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Abstract

In songbirds, the learning and maintenance of song is dependent on auditory feedback, but little is
known about the presence or role of other forms of sensory feedback. Here, we studied the inner-
vation of the avian vocal organ, the syrinx, in the zebra finch. Using a combination of
immunohistochemistry, immunofluorescence and neural tracing with subunit B of cholera toxin
(CTB), we analysed the peripheral and central endings of the branch of the hypoglossal nerve that
supplies the syrinx, the tracheosyringeal nerve. In the syringeal muscles, we show the presence of
numerous choline acetyl transferase-like immunoreactive en plague motor endplates and substance
P-like immunoreactive, thin and varicose free nerve endings. Substance P-like immunoreactive
free nerve endings were also present in the luminal syringeal tissues, especially in the luminal epi-
thelium of the trachea and pessulus. Also, by a combination of immunofluorescence and
transganglionic tracing following injections of CTB in the tracheosyringeal nerve, we identified as
central targets of the syringeal receptors the caudolateral part of the interpolaris subnucleus of
the descending trigeminal tract, a caudolateral region of the nucleus tractus solitarius, and a lateral

band of the principal sensory trigeminal nucleus. Further studies are required to determine the
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1 | INTRODUCTION

Beyond its outstanding beauty, the singing of songbirds has attracted
the attention of scientists as a complex behavior learned by imitation
(Marler, 2004). As a central component of social interactions, and par-
ticularly of courtship, this behavior has presumably been critical in spe-
ciation events throughout the history of songbirds (Grant & Grant,
2010). Furthermore, the learning of song by songbirds parallels to a
certain extent the learning of speech by humans (Doupe & Kuhl, 1999;
Marler, 1970). Much of the scientific interest in songbirds has focused
on the central neural circuits involved in the learning and motor control
of singing (Schmidt & Wild, 2014; Wild, 2004, 2008), and important
advances have been made in recent years in our understanding of the
mechanisms of sound production in the avian vocal organ, the syrinx,
and its peripheral control (Elemans, 2014; Fee, Shraiman, Pesaran, &
Mitra, 1998; Goller & Cooper, 2004; Goller & Larsen, 1997; Suthers &

Zollinger, 2004). However, the presence of somatosensory feedback

somatosensory feedback,
AB_10013220, RRID: AB_2079751, RRID: AB_2532998, RRID: AB_10000343, AB_396357,

sensory modalities of these receptors and the connections of their specific synaptic targets.

songbirds, RRID: AB_10000347, RRID: AB_10000320, RRID:

from the syrinx and its possible role in singing has received little atten-
tion (Bottjer & Arnold, 1982), a situation that could be alleviated by a
more detailed description of syringeal innervation than presently
available.

The syrinx is a specialisation of the junction between the trachea
and the bronchi (Figure 1a-f). Its structure is highly variable among
species, and has been extensively used as a character for phylogenetic
analyses (Ames, 1971; King, 1989; Prum, 1992). In songbirds, the tra-
cheo- and bronchio-syringeal skeleton is highly modified. In the zebra
finch, four to six of the caudal most tracheal rings and the first pair of
bronchial rings are fused into a structure called the tympanum, and the
rostral bronchial semi-rings are flattened (During et al., 2013). The lumi-
nal side of the syringeal skeleton is covered with tissues rich in colla-
gen, elastic fibers, and glycosaminoglycans (Riede & Goller, 2010).
These tissues form two pairs of labia at the level of the bronchial modi-
fied semi-rings, which produce sound as the expiratory airflow causes

them to vibrate (Goller & Larsen, 1997). Outside the syringeal skeleton,
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FIGURE 1 Innervation of the syrinx of the zebra finch. (a) Ventral view of a whole-mounted syrinx cleared with a clarity-like procedure
and stained with calcein (pseudo-colored blue) to show its skeletal elements. (b) Schematic representation of the syringeal skeletal elements.
(c) Ventral view of a whole-mounted syrinx cleared with a clarity-like procedure and stained with immunofluorescence against neurofilament
(pseudo-colored yellow) to visualize its innervation. (d) Schematic representation of the syringeal musculature and its innervation. (e, f) Immuno-
histochemistry against neurofilament in coronal sections of a syrinx (middle and ventral levels, respectively). Staining of the sectioned skeletal
elements is nonspecific and occurs even in the absence of primary antibody incubation. Squares in (e) depict the location of photomicrographs
in panels (i) and (j) (see below). (g-j) Confocal photomicrographs of coronal sections of a syrinx stained with immunofluorescence against ChAT
(pseudo-colored magenta) and substance P (green) in the syringeal muscles (g-h), and in regions equivalent to those pointed in panel (e) by solid
(i) and dashed (j) line squares. In the syringeal muscles (g, h, and arrow in i), there are ChAT-like immunoreactive motor endplates and thin sub-
stance P-like immunoreactive varicose nerve fibers. Thin substance P-like immunoreactive fibers and fiber endings are also found in the luminal
wall of the trachea (asterisk in i), and in the tissue luminal to the pessulus (j). B1, B2, B3 = bronchial semirings 1, 2, and 3; ISM = intrinsic syrin-
geal muscles; LL = lateral labium; ML = medial labium; MST = sternotrachealis muscle; Pes = pessulus; Tr = tracheal ring; ts = tracheosyringeal
nerve; Tym = tympanum. Scale bars in (a), (c), (e), and (f) = 500 um. Scale bars in (g-j) =25 um

there are several pairs of muscles that can originate and insert on the
trachea, tympanum, bronchial semi-rings and bronchial cartilages, and
are able to independently modify the tension and degree of adduction
of the two pairs of labia, thus modulating the acoustic frequencies pro-
duced on each side. Such muscles, with both origin and insertion within
the syrinx, are called intrinsic syringeal muscles (King, 1989). Other
muscles, connecting the syrinx to other structures such as the sternum

or the larynx, are called the extrinsic syringeal muscles, and in songbirds

they are thought to stabilise the organ during song production (Diring
et al., 2013; Goller & Suthers, 1996).

