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between five- and 12-fold and its duration was de-ABSTRACT: The apparently continuous flow of
creased from ú200 ms to on average 41 ms duringbird song is in reality punctuated by brief periods of
minibreaths, again for both species, but inspiratorysilence during which there are short inspirations

called minibreaths. To determine whether these mini- muscle activity did not overlap with that of the expira-
breaths are accompanied, and thus perhaps caused, tory muscles. Thus, there was no indication that the
by activity in inspiratory muscles, electromyographic inspiratory muscles acted either to shorten the dura-
(EMG) activity was recorded in M. scalenus in zebra tion of expiration or to reduce the expiratory effort
finches and in M. scalenus and Mm. levatores cost- as might occur if both expiratory and inspiratory mus-
arum in cowbirds, together with EMGs from the ab- cles were simultaneously active. Inspiratory and expi-
dominal expiratory muscles, air sac pressure and tra- ratory muscle activities were highly stereotyped dur-
cheal airflow. EMG activity in Mm. scalenus and leva- ing song to the extent that together, they defined the
tores costarum consistently preceded the onset of temporal pattern of the songs and song types of
negative air sac pressure byÇ11 ms during both quiet individual birds. q 1998 John Wiley & Sons, Inc. J Neurobiol
respiration and singing in both species. The electrical

36: 441–453, 1998
activity of these two muscles was very similar. Com-

Keywords: inspiration; expiration; respiratorypared with during quiet respiration, the amplitude of
rhythm; EMG; songbirdsinspiratory muscle EMG during singing was increased

Bird song, like human speech and song, involves the pairs of intrinsic and two pairs of extrinsic syringeal
intricate coordination of various groups of muscles muscles (King, 1989), their innervation by neurons
belonging to the vocal, respiratory, and articulatory in the hypoglossal nucleus, and a host of brain stem
(supravocal) systems (Wild, 1997; Suthers, 1997). and forebrain nuclei that are involved in the control
The vocal (syringeal) and respiratory muscles in of vocal production and vocal learning (Brenowitz
particular work in extremely close concert to pro- et al., 1997a; Wild, 1997). The respiratory system
duce the more or less complicated syllabic pattern consists of a pair of largely nonexpanding lungs
that characterizes the species typical song (Hartley, coupled to a set of mostly paired air sacs, the volume
1990; Vicario, 1991a,b; Suthers et al., 1994; Goller of which is under the partial control of inspiratory
and Suthers, 1996a; Suthers and Goller, 1996). In and expiratory muscles which function in both nor-
songbirds, the vocal system consists of four or five mal respiration and during vocalization (Fedde,

1987; Brackenbury, 1987; Hartley, 1990; Wild,
1993a; Goller and Suthers, 1996a).* On leave from the Department of Anatomy, School of Med-

icine, University of Auckland, Auckland, New Zealand During quiet respiration, the duration of inspira-
Correspondence to: R. A. Suthers

tory and expiratory phases are roughly equal. Dur-Contract grant sponsor: NIH; contract grant number: NS
29467 ing song, which for many species characteristically

Contract grant sponsor: Austrian Programme for Advanced lasts far longer than the respiratory cycle, the venti-
Research and Technology

latory pattern changes dramatically (e.g., Suthers,Contract grant sponsor: Whitehall Foundation
q 1998 John Wiley & Sons, Inc. CCC 0022-3034/98/030441-13 1997). In canaries, for example, there is a sudden
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442 Wild et al.

in inspiratory and expiratory muscles. The inspiratoryincrease in tempo and a marked shortening of the
muscles chosen were the M. scalenus and, in two ofinspiratory phase accompanied by large fluctuations
the cowbirds, the Mm. levatores costarum. Birds lack ain rates of airflow and subsyringeal pressure. Phona-
muscular diaphragm, and it is technically difficult to mea-tory periods consisting of single notes, syllables, or
sure EMG activity in the intercostal muscles of smallnote clusters, are correlated with marked increases
songbirds (Hartley, 1990). The cranial and caudal por-in electromyographic activity in abdominal expira-
tions of M. scalenus attach the transverse processes of

