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Abstract

During breathing, the diaphragm and abdominal muscles contract out of phase. However, during
other behaviors (including vomiting, postural adjustments, and locomotion) simultaneous
contractions are required of the diaphragm and other muscle groups including abdominal muscles.
Recent studies in cats using transneuronal tracing techniques showed that in addition to neurons in
the respiratory groups, cells in the inferior and lateral vestibular nuclei (VN) and medial
pontomedullary reticular formation (MRF) influence diaphragm activity. The goal of the present
study was to determine if neurons in these regions have collateralized projections to both diaphragm
motoneurons and the lumbar spinal cord. For this purpose, the transneuronal tracer rabies virus was
injected into the diaphragm and the monosynaptic retrograde tracer Fluoro-Gold (FG) was injected
into the Th13-L1 spinal segments. A large fraction of MRF and VN neurons (median of 72 and 91%,
respectively) that were infected by rabies virus were dual-labeled by FG. These data show that many
MRF and VN neurons that influence diaphragm activity also have a projection to the lumbar spinal
cord, and thus likely are involved in coordinating behaviors that require synchronized contractions
of the diaphragm and other muscle groups.
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Introduction

During breathing, the diaphragm and abdominal muscles contract out of phase to move air in
and out of the lungs (Feldman 1986). The connections and electrophysiological properties of
the neurons that comprise the brainstem respiratory groups are appropriate to activate these
muscles independently during inspiration and expiration (Feldman 1986). However, during
other behaviors, simultaneous increases in the activity of both the diaphragm and other muscle
groups including abdominal muscles are required; such behaviors include protective reflexes
such as vomiting and postural adjustments that result in alterations in the resting length of the
respiratory muscles (Yates et al. 2002). There is evidence that bulbospinal neurons in addition
to those in the brainstem respiratory groups are required to coordinate these responses (Morris
et al. 2003). For example, most bulbospinal inspiratory neurons are actively inhibited and
mainly silent during emesis (Bianchi and Grelot 1989; Miller et al. 1990), indicating that
respiratory group neurons are not responsible for eliciting vomiting-related diaphragm
contractions. In addition, both neurophysiological (Woodring and Yates 1997) and lesion
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(Yates et al. 1995) experiments have demonstrated that respiratory group neurons are
insufficient to mediate vestibular system influences on respiratory activity.

Transneuronal tracing studies have been conducted in two emetic species (ferrets and cats) to
determine the locations of neurons outside of the respiratory groups that regulate respiratory
muscle contractions. In ferrets, neurons in the medullary medial reticular formation (NMRF)
were infected at short survival times after injection of pseudorabies virus into either the
diaphragm (Yates et al. 1999) or abdominal muscles (Billig et al. 1999; Billig et al. 2001). Use
of two recombinants of pseudorabies virus that could be independently detected showed that
some mMRF neurons influence the activity of both the diaphragm and abdominal muscles
(Billig et al. 2000). The neural circuitry providing inputs to phrenic motoneurons has also been
traced in cats, by injecting the transneuronal tracer rabies virus into the diaphragm (Lois et al.
2009) as well as by placing the retrograde monosynaptic tracer horseradish peroxidase into the
vicinity of diaphragm motoneurons (Rikard-Bell et al. 1984; Onai and Miura 1986). Both
approaches suggested that the descending motor pathways that regulate diaphragm activity are
more extensive in cats than in ferrets (Yates et al. 1999) or rodents (Dobbins and Feldman
1994), and arise from neurons in the pontine medial reticular formation (pbMRF) and lateral,
medial and inferior vestibular nuclei, as well as the brainstem respiratory groups and mMRF.

Prior tracing studies in felines also showed that a subset of neurons in the mMMRF, pMRF, and
vestibular nuclei have axons that extend to the upper lumbar spinal cord (Kuypers and Maisky
1975; Hayes and Rustioni 1981; Kausz 1991), where abdominal motoneurons are located
(Feldman 1986). However, it remains to be determined whether the same neurons in these
regions that influence diaphragm activity also provide projections to the lumbar spinal cord,
and thus have the potential of simultaneously altering the activity of the diaphragm and other
muscle groups including abdominal muscles. This was the goal of the present study, which
combined injections of the retrograde monosynaptic tracer Fluoro-Gold (FG) into the lumbar
spinal cord with injections of the transneuronal tracer rabies virus into the diaphragm. We
tested the hypothesis that neurons in the mMRF, pMRF, and vestibular nuclei that influence
diaphragm activity also have projections to the lumbar spinal cord.

