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Abstract

Central pattern generators (CPG) in the brainstem are considered to underlie vocalizations in
many vertebrate species, but the detailed mechanisms underlying how motor rhythms are
generated, coordinated, and initiated remain unclear. We addressed these issues using isolated
brain preparations 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 brainstem. Brainstem central vocal pathways consist of a premotor
nucleus (DTAM) and a laryngeal motor nucleus (n.IX-X) with extensive reciprocal connections
between the nuclei. In addition, DTAM receives 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, the 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
brainstem and that the commissures synchronize the two oscillators. Furthermore, eliminating
the inputs from extended amygdala to DTAM in addition to the anterior commissure resulted in
autonomous initiation of fictive fast, but not slow trills by each hemibrainstem, indicating that

the extended amygdala provides a bilateral signal to initiate fast trills.

New & Noteworthy
Central pattern generators (CPG) are considered to underlie vocalizations in many vertebrate

species, but the detail mechanisms underlying their functions remain unclear. We addressed this
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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 left and right half of the brainstem, and that mechanisms underlying initiation of the two vocal

phases are distinct.

Keywords
central pattern generator, vocalization, parabrachial area, hindbrain, bilateral coordination, motor

programs

Introduction

Many rhythmic motor programs including locomotion, breathing, and chewing behavior
are generated by central pattern generators (CPGs), neural circuits that can function without
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 coordinated, 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 preparations, 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 understanding of the neural

mechanisms of CPGs underlying these rhythmic behaviors.
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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., non-verbal vocal utterance such as laughter), are considered to be located within the
brainstem 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 ~60Hz and ~30Hz,
respectively (Fig 1A). These calls are produced when laryngeal motoneurons fire at 60 and
30Hz (Yamaguchi and Kelley 2000), causing contraction of a pair of laryngeal muscles at that
rate, which 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 brainstem 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) which does not include any lower motor or primary sensory neurons,
and thus are not associated with cranial nerves. Anatomical studies have shown that there are
extensive reciprocal connections among these nuclei (Fig 1B). In addition to these reciprocal
connections within the brainstem, DTAM is reciprocally connected with the central amygdala 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 (Chagnaud et al.
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2011). Application of serotonin (5-HT) to an isolated whole brain in vitro elicits fictive calls that
can be recorded via laryngeal nerves. Here, using the fictive calling preparation of male X.
laevis, we analyzed the contribution of the projections connecting distinct brainstem 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 brainstem whose timing are synchronized 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

insure bilateral synchrony in rhythm generation and subsequent call initiation.

Materials and Methods

Animals

Forty four adult male Xenopus laevis obtained from Nasco (Fort Atkinson, WI, average +
std weight =42.98 + 4.11g, length = 7.16 + 0.35cm ) 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
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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 anaesthetized with subcutaneous injection (0.3mL 1.3%) of tricaine
methanesulfonate (MS-222; Sigma), decapitated on ice, and brains were removed from the skulls
in a dish containing cold saline (in mM: 96 NaCl, 20 NaHCO3, 2 CaCl,, 2KCl, 0.5 MgCl,, 10
HEPES, and 11 glucose, pH 7.8) oxygenated with 99% O,. Brains were then brought back to the
room temperature (22°C) over the next hour, and then transferred to a recording chamber which
was superfused with oxygenated saline at 100ml per hour at room temperature.

In these isolated brains, the laryngeal nerves are cut to about 7mm in length to be used for
nerve recordings. Laryngeal nerve activity was recorded bilaterally using a suction electrode
placed over cranial nerve (N.) IX-X. Local field potential (LFP) recordings from DTAM were
obtained bilaterally using a 1 MQ tungsten electrode (FHC, Bowdoin, ME). Fictive
vocalizations were elicited by bath-application of 5-HT (Sigma) using a 1ml 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 (bottom trace) and Fig 3B (middle two
traces), for example). Prior to the application of 5-HT, superfusion of saline through the
recording chamber was suspended and 1ml of concentrated 5-HT solution (0.6mM in dH,O) was

added to the 20ml bath (30uM, final concentration). Nerve and LFP signals were amplified
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1000x using differential amplifiers (Models 1700 and 1800, respectively; A-M Systems,
Carlsborg, WA), and band-pass filtered (10Hz — 5kHz and 0.1 — 5kHz, respectively). All signals
were digitized at 10 kHz (Digidata 1440A; Molecular Devices, Sunnyvale, CA), and recorded on
a PC using Clampex software (Molecular Devices). After 5 minutes of recording in the presence
of 5-HT, superfusion was reinstated at the maximum rate (~10ml/minute) for 5 minutes to wash

out the 5-HT, then at a slower rate (~125ml/hour) for one hour between 5-HT applications.

