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Abstract
Prior work showed that neurons in the lateral, dorsal, and perifornical regions of the tuberal and
mammillary levels of the hypothalamus participate in the control of breathing. The same areas also
contain large numbers of neurons that produce either orexins (hypocretins) or melanin
concentrating hormone (MCH). These peptides have been implicated in regulating energy balance
and physiological changes that occur in transitions between sleep and wakefulness, amongst other
functions. The goal of this study was to determine if hypothalamic neurons involved in respiratory
control, which were identified in cats by the retrograde transneuronal transport of rabies virus
from the diaphragm, were immunopositive for either orexin-A or MCH. In animals with limited
rabies infection of the hypothalamus (< 10 infected cells/section), where the neurons with the most
direct influences on diaphragm motoneurons were presumably labeled, a large fraction (28–75%)
of the infected hypothalamic neurons contained orexin-A. In the same cases, 6–33% of rabies-
infected hypothalamic cells contained MCH. However, in animals with more extensive infection,
where rabies had presumably passed transneuronally through more synapses, the fraction of
infected cells that contained orexin-A was lower. The findings from these experiments thus
support the notion that hypothalamic influences on breathing are substantially mediated through
orexins or MCH.
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1. Introduction
Two peptides with extensive overlap in their amino acid sequences are localized to neurons
in the lateral, dorsal and perifornical hypothalamic regions of mammalian species
(Abrahamson and Moore, 2001; de Lecea et al., 1998; Peyron et al., 1998; Zhang et al.,
2001). These peptides were initially named hypocretins by one group due to their structural
similarity to the gastrointestinal hormone secretin (de Lecea et al., 1998), and orexins by
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another because they were implicated in regulating appetite (Sakurai et al., 1998). In cats,
the two orexin peptides (orexin-A and orexin-B) are co-expressed in the same hypothalamic
neurons (Zhang et al., 2002). Orexinergic neurons project widely throughout the nervous
system (Peyron et al., 1998), although the heaviest concentrations of terminations in felines
are present in the nucleus raphe dorsalis, the laterodorsal tegmental nucleus, and the locus
coeruleus (Zhang et al., 2004). This pattern of connections is consistent with a now well-
established role of the orexins in modulating alterations in physiological activity that occur
between sleep and wakefulness (Bourgin et al., 2000; Chemelli et al., 1999; Gerashchenko et
al., 2001; Lin et al., 1999; Taheri et al., 2002; Willie et al., 2001; Xi et al., 2002; Zeitzer et
al., 2003). The peptides have also been shown to participate in generating arousal, addiction,
goal-oriented behaviors, and energy homeostasis, as discussed in a number of recent reviews
(Aston-Jones et al., 2009; de Lecea et al., 2002; Martynska et al., 2005; Siegel, 2004;
Sutcliffe and de Lecea, 2000; Sutcliffe and de Lecea, 2002; Taylor and Samson, 2003;
Winsky-Sommerer et al., 2003; Zhang et al., 2006).

It has also long been appreciated that lesions of the lateral hypothalamic areas containing
orexinergic neurons depress the rate and depth of respiration (Redgate and Gellhorn, 1958).
Lateral ventricular administration of orexin elicits increases in both tidal volume and
respiratory frequency (Zhang et al., 2005). In addition, knockout mice lacking orexin have
attenuated hypercapnic respiratory responses while awake, but not while asleep (Deng et al.,
2007; Nakamura et al., 2007), and lack the capacity for respiratory long-term facilitation
following hypoxic stimuli (Terada et al., 2008). Orexinergic neurons apparently influence
breathing via connections with multiple brainstem regions involved in respiratory control.
Orexin receptors are present on neurons in the pre-Bötzinger region of the ventral
respiratory group and the phrenic motor nucleus, and microperfusion of orexin at either site
produces a dose-dependent increase in diaphragm electromyographic activity (Young et al.,
2005). The firing rate of neurons in the retrotrapezoid nucleus (a central chemosensory area)
is also modulated by orexinergic inputs (Dias et al., 2009; Fortuna et al., 2009). Stimulation
of the perifornical hypothalamic region increases the activity of retrotrapezoid nucleus
neurons (Fortuna et al., 2009), and blockade of orexin receptors in this region inhibits the
ventilatory response to hypercapnia during wakefulness, but less so during sleep (Dias et al.,
2009).

