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Abstract

Changes in head position and posture are detected by the vestibular system and are normally

followed by rapid modifications in blood pressure. These compensatory adjustments, which allow

humans to stand up without fainting, are mediated by integration of vestibular system pathways

with blood pressure control centers in the ventrolateral medulla. Orthostatic hypotension can

reflect altered activity of this neural circuitry. Vestibular sensory input to the vestibulo-

sympathetic pathway terminates on cells in the vestibular nuclear complex, which in turn project

to brainstem sites involved in the regulation of cardiovascular activity, including the rostral and

caudal ventrolateral medullary regions (RVLM and CVLM, respectively). In the present study,

sinusoidal galvanic vestibular stimulation was used to activate this pathway, and activated neurons

were identified through detection of c-Fos protein. The retrograde tracer FluoroGold was injected

into the RVLM or CVLM of these animals, and immunofluorescence studies of vestibular neurons

were conducted to visualize c-Fos protein and FluoroGold concomitantly. We observed activated

projection neurons of the vestibulo-sympathetic reflex pathway in the caudal half of the spinal,

medial and parvocellular medial vestibular nuclei. Approximately two-thirds of the cells were

ipsilateral to FluoroGold injection sites in both RVLM and CVLM and the remainders were

contralateral. As a group, cells projecting to RVLM were located slightly rostral to those with

terminals in CVLM. Individual activated projection neurons were multipolar, globular or fusiform

in shape. This study provides the first direct demonstration of the central vestibular neurons that

mediate the vestibulo-sympathetic reflex.
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INTRODUCTION

The vestibular system is a multifaceted sensorimotor integrative complex that is critical for

normal balance, equilibrium, spatial orientation, gaze stability, postural control and

compensatory autonomic adjustments in response to changes in posture and movement (for

reviews, see (Angelaki and Cullen, 2008; Holstein, 2012)). The peripheral receptors sense

head motion or head position in three-dimensional space, and convey this information to one

or more of the four main cell groups comprising the vestibular nuclear complex (VNC), as

well as to accessory vestibular nuclear groups and the cerebellum. Functionally, there are

five main vestibular effector pathways supporting the critical functions of the system:

vestibulo-ocular, vestibulo-spinal, vestibulo-colic, vestibulo-thalamo-cortical and vestibulo-

sympathetic “reflexes”. In the present study, we investigated VNC neurons that participate

in vestibulo-sympathetic pathways involved in the control of blood pressure.

Homeostatic control of blood pressure is mediated through the baroreflex, which transmits

baroreceptor signals to the solitary nucleus (Spyer, 1981), and from there to the caudal

ventrolateral medullary region (CVLM) and nucleus ambiguus. The CVLM gives rise to

both excitatory and GABAergic inhibitory projections to the rostral ventrolateral medulla

(RVLM) (Blessing, 1988; Jeske et al., 1995; Natarajan and Morrison, 2000), an area

containing presympathetic neurons that innervate the intermediolateral cell column in the

spinal cord (for reviews, see (Blessing, 2004; Guyenet, 2006; Pilowsky and Goodchild,

2002; Sved et al., 2003)). This pathway maintains homeostasis through constant negative

feedback activity. In contrast, the vestibular system appears to influence blood pressure

through a more direct and feed-forward mechanism that modulates blood pressure during

changes in posture with respect to gravity (e.g. when rising from a seated or lying position)

in order to maintain adequate blood flow to the brain (Dieterich and Brandt, 2010; Serrador

et al., 2009). The existence of a functional connection between the vestibular system and

blood pressure control mechanisms was hypothesized almost a century ago (Bradbury and

Eggleston, 1925) and is now supported by a body of basic and clinical research (see Figure

1).

It has been proposed that two general regions of the VNC give rise to vestibulo-sympathetic

pathways (Balaban and Yates, 2004). Connections with limbic and hypothalamic areas may

be derived from neurons located rostrally in the superior vestibular nucleus and medial

vestibular nucleus (MVN) (Balaban, 1996; Kerman et al., 2006). In contrast, vestibular

influences on blood pressure, heart rate, respiration and digestion reportedly originate from

cells in the caudal portion of MVN and in the spinal vestibular nucleus (SpVN). Early

studies found that the primary medullary targets of this latter pathway include subregions of

the solitary nucleus and the dorsal motor vagal nucleus, with only minor vestibular

projections noted in nucleus ambiguus, raphé magnus, RVLM and CVLM (Balaban and

Beryozkin, 1994; Porter and Balaban, 1997; Ruggiero et al., 1996; Yates et al., 1994).

However, the behavioral and cellular physiological studies suggest that vestibular and

baroreflex signals are integrated at the level of the RVLM (Yates and Bronstein, 2005; Yates

et al., 1994). Concordantly, our laboratory demonstrated a substantial direct projection from

the caudal VNC to the ventrolateral medulla (Holstein et al., 2011). Since these projections

could provide a scaffold for more direct modifications of sympathetic nerve activity as are
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required to compensate for rapid changes in posture and locomotion (for example, see

(Voustianiouk et al., 2006)), the present study was conducted to investigate the functional

activity of this caudal vestibulo-sympathetic pathway.

The VNC is comprised of a multiplicity of cell types. Subpopulations of this neuronal pool

have been parsed on the basis of location, cytoarchitecture, functional connectivity,

physiological signatures, chemoanatomy, and marker genes (Bagnall et al., 2007; Kodama et

al., 2012) (for review, see (Highstein and Holstein, 2006)). One approach that has been used

successfully to identify some types of stimulated vestibular neurons involves the

visualization of c-Fos, the protein product resulting from activation of the immediate early

gene c-fos. Using this approach, activated VNC neurons have been identified following

horizontal and vertical linear acceleration, Ferris wheel rotation, off-vertical-axis rotation,

centrifugation, spaceflight, and steps of galvanic vestibular stimulation (GVS) (Abe et al.,

2009; Baizer et al., 2010; Cai et al., 2007; Cai et al., 2010; Chen et al., 2003; Fuller et al.,

2004; Gustave Dit Duflo et al., 2000; Kaufman, 2005; Kaufman et al., 1992; 1993; Kaufman

and Perachio, 1994; Lai et al., 2004; Lai et al., 2008; Lai et al., 2006; Marshburn et al.,

1997; Pompeiano et al., 2002; Saxon et al., 2001; Tse et al., 2008; Zhang et al., 2005). We

previously examined c-Fos protein accumulation in neurons activated by low-frequency

binaural sinusoidal GVS (sGVS), an effective stimulus for the vestibulo-sympathetic reflex

(Cohen et al., 2011a; Cohen et al., 2013; Cohen et al., 2011b; 2012; Holstein et al., 2012),

and found activated vestibular neurons in SpVN, MVN, and a small medial area of the

superior vestibular nucleus. The highest density of sGVS-activated c-Fos-positive vestibular

neurons was observed in MVN; immunolabeled cells were distributed throughout the entire

rostro-caudal extent of this nucleus, although they were predominantly located in the caudal

and parvocellular regions (Holstein et al., 2012). The present study was conducted to

determine whether sGVS-activated VNC neurons have direct projections to RVLM and/or

CVLM. By combining functional mapping and classical tract tracing, we sought to identify

the VNC neurons of the vestibulo-sympathetic pathway involved in blood pressure control.

