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Abstract
Although a considerable body of literature indicates that serotoninergic neurons affect diaphragm
activity both through direct inputs to phrenic motoneurons and multisynaptic connections involving
the brainstem respiratory groups, the locations of the serotoninergic neurons that modulate breathing
have not been well defined. The present study identified these neurons in cats by combining the
transneuronal retrograde transport of rabies virus from the diaphragm with the immunohistochemical
detection of the N-terminal region of tryptophan hydroxylase-2 (TPH2), the brain-specific isoform
of the enzyme responsible for the initial and rate-limiting step in serotonin synthesis. TPH2-
immunopositive neurons were present in the midline raphe nuclei, formed a column in the
ventrolateral medulla near the lateral reticular nucleus, and were spread across the dorsal portion of
the pons just below the fourth ventricle. In most animals, only a small fraction of neurons (typically
< 20%) labeled for TPH2 in each of the medullary raphe nuclei and the medullary ventrolateral
column were infected with rabies virus. However, the percentage of medullary neurons dual-labeled
for both rabies and TPH2 was much higher in animals with very advanced infections where virus
had spread transneuronally through many synapses. Furthermore, in all cases, TPH2-immunopositive
neurons that were infected by rabies virus were significantly less prevalent in the pons than the
medulla. These findings suggest that although serotoninergic neurons with direct influences on
diaphragm activity are widely scattered in the brainstem, the majority of these neurons are located
in the medulla. Many nonserotoninergic neurons in the raphe nuclei were also infected with rabies
virus, indicating that midline cells utilizing multiple neurotransmitters participate in the control of
breathing.
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1. Introduction
A considerable body of literature representing a variety of animal species indicates that neurons
located near the medullary midline, including serotoninergic cells, modulate breathing
(Bernard et al., 1996; Bernard, 1998; Dias et al., 2007; 2008; Fuller et al., 2000; Hodges et al.,
2004; Holtman et al., 1986; Lalley, 1986b, a; 1986b; Lalley et al., 1997; Li et al., 2006b;
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Lindsey et al., 1998; Messier et al., 2002; Millhorn, 1986; Nattie, 1999; Nattie and Li, 2001;
Taylor et al., 2004; 2005; 2006; Verner et al., 2004; 2008). These influences on respiration are
mediated both directly through serotoninergic projections to respiratory motoneurons
(Holtman et al., 1984; Pilowsky et al., 1990; Tai et al., 1997) and indirectly via serotoninergic
inputs to the brainstem respiratory groups (Connelly et al., 1989; Cream et al., 2002; Lalley et
al., 1994; 1995; Mulkey et al., 2007; Voss et al., 1990). There is evidence that medullary
serotonin-containing neurons serve as central chemoreceptors (Bernard et al., 1996; Li et al.,
2006a; Messier et al., 2002; 2004; Nattie, 1999; 2001; Nattie and Li, 2001; Nucci et al.,
2008; Penatti et al., 2006; Taylor et al., 2004; 2005; 2006), mediate long-term facilitation of
respiratory motor output following episodic hypoxia or electrical stimulation of carotid
chemoafferent neurons (Fuller et al., 2000; 2001; Ling et al., 2001; Millhorn et al., 1980;
Millhorn, 1986; Mitchell et al., 2001), and are necessary for recovery of respiratory activity
following upper cervical spinal injury (Fuller et al., 2005; Tai et al., 1997; Zhou and
Goshgarian, 1999; 2000; Zimmer and Goshgarian, 2006). Furthermore, neurons near the
medullary midline in felines have been shown to participate in eliciting cough (Baekey et al.,
2003; Jakus et al., 1998) and emesis (Miller et al., 1996), although it is unknown whether these
cells contain serotonin.

