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Chapter 2
Efferent projections from the nucleus
retroambiguus to the spinal cord in the cat

ABSTRACT
The nucleus retroambiguus (NRA), located in the caudal medulla, plays an important role in
respiration, vocalization, vomiting and mating behavior. The NRA receives strong projections
from the periaqueductal gray and sends its ﬁbers to speciﬁc motoneuron groups in brainstem (innervating larynx, pharynx and soft palate) and spinal cord (innervating diaphragm,
cutaneus trunci, intercostal, abdominal, pelvic ﬂoor, and lower limb muscles). The NRA-lumbosacral projections are estrogen dependent and thought to be involved in mating behavior.
The aim of the present study is to give a complete overview of all spinal efferents of the
NRA. In four estrous cats either WGA-HRP or BDA injections were made in NRA to label its
ﬁbers. In the lower cervical cord NRA projections were found to phrenic, pectoralis minor
and cutaneus trunci motoneuron pools. Labeled ﬁbers were also found to interneurons in
laminae V to VIII and X throughout the length of the spinal cord. In the thoracic and upper
lumbar cord a bilateral projection was found to abdominal and intercostal motoneurons,
and to the dorsomedial ventral horn, which region contains interneurons and axial muscle
motoneurons. The lumbosacral projection pattern was according to previous studies of our
laboratory. The results suggest that in the cervical and thoracic spinal cord the NRA does not
project to motoneurons of shoulder and fore limb muscles that play a role in mating behavior, but that it sends its ﬁbers mainly to interneurons or to motoneurons of muscles involved
in respiration or assisting respiration.

INTRODUCTION
The nucleus retroambiguus (NRA) is a group of premotor interneurons located
ventrolaterally in the most caudal part of the medulla oblongata. The NRA plays an
important role in the control of respiration (Merrill, 1974) and respiration related
activities such as vocalization (Holstege, 1989, Zhang et al., 1994) and vomiting
(Miller et al., 1987). To produce these behaviors, the NRA receives a strong
projection from the periaqueductal gray (PAG). The NRA in turn sends its ﬁbers
mainly to the contralateral brainstem and spinal cord. In the brainstem the NRA
ﬁbers terminate on motoneurons of pharynx, and soft palate which are located in
the dorsal group of the nucleus ambiguus (Holstege, 1989; Boers et al., 2005). In
the cervical, thoracic and upper lumbar cord, the NRA projects to motoneurons of
diaphragm, intercostal and abdominal muscles (Feldman, 1985; Holstege, 1989).
In hamster (Gerrits et al., 1999; Gerrits et al., 2004), cat (VanderHorst and
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Holstege, 1995) and rhesus monkey (VanderHorst et al., 2000b), the NRA also
projects to a distinct set of motoneurons in the lumbosacral spinal cord innervating
axial, hindlimb, and pelvic ﬂoor muscles. These NRA-lumbosacral projections
are thought to play an important role in mating behavior. In female cats and
monkeys, these projections differ greatly in strength depending whether or not
the animal is in estrus (VanderHorst and Holstege, 1997b; VanderHorst et al.,
1997b). In estrous cats the number of NRA terminals is almost nine times higher
than in non-estrous animals, a difference which is caused by axonal sprouting
(VanderHorst and Holstege, 1997b). Electron microscopical studies in cat have
demonstrated that NRA projections to pharyngeal and soft palate (Boers et al.,
2005a), laryngeal (Boers et al., 2002), abdominal (Boers and Holstege, 1999),
and semimembranosus motoneuronal cell groups (VanderHorst et al., 1997b)
are monosynaptic. Since the majority of the NRA terminals made asymmetric
synaptic contacts and contained round vesicles, all these projections are, in all
likelihood, of an excitatory nature. Despite all these detailed data concerning
speciﬁc NRA projections to certain distinct motoneuronal cell groups, a study of
all NRA projections to the spinal cord is missing. The present investigation is an
attempt to present a complete overview of all NRA-spinal cord projections.