MATERIALS AND METHODS

All experiments were approved by the Institutional Care and Use Committee at Mount Sinai

and were conducted in accordance with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals (Eighth Edition, 2011). Twenty adult male Long-Evans rats

(Harlan Laboratories, MA) weighing 300–400g were used for these studies. Ten of these

animals received tracer injections and sGVS stimulation, and were used for double-label

immunofluorescence studies of activated vestibular projection neurons. An additional eight

rats were used for sGVS/c-Fos control studies: four of these rats received sGVS stimulation

and the other four did not. The remaining two rats were used for technical purposes such as

screening primary antibodies, determining optimal antibody dilutions and assessing

secondary antibody sensitivities.

sGVS—Ag/AgCl needle electrodes (BAK) connected to a computer-controlled current

stimulator (Cohen et al., 2011a) were inserted under the skin over the mastoids, behind the

external auditory meati of isoflurane-anesthetized (4% induction; 2% maintenance) animals.
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An individual sGVS stimulus consisted of a set of five cycles of binaural current given at 2

mA and a frequency of 0.025 Hz. This stimulus was repeated 5 times with three min rest

periods between repetitions. Rats were then allowed to recover from anesthesia and were

euthanized by perfusion with mixed buffered aldehydes under isoflurane anesthesia 90 min

after the cessation of the last stimulus.

sGVS controls—Control rats for the sGVS stimulation did not receive FluoroGold

injections. These subjects were anesthetized and positioned in the cylindrical holder for

sGVS testing. Ag/AgCl needle electrodes were placed and connected to the current

stimulator as described above, but no current was applied. All subsequent animal and

immunoperoxidase tissue treatments were identical for the sGVS-stimulated and non-

stimulated subjects. Immunoperoxidase-diaminobenzidine was used for detection of c-Fos in

these sections because it is generally a more sensitive detection system than routine

immunofluorescence. The number of c-Fos-positive cells in MVN and in SpVN were

counted using 50 μm thick Vibratome sections between Bregma −12.6 and −11.4 from four

sGVS-stimulated and three non-stimulated control rats. Sections from each animal were at

least 250 μm apart, and counts from the two sides of the brainstem were combined. The

mean number of cells/section/VNC region for each animal was used for statistical analysis.

Since inspection revealed an obvious dependence of group standard deviation on the group

mean, data were log-transformed for the t-test comparisons.

Blood pressure and heart rate measurements—Peripheral blood pressure was

measured by photoplethysmography (PPG), a non-invasive optical technique used to detect

blood volume changes at the surface of the skin using a small sensor clamped on a paw

(Holstein et al., 2012). The PPG signal is composed of two major factors: peripheral blood

pressure and vasoconstriction (Imholtz et al., 1991). This signal was passed through a

bandpass filter that augmented the heart beat component, and then the high frequency noise

was removed offline. Previous studies (Cohen et al., 2011a) have demonstrated that changes

in blood pressure and heart rate can be detected using PPG data.

In the present study, PPG was used to verify that the sGVS stimulus exerted an impact on

sympathetic activity. Previous studies have shown that GVS activates the vestibular nerve

(for review, see (Curthoys, 2010)), and have documented the effects of parametric variation

of sGVS on heart rate and blood pressure, the range and magnitude of responses elicited by

these stimuli, and the influence of anesthesia on these autonomic responses (Cohen et al.,

2011a; Cohen et al., 2013). The degree of specificity of low frequency 2 mA sGVS for

activating vestibulo-sympathetic pathways has also been addressed previously (Cohen et al.,

2011b; 2012; Curthoys and MacDougall, 2012), and the ability to visualize sGVS-activated

neurons using c-Fos localization has been demonstrated (Holstein et al., 2012). All 10

experimental animals used for the double label immunofluorescence study showed

modulations in heart rate and blood pressure associated with the sGVS stimulation,

reflecting stimulus-specific activation of the vestibulo-sympathetic pathway.

Tracer injections—Each animal was anesthetized with isoflurane (4% induction, 2%

maintenance), shaved and secured in a computer-assisted stereotaxic frame (Leica Angle

Two™, Leica Microsystems, St Louis, MO). The animal was kept normothermic by resting it
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on a heating pad regulated by feedback from a rectal thermometer. The eyes were kept moist

with an ophthalmic ointment, and an analgesic was administered preemptively (Buprenex

0.05mg/kg, SQ; Reckitt Benckiser Pharmaceuticals; Richmond VA). The animal was then

prepared for aseptic surgery by draping it and disinfecting the head and neck with Povidone.

A midline incision was placed from the top on the skull to the atlas region. The periosteum

was removed and the occipital bone and the atlanto-occipital membrane were exposed by

blunt dissection and retraction of the neck muscles. A glass pipette (tip OD: ~20–25 μm)

filled with 2% FluoroGold diluted in saline (Fluorochrome, LLC, Denver, CO) was mounted

on the Angle Two dorsoventral drive (DV) tilted 45° over the horizontal plane. After

entering the target coordinates for RVLM (ML: ±2.34; AP: −12.24; DV: −10.21) or CVLM

(ML: ±22; AP: −12.80; DV: −10.0) (Paxinos and Watson, 2009) in the computer, the pipette

tip was positioned at Bregma. Using computer assistance, the Angle Two AP and ML drives

were then adjusted and the pipette was advanced toward the target area in the brainstem via

a small burr hole (~2 mm in diameter) drilled at ML ± 2.3 mm and slightly above the

atlanto-occipital membrane. The tracer was iontophoresed for 10 min at +5 μA (7 sec on, 7

sec off). At the end of the iontophoresis, the pipette was left in situ for 2 min and then

slowly withdrawn. After the injection, the neck muscles were approximated with interrupted

stitches (4.0 silk) and the skin was closed with surgical clips. The rat received 3 ml of sterile

saline SQ at the end of the procedure. The analgesic Buprenex was administered (SQ, 0.05

mg/kg) twice a day for three days. Animals were allowed to recover for 10 days before the

terminal experiment was conducted.

