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Abstract 23 

Central pattern generators (CPG) in the brainstem are considered to underlie vocalizations in 24 

many vertebrate species, but the detailed mechanisms underlying how motor rhythms are 25 

generated, coordinated, and initiated remain unclear.  We addressed these issues using isolated 26 

brain preparations of Xenopus laevis from which fictive vocalizations can be elicited.  27 

Advertisement calls of male X. laevis that consist of fast and slow trills are generated by vocal 28 

CPGs contained in the brainstem.  Brainstem central vocal pathways consist of a premotor 29 

nucleus (DTAM) and a laryngeal motor nucleus (n.IX-X) with extensive reciprocal connections 30 

between the nuclei.  In addition, DTAM receives descending inputs from the extended amygdala.  31 

We found that unilateral transection of the projections between DTAM and n.IX-X eliminated 32 

premotor fictive fast trill patterns but did not affect fictive slow trills, suggesting that the fast and 33 

slow trill CPGs are distinct; the slow trill CPG is contained in n.IX-X and the fast trill CPG 34 

spans DTAM and n.IX-X.  Midline transections that eliminated the anterior, the posterior, or 35 

both commissures caused no change in the temporal structure of fictive calls, but bilateral 36 

synchrony was lost, indicating that the vocal CPGs are contained in the lateral halves of the 37 

brainstem and that the commissures synchronize the two oscillators.  Furthermore, eliminating 38 

the inputs from extended amygdala to DTAM in addition to the anterior commissure resulted in 39 

autonomous initiation of fictive fast, but not slow trills by each hemibrainstem, indicating that 40 

the extended amygdala provides a bilateral signal to initiate fast trills.   41 

 42 

New & Noteworthy  43 

Central pattern generators (CPG) are considered to underlie vocalizations in many vertebrate 44 

species, but the detail mechanisms underlying their functions remain unclear.  We addressed this 45 
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question using an isolated brain preparation of African clawed frogs.  We discovered that two 46 

vocal phases are mediated by anatomically distinct CPGs, that there are a pair of CPGs contained 47 

in left and right half of the brainstem, and that mechanisms underlying initiation of the two vocal 48 

phases are distinct.  49 

 50 

Keywords 51 

central pattern generator, vocalization, parabrachial area, hindbrain, bilateral coordination, motor 52 

programs 53 

 54 

Introduction 55 

Many rhythmic motor programs including locomotion, breathing, and chewing behavior 56 

are generated by central pattern generators (CPGs), neural circuits that can function without 57 

rhythmic descending inputs or afferent feedback (Grillner 2006; Marder and Bucher 2001; 58 

Marder and Calabrese 1996).  To understand the functions of CPGs, it is critical to identify 59 

neuronal components that make up CPGs, how they are coordinated, and in the case of episodic 60 

behavior, how CPG activity is initiated.   Much effort to understand mechanisms underlying 61 

CPG function has been aided by the use of fictive preparations, in vitro preparations from which 62 

patterned neuronal activity that underlies rhythmic motor programs can be elicited (Sweeney and 63 

Kelley 2014).  For example, fictive swimming (Buchanan 2011; Fetcho and McLean 2010; 64 

Roberts et al. 2012), walking (Kiehn et al. 2010), breathing (Garcia et al. 2011), and chewing 65 

(Marder et al. 2005) preparations played critical roles in advancing understanding of the neural 66 

mechanisms of CPGs underlying these rhythmic behaviors.   67 
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Vocalizations produced by vertebrates are often rhythmic and are thought to be mediated 68 

by CPGs (Jurgens and Hage 2007).  Vocal CPGs in many vertebrate species, including humans 69 

(i.e., non-verbal vocal utterance such as laughter), are considered to be located within the 70 

brainstem and thought to retain significant homology across species (Bass et al. 2008).   The 71 

CPG underlying vocalizations in African clawed frogs (Xenopus laevis) presents an excellent 72 

model to understand the function of vocal CPGs.   73 

Advertisement calls produced by male X. laevis to attract females consist of fast and slow 74 

trills, each of which contains a series of sound pulses that are repeated at ~60Hz and ~30Hz, 75 

respectively (Fig 1A).  These calls are produced when laryngeal motoneurons fire at 60 and 76 

30Hz (Yamaguchi and Kelley 2000), causing contraction of a pair of laryngeal muscles at that 77 

rate, which pull apart arytenoid discs to produce each sound pulse (Yager 1992).  It is critical 78 

that the left and right laryngeal muscles are activated synchronously to generate a proper sound 79 

pulse.  The central vocal pathways of X. laevis consist of two pairs of brainstem nuclei: n.IX-X, a 80 

homologue of nucleus ambiguus and retroambiguus (Albersheim-Carter et al. 2016) that contains 81 

laryngeal motoneurons projecting to the laryngeal muscles via the laryngeal nerve, and the 82 

premotor nucleus of the dorsal tegmental area of medulla (DTAM), a homologue of the 83 

parabrachial area, (Fig 1B) which does not include any lower motor or primary sensory neurons, 84 

and thus are not associated with cranial nerves.  Anatomical studies have shown that there are 85 

extensive reciprocal connections among these nuclei (Fig 1B).  In addition to these reciprocal 86 

connections within the brainstem, DTAM is reciprocally connected with the central amygdala in 87 

the extended amygdala (Hall et al. 2013; Moreno and Gonzalez 2005), Fig 1B).    88 

Previously, we developed a fictive vocalization preparation in vitro (Rhodes et al. 2007), 89 

only one of a few fictive vocalizing preparations developed in vertebrates to date (Chagnaud et al. 90 
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2011).  Application of serotonin (5-HT) to an isolated whole brain in vitro elicits fictive calls that 91 

can be recorded via laryngeal nerves.  Here, using the fictive calling preparation of male X. 92 

laevis, we analyzed the contribution of the projections connecting distinct brainstem nuclei to the 93 

rhythm generation, bilateral coordination, and initiation of calls.  We discovered that CPGs for 94 

fast and slow trills include anatomically distinct populations of neurons contained in each lateral 95 

half of the brainstem whose timing are synchronized by the anterior and posterior commissures, 96 

and that the initiation of fast trills appears to be mediated by a bilaterally synchronous signal 97 

provided by the extended amygdala to DTAM.  Our results represent the first detailed analyses 98 

of these vocal CPGs, and reveal new details of the functional architecture that underlies vocal 99 

production in male X. laevis, highlighting the complementary nature of the neural circuits that 100 

insure bilateral synchrony in rhythm generation and subsequent call initiation. 101 

 102 

Materials and Methods 103 

 104 

Animals 105 

 106 

Forty four adult male Xenopus laevis obtained from Nasco (Fort Atkinson, WI, average + 107 

std weight = 42.98 + 4.11g, length = 7.16 + 0.35cm ) were used for unilateral transverse 108 

transection (Fig 2A, n = 8), anterior and posterior commissures sagittal transection (Fig 3A, n = 109 

3), anterior commissure sagittal transection (Fig 4A, n = 6), posterior commissure sagittal 110 

transection (Fig 5A, n = 5), descending inputs transverse and anterior commissure sagittal 111 

transection (Fig 6A, n = 4), and descending inputs transverse transection (Fig 7C, n = 6).   All 112 
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procedures were approved by the Institutional Animal Care and Use Committee at the University 113 

of Utah, and complied with National Institutes of Health guidelines. 114 

  115 

Isolated brain preparation and fictive vocal recordings 116 

 117 

Fictive vocalizations were elicited from the isolated brains of sexually mature adult males.   118 

Animals were anaesthetized with subcutaneous injection (0.3mL 1.3%) of tricaine 119 

methanesulfonate (MS-222; Sigma), decapitated on ice, and brains were removed from the skulls 120 

in a dish containing cold saline (in mM: 96 NaCl, 20 NaHCO3, 2 CaCl2, 2KCl, 0.5 MgCl2, 10 121 

HEPES, and 11 glucose, pH 7.8) oxygenated with 99% O2.  Brains were then brought back to the 122 

room temperature (22°C) over the next hour, and then transferred to a recording chamber which 123 

was superfused with oxygenated saline at 100ml per hour at room temperature.   124 