tory muscles and large concomitant increases in lower cervical vertebrae to the first and second ribs, re-
positive (i.e., supra-atmospheric) air sac pressure. spectively; while the several slips of Mm. levatores cost-
Punctuating the phonatory periods are brief (as arum attach thoracic vertebrae to caudally adjacent ribs
short as 15-ms) periods of silence, which are corre- in similar fashion (Fedde, 1987). The M. scalenus was
lated with high rates of tracheal airflow combined approached by dissecting the muscles attaching the me-
with negative (i.e., subatmospheric) air sac pres- dial border of the scapula to the vertebrae and separating

the underlying air sac from the surface of the more ven-sures, indicative of inspirations known as mini-
trally situated M. scalenus. One of the slips of Mm. leva-breaths (Calder, 1970; Hartley and Suthers, 1989;
tores costarum was approached more caudally, but in aHartley, 1990). The physiological basis of these
similar fashion. These two muscles are known to be prin-brief inspirations during song, however, is uncer-
cipal inspiratory muscles in birds (Fedde, 1987) and havetain. That is, it is not clear whether during song
been used as the focus of neuroanatomical experimentsinspiration is actively controlled by an inspiratory
aimed at determining the location of their motoneurons

motor program or passively determined by changing and premotor neurons as part of an ongoing program
balances between the force of expiratory muscles designed to elucidate respiratory-vocal control mecha-
and the opposing forces of elastic recoil of the body nisms in birds (Reinke and Wild, 1997, 1998).
wall. Thus, although inspiratory muscle activity The expiratory muscles monitored were the abdominal
might be assumed to accompany, and possibly expiratory group, principally the M. obliquus externus
cause, the minibreaths that have now been demon- abdominis ( two zebra finches and three cowbirds) , which
strated to occur in the songs of several oscine spe- was approached behind the leg, with the bird lying on its

side. Stabilization of the EMG wires within both inspira-cies (Hartley and Suthers, 1989; Allan and Suthers,
tory and expiratory muscles was achieved by a fishhook1994; Goller and Suthers, 1996b,c) , negative air sac
arrangement of the electrode tips and by a small drop ofpressures and inspiratory airflow could, in principle,
N-butyl cyanoacrylate adhesive (Nexaband; Veterinaryresult solely from elastic recoil of the compressed
Products Laboratories) . The wires from each musclethoracic and abdominal cavities following expira-
were coiled two or three times under the overlying skin,tion. The present investigation therefore set out to
to lend them flexibility during body movements, and were

determine whether minibreaths are generated ac-
then routed subcutaneously to the region of the back-

tively by motor programs to the inspiratory muscles pack. EMG signals were differentially amplified and
or passively by recoil forces reflecting the motor bandpass-filtered (200–3000 Hz) (Princeton Applied
pattern of expiratory muscles. An abstract of the Research; model 113 or Dagan Ex4-400).
results has been presented (Wild et al., 1997). In two of the zebra finches and two of the cowbirds,

tracheal airflow was also measured by implanting a mi-
crobead thermistor (Thermometrics; BB05JA202) in the
lumen of the distal end of the trachea via a small holeMATERIALS AND METHODS
made between adjacent tracheal rings (Suthers et al.,
1994). Wires to the bead were anchored to the outerThe subjects were five male zebra finches (Taeniopygia
surface of the trachea with tissue adhesive and were thenguttata) and five male brown-headed cowbirds (Mo-
routed subcutaneously to the backpack. Wires from thelothrus ater) . Each was anesthetized with isoflurane gas,
connector on the backpack provided the excitation volt-and into a cranial thoracic air sac a flexible cannula (Si-
age for the pressure transducer and transmitted the pres-lastic tubing) was inserted through a small hole made in
sure, airflow, and EMG signals through the top of thethe abdominal wall for the measurement of subsyringeal
bird’s cage to appropriate signal conditioning circuits be-pressure. The cannula was secured to the caudal end of
fore being recorded on separate channels of a rotary datathe rib cage with suture and tissue adhesive, and its distal
recorder (Metrum Information Storage; model RSR512).end connected to a piezoresistive pressure transducer
Voltage responses of the pressure transducers are linear(Fujikura model FPM-02PG) mounted on a backpack on
within the range of pressures measured in this study. Thethe bird’s back by means of a Velcro tab affixed to an
frequency response of pressure transducers (ú10 kHz)elastic belt worn around the chest in front of the wings.
and thermistors (Ç4 kHz) is adequate for accurate deter-Each bird was also implanted with one or more pairs
mination of rapid pressure and flow-reversal points.of fine stainless-steel wires (0.025 mm, insulated except