Tissue harvesting and processing

Perfusion, fixation and tissue sectioning—While peak c-Fos protein accumulation

has been demonstrated 90 – 240 min after stimulation, most studies report maximal

expression at 90–120 min and decreased expression at shorter and longer times (for reviews,

see (Durchdewald et al., 2009; Kovács, 2008)). For this reason, rats were anesthetized with

isoflurane and perfused transcardially 90 min after the completion of the sGVS stimulation

with 100 ml of 37°C 10 mM phosphate buffered saline (PBS) followed by 500 ml of 4%

paraformaldehyde/0.2% glutaraldehyde fixative in 0.1M phosphate buffer (pH 7.4) at room

temperature. Brains were harvested immediately after perfusion, cut into blocks using an

adult rat brain coronal matrix (Ted Pella, Inc.; Redding, CA), and stored at 4°C in PBS with

0.02% NaN3. A vibrating microtome was then used to cut the blocks into 50 μm thick serial

sections that extended through the entire VNC and ventrolateral medullary region. These

sections (usually about 120 per animal) were stored in PBS with 0.02% NaN3 at 4°C.

Anatomical boundaries—The presence and location of the four main vestibular nuclei

(spinal, medial, lateral and superior) were determined for each tissue section by comparison

of the anatomical landmarks present on the dorsal aspect of the section with standard atlas

sections (Paxinos and Watson, 2005). The boundaries of the RVLM and CVLM were

determined in each tissue section by comparison of the structures present ventrally in the

section with published maps and atlases of those regions (Bourassa et al., 2009; Card et al.,

2006; Goodchild and Moon, 2009; Paxinos and Watson, 2005; 2009). Utilizing the most

conservative estimates based on these published maps, we identified the RVLM as the 1 mm

rostrocaudal region extending from approximately 11.8 mm to 12.8 mm caudal to Bregma.
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The other dimensions of the region were defined by a triangle with pars compacta of nucleus

ambiguus at the apex, and the ventral surface of the medulla 1.4 and 2.2 mm lateral to the

midline as the two other geometric points. The CVLM region was also defined by

anatomical coordinates, and extended from 12.8 mm to 13.6 mm caudal to Bregma. As

previously noted (Goodchild and Moon, 2009), these regions correspond well with

published functional and physiological maps of RVLM and CVLM.

Primary antibodies—Three commercial antibodies against c-Fos were evaluated for this

study: two rabbit polyclonal antisera (Santa Cruz Biotechnology, Cat.# sc-253; Calbiochem,

Cat.# PC38), and one rabbit polyclonal antiserum directly conjugated with AlexaFluor 488

(Santa Cruz Biotechnology, Cat.# sc-253 AF488) (Table 1). All three reagents stained the

same VNC regions and cells. With our tissue fixation and processing conditions, however,

the unlabeled polyclonal sera provided more robust labeling than the AlexaFluor 488-tagged

polyclonal antiserum. Results using the two unlabeled polyclonal sera were

indistinguishable. All data for this report were obtained using the rabbit anti-c-Fos

polyclonal antiserum from Santa Cruz Biotechnology (Cat.# sc-253) diluted 1:500. In

addition, some tissue sections were exposed to a mixture of this rabbit polyclonal antibody

preabsorbed with blocking peptide Santa Cruz Biotechnology (Cat. sc-#253P) as a control

for nonspecific staining. No label was present in these sections. FluoroGold was visualized

using a commercial rabbit polyclonal antiserum (Millipore Cat. #AB153) to boost the

fluorescence signal of this reagent. Both the c-Fos and FluoroGold primary antibodies

provided staining of VNC regions and cells that conformed to previous publications

(Holstein et al., 2011; Holstein et al., 2012).

Immunoperoxidase/diaminobenzidine staining—Vibratome sections were immersed

in blocking buffer (BB: PBS containing 10% normal goat serum, 0.1% Triton X-100 and

0.02% NaN3) for 4 – 6 h or overnight and then treated with anti-FluoroGold antibody

(1:5000 in BB; 12 – 18 h) followed by PBS rinses (6 changes over 4 – 6 h) and peroxidase-

conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Cat.

#111-035-144; 1:2000 in BB without NaN3). Sections were then rinsed in PBS (6 changes

over 2 h) and incubated in 0.1M Tris buffer (pH 7.6) containing 0.5 mg/ml

diaminobenzidine (DAB; Sigma D-5905; St. Louis, MO) with 0.01% H2O2 for 5–10 min at

room temperature. The staining was stopped by multiple PBS rinses.

Immunofluorescence—Tissue sections were processed for immunofluorescence

detection of c-Fos and FluoroGold, as well as DAPI staining to visualize the location and

approximate size range of neuronal nuclei. Since both primary antibodies were raised in the

same species - rabbit - we employed layered sequential applications of primary and

secondary antibodies, using an Fab fragment secondary antibody to bind to the first primary

in order to limit cross-reactive binding. Briefly, sections were exposed in the first layer to

rabbit anti-c-Fos primary followed by labeled Fab fragment anti-rabbit IgG secondary. After

blocking in high-concentration unlabeled Fab fragment anti-rabbit secondary, sections were

exposed to rabbit anti-FluoroGold followed by anti-rabbit IgG secondary antibody labeled

with a different fluorochrome.
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Additional controls included tissue sections labeled with both secondaries but only one

primary antibody, sections labeled with one or both secondaries but no primaries, and

sections treated with the blocking and rinsing steps, but no antibody incubations. Each

secondary antibody bound solely to its appropriate primary antibody; there was no binding

to the inappropriate primary reagent. In addition, all of the immunofluorescence-stained

sections contained profiles that were stained by only one of the colors in the specimen’s

secondaries mixture (see for example Figures 9 – 11). This provided further assurance

within each individual section that only one secondary antibody bound to each primary

antibody and therefore that secondary antibody cross-reactivity was insignificant.

All steps were performed at room temperature with agitation on an orbital shaker. Free-

floating sections were pre-incubated for 3 – 6 h in BB; incubated for 12 – 18 h in rabbit anti-

c-Fos primary antibody (1:500 in BB); washed for 4 – 8 h in multiple changes of PBS;

incubated for 12 – 18 h in AlexaFluor®- or DyLite®-conjugated goat anti-rabbit IgG (H+L)

secondary antibody Fab fragment (8 μg/ml in BB; JacksonImmunoResearch); washed for 4

– 8 h in multiple changes of PBS; fixed briefly with paraformaldehyde; washed again;

exposed 12 – 18 h to unlabeled Fab fragment goat anti-rabbit IgG (20 μg/ml in BB;

JacksonImmunoResearch); washed; treated 12 – 18 h with rabbit anti-FluoroGold primary

antibody (1:400 in BB); washed; and treated with AlexaFluor-conjugated goat anti-rabbit

IgG (H+L) (1:400 in BB; Invitrogen). Following this staining, sections were immersed in

DAPI solution (300 nM in PBS) for 30 min. After the final washes, all sections were

mounted on glass slides and coverslipped using Prolong (Invitrogen) mounting medium.