Further evidence that orexinergic neurons participate in the control of breathing comes from
our experiments where the transneuronal tracer rabies virus was injected into the diaphragm
of cats (Lois et al., 2009). The hypothalamic neurons infected following the multisynaptic
passage of virus from diaphragm motoneurons were located in the perifornical region, where
orexinergic cells are concentrated. A caveat is that neurons that produce other peptides,
particularly melanin-concentrating hormone (MCH) (Abrahamson and Moore, 2001; Bayer
et al., 2002; Bittencourt et al., 1992; Nahon et al., 1989; Torterolo et al., 2006), are also
found in the same region. Although MCH and the orexins are present in separate populations
of neurons (Bayer et al., 2002; Broberger et al., 1998; Torterolo et al., 2006), these cells may
have synaptic interconnections (Bayer et al., 2002; Guan et al., 2002; Torterolo et al., 2006).
It is thus not surprising that MCH-containing neurons have been attributed similar
physiological roles as orexinergic cells, including regulation of sleep/wake cycles and
energy homeostasis (Georgescu et al., 2005; Goutagny et al., 2005; Modirrousta et al., 2005;
Shimada et al., 1998; Tritos and Maratos-Flier, 1999; Verret et al., 2003). Nonetheless, no
prior studies have directly implicated MCH-containing neurons in the regulation of
breathing.

The goal of the present study was to estimate the fraction of hypothalamic neurons that
provide polysynaptic inputs to phrenic motoneurons and contain either orexins or MCH. As
in our prior studies (Lois et al., 2009; Rice et al., 2009), neurons that polysynaptically
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regulate breathing were identified by the transneuronal transport of rabies virus from the
diaphragm. Dual-labeling immunohistochemistry was performed to identify rabies-infected
cells in the hypothalamus that were immunopositive for either orexin-A or MCH. We tested
the hypothesis that a majority of hypothalamic neurons that regulate diaphragm activity are
orexinergic.

2. Results
Orexin-A immunopositive neurons were present in the lateral, dorsal and perifornical
hypothalamus, and were concentrated in the tuberal and tuberomamillary regions. Orexin-A
immunopositive cells were present in each hypothalamic section; the median number of
labeled cells/section was 159. When the analysis was limited to sections through the caudal
half of the hypothalamus, where orexinergic neurons were most heavily clustered, 267 ± 41
(median of 206) cells/section contained the peptide. The same hypothalamic areas also
contained comparable numbers of neurons that were immunopositive for MCH. As such, our
observations of the locations of hypothalamic neurons containing orexin-A and MCH were
similar to those previously documented in felines (Torterolo et al., 2006; Zhang et al., 2001).
Micrographs of neurons that were immunopositive for orexin-A and MCH are illustrated in
Figs. 1 and 2, respectively. Plots of the locations of neurons containing orexin-A and MCH
in representative sections from two animals (C37 and C39) are shown in Fig. 3.

