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Teleosts Among teleost fishes, representatives of several distantly related groups have
Sound production sound-producing (sonic/vocal) muscles associated with the swimbladder or pec-
Vocalization toral girdle/fin. Here, the diversity of vocal organs and central motor pathwaysin
Medulla four families of catfish, order Siluriformes, is compared to that in families from
Motoneurons two distantly related orders, the Scorpaeniformes and Batrachoidiformes. Sev-

eral catfish families have two sonic mechanisms — a swimbladder vibration es-
tablished by ‘drumming muscles’ that differ in origin and insertion between fam-
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C0py - for per- doradids, sonic swimbladder muscles originate at various crania or postcranial
sonal use only elements and insert onto an ‘elastic spring’ that vibrates the swimbladder, while
ANY DISTRIBUTION OF THIS in pimelodids the muscles insert ventrally at the swimbladder. Sonic motoneu-
ARTICLE WITHOUT WRITTEN rons are located along the midline, ventral to the fourth ventricle/central canal in
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doradids and mochokids but lateral to the medial longitudinal fasciculus in ari-
ids; pimelodids have motoneurons in both locations. The axonal trajectory for
the lateral motoneuronsin pimelodids and ariids implies that they are amigrated,
midline population of sonic motoneurons. Pectoral spine-associated motoneu-
rons are located in the ventral motor column. Unlike catfishes, a diversity of
sonic mechanisms in Scorpaeniformes is not associated with different positions
for sonic motoneurons. Cottids (sculpin) lack a swimbladder but have sonic
muscles that originate at the occipital cranium and insert at the pectoral girdle;
sonic motoneurons are located within the ventral motor column. Some triglids
have intrinsic swimbladder muscles, although ontogenetic data indicate a tran-
sient association with the pectoral girdle; sonic motoneurons are in the same lo-
cation as in cottids. Among Batrachoidiformes, all known representatives have
intrinsic swimbladder muscles that are never associated with the pectoral girdle
and are innervated by midline sonic motoneurons. The results suggest two pat-
terns of organization for sound-producing systems in teleost fishes: pectord
fin/girdle-associated muscles are innervated by sonic motoneurons positioned
within the ventral motor column, adjacent to the ventral fasciculus, non-pectoral
associated muscles are innervated by sonic motoneurons located on or close to
the midline, adjacent to the medial longitudinal fasciculus.
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Abbreviations

AX axons of sonic motoneurons
CcC central cana

Cl cleithrum

DS dorsal spine

DSO dermosupraoccipital bone
EL epiotic lamina

EM epaxial musculature

Fv ventral fasciculus

HM hypaxial muscle

L ligament

MLF medial longitudinal fasciculus
np neuropil of SMN

NX vagus nerve

oC occipital nerve

Op operculum

PM protractor muscle

PP predorsal plate

PS pectoral spine

Pt posttemporal bone

RM ramus Mlleri

Sb swimbladder

SMN sonic motor nucleus or motoneurons
SMNI |ateral division of SMN
SMNmM midline division of SMN
SMNv ventral division of SMN

SO supraoccipital bone

TP transverse process

v fourth ventricle

Xm vagal motor nucleus
1,2,3,4,5 bony plates 1-5

Introduction

Among teleost fishes, sound production has been identi-
fied within several distantly related groups — Ostariophysi,
Osteoglossomorpha, Paracanthopterygii and Acanthoptery-
gii [reviews. Myrberg, 1981; Ladich, 1997z; fig.1]. Thisdi-
versity, which is apparently unique among vertebrates, sug-
gests that structures for generating acoustic signals have
evolved independently severa times among teleosts. Two
mechanistic categories recognized for teleostean sound
production are swimbladder and pectoral girdle vibration or
pectora fin stridulation. The latter includes rubbing of en-
hanced pectoral spines within a cleithral groove [catfish —
Schachner and Schaller, 1981] or on a ‘drumming’ mem-
brane [triggerfish — Salmon et a., 1968] and snapping of
enlarged pectoral tendons [gouramis — Kratochvil, 1978].
Stridulatory sounds may also be produced by other body
parts including pharyngeal teeth [Lanzing, 1974] and neck
vertebrae [Fish, 1953]. Swimbladder and pectoral girdle
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generated sounds are low frequency (~100 Hz) signals,
while pectoral, stridulatory sounds typically have main fre-
guencies in the 1-3 kHz range [Ladich and Fine, 1994;
Ladich, 1997b].

Experimental neuroanatomical studies have identified
sonic motoneurons among Osteoglossomorpha [the weakly
electric mormyrid, Brienomyrus — Bass, 1985; Bass et al.,
1986], Paracanthopterygii [batrachoidids; review: in Bass
and Baker, 1991], Acanthopterygii [triglids and cottids,
Bass, 1985; Bass and Baker, 1991], Perciformes [anaban-
toids; Ladich and Fine, 1992] and Ostariophysi [pimelodid
and mochokid catfish; Ladich and Fine, 1994; Ladich and
Bass, 1996a]. Premotoneurons have also been identified
among batrachoidids and mochokid catfish [Bass and
Baker, 1991; Bass et al., 1994; Ladich and Bass, 19964a).
Extensive studies in batrachoidids have further identified
the neurophysiological events that establish a rhythmic
motor output leading to sound production [Pappas and Ben-
nett, 1966; Bass and Baker, 1990, 1991].