Since we have experienced varying degrees of sensitivity among secondary antibodies, we

used several different secondary antibodies and several alternative fluorochromes (in

different sections) to detect each primary antibody.

Microscopy, stain analysis and image preparation—Sections were examined and

images were acquired with a Zeiss Axioplan2 microscope equipped with structured

illumination (ApoTome). The intensity of c-Fos staining in different subsets of labeled

neurons was not compared or quantified in the sGVS stimulated animals because stain

intensity levels were not calibrated in this study.

An estimate of the proportion of FluoroGold-filled vestibular neurons that also contained c-

Fos labeling was obtained from images of immunofluorescence-stained sections. All

FluoroGold-positive/c-Fos-positive and FluoroGold-positive/c-Fos-negative cells were

counted in images from immunofluorescence-stained sections containing at least one

double-labeled vestibular neuron. Images from six experiments, utilizing tissue sections

from all 10 tracer-injected rats, were examined. Sections from the same animal were

separated by at least 250 μm to avoid counting the same neuron twice.

Publication images were prepared using Adobe Photoshop and Illustrator CS6. Adjustments

of brightness and contrast were accomplished with the Photoshop Levels and Curves tools

applied equally to all parts of each image. For these adjustments, the levels intensity check

function was used to optimize the image data range by clipping the background field to zero

intensity, with the darkest specimen values just above zero. The curves tool was then used to

optimize contrast and tonal mapping. The levels tool was then used again, solely as a
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diagnostic, to double check for saturation regions. We did not utilize the Photoshop

Autolevels function because this imprecisely uses percentages to judge clipping levels.

Atlas data—The Bregma levels of all stained sections were estimated by comparing the

anatomical landmarks with standard rat brain atlas sections (Paxinos and Watson, 2005).

Sections stained by immunoperoxidase to identify the FluoroGold injection site were

imaged, and the location of the injection site and tracer diffusion penumbra in each animal

was plotted manually on brainstem drawings made from these atlas sections. Similarly, all

double-labeled (c-Fos and FluoroGold-immunofluorescent) vestibular neurons were imaged

and mapped onto standard atlas templates. Data from five rats with injections within RVLM

were pooled, as were the data from five rats with injections into CVLM.

RESULTS

Low frequency binaural sGVS was used to stimulate the vestibular nerve and activate the

vestibulo-sympathetic pathway. Activated vestibular neurons were observed using

immunofluorescence detection of c-Fos in representative Vibratome sections spanning the

entire rostro-caudal extent of the VNC. As previously reported, following sGVS, c-Fos-

labeled vestibular neurons were observed in SpVN, caudal MVN, throughout the

rostrocaudal extent of parvocellular MVN (Fig. 2), and in a small medial wedge of the

superior vestibular nucleus (Holstein et al., 2012).

The utility of c-Fos staining for visualizing functionally activated vestibulo-sympathetic

pathways was assessed using series’ of brainstem sections from sGVS-stimulated and non-

stimulated control animals. These tissue sections were processed contemporaneously for

immunoperoxidase-DAB immunolabeling, using the same reagents and incubation periods.

The glass slide-mounted sections were imaged using the same photomicroscopic conditions,

and the subsequent image processing utilized the same decision rules for adjustments of

image brightness and contrast. In comparison to the labeling observed in the VNC of sGVS-

stimulated rats, brainstem sections from control animals that did not receive sGVS

stimulation showed negligible c-Fos immunoreactivity in the vestibular nuclei (Table 2).

However, some neurons of the solitary nucleus, gigantocellular reticular nucleus, nucleus

ambiguus and the RVLM were immunolabeled in both sGVS-stimulated and non-stimulated

control rats (Fig. 3). This labeling presumably reflects ongoing homeostatic neural activity,

including the baroreflex, in these cell groups. The few neurons that were immunolabeled in

the vestibular nuclei of the non-stimulated rats were scattered throughout the VNC and

comprised no more than 4 cells/region/DAB-stained section.

In order to determine whether vestibular neurons directly contribute to pathways controlling

blood pressure and heart rate, small iontophoretic injections of the retrograde tracer

FluoroGold were placed in the RVLM or CVLM (Fig. 4). FluoroGold was selected as the

retrograde tracer based on published reports of its sensitivity, uni-directional transport, and

comparatively low probability of uptake by fibers of passage (Raju and Smith, 2006;

Schofield, 2008).
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Rats were euthanized 10 days after the tracer injection, and a series of Vibratome sections

through the caudal medulla, one every 250 μm, was processed for immunoperoxidase

labeling of the FluoroGold. The injection site and diffusion penumbra in each rat were then

visualized by brightfield microscopy, and mapped onto standard brainstem atlas templates

(Paxinos and Watson, 2005). Examples of the tracer injection and diffusion maps in CVLM

and RVLM are shown in Figure 5. The full rostro-caudal extent of the injection and

penumbra in each of the 10 rats used in this study is presented in Table 3.

Brightfield analysis of these sections confirmed that FluoroGold-filled cell bodies in the

VNC are primarily located in the caudal and parvocellular MVN and in SpVN, with a few

occasional scattered neurons observed more rostrally in MVN and the superior vestibular

nucleus (Fig. 6). Retrogradely filled neurons were not observed in magnocellular MVN.

Three cytological types of VNC neurons contained FluoroGold: multipolar (Fig. 6A, B-

right, and D), globular (Fig. 6B-left, C and G), and fusiform (Fig. 6E, F and H). These three

cell types were not topographically segregated, and were distributed widely through the

regions described above. As a group, the multipolar neurons appeared to have the largest

cell bodies and largest nuclei, with numerous processes emerging from the somata and

multiple secondary and tertiary dendritic branches. The globular neurons were smaller,

spheroid, and had fewer primary dendritic processes. The spindle-shaped fusiform neurons

had processes emanating from the two tapered ends of the soma, as is seen in cerebral

cortex.

The present study tested the hypothesis that sGVS-activated vestibular neurons have direct

projections to the RVLM or CVLM. To evaluate this, rats received unilateral iontophoretic

FluoroGold tracer injections in one of the two ventral medullary sites, and 10 days later

received sGVS stimulation 90 min prior to euthanasia. Tissue sections through the vestibular

nuclei were immunostained for c-Fos and FluoroGold and then examined for evidence of co-

localization of the two markers. Double-labeled cells were interpreted as neurons that were

activated by sGVS and sent direct projections to the RVLM or CVLM; such cells were

designated “activated projection neurons”.