Cells infected by the transneuronal transport of rabies virus from the diaphragm were
present in the same hypothalamic areas containing neurons that were immunopositive for
orexin-A and MCH, as indicated in the micrographs in Figs. 1–2 and the plots of neuronal
locations provided in Fig. 3. The distribution of rabies-infected neurons in the brain and
spinal cord of four of the animals (C36, C37, C39, C51) was described in detail in previous
publications (Lois et al., 2009;Rice et al., 2009). These studies also reported a variety of
controls that have been performed to demonstrate that this pattern of rabies infectivity is due
to transport of virus from the diaphragm. Tissue from two additional animals (C93 and C94)
was added to this study to increase the number of cases with infected neurons in the
diencephalon following rabies injections into the diaphragm. Table 1 indicates the number
of rabies-infected neurons in hypothalamic sections from each animal. Only a few infected
hypothalamic neurons were present in each brain section of animals C39, C51, and C94, but
such cells were somewhat more prevalent in animal C93. Nonetheless, the locations of
infected neurons in the brainstem and spinal cord of both animals C93 and C94 were similar
to those previously described for animals C39 and C51 (Lois et al., 2009). Hypothalamic
infection never appeared until a variety of brainstem and midbrain areas contained
substantial numbers of rabies-immunopositive neurons, suggesting that cells in the
hypothalamus are mainly linked to phrenic motoneurons through multisynaptic pathways
(Lois et al., 2009). Hypothalamic infection was much more extensive in animals C36 and
C37 than the other cases, as indicated in Table 1. Furthermore, additional brain regions
contained infected neurons in these cats than cases C39, C51, C93, and C94, including
multiple areas of cerebral cortex and the substantia nigra (Lois et al., 2009;Rice et al., 2009).
Rabies virus presumably passed transneuronally through more synapses in animals C36 and
C37 than the others, such that it is likely that rabies-immunopositive hypothalamic neurons
in these two cases had more indirect connections with phrenic motoneurons than in animals
C39, C51, C93, or C94.

Table 1 additionally shows the fraction of rabies-infected cells in the hypothalamus of each
animal that was also immunopositive for orexin-A. Photomicrographs of such neurons are
illustrated in Fig. 1. A considerable fraction (28–75%) of neurons in the three animals (C39,
C51, and C94) with the most limited hypothalamic infection were dual-labeled for the
presence of both rabies and orexin-A. When the analysis was limited to sections through the
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caudal half of the hypothalamus (where orexinergic neurons were most prevalent), 33, 36,
and 86% of the infected cells in these three cases contained the peptide. In animal C94,
where rabies immunoreactivity was somewhat more prevalent in the hypothalamus than in
the cases described above, 19% of the infected neurons contained orexin-A. However, in the
two cats where rabies immunoreactivity was extensive in the diencephalon, the percentage
of rabies-infected cells labeled for orexin-A was much lower: only 8 and 11%. As such,
there was an inverse relationship between the number of rabies-infected cells observed per
section and the fraction of these cells that were immunopositive for orexin (see Table 1),
although the limited sample size precluded a statistical demonstration of this trend.

An alternate bin of sections through the diencephalon of the same animals was processed to
dual-detect rabies virus and MCH. An exception is animal C36, because insufficient tissue
was available from this case to conduct the analysis. Examples of neurons that were
immunopositive for both MCH and rabies are illustrated in Fig 2. In most animals, a lower
percentage of neurons was dual-labeled for rabies and MCH than for rabies and orexin-A
(see Table 1).

3. Discussion
The major finding of this study was that a large fraction (28–75%) of feline hypothalamic
neurons that were infected following injection of the transneuronal tracer rabies virus into
the diaphragm contained orexin-A, in cases with limited infection of cells in the
hypothalamus (<10 neurons/section). In the same animals, 6–33% of rabies-infected
hypothalamic cells contained MCH. However, in cases with extensive rabies infection of the
diencephalon, a smaller fraction of infected hypothalamic neurons contained orexin-A. The
speed at which virus is transported transneuronally to the cell body of a second-order neuron
is affected by many factors, including the length of its axon, the density of its synaptic
connections with an infected cell, and whether these connections are near the soma or are
located on the distal dendrites (Aston-Jones and Card, 2000). As such, determining the
number of synapses separating a transneuronally-infected neuron from the injection site is
difficult. Nonetheless, it seems likely that in animals where only a limited number of
hypothalamic neurons were infected following rabies virus injections into the diaphragm,
the infected cells provided relatively direct and/or strong inputs to phrenic motoneurons, and
thus were labeled early. A sizeable proportion of the rabies-immunopositive cells in animals
with limited hypothalamic infection contained orexin-A, which underscores the conclusions
of recent physiological studies suggesting that orexinergic neurons participate in the control
of breathing (Deng et al., 2007; Dias et al., 2009; Fortuna et al., 2009; Nakamura et al.,
2007; Terada et al., 2008; Young et al., 2005; Zhang et al., 2005).

