J Neurophysiol 117: 178194, 2017.
First published October 19, 2016; doi:10.1152/jn.00628.2016.

RESEARCH ARTICLE | Central Pattern Generators

Rhythm generation, coordination, and initiation in the vocal pathways of male

African clawed frogs

Ayako Yamaguchi, Jessica Cavin Barnes, and Todd Appleby
Department of Biology, University of Utah, Salt Lake City, Utah

Submitted 8 August 2016; accepted in final form 15 October 2016

Yamaguchi A, Cavin Barnes J, Appleby T. Rhythm generation,
coordination, and initiation in the vocal pathways of male African
clawed frogs. J Neurophysiol 117: 178-194, 2017. First published
October 19, 2016; doi:10.1152/jn.00628.2016.—Central pattern gen-
erators (CPGs) in the brain stem are considered to underlie vocaliza-
tions in many vertebrate species, but the detailed mechanisms under-
lying how motor rhythms are generated, coordinated, and initiated
remain unclear. We addressed these issues using isolated brain prep-
arations of Xenopus laevis from which fictive vocalizations can be
elicited. Advertisement calls of male X. laevis that consist of fast and
slow trills are generated by vocal CPGs contained in the brain stem.
Brain stem central vocal pathways consist of a premotor nucleus
[dorsal tegmental area of medulla (DTAM)] and a laryngeal motor
nucleus [a homologue of nucleus ambiguus (n.IX-X)] with extensive
reciprocal connections between the nuclei. In addition, DTAM re-
ceives descending inputs from the extended amygdala. We found that
unilateral transection of the projections between DTAM and n.IX-X
eliminated premotor fictive fast trill patterns but did not affect fictive
slow trills, suggesting that the fast and slow trill CPGs are distinct; the
slow trill CPG is contained in n.IX-X, and the fast trill CPG spans
DTAM and n.IX-X. Midline transections that eliminated the anterior,
posterior, or both commissures caused no change in the temporal
structure of fictive calls, but bilateral synchrony was lost, indicating
that the vocal CPGs are contained in the lateral halves of the brain
stem and that the commissures synchronize the two oscillators. Fur-
thermore, the elimination of the inputs from extended amygdala to
DTAM, in addition to the anterior commissure, resulted in autono-
mous initiation of fictive fast but not slow trills by each hemibrain
stem, indicating that the extended amygdala provides a bilateral signal
to initiate fast trills.

NEW & NOTEWORTHY Central pattern generators (CPGs) are
considered to underlie vocalizations in many vertebrate species, but
the detailed mechanisms underlying their functions remain unclear.
We addressed this question using an isolated brain preparation of
African clawed frogs. We discovered that two vocal phases are
mediated by anatomically distinct CPGs, that there are a pair of CPGs
contained in the left and right half of the brain stem, and that
mechanisms underlying initiation of the two vocal phases are distinct.

central pattern generator; vocalization; parabrachial area; hindbrain;
bilateral coordination; motor programs

MANY RHYTHMIC MOTOR programs, including locomotion, breath-
ing, and chewing behavior, are generated by central pattern
generators (CPGs), neural circuits that can function without
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rhythmic descending inputs or afferent feedback (Grillner
2006; Marder and Bucher 2001; Marder and Calabrese 1996).
To understand the functions of CPGs, it is critical to identify
neuronal components that make up CPGs, how they are coor-
dinated, and in the case of episodic behavior, how CPG activity
is initiated. Much effort to understand mechanisms underlying
CPG function has been aided by the use of fictive prepara-
tions, in vitro preparations from which patterned neuronal
activity that underlies rhythmic motor programs can be
elicited (Sweeney and Kelley 2014). For example, fictive
swimming (Buchanan 2011; Fetcho and McLean 2010;
Roberts et al. 2012), walking (Kiehn et al. 2010), breathing
(Garcia et al. 2011), and chewing (Marder et al. 2005)
preparations played critical roles in advancing the under-
standing of the neural mechanisms of CPGs underlying
these rhythmic behaviors.

Vocalizations produced by vertebrates are often rhythmic
and are thought to be mediated by CPGs (Jurgens and Hage
2007). Vocal CPGs in many vertebrate species, including
humans (i.e., a nonverbal vocal utterance, such as laughter), are
considered to be located within the brain stem and thought to
retain significant homology across species (Bass et al. 2008).
The CPG underlying vocalizations in African clawed frogs
(Xenopus laevis) presents an excellent model to understand the
function of vocal CPGs.

Advertisement calls produced by male X. laevis to attract
females consist of fast and slow trills, each of which contains
a series of sound pulses that are repeated at ~60 and ~30 Hz,
respectively (Fig. 1A). These calls are produced when laryn-
geal motoneurons fire at 60 and 30 Hz (Yamaguchi and Kelley
2000), causing contraction of a pair of laryngeal muscles at that
rate that pull apart arytenoid discs to produce each sound pulse
(Yager 1992). It is critical that the left and right laryngeal
muscles are activated synchronously to generate a proper
sound pulse. The central vocal pathways of X. laevis consist of
two pairs of brain stem nuclei: n.IX-X, a homologue of nucleus
ambiguus and retroambiguus (Albersheim-Carter et al. 2016)
that contains laryngeal motoneurons projecting to the laryngeal
muscles via the laryngeal nerve, and the premotor nucleus of
the dorsal tegmental area of medulla (DTAM), a homologue of
the parabrachial area (Fig. 1B) that does not include any lower
motor or primary sensory neurons and thus is not associated
with cranial nerves. Anatomical studies have shown that there
are extensive reciprocal connections between these nuclei (Fig.
1B). In addition to these reciprocal connections within the
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Fig. 1. Advertisement calls generated by male Xenopus laevis. A: simultaneous recordings of the sound (fop) and the laryngeal nerve activity (bottom) while
advertisement calls are produced by an awake male X. laevis. Fast trills are enveloped in green; slow trills in blue. A sound pulse (black arrowheads; rop) is always
preceded by a compound action potential (gray arrowheads; bottom). B: diagram of the key vocal nuclei of male X. laevis. Within a brain stem, a pair
of dorsal tegmental area of medulla (DTAM) and a pair of laryngeal motor nuclei [a homologue of nucleus ambiguus (n.IX-X)] are contained. These nuclei
are reciprocally connected with each other by projection neurons (arrows). DTAMs, in turn, are reciprocally connected with the extended amygdala (EA).
A pair of EA is reciprocally connected, but the coupling is shown as a line in the diagram, since we did not explore the function of bilateral coupling

of EA in this study.

brain stem, DTAM is reciprocally connected with the central
amygdala (CeA) in the extended amygdala (Hall et al. 2013;
Moreno and Gonzalez 2005) (Fig. 1B).

Previously, we developed a fictive vocalization preparation
in vitro (Rhodes et al. 2007)—only one of a few fictive
vocalizing preparations developed in vertebrates to date (Chag-
naud et al. 2011). Application of serotonin (5-HT) to an
isolated whole brain in vitro elicits fictive calls that can be
recorded via laryngeal nerves. Here, with the use of the fictive
calling preparation of male X. laevis, we analyzed the contri-
bution of the projections connecting distinct brain stem nuclei
to the rhythm generation, bilateral coordination, and initiation
of calls. We discovered that CPGs for fast and slow trills
include anatomically distinct populations of neurons contained
in each lateral half of the brain stem whose timing is synchro-
nized by the anterior and posterior commissures and that the
initiation of fast trills appears to be mediated by a bilaterally
synchronous signal provided by the extended amygdala to
DTAM. Our results represent the first detailed analyses of
these vocal CPGs and reveal new details of the functional
architecture that underlies vocal production in male X. laevis,
highlighting the complementary nature of the neural circuits
that ensure bilateral synchrony in rhythm generation and sub-
sequent call initiation.