Despite the fact that serotoninergic cells play a role in regulating respiratory muscle discharges,
the precise locations of serotonin-containing neurons that influence breathing are unknown.
Attempts have been made to pinpoint the cells by examining respiratory responses to electrical
or chemical stimulation of midline areas that contain serotoninergic neurons, sometimes in
combination with the blockade of serotonin receptors to differentiate the serotonin-dependent
and independent components of the responses that were elicited (Alvarenga et al., 2005;
Bernard, 1998; Dias et al., 2007; 2008; Holtman et al., 1986; Lalley, 1986b, a; 1986b; Lalley
et al., 1997; Li et al., 2006b; Millhorn, 1986; Nattie and Li, 2001; Verner et al., 2004). Other
studies have generated focal lesions near the medullary midline to determine which regions
participate in regulating respiratory activity (Dias et al., 2007; Hodges et al., 2004; Jakus et
al., 1998; Messier et al., 2002; Taylor et al., 2006). However, because the brainstem areas
affected by the stimuli or lesions varied widely between studies, and no work has systematically
compared the effects of altering the excitability of serotonin-containing neurons in different
regions of the brainstem, the precise locations of the serotoninergic cells involved in respiratory
control remain unclear. A study in the feline that employed antibodies to 5-hydroxytryptamine
(5HT) to localize serotoninergic cells indicated that a large fraction of these neurons were
located outside of the raphe nuclei, in regions including the ventrolateral medulla (Jacobs et
al., 1984). Although immunohistochemical localization of small molecules such as 5HT can
generate false positive results, the experiment suggests that the participation of serotoninergic
neurons in breathing control has not been properly assessed. This is because previous studies
have not considered whether serotonin-containing cells in regions other than the midline
participate in the regulation of respiration.

The use of rabies virus for transneuronal tracing offers a powerful tool to map the polysynaptic
pathways regulating the activity of a particular muscle, as the virus is selectively uptaken by
motoneurons and moves progressively through neural circuits in a time-dependent retrograde
manner (Kelly and Strick, 2000; Ugolini, 1995; Ugolini, 2008). We recently employed the
transneuronal transport of rabies virus in the cat to determine the regions of the central nervous
system that provide direct and indirect inputs to phrenic motoneurons (Lois et al., 2009). These
regions included the medullary and pontine raphe nuclei and adjacent reticular formation as
well as additional areas that have been suggested to contain serotoninergic neurons in felines
(Jacobs et al., 1984). In the present study, the transneuronal retrograde transport of rabies virus
from the diaphragm was coupled with the immunohistochemical identification of
serotoninergic cells to establish the relative number of the latter neurons in different brainstem
locations that participate in regulating diaphragm contractions. Cats were employed for these
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experiments, as they utilize the respiratory muscles to produce behaviors such as vomiting and
coughing that are not present in rodents. Serotoninergic neurons were identified with the use
of an antibody to a unique peptide sequence near the N-terminal region of tryptophan
hydroxylase-2 (TPH2), the brain-specific isoform of the enzyme responsible for the initial and
rate-limiting step in serotonin synthesis (Kerman et al., 2006). As such, this study also provided
a highly-accurate mapping of the locations of serotoninergic neurons in the feline brainstem.

2. Results
2.1. Distribution of TPH2 immunopositive neurons in the cat brainstem

The locations of TPH2-immunopositive neurons were ascertained in two animals from
immunoperoxidase-processed brainstem sections separated by 240 μm. The majority of the
labeled neurons were localized along the midline in the raphe nuclei. However, a large fraction
of cells was also observed elsewhere, as indicated in Fig. 1. A column of TPH2-immunopositive
neurons was present in the ventrolateral medulla rostral to the level of the obex. The density
of labeled neurons comprising this column was greatest in the caudal medulla, just lateral to
the inferior olivary nucleus in the vicinity of the lateral reticular nucleus (see inset panels 2
and 5 of Fig. 1). TPH2-positive cells were also prominent in the medullary subretrofacial
nucleus, as previously described in felines (Polson et al., 1992). More rostrally in the brainstem,
the column of labeled cells migrated dorsally (Fig. 1, panels 7 and 9) and laterally (Fig. 1,
panels 11 and 14), such that it was present in the pontomescencephalic reticular formation.
Within the pons, the number and packing density of TPH2-immunopositive neurons
comprising the column was very low (Fig. 1, panels 11 and 14). Another high concentration
of labeled cells was spread across the dorsal pons, just below the fourth ventricle, as previously
described in the guinea pig (Leonard et al., 1995). At its rostral extent, this region was medial
to the parabrachial nucleus and in the vicinity of nucleus coeruleus (Fig. 1, panel 13),
continuous with the lateral portion of nucleus raphe dorsalis (Fig. 1, panel 12). Only a few
scattered labeled neurons were located outside these areas, mainly in the ventral portion of the
medullary gigantocellular reticular formation.