Although in most cases fewer infected neurons in the hypothalamus expressed MCH than
orexin-A, at least a few cells were dual-labeled for MCH and rabies in every cat. It is
presently unclear whether the MCH-containing neurons were infected via projections to
brainstem regions that participate in the control of breathing, or through their extensive
interconnections with orexinergic cells (Bayer et al., 2002; Guan et al., 2002; Torterolo et
al., 2006). Nonetheless, the present results raise the prospect that hypothalamic neurons
containing MCH participate in some fashion in the control of breathing. Further experiments
should thus be conducted to examine this possibility.

Prior studies suggested that the orexins influence breathing through actions at a number of
sites in the nervous system, including the retrotrapezoid nucleus, phrenic motor nucleus, and
pre-Bötzinger region of the ventral respiratory group (Dias et al., 2009; Fortuna et al., 2009;
Young et al., 2005). Such observations are consistent with previous findings that orexinergic
neurons project diffusely throughout the nervous system (Peyron et al., 1998; Zhang et al.,
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2004), but are somewhat at odds with our data showing that hypothalamic neurons infected
by rabies virus injections into the diaphragm could not be detected until after extensive
labeling was also evident in the periaqueductal gray and additional midbrain regions (Lois et
al., 2009; Rice et al., 2009). Others have also speculated that influences of the diencephalon
on breathing are mainly mediated through relays in the midbrain (Horn and Waldrop, 1998).
It is certainly feasible that several parallel descending pathways from the caudal
hypothalamus participate in the control of breathing, including those providing inputs to
midbrain neurons as well as medullary regions that contribute to respiratory rhythmogenesis.
If hypothalamic neurons make connections with the proximal dendrites and soma of neurons
in the midbrain, but the distal dendrites of medullary neurons, the former pathway could
provide the most rapid mechanism for the retrograde transmission of rabies virus to the
diencephalon (Aston-Jones and Card, 2000). This would explain the delayed infection of
orexinergic cells following the injection of rabies virus into the diaphragm, despite the fact
that these neurons provide direct inputs to the brainstem respiratory groups. Additional
studies, including those combining the injection of retrograde monosynaptic tracers into
brainstem areas that regulate respiration along with the detection of orexin-containing
neurons, will be required to test this hypothesis.

Several caveats must be considered when interpreting the present data. First, there was some
variability in the fraction of hypothalamic neurons that were dual-labeled for the presence of
rabies and orexin/MCH, even in the animals with limited infection in the diencephalon. This
was undoubtedly partly due to sampling bias, as the number of rabies-infected cells in three
of the cases was very low, but also could reflect inter-animal variability. Nonetheless, in all
cats with limited diencephalic infection, at least a third of the infected cells in the caudal half
of the hypothalamus were orexinergic. Another potential concern is that our methods did not
label all the motor pathways that regulate diaphragm activity, despite the fact that we
disbursed rabies virus across multiple sites of the crural diaphragm on one side. As noted
previously (Lois et al., 2009), our methodology resulted in the infection of the majority of
neurons in the brainstem respiratory groups, such that is unlikely that we failed to identify
populations of cells that participate in the control of diaphragm contractions. A converse
issue is whether rabies virus infected neurons other than those regulating diaphragm activity.
Numerous control experiments executed in prior studies argue against this possibility (Lois
et al., 2009). A final consideration relates to the observation that the fraction of rabies-
infected cells that expressed orexin-A decreased as rabies immunoreactivity became more
prevalent. This finding raises the concern that infection of a cell by rabies virus limits its
ability to produce non-viral proteins. We have previously provided evidence that this is not
the case (Rice et al., 2009), which supports our results that fewer late-infected hypothalamic
neurons were orexinergic than early-infected cells. Nonetheless, any possibility that we
underestimated the fraction of diencephalon neurons that participate in respiratory control
and contained either orexin or MCH would only serve to strengthen our major conclusion:
neurons producing these peptides constitute a major population of hypothalamic neurons
that influence breathing.