MATERIALS AND METHODS
Animals

Forty-four adult male X. laevis, obtained from Nasco (Fort Atkin-
son, WI; average = SD weight = 42.98 * 4.11 g, length = 7.16 =
0.35 cm) were used for unilateral transverse transection (Fig. 2A; n =
8), anterior and posterior commissures sagittal transection (Fig. 3A;
n = 3), anterior commissure sagittal transection (Fig. 4A; n = 6),
posterior commissure sagittal transection (Fig. 5A; n = 5), descending
inputs transverse and anterior commissure sagittal transection (Fig.
6A; n = 4), and descending inputs transverse transection (Fig. 7C;
n = 6). All procedures were approved by the Institutional Animal
Care and Use Committee at the University of Utah and complied with
National Institutes of Health guidelines.

Isolated Brain Preparation and Fictive Vocal Recordings

Fictive vocalizations were elicited from the isolated brains of
sexually mature adult males. Animals were anesthetized with subcu-
taneous injection (0.3 ml, 1.3%) of tricaine methanesulfonate (MS-
222; Sigma, St. Louis, MO) and decapitated on ice, and brains were
removed from the skulls in a dish containing cold saline (in mM: 96
NaCl, 20 NaHCO;, 2 CaCl,, 2 KCI, 0.5 MgCl,, 10 HEPES, and 11
glucose, pH 7.8), oxygenated with 99% O,. Brains were then brought
back to room temperature (22°C) over the next hour and then trans-
ferred to a recording chamber that was superfused with oxygenated
saline at 100 ml/h at room temperature.

In these isolated brains, the laryngeal nerves are cut to ~7 mm in
length to be used for nerve recordings. Laryngeal nerve activity was
recorded bilaterally using a suction electrode placed over the cranial
nerve IX-X. Local field potential (LFP) recordings from DTAM were
obtained bilaterally using a 1-M() tungsten electrode (FHC, Bowdoin,
ME). Fictive vocalizations were elicited by bath application of 5-HT
(Sigma) using a 1-ml pipette. In response to 5-HT, a series of
compound action potentials (CAPs) that are virtually identical to those
recorded from awake calling frogs can be recorded from the laryngeal
nerves of an isolated brain (Rhodes et al. 2007) (compare nerve
recordings of Fig. 1A with 3B, for example). Before the application of
5-HT, superfusion of saline through the recording chamber was
suspended, and 1 ml concentrated 5-HT solution (0.6 mM in dH,0)
was added to the 20-ml bath (30 uM, final concentration). Nerve and
LFP signals were amplified 1,000X using differential amplifiers
(Models 1700 and 1800, respectively; A-M Systems, Carlsborg, WA)
and were band-pass filtered (10-5 and 0.1-5 kHz, respectively). All
signals were digitized at 10 kHz (Digidata 1440A; Molecular Devices,
Sunnyvale, CA) and recorded on a personal computer using Clampex
software (Molecular Devices). After 5 min of recording in the pres-
ence of 5-HT, superfusion was reinstated at the maximum rate (~10
ml/min) for 5 min to wash out the 5-HT and then at a slower rate
(~125 ml/h) for 1 h between 5-HT applications.

Transection of Isolated Brains

After fictive advertisement calls were recorded from intact brains,
transections were made using a scalpel. Before transection, brains
were placed on ice and brought to 4 = 2°C. For unilateral transverse
transection, a cut was made posterior to nerve VIII from midline to the
lateral edge of the brain on either the left or right side of the brain stem
(Fig. 2A). For anterior commissure sagittal transection, a cut was
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180 BASIC ARCHITECTURE OF VOCAL CPG IN XENOPUS LAEVIS

made along the midline between the rostral optic tectum and cranial
nerve V ventral to the ventricle (Fig. 44), severing all of the projec-
tions between the two DTAMs. For posterior commissure sagittal
transection, a cut was made along the midline between an area 1 mm
rostral to the nerve IX-X and the obex ventral to the ventricle (Fig.
5A), severing all of the projections between the two n.IX-Xs. For
descending inputs transverse transection, a cut was made at the
level of the anterior optic tectum (Fig. 7C), severing all of the

connections between extended amygdala and DTAM. In brains
with anterior and posterior commissure sagittal transection and
those with anterior commissure sagittal and descending inputs
transverse transection, both cuts were made in each brain (Figs. 34
and 6A, respectively). After the transection, the brains were placed
in a holding dish containing oxygenated saline (200 ml) and
gradually returned to room temperature over the next hour before
5-HT was applied again.
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Analysis of in Vitro Fictive Vocalizations

To determine how transections affect the central vocal pathways,
we examined the fictive fast and slow trill rates and the bilateral
synchrony of the motor outputs produced. Ten bouts of calling were
selected at random for each animal before and after the transection.
CAPs corresponding to laryngeal motoneuron activity were identified
using Clampfit (Molecular Devices), performing a threshold search
function (threshold set at 3 SD of background noise, minimum event
duration of 0.4 ms), and instantaneous CAP rates were calculated
based on inter-CAP peak interval. When a brain produces a series of
fictive advertisement calls, it is sometimes difficult to distinguish the
end of fictive slow trills and the beginning of the next fictive fast trill.
In this case, we used DTAM activity to distinguish the two types of
fictive trills; CAPs accompanied by activity (or larger activity) in
DTAM were defined as a part of fictive fast trills, and those without
(or with smaller) DTAM activity were considered to be a part of
fictive slow trills (see Fig. 3B, showing transition from slow to fast
trills, for example). A frequency histogram of CAP rate during fictive
fast and slow trills of each animal before and after transection showed
a normal distribution and was fit with Gaussian curves with mean for
fictive fast and slow trills, which was used for statistical analyses.

The Xenopus larynx generates sound pulses when both laryngeal
muscles are activated simultaneously and pulls apart a pair of aryte-
noid discs. Accordingly, the central vocal pathways of intact Xenopus
brains activate left and right laryngeal motoneurons nearly synchro-
nously (see Fig. 3C, for example). To evaluate the synchronicity of the
motor activity of the left and right side before and after the transec-
tion, cross-correlation coefficients between the left and right nerve
activity were calculated while sliding one nerve recording against the
other across time (*£10 ms; e.g., Fig. 3F). To this end, left and right
nerve recordings containing 10 consecutive fictive fast and slow trill
CAPs were used to calculate cross-correlation coefficients. The time
of the maximum cross-correlation coefficients (“the peak lag time”)
was identified for fictive fast and slow trills before and after the
transection for each animal. The peak lag time of zero indicates
synchronous activity of the two nerves, and deviation from zero
indicates delay between the two nerves. We took the absolute value of
the peak lag time (“absolute peak lag time”) for statistical tests, since
our goal in most analyses was to determine how much the peak
deviated from zero. In cases where we suspected that CAPs on one
nerve lead the other, we also took the absolute value of the peak lag
time to demonstrate the time lag between the two nerves. For the
double transection that involves transection between extended
amygdala and DTAM and anterior commissure (Fig. 64), each CAP
(instead of 10 consecutive CAPs) was cross correlated against the
other to characterize moment-to-moment changes in the relative
timing of CAPs on each side (Fig. 6).

Statistical Analyses

All statistical analyses were done using StatView software (SAS
Institute, Cary, NC). For fictive trill rates, absolute peak lag time, and

maximum CAP amplitude for fictive fast and slow trills, Wilcoxon
signed-rank test was used to compare the value before and after the
transection within individuals.

RESULTS

Are Fast and Slow Trills Generated by the Same Neural
Elements?