Experiments were conducted on six adult cats (Liberty Research, Waverly, NY) using
methodology approved by the University of Pittsburgh’s Institutional Animal Care and Use
Committee. Surgical procedures were conducted under isoflurane anesthesia, as described in
our previous studies (Lois et al. 2009; Rice et al. 2009). Postoperative analgesia was provided
by intramuscular injections of ketoprofen for 3 days following the surgery (2 mg/kg initial dose
and 1 mg/kg subsequent doses). An initial surgery was performed to inject a 3% FG
(Fluorochrome LLC, Denver, CO) solution into the Th13-L1 spinal segments. For this purpose,
the animal was secured in a stereotaxic frame, a small laminectomy was performed to expose
the target segments, and the dura was incised. Since our objective was to retrogradely label all
the descending projections reaching the upper lumbar cord, large injections were performed.
The needle of a 1 ul Hamilton syringe was inserted through the dorsal root entry zone to a
depth of 2.5 mm with the use of a Narishige (Tokyo, Japan) manipulator, and 1 pul of FG was
injected over a 5 min interval. Subsequently, the needle was removed, and two additional
injections were made on the same side, spaced ~5 mm apart along the rostrocaudal axis. A
similar series of injections was then made on the contralateral side. After all injections were
complete, the muscle and skin overlying the exposed cord segments were closed using suture.

Following a recovery time of 14-21 (median of 19 days) days after the FG injections into the
upper lumbar spinal cord, animals were transferred to a Biosafety Level 2 facility for injection
of rabies virus into the diaphragm, using procedures identical to those in a previous study
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(Lois et al. 2009). A total volume of 200 pl (n=2), 250 ul (n=2), or 300 ul (n=2) of the N2C
strain of rabies virus at a titer 1x108 plaque forming units/ml was injected at multiple sites
across the costal region of the left diaphragm. After survival times of 97h (n=2), 100h (n=2),
or 116-118h (n=2) following rabies injections into the diaphragm, animals were anesthetized
using ketamine (15 mg/kg) and acepromazine (1 mg/kg) injected intramuscularly, followed by
pentobarbital sodium (40 mg/kg) injected intraperitoneally. The animals were then perfused
with 2 liters of 4% paraformaldehyde-lysine-periodate fixative, and the brainstem and spinal
cord were removed, postfixed, and sectioned as discussed in a prior manuscript (Lois et al.
2009). Sections were collected sequentially in six bins of phosphate-buffered saline.

One bin of sections through the diencephalon, midbrain, brainstem, and cervical spinal cord
segments were processed using avidin-biotin immunoperoxidase techniques to visualize
rabies-infected neurons, as in our earlier study (Lois et al. 2009). This analysis utilized a mouse
monoclonal antibody directed against the rabies virus phosphoprotein that resides in the
infective nucleocapsid core (Kelly and Strick 2000). Sections through the lower thoracic and
upper lumbar segments in one bin were mounted on slides, so that the presence of FG at the
injection site could be verified. We relied on the endogenous fluorescence of FG to confirm
that the target segments were successfully injected with the tracer. One bin of sections through
the brainstem was processed using immunofluorescence techniques to dual-localize rabies and
FG, using a protocol similar to that we previously employed to co-localize rabies and an enzyme
involved in the production of serotonin (Rice et al. 2009). FG was identified with the use of a
polyclonal rabbit anti-FG antibody (1:200, Fluorochrome LLC), whereas rabies virus was
recognized using the mouse monoclonal antibody described above (1:30). Labeled cells were
visualized using goat anti-rabbit secondary antibody conjugated to CY3 (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA) and goat anti-mouse secondary antibody
conjugated to BODIPY-FL (1:300, Molecular Probes, Eugene, OR). As such, rabies-infected
cells exhibited green fluorescence, FG-labeled cells exhibited red fluorescence, and dual-
labeled cells appeared yellow. Examples of labeled neurons from animal C95 are shown in
Fig. 1.