at the tip) to measure electromyographic (EMG) activity Following surgery, the birds were returned immedi-
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Inspiratory Muscle Activity during Bird Song 443

ately to their cages, where they quickly recovered. In the display are clearly correlated in time, the exact
some instances, the cowbirds began singing within min- temporal relationship between their individual com-
utes; the zebra finches, however, took longer to begin ponents is unknown.
singing, but usually they did so within 1 or 2 days. Figures 1 and 2 present spectrograms of zebra

Song and other vocalizations were recorded with a finch and cowbird song, respectively, accompanied
microphone (Sennheiser MKH 416 TU-3) placed 20 cm

by records of air sac pressure and EMGs from respi-in front of the bird. Because of the extensive dynamic
ratory muscles. Prior to the song of the zebra finchrange of the cowbird song, the voltage signal was re-
a period of quiet respiration occurs during whichcorded with different gains on two separate channels of
small increases of positive and negative air sac pres-the rotary recorder. Scores of songs, often elicited by
sure (i.e., above and below ambient pressure) alter-presenting a female of the appropriate species in a nearby

cage, were recorded from each bird over a 3- to 5-day nate with roughly equal duration. Periods with sub-
postoperative period. atmospheric pressure (i.e., inspirations) were ac-

For data analysis, all parameters were digitized using companied by discrete, small amplitude EMGs from
half-speed playback for a real-time digitization rate of 50 M. scalenus. Although not shown in Figure 2, simi-
kHz (Data Translation 2821-G) and subsequently ana- lar small amplitude EMGs from M. scalenus and
lyzed using Signal software with appropriate time and from M. levator costarum were also observed to
frequency corrections for the reduced tape speed (Engi-

accompany small increases in inspiratory pressureneering Design, v. 3.0) . At least 15 songs from each
during quiet respiration in the cowbird. However,zebra finch and between 25 and 30 songs from each cow-
this was not the case for the 1- to 2-s period immedi-bird were used for quantitative analysis. The EMG signals
ately preceding the cowbird song; this is discussedwere rectified (time constant 0.1 ms using the ENV pro-
below. These observations suggest that M. scalenuscedure in Signal) for measurements, and for illustrations

they were also integrated (time constant 2 ms using the and Mm. levatores costarum are inspiratory muscles
SM procedure in Signal) . In this article, we use the term normally active during quiet respiration.
‘‘inspiratory pressure’’ to describe the difference between In the zebra finch, song was immediately pre-
the air sac pressure and ambient pressure during inspira- ceded by a marked increase in inspiratory pressure,
tion. Therefore, an increase in inspiratory pressure repre- i.e., a deep inspiration similar to a minibreath but
sents a decrease in the air sac pressure. appended to the end of a normal inspiratory cycle

(Figs. 1 and 7). During the song, the introductory
notes and the syllables of the motif alternated with

RESULTS silent intervals during which there were increases
of sudden onset in negative air sac pressure (i.e.,
inspiratory minibreaths) accompanied by large am-The overall pattern of the temporal structure and

phonetic morphology of the songs or song types of plitude EMGs from M. scalenus. The duration of
these inspiratory minibreaths [mean { 1 standardboth species were generally highly stereotyped. As

described by Sossinka and Böhner (1980), the song deviation (SD) Å 41.4 { 18.9; range 17.3–125.2
ms; n Å 130], however, was up to 20-fold less thanof the zebra finch is characterized by a number of

introductory notes followed by one or more repeti- that during the inspiratory phase of quiet respiration
(mean Å 215.7 { 27.3; n Å 75). In the cowbird,tions of a stereotyped series of temporally discrete

syllables (motifs) , with the fundamental frequency song was not immediately preceded by a sudden,
deep inspiration as it was in the zebra finch, butcentered typically between 500 and 700 Hz (Wil-

liams et al., 1989) (Figs. 1 and 7). The song of three brief inspiratory episodes (mean Å 41.5
{ 10.1; range 30.2–89.9; n Å 126; mean durationcowbirds is generally characterized by its wide dy-

