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Chronic intermittent hypoxia reduces neurokinin-1 (NK,) receptor
density in small dendrites of non-catecholaminergic neurons in
mouse nucleus tractus solitarius
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Division of Neurobiology, Department of Neurology and Neuroscience, Weill-Cornell Medical
College of Cornell University, New York, NY 10021

Abstract

Chronic intermittent hypoxia (CIH) is a frequent concomitant of sleep apnea, which can increase
sympathetic nerve activity through mechanisms involving chemoreceptor inputs to the commissural
nucleus of the solitary tract (cNTS). These chemosensory inputs co-store glutamate and substance P
(SP), an endogenous ligand for neurokinin-1 (NK) receptors. Acute hypoxia results in internalization
of NK; receptors, suggesting that CIH also may affect the subcellular distribution of NK receptors
in subpopulations of cNTS neurons, some of which may express tyrosine hydroxylase, the rate-
limiting enzyme for catecholamine synthesis (TH). To test this hypothesis, we examined dual
immunolabeling for the NK; receptor and TH in the cNTS of male mice subjected to 10 days or 35
days of CIH or intermittent air. Electron microscopy revealed that NK; receptors and TH were almost
exclusively localized within separate somatodendritic profiles in cNTS of control mice. In dendrites,
immunogold particles identifying NK; receptors were prevalent in the cytoplasm and on the
plasmalemmal surface. Compared with controls, CIH produced a significant region-specific decrease
in the cytoplasmic (10 and 35 days, P< 0.05, unpaired Student t-test) and extrasynaptic plasmalemmal
(35 days, P<0.01, unpaired Student t-test) density of NK; immunogold particles exclusively in small
(<0.1 um) dendrites without TH immunoreactivity. These results suggest that CIH produces a
duration-dependent reduction in the availability of NK; receptors preferentially in small dendrites
of non-catecholaminergic neurons in the cNTS. The implications of our findings are discussed with
respect to their potential involvement in the slowly developing hypertension seen in sleep apnea
patients.
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Introduction

Chronic intermittent hypoxia (CIH) is an experimental model in which the evoked hypertension
reaches levels comparable to those resulting from the sleep-disordered breathing in obstructive
sleep apnea (Fletcher, 2001; Xu etal., 2004; Campen et al., 2005; Prabhakar et al., 2007; Smith,
2007). CIH selectively augments the carotid body sensitivity to hypoxia resulting in a long-
lasting activation of chemosensory vagal inputs to the medial and commissural nuclei of the
solitary tract (cNTS; Prabhakar et al., 2001; Kara et al., 2003). The excitatory transmitters in
these sensory vagal inputs include glutamate and substance P (SP; Helke et al., 1980; Douglas
etal., 1982; Kalia et al., 1984; Kawano and Chiba, 1984; Kawano and Masuko, 1997; Kawano
and Masuko, 1995; Lindefors et al., 1986; Srinivasan et al., 1991), a tachykinin peptide that
preferentially acts through G protein coupled neurokinin-1 (NK;) receptors (Rodier et al.,
2001; Rico et al., 2003; Bonham et al., 2004). Moreover, brainstem SP-induced activation of
NK; receptors can modulate cardiovascular and respiratory responses evoked through the
respective baro- and chemoreceptor reflexes (Gillis et al., 1980; Lindefors et al., 1986; Hall et
al., 1989; Massari et al., 1998; Zhang et al., 2000; Nattie and Li, 2002). These observations are
consistent with the electron microscopic autoradiographic localization of NK receptor binding
sites to postsynaptic neurons in the NTS (Jia et al., 1996; Baude and Shigemoto, 1998).