The syringeal muscles are innervated by motoneurons in the tra-
cheosyringeal part of the hypoglossal motor nucleus (nXIl ts), which
receives a direct projection from the telencephalic nucleus robustus of
the arcopallium, the premotor forebrain nucleus of the song system
(Nottebohm, Stokes, & Leonard, 1976). The syringeal motoneurons
send their axons to the syrinx through the tracheosyringeal hypoglossal
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nerve (ts nerve). Through this nerve also travel afferent fibers of cell
bodies located in the jugular vagal ganglion, the central projections of
which project to the trigeminal sensory complex together with lingual
hypoglossal afferents (Bottjer & Arnold, 1982; Faunes & Wild, 2017a;
Wild, 1981, 1990). However, the sensory endings of the syringeal
receptors have not yet been described, and their specific trigeminal tar-
gets have not been distinguished from the lingual afferent terminal
fields. The lack of detail concerning the syringeal projections may be
due to technical difficulties associated with transganglionic transport of
the tracers used (Bottjer & Armold, 1982; Wild, 1981).

In the present work, we use a combination of immunostaining and
tract tracing with the sensitive neural tracer subunit B of cholera toxin
(CTB) to describe the morphology and location of motor and sensory
nerve endings in the syrinx of the zebra finch, and to identify the spe-
cific central targets of the syringeal receptors.

2 | METHODS

A total of 19 adult male zebra finches were used exclusively for this
study. Additionally, syringes from another 10 animals that had been
perfused for unrelated studies, were used for immunostaining. All pro-
cedures were approved by the Animal Ethics Committee of the Univer-
sity of Auckland.

2.1 | Tracer injections in the tracheosyringeal nerve

The animals were anesthetised with an intramuscular injection of an
equal parts mixture of ketamine and xylazine (50 mg/kg and 20 mg/kg,
respectively) and placed in supine position in a custom-made stereo-
taxic frame with ear and beak bars. The neck was extended to expose
the throat and a longitudinal midline incision gave access to the trachea
and the ts nerve (usually the right one) that accompanies it on either
side. A piece of parafilm (Sigma Aldrich, St. Louis, MO) was placed
underneath the nerve to make it taut, and a few drops of melted paraf-
fin wax (42°C melting point) were placed on top of it to prevent its des-
iccation during the injection procedure. A glass micropipette (World
Precision Instruments, Sarasota, FL, 1B150F-4) having a tip outer
diameter of 20-25 pum was connected to a pressure pulse source
(picospritzer, Parker, Hollis, NH) and used to inject beta subunit of
(CTB, Sigma Aldrich, Cat. # C167-500UG,
Lot#SLBK3733V, 1% in PBS; 10 animals) into the ts nerve. The

parafilm was then removed and the surgical incision closed. The

cholera toxin

animals were left to recover from anesthesia and survive for 1-3 days

to allow transport of the tracer before tissue processing.

2.2 | Tracer injections in the brainstem

The procedure for brainstem injections is described in an accompany-
ing article (Faunes & Wild, 2017b). Briefly, the animals were anesthe-
tised as described above and fixed in the stereotaxic frame with the
beak angled down with respect to the horizon so that the confluence
of the mid-sagittal and cerebellar sinuses (“Y” point) was 0.3 mm caudal
to inter-aural zero. Coordinates to reach the nuclei of the descending
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trigeminal tract (nTTD), the nucleus tractus solitarius (nTS), and the
principal trigeminal nucleus (PrV; three animals per target) were
obtained from an unpublished stereotaxic atlas of the zebra finch brain
(courtesy of Dr. M. Konishi) and guided by extracellular recordings. The
trigeminal sensory nuclei were identified using responses to light touch
of the beak with a paintbrush, and the position of nTS was inferred
from its distance from the cerebellum, which could be identified on the
basis of its characteristic spontaneous activity and, at deep levels, from
its visually evoked activity. After performing an incision in the scalp
and a small craniotomy, tungsten microelectrodes (2-4 MQ, Frederick
Haer, Inc., Bowdoin, ME) were placed using an X-Y stage (460A-XY,
Newport, Irvine, CA) and advanced into the brain with a Micro-
Positioning Controller (MC-5B, National Aperture, Inc., Salem, NH). In
order to avoid the bone that covers the dorsolateral aspect of the
medulla, the electrodes were placed at lateral angles ranging between
13° and 15° to reach the nTTD and PrV from a craniotomy located at
the midline. To reach nTS, the electrodes were lowered vertically. Elec-
trophysiological signals were amplified and filtered between 100 Hz
and 10 KHz with a two-channel differential AC amplifier (AM systems,
Model 1800, Sequim, WA), and monitored with a digital oscilloscope
(TDS 2014, Tektronix, Beaverton, OR) and a loud speaker (MS2, Tucker
Davis Technologies, Inc., Alachua, FL). The tungsten micro-electrodes
were then replaced by tracer-filled glass micropipettes. The tracer was
delivered by iontophoresis (2-4 microamps positive current, 7 s on-off
cycle for a total of 15-20 min) and/or air pressure. After the injections
were placed, the pipettes were retracted, the surgical incision closed,
and the animals were left to recover from anesthesia and survive for

2-4 days to allow transport of the tracer before tissue processing.

2.3 | Tissue processing

The animals were anesthetised as described above and transcardially
perfused with 0.9% saline and 4% paraformaldehyde (PFA). After >4
hr post fixation in 4% PFA, the brain and syringes were removed, and
the brains were blocked in the coronal plane in the stereotaxic frame.
Then, brains and syringes were placed in 30% sucrose buffer until they
sank (usually 8 hr), embedded in 12% gelatin, postfixed again for 2 hr,
placed in 30% sucrose until they sank again, and sectioned on a freez-
ing microtome. Syringes and brains were sectioned in the coronal plane
at 45 and 35 microns, respectively (i.e., the syringes were sectioned
lengthwise). Sections were collected serially in PBS in two or three

alternating series.

