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Abstract

The sexually dimorphic medial preoptic nucleus (POM) in Japanese quail has for many years been
the focus of intensive investigations into its role in reproductive behaviour. The present paper
delineates a sequence of descending pathways that finally reach sacral levels of the spinal cord
housing motor neurons innervating cloacal muscles involved in reproductive behaviour. We first
retrogradely labeled the motor neurons innervating the large cloacal sphincter muscle (mSC) that
forms part of the foam gland complex (Seiwert and Adkins-Regan, 1998, Brain Behav Evol
52:61-80) and then putative premotor nuclei in the brainstem, one of which was nucleus
retroambigualis (RAm) in the caudal medulla. Anterograde tracing from RAm defined a
bulbospinal pathway, terminations of which overlapped the distribution of mSC motor neurons
and their extensive dorsally directed dendrites. Descending input to RAm arose from an extensive
dorsomedial nucleus of the intercollicular complex (DM-ICo), electrical stimulation of which
drove vocalizations. POM neurons were retrogradely labeled by injections of tracer into DM-ICo,
but POM projections largely surrounded DM, rather than penetrated it. Thus, although a POM
projection to 1Co was shown, a POM projection to DM must be inferred. Nevertheless, the
sequence of projections in the male quail from POM to cloacal motor neurons strongly resembles
that in rats, cats and monkeys for the control of reproductive behaviour, as largely defined by
Holstege and co-workers (e.g., Holstege et al., 1997, Neuroscience 80: 587-598).
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In mammals considerable experimental effort has been expended to define the neural
pathways that mediate control of reproductive behaviour (Pfaff et al., 1994). In females one
major objective has been to characterize the nuclei and define the pathways that control the
species typical, estrogen-dependent mating posture signifying sexual receptivity, known in
rats and cats as lordosis. Although there are differing accounts of the origins of the

Corresponding author: J. M. Wild; jm.wild@auckland.ac.nz.

Conflict of Interest:

The authors declare no conflict of interest.

Author contributions:

The experiments were conceived by JIMW and JB. JIMW carried out all the experiments and wrote the paper, with input from JB.
JMW made the figures, assisted by JB.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wild and Balthazart

Page 2

bulbospinal projections to spinal motor neurons involved in lordosis (cf Pfaff et al, 1994;
VanderHorst and Holstege, 1995; Holstege et al., 1997), a strong case can be made for the
view that the relevant synaptically connected nuclei are, from rostral to caudal, the
ventromedial nucleus of the hypothalamus (VMN), the periaqueductal gray (PAG) of the
midbrain, nucleus retroambiguus (NRA) in the caudal medulla, and its bulbospinal
projections to spinal motor neurons innervating a host of striated muscles of the trunk and
limbs involved in the production of the lordosis posture (Ogawa et al., 1991; Flanagan-Cato,
2011; VanderHorst and Holstege, 1995; 1996; 1997a; VanderHorst et al., 2000a;. 2000b). In
the present context it is appropriate to emphasize that an early designation of NRA as a
respiratory premotor nucleus — because of its projections upon spinal motor neurons
innervating expiratory muscles — is misleading, in the sense that its spinal projections are by
no means confined thereto. Pathways for the control or modulation of male reproductive
behaviour, such as mounting and possibly penile erection, have also implicated a PAG-
NRA-lumbosacral spinal cord sequence of connections (Holstege et al., 1997; VanderHorst
and Holstege 1997b). With respect to hypothalamic control, however, it is generally
recognised that it is the medial preoptic area that is critical for male sexual behaviour, rather
than VMN (Hull et al., 2002).

In birds comparatively little is known about the neural pathways that control reproductive
behaviour, in particular those caudal to the hypothalamus. In female birds in breeding
condition, sexual receptivity in many species is indicated by an estrogen-dependent posture
called the copulation solicitation display (CSD), which closely resembles lordosis in
mammals. The supraspinal control of this posture is, however, unknown except for the fact
that estradiol benzoate stimulates this behaviour in ring doves (Streptopelia risoria) when
stereotaxically implanted in VMN (Gibson and Cheng, 1979). In male birds, as in male
mammals, the medial preoptic nucleus (POM), plays a major role in reproductive behaviour,
evidenced in particular in the Japanese quail (Coturnix japonica), which has become the
model species of choice for the investigation of the neuroendocrine control of reproductive
behaviour in birds (Panzica et al., 1996; Balthazart et al., 2009; Ball and Balthazart, 2009;
2010).

Further understanding of how POM might mediate control of reproductive behaviour in
birds entails the identification of neural pathways that link the nucleus with final common
path motor neurons, specific groups of which lie in the sacral spinal cord and innervate the
various cloacal muscles involved in appetitive and/or consummatory aspects of reproductive
behaviour, as well as in other behaviours such as voiding (Seiwert and Adkins-Regan,
1989). By far the largest of these cloacal muscles, both in terms of absolute size and number
of mator neurons innervating it, is the circular, sphincter cloacae muscle (mSC; Seiwert and
Adkins-Regan, 1998). In male Japanese quail mSC is hypertrophied on the dorsal wall of the
cloaca, where its three muscular layers overlie and interdigitate with units of the proctodeal
gland, which continuously secretes a clear, colorless fluid. The muscle and gland are
together known as the foam gland complex (Klemm et al., 1973; King, 1981a), which in
adult birds typically reaches the size of a walnut. Visible, vigorous contractions of the foam
gland are stimulated simply by the male’s view of the female as well as during copulation
(Seiwert and Adkins-Regan, 1998). These contractions reflect the sexual motivation of the
male (Ball and Balthazart, 2010). They are inhibited by electrolytic lesions of POM and
controlled by testicular secretions (suppressed by castration and restored by exogenous
testosterone given systemically or directly implanted in POM) (Balthazart et al., 1998, Riters
et al., 1998). By these contractions the muscles of the gland are thought to whip the gland’s
secretions into a meringue-like foam that is transferred to the female’s cloaca during
copulation and is also deposited during voiding (McFarland et al., 1968; Ikeda and Taji,
1954; Seiwert and Adkins-Regan, 1989). Females do not normally possess a hypertrophied
foam gland, although the same muscles of the dorsal cloaca are present as in males and the
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number of motor neurons innervating these muscles is similar to that in males (Seiwert,
1994). A foam gland complex up to 60% of the size of the male’s can be induced in the
female by testosterone treatment over a two-week period (Adkins and Adler, 1972;
Schumacher and Balthazart, 1983). The motor neurons innervating mSC and three other
cloacal muscles are reported to be intermixed in the lateral motor column of lamina IX of
synsacral segments 7 to 10 (Seiwert and Adkins-Regan, 1998). They constitute, therefore, a
principal target of descending pathways mediating control of cloacal movements
characteristic of reproductive and other vital behaviours in this species.