To confirm that the TPH2 antibody had specificity for the appropriate antigen, we processed
a bin of tissue from two animals with antibody that was preabsorbed to its target peptide. In
both cases, no neuronal labeling was evident. For example, panels A–C of Fig. 2 show
micrographs of nucleus raphe obscurus and pallidus and the caudal ventrolateral region from
a case where the preabsorption control was performed.

2.2. Colocalization of TPH2 and rabies immunopositive neurons
The regions of the brainstem shown to contain a high density of TPH2-immunopositive neurons
in the experiments described above were examined for the colocalization of this protein with
rabies virus that had been transneuronally transported from the diaphragm. The distribution of
rabies-infected neurons in six of the animals was described in detail in a previous paper (Lois
et al., 2009). In two of these six cases (animals C52 and C21), no infected neurons were detected
rostral to the pons. Although most of the labeling in these animals was present in the regions
known to contain the medullary and pontine respiratory groups, infected cells were also located
in areas where TPH2-immunopositive neurons had been identified, particularly the medullary
midline and the vicinity of the lateral reticular nucleus. The distribution of rabies
immunoreactivity in the brainstem of the additional animal added for these experiments (C95)
was similar to that in animals C21 and C52. Rabies infection was much more extensive in the
other four cases (Lois et al., 2009). In cat C38, infected cells were present in the midbrain as
well as in the brainstem, and a much higher proportion of the labeled medullary neurons was
located outside the respiratory groups. Presumably, the virus had spread transneuronally across
more synapses in this animal than in the cases C21, C52, or C95. Heavy infection in a variety
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of regions of the brainstem of cat C39 was prevalent; labeled cells were also present in the
diencephalon of this animal, and a limited number of rabies-immunopositive neurons were
detected in cerebral cortex. Cat C51 had even more extensive infection than C39, which
included an appreciable number of cells in the motor and insular cortices. The infection was
the most advanced in C37, which exhibited labeling in multiple areas of the cerebral cortex as
well as regions (e.g., substantia nigra) that were uninfected in the other cases.

Panels D–I of Fig. 2 provide examples of neurons that were examined for the colocalization
of rabies virus and TPH2. Fig. 3 shows a mapping of the locations of TPH2-immunopositive
cells in seven sections from animal C38, as well as the presence of rabies-infected neurons in
the same regions. Fig. 3 also indicates the divisions of the raphe nuclei that were considered
in quantitative analyses; the divisions were defined based on prior descriptions (Jacobs et al.,
1984;Taber et al., 1960). Within the medulla, raphe obscurus was considered to be the dorsal
midline region spanning caudally from P8.5; raphe pallidus was designated as the ventral
enlarged midline area from P7.5–P14.5; raphe magnus was defined as the dorsal midline area
from P6–P7.5 mm. The relatively small divisions of the raphe nuclei in the pons (e.g., raphe
pontis and centralis superior) (Taber et al., 1960) were lumped together as the pontine raphe
nuclei, and raphe dorsalis was assumed to be the dorsal midline region extending rostrally from
P3 (only counts at this single level were included in the present analysis). Fig. 3 also indicates
the locations of three serotoninergic cell groups outside the raphe nuclei: the caudal aspect of
the lateral column of TPH2-immunopositive neurons (P10.5–P18), which was designated the
caudal ventrolateral region; the portion of the lateral serotoninergic column in the rostral
medulla (P7–P10), which was defined as the rostral ventrolateral region; and the dorsal pons
just below the fourth ventricle, which was termed the central gray. The latter division included
cells in the mesopontine tegmentum, and may also have encompassed a portion of the lateral
extent of raphe dorsalis.

Fig. 4A shows the number of neurons that were immunopositive for TPH2, rabies virus, and
both antigens in the areas containing a large number of serotoninergic cells. Neuronal counts
were obtained from 18 sections/animal roughly corresponding to the P3–P20 plates (e.g., the
levels from 3–20 mm posterior to stereotaxic zero) provided in Berman’s cat brainstem atlas
(Berman, 1968). Fig. 4B provides similar data as Fig. 4A, although cell counts in different
anterior-posterior divisions of the brainstem are indicated. Those divisions include the area
caudal to the obex, the caudal medulla (P10.5–P13.5), the rostral medulla (P7–P10) and the
pons (P3–P6). Table 1 indicates the number and percentage of serotoninergic neurons in each
of the locations depicted in Fig. 4 that were dual-labeled for the presence of rabies virus.