MATERIALS AND METHODS
The surgical procedures, pre- and postoperative care, and handling and housing
of the animals were carried out according to the protocols approved by the
University Medical Center Groningen. The animals were anesthetized with an
initial dose of ketamine (0.1 ml/kg; i.m.) and xylazine hydrochloride (0.1 ml/
kg; i.m.) and subsequently artiﬁcially ventilated under a mixed halothane-nitrous
oxide anesthesia.
Anterograde tracing study
Four adult female cats (cases 2456, 2528, 2533 and 2540) were ovariectomized
two weeks before the tracer injections. They were treated with estrogen seven
days before the tracing experiment, receiving daily subcutaneous injections of
estradiol benzoate dissolved in oil (Mycofarm, 0.02 mg/kg/day), because it is
thought that the projections from the NRA to the spinal cord may be stronger in
estrus than in non-estrus (VanderHorst et al., 1997). The estrogen treatment was
continued until the day they were perfused.
WGA-HRP injections
In three cases (2528, 2533 and 2540) multiple injections of 2.5% wheat germ
agglutinin-horseradish peroxidase (WGA-HRP) were made in the NRA, extending
rostrally from the level of obex to rostral C1 caudally. In all cases a total of
400-600 nl 2.5% WGA-HRP was injected through glass micropipettes, using a
pneumatic picopump (World Precision Instruments PV830). Light microscopical
studies (Holstege and Kuypers 1982, Holstege 1989; VanderHorst and Holstege
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1995) have revealed that in cat the NRA sends the great majority of its ﬁbers
through the contralateral spinal cord, while other tegmental cell groups medially
adjoining the NRA project through the ipsilateral spinal cord. In order to ascertain
that the anterogradely labeled ﬁbers and terminals are derived from the NRA, the
ipsilaterally descending ﬁbers were interrupted by way of an ipsilateral hemisection
at the level of C2. This was done prior to the NRA injection during the same
surgical operation.
After a survival time of three days, the animals were deeply anesthetized with an
overdose of Nembutal (160 mg/kg pentobarbital sodium, i.p.). Subsequently, they
were transcardially perfused with 1l of heparinized saline, followed by 2l of ﬁxative
consisting of 2% glutaraldehyde and 1% paraformaldehyde in a 0.1M phosphate
buffer (pH 7.4). The brains and spinal cords were removed and postﬁxed for 2
hours and stored in a 25% sucrose solution.
The caudal medulla, containing the injection site, and all segments of the spinal cord
were frozen in an isopentane bath (-55°C). Thereafter, the segments and medulla
were cut on a freezing microtome into 40 µm transverse sections. Every fourth
section was processed using the tetramethylbenzidine (TMB, Sigma) procedure
according to Mesulam (1982). All sections were mounted on chromalum-gelatine
coated slides, dried, dehydrated and coverslipped with Permount mounting
medium.
To determine the location of the injection sites, an extra series of sections (1:4)
of the caudal medulla and segment C1 was processed using the diaminobenzidine
(DAB) procedure. To verify whether the hemisections were complete, the segments
containing the hemisection were cut into 40 µm sections, mounted on slides,
dehydrated, and coverslipped with Permount mounting medium.
BDA-injection
In one case (2456) a single injection with 60 nl biotinylated dextran amine (BDA,
10.000 molecular weight; Sigma) was made in the NRA, using the same eqiupment
as described above (WGA-HRP injection). Prior to the NRA-injection an ipsilateral
hemisection at the level of C2 was made.
After a survival time of four weeks, the animal was deeply anesthetized with an
overdose of Nembutal (160 mg/kg pentobarbital sodium, i.p.). Subsequently, it
was transcardially perfused with 1l of heparinized saline, followed by 2l ﬁxative
containing 4% paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4). The brain
and spinal cord were removed and postﬁxed for 2 hours and stored in a 25%
sucrose solution.