Immunoperoxidase sections were examined to determine the regions of the cervical spinal
cord, brainstem, midbrain, and diencephalon that contained rabies infected-neurons.
Immunofluorescent sections were inspected using an Olympus BX51TRF photomicroscope
equipped with a Hamamatsu camera (Hamamatsu Photonics, Hamamatsu, Japan) and a
Simple-32 PCI image analysis system (Compix, Lake Oswego, OR). Following an initial
qualitative analysis, six corresponding representative sections from each case were selected
for photography and quantitative analysis. These sections were identified using Berman’s cat
brainstem atlas (Berman 1968), and were located at the following levels posterior (P) to
stereotaxic zero: P14.5, P11, P8.5, P7, P6, and P5. All of the brainstem regions containing
rabies and FG immunopositive neurons were photographed at both low and high magnification,
using epifluorescence in combination with filters that selectively excited CY3 or BODIPY-FL
and in double exposures that revealed the cellular localization of both FG and rabies. Great
care was taken to ascertain that yellow fluorescence reflected the colocalization of both the
BODIPY-FL and CY 3 fluorophors and was not attributable to the presence of overlapping cells
that each contained one of the fluorophors. Montages of images were assembled using PTGui-
Pro photostitching software (New House Internet Services B.V., Netherlands); an example of
such a montage is shown in Fig. 1E. Such montages, in conjunction with observations of
sections at high magnification, were used to generate plots of the locations of labeled cells,
such as those provided in Fig. 2 for animal C95. Data were tabulated and statistical analyses
were performed using Prism 5 software (GraphPad Software, San Diego, CA).
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FG-labeled cells were prevalent throughout the gray matter of the Th13-L1 spinal cord of all
animals, showing that we had effectively made large injections of FG into these segments. As
illustrated in Fig 2, FG-immunopositive cell bodies were additionally present in regions of the
medulla and pons that are known to contain neurons with projections to the upper lumbar spinal
cord, including the mMRF, pMRF, lateral and inferior vestibular nuclei, and caudal portions
of the medial vestibular nucleus (Kuypers and Maisky 1975;Hayes and Rustioni 1981;Kausz
1991). In addition, some FG-labeled cells were observed in the ventrolateral reticular formation
of the caudal medulla (e.g., the P14.5 level shown in Fig, 2), which contains ventral respiratory
group neurons that regulate the activity of abdominal muscles (Feldman 1986).

The distribution of rabies-infected cells was similar to that reported in our prior manuscripts
(Lois et al. 2009; Rice et al. 2009). In four of the six animals (C95, C96, C111, and C112), no
infected neurons were observed in the midbrain, diencephalon or cortex, suggesting that rabies
virus had passed retrogradely through only a few synapses (Lois et al. 2009). However, because
a variety of factors influence the rate at which a virus passes transneuronally through neural
circuitry (Lois et al. 2009), it is difficult to ascertain the exact number of synapses separating
the infected brainstem neurons from phrenic motoneurons. In the other two animals (C93 and
C94), rabies-infected cells were present in the midbrain and diencephalon, and brainstem
labeling was much more prevalent than in the four cases with early-stage infection.

Fig. 2 illustrates the typical pattern of rabies virus immunoreactivity in the brainstem. Infected
neurons were present in ventrolateral nucleus tractus solitarius and in the ventrolateral portion
of the caudal medulla, in the regions known to contain dorsal and ventral respiratory group
neurons (Feldman 1986;Lois et al. 2009). Infected cells were also present in large numbers in
the medial, inferior, and lateral vestibular nuclei, as well as the nMRF and pMRF. For
quantification, we classified the lateral reticular formation as the lateral tegmental field, and
the medial reticular formation as the region comprised of the paramedian reticular nucleus and
the magnocellular and gigantocellular tegmental fields (Berman 1968); these divisions are
demarked in Fig. 2 by blue lines. In addition, the pons was defined as the region rostral to the
P7 level in Berman’s atlas (Berman 1968). We excluded raphe pallidus and raphe magnus when
determining the number of labeled neurons in the medial reticular formation. A prior study
showed that only limited numbers of serotoninergic neurons in each raphe nucleus were
infected following rabies virus injections into the diaphragm, except in cases where viral
infection had become very extensive (Rice et al. 2009). However, it was difficult to define the
boundaries of raphe obscurus, and neurons located in this area were included in the counts of
medial reticular formation cells.