In these isolated brains, the laryngeal nerves are cut to about 7mm in length to be used for 125 

nerve recordings.  Laryngeal nerve activity was recorded bilaterally using a suction electrode 126 

placed over cranial nerve (N.) IX-X.  Local field potential (LFP) recordings from DTAM were 127 

obtained bilaterally using a 1 MΩ tungsten electrode (FHC, Bowdoin, ME).  Fictive 128 

vocalizations were elicited by bath-application of 5-HT (Sigma) using a 1ml pipette.  In response 129 

to 5-HT, a series of compound action potentials (CAPs) that are virtually identical to those 130 

recorded from awake calling frogs can be recorded from the laryngeal nerves of an isolated brain 131 

(Rhodes et al., 2007, compare nerve recordings of Fig 1A (bottom trace) and Fig 3B (middle two 132 

traces), for example).  Prior to the application of 5-HT, superfusion of saline through the 133 

recording chamber was suspended and 1ml of concentrated 5-HT solution (0.6mM in dH2O) was 134 

added to the 20ml bath (30μM, final concentration).  Nerve and LFP signals were amplified 135 
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1000x using differential amplifiers (Models 1700 and 1800, respectively; A-M Systems, 136 

Carlsborg, WA), and band-pass filtered (10Hz – 5kHz and 0.1 – 5kHz, respectively).  All signals 137 

were digitized at 10 kHz (Digidata 1440A; Molecular Devices, Sunnyvale, CA), and recorded on 138 

a PC using Clampex software (Molecular Devices).  After 5 minutes of recording in the presence 139 

of 5-HT, superfusion was reinstated at the maximum rate (~10ml/minute) for 5 minutes to wash 140 

out the 5-HT, then at a slower rate (~125ml/hour) for one hour between 5-HT applications.   141 

 142 

Transection of isolated brains 143 

 144 

 After fictive advertisement calls were recorded from intact brains, transections were 145 

made using a scalpel.  Prior to transection, brains were placed on ice and brought to 4 + 2°C.  For 146 

unilateral transverse transection, a cut was made posterior to the VIIIth nerve from midline to the 147 

lateral edge of the brain on either left or right side of the brainstem (Fig 2A).  For anterior 148 

commissure sagittal transection, a cut was made along the midline between the rostral optic 149 

tectum and trigeminal nerve (CN V) ventral to the ventricle (Fig 4A), severing all the projections 150 

between the two DTAMs.  For posterior commissure sagittal transection a cut was made along 151 

the midline between an area 1mm rostral to the nerve IX-X and the obex ventral to the ventricle 152 

(Fig 5A), severing all the projections between the two n.IX-Xs.  For descending inputs transverse 153 

transection, a cut was made at the level of the anterior optic tectum (Fig 7C), severing all the 154 

connection between extended amygdala and DTAM.   In brains with anterior and posterior 155 

commissure sagittal transection, and those with anterior commissure sagittal and descending 156 

inputs transverse transection, both cuts were made in each brain (Fig 3A, 6A).  After the 157 
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transection, the brains were placed in a holding dish containing oxygenated saline (200mL) and 158 

gradually returned to the room temperature over the next hour before 5-HT was applied again.   159 

 160 

Analysis of in vitro fictive vocalizations 161 

 162 

To determine how transections affect the central vocal pathways, we examined the fictive 163 

fast and slow trill rates, and the bilateral synchrony of the motor outputs produced.  Ten bouts of 164 

calling were selected at random for each animal before and after the transection.  Compound 165 

action potentials (CAPs) corresponding to laryngeal motoneuron activity were identified using 166 

Clampfit (Molecular Devices, Sunnyvale, CA) using a threshold search function (threshold set at 167 

3 standard deviation of background noise, minimum event duration of 0.4ms), and instantaneous 168 

CAP rates were calculated based on inter-CAP peak interval.  When a brain produces a series of 169 

fictive advertisement calls, it is sometimes difficult to distinguish the end of fictive slow trills 170 

and the beginning of the next fictive fast trill.  In this case, we used DTAM activity to distinguish 171 

the two types of fictive trills; CAPs accompanied by activity (or larger activity) in DTAM were 172 

defined as a part of fictive fast trills and those without (or with smaller) DTAM activity were 173 

considered to be a part of fictive slow trills (see Fig 3B, rectangle show transition from slow to 174 

fast trills, for example).  A frequency histogram of CAP rate during fictive fast and slow trills of 175 

each animal before and after transection showed a normal distribution and were fit with Gaussian 176 

curves with mean of µ for fictive fast and slow trills, which was used for statistical analyses. 177 

The Xenopus larynx generates sound pulses when both laryngeal muscles are activated 178 

simultaneously and pull apart a pair of arytenoid discs.  Accordingly, the central vocal pathways 179 

of intact Xenopus brains activate left and right laryngeal motoneurons nearly synchronously (see 180 
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Fig 3C, for example).  To evaluate the synchronicity of the motor activity of the left and right 181 

side before and after the transection, cross correlation coefficients between the left and right 182 

nerve activity were calculated while sliding one nerve recording against the other across time (+ 183 

10msec, e.g., Fig 3F).  To this end, left and right nerve recordings containing ten consecutive 184 

fictive fast and slow trill CAPs were used to calculate cross correlation coefficients.  The time of 185 

the maximum cross correlation coefficients (“the peak lag time”) was identified for fictive fast 186 

and slow trills before and after the transection for each animal.  The peak lag time of zero 187 

indicates synchronous activity of the two nerves and deviation from zero indicates delay between 188 

the two nerves.  We took the absolute value of the peak lag time (“absolute peak lag time”) for 189 

statistical tests, since our goal in most analyses was to determine how much the peak deviated 190 

from zero.  In cases where we suspected that CAPs on one nerve leads the other, we also took the 191 

absolute value of the peak lag time to demonstrate the time lag between the two nerves.  For the 192 

double transection that involves transection between extended amygdala and DTAM and anterior 193 

commissure (Fig 6A), each CAP (instead of ten consecutive CAPs) was cross-correlated against 194 

the other to characterize moment-to-moment changes in the relative timing of CAPs on each side 195 

(Fig 6). 196 

 197 

Statistical analyses 198 

All statistical analyses were done using StatView software (SAS Institute, Cary, NC). For fictive 199 

trill rates, absolute peak lag time, and maximum CAP amplitude for fictive fast and slow trills, 200 

Wilcoxon signed-rank test was used to compare the value before and after the transection within 201 

individuals.   202 

Results 203 
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 204 

Are fast and slow trills generated by the same neural elements?   205 

 206 

 Are the fast and slow trill generated by shared neural circuitry or by anatomically 207 

distinct neural networks?  Our previous study shows that LFP recordings obtained from DTAM 208 

are active mostly during fast, but not during slow trills (see Fig 3B, 7A, for example), suggesting 209 

that fast trills but not slow trills are mediated by DTAM.    To directly test this possibility, we 210 

transected the projections between DTAM and n.IX-X (Fig 2A) and examined the fictive 211 

advertisement calls elicited in response to 5-HT.   Previously, we have shown that bilaterally 212 

transecting the projection between the DTAM and n.IX-X transversely abolishes 5-HT-induced 213 

fictive call production entirely (Rhodes et al. 2007).  With the absence of fictive vocalizations, 214 

however, it was not possible to determine if the transection disrupts the mechanisms underlying 215 

vocal initiation or the rhythm generation.  Here, we reasoned that unilaterally transecting the 216 

projection between n.IX-X and DTAM (unilateral transverse transection, Fig 2A) may spare the 217 

vocal initiation and provide us with an opportunity to examine the role of the n.IX-X to DTAM 218 

projection in fast and slow trill generation.  219 

In striking contrast to the bilateral transverse transection, the unilaterally transected 220 

brains produced fictive advertisement calls in response to 5-HT (Fig 2B, n = 8).   The rates of 221 

fictive fast and slow trill did not show any significant change after transection (Z = -0.980, -222 

1.694, p = 0.327, 0.091 for fictive fast and slow trills, respectively, Fig 2C), indicating that CPGs 223 

remaining in the transected brains are capable of generating normal vocal rhythms.  However, 224 

fictive advertisement calls produced by the unilaterally transected brains showed some 225 

abnormality that was detected only during fictive fast trills.  The timing of the CAPs recorded 226 
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from the transected side significantly lagged behind those recorded from the intact side during 227 

fictive fast trills, but not during fictive slow trills (Fig 2D).  Accordingly, the cross correlation 228 

peak for fictive fast trills was not centered near zero after the transection whereas the peak for 229 

the fictive slow trill remained near zero (Fig 2E).  Absolute peak lag time showed a significant 230 

increase only for fictive fast trills after the transection (Z = -2.380, -1.690, p = 0.0172, 0.091 for 231 

fictive fast and slow trills, respectively, Fig 2F).  In addition, the maximum amplitude of the 232 