The sonic muscles of batrachoidiforms (toadfish and
midshipman), which attach directly to the swimbladder
walls, are derived from occipital somites and are inner-
vated by ventral occipital nerve roots that are considered
homologues of the hypoglossal nerve of tetrapods [review:
Bass and Baker, 1997]. Bass and Baker [1997] propose
that the central circuitry controlling sound production
among teleosts and tetrapods shares a common origin from
caudal hindbrain rhombomeres which innervate sonic
muscles derived from occipital somites; hence we have de-
scribed the sonic-swimbladder motor system of teleosts as
avoca motor system [Bass et a., 1994; Ladich and Bass,
19964].

As shown here, among the major groups of sonic fishes
so far studied, only catfish exhibit a diversity in sonic organ
design paraleled by a divergence in the organization of
sonic/vocal motor nuclei. The goa of the present analysis
is to assess phylogenetic trends in central and peripheral
sound-producing mechanisms among teleosts by compar-
ing the diversity in organization of sonic motor systemsin
catfish to that of the distantly related batrachoidiforms and
scorpaeniforms. To accomplish this goal, new descriptions
are presented for the sonic swimbladder organ in pimelo-
did, ariid and doradid catfish; this complements our earlier
study in mochokid catfish [Ladich and Bass, 19964], batra-
choidiforms and scorpeaniforms [Bass and Baker, 1991].
New evidence is also presented, using biotin compounds as
neuroanatomical tracers, for the position and extent of sonic
motoneurons in doradid and ariid catfish. Since biotin pro-
vides exquisite delineation of sonic motoneurons, inclusive
of axona and soma-dendritic compartments [Bass et al.,
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Fig. 1. Cladistic relationships of eutel eostean orders and families where swimbladder associated mechanisms and
motoneurons have been studied. Orders without families indicate an absence of experimental studies that identify
swimbladder sonic motoneurons in known vocal species [systematics after Lundberg, 1993, and Nelson, 1994].
Abbreviations. CYPRINIF.=Cypriniformes;, CHARACIF.=Characiformes, SILURIF.=Siluriformes; GADIF.=
Gadiformes; BATRACHOIDIF.=Batrachoidiformes; SCORPAENIF.=Scorpaeniformes; PERCIF.=Perciformes,
SMNm=midline sonic motor nucleus, SMNI =lateral sonic motor nucleus; SMNv =ventral sonic motor nucleus.

1994; Ladich and Bass, 19964, we aso reassessed the
morphology of sonic motor nuclel in pimelodid catfish and
cottids (sculpin) using this methodology; previous studies
utilized horseradish peroxidase [Bass and Baker, 1991;
Ladich and Fine, 1994]. Some of the results presented here
have been reported earlier [Ladich et al., 1995; Ladich and
Bass, 1996b].

Materials and Methods

Three Pimelodus blochii (5.4-8.7 @), five Platydoras costatus
(6.5-15 g), fourteen Bagre marinus (10.8-28.4 g), three Arius felis
(220247 g) and seven Leptocottus armatus (5.8-27.5 g) were used
for thisstudy. Pimelodids (P. blochii), doradids (P. costatus) and ariids
(B. marinus, A. felis) were obtained commercially; sculpin (L. arma-
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tus) were collected by beach seinein northern California. Pimelodids
and doradids were maintained at 28°C, ariids at 22°C and sculpin at
15°Cin aerated and filtered but unplanted aquaria. Gross examination
of gonads suggested that all specimens were sexually immature.
Immunohistochemical and surgical procedures followed those of
Basset a. [1994] and Ladich and Bass [19964]. For sonic nerve label-
ing, the sonic muscle wasretracted, the nerve was directly exposed and
partially or completely severed, and biotin crystals were applied to its
proximal end. For the sonic muscle, crystalswereinserted into the mus-
cle fibers using ‘00" minutien insect pins. The following experiments
involved labeling of either the sonic nerve or muscle using biocytin
(Sigma, St. Louis, Mo.) or dextran-biotin (Molecular Probes, Eugene,
Oreg.): (1) pimelodids. drumming muscle nerve — three biocytin; (2)
Bagre marinus: drumming muscle — two biocytin, one dextran-biotin;
drumming muscle nerve — six biocytin, two dextran biotin; Ariusfelis:
drumming muscle — three biocytin; (3) doradids: drumming muscle
nerve—three biocytin, two dextran-biotin; scul pins: sonic muscle—one
biocytin; sonic muscle nerve—three biocytin, one dextran-biotin.
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Fig. 2. Linedrawing of alateral view of
the postcranial region in Pimelodus blochii
showing the transverse process (TP) of the
fourth vertebra and the swimbladder protrac-
tor muscle (PM). The dorsal process of
the cleithrum (ClI), lateral parts of the TP and
hypaxia muscle (HM) have been partially
removed to revea the protractor muscle
extending ventrally along the swimblad-
der (Sb). Other abbreviations: DS=dorsal
spine; DSO =dermosupraoccipital bone; EM =
epaxial muscle; Op=operculum; PS=pec-
toral spine.