Since POM does not project to the spinal cord, there has to be one or more synapses
between it and cloacal motor neurons. One of these synapses is thought to lie in the central
gray matter (GCt) surrounding the cerebral aqueduct of the midbrain, to which POM
projects (Berk and Butler, 1981; Balthazart et al., 1994; Absil et al., 2001; Carere et al.,
2007). GCt has specifically been suggested to be the medial component of the laterally
extensive intercollicular nucleus (ICo; Kingsbury et al., 2011), which is likely homologous
with the periaqueductal gray (PAG) of mammals. In male starlings Riters and Alger (2004)
indeed showed, using anterograde tracers, that POM projects to both ICo and GCt, and also
suggested that this projection included DM, a distinct dorsomedial subnucleus within the
ICo complex. In both songbirds and non-songbirds, electrical stimulation of DM drives
vocalizations and accompanying respiratory patterns that can resemble the call of the
species, even in surgically anesthetised birds (e.g., Brown, 1965; Potash, 1970; Phillips and
Peek, 1975; Seller, 1981; Wild et al., 1997). This is explained by the fact that DM projects
upon a suite of vocal-respiratory brainstem nuclei that includes the vocal motor nucleus (n.
tracheosyringealis, or XI1ts) and nucleus retroambigualis (RAm; Wild et al., 1997). RAm
projects upon lower thoracic and upper lumbar motor neurons that innervate expiratory
muscles, and also projects upon XIIts, a projection thought to underlie the coordination of
expiration and vocalization in the production of species-typical calls or songs (Wild, 1993;
1994; Reinke and Wild, 1997; 1998; Sturdy et al., 2003; Kubke et al. 2005). Although the
resemblance of the projections of DM and RAm in birds to those of the lateral PAG and
NRA in mammals has been noted in the context of vocalization and respiration (Wild et al.,
1997; Wild et al., 2009), it has not hitherto been asked whether RAm also has projections to
the sacral spinal cord that, like those of NRA, may be involved in reproductive behaviour.

How ICo might mediate control of reproductive behaviour in birds is unknown, for the
direct or indirect connections of 1Co with cloacal motor neurons have not been defined.
Some ICo neurons have been shown to project as far as the upper cervical spinal cord in
pigeons, ducks and geese, but they do not appear to reach as far as lumbosacral levels
(Cabot et al., 1982; Webster and Steeves, 1988). In the present study, we investigated (1)
whether RAm projects to sacral spinal levels housing cloacal motor neurons, (2) whether
RAmM neurons receive projections directly from either POM and/or DM-1Co, and (3) whether
POM projects upon DM-ICo.

MATERIALS AND METHODS

Fifty-three male Japanese quail (Coturnix japonica) were used in the present study. All
anesthetic and surgical procedures were in agreement with the relevant Belgian laws
regarding the Protection and Welfare of Animals and the Protection of Experimental
Animals, and all protocols were approved by the Ethics Committee for the Use of Animals
at the University of Liege.

J Comp Neurol. Author manuscript; available in PMC 2014 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wild and Balthazart Page 4

Anesthetic regime

Males, weighing 200-250 gms, were anesthetised by an injection in the breast muscle of 0.1
ml of ketamine (100 mg/ml) and 0.2 ml of xylazine (Rompun 2%, Bayer), which produced
surgical anesthesia within 5-10 minutes and lasted for up to 3.5 hours.

Surgical regime for recording, stimulation and injection of tracers in the brain

The bird’s head was held in a Kopf stereotaxic frame with pigeon beak and ear bars such
that the beak was angled down at 45 degrees with respect to the horizontal (Karten and
Hodos, 1967). The skin was reflected from the midline of the skull and the dura exposed by
drilling through the bone at chosen positions. Although a stereotaxic atlas exists for the
Japanese quail (Baylé et al., 1974), it lacks detail for the brainstem and, furthermore, caudal
brainstem nuclei such as RAm could not be targeted by recording electrodes or injection
pipettes using vertical penetrations through the most caudal cerebellum, because this region
was covered by large blood sinuses. Therefore, a sagittal plate of the atlas (L0.5) was used to
calculate an angle from which caudal brainstem nuclei could be targeted by angling the
electrode or pipette 38 degrees backwards through a more rostral cerebellar lobule clear of
blood sinuses (~3.8 mm caudal to inter-aural zero; but note that this does not correspond to
the coordinates in the Baylé et al. quail atlas). Electrode and pipette movements in the ‘2’
direction were controlled by a Kopf Micropositioner, Model 2650. Target coordinates were
worked out by trial and error, guided by recordings of single and multiunit activity using
either tungsten microelectodes (Frederick Haer and Company, Bowdoinham, NM; 3-5 MQ)
or glass micropipettes (internal diameter ~10 microns) filled with one of a number of neural
tracers dissolved in phosphate buffered saline (PBS), pH 7.6. Signals were band-passed
filtered between 300-5000 Hz, amplified x10k (A-M Systems, Model 1800) and monitored
auditorily. Spike trains were recorded on computer using an ADI MacLab 8/30 and Scope
software. Since RAm was a prime target, rhythmical multiunit activity in phase with
observed expiration (Wild, 1993) was the principal guide to the site of tracer injection in this
case. Such activity was recorded ~ 0.8 mm lateral to the midline and ~ 5.5 mm along the
angled trajectory.

Electrical stimulation of 3-6 volts supplied by a Grass model S88 stimulator was used to
evoke vocalizations (crowing) from the midbrain. Two-second trains of 0.2 ms square wave
pulses at 200 pps were supplied every 4 seconds to a tungsten microelectrode advanced
though the overlying optic tectum and medial to the inferior colliculus, known in birds as
MLd. Once robust crowing had been evoked the tungsten microelectrode was withdrawn
and replaced with a glass micropipette filled with tracer, which was then lowered through
the same brain entry point to the same depth and an injection was made using either air
pressure of iontophoresis. Approximate coordinates for these injections were: A5.0, L2.2,
D4.6 mm.

Injection of tracers in the spinal cord

A laminectomy was performed at predetermined levels of the sacral spinal column and
unilateral air pressure injections of tracer were made into one or two segments of the cord
(between SS7and SS10) via a glass micropipette (internal diameter ~ 20 microns) inserted
through the dorsal horn and dorsolateral funiculus into more ventrolateral regions.

Injection of tracers in cloacal muscles

The anesthetized bird was placed on its back and the legs taped to the substrate such that the
large foam gland was exposed. The thin skin of the gland was cut and separated from the
underlying sphincter cloacae muscle. Several (3-5) injections of tracer were then made via a
glass micropipette using air pressure into different parts of the muscle, usually on one side
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only. In one case as much as possible of the exposed muscle on one side was multiply
injected to maximize the number of retrogradely labeled motor neurons. In two other cases
the much smaller transverse cloacal muscle (mTC) received a single injection of tracer.

Injected tracers

Histology

In most cases different fluorescent cholera toxin B-chain (CTB) tracers were used, either
singly or in paired combinations in the same bird: CTB Alexafluor 594, 555 or 488
(Molecular Probes; 1.0% in 0.1 M PBS, pH 7.6). These tracers (e.g., a green and a red), or in
some cases Fast Blue (Polysciences; Philadelphia, PA; 2% aqueous), which fluoresces in the
UV range, were injected using a WPI pneumatic PicoPump (Model PV 800) that supplied
timed pulses of air to the injection pipette via a 0.5 M length of tubing. Biotinylated dextran
amine (BDA, Invitrogen, Eugene, OR; 10K MW, 10% in PBS) was also used in some cases,
in combination with a second injection of unconjugated CTB (List Biological Laboratories,
Campbell, CA; 1% in PBS) at another site. BDA and CTB were injected either
iontophoretically using a Stoelting high voltage current source (2-4 A, positive current) or
via air pressure.

Following completion of each experiment, the bird was recovered in a warmed environment,
usually overnight, and allowed to survive 3-5 days, after which it was deeply anesthetised
with an intramuscular injection of an overdose of ketamine/xylazine and perfused through
the heart with 300 ml normal saline followed by 500 ml 4% paraformaldehyde (PFA) in 0.1
M phosphate buffer, pH 7.4. Brains and spinal cords were post-fixed for 24 hours and then
equilibrated in 30% sucrose buffer for 24-48 hrs.