Transection of isolated brains

After fictive advertisement calls were recorded from intact brains, transections were
made using a scalpel. Prior to transection, brains were placed on ice and brought to 4 + 2°C. For
unilateral transverse transection, a cut was made posterior to the VIIIth nerve from midline to the
lateral edge of the brain on either left or right side of the brainstem (Fig 2A). For anterior
commissure sagittal transection, a cut was made along the midline between the rostral optic
tectum and trigeminal nerve (CN V) ventral to the ventricle (Fig 4A), severing all the projections
between the two DTAMs. For posterior commissure sagittal transection a cut was made along
the midline between an area Imm rostral to the nerve IX-X and the obex ventral to the ventricle
(Fig 5A), severing all 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 the
connection 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 (Fig 3A, 6A). After the



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

transection, the brains were placed in a holding dish containing oxygenated saline (200mL) and

gradually returned to the room temperature over the next hour before 5-HT was applied again.

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. Compound
action potentials (CAPs) corresponding to laryngeal motoneuron activity were identified using
Clampfit (Molecular Devices, Sunnyvale, CA) using a threshold search function (threshold set at
3 standard deviation of background noise, minimum event duration of 0.4ms), 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, rectangle show 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 were fit with Gaussian
curves with mean of  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 pull apart a pair of arytenoid discs. Accordingly, the central vocal pathways

of intact Xenopus brains activate left and right laryngeal motoneurons nearly synchronously (see
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Fig 3C, for example). To evaluate the synchronicity of the motor activity of the left and right
side before and after the transection, cross correlation coefficients between the left and right
nerve activity were calculated while sliding one nerve recording against the other across time (+
10msec, e.g., Fig 3F). To this end, left and right nerve recordings containing ten 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 leads 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 6A), each CAP (instead of ten 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).

Satistical 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
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Are fast and slow trills generated by the same neural elements?

Are the fast and slow trill 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 Fig 3B, 7A, for example), suggesting
that fast trills but not slow trills are mediated by DTAM. To directly test this possibility, we
transected the projections between DTAM and n.IX-X (Fig 2A) and examined the fictive
advertisement calls elicited in response to 5-HT. Previously, we have shown that bilaterally
transecting the projection between the DTAM and n.IX-X transversely abolishes 5-HT-induced
fictive 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 underlying
vocal initiation or the rhythm generation. Here, we reasoned that unilaterally transecting the
projection between n.IX-X and DTAM (unilateral transverse transection, Fig 2A) may spare the
vocal initiation and provide us with an opportunity 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
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from the transected side significantly 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 recorded from the both 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
2@G), 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.

We suspected that the fast trill CPGs on the transected side 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 local field potential (LFP)
recordings obtained from the left and right DTAMs of the transected brains. As described
previously (Zornik et al. 2010), DTAM local field potential recordings 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, top and bottom traces, for example) that
peak at around 60Hz (Fig 2H left two graphs). In these transected brains, the LFP recordings
obtained from DTAM on the intact side after the transection were no different from those
obtained from intact brains, containing waves with phasic activity (Fig 2B top trace labeled as

left DTAM, intact side) with a peak frequency around 60Hz (Fig 2H, compare before (top left)
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and after (top right) the transection). However, LFPs obtained from the transected side showed
waves without phasic activity (Fig 2B bottom trace labeled as right DTAM), as evident in the
loss of a peak in the power spectrum after the transection (Fig 2H, compare before (bottom left)
and after (bottom right) the transection, black arrow). The LFP activity on the transected side
resemble 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 premotor 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 the CPGs for fast and slow trills rely on
anatomically distinct neuronal elements: the slow trill rhythm generator operates without the
rostro-caudal 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 constituent neurons of the half-center
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oscillator are not thythmogenic themselves, the reciprocal coupling together with the cellular
mechanisms (such as escape from inhibition by activating |y, 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 (Wang and Rinzel,
1992, 1993, Van Vreeswijk et al., 1994, White et al., 1998). Here, we examined whether
anterior and/or posterior commissural interneurons in Xenopus brainstem are a part of reciprocal
inhibitory network and constitute the core of the fast and/or slow rhythm generators. To test
these possibilities, 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, 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 3D, H, n=3). However, the fictive calls recorded from the right
and left nerves became asynchronous after transection (Fig 3D, 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 Methods)
between the CAPs recorded from the two laryngeal nerves of the intact brains were very small:
0.20+0.03 msec and 0.27+0.05 msec 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 was
not synchronous (Fig 3D compared to 3B, 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, labeled with a bracket and a black arrows; Fig 3H,

