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Abstract

The production of vocalizations is intimately linked to the respiratory system. Despite our
understanding of neural circuits that generate normal respiratory patterns, very little is understood
regarding how these ponto-medullary circuits become engaged during vocal production. Songbirds
offer a potentially powerful model system for addressing this relationship. Songs dramatically
alter the respiratory pattern in ways that are often highly predictable and songbirds have a
specialized telencephalic vocal motor circuit that provides massive innervation to a brainstem
respiratory network that shares many similarities with its mammalian counterpart. In this review,
we highlight interactions between the song motor circuit and the respiratory system, describing
how both systems likely interact to produce the complex respiratory patterns that are observed
during vocalization. We also discuss how the respiratory system, through its bilateral bottom-up
projections to thalamus, might play a key role in sending precisely timed signals that synchronize
premotor activity in both hemispheres.
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Introduction

Control of respiration is an autonomous function of the vertebrate brain. While the rhythm
generating circuits are located in the ponto-medullary regions of the brainstem, respiration
needs to be integrated with other physiological and behavioral functions through carefully
orchestrated interactions between numerous different brain circuits and the respiratory
system. Song production in songbirds is a particularly interesting example of such
interactions because it requires coordination between respiratory circuits and the
telencephalic1 vocal motor areas that control production of this learned vocal behavior
(Wild, 2004; Schmidt and Ashmore, 2008). The neural mechanisms of this integration are
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1AIthough avian brains do not contain a neocortex, which is a term that defines the layered outer cortex of mammals, birds have a
highly developed dorsal telencephalon (pallium) whose organization is in many ways functionally similar to the mammalian cerebral
cortex (Butler et al. 2011; Wang et al. 2010).
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still largely unknown, but initial work suggests that the respiratory system interacts with
these vocal motor cortical circuits both as their driver and target.

Song production involves the coordinated activity of multiple motor systems (respiration,
vocal organ and upper vocal tract structures) (e.g., Suthers et al., 1999; Suthers and
Zollinger, 2008; Goller and Cooper 2008). Respiratory patterns underlying song production
are characterized by stereotyped sequences of expiratory and inspiratory pulses that
determine many aspects of the often complex temporal pattern of sound and silence within a
song. In some species, sound pulses and silent periods are repeated (phrases) and different
phrases are strung together into songs, which then contain multiple different respiratory
rhythms (Figure 1). Because respiratory patterns underlie this complex temporal structure of
song, song motor control areas must interact with respiratory pattern generators to produce
these rhythms.

Sound production in songbirds is driven mostly, but not exclusively, by expiratory airflow
(an active process in birds) through the vocal organ, the syrinx, which in songbirds is a
bipartite structure. The mechanical properties of each half of this muscular vocal organ can
be independently controlled, allowing it to operate as two separate sound sources. In many
songbirds, individual syllables generated during song can therefore be produced either from
the left side, the right side or both sides simultaneously (e.g., Suthers and Zollinger, 2008).
A remarkable feature of many songbirds is their ability to rapidly switch between
contributions from the left and right half of the syrinx.

One important characteristic of the interaction between telencephalic vocal motor centers
and the respiratory system in avian song control is that the respiratory system, rather than
simply being driven by these higher-order areas in a top-down manner, also likely plays a
direct active role in driving motor activity in these areas by way of its “thalamo-cortical”
projections (Schmidt and Ashmore, 2008). The bottom-up role has the respiratory control
centers acting as protagonist in the generation of key timing signals that drive the generation
of vocal motor sequences. Additionally, because of the bilateral nature of these projections
and because birds lack a corpus callosum, these signals might also be involved in the
coordination of vocal motor activity between hemispheres (Schmidt, 2008).

Brainstem respiratory networks in mammals and birds share many similarities, both in their
overall anatomical organization and neuron types. The well defined interaction between
specialized vocal motor circuits in the forebrain that control song production and the
respiratory system, coupled with the precise manner with which song can be studied in
birds, make the avian song system an outstanding model for studying how the respiratory
system interacts with the telencephalon both as a target and driver of these vocal motor
circuits.

The respiratory system is linked to a specialized vocal control circuit in

songbirds

The specialized circuit of interconnected brain nuclei that control vocal production in
songbirds is known as the “song system” (Nottebohm et al., 1976; Schmidt, 2010). The
motor component of this circuit is made up of nuclei HVC (used as proper name) and RA
(robust nucleus of the arcopallium). Although there is no known structure homologous to
RA in mammals, the expression of genes in RA that are also selective for layer 5 neurons of
mammalian motor cortex suggests that RA is functionally equivalent to the output layer of
motor cortex (Dugas-Ford, 2009). RA innervates the motor neurons of the hypoglossal
nucleus that drive the syrinx. It also sends a dense network of projections to respiratory
nuclei in the medulla (Figure 2).