The caudal brainstem, containing the injection site, and C1-S3 segments were
cut on a freezing microtome into 40 µm transverse sections. Every fourth section
was processed. The sections were pretreated with 1% H2O2 for 45 minutes and
1% bovine albumin serum (BSA in TBS, pH 7.6, 1% Tx-100) for 60 minutes.
Subsequently, the sections were incubated in avidin-biotin peroxidase complex
(ABC; 1:400 in TBS, 0.5% Tx-100) for 60 minutes, after which the sections were
treated with 0.5% CoCl2 diluted in tris buffer for 10 minutes. Finally, the sections
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were visualized using diaminobenzidine (3.8% DAB in TBS), adding 0.3% H2O2. All
incubations were performed on a rocking table at room temperature, and between
all steps the sections were rinsed with TBS for 60 min. All sections were mounted
on slides, dehydrated and coverslipped with Depex mounting medium.
Microscopical analysis
The injection sites and hemisections were drawn using drawing tube connected to
a Zeiss stereomicroscope using brightﬁeld illumination. The distribution of WGAHRP labeled ﬁbers in the spinal cord caudal to the hemisection, segments C2S3, was plotted using a drawing tube connected to a Zeiss Axioplan microscope
with darkﬁeld-polarized illumination. BDA labeled ﬁbers in the contralateral
spinal cord, segments C1-S3, were plotted using a drawing tube connected to
a Zeiss Axioplan microscope with brightﬁeld illumination.Computer drawings of
the sections were made using Adobe Illustrator software. Photomicrographs were
taken of representative sections using a Zeiss Axiocam digital photo camera,
attached to a Zeiss Axioplan microscope, using Axiovision software. These digital
photomicrographs were further processed using Adobe PhotoShop software to
enhance brightness and contrast.
RESULTS
WGA-HRP injections in the NRA
In all cases the injections of WGA-HRP in the lateral part of the caudal medulla
involved virtually all parts of the NRA, as well as major parts of the medially
adjoining tegmentum and parts of the lateral and ventrolateral funiculus (Fig. 1). To
interrupt the ipsilaterally descending ﬁbers from the caudal medulla, hemisections
were made at the level of C2. The hemisections in case 2528 and 2533 were
complete, but in case 2540 the medial part of the ventral funiculus was still intact.
None of the hemisections extended across the midline (Fig. 1). It was not possible
to determine the projections to C1 and C2 rostral to the hemisection, because the
injections also involved cell groups medially adjoining the NRA, which makes it
uncertain whether all anterograde labeling in these segments is derived form the
NRA.
The WGA-HRP injections in the NRA resulted in anterogradely labeled ﬁbers in
the spinal cord (Fig. 2). In all cases a similar distribution pattern was found,
in which the NRA ﬁbers descended in the dorsolateral, ventrolateral and ventral
funiculi. Throughout the length of the spinal cord NRA projections were found to
motoneuron groups in lamina IX and to interneurons in laminae V, VI, VII, VIII
and X. The projection to lamina X was more numerous at cervical and lumbosacral
than at thoracic levels.
In C2 a dense projection was found throughout the ventral horn and the
intermediate zone. Many anterogradely labeled ﬁbers were found dorsomedially in
the ventral horn, which contains motoneurons of the deep ventral neck muscles,
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Fig. 1. Drawings showing the injection sites, at levels 0, 2, 4, 6 and 8 mm caudal to obex,
in the area of the NRA and the hemisection at C2. The core of the injection sites is indicated
in dark gray. Cu: cuneate nucleus; ECU: external cuneate nucleus; G: gracile nucleus;
IO: inferior olive; LRN: lateral reticular nucleus; LTF: lateral tegmental ﬁeld; NRA: nucleus
retroambiguus; P: pyramidal tract; S: solitary complex; V spin caud.: spinal trigeminal
complex; pars caudalis; XII: hypoglossal nucleus.