13



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

the first two calls contained fictive slow trills only on the left nerve, and the last call contain
fictive slow trills only on the right nerve, labeled with arrows). 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 were 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 absolute peak lag time from these transected brains. These results are consistent with the
idea that the commissures are not necessary for thythm 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 brainstem 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 transection, fictive fast trill rates recorded from
the two nerves decreased (Z=-2.201, p=0.028), while 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
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generated by intact brains (Fig 3G, dotted green lines). Thus, CPGs contained in the right and
left halves of the brainstem are capable of generating basic fast and slow trill thythms.

To explore the function of the isolated hemibrainstem further, we examined premotor
activity obtained from the DTAMSs 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 recorded from the ipsilateral, but not from the contralateral nerve (Fig 3D, top
and bottom traces), confirming that each side of the brainstem generates its own fictive fast trill
rhythms independently. Thus, DTAM is capable of generating normal premotor activity in the
absence of the two commissures. Together, these results suggest that (1) the left and right
brainstem contains autonomous CPGs for fast and slow trills that can generate basic vocal
rhythms even when they are surgically isolated from their contralateral counterparts, and (2) the
commissures function to bilaterally synchronize the activity of the CPGs on the two sides of the

brainstem.

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 brainstem. 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=10.753, 0.116 for fictive fast and slow trills, respectively, Fig 4C). In addition, the
CAPs recorded from the two nerves appeared synchronous (Fig 4D, E), and accordingly, the

absolute peak lag time showed little change for fictive fast and slow trills (Z =-0.943, -0.943, p
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=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 brainstem (solid arrows in Fig 4A)
can synchronize the timing of fast and slow trill CAPs generated by the two sides of the
brainstem.

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
5D, E). The absolute peak lag time between the right and left CAPs increased, on average
(£s.e.), by 1.27 + 0.36 and 2.01 + 0.72 msec during fictive fast and slow trills, respectively, and
these increases were significant (Fig 5F; Z =-2.201, -2.023, p = 0.028, 0.043 for fictive fast and
slow trills, respectively). These results suggest that the posterior commissure plays a role in
coupling the CPGs contained in left and right brainstem. Some or all of the projection neurons
that were eliminated in these brains (dotted arrows in Fig 5A) contribute to bilaterally
synchronizing the CAPs, and the remaining projections (solid arrows in 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 consist 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 Figure 5G shows fictive slow trills

recorded from the right and left nerves of a brain with the posterior commissure transected. The
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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 of fast trill CPG. Taken together, neither of the single
transections completely and consistently decoupled the CPGs on the two halves of the brainstem,
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 brainstem 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), a nucleus that 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 lesioning of BNST in vivo reduces the calling behavior (Hall et al.
2013). Previously, however, we showed that a brainstem isolated from the descending inputs by
transversely transecting at the level of the rostral optic tectum can still produce fictive
advertisement 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 paradox, we

explored the mechanisms underlying initiation of fictive fast trills.

17



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

Analyses of the fictive advertisement calls produced by the brains with sagittal
transections of anterior and posterior commissures 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 brainstem 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, bracket with black arrow). However, the majority of the calls
(93.8%) were initiated 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 to
316.4msec in double transected brains (average delay = 95.0msec). Thus, most calls recorded
from the right and left nerves showed extensive overlap with each other (e.g., Fig 3H) even
though CAPs are not at all synchronous (Fig 3E). This observation suggests that in these double-
transected brains, there is a bilaterally synchronous signal descending from the extended
amygdala to right and left DTAM that allows the fictive fast trills to be initiated by both sides of
the brainstem 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 transection 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 initiated