Are the fast and slow trills generated by shared neural
circuitry or by anatomically distinct neural networks? Our
previous study shows that LFP recordings obtained from
DTAM are active mostly during fast but not during slow trills
(see Figs. 3B and 7A, for example), suggesting that fast trills
but not slow trills are mediated by DTAM. To test this
possibility directly, we transected the projections between
DTAM and n.IX-X (Fig. 2A4) and examined the fictive adver-
tisement calls elicited in response to 5-HT. Previously, we have
shown that bilateral transection of the projection between the
DTAM and n.IX-X transversely abolishes 5-HT-induced fic-
tive call production entirely (Rhodes et al. 2007). With the
absence of fictive vocalizations, however, it was not possible to
determine if the transection disrupts the mechanisms underly-
ing vocal initiation or the rhythm generation. Here, we rea-
soned that unilateral transection of the projection between
n.IX-X and DTAM (unilateral transverse transection; Fig. 2A)
may spare the vocal initiation and provide us with an oppor-
tunity to examine the role of the n.IX-X-to-DTAM projection
in fast and slow trill generation.

In striking contrast to the bilateral transverse transection, the
unilaterally transected brains produced fictive advertisement
calls in response to 5-HT (Fig. 2B; n = 8). The rates of fictive
fast and slow trill did not show any significant change after
transection (Z = —0.980, —1.694, P = 0.327, 0.091 for fictive
fast and slow trills, respectively; Fig. 2C), indicating that CPGs
remaining in the transected brains are capable of generating
normal vocal rhythms. However, fictive advertisement calls
produced by the unilaterally transected brains showed some
abnormality that was detected only during fictive fast trills. The
timing of the CAPs recorded from the transected side signifi-
cantly lagged behind those recorded from the intact side during
fictive fast trills but not during fictive slow trills (Fig. 2D).
Accordingly, the cross-correlation peak for fictive fast trills
was not centered near zero after the transection, whereas the
peak for the fictive slow trill remained near zero (Fig. 2E).
Absolute peak lag time showed a significant increase only for
fictive fast trills after the transection (Z = —2.380, —1.690,
P =0.0172, 0.091 for fictive fast and slow trills, respectively;
Fig. 2F). In addition, the maximum amplitude of the CAPs

Fig. 2. Effects of unilateral, transverse transection of projections between DTAM and n.IX-X. A: diagram of the vocal pathways with transection marked with
a red line with scissors, disconnected projections in dotted arrows, and intact projections in solid arrows. B: DTAM local field potential (LFP; fop and bottom)
and laryngeal nerve recordings (middle 2) obtained from right and left DTAMs and nerves while a fictive advertisement call is generated by an isolated brain
before transection. Green and blue frames indicate fast and slow trills, respectively. Brackets with D are enlarged in D. C: fast and slow trill rates before and
after transection. Each pair of points indicates mean fast and slow trill rates before and after the transection in 1 animal. Pairs of dotted green and blue lines
indicate the range of fast and slow trill rates, respectively, obtained from intact brains. n.s., not significant; CAP, compound action potential. D: enlarged sections
of brackets labeled in B. Left (blue) and right (red) nerve recordings are shown during fast and slow trills with the overlay of the 2 nerves at the bottom.
E: example of cross-correlation between left and right nerve recordings (see MATERIALS AND METHODS) for fast and slow trills before and after transection. Each
line represents cross-correlation of a bout of fast or slow trills from 1 animal (cross-correlation of 10 bouts shown). F: absolute peak lag time before and after
the transection for fast and slow trills, plotted for each animal as in C. G: mean CAP amplitude during fast and slow trills obtained from brains before and after
the transection. Each pair of points indicates mean fast and slow trill CAP amplitude before and after the transection in 1 animal. *P < 0.05, significant difference.
H: example of the power spectra of the DTAM LFP recordings during fast trills from both sides of DTAM before and after transection. Arrow indicates the loss

of peak at 60 Hz after the transection.
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182 BASIC ARCHITECTURE OF VOCAL CPG IN XENOPUS LAEVIS

recorded from both of the nerves became significantly smaller
after transection during fictive fast trills (Z = —2.521, —2.380,
P = 0.012, 0.017 for intact and transected sides, respectively;
Fig. 2G) but not during fictive slow trills (Z = —0.676,
—0.169, P = 0.499, 0.866 for intact and transected sides,
respectively; Fig. 2G). These results suggest that unilateral
transection of the projection between n.IX-X and DTAM
selectively impacts fast trills.
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became dysfunctional after transection, and the reason why the
laryngeal motoneurons on the transected side generate any
CAPs at all during fictive fast trills was because they were
driven by the functional CPG on the contralateral intact side.
To test this possibility, we examined LFP recordings obtained
from the left and right DTAMs of the transected brains. As
described previously (Zornik et al. 2010), DTAM LFP record-
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ings of intact brains contain “waves” (baseline fluctuations)
that coincide with onset and offset of the fictive fast trills and
phasic activity riding on top of the waves (see Fig. 3B, for
example) that peak at ~60 Hz (see Fig. 2H). In these transected
brains, the LFP recordings obtained from DTAM on the intact
side after the transection were no different than those obtained
from intact brains, containing waves with phasic activity (see
Fig. 2B) with a peak frequency ~60 Hz (Fig. 2H; compare
before and after the transection). However, LFPs obtained from
the transected side showed waves without phasic activity (Fig.
2B), as is evident in the loss of a peak in the power spectrum
after the transection (Fig. 2H; compare before and after the
transection). The LFP activity on the transected side resembles
5-HT-induced activity obtained from DTAM of brains in
which DTAM and n.IX-X are bilaterally transected (Zornik et
al. 2010). The results indicate that in the absence of the
unilateral projections between DTAM and n.IX-X, the premo-
tor activity in DTAM associated with fictive fast trills loses its
phasic component and fails to drive the laryngeal motoneurons
on the ipsilateral side, even though an indirect path from
DTAM to ipsilateral n.IX-X (from DTAM to contralateral
DTAM, contralateral n.IX-X to ipsilateral n.IX-X) is available.
The laryngeal motoneurons on the transected side, instead, are
likely driven by the fast trill CPG on the contralateral (intact)
side. The fast trill inputs from the contralateral side to the
transected side, however, appear insufficient to make up for the
loss of excitatory drive from ipsilateral DTAM, which is
known to provide direct, monosynaptic, glutamatergic inputs to
the motoneurons (Zornik 2007). Based on these results, we
conclude that the CPGs for fast and slow trills rely on anatom-
ically distinct neuronal elements: the slow trill rhythm gener-
ator operates without the rostrocaudal projections between
DTAM and n.IX-X, whereas the fast trill rhythm generator
critically relies on these projections.

Are Commissural Interneurons Important for Rhythm
Generation?

Many CPGs rely on a half-center oscillator that consists of
two neurons (or two groups of neurons) that are reciprocally
coupled to each other by inhibitory synapses (Moult et al.
2013; Sakurai et al. 2014; Satterlie 1985). Although the con-
stituent neurons of the half-center oscillator are not rhythmo-
genic themselves, the reciprocal coupling together with the
cellular mechanisms (such as escape from inhibition by acti-
vating hyperpolarization-activated cationic current or release
of inhibition due to synaptic depression) endows the neurons
with the ability to fire rhythmically at a variety of phases,

including anti-phase and in-phase, depending on the synaptic
rise time (Van Vreeswijk et al. 1994; Wang and Rinzel 1992,
1993). Here, we examined whether anterior and/or posterior
commissural interneurons in the Xenopus brain stem are a part
of the reciprocal inhibitory network and constitute the core of
the fast and/or slow rhythm generators. To test these possibil-
ities, we transected anterior and posterior commissures in the
sagittal plane (Fig. 3A) and examined the fictive advertisement
calls generated by the transected brains in response to 5-HT
application. If the commissures are a part of the half-center
oscillator, then the transection of the anterior and/or posterior
commissures should eliminate rhythmic activity.