such as the rectus capitis anterior (Kitamura and Richmond, 1994). A lot of ﬁbers
were also present in the ventromedial region. This region contains motoneurons
of dorsal neck muscles, like the complexus and the splenius (Richmond et al.,
1978; Abrahams and Keane, 1984). Centrally in the ventral horn labeled ﬁbers
were found in the area of the cleidomastoid and sternomastoid motoneuronal
cell groups (Liinamaa et al., 1997). The density of labeled ﬁbers in the lateral
part of the ventral horn, containing trapezius motoneurons (Vanner and Rose,
1984; Liinamaa et al., 1997), was less compared to the rest of the ventral horn.
Numerous anterogradely labeled ﬁbers were also present in the ventral horn of
C3. Many labeled ﬁbers were clustered in the central part of the ventral horn (Figs.
2 and 3). The ventrolateral part of this region corresponds with the most caudal
end of the cleidomastoid muscle motoneuron group (Liinamaa et al., 1997). As
in C2 many anterogradely labeled ﬁbers were present in the ventromedial part
of the ventral horn, containing dorsal neck muscle motoneurons (Richmond,
1978; Kitamura and Richmond, 1994). In contrast to C2, in this segment the
area containing ventral neck muscle motoneurons, which is located dorsomedial
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Fig. 2. Drawings of transverse sections showing the distribution of anterogradely labeled
ﬁbers in the spinal cord after an injection with WGA-HRP in the NRA and adjoining tegmentum
in case 2528. Note that each illustration of a spinal cord segment represents the labeling of
3 consecutive collected sections.
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to the dorsal neck muscle motoneurons (Liinamaa et al., 1997) received very few
ﬁbers from the NRA. In C4 a similar distribution pattern was found as in C3, but
the density of the projection was less than in C3 (Figs. 2 and 3). In both C3 and
C4 a speciﬁc region located laterally in the ventral horn was devoid of labeled NRA
ﬁbers. This region contains motoneurons of the trapezius muscle (Vanner and
Rose, 1984; Liinamaa et al., 1997).
In C5 and C6 a speciﬁc dense projection was found to the ventromedial portion
of the ventral horn (Figs. 2 and 3). This area corresponds to the phrenic motor
nucleus, which innervates the diaphragm. This projection was bilateral, but the
contralateral projection was much stronger than the ipsilateral projection. In these
segments many labeled ﬁbers were also observed in the region dorsolateral and
dorsomedial to the phrenic nucleus, the latter extending towards the central canal.
Both regions overlap the dendritic ﬁelds of the phrenic motoneurons (Cameron et
al., 1983).
In C7, C8 and T1 anterogradely labeled NRA ﬁbers were located in the ventrolateral
part of the ventral horn at the border of the gray and white matter (Figs. 2 and 3).
It is very likely that these ﬁbers terminate on motoneurons innervating cutaneus
trunci muscle (Holstege et al., 1987). In caudal C8 the projection was bilateral, but
the contralateral projection was much stronger than the ipsilateral. In caudal C7,
C8 and rostral T1 another speciﬁc projection was found dorsomedial to the area
of cutaneus trunci motoneurons. This area contains motoneurons of the pectoralis
minor muscle (Hörner and Kümmel, 1993). In the cervical enlargement (C5-T1) a
dense projection was also found to lamina VIII, the medial part of lamina VII and
laterally in lamina V and VII. Probably, these ﬁbers terminate on interneurons.
The lateral portion of the ventral horn of the cervical enlargement, which contains
motoneurons of forelimb (Fritz et al., 1981; Fritz et al., 1986a and 1986b) and
shoulder muscles (Hörner and Kümmel, 1993; Holstege, 1996), was devoid of
labeled ﬁbers (Fig. 2).