namic range, beginning with extremely low-fre- of quiet respiration Å 271.1 { 55.7 ms; n Å 83)
nevertheless separated the note clusters, and thesequency notes of low amplitude, followed by a series

of note clusters that increase in pitch and amplitude. were accompanied by discrete, large-amplitude
EMGs from M. scalenus and from M. levator costa-The song is usually terminated by a very high

pitched ‘‘whistle’’ (Figs. 2 and 8). The repertoire of rum (Figs. 2 and 8). For both zebra finch and cow-
bird song, inspiratory muscle EMGs always pre-individuals usually consists of a number of different

song types, each of which is produced with high ceded the onset of the negative pressure cycle by
Ç11 ms (mean Å 11.1 { 3.8 ms; n Å 127 in zebrastereotypy (Allan and Suthers, 1994). Cowbird

song is also remarkable in that it is frequently ac- finches, and 11.6 { 2.9 ms; n Å 72 in cowbirds) .
Also for both species, shorter inspirations andcompanied by a visual display, consisting of the

bird raising its head and neck feathers, spreading greater inspiratory pressure were accompanied by
larger amplitude EMGs (Figs. 1–3), although thereits wings, and ‘‘bowing.’’ Although the song and
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444 Wild et al.

Figure 1 Quiet respiratory activity followed by song in a zebra finch. (Top) Spectrogram of
song; P Å subsyringeal air sac pressure (horizontal line indicates ambient pressure); Sc Å EMG
activity in M. scalenus (integrated record upward, time constant 5 ms; rectified original EMG
recording downward); A Å sound amplitude represented as rectified and integrated (time
constant 2 ms).

was considerable variability in the relationship be- scalenus (Fig. 2) and Mm. levatores costarum (see
Fig. 8—only the end of the visual display is illus-tween air sac pressure and EMG amplitude. The

reason(s) for this variability is obscure, but it may trated, marked with arrows), the actions of which
during cowbird song appear to be very similar inbe related to differences in posture. In contrast, there

was a high correlation between the duration of the both their temporal pattern and amplitude (see Fig.
8) . The duration of this maintained activity variednegative pressure cycle and the duration of the inspi-

ratory muscle EMG (Fig. 4) . During song, average between about 0.8 and 2 s, and its magnitude was
significantly greater than that of the activity of theseEMG activity generally increased with decreasing

duration of the minibreath, indicating that shorter muscles during quiet respiration (p õ .001 in each
of the three birds) (Figs. 2 and 6). Despite thisinspirations tended to be deeper (Fig. 5) . This was

particularly striking for the song of the zebra finch, activity, air sac pressure was slightly less negative
than during quiet respiration (Figs. 2 and 6), andwhich contained a wider range of duration of mini-

breaths than cowbird song (see above). inspiratory airflow was markedly lower than during
minibreaths (see Fig. 8, beginning of records,As mentioned above with respect to Figure 2,

cowbird song was not immediately preceded by a marked by arrow). This curious pattern of activity
was correlated with the beginning of the visual dis-respiratory pattern characteristic of quiet respira-

tion. Instead, it was preceded by a period of main- play, during which the feathers on the head and
neck are raised prior to the commencement of thetained activity in inspiratory muscles such as M.
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Figure 2 Representative cowbird song. (Top) Sonagram of song; Exp Å EMG activity in
abdominal expiratory muscles; other abbreviations as in Figure 1. Note activity in M. scalenus
before the song, which coincides with the raising of head and neck feathers at the beginning
of the visual display.