A single hypoxic event increases extracellular concentrations of SP in the NTS (Lindefors et
al., 1986; Srinivasan et al., 1991), while decreasing NK receptor binding sites in this region
(Mazzone et al., 1997). The SP-activated receptors are internalized into endosomal
compartments where they undergo phosphorylation-dependent desensitization and
resensitization prior to delivery back to the cell surface (Garland et al., 1996; Grady et al.,
1996; Mantyh, 2002). Many NTS neurons co-express NK; and glutamate NMDA receptors
(Linetal., 2008), and activation of these NMDA receptors may affect NK receptor trafficking
in a manner comparable to that of other G protein coupled receptors (Lin and Huganir, 2007).
Thus it is conceivable that CIH-induced enhancement of sympathetic tone is ascribed not only
to activity-dependent plasticity of glutamate receptors (de Paula et al., 2007), but also to
changes in the availability of NK4 receptors in cNTS neurons receptive to chemosensory inputs.

Noradrenergic neurons of the A2 group in the intermediate medial and commissural NTS
(Kalia et al., 1985) are among those cells receiving visceral vagal inputs (Sumal et al., 1983).
The SP activation of NK receptors in these neurons results in a noradrenalin-mediated
enhancement of the baroreceptor reflex lowering of blood pressure (Chan et al., 1995). NK;
receptors have not been previously identified in NTS neurons expressing tyrosine hydroxylase
(TH), an enzyme required for synthesis of catecholamines (Le Brun et al., 2008). However,
this does not totally exclude the possibility that the acute hypoxia-induced reduction of NK;
receptor binding sites (Mazzone et al., 1997) and/or the CIH-induced plasticity of these
receptors occurs in catecholaminergic and/or non-catecholaminergic neurons of the cNTS. We
tested this hypothesis with respect to CIH by quantitatively comparing the electron microscopic
immunogold labeling of NK; receptors and immunoperoxidase detection of TH in the cNTS
of mice exposed to 10 or 35 days of CIH or bursts of room air (the sham controls). A regional
comparison was made in the spinal trigeminal nucleus, a nearby brainstem region having an
abundance of NK; receptors (Li et al., 2000; Aita et al., 2005), and receiving many somatic
sensory inputs containing SP (Li et al., 1998a). Our results show that CIH produces a region-
specific and duration-dependent decline in the surface expression of NK4 receptors in small
dendrites without TH-immunoreactivity in the cNTS.
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Material and Methods

Animal source and care

Male C57BL/6J mice (n=14, Jackson Laboratory, Bar Harbor, ME) of starting weight 22—28g
were used for all experiments. These experiments were conducted in accordance with the NIH
regulations of animal care and were approved by the Institutional Animal Care and Use
Committee of Weill Medical College of Cornell University.

Chronic Intermittent Hypoxia protocol

After two days of acclimation in modified hushandry cages under conditions of 21% oxygen,
the mice were randomly separated into CIH and sham controls. In the CIH groups of mice, the
home cages were connected to an automated gas delivery system that facilitated rapid
transitions from low O levels (10+1%), following nitrogen (N») infusion, to ambient
concentrations (21+£1%), following pure O, infusion. Gas (O, or Ny) was distributed to the
cages over a 5 sec period every 90 sec, resulting in 20 hypoxic episodes per hr. The cycling of
Oy, levels occurred for 8 hr during the light (sleep) phase. The control cages were similar in
design, but were infused with air every 90 sec to maintain O, concentrations at 20-21%. During
the remaining 16 hr of the day, both CIH and control cages were infused with room air. The
ClH/control protocol repeated for 10 (n= 3 mice/treatment) or 35 (n= 4 mice/treatment) days
during which the mice in each treatment group were housed together and had free access to
food and water. Ambient temperature was kept at 22—24 °C. This protocol and procedure was
developed in our laboratory for group housing mice to minimize intra-animal variability from
animal handling and constraints on mobility inherent in the design of other rodent models
(Fletcher et al., 1991; Lee et al., 2009; Liu et al., 2009).