The total number of TPH2-immunopositive neurons observed in each animal was relatively
consistent: 1190 in C21, 1088 in C51, 1199 in C38, 1547 in C95, 1057 in C39, 1430 in C52,
and 1533 in C37. In all of the cases except the two with the most advanced infection (C51 and
C37), neurons that were dual-labeled for both rabies and TPH2 were diffusely scattered
throughout the medullary and pontine raphe nuclei and bilaterally in the lateral medullary
serotoninergic column. Although there was some variability between animals, only a low
fraction of serotoninergic neurons in each location was infected with rabies virus (see Table
1). In contrast, >50% of medullary TPH2-immunopositive neurons were infected by rabies
virus in cases C37 and C51. Furthermore, in all animals, the fraction of TPH2 immunopositive
cells infected by rabies virus was higher in the medulla (P7–P18) than in the pons (P3–P6) (see
Fig. 4 and Table 1), as confirmed by the use of a Wilcoxon signed rank test (p<0.05). All of
the regions where TPH2-immunopositive neurons were located also contained a large number
of cells that were selectively labeled for the presence of rabies virus (see Fig. 4). The fraction
of infected neurons in these regions that was not serotoninergic varied from animal to animal,
but was always considerable. For example, in all animals except those with the most advanced
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infections (C37 and C51), more cells in medullary raphe nuclei were selectively
immunopositive for rabies virus than were double-labeled for both rabies and TPH2.

3. Discussion
The locations of TPH2-immunopositive neurons in the present study largely overlapped those
of cells labeled for the presence of 5HT in the cat (Jacobs et al., 1984). This provides validation
for the prior work, and confirms that a large number of serotoninergic neurons in felines are
located outside of the classical raphe nuclei, particularly in a ventrolateral column in the
medulla and the dorsal portion of the pons. The ventrolateral column is much less prominent
in rodents (Kerman et al., 2006). The present study additionally showed that the serotoninergic
neurons with the most direct connections with phrenic motoneurons are widely dispersed in
the medullary and pontine raphe nuclei and the lateral medullary serotoninergic cell column,
but are more prevalent in the medulla than the pons. In most animals, ~20% or less of TPH2-
immunopositive cells in each medullary raphe nucleus and the lateral medullary column were
dual-labeled for the presence of rabies, including in animals (e.g., C38 and C39) where a
substantial number of neurons were infected in regions such as the deep cerebellar nuclei that
are only indirectly connected to phrenic motoneurons (see (Lois et al., 2009) for a full
description of the distribution of rabies labeling in these cases). Thus, neurons providing
synaptic inputs to the brainstem respiratory group neurons should have been infected in these
cases as well as cells with direct projections to the phrenic motor pool. A large fraction of
TPH2-immunopositive neurons was infected only in animals with the most extensive rabies
labeling, particularly C51 and C37 (Lois et al., 2009), where the virus had spread
transneuronally through a large number of synapses to infect many cells. As such, many of the
serotoninergic neurons that were infected by rabies virus in these advanced cases likely
provided very indirect influences on diaphragm activity.

A number of caveats must be weighed when interpreting the present data. First, it must be
considered whether the infection of only a small fraction of serotoninergic neurons by rabies
was related to a limited transport of the virus by motor pathways regulating diaphragm activity.
To address this concern, we dispersed a large amount of virus at many sites in the crural
diaphragm on one side, which resulted in the infection of a large fraction of cells in the regions
containing the brainstem respiratory groups (see (Lois et al., 2009) for a thorough description
of this labeling). As such, it seems likely that the pathways controlling diaphragm function
where heavily infected in this study. A converse issue is whether rabies virus infected neurons
other than those regulating diaphragm activity. As discussed in our prior manuscript (Lois et
al., 2009), numerous observations argue against this point, including the fact that there was no
apparent infection of sympathetic and parasympathetic circuitry innervating visceral organs
adjacent to the diaphragm and there was no rabies immunopositivity in motoneurons other than
those in the known location of the phrenic motor pool. A third potential concern is that the
infection of neurons by rabies suppressed the expression of TPH2, and thus the occurrence of
dual labeling. This also seems unlikely, since the number of serotoninergic cells observed was
similar from animal to animal, and in fact the colocalization of TPH2 and rabies
immunoreactivity was highest in the cases where the infection was most advanced.