song. Although this might suggest that the activity in quiet respiration, there was no overlap of EMG
activity in inspiratory and abdominal expiratoryin M. scalenus and Mm. levatores costarum was

related to movement in some way during this prevo- muscles (Figs. 2 and 7); activity in one alternated
without a pause, with activity in the other in ancal period, there was no similar maintained activity

in either muscle during any other, more vigorous extremely temporally precise fashion. Moreover,
the pattern of expiratory and inspiratory activitiespart of the visual display, such as during wing

spreading or bowing. These inspiratory muscles was remarkably stereotyped in the songs of individ-
ual members of both species. Figure 9 shows, forwere not activated during any other movements un-

related to song. Moreover, the beginning of the vi- instance, the means and very small SDs of the dura-
tion of expiratory and inspiratory pulses during 10sual display, defined by head and neck feather rais-

ing, was always accompanied by maintained EMG motifs of the song of a zebra finch. Occasionally,
somewhat higher variability was found in the dura-activity in both inspiratory muscles whether or not

it was followed by song, and whether or not it was tion of expirations and subsequent inspirations for
the first syllable when the motif was repeated afollowed by other components of the visual display,

e.g., wing spreading and bowing. second time within one song (note larger SD for
syllable 1 in Fig. 9) . Cowbird song was likewiseIn the songs of both zebra finch and cowbird, as
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446 Wild et al.

Figure 3 Inspiratory pressure generally increases with
Figure 5 Average EMG activity (mean voltage, V) asincreasing EMG activity in inspiratory muscles (M. scale-
a function of the duration of inspiratory air sac pressure.nus) . For a definition of inspiratory pressure, see Meth-
Closed symbols represent values during song; open sym-ods. Both variables were measured as integrated voltages
bols, during ‘‘quiet’’ respiration.over the entire duration of one inspiratory episode and

the associated EMG burst. Substantial variability exists
in both species. Closed symbols represent intersyllable

1987). The present study has also shown that bothinspirations; open symbols, ‘‘quiet’’ respiration prior to
M. scalenus and M. levator costarum are activelysong in zebra finches and prior to the visual display in
involved in vocalization, particularly during song.cowbirds.
The fact that the activity of these two muscles al-
ways preceded the onset of the inspiratory pressure
cycle by a relatively fixed duration of Ç11 mscharacterized by stereotypy of expiratory (see quan-
strongly suggests that they actively contribute to thetitative data in Allan and Suthers, 1994) and inspira-
inspiratory effort required to produce the mini-tory patterning. The patterns of expiratory and inspi-
breath, although other muscles such as the externalratory pulses differed between different song types
intercostals may also contribute. It is also clear fromproduced by the same bird (Figs. 10 and 11).
these observations that several different muscles
play a part in inspiration during vocalization, which
might account for the less than expected level ofDISCUSSION
activity in the external intercostals that Peek et al.

This study confirms that in these species, M. scale-
nus and Mm. levatores costarum are inspiratory
muscles active during quiet respiration (Fedde,

Figure 6 Means ({1 standard error) of average inspira-
tory pressure (V) and average EMG activity (V) in M.Figure 4 Correlation of duration of inspiratory pressure

with EMG bursts in M. scalenus in zebra finches and scalenus for ‘‘quiet’’ respiration, the beginning of the
visual display before song, and song in three individualcowbirds. Closed symbols represent correlations during

song; open symbols, during ‘‘quiet’’ respiration. Duration cowbirds (different symbols) . Although the mean air sac
pressure is about the same for display and quiet respira-of inspirations during song is more variable in zebra

finches than in cowbirds, especially between introductory tion, EMG activity during the display is significantly
greater ( t test; p õ .001 for all three individuals) .notes.
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Figure 7 Zebra finch song with inspiratory and expiratory EMGs showing that EMG activity
is restricted to inspiration and does not overlap with EMGs from abdominal expiratory muscles.
Abbreviations as in previous figures. Shaded areas mark three inspirations of varying duration.

(1975) attributed to elastic recoil of the respiratory tive air sac pressure, and their amplitude and du-
ration are positively correlated with the depthapparatus following the cessation of crowing in the

chicken. The present evidence in songbirds does not and duration of minibreaths. These observations
strongly suggest that inspiratory muscle activitiesexclude the possibility that chest wall recoil plays

a part in reversing the direction of tracheal airflow are the principal means of minibreath production.
Thus, in birds, both inspiration and expiration arefollowing end expiration, but if it does, its inspira-

tory effect is strongly augmented by the action of active processes during both quiet respiration and
vocalization.inspiratory muscles such as M. scalenus and Mm.

