigars'® """ two (VLN* and V&*) represent regions immediately ventral
to WLM and restroventral bo W, and cormaspond topographicaly to songhird HYC shetf and R,

al non-learners

Figure 4 Comparative brain anatormy of hearing- and vocalizing-induced ZENK
EXPrEssin in avian vocal leamers. Left, partial phylogenatic Tree based on Sibley and
Ahlguist™, with ane commaon species name per order; colours indicate evidence for vocal
learning™“"~* Red dots, ancestral nodes of possibile nidependent gain of wocal learning;
prean dots, ancestral nodes of possible independent loss of vocal kearming. Parrots are the
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cip, which show hearing-induced expression in songbirds'™ ", Plottad are mean = sem
b, ZENK expression 15 proportional to amount of singing for structures with vocalizing
induced expression (€ 0,013 to <<0.0001; r, 0.819-0,988) but not for thoss with hearing-
Induced expression (5, 010 to <0.93; r, 0.037-0.36; analysis of varlanca linear
regression); VLN and MCM are representative examples. For abbreviations, see Box 1.

nkdest wocal learning order, oscine songhirds the most racent™, Right, semi three-
dimensional brain renditions of vocal learners. Blue, hearing-induced regions; red,
similarly positioned vocalizing-induced regions; yellow, dfferently positionsd vocalizing-
induced regions'". Scale bars, 1 mm. For abbreviations, see Box 1,
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Figure 4 Comparative brain anatomy of hearing- and vocalizing-induced ZENK
EprEssion in avian vocal kamers. Left, partial phylogenatic tree based on Siblay and
Ahlgquist™, with ane comman specias name per ordes; colours indicate avidance for vocal
Iearming™®*"* Red dots, ancestral nodas of possible independent gain of vocal leaming;
gresn dots, ancestral nedes of pessible independent ks of wacal leaming. Parrots are the
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Table 1 Telencephalic subdivisions and their vocalizing-activated nuclei
across vocal learmning avian orders®

Brain Subdivision Parrot Hurrenirggiiead Senghird
Hyperstristum Hytos iaH Huvta-lke
LaHY WH A
Meoatriatum Naoo Wi MAN
NLg VLN HWG
Lam WN i
Archestrigium Ad WA RA
Paleoatrigtum LPCim VAP Aaga X

* Comeepondences are based on relatve position and cycanchitectonic feabures for he (free
ordars, N addion to connectvity data for songbirds and parats [budgengars]™ " For
abbrendations, see Box 1.

phvlogenetically separated by vocal non-learners™ (Fig. 4), it is
thought that the three avian vocal learning groups, and presumably
the mammalian ones, evolved vocal learning independently™™,
Similarly, the associated forebrain vocal control structures are
absent in avian vocal non-learners, and it is believed that songbirds,
parrots and presumably hummingbirds evolved such structures
independently™*_ Modern birds evolved from a common ancestor
thought to have lived about 65 million years ago near the Creta-
ceous/Tertiary transition™. Of the descendents, parrots are the
oldest vocal learning order, followed by hummingbirds and then
oscine  songbirds® (Fig. 4). According to the dominant
hypothesis™™, our results indicate that within the past 65 million
years 3 out of 23 avian orders™ may have independently evalved 7
similar forebrain vocal structures for a complex behaviour (Fig. 4).
This would suggest that the evolution of these structures is under
strong epigenetic constraints; in which case, similar structures may
have also evolved in vocal learning mammals (humans, cetaceans
and bats). Alternatively, vocal learning and associated brain struc-
tures may have been present in a common ancestor to avian vocal
learners. In this regard, there is a shift in the posterior forebrain
vocal structures from more anterior-lateral to posterior-medial
positions, in accordance with the relative age of the vocal learning
orders (Fig. 4). This hypothesis requires that the forebrain vocal
structures were lost in the intervening vocal non-learning orders at
least four times independently (Fig. 4). Such a loss could be due to
the considerable expense required to maintain vocal learning and
associated brain structures, with many birds possibly evolving in
adaptive zones that did not require complex learned vocalizations.
Another alternative hypothesis is that avian vocal non-learners have
some rudimentary form of forebrain vocal areas that were pre-
viously missed by Nissl and tract tracing studies"™ ", If true, this
would constitute a challenge to the hypothesis that forebrain vocal
structures are unique to vocal learners', &

Methods

Behaviour

The behaviour of all birds was monitored by video taping: only those birds thar could be
monitored during the entire ohservation period were captured. Video recordings were
used to score number of song bouts produced by the hearing and vocalizing group during
the abservation period. For the hearing only group, playbacks of digitally recorded
conspecific song {three song bouts per min. each 3—4 5 long, from a bird of another locabe)
were presented from a nearby speaker (3—4 ft). To capture the birds, & feeding bottle
comtaining 24% sucrose inside a cage was used. After 25— 30 min in one of the behavioural
comditions, a string attached to a stick holding the cage door open was pulled and the bird
caught on a regular visit to the feeding bottle, The birds were immediately killed by
decapitation, and their brains were dissected, placed in cryogenic embedding medium,
and frozen in dry ice; sex was confirmed by direct inspection of the gonads.

Gene expression

Sertal parasagittal {right hemisphere) and frontal {lefi hemisphere) frozen sections

{10 e} were cut throughou the entire brain of each bird. One section every 0.1 mm of
each brain {— 100 sections per brain, totalling 1,200 sections) was processed for ZENK
expression by in situ hybridization with a **% redioactively labelled riboprobe for camary
ZENE, followed by emulsion autoradiography'™". Unhybridized sdjacent sections

{20 pm ) were stained with cresyl violet and used as reference for identification of
eytoarchitectonic boundaries (Fig. 2d). Quantification { Fig. 3) was performed by counting
silver grains over cells”. Regions where ZENK expression was significantly higher in

hearing only compared with silent control animals represent areas activated by hearing
comspecific song; regions where ZENE expression was higher in hearing and vocalizing
compared with hearing only animals represent areas activated by singing. This strategy
reveals all known telencephalic vocal control nucler in songhirds and parrots, and
identified previously undetected ones™". Mo obvious differences were detected between
Aphantechroa and Glarcis, and thus their values were grouped (total » = 4 per group).
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