CAPs recorded from the both nerves became significantly smaller after transection during fictive 233 

fast trills (Z = -2.521, -2.380, p = 0.012, 0.017 for intact and transected sides, respectively, Fig 234 

2G), but not during fictive slow trills (Z = -0.676, -0.169, p = 0.499, 0.866 for intact and 235 

transected sides, respectively, Fig 2G).  These results suggest that unilateral transection of the 236 

projection between n.IX-X and DTAM selectively impacts fast trills.   237 

We suspected that the fast trill CPGs on the transected side became dysfunctional after 238 

transection, and the reason why the laryngeal motoneurons on the transected side generate any 239 

CAPs at all during fictive fast trills was because they were driven by the functional CPG on the 240 

contralateral intact side.  To test this possibility, we examined local field potential (LFP) 241 

recordings obtained from the left and right DTAMs of the transected brains.  As described 242 

previously (Zornik et al. 2010), DTAM local field potential recordings of intact brains contain 243 

“waves” (baseline fluctuations) that coincide with onset and offset of the fictive fast trills, and 244 

phasic activity riding on top of the waves (see Fig 3B, top and bottom traces, for example) that 245 

peak at around 60Hz (Fig 2H left two graphs).  In these transected brains, the LFP recordings 246 

obtained from DTAM on the intact side after the transection were no different from those 247 

obtained from intact brains, containing waves with phasic activity (Fig 2B top trace labeled as 248 

left DTAM, intact side) with a peak frequency around 60Hz (Fig 2H, compare before (top left) 249 
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and after (top right) the transection).  However, LFPs obtained from the transected side showed 250 

waves without phasic activity (Fig 2B bottom trace labeled as right DTAM), as evident in the 251 

loss of a peak in the power spectrum after the transection (Fig 2H, compare before (bottom left) 252 

and after (bottom right) the transection, black arrow).  The LFP activity on the transected side 253 

resemble 5-HT induced activity obtained from DTAM of brains in which DTAM and n.IX-X are 254 

bilaterally transected (Zornik et al. 2010).  The results indicate that in the absence of the 255 

unilateral projections between DTAM and n.IX-X, the premotor activity in DTAM associated 256 

with fictive fast trills loses its phasic component and fails to drive the laryngeal motoneurons on 257 

the ipsilateral side even though an indirect path from DTAM to ipsilateral n.IX-X (from DTAM 258 

to contralateral DTAM, contralateral n.IX-X to ipsilateral n.IX-X) is available.  The laryngeal 259 

motoneurons on the transected side, instead, are likely driven by the fast trill CPG on the 260 

contralateral (intact) side.  The fast trill inputs from the contralateral side to the transected side, 261 

however, appear insufficient to make up for the loss of excitatory drive from ipsilateral DTAM, 262 

which is known to provide direct, monosynaptic glutamatergic inputs to the motoneurons 263 

(Zornik 2007).  Based on these results, we conclude the CPGs for fast and slow trills rely on 264 

anatomically distinct neuronal elements: the slow trill rhythm generator operates without the 265 

rostro-caudal projections between DTAM and n.IX-X whereas the fast trill rhythm generator 266 

critically relies on these projections. 267 

 268 

Are commissural interneurons important for rhythm generation? 269 

Many CPGs rely on a half-center oscillator that consists of two neurons (or two groups of 270 

neurons) that are reciprocally coupled to each other by inhibitory synapses (Moult et al. 2013; 271 

Sakurai et al. 2014; Satterlie 1985).  Although the constituent neurons of the half-center 272 
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oscillator are not rhythmogenic themselves, the reciprocal coupling together with the cellular 273 

mechanisms (such as escape from inhibition by activating IH, or release of inhibition due to 274 

synaptic depression) endows the neurons with the ability to fire rhythmically at a variety of 275 

phases including anti-phase and in-phase depending on the synaptic rise-time (Wang and Rinzel, 276 

1992, 1993, Van Vreeswijk et al., 1994, White et al., 1998).  Here, we examined whether 277 

anterior and/or posterior commissural interneurons in Xenopus brainstem are a part of reciprocal 278 

inhibitory network and constitute the core of the fast and/or slow rhythm generators.  To test 279 

these possibilities, we transected anterior and posterior commissures in the sagittal plane (Fig 280 

3A) and examined the fictive advertisement calls generated by the transected brains in response 281 

to 5-HT application.  If the commissures are a part of the half-center oscillator, the transection of 282 

the anterior and/or posterior commissures should eliminate rhythmic activity.  283 

When both anterior and posterior commissures of brains that generate fictive 284 

advertisement calls (Fig 3B) were transected (Fig 3A), fictive advertisement calls were still 285 

elicited in response to 5-HT (Fig 3D, H, n=3).   However, the fictive calls recorded from the right 286 

and left nerves became asynchronous after transection (Fig 3D, E).  In intact brains, fictive fast 287 

and slow trills are initiated simultaneously (Fig 3B), and the CAPs are synchronous both during 288 

fictive fast and slow trills (Fig 3C).  Accordingly, the mean absolute peak lag time (see Methods) 289 

between the CAPs recorded from the two laryngeal nerves of the intact brains were very small: 290 

0.20+0.03 msec and 0.27+0.05 msec for fictive fast and slow trills, respectively (Fig 3F).  In the 291 

double transected brains, in contrast, the onset and offset of the fictive fast and slow trills was 292 

not synchronous (Fig 3D compared to 3B, but see below), with fictive calls and trills sometimes 293 

recorded only from one nerve and not from the other (Fig 3D, the first fictive advertisement call 294 

recorded on the right, but not on the left nerve, labeled with a bracket and a black arrows; Fig 3H, 295 
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the first two calls contained fictive slow trills only on the left nerve, and the last call contain 296 

fictive slow trills only on the right nerve, labeled with arrows). Furthermore the CAPs recorded 297 

from the two nerves during fictive fast and slow trills were entirely asynchronous; the number of 298 

CAPs produced in a given amount of time were not the same between the two nerves, and the 299 

delay between the CAPs recorded from the two nerves varied greatly from one instance to 300 

another (Fig 3E).  As a consequence, there was no obvious peak in the cross-correlation between 301 

the two nerve CAPs (Fig 3F; note that there should be a peak in the cross-correlation if the 302 

activity of one nerve lags behind that of the other nerve with a consistent delay), and the 303 

maximum cross correlation coefficient was reduced from 0.94 and 0.85 for the fast and slow 304 

trills of intact brains to 0.18 and 0.10 for the fast and slow trills of transected brains, respectively.  305 

Due to the absence of a clear peak in the CAP cross-correlation, we were not able to obtain a 306 

mean absolute peak lag time from these transected brains.  These results are consistent with the 307 

idea that the commissures are not necessary for rhythm generation, but that they function to 308 

synchronize the motor outputs from the two nerves.    309 

Next, to examine the capability of rhythm generation of the fast and slow trill CPGs in 310 

the left and right brainstem in isolation, we analyzed the rates of the fictive fast and slow trills 311 

produced by double-transected brains.  Since the two sides of the brain produce independent 312 

vocal motor programs, we analyzed the fictive fast and slow trill rates recorded from each nerve 313 

separately.  The results showed that, after double transection, fictive fast trill rates recorded from 314 

the two nerves decreased (Z=-2.201, p=0.028), while fictive slow trill rates remain unchanged 315 

(Z=-0.405, p=0.686, Fig 3G).  Although the decrease of the fast trill rates was statistically 316 

significant, fictive fast trill rates after transection remained within the normal range of fast trills 317 
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generated by intact brains (Fig 3G, dotted green lines).  Thus, CPGs contained in the right and 318 

left halves of the brainstem are capable of generating basic fast and slow trill rhythms.   319 

To explore the function of the isolated hemibrainstem further, we examined premotor 320 

activity obtained from the DTAMs of double-transected brains.  These recordings showed 321 

activity containing waves and phasic activity, as in intact brains, but the activity accompanied the 322 

fictive fast trill recorded from the ipsilateral, but not from the contralateral nerve (Fig 3D, top 323 

and bottom traces), confirming that each side of the brainstem generates its own fictive fast trill 324 

rhythms independently.  Thus, DTAM is capable of generating normal premotor activity in the 325 

absence of the two commissures.  Together, these results suggest that (1) the left and right 326 

brainstem contains autonomous CPGs for fast and slow trills that can generate basic vocal 327 

rhythms even when they are surgically isolated from their contralateral counterparts, and (2) the 328 

commissures function to bilaterally synchronize the activity of the CPGs on the two sides of the 329 

brainstem.   330 

 331 

Which commissures are important for bilateral coordination?   332 

 333 

We next examined which of the commissures play a role in synchronizing the two 334 

separate CPGs on each side of the brainstem.  To this end, we first transected the anterior 335 

commissure alone (Fig 4A).  These transected brains readily produced fictive fast and slow trills 336 