Fig. 3. Line drawings of tansverse sec-
tions through the caudal medulla and rostral
spinal cord of P. blochii after application of
biocytin to a single swimbladder muscle
nerve (two-day survival time). Large black
dots and lines represent biocytin filled mo-
toneurons and fibers. Sonic motoneurons
were only labeled ipsilaterally. Labeled den-
drites (d) extend to the surface of the brain or
spinal cord. Other abbreviations: OC = occip-
ital nerve; CC=central cana; FV =ventra
fasciculus;, MLF=medial longitudinal fasci-
culus; SMNm=midline sonic motoneurons;
SMNI =lateral sonic motoneurons; v="fourth
ventricle. Distance between sections. A-B,
100 pm; B—C, 200 pm. Bar scale=300 pm.
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Fig. 4. Photomicrographs of labeled sonic motoneurons following biocytin application to a single sonic muscle
nerveinapimelodid catfish, P. blochii (A, B; two-day survival time); adoradid catfish, P. costatus (C, two-day survival
time) and asculpin, L. armatus (D, two-day survival time). Sectionswerelightly counterstained with cresyl violet. Mid-
line (SMNm) and lateral (SMNI) populations of motoneurons are distinguished for P. blochii, and SMNm for P. costa-
tusand aventral SMN (SMNv) for L. armatus. L abeled dendrites (d; A, C, D) extend to the surface of the brain or spinal
cord. Bar scale=400 pm.
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Fig. 5. Line drawing of alateral view of
the postcranial region in Arius sp. showing
the ramus M{lleri (RM) and protractor mus-
cle (PM). Operculum (Op), lateral part of the
posttemporale bone (Pt) and dorsal process
of the cleithrum (CL) are removed to reveal
the elastic spring mechanism (RM). Other
abbreviations: DS=dorsal spine; DSO=der-
mosupraoccipital bone; EL =epiotic laming;
EM =epaxial muscle; HM =hypaxia mus-
cle; PS=pectora spine; Sbh=swimbladder;
SO=supraoccipital bone.

Thirty to fifty neurons were measured in three dextran-biotin and
six biocytin-treated B. marinus using Olympus Cue 2 image analysis
system. Only neurons with a clear nucleolus and a well defined pe-
rimeter with extending neurites were measured. The results of all
animals with one particular treatment were pooled and used for a
X2 anaysis.

The research reported here was conducted in accordance with the
guidelines of the Cornell University Animal Care and Use Committee
and the NIH.

Results

The swimbladder drumming muscles and sonic motor
nuclei are first described in pimelodid, ariid and doradid
catfish, followed by a decription of sonic motoneurons in
sculpin.

Pimelodids
Drumming muscles in P. blochii originate at the trans-
verse process of the fourth vertebrae (TP, fig.2) and insert
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ventrally and ventrolaterally at the swimbladder [Sb, fig.2;
also see Schachner and Schaller, 1981]. The left and right
drumming or protractor muscles (PM, fig.2) completely
cover the ventral surface of the rostral swimbladder.
Biocytin labeling of the sonic nerve identified ipsilateral
motoneurons ventral to the central canal and fourth ventri-
cleintherostral spinal cord and caudal medulla (fig. 3). At
middle to caudal levels, motoneurons are positioned on the
midline (SMNm; fig.3A, B, 4A). More rostrally, labeled
motoneurons extend ventrolaterally (SMNI, fig. 3B, C, 4B),
adjacent to the medial longitudinal fasciculus. Biocytin-
labeled axons exit ventrally from the SMNm, adjacent to
the media longitudinal fasciculus and ventral fasciculus
(fig.3A—C). Axons of the SMNI extend dorsomedially to
join the SMNm axons (fig. 3B). Motoneuron dendrites ex-
tend to the far lateral edge of the medulla and spinal cord
but do not cross the midline (d, fig.3, 4A). There was no
obvious indication of transneuronal biocytin transport; the
labeled somata were similar in extent and position to those
observed in a previous HRP study [Ladich and Fine, 1994;

Ladich/Bass



Fig. 6. Linedrawings of transverse sections through the caudal medulla and rostral spinal cord of Bagre marinus
after application of biocytinto asingle swimbladder musclenerve (two-day survival time). Label ed fibers extend across
the midline asacommisssural bundle (CO) to form aterminal field in the contralateral motor nucleus at thelevel of the
vagal motor nucleus (Xm) and vagus nerve (NX). See figure 3 legend for other abbreviations. Distance between sec-
tions: A-B, C-D, D-E, 200 ym; B—C, E—F, 150 um. Bar scale= 500 pm.

this study designated the SMNI as an intermediate popula-  the swimbladder (Sb, fig.5). The distal part of the ramus

tion, SMNI]. Mdlleri, the elastic spring, is free and pointed. The protrac-
tor muscle inserts over the entire dorsal surface of the
Ariids ramus M{lleri; it originates at the supraoccipital bone, the

In ariids, the sonic swimbladder consists of abony plate, posttempora bone and the epiotic lamina (SO, Pt, EL;
the ramus Mllleri (RM, fig.5), which originates on the fig.5).
fourth vertebra and the protractor/drumming muscle (PM, Swimbladder motoneurons are situated lateral to the
fig.5) and is attached to the anterior and dorsal part of media longitudinal fasciculus (SMNI; fig.6, 7A, B). The
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Fig. 7. Photomicrographs of labelling of the
sonic motor nucleus following biocytin applica
tionto asingle sonic muscle nervein B. marinus.
A, B: Sonic motoneurons (SMNI) are positioned
lateral to the MLF; axons (AX) extend dorsally
toward the midline and then turn ventral, cours-
ing along the lateral margin of the MLF and FV.
Arrows point to small fusiform-shaped cellsonly
found in biocytin material. C: Labeled fibersand
terminals in the contralateral nucleus. Bar
scales=250 pm (A), 150 pm (B) and 20 um (C).