levatores costarum. The commencement of EMG It has been suggested that the function of mini-
breathing in songbirds is to replenish air expelledactivity in these muscles is coincident with the end

of EMG activity in the abdominal expiratory mus- during phonation, to allow them to sing for longer
periods of time than their vital capacities wouldcles, inspiratory EMGs precede the onset of nega-
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Figure 8 Cowbird song showing EMG activity in M. scalenus and M. levator costarum, and
tracheal airflow (F). Note the similarity of EMG activity in the two muscles. The rate of
airflow is greater during inspiration than expiration indicating a lower syringeal resistance;
inspiratory air sac pressure is also of lower absolute amplitude than expiratory pressure.

otherwise allow (Calder, 1970; Hartley and Suthers, phase and that of the inspiratory phase may not exist
in all species, however. In the present study of zebra1989; Suthers and Goller, 1997). Direct evidence

for this was provided in singing canaries by de- finch and cowbird song, for instance, there was no
convincing evidence that longer minibreaths consis-termining the volume of expired and inspired air

from calibrated data on the rate of tracheal airflow tently followed longer notes or syllables, at least
within individual songs (e.g., Fig. 9) . The mini-(Hartley and Suthers, 1989). In all measured sylla-

bles, inspiratory volume during minibreaths equaled breaths of the zebra finch did vary in duration over
the course of a song, but in one case (e.g., Fig. 1)the volume of air expelled during phonation. Sylla-

bles of long duration were followed by longer mini- shorter minibreaths were associated with the longer
syllables of the motif, rather than with the shorterbreaths than short syllables, but inspiratory flow rate

also varied substantially between different syllable introductory notes. These shorter minibreaths
tended to be deeper and were accompanied bytypes (at least a twofold difference) . This positive

correlation between the duration of the expiratory greater amplitude EMGs, indicating that expelled
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commences at the end of inspiration, and does not,
as in some mammals, come into play only when
passive elastic forces cease to provide sufficient
chest wall compression. For reasons that are not
entirely clear, braking by inspiratory muscles may
be more meaningful when it counteracts passive
elastic forces, rather than active contractile forces
of expiratory muscles. Thus, in songbirds, airflow
during phonation appears to be regulated not by
simultaneous activity of inspiratory and expiratory
muscles, but by a very close coordination of expira-
tory and syringeal muscles. The intricate coordina-
tion of these latter motor systems is necessary for
the generation of appropriate pressure and flow con-
ditions for phonation and to cater for the demands

Figure 9 Representative example of mean duration ({1 of syllabic construction and vocal intensity (Goller
SD) of expiratory (solid circles) and inspiratory (open and Suthers, 1996b; Suthers et al., 1997).
circles) pressure cycles during 10 repeated motifs of the In addition to their ventilatory role during sing-
song of one zebra finch. Note the low variability in both ing, minibreaths, by their very presence, may be
inspiration and expiration.

thought of as having another role in defining (punc-
tuating) the temporal structure of song by regulat-
ing, together with expiratory control, the internoteair is replenished by increasing the rate of airflow

rather than the duration of the inspiratory period. In or intersyllable intervals. Intersyllable intervals are
generally equal to the duration of the inspirationcowbird song, silent periods between note clusters

are not entirely for inspiration, but consist of a mini- (Suthers et al., 1994; Goller and Suthers, 1996b;
this study). Notable exceptions to this general ob-breath and a significant period of expiratory pres-

sure (50 ms) during which both sides of the syrinx servation are the silent periods between introductory
note clusters in cowbirds, which are composed ofare closed to airflow, and thus do not produce sound

(Allan and Suthers, 1989) (Fig. 8) . Zebra finches the minibreath and the first part of the expiration
(Allan and Suthers, 1994) (Fig. 8) , and some sylla-and cowbirds may not be as constrained by the need

to replenish air as are canaries because of the high bles in canaries, during which two notes separated
by a silent period are generated during one expira-syllable repetition rates and long song duration of

the latter. In canaries, airflow during minibreaths tory pulse (Hartley and Suthers, 1989). However
minibreaths are viewed, they are clearly integral tomay be maximal; therefore, additional increases in

inspiratory volume can be achieved only by increas- the stereotypical pattern that defines the temporal
structure of both the species typical song and songing inspiratory duration.