In the thoracic and upper lumbar spinal cord a dense projection was found to
the lateral and ventrolateral parts of the ventral horn (Figs. 2 and 4). In this
region motoneuron pools innervating the internal intercostal, abdominal internal
and external oblique and transverse abdominis muscles are located (Holstege
et al., 1987; Larnicol et al., 1982; Miller, 1987; Tani et al., 1994). The most
ventrolateral part of the ventral horn of the upper and mid thoracic segments
contains motoneurons of the parasternal intercostal muscle (Kirkwood et al.,
1988; Zhan et al., 2005). The projection to the lateral and ventrolateral parts
of the ventral horn was bilateral, but the concentration of anterogradely labeled
ﬁbers was higher in the contralateral than in the ipsilateral segments (Figs. 2
and 4). This bilateral projection was much denser in the lower thoracic and upper
lumbar segments, than in the upper segments of the thoracic spinal cord.
In the dorso- and ventrocentral parts of the ventral horn anterogradely labeled
ﬁbers were located in the area of the rectus abdominis and the external intercostal
motoneurons, respectively (Holstege et al., 1987; Larnicol et al., 1982; Miller,
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1987; Tani et al., 1994). Another projection was found to the dorsomedial part
of the ventral horn. These ﬁbers might terminate on axial muscle motoneurons
or on (respiratory) interneurons (Kirkwood et al., 1993; Schmid et al., 1993), or
recross the midline in the ventral gray commissure and terminate on abdominal
and intercostal motoneurons in the ipsilateral spinal cord (Kirkwood et al., 1999).
In the ventromedial part of the ventral horn anterograde labeling was found in the
region of the levator costae and longissimus dorsi motoneurons (Holstege et al.,
1987; Kirkwood et al., 1988), but the labeled ﬁbers were not equally distributed
within the thoracic and upper lumbar segments. Some segments contained very
few ﬁbers in this area, while in others it was clearly labeled. The distribution of
anterogradely labeled ﬁbers along the medial and lateral borders of the ventral
horn also overlaps the dendrites of intercostal motoneurons (Lipsky and MartinBody, 1987). Throughout the length of the thoracic spinal cord labeled NRA ﬁbers
were not found in the intermediolateral cell column (Fig. 2).
The NRA projection to the lumbosacral spinal cord was according to previous
studies of our laboratory (VanderHorst and Holstege, 1995). The rostral part of
L4 only receives a few ﬁbers from the NRA. In the caudal L4 a speciﬁc projection
was found in the lateral part of the ventral horn, which region contains iliopsoas
motoneurons. In rostral L5 a projection was found to adductor muscle motoneurons
located in the ventrolateral part of the ventral horn. In caudal L5 and rostral L6
no speciﬁc projections to motoneuron groups were found. In the caudal part of
L6 and in the rostral part of L7 a dense projection was found in the center of the
ventral horn, an area in which the motoneurons of the semimembranosus muscle
are located. Many labeled NRA ﬁbers were also found in motoneuron groups of the
biceps femoris and the semitendinosus muscle, which are located in the rostral
part of S1. In caudal S1 a speciﬁc projection was found in the nucleus of Onuf that
innervates the external urethral and anal sphincters. In the ventromedial part of
the caudal S1 labeled ﬁbers were found in the motoneuron group of the levator
ani.
BDA injection in the NRA
The BDA injection in case 2456 was very small compared to the WGA-HRP injections
and only involved the intermediate part of the NRA, 4 mm caudal to obex, and
parts of the ventrolateral funiculus. The hemisection at C2 was almost complete;
a small part of the dorsal funiculus was still intact (Fig. 1). The anterogradely
labeled ﬁbers in the contralateral spinal cord were plotted. Since the injection did
not involve the cell groups medially adjoining the NRA, we can be certain that the
labeled ﬁbers in C1 and C2 rostral to the hemisection are derived from the NRA,
and therefore the anterograde labeling in these segments was also plotted.
In the upper cervical spinal cord a dense projection was found. In C1 anterogradely
labeled ﬁbers were found close to the medial wall of the ventral horn. This region
contains motoneurons of deep neck muscles, such as the rectus capitis anterior
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Fig. 3. Darkﬁeld polarized photomicrograps showing the anterogradely labeled ﬁbers in the
contralateral cervical and upper thoracic spinal cord after an injection with WGA-HRP in the
NRA and adjoining tegmentum in case 2528. Scale bar = 100 µm.