At the initiation and termination of the CIH/control protocol, the arterial blood pressure for
each mouse was measured using tail-cuff plethysmography (Hatteras Instruments, Cary NC).
The pressure level was recorded every two minutes over a 20 min session, and the values were
averaged to determine the mean systolic arterial pressure. These values were then combined
to obtain the group mean systolic arterial pressure. The tail-cuff is a reliable measure for
between group comparisons of mean blood pressure at a given time point, even though this
method does not provide absolute measures of mean blood pressure measures when averaged
over a 24hr. cycle (Kurtz et al., 2005). An unpaired t-test was used to determine whether CIH
and control mice had statistically significant (p<0.05) differences in systolic blood pressure.

Tissue preparation

On the last experimental day (day 10 or 35), mice were deeply anesthetized by i.p. injection
of 100 mg/kg sodium pentobarbital, and then sequentially perfused through the left ventricle
of the heart with (1) 5 ml of heparin-saline, (2) 30 ml of 3.75% acrolein in 2%
paraformaldehyde, and (3) 75-100 ml of 2% paraformaldehyde in 0.1 M phosphate buffer
(PB), pH 7.4. The brains were removed and post-fixed in 2% paraformaldehyde for 30 minutes.
Rostrocaudal brain sections (40 um) were prepared using a Vibratome (Leica Microsystems®,
Bannockburn, IL). These sections were then placed in 1% sodium borohydride in PB for 30
minutes to neutralize reactive aldehydes as described in prior studies using acrolein fixation
(Leranth and Pickel, 1989). To minimize penetration problems inherent to the pre-embedding
methodology, sections used for light and electron microscopy were cryoprotected in 25%
sucrose and 3.5% glycerol in PB, rapidly frozen in Freon followed by liquid nitrogen, and
thawed in room temperature PB. This rapid freeze-thaw method produces minute holes in the
tissue allowing greater penetration of immunoreagents. The sections were then rinsed in 0.1
M Tris-buffered saline (TS). Prior to incubation in primary antisera, the free-floating sections
were placed in 0.5% bovine serum albumin (BSA) in 0.1 M TBS for 30 min to block nonspecific
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binding of antisera. Sections processed for confocal fluorescence were incubated in a solution
of 0.5% BSA in TBS without prior freeze-thaw manipulation.

NKj receptor localization was achieved by using a well characterized rabbit polyclonal
antiserum (Novus Biologicals®, Littleton, CO) against a peptide sequence at the carboxy C-
terminus of rat NK1 receptor (residues 393-407: KTMTESSSFYSNMLA). Light microscopic
immunolabeling using the NK; receptor antiserum shows a prominent distribution of
immunoreactivity along the plasma membrane of rat kidney epithelial cells transfected with a
chimeric NK; receptor construct, genetically engineered by polymerase chain reaction, while
no labeling is seen in cells transfected with the vector alone (Vigna et al., 1994). Light
microscopy also revealed an excellent correlation between NK receptor immunoreactivity
and 125]-labeled NK receptor-binding sites in the rat central nervous system (Liu et al.,
1994). Moreover, binding studies have shown a parallel displacement of 12°]-substance P
binding to NK receptors by the addition of brain tissue expressing high levels of substance P
(Vigna et al., 1994). The localization of the NK receptor antiserum in rat brain is similar to
that seen by autoradiographic localization of 3H-substance P (Liu et al., 1994; Mantyh et al.,
1995). This antiserum recognizes a protein band of 80-90 kDa on Western blot in brain tissue
(Mounir and Parent, 2002). No immunolabeling is seen using this antiserum in sections of brain
tissue derived from mice deficient in the NK; receptor gene (Lacoste et al., 2006). Similarly,
no immunocytochemical labeling is evident in normal brain tissue processed with omission of
the NK receptor antiserum or using this antiserum after adsorption with the immunogenic
peptide (Liu et al., 1994; Lessard et al., 2009).