SMNI is ovoid-shaped; somata are clustered medially,
whereas dendritic branching is clustered laterally. Sonic
motor axons exit the nucleus dorsally, extend toward the
central cand (fig.6D, E, 7A, B), and then stream ventrally
to enter the ventral root of the occipital nerve (OC; fig.6C,
TA).

In biocytin, but not dextran-biotin cases, labeled fibers
extend across the midline as a commissural bundle (CO,

322 Brain Behav Evol 1998;51:315-330

MLF

fig.6E) to terminate in the contralateral SMNI (fig. 6D—F,
7C). We quantified the cross-sectiona area of labeled so-
mata, since our previous biocytin study of sonic motoneu-
rons in mochokid catfish showed a coupling of contralateral
fiber labeling with labeling of a distinct population of
‘small’ non-motoneurons in the ipsilateral nucleus [Ladich
and Bass, 19964]. In B. marinus, small, ovoid-shaped neu-
rons were found in al biocytin cases and were mainly lo-
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cated within the medial part of the SMNI; small spindle-
shaped neurons also occur outside the nucleus (arrows,
fig.7B). A few small neurons were found in one of the three
dextran-biotin cases, but there was no contralateral fiber la-
beling. Compared to dextran-biotin labeled neurons (fig. 8,
bottom), the distribution of biocytin labeled neurons (fig. 8,
top) revealed a bimodal distribution of ‘small’ (<70 pm?)
and ‘large’ (>70 um? neurons. Neurons smaller than
90 pm? were found in only one of the dextran-biotin cases.
In comparison to the dextran-biotin cases, there was a
significantly larger number of small than large neurons in
the biocytin cases (x?=6.79, df =1, p<0.01; biocytin mean=
134 pm?, standard error/SE=3.41 pm?, dextran-biotin
mean=167 pm?, SE=8.50 um?).

Doradids

The sonic swimbladder organ in P. costatus also consists
of an elastic spring mechanism but differs in three major
ways from that of ariids. First, the distal end of the ramus
Milleri (RM, fig.9) is disc-shaped and firmly connected
with the rostrodorsal part of the swimbladder itself (Sb,
fig.9). Second, the drumming protractor muscle (PM, fig.9)
originates at the supraoccipital and dermosupraoccipital
bones (SO, DSO; fig.9) and inserts dorsaly at the elastic
spring (RM). Third, the elastic spring (RM) is connected
laterally via a short ligament (L, fig.9) with the first lateral
plate (1, fig.9) which is embedded in the lateral cutaneous
area between occipital bones (SO, DSO, fig.9), cleithrum
(CL, fig.9) and the lateral plate. The first and second scutes
(1, 2; fig.9) are smaller and, unlike the other plates, move-
able. The third hook-bearing scute (3, fig.9) is in contact
with the predorsal plate (PP, fig.9). The protractor muscles
are never in direct contact with the swimbladder, although
their contractions cause the swimbladder and first lateral
dermal plate to vibrate.

Sonic motoneurons are labeled ipsilaterally along the
midline of the caudal medulla and rostral spinal cord, be-
tween the central canal/fourth ventricle and the medial lon-
gitudinal fasciculus (SMNm, fig.4C, 10). For most of their
extent, the SMNm are contiguous aong the midline. Cra-
nialy, at the level of the fourth ventricle, both SMNms are
distinctly separate. Biotin-labeled fibers fill a dorsal region
of the ipsilatera SMNm (np, fig. 10B). Dendrites extend far
lateraly (d, fig.4C, 10), while SMNm axons extend ven-
traly, lateral to the media longitudinal fasciculus and ven-
tral fasciculus, before they enter the ventral occipital nerve
root (OC, fig.4C, 10B). A comparison between biocytin and
dextran-biotin labeled specimens gave no indication of
transneuronal biocytin transport. In particular, there was no
suggestion of smaller neurons being labeled in the ipsilateral
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Fig. 8. Histograms showing size distribution of biocytin (top,
n=6 specimens) and dextran biotin (bottom, n=3) labeled motoneu-
ronsin the ariid catfish, Bagre marinus.

nucleus as found for mochokids whose SMN appears nearly
identical to that of doradids [see Ladich and Bass, 19964].

Cottids

L. armatus, which lacks a swimbladder, has spindle-
shaped, ‘cephaloclavicularis' sonic muscles located dorsal
to the branchia chamber, originating at the otic and occipi-
tal region of the skull and inserting at the dorsal part of the
cleithrum [see Bass and Baker, 1991]. Rapid contractions
of the sonic muscles vibrate the pectoral girdle and lead to
the production of low frequency buzzing sounds [Barber
and Mowbray, 1956].