from both nerves near simultaneously (Fig 6B, middle two traces labeled as left and right nerves).
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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 (middle two traces). 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 6D, D1, E, E1). These results
suggest that premotor activity of the fictive fast trills is generated only by one side (right or left)
of the brainstem in these double-transected brains, and projects to the silent side to drive the
motoneurons. To explore this possibility, 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-amplitude CAPs (Fig. 6B). DTAM was silent on the side
producing the delayed, small-amplitude CAPs on the other side (Fig 6B arrows). This
observation suggest that in these double transected brains, fictive fast trills are initiated and
generated entirely by DTAM on one side (left or right) of the brainstem while 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 precede the small CAPs recorded from the left nerve (Fig 6F, G). About 800msec
later, the left DTAM becomes active while the right DTAM continues to be active. This
simultaneous activity of right and left DTAM results in CAPs from the both nerves with variable

amplitude and delay (Fig 6G, G1). After about 200msec of simultaneous DTAM activity, right
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DTAM becomes silent, and left DTAM continues its activity for another ~200msec 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 temporal coordination between the
two sides. Thus, in these double-transected brains, we were able to initiate fast trills from either
side of the brainstem 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 6l,
I1). These results indicate that even though the fictive fast trills are initiated autonomously by
each side of the brainstem in these double-transected brains, initiation and generation of fictive
slow trills is unaffected, suggesting 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 transection alone. In brains in which the
projection from extended amygdala to DTAM is transected (n=6, Fig 7C), 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 simultaneously by the left and right DTAM (Fig
7E, arrows pointing to top and bottom traces), as in the case of intact brains (Fig 7B, black
arrows). This premotor activity in intact and transected brains resulted in the simultaneous onset
of fast trill CAPs from the two nerves (Fig 7B, E, a line with arrows on both ends pointing to
middle two traces). When the anterior commissure was transected, we found that the onset of
premotor activity that accompanies fictive fast trills (Fig 7G, I, K) was variable. Premotor

activity of the two DTAMs was sometimes initiated simultaneously (Fig 7H, arrows pointing to
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top and bottom traces), but at other times the activity in one DTAM preceded the activity in the
contralateral DTAM (Fig. 7J, L, arrows pointing to top and bottom traces) by as long as 500msec
(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 7H,
J, and L) were observed in many consecutive calls when the electrodes were stationary. Despite
the variability in the initiation of DTAM activity in these transected brains, the first CAP of the
fictive fast trill appears to be generated from both nerves simultaneously (Fig 7H, J, L, lines with
arrows on both ends pointing to middle two traces), presumably because the laryngeal
motoneurons of the silent side are driven by the premotor signal from the contralateral 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 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 regulate call rhythm generation,
coordination, and initiation. Based on these results, we propose a model of the vocal pattern

generator in male Xenopus laevis as discussed below (Fig 8).

Central pattern generators 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 Xenopus laevisis known to change the duration of the fast and slow trills
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depending on its state of arousal; when a male detects a sexually receptive females, the duration
of the fast trill is elongated while the duration of slow trills is shortened. It is conceivable that
the neural circuitry that generates the two trill types contain anatomically distinct populations of
neurons and are regulated independently.

In a variety of animals, generating different patterns of motor behaviors using the same
muscles is accomplished within the CNS 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 1990; 1989; 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 became abnormal, and the fast trill (CAPs) recorded
from the transected side consistently lagged behind those recorded from the intact side while 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, while 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 (labeled as green ovals with sinusoidal waves in Fig 8A)
includes a dedicated population of neurons (projection neurons that span n.IX-X and DTAM,

labeled with green double-arrows in Fig 8 A) along with neurons in n.IX-X, whereas the slow trill
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CPG consists of neurons in the n.IX-X (Fig 8A, labeled as blue circles with sinusoidal waves).
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 while 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 the species that generate fast trill-like
calls utilize mechanisms that involves 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 activity similar to that recorded in X. laevisis obtained
(personal communication, Barkan CL, Zornik E, Kelley DB), 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 brainstem

A half-center hypothesis to explain mechanisms underlying rhythmic motor programs
was originally proposed by Brown (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 brainstem of X. laevis were components of a half-
center oscillator, and are necessary for the production of fast and slow trill rhythms. Transection

of the either one or both commissures did not result in the loss of fictive fast and slow trill
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rhythms, except for a slight decrease in 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 brainstem. Although the sound
pulse rates were largely unaffected, the vocalizations produced by the isolated hemi-brainstems
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 leopard frog; a complete sagittal bisection of
the brainstem 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 programs 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 oscillator 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 reinstate the rhythmic activity
after tens of minutes (Moult et al. 2013). It is not clear how prevalent such homeostatic recovery
is among different neural circuits, but it is possible that fictive fast and slow trill thythms

observed after >60 min of transection in this study may be due to de novo modification of the
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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 brainstem (Fig 8A) that are coupled to each other via commissures.