Each region of the raphe nuclei receives distinct inputs and mediates different behavioral
responses (Aghajanian and Liu, 2009; Azmitia, 1999; Hornung, 2003). The finding that a
diffuse network of serotoninergic neurons, and not a concentrated population of cells,
participates in regulating diaphragm activity likely reflects the multifunctional nature of the
muscle. In cats, the diaphragm is involved in a number of different roles in addition to breathing;
the muscle participates in generating coughing and vomiting, and its activity is adjusted during
postural alterations, locomotion, exercise, sleep, and emotional responses (Miller et al.,
1997). Considering the diversity of diaphragm functions, it is not surprising that phrenic
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motoneurons receive multisynaptic serotoninergic inputs from neurons in a number of
locations. However, this observation confounds the ability to study serotoninergic influences
on phrenic motoneuron activity, since the serotoninergic neurons are distributed so widely.
Nonetheless, the results do provide some insights for new experiments. For example, previous
studies have suggested that neurons located in the medulla near the lateral reticular nucleus are
involved in producing cardiorespiratory adjustments during exercise (Waldrop et al., 1996).
The current findings indicate that a column of serotoninergic neurons, some of which
participate in regulating diaphragm activity, is positioned in the same region. As such, future
work is warranted to explore whether serotoninergic neurons in the ventrolateral medulla
participate in exercise-related alterations in breathing.

In summary, the present findings show that serotoninergic neurons with the most direct
influences on diaphragm function are diffusely distributed throughout the medullary and
pontine raphe nuclei, as well as in the ventrolateral medulla. Since each raphe nucleus receives
different inputs, this widespread network of cells is likely capable of altering phrenic
motoneuron activity during a variety of different behaviors. Many non-serotoninergic neurons
within the medullary raphe nuclei also provide inputs to phrenic motoneurons, indicating that
multiple neurotransmitters mediate the effects of stimulation of midline brainstem areas on
breathing (Alvarenga et al., 2005; Bernard, 1998; Dias et al., 2007; 2008; Holtman et al.,
1986; Lalley, 1986b, a; 1986b; Lalley et al., 1997; Li et al., 2006b; Millhorn, 1986; Nattie and
Li, 2001; Verner et al., 2004).

4. Experimental Procedures
All of the procedures used in this study conformed to the “Guide for the Care and Use of
Laboratory Animals” (Council, 1996) and were approved by the University of Pittsburgh’s
Institutional Animal Care and Use Committee. Brainstem tissue obtained from 11 adult cats
(Liberty Research, Waverly, NY) was employed in the present study. Tissue acquired from
two animals was utilized for an immunoperoxidase analysis that documented the locations of
serotoninergic neurons in the brainstem. Tissue from two other animals was utilized in a control
experiment verifying the selectivity of the antibody employed in the analysis for recognizing
TPH2. The other seven animals received injections of the N2C strain of rabies virus at a titer
of 1 × 108 plaque forming units/ml into the left diaphragm and brainstem sections from these
cases were processed for dual localization of rabies and TPH2 positive neurons. The
distribution of rabies-infected neurons in the brainstem of six of these animals (cases C52, C21,
C37, C38, C39, and C51) was described previously (Lois et al., 2009). These animals received
an injection of 200 μl of rabies virus spread across eight sites in the crural diaphragm (an
exception is C37, which received 300 μl of rabies distributed at 12 sites in the left diaphragm).
Rabies inoculations were performed on one additional cat (C95) to increase the number of
cases available for the present analysis. This extra animal received an injection of 250 μl of
rabies virus across 10 sites in the crural diaphragm; the surgical procedures and biosafety
practices employed in this experiment were identical to those utilized previously (Lois et al.,
2009). At the end of the survival period (see Table 1 for a listing of these timepoints), animals
were anesthetized and perfused using paraformaldehyde-lysine-periodate fixative as described
in our prior publication (Lois et al., 2009). Transverse brainstem sections were cut at a thickness
of 40 μm using a freezing microtome, collected in six wells of either phosphate-Tris-azide
(PTA) buffer or cryoprotectant (Watson et al., 1986), and stored at either 4°C (tissue placed
in PTA) or −20°C (tissue placed in cryoprotectant).

