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Abstract

Work on vocal communication, influenced by a drive to understand the evolution of language, has
focused on auditory processing and forebrain control of learned vocalizations. The actual
hindbrain neural mechanisms used to create communication signals are understudied, in part
because of the difficulty of experimental studies in species that rely on respiration for vocalization.
In these experimental systems — including those that embody vocal learning — vocal behaviors
have rhythmic qualities. Recent studies using molecular markers and “fictive” patterns produced
by isolated brains are beginning to reveal how hindbrain circuits generate vocal patterns. Insights
from central pattern generators for respiration and locomotion are illuminating common neural
and developmental mechanisms. Choice of vocal patterns is responsive to socially salient input.
Studies of the vertebrate social brain network suggest mechanisms used to integrate socially
salient information and produce an appropriate vocal response.

Introduction

Vocal behaviors are rhythmic. Animal songs consist of repeated patters of recurring
elements with characteristic temporal structures. Human vocalizations are also rhythmic.
Some rhythms — laughing and crying — are blatant while others — emotional prosody — are
more subtle [1]. Comparative studies of rhythmic signaling provide support for a key role of
the most posterior portion of the hindbrain in vocal pattern generation [2]. Among the bony
vertebrates (fish through humans) an expansion of rhombomere 8 (R8) — an embryonic
segment that is the most caudal component of the hindbrain — is associated with rhythmic
pattern generation (see article by Bass, this issue). Included in R8 are motor and premotor
circuitry not only for vocal behavior, but also for movements of anterior appendages such as
the forelimbs and pectoral fins [3]. In fish and in many birds, pectoral fins/forewings are
used to produce sounds [4]. In humans and non-human primates, arms and hands co-produce
the gestures that accompany vocalizations [3,5,6]. A common set of neural elements might

© 2014 Elsevier Ltd. All rights reserved.

Corresponding author: Dr. Darcy B. Kelley, MC2432, Columbia University, NY, NY 10027 USA fax: 212 5310425 ph: 212 8544939
dbk3@columbia.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sweeney and Kelley

Hindbrain

Page 2

thus govern both vocal and gestural communication with implications for the origins of
human speech [7].

Here we review our current understanding of how vocal patterns are generated within the
vertebrate nervous system. Recent studies using molecular markers and “fictive” patterns
produced by isolated brains are beginning to illuminate hindbrain participation in vocal
pattern generation. Results from the more extensively examined respiratory and locomotory
circuits suggest circuit elements and ontogenetic regulatory features that could contribute to
the evolution of vocal patterning. The vocal patterns used in communication coordinate
social interactions: cooperative, aggressive, sexual and parental. We thus also explore recent
insights into the function and evolution of the brain network underlying social judgments
that must drive the expression of an appropriate, rhythmic, vocal response.

cell groups: respiration and vocalization

While the motor neuron pools that participate in respiration and vocalization are readily
identified, the premotor pools of interneurons (i.e. neurons whose cell bodies and processes
are entirely within the CNS) lie within the hindbrain reticular formation and until recently
were not easy to specify. Recent insights have used an approach that parallels studies of
patterns generated by the spinal cord. In developing spinal cord, an anterior to posterior Hox
code determines motor neuron pool identity (reviewed in [8]). The identity of interneurons is
determined by dorsal and ventral signaling centers and can be read out from gene expression
patterns, particularly transcription factors. The isolated spinal cord can produce “fictive”
locomaotion: patterned activity on the ventral roots that matches patterns recorded during
movements [9]. Studies of fictive locomotion in isolated mouse spinal cord reveal functional
roles for specific interneuron pools that control motor neuron activities [10,11]. Do these
observations apply as well to circuit elements within the hindbrain that control respiration
and vocalization?

Hindbrain rhombomeres contain motor neuron pools for the cranial nerves; these are arrayed
from anterior to posterior to match the branchial arch-derived muscle groups that they
innervate (Fig. 1A). Motor neuron identity specifically — and rhombomere identity more
generally — are determined by an anterior to posterior Hox code (reviewed in [12]). During
development, retinoic acid signaling is responsible for posteriorizing an initial ground state
ultimately resulting in an expansion of rhombomere 8 [13,14], the largest rhombomere [2].
As for the spinal cord, interneuron identities are organized dorsoventrally in stripes (Fig. 1B)
whose neurons express characteristic transcription factors together with specific
neurotransmitter receptors and transporters [15,16]. Analysis of morphologies and
electrophysiological properties of interneurons within a hindbrain stripe reveal a common
interneuron “toolkit” [15].