2.4 | Antibodies characterisation

Primary antibodies used in this study are listed in Table 1. Calbindin,
calretinin, and parvalbumin are calcium-binding proteins often used as
neuroanatomical markers (Braun, 1990). Substance P is a neuropeptide
often expressed in the somata and terminals of primary sensory neu-
rons (Hokfelt, Kellerth, Nilsson, & Pernow, 1975). Choline acetyl trans-
ferase (ChAT) is the synthetic enzyme for acetylcholine, and it is found
in the soma, dendrites, and axon of cholinergic neurons (Houser, Craw-
ford, Barber, Salvaterra, & Vaughn, 1983). Neurofilament M is one of
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TABLE 1 List of antibodies used in this study

Antigen

Calbindin D-28k

Calretinin

Cholera toxin B Subunit

Choline Acetyltransferase

Neurofilament-M

Parvalbumin

Substance P

Description of immunogen

Calbindin D-28k purified from
chicken duodenum

Human recombinant calreti-
nin-22k

Purified cholera toxin B sub-
unit from Vibrio cholerae type
inaba 569B

Choline Acetyltransferase,
human placental enzyme

Neurofilament-M See NCBI
gene

Carp muscle carp Il parvalbu-
min conjugated to tetanus
toxoid

Substance P
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Vendor, host species, cat. #,

Concentration/dilution used

clone or lot #, RRID Immunohistochemistry Immunofluorescence
Swant, mouse, 300, 07 (F), 1:5,000 -

AB_10000347

Swant, mouse, 6B3, 010399, 1:5,000 -

AB_10000320

List Biological, goat, 703, 1:33,000 1:33,000

7032A6, AB_10013220

Millipore, goat, AB144P, 5 pg/ml 20 pg/ml

2603400, AB_2079751

Thermo Fisher Scientific, 1:1,000 1:500 (sections)
mouse, 13-0700, 810165A, 1:100 (whole-mount)
AB_2532998

Swant, mouse, 235, Lot 10-11 1:5,000 -

(F), AB_10000343

BD Biosciences, rat, 556312, 1:10,000 1:3,000

5079983, AB_396357

the subunits of the intermediate filaments of the cytosketeton of neu-
rons, and can be used to label nerves (Hirokawa, Glicksman, & Willard,
1984).

Characterisation of the anti-calbindin D-28k (Swant, Switzerland,
made in mouse, Cat. #300, Lot. #07 (F), RRID AB_10000347), anti-
cholera toxin B subunit (List Biological, Campbell, CA, made in goat,
Cat. #703, Lot. #7032A6, RRID AB_10013220), and anti-substance P
(BD Biosciences, San Jose, CA, made in rat, Cat. #556312, Lot.
#5079983, RRID AB_396357) antibodies is described in an accompa-
nying article (Faunes & Wild, 2017a).

The anti-calretinin antibody (Swant, made in mouse, Cat. #6B3,
Lot- #010399, RRID AB_10000320) was developed and characterized
by Zimmermann and Schwaller (2002). The hybridoma cell line was
obtained from mice previously immunised with human recombinant
calretinin-22k. This antibody stains a band corresponding to the molec-
ular weight of calretinin in western blot of brain extracts from various
vertebrate species, including chicken, zebrafish, and some mammals
(Zimmermann & Schwaller, 2002).

The anti-ChAT polyclonal antibody (Millipore, Billerica, MA, made in
goat, Cat. #AB144P, Lot. #2603400, RRID AB_2079751) was raised
against the human placental enzyme. This antibody was characterized by
Stensrud, Chaudhry, Leergaard, Bjaalie, and Gundersen (2013) with west-
ern blot of rat brain lysate, where it stains a single band at 68-70 kD.

The anti-neurofilament-M antibody (Thermo Fisher Scientific, Wal-
tham, MA, made in mouse, Cat. #13-0700, Lot. #810165A, RRID
AB_2532998) was developed by Lee, Carden, Schlaepfer, and Troja-
nowski (1987). The hybridoma cell line was obtained from mice previ-
ously immunised with neurofilament-M extracted from rat spinal cord
(Lee et al., 1987). This antibody stains a single band at 150 kD from
cytoskeletal protein fractions extracted from mouse spinal cord and sci-
atic nerve (Yan, Jensen, & Brown, 2007).

The anti-parvalbumin antibody (Swant, made in mouse, Cat. #235,
Lot. #10-11 (F), RRID AB_10000343) was developed by Celio, Baier,
Scharer, De Viragh, and Gerday (1988). The hybridoma cell line was
obtained from mice previously immunised with parvalbumin extracted
from carp muscle, conjugated to tetanus toxoid. In two-dimensional immu-
noblot of rat cerebellum, this antibody stains a calcium binding spot in
the12kD and pl 14.9, identical to purified parvalbumin (Celio et al., 1988).