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Fig. 4. Darkﬁeld polarized photomicrograps showing the bilateral labeling in the lateral and
ventrolateral parts of the ventral horn at four different thoracic and upper lumbar spinal cord
segments in case 2528. Scale as in ﬁg. 3.
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Fig. 5. Schematic drawings of transverse sections showing the distribution of anterogradely
labeled ﬁbers in the contralateral spinal cord after an injection with BDA in the NRA in case
2456. Note that each illustration of a spinal cord segment is composed of 12 consecutive
collected sections.
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and lateralis (Kitamura and Richmond, 1994). Labeled ﬁbers were also found
centrally in the ventral horn, in the region of the sternomastoid and cleidomastoid
motoneuronal cell groups (Liinama et al., 1997). In C2 the distribution pattern
was very similar to C1. Labeled ﬁbers were observed in the central part of the
ventral horn, containing sterno- and cleidomastoid motoneurons. Medially in the
ventral horn labeled ﬁbers were present in the region of the ventral neck muscles
motoneurons (Kitamura and Richmond, 1994). In both segments the most ventral
part of the ventral horn, containing motoneurons of dorsal neck (Richmond et
al., 1978), and dorsal suboccipital muscles (Gordon and Richmond, 1991), was
devoid of labeled ﬁbers. In C3 many labeled ﬁbers were found centrally in the
ventral horn, just as in the WGA-HRP injected cases. In contrast to these cases, in
the BDA injected case a speciﬁc projection was not found to region of the dorsal
neck muscles motoneuron groups. In C4 the distribution of labeled ﬁbers was
similar to the distribution in C3. In C5 and C6 anterograde labeling was observed
in the phrenic motor nucleus, and some anterogradely labeled ﬁbers were located
dorsomedially and dorsolaterally to this nucleus. In C7 and C8 anterograde labeling
was found ventrolaterally in the ventral horn in the cutaneus trunci and pectoralis
minor motoneuron groups (Fig. 5).
In the thoracic and upper lumbar spinal cord anterogradely labeled ﬁbers were
found in the lateral part of the ventral horn, in the region of the abdominal internal
and external oblique, transverse abdominid and internal intercostal motoneuron
groups, and some ﬁbers were found running in dorsomedial direction (Fig. 5). In
contrast to the WGA-HRP injected cases, anterogradely labeled ﬁbers were not
found in the ventromedial part of the ventral horn, which region corresponds with
the levator costae and longissimus dorsi motoneurons. The dense projection to
the most ventrolateral part of the ventral horn, where the parasternal intercostal
motoneurons are located, was also lacking.
In the lumbosacral spinal cord BDA-labeled ﬁbers were sparse. In L4 a few ﬁbers were
found ventrolaterally in the ventral horn, containing adductor muscle motoneurons.
In L6 a dense projection was found in the semimembranosus motoneuron group,
and in L7 some labeled ﬁbers were located in the semitendinosus motoneuron
group. Segments caudal to L7 did not contain any anterogradely labeled ﬁbers
(Fig. 5). Probably, the survival time was too short for the tracer to be transported
to these caudal levels of the spinal cord.

DISCUSSION
This study presents a complete overview of the spinal efferents of the NRA. The
results of both the BDA injected case and the WGA-HRP injected cases indicated
that in the cervical spinal cord the NRA projects to interneurons in laminae VII and
VIII and to regions containing motoneurons of the sterno- and cleidomastoid and
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ventral neck muscles in C1 and C2, the diaphragm in C5 and C6, the pectoralis
minor muscle in C7 and C8, and the cutaneus trunci muscle motoneuron group in
C8 and T1. In the thoracic and upper lumbar spinal cord the NRA sends its ﬁbers
to regions containing abdominal and intercostal motoneurons, and also to regions
of interneurons and axial muscle motoneuron pools. In addition, the WGA-HRP
injected cases also showed NRA projections to laminae V, VI and X, to areas of
the biventer cervicis, complexus, and splenius motoneuronal cell groups in C1 to
C3, and in the thoracic spinal cord to regions of the levator costae and parasternal
intercostal motoneurons. Probably, these differences are caused by the size of the
injection site. The WGA-HRP injections were large and involved all parts of the
NRA from 2 to 6 mm caudal to obex. In contrast, the BDA injection was small and
only involved the intermediate part of the NRA, 4 mm caudal to obex, which might
have led to a limited number of anterogradely labeled ﬁbers in the spinal cord.