Sonic motoneurons are found in the rostral spinal cord
and caudal medulla, lateral to the ventral fasciculus (SMNyv,
fig.11). Axons enter the occipital nerves ventra to the
SMNv; dendrites extend far dorsolaterally (d, fig.4D, 11).
Biocytin labeled neurons ipsilaterally, with no evidence for
transneuronal transport; the somata were similar in extent
and position to those observed in a previous HRP study
[Bass and Baker, 1991].

Brain Behav Evol 1998;51:315-330 323



Fig. 9. Line drawing of lateral view of
the postcranial region in Platydoras costatus
showing the disc-shaped elastic spring (RM)
connected via a ligament (L) to the first lat-
eral scute (=bony plate) (1). PP=Predorsal
plate. Seefigure 5 legend for other abbrevia-
tions.

Fig. 10. Linedrawingsof transverse sec-
tions through the caudal medulla and rostral
spinal cord of Platydoras costatus (3-day sur-
vival time). Large black dotsand lines repre-
sent biocytin filled motoneurons and fibers.
Sonic motoneurons are located along the
midline (SMNm); labeled dendrites (d) ex-
tend to the surface of the brain or spinal cord.
See figure 3 legend for abbreviations. Dis-
tance between sections: A—B, 100 um; B-C,
400 pum. Bar scale=300 pm.
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Fig. 11. Linedrawingsof transverse sec-
tions through the caudal medulla and rostral
spinal cord of L. armatus after application of
biocytin to a sonic muscle nerve (five-day
survival time). Largeblack dotsand linesrep-
resent biocytin filled motoneurons (SMN)
and fibers. Sonic motoneurons were only la-
beledipsilaterally along theventral surface of
the brain and spinal cord (SMNv); dendrites
(d) extend to the surface of the brain or spinal
cord. See figure 3 legend for abbreviations.
Distance between sections: A-B, 100 pm;
B—C, 100 pm. Bar scale=300 pm.

Discussion

The phylogeny of teleostean sound production has been
difficult to establish, in part because of the morphological
diversity of sound-producing mechanisms among distantly
related groups. For example, swimbladder vibratory mus-
clesin non-related catfish, batrachoidiforms and scorpaeni-
forms differ widely from each other in the extent of contact
between drumming muscles and swimbladder wall. Thus,
while catfishes with an éastic spring mechanism have
no contact between sonic muscles and the swimbladder,
batrachoidiforms and some scorpaeniforms have intrinsic
muscles directly attached to the lateral swimbladder wall
[Rauther, 1945; Bass and Baker, 1991]. Because of severa
recent studies of the central control of teleostean sound pro-
duction, a more thorough analysis can now be achieved by
comparison of innervation patterns, organization of mo-
toneuron pools and physiological traits [also see Bass and
Baker, 1991; Bass, 1997]. In particular, we will compare
the diversity in organization of neural and muscul oskel etal
components of sonic/vocal motor systems which has now
been delineated for several species of catfishes, scorpaeni-
forms and batrachoidiforms.

Comparisons among Catfishes, Sluriformes
Among sonic teleosts, catfish exhibit awide diversity in
the architecture of sonic organs, with representatives of sev-
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era families having two different apparati — pectoral spines
for stridulation and drumming muscles for swimbladder
vibration. The pectora stridulatory mechanism consists of
an enhanced first fin ray that moves in a groove of the
shoulder girdle; an enlarged part of the abductor and ad-
ductor muscles of the pectoral fin move the pectoral spine
[see Pfeiffer and Eisenberg, 1965; Schachner and Schaller,
1981]. Unlike pectora spines, drumming muscles differ in
origin, insertion and vibrating structures [Sorensen, 1895;
Tavolga, 1962; Abu-Gideiri and Nasr, 1973; Kastberger,
1977; Schachner and Schaller, 1981; Ladich and Bass,
19963a; present study].

Unlike pectoral muscles, which are also utilized for
swimming and defense postures, swimbladder sonic mus-
cles are dedicated to sound production which is coupled to
adiversification in the origin and insertion of the drumming
protractor muscle among catfish. The common feature of
all catfish drumming musclesistheir origin and insertion at
the transverse process of the fourth vertebrum. Among
pimelodids, which are currently regarded as the most prim-
itive group [Lundberg, 1993; fig. 1], the sonic muscles in-
sert directly onto the swimbladder. In other families, the pe-
riphery of the vertebral process becomes thin and moveable
(the eastic spring), and drumming muscles insert onto the
bony elastic spring (ramus Mlleri) which then vibrates the
swimbladder. Families possessing an elastic spring mecha-
nism are classified as ‘arioids’ by Lundberg [1993; fig.1].

Brain Behav Evol 1998;51:315-330 325



Among ‘arioids, the shape of the tip of the elastic spring
separates ariids from ‘doradoids’, a presumptive suborder
which includes the African mochokids and the neotropical
doradids (and auchenopterids), two groups connected by
several synapomorphic characters. Unlike the pointed elas-
tic spring in ariids, the disc-shaped tip of the elastic spring
in doradids and mochokids represents the more highly de-
rived trait [see fig. 1 and Lundberg, 1993].