The catecholamine phenotype was distinguished by immunolabeling for a mouse monoclonal
antibody raised against the full-length tyrosine-hydroxylase (TH) enzyme, which was
commercially obtained from Immunostar (Catalog number 22941, Hudson, WI). The TH
immunogen was purified to homogeneity from PC12 cells of rat origin. Data provided by
Immunostar shows by Western blotting of protein extracts that this monoclonal antibody
identifies a 60 kDa immunoreactive band exclusively in TH transfected, but not in non-
transfected HEK293 cells. Moreover, in brainstem catecholaminergic cell groups the TH-
immunoreactivity seen using this antibody is comparable to the distribution of TH mRNA as
seen by in situ hybridization (Rushak and Gainer, 2005). The TH antibody also readily
identifies midbrain dopaminergic neurons and brainstem noradrenergic neurons using light or
electron microscopic immunolabeling (Pickel et al., 1989; Glass et al., 2001; Lessard and
Pickel, 2005; Lane et al., 2008).

Confocal immunofluorescence

Free-floating Vibratome sections were incubated in mouse anti-TH (1:50,000 dilution) and
rabbit anti-NK; (1:1,000 dilution) antisera for 16 hours at room temperature. Subsequently,
the tissue was rinsed several times in TS and then incubated for one hour in a solution containing
fluorescein-conjugated (FITC) donkey anti-mouse (TH) and Cy5-conjugated donkey anti-
rabbit (Jackson Immunoresearch laboratories Inc., Baltimore, PA) secondary antisera at a
dilution of 1:200 in 0.1% BSA in TS. After washes in TS and PB, the tissue sections were
mounted in 0.05 M PB onto superfrost glass microslides (VWR International, West Chester,
PA). The sections were covered with mounting fluid (Light Diagnostics, Temecula, CA) and
glass cover slips, which were sealed along the edges with nail polish to prevent dehydration.
These sections were observed on a confocal microscope (Leica TCS SP5; Mannheim,
Germany) using sequential laser analysis with emission intensities of 488 nm (Argon, FITC)
and 633 nm (Helium, Cy5). Images were produced by LAS AF software (Leica; Mannheim,
Germany), imported to ImageJ (National Institutes of Health, JAVA 1.60_02) and adjusted for
brightness and contrast.
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Electron microscopic immunolabeling

Sections used for electron microscopic labeling of TH (immunoperoxidase) and NK; receptor
(immunogold-silver) were incubated in a primary antisera solution containing mouse anti-TH
(1:50,000 dilution) and rabbit anti-NKj receptor (1:1,000 dilution) for 24 hours at room
temperature, then for 12 hours at 4°C. Following these incubations, the sections were rinsed
in TS (0.1 M, pH 7.4) and incubated for 30 min each in biotinylated secondary horse anti-
mouse 1gG (1:400; Immunostar) and avidin-biotin complex (ABC; Vector, Burlinghame, CA).
The tissue was then washed and placed for two hours in a 1:50 dilution of donkey anti-rabbit
IgG bound to one nm colloidal gold (Amersham, Arlington, IL) for detection of the rabbit
NK( receptor antiserum. The gold particles were fixed to the tissue by incubation of the sections
in 2% glutaraldehyde in 0.01 M phosphate buffered saline for ten minutes. The particles were
enlarged for microscopic examination by reaction in a silver solution from the IntenS-EM kit
(GE Healthcare, Piscataway, NJ) for seven minutes at room temperature (Chan et al., 1990).
The sections were then postfixed in 2% osmium tetroxide in 0.1 M PB, dehydrated and flat-
embedded in epon (19% EM Bed-812; 36% DDSA; 44% NMA,; 1% BDMA, Electron
Microscopy Sciences, Fort Washington, PA) between two pieces of Aclar plastic (Allied
Signal, Pottsville, PA).

An ultramicrotome (Nova, Bromma, Sweden) was used to cut thin sections through the regions
of the cNTS and spinal trigeminal nucleus (Sp-5) in coronal Vibratome sections at 8.0 mm
posterior to bregma (Franklin and Paxinos, 1997). Subdivisions of the mouse NTS and Sp-5
were determined accordingly to the nomenclature described in the Hof atlas of the mouse brain
(Hof et al., 2000). The region of the cNTS extended from the caudal tip of the area postrema
to the spinomedullary junction (Baude and Shigemoto, 1998; Colin et al., 2002; Le Brun et al.,
2008).

