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Abstract

The vestibular system senses the movement and position of the head in space and uses this
information to stabilize vision, control posture, perceive head orientation and self-motion in three-
dimensional space, and modulate autonomic and limbic activity in response to locomotion and
changes in posture. Most vestibular signals are not consciously perceived and are usually
appreciated through effector pathways classically described as the vestibulo-ocular, vestibulo-
spinal, vestibulo-collic and vestibulo-autonomic reflexes. The present study reviews some of the
recent data concerning the connectivity and chemical anatomy of vestibular projections to
autonomic sites that are important in the sympathetic control of blood pressure.
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1. Introduction

In all mammalian species, movements and changes in posture, particularly those involving
alterations in head position with regard to gravity, trigger rapid cardiovascular adjustments
in order to maintain physiological homeostasis. The existence of functional integration
between blood pressure control mechanisms and the vestibular system, which senses head
accelerations that occur during postural adjustments, was hypothesized in the 1920s on the
basis of clinical observations [15] and is now supported by a substantial number of basic and
clinical studies [8]. Current understanding of this integration is that arterial baroreceptors
participate in a feedback regulatory mechanism that determines and stabilizes sympathetic
tone while signals from the vestibular end organs drive a faster, feedforward mechanism that
predictively counteracts the effects of postural adjustments on blood pressure (for review,
see [129]). Despite the nearly century-old appreciation that the vestibular system participates
in cardiovascular control, however, the chemical anatomy and connectivity of the underlying
neural pathways remain largely unknown. This lack of fundamental information is a major
obstacle to the development of evidence-based pharmacotherapeutics for the treatment of
vestibulo-autonomic disorders, and to the development of more specific anti-hypertensive
medications that do not elicit disabling vestibular side-effects such as dizziness and vertigo.
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2. Vestibular influences on sympathetic control of blood pressure in

humans

Research on humans has demonstrated that the vestibular system modulates blood pressure
during body movements and postural adjustments. Caloric vestibular stimulation [22] and
head pitch alter sympathetic nerve activity [89], most likely through the vestibulo-
sympathetic “reflex” (VSR) pathway [90] (for review, see [129]). In addition, linear
acceleration of human subjects, which specifically stimulates the otolith organs, causes
transient changes in systolic blood pressure [21] that are attenuated in patients with bilateral
vestibular deficits [128]. Similarly, otolith activation by off-vertical axis rotation produces
an increase in muscle sympathetic nerve activity in-phase with the head-up tilt component
and a decrease in such activity corresponding to the head-down tilt phase [60]. Overall it
appears that the baroreflex and VSR are additive [88], although the VSR latency is estimated
to be 3-10X faster than the baroreflex for effecting changes in blood pressure [45,60,119].
In fact, both shorter-and longer-latency components of the VSR have been detected in
humans [60,87,119]. This suggests that the vestibular system contributes fast as well as slow
temporal components to central sympathetic (as well as parasympathetic [86]) processing
and can achieve blood pressure control during rapid linear head accelerations such as those
that occur upon standing, as well as during slower head movements.

3. The role of primary vestibular afferents in the sympathetic control of
blood pressure

The first study in experimental animals demonstrating blood pressure changes in response to
postural adjustments was conducted in anesthetized and paralyzed cats, and found
orthostatic intolerance during nose-up pitch following bilateral vestibular nerve transection
[28]. Bilateral vestibular nerve lesions raise the probability of orthostatic intolerance in
awake animals as well [1,32,58,78] (for review, see [133]), although cerebral blood flow is
not compromised [122]. The generality of this finding was extended in studies showing that
otolith-specific stimulation achieved through linear acceleration [2] or head-up tilt increased
sympathetic nerve activity [131] and elevated blood pressure [123], while nose-down
stimulation decreased this activity [78], as is observed in humans. Indeed, numerous studies
in experimental animals have found that sympathetic nerve activity increases during
electrical stimulation of primary vestibular afferent fibers [20] (for review, see [129]),
although different vascular beds are differentially affected by this activation [135]. Thus,
data from both humans and experimental animals indicate that vestibular nerve afferents
contribute dynamically to the sympathetic control of blood pressure.