One well of tissue from two animals was processed using avidin-biotin immunoperoxidase
techniques (Hsu et al., 1981) to detect TPH2-containing neurons; a 1:1000 concentration of
rabbit anti-TPH2 antibody (Kerman et al., 2006) was employed in the analysis. The laboratory
of Dr. Stanley Watson at the University of Michigan provided this antibody. For each case, an
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adjacent bin of sections was stained with cresyl violet so the relative location of TPH2
immunopositive neurons to brainstem nuclei could be ascertained. One well of tissue from two
other animals was immunoprocessed similarly, except that the antibody was preabsorbed with
TPH2 peptide at 50 μM concentration. In these control experiments no staining of neurons was
noted in areas that were robustly labeled in the primary experiments, confirming that the
antibody has the same specificity in the cat as previously demonstrated in the rat (Kerman et
al., 2006).

One bin of tissue from the other seven animals was processed using immunofluorescence
techniques to dual-localize rabies and TPH2. Sections were incubated for 2 days at 4°C in a
combination of rabbit anti-TPH2 (1:200) and mouse monoclonal antibody directed against the
rabies virus phosphoprotein that resides in the infective nucleocapsid core (M957, 1:30)(Kelly
and Strick, 2000). Dr. Peter Strick provided the latter antibody, and its specificity for detecting
rabies virus has previously been described (Lois et al., 2009; Nadin-Davis et al., 2000).
Subsequently, after rinsing in phosphate-buffered saline, the sections were incubated in a
combination of goat secondary antibody conjugated to CY3 (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA) and goat secondary antibody conjugated to BODIPY-FL
(1:300, Molecular Probes, Eugene, OR). In 4 cases, anti-rabbit BODIPY-FL and anti-mouse
CY3 were employed; for two others, anti-mouse BODIPY-FL and anti-rabbit CY3 were
utilized. Two bins were processed for the seventh animal, using both combinations of
secondary antibody. Analogous results were obtained despite the secondary antibody employed
to visualize each antigen. On completion of the immunohistochemical processing, the tissue
was mounted on gelatin-coated slides, dehydrated, cleared, and coverslipped using Cytoseal
60 (VWR Scientific, West Chester, PA).

Immunoperoxidase sections were inspected to determine all the regions of the medulla and
pons that contain TPH2-immunopositive neurons. Subsequently, the entirety of selected
immunoperoxidase and cresyl violet stained sections were photographed using a 10X objective,
and the micrographs were assembled into a montage using Stereo Investigator 7 software
(MicroBrightField, Williston, VT). Selected regions of these montages were imported into
Photoshop CS3 software (Adobe Systems, San Jose, CA) and gathered into plates for
presentation.