This toolkit supports distinctive and specific hindbrain components such as the preBétzinger
complex, essential for respiration [18]. A genome-scale analysis of transcription factor
expression has provided markers for making sense of cell groups in the hindbrain reticular
formation [19]. Transcription factors are highly conserved in vertebrates and, together with
information on neurotransmitter-related genes, will allow us to ask whether they can be used
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to outline commonalities in hindbrain neural circuits that participate in generating and
modulating the rhythmic patterns of breathing and singing and perhaps locomaotion as well.

Generating respiratory and vocal rhythms

Rhythmic activity that parallels respiration can be recorded from caudal cranial nerves of
many vertebrates. In rodents, where the underlying circuitry has been examined in detail,
this activity is generated by the ventral respiratory group (VRG), a column of interneurons
in the hindbrain surrounding the nucleus ambiguus complex that includes laryngeal motor
neurons [20]. Within the VRG, one set of interneurons, the preBétzinger complex (PBC), is
essential for breathing. A transverse slice though the caudal medulla that includes the PBC
can generate fictive breathing: rhythmic activity recorded from the hypoglossal nerve [21].
Neurons of the PBC express specific TFs (e.g. MafB) and neurotransmitter/modulator
receptors (e.g. NK1) whose deletion lead to inability to breathe [18,22]. A second
intrinsically rhythmically active region implicated in respiration (RTN/pFRG) surrounds the
more anterior facial nucleus. This parafacial oscillator is derived from Krox20 expressing
progenitors and expresses the TF Phox2b [23].

In birds, song requires precise coordination of vocal muscles with respiration, both for
overall temporal structure and shaping acoustic features of notes [24]. The forebrain nucleus
RA includes a ventral population of neurons that projects to elements of the hindbrain
circuitry for song and a dorsal population that projects to hindbrain interneurons and motor
neuron that are active during respiration [25]. Hindbrain respiratory interneurons are found
in rostroventrolateral medulla and in nuclei parambigualis and retroambigualis, whose
location and functional attributes are reminiscent of the VRG in mammals [26]. Respiratory-
related neurons in ventrolateral medulla project via a thalamic nucleus Uva to nucleus HVC,
an essential forebrain component of the song system [27,28]. In songbirds, hindbrain
populations with respiratory activity have not yet been characterized by their patterns of
gene expression and a more rostral respiratory group, that might be homologous to the
parafacial oscillator of mammals, has not been described. A reduced, fictively breathing
and/or singing preparation would be very helpful for cellular characterization of respiratory/
vocal hindbrain circuitry in song birds.

Singing without breathing: frogs and fish

A vocal pattern generating circuit has been described for the South African clawed frog,
Xenopus laevis (Figure 2). Frogs in this genus are air breathing but entirely aquatic,
vocalizing and hearing underwater. Sound production is uncoupled from respiration; for
example, glottal opening is inhibited during call production [29,30]. Calls are generated by
the opening of arytenoid disks within a modified larynx in response to activity of laryngeal
motor neurons [31]. The advertisement call consists of alternating fast and slow trills (trains
of clicks). Fictive calling — a pattern of nerve compound action potentials (CAPs) that
matches temporal features recorded during actual calling [32; Fig. 2B] — can be reliably
evoked in an isolated brain by raising endogenous serotonin using reuptake inhibitors, by
serotonin application or by stimulating the amygdala [33-35]. Vocal pattern generating
circuitry is contained within the hindbrain and includes a more rostral, rhythmically active
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group of neurons located in the dorsal medulla at the level of cranial nerve V (DTAM, used
as a proper noun) as well as interneurons and laryngeal motor neurons in the caudal
hindbrain. Nucleus DTAM exhibits a rhythmic local field potential (Fig. 2D) that coincides
with the fast trill portion of the male advertisement call [36]. If the isolated brain is
transected rostral to DTAM (triangle, Fig. 2C) serotonin can still evoke fictive
advertisement calling [34]. However transections just caudal to DTAM abolish this effect.

Neurons in DTAM make excitatory, non-NMDA glutaminergic synapses on laryngeal motor
neurons and inhibit glottal motor neurons via GABAergic interneurons [30]. In addition to
the LFP, DTAM neurons display phasic activity (spikes that ride on the LFP) that is
abolished when the connection between DTAM and laryngeal motor neurons (n. IX-X Fig.
2C) is cut. The phasic activity corresponds to trains of CAPs recorded from the vocal motor
nerve (VMN, Fig. 2E) during fast trill. Local cooling of DTAM decreases fast trill click
rates and thus lengthens the call [36]. Nucleus DTAM also partners with neurons in the
more caudal hindbrain to set click rate. While no rhythmically active neuronal populations
in the caudal hindbrain (i.e. populations resembling the VRG) have yet been identified,
serotonin acts to evoke fictive calling via recruitment of rostral interneurons in the IX-X
motor column (homologous to nucleus ambiguus; Fig. 2C), a location of the VRG group of
mammals. A rostral position, intrinsic rhythmicity and regulation of breathing (glottal)
motor neurons suggest that DTAM could be homologous to RTN/pFRG of rodents, a
possibility that would be supported by common patterns of gene expression.