2.5 | Immunohistochemistry

Immunohistochemistry against CTB, ChAT, calbindin, calretinin, parvalbu-
min and substance P was performed as described in an accompanying
article (Faunes & Wild, 2017a). All incubation steps were done at room
temperature with gentle agitation on an orbital shaker and preceded by
PBS washes (3x 10 min), and for all antibodies some brain sections were
included as positive controls for staining. First, the sections were incu-
bated for 15 min in a solution of 0.3% H,O, and 50% methanol in PBS to
guench endogenous peroxidase activity. Then, they were incubated over-
night in a primary antibody diluted as listed in Table 1 in a blocking solu-
tion consisting of 0.4% Triton X-100 and 2% normal donkey serum
(Sigma Aldrich, Cat. # D9663, Lot# SLBL4004V) in PBS. Next, sections
were incubated for 1 hr in secondary antibody (biotinylated rabbit anti-
rat, Life Technologies, Carlsbad, CA, Cat# A18919, Lot#38-59-122313;
biotinylated donkey anti-goat, Jackson Immuno, Cat# 705-065-003, Lot#
67132; or biotinylated donkey anti-mouse, Jackson Immuno West Grove,
PA, Cat# 715-065-150, Lot# 87909) diluted 1:500 in blocking solution,
and then for 1 hr in horseradish peroxidase (HRP)-conjugated neutravidin
(Thermo Fisher Scientific, CA# 31001, Lot# QE317304) diluted 1:1000 in
0.4% triton PBS. Finally, sections were incubated in a solution of 0.25mg/
ml diamonobenzidine hydrochloride (DAB), 0.2 mg/ml CoCl, in PBS (to
produce a black reaction product), to which a few drops of 0.3% H,0O,
were added to start the DAB-peroxidase reaction. The reaction was
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stopped after 1-3 min by transferring the sections to PBS. The sections
were mounted in gelatin-coated slides and left to dry, then cleared in an
ascending series of ethanol followed by xylene and coverslipped with
DPX mounting medium (Sigma Aldrich).

2.6 | Immunofluorescence in sections

Immunofluorescence for detection of CTB, ChAT and substance P was per-
formed as described in an accompanying article (Faunes & Wild, 2017a). Al
incubation steps were done using gentle agitation and preceded by PBS
washes (3x 10 min). Sections were incubated in one or two primary anti-
bodies diluted as listed in Table 1 in the blocking solution described above,
for 60 hr at 4°C. Then, they were incubated for 2 hr at room temperature
in one or two secondary antibodies (biotinylated donkey anti-goat, Jackson
Immuno, Cat# 705-065-003; Alexa Fluor 488 conjugated rabbit anti-rat,
Life Technologies, Cat# A21210, Lot# 1717038) diluted 1:500 in blocking
solution. For immunostaining involving anti- ChAT or CTB primary antibod-
ies, a third incubation step in Dylight 594 conjugated neutravidin (Thermo
Fisher Scientific, Cat#22842, Lot#QF222109) at room temperature for 1 hr
was added. Sections were mounted and coverslipped with Vectashield

(Vector Labs, Burlingame, CA) mounting medium.

2.7 | Immunofluorescence and calcium staining in
whole mount syringes

We followed the procedure for whole mount clearing and immunostaining
from Botelho et al. (2017). Syringes were extracted from animals perfused
with 4% PFA and saline, washed in cold PBS and then incubated with gen-
tle agitation for 2 days at 4°C in a modified version of Clarity fixative (PFA
4%, 2% Acrylamide, 1% VA-044 Initiator in PBS) (Tomer, Ye, Hsueh, &
Deisseroth, 2014). Next, the tubes containing the syringes were placed in
a dissection chamber where the air was replaced by nitrogen to trigger
polymerisation. Then, the tubes were closed and left to polymerize in gen-
tle agitation for 2 hr at 37°C. Next, the syringes were incubated in 4%
sodium dodecyl sulfate (SDS) in boric acid buffer pH 8.5 for 1 week to
remove their lipids. For calcium labeling, the cleared syringes were incu-
bated using gentle agitation for 2 hr at room temperature in 0.002% cal-
cein in PBS. For immunofluorescence, cleared syringes were incubated in
primary antibody anti-neurofilament (Thermo Fisher Scientific, made in
mouse, Cat# 13-0700, Lot# 810165A, RRID AB_2532998) diluted as
listed in Table 1 in 5% donkey serum, 5% dimethyl sulfoxide (DMSQO),
0.1% sodium azide in PBS at 37°C for 48 hr, followed by Alexa Fluor 546
donkey anti-mouse secondary antibody (Invitrogen Carlsbad, CA, Cat#
A10036, Lot# 1458642) diluted 1: 200 in 5% donkey serum, 5% DMSO
in PBS and incubated for at 37°C for 24 hr.

2.8 | Data analysis and image processing

The sections were examined and photographed in a Nikon eclipse 80i
microscope (Melville, NY), and an Olympus FV1000 confocal microscope
(Tokyo, Japan), and the whole mount syringes in a Fluorescence Stereo
Microscope Leica M205 FA (Wetzlar, Germany). Tracer-labeled fibers
and cells in the brain, and ChAT-immunostained motor endplates in the
syrinx were mapped using Neurolucida 10 (RRID:SCR_001775) in a
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Lateral View Dorsal View

Ventral View

FIGURE 2 Distribution of motor endplates in the syringeal
musculature. (a) Brightfield photomicrograph of a coronal section of a
ChAT immunostained syrinx. Blue dots represent the markers used to
reconstruct the three-dimensional distribution of motor endplates in
the syringeal muscles. (b) Ventral, lateral, and dorsal view of the
reconstructed syrinx. Syringeal muscles are depicted in red and the
rest of the syrinx is depicted in gray. Scale bar in (a) = 50 um

Nikon e800 microscope equipped with a computer-controlled stage
(MBF Bioscience, Williston, VT). A three-dimensional reconstruction of a
syrinx displaying the localization of ChAT-labeled motor endplates was
obtained by aligning contours of serial sections where the motor end-
plates had been marked in Neurolucida and using the solid view tool of
this software. All photomicrographs were adjusted for brightness and
contrast using Adobe Photoshop software and the figures were com-

posed using Adobe lllustrator.