The ultrathin sections through cNTS and Sp-5 were collected on grids and counterstained with
Reynold’s lead citrate and uranyl acetate (Reynolds, 1963) prior to analysis using a Technai-12
electron microscope (FEI, Heindhoven, The Netherlands). Images were captured using an
AMT digital camera, imported to Photoshop software (version 4.0, Adobe Systems, Mountain
View, CA), adjusted for sharpness, and then imported to Power Point software (Microsoft
Windows ® 2000) for assembly and labeling composite figures.

Electron microscopic data analysis

To assess the distribution of NK; receptor immunogold particles, data analysis was performed
on ultrathin sections exclusively obtained from the outer (0.1-2 um) surface of the flat-
embedded tissue, where there was optimal penetration of immunoreagents. The profiles
containing TH and/or NK; immunoreactivity were classified as either neuronal (somata,
dendrites, axon terminals) or glial based on criteria from Peters et. al. (1991). Peroxidase
immunoreactive profiles were recognized by the presence of an electron dense precipitate,
whose density and granularity were recognizably distinct from the more homogeneous and
lighter density of myelinated axons and other lipidenriched membranes darkened by the
osmium tetroxide.

The profiles classified as immunogold-labeled contained two or more gold-silver deposits. The
validity of the approach depends on a minimal number of spurious deposits seen on portions
of tissue not known to express NKj receptors (eg myelin). In our study, myelin rarely showed
even one gold particle, representative of non-specific background labeling. In 12,454 pm? of
cNTS and Sp-5 examined, there were 1383 myelinated axons, of which only 19 had a single
NK7 immunogold particle on the myelin. This suggests the potential of having a 1.4% false-
positive labeling with immunogold on identified structures in the size range of myelinated
axons. In addition, the labeling in the neuronal cytoplasm was largely restricted to endoplasmic
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reticulum and other organelles involved in protein synthesis and/or transport and absent from
the nucleus or mitochondria.

At least 50 electron micrographs (magnifications from 13,500X to 34,000X) were obtained
from each animal (one or two vibratome sections from each of the mice), in the two regions
(cNTS and Sp-5). A total area of 9,762 pm? was examined in the cNTS and 2,692 pm? in the
Sp-5. The profile diameter, area and perimeter were measured by using the Microcomputer
Imaging Device software (MCID; Imaging Research, St. Catharines, Ontario, Canada).
Parameters used for statistical comparisons were: 1) the number of gold particles on the plasma
membrane/perimeter of individual profiles, 2) the number of gold particles in the cytoplasm/
cross-sectional area, and 3) the total number (plasmalemmal + non-plasmalemmal) gold
particles/profile area. Results are expressed as means + s.e. mean of (n) mice. Results were
analyzed for statistical significance by unpaired Student t-test (between group comparisons)
SPSS for Windows ® Lead Technologies Inc (Chicago, IL). Only probability values (P) less
than 0.05 were considered to be statistically significant.

Immunofluorescent microscopic distribution of TH and NK4 receptors in the cNTS

Confocal microscopic analysis of the ctNTS showed immunofluorescence detection of TH in
somata and in thick as well as thinner varicose processes that rarely contained NK; receptor
labeling (Fig. 1A, C). The NK{ receptors, however, were identified by immunofluorescent
product in many non-TH labeled somata and processes within the same region containing TH-
immunoreactive neurons (Fig. 1B, C). The neurons expressing majority of the neurons
expressing NK; receptors were within a medium size range, and usually smaller than those
containing TH-immunoreactivity.