Exp Physiol. Author manuscript; available in PMC 2012 May 01.
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Two of the primary respiratory targets of RA are nuclei PAm (nucleus paraambigualis) and
RAmM (nucleus retroambigualis) in the ventrolateral medulla. Anatomically, these nuclei are
thought to be homologous to the caudal (RAm) and rostral (PAm) portions of the ventral
respiratory group and innervate motor neurons in the spinal cord that respectively drive
expiration and inspiration (Wild, 2008). An additional major target of RA is the midbrain
nucleus DM (dorsomedial nucleus of the intercollicular complex). Based on comparative
and hodological arguments (Wild, 1997), DM has been suggested to be very much akin to
the lateral and ventrolateral regions of periaqueductal gray (PAG), which in mammals seems
to coordinate some of the respiratory changes that are associated with vocalizations
(Holstege, 1989; Subramanian et al., 2008). DM plays a central role in producing innate
vocalizations (Potash, 1970; Vicario and Simpson, 1995) and based on its dense
interconnectivity with the respiratory brainstem is likely intimately involved in respiratory
control during vocal production (Wild, 2008). In addition to these primary respiratory
targets, RA also projects to RVL (ventrolateral nucleus of the rostral medulla) and the 10S
(nucleus infra-olivarus superior) which might be avian homologues of the Botzinger
complex (B6tC ) and the retrofacial nucleus, however, a strict comparison with B6tC is
complicated because birds do not possess a functional diaphragm or a phrenic nucleus. The
pontine nucleus parabrachialis ventrolateralis (PBvl) does not receive a direct input from RA
but is nevertheless likely to play an important role in vocal respiratory control. Based on its
anatomical location and connectivity, it is a likely homologue of the mammalian Kolliker-
Fuse complex, which is necessary in determining respiratory timing, both in terms of the
inspiration to expiration switch (Dutschmann et al., 2004) but also in the coordination and
learning of breathing patterns during vocalization (Smotherman et al. 2006; Dutschmann et
al., 2009).

The avian song motor circuit receives robust inputs from higher order auditory areas. During
vocal learning, auditory feedback signals relayed through these pathways play a major role
in shaping many of the properties of HVC and RA (Mooney, 2009). Critical to this process
is a specialized basal ganglia-thalamo-cortical loop that receives a major input from HVC
and terminates in RA, the final common output of the song motor system (Fee and Scharff,
2010). The song motor circuit also receives afferent feedback information from pressure and
chemosensitive receptors in the air sacs and lungs. These are relayed into the song motor
system through afferent connections from a part of the nucleus of the solitary tract (nTS) to
both PAm and PBvI (Wild, 2004b). The exact role of these inputs on song production and
learning remains poorly understood but preliminary findings involving unilateral
transections of the vagus nerve suggest that these inputs are necessary for certain aspects of
vocal production (Mendez et al. 2010)

Top-down drive of respiratory network

Because respiratory patterns of song are distinctly different in amplitude and temporal
structure from those of silent respiration, a major question of song motor control is how
HVC and RA exert control over the respiratory pattern generating circuits. Investigation of
this question is facilitated by an easily quantified behavioral output (song) whose temporal
structure reflects the underlying respiratory patterns. Potential mechanisms for forebrain
control of respiration during song are bracketed by two opposing hypotheses.

The integration hypothesis postulates that motor instruction signals from HVC and RA
interact with the respiratory circuits to give rise to the stereotyped sequences of song. Such
an integrative model was used to explain the respiratory patterns of song in the canary
(Serinus canarig) (Trevisan et al., 2006). A simple non-linear network (composed of
excitatory and inhibitory neurons, presumably located in the respiratory pre-motor nuclei
RAmM and PAm), could explain the stereotyped respiratory patterns of all syllable types
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observed in canaries. Most importantly, the input into this non-linear network (from HVC
and RA) does not have to contain all temporal information that emerges in the respiratory
output. Simple linear changes in amplitude and frequency of the driving instructions can
produce qualitatively different respiratory patterns underlying different syllables. If such an
integrative mechanism is used in song motor control, it provides a simple mechanism for
motor diversity. Forebrain control of respiration for large repertoires of different song
syllables would therefore only require small changes in the instructive signal, rather than
precise information containing all temporal aspects. As these changes in input are processed
by the respiratory control circuits, distinctly different respiratory patterns emerge from the
non-linear properties.