Sonic motoneurons have now been identified among all
families of catfishes known to have drumming muscles, ex-
cepting auchenopterids which are closely related to dora-
dids[Lundberg, 1993]. The musculatures of the two sound-
producing organs in catfish, the pectoral spine stridulatory
apparatus and vibratory swimbladder, are innervated by dis-
tinct pools of motoneurons. Differences between families
in the pectoral spine stridulatory apparatus are primarily
restricted to variation in the relative size of the muscle
and are not linked to different locations for pectoral
motoneurons. Thus, pectoral motoneurons in pimelodids,
mochokids and ariids were identified within the ventral
motor column in the caudal hindbrain and rostral spinal
cord after labeling the abductor muscle or its nerve with
HRP, dextran-biotin or biocytin [Ladich and Fine, 1994;
Ladich et al., 1995; Ladich and Bass, 19964d].

The organization of the sonic motor nucleus in pimelo-
dids implies an ancestral condition for catfish, namely a
sonic motor nucleus consisting of both midline and laterally
positioned motoneurons whose axons exit the brain and
spinal cord together via occipital and spinal nerves (fig. 1,
table 1). In all other catfish families so far studied (arioids),
there is a single position for sonic swimbladder motoneu-
rons (fig. 1, table 1). In ariids, the sonic motor nucleusis sit-
uated in a location similar to that of the lateral population
in pimelodids. Doradids and mochokids, both of which are
more highly derived than ariids (fig. 1), have only amidline
sonic motor nucleus, similar in position to the midline
group of motoneurons in pimelodids [this report; Ladich
and Fine, 1994; Ladich and Bass, 1996a]. We propose that
the lateral population in pimelodids and ariidsis a migrated
group derived from the midline group, given (1) the conti-
nuity between the two groups in pimelodids, (2) that sonic
motor axons from the lateral motoneurons course dorsally
toward the central canal/fourth ventricle in both ariids and
pimelodids, and (3) the apparent origin of sonic motoneu-
rons along the midline ventricular surface in batrachoidids
which aso have a midline sonic motor nucleus [Galeo et
al., 1987; Bass and Baker, 1997].

As discussed elsewhere [Ladich and Bass, 19964], Ha-
gedorn et al. [1990] describe a modified electric organ and
an electromotor nucleus in severa species of Synodontis
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that are identical in position to, respectively, the protractor
muscle and midline sonic motor nucleus of other mochokid
catfish.

In summary then, catfishes display a diversity of both
swimbladder drumming muscles and the locations of sonic
motoneurons (table 1). The available phylogenetic data
suggest that motoneurons in both midline and lateral loca-
tions adjacent to the medial longitudinal fasciculus repre-
sent the ancestral condition, as exhibited in pimelodids,
while either a midline or latera location alone is the more
derived trait as exhibited in other families. By contrast, pec-
toral girdle/fin associated sonic systems are conserved in
their neuromuscular pattern of organization.

Comparisons with Acanthopterygii —

Scorpaeniformes and Perciformes

Scorpaeniformes, like catfish (Siluriformes), exhibit a
divergence in sonic swimbladder mechanics. However, this
diversity differsin several ways from that of siluriformsin
that interfamilial and intrageneric variation are more pro-
nounced. For example, Cottidae (sculpins) lack a swim-
bladder but vibrate the pectoral girdle with contractions of
a muscle extending between the skull and the cleithrum
[Barber and Mowbray, 1956; Ladich, 1989; Bass and
Baker, 1991]. By contrast, Triglidae have a swimbladder
with variation in insertion/origin and degree of contact of the
sonic muscles with the swimbladder [Rauther, 1945; Evans,
1973]. Thus, sonic muscles [referred to as Mm. intercos-
tales by Dufossé, 1874] in Lyrichthys lyra (= Trigla lyra)
insert at the supracleithrum and several vertebra so that the
muscle is touching the swimbladder only dorsaly, i.e.
extrinsic to the swimbladder wall, while sonic muscles in
Trigla hirundo (= Trigla lucerna) are completely attached,
i.e. intrinsic to the swimbladder wall [Rauther, 1945].

Ontogenetic data indicate that extrinsic and intrinsic
muscles in Triglidae are homologous [Rauther, 1945]. Dur-
ing early developmental stages, sonic muscles are derived
from hypaxial musculature, and they later insert cranially at
the pectoral girdle (cleithrum) and originate at vertebrae
7-10, while covering the swimbladder dorsally. In later
stages, the insertion/origin at skeletal elements degenerates
in Trigla (but not in Lyrichthys, see above), and fully intrin-
sic muscles develop.

Scorpaenids or rockfish also have extrinsic swimblad-
der-associated muscles. Hallacher [1974] examined the
sonic muscle in 82 species of rockfish (Sebastes), identify-
ing two categories, types | and 1. In al cases, the extrinsic
swimbladder muscle originates at the occipital cranium and
inserts at severa vertebrae. Type | muscles show attach-
ment to the pectora girdle (cleithrum) as the muscle passes
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posteriorly to their insertion, while ‘type II' muscles have
no connection to the pectoral girdle but rather attach di-
rectly to the swimbladder or vertebrae.