Predominant somatodendritic distribution of NKq receptors in non-TH containing neurons

of cNTS

In sham control and experimental (10 and 35 day CIH) groups of mice, immunogold labeling
of NK receptors was confirmed to be almost exclusively located in somatodendritic profiles
without detectable TH immunoreactivity when examined by electron microscopy. This is
illustrated for control mice (Figs. 2 and 3) in which only 9% (44/490) of all observed NK;
labeled profiles were TH immunoreactive. After exposure to CIH for either 10 or 35 days, a
similarly small percentage (11% in each group) of the NK -labeled profiles in the cNTS
contained TH immunoreactivity, and these were exclusively somata and dendrites. In contrast
with the abundance of NK1-labeled dendrites, axon terminals and glial processes rarely
contained NK; receptor immunogold labeling (Table 1), and none of these co-expressed TH.

Dendritic compartmentation of NK; receptors

The NK1-immunogold particles were mainly located in the cytoplasm near the endoplasmic
reticulum and absent from mitochondria in somata (Fig. 2A) and large (> 2 um diameter)
dendrites. These large dendrites were often irregular in contour and difficult to distinguish from
portions of somata based on content of organelles and synaptic input. In transverse sections,
the remaining dendrites had minimal diameters ranging from 0.2—2.0 um, and were arbitrarily
subdivided into two size-dependent groups; (1) small dendrites measuring 0.2-1.0 pm and
medium dendrites measuring 1.1-2.0 um in minimal diameter. The NK1-immunogold particles
were more commonly aligned along the plasma membrane in the small diameter dendrites (Fig.
2B) in control and in the 10 or 35 day groups of mice (Figs. 3 and 4). The plasmalemmal
NK7-immunogold particles were located along extrasynaptic as well as asymmetric
(excitatory-type) or symmetric (inhibitory-type) synaptic portions of the membrane in the
cNTS of control and experimental groups of mice (Fig. 4, Table 2).

Exp Neurol. Author manuscript; available in PMC 2011 June 1.
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The density of NK; receptor immunogold particles/cross-sectional dendritic area was greater
in small dendrites of both control (Fig. 3) and CIH-exposed (Fig 4 and 6) mice. In control mice,
the small dendrites contained 66% of the total 1,865 NK; immunogold particles, whereas the
medium dendrites contained 32%, and large dendrites contained 2% (n= 6/287) of these
particles. Similarly, in both the 10 day and 35 day CIH-groups of mice, approximately 60% of
the total NK; immunogold particles were located in small diameter dendrites.

CIH-induced reduction in NK; immunogold in small dendrites of cNTS

The 10 day exposure to CIH produced a qualitative (Fig. 4) and quantitative (Fig. 5) reduction
in the cytoplasmic (non-plasmalemmal associated) NK; immunogold density in the non-TH
containing dendrites. This reduction in cytoplasmic abundance of NK; receptor immunogold
particles occurred in the small, but not medium diameter dendritic profiles. Because of their
infrequent detection, NK1-labeled large diameter dendrites were not quantitatively analyzed
as a separate group.

In contrast with 10 days, 35 days of CIH resulted in a qualitative (Fig. 6) and quantitative (Fig.
7) reduction below control values in both the plasmalemmal and cytoplasmic density of NK;
immunogold particles in non-TH containing dendrites. These changes were seen only in small
dendrites, which have proportionally more NK; immunogold particles located on the plasma
membrane when compared with medium or large dendrites regardless of experimental
conditions. This duration-dependent reduction in plasmalemmal NK receptors in small
dendrites of the cNTS paralleled the CIH-induced slow rise in blood pressure, which ranged
from 5to 11 mm Hg at 10 and 35 days, respectively. This blood pressure elevation in the CIH
mice also proved to be closer to statistically significant in the 35 day (t-test; p=0.06) compared
with the 10 day (t-test; p=0.296) groups.