In summary, the present study showed that an appreciable fraction of hypothalamic neurons
that regulate diaphragm activity, which were identified by the transneuronal transport of
rabies virus, expressed either orexin-A or MCH. In the animals with limited infection of
hypothalamic neurons, over a quarter of these cells, and over a third of the neurons in the
caudal hypothalamus, were immunopositive for orexin-A. Presumably, since the
hypothalamic infection was at an early stage in these cases, the rabies-immunopositive
neurons had relatively strong or direct, albeit multisynaptic, connections with phrenic
motoneurons. Although a variety of previous studies have shown that the orexins contribute
to the control of breathing (Deng et al., 2007; Dias et al., 2009; Fortuna et al., 2009;
Nakamura et al., 2007; Terada et al., 2008; Young et al., 2005; Zhang et al., 2005), the
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present work contributes evidence that hypothalamic influences on respiration are mediated
in large part by these peptides, and also suggests that MCH-containing cells play some role
in respiratory regulation.

4. Experimental Procedures
All of the procedures used in this study conformed to the National Research Council’s
Guide for the Care and Use of Laboratory Animals and were approved by the University of
Pittsburgh’s Institutional Animal Care and Use Committee. Brainstem tissue obtained from
8 adult cats (Liberty Research, Waverly, NY) was used for the present study. Tissue from
two of the animals was employed to determine the optimal dilutions of orexin and MCH
antibodies to detect hypothalamic neurons containing these peptides, and also to
demonstrate the specificity of the antibodies for the target cells. The other six cats received
injections of the N2C strain of rabies virus at a titer of 1 x108 plaque forming units/ml into
the left diaphragm, and sections through the hypothalamus were processed for the dual
localization of rabies virus and orexin-A or rabies virus and MCH. The histological
procedures employed in this study were similar to those used in our prior experiments where
rabies virus and an enzyme involved in serotonin synthesis were co-localized in the same
neurons (Rice et al., 2009).

The distribution of rabies-infected neurons in the brain and spinal cord of four of the animals
(C36, C37, C39, C51) was described in a prior manuscript (Lois et al., 2009). Two
additional animals (C93 and C94) received injections of rabies virus for the purpose of this
study, to increase the number of cases available for data analysis. The surgical procedures
and biosafety precautions employed for the extra animals were identical to those used in our
previous experiments (Lois et al., 2009). The amount of rabies virus injected and the post-
innoculation survival times in each animal are provided in Table 1. Coronal sections through
the diencephalon of 40 μm thickness were collected in six bins of 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). The brainstem and spinal cord were
also extracted from the animals, and sectioned as described previously (Lois et al., 2009).

One well of sections of spinal cord segments, the brainstem, and the diencephalon were
processed using avidin-biotin immunoperoxidase techniques to detect rabies-infected
neurons, as discussed 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 (M957, (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). Maps of the locations of rabies-infected cells
were generated (Lois et al., 2009) and employed to guide subsequent data analyses.