4. The role of the vestibular nuclear complex in the sympathetic control of
blood pressure

Two regions of the vestibular nuclear complex (VNC) have been identified as major
autonomic loci, primarily on the basis of tract-tracing studies in rabbits [5,6] and
electrophysiological recordings in cats [130] (for review, see [7]). One area, comprised of
the inferior vestibular nucleus and the caudal portion of the medial vestibular nucleus,
receives primary vestibular afferent innervation from the otolith organs as well as the
semicircular canals, and sends direct projections to caudal brainstem sites involved in the
regulation of sympathetic outflow [71,130]. These sites include the dorsal motor vagal
nucleus, nucleus ambiguus, the lateral medullary tegmental field, the lateral and
ventrolateral subnuclei of the solitary nucleus (NTS), raphé magnus, the parabrachial nuclei,
and the rostral and caudal ventrolateral medullary regions (RVLM and CVLM, respectively)
[6,84]. The other autonomic region of the VNC is located more rostrally and projects to the
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parabrachial nuclei. This latter pathway is thought to be involved primarily in mediating
more affective and emotional aspects of vestibulo-autonomic connectivity, such as the
association between vertigo and panic [5,8, 62], although this projection may participate in
blood pressure control as well [52]. The functional significance of the caudal vestibulo-
autonomic pathway was demonstrated by experiments in which stereotaxic lidocaine
injections into the inferior or caudal medial vestibular nucleus (to suppress local neural
activity) resulted in the attenuation of sympathetic nerve responses to labyrinthine
stimulation [63]. Similarly, early research in a variety of mammalian species showed that
ablation of these regions of the VNC abolished the decrease in blood pressure (depressor
response) that is normally observed during caloric stimulation [107,108] and increased the
threshold level of activation necessary for eliciting sympathetic responses to electrical
stimulation of the vestibular nerve [117]. Thus, the caudal portion of the VNC appears to be
important for mediating the vestibular influence on cardiovascular activity in numerous
mammalian species including humans.

5. The differing roles of RVLM and CVLM in vestibulo-autonomic
connectivity

The RVLM region integrates diencephalic and brainstem signals that participate in
sympathetic circuitry [11,26,48,82,93,94,98,99,116]. From the RVLM, a cytologically and
chemoanatomically diverse population of output neurons send excitatory projections to
preganglionic sympathetic neurons in the intermediolateral cell column of the spinal cord
[17,24,48,65, 99,120]. Additional direct influences on sympathetic outflow from the spinal
cord to the vasculature are derived from the caudal raphé nuclei, rostral ventro-medial
medulla, the A5 noradrenergic cell group, locus coeruleus and the paraventricular
hypothalamic nucleus [16,64,103]. The vasomotor RVLM cells receive direct monosynaptic
GABAergic input from the CVLM region [10,19,51,57,82] that tonically inhibits these
bulbospinal neurons [25,47,105]. As a result, some CVLM cells can be viewed as
sympathoinhibitory interneurons in the vasomotor pathway controlling blood pressure
[41,120].

Direct and polysynaptic pathways from the caudal vestibular nuclei to RVLM and CVLM,
as well as to NTS, have been demonstrated anatomically (for review, see [7]) and
electrophysiologically (for review, see [129]). However, the vestibular and baroreceptor
terminal fields in NTS are distinct, with no significant convergence of these two inputs onto
individual NTS neurons [6,110,130,131]. Further, despite the presence of second order
vestibular terminals in both NTS and CVVLM, neither of these cell groups responds
appreciably to vestibular nerve stimulation. Moreover, NTS lesions have little impact on the
sympathetic activity resulting from electrical stimulation of the vestibular nerve [110,131].
Thus, NTS and CVLM appear to be more directly involved in mediating the baroreflex than
the VSR (see [63]).