3 | RESULTS
3.1 | Immunostaining of sensory and motor fiber
terminals in the syrinx

To first picture the innervation of the syrinx, we performed immuno-

staining against neurofilament (Figure 1c,ef). Immunofluorescent
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FIGURE 3 Peripheral nerve endings of syringeal receptors labeled with an in vivo injection of CTB into the tracheosyringeal nerve. (a) Low
power photomicrograph of a coronal section of a syrinx immunostained against CTB. Staining of the sectioned skeletal elements is
nonspecific and occurs even in the absence of primary antibody incubation. The arrow, asterisk, and arrowhead are located in the syringeal
muscles, luminal wall of the trachea, and extracellular matrix-rich tissue of the pessulus, respectively, and indicate the usual location CTB
labeling. (b-e) High power photomicrographs showing CTB labeling in the syringeal muscles (b and c) luminal wall of the trachea (d), and
extracellular matrix-rich tissue of the pessulus (e). B1, B2, B3 = bronchial semirings 1, 2, and 3; ISM = intrinsic syringeal muscles; LL = lateral
labium; ML = medial labium; Pes = pessulus; TL = tracheal lumen; Tym = tympanum. Scale bars = 500 um in (a), 50 um in (b), 25 pm in (c)

and (d), and 100 pm in (e)

staining in whole mount cleared syringes shows that the syrinx is a
highly innervated structure. The ts nerves travel rostro-caudally along
both sides of the trachea, and as they reach the syrinx, they originate
several branches that invade the syringeal muscles (Figure 1c,d).

Immunohistochemistry in syringeal sections shows bundles of
axons branching in all the syringeal muscles (Figure 1e(f). With the
exception of a few thin processes in the tracheal luminal wall, no neu-
rofilament staining was found outside ts and the syringeal muscles.

To visualise and distinguish between the motor and sensory com-
ponents of the syringeal innervation, we used immunohistochemistry
and immunofluorescence against ChAT to stain motor terminals, and
against substance P, calbindin, calretinin, and parvalbumin to attempt
to stain the sensory endings in syringeal sections. All these antibodies
produced strong staining in control brain sections (not shown, but see
Logerot, Kritzfeldt, Wild, & Kubke, 2011), but only ChAT and sub-
stance P antibodies produced staining in the syrinx.

Immunofluorescence and immunohistochemistry against ChAT
produced staining in thick fibers that travel through the ts nerve to
branch in the syringeal muscles, ending in numerous en plague motor
endplates (Grim, Christ, Klepacek, & Vrabcova, 1983; Ogata, 1988)
(Figures 1g,h and 2a). These endings are not homogeneously distrib-
uted across the muscles, but they concentrate, especially in the ventral
muscles, in a central region spanning about a third of their rostro-
caudal extent, forming a band centered slightly posterior. A reconstruc-
tion obtained from serial sections of a syrinx showing the localisation
of the motor endplates is depicted in Figure 2 and Supporting Informa-
tion Video 1. None of the stained structures appeared as a muscle spin-

dle, and no ChAT immunolabeling was found outside the ts nerves and
the syringeal muscles.

The substance P-like immunoreactive structures in the syrinx
are thin, varicose processes, that localise in the muscles, the wall of
the trachea, and some of the extracellular matrix-rich membranes of
the syrinx (Figure 1h-j). They do not appear to be associated with
any terminal specialisation. In the muscles, these free nerve endings
are less conspicuous than the motor endplates, and even though
they can be found anywhere in the muscular tissue, they are most
commonly located close to skeletal elements, presumably near mus-
cle insertions, especially in the ventral half of the syrinx. Double
immunofluorescence against ChAT and substance P shows that
these nerve endings are not ChAT-like immunoreactive (Figure 1h).
In the luminal wall of the trachea where the substance P-like immu-
noreactivity was most abundant, the stained fibers form a dense
plexus underneath the tracheal epithelium, and extend numerous
terminations to the tracheal lumen. The extracellular matrix-rich tis-
sues in the area of the bronchi, and especially the pessulus, also con-

tained immunoreactive free nerve endings.

3.2 | CTB tracing of peripheral and central terminals
of Xlits

As another approach to visualising the peripheral terminals in the syrinx
and to identify their central components, we microinjected CTB into
the ts nerve. Microinjection in one ts nerve yielded unilateral CTB

labeling in the ipsilateral syringeal muscles, and bilateral labeling in the
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FIGURE 4 Colocalization of immunofluoresent labeling against substance P and CTB in the syrinx after a CTB injection into the
tracheosyringeal nerve. High power confocal photomicrographs of coronal sections of the syrinx immunostained against CTB (pseudo-
colored magenta, (a-c), substance P (green, d-f), and the merged signals (g-i); in the syringeal muscles (a, d, g), pessulus (b, e, h), and
luminal wall of the trachea (c, f, i). White arrows in (g, h, i) indicate sites of colocalization of the signals. Scale bars = 25 pm

tracheal wall and syringeal cartilaginous membranes (Figure 3). CTB-
labeled structures in the syrinx include motor endplate-like terminals in
the tracheal and syringeal muscles (Figure 3b), identical to the ones
that were previously labeled with anti-ChAT antibody, and thin and
varicose processes in the muscles, luminal wall of the trachea and
extracellular-matrix rich membranes (Figure 3c-e), like the structures
that we previously labeled with anti-substance P antibody. Double
immunofluorescence against CTB and substance P after a CTB injec-
tion in the ts nerve showed that all the thin processes labeled with
CTB in the syrinx exhibited at least some substance-P-like immunore-

activity as well (Figure 4). This high degree of co-localization indicates

that most, if not all, the sensory endings reaching the syrinx by the ts
nerve are substance P-like immunoreactive.

The retrograde and transganglionic transport of CTB produced
labeling in various parts of the brainstem, with some differences in the
labeling patterns across cases. This variability is likely due to leakage of
CTB from the injection site and uptake from other structures in the
neck region. Nevertheless, the consistent pattern of CTB labeling of
some structures allowed us to narrow down the putative central tar-
gets for sensory receptors.