Fictive vocalizations can also be recorded from isolated fish brains (reviewed in [38]; see
also article by Bass, this issue). In plainfin midshipmen, rhombomere 8 contains the
occipital motor neurons that produce sounds as well as pacemaker and prepacemaker
neurons that control sound patterning. Fish communicate acoustically using very rapid
contractions of swimbladder muscles driven by network properties of input to
synchronously-active sonic motor neurons [39]. Call duration is encoded by a sustained
depolarization of prepacemaker neurons. Call frequency is driven by rapid membrane
potential oscillations in pacemaker neurons [40]. Prepacemaker and pacemaker activity
patterns are independent. Sonic motor neurons are gap-junctioned as may also be inputs
from pacemaker and prepacemaker neurons, accounting for the ability of neurobiotin
application to the occipital root to label the entire sonic production system (see [38]). Vocal
motor neurons, pacemaker and prepacemaker neurons are located in R8. DTAM in contrast
is located much more rostrally in R2/R3 [41]. The use of TFs and neurotransmitter
associated genes that are informative for the hindbrain might be useful in determining
whether the fish hindbrain circuit also includes a DTAM/RTN/pFRG homologue.

The ontogeny of CPGs

Locomotion

Perhaps the most well-understood vertebrate central pattern generator (CPG) is an ensemble
of interneurons in the spinal cord that produces locomotion. An analysis of how this spinal
CPG generates rhythms could be instructive for understanding the rhythms of vocalization.
As is the case for hindbrain respiratory and vocal CPGs (see below), the spinal CPG is
regulated developmentally and modulated by hormones.
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In mammals, networks of spinal interneurons (sINs) are thought to serve as central pattern
generators for locomotion. While the role of sINs in the successive activation of motor pools
is quite well understood (e.g. inhibitory commisural neurons in left/right limb movement
alternation [42]), the interneurons that set the timing (rhythm) of movements have been
elusive. The expression of TFs reliably identifies classes of sINs and one (V2a interneurons)
is rhythmically active during locomotion in mice. However, genetically-mediated ablation of
these neurons does not abolish the rhythmic output of the SC in a fictive walking preparation
[43]. In zebrafish, ablation of an analagous population does abolish the swimming rhythm,
while optogenetic activation induces rhythmic activity [44]. A recent paper [45] identified a
sub-class of VV2a sINs that express the TF Shox2. Blocking the activity of Shox2
interneurons affects locomotor frequency leaving left-right alternation intact; these sINs may
contribute to rhythmic features of limb movements. Further supporting their importance in
locomotor rhythm, or in this case locomotor gait, deletion of VV2a sINs produces mice that
gallop at slower speeds than their wildtype littermates [46].

The CPG for swimming in adults has been extensively analyzed in the lamprey [9].
Swimming across development also has been studied in developing Xenopus laevis tadpoles,
a useful model for studying switches in spinal cord CPGs as its motor behavior changes over
time: a simple escape swim response to touch in larvae, more complex swimming used for
free-feeding in tadpoles, and finally, limbed movement after metamorphosis. Swimming
results from the alternate firing of motor neurons from anterior to posterior on each side of
the tadpole to produce axial undulation (see Figure 3). Each component of this motor
response is controlled by a specific class of interneurons. The larval escape response is
defined by repetitive flexion of the body to produce axial swimming and varies in frequency
and duration—gentle touch results in a high frequency response which decreases over time,
whereas grasping the tadpole causes the spread of a slow flexion wave from head to tail and
the appearance of struggling [47]. Sensory stimulation acts through interneurons to control
motor neuron firing; and it is these premotor interneurons that are essential for regulation of
swimming frequency. Dorsal interneurons (dINs) in the tadpole, excitatory and ipsilateral,
fire once at start of each swim cycle to initiate and maintain the swim rhythm during the
escape response [48,49]. A different interneuron is recruited to control struggling behavior:
the repetitively firing dINrs [50]. At high swim frequencies, a third class of ascending
interneurons (alNs), ipsilateral neurons that inhibit sensory neurons and the CPG itself, is
recruited to shorten the swim cycle and thus increase its frequency. Finally, commissural
inhibitory interneurons (cINs) provide reciprocal inhibition of the contralateral side,
resulting in the alternate contraction of the tadpole body (reviewed in [9]) These four
examples of the modification of larval swimming provide evidence for the differential
recruitment of interneurons in controlling locomotor rhythm, but motor neurons themselves
can also play a role.