A large fraction (median of 72%; range of 42-99%) of the neurons in the medial
pontomedullary reticular formation that were infected by rabies virus were double-labeled for
the presence of FG. The neuronal counts from each animal are provided in Table 1. A similar
percentage of neurons in the mMMRF (median of 71%) and pMRF (median of 76%) that were
infected with rabies also contained FG. The presence of double labeling was also comparable
in the two animals (C93 and C94) with more advanced rabies infections to that in the four cats
with earlier-stage infections (see Table 1). However, only a small fraction (median of 38%) of
neurons in the medullary lateral reticular formation that were infected with rabies were co-
labeled with FG. Despite the limited number of cases, the fraction of rabies-infected medial
and lateral reticular formation neurons that also contained FG was demonstrated to be different
using a paired t-test (p=0.03).

The majority of vestibular nucleus neurons (median of 91%) that were infected with rabies
virus injected into the diaphragm also were labeled for the presence of FG injected into the
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lumbar spinal cord, as indicated in Table 1. Fig. 2 illustrates that the bulk of these neurons were
located in the lateral and inferior vestibular nuclei. Furthermore, a similar large fraction of
vestibular nucleus neurons was double-labeled in the four cases with earlier-stage infection
(median of 91%) as in the two with more advanced infection (61 and 99%).

Discussion

The major finding of this study is that the majority of neurons in the medial pontomedullary
reticular formation and vestibular nuclei that were infected by rabies virus injected into the
diaphragm were also double-labeled for the presence of FG placed in the lower thoracic and
upper lumbar spinal cord. These data support the hypothesis that neurons in the medial
pontomedullary reticular formation and vestibular nuclei that regulate phrenic motoneuron
activity (either directly or via relay interneurons) are bulbospinal neurons that additionally
make connections with cells located at more caudal spinal levels. The FG injections in this
study were large, to assure that a majority of neurons with projections reaching the L1 spinal
segment were labeled, such that it is unknown whether the FG-labeled cells made direct
connections with motoneurons controlling abdominal musculature. However, at the very least
the present data show that although neurons outside the respiratory groups provide inputs to
the phrenic motor nucleus, their projections are not confined to this single motor pool and affect
neuronal activity at multiple levels of the spinal cord. Previous studies showed that 50% of
lateral vestibulospinal tract neurons (Abzug et al. 1974) and 67% of medial reticulospinal
neurons (Peterson et al. 1975) supplying axonal collaterals to the cervical enlargement in cats
also have descending projections to the lumbar cord, indicating that collateralized
reticulospinal and vestibulospinal projections participate in coordinating forelimb and
hindlimb activity. The present data suggest that vestibulospinal and reticulospinal pathways
have additional functions, including producing synchronized changes in the activity of the
diaphragm along with other muscle groups. In all likelihood, medial pontomedullary
reticulospinal and vestibulospinal neurons that co-activate phrenic and other motoneurons play
a variety of physiological roles. One prior study suggested that mMRF neurons coordinate the
simultaneous discharges of the diaphragm and abdominal muscles that generate retching
(Miller et al. 1996). Stimulation of vestibular afferents (Rossiter et al. 1996) or elimination of
vestibular inputs through inner ear lesions (Cotter et al. 2001) produce alterations in both
diaphragm and abdominal muscle activity, which could also be mediated through such
collateralized projections. It is also feasible that branching projections from the mMRF and
vestibular nuclei could participate in the coupling of breathing and motor activities involving
limb musculature, including locomotion (Bramble and Carrier 1983; Viala et al. 1987;
Kawabhara et al. 1989). Additional studies will be needed to establish the physiological role of
these connections, and whether distinct populations of medial pontomedullary reticular
formation and vestibular nucleus neurons subserve different functions in the synchronization
of diaphragm contractions with other activities.