(Fig 4B, n = 6), and both trill rates did not change significantly after transection (Z = -0.314, -337 

1.572, p = 0.753, 0.116 for fictive fast and slow trills, respectively, Fig 4C).  In addition, the 338 

CAPs recorded from the two nerves appeared synchronous (Fig 4D, E), and accordingly, the 339 

absolute peak lag time showed little change for fictive fast and slow trills (Z = -0.943, -0.943, p 340 
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= 0.345, 0.345 for fictive fast and slow trills, respectively, Fig 4F).  Thus, the anterior 341 

commissure by itself is not necessary for synchronizing the timing of CAPs generated by the 342 

right and left CPGs.  Instead, the projections remaining in the brainstem (solid arrows in Fig 4A) 343 

can synchronize the timing of fast and slow trill CAPs generated by the two sides of the 344 

brainstem. 345 

When the posterior commissure was transected alone (Fig 5A), fictive fast and slow trills 346 

were readily produced in response to 5-HT (Fig 5B, n = 5), and fictive fast and slow trill rates 347 

did not change significantly after transection (Z = -1.352, -0.674, p = 0.176, 0.5, for fictive fast 348 

and slow trills, respectively, Fig 5C).  The timing of CAPs recorded from the right and left sides, 349 

however, became less synchronous after transection during both fictive fast and slow trills (Fig 350 

5D, E).  The absolute peak lag time between the right and left CAPs increased, on average 351 

(+s.e.), by 1.27 + 0.36 and 2.01 + 0.72 msec during fictive fast and slow trills, respectively, and 352 

these increases were significant (Fig 5F; Z = -2.201, -2.023, p = 0.028, 0.043 for fictive fast and 353 

slow trills, respectively).  These results suggest that the posterior commissure plays a role in 354 

coupling the CPGs contained in left and right brainstem.  Some or all of the projection neurons 355 

that were eliminated in these brains (dotted arrows in Fig 5A) contribute to bilaterally 356 

synchronizing the CAPs, and the remaining projections (solid arrows in Fig 5A) are not 357 

sufficient to compensate for the loss. 358 

Although the majority of the fictive slow trills recorded from the brains with transected 359 

posterior commissures consist of CAPs with a consistent delay between the two nerves as 360 

described above (Fig 5D), some fictive slow trills recorded from the right and left nerves of the 361 

transected brains appeared asynchronous.  An example in Figure 5G shows fictive slow trills 362 

recorded from the right and left nerves of a brain with the posterior commissure transected.  The 363 
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fictive slow trill recorded from the two nerves contained different numbers of CAPs (16 CAPs 364 

on the left nerve, 14 CAPs on the right nerve) that were repeated at rates that differ between the 365 

two nerves.  This asynchrony between the two nerves was never observed during fictive fast trills, 366 

indicating that the posterior commissure plays a more important role for the bilateral 367 

synchronization of the slow trill CPG than of fast trill CPG.  Taken together, neither of the single 368 

transections completely and consistently decoupled the CPGs on the two halves of the brainstem, 369 

indicating that the two commissures play complementary roles in bilaterally synchronizing the 370 

CPGs.   371 

 372 

Do descending projections from extended amygdala to DTAM initiate fast trills from the 373 

two sides of the brainstem synchronously? 374 

 375 

 In X. laevis, the bed nucleus of the stria terminalis (BNST) has been shown to be 376 

involved in male vocalizations.  BNST is known to project to the rostral raphe nucleus (Moreno 377 

et al. 2012), a nucleus that expresses 5-HT2C receptors that mediate initiation of fictive 378 

advertisement calls (Yu and Yamaguchi 2010). Electrical stimulation of the BNST in vitro elicits 379 

fictive advertisement calls, and lesioning of BNST in vivo reduces the calling behavior (Hall et al. 380 

2013).  Previously, however, we showed that a brainstem isolated from the descending inputs by 381 

transversely transecting at the level of the rostral optic tectum can still produce fictive 382 

advertisement calls in response to 5-HT (Rhodes et al. 2007), suggesting that extended amygdala 383 

is not necessary for the initiation of the advertisement calls.  To resolve this paradox, we 384 

explored the mechanisms underlying initiation of fictive fast trills.   385 

 386 
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 Analyses of the fictive advertisement calls produced by the brains with sagittal 387 

transections of anterior and posterior commissures provided evidence that descending projections 388 

from the extended amygdala to DTAM may play a role in initiating advertisement calls from the 389 

two sides of the brainstem simultaneously.  In these double transected brains, fictive calls were 390 

sometimes recorded only from one side and not from the other (Fig 3D, the first call only 391 

recorded from the right nerve, bracket with black arrow).  However, the majority of the calls 392 

(93.8%) were initiated from both sides within a relatively short time window; after a fictive fast 393 

trill is initiated by one side of the brain, the other side initiated the fictive fast trills within 7.0 to 394 

316.4msec in double transected brains (average delay = 95.0msec).  Thus, most calls recorded 395 

from the right and left nerves showed extensive overlap with each other (e.g., Fig 3H) even 396 

though CAPs are not at all synchronous (Fig 3E).  This observation suggests that in these double-397 

transected brains, there is a bilaterally synchronous signal descending from the extended 398 

amygdala to right and left DTAM that allows the fictive fast trills to be initiated by both sides of 399 

the brainstem near-synchronously in response to 5-HT.   400 

In another experiment, we fortuitously discovered that there are redundant mechanisms 401 

within the central vocal pathways of X. laevis to initiate synchronous fast trills from the left and 402 

right sides.  In four brains, sagittal transection was made to sever the anterior commissure, and 403 

bilateral transverse transection was made at the level of rostral optic tectum to remove 404 

descending inputs from the external amygdala to DTAMs.  Out of four double-transected brains, 405 

only two produced full fictive advertisement calls including both fast and slow trills, and the 406 

remaining two produced calls that include only fast trills.  Thus, we focused on the initiation of 407 

fast trills using all four brains.  In these double-transected brains, fictive fast trills were initiated 408 

from both nerves near simultaneously (Fig 6B, middle two traces labeled as left and right nerves).  409 
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However, the amplitude and timing of the CAPs recorded from the two nerves were abnormal.  410 

In these brains, fictive fast trill CAPs recorded from one nerve had a significantly larger 411 

amplitude than those of their contralateral counterpart. Which nerve had a larger CAP amplitude 412 

was not consistent and often alternated.  For example, in Fig 6B, the CAP amplitude of the right 413 

nerve is larger than that of the left nerve during the first and third fictive fast trills, and smaller 414 

during the second and fourth fictive fast trills (middle two traces).  Furthermore, when the timing 415 

of fictive fast trill CAPs recorded from the right and left nerves was examined, the side with the 416 

larger CAPs always preceded the side with the smaller CAP (Fig 6D, D1, E, E1).  These results 417 

suggest that premotor activity of the fictive fast trills is generated only by one side (right or left) 418 

of the brainstem in these double-transected brains, and projects to the silent side to drive the 419 

motoneurons.  To explore this possibility, we examined premotor activity in DTAM directly. 420 