When both anterior and posterior commissures of brains that
generate fictive advertisement calls (Fig. 3B) were transected
(Fig. 3A), fictive advertisement calls were still elicited in
response to 5-HT (Fig. 3, D and H; n = 3). However, the fictive
calls recorded from the right and left nerves became asynchro-
nous after transection (Fig. 3, D and E). In intact brains, fictive
fast and slow trills are initiated simultaneously (Fig. 3B), and
the CAPs are synchronous, both during fictive fast and slow
trills (Fig. 3C). Accordingly, the mean absolute peak lag time
(see MATERIALS AND METHODS) between the CAPs recorded from
the two laryngeal nerves of the intact brains was very small:
0.20 = 0.03 and 0.27 = 0.05 ms for fictive fast and slow trills,
respectively (Fig. 3F). In the double-transected brains, in
contrast, the onset and offset of the fictive fast and slow trills
were not synchronous (Fig. 3D compared with B, but see
below), with fictive calls and trills sometimes recorded only
from one nerve and not from the other (Fig. 3D, the first fictive
advertisement call recorded on the right but not on the left
nerve; Fig. 3H, the first two calls contained fictive slow trills
only on the left nerve, and the last call contained fictive slow
trills only on the right nerve). Furthermore, the CAPs, recorded
from the two nerves during fictive fast and slow trills, were
entirely asynchronous; the number of CAPs produced in a
given amount of time was not the same between the two
nerves, and the delay between the CAPs recorded from the two
nerves varied greatly from one instance to another (Fig. 3E).
As a consequence, there was no obvious peak in the cross-
correlation between the two nerve CAPs (Fig. 3F; note that
there should be a peak in the cross-correlation if the activity of
one nerve lags behind that of the other nerve with a consistent
delay), and the maximum cross-correlation coefficient was
reduced from 0.94 and 0.85 for the fast and slow trills of intact
brains to 0.18 and 0.10 for the fast and slow trills of transected
brains, respectively. Due to the absence of a clear peak in the
CAP cross-correlation, we were not able to obtain a mean

Fig. 3. Effects of sagittal transection of both anterior and posterior commissures on fictive vocalizations. A: diagram of the vocal pathways showing transections
in red lines with scissors, transected projections in dotted arrows, and intact projections in solid arrows. B: example of the bilateral DTAM LFP recordings (fop
and bottom) and laryngeal nerve recordings (middle 2) obtained during fictive advertisement calls before transection. Green and blue frames indicate fast and
slow trills, respectively, for all figures. Rectangle shows transition from slow trills to fast trills. Brackets with C are enlarged in C. C: enlarged sections of brackets
labeled in B. Left (blue) and right (red) nerve recordings are shown during fast and slow trills with the overlay of nerve activities at the bortom. D: example of
the bilateral DTAM LFP and laryngeal nerve recordings obtained from a brain in which both anterior and posterior commissures are sagitally transected. Bracket
with arrow points to a fictive advertisement call produced only by the right nerve. Brackets with E are enlarged in E. E: enlarged sections from small brackets
labeled in D. F: example of cross-correlation between left and right nerve recordings for fast and slow trills before (intact) and after (post-transection) transection.
There is no obvious peak in correlation coefficient after the transection, indicating the asynchronous nature of the 2 nerve activities. G: mean fast and slow trill
rates before and after transection from 3 brains. Because asynchronous fictive calls were recorded from the right and left nerve, the trill rates from the 2 sides
were analyzed as independent rhythms after transection. Points connected by a line indicate mean fast and slow rate of 1 animal. Pairs of dotted green and blue
lines indicate the range of fast and slow trill rates, respectively, obtained from intact brains. *P < 0.05, significant difference. H: example of fictive advertisement
calls recorded from the right and left laryngeal nerves from brains with both anterior and posterior commissures sagitally transected. Note that the left and right
calls are largely overlapping, but slow trills are sometimes missing on 1 nerve (arrows).
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Fig. 4. Effects of sagitally transecting anterior commissure alone on fictive advertisement calls. A: diagram of the vocal pathways showing the transection in red
line with scissors, transected projections in dotted arrows, and intact projections in solid arrows. B: example of the bilateral DTAM LFP (fop and bottom) and
laryngeal nerve recordings (middle 2) obtained during a fictive advertisement call from a brain after anterior commissure sagittal transection. Green and blue
frames indicate fast and slow trills, respectively. Brackets with D are enlarged in D. C: mean fast and slow trill rates before and after transection from 6 brains.
Points connected by a line indicate mean fast and slow rate of 1 animal. Pairs of dotted green and blue lines indicate the range of fast and slow trill rates,
respectively, obtained from intact brains. D: enlarged sections of brackets labeled in B. Left (blue) and right (red) nerve recordings are shown during fast and
slow trills with the overlay of the 2 nerve activity at the botrom. E: example of cross-correlation between the left and right nerve recordings for fast and slow
trills before and after transection. F: absolute peak lag time before and after transection, plotted for each animal as in C.

absolute peak lag time from these transected brains. These
results are consistent with the idea that the commissures are not
necessary for rhythm generation but that they function to
synchronize the motor outputs from the two nerves.

Next, to examine the capability of rhythm generation of the
fast and slow trill CPGs in the left and right brain stem in
isolation, we analyzed the rates of the fictive fast and slow trills
produced by double-transected brains. Since the two sides of
the brain produce independent vocal motor programs, we
analyzed the fictive fast and slow trill rates recorded from each
nerve separately. The results showed that after double transec-

tion, fictive fast trill rates recorded from the two nerves
decreased (Z = —2.201, P = 0.028), whereas fictive slow trill
rates remain unchanged (Z = —0.405, P = 0.686; Fig. 3G).
Although the decrease of the fast trill rates was statistically
significant, fictive fast trill rates after transection remained
within the normal range of fast trills generated by intact brains
(Fig. 3G). Thus CPGs, contained in the right and left halves of
the brain stem, are capable of generating basic fast and slow
trill rhythms.

To explore the function of the isolated hemibrain stem
further, we examined premotor activity obtained from the
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Fig. 5. Effects of sagitally transecting the posterior commissure alone on fictive advertisement calls. A: diagram of the vocal pathways showing the transection
in red line with scissors, transected projections in dotted arrows, and intact projections in solid arrows. B: example of the bilateral DTAM LFP (top and bottom)
and laryngeal nerve recordings (middle 2) obtained during fictive advertisement call after posterior commissure sagittal transection. Green and blue frames
indicate fast and slow trills, respectively, for all figures. Brackets with D are enlarged in D. C: mean fast and slow trill rates before and after transection from
6 brains. Each pair of points indicates mean rate before and after transection in 1 animal. Pairs of dotted green and blue lines indicate the range of fast and slow
trill rates obtained from intact brains. D: enlarged sections of brackets labeled in B. Left (blue) and right (red) nerve recordings are shown during fast and slow
trills with the overlay of the nerve activities at the bottom. E: example of cross-correlation between the left and right nerve recordings for fast and slow trills
before and after transection. F: absolute peak lag time before and after the transection, plotted for each animal as in C. *P < 0.05, significant differences.
G: example of the left and right nerve recordings during a fictive fast and slow trill. In this recording, left and right CAPs are largely asynchronous only during
the slow trill.
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DTAMs of double-transected brains. These recordings showed
activity-containing waves and phasic activity, as in intact
brains, but the activity accompanied the fictive fast trill re-
corded from the ipsilateral, not from the contralateral, nerve
(Fig. 3D), confirming that each side of the brain stem generates
its own fictive fast trill thythms independently. Thus DTAM is
capable of generating normal premotor activity in the absence
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of the two commissures. Together, these results suggest the
following: /) that the left and right brain stem contains auton-
omous CPGs for fast and slow trills that can generate basic
vocal rhythms even when they are surgically isolated from
their contralateral counterparts and 2) that the commissures
function to synchronize bilaterally the activity of the CPGs on
the two sides of the brain stem.
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Which Commissures Are Important for Bilateral
Coordination?