Bilateral coordination of the two CPGs on the two lateral halves of the brainstem

Which projection neurons synchronize the fast and slow trill rhythms generated by the
two CPGs in each half of the brainstem? 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, respectively. In
addition, the loss of the posterior commissure sometimes resulted in asynchronous fictive slow
trills from the two sides of the brainstem, 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 the both sides of the brainstem, 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 commissural interneurons contained
in the anterior and posterior commissures of the brainstem of X. laevis. The anterior commissure
includes axons of DTAM neurons that project to the contralateral DTAM (DTAMprawm, Fig 8B)
and of neurons that decussate first to the contralateral DTAM and project to the contralateral
n.IX-X (DTAMn1x-x, Fig 8B). The posterior 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.pram, , Fig 8B, Zornik and

Kelley 2007). Because the slow trill CPGs are likely contained in n.IX-X (Fig 8A), we propose
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that projection neurons that terminate in n.IX-X (n.IX-X, ;x.x and DTAM,,1x-x) couple the two
slow trill CPGs (Fig 8A, blue arrows with filled arrowheads). 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¢npram and DTAMcpram, Fig 8A, green arrows with filled arrowheads).
Furthermore, we suggest, based on the degree of deterioration of bilateral synchrony observed
upon transections, that the coupling efficiency differs among these commissural interneurons.
The n.IX-X¢n1x-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 8A, the coupling efficiency expressed as thick green and blue
arrows). DTAMpram 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 synchronous activity of the two nerves during the fictive fast
and slow trills (Fig 8A). In this model, the commissural interneurons that couple the CPGs on
the two sides synchronize the timing of the two oscillators by eliciting spikes from laryngeal
motor neurons from the right and left brainstem near simultaneously. The loss of these
commissural interneurons will result in either a delay between the rhythms generated by the two

oscillators (Fig SE, F) or autonomous operation of each oscillator (Fig 5G).

Mechanisms for fast and slow trill initiation and its bilateral synchronization
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In the present study, transections of the projections between extended amygdala and
DTAM along with the anterior commissure revealed mechanisms underlying fast and slow trill

initiation that appear to be distinct.

Sow trill initiation

Previously, we have shown that bilateral transection between n.IX-X and DTAM
eliminates fictive advertisement 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, 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 (Fig 8A, blue arrows with half-
filled arrowheads); in the bilaterally transected 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
(Fig 8A, blue lines with square ends). Accordingly, any transection in this study that left one of
the two commissures intact (unilateral DTAM to n.IX-X transverse transection, anterior
commissure sagittal transection, posterior commissure sagittal transection, descending transverse
input together with anterior commissure sagittal transection) resulted in synchronized initiation

of fictive slow trills (Fig 2B, 4B, 5B, 6B, F, H), whereas the transection that eliminated both
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anterior and posterior commissure resulted in the autonomous initiation of fictive slow trills (Fig

3D, 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 brainstems were initiated, on average, within 100
milliseconds 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 recording chamber, or a
population of neurons downstream of the 5-HT signaling has 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 brainstem within a
short time window (Fig 3E).

It was puzzling, however, that our previous study showed that the elimination of the
descending projections from extended amygdala to DTAM had no effect on the initiation of the
fictive fast trills in response to 5-HT (see Fig 7D, E, for example), while in this study we could
decouple the initiation of fast trills from the two sides of the brainstem by transecting both the
descending inputs to the brainstem and the anterior commissure. To explain these observations,
we propose 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 (Fig 8C, blue arrow). The other way is to activate a population of neurons in
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DTAM unilaterally, which then project to contralateral DTAM via the anterior commissures and
result in simultaneous initiation of the fast trills from the two sides (Fig 8C, blue arrow). 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 anterior
commissures) can still initiate fictive advertisement calling by both halves of the brainstem via
the projection neurons connecting the two DTAMs through the anterior commissure (Fig 8A). In
brains with sagittal transection of anterior commissures (with intact descending inputs),
activation of the extended amygdala by 5-HT generates bilaterally synchronized initiation signals
which activate left and right DTAM to initiate advertisement calls from the two sides of the
brainstem simultaneously. It is only when both of these projections are removed that fast trills
are initiated by the left and right brainstem 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 (Fig 3D, E, Fig 7J, L). Thus, we propose that the extended amygdala
signals that initiates fast trills from each side are permissive and allow fast trill initiations 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 (Hikosaka et
al., 1993, Mink 1996, Nambu et al., 2002). Vocal CPGs of a variety of vertebrate 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.
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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 central amygdala (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 nucleus
(Moreno et al. 2012), which sends serotonergic projections to n.IX-X and DTAM (Rhodes et al.
2007; Yu and Yamaguchi 2009; 2010). One study showed that lesion of CeA disrupts the
production of vocal responses to females whereas lesioning of BNST decreases calling behavior
invivo 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 increasing the extracellular
concentration of endogenous serotonin using a selective serotonin reuptake inhibitor elicits
fictive advertisement calls by activating 5-HT,c receptors 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