Strikingly, the LFP wave and phasic activity in DTAM were only observed when the 421 

ipsilateral nerve produced large-amplitude CAPs (Fig. 6B). DTAM was silent on the side 422 

producing the delayed, small-amplitude CAPs on the other side (Fig 6B arrows).  This 423 

observation suggest that in these double transected brains, fictive fast trills are initiated and 424 

generated entirely by DTAM on one side (left or right) of the brainstem while the other side 425 

remains silent.   426 

Moreover, we found that activity in the two DTAMs could overlap in time.  For example, 427 

in Fig 6F, right DTAM becomes active first and generates fictive fast trills with a large CAP 428 

amplitude that precede the small CAPs recorded from the left nerve (Fig 6F, G).  About 800msec 429 

later, the left DTAM becomes active while the right DTAM continues to be active.  This 430 

simultaneous activity of right and left DTAM results in CAPs from the both nerves with variable 431 

amplitude and delay (Fig 6G, G1).  After about 200msec of simultaneous DTAM activity, right 432 
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DTAM becomes silent, and left DTAM continues its activity for another ~200msec by itself 433 

while larger amplitude CAPs with a slight lead relative to the right CAPs are recorded from the 434 

left nerve (Fig 6G).  This observation suggests that, in these double transected brains, the fictive 435 

fast trill is initiated by each side independently without any temporal coordination between the 436 

two sides.   Thus, in these double-transected brains, we were able to initiate fast trills from either 437 

side of the brainstem independently.    438 

Interestingly, in these transected brains, we observed that fictive slow trills were initiated 439 

simultaneously (Fig 6H), and that CAPs recorded from the two nerves were synchronous (Fig 6I, 440 

I1). These results indicate that even though the fictive fast trills are initiated autonomously by 441 

each side of the brainstem in these double-transected brains, initiation and generation of fictive 442 

slow trills is unaffected, suggesting the mechanisms of trill initiation differ between the fast and 443 

slow trill CPGs.   444 

The results obtained from the double transected brains are in stark contrast to results 445 

obtained from the brains with either one of the transection alone.  In brains in which the 446 

projection from extended amygdala to DTAM is transected (n=6, Fig 7C), fictive vocalizations 447 

are readily elicited in response to 5-HT (Fig 7D) as we have described previously (Rhodes et al. 448 

2007), and the premotor activity is also initiated simultaneously by the left and right DTAM (Fig 449 

7E, arrows pointing to top and bottom traces), as in the case of intact brains (Fig 7B, black 450 

arrows).  This premotor activity in intact and transected brains resulted in the simultaneous onset 451 

of fast trill CAPs from the two nerves (Fig 7B, E, a line with arrows on both ends pointing to 452 

middle two traces).  When the anterior commissure was transected, we found that the onset of 453 

premotor activity that accompanies fictive fast trills (Fig 7G, I, K) was variable.  Premotor 454 

activity of the two DTAMs was sometimes initiated simultaneously (Fig 7H, arrows pointing to 455 
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top and bottom traces), but at other times the activity in one DTAM preceded the activity in the 456 

contralateral DTAM (Fig. 7J, L, arrows pointing to top and bottom traces) by as long as 500msec 457 

(e.g., Fig 7J).  Asynchronous initiation of DTAM activity is unlikely to be due to the positioning 458 

of the extracellular electrode, because these distinct patterns of DTAM activity (such as Fig 7H, 459 

J, and L) were observed in many consecutive calls when the electrodes were stationary.  Despite 460 

the variability in the initiation of DTAM activity in these transected brains, the first CAP of the 461 

fictive fast trill appears to be generated from both nerves simultaneously (Fig 7H, J, L, lines with 462 

arrows on both ends pointing to middle two traces), presumably because the laryngeal 463 

motoneurons of the silent side are driven by the premotor signal from the contralateral active 464 

side.  Taken together, the loss of one of the two projections does not cause unilateral fictive fast 465 

trill initiation, even though the transection of anterior commissure alone sometimes introduced 466 

the delay in the initiation of DTAM activity.  Thus, we suggest that these two projections play 467 

redundant roles in initiating fast trills from the two sides simultaneously, and removal of both of 468 

the projections is required to decouple fast trill initiation from the two sides.   469 

   470 

Discussion 471 

Our results reveal the basic architecture of the vocal CPG that regulate call rhythm generation, 472 

coordination, and initiation.  Based on these results, we propose a model of the vocal pattern 473 

generator in male Xenopus laevis as discussed below (Fig 8).   474 

 475 

Central pattern generators for fast and slow trills 476 

In this study, we first examined if neural elements that make up the fast and slow CPGs are 477 

distinct.  A male Xenopus laevis is known to change the duration of the fast and slow trills 478 
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depending on its state of arousal; when a male detects a sexually receptive females, the duration 479 

of the fast trill is elongated while the duration of slow trills is shortened.  It is conceivable that 480 

the neural circuitry that generates the two trill types contain anatomically distinct populations of 481 

neurons and are regulated independently.   482 

In a variety of animals, generating different patterns of motor behaviors using the same 483 

muscles is accomplished within the CNS in a number of different ways (such as biting and 484 

chewing).  First, related motor patterns can be generated by anatomically distinct networks 485 

dedicated to each motor program (Huang and Satterlie 1990; Satterlie 2013).  Second, they can 486 

be generated by networks that are reorganized to be multifunctional (Berkowitz 2010; Dickinson 487 

et al. 1990; Hooper and Moulins 1990; 1989; Li 2015; Meyrand et al. 1991; 1994; Popescu and 488 

Frost 2002; Weimann and Marder 1994).  A third strategy involves the combination of the two 489 

(Berkowitz 2010; Briggman and Kristan 2006).  Our results indicate that the circuits for fast trill 490 

generators include a population of neurons in DTAM that are distinct from those involved in 491 

slow trill generation, although the two circuits may share neurons in the n.IX-X.  When the 492 

projections between n.IX-X and DTAM are unilaterally transected in male X. laevis, fast trill 493 

premotor activity recorded from DTAM became abnormal, and the fast trill (CAPs) recorded 494 

from the transected side consistently lagged behind those recorded from the intact side while the 495 

slow trill CAPs remained intact.  These results are consistent with the idea that the transection 496 

destroyed the core element of the fast trill rhythm generator on the transected side, while the fast 497 

trill generator on the intact side and the slow trill generators on both sides remained intact.  Thus, 498 

we suggest that the fast trill CPG (labeled as green ovals with sinusoidal waves in Fig 8A) 499 

includes a dedicated population of neurons (projection neurons that span n.IX-X and DTAM, 500 

labeled with green double-arrows in Fig 8A) along with neurons in n.IX-X, whereas the slow trill 501 
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CPG consists of neurons in the n.IX-X (Fig 8A, labeled as blue circles with sinusoidal waves).  502 

Whether neurons in n.IX-X are shared by the two circuits is yet to be determined, but these are 503 

shown as separate populations in Fig 8A for simplicity.   504 

 Phylogenetically, males of the majority of the species in the genus Xenopus produce a 505 

series of sound pulses at rates similar to the fast trills of X. laevis while others produce sound 506 

pulses at a rate similar to or slower than the slow trills (Evans et al. 2015; Leininger et al. 2015; 507 

Tobias et al. 2011).  It will be of interest to examine if all the species that generate fast trill-like 508 

calls utilize mechanisms that involves both nuclei whereas the slow trill-like calls are generated 509 

entirely by n.IX-X.  Recent studies suggest that at least in two species of Xenopus that generate 510 

fast trill-like calls, DTAM premotor activity similar to that recorded in X. laevis is obtained 511 

(personal communication, Barkan CL, Zornik E, Kelley DB), supporting at least a part of this 512 

hypothesis.  Additionally, we previously found that administration of androgen to adult females 513 

masculinizes them to produce male-like advertisement calls (Potter et al. 2005).  As the 514 

vocalizations masculinize, it is possible that new projections between DTAM and n.IX-X are 515 

formed to construct the fast trill CPG de novo. 516 

 517 

Fast and slow trill CPGs are contained in the two lateral hemispheres of the brainstem 518 

A half-center hypothesis to explain mechanisms underlying rhythmic motor programs 519 

was originally proposed by Brown (Brown 1911; 1914), and has been examined both 520 

experimentally and computationally in a variety of species to date.  Here, we asked whether the 521 

anterior and posterior commissures in the brainstem of X. laevis were components of a half-522 

center oscillator, and are necessary for the production of fast and slow trill rhythms.  Transection 523 

of the either one or both commissures did not result in the loss of fictive fast and slow trill 524 



 

24 
 

rhythms, except for a slight decrease in fictive fast trill rate, indicating that the commissures are 525 

not part of the half-center oscillators, and that the basic components of the fast and slow trill 526 

rhythm generators are contained in the two lateral halves of the brainstem.  Although the sound 527 

pulse rates were largely unaffected, the vocalizations produced by the isolated hemi-brainstems 528 

were no longer bilaterally synchronized in brains in which both commissures were transected, 529 

indicating that the commissures function to synchronize the fast and slow trill generators on each 530 

side.  Similar results were obtained in the Northern leopard frog; a complete sagittal bisection of 531 

the brainstem in vitro did not abolish fictive vocalizations elicited in response to electrical 532 

stimulation delivered to the anterior optic area (Schmidt 1992).  In locomotor CPGs, surgical 533 

separation of the two sides of the spinal cord or pharmacological blockade of inhibitory synapses 534 