We next examined which of the commissures play a role in
synchronizing the two separate CPGs on each side of the brain
stem. To this end, we first transected the anterior commissure
alone (Fig. 4A). These transected brains readily produced
fictive fast and slow trills (Fig. 4B; n = 6), and both trill rates
did not change significantly after transection (Z = —0.314,
—1.572, P = 0.753, 0.116 for fictive fast and slow trills,
respectively; Fig. 4C). In addition, the CAPs recorded from the
two nerves appeared synchronous (Fig. 4, D and E), and
accordingly, the absolute peak lag time showed little change
for fictive fast and slow trills (Z = —0.943, —0.943, P =
0.345, 0.345 for fictive fast and slow trills, respectively; Fig.
4F). Thus the anterior commissure by itself is not necessary for
synchronizing the timing of CAPs generated by the right and
left CPGs. Instead, the projections remaining in the brain stem
(see Fig. 4A) can synchronize the timing of fast and slow trill
CAPs generated by the two sides of the brain stem.

When the posterior commissure was transected alone (Fig.
5A), fictive fast and slow trills were readily produced in
response to 5-HT (Fig. 5B; n = 5), and fictive fast and slow trill
rates did not change significantly after transection (Z =
—1.352, —0.674, P = 0.176, 0.5 for fictive fast and slow trills,
respectively; Fig. 5C). The timing of CAPs recorded from the
right and left sides, however, became less synchronous after
transection during both fictive fast and slow trills (Fig. 5, D and
E). The absolute peak lag time between the right and left CAPs
increased, on average (£SE), by 1.27 = 0.36 and 2.01 = 0.72
ms during fictive fast and slow trills, respectively, and these
increases were significant (Z = —2.201, —2.023, P = 0.028,
0.043 for fictive fast and slow trills, respectively; Fig. 5F).
These results suggest that the posterior commissure plays a role
in coupling the CPGs contained in the left and right brain stem.
Some or all of the projection neurons that were eliminated in
these brains (see Fig. 5A) contribute to bilaterally synchroniz-
ing the CAPs, and the remaining projections (see Fig. 5A) are
not sufficient to compensate for the loss.

Although the majority of the fictive slow trills recorded from
the brains with transected posterior commissures consists of
CAPs with a consistent delay between the two nerves, as
described above (Fig. 5D), some fictive slow trills recorded
from the right and left nerves of the transected brains appeared

asynchronous. An example in Fig. 5G shows fictive slow trills
recorded from the right and left nerves of a brain with the
posterior commissure transected. The fictive slow trill recorded
from the two nerves contained different numbers of CAPs (16
CAPs on the left nerve; 14 CAPs on the right nerve) that were
repeated at rates that differ between the two nerves. This
asynchrony between the two nerves was never observed during
fictive fast trills, indicating that the posterior commissure plays
a more important role for the bilateral synchronization of the
slow trill CPG than that of the fast trill CPG. Taken together,
neither of the single transections completely and consistently
decoupled the CPGs on the two halves of the brain stem,
indicating that the two commissures play complementary roles
in bilaterally synchronizing the CPGs.

Do Descending Projections from Extended Amygdala to
DTAM Initiate Fast Trills from the Two Sides of the Brain
Stem Synchronously?

In X. laevis, the bed nucleus of the stria terminalis (BNST)
has been shown to be involved in male vocalizations. BNST
is known to project to the rostral raphe nucleus (Moreno et
al. 2012), which expresses 5-HT,. receptors that mediate
initiation of fictive advertisement calls (Yu and Yamaguchi
2010). Electrical stimulation of the BNST in vitro elicits
fictive advertisement calls, and the lesioning of BNST in
vivo reduces the calling behavior (Hall et al. 2013). Previ-
ously, however, we showed that a brain stem isolated from
the descending inputs by transversely transecting at the level
of the rostral optic tectum can still produce fictive adver-
tisement calls in response to 5-HT (Rhodes et al. 2007),
suggesting that extended amygdala is not necessary for the
initiation of the advertisement calls. To resolve this para-
dox, we explored the mechanisms underlying initiation of
fictive fast trills.

Analyses of the fictive advertisement calls produced by the
brains with sagittal transections of anterior and posterior com-
missures provided evidence that descending projections from
the extended amygdala to DTAM may play a role in initiating
advertisement calls from the two sides of the brain stem
simultaneously. In these double-transected brains, fictive calls
were sometimes recorded only from one side and not from the
other (Fig. 3D; the first call only recorded from the right
nerve). However, the majority of the calls (93.8%) was initi-

Fig. 6. Effects of simultaneously eliminating the anterior commissure and the projection between the EA and DTAM on fast trill initiation. A: diagram of the
vocal pathways showing the transection in red line with scissors, transected projections in dotted arrows, and intact projections in solid arrows. B: example of
the bilateral DTAM LFP (top and bottom) and nerve recordings (middle 2) obtained from double-transected brains. Dark and light green frames indicate the side
with the larger and smaller amplitude fast trill CAPs, respectively. Blue frames indicate slow trills. During fast trill 1 and 3, CAPs are larger on the right nerve
than the left nerve, and during fast trill 2 and 4, CAPs are larger on the left nerve than the right nerve. Arrows indicate the unilateral absence of the DTAM
activity. Brackets with D and E are enlarged in D and E. C: mean fast and slow trill rates before and after transection. Each pair of points indicates mean trill
rates for 1 animal. Pairs of dotted green and blue lines indicate the range of fast and slow trill rates, respectively, obtained from intact brains. D and E: enlarged
views of the brackets labeled in B. DI and EI: example of cross-correlation between the left and right nerve shown in D and E. Here, the cross-correlation
coefficient was calculated by a sliding recording of a single CAP obtained from 1 nerve against the other nerve (as opposed to using nerve recordings of whole
fast trills, as done in previous figures). Peak cross-correlation coefficient at negative or positive lag time indicates left nerve leading right or right nerve leading
left, respectively. F: example of the bilateral DTAM LFP (fop and bottom) and laryngeal nerve recordings (middle 2) during which both left and right DTAM
becomes active. Dark and light green frames indicate the side with larger and smaller amplitude fast trill CAPs, respectively, as in B. Blue frame indicates a slow
trill. Bracket with G is enlarged in G. G: enlarged view of the bracket labeled in F. Left (blue) and right (red) nerve recordings are shown with the overlay of
the nerve activities at the bottom. Blue and red straight lines under the traces indicate the time during which left and right DTAM is active, respectively. GI:
example of cross-correlation between the left and right nerve. Note that the peak cross-correlation coefficients are distributed between positive and negative lag
times, indicating that CAPs recorded from 1 nerve do not consistently lead those recorded from the other nerve. H: example of bilateral nerve recordings obtained
from double-transected brains that include slow trills. Bracket with I is enlarged in /. I: enlarged view of the bracket labeled in H. /1: example of cross-correlation
between the left and right nerves during slow trills. Note that peak cross-correlation coefficients are centered at 0, indicating that the CAPs recorded from the
2 nerves are synchronous.
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188 BASIC ARCHITECTURE OF VOCAL CPG IN XENOPUS LAEVIS

ated from both sides within a relatively short time window;
after a fictive fast trill is initiated by one side of the brain, the
other side initiated the fictive fast trills within 7.0-316.4 ms in
double-transected brains (average delay = 95.0 ms). Thus most
calls recorded from the right and left nerves showed extensive
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by both sides of the brain stem near synchronously in response
to 5-HT.