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) or a Nikon Eclipse E600N
photomicroscope equipped with a Spot RT monochrome digital camera (Diagnostic
Instruments, Sterling Heights, MI) and MetaMorph imaging software (Universal,
Downingtown, PA). Approximately 18 sections from each case, corresponding to the P3 – P18
levels illustrated in Berman’s atlas of the cat brainstem (Berman, 1968), were selected for
photography and analysis. All of the brainstem regions containing TPH2 immunopositive
neurons were photographed at both low and high magnification using epifluorescence in
combination with filters that selectively excited CY3 or BODIPY-FL. In the dual-labeling
immunofluorescence analysis, each field was photographed in single exposures that recorded
the location of cells harboring each antigen and in double exposures that revealed the cellular
localization of both TPH2 and rabies. Great care was taken to ascertain that yellow fluorescence
reflected the colocalization of both the BODIPY-FL and CY3 fluorophors and was not
attributable to the presence of overlapping cells that each contained one of the fluorophors.
Some selected sections were also photographed with an Olympus FluoView 1000 laser-
scanning confocal microscope; a 10X objective was employed and 7 optical sections per field
were acquired. For each image, the z-stack was compressed with the use of ImageJ software
(National Institutes of Health, Bethesda, MD). Final preparation of figures for presentation,
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including the pseudocoloring of monochrome images, was performed using Adobe Photoshop
CS3 software.
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Figure 1.
Locations of TPH2-immunopositive neurons in the cat brainstem. The background of each
panel is a photomontage generated from micrographs of a section stained with cresyl violet
and photographed using a 10X objective. Inset diagrams are micrographs of adjacent sections
processed using immunoperoxidase to detect TPH2. Inset panels 1 and 3 show nucleus raphe
obscurus, panels 4, 6 and 8 contain raphe pallidus, panel 10 depicts raphe magnus, and panel
12 illustrates raphe dorsalis. Coordinates above each panel indicate the distance in mm posterior
to stereotaxic zero (P0). Abbreviations: 5SP, spinal trigeminal nucleus; BC, brachium
conjunctivum; CAE, nucleus coeruleus; CC, central canal; DCN, dorsal cochlear nucleus;
DMV, dorsal motor nucleus of the vagus; EC, external cuneate nucleus; GR, gracile nucleus;
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IO, inferior olivary nucleus; LRN, lateral reticular nucleus; LVN, lateral vestibular nucleus;
MLB, medial longitudinal bundle; P, pyramid; PGM, pontine gray matter; RB, restiform body;
SON, superior olivary nucleus; TB, trapezoid body; VCN, ventral cochlear nucleus; VII, facial
nucleus; VIN, inferior vestibular nucleus; VMN, medial vestibular nucleus; XII, hypoglossal
nucleus.
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Figure 2.
A–C: photomicrographs of raphe obscurus, raphe pallidus, and the caudal ventrolateral
medulla near the lateral reticular nucleus, respectively, in sections processed using
immunoperoxidase and TPH2 antibody that was preabsorbed with the target peptide. No
cellular labeling was evident. D–I: photomicrographs of neurons in raphe obscurus processed
using immunofluorescence to dually-localize rabies virus (visualized by the green fluorescence
of BODIPY-FL) and TPH2 (denoted by the red fluorescence of CY3). In each row, the first
panel (D and G) shows rabies virus coat protein immunopositivity, the middle panel (E and
H) shows TPH2 immunopositivity, and the right panel (F and I) shows the combined
immunopositivity for both antigens. Arrows in D–I indicate double-labeled neurons. The
magnifications for micrographs in each row are the same, and thus only one calibration bar/
row is provided. Calibration bars represent 500 μm in C and F and 40 μm in I.
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Figure 3.
The locations in animal C38 of TPH2-immunopositive neurons, neurons in the same regions
that were immunopositive for rabies virus, and neurons that contained both antigens. Areas
where a high density of TPH2-immunopositive neurons were observed are designated by blue
dashed lines and lettering. Cell locations are shown on standard sections generated through
reference to Berman’s cat brainstem atlas (Berman, 1968). The location of each section relative
to stereotaxic zero (P0) is indicated. Abbreviations: 5MN, trigeminal motor nucleus; 5N,
trigeminal nucleus; 5P, parvocellular spinal trigeminal nucleus; 5SP, spinal trigeminal nucleus;
BCM, marginal nucleus of brachium conjunctivum; CG, central gray; CL, caudal ventrolateral
serotoninergic region; CN, cochlear nuclei; DCN, dorsal column nuclei; EC, external cuneate
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nucleus; FTG, gigantocellular tegmental field; FTM, magnocellular tegmental field; FTP,
pontine tegmental field; IO, inferior olivary nucleus; KF, Kölliker-Fuse nucleus; LL, nucleus
of the lateral lemniscus; LRN, lateral reticular nucleus; LTF, lateral tegmental field; NTS,
nucleus tractus solitarius; PR, paramedian reticular nucleus; RD, raphe dorsalis; RFN,
retrofacial nucleus; RL, rostral ventrolateral serotoninergic region; RM, raphe magnus; RO,
raphe obscurus; RP, raphe pallidus; RPo, pontine raphe nuclei; SON, superior olivary nucleus;
TRN, tegmental reticular nucleus; VII, facial nucleus; VN, vestibular nuclei.
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Figure 4.
Counts from all animals of TPH2-immunopositive neurons, neurons in the same regions that
were immunopositive for rabies virus, and neurons that contained both antigens. The values
represent the number of labeled cells observed bilaterally. A: Cell counts in different raphe
nuclei and regions in the lateral brainstem containing a high concentration of TPH2-
immunopositive neurons; the boundaries of these divisions are indicated in Fig. 3. B: Cell
counts in the following anterior-posterior divisions of the brainstem: the area caudal to the
obex, the caudal medulla (P10.5–P13.5), the rostral medulla (P7–P10) and the pons (P3–P6).
Abbreviation: R, raphe.
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