Retrograde CTB labeling of cell bodies was found to a variable

extent in nucleus supraspinalis and in the motor facial nuclei. In all cases
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FIGURE 5 Schematic drawings of coronal sections of the brainstem,
complemented with Nissl-stained material, depicting labeling in coronal
sections of the brainstem after a CTB injection in the tracheosyringeal
nerve. Sections separated by ~420 microns are displayed from caudal
to rostral (a-e), as indicated in the inset at the bottom. Large dots repre-
sent retrogradely labeled motoneurons and small dots represent trans-
ganglionically labeled fibers and fiber endings. An = nucleus angularis;
CuE = external cuneate nucleus; FLM = fasciculus longitudinalis medi-
alis; NM = nucleus magnocellularis; nTS = nucleus of the solitary tract;
nTTD c = caudal nucleus of the descending trigeminal tract; nTTD

i = interpolaris nucleus of the descending trigeminal tract; nXIl ts = hy-
poglossal tracheosyringeal motor nucleus; Ol = inferior olive;

OS = superior olive; PrV = principal sensory trigeminal nucleus;

SSp = nucelus supraspinalis; V = trigeminal nerve root; Ve = descending
vestibular nucleus. Scale bar in (a) = 200 pum (same scale in b-e)

there were labeled somata in nXllts, as expected, and also in a smaller
nucleus located just ventrolateral to nXllts (Figures 5a-c and 6a,c).

Primary afferent terminals were transganglionically labeled in the
ipsilateral sensory trigeminal nuclei (n"TTD and principal nucleus [PrV]),
and in the nucleus of the solitary tract (nTS). Labeling in the trigeminal
complex was consistent across cases: in the nTTD, labeled terminals
were located in the caudolateral part of the interpolaris subdivision
(nTTDi, Faunes & Wild, 2017a), and in the principal trigeminal nucleus,
it was restricted to a thin band on its lateral aspect (Figures 5 and 6),
which lies just lateral to the terminal fields of the lingual branch of the
hypoglossal (XII) nerve (Bottjer & Arnold, 1982; Faunes & Wild, 2017a;
Wild, 1990). Labeling in the nucleus of the solitary tract was more vari-
able. In most cases, at levels rostral to the obex, labeling could be found
in different parts of the dorsoventral extent of the nucleus, in some
cases bilaterally. However, at the level of the obex and just caudal and
rostral to it, terminal labeling was restricted to a small dorso-lateral
region ipsilateral to the injection.

Considering that most of the syringeal thin fibers labeled in the ts
nerve CTB injection cases were substance P-like immunoreactive (Figure
4), it was expected that the central endings of these receptors would be
immunoreactives as well. Therefore, we performed double immunofluo-
rescence against CTB and substance P in the brainstem of these same
animals (Figure 6). Both the sensory trigeminal nuclei and the nTS have
substance P-like immunoreactive fiber endings. This immunoreactivity in
the trigeminal sensory nuclei was coincident with, and almost restricted
to, the regions of CTB labeling. In the nTS, even though there was abun-
dant substance P-like immunoreactivity, this signal only matched consis-
tently the location of CTB labeling in the caudolateral nTS. These results
further point to the caudolateral nTTDi, lateral PrV, and caudolateral
nTS as the central targets of tracheosyringeal receptors.

Having narrowed our candidate central targets, we decided to
microinject CTB into the caudolateral nTTDi, lateral PrV, and caudolat-
eral nTS, in order to find transganglionically labeled terminals in the syr-
inx. Three large injections that involved the caudolateral nTTDi
produced labeling of thin fibers in the syrinx (Figure 7). However, in all
cases, these were extremely scarce when compared to the amount of
thin fiber labeling obtained with CTB injections into the ts nerve, or
the amount of substance P-like immunoreactive terminals. In two of
the three cases (cases 1 and 2 in Figure 7), the labeled fiber endings
were seen only in the syringeal muscles, and in the third case (case 3 in
Figure 7), they were also found in the tissue luminal of the pessulus. In
none of the cases was found any labeling in the luminal wall of the tra-
chea. Injections in nTS and PrV did not yield any labeling in the syrinx.
However, given the scarce labeling obtained in the nTTD cases, this
negative result probably should not be taken as evidence sufficient
enough to refute the possibility of a projection from the syringeal

receptors to these targets.

4 | DISCUSSION

In the present work, we described the motor and sensory endings in

the syrinx of the zebra finch and the central terminations of the
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nXll ts

FIGURE 6 Colocalization of immunofluoresent staining against CTB
and substance P in the brainstem after a CTB injection into the
tracheosyringeal nerve. (a-f) Low power confocal photomicrographs
of coronal sections of the brainstem immunostained against CTB
(pseudo-colored magenta, c-d), substance P (green, e-f), and their
merged signals (a-b), at a level just rostral to the obex (3, c, e, see
inset in e), and at the level of PrV (b, d, f, see inset in f). (g-0) High
power confocal photomicrographs of coronal sections of the
brainstem immunostained against CTB (pseudo-colored magenta, j-1),
substance P (green, m-o0), and their merged signals (g-i), in the nTTD
(g, j, m), nTS (h, k, n) and PrV (i, |, o). White arrows in (g, h, i) indicate
sites of colocalization of the signals. nTS = nucleus of the solitary
tract; nTTDi = interpolaris nucleus of the descending trigeminal tract;
nXIl ts = hypoglossal tracheosyringeal motor nucleus; PrV = principal
sensory trigeminal nucleus. Scale bars= 100 um in (a) (same scale in ¢
and e); 50 um in (b) (same scale in d and f); 25 um in (g) (same scale
in j and m), 25 um in (h) (same scale in k and n); 25 um in (i) (same
scale in | and o)
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syringeal receptors. The syringeal muscles on each side of the syrinx
are innervated by the ipsilateral ts nerve. The ts nerves branch as they
reach the intrinsic syringeal muscles, which contain numerous, thick,
ChAT-like immunoreactive axons, and en plaque endplates. The local-
isation of these endplates is for the most part restricted to a zone that
spans about a third of the length of the muscles in the rostro-caudal
axis. In the syringeal muscles, we also found thin, varicose, substance
P-like immunoreactive free nerve endings. Similar sensory endings
were found in the tracheal luminal wall and in the internal extracellular
matrix-rich tissues, especially luminal to the pessulus. Transganglionic
transport of CTB showed that these receptors target a caudolateral
region of the nTTDi, a caudolateral region of the nTS and a lateral band

in the hypoglossal-recipient subdivision of PrV.