Brains were blocked in the transverse stereotaxic plane and 40-micron thick sections were
cut on a freezing, sliding microtome. Spinal cords were sectioned at 40 microns either in the
longitudinal or transverse planes, from the middle of the lumbosacral enlargement through
levels caudal to the caudal limit of mSC motor neurons (SS 10: Seiwert and Adkins-Reagan,
1998). Longitudinal spinal cord sections were collected from dorsal to ventral, while
transverse sections were collected from caudal to rostral. All sections were collected serially
in PBS; if intended to be analysed using fluorescence microscopy, they were mounted
serially on Superfrost slides (Fisher), air dried, and coverslipped using either 9:1 glycerol-
PBS or a hard-setting fluorescent mounting medium (VectaShield, Vector Laboratories,
Burlingame, CA).

Immunohistochemistry

Sections requiring immunohistochemistry were first treated for 20 min with 50% methanol
in PBS containing 1% hydrogen peroxide and washed 3x10 min in PBS. They were then
incubated for 1 hr in streptavidin-horseradish peroxidase (HRP) conjugate (Invitrogen),
1:1,000 in 0.4% PBS-Triton X-100, washed 3%10 min in PBS, and treated with 0.025%

3,3’ -diamino-benzidine (DAB) in PBS containing 0.015% cobalt chloride to produce a
black reaction product. If the brain had also received an injection of CTB, the sections were
thoroughly washed in PBS and then incubated overnight in a goat anti-CTB antibody (List
Laboratories, Campbell, CA) at 1:33,000 final dilution in 0.4% PBS-Triton X-100 and 25
pl/ml normal rabbit serum. The CTB antibody was raised against purified choleragenoid and
does not result in labeling following preabsorption of the antibody with excess concentration
of choleragenoid (Stocker et al., 2006), and no labeling is seen in material in which a CTB
injection has not been performed (Kubke et al., 2004). Sections were then incubated for 1 hr
in a biotinylated rabbit anti-goat secondary antibody (Sigma-Aldrich, St Louis, MO) 1:300
in PBS-Triton X-100, washed 3x10 min in PBS, and incubated for a further hour in
streptavidin-HRP at 1:1,000 in PBS. CTB was visualized using the DAB mixture without
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cobalt chloride, which yielded a brown reaction product. Sections were mounted on
Superfrost slides, dehydrated in a graded alcohol series and coverslipped with Eukitt
(Fluka).

Section analysis

Sections were viewed in brightfield or fluorescence using a Leica DMRB FL.100
microscope, photographed with a Leica DFC480 digital camera and images stored on a
Macintosh computer running Leica FireCam 3.4.1 software. Fluorescent images were
exported to PhotoShop where they were adjusted for brightness and contrast, and red/green
composite images were constructed using the “difference’ module. Some sections were
drawn using an Olympus microscope equipped with a drawing tube and redrawn and labeled
using Canvas 9.04 (ACD Systems, Victoria, BC, Canada).

RESULTS

Cloacal motor neurons

Injections of CTB, Fast Blue, or CTB Alexafluor 488, 594 or 555 were made into the mSC
of 10 males. Nine of these injections were subtotal but were distributed throughout different
parts of the muscle unilaterally. In one of the males an attempt was made to inject as much
of mSC as possible on one side and two others received an injection of one fluorescent
tracer into mSC and another fluorescent tracer into m. transverse cloacae (mTC) on the same
side.

Longitudinal sections of the spinal cord in different cases showed that all labeled neuronal
cell bodies were located in the lateral motor column of the ventral horn between SS
segments 7 and 10 (Fig. 1A), confirming the results of Seiwert and Adkins-Regan (1998).
Transverse sections from cases with subtotal mSC injections showed more clearly that the
labeled motor neurons occupied primarily the ventral part of the lateral motor column of the
ventral horn (Fig. 1B). The great majority of mSC labeled motor neurons were ipsilateral to
the side of injection, although a few were found contralaterally, possibly due to spread of
tracer across the midline of the muscle. Labeled mTC motor neurons were located slightly
more dorsal than mSC motor neurons, but the full extent of labeling from the much smaller
mTC was not determined. The case receiving a near-total injection of mSC on one side
showed that labeled motor neuron cell bodies were densely packed and occupied most of the
lateral motor column (Fig. 1C).

In both longitudinal and tranverse sections the ramification of motor neuron dendrites was
revealed to be very extensive indeed. In longitudinal sections it appeared that the majority of
dendrites were directed medially as far as the midline, but transverse sections revealed this
to be a false impression created by cutting though dorsally directed dendrites orthogonal to
their long axis. In fact, the majority of the dendrites were directed dorsally into the white
matter and through the lateral aspect of the grey matter to reach as far as the medial part of
the lateral funiculus and the base of the dorsal horn (Fig. 1C).

Location of bulbospinal neurons

Injections of either unconjugated or fluorescent CTB were made into the sacral spinal cord
at the level of SS8-9 in 7 males. The general pattern of retrograde labeling of supraspinal
structures, in terms of which nuclei were labeled, was similar across these cases, although
the number of neurons labeled in these nuclei in each case varied considerably, presumably
depending on the exact location of the injections and the degree of tracer uptake. An
example of the mediolateral location and rostrocaudal distribution of this retrograde labeling
is shown in Figure 2. All but one of the nuclei was labeled bilaterally, with an ipsilateral
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predominance. From caudal to rostral, the most caudal labeled neurons were located
between dorsal and ventral horns of the spino-medullary junctional region. Slightly more
rostrally labeled neurons of heterogeneous size were scattered along a dorsomedial-to-
ventrolateral diagonal throughout the dorsal central region of the caudal medulla. Together
these two caudal regions correspond to caudal parts of RAm (Wild et al., 2009). More
rostrally in the medulla many neurons in the raphe were labeled, accompanied by numerous
labeled neurons in the centromedial and ventromedial medulla, with fewer labeled neurons
extending into ventrolateral regions. In the pons labeling of the raphe continued, but labeling
of adjacent ventromedial regions was largely absent. The large neurons of the lateral
vestibular nucleus were distinctly labeled, as were the gigantocellular neurons of the
reticular formation. At midbrain levels the contralateral red nucleus was labeled, but no
labeled neurons were observed in any part of the intercollicular nucleus. Apart from a few
labeled neurons in the caudomedial hypothalamus in some cases, the only other labeled
nucleus, and the most rostrally located, was the paraventricular nucleus (PVN, not shown).
Labeling in this nucleus extended as far rostral as the level of the anterior commissure.