In contrast, RVLM neurons receive significant convergent baroreceptor and vestibular input
[129], and indeed chemical ablation of the RVLM in cats abolishes vestibular nerve
stimulation-elicited effects on sympathetic nerve activity [132]. In addition, unlike CVLM
and NTS, RVLM stands as an obligatory (and excitatory) relay between vestibular afferent
activity and sympathetic preganglionic neurons in the spinal cord [132] (for review, see
[127]). Since the RVLM is a requisite relay in the caudal vestibulo-sympathetic pathway,
and since baroreflex activation strongly inhibits RVLM neurons, the RVLM is the most
likely site of functional interplay between the baroreflex and the VSR (see [127]). In this
light, the observation that baroreflex and VSR signals interact additively [88] can be
interpreted as a reflection of the convergence of these two reflex arcs in the RVLM [131].
Figure 1 is a schematic diagram summarizing these connections. Functionally, an increase in
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blood pressure activates the baroreceptors, whose second order neurons are located in NTS
[109]. NTS in turn sends excitatory projections to RVLM and to GABAergic cells in CVLM
that project rostrally to inhibit RVLM neuronal activity [54,111]. This inhibitory influence
on RVLM dampens VSR- as well as baroreflex-mediated excitation of the intermediolateral
cell column [63]. It should be noted, however, that the response latency of RVLM neurons
to vestibular stimulation appears to be too long for a di-synaptic labyrinthine input [134],
suggesting that multi-synaptic projections are important in mediating at least some
vestibulo-sympathetic responses. Moreover, since CVLM tonically inhibits RVLM even in
the absence of baroreceptor (NTS) input, it is likely that there is a non-baroreceptor (and
therefore non-NTS-mediated) excitatory input to CVLM that tonically activates the
inhibitory (GABAergic) projection to RVLM [105]. Clearly, one putative source of such
excitatory activity is the vestibular projection to CVLM [36].

In this regard, it is interesting to consider the results of Galvanic vestibular stimulation
(GVS) studies in human subjects. GVS entails low level DC galvanic current applied to the
region of the mastoid processes. The cathodal stimulation selectively activates vestibular
afferents, particularly those with irregular spontaneous firing rates [40,72], while afferents
are inhibited at the anode (for review, see [33]). GVS has been used extensively in human
studies [43] in which brief trains of sinusoidally modulated stimulation significantly increase
muscle sympathetic nerve activity [9,119] and evoke frequency-dependent postural sway in
standing subjects. There appears to be an optimal range of stimulus frequencies, at least in
humans, the most effective being those lower than the cardiac rhythm [43]. While GVS does
not appear to stimulate non-vestibular “graviceptors” (for review, see [23]), it does activate
the entire vestibular labyrinth (for review, see [18]). Nevertheless, modulation of
sympathetic activity through GVS appears to originate primarily from the otoliths and not
the semicircular canals [90]. It has been suggested recently [43] that the frequency-
dependent sinusoidal GVS modulation of muscle SNA reflects an independent vestibular
input to RVLM, and that this input competes with baroreceptor afferents projecting to the
RVLM via NTS and CVLM.

6. Chemoanatomy of vestibulo-autonomic connectivity

Glutamate is currently thought to be the principal neurotransmitter mediating the
presympathetic vaso-motor pathway from the RVLM to the intermediolateral cell column
[27,77] (for reviews, see [82,112]). Although the C1 group of catecholaminergic neurons
[53] was originally posited as the chief purveyor of sympathoexcitation from the RVLM
[94], immunotoxic lesions specifically targeting these cells produce only small reductions in
mean arterial blood pressure [17, 68,106] and vesicular glutamate transporter type 2 has
been localized in C1 as well as non-C1 barosensitive RVLM neurons [113,114]. Such
findings have led to the current concept that the catecholaminergic neurons of the RVLM
have a primarily modulatory function in blood pressure regulation, possibly contributing to
sympathoexcitatory reflexes rather than to the maintenance of resting sympathetic
vasomotor tone [48,112].

In addition to the catecholamines, a number of other neurotransmitters and modulators have
been localized in RVLM cells, sometimes co-localizing in presumptive glutamatergic and/or
catecholaminergic neurons [26,53,82,94,98,104,112]. These include calbindin, enkephalin,
neuropeptide Y, substance P, cocaine- and amphetamine-regulated transcript, pituitary
adenylate cyclase-activating polypeptide and nitric oxide (for review, see [112]). Similarly,
numerous different receptor subtypes and systems have been investigated in the RVLM,
including those of the excitatory and inhibitory amino acids, catecholamines, and peptides
including angiotensin Il receptors. Pharmacological investigations of these receptor systems
have largely been directed toward identifying neuroactive compounds that alter blood
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pressure. Anti-hypertensive agents that contain an imidazoline ring, such as clonidine,
moxonidine and rilmenidine, are ligands at alpha, adrenergic receptors (a,ARs) and at
imidazol(in)e binding sites (IRs), and lower blood pressure by inhibiting the tonically active
sympatho-excitatory RVLM projection neurons [93]. Indeed, the RVLM is rich in both
a,ARs and IRs, and microinjections of their ligands into the region produce hypotension
[75], suggesting that the RVLM is an important site of action of anti-hypertensive agents
[29,31,92]. IRs have been characterized pharmacologically and divided into three subtypes,
I1- I,- and I13-Rs [29,50,76]. While the precise molecular identities of the I1-Rs have yet to be
established fully, a candidate 1;-R protein termed Nischarin or IRAS (imidazoline receptor
antisera-selected protein) has been cloned from human hippocampus [56, 81,115,125] and a
second potential candidate 1,-R be-longing to the sphingosine-1-phosphate receptor family
has also been identified [73]. I1- and I3-Rs have been implicated in the regulation of blood
pressure [85], but while imidazole and imidazoline receptors were postulated almost three
decades ago [14,59], endogenous ligands for IRs such as agmatine (for review, see [49]) and
the 1-4 isomer of imidazoleacetic acid-ribotide (IAA-RP) [85] have been identified only
recently.