In another experiment, we fortuitously discovered that there
are redundant mechanisms within the central vocal pathways of
X. laevis to initiate synchronous fast trills from the left and
right sides. In four brains, sagittal transection was made to
sever the anterior commissure, and bilateral transverse transec-
tion was made at the level of rostral optic tectum to remove
descending inputs from the external amygdala to DTAMs. Out
of four double-transected brains, only two produced full fictive
advertisement calls, including both fast and slow trills, and the
remaining two produced calls that include only fast trills. Thus
we focused on the initiation of fast trills using all four brains.
In these double-transected brains, fictive fast trills were initi-
ated from both nerves near simultaneously (see Fig. 6B).
However, the amplitude and timing of the CAPs recorded from
the two nerves were abnormal. In these brains, fictive fast trill
CAPs recorded from one nerve had a significantly larger
amplitude than those of their contralateral counterpart. Which
nerve had a larger CAP amplitude was not consistent and often
alternated. For example, in Fig. 6B, the CAP amplitude of the
right nerve is larger than that of the left nerve during the first
and third fictive fast trills and smaller during the second and
fourth fictive fast trills (see Fig. 6B). Furthermore, when the
timing of fictive fast trill CAPs recorded from the right and left
nerves was examined, the side with the larger CAPs always
preceded the side with the smaller CAP (Fig. 6, D, D1, E, and
E1T). These results suggest that premotor activity of the fictive
fast trills is generated only by one side (right or left) of the
brain stem in these double-transected brains and projects to the
silent side to drive the motoneurons. To explore this possibil-
ity, we examined premotor activity in DTAM directly.

Strikingly, the LFP wave and phasic activity in DTAM were
only observed when the ipsilateral nerve produced large-am-
plitude CAPs (Fig. 68B). DTAM was silent on the side produc-
ing the delayed, small-amplitude CAPs (Fig. 6B). This
observation suggests that in these double-transected brains,
fictive fast trills are initiated and generated entirely by
DTAM on one side (left or right) of the brain stem, whereas
the other side remains silent.

Moreover, we found that activity in the two DTAMs could
overlap in time. For example, in Fig. 6F, right DTAM becomes
active first and generates fictive fast trills with a large CAP
amplitude that precedes the small CAPs recorded from the left
nerve (Fig. 6, F and G). Approximately 800 ms later, the left
DTAM becomes active, and the right DTAM continues to be
active. This simultaneous activity of right and left DTAM
results in CAPs from both nerves with variable amplitude and
delay (Fig. 6, G and GI). After ~200 ms of simultaneous

DTAM activity, right DTAM becomes silent, and left DTAM
continues its activity for another ~200 ms by itself while larger
amplitude CAPs with a slight lead relative to the right CAPs
are recorded from the left nerve (Fig. 6G). This observation
suggests that in these double-transected brains, the fictive fast
trill is initiated by each side independently without any tem-
poral coordination between the two sides. Thus in these dou-
ble-transected brains, we were able to initiate fast trills from
either side of the brain stem independently.

Interestingly, in these transected brains, we observed that
fictive slow trills were initiated simultaneously (Fig. 6H) and
that CAPs recorded from the two nerves were synchronous
(Fig. 6, I and I1). These results indicate that even though the
fictive fast trills are initiated autonomously by each side of the
brain stem in these double-transected brains, initiation and
generation of fictive slow trills are unaffected, suggesting that
the mechanisms of trill initiation differ between the fast and
slow trill CPGs.

The results obtained from the double-transected brains are in
stark contrast to results obtained from the brains with either
one of the transections alone. In brains in which the projection
from extended amygdala to DTAM is transected (Fig. 7C; n =
6), fictive vocalizations are readily elicited in response to 5-HT
(Fig. 7D), as we have described previously (Rhodes et al.
2007), and the premotor activity is also initiated simultane-
ously by the left and right DTAM (see Fig. 7E), as in the case
of intact brains (see Fig. 7B). This premotor activity in intact
and transected brains resulted in the simultaneous onset of fast
trill CAPs from the two nerves (see Fig. 7, B and E). When the
anterior commissure was transected, we found that the onset of
premotor activity that accompanies fictive fast trills (Fig. 7, G,
I, and K) was variable. Premotor activity of the two DTAMs
was sometimes initiated simultaneously (see Fig. 7H), but at
other times, the activity in one DTAM preceded the activity in
the contralateral DTAM (see Fig. 7, J and L) by as long as 500
ms (e.g., Fig. 7J). Asynchronous initiation of DTAM activity is
unlikely to be due to the positioning of the extracellular
electrode, because these distinct patterns of DTAM activity
(such as Fig. 7, H, J, and L) were observed in many consecu-
tive calls when the electrodes were stationary. Despite the
variability in the initiation of DTAM activity in these tran-
sected brains, the first CAP of the fictive fast trill appears to be
generated from both nerves simultaneously (see Fig. 7, H, J,
and L), presumably because the laryngeal motoneurons of the
silent side are driven by the premotor signal from the contralat-
eral active side. Taken together, the loss of one of the two
projections does not cause unilateral fictive fast trill initiation,
even though the transection of anterior commissure alone
sometimes introduced the delay in the initiation of DTAM

Fig. 7. Effects of transecting the projection between EA and DTAM alone or the anterior commissure alone on the initiation of DTAM premotor activity and
fast trills. A: example of the bilateral DTAM LFP (top and bottom) and nerve recordings (middle 2) obtained from an intact brain. Green and blue frames indicate
fast and slow trills, respectively, for all figures. Bracket with B is enlarged in B. B: enlarged view of the bracket labeled in A. The first premotor activity recor-
ded from left and right DTAM is labeled with the large arrows (top and bottom), and the first fast trill CAPs recorded from the left and right nerves are labeled
with a small, double-headed arrow (middle 2). Note that both DTAM activity and CAPs are initiated simultaneously from the left and right. C and F: diagrams
showing transection sites in red lines with scissors, transected projections in dotted arrows, and intact projections in solid arrows. D, G, I, and K: examples of
the bilateral DTAM LFPs (tops and bottoms) and nerve recordings (middle 2 of each) obtained after transection to eliminate the projections between EA and
DTAM (D) or anterior commissure (G, I, and K). Brackets with E, H, J, and L are enlarged in E, H, J, and L, respectively. E, H, J, and L: enlarged view of the
brackets labeled in D, G, I, and K, respectively. The first premotor activity recorded from left and right DTAMs is labeled with large arrows (fop and bottom),
and the first fast trill CAPs recorded from the left and right nerves are labeled with small, double-headed arrows (middle 2 of each), as in B. Note that DTAM
premotor activity starts simultaneously in £ and H but not in J and L. The first fast trill CAPs, in contrast, are always recorded simultaneously from the 2 nerves

in these transected brains.
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190 BASIC ARCHITECTURE OF VOCAL CPG IN XENOPUS LAEVIS

activity. Thus we suggest that these two projections play
redundant roles in initiating fast trills from the two sides
simultaneously, and removal of both of the projections is
required to decouple fast trill initiation from the two sides.

DISCUSSION

Our results reveal the basic architecture of the vocal CPG
that regulates call rhythm generation, coordination, and initia-
tion. Based on these results, we propose a model of the vocal
pattern generator in male X. laevis, as discussed below (Fig. 8).

CPGs for Fast and Slow Trills

In this study, we first examined if neural elements that make
up the fast and slow CPGs are distinct. A male X. laevis is
known to change the duration of the fast and slow trills
depending on its state of arousal; when a male detects a
sexually receptive females, the duration of the fast trill is
elongated, whereas the duration of slow trills is shortened. It is
conceivable that the neural circuitry that generates the two trill
types contains anatomically distinct populations of neurons and
is regulated independently.