Bulbospinal projections

It was beyond the scope of this study to inject systematically all the brainstem nuclei that
were retrogradely labeled by injections in the sacral spinal cord. Here we concentrate on
RAm (Fig. 3A) because, as mentioned in the Introduction, the putative homologous nucleus
in mammals (NRA) has been shown by Holstege and co-workers to project to regions of the
spinal cord ventral horn housing motor neurons purported to be involved in reproductive
behaviour in both male and female cats and rats (Holstege et al., 1997; VanderHorst and
Holstege 1995; 1996; 1997; 2000a; 2000b). Injections of fluorescent CTBs were aimed at
RAm in 8 quail, following the recording of respiratory related unit activity in the caudal
medulla (Fig. 3B) (see Methods and Materials). All but one quail also received another
injection of CTB of a different colour into mSC, ipsilaterally. Of the 8 injections aimed at
RAmM, 2 did not produce any projection to the spinal cord, presumably because their
injections were off target, 1 being centered dorsal to RAm and 1 ventral to RAm. One of the
remaining 6 cases had a partial hit of RAm and produced sparse projections to the spinal
cord, but in the other 5 cases the injections were well centered on RAm and produced
abundant anterograde labeling throughout the sacral spinal cord, always with the same
axonal trajectory and pattern of termination. In 2 of these cases labeling was also assessed in
upper lumbar regions and found to be present in the lateral motor column of the ventral
horn, as previously reported for RAm projections to expiratory motor neurons at these levels
(Wild, 1993; 1994). In the one case not receiving a second injection of CTB into mSC, with
the cord being sectioned longitudinally, labeled fibers were observed in the more medial part
of the lateral funiculus and, further ventrally, putative terminations were present throughout
the lateral motor column, frequently appearing in proximity to the ghosts of unlabeled motor
neurons (Fig. 4A). In cases that also received an injection into mSC (e.g., of CTB 488),
cloacal motor neurons and their extensively projecting dendrites were retrogradely labeled,
to the extent that their cell bodies were greatly oversaturated photographically (This could
not be substantially corrected in Photoshop without also reducing the visibility of the distal
dendrites. Because most of the putative terminations appeared to be in relation to dendrites
rather than cell bodies, we considered it more important to be able to see the dendrites).
Labeled descending axons from the RAm injection (e.g., of CTB 555) occupied the medial
part of the lateral funiculus ipsilateral to the RAm injection and labeled fibers and
presumptive terminations completely overlapped the distribution of retrogradely labeled
cloacal motor neurons within the ventral horn (Figs. 4B). In transverse sections labeled
fibers could be seen to approach the labeled cell bodies and their proximal dendrites from
the medial part of the lateral funiculus and frequently appeared to terminate in their vicinity
(Fig. 4C, D). Labeled fibers were not observed in the contralateral lateral funiculus at sacral
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levels, but labeled fibers and putative terminations were almost as common in the
contralateral lateral motor column at these levels as they were ipsilaterally. This suggests
that descending RAm axons crossed the midline approximately at the level of termination,
although unequivocal visual proof of this was not obtained.

Retrograde labeling from RAm injections

Each of the RAm injections that produced anterograde labeling in the spinal cord also
produced abundant retrograde labeling of specific brainstem nuclei, with a pattern similar to
that produced by RAm injections in other avian species (Wild et al., 1997). The major
difference in the quail, however, was in the unparalleled extent and density of retrograde
labeling of a mediolaterally extensive band of neurons within the midbrain intercollicular
complex (ICo), predominantly ipsilaterally (Fig. 5). (In other avian species the nucleus
within ICo that projects upon RAm (and XlIts) has been called DM (see Wild et al., 1997)
because of its dorsomedial position with respect to the central nucleus of the inferior
colliculus (MLd). In the present study we chose to adopt the same name (DM) for the
midbrain nucleus that was retrogradely labeled from RAm injections, even though, in the
quail, the nucleus extends much more medially and rostrally than in any other avian species
thus far examined — see also Discussion). Most caudally, numerous labeled neurons were
scattered throughout ICo medial to MLd, with a few extending medially into the central gray
(GCt) and a small cluster between the lateral border of MLd and the ventricle (Fig. 5 B and
C). Proceeding rostrally throughout more rostral levels of MLd, the labeled neurons
clustered more and more densely and approximated the labeled neurons lateral to MLd until
they formed a continuous, obliquely oriented band (Fig. 5F). This band then extended
rostrally from the rostral pole of MLd as far as the diencephalic-mesencephalic border (Figs.
5D, E). A distinct feature of many of the DM neurons, particularly caudally, was a dorsally
directed process into the overlying 1Co (Fig. 5G). Some retrogradely labeled neurons were
also observed in the more lateral parts of POM in two of the RAm injection cases, but we
consider that this putative projection requires substantial further verification retrogradely
and anterogradely before it can be accepted; it is therefore not dealt with further here (see
figure 11).

Anterograde projections resulting from injections in DM-ICo

Because of the narrow dorsoventral extent of DM, injections aimed at this structure also
included parts of the surrounding 1Co, with a variable degree of involvement of the
overlying ventricular lining and tectum. Injections centered on DM were made possible in 4
males by first using electrical stimulation to evoke vocalizations from DM (see Materials
and Methods). Air pressure injections of CTB 555 were then made at depths at which robust
crowing and other less intense vocalizations had been evoked. A curious feature of this
stimulation was that vocalizations continued for as much as 30 seconds after the stimulus
was turned off. Figure 6A shows an example of an injection located medial to MLd,
centered on DM and largely confined within the dorsal and ventral boundaries of 1Co. This
and other injections at different loci in DM-1Co produced anterograde labeling in all the
more caudal brainstem nuclei previously shown to receive projections from DM in other
avian species, including XlIts and RAm (Wild et al., 1997). Figure 6B shows a terminal
field in RAm in one of two cases in which an injection of CTB 488 had also been made into
the sacral spinal cord on the same side. Each injection into DM-ICo also produced
anterograde and some retrograde labeling throughout other parts of 1Co, including GCt,
which at rostral levels is isolated from the rest of I1Co by the posterior commissure (Fig. 6C).
Diffuse projections from the injections also reached the ipsilateral ventral pons and upper
medulla (not shown — see Discussion and figure 11).
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Retrograde labeling resulting from injections in DM-ICo

Injections of CTB 555 in DM-ICo retrogradely labeled neurons in lower brainstem
respiratory-vocal nuclei, including RAm, as seen in other avian species (Wild et al., 1997).
They also labeled neurons in POM, in an unidentified hypothalamic nucleus ventral and
caudal to POM, and in the lateral hypothalamus bilaterally (Fig. 7A-C). Dense retrograde
labeling was also found more caudally in the hypothalamus, including the ventromedial
nucleus (VMN, Fig. 7D), but by far the densest labeling was produced throughout the
medial and ventral arcopallium, ipsilaterally (Fig. 7E), with more scattered labeling in the
hyperpallium apicale (HA, not shown).

Projections of POM to DM and ICo, etc

To determine the specificity of DM and ICo hypothalamic afferents, injections of BDA,
CTB or fluorescent CTB were made in POM in 20 cases. For unknown reasons,
iontophoretic injections of BDA in POM proved less than satisfactory, in that solid deposits
of tracer could not be made, despite variation in pipette tip size, current strength, etc. Figure
8 traces the projections throughout the I1Co and other nuclei resulting from one of several
cases of iontophoretic BDA injections in POM that labeled only a variable number of single
neurons at the injection site. This injection was paired with a pressure injection of CTB
centered on POM on the opposite side. Labeled fibers, many with varicosities typical of
BDA labeling, could be traced ventrally, dorsally and caudally from the injection site,
predominantly ipsilaterally. Ventrally, numerous fibers descended through the stratum
cellulare externum (SCE), while more scattered fibers and terminations were present in the
stratum cellulare internum (Fig. 8B). More caudally terminations were apparent in the
tuberal nucleus. Dorsally fibers ascended through the medial diencephalon, providing
terminations to the dorsal anterior and dorsal posterior thalamic nuclei (DMA and DMP) and
specifically to the nucleus of the stria medullaris (Fig. 8B). Further caudally fibers and
presumptive terminations extended throughout the rostrocaudal and mediolateral extent ICo,
including GCt. They also extended laterally between the lateral border of MLd and the
overlying ventricle to terminate in the same place where retrogradely labeled cells were
found following injections in RAm (see above). Labeled fibers also headed ventromedially
from 1Co to form diffuse terminal fields, first in the ventral area of Tsai (AVT), mostly
lateral to the exiting third nerve, but also medial to it (Fig. 8C, D), and then in the substantia
nigra pars compacta (SNc) (Fig. 8E, F).