Inspiratory activity could in principle also con- type. Such silent intervals are known to be perceptu-
ally salient, at least for some species (Becker,tribute to the fine control of expiratory effort by

counteracting (braking) either the natural tendency 1982), and zebra finches are sensitive to experimen-
tal changes in their duration (Nespor and Dooling,of the rib cage to contract under relaxation pres-

sures, or the forces of expiratory muscles, as pro- 1997).
One significant difference between the inspira-posed for human speech and singing (e.g., Draper

et al., 1959). However, neither during quiet respira- tory muscle activity of cowbirds and zebra finches
was the maintained activity that precedes song intion nor in song was there an overlap of EMG activ-

ity in inspiratory and expiratory muscles. Although the former. As noted, this activity is correlated in
time with the first part of the visual display in whichEMG recordings from intercostal muscles are not

available for songbirds, a similar lack of overlap the head and neck feathers are raised, but not with
other more dynamic components of the display.in inspiratory intercostal and abdominal expiratory

muscles was found in the vocalizing chicken (Peek During this period, there is inspiratory airflow, as
indicated by slightly negative air sac pressure, com-et al., 1975). An important implication of this pat-

tern of activity is that expiration during song is parable to quiet respiration, but much higher EMG
activity. It is possible that both M. scalenus andnot controlled (braked) by the action of inspiratory

muscles, at least by the muscles studied here. In Mm. levatores costarum are, in addition to their
inspiratory role, also involved in movements thatbirds, unlike the case in mammals, active expiration
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Figure 10 A segment of two cowbird song types (one above the other) overlaid on the same
time scale and aligned at the first inspiration. Note the subtle differences in the duration of
inspirations and how inspirations become more and more offset in time over the course of the
song owing to varying duration of expiration and inspiration combined. Arrows point to the
most marked differences in expiratory air flow between the two song types. Differences in
motor correlates of song are also expressed in the acoustic output of the song as seen in the
spectrogram (top).

help effect a raising of the head and neck feathers. singing suggest the presence of a highly coordinated
However, the potential mechanical mechanisms by neural control system that integrates the sequence
which such movements might be accomplished are and timing of respiratory muscle activation with that
unknown. of the syringeal muscles (Vicario, 1991a,b; Suthers,

1997; Wild, 1997). Some of the brain stem and
spinal neuronal circuitry that is likely to be involvedNeural Control of Respiratory Pattern
in this control has been delineated (Wild, 1993a;during Singing
Reinke and Wild, 1997, 1998), and in songbirds,
it is conceivable that the whole respiratory-vocalThe stereotypical nature and precise temporal pat-

terning of expiratory and inspiratory phases during pattern is controlled via the output of the telence-

1999/ 8p46$$1999 07-16-98 17:48:49 nbioa W: Neurobio



Inspiratory Muscle Activity during Bird Song 451

in the present study, and the internal and external
intercostal muscles were simulaneously active dur-
ing phonation—that is, at the same time as the ab-
dominal expiratory muscles. Jürgens and Schriever
concluded, therefore, that the intercostal muscles
are not concerned with moving air during vocaliza-
tion, but serve to stabilize the thorax, against which
the abdominal expiratory muscles can act. In hu-
mans, the external intercostal muscles, which are
generally thought to be inspiratory muscles, have
been found to be active during vocalization in some
studies (Draper et al., 1959; Hoshiko, 1960; Hos-
hiko and Berger, 1965; Sears and Newsom Davis,Figure 11 Example of stereotypy within, and difference
1968), but not in others (Taylor, 1960). Draper etbetween, two song types of a cowbird (different sym-
al. (1959) and Sears and Newsom Davis (1968)bols) . The top two panels show mean ({1 SD) air sac

pressure and duration of expirations generating note clus- showed they were active only at the beginning of
ters 1–3, and the lower panels show mean amplitude vocalizations that were preceded by a deep inspira-
and duration of inspiratory pressure cycles between note tion, the implication being that these muscles helped
clusters. Inspiratory as well as expiratory patterns are control the rate of air loss during speech by counter-
characteristic of song types. acting relaxation pressures. We have already noted

that such was not the case for the inspiratory mus-
cles recorded in the present study.