Together, the above data suggest that the ancestral con-
dition in scorpaeniforms is sonic muscles originating on the
cranium, passing posteriorly with an attachment to the pec-
tora girdle, and finally inserting by tendons to ribs and ver-
tebrae. Degeneration of some attachment sites (searobins,
sculpins) probably represents derived states.

Central vocal pathways have been studied for represen-
tatives from two families of scorpaeniforms, Cottidae (scul-
pin) and Triglidae (searobins) [Bass and Baker, 1991]. The
different sonic mechanisms in sculpins (pectoral girdle vi-
bration) and searobins (intrinsic swimbladder muscles) are
not linked to different locations for sonic motor nuclei;
sonic motoneuron somata are always sSituated lateral to
the ventral fasciculus, close to the ventral surface of the
medulla and spina cord within the ventral motor column
[Bass and Baker, 1991; also see Bass, 1985; Finger and
Kalil, 1985]. Intracellular 1abeling of sonic motoneuronsin
searobins shows that their dendrites extend far dorsolater-
ally [Bass and Baker, 1991]. This report now demonstrates
a similar dendritic branching pattern for biocytin-labeled
sonic motoneurons in sculpin; a previous HRP study only
labeled motoneuron somata and their proxima dendrites
[Bass and Baker, 1991]. In both searobins and sculpin,
sonic motor axons exit the medulla via occipital nerves
[Bass, 1985; Bass and Baker, 1991; this report]. We pro-
pose that all scorpaeniforms possess ventral sonic motoneu-
rons, despite the diversity in peripheral end organs. Simi-
larities in innervation patterns and motoneuronal pools also
support the hypothesis that al sonic muscles in scorpaeni-
forms are homologues, despite previous doubts [Hallacher,
1974; aso see Rauther, 1945]. However, we recognize that
a conserved pattern of central motoneurons among scor-
paeniforms is not linked to a conserved behaviora and
physiological performance [Bass and Baker, 1991]. The
sounds generated by some triglids and cottids exhibit low
pulse repetition rates (<50 Hz), asin Prionotus evolans and
carolinus spp. [Moulton, 1956; Fish and Mowbray, 1970],
Cottus gobio [Ladich, 1989], and Myoxocephalus octode-
cimspinosus [Barber and Mowbray, 1956; Fish and Mow-
bray, 1970]. Higher pulse repetition rates are achieved by
asynchronous contraction of the left and right swimbladder
muscles in triglids [Prionotus; Moulton, 1956]. Bass and
Baker [1991] provided neurophysiological evidence that
the asynchrony is established by alternate firing of the
left and right sonic motor nuclei in the triglid Prionotus
carolinus. By contrast, Bass and Baker [1991] also demon-
strated synchronous activation of both sonic motor nuclei
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and hence simultaneous contraction of the sonic muscles
in the cottids Leptocottus armatus and Myoxocephalus
SCorpius.

Within the largest teleost order, the Perciformes, a di-
versity of sound producing mechanisms has evolved in
several families [Tavolga, 1971]. Neura control of sound
production has been studied only in croaking gouramis
(Anabantoidei) which have modified pectoral finsfor sound
production [Kratochvil, 1978]. Like the pectoral fin moto-
neurons of siluriforms (see above), sonic motoneurons are
located within the ventral motor column [Ladich and Fine,
1992]. This again suggests that species differences in pec-
toral fin morphology for sound production are not corre-
lated with divergent locations for their afferent sonic mo-
toneurons.

Comparisons with Paracanthopterygii —

Batrachoidiformes

Among Paracanthopterygii, there is little diversity in
sonic organ architecture. Representatives of the orders Gadi-
formes and Batrachoidiformes possess intrinsic swim-
bladder muscles that mainly differ in the extent of their at-
tachment to the lateral walls of the swimbladder [cods —
Templeman and Hodder, 1958; Hawkins, 1986; batrachoi-
dids — reviewed in Bass and Baker, 1991]. Batrachoidi-
formes have a single family (Batrachoididae) that includes
midshipman and toadfishes. All known representatives in
this order have a midline-positioned sonic motor nucleus
[reviewed in Bass and Baker, 1991]. Neurophysiological
and anatomical studies in batrachoidids have delineated a
central vocal pathway that generates a rhythmic sonic mo-
tor volley leading to the simultaneous contraction of both
sonic muscles at the fundamental discharge frequency of
a pacemaker-motoneuron circuit [Bass and Baker, 1990,
1991; Bass et al., 1993, 1994]. A brief report by Fine
[1982] suggests possible cases of asynchrony in the con-
tractions of the paired sonic muscles of toadfish; there are
currently no physiological data to explain this phenome-
non. Intra- and intersexua differences in the discharge
frequency of the pacemaker circuit have been identified in
midshipman [Bass and Baker, 1990, 1991].