Injections of CTB that were centered on POM replicated this pattern of labeling, but showed
more clearly that there were two separate regions within rostrolateral 1Co that received little
or no projection from hypothalamic injections, one lying dorsal to the other (Fig. 9). They
also indicated that connections between POM and ICo, GCT, SNc and AVT were reciprocal,
by showing retrogradely labeled cells scattered throughout these nuclei, largely with the
exception of the two regions that did not receive anterograde projections.

In 2 cases a large injection of CTB 488 centered on POM was combined with an injection of
CTB 555 in RAm. Figure 10 shows that, at more caudal levels of 1Co, medial to MLd, cells
retrogradely labeled from the RAm injection were scattered throughout the diffuse terminal
field resulting from the POM injection (Fig. 10A). In contrast, more rostrally in ICo, where
the retrogradely labeled cells began to be more densely packed, medial to the hilus of MLd,
the POM fibers and terminations tended to surround the whole labeled nucleus rather than
individual labeled cells (Fig. 10B). Progressively more rostrally still, where the retrogradely
labeled cells were densely packed to form the mediolaterally extensive band, the anterograde
labeling from the POM injection surrounded the nucleus but penetrated it only very sparsely
(Fig. 10C, D). As discussed above, the results from these two double label cases were
consistent with the observations of the lack of anterograde labeling in the more dorsal of the
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two rostrolateral parts of 1Co following CTB injections in POM. The more ventral of these
two rostrolateral 1Co regions was labeled anterogradely by injections in the arcopallium — as
shown in another 2 cases in which injections of CTB 488 in the arcopallium were combined
with an injection of CTB 555 in RAm. As in pigeons (Wild et al., 1997), arcopallial
efferents did not appear to target DM; in the quail they formed an oval or spindle shaped
terminal field in 1Co, ventral to DM and rostral to MLd (Fig. 10E).

DISCUSSION

In this, the first account of neural pathways possibly mediating control of reproductive
behaviour in birds, we have defined a series of projections originating in the hypothalamus,
synapsing in DM-ICo and RAm, and terminating at the spinal motor neurons innervating the
largest known cloacal muscle of any avian species (mSC). This muscle and its role in
reproductive behaviour and voiding was described and analysed by Seiwert and Adkins-
Regan (1998) and their findings set the scene for the present investigation. With regard to
the anatomical aspects of their work at the level of the spinal cord, we would differ from
their conclusions in only one respect, which is that the extensive dendrites of mSC motor
neurons, as for the dendrites of many lower limb motor neurons in the lumbosacral spinal
cord of the chick (Okado et al., 1990), are primarily directed dorsally rather than rostrally or
medially. This could be important in the light of our further observations of the position of
bulbospinal axons in the medial part of the lateral funiculus, to which the mSC motor
neurons extended their dorsally directed dendrites. At this distance from mSC cell bodies -
where their dendrites were narrower and their fluorescent intensity low — the likelihood of
synaptic contacts between the bulbospinal axons and cloacal motor neuron dendrites could
not realistically be assessed, but from this position bulbospinal axons approached and
apparently terminated in the vicinity of mSC motor neurons in the lateral motor column of
the ventral horn. Electron microscopy will be required to determine whether synaptic
contacts are made on the distal dendrites of motor neurons and/or more proximally, nearer
the cell body. Regardless, the overlap of bulbospinal projections and the distribution of mSC
motor neurons and their dendrites was strikingly clear.

Origin of bulbospinal projections to the sacral spinal cord

Although several potential origins of bulbospinal projections to the sacral spinal cord were
identified retrogradely in the present study, only RAm’s spinal projections were
systematically investigated anterogradely. Some of the reasoning contributing to this
strategy is documented below.

The rubrospinal pathway is known in pigeons to descend through the dorsolateral funiculus,
to project to all levels of the spinal cord, and to terminate in the base of the dorsal horn and
intermediate regions, rather than the ventral horn. It was therefore thought unlikely to be a
prime candidate for specific control of reproductive behaviour (Wild et al., 1979).

PVN neurons were also retrogradely labeled from sacral spinal cord injections in the present
study. As in mammals, PVN in birds is a premotor nucleus in the autonomic nervous
system. Its spinal projections descend in the dorsolateral funiculus and terminate in the
column of Terni, the avian equivalent of the intermediolateral cell column of mammals, but
located medially in the spinal cord cross section rather than in the lateral grey horn (Terni,
1923; Cabot et al., 1982; Webster and Steeves, 1991). Preganglionic sympathetic neurons in
the column of Terni at lumbosacral levels, and especially preganglionic neurons in the sacral
parasympathetic nucleus, may be involved in the modulation of copulatory reflexes, the
afferent limb of which is the pudendal nerve that innervates the reproductive tract (Ohmori
et al., 1987). Future studies might also wish to determine whether PVN in quail projects
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upon mSC motor neurons, in analogous fashion to PVN’s projection upon Onuf’s nucleus in
cats (Holstege and Tan, 1987).

Lateral vestibular (VeL) neurons were also specifically labeled in the present study.
Projections of VeL in mammals terminate in the medial and ventromedial parts of the
intermediate zone and polysynaptically influence motor neurons innervating extensor
muscles (review in Kuypers, 1981); hence their implication in the trunk extensor component
of lordosis in rats (Pfaff et al., 1994). In birds, as in mammals, vestibular projections at
lumbar levels occupy the ventral funiculus, but the location of their spinal terminations is
unknown (Cabot et al., 1982; Wold, 1978; Webster and Steeves, 1991).

A raphe-spinal system with a wide axonal distribution throughout the dorsolateral, lateral
and ventrolateral funiculi has been demonstrated in pigeons, with lamina 1X motor neurons
being one of its targets (Cabot et al., 1982). However, the location of this system’s
descending axons in pigeons is quite different from that observed in the medial part of the
lateral funiculus of the sacral spinal cord of quail following RAm injections in the present
study. Future studies, however, will need to investigate the possible presence of raphe-spinal
projections to cloacal motor neurons.

The spinal projections and terminations of neurons making up the various pontine and
medullary reticular nuclei of birds are also largely unknown, but it is possible that some of
these may target the ventral horn of sacral segments and hence be involved in reproductive
behaviour in some way. For instance, although a paragigantocellular nucleus (PGi) (as
distinct from nucleus paragigantocellularis lateralis (PGL)) is not indicated in either the
pigeon (Karten and Hodos, 1967) or chicken (Puelles et al., 2007) brain atlases, neurons in a
similar ventral position to PGi at the level of the rostral medulla are depicted as the origin of
projections to at least the lumbosacral enlargement in ducks (Webster and Steeves, 1988)
and chickens (see figure 9 in Hassouna et al., 2001). Also, many neurons in a similar
position were retrogradely labeled from sacral spinal cord injections in the present study,
and diffuse projections to this region resulted from injections in DM/ICo. Thus these ventral
regions of the upper medulla in quail, which may or may not correspond to, or include, a
PGi-like nucleus, are deserving of investigation as to their specific spinal targets in regard to
reproductive behavior. In rats, PGi is reported to project upon bulbospongiosus motor
neurons in Onuf’s nucleus and to be involved in genital reflexes, although whether these
projections are mono- or multisynaptic is not clear (cf Murphy and Hoffman, 2001, and
Tang et al., 1999). In any case, the PGi projections in mammals exert an inhibitory effect on
male genital reflexes, with disinhibition as a result of PGi lesions revealing a marked
increase in excitation of unspecified origin (Yells et al., 1992; Liu et al., 1999).
Notwithstanding these considerations, it should be remembered (2) that most avian species,
including quail, do not possess an intromittent organ, and (b) the evolutionary relationship of
the avian phallus to the mammalian penis is unclear (King 1981b), so avian motor neurons
equivalent to those innervating the bulbospongiosus muscle in mammals may not be present
in birds. Nevertheless, foam gland motor neurons in quail could be equivalent to those in
Onuf’s nucleus that innervate the external anal sphincter, interestingly also called the
sphincter cloacae in female rhesus monkeys because of the relatively poor differentiation of
pelvic floor muscles in this species (Hartman and Straus, 1961). Projections to motor
neurons in Onuf’s nucleus that innervate the sphincter cloacae in female rhesus monkeys
receive distinct projections from NRA (VanderHorst and Holstege, 2000b), as mSC motor
neurons appear to do from RAm in quail. Since mSC in quail also has an established role in
reproductive behaviour, as well as voiding (Seiwert and Adkins-Regan, 1998), it would be
interesting to know whether mSC motor neurons are anatomically and/or physiologically
differentiated on this basis.
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RAm-sacral spinal cord projection