(including reciprocal inhibition) failed to abolish unilateral rhythmic activity underlying 535 

locomotor programs in lampreys, tadpoles, and mice (Cangiano and Grillner 2003; Cangiano et 536 

al. 2012; Cohen and Harris-Warrick 1984; Cowley and Schmidt 1995; Hinckley et al. 2005; 537 

Kwan et al. 2009; Li et al. 2010), suggesting that the commissures in the spinal cord of these 538 

species are not necessary components of the rhythm generating mechanisms.  In contrast, 539 

locomotor CPGs of invertebrates have been shown to rely on half-center oscillators for rhythm 540 

generation (Sakurai et al. 2014; Satterlie 1985).  Although these results seem to indicate that 541 

half-center oscillator play more dominant roles in invertebrates than in vertebrates, a recent study 542 

of a swimming CPG in Xenopus tadpoles showed that pharmacological blockade of reciprocal 543 

inhibition results in homeostatic change within the network that reinstate the rhythmic activity 544 

after tens of minutes (Moult et al. 2013).  It is not clear how prevalent such homeostatic recovery 545 

is among different neural circuits, but it is possible that fictive fast and slow trill rhythms 546 

observed after >60 min of transection in this study may be due to de novo modification of the 547 
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neural circuits to regain function as in swimming circuits of Xenopus tadpoles.   Future research 548 

that involves selective and fast inactivation of the commissural interneurons will be required to 549 

answer this question.  At present, however, we tentatively conclude that there are fast and slow 550 

trill CPGs in each side of the brainstem (Fig 8A) that are coupled to each other via commissures.   551 

 552 

Bilateral coordination of the two CPGs on the two lateral halves of the brainstem 553 

 Which projection neurons synchronize the fast and slow trill rhythms generated by the 554 

two CPGs in each half of the brainstem?  We found that transection of the anterior commissure 555 

alone, the posterior commissure alone, and both commissures resulted in no delay (Fig 4), some 556 

delay (Fig 5), and no coordination (Fig 3) between the left and right CAPs, respectively.  In 557 

addition, the loss of the posterior commissure sometimes resulted in asynchronous fictive slow 558 

trills from the two sides of the brainstem, whereas fictive fast trills never became asynchronous 559 

(Fig 5G).  These results suggest that although the two commissures play a compensatory role in 560 

synchronizing the two CPGs on the both sides of the brainstem, the posterior commissure likely 561 

plays a more dominant role than the anterior commissure in coupling the two CPGs.   562 

 A previous anatomical study identified four types of commissural interneurons contained 563 

in the anterior and posterior commissures of the brainstem of X. laevis.  The anterior commissure 564 

includes axons of DTAM neurons that project to the contralateral DTAM (DTAMDTAM, Fig 8B) 565 

and of neurons that decussate first to the contralateral DTAM and project to the contralateral 566 

n.IX-X (DTAMcn.IX-X, Fig 8B).  The posterior commissure includes axons of n.IX-X neurons that 567 

project to the contralateral n.IX-X (n.IX-Xn.IX-X, Fig 8B) and the neurons that decussate to the 568 

contralateral n.IX-X and project to contralateral DTAM (n.IX-XcDTAM, , Fig 8B, Zornik and 569 

Kelley 2007).  Because the slow trill CPGs are likely contained in n.IX-X (Fig 8A), we propose 570 
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that projection neurons that terminate in n.IX-X (n.IX-Xn.IX-X and DTAMcn.IX-X) couple the two 571 

slow trill CPGs (Fig 8A, blue arrows with filled arrowheads).  Fast trill CPGs that span n.IX-X 572 

and DTAM, in contrast, are proposed to be coupled by a population of neurons that terminate in 573 

DTAM (n.IX-Xcn.DTAM and DTAMcDTAM, Fig 8A, green arrows with filled arrowheads).  574 

Furthermore, we suggest, based on the degree of deterioration of bilateral synchrony observed 575 

upon transections, that the coupling efficiency differs among these commissural interneurons.  576 

The n.IX-Xcn.IX-X and n.IX-Xcn.DTAM axons contained in the posterior commissure likely couple 577 

the rhythms generated by the fast and slow CPGs with maximum efficiency, because transection 578 

of these axons resulted in significant delay or desynchronization between the two halves of the 579 

fast and slow trill CPGs (Fig 8A, the coupling efficiency expressed as thick green and blue 580 

arrows).  DTAMDTAM and DTAMcn.IX-X axons contained in the anterior commissure couple the 581 

fictive fast trill and slow trill rhythms with minimum efficiency because the loss of the anterior 582 

commissure has little impact on the synchronous activity of the two nerves during the fictive fast 583 

and slow trills (Fig 8A).  In this model, the commissural interneurons that couple the CPGs on 584 

the two sides synchronize the timing of the two oscillators by eliciting spikes from laryngeal 585 

motor neurons from the right and left brainstem near simultaneously.  The loss of these 586 

commissural interneurons will result in either a delay between the rhythms generated by the two 587 

oscillators (Fig 5E, F) or autonomous operation of each oscillator (Fig 5G).    588 

 589 

 590 

 591 

Mechanisms for fast and slow trill initiation and its bilateral synchronization 592 
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 In the present study, transections of the projections between extended amygdala and 593 

DTAM along with the anterior commissure revealed mechanisms underlying fast and slow trill 594 

initiation that appear to be distinct.  595 

 596 

Slow trill initiation 597 

 Previously, we have shown that bilateral transection between n.IX-X and DTAM 598 

eliminates fictive advertisement calls entirely.  If the projections between n.IX-X and DTAM are 599 

only necessary for the fast trill generation, but not for slow trill CPGs, why could we not elicit 600 

slow trills from any of the bilaterally transected brains?  We suggest that there is a descending 601 

projection from DTAM to n.IX-X that initiates slow trill CPGs (Fig 8A, blue arrows with half-602 

filled arrowheads); in the bilaterally transected brains, the signal to initiate the slow trill CPG is 603 

disrupted even though the CPG itself is intact.  Interestingly, a slow trill almost always follows a 604 

fast trill, and is almost never produced in isolation both in vivo and in vitro.  Thus, it is possible 605 

that the completion of the fast trill may generate a signal that descends from DTAM to n.IX-X to 606 

initiate slow trills.  Regardless, we suggest that unilateral input from DTAM to n.IX-X is 607 

sufficient to initiate slow trills, as we have observed in unilaterally transected brains (Fig 2B), 608 

and the initiation of slow trills is bilaterally synchronized via anterior and posterior commissures 609 

(Fig 8A, blue lines with square ends).  Accordingly, any transection in this study that left one of 610 

the two commissures intact (unilateral DTAM to n.IX-X transverse transection, anterior 611 

commissure sagittal transection, posterior commissure sagittal transection, descending transverse 612 

input together with anterior commissure sagittal transection) resulted in synchronized initiation 613 

of fictive slow trills (Fig 2B, 4B, 5B, 6B, F, H), whereas the transection that eliminated both 614 
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anterior and posterior commissure resulted in the autonomous initiation of fictive slow trills (Fig 615 

3D, E).   616 

 617 

Fast trill initiation 618 

In brains in which both anterior and posterior commissures were transected, fictive fast 619 

trills from the two isolated sides of the brainstems were initiated, on average, within 100 620 

milliseconds of each other. The bath application technique used to apply 5-HT in the present 621 

study does not necessarily activate the two DTAM simultaneously, because the patterns of 622 

activation and desensitization of a population of receptors expressed by the two DTAMs are 623 

different based on the geometric spread of the 5-HT solution through the recording chamber, or a 624 

population of neurons downstream of the 5-HT signaling has different threshold for activation. 625 

Thus, our results suggest the presence of a bilaterally synchronized descending signal from 626 

extended amygdala that initiates fictive fast trills from the two sides of the brainstem within a 627 

short time window (Fig 3E). 628 

 It was puzzling, however, that our previous study showed that the elimination of the 629 

descending projections from extended amygdala to DTAM had no effect on the initiation of the 630 

fictive fast trills in response to 5-HT (see Fig 7D, E, for example), while in this study we could 631 

decouple the initiation of fast trills from the two sides of the brainstem by transecting both the 632 

descending inputs to the brainstem and the anterior commissure.  To explain these observations, 633 

we propose that exogenous 5-HT initiates fictive fast trills in two complementary ways.  One 634 

way is to activate the extended amygdala, which sends bilateral descending signals to left and 635 

right DTAM simultaneously, resulting in near synchronous activation of the fast trill CPG from 636 

the two sides (Fig 8C, blue arrow).  The other way is to activate a population of neurons in 637 