Activated projection neurons were concentrated in the caudal half of SpVN, caudal MVN,

and the caudalmost region of parvocellular MVN. Approximately 78% of the retrogradely

filled neurons in this region were also cFos-positive. Activated projection neurons with

projections to RVLM (Fig. 7) were found primarily between Bregma −10.80 and −12.84.

The highest density of double-labeled neurons was seen at approximately Bregma −11.64,

with the majority of activated projection neurons observed at or rostral to this level. While

activated projection neurons with terminals in CVLM shared the same overall rostrocaudal

distribution (Fig. 8), they were most highly concentrated at Bregma −11.88, and were

predominantly located at or caudal to that level. Activated projection neurons with ipsilateral

projections were approximately twice as prevalent as those with contralateral terminals in

either RVLM or CVLM.

Figures 9–11 illustrate double-labeled cells from each of the two VNC regions projecting to

RVLM (Figs. 9 and 10) or CVLM (Fig. 11). All three morphological types of cells observed

using retrograde tracing alone were double labeled in SpVN and sent direct projections to
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the RVLM (Fig. 9). There were no differences in the cytology of SpVN neurons with

ipsilateral (Fig. 9A–D) vs contralateral (Fig. 9E, F) projections. Similarly, there were

fusiform (Fig. 10A), multipolar (Fig. 10B, D), and globular (Fig. 10C, D) activated cells in

MVN that had direct projections to the ipsilateral (Fig. 11A, B) or contralateral (Fig. 11C,

D) RVLM. These three cell types were also identified in SpVN (Fig. 11A–D) and MVN

(Fig. 11E–H) projections to ipsilateral (Fig. 11A, B, E and F) and contralateral (Fig. 11C, D,

G, and H) CVLM. Together, these findings demonstrate that all vestibular activated

projection neurons with ipsilateral and contralateral projections to RVLM or CVLM are

small or medium size neurons (10–20 μm diameter) with multipolar, globular or fusiform

cytology that are widely distributed throughout the caudal half of SpVN and parvocellular

MVN.

DISCUSSION

It is currently understood that arterial baroreceptors participate in a regulatory feedback

mechanism that maintains sympathetic tone through the baroreflex while signals from the

vestibular end organs drive a more direct feed-forward mechanism that alters blood pressure

to counteract the impact of a change in posture on blood flow to the brain (for review, see

(Yates and Bronstein, 2005)). By analogy to the better-characterized vestibulo-ocular and -

spinal reflexes, this pathway mediating orthotension is often referred to as the vestibulo-

sympathetic reflex. The present study provides the first direct visualization of neurons in the

MVN and SpVN that are activated by low frequency sGVS and send direct projections to

the RVLM or CVLM. We interpret these activated vestibular projection neurons as the

central cells of the vestibulo-sympathetic reflex.

Modulations in systemic blood pressure are monitored by baroreceptors in the carotid body

and aortic arch. Second order neurons of this baroreflex pathway are located in the solitary

nucleus (Spyer, 1981), which sends major projections to the CVLM, and a smaller direct

input to the RVLM. The RVLM provides the main excitatory input to preganglionic

sympathetic neurons in the intermediolateral cell column of the spinal cord involved in the

control of blood pressure (Blessing, 2004; Card et al., 2006; Dampney, 1994; Dampney et

al., 1982; Guyenet, 2006; Lipski et al., 1995; Pilowsky and Goodchild, 2002; Reis, 1996;

Reis et al., 1988; Ross et al., 1984a; Ross et al., 1984b; Sved et al., 2003; Willette et al.,

1983). The CVLM, in contrast, provides both excitatory and inhibitory input to the RVLM

(Blessing, 1988; Dampney et al., 2003; Guyenet, 1990; Heesch et al., 2006; Holstege, 1989;

Jeske et al., 1995; Natarajan and Morrison, 2000; Pilowsky and Goodchild, 2002;

Schreihofer et al., 2005; Stocker et al., 1997), as well as catecholaminergic projections to the

hypothalamus and basal forebrain (Chan and Sawchenko, 1998; Cravo et al., 1991;

Schreihofer and Guyenet, 2002). Accordingly, cells in the RVLM and CVLM have distinct

and diverse roles, extending well beyond the basic circuitry of the baroreflex.

Postural adjustments detected by vestibular receptors, particularly movements involving

alterations in head and body position with regard to gravity, evoke sympathetic responses

(Carter and Ray, 2008; Tanaka et al., 2009). In humans, caloric vestibular stimulation (Cui

et al., 1997), head pitch (Ray and Carter, 2003; Ray et al., 1998) and GVS (Bent et al., 2006;

Grewal et al., 2009; James and Macefield, 2010; Voustianiouk et al., 2004; Voustianiouk et
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al., 2006) have all been demonstrated to alter sympathetic nerve activity (SNA) (for review,

see (Yates and Bronstein, 2005)). Similarly, linear acceleration causes transient changes in

blood pressure and blood flow (Cui et al., 1999; Serrador et al., 2009) that are attenuated in

patients with bilateral vestibular deficits (Yates et al., 1999). Otolith activation by off-

vertical-axis rotation produces an increase in muscle SNA in-phase with the component

associated with head-up tilt and a decrease in this activity corresponding to the head-down

tilt component (Kaufmann et al., 2002). Together, these studies demonstrate the existence of

a functional connection between the vestibular system, particularly the otolith organs, and

the sympathetic nervous system.

Among these functional connections, one of the better understood is the vestibular influence

on blood pressure (Yates, 1996). 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 (Doba and Reis, 1974). These findings were

subsequently replicated in unanesthetized animals (Abe et al., 2008; Etard et al., 2004; Jian

et al., 1999; Nakamura et al., 2009). Moreover, otolith-specific stimulation achieved through

linear acceleration (Abe et al., 2009; Yates et al., 1999) or head-up tilt increases SNA (Yates

and Miller, 1994) and elevates blood pressure (Woodring et al., 1997), while nose-down

stimulation decreases such activity (Nakamura et al., 2009) in experimental animals.

Similarly, numerous studies have reported that SNA increases during electrical stimulation

of primary vestibular afferents (Cobbold et al., 1968) (for review, see (Yates and Bronstein,

2005)). Thus, data from both humans and experimental animals, including rodents, indicate

that vestibular nerve activity contributes to the control of blood pressure (Ray, 2000).