As a first step in the immunofluorescence analysis, we incubated diencephalon sections in
different dilutions of rabbit anti-orexin-A, anti-orexin-B and anti-MCH antibodies (Phoenix
Pharmaceuticals, Burlingame, CA) to determine the dilution that produced optimal neuronal
labeling. These antibodies were previously demonstrated to be selective for the target
neurons in cats (Torterolo et al., 2006). Both the orexin-A (1:200) and MCH (1:200)
antibodies produced robust labeling of hypothalamic neurons when visualized using CY3, as
described below (see Figs. 1 and 2 for examples); however, the orexin-B labeling was much
weaker. Since orexin-A and orexin-B are co-expressed by the same neurons (Zhang et al.,
2002), we employed the orexin-A antibody in the primary experiment. The orexin-A
labeling was blocked by combining 10 μg of orexin-A peptide (Phoenix Pharmaceuticals) in
1 ml of antibody solution. A similar blocking experiment using anti-MCH antibody and
MCH peptide also confirmed antibody selectivity.
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One bin of diencephalon sections from the six animals that received rabies virus injections
into the diaphragm was processed using immunofluorescence techniques to dual-localize
rabies and orexin-A, whereas another was employed to co-localize rabies and MCH.
Sections were incubated for 2 days at 4°C in a combination of rabbit anti-orexin-A (1:200)
or anti-MCH (1:200) antibody and the mouse monoclonal anti-rabies antibody used in the
immunoperoxidase analysis (1:30). Subsequently, after rinsing in phosphate-buffered saline,
the sections were incubated in a combination of 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). 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).

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). The hypothalamic
region of every section at and caudal to the level of the optic chiasm was examined. The
areas containing rabies and orexin-A or MCH 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 the target peptide 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. Montages of images were assembled using PTGui-Pro photostitching
software (New House Internet Services B.V., Netherlands); examples of such montages are
shown in Figs. 1D and 2C. 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. 3. Data were tabulated and statistical analyses were performed using
Prism 5 software (GraphPad Software, San Diego, CA). Pooled data are presented as means
± one SEM.
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Figure 1.
Photomicrographs of neurons in a section through the tuberal region of the hypothalamus of
animal C37; the section was processed using immunofluorescence to dual-localize orexin-A
and rabies virus. A–C: photomicrographs taken using a 20X objective; column 1 shows
orexin-A immunopositivity, column 2 shows rabies immunopositivity, and column 3 shows
the combined immunopositivity for both antigens. Arrows denote examples of double-
labeled neurons; note that no double-labeled cells are present in C. D: a montage of
photomicrographs taken using a 4X objective, showing immunopositivity to both rabies and
orexin-A. Boxes in panel D show the locations of the neurons depicted at higher
magnification in A–C. Calibration bars represent 100 μA in A–C and 1 mm in D.
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Figure 2.
Photomicrographs of neurons in a section through the tuberal region of the hypothalamus of
animal C37; the section was processed using immunofluorescence to dual-localize MCH and
rabies virus. A–B: photomicrographs taken using a 20X objective; column 1 shows MCH
immunopositivity, column 2 shows rabies immunopositivity, and column 3 shows the
combined immunopositivity for both antigens. Arrows denote examples of double-labeled
neurons; note that no double-labeled cells are present in B. C: a montage of
photomicrographs taken using a 4X objective, showing immunopositivity to both rabies and
MCH. Boxes in panel C show the locations of the neurons depicted at higher magnification
in A–B. Calibration bars represent 50 μA in AB and 1 mm in C.
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Figure 3.
Drawings of representative sections from an animal with early-stage rabies infection of the
hypothalamus (C39, top panel) and an animal with more advanced hypothalamic infection
(C37, bottom panel). Rabies-immunopositive neurons are depicted by green circles; neurons
immunopositive for either orexin-A (left column) or melanin concentrating hormone (right
column) are indicated by red stars; neurons that were immunopositive for both rabies and
either orexin-A or MCH are shown by yellow squares. The location of each section relative
to stereotaxic zero (A0) is indicated. Abbreviations: 3, third ventricle; OC, optic chiasm;
OT, optic tract.
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