4.1 | Comparison to previous findings: technical
considerations

The location of syringeal motoneurons in the caudal part of the hypo-
glossal nucleus has been known since the ts nerve lesion experiments
performed by Nottebohm et al. (1976) in the canary. In all of our trac-
ing experiments, we obtained strong somata labeling in this nucleus,
but in most of them we also obtained variable labeling in other motor
nuclei, particularly in the small nucleus located ventrolateral to Xllts.
Both nXlits and the group of cells ventrolateral to nXllts were also
labeled by Bottjer and Arnold (1982) in the zebra finch and by Wild
(1981) in the cockatoo by applying HRP crystals to the severed ts
nerve near its separation from the lingual hypoglossal branch. How-
ever, only Xllts motoneurons were labeled when wheat germ agglutinin
was injected into the ventral syringeal muscles (Bottjer & Arnold, 1982;
Wild, 1981), supporting the idea that the ventrolateral nucleus projects
to extrinsic tracheosyringeal muscles (Wild, 1981). Cells in a similar
ventrolateral position have been traced in the fowl from injections into
the ypsilotrachealis or cleidotrachealis muscle (Youngren & Philips,
1983), a muscle that originates on the clavicle, inserts into the upper
trachea (George & Berger, 1966), and is active during phonation
(Youngren, Peek, & Phillips, 1974). In passerines, this muscle also
inserts in the rostral trachea, far from the syrinx (Shufeldt, 1890 in the
raven; personal observations in the zebra finch), but a role in vocaliza-
tion seems unlikely because, unlike Xllts motoneurons, the motoneur-
ons ventrolateral to Xllts that probably innervate this muscle do not
receive a descending projection from the telencephalic song control
system (Wild, 1993).

HRP application to the ts nerve (Bottjer & Arnold, 1982) showed
that the cell bodies of ts afferents lie in the jugular vagal ganglion, as
are the cell bodies of the mechanoreceptors in the tongue (Wild,
1990). However, in Bottjer and Arnold’s experiments, HRP failed to
transport trans-ganglionically and therefore the specific central targets
of the tracheosyringeal receptors could not be identified. Only by mak-
ing injections into the main trunk of the hypoglossal nerve, central to
its separation into lingual and tracheosyringeal branches, were they
able to obtain transganglionic transport and chart the hypoglossal ter-
minal fields in the brainstem, presumably including both lingual and tra-

cheosyringeal afferents. In the present work, the use of CTB as a more
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FIGURE 7 CTB injections in the nTTD produce labeling of sensory endings in the syrinx. (a-c) Schematic drawings of coronal sections of
the brainstem, complemented with Nissl-stained material, depicting CTB injection sites in three different cases. (d, €) Photomicrographs of
coronal sections of the syrinx showing CTB labeled fibers in the tissue luminal to the pessulus after injection N° 3 (d) and in the syringeal
muscles after injection N° 2 (e). Abbreviations as in Figure 5. Scale bar in (a) = 200 um (same scale in b and c), scale bar in (d) =50 um

(same scale in e)

sensitive transganglionic tracer allowed us to distinguish the specific
tracheosyringeal terminal fields. However, CTB is easily taken up by tis-
sue near the injection site and can therefore produce nonspecific label-
ing. Nevertheless, the consistent labeling of the lateral nTTD, nTS, and
PrV across cases and their coincident immunolabeling with a substance
P antibody allows us to identify these three structures as the most
probable central targets of tracheosyringeal receptors. Transganglionic
transport of CTB from the brainstem to the syrinx was attempted as
another approach to overcome the problem of tracer leakage from
peripheral nerve injections. However, tracer transport in this direction
proved to be much reduced, as evidenced by the small amount of label-
ing obtained in the syrinx in the cases where there was any, compared
to the robust labeling obtained from ts nerve injections. Nevertheless,
the approach using central injections allowed us to confirm unequivo-
cally the projection from the syrinx to the lateral nTTD. We do not
consider the absence of syringeal labeling following nTS and PrV injec-
tions as sufficient evidence to rule out possible projections to these
targets.

The central projections of the tracheosyringeal receptors described
here represent a small portion of the previously described hypoglossal
terminal fields, most of which derive from lingual mechanoreceptors,

and include a continuous rostro-caudal column spanning the brainstem

from the medial cervical dorsal column to the lateral half of PrV (Bottjer
& Arnold, 1982; Faunes & Wild, 2017a; Wild, 1990). A hypoglossal
projection to the lateral region of the nTS has also been described for
the lingual nerve by Wild (1990), but not by Bottjer & Arnold (1982). In
pigeons and songbirds, the lateral parasolitary nucleus of nTS (IPs) has
also been shown to receive pulmonary afferents (Katz & Karten, 1983;
Wild, 2004).

4.2 | Motor innervation of the syringeal muscles

It has been shown that in avian muscles, fast twitching fibers differ
from slow tonic fibers in that the former are innervated by a single
motoneuron that contacts them at a single motor endplate with an en
plaque morphology, while the latter receive numerous en grappe end-
ings that originate from many motoneurons (George & Berger, 1966).
We visualised the motor endplates in the syringeal muscles by ChAT
immunolabeling and CTB tracing. In coronal sections of the syrinx,
these endplates looked like en plaque endplates previously described
by Chinoy and George (1965) and Grim et al. (1983), which is consist-
ent with the extremely fast contraction rates exhibited by the syringeal
muscles (Elemans, Mead, Rome, & Goller, 2008). In dissociated fibers

from zebra finch intrinsic syringeal muscles, Bleisch, Scharff, and
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Nottebohm (1989) visualised the location of motor endplates using
alpha bungarotoxin conjugated to fluorescein isothiocyanate, and
found that most of the fibers exhibited a single motor endplate, but all
muscles had a certain number of multiply innervated fibers. Therefore,
it is possible that the zebra finch syrinx has a small proportion of en
grappe endplates, which we could not identify in our material because
of the steric constrains associated with sectioned tissue. Nevertheless,
our description of the overall restricted rostrocaudal distribution of
motor endplates, forming a single band in most anteroposterior levels—
and likely spanning the whole length of the muscle (see Donovan et al.,
2012)—is consistent with a high proportion of focally innervated fibers.
In turn, these findings, together with recent descriptions of zebra finch
syringeal muscle morphology (During et al., 2013), could be useful in
future research on the biomechanics of sound production and motor
control in this system (Elemans et al., 2015).