Another hypothesis postulates that all temporal information contained in the behavioral
output, the song, originates from higher-order motor instructions originating in the
telencephalon. Sparse firing patterns of RA-projecting HVC neurons in the zebra finch
(7aeniopygia guttata), are considered, at every time scale, to be instructing neurons in RA to
relay this temporal information to the respiratory control circuits (Hahnloser et al., 2002).
Support for this hypothesis was derived from experiments in which the temperature of either
HVC or RA was experimentally manipulated, and cooling of the former caused a stretching
of the song, whereas the same effect was not achieved by cooling of RA (Long & Fee,
2008). This “music box model” suggested a mechanism in which respiratory circuits simply
follow, rather than interact with, instructions from the cortical song control centers (Fee et
al., 2004; Schmidt and Ashmore, 2008).

Experimental testing of these hypotheses is difficult during song production. However, by
stimulating HVC and RA in awake birds and monitoring respiratory output, the basic
processing of forebrain input by the respiratory network can be investigated. With this
approach, the respiratory pattern showed entrainment in the predicted patterns of various
stimulation rhythms, and respiratory output reflected the combined input to the left and right
song control areas. Interestingly, effects of the same stimulation regimes on respiratory
patterns were different in awake and anesthetized animals, suggesting a strong role of
inhibitory processes (Mendez et al., submitted). Although this experimental paradigm of
stimulating telencephalic areas during quiet respiration cannot mimic activation during song
production, it is likely that this illustrated integration of RA input by the respiratory network
also plays a role during respiratory control of song.

Bottom-up drive and hemispheric coordination by respiratory network

During singing, each half of the syrinx is controlled by 6 separate muscles. These are
innervated exclusively by motor neurons in the ipsilateral hypoglossal nucleus, which, in the
zebra finch, is almost exclusively innervated by the ipsilateral RA (Suthers and Zollinger,
2008). Muscles on each syringeal half therefore receive motor commands generated by
ipsilateral song control nuclei. The exquisite coordination between each syringeal half
during the production of many syllables implies a tight coordination between the motor
commands generated in each hemisphere. Support for this idea comes from simultaneous
recordings from left and right HVC where the onset of premotor activity for each syllable in
the song is perfectly synchronized between sides as if premotor activity in each HVC were
synchronized by a common timing signal (Schmidt, 2003). Because songbirds lack direct
connections between song control nuclei in each hemisphere, this synchronizing signal must
come from a common source projecting to both the right and left HVC.

Unilateral lesions of the small thalamic relay nucleus uvaeformis (Uva), which sends a
direct ipsilateral projection to HVC, causes a desynchronization of premotor activity in the
left and right HVC (Coleman and Vu, 2000). It also prevents birds from producing normal
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syllable sequences (Coleman and Vu, 2005). Based on recordings in singing birds, neurons
in Uva appear to produce precisely timed bursts of action potentials at the onset of each
syllable, suggesting that these action potentials might serve as the neural correlate of the
timing signals that drive HVC activity during key transitions, such as syllable onset, in the
song (Williams and Vicario, 1993; Aronov and Fee, 2007). Because PAm (indirectly) and
DM (directly) are connected to each other across the midline and send a bilateral projection
to Uva, both of these structures are anatomically well situated for synchronizing
hemispheres during vocal production (Wild, 2004a). This anatomical argument is supported
by physiological evidence showing that activation of PAm (or DM) can drive activity in
both ipsilateral and contralateral HVC (or RA) in an Uva-dependent manner (i.e. lesions of
Uva abolish stimulus evoked responses) (Ashmore et al., 2008). Therefore stimulation of
PAm, a nucleus which drives the motor neurons of inspiration and receives massive inputs
from the song motor nucleus RA, is also able to activate, with very short latencies, the same
song motor areas (HVC and RA) from which it receives the song motor commands. PAmM is
therefore a critical component of a recurrent loop for song production and may play a key
role in generating the timing signals for hemispheric synchronization during singing.

Neurons in PAm share similarities with mammalian rVRG with a few
interesting exceptions

Given its proposed dual role in driving inspiratory behavior and in synchronizing premotor
activity in both hemispheres, we were interested in characterizing the types of neurons found
in PAm and comparing them to those found in the mammalian rVRG (McLean et al. In
preparation). We therefore recorded extracellular units in anesthetized adult zebra finches in
combination with air sac pressure to monitor respiratory activity and assigned neurons to a
category based on their discharge patterns (augmenting or decrementing) and the phase of
their response with respect to the respiratory cycle. In mammals, the respiratory rhythm
consists of three phases (Richter, 1982) and at least six different types of respiratory neurons
have been described throughout the ventral respiratory column and the majority of these cell
types have been postulated to be necessary for the generation of this respiratory rhythm
(Smith et al. 2007).