brainstem.
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Figure Captions

Figure 1. Advertisement calls generated by male Xenopus laevis. A. Simultaneous recordings
of the sound (top trace) and the laryngeal nerve activity (lower trace) while advertisement calls
are produced by an awake male Xenopus laevis. Fast trills are enveloped in green, slow trills in
blue. A sound pulse (black arrowheads, top trace) is always preceded by a compound action
potential (gray arrowheads, bottom trace). B. Diagram of the key vocal nuclei of male
Xenopus laevis. Within a brainstem, a pair of dorsal tegmental area of medulla (DTAM) and a
pair of laryngeal motor nuclei (n.IX-X) are contained. These nuclei are reciprocally connected
with each other by projection neurons (solid arrows). DTAMs, in turn, are reciprocally
connected with the extended amygdala (EA). A pair of extended amygdala are 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.

Figure 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 black arrows. B.
DTAM local field potential (LFP, top and bottom traces) and laryngeal nerve recordings
(middle two traces) 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. 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 one animal. Pairs of dotted green and blue lines indicate the range of fast and
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slow trill rates obtained from intact brains. D. Enlarged sections of brackets labeled in B. Left
(blue traces) and right (red traces) nerve recordings are shown during fast and slow trills with
the overlay of the two nerves at the bottom. E. Example of cross correlation between left and
right nerve recordings (see Methods) for fast and slow trills before and after transection. Each
line represent cross correlation of a bout of fast or slow trills from one animal (cross correlation
of ten bouts shown). F. Absolute peak lag time before and after the transection for fast and
slow trills, plotted for each animal as in (C). Asterisk, significant difference (p < 0.05); n.s., not
significant. 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 one animal. H. Example power spectra of the DTAM LFP
recordings during fast trills from both sides of DTAM before and after transection. Black
arrow on the bottom right graph (‘Post-transection Right DTAM”) indicates the loss of peak at

60Hz after the transection.

Figure 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 bilateral DTAM local field potential (LFP) recordings (top and bottom traces) and
laryngeal nerve recordings (middle two traces) 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. C. Enlarged sections of
brackets labeled in (B). Left (blue traces) and right (red traces) nerve recordings are shown

during fast and slow trills with the overlay of nerve activities at the bottom. D. Example
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bilateral DTAM LFP and laryngeal nerve recordings obtained from a brain in which both
anterior and posterior commissures are sagitally transected. Bracket with black arrow in the
bottom trace points to a fictive advertisement call produced only by the right nerve. 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 transection (post-
transection). There is no obvious peak in correlation coefficient after the transection, indicating
the asynchronous nature of the two nerve activities. G. Mean fast and slow trill rates before
and after transection from three brains. Because asynchronous fictive calls were recorded from
the right and left nerve, the trill rates from the two sides were analyzed as independent rhythms
after transection. Points connected by a line indicates mean fast and slow rate of one animal.
Pairs of dotted green and blue lines indicate the range of fast and slow trill rates obtained from
intact brains. Asterisk, significant difference (p<0.05); n.s., not significant. 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 one nerve (black arrows).

Figure 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
bilateral DTAM LFP (top and bottom traces) and laryngeal nerve recordings (middle two
traces) obtained during a fictive advertisement call from a brain after anterior commissure
sagittal transection. Green and blue frames indicate fast and slow trills, respectively. C. Mean

fast and slow trill rates before and after transection from six brains. Points connected by a line
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indicates mean fast and slow rate of one 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 traces) and right (red traces) nerve recordings are shown
during fast and slow trills with the overlay of the two nerve activity 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 transection, plotted for each

animal as in (C). n.s., not significant difference.