phalic nucleus robustus archistriatalis (RA) (Vic- Despite some obvious differences in the ventila-
ario, 1991c, 1993; Wild, 1993b, 1997). tory patterns during vocalization in birds and mam-

mals, birds may constitute a useful model system in
which to study the neurophysiological mechanismsComparative Aspects
involved in the coordination of respiration and vo-
calization, such coordination being the sine qua nonThe avian respiratory apparatus is different from

that of mammals in that there is no muscular dia- of effective vocal communication (Davis et al.,
1993; Zocchi et al., 1990; Metz and Schiavetti,phragm that functions as a principal inspiratory

muscle, the lungs are largely static, and they are 1995; Wild, 1997). In no other animal are some of
the factors involved in vocal learning and vocalseparated from the ventilatory pump made up of the

air sacs and the muscles that act upon them. Many of control better known than in songbirds or the respi-
ratory-vocal control pathways better delineated (seethese muscles nevertheless appear to be homologous

with those that are involved in either respiration Brenowitz et al., 1997b). Furthermore, birds are the
only terrestrial vertebrates other than humans thatand/or vocalization in other vertebrates, irrespec-

tive of the presence/absence of a diaphragm. For are known to learn complex vocalizations involved
in intraspecies and possibly interspecies communi-instance, the levator costae have been shown to be

active during normal inspiration in the garter snake cation (Kroodsma and Miller, 1996).
and in the cat (Rosenberg, 1973; Hilaire et al.,
1983). Somewhat surprisingly, however, there is This study was supported by NIH Grant NS 29467 to
little information on the role of the various abdomi- RAS, by the Austrian Programme for Advanced Research

and Technology (APART) to FG, and by a grant fromnal and thoracic muscles during vocalization in non-
Whitehall Foundation, Inc. to JMW. The authors arehuman animals, even in mammals, where the place-
grateful to two anonymous reviewers for their helpfulment of recording electrodes in deeper muscles of
comments.the body wall can be effected under visual control

at surgery. The study of Jürgens and Schriever
(1991) in the squirrel monkey is the most extensive
in terms of the number of muscles sampled, and REFERENCES
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sory feedback. Soc. Neuro. Sci. Abstr. 23:244.JÜRGENS, U. and SHRIEVER, S. (1991). Respiratory mus-

1999/ 8p46$$1999 07-16-98 17:48:49 nbioa W: Neurobio



Inspiratory Muscle Activity during Bird Song 453

TAYLOR, A. (1960). The contribution of the intercostal a nucleus for breathing, singing and calling. Brain Res.
606:119–124.muscles to the effort of expiration in man. J. Physiol.

(Lond.) 151:390–402. WILD, J. M. (1993b). Descending projections of the
songbird nucleus robustus archistriatalis. J. Comp.VICARIO, D. S. (1991a). Contributions of syringeal mus-

cles to respiration and vocalization in the zebra finch. Neurol. 338:225–241.
WILD, J. M. (1997). Neural pathways for the control ofJ. Neurobiol. 2:63–73.

VICARIO, D. S. (1991b). Neural mechanisms of vocal birdsong production. J. Neurobiol. 33:653–670.
WILD, J. M., GOLLER, F., and SUTHERS, R. A. (1997).production in songbirds. Curr. Opin. Neurobiol.

1:595–600. Inspiratory muscle activity during singing in zebra
finches and cowbirds. Soc. Neurosci. Abstr. 23:243.VICARIO, D. S. (1991c). Organization of the zebra finch

song control system: II. Functional organization of out- WILLIAMS, H., CYNX, J., and NOTTEBOHM, F. (1989).
Timbre control in zebra finch (Taeniopygia guttata)puts from nucleus robustus archistriatalis. J. Comp.

Neurol. 309:486–494. song syllables. J. Comp. Psychol. 103:366–380.
ZOCCHI, L., ESTENNE, M., JOHNSTON, S., DEL FERRO, L.,VICARIO, D. S. (1993). A new brain stem pathway for

vocal control in the zebra finch song system. Neurore- WARD, M. E., and MACKLEM, P. L. Respiratory muscle
incoordination in stuttering speech. Am. Rev. Respir.port 4:983–986.

WILD, J. M. (1993a). The avian nucleus retroambigualis: Dis. 141:1510–1515.

1999/ 8p46$$1999 07-16-98 17:48:49 nbioa W: Neurobio