Regional specificity of NK; receptor plasticity in the cNTS compared to spinal trigeminal

nucleus
The effects of CIH on NK; receptor distribution were region-specific for the ctNTS. No
significant differences between CIH and control mice were seen in the spinal trigeminal nucleus
(Sp-5; Fig. 8). Our observation of prominent NK; receptor labeling in Sp-5 is consistent with
prior studies (Helke et al., 1984;Nakaya et al., 1994).

Discussion

Our results summarized in Fig. 9 provide the first ultrastructural evidence that CIH produces
a selective and significant reduction in intracellular (10 and 35 days) and plasmalemmal (35
days) densities of NK receptors in small dendrites of non-catecholaminergic neurons in the
mouse cNTS. The preferential CIH-induced decrease in NK; receptor labeling in only the
smaller dendrites indicates that CIH may elicit dendritic compartment-specific changes in the
functional plasmalemmal and/or synaptic NK; receptor expression. The plasmalemmal
decrease in NK; receptor labeling occurring only at 35 days, a time-point when there is a also
greater elevation in arterial pressure than at 10 day, suggests that the surface availability of
these receptors may be linked to the long-term detrimental effects of sleep apnea on
cardiovascular function.

Methodological considerations

Sleep disturbances are frequent concomitants of CIH in rodents (Hamrahi et al., 2001), but do
not appear to contribute significantly to the blood pressure elevation produced by 35 days of
CIH (Fletcher et al., 2001). The slightly below statistically significant increase in blood
pressure seen after 35 days of CIH in our experiments may reflect the variability in the tail-
cuff as a measure of blood pressure, the relatively small number of animals necessitated by
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quantitative ultrastructural analysis, and/or the relatively small (11%) magnitude of the blood
pressure. Our finding of only a small increase in blood pressure after 35 days of CIH in mice
is consistent with many prior studies using comparable hypoxic conditions in rats and/or mice
(Fletcher et al., 2001; Campen et al., 2005; Lai et al., 2006). In contrast, however, Peng et al.,
(2006) found a large (30%) increase in blood pressure after only 10 days of CIH. The greater
CIH-induced blood pressure elevation observed by Peng et al., (2006) compared with the
present study may result from their use of lower (5% compared with 10%) O, levels for
generation of the hypoxic episodes.

Somatodendritic NK1 receptor targeting in non-catecholaminergic neurons

The present location of NK; receptors in somatodendritic profiles without TH
immunoreactivity in mouse cNTS is consistent with many previous anatomical studies in which
few if any NK; or NK3 receptors were identified in A2 and C2 groups of catecholaminergic
neurons in rodent NTS (Quirion and Dam, 1986; Saffroy et al., 1988; Mantyh et al., 1989; Jia
et al., 1996; Mazzone et al., 1997; Baude and Shigemoto, 1998; Le Brun et al., 2008). The
transmitter within these NK4-containing neurons may include glutamate, since (1)
microinjection of SP in the cNTS results in blood pressure elevation (Zhang et al., 2000), and
(2) increased blood pressure may result from activation of NTS glutamatergic neurons
projecting to sympathoexcitatory neurons in the rostral ventrolateral medulla (RVLM;
(Mazzone et al., 1997; Mauad and Machado, 1998; Babic and Ciriello, 2004; Bailey et al.,
2004). However, the SP-induced elevation in blood pressure is not blocked by bilateral
microinjection of an NK receptor antagonist in the lateral cNTS (Zhang et al., 2000),
suggesting a lack of direct involvement of these receptors in mediating chemoreflexes. In
contrast, NK; receptors in the NTS are highly implicated in bronchopulmonary reflexes that
defend the lungs against injury from inhaled agents by the induction of apnea, cough, and
hypotension (Mutoh et al., 2000). The latter suggests that at least some of the NK; receptors
are located in NTS neurons that project not only to the RVLM, but also in those that project
to the caudal ventrolateral medulla (CVVLM) and decrease sympathetic tone (Kawano and
Masuko, 1997). In addition, we cannot exclude the possibility that many of the non-
catecholaminergic neurons of the NTS that express NK receptors contain GABA, nitric oxide
or other modulators that may indirectly affect sympathetic activity (Stanton et al., 2003; Bailey
et al., 2004;).