In hamster (Gerrits and Holstege, 1999; Gerrits et al., 2000a), cat (VanderHorst and
Holstege, 1995) and monkey (VanderHorst et al., 2000) it has been demonstrated
that the NRA projects to a speciﬁc set of motoneurons of hindlimb, axial and
pelvic ﬂoor muscles in the lumbosacral cord, which are thought to be involved
in mating behavior. In cat and monkey, VanderHorst et al. (1997b and 2002b)
has also shown that these projections are inﬂuenced by estrogen, in that the
NRA-lumbosacral projections are more numerous in estrous than in non-estrous
periods. It is very likely that a similar NRA projection to the cervical cord exists
to control the activity of the neck, shoulder and forelimb during mating behavior.
Therefore, it was expected that the NRA would also project to speciﬁc groups of
motoneurons innervating forelimb, shoulder and neck muscles, which are thought
to be activated during this posture. The (deep) dorsal neck muscles would be
involved, because these muscles raise the head and extend the neck. A speciﬁc
projection to dorsal neck muscle motoneurons, such as the biventer cervicis,
complexus and splenius, was found (Fig. 2).
Although activity of adductor muscles like the teres major, pectoralis major and
latissimus dorsi muscles is crucial for stabilization of the shoulder joint during
mating, and activity of forelimb muscles would be required to maintain the
position of the forelimb, anterogradely labeled NRA ﬁbers were not found in the
areas that contain their motoneurons. According to the present results the NRA
does not project to a speciﬁc combination of neck, shoulder and forelimb muscles
motoneuronal cell groups in the cervical cord that could play a role in mating.
In the cervical cord the NRA does project to regions containing motoneurons of the
sternomastoid, cleidomastoid, ventral neck muscles, diaphragm, pectoralis minor
and cutaneus trunci muscle, but, probably, these projections serve other functions.
The NRA projections to motoneurons of the sternomastoid, cleidomastoid, ventral
neck muscles and pectoralis minor muscles may play a role in respiration. These
muscles may assist inspiration, especially when respiratory demands increase,
because they stabilize the rib cage and move the upper rib cage in cranial direction
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(Lunteren and Dick, 1997).
In the cat, it is not immediately clear what the function is of the NRA projection
to the cutaneus trunci motoneurons. In the female golden hamster the cutaneus
trunci motor nucleus, which also receives afferents from the NRA, is thought to
play a role in raising the tail during the lordosis posture (Gerrits et al., 2000a). It
is very unlikely that the cutaneus trunci in the cat has a similar function, because
in this species this muscle does not have a strong effect on the tail. In how far
the cutaneus trunci plays a role in the female receptive posture during mating
remains unclear. In respect to abdominal pressure control, the cutaneus trunci
is not expected to be able to produce a lot of power to change the abdominal
pressure, since it is a very thin muscle.
The present results demonstrated that the NRA projects to interneurons in the
intermediate zone. It might be possible that part of the NRA neurons project
indirectly to the motoneurons of muscles involved on mating behavior, by sending
ﬁbers to these interneurons, which in turn project to these motoneurons. In the
upper cervical segments (C3 and C4) a dense projections was found in the central
part of the ventral horn. The interneurons in the intermediate zone might project
to axial muscles motoneurons via propriospinal pathways. This is also the case
in more caudal segments of the cervical spinal cord. In C5-T1 there is a dense
projection to the medial part of ventral horn. These ﬁbers in lamina VIII and the
medial part of lamina VII probably terminate on interneurons, which in turn project
to motoneurons innervating axial, shoulder and proximal forelimb muscles. The
anterogradely labeled NRA ﬁbers in the lateral part of laminae V, VI and VII in
C5-T1 might project to interneurons that send their ﬁbers to motoneurons located
in the dorsolateral part of the ventral horn innervating distal forelimb muscles
(Sterling and Kuypers, 1968; Molenaar, 1978).