There was a strong comparative incentive for us to concentrate our investigations on RAm.
Firstly, as mentioned previously, Holstege and co-workers have shown in cats, rats and
monkeys that NRA is more than a respiratory premotor nucleus. In addition to projections to
spinal motor neurons innervating muscles concerned with intrathoracic pressure, as in
expiration, it also has distinct, targeted projections to many motor neuron groups at
lumbosacral levels involved in species-specific reproductive postures, such as lordosis, and,
especially in males, to bulbospongiosus motor neurons (VanderHorst and Holstege, 1995,
1996; 1997; Holstege et al., 1997). Secondly, Wild has proposed that in birds the homolog
of the mammalian NRA is RAm (Wild, 1993; Wild et al., 2009). This proposal was made on
the basis of its similar position to NRA in the caudal medulla, its projections upon
expiratory motor neurons (Wild, 1993; 1994), its afferent projections from a Kollicker-Fuse-
like nucleus in the pons (Wild et al., 2009) and a nucleus in the midbrain (DM) that is
clearly involved in the production of emotional vocalizations and species-specific calls (cf
Holstege, 1989; Wild et al., 1997). It was therefore natural to ask whether RAm, like NRA,
also had projections to the sacral cord, which we have not only been able to answer in the
affirmative, but have also found that these projections terminate specifically in the vicinity
of motor neurons innervating the large muscle of the foam gland (mSC), previously
demonstrated to be involved in reproductive behaviour and voiding (Seiwert and Adkins-
Regan, 1998). Most of the putative terminations appeared to be in relation to dendrites rather
than cell bodies, as found by VanderHorst and Holstege (1997b) for NRA projections to
Onuf’s motor neurons in male cats and by VanderHorst et al. (2000b) for NRA projections
to pelvic floor motor neurons in female monkeys. In the quail it is probable, however, that
the RAm projections also target other cloacal motor neurons which, according to Seiwert
and Adkins-Regan (1998), are intermixed in the sacral ventral horn. One of these groups of
motor neurons is that innervating m. transversus cloacae (mTC), which in pigeons has been
shown to act as a respiratory muscle, moving the vent and cloacae cranially during each
expiration and thereby helping to compress the caudal air sacs (Baumel et al., 1990).

Since RAm in quail appears to be multifunctional, as shown for NRA in several mammals, it
is also natural to ask whether the organization of the nucleus reflects this in some way. The
small size of RAm in most birds will render this question difficult to answer physiologically,
but in the present study it was nevertheless clear that the RAm neurons retrogradely labeled
from the sacral spinal cord were located most caudally in the nucleus, extending into the
uppermost cervical spinal cord; and they were also heterogeneous in size and morphology.
In a detailed physiological study of NRA neurons in estrus cats, Boers et al. (2005) did not
find a somatotopic organization of cells projecting to different levels of the cord, but they
did identify a novel population of NRA neurons projecting to lower lumbar and sacral levels
that had no or very little respiratory drive and had low conduction velocities. The authors
suggested that these non-expiratory bulbospinal NRA units could be involved in mating
behaviours. We suggest that birds, too, might possess a special group of RAm neurons
concerned with mating behaviour. Such neurons would likely have been included in our
RAmM injections, despite the fact that we used expiratory-related unit activity as our guide for
those injections.

DM and its connections

Injections of CTB 488 or 555 centered on RAm in the present study retrogradely labeled a
very extensive midbrain nucleus, which we have here called DM. Traditionally the
designation ‘DM’ has been used to refer to a much smaller nucleus dorsomedial to MLd that
projects upon the vocal motor nucleus (nXIIts) in songbirds and pigeons (Nottebohm et al.,
1976; Gurney, 1981). Wild et al. (1997), however, showed that DM also projects on RAm,
thereby helping to account for the coordinated respiratory-vocal activity involved in
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vocalization. In the present study, our RAm injections did not include XlIts, so DM in quail
could be even larger than shown in figure 5. Even as defined here, however, it is
considerably more extensive rostrocaudally than the DM defined by estrogen receptor
immunohistochemistry and ap-adrenergic receptor autoradiography in a study investigating
functional heterogeneity within the ICo complex of quail (Ball et al., 1989). These authors
placed DM within caudal levels of the ICo complex and found more rostral parts of 1Co
were characterized by the presence of cholinergic muscarinic receptors. However, the more
rostral part of ICo defined by Ball et al. (1989) is clearly not coincident with the more rostral
part of DM defined in the present study, because the latter extends rostral to MLd, whereas
the part of 1Co defined by presence of cholinergic muscarinic receptors lies ventral to MLd
(see fig. 1C of Ball et al., 1989).

These considerations not only confirm that ICo is functionally heterogeneous, as would be
expected on the basis of its proposed homology with PAG in mammals (Kingsbury et al.,
2011), but also suggest that DM is itself functionally heterogeneous, perhaps in ways not yet
fully recognized. Puelles et al. (2007), for instance, have given the name ‘midbrain vocal
area’ to a region in the chick midbrain that strongly resembles the distribution of neurons
retrogradely labeled from RAm injections in the present study, but it is not really known
whether this area is totally vocal. Previously it was assumed that DM’s downstream
projections upon XlIts and RAm had a common function of organizing and/or coordinating
vocal-respiratory output for the purpose of making species-specific vocalizations (Wild et
al., 1997; Phillips and Peek, 1975). Shaw (2000), however, showed that electrical
stimulation of DM during crowing in freely moving quail not only stopped crowing but also
stopped the head bobbing movements that accompany crowing in this species. The control
of postural (head and neck) responses is thought to be mediated by paramedian regions of
the pons (Dubbeldam and den Boer-Visser, 2002), from which neurons in subventricular
regions of the optic lobe have been retrogradely labeled in pigeons (Reiner and Karten,
1982), but whether these neurons are 1Co neurons or DM neurons, or both is unclear. The
present results now suggest that some part of DM may be involved in the control of
reproductive behaviour, via its projections to those parts of RAm projecting to the sacral
spinal cord. This particular projection could be involved with the maintenance of cloacal
sphincteric control during the highly elevated air sac pressures characteristic of crowing.
Alternatively, or as well, the DM projection to caudal RAm could be more directly involved
in reproductive behaviour, via RAm’s projection to mSC motor neurons. One argument for
vocalization and reproductive behaviour being under separate DM control is that, although
vocalizations frequently occur during mating in many species, crowing in male quail, while
serving to attract a female (Goodson and Adkins-Regan 1997), does not usually accompany
the consummatory mating sequence of grasping the neck of the female with the beak,
mounting, and cloacal contact (Balthazart, personal observations). However, this negative
correlation is possibly explained by the fact that crowing — which is executed with an open
beak — is incompatible with grasping, which is executed with a closed beak.