From swimming to limb movements

As the tadpole transitions from an escape response to free feeding, its swim behavior
evolves from episodes of high frequency but short duration to episodes with increased
frequency variability and longer duration—as the tadpoles hover and dart to find food. The
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cell types involved in this behavioral transition are not well understood but a role for motor
neurons themselves is clear. Motor neuron axonal arbors become more restricted and as a
result, their firing is less reliable. Recruitment of increasing numbers of motor neurons can
result in locomotion of higher frequency or duration [51] providing yet another mechanism
for varying locomotor rhythm.

The most dramatic change in motor behavior occurs during metamorphasis as tadpoles
transition from swim to limb-based movement and correspondingly add a limb CPG. This
transition, driven by a pulse in thyroid hormone (TH), occurs over the course of about 30
days. The mechanism through which TH secretion reconfigures the spinal CPG(s) that
underlie swimming and limb movement is not known, though TH does control the
innervation of the limb by regulating neurogenesis that produces motor neurons [52]. Is the
swim CPG reused or is a new CPG added to control limb movement? From fictive
locomotor preparations, in which isolated spinal cords are bathed in NMDA and ventral root
recordings are used as a proxy for limb motion, several phases of locomotor behavior were
defined during metamorphosis. At the start of metamorphosis, motor neurons fire from
anterior to posterior in an alternating wave to generate the axial undulation of swimming,
and as limbs develop, motor neurons innervating flexor/extensor muscles appear and
gradually transition from coordinated to alternating firing [51]. The CPG that controls limb
movement must be added during metamorphosis, but remains a mystery and an active area
of study. The dINs of the swimming CPG in the tadpole are excitatory as are V2 and V3a
interneurons that participate in limb movements. A class of interneurons, alNs in the tadpole
that is similar to V1 inhibitory neurons in the mouse spinal cord, has also been shown to
play a role in high frequency swimming through ablation experiments [53] but the
mechanism for this effect is unclear.

Development of vocal pattern generators; modulators and hormones

Sexual differentiation of vocal behavior patterns

Vocal characteristics in the experimental model systems reviewed here differ in males and
females and reflect differences in the endocrine environment during development and in
adults. For example, in X. laevis, males produce 6 vocal patterns and females two, one of
which- ticking- is shared with males (reviewed in [54]). During early juvenile stages both
sexes produce ticking; as development proceeds the inter-click interval in male calls
shortens and a burst-like pattern emerges. Gonadal androgens are required for the
development of male-specific calls and androgen-treated adult females recapitulate the
developmental stages seen in males on their way to producing advertisement calls [55].
Castrated adult males produced a very few, degraded advertisement calls consisting of the
slow trills seen at early developmental stages [55,56]. Androgen-replaced castrated males
resume some calling but full restoration requires treatment with gonadotropin [57]. Thyroid
hormone secretion at specific developmental stages regulates developmental transitions, as
for the switch described above from swimming to limb movement patterns. Thyroid
hormone also regulates the ability to respond to gonadal steroids (competence) during
development and in adulthood [58]. Because pituitary and gonadal hormone actions are
global — affecting sensory input, CNS vocal circuits and sonic muscles — it has been difficult
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to isolate their site-specific role in the development of sexually differentiated vocal pattern
generators. The issue can, however, be studied by analyzing VPGs across development and
in response to hormones using fictive vocal production in isolated brains and vocal organs.

In X. laevis, following the application of serotonin, isolated male brains produce the fictive
advertisement call pattern and female brains produce the fictive release call pattern [34]. In
response to nerve stimulation, the isolated vocal organ of males can produce the rapid
advertisement call as well as ticking; the female vocal organ cannot produce advertisement
calls. The isolated vocal organ of castrated adult males is somewhat de-masculinized but
maintains the ability to produce advertisement calls. This call type, though very rare, can be
recorded from long-term castrated frogs (see [54]). The isolated brain of castrated males can
still produce biphasic calls, albeit with slower click rates, when a serotonin agonist is
applied to its target cells in the anterior portion of the IX—X motor column [56]. Taken
together, these results indicate that hormone-sensitive vocal initiation must arise upstream of
the hindbrain VPG. A strong candidate for initiation is a forebrain nucleus, the amygdala,
that receives auditory input and innervates elements of the VPG [35] as described below.