Figure 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 bilateral DTAM LFP and laryngeal nerve recordings obtained during fictive
advertisement call after posterior commissure sagittal transection. Green and blue frames
indicate fast and slow trills, respectively, for all figures. C. Mean fast and slow trill rates
before and after transection from six brains. Each pair of points indicates mean rate before and
after transection in one 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 traces) and right (red traces) nerve recordings are shown during fast and slow trills
with the overlay of the nerve activities at the bottom. E. Example 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).

Asterisks indicate statistically significant differences (p<0.05). G. Example left and right
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nerve recordings during a fictive fast and slow trill. In this recording, left and right CAPs are

largely asynchronous only during the slow trill.

Figure 6. Effects of simultaneously eliminating the anterior commissure and the projection
between the extended amygdala 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 bilateral DTAM LFP (top and
bottom traces) and nerve recordings (middle two traces) 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. Black arrows indicate the unilateral absence of the DTAM activity.
C. Mean fast and slow trill rates before and after transection. Each pair of points indicates
mean trill rates for one animal. Pairs of dotted green and blue lines indicate the range of fast
and slow trill rates obtained from intact brains. D, E. Enlarged views of the brackets labeled in
(B). DI, E1. Example of cross correlation between the left and right nerve shown in (D) and
(E). Here, the cross correlation coefficient was calculated by sliding recording of a single CAP
obtained from one nerve against the other nerve (as opposed to using nerve recordings of a
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 bilateral DTAM LFP (top and bottom traces) and laryngeal nerve recordings (middle
two traces) 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).
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Blue frame indicates a slow trill. G. Enlarged view of the bracket labeled in (F). Left (blue
trace) and right (red trace) 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. G1. Example of cross correlation between the left and
right nerve. Note that the peak cross correlation coefficients are distributed among positive and
negative lag times, indicating CAPs recorded from one nerve do not consistently lead those
recorded from the other nerve. H. Example bilateral nerve recordings obtained from double-
transected brains that include slow trills. 1. Enlarged view of the bracket labeled in (H). 1I1.
Example of cross correlation between the left and right nerves during slow trills. Note that
peak cross correlation coefficients are centered at zero, indicating that the CAPs recorded from

the two nerves are synchronous.

Figure 7. Effects of transecting the projection between extended amygdala and DTAM alone,

or the anterior commissure alone, on the initiation of DTAM premotor activity and fast trills. A.
Example bilateral DTAM LFP (top and bottom traces) and nerve recordings (middle two traces)
obtained from an intact brain. Green and blue frames indicate fast and slow trills, respectively,
for all figures. B. Enlarged view of the bracket labeled in (A). The first premotor activity
recorded from left and right DTAM is labeled with large black arrows (top and bottom traces),
and the first fast trill CAPs recorded from the left and right nerves are labeled with a small
double-headed arrow between the two middle traces. Note that both DTAM activity and CAPs
are initiated simultaneously from the left and right. C, F. Diagram showing transection site in
red line with scissors, transected projections in dotted arrows, and intact projections in solid

arrows. D, G, I, K. Example bilateral DTAM LFP (top and bottom traces) and nerve
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recordings (middle two traces) obtained after transection to eliminate the projections between
extended amygdala and DTAM (D) or anterior commissure (G, I, K). E, H, J, L. Enlarged
view of the bracket labeled in (D, G, I, K). The first premotor activity recorded from left and
right DTAM is labeled with large black arrows on top and bottom traces, and the first fast trill
CAPs recorded from the left and right nerves are labeled with a double-headed arrows between
the middle two traces, as in (B). Note that DTAM premotor activity starts simultaneously in E
and H, but not in J and L. The first fast trill CAPs, in contrast, are always recorded

simultaneously from the two nerves in these transected brains.

Figure 8. Model of the vocal CPGs in male Xenopuslaevis. A. Functional model of the
central vocal pathways of male Xenopus laevis. Green oval and blue circle containing
sinusoidal waveform indicate central pattern generators for fast and slow trills, respectively. B.
Four different types of anatomically identified projection neurons in the central vocal pathways
of Xenopus laevis. Axons of these neurons are contained in anterior or posterior commissures.
C: Solid blue arrows indicate hypothesized redundant mechanisms of vocal initiation by

serotonin (5-HT).
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