In a variety of animals, the generation of different patterns of
motor behaviors using the same muscles is accomplished
within the central nervous system in a number of different
ways (such as biting and chewing). First, related motor patterns
can be generated by anatomically distinct networks dedicated
to each motor program (Huang and Satterlie 1990; Satterlie
2013). Second, they can be generated by networks that are
reorganized to be multifunctional (Berkowitz 2010; Dickinson
et al. 1990; Hooper and Moulins 1989, 1990; Li 2015;
Meyrand et al. 1991, 1994; Popescu and Frost 2002; Weimann

and Marder 1994). A third strategy involves the combination of
the two (Berkowitz 2010; Briggman and Kristan 2006). Our
results indicate that the circuits for fast trill generators include
a population of neurons in DTAM that are distinct from those
involved in slow trill generation, although the two circuits may
share neurons in the n.IX-X. When the projections between
n.IX-X and DTAM are unilaterally transected in male X.
laevis, fast trill premotor activity recorded from DTAM be-
came abnormal, and the fast trill (CAPs) recorded from the
transected side consistently lagged behind those recorded from
the intact side, whereas the slow trill CAPs remained intact.
These results are consistent with the idea that the transection
destroyed the core element of the fast trill rhythm generator on
the transected side, whereas the fast trill generator on the intact
side and the slow trill generators on both sides remained intact.
Thus we suggest that the fast trill CPG (see Fig. 8A) includes
a dedicated population of neurons (projection neurons that span
n.IX-X and DTAM,; Fig. 8A4) along with neurons in n.IX-X,
whereas the slow trill CPG consists of neurons in the n.IX-X
(see Fig. 84). Whether neurons in n.IX-X are shared by the two
circuits is yet to be determined, but these are shown as separate
populations in Fig. 8A for simplicity.

Phylogenetically, males of the majority of the species in the
genus Xenopus produce a series of sound pulses at rates similar
to the fast trills of X. laevis, whereas others produce sound
pulses at a rate similar to or slower than the slow trills (Evans
et al. 2015; Leininger et al. 2015; Tobias et al. 2011). It will be
of interest to examine if all of the species that generate fast
trill-like calls use mechanisms that involve both nuclei,
whereas the slow trill-like calls are generated entirely by
n.IX-X. Recent studies suggest that at least in two species of
Xenopus that generate fast trill-like calls, DTAM premotor

A B c ]
Q& O
DTAM ek DTAM DTAM DTAM @ @
%k sk DTAMbTAM
N DTAM \_ >/ DTAM
> /\/ @Mcn.lx-
Tl A M AA A
o4 / Y VY v v
K Qn.l -XcDTA \
R / n.|<>%-5<cDTAM J
E( /\/ < Q <5IX-Xn.|x-x >
LIXX Nn.IX-Xn.1x-x I €< LIXX

rhythm generation sk activated by 5-HT
oscillator coupling == related to fast trills
rhythm initiation = related to slow trills
initiation coupling

SIAN

\_ NIX-X /

Fig. 8. Model of the vocal central pattern generators (CPGs) in male X. laevis. A: functional model of the central vocal pathways of male X. laevis. Green ovals
and blue circles containing sinusoidal waveform indicate CPGs for fast and slow trills, respectively. B: four different types of anatomically identified projection
neurons in the central vocal pathways of X. laevis. Axons of these neurons are contained in anterior or posterior commissures. C: blue arrows indicate

hypothesized redundant mechanisms of vocal initiation by serotonin (5-HT).
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activity similar to that recorded in X. laevis is obtained (C. L.
Barkan, E. Zornik, and D. B. Kelley, personal communication),
supporting at least a part of this hypothesis. Additionally, we
previously found that administration of androgen to adult
females masculinizes them to produce male-like advertisement
calls (Potter et al. 2005). As the vocalizations masculinize, it is
possible that new projections between DTAM and n.IX-X are
formed to construct the fast trill CPG de novo.

Fast and Slow Trill CPGs Are Contained in the Two Lateral
Hemispheres of the Brain Stem

A half-center hypothesis to explain mechanisms underlying
rhythmic motor programs was originally proposed by Brown
(1911, 1914) and has been examined both experimentally and
computationally in a variety of species to date. Here, we asked
whether the anterior and posterior commissures in the brain
stem of X. laevis were components of a half-center oscillator
and are necessary for the production of fast and slow trill
rhythms. Transection of either one or both commissures did not
result in the loss of fictive fast and slow trill rhythms, except
for a slight decrease in the fictive fast trill rate, indicating that
the commissures are not part of the half-center oscillators and
that the basic components of the fast and slow trill rhythm
generators are contained in the two lateral halves of the brain
stem. Although the sound-pulse rates were largely unaffected,
the vocalizations produced by the isolated hemibrain stems
were no longer bilaterally synchronized in brains in which both
commissures were transected, indicating that the commissures
function to synchronize the fast and slow trill generators on
each side. Similar results were obtained in the Northern leop-
ard frog; a complete sagittal bisection of the brain stem in vitro
did not abolish fictive vocalizations elicited in response to
electrical stimulation delivered to the anterior optic area
(Schmidt 1992). In locomotor CPGs, surgical separation of the
two sides of the spinal cord or pharmacological blockade of
inhibitory synapses (including reciprocal inhibition) failed to
abolish unilateral rhythmic activity underlying locomotor pro-
grams in lampreys, tadpoles, and mice (Cangiano and Grillner
2003; Cangiano et al. 2012; Cohen and Harris-Warrick 1984;
Cowley and Schmidt 1995; Hinckley et al. 2005; Kwan et al.
2009; Li et al. 2010), suggesting that the commissures in the
spinal cord of these species are not necessary components of
the rhythm-generating mechanisms. In contrast, locomotor
CPGs of invertebrates have been shown to rely on half-center
oscillators for rhythm generation (Sakurai et al. 2014; Satterlie
1985). Although these results seem to indicate that half-center
oscillators play more dominant roles in invertebrates than in
vertebrates, a recent study of a swimming CPG in Xenopus
tadpoles showed that pharmacological blockade of reciprocal
inhibition results in homeostatic change within the network
that reinstates the rhythmic activity after tens of minutes
(Moult et al. 2013). It is not clear how prevalent such homeo-
static recovery is among different neural circuits, but it is
possible that fictive fast and slow trill rhythms observed after
>60 min of transection in this study may be due to de novo
modification of the neural circuits to regain function, as in
swimming circuits of Xenopus tadpoles. Future research that
involves selective and fast inactivation of the commissural
interneurons will be required to answer this question. At
present, however, we tentatively conclude that there are fast

and slow trill CPGs in each side of the brain stem (Fig. 8A) that
are coupled to each other via commissures.

Bilateral Coordination of the Two CPGs on the Two Lateral
Halves of the Brain Stem

Which projection neurons synchronize the fast and slow trill
rhythms generated by the two CPGs in each half of the brain
stem? We found that transection of the anterior commissure
alone, the posterior commissure alone, and both commissures
resulted in no delay (Fig. 4), some delay (Fig. 5), and no
coordination (Fig. 3) between the left and right CAPs, respec-
tively. In addition, the loss of the posterior commissure some-
times resulted in asynchronous fictive slow trills from the two
sides of the brain stem, whereas fictive fast trills never became
asynchronous (Fig. 5G). These results suggest that although the
two commissures play a compensatory role in synchronizing
the two CPGs on both sides of the brain stem, the posterior
commissure likely plays a more dominant role than the anterior
commissure in coupling the two CPGs.