We have reported that IAA-RP is a putative neuro-modulator in mammalian brain [85]. This
ribotide displays high and low affinity binding to IRs and a,ARs, respectively, and
microinjections of IAA-RP into the rat RVLM alter blood pressure. IAA-RP displays high
affinity binding specifically to I, and 13-Rs, producing physiologic effects that are blocked
by their respective specific IR antagonists [85]. We have produced a polyclonal antiserum
against IAA-RP, and have used it in immunocytochemical and immunofluorescence studies
of the CNS [35], including the caudal VNC [69]. More recently, we have continued to
explore the localization of IAA-RP-containing neurons in the ventrolateral medulla, in the
context of vestibulo-autonomic projections.

7. IAA-RP-containing neurons in the RVLM

Using the polyclonal anti-lIAA-RP antibody and immunofluorescence staining of sections
through the caudal brainstem, we have observed a moderate density of IAA-RP-
immunopositive neuronal cell bodies in the rat RVLM, as well as in other regions of the
caudal medulla [35] (Fig. 2). Only a small subset of the neurons in each region are IAA-RP-
immunostained, as previously observed in other CNS regions [35], and major white matter
tracts of the brainstem including the pyramidal tract, spinal trigeminal tract and the inferior
cerebellar peduncle are not immunolabeled.

The distribution of IAA-RP-immunostained cells in the RVLM was assessed using a series
of diaminobenzidine-horseradish peroxidase-stained sections through the RVLM region.
Skip (1 every 6)-serial 50-um-thick coronal Vibratome sections encompassing the entire
rostro-caudal extent of the RVLM were immunostained for IAA-RP and visualized using
diaminobenzidine. Each section was imaged at 2.5X, and the rostro-caudal (Bregma)
position of each section was determined by comparison of the anatomical structures present
in the ventral aspect of the section with anatomical, physiological and functional maps and
atlases of the region [3, 12,13,17,26,39,41,42,79,99,100,120,121]. Each of the low
magnification images was imported into Adobe Ilustrator™, and was superimposed on the
corresponding Bregma level drawing from the atlas [79], adjusting image position and size
to match the atlas drawing. The entire extent of the RVLM in each section, as defined by the
merged atlas/section images, was re-imaged as a 40X photomontage (6—20 fields/level).
Each tissue section was then re-examined in the microscope at 40X; immunostained neurons
with clearly visible nuclei were identified by direct examination of the sections and their
locations were recorded on the printed 40X image montages. The location of each
immunostained RVLM neuron was then transferred to the corresponding atlas drawing.
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The stereotaxic atlas-based maps of immunopositive neurons demonstrate that IAA-RP-
containing cells are present throughout the rostro-caudal extent of the RVLM (Fig. 3).
Although the density (number per unit area) of immunolabeled neurons is consistent
throughout much of the RVLM, lower densities are observed at the rostral and caudal poles
of the region. No consistent medio-lateral or right-left asymmetries were observed.

Based on both immunofluorescence and immunocytochemical observations, IAA-RP-
immunolabeled cell bodies range from 10 to 35 um in long-axis diameter and have 1-4
primary dendrites emerging from their somata, affording most neurons a fusiform or
multipolar shape (Fig. 4A-C). Within the perikarya, IAA-RP immunolabeling usually
appears in focal accumulations that give the cytoplasm a mottled appearance, as is observed
in other regions of the nervous system [35], including the VNC [69]. IAA-RP is also present
in axonal and dendritic processes in the RVLM. While the majority of these processes
course rostro-caudally through the medulla, and are observed in cross-section in transverse
brainstem sections, dorso-ventrally oriented fibers containing IAA-RP-immunostained
processes are also apparent. Regardless of trajectory, only a few of the processes within a
bundle are IAA-RP-immunopositive (Fig. 4D).