Comparisons of Sluriformes, Scorpaeniformes,

Batrachoidiformes (fig. 1, table 1)

Sound-producing muscles in sonic siluriforms, scor-
paeniforms and batrachoidiforms are always innervated by
occipital or occipital and first spinal nerves with motoneu-
rons located in the caudal medulla and rostral spinal cord.
There are two principal locations for the sonic motor nu-
cleus which innervates swimbladder drumming muscles:
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Table 1. Drumming muscles and innervation patternsin Siluriformes, Scorpaeniformes and Batrachoidiformes

Family Muscle origin Muscleinsertion Innervation Position of References
motoneurons

Pimelodidae  transverseprocessof ventral surface of - - Schachner and Schaller
4th vertebra swimbladder [1981]

Pimelodidae  transverseprocessof ventral surface of occipital, spina midline; rostral part  Ladich and Fine[1994];
4th vertebra swimbladder nerves1and 2 lateral to MLF present study

Ariidae epiotic lamina, tip-shaped elastic spring dorsal occipital - Tavolga[1962]
posttemporale

Ariidae epiotic lamina, tip-shaped elasticspring ~ ventral occipital lateral to MLF present study
posttemporale

Doradidae dermosupraoccipital  round elastic spring ventral occipital - Kastberger [1977]
supraoccipital

Doradidae dermosupraoccipital  round elastic spring ventral occipital midline present study
supraoccipital

Mochokidae  epaxia muscle oval-shaped elastic spring  vagus - Abu-Gideiri and Nasr

[1973]
Mochokidae  epaxia muscle oval-shaped elastic spring  occipital nerve; midline Ladich and Bass
spinal nerve 1 [19964]

Cottidae occipital cranium cleithrum occipital nerves1+2  lateral to FV Bassand Baker [1991]

Cottidae occipital cranium cleithrum occipital nerves1+2  lateral to FV present study

Triglidae swimbladder swimbladder occipital nerves1+2  lateral to FV Bassand Baker [1991]

Batrachoididae swimbladder swimbladder occipital nerves1+2  midline Bass and Baker [1991]

either dorsal or lateral to the medial longitudinal fasciculus
(catfish and batrachoidids) or within the ventral motor
column, lateral to the ventral fasciculus (scorpaeniforms,
fig.1). Severa lines of evidence suggest that the lateral
population of sonic motoneurons in pimelodids and ariids
are a migrated, dorsal, i.e. midline, population (see earlier
section).

Midline and ventral sonic motor nuclei may aso differ
in the firing frequency of their motoneurons and thus the
contraction rates of the sonic muscles which determine the
fundamental frequencies of vocalizations [see Bass and
Baker, 1990]. While contraction rates and fundamental
frequencies of sounds are temperature dependent [Fine,
1978; Bass and Baker, 1991; Brantley and Bass, 1994], the
repetition rate is generally higher for catfish and batrachoi-
did swimbladder drumming muscles (>100 Hz) than for
pectora muscle systems (<100 Hz) [reviews. Bass and
Baker, 1991; Ladich, 1997b].

Midline vs. ventral locations for sonic motoneurons do
not reflect a divergence in peripheral mechanics (e.g. intrin-
sic swimbladder muscles in batrachoidids and triglids) or
the nerves that innervate their sonic muscles. However,
midline vs. ventral locations may reflect adivergencein the
developmental origins of their target sonic muscles. As re-
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viewed above for triglids, a scorpaeniform with a ventral
sonic motor nucleus, sonic muscles are associated with the
pectoral girdle either transiently during early development
or more permanently into adult stages. In batrachoidiforms,
which have a midline sonic motor nucleus, a portion of the
hypaxial musculature grows caudally during development
and appliesitself directly to the swimbladder wall; there is
no evidence for any association with skeletal elements dur-
ing embryonic or adult stages [Tracy, 1959, 1961; Bass and
Baker, 1991; Lindholm and Bass, 1993]. Such data suggests
a linkage between the divergent organizational patterns for
the sonic motor nucleus and the ontogeny of sonic muscu-
lature. Thus, ventral sonic motoneurons innervate sonic mus-
clesin contact with the pectoral girdle at some point during
their life history (scorpaeniforms). The innervation of pec-
toral stridulatory musclesin catfish and gouramis by ventral
sonic motoneurons is consistent with the latter interpreta-
tion. By contrast, midline sonic motoneurons in catfishes
and batrachoidids innervate swimbladder drumming mus-
cles which never have any apparent association with pec-
toral-associated skeletal elements.

Bass and Baker [1997] propose that sonic/vocal circuitry
among both aquatic and terrestrial vertebrates shares com-
mon embryonic origins in circuitry descendant from the
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most caudal embryonic hindbrain segments (rhombomeres
7 and 8). The similarity in vocal-acoustic circuitry between
such distantly related teleosts as mochokid catfish and ba-
trachoidiforms provided further support for this hypothesis
[Bass et al., 1994; Ladich and Bass, 1996a; also see Bass
and Baker, 1991]. This does not imply that vocal circuitry
includes homologous cell populations: for example, the la-
ryngeal and syringeal motoneurons of tetrapods or the mid-
line and ventral motoneurons of teleost fishes. It merely
proposes that homologous regions of the embryonic hind-
brain give rise to the circuitry establishing sound-produc-
ing behaviors in a variety of teleosts and, more generally,

across al vertebrate classes. Whether midline vs. ventral
sonic motoneurons are derived from distinct regions of
rhombomeres 7-8 awaits more complete experimental
studies of the ontogeny of sonic motoneurons.
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