A previous anatomical study identified four types of com-
missural interneurons contained in the anterior and posterior
commissures of the brain stem of X. laevis. The anterior
commissure includes axons of DTAM neurons that project to
the contralateral DTAM (DTAM_pranm: Fig. 8B) and of neu-
rons that decussate first to the contralateral DTAM and project
to the contralateral n.IX-X (DTAM,, x.x; Fig. 8B). The pos-
terior commissure includes axons of n.IX-X neurons that
project to the contralateral n.IX-X (n.IX-X_, ;x.x; Fig. 8B) and
the neurons that decussate to the contralateral n.IX-X and
project to contralateral DTAM (n.IX-X_pranm; Fig. 8B) (Zornik
and Kelley 2007). Because the slow trill CPGs are likely con-
tained in n.IX-X (Fig. 8A), we propose that projection neurons
that terminate in n.IX-X (n.IX-X, x x and DTAM_, x_x) couple
the two slow trill CPGs (see Fig. 8A). Fast trill CPGs that span
n.IX-X and DTAM, in contrast, are proposed to be coupled by a
population of neurons that terminate in DTAM (n.IX-X.pram
and DTAM_ppanm; Fig. 8A). Furthermore, we suggest that
based on the degree of deterioration of bilateral synchrony
observed upon transections, the coupling efficiency differs
among these commissural interneurons. The n.IX-X_ x x and
n.IX-X pram axons contained in the posterior commissure
likely couple the rhythms generated by the fast and slow CPGs
with maximum efficiency, because transection of these axons
resulted in significant delay or desynchronization between the
two halves of the fast and slow trill CPGs (Fig. 84; coupling
efficiency). DTAMppan and DTAM,,, 1x_x axons contained in
the anterior commissure couple the fictive fast trill and slow
trill rhythms with minimum efficiency, because the loss of
the anterior commissure has little impact on the synchro-
nous activity of the two nerves during the fictive fast and
slow trills (Fig. 8A). In this model, the commissural in-
terneurons that couple the CPGs on the two sides synchro-
nize the timing of the two oscillators by eliciting spikes
from laryngeal motoneurons from the right and left brain
stem near simultaneously. The loss of these commissural
interneurons will result in either a delay between the
rhythms generated by the two oscillators (Fig. 5, E and F) or
autonomous operation of each oscillator (Fig. 5G).
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Mechanisms for Fast and Slow Trill Initiation and Its
Bilateral Synchronization

In the present study, transections of the projections between
extended amygdala and DTAM, along with the anterior com-
missure, revealed mechanisms underlying fast and slow trill
initiation that appear to be distinct.

Slow trill initiation. Previously, we have shown that bilateral
transection between n.IX-X and DTAM eliminates fictive ad-
vertisement calls entirely. If the projections between n.IX-X
and DTAM are only necessary for the fast trill generation, but
not for slow trill CPGs, then why could we not elicit slow trills
from any of the bilaterally transected brains? We suggest that
there is a descending projection from DTAM to n.IX-X that
initiates slow trill CPGs (see Fig. 8A); in the bilaterally tran-
sected brains, the signal to initiate the slow trill CPG is
disrupted, even though the CPG itself is intact. Interestingly, a
slow trill almost always follows a fast trill and is almost never
produced in isolation both in vivo and in vitro. Thus it is
possible that the completion of the fast trill may generate a
signal that descends from DTAM to n.IX-X to initiate slow
trills. Regardless, we suggest that unilateral input from DTAM
to n.IX-X is sufficient to initiate slow trills, as we have
observed in unilaterally transected brains (Fig. 2B), and the
initiation of slow trills is bilaterally synchronized via anterior
and posterior commissures (see Fig. 84). Accordingly, any
transection in this study that left one of the two commissures
intact (unilateral DTAM to n.IX-X transverse transection, an-
terior commissure sagittal transection, posterior commissure
sagittal transection, descending transverse input together with
anterior commissure sagittal transection) resulted in synchro-
nized initiation of fictive slow trills (Figs. 2B, 4B, 5B, and 6, B,
F, and H), whereas the transection that eliminated both anterior
and posterior commissure resulted in the autonomous initiation
of fictive slow trills (Fig. 3, D and E).

Fast trill initiation. In brains in which both anterior and
posterior commissures were transected, fictive fast trills from
the two isolated sides of the brain stems were initiated, on
average, within 100 ms of each other. The bath application
technique used to apply 5-HT in the present study does not
necessarily activate the two DTAM simultaneously, because
the patterns of activation and desensitization of a population of
receptors expressed by the two DTAMs are different, based on
the geometric spread of the 5-HT solution through the record-
ing chamber, or a population of neurons downstream of the
5-HT signaling has a different threshold for activation. Thus
our results suggest the presence of a bilaterally synchronized
descending signal from extended amygdala that initiates fictive
fast trills from the two sides of the brain stem within a short
time window (Fig. 3E).

It was puzzling, however, that our previous study showed
that the elimination of the descending projections from ex-
tended amygdala to DTAM had no effect on the initiation of
the fictive fast trills in response to 5-HT (see Fig. 7, D and E,
for example), whereas in this study, we could decouple the
initiation of fast trills from the two sides of the brain stem by
transecting both the descending inputs to the brain stem and the
anterior commissure. To explain these observations, we pro-
pose that exogenous 5-HT initiates fictive fast trills in two
complementary ways. One way is to activate the extended
amygdala, which sends bilateral-descending signals to left and

right DTAM simultaneously, resulting in near-synchronous
activation of the fast trill CPG from the two sides (see Fig. 8C).
The other way is to activate a population of neurons in DTAM
unilaterally, which then projects to contralateral DTAM via the
anterior commissures and results in simultaneous initiation of
the fast trills from the two sides (see Fig. 8C). In the latter
scenario, we speculate that each DTAM is activated by 5-HT
independently. Under this scenario, unilateral activation of
DTAM in brains without descending inputs (with intact ante-
rior commissures) can still initiate fictive advertisement calling
by both halves of the brain stem via the projection neurons
connecting the two DTAMs through the anterior commissure
(Fig. 8A). In brains with sagittal transection of anterior com-
missures (with intact descending inputs), activation of the
extended amygdala by 5-HT generates bilaterally synchronized
initiation signals that activate left and right DTAM to initiate
advertisement calls from the two sides of the brain stem
simultaneously. It is only when both of these projections are
removed that fast trills are initiated by the left and right brain
stem independently (Fig. 8A).

Of these two projection neuron populations, however, the
anterior commissure projections appear to synchronize fictive
fast trill onset more precisely than the bilateral projections
from the extended amygdala, because the initiation of DTAM
activity in the absence of anterior commissure (with or without
posterior commissure) can result in a significant delay between
the two sides (Figs. 3, D and E, and 7, J and L). Thus we
propose that the extended amygdala signals that initiate fast
trills from each side are permissive and allow fast trill initia-
tions to take place but are not instructive in providing the
timing information to initiate the fast trills.

Many episodic CPGs in vertebrates are considered to be
initiated by the basal ganglia, with its major function being to
“select” appropriate behavior at any given moment (Mink
1996; Nambu et al. 2002). Vocal CPGs of a variety of verte-
brate species are also considered to be “selected” by the basal
ganglia via periaqueductal gray (PAG) (Hikosaka 2007). The
vocal initiation mechanisms of X. laevis, however, may be
distinct from other CPGs. There has been no direct anatomical
connections demonstrated between the PAG and the vocal
nuclei nor has there been any demonstration of the involvement
of basal ganglia for vocal initiation, to date, in X. laevis.
Instead, DTAM (also known as parabrachial area) (Moreno
and Gonzales 2005; Zornik and Kelley 2011) or pretrigeminal
nucleus (Schmidt 1992) is reciprocally connected with the
CeA, a nucleus included in extended amygdala, which is also
reciprocally connected with PAG in X. laevis (Moreno and
Gonzales 2005). The BNST, another nucleus included in the
extended amygdala, directly projects to the dorsal raphe nu-
cleus (Moreno et al. 2012), which sends serotonergic projec-
tions to n.IX-X and DTAM (Rhodes et al. 2007; Yu and
Yamaguchi 2009, 2010). One study showed that the lesioning
of CeA disrupts the production of vocal responses to females,
whereas the lesioning of BNST decreases calling behavior in
vivo in male X. laevis (Hall et al. 2013). This study suggests
that CeA plays a role in eliciting vocalization in response to
socially salient stimuli, whereas the BNST plays a role in
initiating vocal activity in general. Previously, we have shown
that the increase of the extracellular concentration of endoge-
nous serotonin using a selective serotonin reuptake inhibitor
elicits fictive advertisement calls by activating 5-HT, recep-
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tors expressed in the raphe nucleus and n.IX-X (Yu and
Yamaguchi 2010). Although transverse transection at the level
of the rostral optic tectum did not allow us to identify which
descending inputs play a role in initiating fast trills, we suggest
that the BNST is a likely candidate nucleus that elicits fast trills
from the brain stem.
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