In order to visualize IAA-RP-containing neurons within the chemoanatomic framework of
the RVLM, catecholaminergic neurons were identified using a commercial mouse
monoclonal antibody against tyrosine hydroxylase (TH; Millipore, Billerica, MA), therefore
potentially recognizing adrenergic, noradrenergic and dopaminergic phenotypes. As
previously reported by others, the RVLM contains a discrete population of TH-
immunopositive neurons [4,53,82,94,98, 104]. The perikarya of these neurons are
approximately 20-25 zm in diameter and are morphologically diverse, including fusiform,
polygonal, globular and stellate shaped somata, although all cytological types have
extensive, radiating dendritic processes. Since |AA-RP-immunopositive neurons are
distributed homogeneously throughout the RVLM, some of these cells are present in the
region containing catecholaminergic (TH-immunopositive) perikarya (Fig. 5A). However,
co-localization of TH- and IAA-RP-immunoreactivity in individual RVLM neurons is rarely
observed (Fig. 5B).

Using a monoclonal antibody against GABA [55], we observed a dense plexus of
GABAergic fibers and terminals in the RVLM, which is likely to be at least partly
attributable to the projections from CVLM [10, 19,25,47,51,82,105]. In addition to the
GABA immunofluorescence in the general neuropil, GABAergic puncta are frequently
observed surrounding TH-immunofluorescent and IAA-RP-immunolabeled cell bodies and
proximal dendrites (Fig. 5C—E). However, this is not a unique morphological signature for
either TH-positive or IAA-RP-positive cells since sheaths of axo-somatic boutons are also
observed around phantom cell bodies that are not immunoreactive for IAA-RP or TH.

The multiple-label simultaneous fluorescence experiments all utilized combinations of
primary antibodies distinguished by their host species and, for mixtures containing multiple
mouse monoclonal antibodies, by their immunoglobin class and subclass. Secondary
antibodies were combinations of species- and subclass-specific reagents selected such that
each secondary recognized only one element of the primary antibody mixture. Control
sections from the same animals were processed concurrently through all steps, with
omission of the primary reagent(s) or pre-absorption with unconjugated or BSA-conjugated
antigen; autofluorescence control sections were processed without primary and secondary
antibodies. In addition, crosstalk among the secondary reagents was assessed in the
experiments that used multiple primary and secondary antibodies by eliminating one
primary at a time from stain combinations, or by staining with only one primary at a time,
while using the entire corresponding combination of secondaries. In each case, the image
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channels corresponding to the missing primaries was blank, indicating that each secondary
did not react with inappropriate primaries and that both tissue autofluorescence and
nonspecific binding of secondaries were negligible (Fig. 6). In addition, for each primary
within each stain combination, we commonly observed cell bodies and/or processes emitting
fluorescence of only one color. This is an indication, seen within each specimen, that only
one secondary antibody bound to the corresponding primary and that cross-reactivity from
other secondaries was negligible.

To visualize vestibular projections to the RVLM, injections of the anterograde tracer
Phaseolus vulgaris leucoagglutinin (PhaL) were placed in the caudal VNC. These
experiments have demonstrated a direct projection from the caudal medial vestibular nucleus
to the RVLM, conveyed by fine caliber, highly varicose axons (Fig. 7). In general, these
axons appear to target non-catecholaminergic neurons. This leads to our current hypothesis,
which remains to be tested, that the direct vestibulo-autonomic projection terminates on
IAA-RP-containing cells in the RVLM.