Size-dependence of CIH-induced changes in dendritic NK1 receptors

The observed preferential CIH-induced reduction in cytoplasmic (10 day CIH) or cytoplasmic
and plasmalemmal (35 day CIH) density of NK; receptors in non-TH containing small
dendrites of the cNTS may relate to the well established CIH-induced plasticity in the carotid
body (Peng et al., 2003; Prabhakar et al., 2005). Chemosensory output neurons in the carotid
body contain glutamate and substance P (Srinivasan et al., 1991; Zhang et al., 2000), and often
terminate on smaller more distal dendrites of non-catecholaminergic neurons in the
commissural and medial NTS (Ruggiero et al., 1994). Our results suggest that the CIH-induced
plasticity in the output neurons of the carotid body may in turn affect SP release and NK;
receptor distribution in their small dendritic targets in the cNTS. In this brain region, the
classification of dendrites as small, medium or large is based exclusively on an arbitrary
subdivision of all observed NK;-labeled dendrites into three size-dependent groups as
determined from measures of their minimal diameter in transverse sections. These dendrites
may include those arising from smaller neurons expressing NK receptors and/or distal portions
of dendrites derived from larger neurons that express these receptors.

The CIH-induced reduction in cytoplasmic and plasmalemmal NK; receptor density in a
selective dendritic compartment suggests that CIH can locally regulate mMRNA synthesis and/
or degradation, which are known to be primary means for eliciting long-term changes in
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synaptic strength (Steward and Schuman, 2001; 2003; Schuman et al., 2006). The hypothesis
that CIH may result in decreased production of NK; receptors in NTS dendrites is suggested
by the fact that a hypoxic stimulus evokes release of SP in this region, and repeated or prolonged
exposure to SP produces down regulation of NK receptors in rat, mice and human cells
(Organist et al., 1988; Sugiya et al., 1988; Yukhananov and Larson, 1994). Alternatively, CIH
may affect degradation and/or rapid recycling to the cell surface induced by acute SP release
and/or glutamate, the latter of which is mediated through NMDA receptors (Grady et al.,
1995; 1996; Marvizon et al., 1997; Mantyh, 2002) that are often co-expressed with NK
receptors in the NTS (Lin et al., 2008).

Regional specificity of CIH-induced reduction in dendritic NK; receptors

The effects of CIH on NK receptor density in small dendrites was region-specific for the cNTS
and not seen in Sp-5, a brainstem area also expressing many NK; receptors (Helke et al.,
1984; Mantyh et al., 1984; Covenas et al., 2003). Unlike the cNTS, Sp-5 is mainly involved
in relaying nociceptive information to the hypothalamus, the periaqueductal gray matter and
thalamus (Li et al., 1996; 1997; 1998b). However, Sp-5 neurons and their NK; receptors may
also be activated during an acute hypoxic event (LaManna et al., 1996; Mazzone et al.,
1997). Although not significant, the small decline in NK; receptor density that we observed
in the Sp-5 in CIH-exposed mice may indicate a minor role for NK receptors in this region in
the adaptive responses to CIH.

Conclusions and implications

We have shown that 10 days of CIH is sufficient to reduce the cytoplasmic density of NK
receptor immunolabeling in small dendrites of non-catecholaminergic neurons in the cNTS.
However, 35 days of CIH is effective in depletion of the cytoplasmic as well as extrasynaptic
and plasmalemmal NK receptors in these dendrites. This more prominent 35 day CIH-induced
depletion of surface NK; receptors in small dendrites of the cNTS occurred concomitantly with
a strong trend toward increase blood pressure that is consistent with the established
chemosensory-dependent hypertension reported in CIH rodent models (Prabhakar et al.,
2001) and in sleep apnea patients (Smith and Pacchia, 2007).
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