 

29 
 

DTAM unilaterally, which then project to contralateral DTAM via the anterior commissures and 638 

result in simultaneous initiation of the fast trills from the two sides (Fig 8C, blue arrow).  In the 639 

latter scenario, we speculate that each DTAM is activated by 5-HT independently.  Under this 640 

scenario, unilateral activation of DTAM in brains without descending inputs (with intact anterior 641 

commissures) can still initiate fictive advertisement calling by both halves of the brainstem via 642 

the projection neurons connecting the two DTAMs through the anterior commissure (Fig 8A).  In 643 

brains with sagittal transection of anterior commissures (with intact descending inputs), 644 

activation of the extended amygdala by 5-HT generates bilaterally synchronized initiation signals 645 

which activate left and right DTAM to initiate advertisement calls from the two sides of the 646 

brainstem simultaneously.   It is only when both of these projections are removed that fast trills 647 

are initiated by the left and right brainstem independently (Fig 8A).   648 

Of these two projection neuron populations, however, the anterior commissure 649 

projections appear to synchronize fictive fast trill onset more precisely than the bilateral 650 

projections from the extended amygdala, because the initiation of DTAM activity in the absence 651 

of anterior commissure (with or without posterior commissure) can result in a significant delay 652 

between the two sides (Fig 3D, E, Fig 7J, L).  Thus, we propose that the extended amygdala 653 

signals that initiates fast trills from each side are permissive and allow fast trill initiations to take 654 

place, but are not instructive in providing the timing information to initiate the fast trills.   655 

 Many episodic CPGs in vertebrates are considered to be initiated by the basal ganglia, 656 

with its major function being to “select” appropriate behavior at any given moment (Hikosaka et 657 

al., 1993, Mink 1996, Nambu et al., 2002).  Vocal CPGs of a variety of vertebrate species are 658 

also considered to be “selected” by the basal ganglia via periaqueductal gray (PAG, Hikosaka 659 

2007).  The vocal initiation mechanisms of X. laevis, however, may be distinct from other CPGs.  660 
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There has been no direct anatomical connections demonstrated between the PAG and the vocal 661 

nuclei, nor has there been any demonstration of the involvement of basal ganglia for vocal 662 

initiation to date in X. laevis.  Instead, DTAM (also known as parabrachial area, Moreno and 663 

Gonzales 2005, Zornik and Kelley 2011 or pretrigeminal nucleus, Schmidt 1992) is reciprocally 664 

connected with the central amygdala (CeA), a nucleus included in extended amygdala, which is 665 

also reciprocally connected with PAG in X. laevis (Moreno and Gonzales 2005).  The BNST, 666 

another nucleus included in the extended amygdala, directly projects to the dorsal raphe nucleus 667 

(Moreno et al. 2012), which sends serotonergic projections to n.IX-X and DTAM (Rhodes et al. 668 

2007; Yu and Yamaguchi 2009; 2010).  One study showed that lesion of CeA disrupts the 669 

production of vocal responses to females whereas lesioning of BNST decreases calling behavior 670 

in vivo in male X. laevis (Hall et al. 2013).  This study suggests that CeA plays a role in eliciting 671 

vocalization in response to socially salient stimuli, whereas the BNST plays a role in initiating 672 

vocal activity in general.  Previously, we have shown that increasing the extracellular 673 

concentration of endogenous serotonin using a selective serotonin reuptake inhibitor elicits 674 

fictive advertisement calls by activating 5-HT2C receptors expressed in the raphe nucleus and 675 

n.IX-X (Yu and Yamaguchi 2010).  Although transverse transection at the level of the rostral 676 

optic tectum did not allow us to identify which descending inputs play a role in initiating fast 677 

trills, we suggest that the BNST is a likely candidate nucleus that elicits fast trills from the 678 

brainstem.   679 

 680 

 681 

 682 

 683 
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Figure Captions 830 

 831 

Figure 1.  Advertisement calls generated by male Xenopus laevis.  A.  Simultaneous recordings 832 

of the sound (top trace) and the laryngeal nerve activity (lower trace) while advertisement calls 833 

are produced by an awake male Xenopus laevis.  Fast trills are enveloped in green, slow trills in 834 

blue.  A sound pulse (black arrowheads, top trace) is always preceded by a compound action 835 

potential (gray arrowheads, bottom trace).  B.  Diagram of the key vocal nuclei of male 836 

Xenopus laevis.  Within a brainstem, a pair of dorsal tegmental area of medulla (DTAM) and a 837 

pair of laryngeal motor nuclei (n.IX-X) are contained.  These nuclei are reciprocally connected 838 

with each other by projection neurons (solid arrows).  DTAMs, in turn, are reciprocally 839 

connected with the extended amygdala (EA).  A pair of extended amygdala are reciprocally 840 

connected, but the coupling is shown as a line in the diagram, since we did not explore the 841 

function of bilateral coupling of EA in this study.    842 

 843 

Figure 2.  Effects of unilateral, transverse transection of projections between DTAM and n.IX-844 

X.  A.  Diagram of the vocal pathways with transection marked with a red line with scissors, 845 

disconnected projections in dotted arrows, and intact projections in solid black arrows.  B.  846 

DTAM local field potential (LFP, top and bottom traces) and laryngeal nerve recordings 847 

(middle two traces) obtained from right and left DTAMs and nerves while a fictive 848 

advertisement call is generated by an isolated brain, before transection.  Green and blue frames 849 

indicate fast and slow trills, respectively.  C.  Fast and slow trill rates before and after 850 

transection.  Each pair of points indicates mean fast and slow trill rates before and after the 851 

transection in one animal.  Pairs of dotted green and blue lines indicate the range of fast and 852 
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slow trill rates obtained from intact brains. D.  Enlarged sections of brackets labeled in B.  Left 853 

(blue traces) and right (red traces) nerve recordings are shown during fast and slow trills with 854 

the overlay of the two nerves at the bottom.  E.  Example of cross correlation between left and 855 

right nerve recordings (see Methods) for fast and slow trills before and after transection.  Each 856 

line represent cross correlation of a bout of fast or slow trills from one animal (cross correlation 857 

of ten bouts shown).  F.  Absolute peak lag time before and after the transection for fast and 858 

slow trills, plotted for each animal as in (C). Asterisk, significant difference (p < 0.05); n.s., not 859 

significant.  G.  Mean CAP amplitude during fast and slow trills obtained from brains before 860 

and after the transection.  Each pair of points indicates mean fast and slow trill CAP amplitude 861 

before and after the transection in one animal.   H.  Example power spectra of the DTAM LFP 862 

recordings during fast trills from both sides of DTAM before and after transection.   Black 863 

arrow on the bottom right graph (‘Post-transection Right DTAM’) indicates the loss of peak at 864 

60Hz after the transection.   865 

 866 

Figure 3.  Effects of sagittal transection of both anterior and posterior commissures on fictive 867 

vocalizations.  A.  Diagram of the vocal pathways showing transections in red lines with 868 

scissors, transected projections in dotted arrows, and intact projections in solid arrows.  B.   869 

Example bilateral DTAM local field potential (LFP) recordings (top and bottom traces) and 870 

laryngeal nerve recordings (middle two traces) obtained during fictive advertisement calls 871 

before transection.  Green and blue frames indicate fast and slow trills, respectively, for all 872 

figures. Rectangle shows transition from slow trills to fast trills.  C.  Enlarged sections of 873 

brackets labeled in (B).  Left (blue traces) and right (red traces) nerve recordings are shown 874 

during fast and slow trills with the overlay of nerve activities at the bottom.  D.  Example 875 
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bilateral DTAM LFP and laryngeal nerve recordings obtained from a brain in which both 876 

anterior and posterior commissures are sagitally transected.  Bracket with black arrow in the 877 

bottom trace points to a fictive advertisement call produced only by the right nerve.  E.  878 