8. The clinical significance of vestibulo-autonomic pathways

Vestibular disorders, particularly those of acute onset, include symptoms of abnormal
autonomic function such as orthostatic hypotension (OH) and orthostatic intolerance [37]. In
addition, the VSR is often impaired in the elderly [91], and this deficit becomes more
prevalent and severe with orthostatic stress [74]. The decline in vestibulo-autonomic
function with age is manifest in the high prevalences of OH, postural orthostatic tachycardia
syndrome, dizziness and consequent falls in persons over age 65 [66,95]. Typically,
individuals with OH have low blood pressure while standing, normal blood pressure while
seated, and sometimes high blood pressure when lying down [95]. Estimates of the
prevalence of OH vary widely, perhaps due to differences in the operational definition (e.g.
symptomatic vs asymptomatic) utilized in different studies, as well as to differences in
subject sampling, medication usage, degree of orthostatic stress and other study design
factors. The lowest estimates are from the Honolulu Heart Program cohort of 3522
Japanese-Americans, which indicates progressively increasing prevalences from 5.1% in
71-74 yr olds to 10.9% in people 85 and older [70]. However, an epidemiological study
(employing the consensus definition of OH: a fall in systolic/diastolic blood pressure of at
least 20/10 mmHg within 3 min of standing or during head-up tilt [102]) of 1638 adults 20
years or older reported a prevalence of 15.8% [124]. Similarly, a longitudinal multi-center
study of 5201 individuals aged 65 yr or older at their initial exam found the overall
prevalence of asymptomatic OH to be 16.2% [101]. When the subject selection criteria were
expanded to include individuals who became dizzy upon standing during the test, the
prevalence estimate increased to 18.2%. After reviewing data from seven studies of
generally healthy subjects older than 70, Low [66] estimated that the prevalence of OH is
10-30% in ambulatory subjects, but as much as 51.5% when the tests include increased
orthostatic challenge. Despite the wide range in overall prevalence estimates, all studies
consistently find that the prevalence of OH increases significantly with age [34,44,66,101].
These data suggest that OH is common even among otherwise healthy adults, and is even
more prevalent in patients with hypertension, brainstem lesions, or neurological diseases
such as Parkinson’s disease, multiple system atrophy and disorders that affect the release of
norepinephrine [66,95].

OH has been associated with falling [46,83,118] (but see [38]), cognitive decline [30,126],
cardiovascular morbidity, and mortality in the elderly [46,67,70]. In fact, after adjusting for
other risk factors, OH in the Honolulu cohort was shown to be a significant independent
predictor of four-year all-cause mortality [70]. This association has been replicated in
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another study population, in which all-cause mortality was 4.2% in subjects without OH, but
13.7% in OH patients [97].

OH patients usually seek medical attention for debilitating symptoms, and current treatment
focuses on improving patients’ functional capacity and quality of life, but not on treating the
disease itself [95]. Further research is needed to identify the neurotransmitters, modulators
and receptors mediating this important facet of physiological regulation. Such research will
be important for the development of more specific anti-hypertensive medications, and more
rational pharmacologic treatments for vestibulo-autonomic disorders that directly address
the disease process, thus potentially granting patients lifelong improvement. Receptor-
specific pharmacotherapeutics for postural hypotension would be a substantial gain over
current drug treatment options, which ameliorate some symptoms but which are often
contra-indicated in the high proportion of elderly with resting hypertension [61,95,96]. This
review is intended to highlight the current level of understanding of the chemical anatomy
and connectivity of the vestibulo-sympathetic pathways since those projections are clearly
important to the survival, and not just the wellbeing, of the population.
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Fig. 1.

Schematic diagram of the major cell groups mediating vestibulo-autonomic and baroreflex
pathways. Although there are vestibular projections to NTS and to CVLM, little converge of
this pathway with baroreflex signals occurs prior to processing in the RVLM. Abbreviations:
CVLM: caudal ventrolateral medullary region; IML: intermediolateral cell column; NTS:
solitary nucleus; RVLM: rostral ventrolateral medulla; VNCc: caudal vestibular nuclear
complex.
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Fig. 2.

IAA-RP immunofluorescence in the rat medulla. IAA-RP-immunopositive cell bodies are
present in the rostral ventrolateral medullary region (RVLM). Subpopulations of neurons in
other areas of the caudal brainstem are also |AA-RP-immunofluorescent, including the
facial motor nucleus (7), the spinal trigeminal nucleus (Sp5), pars compacta of nucleus
ambiguus (Amb). The inferior olivary complex (I0C) and solitary tract (sol) are identified
as landmarks. Midline is to the right. Scale bar: 200 gm.
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Fig. 3.