The NRA is also known as the most caudal part of the ventral respiratory group
(VRG) and is the main site of expiratory bulbospinal neurons (EBSNs; Merrill, 1970,
1974). Physiological studies have shown that EBSNs in the NRA have excitatory
projections to motoneurons of muscles involved in expiration, such as internal
intercostal and abdominal muscles (Kirkwood, 1995; Kirkwood et al., 1999; De
Troye et al., 2005).
Inspiratory bulbospinal neurons (IBSNs) are located in the rostral part of VRG
and project to motoneurons innervating the diaphragm and external intercostal
muscles, which have inspiratory actions (Merrill, 1974). Ellenberger and Feldman
(1988) showed that the projections to the phrenic nucleus motoneurons are
monosynaptic and of an excitatory nature (Ellenberger et al., 1990).
In the present study, the WGA-HRP injections, but not the BDA injection, resulted
in dense anterograde labeling in the the parasternal intercostal motoneuron
pools and, for a lesser extent, also in regions of the levator costae and external
intercostal motoneurons. All these muscles have inspiratory actions. Furthermore,
in both the BDA- and WGA-HRP-injected cases anterograde labeling was found
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in the phrenic motor nucleus. These results are in agreement with those found
in an autoradiographic study by Feldman et al. (1985). In that anterograde
tracing study an injection was made in the expiratory modulated region of the
VRG, 2 mm caudal to obex, which resulted in anterograde labeling in the phrenic
and intercostal motoneuronal cell groups. Ipsilaterally, Feldman et al. also
demonstrated anterogradely labeled ﬁbers in the IML from T1 to T6, which are
probably derived from neurons located medial and ventral to the VRG, but not
from the NRA neurons. Merrill (1974) demonstrated that the VRG just caudal to
obex contains expiratory as well as inspiratory neurons. Possibly, the WGA-HRP
injections involved this mixed area, where the tracer was taken up by IBSNs
in the NRA, resulting in anterograde labeling in regions of inspiratory muscle
motoneurons. Since some anterograde labeling was also found in the phrenic
motor nucleus in the BDA-injected case, perhaps, even in this case a few IBSNs
were labeled. According to Boers et al (2005) the NRA, 1 to 6 mm caudal to obex,
also contains (non-respiratory modulated) non-EBSNs among EBSNs. Therefore,
another explanation for the labeling in regions of inspiratory muscle motoneurons
may be that the non-EBSNs have speciﬁc projections to these motoneurons, for
example for their role in vomiting or straining. If these non-EBSNs are involved in
vomiting or straining, then it is expected that they also have speciﬁc projections
abdominal muscle motoneurons, because both inspiratory and expiratory muscles
are activated in these activities (Miller and Grélot, 1997; Iscoe, 1998).
To conclude, the present results suggest that the posture of the upper body
and forelimbs of the female cat during mating behavior is of less importance,
since direct NRA projections to a speciﬁc set of motoneurons of these muscles in
the cervical spinal cord are not found. The posture of the upper body might be
mediated by NRA projections to interneurons, which in turn project to motoneurons
of muscles involved in mating. Probably, the posture and movements of the pelvis
and hindlimbs are crucial for mating behavior, because there exist monosynaptic
excitatory projections from the NRA to a speciﬁc set of motoneurons in the
lumbosacral cord innervating muscles involved in this behavior. It seems that in
the cervical and thoracic spinal cord the NRA neurons send their ﬁbers mainly to
regions containing interneurons or motoneurons of muscles which are involved in
respiration or assisting respiration, but not in mating behavior.
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