Enlarged sections from small brackets labeled in (D).  F.  Example of cross correlation between 879 

left and right nerve recordings for fast and slow trills before (intact) and after transection (post-880 

transection).  There is no obvious peak in correlation coefficient after the transection, indicating 881 

the asynchronous nature of the two nerve activities.  G.  Mean fast and slow trill rates before 882 

and after transection from three brains.  Because asynchronous fictive calls were recorded from 883 

the right and left nerve, the trill rates from the two sides were analyzed as independent rhythms 884 

after transection.  Points connected by a line indicates mean fast and slow rate of one animal.  885 

Pairs of dotted green and blue lines indicate the range of fast and slow trill rates obtained from 886 

intact brains.  Asterisk, significant difference (p<0.05); n.s., not significant. H.  Example of 887 

fictive advertisement calls recorded from the right and left laryngeal nerves from brains with 888 

both anterior and posterior commissures sagitally transected.  Note that the left and right calls 889 

are largely overlapping, but slow trills are sometimes missing on one nerve (black arrows).     890 

 891 

Figure 4.  Effects of sagitally transecting anterior commissure alone on fictive advertisement 892 

calls.  A.  Diagram of the vocal pathways showing the transection in red line with scissors, 893 

transected projections in dotted arrows, and intact projections in solid arrows.  B.  Example 894 

bilateral DTAM LFP (top and bottom traces) and laryngeal nerve recordings (middle two 895 

traces) obtained during a fictive advertisement call from a brain after anterior commissure 896 

sagittal transection.  Green and blue frames indicate fast and slow trills, respectively.   C.  Mean 897 

fast and slow trill rates before and after transection from six brains.  Points connected by a line 898 
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indicates mean fast and slow rate of one animal.  Pairs of dotted green and blue lines indicate 899 

the range of fast and slow trill rates obtained from intact brains.  D.  Enlarged sections of 900 

brackets labeled in B.  Left (blue traces) and right (red traces) nerve recordings are shown 901 

during fast and slow trills with the overlay of the two nerve activity at the bottom.  E.  Example 902 

of cross correlation between the left and right nerve recordings for fast and slow trills before 903 

and after transection.  F.  Absolute peak lag time before and after transection, plotted for each 904 

animal as in (C).  n.s., not significant difference.   905 

 906 

Figure 5.  Effects of sagitally transecting the posterior commissure alone on fictive 907 

advertisement calls.  A.  Diagram of the vocal pathways showing the transection in red line with 908 

scissors, transected projections in dotted arrows, and intact projections in solid arrows.  B.  909 

Example bilateral DTAM LFP and laryngeal nerve recordings obtained during fictive 910 

advertisement call after posterior commissure sagittal transection.  Green and blue frames 911 

indicate fast and slow trills, respectively, for all figures.  C.  Mean fast and slow trill rates 912 

before and after transection from six brains.  Each pair of points indicates mean rate before and 913 

after transection in one animal.  Pairs of dotted green and blue lines indicate the range of fast 914 

and slow trill rates obtained from intact brains.  D.  Enlarged sections of brackets labeled in (B).  915 

Left (blue traces) and right (red traces) nerve recordings are shown during fast and slow trills 916 

with the overlay of the nerve activities at the bottom.  E.  Example cross correlation between 917 

the left and right nerve recordings for fast and slow trills before and after transection.  F.  918 

Absolute peak lag time before and after the transection, plotted for each animal as in (C).  919 

Asterisks indicate statistically significant differences (p<0.05).   G.  Example left and right 920 
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nerve recordings during a fictive fast and slow trill.  In this recording, left and right CAPs are 921 

largely asynchronous only during the slow trill.   922 

 923 

Figure 6.  Effects of simultaneously eliminating the anterior commissure and the projection 924 

between the extended amygdala and DTAM on fast trill initiation.  A. Diagram of the vocal 925 

pathways showing the transection in red line with scissors, transected projections in dotted 926 

arrows, and intact projections in solid arrows.  B.  Example bilateral DTAM LFP (top and 927 

bottom traces) and nerve recordings (middle two traces) obtained from double-transected brains.  928 

Dark and light green frames indicate the side with the larger and smaller amplitude fast trill 929 

CAPs, respectively.  Blue frames indicate slow trills.  During Fast Trill 1 and 3,CAPs are larger 930 

on the right nerve than the left nerve, and during Fast Trill 2 and 4, CAPs are larger on the left 931 

nerve than the right nerve.  Black arrows indicate the unilateral absence of the DTAM activity.  932 

C.  Mean fast and slow trill rates before and after transection.  Each pair of points indicates 933 

mean trill rates for one animal.  Pairs of dotted green and blue lines indicate the range of fast 934 

and slow trill rates obtained from intact brains.  D, E. Enlarged views of the brackets labeled in 935 

(B).  D1, E1.  Example of cross correlation between the left and right nerve shown in (D) and 936 

(E).  Here, the cross correlation coefficient was calculated by sliding recording of a single CAP 937 

obtained from one nerve against the other nerve (as opposed to using nerve recordings of a 938 

whole fast trills, as done in previous figures).  Peak cross correlation coefficient at negative or 939 

positive lag time indicates left nerve leading right or right nerve leading left, respectively.  F.  940 

Example bilateral DTAM LFP (top and bottom traces) and laryngeal nerve recordings (middle 941 

two traces) during which both left and right DTAM becomes active.  Dark and light green 942 

frames indicate the side with larger and smaller amplitude fast trill CAPs, respectively, as in (B).  943 
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Blue frame indicates a slow trill.  G.  Enlarged view of the bracket labeled in (F).  Left (blue 944 

trace) and right (red trace) nerve recordings are shown with the overlay of the nerve activities at 945 

the bottom.  Blue and red straight lines under the traces indicate the time during which left and 946 

right DTAM is active, respectively.  G1.  Example of cross correlation between the left and 947 

right nerve.  Note that the peak cross correlation coefficients are distributed among positive and 948 

negative lag times, indicating CAPs recorded from one nerve do not consistently lead those 949 

recorded from the other nerve.  H.  Example bilateral nerve recordings obtained from double-950 

transected brains that include slow trills.   I.  Enlarged view of the bracket labeled in (H).    I1.  951 

Example of cross correlation between the left and right nerves during slow trills.  Note that 952 

peak cross correlation coefficients are centered at zero, indicating that the CAPs recorded from 953 

the two nerves are synchronous.   954 

 955 

Figure 7.  Effects of transecting the projection between extended amygdala and DTAM alone, 956 

or the anterior commissure alone, on the initiation of DTAM premotor activity and fast trills.  A.  957 

Example bilateral DTAM LFP (top and bottom traces) and nerve recordings (middle two traces) 958 

obtained from an intact brain.    Green and blue frames indicate fast and slow trills, respectively, 959 

for all figures. B.  Enlarged view of the bracket labeled in (A).  The first premotor activity 960 

recorded from left and right DTAM is labeled with large black arrows (top and bottom traces), 961 

and the first fast trill CAPs recorded from the left and right nerves are labeled with a small 962 

double-headed arrow between the two middle traces.  Note that both DTAM activity and CAPs 963 

are initiated simultaneously from the left and right.  C, F.  Diagram showing transection site in 964 

red line with scissors, transected projections in dotted arrows, and intact projections in solid 965 

arrows.  D, G, I, K.  Example bilateral DTAM LFP (top and bottom traces) and nerve 966 
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recordings (middle two traces) obtained after transection to eliminate the projections between 967 

extended amygdala and DTAM (D) or anterior commissure (G, I, K).  E, H, J, L.  Enlarged 968 

view of the bracket labeled in (D, G, I, K).  The first premotor activity recorded from left and 969 

right DTAM is labeled with large black arrows on top and bottom traces, and the first fast trill 970 

CAPs recorded from the left and right nerves are labeled with a double-headed arrows between 971 

the middle two traces, as in (B).  Note that DTAM premotor activity starts simultaneously in E 972 

and H, but not in J and L.  The first fast trill CAPs, in contrast, are always recorded 973 

simultaneously from the two nerves in these transected brains.       974 

 975 

Figure 8.  Model of the vocal CPGs in male Xenopus laevis.  A.  Functional model of the 976 

central vocal pathways of male Xenopus laevis.  Green oval and blue circle containing 977 

sinusoidal waveform indicate central pattern generators for fast and slow trills, respectively.  B.  978 

Four different types of anatomically identified projection neurons in the central vocal pathways 979 

of Xenopus laevis.  Axons of these neurons are contained in anterior or posterior commissures.  980 

C:  Solid blue arrows indicate hypothesized redundant mechanisms of vocal initiation by 981 

serotonin (5-HT).   982 
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