However, whereas the effects of bilateral labyrinthectomy on blood pressure control are

transient (Yates and Miller, 2009), ablation of the caudal VNC permanently eliminates the

decrease in blood pressure that is normally elicited by caloric stimulation (Uchino et al.,

1970). This suggests that the caudal VNC is a key site for organizing vestibular (and other

sensory) influences on the vestibulo-sympathetic reflex, and is not simply a passive relay.

The present study demonstrates that activated projection neurons of the vestibulo-

sympathetic reflex are located in the caudal SpVN, caudal MVN and caudal half of the

parvocellular MVN. There is a general topography in the distribution of these activated

projection neurons since the cell bodies with terminals in the RVLM are as a group located

somewhat more rostrally to those with projections to CVLM. This is noteworthy because the

RVLM is the most likely site of convergence of the baroreflex and vestibulo-sympathetic

reflex. Although mono- and poly-synaptic pathways from the VNC to CVLM and the

solitary nucleus as well as RVLM have been demonstrated (Balaban and Beryozkin, 1994;

Holstein et al., 2011; Porter and Balaban, 1997; Ruggiero et al., 1996; Yates et al., 1994), so

that convergence of the baroreflex and the vestibulo-sympathetic reflex could happen at any

of these sites, functional interactions do not appear to occur in the solitary nucleus or

CVLM. Vestibular and baroreceptor terminals fields in the solitary nucleus are largely

separate, and lesions there have little effect on sympathetic activity elicited by electrical

stimulation of the vestibular nerve (Balaban and Beryozkin, 1994; Steinbacher and Yates,

1996; Yates et al., 1994; Yates and Miller, 1994). In addition, despite the presence of

vestibular terminals in both the solitary nucleus and CVLM, neither cell group responds
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appreciably to vestibular nerve stimulation. Thus, the solitary nucleus appears to be more

functionally specific to the baroreflex (Kerman and Yates, 1998), while CVLM participates

in both baroreflex and more complex circuitry in medullary and higher brainstem and

forebrain sites. In contrast, RVLM neurons receive significant convergent baroreceptor and

vestibular input (Yates and Bronstein, 2005) and inactivation of the RVLM abolishes

vestibular nerve stimulation-elicited effects on sympathetic nerve activity (Yates et al.,

1995). The present finding that activated projection neurons of the vestibular-sympathetic

reflex with projections to RVLM are located more rostrally in the VNC than those to CVLM

supports the notion that RVLM and CVLM subserve different functions, and extends this

idea to include possible differences in VNC input. One possibility in this regard is that

vestibular projections convey a direct, shorter latency input to RVLM to accomplish more

rapid changes in blood pressure in response to changes in posture, while the projections to

CVLM support a longer latency pathway that distributes vestibular information more widely

to the brainstem, hypothalamus and telencephalon. The existence of both short- and long-

latency vestibulo-sympathetic reflex pathways has already been suggested on the basis of

sympathetic nerve recordings in humans (Voustianiouk et al., 2006).

The present study found that activated projection neurons comprise a large subset of all cells

activated by sGVS. GVS has been used for over a century to activate the vestibular system

(for review, see (Curthoys, 2010)) without stimulating body tilt receptors or other sensory

systems such as proprioception. The cathodal stimulus preferentially activates vestibular

afferents with irregular spontaneous firing rates (Goldberg et al., 1984; Minor and Goldberg,

1991), while afferents are inhibited at the anode (for review, see (Fitzpatrick and Day,

2004)). Although the entire labyrinth is activated (Carter and Ray, 2008; Goldberg et al.,

1984), the low frequency characteristics of the current steps and the perceptual, ocular, and

postural responses that are elicited indicate that the predominant activation is otolithic

(Cohen et al., 2011b; 2012; Ray et al., 1998), although semicircular canal-related activity

has also been reported (Curthoys and MacDougall, 2012; Shanidze et al., 2012). Macefield

and colleagues have clearly demonstrated that sGVS modulates muscle SNA in humans

(Bent et al., 2006; Grewal et al., 2012; Grewal et al., 2009; Hammam et al., 2012; Hammam

et al., 2011; James and Macefield, 2010; James et al., 2010), further substantiating the utility

of this stimulus in activating the VSR.

In the present study, sGVS-activated neurons were visualized using c-Fos immunolabeling.

In addition to the activated projection neurons containing labels for both c-Fos and the

retrograde tracer, some vestibular neurons in tissue from each animal were c-Fos-positive,

but lacked FluoroGold immunofluorescence. Since these data were based on tissue from rats

receiving unilateral tracer injections into RVLM or CVLM, many of these single-labeled

neurons are likely to be activated projection neurons with ipsilateral projections on the non-

injected side of the ventrolateral medulla. However, some c-Fos-positive/FluoroGold

negative cells were located more rostrally in parvocellular MVN. These neurons may

participate in the projections to the parabrachial nuclei that have been proposed to integrate

visceral, emotional and vestibular signals (Balaban, 1996; Kerman et al., 2006).

Our study revealed that activated projection neurons of the vestibulo-sympathetic reflex are

scattered throughout the caudal MVN, caudal parvocellular MVN, and caudal SpVN. They

Holstein et al. Page 12

J Comp Neurol. Author manuscript; available in PMC 2015 June 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



were not preferentially located in the periventricular zone, as has previously been suggested

(for review, see (Balaban and Yates, 2004), and were not observed in clusters. As noted

above, it is likely that the activated projection neurons receive substantial input from the

otolith organs, and probably convergent semicircular canal signals. It has been demonstrated

in a number of species that VNC neurons receiving otolith-only or convergent otolith and

canal input are widely distributed in the VNC (McArthur et al., 2011) (for review, see

(Newlands and Perachio, 2003)). This is in contrast to the horizontal and vertical vestibulo-

ocular reflex-related neurons, which are located in discrete, circumscribed clusters (for

review, see (Holstein, 2012)). The widespread distribution of activated projection neurons in

the caudal VNC appears to reflect the dispersion of otolith-related inputs to this region.

Three very different morphological types of activated projection neurons were observed in

this study: multipolar, spherical and fusiform. Based on the success in parsing function by

cytology in regions as diverse as the cerebral cortex, neostriatum, thalamus, cerebellum, and

spinal cord, we sought to determine whether these three cell types differed in their

projections to RVLM vs CVLM, and/or to the ipsilateral vs contralateral medulla. No such

differences were observed. One possible explanation for this is that, as in numerous classical

neuroanatomical studies of the VNC, cytology alone is not a definitive factor in

distinguishing functional pathways in the central vestibular system. However, cytology has

been used to some advantage in identifying functional connections in the vestibulo-ocular

reflex pathways, as well as in oculomotor-related cell groups (for reviews, see (Büttner-

Ennever, 2007; Highstein and Holstein, 2006)). Thus, an alternative and perhaps more likely

explanation is that the observed cytological differences correlate with other attributes of the

vestibulo-sympathetic reflex-related neurons such as neurotransmitter content, intracellular

second messenger systems, and/or neuromodulatory functions.