The finding of estrogen receptors in the region of DM (Ball et al., 1989) may be regarded as
supporting an involvement with reproductive behavior, but until estrogen receptor
immunohistochemistry is combined with retrograde labelling of DM neurons, it cannot be
concluded that DM neurons, as opposed to 1Co neurons, actually possesses estrogen
receptors. The distribution of androgen receptors in male quail brain (Balthazart et al., 1992)
appears to correspond more to the region of 1Co ventral and rostral to MLd rather than to
DM as defined in the present study. Furthermore, until double retrograde labeling
experiments are carried out from separate DM target nuclei in the same bird, it is difficult to
know whether the projections arise from separate or the same DM neurons. In summary, it is
presently unclear whether or to what extent DM is topographically organized with respect to
its downstream targets.
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Most of the DM neurons retrogradely labeled from RAm injections were densely packed
into an obliquely oriented band. The proximity of some DM neurons to each other could
suggest the presence of gap junctions as a means of inter-cellular communication in this
nucleus, a suggestion supported by the fact that injections in DM-1Co in the present study
spread throughout most of the nucleus. Thus, DM may play a significant role as an
integrator and/or organizer of inputs from a variety of sources. At first sight, it appeared that
the hypothalamus was not one of these sources, because most of DM was not penetrated to
any great extent by hypothalamic afferents, except caudally where DM neurons were
scattered within the ICo complex. Similarly in the study of DM connectivity in pigeons and
zebra finches (Wild et al., 1997), injections of biotinylated dextran amine confined to DM
did not retrogradely label any hypothalamic neurons, a negative finding thought curious at
the time. DM neurons, therefore, may receive their hypothalamic input by extending their
dendrites into the surrounding 1Co field (but see below). Nor does DM appear to receive
direct projections from the arcopallium, again a finding confirming those of Wild et al.
(1997) in pigeons. There are, however, major arcopallial inputs to 1Co in pigeons and doves
(Zeier and Karten, 1971; Cheng et al., 1987), but in the present study in quail these were
concentrated in an oval shaped region ventral to rostral levels of DM. These results further
confirm the fact that non-songbirds, such as quail and pigeons, do not appear to have any
arcopallial-dorsal midbrain connection resembling the RA-DM connection in oscine
songbirds that is usually depicted as part of the song control system (Nottebohm et al., 1976;
Wild, 1993); a connection that nevertheless remains enigmatic from the functional point of
view.

As noted previously (Wild et al., 1997), the DM projections to RAm appear to be directly
analogous to those from lateral PAG to NRA in mammals that have been implicated in the
control of intrathoracic and intra-abdominal pressure, a control required for vocalization,
expiration and reproductive behaviour, among other behaviours (Holstege, 1989; Gerrits and
Holstege, 1996; Holstege et al., 1997; VanderHorst and Holstege, 1996; VVanderHorst et al.,
2000a). Indeed, these studies were a major motivator of the present work.

POM-midbrain pathway

The sexually dimorphic medial preoptic nucleus in quail extends from the level of the
anterior commissure, to which it is subjacent, through more rostral levels until it lies in a
paramedian position dorsal to the optic chiasm at the level of the diverging
septomesencephalic tract. A lesion study of POM in male quail found that more caudal parts
of the nucleus were primarily concerned with consummatory sexual behaviour while more
rostral levels were primarily concerned with appetitive sexual behaviour (Balthazart et al.,
1998; Balthazart and Ball, 2007). Anterograde projections from these two regions of POM
using Dil implants into different parts of the nucleus did not reveal differential projections
(Balthazart et al., 1994), but this warrants closer examination /n vivo and using other tracers.
A reciprocal connection of POM with the medial part of ICo (GCt) was shown by Balthazart
et al. (1994), but very sparse anterograde labeling of 1Co was observed. Berk and Butler
(1981) in pigeons also found relatively sparse labeling of I1Co as a result of injections of
tritiated amino acids into POM. In the present study BDA fibers and terminations were
observed throughout much of ICo and GCt, even though the injections in POM were far
from ideal (see Methods and Materials), and massive projections to these regions were seen
following injections of either CTB or fluorescent CTB that were centered on POM, but with
spread to underlying parts of the hypothalamus. Even so, it was clear that there were specific
regions within 1Co that did not receive hypothalamic projections, regions that were
subsequently observed to house DM neurons in those cases in which an injection of
fluorescent CTB of another colour had also been made in RAm. Similar findings of
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hypothalamic projections to 1Co that appear to have avoided DM were shown by Berk
(1987; see his figure 3B) in pigeons.

As mentioned in the section above dealing with DM, the hypothalamic projections only
sparsely penetrated the major part of DM consisting of a dense band of closely clustered
neurons. We did observe that some DM neurons extended their dendrites into the overlying
ICo, but we do not know whether DM neurons normally receive POM input in this way. DM
may receive POM inputs indirectly, via ICo neurons and possibly via neurons located in the
most medial aspects of 1Co, that is, in GCt (see Absil et al., 2001; Carere et al., 2007), but
anterograde tracing experiments will be required to confirm this. Injections centered on DM,
but with involvement of the surrounding ICo, did retrogradely label POM (and other
hypothalamic neurons, including VMN), but the conclusion that POM projects directly to
DM, as well as to 1Co, must remain tentative. Furthermore, although there is ample evidence
that the medial preoptic area projects to PAG in mammals (Veening et al., 1991), as POM
does to GCt in quail (Absil et al., 2001; Carere et al., 2007), we are not aware of any
published evidence in mammals that shows that POM projects specifically upon PAG
neurons that, in turn, project upon NRA neurons having sacral spinal cord targets. Despite
these uncertainties, there seems to be a substantial degree of similarity between the
projections as outlined here in quail to those defined in several mammalian species by
Holstege and others for the control of reproductive behaviour. Clearly, much more work is
required in quail, especially in females, to render this similarity anything more than
superficial. As with the neural control of respiration, however, evolution seems to have
ensured that, despite the very different peripheral structures and mechanisms involved in
reproductive behaviour in birds and mammals, they appear to be controlled by descending
pathways that are fundamentally similar in their pattern of organization.
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ABBREIVIATIONS

Aq Cerebral aqueduct

AVT Avrea ventralis Tsai

CA Commissura anterior

Cb Cerebellum

cc Canalis centralis

CP Commissura posterior

dh Cornua dorsalis

DM Dosomedial nucleus of the intercollicular complex
DMA Nucleus dorsmedialis anterior thalami

DMP Nucleus dorsmedialis posterior thalami

J Comp Neurol. Author manuscript; available in PMC 2014 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wild and Balthazart

DMNX
DSO
FLM
FPL
GCt
ICo
Imc

Ipc

LS
MesV
MLd
mSC
mTC
niil
NV
NVI
NVIII
nixX-X
NXI1
nXIl
nXllIts
NRA
Ov
PAG
PGi
PGL
POM
PVN
R

RA
RAmM
Rt
RPgc
Ru

S
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Nucleus motorius dorsalis nervi vagi
Decussatio supraoptica dorsalis

Fasciculus longitudinalis medialis

Fasciculus prosencephali lateralis

Substantia grisea centralis

Nucleus intercollicularis

Nucleus isthmi, pars magnocellularis

Nucleus isthmi, pars parvocellularis

Funiculus lateralis

Lemniscus spinalis

Nucleus mesencephalicus nervi trigemini
Nucleus mesencephalicus lateralis pars dorsalis
Musculus cloacae sphinctericus