The distribution of IAA-RP-immunolabeled cells in the rat RVLM of one representative
subject. Labeled neurons in RVLM were mapped to transverse sections from the rat brain
atlas of Paxinos and Watson [80]. Bregma coordinates for each of the levels are indicated to
the left of each atlas section. The RVLM is shaded grey and individual stained neurons in
this subject are mapped as dots on the atlas drawings. The density of immunolabeled
neurons is consistent throughout much of the region, although lower densities are observed
at the rostral and caudal poles. No consistent medio-lateral or right-left asymmetries are
observed. Note that this map does not illustrate IAA-RP-immunostained cells in sites outside
the RVLM. Abbreviations (from [80]): 7, facial nucleus; 8n, VIlIth nerve roots; 12n, Xllth
nerve roots; Amb, nucleus ambiguus; Bo, Bétzinger complex; DMSp5D, dorsomedial spinal
trigeminal nucleus, pars dorsalis; DMSp5V, dorsomedial spinal trigeminal nucleus, pars
ventralis; ECu. external cuneate nucleus; icp; inferior cerebellar peduncle; IS, inferior
salivatory nucleus; IRt, intermediate reticular nucleus; Li, linear nucleus; LPGi, lateral
paragigantocellular nucleus; LRt, lateral reticular nucleus, ml, medial lemniscus; mif, medial
longitudinal fasciculus; MRVL, medial rostroventral lateral medulla; MVeMC,
magnocellular medial vestibular nucleus; MVePC, parvocellular medial vestibular nucleus;
PPy, parapyramidal nucleus; Pr, prepositus nucleus; PrBo, pre-Botzinger complex; py,
pyramidal tract; RM, raphé magnus; RO, raphé obscurus; RP, raphé pallidus; RVL, rostral
ventrolateral medulla; RVL/CVL, rostral/caudal ventrolateral medulla; RVRG, rostral
ventral respiratory group; sol, solitary tract; Sol, nucleus of the solitary tract; SpVe, spinal
vestibular nucleus; sp5, spinal trigeminal tract; Sp5I, spinal trigeminal nucleus pars
interpolaris; Sp50, spinal trigeminal nucleus pars oralis.
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Fig. 4.

The morphology of IAA-RP-containing neurons and processes in the RVLM. A-C: Most
IAA-RP-immunofluorescent somata in RVLM are 10-35 zm in diameter and are fusiform
or multipolar in shape. The immunostain is not usually distributed homogeneously in the
cytoplasm, but instead is concentrated in focal clumps in both the cell bodies and dendrites.
In fusiform neurons, these clumps are often observed at the polar regions of the perikaryon.
D: IAA-RP is present in processes in the RVLM. While most of these course rostro-
caudally, dorso-ventrally oriented IAA-RP-immunostained processes are also apparent
(arrows). Scale bar in D: 20 um for all panels.
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Fig. 5.

IAA-RP, TH and GABA immunofluorescence in the RVLM. A, B: TH-immunoreactive
neurons (feathered arrows) form a loosely organized cluster in the RVLM region. IAA-RP-
immunofluorescent cells (simple arrows) are present in the same RVLM region as the
catecholaminergic cells and fibers, but IAA-RP does not co-localize within the TH-positive
neurons. C-E: GABA-immunofluorescent processes and puncta (wands) are present
throughout the neuropil of the RVLM, and are contiguous with TH- (feathered arrows) and
IAA-RP (simple arrows)-immunofluorescent cell bodies and proximal dendrites. Scale bars:
400 pm (A); 20 um (B, D, E); 10 um (C).
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Immunofluorescence controls for secondary antibody cross-reactivity. Brainstem sections
were exposed to anti-imidazoleacetic acid-ribotide (IAA-RP; rabbit polyclonal; top row) or
anti-tyrosine hydroxylase (TH, mouse monoclonal 1gG2a; bottom row) followed a mixture
of anti-mouse 1gG2a-AlexaFluor 647 (left column) and species-specific anti-rabbit 1gG-
AlexaFluor 568 (right column) secondary antibodies. The same field is shown visualized for
long red (AlexaFluor 647, left column) and red (AlexaFluor 568, right column). Rabbit
(IAA-RP) labeled cells bind anti-rabbit secondary antibody (upper right) but not the anti-
mouse 1gG2a antibody (upper left). Tyrosine-hydroxlase labeled cells bind the anti-mouse
1gG2a secondary antibody (lower left) but not the anti-rabbit 1gG antibody (lower right).
Scale bar: 20 zm.
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Fig. 7.

PhaL-immunofluorescent vestibular axons in the RVLM. The vestibular axons (white) are
fine caliber and varicose, arborizing profusely in the RVLM. In this image, they ramify near
the cell bodies of neurons immunolabeled for glutamate (gray), used as a generic cell
marker. Scale bar: 20 zm.
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