An important consideration when interpreting the present data is whether rabies virus infected
neurons other than those regulating diaphragm activity. A variety of studies have shown that
rabies is selectively uptaken by motoneurons, and not by terminals of sympathetic and
parasympathetic efferents or sensory afferents, when injected into skeletal muscles (Tang et
al. 1999; Ugolini 2008; Lois et al. 2009). This selectivity is presumably due to the high affinity
of the virus for the skeletal muscle nicotinic receptor, which concentrates rabies at the
neuromuscular junction (Lafon 2005). This rapid binding to nicotinic receptors also minimizes
leakage of virus from the muscle where it is placed, which allows rabies to be effectively used
for tracing neural pathways regulating the activity of a particular muscle (Kelly and Strick
2000). In prior studies where similar amounts of rabies were injected into the diaphragm using
the same strategy employed in the present experiments, we noted little labeling of neurons in
the middle and lower thoracic spinal cord until the infection of the nervous system was
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extensive and virus had passed across many synapses (Lois et al. 2009). These findings suggest
that our method for placing rabies virus into the diaphragm is not conducive to infecting non-
target motoneurons, particularly those innervating intercostal and abdominal muscles (the
muscles in closest proximity to the injection site). For these reasons, it seems likely that the
brainstem neurons that were immunopositive for rabies virus in this study made direct or
multisynaptic connections with phrenic motoneurons.

In summary, the present data confirm and extend previous findings from experiments using
transneuronal tracing techniques in cats showing that in addition to respiratory group neurons,
an appreciable number of cells in the medial pontomedullary reticular formation and vestibular
nuclei provide relatively direct inputs to phrenic motoneurons (Lois et al. 2009). This study
showed that most medial reticular formation and vestibular nucleus neurons that regulate
diaphragm activity are bulbospinal neurons, and have axonal projections that reach the lumbar
spinal cord. As such, these neurons likely are involved in coordinating behaviors that require
synchronized contractions of the diaphragm and other muscle groups, including musculature
controlled by motoneurons located in the lumbar cord.
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Figure 1.

Photomicrographs of neurons in animal C95, from a brainstem section ~8.5 mm posterior to
stereotaxic zero that was processed using immunofluorescence to dual-localize FG and rabies
virus. A-D: photomicrographs taken at high magnification; column 1 shows FG
immunopositivity, column 2 shows rabies immunopositivity, and column 3 shows the
combined immunopositivity for both antigens. Arrows denote examples of double-labeled
neurons. E: a montage of photomicrographs taken at lower magnification, showing
immunopositivity to both rabies and FG. Boxes in panel E show the locations of the neurons
depicted at higher magnification in A-D. Calibration bars represent 100 pA in A-D and 1 mm
in E. Abbreviations: 5ST, trigeminal spinal tract; 7M, facial motor nucleus; LVN, lateral
vestibular nucleus; MVN, medial vestibular nucleus; PH, prepositus hypoglossi; RB, restiform
body.
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Figure 2.
Drawings of representative sections from animal C95 showing the locations of rabies-

immunopositive neurons, FG-immunopositive neurons, and neurons that were immunopositive
for both FG and rabies. Regions containing labeled cells were identified using Berman’s cat
brainstem atlas (Berman 1968). The location of each section relative to stereotaxic zero (P0)
is indicated. Blue lines in each section show the demarcation between the medial and lateral
reticular formation. Abbreviations: 5SN, spinal trigeminal nucleus; 5ST, spinal trigeminal tract;
6, abducens nucleus; 7M, facial motor nucleus; 7N, facial nerve; 12, hypoglossal nucleus;
BC, brachium conjunctivum; BP, brachium pontis; CN, cochlear nuclei; Cu, cuneate nucleus;
EC, external cuneate nucleus; G, genu of facial nerve; Gr, gracile nucleus; 10, inferior olivary
nucleus; IVN, inferior vestibular nucleus; LVN, lateral vestibular nucleus; MVN, medial
vestibular nucleus; PH, prepositus hypoglossi; RB, restiform body; S, solitary nucleus; SON,
superior olivary nucleus; SVN, superior vestibular nucleus; TB, trapezoid body.
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