We found that the firing patterns of most neurons, out of a total of 130, matched one of six
categories of neuron that have previously been described in the mammalian respiratory
brainstem (Bianchi et al., 1995). The majority of these cells were inspiratory related neurons
(~48%) as previously reported (Reinke and Wild, 1998; Ashmore et al., 2008), however we
also found expiratory related neurons (~15%) and phase-spanning neurons (~22%). In
addition to these major classes of neurons, we recorded from neurons whose firing pattern
was modulated with the respiratory rhythm but firing patterns did not match any of the
categories described above (~10%). Finally, we also recorded from neurons (~5%) that did
not show any phase locking to the respiratory rhythm. This last type of neuron, which often
could be recorded at the same electrode tip as respiratory neurons, showed phasic patterns of
bursting that were identical to those described previously (Ashmore et al., 2008). When
recorded simultaneously with the contralateral RA, activity in these “non-respiratory
bursting” (NRB) neurons was highly correlated with the bursting pattern recorded in RA of
anesthetized birds (Ashmore et al., 2008). While we do not know the projection pattern of
this class of neuron, their correlated activity with RA suggests they might form part of a
subpopulation of neurons in PAm that, during singing, sends the precisely timed signals that
synchronize premotor activity in both hemispheres.
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Conclusion

Respiratory control circuits play an important role in song production. On the one hand, this
observation is trivial, because the respiratory pattern of song production must accommodate
the physiological needs of gas exchange. On the other hand, the specific mechanisms by
which the respiratory network integrates descending “cortical” motor commands and
sensory input from the periphery to produce the complex respiratory patterns associated with
singing is of great interest. The discussed evidence, while illustrating the potential of the
songbird system for studying interactions between the forebrain and respiratory circuits,
indicates the need for future research.

Although we can make a strong case for interactive connectivity, it is largely unclear how
song motor control areas direct the respiratory control network. Here we propose that
intrinsic properties of the respiratory network interact with telencephalic vocal motor
instructions to generate the respiratory diversity that gives rise to temporal structure of the
acoustic signals (songs). This model suggests that temporal complexity and diversity are the
product of intrinsic properties of the respiratory circuitry and the higher-order inputs that
impinge upon it during singing.

We also propose that the respiratory control network serves an important function by
providing input to the forebrain song control centers. Information from the respiratory
centers is necessary to inform the song control network about the physiological state of
respiratory homeostasis (feedback) and provide phase information. This latter role indicates
that the respiratory network is a suitable component of the song control circuit for providing
synchronizing information to the left and right HVC at the onset of and during the song
sequence. The specific mechanisms of how feedback and timing information are sent to and
processed in HVC are exciting research areas with the possibility for providing insight into
cortical motor control in general.
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Figure 1. Modulation of therespiratory rhythm in two different songbirds species

Amplitude and temporal pattern of respiratory pressure (P, horizontal line indicates ambient
pressure) during vocalization (illustrated as spectrogram in top panel) change markedly from
that during normal, silent respiration. Top: Zebra finch song consists of a repetition of a
motif (M) composed of 4 (in this example) distinct pressure pulses (top), which is repeated
four times in the depicted song bout. A distance call (C) precedes the song bout. Bottom:
Canary song is generated with a series of pressure pulses that give rise to different trills.
Each sound of the various trills corresponds to an air sac pressure peak, either during a
sustained expiratory pressure pulse (first pulse of song) or during rapid alterations between
expiration and inspiration (mini-breaths). Song is a series of different trill patterns, each
generated by a series of stereotyped respiratory pulses. The respiratory pattern of song
therefore contains a sequence of different respiratory rhythms.
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Figure 2. Avian song system and itslink to the respiratory system

Schematic illustration of the avian song system (shown in blue) and its anatomical
relationship with ponto-medullary respiratory areas (shown in green) which receive direct
sensory input from putative mechano- and chemosensitive receptors in the lungs and air sacs
(red) via parts of the nTS. The song motor system also receives auditory input (purple) by
way of nucleus HVC. The inspiratory nucleus PAm (likely homologue to mammalian
rVRG) and DM (likely homologue to mammalian lateral PAG) receive a strong projection
from RA and project bilaterally back to thalamus (Uva) which itself projects directly back to
HVC. The circular arrow in each hemisphere symbolizes the recurrent nature of the song
motor circuit. For simplicity many of song system nuclei are not shown in the right
hemisphere. Note also the direct connections between the respiratory areas (PAm & RAm)
and nXllts, which contains the motor neurons that innervate the syrinx. All respiratory areas
are defined in the text. The one structure that does not receive direct projections from RA
but is intimately tied with the structures of the respiratory brainstem is PBvI (nucleus
parabrachialis ventrolateralis), which is the likely avian homologue to the Kélliker-fuse
nucleus. AFP: anterior forebrain pathway.
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