Methodological considerations

Control experiments for this study included controls for each reagent of the immunolabeling

process, and controls for cfos activation associated with non-vestibular aspects of the sGVS

stimulation paradigm such as stress, handling, electrode placement, and anesthesia. The

distribution of c-Fos-labeled cells in this study was qualitatively similar to our previous

findings in rats that did not receive FluoroGold injections (Holstein et al., 2012), suggesting

that the tracer injection itself did not cause retrograde neuronal degeneration of vestibular

neurons, as has been reported in other regions following injections of higher FluoroGold

concentrations (Franklin and Druhan, 2000).

The sGVS stimulation was conducted ten days after the FluoroGold tracer injection. Since

peak c-fos gene activation occurs approximately 30 min after stimulation, and then rapidly

declines, it is not likely that the c-Fos protein visualized in this study is attributable to the

tracer injection that occurred 10 days earlier. Moreover, the retrograde tracing observed in

the present study was comparable to that previously reported (Holstein et al., 2011) so,

conversely, the retrograde tracer itself does not appear to be impacted by sGVS stimulation.

One conceivable interaction effect, however, is the possibility that the arrival or presence of

the FluoroGold tracer in the cell body could itself activate the cfos immediate early gene. In

our system, however, this is not likely since we observe FluoroGold-positive/c-Fos-negative
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neurons in the reticular formation of the same sections that contain double-labeled vestibular

neurons.

Approximately 22% of the retrogradely-filled vestibular neurons in double-labeled tissue

sections for this study did not show c-Fos labeling. It is possible that there is a parallel

pathway from the vestibular nuclei to R/CVLM that does not respond to sGVS, or that some

such vestibular cells were not adequately activated by the sGVS stimulus to produce c-Fos

protein sufficient for immunofluorescence detection. In addition, it is conceivable that some

FluoroGold-only vestibular cells are activated by sGVS, but do not accumulate c-Fos protein

because they are rapidly inactivated, most likely by cerebellar Purkinje cell inhibition

(Courjon et al., 1987). In fact, it has been reported that neurons receiving substantial tonic

inhibitory input do not accumulate c-Fos protein (Chan and Sawchenko, 1994).

Nevertheless, the majority (78%) of the FluoroGold-filled somata in the caudal vestibular

nuclei were activated by sGVS.

Isoflurane inhalation anesthesia was used for all experiments of the present study. There is

some evidence that c-fos gene expression is affected by general anesthetics, resulting in

increased immediate early gene activity in autonomic nuclei (Hamaya et al., 2000; Roda et

al., 2004; Takayama et al., 1994). For example, after 2 hrs exposure to urethane or chloral

hydrate anesthesia, both administered i.p., Fos protein expression increased in autonomic

brainstem regions associated with blood pressure control in rats (Rocha and Herbert, 1997).

However, Fos protein expression remained near baseline after intramuscular ketamine/

xylazine administration. When sodium nitroprusside was infused (i.v.) in the ketamine/

xylazine anesthetized animals, arterial blood pressure dropped approximately 20 mmHg as

expected, and increased numbers of Fos-immunoreactive neurons were subsequently

observed in several autonomic nuclei, including the solitary nucleus and ventrolateral

medulla. Fos-related immunoreactivity in tissue sections from saline-injected controls was

comparable to that of animals receiving ketamine/xylazine injections alone. This study

suggests (a) that different anesthetics exert different effects on c-fos activation and c-Fos

protein expression, and (b) that decreases in blood pressure, as often observed with sGVS,

can be accompanied by increased numbers of Fos-immunolabeled neurons in appropriate

brainstem regions.

Nevertheless, previous investigators have not found differences between the number of Fos-

positive neurons present in limbic areas of brainstem and cerebral cortex of isoflurane

anesthetized rats (3% induction, 2% maintenance), compared with unanesthetized subjects

(Kufahl et al., 2009). Moreover, while the expression of c-fos mRNA in rat brain was

significantly higher than baseline after 30 min. exposure to 2% isoflurane, the expression

level returned to the control level within 60 min, even though the anesthesia continued for a

total of two hours (Hamaya et al., 2000). Thus, isoflurane had no depressant effect on c-fos

messenger RNA expression in brain, and isoflurane does not appear to alter c-fos gene

transcription. Based on these reports, and our observation of four or fewer c-Fos positive

neurons/region/tissue section in the sGVS control rats, it is not likely that the cFos

immunolabeling observed in the sGVS-stimulated vestibular nuclei was due to the isoflurane

anesthesia.
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Table of abbreviations used in the figures

12N hypoglossal nucleus

Cu cuneate nucleus

CVL(M) caudal ventrolateral medulla

ECu external cuneate nucleus

icp inferior cerebellar peduncle

IML Intermediolateral cell column

LVe lateral vestibular nucleus

mlf medial longitudinal fasciculus

MVe (MVN) medial vestibular nucleus

MVeMC medial vestibular nucleus, magnocellular division

MVePC medial vestibular nucleus, parvocellular division

NTS Solitary nucleus

Pr; NPH prepositus nucleus

py pyramidal tract

RVL(M) rostral ventrolateral medulla

scp superior cerebellar peduncle

sol solitary tract

SolIM solitary nucleus, intermediate part

sp5 spinal trigeminal tract

Sp5I spinal trigeminal nucleus, interpolar part

SpVe(N) spinal vestibular nucleus

SuVe superior vestibular nucleus

VNC vestibular nuclear complex

VNCc Caudal vestibular nuclear complex
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Figure 1.
Schematic diagram illustrating the main cell groups and pathways mediating the interaction between the vestibulo-sympathetic

reflex (light gray) and the baroreflex pathway (dark gray). Convergence of these two pathways (black) appears to occur in the