Musculus cloacae transversus

Nucleus nervi oculomotorii

Nervi trigemini

Nervi abducens

Nervus octavus

Nucleus nervi glossopharyngei et nucleus motorius dorsalis nervi vagi
Nervi hypoglossi

Nucleus nervi hypoglossi

Nucleus nervi hypoglossi, pars tracheosyingealis
Nucleus retroambiguus

Nucleus ovoidalis

Periaqueductal gray

Nucleus paragigantocellularis

Nucleus paragigantocellularislateralis

Nucleus preopticus medialis

Nucleus periventricularis magnocellularis
Nucleus raphe

Nucleus robustus arcopallialis

Nucleus retroambigualis

Nucleus rotundus

Nucleus reticularis pontis caudalis, pars gigantocellularis
Nucleus ruber

Nucleus solitarius
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SCE Stratum cellulare externum

SCI Stratum cellulare internum

SM Nucleus stria medullaris

SNc Substantia nigra pars compacta

SO Stratum opticum

SpM Nucleus spiriformis medialis

SSp Nucleus supraspinalis

TeO Tectum opticum

TIO Tractus isthmo-opticus

TTD Nucleus et tractus descendens nervi trigemini
% ventriculus

VeD Nucleus vestibularis descendens
Vel Nucleus vestibularis lateralis

vf Funiculus ventralis

vh Cornua ventralis

VMN Nucleus ventromedialis hypothalami
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Figure 1.

Photomicrographs of retrogradely labeled motor neurons in the ventral horn (vh) of the
sacral spinal cord following injections of CTB 488 (A, longitudinal section) or CTB 555 (B,
C, transverse sections) into the ipsilateral foam gland. In A multiple injections were made
into the gland, in B only a single injection in the gland was made, while in C as much of the
gland as possible on one side was injected. Note in A the medial extension of dendrites at
this ventral level of the cord. In contrast, note in B and C the very extensive dorsally
directed dendrites that extend into the white matter and towards the medial aspect of the
lateral funiculus (If) and neck of the dorsal horn (dh). The asterisk denotes marginal, not
dorsal root ganglion cells. Scale bar = 200 pum.
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Figure2.

A—G. A caudorostral series of schematic transverse sections through the brainstem of the
quail showing the location of neurons (1 dot = 1 neuron) retrogradely labeled by an injection
of CTB into the sacral spinal cord. Those on the right of each section are ipsilateral to the
injection. Note in G that the absence of labeled neurons in 1Co also pertains to the ipsilateral
side. In H are shown photomicrographically some of the labeled neurons in RAm (Scale bar
=100 pm).
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Figure3.

A. Nissl counterstained right transverse hemisection through the caudal medulla showing the
diagonal distribution of RAm neurons. Scale bar = 200 wm. B. An extracellular multiunit
recording of respiratory-related activity in RAm. Although the phase of respiration was not
measured, it was clear from visual inspection of the anesthetised bird that the rhythmical
bursts of discharges over the 12 seconds corresponded to expiration.
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Figure 4.

Photomicrographs of anterogradely labeled fibers and putative terminations (red) and
retrogradely labeled neurons (green) in the right half of the sacral spinal cord following an
injection of CTB 555 into RAm and of CTB 488 into the ipsilateral foam gland in the same
animal. A and B are longitudinal sections, C and D are transverse sections. A is turned 90
degrees clockwise and shows only labeled fibers and putative terminations (the foam gland
was not injected) throughout the ventral horn adjacent to the lateral funiculus (If). B shows
both fibers and cell bodies with their extensive medially directed dendrites at this ventral
level of the cord. In C dorsally directed green dendrites can be seen approximating red axons
in the medial part of the lateral funiculus (arrow). vI: ventral funiculus. Green cell bodies are
inadvertently oversaturated photographically, but a reduction of their saturation also reduced
the visibility of their distal dendrites — see text. Scale bars = 100 pm.
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Figureb5.

B-E. Schematic representations of the location of ICo and DM cell bodies (1 dot = 1 cell
body) retrogradely labeled by an injection of CTB centered on RAm (shown in black in A).
Note that the majority of labeled neurons in DM are ipsilateral to the injection, and in B and
C are split into a numerous medial group and a small group lateral to MLd. Rostral to MLd
(D and E) DM cells form a continuous band that extends as far as the caudal border of the
diencephalon. Large dots represent labeled neurons of the mesencephalic nucleus of the
trigeminal nerve (Mes V) inadvertently labeled by dorsal spread from the RAm injection
(see Wild and Kritzfeldt, 2012). F and G are photomicrographs of labeled DM neurons,
those in F forming a continuous band rostral to MLd and those more caudally in G showing
dorsally directed processes (arrows) into 1Co. Scale bars = 100 pm.
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Figure6.

Photomicrographs showing, in A, an injection of CTB 555 in ICo medial to MLd; in B, a
terminal field (red) in RAm resulting from the injection shown in A and retrogradely labeled
neurons (green) resulting from an injection of CTB 484 in the sacral spinal cord in the same
case. Note the presence of a few red retrogradely labeled cells within the terminal field,
indicating reciprocity of the ICo-RAmM projections (see Wild et al., 2009). C: Predominantly
ipsilateral terminations in the central gray (GCt) resulting from the injection in A. Scale bars
= 200pwm.
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Figure7.

Photomicrographs of neurons retrogradely labeled by an injection in ICo, such as is shown
in figure 6A. Those in A are in POM, those in B are located ventral to POM at about the
same rostrocaudal level, those in C are in the lateral hypothalamus bilaterally, those in D are
in the more caudal hypothalamus, including VMN, and those in E are in the ventromedial
arcopallium. Scale bars = 100m.
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Figure8.

A-F: Schematic hemisections depicting the projections (short fine lines and dots) resulting
from a BDA injection in POM, shown as black in A and photomicrographically in figure 9.
Arrows in E and F point to fibres and terminations lateral to MLd. The two areas enclosed
by dashed lines in C receive little or no labeling. The more dorsal area is DM, the more
ventral one receives input from the arcopallium — see figure 9. Scale bars =1 mm.
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Figure9.
A: Photomicrograph of an iontophoretic BDA injection in POM (just ventral to the anterior

commissure, CA) that gave rise to the projections depicted in figure 8. B: anterograde and
retrograde labeling in ICo following an injection of CTB centered on POM. Note the two
relatively unlabeled areas (asterisks), one dorsal to the other. The dorsal one is DM, the
ventral one an area receiving projections from the ventromedial arcopallium (see text and
figures 8 and 10E). Scale bars = 100 pum.
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Figure 10.

A-D: Anterograde (red) and retrograde (green) labeling in 1Co and DM following an
injection of CTB 555 into POM and an injection of CTB 484 into RAm in the same case.
Note how in A the retrogradely labeled cells are interspersed among the anterogradely
labeled fibers and terminations, whereas in B-D they form the tightly clustered DM nucleus
that does not admit the anterogradely labeled fibers, but is surrounded by them. E: DM (red)
retrogradely labeled from an injection of CTB 555 in RAm, dorsal to and separate from a
terminal field (green) in 1Co resulting from an injection of CTB 484 into the medial
arcopallium. Scale bar = 100 pm.
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Figure11.

Schematic depiction of the projections defined in the present study (solid lines). Note that
DM is shown as a specific subnucleus within ICo, although caudally DM neurons are
scattered within 1Co rather than being tightly clustered. Dashed lines indicate possible
projections that require further definition.
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