In the present work and in agreement with Bleisch et al. (1989)
and Wild and Suthers (unpublished observations in various songbird
species), we did not find any evidence of muscle spindles in any of the
syringeal muscles. Furthermore, Duc, Barakat-Walter, and Droz (1993)
found calbindin immunopositive axons innervating spindles in chicken
hindlimb muscles, whereas in the syringeal muscles, we did not find

any calbindin immunoreactivity.

4.3 | Sensory innervation of the syrinx

The absence of spindles in the syringeal muscles raises the question as
to what modalities are involved in syringeal sensory feedback. Our
finding of substance P-like immunoreactivity in sensory endings in the
syrinx is consistent with the substance-P like immunoreactivity previ-
ously reported for the jugular ganglion in pigeons (Katz & Karten,
1980). Thin, varicose, substance P-like immunoreactive nerve endings
like the ones we found in the syringeal muscles have previously been
seen in chicken hindlimb muscles and skin (Duc et al., 1993). However,
their sensory modality is presently unknown. These muscular sensory
endings, along with the endings in the tissue luminal to the pessulus,
were shown to belong to nTTDi projecting receptors. Furthermore,
their location near muscle insertions and flexible tissue is suggestive of
a mechanosensory function. The skeletal muscles of mammals also
have free nerve endings originating from thin afferent fibers, which can
respond to muscle contraction and stretch, as well as to thermal and
chemical stimuli (Cleland, Hayward, & Rymer, 1990; Kniffki, Mense, &
Schmidt, 1978; Kumazawa & Mizumura, 1977; Stacey, 1969). Future
studies examining the expression of ion channels (e.g., piezo proteins,
Coste et al., 2010) and the neurophysiology of these receptors will be
needed to solve this question.

The sensory endings in the luminal tracheal wall were not trans-
ganglionically labeled by any of our brainstem injections, which we con-
sider to be due to inefficient tracer transport. In the tracheal wall of
mammals, there is a substance P immunopositive nervous plexus origi-
nating from jugular ganglion neurons similar to the ones we describe
here (Mazzone & Undem, 2016). These jugular neurons project to the
paratrigeminal nucleus and to the nucleus of the solitary tract (McGov-

ern et al., 2015). Like the mammalian trachea and broncho-pulmonary
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system in general, the avian trachea and air sacs also receive an inner-
vation via the nodose ganglion (Bower, Parker, & Molony, 1978;
Kubke, Ross, & Wild, 2004).

4.4 | Syringeal feedback to the song system?

As in human speech, the role of auditory feedback in bird singing has
received far more attention than the role of somatosensory or proprio-
ceptive feedback (Konishi, 2004; Suthers, Goller, & Wild, 2002). How-
ever, while it is clear that the mammalian vocal organ is highly
innervated with different kinds of mechanoreceptors that play a role in
human speech (reviewed in Jiirgens, 2002), evidence for a syringeal
somatosensory feedback to the song system has remained more elusive.
Bottjer & Arnold (1984) tested the effects of syringeal deafferentation
on adult song production and reported that this procedure had almost
no influence on singing. However, the time range evaluated in this
study was shorter than the time deafening takes to produce an effect
on adult song (Nordeen & Nordeen, 1992). Furthermore, the role of
syringeal somatosensory feedback in song learning has not yet been
evaluated and, like auditory feedback, its contribution to this process
might be more evident than to adult song maintenance. In point of fact,
Bottjer and To (2012) showed singing-induced Fos expression in part of
the hypoglossal recipient trigeminal complex of juvenile zebra finches,
and found that vagal and hypoglossal denervation impairs juvenile sing-
ing to varying degrees. Furthermore, vagal feedback from other parts of
the respiratory system has been shown to be important in the motor
control of singing in adult birds (Méndez, Dall'asén, & Goller, 2010).

In our current understanding of the song system, bottom-up con-
nections originating from the respiratory and vocal centres in the brain-
stem appear to play a major role in the operation of the circuit (Alonso,
Trevisan, Amador, Goller, & Mindlin, 2015; Ashmore, Renk, & Schmidt,
2008; Schmidt & Wild, 2014). The present description of the central
projections of the syringeal receptors constitutes a step in elucidating
the possible connections between syringeal sensory feedback and the
song system. Vocalisation and respiration are highly integrated func-
tions in songbirds (Hartley, 1990), and therefore it is likely that the pro-
jection from the syrinx to the nTS serves a function in both processes.
Furthermore, the projection to nTTDi could reach the song system via
nucleus uvaeformis (Uva) of the dorsal thalamus (Faunes & Wild,
2017b), which mediates the projections from respiratory and vocal
centres to the forebrain nuclei of the song system (Ashmore et al.,
2008; Wild, 1994).
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Video 1. Rotation of a Neurolucida three-dimensional reconstruction
of half a syrinx. Syringeal cartilagues are displayed in gray and syrin-
geal intrinsic muscles are displayed in red. Blue dots indicate the
location of ChAT-like immunopositive motor end plates. Green
arrow points rostrally, blue arrow points dorsally, and red arrow

points medially.
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