RVLM. The large arrow from the VNCc to the RVLM illustrates the activated vestibular projection neurons.
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Figure 2.
C-Fos protein (red) visualized by immunofluorescence staining of vestibular neurons activated using low frequency sinusoidal

galvanic vestibular stimulation (sGVS). Activated vestibular neurons are illustrated at two levels of the vestibular nuclear

complex (VNC), and in both the spinal and medial vestibular nuclei (SpVN and MVN, respectively). DAPI (blue) was used as a

marker for neuronal nuclei. As previously reported (Holstein et al., 2012), c-Fos-positive vestibular neurons were observed in

the caudal half of SpVN and throughout the non-magnocellular MVN after sGVS stimulation. Atlas templates were obtained

from (Paxinos and Watson, 2005). Scale bars: 20 μm.
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Figure 3.
Vibratome sections from an sGVS-stimulated (A) and a non-stimulated (B) rat, processed identically and contemporaneously for

immunoperoxidase/diaminobenzidine staining of c-Fos protein. A: The sGVS stimulation resulted in substantial accumulation of

c-Fos protein in neurons in MVN but not the prepositus nucleus (NPH). B. In the non-stimulated rat, c-Fos-immunoreactive

neuronal nuclei were apparent in the solitary nucleus (NTS), but rarely in SpVN or MVN. In both panels, the midline is to the

right. Scale bar in A is for both panels: 100 μm.
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Figure 4.
Photomicrographs of immunoperoxidase/diaminobenzidine-stained Vibratome sections from two rats, one with a FluoroGold

tracer injection into RVLM (A) and the other with a similar tracer injection into CVLM (B). Estimated Bregma levels are based

on matching anatomical boundaries with atlas drawing from (Paxinos and Watson, 2005). Scale bar in B: 1 mm for both panels.
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Figure 5.
Examples of injection site maps. The location of the injection site and extent of the local diffusion of tracer was identified in

each animal using immunoperoxidase/diaminobenzidine-stained sections through the medulla. This site was then plotted on

drawings of rat brain stereotaxic atlas sections (Paxinos and Watson, 2005) by matching the anatomical structures present on the

ventral aspect of stained sections to the atlas images. In the two rats depicted in the figure, the injection site in the rostral

ventrolateral medullary region (RVLM) extended from Bregma −12.00 to −12.66 and is illustrated by filled shapes; the injection

site in the caudal ventrolateral medulla (CVLM) extended from Bregma −12.9 to −13.68 and is illustrated with hatchmark-filled

shapes. For both injection sites, the shading opacity reflects the density of the labeling observed in the tissue sections.
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Figure 6.
Immunoperoxidase/diaminobenzidine-stained Vibratome sections through the caudal vestibular nuclei illustrating the three

morphological types of vestibular neurons that were retrogradely-filled following a FluoroGold tracer injection into CVLM.

Multipolar (A, B-right, D), globular (B-left, C and G) and fusiform (E, F and H) cells (arrows) were observed throughout the

caudal half of SpVN and through the caudal and parvocellular MVN. Estimated Bregma levels are based on matching

anatomical boundaries with atlas drawing from (Paxinos and Watson, 2005). Scale bar in H: 50 μm for all panels.
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Figure 7.
Location of vestibular neurons that were activated by sGVS and had direct projections to the ipsilateral (filled circles on left side

of each drawing) or contralateral (Xs on right side of each drawing) RVLM. The highest density of activated vestibular neurons

with direct projections to RVLM was observed at Bregma −11.64, and the majority of these activated projection neurons were

observed at or rostral to this level.

Holstein et al. Page 28

J Comp Neurol. Author manuscript; available in PMC 2015 June 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8.
Location of vestibular neurons that were activated by sGVS and had direct projections to the ipsilateral (filled circles on left side

of each drawing) or contralateral (Xs on right side of each drawing) CVLM. The highest density of cells was observed at

Bregma −11.88, with most of these activated projection neurons observed at or caudal to this level.
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Figure 9.
Immunofluorescence images of c-Fos-positive (magenta) SpVN neurons with direct projections to RVLM. The FluoroGold

tracer (green) has a punctate appearance in the somata and dendrites of retrogradely-filled neurons. Multipolar (A, B, F),

globular (C, E) and fusiform (D) neurons were observed, and there were no differences in the cytology of neurons projecting

ipsilaterally (A–D) vs contralaterally (E–F). Scale bar in each panel: 10 μm.
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Figure 10.
Examples of c-Fos (magenta) and FluoroGold (green) labeled vestibular neurons in MVN neurons with direct projections to

RVLM. Fusiform (A), multipolar (B, D, right), and globular (C, D left) neurons were observed, as were activated projection

neurons with ipsilateral (A, B) and contralateral (C, D) projections. Scale bar in each panel: 10 μm
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Figure 11.
Immunofluorescence images of c-Fos-positive (magenta) SpVN neurons (A–D) and MVN neurons (E–H) with direct

projections to the CVLM (FluoroGold; green). Cells with ipsilateral (A, B, E, F) and contralateral (C, D, G, H) terminal fields

were observed. Scale bar in each panel: 10 μm.
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Table 1

Primary antibodies used in this study

Antigen Host and Type Immunogen Source Working dilutions

c-Fos Rabbit polyclonal A peptide mapping within an internal region
of human c-Fos

Santa Cruz Biotech; Cat.
# Sc-253

1:500

c-Fos-488 Rabbit polyclonal A peptide mapping within an internal region
of human c-Fos

Santa Cruz Biotech; Cat.
# Sc-253AF488

1:10, 1:50, 1:100, 1:200,
1:500, 1:1000

c-Fos Rabbit polyclonal A synthetic peptide (SGFNADYEASSSRC)
corresponding to amino acids 4–17 of human

c-Fos

Calbiochem; Cat. # PC38 1:500, 1:1000, 1:10,000,
1:50,000

FluoroGold Rabbit polyclonal Fluorogold Millipore; Cat. # AB153 1:400 (IMF); 1:5000 (DAB)
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Table 2

Number of c-Fos-positive cells in the vestibular nuclei with and without sGVS

MVN SpVN

sGVS 41 ± 15 * 33 ± 13 *

Unstimulated control 1.5 ± 0.7 1.7 ± 0.7

Number of c-Fos-positive neurons per 50 μm Vibratome section in MVN and SpVN (mean ± SEM).

*
Significantly different from unstimulated control (p<0.004, t-test).
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Table 3

FluoroGold injection sites

Caudal Center Rostral

RVLM

 R687 −12.28 −11.90 −11.78

 R696 −12.57 −12.11 −11.88

 R698 −12.66 −12.43 −12.12

 R700 −12.84 −12.66 −12.36

 R701A −12.84 −12.36 −12.12

CVLM

 R688 −13.66 −13.41 −13.16

 R690 −13.68 −13.43 −12.93

 R695 −13.56 −13.22 −12.30

 R697 −13.44 −13.20 −12.96

 R702 −13.68 −12.96 −12.80

Bregma levels of the tracer injection site (Center) and the rostral and caudal extent of the tracer diffusion in RVLM or CVLM of all rats used for

the double label immunofluorescence studies. Based on the most conservative estimates, RVLM extends from Bregma −11.8 to −12.8 and CVLM

extends from Bregma −12.8 to −13.6.
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