Initiating and switching vocal responses

Vocal behaviors used in courtship vary according to social context. In X. laevis, the six calls
given by males are context dependent. For example, males switch from advertisement to
answer calling in response to the female fertility advertisement call rapping, are transiently
vocally suppressed by the female release call ticking, and display long-lasting suppression to
the calls of a vocally dominant male [54]. Broadcasts of these vocalizations produce the
same effects as a vocalizing frog suggesting that acoustic cues dominate in early stages of
courtship. The amygdala receives input from auditory thalamus. When the amygdala is
lesioned, males do not produce socially-appropriate vocal responses to call broadcasts [35].
They respond to female rapping and ticking as though to the call of another male (i.e.
prolonged vocal suppression). Even when paired with a receptive female, males do not
produce the answer call. In the isolated brain, electrical stimulation of the amygdala can
evoke advertisement call. Thus the X. laevis amygdala plays a key role in switching vocal
patterns generated by the hindbrain VPG and does so in an acoustically-specific fashion.
The amygdala is hormone-sensitive and expresses, for example, a luteinizing hormone
receptor that may account for gonadotropin effects on calling in castrated males [57]. Fictive
vocal production by the isolated brain will facilitate an understanding of how sensory inputs
drive the VPG to produce distinctive and appropriate patterns. On a larger scale, the
amygdala is part of the social decision making network [59] whose antecedents were already
present in the ancestral bony vertebrates in which the rhythmic qualities of the caudal
hindbrain emerged [2]. Though vocalizations leave no trace in the fossil record, the patterns
of gene expression, especially hormone receptors, are remarkably conserved [59] providing
an evolutionary scaffold for participation in social judgments.

Conclusions

Though the evidence is as yet fragmentary, recent studies provide support for a common
“toolkit” of elements used by neurons in the hindbrain and spinal cord to generate rhythmic
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behaviors including vocalization, respiration and locomotion. The hindbrain and spinal cord
interneurons that participate in these rhythmic behaviors express characteristic transcription
factors and neurotransmitter-related genes that appear remarkably conserved from fish to
mouse. Vocalizations in vertebrates are generally assumed to have arisen from neural
circuits involved in respiration. Molecular markers that identify cell groups active in the
control of these behaviors should prove useful in testing this idea. Sexually differentiated
vocalizations accompany courtship in many species and are regulated by hormones and
neuromodulators that act globally. Fictively vocalizing brain and vocal organ preparations
can distinguish the sites of hormone action. A key site may be the very ancient social
decision making network with its rich population of hormone responsive neurons well
placed to participate in the social judgments that underlie vocal communication.
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Fig. 1.
A. Hindbrain rhombomeres are specified from anterior to posterior by a Hox code; here each

Hox gene is indicated by a different pastel-colored bar (note that the code can be
combinatorial). Hox genes are a sub-set of homeotic genes implicated in segmental
identities. The branchial arches and forelimbs are innervated by neurons whose axons form
the caudal cranial nerves. Based on [17]. B. Transverse sections through the hindbrain at
levels from R4 to R8. Groups of interneurons are organized in stripes (indicated by brightly
colored bars; these do not match part A) and can be identified by expression of transcription
factors and genes associated with neurotransmitter identity (modified from[16]).
Abbreviation: R, rhombomere.
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Fig. 2.
A. and B. An underwater microphone records advertisement calling in a male X. laevisand

an en passant electrode records vocal nerve activity (compound action potentials) [32]. C.
Components of the neural pathway for call production in X. laevis. The hindbrain VPG
includes nucleus DTAM rostrally and interneurons at the anterior pole of nucleus (n.) IX-X
caudally. DTAM and vocal motor neurons express androgen receptor (AR). In the forebrain,
the amygdala (AMY) expresses receptor for gonadotropin (GTR) and projects to DTAM.
Modified from [54]. D. Recordings of a local field potential (highlighted in yellow) from
DTAM in the isolated brain (in blue) reveal activity that mirrors the fictive advertisement
call pattern recorded from the vocal nerve (lower panel; figure by C. Barkan).
Abbreviations: AMY, amygdala; DTAM, used as a proper noun; n. IX-X, nucleus
ambiguus, VMN, vocal motor nerve.
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Fig. 3.
Swimming in X. laevis tapoles and the swim CPG. Both interneurons and motor neurons

participate in this motor pattern. Rohon-beard sensory neurons, stimulated by touch, activate
excitatory dla and dlc neurons, which in turn, stimulate dINs to control the rhythmic output
of the motor neurons (MNs). Commisural cIN interneurons coordinate unilateral flexion
through contralateral inhibition. Inhibitory alNs regulate high frequency swimming and
inhibit sensory activation (modified from [47, 53]).
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